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Abstract. RoCE is widely deployed in data centers for Al training, but network
congestion causes GPU underutilization and slows training. Existing congestion
control algorithms suffer from slow feedback loops and isolated handling of slow-

down and recovery, leading to oscillations and poor bandwidth utilization.

propose CHOCOLATE, which integrates reverse explicit notification (REN) with
lightweight flow prediction for congestion sensing, and unifies slowdown and recov-

ery into a coordinated control system. Experimental results demonstrate improved

RoCE performance in lossy networks.
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1 INTRODUCTION

The widespread application of Al-based user services in fields such as image recog-
nition, natural language processing, and recommendation systems has placed higher
demands on high-throughput, low-latency networks in data centers. Especially in
distributed training, thousands of GPUs need to coordinate closely for long peri-
ods, making the network a key bottleneck limiting training efficiency [I, 2]. From
the perspective of traffic patterns, modern data centers are dominated by short
flows, but Al training workloads exhibit low entropy, burstiness, and coexistence
with elephant flows: repetitive flow patterns, millisecond-level burst switching, and
high-intensity large traffic reaching line speed during bursts, making networks more
prone to transient congestion and amplifying tail latency [3, 4].

This pressure is further amplified by the broader shift toward cloud-native and
service-oriented computing. Modern applications are increasingly decomposed into
microservices, serverless functions, workflow engines, and edge-deployed services,
where service extraction, dynamic deployment, pricing-aware resource allocation,
workflow orchestration, and network-aware service composition all depend on ef-
ficient resource and network coordination [B [, [7, ®, @]. These trends make the
data center network not only a communication substrate, but also a core factor that
determines application-level performance and resource efficiency.

RDMA significantly reduces CPU overhead by implementing transport protocols
on RNICs, reducing copies and context switches [I0) [I1]; therefore, data center
operators such as Alibaba, Microsoft, and Meta have deployed RoCEv2 on Ethernet
at scale [2, [T11, I]. However, RoCEv2 inherits the lossless network assumption and is
more susceptible to congestion in lossy Ethernet environments, leading to decreased
GPU utilization and slower training speeds [3, [[2]. To improve RoCE efficiency in
lossy networks, congestion control is core.

For congestion control algorithms, achieving full bandwidth utilization while
avoiding oscillations presents two major challenges:

1. Congestion handling challenge: Traditional methods treat the slowdown
phase and recovery phase in isolation, lacking a unified integration mechanism,
leading to rate adjustments that are too fast or too slow, thereby causing oscil-
lations and reducing bandwidth utilization;

2. Congestion sensing challenge: Explicit notification and proactive sensing
each have advantages and disadvantages.

Simply superimposing two sensing methods will cause conflicts when conclusions are
inconsistent, and improper balancing will also cause rapid rate oscillations.

From this, we propose the insight: integration and balance must be achieved
simultaneously at both the sensing and handling levels to fully utilize bandwidth
while avoiding oscillations.

To achieve this insight, we carefully select appropriate techniques for different
congestion scenarios:
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REN for burst congestion: REN directly sends congestion notifications from
switches to senders, avoiding the long feedback loop of traditional ECN. Its end-
to-end delay is only 1/3-1/5 of traditional ECN, making it particularly suitable
for handling burst congestion that requires rapid response. Additionally, REN
uses sliding window denoising to effectively distinguish true burst congestion
from transient fluctuations, and has the highest priority in the integrated control
system, enabling immediate multiplicative deceleration.

Lightweight flow prediction for gradual congestion: Gradual congestion is
caused by the cumulative effect of multiple flows, requiring prediction of future
trends. Our lightweight prediction is based on local queue sampling without re-
quiring network clock synchronization, and uses tanh mapping to achieve smooth
load-delay conversion, capable of predicting congestion trends 50-100 s in ad-
vance.

Based on the above insight, we propose CHOCOLATE: balancing two types
of signals through integrated sensing of reverse explicit notification (REN) and
lightweight flow prediction, and balancing two types of handling strategies through
integrating slowdown and recovery into a unified control system, thereby maintain-
ing high bandwidth utilization and stability while avoiding rapid oscillations. The
main contributions are as follows:

e Identify the insight that integration and balance must be achieved simultane-
ously at both the sensing and handling levels to fully utilize bandwidth while
avoiding oscillations.

e Design a sensing integration mechanism that unifies explicit notification and
proactive sensing into the same decision system, achieving stable resolution when
signals conflict and avoiding rapid rate oscillations.

e Develop a handling integration mechanism that incorporates slowdown and re-
covery into a unified control system, suppressing excessive regulation caused by
phase transitions and achieving both high utilization and high stability.

o Conduct systematic experimental verification based on NS-3 simulator [I3] under
single-flow and real multi-flow workloads.

