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Abstract

In datacenter networks, delay-based congestion control (CC)

algorithms are popular and protocols such as TIMELY and

SWIFT are employed in production. However, even if delay

signals are precisely measured, the congestion information

deduction (CiD) may be incorrect under certain conditions,

degrading the performance of CC. To address this problem,

we re-architect the delay-based CC to make rate adjustments

based not only on the congestion states but also the CiD

trustworthiness. Based on this architecture, the CiD-sensitive

congestion control (CCC) is developed. Specifically, CCC

demarcates the regions, where the CiD from delay signals

is untrustworthy, with the assistance of well-designed con-

gestion criteria and inherent system inertia. When the CiD is

untrustworthy, CCC constructs the probing rate adjustment

rules for both the rapid response to congestion and the sub-

sequent trustworthy CiD. Otherwise, CCC conducts the ana-

lytical rate adjustment to both reach the expected congestion

state and keep the trustworthy CiD, fully leveraging the abun-

dant information in delay signals. DPDK-based experiments

and large-scale simulations confirm that CCC achieves sim-

ilar good performance as INT-based CCs, including HPCC

and PowerTCP, by using only delay signals, outperforming

DCQCN, TIMELY, and SWIFT.

1 Introduction

Nowadays, the datacenter has become the infrastructure

of cloud computing and artificial intelligence (AI). Mean-

while, applications produce complex traffic patterns and im-

pose strict performance requirements on datacenter networks.

Specifically, short flows, which take the majority in classic

applications such as web search [11] and data mining [24],

desire low latency. In contrast, long flows, which take the

majority in emerging applications such as the training of AI

models [57], require high throughput. Therefore, modern con-

gestion control (CC) schemes should simultaneously achieve
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high throughput and low latency. Moreover, CC is also ex-

pected to avoid packet dropping or triggering PFC (Priority

Flow Control) pauses [1].

Currently, many delay-based CCs have been developed for

datacenter networks [32, 34, 44] due to the convenient deploy-

ment. They typically share the same architecture shown in

Fig. 1, consisting of delay signal measurement, congestion

information deduction (CiD), and rate adjustment rules. For

example, TIMELY and SWIFT enable precise delay measure-

ment and directly utilize the deduced congestion information

to guide their rate adjustment. The advantage of delay signals

is that fine-grained CiD can be made to reflect the congestion

intensity, compared to the ECN (Explicit Congestion Notifica-

tion) mechanism adopted by DCTCP [11] and DCQCN [67].

The dilemma is that the CiD may be wrong under several

delay ambiguity conditions (DACs), including large queue

length, link under-utilization, and dramatic queue variations,

even if the delay signals are precisely measured, as revealed in

§3.1. Without judging the CiD trustworthiness in the current

architecture, existing delay-based CCs are hard to fully or

correctly leverage the abundant information of delay signals.

In this work, we propose the CiD-sensitive architecture,

which fully leverages the abundant information of delay sig-

nals and avoids the negative impacts of untrustworthy CiD.

In brief, the CiD-sensitive architecture incorporates not only

the congestion state, as in traditional architecture, but also the

CiD trustworthiness to guide rate adjustments, as shown in

Fig. 1. Meanwhile, the rate adjustment not only controls the

congestion state but also enhances the CiD trustworthiness.

In detail, when CiD is untrustworthy, the rate adjustment can-

not rely on the explicit congestion intensity deduced from

delay signals. In this case, the rough direction is solely used

to avoid irrational responses to congestion and enhance the

subsequent trustworthy CiD. On the contrary, trustworthy CiD

directly provides accurate congestion intensity to guide rate

adjustment. In this case, CCC can fully utilize the abundant

information obtained from delay signals to reach the expected

congestion state and keep CiD trustworthiness.

Based on the CiD-sensitive architecture, we design the CiD-
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sensitive congestion control (CCC) algorithm, which focuses

on both the congestion state and the CiD trustworthiness.

Specifically, CCC mainly addresses two key challenges: (1)

the distinction of DACs, which corresponds to untrustworthy

CiD, and (2) making rate adjustments to properly react to

congestion and enhance CiD trustworthiness simultaneously.

To address these challenges, CCC divides regions based on

both congestion state and CiD trustworthiness, making rate

adjustments for different purposes under different regions. In

detail, CCC demarcates regions with the assistance of both

congestion criteria and inherent system inertia. In each region,

the direction of rate adjustments is determined by conges-

tion state, while the rate adjustment rules are determined by

CiD trustworthiness. Specifically, when CiD is trustworthy

in DAC-tolerable regions, CCC conducts analytical rate ad-

justment rules for fast response to congestion and maintains

the trustworthy CiD. Conversely, CCC conducts probing rate

adjustment rules to drive itself into the DAC-tolerable regions

for both the subsequent trustworthy CiD and good congestion

state. During this process, the impact of untrustworthy CiD is

either tolerated or eventually compensated during iterations.

Combining these operations, CCC goes beyond merely focus-

ing on congestion state and considers CiD trustworthiness by

fully mining the abundant information of delay signals.

We implement CCC with DPDK [2] and conduct wide eval-

uations under complementary scenarios to show the good com-

prehensive performance of CCC across multiple conflicting

indices. The first pair of conflicting indices is high throughput

and low latency in equilibrium. CCC keeps high through-

put. Meanwhile, the 99.9th tail latency of CCC is smaller

than DCQCN (62.1%∼ 65.0%), TIMELY (6.8%∼ 45.3%),

and SWIFT (15.3%∼ 17.5%). Second, CCC achieves good

transience of rapid occupation of available bandwidth and

suppression of congestion, achieving a favorable trade-off

with equilibrium [40]. CCC occupies available bandwidth

more than 3.5× faster than SWIFT, TIMELY, and DCQCN.

Meanwhile, CCC suppresses congestion 304.6×, 25.4×, and

6.6× faster than DCQCN, TIMELY, and SWIFT, respectively.

The third is fairness, which conflicts with the above two pairs

of performance indices on efficiency [21, 33]. CCC remark-

ably reduces the time to achieve the fair bandwidth share,

outperforming SWIFT and HPCC by an order of magnitude.

Benefiting from the above advantages, under realistic work-

loads of WebSearch [11], FB_Hadoop [48], CCC achieves

low flow completion time (FCT) similar to HPCC and Pow-

erTCP without relying on new devices and the INT feature.

Besides, CCC reduces FCT by up to 47.6% compared to DC-

QCN and TIMELY, and shortens the FCT of long flows by

34.7% ∼ 48.8% compared to θ-PowerTCP. In addition, un-

der the model training scenario, CCC triggers PFC pauses

85.7%∼ 95.1% lower than DCQCN, TIMELY, and SWIFT.

In summary, the contributions of this paper are as follows.

• Revealing the issue of traditional architecture of delay-

based CC that the untrustworthy CiD from delay signals,
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Figure 1: Architecture of Delay-based CCs.

even if delay signals are precisely measured, would hurt

the performance of delay-based CC.

• Proposing the CiD-sensitive architecture which adds

the judgement of CiD trustworthiness before rate ad-

justments such that the abundant information of delay

signals is fully leveraged.

• Designing CCC, which flexibly conducts either analyt-

ical or probing rules according to CiD trustworthiness,

and implementing CCC on DPDK. Evaluations with

comprehensive indices and realistic workloads show

CCC performs as well as INT-based CCs with solely

delay signals, outperforming existing delay-based CCs.

2 Delay-based CC in Datacenter

Delay signals have played an important role in CC since the

publication of Vegas [15]. Nowadays, delay signals are still

the core of popular CCs such as Copa [13] and BBR [16]. In

datacenters, the measurement of delay signals becomes pre-

cise [32, 44]. Meanwhile, delay signals are more fine-grained

to reflect the intensity of congestion, compared to the ECN sig-

nals adopted by DCTCP and DCQCN [11, 67]. Consequently,

delay-based CCs are good candidates in datacenters.

