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ABSTRACT
TCP is designed to operate in a wide range of networks.
Without any knowledge of the underlying network and traf-
fic characteristics, TCP is doomed to continuously increase
and decrease its congestion window size to embrace changes
in network or traffic. In light of emerging popularity of
centrally controlled Software-Defined Networks (SDNs),
one might wonder whether we can take advantage of the
global network view available at the controller to make faster
and more accurate congestion control decisions. In this
paper, we identify the need and the underlying requirements
for a congestion control adaptation mechanism. To this end,
we propose OpenTCP as a TCP adaptation framework that
works in SDNs. OpenTCP allows network operators to de-
fine rules for tuning TCP as a function of network and traffic
conditions. We also present a preliminary implementation of
OpenTCP in a ∼4000 node data center.

Categories and Subject Descriptors
C.2.6 [Computer-Communication Networks]: In-
ternetworking

General Terms
Design, Measurement, Performance, Experimentation

Keywords
TCP, Data Center, Software-Defined Network

1. INTRODUCTION AND MOTIVATION
The Transmission Control Protocol (TCP) [18] is

designed to fully utilize the network bandwidth while
keeping the entire network stable. TCP’s behaviour can
be sub-optimal and even erroneous [3, 6–8, 28] mainly
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Figure 1: A core link’s utilization over time.

for two reasons: First, TCP is expected to operate in a
diverse set of networks with different characteristics and
traffic conditions; making TCP a “Jack of all trades,
master of none” protocol. Limiting TCP to a specific
network and taking advantage of local characteristics
of that network can lead to major performance gains.
For instance, DCTCP [3] outperforms TCP in data
center networks, even though the results might not be
applicable in the Internet. With this mindset, one can
adjust TCP (the protocol itself and its parameters) to
gain better performance in specific networks (e.g., data
centers).

Second, even focusing on a particular network, the
effect of dynamic congestion control adaptation to
traffic pattern is not yet well understood in today’s
networks. Such adaptation can potentially lead to
major improvements, as it provides another dimension
that today’s TCP does not explore.
Example 1 - Dynamic Traffic Patterns: Figure 1
depicts aggregate link utilization of a core link in a
backbone service provider in North America. We can
see that the link utilization is low for a significant
period of time (below 50% for 6–8 hours). The same
pattern is seen on all the links in this network. In
fact, the presented link has the highest utilization and is
considered to be the bottleneck in this network. If the
network operator aims at minimizing flow completion
times in this network, it makes sense to increase TCP’s
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initial congestion window size (init cwnd) when the
network is not highly utilized (we focus on internal
traffic in this example). Ideally, the exact value of
init cwnd should be a function of the network-wide
state (here, the number of flow initiations in the
system), and how aggressive the operator wants the
system to behave (congestion control policy). The
operator can define a policy like: if link utilization
is below 50%, increase init cwnd to 20 segments.
Given the appropriate mechanisms the operator might
even dynamically choose the right value for the initial
congestion window.
Example 2 - Paced TCP: Let us consider a data
center network with small buffer switches. To suppress
the burstiness in this network, one may use paced
TCP [32]. It has been shown that paced TCP is
beneficial only if the total number of concurrent flows
are below a certain threshold [15]. In a large data
center with thousands to millions of concurrent flows,
it is almost impossible to guarantee that the number
of active flows will always be less than any threshold.
Therefore, providers are reluctant to enable pacing
despite its proven effectiveness. However, if we have a
system that can measure the number of active flows,
we can dynamically switch between paced TCP and
regular TCP to ensure the system is always at its peak
performance.

Clearly, adapting TCP requires meticulous considera-
tion of the network characteristics and traffic patterns.
The fact that TCP relies solely on end-to- end mea-
surements of packet loss or delay as the only sources
of feedback from the network means that TCP can, at
its best, have a very limited view of the network state
(e.g., the trajectory of available bandwidth, congested
links, network topology, and traffic). Thus, a natural
question here is:

Can we build a system that observes the state and
dynamics of a computer network and adapts TCP’s
behaviour accordingly?

If the answer to this question is positive, it can
simplify tuning different TCP parameters (Example 1).
It can also facilitate dynamically changing the protocol
itself (Example 2).
OpenTCP: This paper takes the first step in address-
ing the need for a systematic way of adapting TCP to
network and traffic conditions. We present OpenTCP
as a system for dynamic adaptation of TCP based
on network and traffic conditions in Software-Defined
Networks (SDNs) [21]. OpenTCP mainly focuses on
internal traffic in SDN-based data centers for four
reasons: (i) the SDN controller already has a global
view of the network (such as topology and routing
information), (ii) the controller can collect any relevant
statistics (such as link utilization and traffic matrix),
(iii) it is straightforward to realize OpenTCP as a
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Figure 2: The Oracle, switches, and Congestion

Control Agents are the three components of OpenTCP.

control application in SDNs, and (iv) the operator can
easily customize end-hosts’ TCP stack.

