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Summary

Lending System B Borrowing System

« Optimized data transfer paths using PCle
peer-to-peer transactions e

+ Direct block-level disk access from GPU, =
eliminating CPU in I/O data path entirely |

« Concurrently sharing NVMe drives
between multiple hosts and GPUs

Expansion Chassis Host

* PCle non-transparent bridges offer great
flexibility in dynamic device configurations
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PCle and NVMe
Non-Transparent Bridging
GPUDirect RDMA & Async

Device Lending and SmartlO



PCIl Express (PCle)



PCI Express (PCle) is the most widely adopted I/0 interconnection
technology used in computer systems today
Near future
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The PCle fabric is structured as a tree, where devices form the leaf
nodes (endpoints) and the CPU is on top of the root

CPU Cores
including chipset >
and memory controller > Memory

«— (RAM)

«—>

PCle Root Complex
¢

e Switch

Root port &~

Device

[NVMG] [ GPU ] [ GPU ]/ (endpoint

SSD




The PCle fabric is structured as a tree, where devices form the leaf
nodes (endpoints) and the CPU is on top of the root

CPU Cores

including chipset

and memory controller

PCle Root Complex

d N
)l >
. |

»
d D
)l L

Memory
(RAM) \-[0000:00]-

= 4

NVMe
SSD

GPU

GPU

$ lspci -tv

dolphin@xde: ~ (ssh)

+-1e.4 Intel Corporation Xeon E7 v4/Xeon E5 v4/Xeon E3 v4/Xeon D Power Control Unit
+1f.0 Intel Corporation Xeon E7 v4/Xeon ES v4/Xeon E3 v4/Xeon D Power Control Unit
\-1f.2 Intel Corporation Xeon E7 v4/Xeon ES v4/Xeon E3 v4/Xeon D Power Control Unit
+-00.0 Intel Corporation Xeon E7 v4/Xeon ES v4/Xeon E3 v4/Xeon D DMI2

+-01.0-[01]--
+-02.0-[02]--

--00.0
+00.0
+-00.1
+-00.2
\-00.3
+-02.2-[03]--+-00.0
\-00.1

Samsung Electronics Co Ltd NWMe SSD Controller SMI61/PMI61

Intel Corporation Xeon Processor D Family QuickData Technology Register DMA Channel @
Intel Corporation Xeon Processor D Family QuickData Technology Register DMA Channel 1
Intel Corporation Xeon Processor D Family QuickData Technology Register DMA Channel 2
Intel Corporation Xeon Processor D Family QuickData Technology Register DMA Channel 3
Intel Corporation Ethernet Connection X552/X557-AT 10GBASE-T

Intel Corporation Ethernet Connection X552/X557-AT 10GBASE-T

+-03.0-[04-0e]- +-00.0-[05-0e]----00.0-[06-0e]--+-00.0-[07-0e]----00.0- [08-0e_ ----00.0-[09-0e]--+ 00.0-[a]--

® Root port — Link

() Switch

(] Endpoint

| +-08.0-[0b]--
| +-0c.0-[0c]--
| |

| +-10.0-[0d]--
| \-14.0-[0e]--
|

\-00.1 PMC-Sierra Inc. Device 8532

\-00.1 PMC-Sierra Inc. Device 8532

+-05.0 Intel Corporation Xeon E7 v4/Xeon ES v4/Xeon E3 v4/Xeon D Map/VTd_Misc/System Management
+05.1 Intel Corporation Xeon E7 v4/Xeon E5 v4/Xeon E3 v4/Xeon D II0 Hot Plug

+-05.2 Intel Corporation Xeon E7 v4/Xeon ES v4/Xeon E3 v4/Xeon D II0 RAS/Control Status/Global Errors

#00.0 NVIDIA Corporation GK107GL [Quadro
\-00.1 NVIDIA Corporation GK107 HDMI Audi

#00.0 NVIDIA Corporation GK107GL [Quadro
\-00.1 NVIDIA Corporation GK107 HDMI Audic



PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)

CPU Cores
including chipset « > Address Space
and memory controller | Memory 0x0000. ..
«— (RAM)
«—>
PCle Root Complex

S (Lo | [

® Rootpot — Link () Switch () Endpoint

OxFFFF. ..




PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)
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PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)

CPU Cores
including chipset «> Address Space
and memory controller | Memory 0x0000. ..
) (RAM) > GPU
PCle Root Complex \ 7
v 7
% . GPU
_______ O -
d \\ T aki
, NG ~>! NVMeSSD
y N y/
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][GPUJ[GPU] //
/
/
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PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)