Although many delay-based CCs [9, 32, 34, 44] have been

proposed for datacenters, they follow the same architecture

shown in Fig. 1, consisting of delay signal measurement, CiD,

and rate adjustment rules. For example, TIMELY [44] enables

precise delay signal measurement via hardware timestamps.

Its CiD focuses on both queue length and queue variation,

obtained from the measured RTT and delay gradient. Such

CiD directly provides congestion state for its probing rate

adjustment rules, which heuristically adjust sending rate and

iterate toward an expected point [36]. Moreover, inheriting

the precise delay signal measurement, SWIFT [32] solely

employs the CiD on queue length for the guidance of its prob-

ing rate adjustment rules. The delay gradient is eliminated to

avoid multiple equilibrium points [68]. To address the doubt

that delay signals would lag behind ECN in the face of large

queuing delay [68], SWIFT sets a low target delay for its
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Figure 2: CiD from delay signals might be wrong.

probing rate adjustment rules. Furthermore, θ-PowerTCP [9]

measures both RTT and delay gradient, employs CiD on both

the inflights and the aggregated arrival rate, and then makes

analytical rate adjustment, which precisely adjusts the sending

rate to the expected point in one shot. In sum, traditionally,

delay-based CCs make rate adjustments directly based on the

congestion state provided by CiD for good performance.

3 Motivation

3.1 Congestion Information Deduction

Although the delay signal measurement has become precise

and rate adjustment rules have been well refined, the perfor-

mance of delay-based CCs may still degrade due to the wrong

CiD under certain conditions. The following results illustrate

when CiD becomes wrong and how it affects CCs.

In the test, one host serves as the receiver, while fifty nodes

act as senders, with a link bandwidth of C. Different types of

flows are initiated at different times. In detail, a flow with the

initial sending rate 0.1C is active for 0 ∼ 0.2ms. Moreover,

let 50 long flows are initialized with the sending rate C share

the same bottleneck link and start concurrently at 0.2ms. Dur-

ing 1∼ 2.3ms, multiple short flows randomly start and leave.

θ-PowerTCP is employed because delay signals are used to

deduce the congestion information of both inflights and ag-

gregated arrival rates. The deduction results of the bottleneck

link are shown in Fig. 2. For comparison, the actual values

collected at bottleneck switches are exhibited by postponing

one base RTT for the convenience of observation. The results

are that the deduced inflights and aggregated arrival rates from

delay signals severely deviate from the actual values under

the following three conditions, which we refer to as delay

ambiguity conditions (DACs).

DAC 1. The link is underutilized. Under this condition,

both the measured queuing delay and delay gradient equal

0. Therefore, the deduced inflights from the delay signals

are the same as BDP (Bandwidth-Delay Product), and the

aggregated arrival rate is deduced as the bottleneck bandwidth

C, as shown in the orange area of Fig. 2(b). With the above

information, θ-PowerTCP would wrongly recognize that it

has converged and fail to occupy the available bandwidth

during 0 to 0.2ms. Similar issues are also observed in [9].

DAC 2. The queue length is large. Under this condition,

delay signals are significantly postponed. Specifically, as

shown in Fig. 2(a), after initialization, the actual inflights

instantaneously ramp up to the peak and then ramp down. In

contrast, the deduced inflights from delay signals are severely

postponed during 0.2ms ∼ 1ms, i.e., increase slowly in the

blue area of Fig. 2, even the one base RTT offset between the

measured and the actual signals has been manually aligned.

The underlying reason is that the queuing delays of packets

gradually rise. Correspondingly, the aggregated arrival rate is

wrongly deduced during 0.2ms∼ 1ms as shown in Fig. 2(b),

while the actual aggregated arrival rate increases hugely and

then decreases rapidly to 0. Consequently, when the queue

length is large, the wrong deductions from postponed delay

signals will mislead the rate adjustment of θ-PowerTCP. Sim-

ilar issues are also observed in [32, 68].

DAC 3. The bottleneck queue experiences turbulence.

Under this condition, the delay gradient might be wrongly

measured due to skipped change points [52]. In the green

area of Fig. 2(b), the bursty short flows frequently enter and

leave from 1ms to 2.3ms, and thus the bottleneck queue ex-

periences turbulence, i.e., frequent drastic queue expansion

and contraction. In this case, the deduced aggregated arrival

rate severely deviates from the actual value. This is because

the change points of the turbulent queue are usually skipped

by senders, disturbing the capture of the continuous queue

variations. Moreover, the aggregated arrival rate is wrongly

deduced as negative under turbulence, due to the leapfrog

change of the queuing delay between two consecutive pack-

ets. For example, suppose the kth packet of a sender arrives at

the bottleneck at t0 and leaves after queuing delay ∆t. Assume

the (k+1)th packet of this sender arrives at t0+∆t, and leaves

at t0 +∆t + ε. Accordingly, the aggregated arrival rate is de-

duced as (1+(ε−∆t)/ε)∗C by this sender. In such a case, the

aggregated arrival rate might be wrongly deduced as negative

when ∆t is large under turbulence. This phenomenon occurs

even though the back-to-back packets corresponding to tiny ε

are filtered out. The wrongly deduced aggregated arrival rate

would also mislead the rate adjustment of θ-PowerTCP.

In reality, these DACs and other potential DACs are un-

avoidable due to the variable traffic. Accordingly, CiD is not

always trustworthy. Without knowing the CiD trustworthi-

ness, existing delay-based CCs fail to fully leverage the abun-

dant information of delay signals. For example, TIMELY and

SWIFT skeptically adopt delay signals by just leveraging CiD

to determine the direction of their probing rate adjustments.

Such a skeptical adoption may waste the abundant informa-

tion of delay signals when the CiD is trustworthy, resulting

in sub-optimal performance, e.g., slowly respond to network

environment variations [36]. In contrast, θ-PowerTCP credu-

lously adopts delay signals by permanently treating CiD as

trustworthy in its analytical rate adjustment. Such a credu-

lous adoption may guide the rate adjustments with the wrong

CiD, resulting in performance degradation. This is why θ-
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PowerTCP fails to maintain high performance under com-

plex scenarios, as detailed in [9] and our results in Table 1

and Fig. 11. Therefore, delay-based CCs should judge the

trustworthiness of CiD before utilizing it to guide rate adjust-

ments, as shown in Fig. 1. Re-architecting delay-based CCs

by adding the CiD trustworthiness judgement, CiD could be

flexibly adopted such that the abundant information of delay

signals is fully and correctly utilized.

3.2 CiD-sensitive Architecture

We propose the CiD-sensitive architecture for delay-based

CCs, as shown in the red part of Fig. 1. Specifically, the rate

adjustment is driven by both the congestion states and CiD

trustworthiness. Meanwhile, instead of focusing solely on

producing proper sending rates to react to current conges-

tion, these rules also enhance the subsequent CiD trustwor-

thiness. In detail, when CiD is trustworthy, rate adjustment

rules should leverage the abundant congestion information

to efficiently react to the current congestion and ensure the

subsequent trustworthy CiD. Conversely, when CiD is untrust-

worthy, the rate adjustments can’t rely on the explicit conges-

tion intensity provided by CiD. Luckily, the rough direction

provided by CiD is sufficient for reacting to congestion and

guiding the system towards the state with trustworthy CiD.

This is because the system is far from the desired destination,

when the CiD is untrustworthy under DACs, including link

under-utilization, large queues, or turbulence.

Although the above idea is reasonable, the following chal-

lenges remain in the CiD-sensitive architecture.

Distinction of DACs. It is the basis of identifying CiD trust-

worthiness. Although DAC 1 and DAC 2 can be distinguished

by monitoring queue length, the distinction of DAC 3 is chal-

lenging. Firstly, the turbulence is hard to quantify. This is

because turbulence mainly refers to how drastic and frequent

the variations of the bottleneck queue are. However, degrees

of both the drastic and frequent are hard to quantify. In detail,

when the queue length is small, a small queue variation can

be identified as turbulence. Conversely, such a small variation

may not be considered turbulence when the queue length is

relatively large. Secondly, the turbulence might be overlooked.