Our preliminary implementation of OpenTCP has
been deployed in a high-performance computing (HPC)
data center with ∼4000 hosts. We use OpenTCP to
tune TCP parameters in this environment to show
how it can simplify the process of adapting TCP
to network and traffic conditions. We also show
how modifying TCP using OpenTCP can improve the
network performance. Our experiments show that using
OpenTCP to adapt init cwnd based on link utilization
leads to up to 59% reduction in flow completion times.
OpenTCP and related work: OpenTCP is orthog-
onal to previous works improving TCP’s performance.
It is not meant to be a new variation of TCP. Instead,
it complements previous efforts by making it easy to
switch between different TCP variants automatically
(or in a semi-supervised manner), or to tune TCP
parameters based on network conditions. For instance,
one can use OpenTCP to either utilize DCTCP or
CUBIC in a data center environment. The decision
on which variant to use is made in advance through
the congestion control policies defined by the network
operator.

2. OPENTCP ARCHITECTURE
OpenTCP collects data regarding the underlying

network state (e.g., topology and routing information)
as well as statistics about network traffic (e.g., link uti-
lization and traffic matrix). Then, using this aggregated
information and based on congestion control policies
defined by the network operator, OpenTCP decides on
a specific set of adaptations for TCP. Subsequently,
OpenTCP sends periodic Congestion Update Epistles
or CUEs to the end-hosts that, in turn, update their
TCP variant using a simple kernel module.

Figure 2 presents the schematic view of how
OpenTCP works. As shown, OpenTCP’s architecture
has three main components. The Oracle is a
SDN controller application that lies at the heart of
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OpenTCP. It collects information about the underlying
network and traffic. Then, based on congestion control
policies defined by the network operator, the Oracle
finds the appropriate changes needed to adapt TCP.
Finally, it distributes update messages (CUEs) to end-
hosts. Network switches are typical SDN-compatible
switches, which in addition to forwarding can collect
traffic statistics. A Congestion Control Agent
(CCA) is a kernel module installed at each end-host.
CCAs receive update messages from the Oracle via the
network switches and are responsible for modifying the
TCP stack at each host.
Congestion control policies: Although OpenTCP is
designed to dynamically adapt TCP, all major decisions
are made by the network operator in the form of
congestion control policies. Congestion control policies
are used to specify which statistics need to be collected,
what is the target operational goal (e.g., to reduce flow
completion times, or to maximize the utilization of a
specific link), the constraints that need to be satisfied,
and how to map OpenTCP updates to changes in
individual TCP sessions. As part of congestion control
policies, the operator can define a set of preconditions
that need to be satisfied before any modifications are
made to specific TCP sessions. This creates a controlled
environment that the operator can use to modify TCP
without the risk of making the network unstable.
Modify TCP at end-hosts: A key decision to be
made here is how OpenTCP changes TCP’s behaviour.
The two options are (i) we can implicitly change TCP’s
behaviour by modifying the feedback provided to TCP
sources (for example through ECN bits), or (ii) we can
explicitly change TCP by having an agent running on
each end-host that can update TCP on demand. The
first option does not require any changes in the end-
hosts, however, we don’t have much flexibility in making
the changes we want. As long as our end-hosts are
under a single administrative control, changing them
is feasible. This is true for example in a data center
environment. As a result, we have designed OpenTCP
under the assumption that we can change end-hosts and
install a lightweight agent that can explicitly change
TCP sessions. Taking advantage of today’s extendible
TCP implementations, we can easily modify TCP
and even introduce completely new congestion control
schemes when needed.
Two-timescale control: OpenTCP goes through a
cycle of three steps: (i) data collection, (ii) CUE
generation, and (iii) TCP adaptation. These steps are
repeated with a pre-determined period of T seconds.
The exact value of T is a choice of the network operator.
In order to keep the network stable, T needs to be orders
of magnitude slower than the network RTT . Intuitively,
by slowly modifying TCP parameters, OpenTCP gives
each TCP session enough time to become stable before

updating its state. Moreover, by updating the system
in a timescale which is orders of magnitude slower than
the network RTT , OpenTCP can ensure a low overhead
on the SDN controller.
Transitioning between TCP variants: OpenTCP
can be used to choose between two or more variants
of TCP based on network and traffic conditions. Let
us consider K variants of TCP, say P1, P2, . . . , PK .
Previous works by Tang et al. [26, 27] suggests that
OpenTCP can keep the system stable as long as we
have the following three conditions:

1. ∀i, j : 1 ≤ i, j ≤ K, Pi and Pj have compatible
congestion measures;

2. ∀i : 1 ≤ i ≤ K, the network is stable under Pi; the
utility functions are concave and monotonic; and

3. Changes are applied at a slow timescale (T )
compared to the timescale of TCP window dynamics
(RTT ), which we call fast timescale.