$ lspci -s XX:XX.X -v

00 root@petty:~ (ssh)
[root@petty ~]#
[root@petty ~]# lspci -s 4:3.1 -v
04:03.1 VGA compatible controller: NVIDIA Corporation GP107GL [Quadro P620] (rev al) (prog-if 0@ [VGA controller])
Subsystem: NVIDIA Corporation Device 1264
Flags: bus master, fast devsel, latency @, IRQ 71, NUMA node @
Memory at 3830e5000000 (32-bit, non-prefetchable) [size=16M] Base Address Regions
Memory at 3830f0000000 (32-bit, non-prefetchable) [size=256M]
Memory at 383100000000 (32-bit, non-prefetchable) [size=32M] (BARS)
Expansion ROM at 3830e6000000 [disabled] [size=512K]
Capabilities: [60@] Power Management version 3
Capabilities: [68] MSI: Enable- Count=1/1 Maskable- 64bit+
Capabilities: [78] Express Legacy Endpoint, MSI 00
Capabilities: [100] Virtual Channel
Capabilities: [250] Latency Tolerance Reporting
Capabilities: [128] Power Budgeting <7>
Capabilities: [420] Advanced Error Reporting
Capabilities: [600] Vendor Specific Information: ID=0001 Rev=1 Len=024 <?>
Capabilities: [900] #19
Kernel driver in use: nvidia
Kernel modules: nouveau, nvidia_drm, nvidia

[root@petty ~]# I




PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)

CPU Cores
including chipset «> Address Space
and memory controller “«—> MF\e’zl\(;Iry 0x0000. ..
—>
) (RAM) GPU
PCle Root Complex
’ GPU
NVMe SSD
Memory

S (o | [

Memory-Mapped 10 OxFFFF. . .
MMIO

® Rootpot — Link () Switch () Endpoint




PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)

S ./bandwidthTest

CPU COFGS 000 dolphin@xde: ~ (ssh)
inc[uding chipset <> M dolphin@xde:~$ /usr/local/cuda/extras/demo_suite/bandwidthTest
CUDA Bandwidth Test] - Starting...
and memory controller «—s ViEMOry Rﬁmng"gnﬁ_ R

«— (RAM)

4 —> Device @: Quadro K420
Quick Mode

PCle Root Compl
rdost to Device Bandwidth, 1 Device(s)
‘ PINNED Memory Transfers

Transfer Size (Bytes) Bandwidth(MB/s)
33554432 6419.6

Device to Host Bandwidth, 1 Device(s)

PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(MB/s)
33554432 6553.5

Device to Device Bandwidth, 1 Device(s)
PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(MB/s)

NVMe 33554432 20963.0
SSD GPU GPU Result = PASS

DMA R d NOTE: The CUDA Samples are not meant for performance measurements. Results
GEE’ may vary when GPU Boost is enabled.
dolphin@xde:~$

(non-posted)



PCle devices are mapped in to the same address space as CPUs,
allowing devices to access system memory directly (DMA)

S ./bandwidthTest

CPU COFGS 000 dolphin@xde: ~ (ssh)
including chipset —p Memo dolphin@xde:~$ /usr/local/cuda/extras/demo_suite/bandwidthTest
CUDA Bandwidth Test] - Starting...
and memory controller > ry R[mng N ] J
> (RAM)
4 —> Device @: Quadro K420
PCI R t C I Quick Mode
€ oot L.om
F) Host to Device Bandwidth, 1 Device(s)
[ ) PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(MB/s)
33554432 6419.6
Device to Host Bandwidth, 1 Device(s
PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(MB/gP
33554432
Device to c panawracn, Device(s)
PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(MB/s)
NVMe 33554432 20963.0
GPU GPU

SSD Result = PASS

DMA W -t NOTE: The CUDA Samples are not meant for performance measurements. Results
rite may vary when GPU Boost is enabled.
dolphin@xde:~$

(posted)



As device memory is mapped in to the same address space by the
system, devices can also access other devices' memory

CPU Cores

including chipset «—>
and memory controller >
>

>

PCle Root Complex

Memory

(RAM)

NVMe
GPU
SSD GPU

Peer-to-Peer DMA

$ ./p2pBandwidthLatencyTest

00 root@xde: /usr/local/cuda-10.1/samples/1_Utilities/p2pBandwidthLatencyTest (ssh)

P2P Connectivity Matrix
D\D (4} 1
(4} 1 1
1 1 1
Unidirectional P2P=Disabled Bandwidth Matrix (GB/s)
D\D 0 1
Q0 21.44 5.76

Unidirectional P2P=Erityied Bandwidth (P2P Writes) Matrix (GB/s)
1

Rg@¥Cabled Bandwidth Matrix (GB/s)
1
5.77
21.48
Bidirectional P2P=Enabled Bandwidth Matrix (GB/s)
D\D (%) 1
Q@ 21.47 13.23
1 13.20 21.48
P2P=Disabled Latency Matrix (us)
GPU (%) 1
@ 6.35 24.79
1 26.33 6.34

1
2.05
6.42

NOTE: The CUDA Samples are not meant for performance measurements. Results may vary whe
n GPU Boost is enabled.
root@xde: # I



PCle Summary

» Devices share address space with the CPU
and are able to access memory = DMA

 Memory reads and writes are forwarded
shortest path on the PCle fabric

« Devices can access memory on other devices
= peer-to-peer DMA



NVM Express (NVMe)
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NVMe is desighed around multiple parallel /O command
submission queues (SQs) and command completion queues (CQs)

System Memory

/‘
&
<

éiig% CQo

Oy sar

CPU 1 << K;];l o

CPUO

N

N/
(o
\J

CPU 2

N
One SQ and one CQ per CPU (1:1)