This is because the change points in a turbulent queue are eas-

ily skipped with sparse measurement of delay signals. Ideally,

if a flow could frequently receive delay signals, the change

points would be fully captured. But in reality, the frequency of

receiving delay signals is proportional to the allocated band-

width, which is directly associated with the degree of fairness,

bandwidth C, and the number of flows N sharing the bottle-

neck. Therefore, the frequency of receiving delay signals may

be insufficient to distinguish DAC 3 with small C or large N.

In total, the distinction of DAC 3 is challenging.

Making rate adjustments react to congestion and enhance

CiD trustworthiness simultaneously. This is challenging

because it intensifies the following trade-off issues of CC.
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Figure 3: CiD-sensitive Congestion Control.

First, it’s hard to make the trade-off between the transience

and equilibrium without analytical rate adjustments as high-

lighted in [40]. This trade-off is intensified because the fast

transience is important for the reaction to congestion, while

the equilibrium is important to avoid DAC 3 for CiD trustwor-

thiness. However, when the CiD is untrustworthy, analytical

rate adjustments may fail as discussed in §3.1. Even when the

CiD is trustworthy, the risk of pushing the system into a state

with untrustworthy CiD would be increased due to the fast

analytical rate adjustment. Second, it’s hard for CC to make

the trade-off between fairness and efficiency [21, 33]. This

trade-off is also intensified as the fair bandwidth allocation

becomes more important to avoid DAC 3 for trustworthy CiD.

4 Design

4.1 Basic Idea

Following the CiD-sensitive architecture, we develop the CiD-

sensitive CC algorithm (CCC). As shown in Fig. 3, CCC

judges CiD trustworthiness by identifying DAC-tolerable re-

gions, besides judging the congestion state. Based on the CiD

trustworthiness and the congestion state, different rate adjust-

ment rules are applied in different regions. These rules also

enhance subsequent CiD trustworthiness, instead of focusing

solely on properly reacting to current congestion.

Specifically, to address the challenge of distinguishing

DACs, CCC demarcates regions according to the impacts

of DACs. In DAC-tolerable regions, the impact of DACs is

tiny and can be tolerated. Thus, the CiD can be considered

trustworthy, and the abundant information can be utilized for

rate adjustment. Staying in DAC-tolerable regions is therefore

a goal of CCC. In the other regions, the impact of DACs is rel-

atively notable. Thus, the CiD is not entirely trustworthy, and

only the rough direction from CiD will be utilized. Therefore,

another goal of CCC is to quickly escape from such regions

to DAC-tolerable regions. Meanwhile, the above regions are

further divided into rate-increasing or rate-decreasing regions

based on congestion criteria. Overall, instead of manually dis-

tinguishing all potential DACs, CCC identifies regions with

high risks of DACs and employs rate adjustments that are

insensitive to untrustworthy CiD in such regions.
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For contribution to both congestion reaction and trustwor-

thy CiD, i.e., relieving the two pairs of trade-off, CCC adopts

either analytical or probing rate adjustment rules in different

regions. On the one hand, the analytical rules aim to uti-

lize the abundant information provided by trustworthy CiD

for the proper reaction to congestion. Simultaneously, the

analytical rules are elaborately designed to avoid extremely

fast adjustments such that the system is forced to stay in

DAC-tolerable regions to keep CiD trustworthy. On the other

hand, the probing rules utilize the rough direction provided

by the untrustworthy CiD to guide the congestion response.

Meanwhile, such rules also facilitate transitions toward DAC-

tolerable regions, where the rate adjustments are handed over

to the analytical rules, as early as possible. In this way, a

better trade-off between transience and equilibrium can be

achieved. More specifically, during the transition process, the

probing rules should avoid link under-utilization and pursue a

low bottleneck queue. Meanwhile, the transition must remain

smooth near region boundaries to prevent skipping over DAC-

tolerable regions. At the same time, during this transition,

the probing rules should ensure fairness to alleviate missing

change points of delay, which causes untrustworthy CiD.

In sum, CCC employs different rate adjustment rules across

different regions to cope with the impacts of DACs. In par-

ticular, the analytical rules and probing rules will cooperate

with each other for both good congestion state and trustworthy

CiD. In this way, the abundant information of delay signals

can be fully utilized to improve network performance.

4.2 Overview

As shown in Fig. 4, the regions are divided with the help of

both the congestion criteria δ(k) (see §4.3.2) and the inherent

system inertia. Specifically, k denotes the sequence number

of the acknowledgment (ACK) received by the sender, the

horizontal axis q(k) is the bottleneck queueing delay, and

the vertical axis qv(k) ≜ [R(k)−C]/C denotes the queuing

delay variation. Here R(k) is the aggregated arrival rate of

flows sharing the bottleneck link. In Fig. 4, because R(k)≥ 0,

the vertical axis qv(k)≥−1. Moreover, when qv(k)> 0, q(k)
will spontaneously increase. The intrinsic tendency of the

bottleneck link state to vary spontaneously is referred to as

system inertia. Due to the system inertia, with the increase

of time k, the system state [q(k),qv(k)] will move towards the

right, as shown by the dashed green arrows in Fig. 4. Con-

versely, when qv(k) < 0, q(k) will spontaneously decrease

and the system state will correspondingly move towards the

left. Meanwhile, the congestion criterion δ(k) is used to judge

congestion state, i.e., X i regions for rate increasing and Xd for

rate decreasing. According to the above system inertia and

congestion criterion, two types of regions are divided. One

is DAC-tolerable regions, i.e., A regions, where the analyti-

cal rules will be employed without considering the impact of

DACs as discussed in §4.3.3. The other is H regions, where

qv(k)
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Figure 4: The region division of CCC. Dashed green arrows

indicate the system inertia. Dotted blue arrows indicate the

probing rate decrease executed in the regions Hd
1 and Hd

2 ,

as well as the probing rate increase executed in the regions

H i
1 and H i

2. Dotted red arrows indicate the analytical rate

adjustment executed in the regions Ad and Ai.

the probing rules will be employed. In detail, as shown in

Fig. 4, regions Hd
1 and Hd

2 , corresponding to drastic queue

variations and large queuing, respectively, are probably af-

fected by DAC 3 and DAC 2. Similarly, regions H i
1 and H i

2,

characterized by low queuing delay and small growth rate

of the queuing, face the risk of link utilization loss (DAC 1).

Moreover, because the queue variations tend to be relatively

large in these two regions due to the small queue, H i
1 and H i

2

are also susceptible to DAC 3. In other words, H regions have

a large probability for the occurrence of the 3 representative

DACs, which cover different bottleneck load states and the

most common delay metric. Correspondingly, the demands

for distinguishing DACs are replaced by positioning regions.

In different regions, different rate adjustment rules are spec-

ified for different purposes in CCC. On the one hand, as illus-

trated by the dotted red arrows in Fig. 4, the analytical rate

adjustment rules lead the system to move along the layover

targets, i.e., switching between Ad and Ai. Here the layover

targets refer to the points in line δ(k) = 0, which are the inter-

mediate targets of each rate adjustment step in A regions. In

this way, CCC would relieve the trade-off between transience

and equilibrium, making itself stay in DAC-tolerable regions

to maintain the trustworthy CiD while smoothly converg-

ing to the final destination (qB,0). Here qB is the expected

queuing delay, which is set according to the delay require-

ment. On the other hand, as illustrated by the dotted blue

arrows in Fig. 4, probing rate adjustment rules aggressively

suppress congestion and occupy available bandwidth, as well

as become moderate adaptively to avoid turbulence before

approaching regions Ad and Ai (§4.3.4). In this way, the sys-

tem state would be rapidly driven into A regions along the

transition path H i
1→ H i

2→ Hd
1 → Hd

2 → Ad . Moreover, the

independent reference rate Irr(k) of each flow is invented for

relieving the trade-off between efficiency and fairness during

the converging process to A regions (§4.3.2 and §4.3.4).