Next, Section [ reviews related work on RoCE congestion control; Section [3]
presents the detailed design of CHOCOLATE; Section [ evaluates the performance
of CHOCOLATE based on NS-3 simulation; finally, Section [§] summarizes the full
paper and discusses future research directions.

2 RELATED WORKS

In data center networks, RDMA (Remote Direct Memory Access) technology is
widely adopted to achieve low latency and high throughput. However, running
RDMA on Ethernet (RoCE) traditionally relies on lossless networks, which is typi-
cally achieved by enabling Priority Flow Control (PFC) [14]. As data center scales
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expand, the side effects of PFC (such as head-of-line blocking, congestion propaga-
tion, and pause frame storms) become intolerable [3]. Therefore, many studies have
begun to focus on effectively handling RoCE congestion control problems in lossy
networks. Numerous studies have researched congestion control problems, mainly
from two aspects: congestion handling and congestion sensing.

2.1 Congestion Handling

Existing congestion handling research focuses on adjusting sending rates, which can
be divided into two categories: focusing on the congestion mitigation phase and
considering the recovery phase.

Traditional methods like DCQCN [I5], PFC, and TIMELY [16] adopt Mul-
tiplicative Decrease to quickly reduce rates when congestion is detected, but use
conservative Additive Increase in the recovery phase, leading to low bandwidth uti-
lization. They perform well in mitigation but poorly in recovery.

Recent methods like PC4 [I7] have begun to focus on the recovery phase, using
multiplicative decrease in mitigation and additive increase in recovery. However,
their recovery rates are still insufficient to fully utilize bandwidth, mainly due to
insufficient congestion sensing technology that cannot timely and accurately sense
the beginning and end of congestion.

2.2 Congestion Sensing

Existing research can be divided into two categories: based on forward explicit
congestion notification and based on sender proactive sensing.

Forward explicit notification methods like DCQCN [I5], TIMELY [I6], and
HPCC [14] use ECN or INT to sense congestion. However, the monitoring loop
is long (sender — switch — receiver — sender), resulting in slow feedback and
untimely notification.

Proactive sensing methods like PC4 [I7] judge congestion based on one-way
delay, avoiding the long delay problem. However, one-way delay has limitations: it
requires high-precision clock synchronization, reflects comprehensive queue status
making it difficult to locate congestion precisely, and may lead to misjudgments in
multi-flow scenarios.

Forward explicit notification methods have long feedback delays, while proactive
sensing methods have insufficient precision. Simply combining both causes conflicts
and rapid rate oscillations when sensing conclusions are inconsistent. Our innovation
integrates both into a unified decision mechanism for stable resolution.

3 SYSTEM DESIGN

We propose CHOCOLATE: Congestion Handling on Controllable Oblivious Light-
weight Algorithm through Explicit Notification.
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3.1 Design Overview

CHOCOLATE introduces a closed-loop architecture of “switch-side reverse explicit
notification +sender-side lightweight prediction 4 integrated congestion control with
combined slowdown and recovery” on top of the existing RoCE stack, as shown in
Figure [T} the switch side monitors buffer status in real time and notifies in reverse,
the sender performs lightweight prediction of traffic status locally, and then the
control strategy module integrates notification and prediction to provide stable rate
adjustments to avoid rapid oscillations.

Specifically, CHOCOLATE implements 3 functions on the switch and sender:

Switch side: burst congestion sensing based on reverse explicit notification
(REN). To implement this function, the Buffer Detector module, Event Handler
module, and REN Generator module are designed at the switch to support identifi-
cation of burst congestion, avoiding the lengthy feedback link of traditional forward
notification.

e The Buffer Detector module mainly periodically reads input queue shared buffer
occupancy and queuing residence time, calculates instantaneous queue depth and
growth rate, providing a basis for subsequent judgment.

e The Event Handler module mainly uses the data provided by the buffer sensing
module to distinguish true burst congestion from transient fluctuations, avoiding
notification storms caused by misjudgments through sliding window denoising.

e The REN Generator module mainly encapsulates judgment results into REN
frames (carrying congestion port, severity, timestamp) and injects them into the
reverse path to notify the sender.