NVMe is desighed around multiple parallel /O command
submission queues (SQs) and command completion queues (CQs)

CPUO

N

CPU 1

CPU 2

<

/‘

N

-

System Memory

) o

N

> Share single CQ

Multiple SQs sharing single CQ (N:M)



Command queues are implemented as ring-buffers where each
individual queue has a dedicated doorbell register

Submission Queue (SQ)

64 Byte Command

<— Tall

64 Byte Command || ««—— Head

64 Byte Command




Command queues are implemented as ring-buffers where each
individual queue has a dedicated doorbell register

Submission Queue (SQ) Device Memoy «  pci BARO

64 Byte Command

Controller Registers

<—— Tall  Write tail pointer <——PCIBARO
________________ SQ 0 doorbell + 0x1000
CQ 0 doorbell
SQ 1 doorbell
________________ CQ 1 doorbell

64 Byte Command || ««—— Head

64 Byte Command SQ N doorbell

CQ N doorbell




I/O0 commands use physical page region lists (PRP lists) to
describe physical addresses of non-contiguous memory

Submission Queue

I/O Command (64 B)

Small reads/writes PRP#0 |\ 4 KE Page
= single command [ Pre# \
4 KB Page
#3
PRP List (4 KB Page)
PRP Entry #0 N
\ PRP Entry #1 4 KB Page
Also hosted in memor < "
Yy PRPEmry#2
g

4 KB Page
#1




Software can set up up /O command queues anywhere in memory

Memory Layout
0x00000000
Device Menolry

[—> ——

CPU [ RAM |~ y P

RootComplex
* / RAM

/\

/ RN
/
/
e

OXFFFFFFFF




Software can set up up /O command queues anywhere in memory

Memory Layout
0x00000000 ~N
Device Menory
N CTRL Registers : -
CPU — RAM | P ol > Device registers
«—> >/ SQDoorbell
RootComplex / \ /
* RAM
/ N\
/ RN
/
/

OXFFFFFFFF




Software can set up up /O command queues anywhere in memory

Memory Layout
0x00000000 ~N
Device Menolry
N CTRL Registers : -
CPU M RAM | P ol > Device registers
«—> >/ SQDoorbell
Root Conplex \ /
’ /

/N .

/ \aﬁﬂ

v / Q& > Configured

e ) -~ f@ by software
s ) oLl

OXFFFFFFFF




Software submits commands by writing to queue memory and
updating the associated doorbell register

Memory Layout

0x00000000

Device Menory

CTRL Registers

CPU | RAM
) SQDoorbell

Root Conplex
L] RAM

3

LA
[\

%)

OXFFFFFFFF




Software submits commands by writing to queue memory and
updating the associated doorbell register

Memory Layout
0x00000000
Device Menory
“«—> CTRL Registers
CPU | RAM
) SQDoorbell
Root Conplex
L] K RAM
}g Q sq ||| Software writes
Q& commands
OXFFFFFFFF




Software submits commands by writing to queue memory and
updating the associated doorbell register

Memory Layout
0x00000000
Device Menory
“«—> CTRL Registers
CPU | RAM
) SQDoorbell
Root Conplex
L] K RAM
}g Q sq ||| Software writes
Q& commands
OXFFFFFFFF




Software submits commands by writing to queue memory and
updating the associated doorbell register

Memory Layout
0x00000000
Device Memory
CPU N RAM CTRL Registers
—>
M SQDootell Software updates
RootCorrplex doorbell register
? RAM
e | @% e
OXFFFFFFFF




Controller reads commands from submission queue memory and
writes completions to completion qgueue memory

Memory Layout

0x00000000

Device Menory

CTRL Registers

CPU | RAM

SQDoorbell

Root Conplex
L] RAM

n
D)

3

%)

LA
[\

OXFFFFFFFF




Controller reads commands from submission queue memory and
writes completions to completion qgueue memory

Memory Layout
0x00000000
Device Menory
> CTRL Registers
CPU [ RAM
> SQDoorbell
Root Conplex
* RAM
g% sSQ Controller reads
Q& commands
NVMe [ ; : )
SSD Q & CQ
OXFFFFFFFF




Controller reads commands from submission queue memory and
writes completions to completion qgueue memory

Memory Layout

0x00000000

Device Menory

CTRL Registers

CPU

1]
:

SQDoorbell

RootConp
] RAM

Read blocks (DMA write)
and/or write blocks (DMA read)

n
D)

3

LA
[\

OXFFFFFFFF




Controller reads commands from submission queue memory and
writes completions to completion qgueue memory

Memory Layout
0x00000000
Device Menory
CPU z RAM CTRL Registers
M SQDoorbel
Root Conplex
¢
GQ
&
[ NVMe ] — » ﬂ%
SSD Q &
OXFFFFFFEF

Controller writes
completion



Controller reads commands from submission queue memory and
writes completions to completion qgueue memory

Memory Layout
0x00000000
Device Menory
CPU z RAM CTRL Registers
M SQDoorbel
Root Conplex
¢
GQ
&
[ NVMe ] — » ﬂ%
SSD Q &
OXFFFFFFEF