In sum, CCC would drive the system state transit from H

regions to A regions and finally reach the destination (qB,0)
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as shown in Fig. 4, corresponding to both trustworthy CiD

and good congestion state. Specifically, the rate adjustment

rules can be mathematically demonstrated as follows.

rrr(((kkk+++111)))←←← rrr(((kkk)))+++uuu(((kkk)))

u(k) =



































0.5log2
qB

q(k)+Itv·qv(k)
−qv(k)

Itv
·

M · Itv

RT Tmin

, in Ai

S ·wai · [vai · f (k) ·
Itv

RT Tmin

], in H i
1,H

i
2

r(k) ·wmd · [ f (k) ·
Itv

RT Tmin

], in Ad ,Hd
1 ,H

d
2

(1)

Here r(k) is the sending rate, which is updated on receiving

the kth ACK. Moreover, u(k) stands for the rate adjustment

step, calculated via either the analytical rate adjustment rules

based on the sliding mode theory [61] or the probing rate

adjustment rules in different regions, as shown in §4.3. Fur-

thermore, M stands for the packet size, and qB is the expected

delay. In contrast, the basis S, the weights wai, wmd , and fac-

tors vai, f (k), and Itv
RT Tmin

are all adaptive updated coefficients

(§4.3.4). In addition, the rate adjustment rules in the region

Ad are simplified to probing rules instead of analytical rules

to reduce the computation overhead as discussed in §4.3.3.

With equation (1), CCC would reach curve δ(k) = 0 and

then converge to the destination (qB,0) in zigzag along the lay-

over targets in curve δ(k) = 0. Moreover, although equation

(1) seems complex, it can be deployed with a small number

of basic mathematical operations (§5). In other words, CCC

has a low computation and storage overhead such that it can

work well with a huge number of flows.

4.3 Details of CCC

4.3.1 Congestion Signals

When the sender receives the kth ACK, the measured round-

trip time is recorded as RT T (k). The propagation delay

RT Tmin can be regarded as a known value [9, 36, 65]. Ac-

cordingly, the queuing delay q(k) can be

q(k) = RT T (k)−RT Tmin. (2)

Moreover, CCC records the timestamp t(k) when the kth ACK

is received and uses it to calculate the time interval Itv be-

tween the latest two ACKs, namely

Itv(k) = t(k)− t(k−1) (3)

Accordingly, the delay gradient qv(k) could be deduced ac-

cording to the variation of RTT and Itv as follows.

qv(k) = γ ·qv(k−1)+(1− γ) ·
RT T (k)−RT T (k−1)

Itv(k)
(4)

Here the Exponentially Weighted Moving Average (EWMA)

is employed to smooth the delay gradient, which can be con-

figured similar to [44]. By the way, although the CiD might be

untrustworthy due to DACs, the measurement of delay signals

can be considered precise, referring to existing works [32,44].

4.3.2 Congestion Criteria

The congestion criterion δ(k), shown below, serves as the

boundary between regions in Fig. 4 and determines the desti-

nation point [q(k),qv(k)] = (qB,0).

δ(k) = 0.5log2

qB

q(k)
−qv(k) (5)

Wherein, the base of the logarithmic function is set to 2 for

the convenience of implementation as discussed in §5. In A

regions, δ(k) = 0 performs as layover targets of analytical

rate adjustment, and their destination (qB,0) corresponds to

full link utilization with low queuing. Under the analytical

rate adjustment, the CC system would move along these lay-

over targets to the destination point with the sliding mode

motion [61] (§4.3.3). In H regions, δ(k) guides the direction

of probing rate adjustment. When the queuing delay q(k) is

very small, the corresponding qv(k) on δ(k) = 0 is very large.

Accordingly, the sending rate can be increased to the large

qv(k) for rapid occupancy of available bandwidth. Similarly,

when the queuing delay q(k) is very large, the sending rate can

be decreased to the small qv(k) for congestion suppression.

Moreover, as a complementary of δ(k), an independent

reference rate Irr(k) for each flow is set to accelerate the

fairness convergence. Specifically, Irr(k) is defined as

Irr(k) = max{0,−
Rl

qB

q(k)+Rl} (6)

where Rl is the line rate of NIC. Because flows sharing the

same bottleneck link observe a common q(k), Irr(k) of each

flow can be considered the same. Irr(k)> r(k) suggests that

the current sending rate is too low to be fair with others and

vice versa. Note that Irr(k) can not determine the direction

of rate adjustment, which is only determined by δ(k). The

specific operations bind with the fairness factor f (k) in §4.3.4.

4.3.3 Analytical Rate Adjustment Rules

Analytical rate adjustment rules (lines 6∼ 7 of Algorithm 1)

are conducted in the DAC-tolerable regions, i.e., A regions.

On the one hand, CCC adjusts the sending rate to quickly con-

verge to the destination for reacting to the current congestion.

On the other hand, CCC ensures the system remains within A

regions for enhancing the subsequent CiD trustworthiness.

In Ai region, the link is fully utilized, i.e., without DAC 1.

At the same time, Ai region is bounded by the curve δ(k) = 0

and qv(k) =−1, making q(k) and |qv(k)| relatively small as

shown in Fig. 4, i.e., the corresponding queue length and its

variation are small. Therefore, the impact of DAC 2 and DAC

3 is limited. Moreover, the analytical rate adjustments drive

the system into the sliding mode motion, tolerating the limited
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impact of all DACs [61]. Under the sliding mode motion, the

CC system converges to the destination (qB,0) in zigzag along

the layover targets δ(k). Specifically, the system state crosses

the sliding mode curve δ(k) in each step. Mathematically, the

rate adjustment should fulfill the formula.

δ(k)δ(k+1)≤ 0 (7)

Accordingly, we develop the following analytical rules.

u(k) =
0.5log2

qB

q(k)+Itv·qv(k)
−qv(k)

Itv
·

M · Itv

RT Tmin

, in Ai (8)

As proved in Appendix A, such rules fulfill inequality (7) and

ensure that the system crosses the curve δ(k) upwards.

In the Ad region, the system will spontaneously move left-

wards to the curve δ(k) with the system inertia. Therefore,

probing rate adjustment rules are inherited to provide a rough

direction for the spontaneous crossing of δ(k). As discussed

in §3.2, the impact of untrustworthy CiD by DACs could

be resisted by the rough direction, i.e., Ad is DAC-tolerable.

Moreover, the probing rate adjustment step conducted in Ad

will decrease to 0 as qB is approached. Therefore, the sys-

tem inertia will take the majority, avoiding overshoot and

unintended departure from DAC-tolerable regions.

Moreover, CCC adds a smooth factor Itv/RT Tmin to ensure

that the sliding mode motion occurs per RTT rather than per

rate adjustment step. It helps to cope with the control delay,

i.e., one RTT delay for the updated sending rate takes effect,

according to the sliding mode theory [61].

In sum, with the rule (8) and the system inertia, the suffi-

cient condition for sliding mode motion is met [61].

4.3.4 Probing Rate Adjustment Rules

The probing rate adjustment in H regions rapidly drives the

system to enter A regions with good congestion reaction, as

illustrated in lines 4, 5, and 8∼ 16 of Algorithm 1. It consists

of the basis S, the weights wai and wmd of AIMD, and the

factors vai, f (k), and Itv
RT Tmin

. All factors are self-updating.

First, the adaptive basis S is utilized to indicate the magni-

tude order of rate adjustment granularity. To resist the impact

of untrustworthy CiD, S should be roughly estimated. Specifi-

cally, S is only updated and used in regions H i
1 and H i

2. CCC

records the latest 5 sending rates if |qv(k)|< 0.05, where the

aggregate sending rate is close to C. The value of S is updated

with the average value of the records when leaving A regions.

In this way, S of each flow would converge to C/N when CCC

is fair. Hence, S can reflect the network environment and serve

as a proper rate adjustment granularity.