Intuitively, having compatible congestion measures
means that even though different TCP variants react
to different congestion signals (e.g., Reno to packet
loss probability and FAST [29] to queueing delay) the
measures can be related through a price mapping func-
tion as shown in [27]. Having a two timescale scheme,
ensures that each flow can reach steady state before
another round of changes is applied. We leave a more
formal description of congestion measure compatibility
and the proof of stability to future work.
OpenTCP and non-SDNs: OpenTCP is explicitly
designed for SDNs. The existence of a centralized
controller, with access to the global state of the network,
and switches, which can be used to collect flow and
link level statistics, make SDNs the perfect platform
for OpenTCP. Having said that, one can use OpenTCP
in a traditional network (non-SDN) as long as we can
collect the required network state and traffic statistics.
Clearly, this requires more effort and might have a
higher overhead in a traditional network since we do not
have a centralized controller and the built-in statistics
collection features. As a workaround, in the absence
of an SDN controller, we can use a dedicated node in
the network to act as the Oracle. We can use SNMP
to collect general link level statistics (e.g., utilization
and drop rate). Also, we can use CCAs to collect
flow related information (e.g., number of active flows).
The Oracle can query the switches and CCAs to collect
different statistics and if needed to aggregate them to
match the statistics available in SDNs. This needs to be
done with extra care, so that the overhead remains low,
and the data collection system does not have a major
impact on the underlying network traffic.
Feasibility, stability, and improvements: As a
proof of concept, we have deployed OpenTCP in a
HPC data center. We present a simple case study
of OpenTCP that adaptively adjusts initial congestion
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Figure 3: The topology of SciNet, the HPC data center

network used for deploying and evaluating OpenTCP.

window size and Retransmission Time Out (RTO).
Throughout this study, we demonstrate how OpenTCP
simplifies the process of adapting TCP to varying
network conditions. Interestingly, such an adaption
results in up to 59% improvement in flow completion
times while keeping the network stable.

3. EVALUATION
In this section, we evaluate the performance of a

preliminary OpenTCP implementation at SciNet [2]
the largest HPC data center in Canada. Through a
course of 20 days, we enabled OpenTCP and collected
∼200TB of packet level trace as well as flow and link
level statistics.
Set-up: The topology of SciNet is illustrated in
Figure 3. There are 92 racks, each of 42 servers.
Each server connects to a Top of Rack switch (ToR)
via 1Gbps Ethernet. The ToRs are Blade Network
Technologies Gigabit switches. Each end-host in SciNet
runs Linux 2.6.18 with BIC [30] as the default TCP.
SciNet consists of 3, 864 nodes with a total of 30, 912
cores (Intel Xeon Nehalem) at 2.53GHz, with 16GB
RAM per node. ToR switches are connected to a core
Myricom Myri-10G 256-Port 10GigE Chassis.
Traffic Characterization: We recognize two types of
co-existing TCP traffic in our traces: (i) MPI traffic
and (ii) distributed file system flows. We measure that
the majority of MPI flows are less than 10MB in size. In
parallel to MPI flows, the distributed file system traffic
ranges from 20B to 62GB in size. Moreover, we observe
two utilization patterns in SciNet. First, 80% of the
time, link utilizations are below 50%. Second, there
are congestion epochs in the network where both edge
and core links experience high levels of utilization, and
thus packet losses. We find these patterns analogous to
previous studies of data center traffic [3, 4, 24].
Methodology: We run a series of experiments to
study how OpenTCP impacts flow completion time
and packet drop rates. Throughout our experiments,
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39.149344 9.90E-02 9.0165E-02 8.18E-01 2.66745E-01 8.32E-02