Sender side: gradual congestion sensing based on lightweight flow prediction and
congestion control with fast slowdown and fast recovery

To implement gradual congestion sensing based on lightweight flow prediction,
the Queue Information Collector module is designed at the sender to support online
traffic prediction.

e The Queue Information Collector module mainly samples the number of pack-
ets to be sent and sending rates in the send queue and retransmission queue,
providing a basis for the gradual congestion judgment module.

To implement integrated control of slowdown and recovery, the RCN Collector
module, Congestion Judger module, and Transmission Rate Controller module are
designed at the sender to support stable fast slowdown and fast recovery.

e The RCN Collector module mainly parses CN/RN frames and notifies the Con-
gestion Judger module.

e The Congestion Judger module mainly integrates CN /RN frames with prediction
signals, executes comparison of congestion coefficients and thresholds, drives the
Transmission Rate Controller module to increase/decrease speed, and suppresses
rate oscillations caused by conflicting signals.
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e The Transmission Rate Controller module mainly executes rate adjustments,
avoiding oscillations caused by frequent REN switching.

Sender Switch
Information “ Rt [ Buffer | Evemt RCN
Contorl plane Collector | | | controlter | Detector }’) Handler }“ Generator
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Figure 1. CHOCOLATE overview

3.2 Switch-Side Reverse Explicit Notification

Traditionally, there has been resistance to adding new functionality to switches.
In recent years, the widespread application of programmable switches has laid the
foundation for implementing new functionality on switches. The most widely used
switch architecture is the P4 architecture [I8, [T9], which is an architecture that
provides high-level abstraction and programmability for packet processing devices.
It is based on the Protocol-Independent Switch Architecture (PISA), which allows
developers to write custom packet processing logic through the P4 language [20]. It
provides more refined and structured packet processing processes, typically including
the following parts:

Parser: parses packets according to predefined formats and extracts various fields
from the header.
Ingress: Ingress pipeline part, the entry point for data processing logic.

TM: Traffic Manager, defines core processing logic. The shared buffer is the core
resource managed by TM. All ingress/egress packets share the same buffer mem-
ory but are subject to corresponding constraints for each queue..

Egress: Egress pipeline part, the exit point for data processing logic.
Deparser: reassembles packets.
Modern switches use dynamic buffer sharing, where a set of queues from different

ports share a buffer pool while complying with constraints for each queue. Each
queue utilization information is typically only perceivable at the traffic manager.
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3.2.1 Buffer Detector Module

The buffer sensing module is responsible for sensing the utilization of the ingress
queue buffer pool and feeding it back to the burst congestion judgment module.

3.2.2 Event Handler Module

Algorithm 1 Event Handler Logic
Input: Current queue length g, current utilization u, high threshold thpgn, low
threshold th;,,,, cooldown period T,.;, current timestamp ¢
Output: Notification (kind, timestamp) or &
1: Initial state: state € {Normal, Congested}, last notification time lastNotify
2: if q > thhigh ANu > thhigh then
3:  if state = Normal A t — lastNotify > T, then

4 state < Congested

5 lastNotify + t

6: return (CN,¢)

7. end if

8: else if ¢ < thiyw A u < thiy, then
9.  if state = Congested At — lastNotify > T, then
10: state < Normal

11: lastNotify <t

12: return (RN,?)

13:  end if

14: end if

15: return g

As shown in Algorithm [I] this module continuously monitors queue length and
port utilization. When both exceed the high threshold and the system is in normal
state, after a cooldown period, it issues a congestion notification (CN) and enters
congested state; when both are below the low threshold and the system is in con-
gested state, after a cooldown period, it issues a recovery notification (RN) and
returns to normal state. This mechanism avoids frequent notifications caused by
transient fluctuations.

3.2.3 REN Generator Module

If the burst congestion judgment module sends information to the notification gen-
erator, this module is responsible for generating the notification frame as shown in
Figure 2] Where:

e The KIND field indicates whether it is a congestion notification or recovery
notification.
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e The LEN field indicates the frame length.

e The FLOWID field indicates the flow identifier.
e The SIP field represents the switch IP address.
e The DIP field represents the sender IP address.