Second, the weights of AIMD are adaptively regulated to

make the system fast and smoothly enter the A regions for

analytical rate adjustment. Specifically, wai = 0.5 Irr(k)
Rl

in H i
1,

and becomes 0.1 Irr(k)
Rl

in H i
2 because the points in H i

2 will be

spontaneously pushed to Hd
1 by system inertia. Irr(k) helps

mitigate the risks of link under-utilization by being inversely

proportional to q(k). Furthermore, wai is multiplied with the

factor max(0,1−2
r(k)
Rl

) in H i
1 to enhance fairness. In this way,

flows with larger sending rates will ramp up slower, and stop

ramping up when their sending rate exceeds 0.5Rl to wait for

others. In regions Hd
1 and Hd

2 , wmd =−0.25min( |q(k)−qB|
qB

,1).
In this way, wmd decreases with the increasing intensity of

congestion to fast drain the bottleneck queue. Moreover, CCC

would enter Ad from Hd
2 instead of skipping Ad , because wmd

approaches 0 with q(k) close to qB. In total, the AIMD style

rate adjustment smoothly guides the system moving along

H i
1→ H i

2→ Hd
1 → Hd

2 → H i
1→ Ad , because rate adjustment

only affects the vertical movement and horizontal movement

only follows the dashed green arrows in Fig. 4.

Moreover, several factors are designed to cope with DACs.

Adaptive accelerating factor vai helps to fast occupy avail-

able bandwidth when deductions are wrong in DAC 1. In

detail, vai is updated as 2n, where n is the number of con-

secutive RT T s at the link under-utilization state. The link

under-utilization state is judged by whether q(k) is close to

0 within an error margin of 5% of RT Tmin. The exponential

growth of the rate facilitates rapid bandwidth occupancy.

Smoothing factor Itv
RT Tmin

helps to resist the impact of post-

poned deductions in DAC 2. Specifically, the smoothing factor
Itv

RT Tmin
integrates to 1 over one RT Tmin, ensuring that the rate

update reaches the intended adjustment gradually within a sin-

gle RT Tmin, similar to [32]. In this way, the impact of a single

postponed CiD on u(k) is diluted. In other words, a postponed

deduction would not sharply change the system state and its

impact would be corrected during the iteration of probing

rate adjustment. Meanwhile, CCC limits Itv
RT Tmin

within the

range of (0,1] such that u(k) would not be amplified by a

large Itv. Moreover, this factor also helps to resist the impact

of aggregated or missing ACKs. Specifically, when ACKs are

aggregated, the Itv between these ACKs would be small and

not trigger excessive response. In contrast, when one ACK is

lost, the Itv between its adjacent ACKs will expand and the

corresponding u(k) will be increased to compensate for the

missing rate adjustment of the lost ACKs.

Fairness factor f (k) helps the system converge to fairness.

This ensures that the sampling frequency of each flow would

not be too low and helps alleviate missing change points

during turbulence, thus avoiding overlooked turbulence in

DAC 3 that could lead to incorrect deductions. Specifically,

f (k) is defined according to both δ(k) and Irr(k).

f (k) =

{

0, [Irr(k)− r(k)] ·δ(k)< 0

1, [Irr(k)− r(k)] ·δ(k)> 0
(9)

In this way, when δ(k) suggests a rate increase, CCC stops

rate adjustment of flows with sending rates larger than Irr(k).
Meanwhile, flows with sending rates smaller than Irr(k) can

continue to speed up. The opposite occurs when δ(k) suggests

a rate decrease. Consequently, the gap among unfair flows is
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Algorithm 1 CCC Algorithm ▷ 1÷, 17 × operations

1: function ONACKARRIVAL( )

2: Update rtt, q(k), qv(k), Itv, δ(k), and Irr(k)
▷ 8 −, 6 ×, and 1 ÷ ops for 1/Itv

3: Region← REGIONJUDGEMENT(q(k), qv(k), δ(k))
4: f (k)← δ(k) · (Irr(k)− r(k))> 0?1 : 0

▷ Update fairness factor. 1 − and 1 × ops

5: S← UPDATEBASIS(qv(k), r(k)) ▷ 3 + ops

6: if Region == Ai then ▷ Analytical rules

7: u(k)← 0.5[log2qB−log2(q(k)+Itv·qv(k)]−qv(k)
RT Tmin

▷ 2 −, 1 +, and 4 × ops, pre-calculated 1/RT Tmin

8: else if Region == H i
1,H

i
2 then ▷ Probing increase

9: wai← 0.5Irr(k)/Rl ·max(0,1−2
r(k)
Rl

) for H i
1

10: wai← 0.1Irr(k) for H i
2 ▷ 1 −, 5 × ops, 1/Rl is

constant and pre-calculated

11: Update vai ▷ At most double 1 time per RTT

12: u(k)← Itv
RT Tmin

· vai ·wai · f (k) ·S ▷ 5 × ops

13: else ▷ Probing decrease

14: wmd ←−0.25min( |q(k)−qB|
qB

,1) ▷ 1 − and 2 ×

ops, 1/qB is pre-calculated constant

15: u(k)← Itv
RT Tmin

·wmd · f (k) · r(k) ▷ 4 × ops

16: r(k+1)← r(k)+u(k) ▷ 1 + operation

effectively reduced while the system keeps approaching δ(k).

5 Implementation

We implement CCC using DPDK. Specifically, we just need

to develop a CCC sender, including modules of delay parsing,

rate calculation, and packet sending. First, the delay parsing

module is similar to TIMELY [44] and SWIFT [32], where

NIC timestamps are required. In detail, when a packet is

posted to the NIC, the sender will record a timestamp on

its header. Afterward, when the sender receives an ACK, it

will calculate the end-to-end delay using the current times-

tamp and the recorded timestamp in the header. With the

measured delay, the delay gradient can be calculated by the

difference between two adjacent delay signals. Second, the

rate calculation module is built according to the logic of CCC.

In particular, δ(k) is approximated to reduce the computation

overhead in the implementation of CCC. As shown in Fig. 4,

δ(k) is replaced by segmented functions δ̂(k) as follows. Let

i = ⌊log2 q(k)⌋, equation (5) can be approximated by

δ̂(k) = 0.5(log2 qB− i−
q(k)−2i

2i
)−qv(k) (10)

Wherein the log2 qB is a preconfigured constant and i can be

calculated by bit-shift operation. Equation (8) could also be

simplified similarly. In total, the design of logarithmic opera-

tions in CCC facilitates optimization of subsequent computa-

tions. Moreover, the division operation of 1/Itv is calculated
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Figure 5: Experimental results on the testbed.

only once and reused at each time of receiving ACK, while

1/RT Tmin is a pre-calculated constant. In this way, all CCC

calculations on each ACK arrival can be completed in a lim-

ited number of operations. The numbers of operations are

#÷ = 1, #× ≤ 17, #−,+ ≤ 11, as summarized in Algorithm 1.

Meanwhile, the necessary storage of the system states and in-

termediate variables in primitive types costs less than 1000bits

per flow. Moreover, the storage overhead can be further re-

duced to 250bits via value-range-based compression, which is

acceptable even in the face of a large number of flows. Third,

a typical DPDK packet-sending module is built. Packets are

sent with intervals calculated according to the output sending

rate r(k). Meanwhile, the sending window r(k) ·RT Tmin also

limits the number of inflights similar to [36].

In sum, CCC has low computational and storage overhead

without special demands on new devices or features.

6 Evaluation

The performance of CCC is evaluated through small-scale

testbed experiments and large-scale NS3 [3–5] simulations.

6.1 Setup

The experimental testbed is composed of 3 hosts with NIC

of Mellanox ConnectX-5 and a Tofino switch. Wherein, 2

hosts are senders and the other is the receiver. The network

topology in NS3 simulation is a Fat-tree [10] with 250 hosts

or a simple many-to-one topology. Similar to [9, 49], the link

bandwidth between arbitrary two switches is 100Gbps, and

the link bandwidth between a host and a switch is 25Gbps.

