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ABSTRACT. In large bandwidth delay product (BDP) networks, standard slow-start algo-
rithm has exponentially increasing congestion window, but is still increasingly difficult to
meet the demand for fast utilization of bandwidth. The hindsight of standard slow-start
algorithms on metwork congestion often results in significant packet loss as well. This
phenomenon has become increasingly serious with the upgrading of network devices and
the widespread deployment of the Internet. In this paper, we proposed the enhanced slow-
start (ESS). ESS rapidly increases the congestion window (CWND) at a higher rate than
the standard slow-start algorithm and stops the window growth in time when the window
grows to a suitable value. Our simulation evaluation in NS3 shows that ESS has better
performance in terms of bandwidth utilization compared to several widely used slow-start
algorithms.
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1. Introduction. Transmission control protocol (TCP) is a reliable end-to-end sender-
driven transport protocol that carries the majority of traffic in the Internet. It is the de
facto standard transport protocol [1]. However, the emergence of various new applications
also brings new requirements to TCP, which makes TCP face great challenges in areas
such as latency and throughput [2]. The performance of slow-start, the congestion control
algorithm for TCP to detect link throughput quickly, directly affects TCP’s latency and
throughput in the early stages of startup.

On the one hand, in current common high bandwidth delay product (BDP) network,
the exponential growth strategy of the standard slow-start algorithm seriously affects
bandwidth utilization in early stage of TCP startup. Based on the exponential growth
pattern which can be calculated that in networks with BDP greater than 800 segments,
the slow-start algorithm requires at least 6 round-trip times to bring the TCP congestion
window to a suitable size [3], and this delay will not be negligible when the round-trip
time (RTT) is large. On the other hand, the standard slow-start algorithm exits only
after a congestion event occurs or when the ssthresh is exceeded. Too small ssthresh will
cause TCP to exit the slow-start process prematurely, so that TCP cannot make full use
of the network bandwidth, while too large ssthresh will cause TCP to send too many
packets to the network. In the initial stage of TCP startup, the ssthresh will be set to
the maximum value, so it can only wait for a congestion event to occur before exiting the
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slow-start process. This means that packets can fill up or even overflow the bottleneck
buffer in the end of slow-start. With the decrease of the memory cost, the memory of
the current switching devices is getting larger and larger [4], and TCP can only withdraw
from the slow-start process to start congestion avoidance. It will take up much network
resources and will take huge packet retransmission [5].

Some strategies have been proposed to optimize the above problem [5-16], while AFStart
[6] improves the growth rate of the congestion window by estimating BDP through InTCP
[17] and can exit when the window grows to a reasonable value. Bottleneck bandwidth and
round-trip propagation time (BBR) [7,8] is a new congestion control algorithm proposed
by Google, which continuously increases the number of packets in the startup phase, and
when the transmission rate no longer increases it will exit the startup phase. In addition,
the work represented by HyStart [5], CapStart [9], and StopEG [10] determined the exit
time from the slow-start to the congestion avoidance process to reduce the probability of
massive packet loss in the end of slow-start. Stateful-TCP [11] increases the transmission
rate of subsequent flows on that path through the bandwidth and RTT measured by the
previous flows.

In order to make full use of bandwidth faster and avoid serious packet loss that may
occur in the end of slow-start process, in this paper, we proposed a novel efficient slow-
start algorithm, called enhanced slow-start (ESS). It can calculate a reasonable congestion
window based on the information collected in an RTT, and continuously adjust the current
congestion window according to the calculated value, so as to achieve a rapid growth of the
congestion window. When the congestion window is not less than the estimated congestion
window value, a large increase in delay or other congestion events occur, the ESS will exit
the slow-start and enter the congestion avoidance process.

The rest of this paper is organized as follows. Section 2 introduces the existing slow-
start optimization work. Section 3 introduces the principles and problems of the slow-
start algorithm. Section 3 also analyzes the law of data transmission in slow-start, derives
the calculation formula of the currently available congestion window, and explains the
algorithm model. In Section 4, we use NS3 to build a network simulation environment and
compare the enhanced slow-start algorithm with several widely used slow-start algorithms.
Section 5 summarizes the work of this paper and explains the future research directions.