Controller writes
completion



Software detects completions either by waiting for hardware
interrupts or by polling completion qgueue memory

Memory Layout

0x00000000

Device Menory

CTRL Registers

CPU | RAM
) SQDoorbell

Root Conplex
L] RAM

n
D)

3

AN AN
|\

%)

OXFFFFFFFF




Software detects completions either by waiting for hardware
interrupts or by polling completion qgueue memory

Memory Layout
0x00000000

Device Menory

> CTRL Registers
CPU | RAM
—» SQDoorell
Root Conplex
¢

ﬁ%
&

[ NVMe ] ﬂ% Software polls
SSD 'Q& queue memory

OXFFFFFFFF




NVMe Summary

« Multiple I/0O queues enables highly parallel design

» Controller uses DMA = queues and data buffers
can be hosted anywhere in memory space

 Single doorbell register write in 1/O path

» Software can poll for completions instead of
waiting for hardware interrupt



Non-Transparent Bridging



We can interconnect separate PCle root complexes and translate
addresses between them using a non-transparent bridge (NTB)

...................................................... HostA o e HOSEB
CPU Cores CPU Cores
R [

«—> | | >
Root Complex Root Complex
’ ’ ’ ’

Non-Transparent =
Bridge (NTB) External

/ PCle Cable




We can interconnect separate PCle root complexes and translate
addresses between them using a non-transparent bridge (NTB)

Address Space e HOStA ......................................................... pr—— HOStB
GPU CPU Cores CPU Cores :
| RAM | | RrRAM [T
NTB > <«
Root Complex Root Complex
[ [ ® )




We can interconnect separate PCle root complexes and translate
addresses between them using a non-transparent bridge (NTB)

Aress Space HOSEA .o S HostB
GPU CPU Cores CPU Cores
NTB s RAM -3 RAM [T
—> o >
Mapping | Root Complex o Root Complex
i S - ' . 'l ‘ .
e ;
RAM
NTB NTB NVMe
[ GPU ] [ Adapter ] [ Adapter ] [ SSD }




We can interconnect separate PCle root complexes and translate
addresses between them using a non-transparent bridge (NTB)

Address Space L

GPU CPU Cores CPU Cores

Mapping Root Complex *‘ Root Complex

HW address
translation

NTB | e N8 | [ Nve ||
[ GPU ][Adapter] /FAdapter][ SSD ]




Since PCle devices are also part of address space, it is also
possible to map remote device resources

Address Space 5

GPU CPU Cores CPU Cores

—p —
i <—> : H >
RAM RAM
NTB > —

Mapping Root Complex Root Complex
e ’ $ Y




Since PCle devices are also part of address space, it is also
possible to map remote device resources

Address Space 5

GPU CPU Cores CPU Cores

Mapping Root Complex Root Complex

7

Mapping

NTB | NTB NVMe |
[ GPU ] [ Adapter ] [ Adapter ] [ SSD }




Since PCle devices are also part of address space, it is also
possible to map remote device resources

Address Space 5

GPU CPU Cores CPU Cores

NTB « > P

Mapping Root Complex Root Complex

® 9 ® [
Mapping K\'

[ - ][A::;’E;SQ_"""- --------------- Nap?er][ NSVSI\EI)e ]




Using NTBs, it is possible for a local driver to use a remote device
by setting up MMIO and DMA mappings

TV
N

) s
&P °

Software runs here

Data Buffer

"DMA window"

Using this disk

Must map for local CPU

CPU RAM

Must map for remote device



Using NTBs, it is possible for a local driver to use a remote device
by setting up MMIO and DMA mappings

Local  Remote

|
I

Application :
i

NVMe Driver | | .
' HW addr translations

PCI ! —
el = Low latency
i
i
| NVMe SSD
|
PCle NTB

Native NVMe over PCle NTB

4 kB read completion latency = ~14.21 us

4 kB read completion latency =~17.91 us

Local
IIHOStII

Application

NVMeoF Host Driver

PCle (or other 10 bus)

I

Interconnect

| RDMA Facilitation |

| Transport Layer |

Interconnect Link

[

NVMeoF Target Driver

PCle (or other IO bus) PCle
Interconnect
| RDMA Facilitation | NVMe SSD

| Transport Layer |

Interconnect Link

]

NVMe over Fabrics (NVMeoF)
using 100 GbE Ethernet RDMA

(SPDK target, kernel direct)




NTB Summary

 NTBs connects separate independent root complexes and
translating addrs between them

« Since device memory (BARs) are part of address space,
we can map remote device resources for a local host



GPUDirect RDMA & Async

https://www.anandtech.com/



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

cudasSetDevice (0) ; 4= Sets device to allocate memory on

void *buffer;

cudaMalloc (sbuffer, 0x10000); 4—{ Allocate buffer

cudaPointerAttributes attrs;

cudaPointerGetAttributes (&attrs, buffer); 4——{ Get deVice pOinteI’

/* Pass attrs.devicePointer to kernel module */l_‘ Pass device pointer to kernel

Userspace CUDA program

Third-party device driver
(kernel space)

p—) nvidia p2p get pages(...);