Moreover, the maximum RTT is 20µs for both Fat-tree and

many-to-one topologies, and the buffer size of switches is

set to 4MB. Realistic workloads, including WebSearch [11],

FB_Hadoop [48], and AlexNet [31], and sets of synthetic

workloads are used. PFC is enabled during the tests with

realistic workloads to evaluate the performance of CCC in the

real world.

In addition, CCC sets the queuing delay of destination

qB = 5µs and the EWMA weighting factor γ = 0.2 by default.
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Figure 9: Fairness with dynamically entering flows.

6.2 Basic Properties

First, we verify the implementation of CCC and its basic

properties via experiments on the testbed.

CCC is efficient and fair. Upon experiments in the real world,

the queuing delay of the destination is set to 20µs to counter

unpredictable external interference. Let each sender run a

long flow concurrently aiming at the same 40Gbps port on

the receiver. As shown in Fig. 5(a), CCC rapidly achieves fair

bandwidth sharing while maintaining full link utilization. In

contrast, though DCQCN achieves full link utilization, it fails

to converge to fairness during the test. In other words, CCC

has better fairness-efficiency trade-off than DCQCN. This is

confirmed by the fairness-efficiency trajectories of CCC and

DCQCN shown in Fig. 5(b), where the darker color indicates

the later time. CCC quickly converges to the intersection point

of the fairness line and the efficiency line within several RTTs.

It indicates that CCC ensures fairness between flows while

keeping efficient data transmission.

CCC conducts analytical rate adjustment when the CiD

is trustworthy. We repeat the simulation in §3.1 using CCC

to illustrate the different behavior of CCC under DACs or not.

Specifically, the timings of conducting analytical rate adjust-

ments are illustrated. As shown in Fig. 6, CCC occasionally

conducts analytical rate adjustment after the huge bottleneck

queue is drained out at 1ms and before the system leaves

from the turbulence at 2.3ms. This is due to the temporary

trustworthy CiDs in the gap between short flows randomly

entering. After 2.3ms, DACs vanish and the deduced values

from delay signals are close to the actual value as shown in

Fig. 6. Therefore, after 2.3ms, CiDs are trustworthy and CCC

continuously conducts analytical rate adjustments.

CCC quickly converges to destination along the layover

targets in δ(k) = 0. We simultaneously initiate two flows

targeting a common receiver and record the system state

[q(k),qv(k)] every 1 µs during the convergence to the des-

tination. The evolution of the system state is shown in Fig. 7,

where the darker color means the later time and the black point

denotes the destination (qB,0). Specifically, corresponding to

the diagrammatic sketch Fig. 4, Fig. 7 presents the process of

CCC transitioning from H i
2 region to Hd

1 region, then to Hd
2

region, and finally entering into A regions. The process from

H to A regions is brief, corresponding to the sparse points be-

fore reaching curve δ(k) = 0. This is because the probing rate

adjustment of CCC not only responds to congestion but also

enables a fast and smooth transition into A regions. Moreover,

in A regions, CCC switches between region Ad and region Ai,

i.e., performs sliding mode motion along the layover target

curve, and converges toward the destination along this curve.

CCC converges to fairness rapidly. We initialize 4 flows

with an interval of 5ms in a 4-to-1 topology. The sending rate

trajectories of the first two flows are shown in Fig. 8. Specifi-

cally, CCC could fast achieve fairness and keep approaching

the line of efficiency along the fairness line. It benefits from

the rate adjustment rules which take both congestion criteria

of aggregated δ(k) and independent Irr(k) as reference. In

contrast, HPCC suffers from slower convergence to fairness,

as [27] proposed. SWIFT cannot even converge to fairness

within 5 ms, as shown in Fig. 9.

CCC adaptively regulates the basis and the accelerating
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Average link

utilization(EB)
99.9th tail

latency(EL)
Bandwidth

acquisition(TB)
Congestion

suppression(TL1)
Packet loss

ratio(TL2)

1⃝ SSS111 2⃝ SSS222 3⃝ SSS111 4⃝ SSS222 5⃝ SSS111 6⃝ SSS222 7⃝ SSS222

DCQCN 51.1% 99.7% 77.4µs 148.8µs null 414.3ms 0.41%

TIMELY 80.9% 92.9% 53.6µs 55.8µs 2760µs 34.6ms 15.13%

SWIFT 95.4% 99.9% 32.6µs 61.4µs 980µs 9.3ms 1.58%

HPCC 91.0% 99.6% 23.5µs 35.2µs 200µs 3.3ms 0.42%

PowerTCP 90.3% 99.7% 23.5µs 57.2µs 100µs 5.4ms 0.59%

θ-PowerTCP 86.9% 98.8% 25.6µs 70.9µs 1180µs 10.6ms 3.54%

CCC 95.8% 99.6% 29.3µs 52.0µs 280µs 1.4ms 0.42%

Table 1: CCC performs well across comprehensive indices.

factor in probing rate adjustment according to network

conditions. The basis S and accelerating factor vai under the

4-to-1 fairness scenario are shown in Fig. 10. Specifically,

the basis S can roughly reflect the values of C/N after N

changes at 5ms, 10ms, and so on. With the help of adaptive

S, the probing rate adjustment can respond to congestion

smoothly and effectively. Although flow 3 gets a larger S

during 10∼ 15ms, the S of all the flows still well reflects the

magnitude of C/N. Moreover, when the bottleneck link is

under-utilized due to the leaving of flows around 35ms, the

accelerating factor vai grows exponentially such that CCC can

occupy available bandwidth quickly.

6.3 Comprehensive evaluations

In this section, comprehensive evaluations are constructed to

reflect holistic performance under broader scenarios. Specif-

ically, the conflicting performance indices are employed to

reflect the primary trade-offs focused by CCs [9, 36, 40, 56].

As shown in Table 1, the conflict between high throughput

and low latency is reflected by both the performance indices

EEELLL and EEEBBB. Specifically, EEELLL refers to the 99.9th tail of the

RTTs collected after the CC system reaches its equilibrium

points, while EEEBBB refers to the average link utilization. Mean-

while, the conflict between equilibrium and transience [40] is

reflected by the equilibrium performance indices, including

EEEBBB and EEELLL, and the transience performance indices, includ-

ing TTT BBB, TTT L1 and TTT L2. Here TTT BBB refers to the time spent to

acquire the available bandwidth until more than 95% of the

bottleneck link bandwidth is utilized. TTT L1 refers to the time

taken for CC to reduce the delay below 2 ·RT Tmin, and TTT L2

refers to the packet loss ratio. Note that TB, TL1, and TL2 are

complementary on reflecting the transience performance.

Moreover, two complementary scenarios, which contain

extreme scenarios and corner cases, are customized under

the 250-host Fat-tree topology. The first one (SSS111) is that 5

flows are started concurrently to a common receiver. Wherein,

4 short flows finish at 3ms, and the rest flow is a long flow
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Figure 10: Basis S and accelerating factor vai.

of size 12.5MB. The second one (SSS222) is that 100 long-lived

flows are started concurrently to a common receiver. In this

way, heavy concurrency brings overloaded traffic, which is

beneficial to high throughput but challenging for low latency.

Conversely, light concurrency is beneficial to low latency but

challenging for high throughput.

As shown in Table 1, EEEBBB and EEELLL are measured under the

both scenarios SSS111 and SSS222. Moreover, TTT BBB is measured only

under the scenario SSS111 to show how quickly CCs can acquire

the released bandwidth after a bundle of flows finishes. TTT L1

and TTT L2 are measured only under the scenario SSS222 to show how

CCs handle the huge congestion in the face of the large burst.

The results in Table 1 indicate that CCC achieves superior

comprehensive performance. Details are as follows.

CCC simultaneously maintains high throughput and low

latency without using INT. In the scenario SSS111, most CCs

have a relatively low tail latency ( 3⃝) but only SWIFT, HPCC,

and PowerTCP maintain high average link utilization ( 1⃝).