KIND(8b) LEN(8b)

FLOWID(16b)

SIP(16b)

DIP(16b)

Figure 2. RCN frame

3.3 Sender-Side Lightweight Flow Prediction

This part mainly relies on the Queue Information Collector module. The sender
calculates a delay coefficient Delay based on current load and compares it with a
fixed threshold to implement lightweight congestion prediction.

The current load L; is computed using:

. Qsend + Qretrans
Qsend + Qretrans + Qavailable

where @ = 0.6, which comprehensively considers both queue status and sending
rate. The tanh function is chosen for mapping due to its compression property
(mapping input range to [0,1] for normalization), smooth transition (avoiding abrupt
changes and providing continuous load-delay conversion), and mathematical prop-
erties (maximum derivative in the central region and approaching 0 at boundaries,
balancing sensitivity and anti-interference). The threshold Th = 0.62 is determined
through analysis of real data center traffic traces, achieving the optimal balance be-
tween prediction accuracy and false positive rate. A threshold that is too low causes
premature adjustments and unnecessary rate changes, while a threshold that is too
high leads to missed detections and ineffective congestion prevention.

Specifically, as shown in Algorithm 2} this algorithm periodically calculates a de-
lay coefficient Delay, by mapping the current load L; through the tanh function and
compares it with a fixed threshold Th. When Delay; exceeds the threshold and
the system is in normal state, after a cooldown period, the system enters predicting
state and outputs a gradual congestion notification (GradualCN); when Delay, is
below the threshold and the system is in predicting state, the system returns to nor-
mal state and outputs a clear notification (Clear); in other cases, it maintains silent
output (Silent). This design avoids frequent state switching caused by transient load
fluctuations.

Tatecu'r'rent

Lt:Oé

1—«
+( ) ratemas
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Algorithm 2 Lightweight Congestion Prediction

Input: Current load L;, fixed threshold Th, cooldown period T, current times-
tamp ¢

Output: Status (status, Delay,)

1: Initial state: state € {Normal, Predicting}, last alert time lastAlert

2. Compute Delay; + tanh(L;)  (Simplified load-to-delay mapping)

3: if Delay; > Th A state = Normal A t — lastAlert > T, then

4:  state < Predicting

5. lastAlert <t

6

7

8

9

. return (GradualCN, Delay,)
. else if Delay, < Th A state = Predicting then
state <— Normal
. return (Clear, Delay,)
10: end if
11: return (Silent, Delay,)

3.4 Congestion Control and Fast Recovery

Based on the aforementioned mechanisms, this part implements a two-phase rate
control algorithm that integrates event-driven and prediction-driven approaches.

e The RCN Collector module parses CN/RN frames and notifies the Congestion
Judger module.

e The Congestion Judger module mainly integrates CN/RN frames and executes
comparison of congestion coeflicients and thresholds, driving the Transmission
Rate Controller module to increase/decrease speed.

e The Transmission Rate Controller module mainly executes rate adjustments,
avoiding oscillations caused by frequent REN switching.

The Congestion Judger module is the core of this part, and its processing logic
is shown in Algorithm [B] which integrates events from different sensing modules to
achieve hierarchical rate control. Specifically, the algorithm prioritizes processing
explicit events from the switch or local prediction: when receiving a burst congestion
notification (CN) or gradual congestion prediction (GradualCN), if the sender is in
active state, it immediately performs multiplicative decrease on the sending rate
(Baown); if already in paused state, it maintains pause and sets rate to zero. When
receiving a recovery notification (RN) or prediction clear notification (Clear), if
currently active, it performs multiplicative increase on the rate (f8,,); if in paused
state, it recovers to base rate and switches to active state.

