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ABSTRACT
The Internet’s congestion control landscape is currently in the
midst of an unprecedented paradigm shift. A recent measurement
study found that BBR, a congestion control algorithm introduced
by Google in 2016, has seen rapid adoption and is deployed at more
than 20% of the Alexa Top 20,000 websites. Encouraging early de-
ployment results from Google, Dropbox and Spotify suggest that
BBR could potentially replace traditional loss-based congestion con-
trol algorithms like CUBIC. In this paper, we study the interactions
between CUBIC and BBR and show that the underlying interac-
tions can be modeled as a normal form game. Our game-theoretic
analysis and testbed measurements suggest that while BBR seems
to achieve somewhat better performance than CUBIC on the Inter-
net today, this advantage will decrease as the proportion of BBR
flows increases. The distribution of congestion control algorithms
on the Internet would likely reach a Nash Equilibrium, where no
flow has the incentive to switch from CUBIC to BBR, or vice versa.
We also found that the distribution of CUBIC and BBR flows in
this Nash Equilibrium will be dependent mainly on the size of the
bottleneck buffer, and marginally on the RTT distribution of the
flows. Our results suggest that the future Internet will likely be
more heterogeneous and that buffer sizing will continue to have a
significant impact on Internet congestion control.
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1 INTRODUCTION
Today, BBR [2] and CUBIC [6] are the two dominant congestion
control algorithms on the Internet. The apparent performance ben-
efits and promising deployment results of BBR (and its variant
BRRv2) from Google [3], Spotify [5], and Dropbox [9] are likely
going to make website operators evaluate if they should adopt the
new congestion control algorithm. A recent measurement study
found that more than 20% of the Alexa Top 20,000 websites [8]
have already adopted BBR to serve HTTP traffic [15]. Since most
of these early adopters are websites that stream video [15], it is
plausible that BBR is already contributing to more than 40% of the
downstream traffic on the Internet [20]. This significant change in
the Internet’s congestion control landscape is notable because BBR
represents a paradigm shift in congestion control. While traditional
congestion control algorithms like CUBIC relied on packet losses
to infer congestion, BBR uses bottleneck bandwidth and RTT esti-
mates. By doing so, BBR avoids filling deep buffers to keep latency
low and is more resilient to random packet losses.

There have been many studies on the interactions between CU-
BIC and BBR. However, unlike previous studies [7, 22, 23] which
are mainly focused on flow-level fairness, we attempt to answer the
following question: given the aggressive adoption of BBR in recent
times, how do we expect the Internet to evolve? Would it be reasonable
to expect the whole Internet to switch to BBR, and/or its variants, in
the near future?

Most recent deployments have cited better throughput as a key
reason to switch from CUBIC to BBR [3, 5, 9]. This is not surprising
and it seems perfectly plausible that a website would decide to
switch from one TCP variant to the other if the switch will result in
higher throughput. Hence, we can think of the Internet abstractly
as a system of n flows and model it as a normal form game. In game
theory, a normal form game is a standard representation of a game
where the players have a preference of outcome, which in our case
is higher throughput.

Our analysis of such a normal form game suggests that given
the characteristics of the interactions between BBR and CUBIC,
there must exist a Nash Equilibrium [16] (NE). A Nash Equilibrium
in a game is a strategy distribution between the players where no

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1145/3469393.3469397
https://doi.org/10.1145/3469393.3469397


APNet 2021, June 24–25, 2021, Shenzhen, China, China Mishra et al.

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 0  1  2  3  4  5  6  7  8  9  10B
B

R
's

 t
h
ro

u
g
h
p
u
t 
(n

o
rm

a
liz

e
d
)

Buff size (normalized by BDP of smallest RTT flow)

80 ms BBR - 40 ms CUBIC
40 ms BBR - 80 ms CUBIC
40 ms BBR - 40 ms CUBIC

Figure 1: BBR throughput vs. bottleneck buffer size.

player has anything to gain by changing only their strategy. This
essentially means that a set of n flows will eventually converge to
a distribution of congestion control algorithms, where no flow will
have any incentive to switch from CUBIC to BBR, or vice versa
because doing so will not lead to an increase in throughput. We
verify the existence of such Nash Equilibria and measure the ef-
fect of network parameters such as bottleneck link capacity, buffer
size, number of flows, and RTT using a set of testbed experiments.
Our results suggest that the distribution of congestion control algo-
rithms at the NE depends primarily on the size of the bottleneck
buffer and marginally on the RTT distribution of the flows.

