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Remote Direct Memory Access (RDMA) Network:

Taking RDMA over Converged Ethernet (RoCEv2) as an example, and its
watermark parameter optimization

Lizhuang Tan
Shandong Computer Science Center
(National Supercomputer Center in Ji'nan), China
tanlzh@sdas.org
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Shandong Computer Science Center (National Supercomputer Center in Ji 'nan),
established in 1976, is the largest research institute for computer science and
technology in Shandong Province, China.

It is now dffiliated with Qilu University of Technology (Shandong Academy of
Sciences).
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Shandong Computer Science Center (National Supercomputer Center in Ji 'nan),
established in 1976, is the largest research institute for computer science and
technology in Shandong Province, China.

It is now dffiliated with Qilu University of Technology (Shandong Academy of
Sciences).
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In 2011, the Sunway BlueLight was built. In 2018, Sunway E-class prototype

The first P-class supercomputer based on Chinese-made One of China's three fully domestically produced
CPUs in China prototypes




<% About of SCSC (NSCCJN)

Shandong Computer Science Center (National Supercomputer Center in Ji 'nan),
established in 1976, is the largest research institute for computer science and
technology in Shandong Province, China.

It is now dffiliated with Qilu University of Technology (Shandong Academy of
Sciences).
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In 2024, the integration infrastructure for supercomputing and network was built.
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< About Me

My Website: tanlizhuang.cn

LizhuangTan (iEl"l_llf) Home CV Teaching Publication Patent Standard Group Service Data Photo Conference 2]

Lizhuang Tan (i€iZik) <) NGO in 0]

Associate Researcher, Ph.D.

' : Shandong Provincial Key Laboratory of Computer Networks,
Y Shandong Computer Science Center (National Supercomputer Center in Ji'nan),

Qilu University of Technology (Shandong Academy of Sciences)

-
D ¥ tanlzh@sdas.org/lzhtan@qlu.edu.cn
g 1% Supercomputing Technology Park, No. 28666, Jingshi East Road, Ji'nan, Shandong, China.

| About Me

Since July 2022, | have been working in Shandong Computer Science Center (National Supercomputer Center in Ji'nan), China. From October 2024 to October 2025, 1am a
visiting scholar in Professor James Won-Ki Hong's DPNM Lab at Pohang University of Science and Technology, Korea. From April 2021 to June 2022, | worked as a R&D
intern in the High-Speed Network Team of ByteDance, working on RDMA/RoCE under the leadership of Dr. Zhuo Jiang.

In June 2022, | received my Ph.D. degree from the National Engineering Research Center of Advanced Network Technologies, Beijing Jiaotong University. In June 2017, |
received my Bachelor of Engineering degree in Communication Engineering and my Bachelor of Laws degree from Shandong Normal University.

My research interest is the Network Measurement, Testing and Management, especially Software-defined Networks and Data Center Network. These all serve the National
Supercomputing Internet, which is a project that explore how to combine high-performance computing (supercomputing) with wide-area computer networks.

High-speed Network Measurement

Proposed an SRv6 based active network telemetry architecture and implementation strategy (2nd Internet Architecture Academic Conference, China

Information and Communications Conference, 2019). Integrated the segment routing label stack into custom probes by encoding it as IPv6 extension

headers, and enabled flexible orchestration of telemetry instructions and paths with an improved breadth first search algorithm. This is among the

earliest research efforts to combine SRv6 with INT in the field. Centered on two system goals, improving telemetry freshness and reducing telemetry

intrusiveness, proposed a multi objective optimization method for selecting telemetry carrying flows (CN Patent 202010609191.7, 2020; APNOMS, 2021),

and developed and open sourced an orchestration solver based on NSGA (Non dominated Sorting Genetic Algorithm). Proposed, early in the

community, a hybrid in band telemetry task orchestration algorithm that fuses active and passive telemetry (APNOMS, 2022). Published a survey on in 7
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2 TCP and RDMA

Traditional TCP Protocol RDMA Protocol
1-10Gbps, ms-level latency 100-800Gbps, us-level latency
RDMA app RDMA app
User
RDMA verbs RDMA verbs
TCP/IP TCP/IP
Kernel | Bypass |
NIC driver NIC driver
RDMA tranpsport— —RDMA transport
NIC P DMA DMA P
Ethernet IEthernet