39.45034 9.91E-02 9.2403E-02 8.18E-01 2.6725E-01 8.37E-02

39.760096 9.91E-02 9.6392E-02 8.19E-01 2.69207E-01 8.40E-02

40.05407 9.91E-02 1.0175E-01 8.19E-01 0.269847 8.42E-02

40.817456 9.92E-02 0.107211 8.19E-01 2.71166E-01 8.43E-02

41.220761 9.92E-02 1.09464E-01 8.19E-01 2.7221E-01 8.45E-02

41.713548 9.92E-02 0.111801 8.19E-01 2.72753E-01 8.47E-02

42.224609 9.93E-02 1.67302E-01 8.19E-01 2.7547E-01 8.48E-02

42.446489 9.95E-02 1.72197E-01 8.19E-01 2.75986E-01 8.49E-02

42.816795 9.96E-02 1.75245E-01 8.19E-01 2.76602E-01 8.52E-02

43.191928 9.96E-02 1.77662E-01 8.19E-01 2.77465E-01 8.52E-02

43.502043 9.96E-02 1.79889E-01 8.19E-01 2.78054E-01 8.54E-02

4.37291E+01 9.97E-02 1.81986E-01 8.19E-01 2.78562E-01 8.56E-02

44.241514 9.97E-02 0.184008 8.20E-01 2.79307E-01 8.59E-02

44.526853 9.97E-02 1.86024E-01 8.20E-01 2.80832E-01 8.60E-02

44.775919 9.98E-02 0.188109 8.21E-01 2.81466E-01 8.62E-02

45.507528 9.99E-02 0.190224 8.21E-01 0.282663 8.63E-02

45.718122 9.99E-02 0.192359 8.21E-01 2.84676E-01 8.65E-02

46.062891 1.00E-01 1.9437E-01 8.22E-01 2.86287E-01 8.66E-02

46.394708 1.00E-01 1.96428E-01 8.22E-01 2.86814E-01 8.69E-02

46.673615 1.00E-01 1.9854E-01 8.22E-01 2.9115E-01 8.69E-02

46.915279 1.00E-01 0.201096 8.22E-01 4.70256E-01 8.71E-02

47.18689 1.00E-01 2.03422E-01 8.23E-01 0.495641 8.72E-02

47.405634 1.00E-01 2.05443E-01 8.23E-01 6.05909E-01 8.72E-02

47.617804 1.00E-01 0.20745 8.23E-01 1.164566 8.73E-02

47.991328 1.01E-01 0.209564 8.23E-01 1.165764 8.76E-02

48.41236 1.01E-01 2.11933E-01 8.24E-01 1.166635 8.76E-02

48.763742 1.01E-01 2.13994E-01 8.24E-01 1.167253 8.80E-02

49.488568 1.01E-01 0.216531 8.24E-01 1.168228 8.82E-02

49.69096 1.01E-01 0.220308 8.24E-01 1.169674 8.82E-02

49.905315 1.01E-01 2.23812E-01 8.24E-01 1.17102E+00 8.83E-02

50.146338 1.01E-01 2.2798E-01 8.24E-01 1.188385 8.84E-02

50.361762 1.01E-01 2.30315E-01 8.24E-01 1.191391 8.85E-02

50.757591 1.01E-01 2.34772E-01 8.24E-01 44.845904 8.86E-02

50.986492 1.01E-01 0.237229 8.24E-01 44.857057 8.87E-02

51.28355 1.01E-01 2.39448E-01 8.24E-01 44.869566 8.89E-02

52.841262 1.01E-01 2.41707E-01 8.24E-01 44.887575 8.90E-02

53.158623 1.01E-01 0.243834 8.24E-01 44.903629 8.92E-02

53.363298 1.01E-01 2.46514E-01 8.24E-01 44.917052 8.93E-02

53.569877 1.02E-01 2.50563E-01 8.24E-01 44.932463 8.95E-02

53.870596 1.02E-01 2.528E-01 8.24E-01 44.946061 8.96E-02

54.072917 1.02E-01 0.256745 8.24E-01 44.960281 8.98E-02

54.284049 1.02E-01 2.59778E-01 8.24E-01 44.978117 8.99E-02

54.54199 1.02E-01 2.67034E-01 8.24E-01 44.991706 9.01E-02

54.766493 1.03E-01 0.311616 8.24E-01 45.009885 9.03E-02

54.995941 1.03E-01 0.323216 8.24E-01 45.025531 9.04E-02

55.257194 1.03E-01 3.36991E-01 8.24E-01 45.039152 9.06E-02

55.889814 1.03E-01 3.49177E-01 8.24E-01 45.05531 9.07E-02

56.133049 1.03E-01 3.65272E-01 8.24E-01 45.070996 9.09E-02

56.339557 1.03E-01 3.7715E-01 8.24E-01 47.602685 9.10E-02

56.634221 1.03E-01 0.392177 8.24E-01 705.494672 9.11E-02

56.905762 1.03E-01 4.0746E-01 8.24E-01 705.498565 9.13E-02

57.147989 1.03E-01 4.09716E-01 8.24E-01 705.499109 9.16E-02

57.611502 1.03E-01 4.26527E-01 8.24E-01 705.499654 9.23E-02

57.834912 1.03E-01 4.36795E-01 8.24E-01 705.500256 9.26E-02

58.061757 1.03E-01 0.44233 8.24E-01 705.500897 9.30E-02

58.407544 1.03E-01 4.46231E-01 8.24E-01 705.501412 9.38E-02

59.243824 1.03E-01 0.462891 8.24E-01 705.502025 9.43E-02

59.472724 1.04E-01 0.481429 8.25E-01 705.502531 9.48E-02

59.688934 1.04E-01 4.91702E-01 8.25E-01 705.503043 9.54E-02

59.941786 1.04E-01 5.0729E-01 8.25E-01 705.503768 9.59E-02

61.291235 1.04E-01 5.22758E-01 8.25E-01 705.504412 9.65E-02

