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ML model size and GPU performance over the past 10 years

- ML model size over 10 years: ~8600x

- Exponential growth from 61M in 2012 to 530B in
2021

- AMD GPU performance over 10 years: ~50x

- ML model size has outpaced the growth in
single GPU performance over the past 10
years

Trends of ML Model Size and AMD GPU Performance in 10 Years
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Ethernet speeds over the past 40 years

ML model size over 10 years: ~8600x
AMD GPU performance over 10 years: ~50x

Ethernet speed over 10 years: ~10x

- Significantly slower than GPU advancement and
ML model size growth

Emergence of scale-out architectures

- A sea of heterogeneous nodes connected via the
high-speed network
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Emergence of scale-out architectures

- A sea of nodes connected via high-speed and
low-latency network interconnect

- Heterogeneity within a node

- CPUs, FPGAs, GPUs, ASICs (such as TPUs), SmartNICs

- SmartNIC acts as an intermediate hub for
various components

Regular “NIC” functions: protocol handling, vSwitch,
crypto, ...

« Value-add “NIC” functions: TOE, RDMA, security,
telemetry, ...
Upper layer processing: transport-layer and above,
accelerate streaming and lookaside applications

- High-speed and low-latency networking: RDMA

Node 1

i

= SmartNIC
Node i w Node k
Node 2

I FPGA Il GPU I ASIC Memory SmartNIC
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Data communication in scale-out setups

- Traditional way incurs multiple data

copies

FPGA
Memory

PCle

PCle

PCle

system — zero copy

PCle
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PCle

1. Enable direct memory access among peers
2. Bring data as close to compute as possible

host

host
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What kind of programmable SmartNIC features do we need in a

scale-out system?

- Normal network packets
- TCP, UDP, DCCP, SCTP, QUIC, ...

- Remote direct memory access (RDMA)
- ROCEV2 packets
- Shared by host, GPU and FPGA

- Bring data as close to accelerators as
possible for fast and adaptable hardware
acceleration

- Compute logic for general applications
Inside SmartNIC

-« Streaming computation
- Lookaside computation

Node i

Node 1

e

Node 2

Bl FPGA

Bm GPU

Il ASIC
memory

Node k
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Why RecoNIC?

RDMA is the de facto standard for high-speed

data communication for ML & HPC applications

« Basic Adaptive SmartNICs without transport-

layer offloading engine
« OpenNIC [1]
« Corundum [2]

Stand-alone transport-layer offloading engines

Catapult LTL engine [3]

- TCP offloading engine [4] and RDMA [5] from ETH

Zurich

ERNIC [6]
- An RDMA engine from AMD
« RoCEv2 implementation

System Configuration

!

I

PCl-e
Gen3
x16

There is no open-sourced RDMA-enabled adaptive SmartNIC platform

QDMA Subsystem

User Logic Box
@250MHz

| AXI-Lite Registers

-| QDMA Wrapper | | User IRQ Controller

t

H2C Engine

C2H Engine

Physical Function
x4

—

—

CMAC Subsystem

| AXI-Lite Registers

QSFP28
Controller

¥

TX

» Adapter

s

RX
Adapter

User Logic
Box
@322MHz

tvalid remains 1
after packet starts

no back-pressure

CMAC
Wrapper

QSFP28
Cages

OpenNIC [1]
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RecoNIC: RDMA-enabled Compute Offloading on SmartNIC

- An open-source 100Gb/s FPGA-based SmartNIC infrastructure/testbed with
RDMA and compute offloading

- To enable scale-out heterogeneous systems
- To enable direct memory access among network-connected peers
- To bring data as close to various types of accelerators as possible
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The RecoNIC system architecture