2 KNOWN INTERACTIONS BETWEEN BBR
AND CUBIC

CUBIC and BBR behave very differently when they are in deep
buffers. Since CUBIC is loss-based, it will continue to fill a buffer till
it experiences a packet loss. On the other hand, BBR caps its cwnd,
which prevents it from filling deep buffers. While this behavior is
intended to allow BBR to keep the queuing delay low, a competing
CUBIC flowwill be significantly more aggressive (throughput-wise)
and take up a much larger share of the bandwidth. On the other
hand, in shallow buffers, CUBIC’s throughput will be limited be-
cause the cwnd will keep reducing because of the frequent packet
drops. Therefore, we make the following general observation which
has been verified in previous studies [22, 23].

Observation 1. When competing at the bottleneck where the
buffer is deep, CUBIC tends to have higher throughput than BBR;
the converse is true when the buffer is shallow.

We investigate the impact of RTT with a simple experiment
where a CUBIC and a BBR flow share a 20Mbps bottleneck with
varying buffer sizes. Both flows were run simultaneously for two
minutes andwe plot the steady-state throughput for BBR in Figure 1,
normalized against the throughput of the CUBIC flow. As expected,
we see that the throughput for BBR is a smooth function of the
buffer size. We also see that in each case there exists some buffer
size where CUBIC and BBR get an equal share of the bottleneck
bandwidth i.e. normalized throughput equals 1. Based on this result,
we can make the next observation:
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Observation 2. When a single BBR flow competes with a single
CUBIC flow at a bottleneck, there must exist some threshold bot-
tleneck buffer size Tfair such that when the bottleneck buffer size
Buf f < Tfair , the BBR flow gets higher throughput than the CU-
BIC flow and when Buf f > Tfair , the CUBIC flow gets higher
throughput than BBR.

Besides buffer size, BBR’s throughput also depends on the num-
ber of BBR and CUBIC flows at the bottleneck. We simultaneously
run 20 CUBIC/BBR flows passing through a 100 Mbps bottleneck. In
each iteration, we change the percentage of flows that ran BBR and
CUBIC. We plot the per-flow throughput for BBR normalized by
the average per-flow throughput of the competing CUBIC flows in
Figure 2. All flows had an RTT of 40ms and ran for 2 minutes. Our
results show that as the percentage of BBR flows in the bottleneck
link increase, BBR flows get lower throughput. This behavior is
consistent when repeated with different buffer sizes, and the av-
erage throughput for the BBR flows can drop below that for the
CUBIC flows if the buffer is large and the number of BBR flows
is larger than a threshold value. We therefore make the following
observation:

Observation 3. As the percentage of BBR flows at the bottleneck
increases, the per-flow average throughput of BBR flows at that
bottleneck decreases.

Earlier measurement studies had found that a small number of
BBR flows can get a disproportionately large amount of bottleneck
bandwidth when competing with CUBIC flows [22, 23]. As shown in
Figure 3, the aggregate bandwidth of BBR flows at a fixed-capacity
bottleneck link will increase as the number of flows increases, so
the result is a sub-linear increase in total throughput and thus the
per-flow throughput would decrease with more BBR flows.

Both BBR and CUBIC congestion control algorithms are also
known to be RTT-unfair [10, 22]. CUBIC, being cwnd-based, is
hampered in a long RTT path as it can ramp up its cwnd less often
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than another CUBIC flow that has a short RTT path. BBR on the
other hand tends to favor flows with longer RTTs as compared to
those with shorter RTTs. This is because when BBR becomes cwnd-
limited, it places twice the BDP (BandwidthDelay Product) amount
of packets in flight. We summarize these findings in Observation 4.