Lossless
Networ
&)
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2 TCP and RDMA

Traditional TCP Protocol RDMA Protocol
1-10Gbps, ms-level latency 100-800Gbps, us-level latency
RDMA app RDMA app ® Remote |
data transfers between nodes in a
User network
RDMA verbs RDMA verbs @ Direct
no Operating System Kernel
KGI‘I‘IEI TCP/,IP Bypass TCP/,IP involvement in transfers, everything
NIC driver NIC driver about a transfer offloaded onto
RDMA t Interface Card
N |C ransport— —RDMA transport & Memory
IP DMA DMA IP transfers between user space
Ethernet IFthernet application virtual memory, no extra
copying or buffering
Lossless @ Access
send, receive, read, write, atomic
O operations
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2 TCP and RDMA

RTT (us)

Traditional TCP Protocol

RDMA Protocol

1-10Gbps, ms-level latency 100-800Gbps, us-level latency

100000

TCPP50 —+——
TCPP99 —sc—
RDMAP50 —%—
RDMAP99 —a—

10000 ¢

1000 ¢

Throughput (Gbps)

100 ¢

10

1 10 100 1000 10000
Message size (KB)

e For small msgs (<32KB), OS processing latency matters
* For large msgs (100KB+), speed matters

40
35 ¢
30 ¢
25
20
15 |
10 |

o TCP

4KB 16KB 64KB 256KB 1MB 4MB
Message size
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< TCP and RDMA ” ﬂﬁ\ﬂu

Traditional TCP Protocol RDMA Protocol
1-10Gbps, ms-level latency 100-800Gbps, us-level latency

: 30012423744 OnWrite rate
: 29785573024
: 32537844160 OnWrite rate

: 34104756640 OnWrite rate
1 32433151744

: 47936439424 OnWr}te rate
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: 44697521312 nWrite rate
: 47689360512 OnWrite rate
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88320 mbps
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top - ©6:36:10 up 5 days, 1:59, © users, load average: 1.44, 0.80, 0.65 top - 18:16:47 up 21 days, 12:44, 0 users, load average: 5.38, 3.46, 3.37
Tasks: 9 total, 1 running, 8 sleeping, 0 stopped, 0 zombie Tasks: 8 total, 1 running, 7 sleeping, O stopped, 0 zombie

%sCpu(s): ©.4 us, 4.5 sy, 0.0 ni, 92.6 i1d, ©.0 wa, 0.4 hi, 2.1 si, 0.0 st o . . . . .
KiB Mem: 52827267+total, 18587868 used, 50968480+free, 147664 buffers %Cpu(s): 15.0 us, 3.0 sy, 0.0 ni, 81.1 id, 0.0 wa, 0.3 hi, 0.7 si, 0.0 st

KiB Swap: 67108860 total, © used, 67108860 free. 14185556 cached Mem KiB Mem: 52827267+total, 64229080 used, 46404358+free, 496340 buffers

S TORUSER TR e = T T T KiB Swap: 67108860 total, 2940 used, 67105920 free. 50241336 cached Mem
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:00. bash
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18200 3340 2836
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1
1622 root 20 24504 3080 2456 :00.06 tmux 1 root 0
1623 root 20 18228 3468 2940 :00.00 bash 1785 root 24244 2572 2320 0.
24768 3532 2676 0.
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1634 root 20 18228 3416 2888 :00.00 bash

1645 root 20 18228 3420 2892 :00.00 bash 1787 root
18228 3464 2936
18228 3460 2932

1675 root 20 21956 2500 2176 :00.01 top 1788 root
18228 3436 2908

1799 root
21956 2512 2180
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top
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U
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0
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TCP: Eight connections, 30-50Gb/s, RDMA: Single QP, 88 Gb/s, 1.7% CPU
Client: 2.6%, Server: 4.3% CPU




2 RDMA NIC a e

Nvidia is not only the inventor of GPUs, but also the leading manufacturer of high-performance network interface cards.