61.565172 1.04E-01 5.37801E-01 8.25E-01 705.504979 9.71E-02

61.892568 1.04E-01 5.49196E-01 8.25E-01 705.505507 9.81E-02

62.719596 1.04E-01 1.178513 8.25E-01 705.506012 9.93E-02

63.132817 1.04E-01 1.180624 8.25E-01 705.506534 1.00E-01

64.125152 1.04E-01 1.184356 8.25E-01 705.50704 1.01E-01

64.505347 1.04E-01 1.194582 8.25E-01 705.507542 1.03E-01

65.044262 1.04E-01 1.200136 8.25E-01 705.508192 1.03E-01

65.314697 1.04E-01 1.211483 8.25E-01 705.508771 1.04E-01

65.525384 1.04E-01 1.214337 8.25E-01 705.509333 1.05E-01

65.826537 1.04E-01 1.254425 8.25E-01 705.509879 1.07E-01

66.066814 1.04E-01 1.261695 8.25E-01 705.51051 1.08E-01

66.269688 1.04E-01 1.347844 8.25E-01 705.511146 1.09E-01

66.556621 1.04E-01 1.493434 8.25E-01 705.511685 1.11E-01

66.901886 1.04E-01 1.11824E+01 8.25E-01 705.512212 1.11E-01

67.123797 1.05E-01 1.20561E+01 8.25E-01 705.512722 1.13E-01

67.48183 1.05E-01 13.1015 8.25E-01 705.51326 1.15E-01

67.691873 1.05E-01 1.40408E+01 8.25E-01 705.513764 1.17E-01

67.95355 1.05E-01 14.827207 8.25E-01 705.514272 1.18E-01

68.379879 1.05E-01 1.48403E+01 8.25E-01 705.514793 1.19E-01

68.769764 1.05E-01 15.77263 8.25E-01 705.515309 1.20E-01

68.978429 1.05E-01 15.77517 8.25E-01 705.515846 1.21E-01

69.389891 1.05E-01 15.777431 8.25E-01 705.516359 1.23E-01

69.658871 1.05E-01 15.779883 8.25E-01 705.516861 1.25E-01

69.907446 1.05E-01 15.782043 8.25E-01 705.517449 1.26E-01

70.180157 1.05E-01 15.78526 8.25E-01 705.517967 1.27E-01

70.38899 1.05E-01 15.787495 8.25E-01 705.518487 1.27E-01

70.722106 1.05E-01 15.795955 8.25E-01 705.519263 1.28E-01

71.209582 1.06E-01 15.807256 8.25E-01 705.520136 1.28E-01

71.424457 1.06E-01 1.60048E+01 8.25E-01 705.520651 1.29E-01

72.308568 1.06E-01 16.126457 8.25E-01 705.521669 1.29E-01

72.711471 1.06E-01 16.186198 8.25E-01 705.522172 1.30E-01

73.810904 1.06E-01 16.246352 8.25E-01 705.522796 1.30E-01

74.070622 1.06E-01 16.321635 8.25E-01 705.523591 1.31E-01

74.515974 1.06E-01 16.420644 8.25E-01 705.524159 1.31E-01

74.733857 1.06E-01 16.491284 8.25E-01 705.525129 1.31E-01

74.975429 1.06E-01 16.539571 8.25E-01 705.52607 1.32E-01

75.425762 1.06E-01 16.604929 8.25E-01 705.526643 1.32E-01

75.906547 1.06E-01 16.745071 8.25E-01 705.527477 1.32E-01

76.314575 1.06E-01 16.786036 8.25E-01 705.528077 1.32E-01

76.598516 1.06E-01 16.806058 8.25E-01 705.528894 1.32E-01

76.818648 1.06E-01 16.823727 8.25E-01 705.534509 1.32E-01

77.355746 1.06E-01 16.830387 8.25E-01 705.540515 1.32E-01

77.581435 1.07E-01 16.833098 8.25E-01 705.541436 1.32E-01

77.857878 1.07E-01 16.873134 8.25E-01 708.301604 1.32E-01

78.167184 1.07E-01 16.875383 8.25E-01 708.302833 1.32E-01

78.90516 1.07E-01 16.907647 8.25E-01 708.303695 1.33E-01

79.302811 1.07E-01 16.9209 8.26E-01 708.304206 1.33E-01

79.611842 1.07E-01 1.77786E+01 8.26E-01 708.304716 1.34E-01

79.861229 1.07E-01 18.6142 8.26E-01 708.305233 1.35E-01

80.558719 1.07E-01 1.94881E+01 8.26E-01 708.306021 1.35E-01

80.954443 1.07E-01 2.03332E+01 8.26E-01 708.306538 1.36E-01

81.192639 1.07E-01 21.1694 8.26E-01 708.307409 1.36E-01

82.005395 1.07E-01 2.20021E+01 8.26E-01 708.307965 1.37E-01

82.227956 1.07E-01 2.28439E+01 8.26E-01 708.308467 1.37E-01

82.49765 1.08E-01 2.36864E+01 8.26E-01 708.309016 1.38E-01

82.728709 1.08E-01 2.4531E+01 8.26E-01 708.309525 1.39E-01

82.974757 1.08E-01 2.77067E+02 8.26E-01 708.310056 1.39E-01

83.576652 1.08E-01 277.072 8.26E-01 708.310576 1.40E-01

84.032569 1.08E-01 2.7714E+02 8.26E-01 708.311105 1.41E-01

84.331913 1.08E-01 2.77194E+02 8.26E-01 708.311649 1.42E-01

84.924975 1.08E-01 277.197 8.26E-01 708.312153 1.43E-01