In contrast, in the scenario SSS222, CCs except TIMELY achieve

nearly full link utilization ( 2⃝) while only HPCC maintains

low tail latency ( 4⃝). Although θ-PowerTCP conducts ana-

lytical rate adjustment, the untrustworthy CiD will mislead

it, resulting in sub-optimal performance in 1⃝ and 4⃝. In con-

trast, CCC copes with the impact of untrustworthy CiD via

nimbly executing probing and analytical rate adjustments. In
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Figure 11: FCT slowdown, i.e. actual FCT/ideal FCT, over realistic workloads.

this way, CCC can inherit the advantages of the analytical

rate adjustment. Consequently, CCC maintains both high link

utilization and low tail latency across scenarios SSS111 and SSS222.

CCC rapidly occupies available bandwidth and suppresses

congestion. As shown in column 5⃝, after 4 short flows leave,

PowerTCP occupies spare bandwidth the fastest, and HPCC

is the next. Meanwhile, ECN-based and delay-based CCs suf-

fer from slow bandwidth occupancy. DCQCN flow even did

not occupy 95% of the available bandwidth until it was com-

pleted in scenario SSS111, thus its TTT BBB is not recorded. Although

θ-PowerTCP is an analytical CC similar to PowerTCP, it suf-

fers from slow bandwidth occupancy too. It is blamed on the

untrustworthy CiD in the face of link under-utilization, i.e.

DAC 1, as discussed in §3.1. In contrast, benefiting from trust-

worthy CiD as well as the adaptive basis S and accelerating

factor vai, CCC can rapidly occupy spare bandwidth similar

to HPCC and PowerTCP, which is 9.9× , 3.5×, and 4.2×
faster than TIMELY, SWIFT, and θ-PowerTCP as shown in

column 5⃝. Moreover, as shown in column 6⃝, analytical CCs,

i.e., HPCC and PowerTCP, suppress congestion significantly

faster than others. However, blamed on the combinations of

the per-ACK and per-RTT reactions aimed at avoiding the

overreaction [36], the control loop is prolonged, resulting

in late responses to congestion [12]. In contrast, CCC uses

analytical rules with layover targets to avoid overreaction

and thus could conduct per-ACK reactions. Correspondingly,

CCC has a smaller control loop, making it respond to conges-

tion in time. Therefore, CCC achieves lower packet loss ( 7⃝)

and faster suppresses congestion ( 6⃝) than DCQCN (304.6×),

TIMELY (25.4×), SWIFT (6.6×), HPCC (2.5×), PowerTCP

(4.0×), θ-PowerTCP (7.8×).

Furthermore, Appendix B provides examples to show how

CCC achieves these advantages in detail and how to weigh

these advantages via tuning qB.

6.4 Realistic Workloads

CCC benefits the classic datacenter workloads. The Fat-

tree topology which consists of 250 hosts is employed for

the large-scale simulation. We test CCC and other CCs us-

ing the realistic workloads of FB_Hadoop [48] and Web-

 1200

 1250

 1300

 1350

 1400

 1450

 1500

D
C
Q

C
N

TIM
ELY

SW
IFT

H
PC

C

Pow
erTC

P

q-Pow
erTC

P

C
C
C

 0

 5

 10

 15

 20

 25

 30

C
o

m
p

le
ti

o
n

 T
im

e 
(m

s)

N
u

m
b

er
 o

f 
P

F
C

 (
1

0
!)

Completion time
Number of PFC

Figure 12: Model training workload of AlexNet.

Search [11] with 30% load. The results are shown in Fig. 11(a)

and (b) respectively, where dashed lines denote INT-based

CCs and their variants. Briefly, CCC achieves similar FCT

to HPCC and PowerTCP, except for a higher (16.4% in aver-

age) 95th tail FCT of short flows (<10KB [9]). Meanwhile,

CCC achieves 41.0%∼43.6% and 9.4%∼12.5% lower 95th

tail FCT slowdown of short flows compared to DCQCN and

TIMELY over FB_Hadoop, as well as 47.6% and 15.9% re-

spectively over Websearch. Moreover, θ-PowerTCP, another

delay-based analytical CC, has a similar 95th tail FCT slow-

down to HPCC and PowerTCP. However, it fails in the FCT

slowdown of long flows (>1MB [9]). This is because θ-

PowerTCP conducts analytical rate adjustment even if the

CiD is untrustworthy. CCC outperforms θ-PowerTCP with

31.9%∼47.4% and 34.7%∼48.8% lower mean FCT slow-

down of long flows over FB_Hadoop and Websearch, re-

spectively. In addition, although SWIFT performs well over

Websearch, it suffers from high FCT of short flows over

FB_Hadoop.

CCC benefits the model training. We also test these CCs

over the workloads of training with AlexNet [31]. We sim-

ulate the backpropagation stage in distributed data-parallel

training [35] using parameter servers. A Leaf-spine topol-

ogy with 128 hosts, where 4 of them are parameter servers

and the rest are workers, is built. The workloads of model

training are challenging due to the mixture of short flows

and long flows, as well as the frequent incast from workers
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to parameter servers when a new tier of training begins. If

a CC cannot handle the incast well, the PFC might cause

congestion spreading to postpone the whole iteration or even

deadlock. As shown in Fig. 12, CCC triggers the fewest PFC

pauses as INT-based CCs, which is 85.7% ∼ 95.1% lower

than productional CCs, and achieves the lowest completion

time for once model training iteration. In other words, CCC

can accelerate communication during model training. In con-

trast, INT-based CCs also maintains high throughput, but their

completion times are postponed due to the extra bandwidth

overhead for the INT header. Moreover, although ECN-based

and the traditional delay-based CCs get low completion times,

they cannot handle incast well, triggering PFC frequently.

7 Related Work

Delay-based CCs. According to recent delay-based CCs, e.g.,

TIMELY [44], SWIFT [32,51], PrioPlus [66], and MCC [37],

delay signals can be precisely measured in datacenters. Ben-

efiting from the fine-grained congestion intensity deduced

from delay signals, these CCs achieve good performance. Our

work re-architects delay-based CC by adding the CiD trust-

worthiness judgment. In this way, the abundant information

of delay signals can be fully mined to guide rate adjustments.

Delay signals are also widely used in CCs such as Ve-

gas [15], BBR [16], Copa [13], ICC [28], and Themis [39]

for the Internet. They follow the traditional architecture and

may be enhanced by referring to the CiD-sensitive architec-

ture. Moreover, the CiD-sensitive architecture may also be

enhanced with other congestion signals (see Appendix C).

CCs with probing rate adjustments. Probing rate adjust-

ments are usually performed with linear or proportional steps

based on the gap between the explicit targets and the current

congestion state. Such a gap can be justified according to

the existence of ECN, as DCTCP [11], D2TCP [55], and DC-

QCN [67] do. Delay signals can reflect the gap fine-grained,

providing congestion intensity for CCs, e.g., TIMELY [44],

DX [34], SWIFT [32, 51], and PrioPlus [66]. However, exist-

ing probing rate adjustments only aim to react to the current

congestion without considering the trustworthiness of CiD.

In contrast, probing rate adjustments of CCC also enhance

the subsequent CiD trustworthiness, enabling subsequent ana-

lytical rate adjustments for better performance.

CCs with analytical rate adjustments. HPCC [36], Pow-

erTCP [9], Poseidon [56], and EagerCC [42] calculate and

adjust proper sending rates in one shot based on the abundant

information of INT. In particular, Poseidon pushes each flow

to its layover targets in one shot, then iteratively converges

to the destination. Similarly, CCC adjusts rates with layover

targets. However, instead of setting layover targets for each

flow separately for fairness, CCC associates layover targets

with the bottleneck state, guaranteeing efficiency at first.

In addition, several works argue for analytically calculating

the proper sending rate at the switch and feeding it back to

senders, e.g., XCP [29] and RCP [20]. Similarly, based on

the accurate information about the released bandwidth, Bolt

switches analytically calculate the number of tokens for ad-

justing the sending rate [12]. These works require modifying

switches for computation. In contrast, CCC is economical as it

is a pure end-host solution without modification on switches.