NVIDIA GPU 10-YEAR EVOLUTION (2045-2024)

From Pascal to Blackwell, Powering the Era of Al and Accelerated Computing

<AANVIDIA NVIDIA RDMA NICs Evolution

Over Two Decades of Innovation in High-Performance Networking

<A NVIDIA

2015 2016 2017 2018 2020 2021 2022 2023 2024
Pascal Pascal Volta Turing

ey

GeForce 900 Series GeForce 10 Series
(GTX 980 Ti) (GTX 1080 Ti)

Ampere Ampere Hopper Hopper Blackwell

ConnectX ConnectX-2 ConnectX-3

ConnectX-5 ConnectX-6 ConnectX-7
19w ; == ; ™ 2003 2007 2010 2016 2019 2022
F = e

GeForce 30 Series H200 B200
(RTX 3090) (Hopper) (Hopper) (Blackwell)

Tesla V100 GeForce 20 Series A100

(RTX 2080 Ti) (Ampere)

* 16nm Process * 16nm Process. * 120m FFN Process * 120m FFN Process * 7nm Process * 8nm Process * 4nm Process * 4nm Process * 4nm Process

* Pascal Architecture

« FP16 Support

* Better Perf/Watt * Volta Architecture = Turing Architecture « Ampere Architecture + Ampere Architecture

* 2nd Gen RT Core

+ Hopper Architecture + Enhanced Hopper

+ More HBM3e Memory
(Up to 4.8TB/s)

* Larger Capacity

* Optimized for LLMs

« Blackwell Architecture

« Tensor Core Sth Gen

« FP4 Support

* HBM3e (8T8/s)

« Sth Gen NVLink (NVLink 5)

« Advanced Al Inference
* 4th Gen NVLink & Training

* GDDRSX Memory * Tensor Core 1st Gen * RT Core 1t Gen * Tensor Core 3rd Gen « Tensor Core 4th Gen

* GP100 Datacenter GPU |+ NVLink (GP100) * HBM2 Memory + Tensor Core 2nd Gen * MultHinstance GPU (MIG) | * Tensor Core 3rd Gen + Transformer Engine

The First
RDMA NIC

Performance
Breakthrough

10/40GbE and Beyond  40/56GbE 100GbE
Leadership

200GbE and 400GbE and
Cloud Scale Beyond

« NVLink 2.0 + Real-Time Ray Tracing « HBM2e Memory +DLSS 2.0 « DPX Instructions Generation

* 3rd Gen NVLink * GDDR6X Memory * HBM3 Memory

+10/100/1000 Ethernet
with ROMA

+1/10 Gigabit Ethernet +10/40 Gigabit Ethernet +40/56 Gigabit Ethernet -50/100 Gigabit Ethernet -100/200 Gigabit Ethernet -200/400 Gigabit Ethernet

- Higher Throughput
& Lower Latency

+Enhanced ROMA
Performance

—re—

«Improved Latency
& Efficiency

+ SR-10V, NVGRE Offloads

- Hardware Tag Matching

- Advanced Packet
Processing

+PCle Gen5.0
- Offloaded Transport e RCE
over InfiniBand (IWARP)

& Telemetry

+Advanced DPUs
& In-Network Computing

- Advanced Offloads « Virtualization

- Zero-Trust Security
& Security Offloads

MAJOR ARCHITECTURE ADVANCEMENTS

/

77N /" = R
ey 3 \
&) (B S o-
Pascal Volta Turing Ampere Hopper
Boosted performance 1st Gen Tensor Cores

Blackwell

2003-2006 2007-2009 2010-2012 2016-2018
Real-time ray tracing 3rd Gen Tensor Cores,

and efficiency, Designed for
introduced NVLink Al computation

with RT Cores,
2nd Gen Tensor Cores

MIG for multi-tenant
acceleration

Al TRAINING PERFORMANCE IMPROVEMENT (FP16/BF16 Tensor Core) vs. 2015 Pascal

1000x

100x
12x

Pascal Pascal Volta
P100 GP102 V100

POWERING INNOVATION ACROSS INDUSTRIES

w 25« m ]

25x

Dﬁ

Turing
RTX 2080 Ti

90x
60x
o 2021

Ampere Ampere
A100 RTX 3090

4th Gen Tensor Cores,
Transformer Engine,
DPX instructions

Sth Gen Tensor Cores,
FP4 support,
Higher memory bandwidth

300x ) 500x+

Blackwell
B200

2019-2021

The Beginning Cloud & Al Era

Scaling Performance Expanding Hor 100GbE Era
NVIDIA introduces the
world's first RDMA NIC,
laying the foundation
for modern HPC and

data center networking.