85.018672 1.18E-01 2.772E+02 8.26E-01 708.312657 1.44E-01

85.218768 1.26E-01 2.77212E+02 8.26E-01 708.313166 1.46E-01

85.384934 1.36E-01 277.214 8.26E-01 708.31372 1.47E-01

85.472665 1.46E-01 2.77218E+02 8.26E-01 708.314242 1.47E-01

85.618525 1.56E-01 277.221 8.26E-01 708.314755 1.48E-01

85.816273 1.66E-01 2.77248E+02 8.26E-01 708.315294 1.49E-01

85.845264 1.76E-01 2.77251E+02 8.26E-01 708.315876 1.50E-01

85.967433 1.86E-01 2.77253E+02 8.26E-01 708.316601 1.50E-01

86.029059 1.96E-01 277.255 8.26E-01 708.317182 1.51E-01

86.249811 2.05E-01 2.77297E+02 8.26E-01 708.317764 1.52E-01

86.497188 2.12E-01 2.77314E+02 8.26E-01 708.318297 1.52E-01

86.93712 2.12E-01 2.77318E+02 8.26E-01 708.318834 1.52E-01

87.170557 2.12E-01 2.77324E+02 8.26E-01 708.319392 1.53E-01

87.905188 2.12E-01 2.77328E+02 8.26E-01 708.319947 1.53E-01

88.583444 2.12E-01 2.77335E+02 8.26E-01 708.320455 1.54E-01

89.230838 2.12E-01 2.77337E+02 8.26E-01 708.321038 1.55E-01

89.462139 2.12E-01 2.77342E+02 8.26E-01 708.321674 1.55E-01

89.500357 2.22E-01 2.77347E+02 8.26E-01 708.322264 1.55E-01

89.651014 2.32E-01 277.351 8.26E-01 708.32277 1.56E-01

89.677108 2.42E-01 277.358 8.26E-01 708.323459 1.56E-01

89.768366 2.52E-01 2.77365E+02 8.26E-01 708.324276 1.56E-01

89.909622 2.62E-01 277.38 8.26E-01 708.324852 1.56E-01

89.925259 2.72E-01 277.399 8.26E-01 708.325529 1.56E-01

90.183108 2.77E-01 277.404 8.26E-01 708.326189 1.57E-01

90.411207 2.77E-01 2.77431E+02 8.26E-01 708.326904 1.57E-01

90.869531 2.78E-01 2.77433E+02 8.26E-01 708.327521 1.57E-01

91.348562 2.78E-01 277.435 8.26E-01 708.328361 1.57E-01

91.595225 2.78E-01 2.77438E+02 8.26E-01 708.498928 1.57E-01

9.19368E+01 2.78E-01 277.44 8.26E-01 708.499682 1.57E-01

92.309943 2.78E-01 2.77442E+02 8.26E-01 708.501238 1.57E-01

92.731703 2.78E-01 2.77453E+02 8.26E-01 708.502572 1.58E-01

92.990176 2.78E-01 2.77455E+02 8.26E-01 708.50352 1.58E-01

93.318035 2.78E-01 277.464 8.26E-01 708.504226 1.58E-01

93.614331 2.78E-01 2.77475E+02 8.26E-01 708.505023 1.58E-01

93.862171 2.78E-01 2.77479E+02 8.26E-01 708.505528 1.59E-01

94.15529 2.78E-01 2.77485E+02 8.26E-01 708.506055 1.60E-01

95.106563 2.78E-01 2.77487E+02 8.26E-01 708.506607 1.61E-01

95.720935 2.78E-01 2.7749E+02 8.26E-01 708.507133 1.62E-01

9.61314E+01 2.78E-01 277.495 8.26E-01 708.507643 1.63E-01

96.340584 2.78E-01 2.77498E+02 8.26E-01 708.50821 1.64E-01

96.657448 2.78E-01 277.5 8.26E-01 708.50878 1.65E-01

97.400291 2.79E-01 2.77508E+02 8.26E-01 708.509294 1.67E-01

97.717285 2.79E-01 2.77513E+02 8.26E-01 708.509824 1.70E-01

98.067925 2.79E-01 277.517 8.26E-01 708.510342 1.73E-01

98.345988 2.79E-01 2.77521E+02 8.26E-01 708.510844 1.76E-01

98.666786 2.79E-01 277.524 8.26E-01 708.511357 1.79E-01

98.906759 2.79E-01 2.77526E+02 8.26E-01 708.511873 1.81E-01

99.166432 2.79E-01 2.77533E+02 8.26E-01 708.512375 1.85E-01

100.16891 2.79E-01 277.541 8.26E-01 708.512881 1.89E-01

101.441207 2.79E-01 2.77547E+02 8.26E-01 708.513406 1.95E-01

101.736446 2.79E-01 2.77554E+02 8.26E-01 708.513919 2.00E-01

101.977815 2.79E-01 2.77573E+02 8.26E-01 708.514421 2.04E-01

102.322988 2.79E-01 2.77575E+02 8.26E-01 708.514935 2.09E-01

102.529123 2.79E-01 2.77578E+02 8.26E-01 708.515437 2.14E-01

102.945466 2.79E-01 2.77581E+02 8.27E-01 708.515944 2.19E-01

103.215773 2.80E-01 2.77586E+02 8.27E-01 708.516449 2.25E-01

103.629686 2.80E-01 2.77609E+02 8.27E-01 708.516952 2.31E-01

103.864877 2.80E-01 277.613 8.27E-01 708.517457 2.37E-01

104.478801 2.80E-01 2.77617E+02 8.27E-01 708.517976 2.44E-01

104.701847 2.80E-01 2.77623E+02 8.27E-01 708.518478 2.50E-01