Observation 4. When two BBR flows compete at a bottleneck,
the flow with a longer RTT will get higher bandwidth than the
flow with a shorter RTT. When two CUBIC flows compete at a
bottleneck, the flow with a shorter RTT will get higher bandwidth
than the flow with a longer RTT.

3 MODELLING THE INTERNET AS A
NORMAL FORM GAME

In this section, we will formulate the problem of flows choosing
between CUBIC and BBR as a normal form game and analyze it
using the observations made in §2.

To investigate the behavior for a set of n flows, we model each
flow as an independent agent that (i) can decide on whether the flow
should run BBR or CUBIC; and (ii) knows its current throughput and
also the throughput if it were to switch to the alternative algorithm,
if all other flows do not change. We assume that websites can
determine (ii) by A/B testing between CUBIC and BBR, and that all
the flows would prefer to adopt the TCP variant that allows it to
achieve higher throughput. While senders generally care about a
combination of network parameters, the weights given to each of
these parameters may be varied across sites. However, improved
throughput was cited as a key factor by all major companies [3, 5, 9]
that have reported making a switch from CUBIC to BBR, so for
simplicity, we consider only throughput in our analysis. With these
assumptions, we effectively have a normal form game, where the
websites/senders canmaximize throughput via 2 mutually exclusive
strategies: (i) BBR; or (ii) CUBIC. In this section, we argue that a
Nash Equilibrium should exist.

3.1 Two-flow game
Consider a simple network with two senders S1 and S2 sharing a
common bottleneck link. Each sender can pick either CUBIC or
BBR. We denote the RTTs of these two flows as RTT1 and RTT2
respectively.Wewill assume, without loss of generality, thatRTT1 >
RTT2. We will also assume that the bottleneck queue is a simple
FIFO queue and does not deploy any other queuing disciplines or
AQMs. With two senders and two congestion control algorithms,
there can be a total of four possible scenarios or combinations. We
enumerate these possible scenarios in Table 1.

Consider the case where the two flows S1 and S2 pick different
algorithms, i.e. scenarios 2 and 3. From Observation 2, we know
that for scenario 2, there exists a threshold buffer size T2 such that
when the bottleneck buffer size Buf f > T2, the CUBIC flow will get
more bandwidth (CUBIC wins), and when Buf f < T2, the BBR flow
will get more bandwidth (BBR wins). Similarly, for scenario 3, there
exists a buffer size T3 such that when Buf f > T3, the CUBIC flow
wins whereas when Buf f < T3, the BBR flow wins. In summary,T2
andT3 are the threshold buffer sizes below which BBR wins against
CUBIC in scenarios 2 and 3 respectively.

Table 1: Possible scenarios in a 2-flow system.

Scenario S1 S2
1 CUBIC CUBIC
2 CUBIC BBR
3 BBR CUBIC
4 BBR BBR

The BBR flow in scenario 3 has a higher RTT than the BBR flow
in scenario 2. From Observation 3 we know that a BBR flow with a
higher RTT is effectively more aggressive. This means that BBR will
be more aggressive in scenario 3 than in scenario 2 and so CUBIC
will need a deeper buffer in scenario 3 to tie with BBR. Therefore
we conclude that T3 > T2. This relationship can also be seen in
Figure 1.

On this note, we consider 3 different regimes as illustrated in
Table 2, where for each scenario we mark the outcome for a sender
that gets the higher bandwidth as ‘W’ (winner) and the outcome
for the other sender as ‘L’ (loser). A sender choosing either CUBIC
or BBR as their congestion control algorithm is denoted with the
letter C and B, respectively, and the winning congestion control
variant in each case has also been highlighted for easy analysis. In
particular, we see that:

(1) When Buf f < T2: S1 will definitely pick BBR regardless of
what S2 decides to pick. In economic terms, B is a dominant
strategy for S1. S2 will pick the algorithm that achieves the
higher throughput and we get the Nash Equilibrium (B, ∗).

(2) When T2 < Buf f < T3: B is still a dominant strategy for S1
and we again have the Nash Equilibrium (B, ∗).