2. Related Work. The goal of the slow-start algorithm is to quickly adjust the conges-
tion window to a value that can fully utilize the network bandwidth and exit [18]. Studies
have shown that the congestion window value is not the bigger the better, excessive con-
gestion window value will only cause additional queuing delay [4]. The best congestion
window point is shown in Figure 1. This point is also known as the Kleinrock’s optimal
operating point [19]. By using this point as the congestion window, it can make full use
of the bandwidth and have the smallest round-trip time [7].

Jacobson’s slow-start algorithm [20] is designed to solve the problem of Internet conges-
tion collapse by detecting the largest congestion window in Figure 1, while any value in
the middle of the optimal congestion window point and the maximum congestion window
point is better than the maximum congestion window. In order to enable the conges-
tion window to grow quickly to the optimal congestion window and exit in time, many
researchers have tried to improve the slow-start algorithm.

Some researchers have developed new algorithms to solve the problem that the conges-
tion window is not growing fast enough. Cavendish et al. [9] proposed CapStart, which
divided the network bottleneck into two categories according to whether the network in-
terface card (NIC) bandwidth is greater than the estimated path bandwidth, only activate
limited slow-start if the NIC bandwidth is higher than the estimated path bandwidth.
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Guo and Lee [11] proposed Stateful-TCP, which will record the information of the last
connection of the path, and subsequent connections will use the recorded information.
Halfback [16] was proposed by Li et al. to improve the transmission speed of short-flow.
Liu et al. [14] proposed jump start which allowed TCPs to begin transmission at whatever
rate they deem appropriate. Hauger et al. [13] proposed quick-start, where congestion win-
dow is adjusted based on explicit feedbacks from network routers. Nie et al. [15] proposed
TCP WISE, where the values of initial CWND are proactively learned by the historical
experience on the server-side.

In addition to the growth rate of the window, the choice of the exit time of the slow-
start algorithm is also an important issue. Arghavani et al. [10] proposed StopEG, which
has theoretically calculated that when the bottleneck link is not saturated, the inflight
packets in the forward path will not exceed 56.8% of all inflight packets. HyStart [5] was
proposed by Ha and Rhee. It defines the ACK of packets sent back-to-back with an arrival
interval of no more than a few milliseconds as an ACK train. It has two independent ways
of the exiting slow-start. One way is that the ACK train is close to RTT, which indicates
that the path capacity has been reused. And the other is that the round-trip time of the
first packet of each round increases, which indicates that a new round of packet starts
to be sent when there may be the previous round packets still queued in the network.
HyStart is already available as part of the latest Cubic [21] algorithm and is used in
the Linux kernel. HyStart+-+ [22] is similar to HyStart, but it adds a limited slow-start
process relative to HyStart to solve the problem that the HyStart algorithm may exit the
slow-start process early after the window grows slowly and cannot reuse the bandwidth.

AFStart [6] is an algorithm that improves the window growth rate and improves the
exit time of slow-start. AFStart measures the available bandwidth through ImnTCP. When
the first measured value is less than 16 segments, the slow-start process will switch to



1910 Z. WANG, H. NI, X. ZHU AND X. WANG

the standard slow-start algorithm; otherwise it will continuously estimate the available
bandwidth and search for the true bandwidth value based on the measured available
bandwidth, and update the ssthresh to the measured bandwidth delay product (BDP).

BBR [7] is a congestion control algorithm based on link bottleneck bandwidth and
round-trip propagation time proposed by Google in 2016. BBR will keep increasing the
pacing rate and congestion window in the startup state until the transmission rate is no
longer increasing for three consecutive measurements to ensure that the current congestion
window is not smaller than the optimal congestion window, and then BBR will move to
the next state. Since the congestion window of BBR grows rapidly, it is very easy to
cause bottleneck buffer overflow. Therefore, packet loss and explicit congestion notification
(ECN) [23] are added to BBRv2 for consideration [24].