Pin memory on the GPU and
return physical addresses

https://docs.nvidia.com/cuda/gpudirect-rdma/



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

0x00000000

NVMe SSD
CPU | RAM
Root Conplex
) ¢ GPU
NVMe
GPU

s | [ ] "

e - N OXFFFFFFEF
S — = Address Space

Onboard Device Memory



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

000000000

NVMe SSD
CPU ' RAM
Root Conplex
) ¢ GPU
)cudabhlloc(. ..)
NVMe
GPU

s ) [ o ] .

e - N OXFFFFFFEF
S — = Address Space

Onboard Device Memory



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

0x00000000

NVMe SSD
CPU " RAM
Root Conplex
) ¢ GPU
)cudabhlloc( e..)
NVMe
GPU

s | [ o ] .
R e ————— Address Space

Onboard Device Memory



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

0x00000000

NVMe SSD
CPU ' RAM
Root Conplex
) ¢ GPU
Pinned Mermory
NVMe
GPU
P - N OXFFFFFFEF
il Sy Address Space

Onboard Device Memory



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

0x00000000

NVMe SSD
CPU ' RAM
Root Conplex
[ [ GPU
Pinned Mermory
P2p pin pages(...)
NVMe
GPU
T T~ OXFFFFFFFF
il Sy Address Space

Onboard Device Memory



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

0x00000000

NVMe SSD
CPU ' RAM
Root Conplex
[ [ GPU
Pinned Mermory
Bufler
P2p pin pages(...)

SSD | ). RAM

T T~ OXFFFFFFFF

il Sy Address Space

Onboard Device Memory



GPUDirect RDMA provides functionality to pin device memory on a
GPU and exposing physical addresses of the pinned memory

0200000000

NVMe SSD
CPU " RAM
Root Conplex
[ [ GPU
Pinned Menory
* Buffer
P2p pin pages(...) ]
7
7
/
SSD 7 RAM
e N - /
ke “~_, OxEFEEFEFFF
. Address Space

Onboard Device Memory



This allows a third-party device to read and write directly to GPU
memory instead of copying to and from system memory

Read from disk via RAM Read from disk with GPUDirect
RAM CPU — RAM
RootConplex RootConplex
® ®
"Zero copy"
NVMe NVMe
[SSD] [GPU] [SSD] [GPU]

DMA Write DMA Read Single DMA Write (peer-to-peer)



Unified Memory allows mapping controller registers and queue
doorbells in to memory space managed by the CUDA driver

Maps registers in to virtual address space
(Memory mapped 1/O)

void *ptr = mmap(. . .); I

cudaHostRegister (ptr, 0x1000, cudaHostRegisterIoMemory):;

Register mapped memory with CUDA




With doorbell registers mapped in to CUDA memory space, a GPU
kernel can now trigger doorbell writes using GPUDirect Async

Memory Layout
0x00000000
NVMe SSD
PEEN CTRL Registers
cPU > SQDoorbell
<>
Root Conmplex GPU
® ® _
Device Menoty N
GPU manages
/O entirely Q) sa
/ A ca Queues and data
1/ > hosted in GPU memory
NVMe
All transactions are peer-to-peer Yy
OXFFFFFFFF

(No CPU involved)



By assigning /0 queues to each individual GPU, multiple GPUs
can share a single NVMe disk simultaneously

.........................................................................................................................................................................................................................................................

x16 CPU Cores

§[ GPU0

é[ GPU 1

é[ GPU 2

Root Complex
External

T [ ]
PCle Cable

X4l Ethernet
_.______ Card

® Rootpot — Link () Switch () Endpoint




By assigning /0 queues to each individual GPU, multiple GPUs
can share a single NVMe disk simultaneously

1/0 queues and buffers
hosted in GPU memory

Peer-to-Peer DMA

Host
CPU Cores
—>
“— RAM
—P
—P
Root Complex

N

No CPU in
/0 path

Ethernet
Card

® Root port

— Link ()




97" Percentile Latency (1 PRP = 4 kB, Random Read, 128 MB file)

10,0 e
2
C 95 - I AN T
S ~ 400 ns
9p] .
S 9,0 - reading over the
I= transparent link
S 8,5 - N R
O]
©
-l
c 8,0 - N S
O
@
& 7,5 4 I
o
O

7,0 -
Disk: Intel P4800X RAM Peering GPU

GPU: Quadro P620
RAM: DDR4 2133 MHz
CPU: Intel Xeon E5-2603 v4

Submission Queue Memory Location



GPUDirect Summary

« GPUDirect DMA allows third-party devices, such as NVMe
disks, to access GPU memory directly

« GPUDirect Async allows memory-mapped I/O from a CUDA
kernel = eliminate CPU in I/O path entirely

« We have used these to make a distributed NVMe driver in
CUDA kernel code



Device Lending and SmartlO

=



In PCle clusters, the same fabric is used both for interconnecting
hosts as well as the local I/O bus inside each host

RAM ﬂ‘/l\/lemory bus
External PCle

cable CPU and chipset

PCle interconnect switch

Internal

Interconnect PCle bus

switch

(T

PCle interconnect PCle device
host adapter




Using an NTB, it is possible to map remote device memory regions
(BARSs) for a local host