- A hardware shell i Host DDR —_— §
[ I 1
- RDMA engine: shared by host and accelerators ¢ Data i
_ ] E : SW QP. buffer Network Memory Control |!
- Compute boxes for streaming and lookaside P — i stack | [ driver | | driver |,
acceleration oo
- Packet classification S ! QDMA Subsystem
- Auxiliary com t 5 i i T Non-ROMATX |
Yy ponents T | Non-RDMA-RX | v | :
MAC, QDMA, crossbars, arbiter sys crossbar » mem crossbar «— §
- Software stacks I T § §
- Network stacks + RDMA R Lookaside |, __,
non-RDMA traffic such as TCP/IP, UDP/IP and ARP i Eng“me” Compute i
User-space RDMA APIs o T !
- Memory driver ; Streaming i
- data transfers between host and device memory : Compute il Hon-ROMA-TX |
Control driver iNon-RDMA-RX RDMA-RX ! ﬂ !
Packet : i
- Register configuration control i ”1 classification Arbiter i
Compute control RX_packet | Xpacket !+ control signals
i MAC Subsystem | —> AXi4 |
i : » AX|4-Streaming
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The RecoNIC network flow

- Non-RDMA traffic

- TX path: Network stack -> QDMA subsystem TX ->
Arbiter -> MAC subsystem TX

« RX path: MAC subsystem RX -> Packet
classification -> Streaming compute -> QDMA
subsystem RX -> Network stack

10

---+ control signals

Host DDR — l
o x applications :
g i ‘ Data H s - | ;
Frl etwor Memory Control !
B! SW QP buffer 4 stack driver driver |
N ey iy e p————— e —————
g QDiViASubsystem ]
2 t N T Non-ROMA-TX
T 1
T 1|Non-RDMA-RX | v l :
’ > |
: sys crossbar » mem crossbar [« 5 |
: F 3 » r 3 r 3 » F 3 E :
i Q|
i = |
: RDMA Lookaside :
i SN . [+ --------4 il s 1
: Engine Compute :
i Non-RDMA-RX ” :
e 0 RDMA-RX !
i Streaming !
! Compute RDMA-TX Noh-RDMA-TX !
'Non-RDMA-RX| [ RDMA-RX | ﬂ :
: Packet : !
o P Arbitef :
; classification :
i “R)(_packet ! TX| packet i i

i MAC Subsystem | —> AX4

i o : > AX|4
""""" R B

-Streaming
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The RecoNIC network flow

- QP and data buffer can be declared either in [T ROt Dby, rm—] =
. I SEr applications !
host or device memory s | TSR]l [Tos i
- £ i sw bp bulffer Network Memory Control |!
- RDMA traffic Sl o Ldver | Lldver
|
« TX path (RDMA write as an example) e St Sllsistntal lslslsiststsleislslslstetslsiislslslsistebislsiets fo foy-ooo-s
- @ Host declares QP, configures RDMA and rings SQ i 2 © | QDMA Subsystern = = = == 1 © i
doorbell = EI — RX‘I‘ L _:I J non-RDMA-TX
- @ RDMA engine fetches WQE from SQ Rl e el e R v = | RQi
® RDMA engine fetches payload from user buffer and il: {y§ crossbar 7| Mmem crossbar j— g gg; :
constructs RDMA write packets i:l T T 11 1 gleer
' ' il |
@® RDMA eng!ne sends RDMA write paclfe?ts | T _[5 ROMA ¥ | Lookaside |, buffer
- ® RDMA engine updates CQ when receiving RDMA write 12— {Engingé Compute i
acknowledgement packets ! Non-romAlrx | | i
® Host polls CQ doorbell to detect when RDMA write is i ' RDMPZ-RX @ !
done ! Streaming :
: Compute RDMA-TX Non-RDMA-TX :
iNon-RDMA-RX“ T ROMA-RX | ﬂ :
L Packet : i
i ”l cldssification Arbiter i
i RX_packet A J Losast ; i - - - control signals
i ® MAC Subsystem | —> AXI4 |
i : » AX|4-Streaming
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The RecoNIC network flow

- RDMA traffic

« RX path (RDMA read response as an example)
@ Host registers memory region

- @ RDMA engine waits for RDMA read request from a
remote peer

® RDMA engine validates read requests, fetches payload
and constructs RDMA read response packets

- @ RDMA engine sends RDMA read response packets

- Memory region can be declared either in
host or device memory

12

---+ control signals

i Host DDR — :
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Hardware component: lookaside compute

memory

- Register control interface: AXI4-Lite
- Compute control: two FIFOs

- Control FIFO: stores user-defined compute control

commands

- Status FIFO: stores completion signals such as kernel 1D,

job ID, ...
- Kernels can trigger RDMA operations
- Potential use cases:

- Applications required to wait for data from multiple peers

before computation
- Supports HLS and RTL implementations

Compute acceleration over data stored in device

Datapath interface: AXI4 memory mapped, access
data from either device memory or host memory

Control
FIFO N

I
¥
E configuration
t
t ¥

*
v ¥ v ¥
data +— Kernel 1 +—» Kernel i +— Kernel n
: *ee I *e .
Status Lookaside
FIFO Compute
+ + +
> AXI4 polling from a host
- -+ AXl4-Lite
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Hardware component: streaming compute

Compute acceleration over network data at line-rate
Datapath interface: AXI4-Streaming

- Network data
. . . . rx_outw th_in
- Control-path interface: AXI4-Lite for internal registers
. config. -
- Potential use cases « - -5 Streaming
_ ] ] o _ compute
- Packet processing applications (e.g., packet classification,
protocol handling, forwarding, crypto, checksum offloading, rx_irw ﬂtx_out
security, upper-layer processing, ...) b AXI4-Streaming
- Telemetry 4- > AXI4-Lite

- line-rate application processing such as in-network
aggregation

Supports Vitis Networking P4, HLS and RTL

Implementations
14 AMDZ1
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RecoNIC software stacks

Network stacks Non-RDMA traffic: onic-driver

ettt ettt it T Eataitutuiaiatatuieletale B ittt - RDMA traffic
Kernel-bypass RDMA APlIs

RDMA-core « Kernel-bypass RDMA APIs:

libreconic

Non- :
RDMA  RDMA-core library (In-
traffic

reco-ib

1
1
1
1
1
1
1
1
1
1
reco-provider §
1
1
1
1
1
1
1
1
|
|
|

progress): reco-provider and

B user-spaceAPls

0 kernel-spacedriver
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RecoNIC software stacks

- Network stacks

- Memory driver

- Data communication between host and FPGA
memory

- Host as a master

- Control driver
- Reqister control
- Compute control

Memory driver Control driver
| compute
control

|_register
B user-space APls 0 kernel-space driver

control

16 AMDZ
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Built-in lookaside example: network-attached systolic-array MM

- Two peers connected via 100Gbps network

- data at Peer 1
- Compute at Peer 2

- Compute control command

ctl_cmd_size;
d_baseaddr;

b baseaddr;
C_baseaddr;
d_row;

a_col;

b col;
work_id;

¥ ctl omd_t;

17

Peer 1 Peer 2
SmartNIC
I
icomp| NIC ' memory CPU
L
1
a5 5Q doorbell
rea_q@gyg-ﬁ — finge2a —.Oﬂ:_— s
<Z_ datal
fﬁsqrg_SE‘;;:[[{_--—ﬂ *
[ =
.~ read completion
/s L 6

CPU polling [] memory

Workflow of the example

——

r

. Initialization and handshaking

. Constructs a WQE to get data from Peer 1
. Constructs a WQE to get data from Peer 1

Polls CQ doorbells

5. Datais ready
. Generates and issues a compute control command

. Waits for compute completion

. Results are ready

— " memory access
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Built-in streaming example: packet classification

- To identify RDMA or non-RDMA traffic

- Designed with Vitis Networking P4
- Parser
- Forward "
- De-parser

is_rdma

- Input / output data in AXI4-Streaming G

is rdma = <1») 1;

hdr.ieth.isValid()} {
is_rdma = <1>) 1;

hdr.bth.isValid()) {

deparser_inst{...) {
apply
pkt.emit(...);

18
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Libfabric over RecoNIC: possible integration

Current software/hardware system

Applications: ML training/inference, HPC apps, ...