The above work has optimized the TCP slow-start algorithm to varying degrees; howev-
er, new optimization algorithms are necessary to further improve the performance of TCP
in the slow-start process. This paper analyzes the slow-start algorithm in high-latency
and large-bandwidth networks, the congestion window does not grow quick enough, and a
large number of data packets are prone to loss. Then this paper proposes a new slow-start
algorithm based on the characteristics of the data packet delivery in the slow-start process,
called enhanced slow-start algorithm. The simulation experiment on NS3 proves that the
enhanced slow-start algorithm has a faster window growth rate and better slow-start exit
time than several widely used slow-start algorithms.

3. Enhanced Slow-Start. In this section, we introduce the traditional slow-start algo-
rithm, and compare the traffic characteristics of the two states at the beginning of the
slow-start and after the congestion window reaches the optimum congestion window. By
comparing these features, we propose an expression for estimating the optimal congestion
window based on the information in an RTT. The enhanced slow-start algorithm uses the
RTT of selected packets to divide the slow-start process into many calculation cycles, and
within each cycle decides whether to increase the congestion window or exit the slow-start
based on the estimation of the optimal congestion window.

3.1. Slow-start overview. The purpose of TCP congestion control is to maximize the
use of network bandwidth and improve transmission efficiency. Slow-start is an important
congestion control mechanism of TCP. It aims to make full use of network bandwidth
in the shortest possible time when the available network resources are unknown, while
avoiding serious congestion.

Slow-start, also called exponential growth period, is when a TCP connection has just
started and the sender sends data with a default initial congestion window, which in
the Linux kernel is initially 10 [25]. After that, the congestion window increases by one
segment for each ACK received until TCP detects a congestion event or the congestion
window size exceeds ssthresh, at which point TCP will no longer perform the slow-start
algorithm and will enter the congestion avoidance process.

When the bandwidth is large, a too small ssthresh will cause TCP to have a long ad-
ditive increase process after the slow-start ends, and it may even take tens of seconds to
detect the maximum congestion window. Therefore, according to the recommendation
of RFC5681 [3], sshresh should be set to the maximum value when the connection is
initialized to adapt to the high-speed network, and then the sshresh needs to be dynami-
cally modified according to the congestion situation. This means that the first slow-start
process after the TCP connection is established can always be stopped after a congestion
event occurs, which inevitably requires a large number of data packets to be retransmitted.
This is a serious waste of bandwidth.
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The initial value of the congestion window is cwnd;,iia;, and the round-trip time of
the data packet on the path is rtt. For a given target window cwndyg e, the time for
the slow-start algorithm to detect growth to the target window satisfies the following

equation:
Cwndtar et
t =log, | ——9= ) % rtt 1
82 (Cwndimtml) ( )

From the above equation, it is clear that the time spent in slow-start is proportional to
the round-trip time and the target window size. This means that when a link has a large
round-trip time or a large cwndiqrget, the slow-start algorithm will waste a lot of time in
this process. According to Equation (1), Figure 2 can be drawn. When the congestion
window has different initial values, the time required for the congestion window to reach
different sizes is shown in Figure 2. The congestion window must be at least the size of the
bandwidth-delay product to fully utilize the network bandwidth. When the bandwidth-
delay product is greater than 800 segments, even if the initial value of the congestion
window is 10, it takes at least 6 RTTs to reach a reasonable value. For short flows, the
transmission may even be completed before the congestion window grows to its maximum
value.

time (RTT)

27 :.f -------- init cwnd = 3
; ---- initcwnd =5
14 —— initcwnd = 8
——- init cwnd = 10

0 100 200 300 400 500 600 700 800
target cwnd (segment)

FI1GURE 2. Time required to reach the congestion window value

3.2. Calculation cycle of enhanced slow-start. We divide the slow-start process into
many calculation cycles, where the end of one cycle is the beginning of another. The size
of the calculation cycle is not fixed, but depends on the RTT of the selected packets.
We take the next packet sent after the first received ACK as the first selected packet. In
Figure 3, after receiving the ACK of packet a and sending out packet e, the RTT of packet
e is the first calculation cycle. When a calculation cycle ends, the next packet sent is the
selected packet. Packets sending and receiving are mainly concentrated at the beginning
of each cycle, such as the time from T1 to T2 in Figure 3.
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F1GURE 3. Data transfer during slow-start