In cycles without explicit events (i.e., state is Silent) and the system is in active
state, the algorithm will rely on the Delay,; calculated by the lightweight prediction
module compared with threshold Th to perform fine-grained additive adjustments:
if predicted delay exceeds the threshold, it performs additive slowdown (Yaown);
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Algorithm 3 Congestion Control and Fast Recovery

Input: Congestion event event (CN, RN, GradualCN, Clear, or Silent), predicted
delay Delay,, delay threshold Th, multiplicative factors Bgown, Bup, additive
factors Yaown, Yup, Minimum rate ratem,, maximum rate rate,,;, base rate
Tatepase

Output: Updated sending state and rate (state, rate)

1: Initial state: state € {Active, Paused}, current sending rate rate
2: if event = C'N or event = GradualCN then
3. if state = Active then

4: rate < max(rate X Baown, ratemin)

5:  else

6: rate < 0, state < Paused

7. end if

8: return (state, rate)

9: else if event = RN or event = Clear then
10:  if state = Active then

11: rate < min(rate X Byp, ratemay)

12: else

13: rate < max(ratepyse, Tatemn), state < Active
14:  end if

15:  return (state,rate)

16: end if

17: if state = Paused then

18 return (state,O0)

19: end if

20: if Delay, > Th then

21:  rate < max(rate — Yaouwn, ratemin)

22: else

23 rate <— min(rate + Yyp, ratemas)

24: end if

[N}
ot

return (Active, rate)

otherwise it performs additive speedup (7,,). This design ensures that rate can
still be adjusted smoothly according to prediction trends when there are no explicit
events, while being able to respond quickly when receiving explicit congestion or
recovery signals, thus balancing control agility and stability.

4 EXPERIMENTS
4.1 Simulation Setting

We implemented complete modeling of RoCE NIC based on NS-3 simulator [13],
where RDMA applications are abstracted as UDP flow generators, and RoCE net-
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work devices are responsible for processing packet transmission conforming to proto-
col specifications. For the SNACK mechanism, we configured the window length to
len = 100. The network topology adopts the de facto standard of modern data cen-
ters — spine-leaf structure (as shown in Figure [3)) [21], and is specifically deployed
as a 4-spine 4-leaf topology scale, containing 16 servers in total. This topology
structure includes three levels:

e Spine switches (Sp—S3), with uniform bidirectional bandwidth for external con-
nections.

e Leaf switches (Lo—L3), forming a complete bipartite graph with all Spine
switches and 4 servers, with leaf-spine link bandwidth of 100 Gbps and delay
of 0.001 ms; leaf-server link bandwidth of 40 Gbps and delay of 0.001 ms.

e Servers have symmetric upstream/downstream bandwidth.

The above link configuration replicates production network characteristics ob-
served in data centers.

4 Spine _:L, Spine
Switches Layer
4 Leaf Leaf
Layer

I
1
|
I
|
:
I
Switches |
1
|
1
I
|
|
|

1

[

1

| 4 servers 4 servers 4 servers 4 servers
1

1

Figure 3. Spine-leaf topology structure

Workload. As described in Section[I} modern data center workloads mainly contain
two types of flows with distinct characteristics: a large number of short flows
and a small number of data-intensive long flows. To comprehensively evaluate
CHOCOLATE’s performance, we designed two typical experimental scenarios:

Extreme congestion scenario: is used to simulate extreme congestion caused
by long flow transmission with a large number of packets;

Real workload scenario: is used to simulate short flow transmission with
a large number of concurrent connections but few packets per flow.
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For load balancing, we follow best practices in data center production environ-
ments [1, 2 [[1], adopting per-flow ECMP (Equal-Cost Multi-Path) strategy to
ensure all packets of the same flow are transmitted along the same path.

Metrics. The key performance metrics we measure in experiments are:

Flow Completion Time (FCT): measures the time required for a single flow
to complete from start to finish.

FCT Cumulative Distribution Function (CDF): shows the overall distri-
bution of all flow completion times.

Throughput: the amount of data transmitted per unit time, used to measure
bandwidth utilization.

Hyperparameters. As shown in Table [T}

4.2 Overall Experiments

Baseline Comparison In experiments, we compare CHOCOLATE with the fol-
lowing two representative RDMA congestion control algorithms:

DCQCN [15]: This is a classic ECN (Explicit Congestion Notification)-based con-
gestion control scheme. This algorithm relies on a long forward notification loop
and adopts a conservative additive increase strategy after multiplicative slow-
down, leading to insufficient bandwidth utilization after congestion mitigation.

PC4 [I7]: This is a sender-driven congestion control method that estimates net-
work congestion status through one-way delay measurement and adopts a super-
additive speedup strategy. However, this algorithm has strict requirements for
clock synchronization and is difficult to make sufficiently rapid responses to burst
congestion.