(3) When T3 < Buf f : C is now a dominant strategy for S2 and
we end up with a Nash Equilibrium (∗,C).

By enumerating all possible scenarios, we have effectively shown
that unique Nash Equilibria must exist for a 2-flow system. We
verified our predictions with experiments where two flows compete
at a 20 Mbps bottleneck with RTT1= 80ms and RTT2= 40ms. For
buffer sizes less than twice the BDP of the smaller flow, the NE was
at (B,B) and for all other buffer sizes up to 10 BDP the NE was at
(B,C).

3.2 Conjecture for n flows
While we can model a system with n flows using the methodology
in §3.1, enumerating all possible scenarios is not a feasible approach
to prove the existence of Nash Equilibria. However, some forms of
normal form games have been studied extensively and proven to
have a pure strategy Nash Equilibrium [14, 19]. These games show
unique properties like continuity and boundedness of pay-offs, and
measurability of outcome, that can be easily extended to our setting.
It remains as future work to check if it is possible to model ann-flow
system as one of these normal form games so that we can apply
known results.

The complexity for a n-flow system arises from the exponenti-
ation of the number of scenarios and also the fact that flows can
have different RTTs, which makes it intractable to enumerate all
possibilities. However, there are two key observations from our
experiments that inspire us to propose Conjecture 1 below: (1) As
the proportion of BBR flows increases, the gain in throughput will
decrease (cf. Observation 3 in §2). When the proportion of BBR
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Table 2: Outcomes in a two-flow game. ( RTT1 > RTT2, winning strategies are highlighted)

Buff < T2 T2 < Buff < T3 T3 < Buff

Scenario Strategies Outcome Strategies Outcome Strategies Outcome

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
1 C C L W C C L W C C L W
2 C B L W C B W L C B W L
3 B C W L B C W L B C L W
4 B B W L B B W L B B W L

Nash Equilibrium (B, ∗) (B, ∗) (∗, C)

flows increases beyond a threshold, the average throughput of the
BBR flows tends to drop below that of the remaining CUBIC flows
(see Figure 1). (2) When the buffer is shallow, BBR is a dominant
strategy for flows with large RTTs; similarly, when the buffer is
deep, CUBIC is a dominant strategy for flows with short RTTs.

Conjecture 1. In a system with n flows that can choose to run
either CUBIC or BBR, there will be at least one Nash Equilibrium.

4 EVALUATION
In this section, we present the results of our testbed experiments
that: (i) suggest that NE exists forn flows (forn > 2), and (ii) provide
some insights into how RTT and buffer size affect the NE. These
experiments serve as validation of Conjecture 1 in a limited state
space and do not attempt to replicate all the network interactions
possible on the Internet (since that would be impossible).
Testbed setup.Our testbed setup consists of two servers connected
by a 1Gbps link. We use Mahimahi [17] to spawn individual iperf
senders with different RTTs. We use nfqueue [18] to create a bot-
tleneck with a specified link capacity and buffer size.
Methodology. For each network setting, we run 3 trials of all the
2n possible combinations of the n senders running either CUBIC
or BBR. In each trial, the senders send data for 2 minutes and we
record their average per-flow throughput. To identify the NE, we
enumerate all the combinations and check if there is any combina-
tion such that no individual flow in that combination can achieve
higher throughput if it switches to the other TCP variant (all other
flows remaining fixed). Since the number of combinations increases
exponentially with n, we have only been able to do this exercise
for up to a maximum of 12 flows. It is clear that we will not be able
to prove Conjecture 1 with experiments. However, in this section,
our goal is to verify that the Conjecture holds for some n > 2 in
practice and that there are no obvious counter-examples. In all our
experiments, we found a NE as our Conjecture suggests.
Nash Equilibria Found. In all cases we found exactly one NE. All
these NE share a common property that allows us to specify it
succinctly with a single number: the proportion of CUBIC flows.
In particular, we observe that in any NE combination of n flows,
if we sort the flows by their RTTs, then it is always possible to
write the NE combination where the firstm flows pick CUBIC, and
the remaining (n −m) flows pick BBR. For example, in a 6-flow
experiment, where flows have an RTT distribution of (20ms, 20ms,
50ms, 50ms, 80ms, 80ms), if the NE exists when 50% of the flows
pick CUBIC the NE combination will look like (C, C, C, B, B, B).