3.3. Principle of enhanced slow-start. When the sending rate is greater than the
network bottleneck bandwidth (BtlBw), packets are queued in the bottleneck buffer of
the link, and the final transmission rate depends on the size of the BtIBw. The sender
sends packets of the initial congestion window size at once. The ACKs of the packets
sent at the same time will reflect the size of the BtIBw to some extent. The BtlBw of
the link can be roughly calculated based on the time taken from the receipt of the first
ACK to the receipt of the ACKs of all packets sent as described above and the amount
of data received during this period. Due to the exponential growth mechanism during
slow-start, TCP uses a sending rate twice the estimated bottleneck bandwidth during the
data sending phase, which makes it easier to queue packets at the bottleneck link buffer,
thus bringing the next estimated data transfer rate closer to the BtlIBw. As the congestion
window increases, the estimated BtlBw will become more accurate.

If the available bandwidth of the network changes dramatically within each RTT, then
the network measurement will be useless. Therefore, we assume that the network band-
width remains stable within one RTT.

In addition, we assume that the BtlBw of the link in Figure 3 as B, the RTT of packet
e as tq9, the data size as ds, the sum of the size of packets b, ¢, d and e as d;, and the
cwnd of moment Ty as cwndy.

For the slow-start process in Figure 3, the BtlBw can be estimated as follows:

dy — dy
— (2)

When the congestion window is at the value of optimum congestion window, the RTT
should have the minimum value, let the congestion window be cwndy, and the RT'T be
rttmin. RTT of a sample £ should be no less than the minimum RTT, and the ratio of
rttmin to to satisfies 0 < k < 1. As the inflight data increases, the queuing delay in the
bottleneck buffer increases, so the value of ¢, will become larger and the value of k will
become smaller.

B =

Tttmin = k*ty (0 <k <1) (3)
Then, BtIBw can be calculated based on rtt,;, and cwndy,.
B cwndy, (4)
Tttmin

The new expressions can be obtained from the expressions (2), (3) and (4).

dy —d dy — d dy —d
! Q*Tttminz ! Q*k;*t2§ ! 2
tg—tl tg—t1 t2_t1

cwndy, = * ty = cwndpax (5)
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We use cwnd,., to represent the value on the right-hand side of the inequality, which
is a value not smaller than the optimal congestion window. When no packet unorder and
loss events occur, the above principle is followed in each cycle, so the value of the optimal
congestion window can be calculated in this way in each cycle.

3.4. Congestion window adjustment and slow-start exit strategy. In the stan-
dard slow-start algorithm, the sender increases the congestion window by 1 for each ACK
received. We retain this feature in the enhanced slow-start (ESS) algorithm. The ESS
uses the method proposed in Section 3.3 to estimate the available congestion window in
each cycle, and adjusts the congestion window to the larger of the exponential growth
congestion window and the estimated window cwnd,.x. The exponential growth approach
is retained in ESS for two reasons: First, it causes the sender to send packets with twice
the estimated bandwidth of bottleneck link, thus allowing for a more accurate estimation
of the BtIBw in the next cycle; Second, it ensures that the ESS does not have a lower
congestion window growth rate than the standard slow-start algorithm.

However, it has a huge risk to adjust the congestion window to the larger of the expo-
nential growth congestion window and the estimated value cuwnd,.x.. When one sample of
the RTT is too large, a congestion window well beyond the optimum congestion window
value is calculated, which can easily fill up or even overflow the bottleneck link buffer,
resulting in a large number of packet losses. Given that an RTT sample is too large often
means that the network is experiencing severe congestion, we decided to limit the size of
the calculation cycle. The ESS will exit the slow-start when ¢, is greater than two times
’I“ttmin (k’ Z 05)

The ESS algorithm will also exit the slow-start when the value of the proposed calcula-
tion formula in Section 3.3 is not greater than current congestion window. It does not use
the ssthresh, but retains the behavior of executing the congestion avoidance algorithm
when a congestion event is detected on the sender side.

The ESS algorithm retains the two policies of exponential window growth and exit
on occurrence of congestion of the standard slow-start, and accelerates the growth of
window and slow-start exit by estimating the value of the congestion window greater
than optimum congestion window.