Other schemes. Receiver-driven CCs, including ExpressPass

[18], pHost [22], NDP [25], Homa [45], Aeolus [26], Fork

[41], and SIRD [46] firstly send requests to the scheduler or

receiver, and then send packets based on the allocation from

the scheduler or receiver. CiD also performs an important role

in guiding the allocation and scheduling in these schemes.

Therefore, the idea of taking the CiD trustworthiness into

account might also be applied to receiver-driven CCs.

Moreover, learning-based methods are used to design CC

algorithms [54] or optimize the configuration of CC [30, 60]

in datacenters, and are also widely used in the Internet [6, 19,

38,43,58,59,62,63]. Their rate adjustment processes are hard

for humans to reason about. In contrast, CCC is interpretable

with foreseeable low overhead and deployment cost.

Besides, lots of other flow control, congestion detection,

flow scheduling, and buffer management schemes are pro-

posed recently, including GFC [47], BFC [23], BackDraft [50],

PCN [17], TCD [64], PPT [53], ABM [7], and Reverie [8].

These works are complementary to CCC.

8 Conclusion

This paper shows that CiD is untrustworthy under DACs and

is adopted skeptically or credulously in existing delay-based

CC algorithms. To further mine the potential of delay-based

CC, we suggest the CiD-sensitive architecture, where the rate

adjustment is made based on both the congestion state and

the CiD trustworthiness, and aims at reacting to the current

congestion as well as the subsequent CiD trustworthiness. In

this way, the abundant information of delay signals can be

fully utilized. Based on the architecture, we propose CCC,

which demarcates regions according to both the congestion

criterion and the system inertia, and executes either analytical

or probing rate adjustment rules in different regions. Extensive

evaluations confirm that CCC performs as well as INT-based

CCs with solely delay signals.
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A Proof of the upwards crossing of curve

δ(k) = 0

Proof. Because δ(k) is always larger than 0 in Ai, inequality

(7) could be simplified as follows referring to (5).

δ(k+1) = 0.5log2

qB

q(k+1)
−qv(k+1)≤ 0 (11)

Because qv(k)≜ [R(k)−C]/C, we have

qv(k+1)−qv(k) = ∆R/C (12)

where ∆R ≜ R(k+1)−R(k). ∆R should be the total amount

of rate adjustment during the time interval between the kth and

the (k+1)th ACK of the current flow. During this interval, all

flows sharing the bottleneck would receive Itv ·C/M ACKs

on average. Thus, the sending rate of all flows will be adjusted

for Itv ·C/M times. Moreover, observing a common system

state [q(k),qv(k)], u(k) of these flows calculated by (8) using

[q(k),qv(k)] can be approximately considered as the same

values. Hence, ∆R = u(k) · Itv ·C/M and thus

qv(k+1) = qv(k)+ Itv ·u(k)/M (13)

Substituting (13) into (11), we have

u(k)≥
0.5log2

qB

q(k+1) −qv(k)

Itv
·M (14)

Here q(k + 1) can be considered equaling to q(k) + Itv ·
qv(k + 1) because qv(k + 1) is the queue variation during

Itv. Substituting u(k) > 0 into (13) in region Ai, we have

q(k+1)> q(k)+ Itv ·qv(k). Therefore, if u(k) satisfies equa-

tion (8), the inequalities (14) and (7) hold, i.e., the curve δ(k)
would be crossed upwards.

B Performance details of CCC

How CCC achieves the advantages in Table 1? To under-

stand how CCC achieves the advantages in Table 1, a compos-

ite scenario is constructed. Specifically, a long flow is started

at 0ms as the background flow, and 7 concurrent flows enter at

1.5ms over an 8-to-1 topology. As shown in Fig. 13, when con-

current flows enter, CCC cuts down the queue length as fast

as PowerTCP, and faster than SWIFT. Besides, when these

flows leave around 3ms, CCC and PowerTCP can occupy

the available bandwidth immediately, while SWIFT spends

about 1ms on that. These are the processes of CCC getting

fast congestion suppression in column 6⃝ and rapid band-

width occupancy in column 5⃝. In addition, CCC maintains

both high throughput and low queue length after reaching the

equilibrium, which corresponds to its good performance in

columns 1⃝- 4⃝.

How qB acts as a knob to weigh tail latency and link uti-

lization? To show how qB acts as a knob to weigh tail latency
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Figure 13: Short flows dynamically enter and leave.

and link utilization as well as provide a reference for qB con-

figuration, we vary qB from 1µs to 30µs under the scenario

SSS111 in §6.3. As shown in Fig. 14, with the increase of qB, the

99.9th tail latency keeps increasing as qB determines the ex-

pected queuing delay. In contrast, the link utilization rises

at the early stage and tends to be smooth finally. The reason

is that a larger qB leads to a higher bottleneck queue length,

which provides sufficient buffering to prevent utilization loss,

but it does not further improve utilization beyond saturation.
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Figure 14: The tail latency and link utilization of CCC with

different qB.

Multi-bottleneck scenarios. End-to-end delay may fail in

the face of multiple bottlenecks. CCC flows that pass by

multiple bottlenecks might overreact to the congestion, similar

to the other delay-based CC schemes [9,32,34,44]. This issue

can be mitigated with per-hop delay, as suggested in [56].

However, INT is indispensable for obtaining per-hop delay

in [56], which contradicts the original goal of CCC in terms of

achieving high performance without introducing INT. Instead,

new DACs under the multi-bottleneck scenarios might be

explored to enhance CCC in the future.

C CiD trustworthiness of Other Congestion

Signals

In addition to delay signals, other congestion signals may also

suffer from untrustworthy CiD caused by the ambiguity condi-

tions. According to the exploration of 3 respective ambiguity
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conditions for delay signals, i.e., 3 DACs, the root causes can

be basically divided into three categories:

Generation. The root cause of DAC 1 corresponds to the

generation of delay signals. That is, when the bottleneck link

is under-utilized, the delay signals cannot be generated, and

the CiD is blind. In other words, an ambiguity condition exists

when the congestion signal cannot be generated. Similarly,

ECN signals may also suffer from this ambiguity condition

once the bottleneck queue length is below the ECN marking

threshold, even though the bottleneck link is full-utilized or

congested.

Observation. The root cause of DAC 2 is that the delay

signals observe the congestion a packet has experienced prac-

tically, which has already determined at its enqueue time.

Therefore, delay signals will overlook the queued packets that

arrive after the packet that carried them, leading to the lag

of CiD, especially in the face of a large queue [32]. Things

get different with ECN signals. ECN signals utilized by DC-

QCN [67] and DCTCP [11] are marked at the dequeue time,

which can observe the congestion more timely. In other words,

dequeue ECN signals may not suffer from this ambiguity con-

dition. However, some enqueue ECN signals and dequeue

ECN marked by sojourn time, like TCN [14], may also suffer

from this ambiguity condition.

Sampling. The root cause of DAC 3 is that delay signals

are sampled at discrete time intervals, leading to the loss of

information between samples, especially in the face of turbu-

lence. Similarly, ECN signals marked at discrete packets may

also suffer from this ambiguity condition once the congestion

varies drastically between packets. Single-bit ECN signals

may be less sensitive to turbulence than delay signals, because

they only reflect whether the congestion exceeds a threshold.

However, multi-bit ECN signals, e.g., ECN signals utilized

in [65], may also suffer from this ambiguity condition.

In a word, the ambiguity conditions are related to the prop-

erties of congestion signals, including their generation, ob-

servation, sampling, and maybe more aspects. Therefore, dif-

ferent types of congestion signals with different properties

might be complementary to each other for better resisting the

untrustworthy CiD caused by the ambiguity conditions. For

example, dequeue ECN signals can be used to assist delay

signals in the face of DAC 2. In other words, the CiD-sensitive

architecture might be further enhanced by combining different

types of congestion signals in the future.
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