That is, all the 20ms flows and one 50ms flow picking CUBIC and
all the 80ms flows and one 50ms flow picking BBR. This indicates
that smaller RTT flows prefer CUBIC over BBR at the NE. We use
this property to represent a NE combination with a single number
– the percentage of flows running CUBIC in the NE combination
(m/n×100). The CUBIC flows are always the flows with the smallest
RTTs in the combination. This is not surprising, since smaller RTT
flows perform worse than larger RTT flows when running BBR and
vice versa for CUBIC.

4.1 Effect of buffer size
In Figure 4, we present the NE when 6, 9, and 12 flows compete at
3 different bottleneck links with speeds of 20, 50 and 100 Mbps. In
each experiment, the flows are divided into 3 groups with RTTs of
20ms, 50ms and 80ms, respectively. We let these flows compete in
the common bottleneck with different buffer sizes and record the
congestion control algorithm distribution at the NE in each case. In
general, when the buffers are deeper, more flows would pick CUBIC
over BBR. At very large buffer sizes, the NE generally occurs near
a fifty-fifty split between CUBIC and BBR.

4.2 Effect of other network parameters
Our experimental results in Figure 4 also suggest that link capacity
and the number of flows have little to no effect on the distribution
of CUBIC and BBR in the NE. It is plausible that because we size
the bottleneck buffer based on the BDP of the smallest RTT flow
(smallest RTT multiplied by the bottleneck link capacity), any dif-
ferences caused by an increase in link capacity are normalized by
the proportional increase in the buffer size. While our experiments
suggest that the number of flows does not have much effect on
the distribution of congestion control algorithms in the NE com-
bination, this could also be an artifact of our limited number of
experiments.

In Figure 5, we plot the results for two different RTT distribu-
tions. We found that when the flows have larger RTTs, the NE has
a marginally lower percentage of flows picking CUBIC. In other
words, the RTT distribution does have a marginal impact on the
NE.

5 DISCUSSION AND FUTUREWORK
Our experimental results suggest that with realistically sized (at
least 1 BDP) buffers, the Nash Equilibrium for n flows will be a mix
of both CUBIC and BBR flows, and not one where all the flows are
BBR. While recent studies [7, 13] have shown BBR to have better
link utilization and lower and less variable delay, and BBR’s recent
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Figure 4: The effect of link capacity and number of flows on the Nash Equilibrium. RTTs 20ms, 50ms and 80ms.
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Figure 5: The effect of the RTT distribution on the Nash Equilibrium.

deployments [3, 5, 9] have shown good performance, the corollary
is that we would expect the benefits of deploying BBR to be reduced
as more flows switch from CUBIC to BBR.
The future of Internet congestion control. Notwithstanding
the rapid adoption of BBR in recent years [15], our results suggest
that CUBIC is not about to disappear or to be completely replaced
anytime soon. Instead, the Internet is likely to become more hetero-
geneous. This means that existing networks and middleware will
need to work well with both traditional loss-based TCP, as well as
with BBR and its variants.
The best is yet to come. We note that there is already work be-
ing done on BBRv2 [4], which is a less aggressive version of BBR.
HTTP/3.0 is going to adopt QUIC [1, 11] as its transport stack. With
QUIC, the entry barrier to developing and deploying newer conges-
tion control algorithms is even lower. It remains to be seen how the
nature of the NE will change in such a heterogeneous environment.
Even if our Conjecture in §3.2 is true for n flows where they can be
either CUBIC or BBR, it is not clear if it would hold for any n flows
if there are no restrictions on the choice of the congestion control
algorithm. It remains as future work to investigate if and how a
NE will exist in the presence of BBRv2 and any future QUIC-based
congestion control algorithms.
The Internetmay not follow economic game theory.We have
applied concepts from game theory to model the evolution of Inter-
net congestion control. It has also provided us with a principled way
to analyze and reason about the interactions between CUBIC and
BBR. However, it is also clear that the Internet does not necessarily
follow economic game theory perfectly. For example, it is quite
clear that CUBIC is a dominant strategy when competing with New
Reno, i.e. one always achieves higher throughput since CUBIC is
much more aggressive than New Reno. Despite this, there are still a