Higher speeds and 40GbE expansion and
richer offload
capabilities for

virtualization and

Leadership in 40/56GbE
with lower latency

Mass adoption of
100GbE with innovative
hardware offloads

and enhanced RDMA
performance

Built for cloud scale
and Al/ML workloads
with increased
bandwidth and
advanced security.

efficiencies to meet
growing data center
and HPC demands.

and higher message
rates for scale-out
cloud environments. workloads.

Built for the Most Demanding Workloads

' S 9

Cloud & Hyperscale Al / Machine
Data Centers Learning

High Performance

Storage &
Computing

Data Analytics

Security & Zero
Trust Networks

2022+
Future

400GbE and beyond
with in-network
computing,
programmability,
and next-gen
infrastructure.

X

In-Network
Computing

P = & @ % €&

Al & Machine Learning Hiqré:;r;m;nce Cloud & Data Centers Autonomous Vehicles Digital Twins Scientific Computing Graphcifzax‘-_g:mem From 1GbE to 400GbE and beyond, NVIDIA ConnectX adapters continue to power the world’s most performance-critical
i

applications with unparalleled RDMA performance, offloads, and innovation.




<2 RDMA NIC

Nvidia is not only the inventor of GPUs, but also the leading manufacturer of high-performance network interface cards.

The Israeli company O Nvidia (Computing)
Mellanox was founded, completes its acquisition
and its main products of Mellanp)f (Networking)
are network cards that for $6.9 billion.

support RDMA. The InfiniBand Trade Association (IBTA) has
launched the RDMA standard specification
(RoCE) based on converged Ethernet.

@\
g

Microsoft Azure shared its experience of
using Mellanox RoCE network interface
cards (NICs) on a large scale in its data
HP has filed a patent for RDMA, centers (SIGCOMM 2015).
which allows networked servers
to access remote host memory

without interrupting the CPU or

operating system, marking the  \ellanox has released an

birth of RDMA technology. RDMA NIC based on the
Infiniband protocol .
standard.



2 RDMA Application

B Microsoft: The first major company to deploy RDMA on a large scale, and the designer of the RDMA congestion control
algorithm DCQCN, which is the most widely used RDMA congestion control algorithm in the industry.
B To date, RDMA traffic accounts for over 70% of traffic in Microsoft Azure data centers.

InterFDe Bl Total traffic e RDMA traffic
network
RDMA supported
[}
i S | £
: Spine layer : %
| 200-300m - : >
| m Podset . g
N s T 0 D e s R L eyor | G
| «_ lLeaf layer
| 10j20m | I l : =
| e R I Pod| i
I r
) OO O O ke
' I |
Lol | ly | :
: | | | Il «—Servers | 0-
=== Ta ! ! Jan 22 Jan 29 Feb 05 Feb 12
O oo s s o e o i e s RO Date

RDMA over Commodity Ethernet at Scale (SIGCOMM’ 15) Empowering Azure Storage with RDMA (NSDI’ 2?6)



< RoCEv2 Network

RDMA over Converged Ethernet version 2 (RoCEv2) is an evolution of the RoCE protocol, allowing for the direct memory access
between computers over Ethernet.

Spine Layer @

RoCEv2 .
Switch Fabric S6820-32H S9820-64H $9820-8C S9820-8C

32*100G 64*100G 128*100G or 32*400G 128*100G or 32*400G
Leaf Layer

&
&

RoCEvV2 NIC
Servers ‘ ‘ ‘
%z @ %/% %/% ConnectX-5 25GbE Dual-port ConnectX~-6 100GbE Dual-port ConnectX-7 400GbE Single-port
SFP28,PCle Gen 3.0x 8 QSFP56, PCle 4.0 x16 OSFP, PCle 5.0 x1¢
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B Random Early Detection (RED) is a proactive congestion avoidance mechanism used in computer networks, primarily within

routers, to manage and mitigate network congestion before it reaches critical levels.