3.5. Enhanced slow-start algorithm description. Figure 4 shows the flow chart of
the enhanced slow-start. The algorithm takes a selected series of RTT samples as the
calculation cycle, the RT'T of the next packet sent after the first ACK is received as the
first calculation cycle, and the RTT of the next packet sent after the last ACK is received
in the previous cycle as the next cycle. At the end of each calculation cycle, the congestion
window will be updated to the greater of the current window and cwnd,,.. The algorithm
will exit the slow-start process in the following three cases.

e A congestion event occurs;
e The selected RTT sample is greater than 2 times the minimum RTT;
e The current congestion window is larger than the calculated cwndax.

4. Experimental Evaluation and Analysis. Network Simulator 3 (NS3) supports
the emulation of multiple network protocols and is easy to modify. In this section we
experimentally validate the proposed algorithm using NS3. We chose additive increase
multiplicative decrease (AIMD) [20] as the algorithm of ESS in the congestion avoidance
process to meet the needs of TCP’s normal operation. The experiments use a dumbbell
topology with TCP sender and receiver on both sides and a bottleneck link in the middle,
using an MTU of 400 byte and a passive queue management (PQM) algorithm with
DropTail policy. In the experiments, we compared ESS with Cubic (HyStart), BBR,
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TABLE 1. The settings of BtIBw and RTprop

Access link delay Bottleneck link delay RTprop BtiIBw
1 ms 5 ms 12 ms 10 Mbps
1 ms 10 ms 22 ms 5, 10, 20, 50 Mbps
1 ms 20 ms 42 ms 10, 20 Mbps
1 ms 50 ms 102 ms 10 Mbps

StopEG and NewReno [26] algorithms to evaluate the performance of the five algorithms
in the slow-start process.

In addition, we set up multiple networks with different Bt1Bw and RTprop to perform
experiments on the five algorithms. Table 1 shows the settings of BtlIBw and RTprop,
and each combination represents one of the experiments.

4.1. Bandwidth utilization. To compare the performance of ESS with the other four
algorithms at the beginning of TCP, we conducted experiments with each of the five
algorithms in networks with different network latencies and bottleneck bandwidths.
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According to the bottleneck bandwidth of the link Bt/Bw and the round-trip propa-
gation delay RT'prop, the optimal congestion window value cundp.s can be calculated.
The slow-start algorithm should stop the exponential growth of the window as soon as
possible after CWND exceeds cundpes;.

cwndpess = BtlBw * RTprop (6)

Figure 5 shows the performance of several algorithms with a bottleneck bandwidth of
10 Mbps and different link propagation delays. In Figure 5(a), the propagation delay of
the link is 12 ms. The window growth rate of NewReno and Cubic is similar to that of
ESS, while the window growth rate of BBR and StopEG is slower. According to Formula
(6), the optimal congestion window value can be calculated as 1.2 * 10%. Tt can be seen
from the figure that when several algorithms end the slow-start process, the congestion
window is larger than the optimal congestion window, and the ESS performance the best.
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FIGURE 5. (color online) Variation of inflight data with time for Bt1Bw of
10 Mbps and RTprop of 12, 22, 42 and 102 ms

In Figures 5(b), 5(c) and 5(d), ESS has the highest window growth rate compared to
other algorithms, and the greater the round-trip propagation delay, the more obvious the
advantage of ESS. According to Formula (6), the optimal congestion windows of Figures
5(b), 5(c), and 5(d) are calculated as 2.75* 104, 5.25 % 10%, 1.275% 10°. It can be seen that
ESS is slightly worse than StopEG in Figure 5(b), and is optimal in all other cases.
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Figure 6 is similar to the situation in Figure 5. When the bottleneck bandwidth is
small, the window growth rate of ESS is similar to that of Cubic and NewReno. When the
bottleneck bandwidth is large, it is significantly better than other algorithms. According
to Formula (6), the optimal congestion window values of Figures 6(a), 6(b), 6(c) and 6(d)
are calculated as 1.375%10%, 2.75%10%, 5.5%10%, 1.375%10°. The ESS algorithm is optimal
in all cases except that it is slightly worse than StopEG in Figure 6(b).
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FIGURE 6. (color online) Variation of inflight data with time for BtIBws of
5, 10, 20 and 50 Mbps at RTprop of 22 ms