"Lender" (Remote) "Borrower" (Local)
Lenders's Borrower's

Address Space CPU Cores ‘ CPU Cores Address Space
:F"_""""""ﬂ: —» Memor Local |e»
l : «—> y Memory [+
l : «— " NTB Adapter
| : PCle Complex (Root) PCle Complex (Root)
! NTB Adapter | ®
i ! Local Memory
i Memory i
i i [ Remote ] [ NTB } ............. | — e { NTB
: : Device Adapter Adapter
: Intr. Vectors ! Intr. Vectors




Using an NTB, it is possible to map remote device memory regions
(BARSs) for a local host

"Lender" (Remote) "Borrower" (Local)
Lenders's Borrower's
Address Space CPU Cores ‘ CPU Cores Address Space
""""""""""" D Local le_»

| Memory Memory [« EIT_B_A_\(}?F_)t_e_r\

—> -« | |

R t
PCle Complex (Root) PCle Complex (Root) i Deercioc: i
NTB Adapter ® SN 4

Local Memory

Memory

Re mOte NTB ------------- — — — — — — e — — — — — " — NTB
Device Adapter Adapter

N e e e e e e e e e e e e e e e e e e e e e e e o e e o . — — .  — — — — — —— —— — . — —

Intr. Vectors




The remote system can in turn reverse-map the local system’s
memory and interrupt addresses for the device

"Lender" (Remote) "Borrower" (Local)
Lenders's Borrower's
Address Space CPU Cores ‘ CPU Cores Address Space
""""""""""" D Local le_»

| Memory Memory [« EIT_B_A_\(}?F_)t_e_r\

—> -« | |

R t
PCle Complex (Root) PCle Complex (Root) i Deercioc: i
NTB Adapter ® SN 4

Local Memory

Memory

Re mOte NTB ------------- — — — — — — e — — — — — " — NTB
Device Adapter Adapter

N e e e e e e e e e e e e e e e e e e e e e e e o e e o . — — .  — — — — — —— —— — . — —

Intr. Vectors




The remote system can in turn reverse-map the local system’s
memory and interrupt addresses for the device

[ Map address

0x123000
"Lender" (Remote) \ "Borrower" (Local)
Lenders's \\ Borrower's

Address Space CPU Cores CPU Cores Address Space
I — : Local |«
: : > Memory Memory [¢ ’lil'_I'_B_A_\q?r_)t_e_r‘
I I «—> > I I
| | R t
| | PCle Complex (Root) PCle Complex (Root) = pevies |
‘| NTB Adapter | ® F RSty
l l /
| i ,' Local Memory
| | 0x123000]
I | |
i | ™| owa urrers
: Memory : I
i i [ Remote ] [ NTB } _____________ [ I, { NTB !
: ! Device Adapter Adapter [
| Intr. Vectors i P || |MSI/Intr. Vectors
"""""""""" A I

\ /

e e e e e e e e e e e e e e e e e e e e e e e e o e o — — — — i — — —— — . — . .



The remote system can in turn reverse-map the local system’s
memory and interrupt addresses for the device

"Lender" (Remote) "Borrower" (Local)
Lenders's Borrower's

Address Space CPU Cores ‘ ‘ CPU Cores Address Space

[ NTB Adapter | " Memory I//7 M':;ﬁilr DG NTB Adapter

| T Borrowers | | — " Y . einem ¢

1 |! —

—.’ELoca’ Memory 1| PCle Complex (Root) '} PCle Com'plex(Root) M Deviee |
| s = 1y / / Ve == /

|

i | Borrower's | Local Memory
|

|

| Intr. Vectors :

DMA Buffers

Device Adapter Adapter

e (o }4/ o [

|MSI/Intr. Vectors

N e e e e e e e e e e e e e e e e e e e e o e o e o — — — — i — — —— —— — . .



By emulating a PCle hot-add event, the remote device is inserted
into the kernel device tree, making it appear locally installed

"Lender" (Remote) "Borrower" (Local)
Lenders's Borrower's
Address Space CPU Cores ‘ CPU Cores Address Space
[ NTB Adapter |! “— Memory ~%| Local DG NTB Adapter
| oo es | o / Memory m—————————
| 1+ Borrower's | i N ! - | Remote
: ELocal Memory?\: PCle Complex (Root) ) PCle Com'plex (Root) /z :\__P_e_vfc_e___,:

|
Borrower's
™~

: Local Memory
| Intr. Vectors :

DMA Buffers

Device Adapter Adapter

e (o }4/ o [

|MSI/Intr. Vectors

N e e e e e e e e e e e e e e e e e e e e o e o e o — — — — i — — —— —— — . .