We do not include TIMELY [16] and HPCC [I4] as baselines for the following
reasons:

TIMELY exclusion: TIMELY belongs to the same category as PC4 — both are
delay-driven proactive sensing methods with highly similar technical principles.
PC4 improves upon TIMELY’s design and is equally if not more representative.
Therefore, selecting PC4 sufficiently represents delay-driven proactive sensing
algorithms.

HPCC exclusion: HPCC requires special INT (In-band Network Telemetry) hard-
ware support, which cannot be fully simulated in our NS-3 environment. More-
over, HPCC represents a hardware-enhanced congestion control direction, which
operates in a different technical dimension than CHOCOLATE’s software-defi-
ned approach.
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ded ..
Parameter Symbol 5§f§énmen o Description
Multinlicative Execute doubling recovery
Incre ai . 3 20 for active flows after
Factor MI ’ receiving RN (Recovery
Notification)
Multiplicative Rate halving factor when
Decrease ByvD 0.5 receiving CN (Congestion
Factor Notification) or GradualCN
Additive Increase Step size for maintaining slow
Step VAL 1.6 Gbps speedup when no event
Additive Decrease Gradual slowdown step during
2.0Gb . .
Step 74D 0Gbps predicted congestion
REN Trigger High . Queue occupancy exceeding
i . Bshar
Threshold tnigh 075 % Bshared threshold triggers CN
REN Recovery Low Queue occupancy falling back
Threshold thiow 0-35 X Bshared triggers RN
REN Cooldown Tsw 40 s Limit switch-side
Time e # notification frequency
Prediction Dela Delay after tanh mapping
Threshold Y Th 0.62 exceeding this value triggers
GradualCN
Prediction Cooldown Tt 50 us Limit sender-side prediction
Time cool H jitter
Minimum Sending Prevent complete stall during
Rate ratemin 5 Gbps congestion recovery phase
Base Rate ratepse 24 Ghps Ir‘ntl‘al rat{e When returning from
pause to active
Maxi di limit trained b,
aximum Sending ratenas 40 Gbps Upper limit constrained by

server port rate

4.2.1 Extreme Congestion Scenario

Table 1. Recommended values for control parameters

We first conducted extreme congestion scenario experiments. In this experiment,
a single RDMA flow traverses the entire network topology, enabling us to analyze the
basic behavioral characteristics of the algorithm under isolated conditions, especially
focusing on its rapid response capability to congestion events and efficient utilization

of available bandwidth.

In this scenario, we mainly focus on the following metrics:

Throughput: measures CHOCOLATE’s fast recovery capability after congestion
mitigation, demonstrating the advantage of multiplicative increase strategy over
traditional additive increase methods.
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Rate adjustment curve: intuitively shows the dynamic process of the algorithm
in slowdown and speedup phases.

Long flow experiment results show that CHOCOLATE outperforms baseline
methods in both the slowdown and speedup phases of rate adjustment. When con-
gestion occurs, CHOCOLATE’s fast slowdown mechanism can effectively suppress
queue buildup and avoid potential packet loss; when congestion is mitigated, the
algorithm’s multiplicative increase strategy enables it to quickly reclaim available
bandwidth, achieving higher network throughput compared to traditional additive
increase methods.

~ 30
%]
o
Ke)
e
520
[oR
<
(o)}
>
o
E 10
—— CHOCOLATE
PC4
0 —— DCQCN
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)
Figure 4. Throughput over time in long flow experiment

As shown in Figure [, CHOCOLATE exhibits excellent throughput performance
in long flow experiments. From the overall trend, CHOCOLATE’s throughput curve
rises rapidly in the early stage of the experiment (0-0.5 seconds), quickly reach-
ing a stable throughput level of approximately 38 Gbps, indicating that CHOCO-
LATE can quickly adapt to network status and fully utilize available bandwidth.
In comparison, PC4 and DCQCN’s throughput curves rise more slowly, requiring
approximately 0.8 seconds and 1.0 seconds respectively to reach stable state, with
stable throughput of 36 Gbps and 34 Gbps respectively, lower than CHOCOLATE’s
38 Gbps.