105.09099 2.80E-01 2.77626E+02 8.27E-01 708.518981 2.58E-01

105.326168 2.80E-01 277.63 8.27E-01 708.519491 2.66E-01

105.573944 2.80E-01 2.77636E+02 8.27E-01 708.519994 2.74E-01

105.778261 2.80E-01 2.77644E+02 8.27E-01 708.520497 2.81E-01

106.042395 2.81E-01 2.77647E+02 8.27E-01 708.520998 2.88E-01

106.285135 2.81E-01 277.649 8.27E-01 708.521499 2.94E-01

106.512165 2.81E-01 2.77653E+02 8.27E-01 708.522005 3.02E-01

106.821264 2.81E-01 2.77658E+02 8.27E-01 708.522508 3.11E-01

107.25213 2.81E-01 2.77663E+02 8.27E-01 708.523018 3.21E-01

107.758034 2.81E-01 277.69 8.27E-01 708.523473 3.31E-01

107.987405 2.81E-01 2.77693E+02 8.27E-01 708.52399 3.40E-01

108.387977 2.81E-01 277.697 8.27E-01 708.524491 3.47E-01

108.666183 2.82E-01 277.702 8.27E-01 708.524997 3.55E-01

108.937391 2.82E-01 2.77704E+02 8.27E-01 708.5255 3.61E-01

109.180215 2.82E-01 2.77706E+02 8.27E-01 708.526003 3.69E-01

109.55324 2.82E-01 277.726 8.27E-01 708.52651 3.77E-01

109.793077 2.82E-01 2.77731E+02 8.27E-01 708.527016 3.85E-01

110.092519 2.82E-01 277.733 8.27E-01 708.527517 3.93E-01

110.412302 2.82E-01 2.77736E+02 8.27E-01 708.528026 4.01E-01

110.963994 2.82E-01 2.77739E+02 8.27E-01 708.528533 4.09E-01

112.318584 2.82E-01 2.77748E+02 8.27E-01 708.529035 4.17E-01

112.757307 2.82E-01 2.77761E+02 8.27E-01 708.529538 4.25E-01

113.212968 2.83E-01 2.77765E+02 8.27E-01 708.530039 4.34E-01

113.594431 2.83E-01 2.77784E+02 8.27E-01 708.53054 4.42E-01

113.802629 2.83E-01 2.77787E+02 8.27E-01 708.531051 4.50E-01

114.269456 2.83E-01 2.77792E+02 8.27E-01 708.531555 4.60E-01

114.475496 2.83E-01 2.77794E+02 8.27E-01 708.532056 4.70E-01

114.695856 2.83E-01 277.827 8.27E-01 708.532565 4.77E-01

114.896798 2.93E-01 2.77833E+02 8.27E-01 708.533067 4.86E-01

115.096093 3.03E-01 2.77849E+02 8.27E-01 708.533578 4.95E-01

115.284229 3.13E-01 277.851 8.27E-01 708.534083 5.02E-01

115.445925 3.23E-01 2.77854E+02 8.27E-01 708.534586 5.10E-01

115.610599 3.33E-01 2.77857E+02 8.27E-01 708.535089 5.18E-01

115.902029 3.42E-01 2.77867E+02 8.27E-01 708.535597 5.27E-01

116.18424 3.42E-01 277.87 8.27E-01 708.536098 5.34E-01

116.588251 3.42E-01 2.77874E+02 8.27E-01 708.536599 5.42E-01

117.009517 3.42E-01 2.77878E+02 8.27E-01 708.5371 5.50E-01

117.526725 3.42E-01 2.77884E+02 8.27E-01 708.537607 5.59E-01

117.773753 3.43E-01 277.887 8.27E-01 708.538108 5.67E-01

118.082054 3.43E-01 2.77897E+02 8.27E-01 708.538609 5.76E-01

118.466949 3.43E-01 2.779E+02 8.27E-01 708.539109 5.84E-01

119.082229 3.43E-01 2.77905E+02 8.27E-01 708.539612 5.93E-01

119.571642 3.43E-01 2.77907E+02 8.27E-01 708.540116 6.03E-01

120.178774 3.43E-01 2.77921E+02 8.27E-01 708.540619 6.12E-01

120.388223 3.43E-01 277.923 8.27E-01 708.541123 6.21E-01

120.620865 3.43E-01 2.77925E+02 8.27E-01 708.541635 6.31E-01

120.862594 3.43E-01 2.77927E+02 8.27E-01 708.542156 6.40E-01

121.223627 3.43E-01 2.77931E+02 8.27E-01 708.542657 6.50E-01

121.394691 3.53E-01 277.952 8.27E-01 708.543151 6.60E-01

121.41424 3.63E-01 2.77955E+02 8.27E-01 708.543652 6.70E-01

121.636143 3.69E-01 2.77957E+02 8.27E-01 708.544151 6.80E-01

121.880221 3.69E-01 277.959 8.27E-01 708.54466 6.89E-01

122.133583 3.69E-01 2.77962E+02 8.27E-01 708.545161 6.99E-01

122.596868 3.69E-01 2.77968E+02 8.27E-01 708.545676 7.07E-01

123.01539 3.69E-01 2.77999E+02 8.27E-01 708.546179 7.17E-01

123.677619 3.69E-01 2.78002E+02 8.27E-01 708.546665 7.27E-01

123.938072 3.69E-01 2.78008E+02 8.27E-01 708.547169 7.36E-01

124.341122 3.69E-01 2.7802E+02 8.28E-01 708.54768 7.46E-01

124.570596 3.70E-01 2.78022E+02 8.28E-01 708.548182 7.55E-01