Figure 5 and Figure 6 show the change of the inflight data of the five algorithms over
time in different bottleneck link networks. From the figure we can see that the NewReno
algorithm has the highest extreme value, too large extreme value will fill up the bottleneck
link buffer or even overflow, which will not only fail to improve the bandwidth utilization,
but also reduce the transmission efficiency by losing a large number of packets. The
Cubic and BBR algorithms exit the slow-start process earlier than NewReno, and have
a relatively small extremum, but still higher than the value of the congestion window
when the ESS exits the slow-start. Only StopEG has similar performance to ESS in some
network conditions. Both the NewReno and BBR algorithms have a process of window
droop after the slow-start. It means that the two congestion control algorithms think that
the congestion window has reached an excessively high value at the end of the slow-start,
while the StopEG, Cubic and ESS algorithm do not have such a process. In terms of
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window growth rate, it can be seen that ESS has a high window growth rate, while the
window growth rate of several other algorithms is slower.

Figure 7 shows the variation of successfully transmitted data over time at the beginning
of TCP startup, and it can be seen that the ESS algorithm can successfully transmit more
data at the same time, while the StopEG, Cubic and NewReno [26] algorithms are slightly
worse than ESS, and the BBR algorithm performs the worst, and this gap becomes more
and more obvious as the BDP increases.
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FIGURE 7. (color online) Successfully sent data size over time

According to the above analysis, the ESS algorithm has the best performance compared
to the other four algorithms in three aspects: the speed of congestion window growth,
slow-start exit time selection and the size of data transferred per unit time, and all the
advantages increase with the increase of network bandwidth and RTT.

4.2. Round-trip time. During the slow-start process, the TCP sender injects a large
number of packets into the network, which are almost inevitably queued in the interme-
diate switching devices, resulting in a situation where the measured round-trip time is
much larger than the RTprop of the link.

Figures 8(a), 8(b), 8(c) and 8(d) have a round-trip propagation delay of 22 ms, 22 ms,
42 ms and 42 ms, respectively. The closer the RTT of the congestion control algorithm is
to the path round-trip propagation delay, it means that the congestion control algorithm
is more excellent in delay control. Figure 8 shows the variation of round-trip time over
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FIGURE 8. (color online) Round-trip time over time

time for the five algorithms in networks with different RTprop and BtlBw. It can be seen
that StopEG almost always has a smaller RTT than ESS, and the larger the BDP of
the network, the greater the advantage of StopEG. According to Figure 5 and Figure 6,
the larger the BDP of the network, the more likely the StopEG algorithm is to exit the
slow-start process before reaching a reasonable congestion window. This is the reason why
StopEG has better latency performance in high BDP networks instead. The maximum
RTT of Cubic, BBR and NewReno is much larger than that of ESS, and their RTTs all
last for some time around the maximum RTT. ESS has a smaller maximum RTT, and
falls back quickly after reaching the extreme value.

5. Conclusions. In this paper, we analyzed the slow growth of the window faced by the
classic slow-start algorithm and the large amount of data packet loss that may occur in
the end, and then propose the enhanced slow-start algorithm to solve the above problems
by studying the law of data transmission in the slow-start process. The enhanced slow-
start algorithm accelerates the growth rate of the slow-start window by estimating the
optimal congestion window, and by comparing the size of the window with the optimal
congestion window and the change in round-trip time, it dynamically determines whether
to exit the slow-start process early, rather than simply waiting for a congestion event to
occur or the congestion window exceeds the ssthresh.

We use the NS3 platform to compare the enhanced slow-start algorithm with the Cubic
(HyStart), BBR, StopEG and the NewReno algorithm for different bottleneck links in
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terms of bandwidth and RTprop. Experiments show that the enhanced slow-start algo-
rithm has a good performance in terms of the growth rate of the congestion window and
the reduction of packet loss and network delay.

In the future work, wireless networks are characterized by high jitter, and it is challeng-
ing to deploy the enhanced slow-start algorithm on wireless networks. Therefore, we will
further study the application of the enhanced slow-start algorithm on wireless networks,
and it is also important work to implement the Linux kernel module of the enhanced
slow-start algorithm and deploy it to carrier networks for testing.
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