/ |

Router

Random Early Detection

Drop probability

A

max g

Ml gy osota MAX e veshold
Weighted Average Queue Length

compute average queue length;

if ( avg. queue length < minuyyeshoid )

{
admit new packet to output queue;
}
else ( MiNgnreshold < avg. queue length < maxinreshoid )
{
mark new packet with probability Prob (queue length) ;
}
else
{
always mark new packet;
}

Average queue length

Max
queue length

Drop probability

Forced drop

Max
threshold Probabilistic
early drop
Min
threshold }_ No drop

Time
18



B Explicit Congestion Notification (ECN) reuses RED, but instead of proactively dropping packets, it only marks packets, avoiding
the impact of packet loss on transmission.

ECN Bits (Code) Meaning

/ Packet ‘/Cor':)%‘fj:ec’ /"‘;‘Z‘;ﬁ? 00 Non-ECT—Packet is marked as not ECN-capable
I = ' :
) % L— I' 01 ECT(1)—Endpoints of the transport protocol are ECN-capable
p e — —
e S Conmalionsional, T Host 10 ECT(0)—Endpoints of the transport protocol are ECN-capable

11 CE—Congestion experienced

With ECN, routeres/switches deliver clear signal to hosts, and congestion is detected arly no loss.
Congestion Signal: Loss -> RTT -> ECN

19



B ECN alone is not sufficient to achieve zero packet loss.

B Priority-based flow control (PFC) is Hop-by-hop flow control.

Data packet

v

Ingress port

18 :
= -8-Go-Back-N : .
r r
£0.8 | gress po
=
= pO []
=06} i
= p1
=
204} / )
=
p7
E02} .
)
=
0 : : : : — _
0 0.002 0.004 0.006 0.008 0.01 Switch A

Packet Loss Rate
Fig. 2: Impact of packet loss rate on throughput

PFC pause frame

m
B -

B | 7

XOFF|threshold
Switch B
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mechanism for RDMA networks.

<-<| PFC Pause )----

PR b

B By combining ECN and PFC, Microsoft proposed DCQCN in 2015, which is currently the most widely used congestion control
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Tan L, Jiang Z, Liu K, et al. ByteTuning: Watermark Tuning for RoCEv2[J]. IEEE Transactions on Cloud Computing, 2025, 13(1): 303-320.
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<% Background

B RDMA networks have become the most popular architecture for carrying 100G+ network in data center .
B RoCEv2 is the most mainstream and cost-effective implementation of RDMA. Its key networking protocols include DCQCN on the
server side, and ECN/PFC on the switch side.

s A}
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There are many ECN and PFC parameters in RoCEv2. How to In many-to-one RDMA incast scenarios, switches can
optimally configure them is a key engineering challenge. overwhelm shared buffers, causing output packet loss.



2 Traversal results

B Experimental Setup: The testbed consists of 24 servers, two 25G access switches, and two 100G aggregation switches, equipped with
Mellanox CX5 25G NICs. The congestion control algorithm is DCQCN, using Mellanox-recommended fixed parameter settings.

B Methodology: We select commonly used switch-side ECN/PFC configuration parameters, including K,,in, Kmax, Pnax, AlPha, and
Headroom, and exhaustively evaluate different parameter combinations to study their impact on throughput, queue occupancy, and
flow completion time. The search space contains a total of 3,300 parameter combinations. Traffic is generated using Perftest

(ib_write_bw).
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Fig. 10. Measurement results of throughput, latency, and queue when 2-to-1 with different traffic patterns.

We need to tune the ECN/PFC paremeters.
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<% ByteTuning

B We designed a watermark tuning approach based on simulated annealing: ByteTuning.
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<% ByteTuning

B Experimental Result
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TABLE V
THE TUNING RESULT OF REDIS STORAGE
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Fig. 11. The tuning result when 2-to-1. )5
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Thanks for listening.