Interfacing with libfabric

Applications: ML training/inference, HPC apps, ...

| |
User RDMA-core +
space reco-provider
I libreconic
Kernel . : -
space onic-driver reco-ib
{
Hardware RecoNIC Shell

RecoNIC supports RDMA-core

libfabric API
! TCP vid verbs :H—-core

User RDMA-core +
space reco-provider

i I libreconic
Kernel : g -
space onic-driver reco-ib

1 1

| | | |

Hardware RecoNIC Shell

RDMA-core provides libibverbs, which can be leveraged by the verbs provider in libfabric

19
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Data movement performance — Host as a master

- Host as a master to access device memory

via QDMA AXI-MM channel
- ~13GB/s for transmitting data >= 512KB

- ~22us for small messages
Control overhead
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Data movement performance — FPGA as a master

- FPGA as a master to access host memory via
PCle slave bridge

- Low latency (e.g., 64B) Access latency from FPGA to host and device memory

- Write (|n orange): ~0.17us =¥=PCle slave bridge read PCle slave bridge write
. Read (|n blue) : ~O.62US =—d—Device DDR read == Device DDR write

- Memory access latency over PCle slave bridge
IS much faster than that via QDMA AXI-MM
channel

]

- FPGA to access device DDR

Latency (us)
=
(9]

[

- Low latency (e.g., 64B) oo
« Write (in green) : ~0.096us o5 | T
- Read (in purple): ~0.196us — 0,19

o

. ACCGSS |atency tO deVICe memory |S IOWGI’ than 8 16 32 64 128 256 512 1024 2048 4096 8192 16384

host memory

Message size (B)
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RDMA read performance

* QP defined in host memory

RDMA Read Latency (Host Memory)
—#—control-on-CPU =#—control-on-FPGA

=
o

[ = )
N O

« Control offloading on FPGA can reduce 22% read

latency for small message size (<= 128KB)
* Near line-rate throughput for 4KB message

RDMA Read Throughput (Host Memory)
=—o—Single-request-on-CPU =—4=Batch-requests-on-CPU

=
o

Latency (us)

o N O~ O

Transfer size

Single-request-on-FPGA Batch-requests-on-FPGA

100
90
80
70
60
50
40
30
20
10

Throughpu (Gb/s)

RDMA Read Latency (Host Memory)
=@==CoNntrol-on-CPU ===control-on-FPGA

Fo )|
o

Latency (us)

Q& & ©
CECHR G O

22 Transfer size

Transfer size
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RDMA write performance

* QP defined in host memory

« Control offloading on FPGA can reduce ~29% write
latency for small message size (<= 128KB)

* Near line-rate throughput for 8KB message

RDMA Write Throughput (Host Memory)
=o—Single-request-on-CPU =—4—Batch-requests-on-CPU
100 Single-request-on-FPGA Batch-requests-on-FPGA

e — .

Throughpu (Gb/s)

3 Transfer size

Latency (us)

Latency (us)

RDMA Write Latency (Host Memory)

=e=—control-on-CPU =s=control-on-FPGA

438 4.20

Transfer size

RDMA Write Latency (Host Memory) /l
=8=control-on-CPU =s=control-on-FPGA
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RDMA latency: host memory vs. device memory

RDMA Write Latency: Host Memory vs. Device Memory

* QP declared in host memory and device . ——Host memory _-Devce memory
memory 14
12
+ Control offloading on FPGA B
o 8
. RDMA write latency with QP in device memory Y I
Is ~17.32% better than that in host memory .
0
: . : S B R R
- RDMA read latency with QP in device memory N v
IS ~15.44% better than that in host memory _
RDMA Read Latency: Host Memory vs. Device Memory
16 —s—Host memory Device memory
 DDR access latency is lower than PCle access y
latency 12
310
0

AMDZ
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RDMA throughput: host memory vs. device memory

* QP declared in host memory and device

memory

« Control offloading on FPGA

« RDMA write throughput with QP in device

memory is slightly better than that in host
memory

« RDMA read throughput with QP in device

memory is almost the same with that in host
memory, except for 4KB payload size

Throughput (Gb/s)

Throughput (Gb/s)
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Conclusion

RecoNIC is an open-sourced SmartNIC infrastructure/testbed for scale-out
computing

« First SmartNIC platform that interfaces ERNIC with x86 CPUs

- Provides 100Gb/s line-rate RDMA traffic with low latency

- Supports streaming and lookaside acceleration via VitisNetP4, HLS or RTL to
process network data

RecoNIC is available at https://qgithub.com/Xilinx/RecoNIC
A Primer on RecoNIC is available at https://arxiv.org/abs/2312.06207

If you are interested in RecoNIC, please reach out to Henry (henry.zhong AT
amd.com)
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