In the middle stage of the experiment (0.5-2.0 seconds), CHOCOLATE’s
throughput maintains a stable level of 38 Gbps with fluctuation amplitude less than
2%, indicating that CHOCOLATE’s congestion control mechanism can effectively
maintain network stability. In contrast, PC4 and DCQCN’s throughput fluctuation
amplitudes are larger, at 5% and 8% respectively, indicating that their conges-
tion control mechanisms are not sufficiently stable when facing network congestion.
Especially around 1.2 seconds, DCQCN’s throughput shows a significant decline,
dropping from 34 Gbps to 28 Gbps, which may be due to DCQCN’s conservative
additive increase strategy causing inability to quickly recover bandwidth utilization
after congestion mitigation.
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In the late stage of the experiment (2.0-3.0 seconds), CHOCOLATE’s through-
put continues to remain stable, maintaining a level of 38 Gbps, while PC4 and DC-
QCN’s throughput drop to 35 Gbps and 32 Gbps respectively. This indicates that
CHOCOLATE can maintain stable performance during long-term operation, while
PC4 and DCQCN may experience performance degradation due to accumulated
congestion effects.

Overall, CHOCOLATE’s average throughput in long flow experiments is
37.8 Gbps, representing improvements of 7.4% and 14.2% compared to PC4’s
35.2 Gbps and DCQCN’s 33.1 Gbps respectively. These results demonstrate that
CHOCOLATE’s fast slowdown and fast recovery mechanisms can effectively improve
network throughput, with performance advantages becoming more pronounced dur-
ing long-term operation.

4.2.2 Real Traffic Scenario

To further evaluate CHOCOLATE’s performance in real network environments, we
implemented long and short flow workloads using MS_WebSearch traffic traces. This
traffic trace contains mixed traffic with different flow sizes and arrival rates, capa-
ble of truly reflecting typical traffic patterns in data centers. In experiments, we
generated 904 concurrent flows to simulate high-load network environments.

Long and short flow experiment results show that CHOCOLATE demonstrates
significant advantages in reducing flow completion time (FCT) for all flow sizes.
This performance improvement is mainly attributed to the synergistic effect of the
reverse explicit notification mechanism and proactive prediction strategy: the re-
verse explicit notification (REN) mechanism provides low-latency congestion feed-
back, while the proactive prediction mechanism enables forward-looking rate adjust-
ments. The combination of these two enables CHOCOLATE to better coordinate
resource competition between different flows, thereby improving overall network ef-
ficiency.

1.0
0.9
0.8
w
a
(@]
0.7
0.6 —— CHOCOLATE
/ —— PC4
05 —— DCQCN

0 250 500 750 1000 1250 1500 1750
FCT (ms)

Figure 5. FCT CDF comparison in long and short flow experiments
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As shown in Figure [, CHOCOLATE exhibits optimal FCT performance across
all flow sizes. Specifically, for short flows (flow size less than 100 KB), CHOCO-
LATE’s average FCT is 0.068 ms, representing reductions of 9.3 % and 17.1 % com-
pared to PC4’s 0.075ms and DCQCN’s 0.082ms, respectively. For medium-sized
flows (flow size between 100 KB and 1000 KB), CHOCOLATE’s performance ad-
vantage is more pronounced, with average FCT of 8.2ms, 38.5ms, and 72.3ms at
100KB, 500KB, and 1000KB flow sizes, respectively. For long flows (flow size
greater than 1000KB), CHOCOLATE’s performance advantage further expands,
with average FCT of 356.0ms, 685.0ms, 3420.0 ms, and 6840.0ms at 5000KB,
10000 KB, 50000 KB, and 100 000 KB flow sizes, respectively. Across all flow sizes,
CHOCOLATE reduces the average FCT by up to 6.09 % compared to DCQCN and
4.23% compared to PC4. This indicates that CHOCOLATE'’s fast slowdown and
fast recovery mechanisms can effectively reduce flow completion time, with perfor-
mance advantages becoming more significant in long flow scenarios.

From the overall distribution of CDF curves, CHOCOLATE’s CDF curve is al-
ways located to the left of PC4 and DCQCN, meaning that at any FCT thresh-
old, CHOCOLATE can complete more flows. For example, at FCT of 100 ms,
CHOCOLATE completes approximately 50 % of flows, while PC4 and DCQCN
complete approximately 40% and 30% of flows, respectively. This result indi-
cates that CHOCOLATE can complete flow transmission more quickly, thereby
improving overall network efficiency. Additionallyy, CHOCOLATE’s CDF curve is
steeper in the tail region, indicating significant advantages in tail latency perfor-
mance, which is crucial for workloads such as Al training that are highly sensitive
to tail flows.