By emulating a PCle hot-add event, the remote device is inserted
into the kernel device tree, making it appear locally installed

Local driver
dma map page (dev,0x£90000) ; takes device Use addr
- J 0xa5000
"Lender" (Remote) \ "Borrower" (Local) /
Lenders's " Borrower's
Address Space CPU Cores ‘ ‘ CPU Cores / Address Space
[ NTB Adapter | “* Memory I//7 M';ﬁilry: ‘ NTB Adapter
\| TToooToono ' DI I - ——mmmmmm oo,
'| 1 Borrower's | |i N | | Remote |
|| Local Memory "~ \ PCle Complex (Root) '} PCle Com'ple):') (Root) M Device !
| b2 C 1, / / N mmmmmm— - ’
: P 1| | /
|| | Borrower's , |i | : I || Local Memor
! i Intr. Vectors | ‘i i InJecte:iln y
[ - . Device !
i i | i DMA Buffers
: Memory : ' |
i i [ Remote ] [ NTB }‘ _____________ | S { NTB  [Remote)| |
' ! Device Adapter Adapter Device I
i Intr. Vectors i P prer  Tevke || |MSl/Intr. Vectors
I
I

N e e e e e e e e e e e e e e e e e e e e e e o e e o . — — — i —  — — — — — — — —— — . — . — —



"Borrowed" remote device

Resource appears local

p— :
pplication to OS, driver, and app

CUDA library + driver

PCle bus \ Unmodified local driver

(with hot-plug support)

Local
Borrowing System

Hardware mappings

[ PCle NTB interconnect J D
ensure fast data path

Works with any PCle device

Remote (even individual SR-IOV functions)

Lending System PCle bus




Using Device Lending and our CUDA NVMe driver, it is possible to
use create highly flexible and distributed I/0 workloads

SSD SSD
RAM || cPU [ oru | GPU CPU || RAM
NTB | ....... - NTB
J 1 -
Lending System B : : Borrowing System
x16 ; ; X16
i i
PCle Cluster Switch
(MXS824)
N _lendngSystemA

= - I
: ) D .| |—.| |
ML NTB ) x16 [
> . CPU |
: GPU | |
|\ ) :
H( )
| SSD RAM :
| / |
: |

Expansion Chassis Host



b s ]| w0 R Data Buffer
RM|| cru o | aPu cPu |—o cPu || ram
N -l NB ° \
(e ) e G
Lending System B i ; Borrowing System
x16 i i x16
@%CQ
PCIe(,(\:AI;SStg;f)W'tCh Sequential Read, PRPs=32, QD=64
Bandwidth =~ 2715.42 MB/s
i Random 4 kB Reads, PRPs=1, QD=1
x16 : Lending System A Cpl Latency =~ 6.48 ps
S |
I ( ) I
|
NTB R L. |
| ) x16 O el | nvm-latency-bench
| ey | Local disk, no GPU
|\ ) | Disk: Intel Optane 900P
| — ) RAM . RAM: DDR4 2133 MHz
L ) : CPU: Xeon E5-2603 v4
! Expansion Chassis Host | GPU: Quadro P620

— emmm  emmm  emmm e e emm emmm e emmm emmm e emmm emmm emmm emm e emmm e e e emmm emmm e emmm emmm emmm emmm e e e emmm emm e e e el



sso || ( ssp ﬁ\b -
RAM || cPU { apu = GPU | —e CPU -4
' < > <
1 j= - NTB (D
¢ NTB ) l _ J \ Q& CQ
Lending System : : Borroyfhg System
X6; ;X16 _ CUDA driver and
NVMe driver host software
Dt Uitz Sequential Read, PRPs=32, QD=64
PCle Cluster Switch . —~
(MXS824) Bandwidth =~ 2716.47 MB/s
Random 4 kB Reads, PRPs=1, QD=1
, Cpl Latency =~ 6.47 pus
o XL lendngSysemA Almost same
| I
, N performance as local
: NTB - _._._1.6._..-.O—J .
| : X CPU | nvm-latency-bench
| GPU | Local disk, remote GPU
15 / | Disk: Intel Optane 900P
[ sso ram || RAM: DDR4 2133 MHz
s / | CPU: Xeon E5-2603 v4
: |

Expansion Chassis

GPU: Quadro P600

— emmm  emmm  emmm e e emm emmm e emmm emmm e emmm emmm emmm emm e emmm e e e emmm emmm e emmm emmm emmm emmm e e e emmm emm e e e el



ssD | ( SSD ]—j 4_.—@% SQ
RM|| cPU o aPu | GPU = % CPU || RaM
p < \
o m S
: d ‘N@E cQ
Lending System B 16 i Borrowing System
x16 ;
Data Buffer
Sequential Read, PRPs=32, QD=64
PCle Cluster Switch Bandwidth = ~ 2705.618 MB/s
(MXS824)
Random 4 kB Reads, PRPs=1, QD=1
| Cpl Latency =~ 9.7 ps
x16 1 Lending System A k
A . A ' | Longer path for SSD
|
U NTE '_'>?1'é"""< ) ‘ cPU : nvm-latency-bench
| ( GPU ) | Remote disk, local GPU
'L _< | Disk: Intel Optane P4800x
|| ( ) SAM | RAM: DDR4 2133 MHz
*. L =k | CPU: Xeon E5-2603 v4
|
: |
|

— emmm  emmm  emmm e e emm emmm e emmm emmm e emmm emmm emmm emm e emmm e e e emmm emmm e emmm emmm emmm emmm e e e emmm emm e e e el