small number of websites on the Internet today that continue to run
New Reno [15]. This phenomenon could potentially be attributed
to the indifference of some websites to network performance or
the influence of some other extraneous factors. Such phenomenon
contradicts what game theory would predict.
Uniqueness of the Nash Equilibria. In all the experiments, we
found exactly one NE. We were tempted to conjecture in §3.2 that
not only does a NE exist, but that it would be unique. We resisted
doing so because of the large space of possibilities when there are a
large number of flows andmany different RTTs. ANash Equilibrium
is like a local minimum. It remains as an open question whether an
n-flow system could have multiple Nash Equilibria, and if so, what
determines whether there are multiple NE or a unique one.
Impact of workloads, AQMs, andmulti-hop pathsAdmittedly,
the analysis done in this paper does not represent the conditions at
an Internet scale. It remains to be seen how the normal form game
would be affected by flow sizes and lengths, and how the interaction
between CUBIC and BBR will change when the bottlenecks move
or deploy AQMs like RED and CoDel.

6 RELATEDWORK
To the best of our knowledge, there have not been any previous
game-theoretic studies on the interactions between CUBIC and
BBR. However, there have been several measurement studies that
try to measure and model the interactions of BBR with itself and
with traditional loss-based TCP like CUBIC. These works focus on
flow-level fairness and general network metrics like throughput,
utilization, and delay.

Scholz et al. [21] and Miyazawa et al. [24] showed that sharing
a bottleneck with loss-based protocols such as CUBIC causes BBR
to measure an over-inflated RTT as loss-based protocols tend to
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fill up buffers. This drastically increases BBR’s congestion window.
The net result is that the throughput for BBR and CUBIC will
fluctuate cyclically. While one can näively expect CUBIC to become
a dominant strategy for very large buffers, the RTT over-estimation
associated with BBR can explain why some BBR flows are still able
to remain competitive and the NE does not end up being all flows
running CUBIC.

Similar phenomena were also reported by Hock et al. [7] who
showed that BBR’s over-estimation of RTT is aggravated when
multiple BBR flows share a bottleneck and over-estimate their fair
share of the bandwidth. They attribute this to the implementation
of BBR where each flow will measure the maximum available band-
width over 10 RTTs. This results in the sum of derived throughput
to be always greater than the actual maximum bandwidth of the
bottleneck, causing persistent queues to build up at the bottleneck.

More recently, Ware et al. proposed a model to analyze how
BBR can be detrimental towards CUBIC when the two of them
share a bottleneck [23]. While their results assume that the net-
work has very deep bottleneck buffers, their finding that BBR gets
cwnd-limited when competing with other flows explains the RTT-
unfairness observed between BBR flows.

7 CONCLUSION
In this paper, we investigate the potential evolution of Internet
congestion control by modeling it as a normal form game. Through
analysis and testbed experiments, we show that if all flows were
either CUBIC or BBR, Nash Equilibria (NE) exists for a small number
of flows and we conjecture that a Nash Equilibrium will exist in
general for larger systems like the Internet. Our results suggest
that under realistic network settings, this Nash Equilibrium is likely
a heterogeneous mix of CUBIC and BBR flows. Furthermore, the
relative proportions of CUBIC and BBR flows that make up the
NE will depend primarily on the size of the bottleneck buffer and
marginally on the RTT distribution of the flows, with smaller RTT
flows generally picking CUBIC.

The existence and the nature of these Nash Equilibria will impact
how we can expect the Internet’s congestion control landscape to
evolve over the next few years and how it affects the performance
benefits associated with the adoption of new congestion control
algorithms like BBR. In particular, our findings effectively debunk
the commonly held notion that switching to BBR would improve
throughput [12]. We also suspect that it is unlikely that the entire
Internet will switch from CUBIC to BBR and/or its variants in the
near future.
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