4.2.3 Performance Analysis

Comprehensive experimental results show that CHOCOLATE achieves the following
key performance improvements:

Significant FCT reduction: Compared to DCQCN, CHOCOLATE reduces the
average FCT by up to 6.09 % across all flow sizes. Compared to PC4, CHOCO-
LATE reduces the average FCT by up to 4.23 %. CHOCOLATE’s performance
is comprehensively superior to both baseline algorithms in long and short flow
scenarios.

Tail latency performance improvement: CHOCOLATE demonstrates signifi-
cant improvements in tail latency metrics (p50 and p99 FCT), a characteris-
tic crucial for workloads such as Al training that are highly sensitive to tail
flows.

Avoiding large sending rate oscillations: While achieving higher throughput,
this algorithm can avoid large oscillations.
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Maintaining high bandwidth utilization: CHOCOLATE can maintain stable
high bandwidth utilization under different traffic patterns and network load
conditions.

4.3 Ablation Experiments

To deeply analyze the independent contributions of CHOCOLATE’s key compo-
nents, we conducted systematic ablation experiments by selectively disabling specific
functional modules and measuring their impact on overall performance.

4.3.1 Component Impact Analysis

We evaluated three variants of CHOCOLATE to understand each component’s con-
tribution:

REN-only: enables only the reverse explicit notification (REN) mechanism.
AP-only: enables only the active prediction (AP) mechanism.

Full CHOCOLATE: enables both mechanisms simultaneously (our complete so-
lution).

Ablation experiment results (see Figure@ clearly confirm that both core compo-
nents make important contributions to CHOCOLATE’s performance improvement,
and their combination can produce synergistic effects to achieve optimal perfor-
mance:

REN-only: The REN-only variant (enabling only the reverse explicit notification
mechanism) demonstrates the importance of low-latency congestion feedback,
reducing FCT by 3.12 % compared to DCQCN.

AP-only: The AP-only variant (enabling only the active prediction mechanism)
validates the value of the proactive prediction strategy, achieving a 4.00 % FCT
reduction compared to DCQCN.

Full CHOCOLATE: Full CHOCOLATE (enabling both mechanisms simultane-
ously) achieves the highest FCT reduction of 6.09% compared to DCQCN
through synergistic effects between components, fully demonstrating the ad-
vantages of integrated design.

From the overall distribution of CDF curves (see Figure @, Full CHOCOLATE’s
CDF curve is always located to the left of AP-only and REN-only, meaning that at
any FCT threshold, Full CHOCOLATE can complete more flows. For example, at
FCT of 100 ms, Full CHOCOLATE completes approximately 50 % of flows, while
AP-only and REN-only complete approximately 45 % and 40 % of flows, respectively.
This result indicates that Full CHOCOLATE can complete flow transmission more
quickly, thereby improving overall network efficiency. Additionally, Full CHOCO-
LATE’s CDF curve is steeper in the tail region, indicating significant advantages in
tail latency performance.
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Figure 6. FCT CDF comparison in ablation experiments

Comparing the performance of AP-only and REN-only, it can be found that AP-
only outperforms REN-only across all flow sizes. For example, at 100 000 KB flow
size, AP-only’s FCT median is 6700.0 ms, representing a 5.6 % reduction compared to
REN-only’s 7100.0 ms. This indicates that the active prediction mechanism is more
effective than the reverse explicit notification mechanism in reducing flow completion
time. However, the combination of both mechanisms (Full CHOCOLATE) can
produce synergistic effects to achieve optimal performance, validating the superiority
of CHOCOLATE’s integrated design.

5 CONCLUSION

We propose CHOCOLATE, a RoCE congestion control algorithm that integrates
reverse explicit notification (REN) with lightweight flow prediction for timely con-
gestion sensing, and unifies slowdown and recovery for improved bandwidth utiliza-
tion. Experimental results demonstrate significant performance improvements in
lossy networks.

Future work includes:

1. deploying CHOCOLATE on programmable switches and real RNICs for large-
scale evaluation;

2. introducing online learning to adaptively update prediction thresholds;

3. extending to multi-tenant scenarios with fairness and fault recovery mechanisms.
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