GPU: Quadro P620



I.— Data Buffer \ SSD \@ Q CQ
\ \ N
RAM || cPU o |  @pU J GPU CPU || RAM
> |::>> { |
NTB ] o . NTB
) : | b : '\
Lending System B : : ' Borroyfhg System
x16 : i 16 . CUDA driver and
NVMe driver host software
PCle Cluster Switch Random 4 kB Reads, PRPs=1, QD=1
(MXS824) ~
Cpl Latency =~ 9.198 us
@%sa
! Shorter path to commands
x16 : Lending System A

CPU

— emmm  emmm  emmm e e emm emmm e emmm emmm e emmm emmm emmm emm e emmm e e e emmm emmm e emmm emmm emmm emmm e e e emmm emm e e e el

nvm-latency-bench
Remote disk, local GPU
Disk: Intel Optane 900P
RAM: DDR4 2133 MHz
CPU: Xeon E5-2603 v4
GPU: Quadro P620



Random 4 kB Reads, PRPs=1, QD=1

to commands

nvm-latency-bench

Remote disk, local GPU
Disk: Intel Optane 900P
RAM: DDR4 2133 MHz
CPU: Xeon E5-2603 v4

Data Buffer \ SSD N cQ
> N >/
RAM || cPU o |  @pU J GPU CPU || RAM
> |::>> 5
NTB ] | ....... - NTB J
| \ - ! | ~ \
Lending System B : : ' Borroyfhg System
x16 i i 16 . CUDA driver and
NVMe driver host software
PCle Cluster Switch
MXS824
(MxS824) Cpl Latency =~ 8.65 us
! Shortest path
x16 : Lending System A
S |
|
w o Ot fO— . |
CPU .
GPU !
|
SSD RAM |
|
|

GPU: Quadro P620



Completion Latency (microseconds)

Command Submission Latency
Random Reads, Queue Depth=1, PRPs per Command=1

Buffer in Local RAM Buffer on Local GPU Buffer on Peering GPU
10.2 - -10.2
9.8 - 9.8
== == ———
9.4- T T 9.4
— e —_—
9.01 T - 9.0
= == =
8.6 1 - 8.6
T M W\l . \) . M U ' U ' N W T X
Loca\ RA p\emot P‘A‘,eev\r\g GP Loca\ RA p\emot P‘A‘,eev\r\g ¥ Loca RA p\emot e RA 0 cerind G¥

Submission Queue Location



[ ssp » CUDA driver and
i 4= | host software
RAM CPU |9 GPU |:> GQ
. S
|._ NTB == %& Q
Lending System B 16 : NVMe driver g ca
i i Data Buffer ./
PCle Cluster Switch
(MXS824)
Sequential Read, PRPs=32, QD=32
Bandwidth =~ 2662.098 MB/s
x16 : Lending System A
e e |
I ( ) I
|
NTB R L. |

'\ ) x16 O el ! nvm-cuda-bench
| ey | Local disk, local GPU
|\ ) | Disk: Intel Optane 900P
| f _— ) RAM . RAM: DDR4 2133 MHz
L ) | CPU: Xeon E5-2603 v4
| |

Expansion Chassis

— emmm  emmm  emmm e e emm emmm e emmm emmm e emmm emmm emmm emm e emmm e e e emmm emmm e emmm emmm emmm emmm e e e emmm emm e e e el

GPU: Quadro P620



! Expansion Chassis

( ssD | [ ssp —.| CUDA driver and
i J ; . 4= | host software
RAM CPU |9 GPU GPU —& CPU RAM
|. NTB | ....... - NTB )_ﬂ
Lending System B : : Borrowing System
x16 i i x16
PCle Cluster Switch
(MXS824) Sequential Read, PRPs=32, QD=32
Bandwidth =~ 2651.642 MB/s
: = Same as running locally
Data Buffer N CQ4 SQ
| V.U o N .
NVMe driver | | !
NTB ............ |
| x16 C el | nvm-cuda-bench
| o | Remote disk, local GPU
::>, \ ! Disk: Intel Optane 900P
! - RAM : RAM: DDR4 2133 MHz
»: L : CPU: Xeon E5-2603 v4
|

GPU: Quadro P620
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Summary . ,=

ot

___________

ot

Lending System B

» Optimized data transfer paths using PCle
peer-to-peer transactions

(MXS824)

Borrowing System

Lending System A

* Direct block-level disk access from GPU,
eliminating CPU in I/O data path entirely —

» Concurrently sharing NVMe drives

Expansion Chassis Host

between multiple hosts and GPUs

* PCle non-transparent bridges offer great
flexibility in dynamic device configurations
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jonassm@dolphinics.com
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(MXS824)

Device Lending details

]
)
/ x16 : Lending System A
1 |

S9709 Dynamic Sharing of GPUs and 10 in a PCle Network
Thursday March 21, Room 212B |

Expansion Chassis Host

Visit Dolphin at booth CUBA NVME dr o
#1520 for a live demo! \”Ve” enchmarks

http://github.com/enfiskutensykkel/ssd-gpu-dma
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Visit Dolphin at booth CUBA NVME dr o
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http://github.com/enfiskutensykkel/ssd-gpu-dma