124.83813 3.70E-01 2.78028E+02 8.28E-01 708.548637 7.66E-01

125.437652 3.70E-01 2.78031E+02 8.28E-01 708.549138 7.75E-01

125.663189 3.70E-01 2.78033E+02 8.28E-01 708.549639 7.83E-01

125.876302 3.70E-01 278.036 8.28E-01 708.550144 7.93E-01

126.472777 3.71E-01 2.78038E+02 8.28E-01 708.550647 8.02E-01

126.705614 3.71E-01 278.048 8.28E-01 708.551153 8.11E-01

126.96485 3.71E-01 2.7805E+02 8.28E-01 708.551658 8.20E-01

127.167953 3.71E-01 2.78054E+02 8.28E-01 708.552161 8.28E-01

127.443413 3.71E-01 2.78059E+02 8.28E-01 708.552662 8.34E-01

127.645838 3.71E-01 2.78063E+02 8.28E-01 708.553165 8.40E-01

127.875152 3.71E-01 2.7807E+02 8.28E-01 708.553668 8.45E-01

128.083369 3.72E-01 2.78081E+02 8.28E-01 708.554179 8.50E-01

128.66276 3.72E-01 2.78087E+02 8.28E-01 708.554681 8.55E-01

128.871078 3.72E-01 2.78092E+02 8.28E-01 708.555183 8.60E-01

129.217128 3.72E-01 278.096 8.28E-01 708.555684 8.64E-01

129.476226 3.72E-01 2.78099E+02 8.28E-01 708.556196 8.67E-01

129.972863 3.72E-01 2.78111E+02 8.28E-01 708.5567 8.70E-01

130.458366 3.72E-01 278.12 8.28E-01 708.557201 8.74E-01

131.123556 3.72E-01 2.78155E+02 8.28E-01 708.557718 8.78E-01

131.369163 3.72E-01 2.78157E+02 8.28E-01 708.558228 8.81E-01

131.707645 3.72E-01 2.7816E+02 8.28E-01 708.558757 8.84E-01

131.99021 3.73E-01 2.78172E+02 8.28E-01 708.559258 8.87E-01

132.232757 3.73E-01 2.78181E+02 8.28E-01 708.559761 8.90E-01

132.435301 3.73E-01 278.19 8.28E-01 708.560268 8.92E-01

132.910741 3.73E-01 2.78204E+02 8.28E-01 708.560783 8.94E-01

133.571414 3.74E-01 2.78317E+02 8.28E-01 708.561289 8.96E-01

133.960253 3.74E-01 2.7832E+02 8.28E-01 708.561793 8.99E-01

134.166575 3.74E-01 278.322 8.28E-01 708.562316 9.00E-01

134.858197 3.74E-01 2.78324E+02 8.29E-01 708.562818 9.02E-01

135.382507 3.74E-01 2.78326E+02 8.29E-01 708.563325 9.03E-01

135.647877 3.74E-01 2.78329E+02 8.32E-01 708.563839 9.04E-01

135.862844 3.74E-01 2.78331E+02 8.34E-01 708.564342 9.05E-01

136.234645 3.75E-01 2.78333E+02 8.37E-01 708.564902 9.06E-01

137.762181 3.75E-01 2.78336E+02 8.42E-01 708.565403 9.07E-01

137.990669 3.75E-01 2.78338E+02 8.46E-01 708.566086 9.08E-01

138.349357 3.75E-01 2.78341E+02 8.53E-01 708.566658 9.08E-01

138.677556 3.76E-01 2.78343E+02 8.58E-01 708.567324 9.09E-01

138.983542 3.76E-01 2.78345E+02 8.63E-01 708.567954 9.09E-01

140.293125 3.76E-01 2.78348E+02 8.70E-01 708.568478 9.10E-01

140.85909 3.76E-01 2.7835E+02 8.77E-01 708.569041 9.11E-01

141.398054 3.76E-01 2.78353E+02 8.87E-01 708.569655 9.11E-01

141.703307 3.76E-01 2.78355E+02 8.93E-01 708.570259 9.11E-01

141.912583 3.76E-01 2.78357E+02 8.99E-01 708.570827 9.12E-01

142.125788 3.79E-01 2.7836E+02 9.09E-01 708.571415 9.12E-01

142.33538 3.81E-01 2.78362E+02 9.16E-01 708.571968 9.12E-01

142.539519 3.83E-01 2.78365E+02 9.27E-01 708.572495 9.12E-01

142.744033 3.87E-01 2.78367E+02 9.33E-01 708.573117 9.13E-01

142.946144 3.88E-01 2.78369E+02 9.39E-01 708.57366 9.13E-01

143.146444 3.90E-01 2.78372E+02 9.48E-01 708.574349 9.13E-01

143.355002 3.99E-01 2.78374E+02 9.53E-01 708.734902 9.13E-01

143.507791 4.09E-01 2.78377E+02 9.60E-01 708.737214 9.13E-01

143.609955 4.19E-01 2.78379E+02 9.62E-01 708.74071 9.13E-01

143.739163 4.29E-01 2.78382E+02 9.66E-01 730.532142 9.14E-01

143.91073 4.39E-01 2.78384E+02 9.69E-01 730.532688 9.14E-01

143.918794 4.49E-01 2.78386E+02 9.70E-01 730.533206 9.14E-01

144.005829 4.59E-01 2.78389E+02 9.71E-01 730.53377 9.14E-01

144.271131 4.63E-01 2.78391E+02 9.72E-01 730.534496 9.15E-01

168.353625 4.71E-01 2.78394E+02 9.73E-01 730.535007 9.15E-01

205.550873 4.73E-01 2.78396E+02 9.73E-01 730.535515 9.15E-01

206.371261 4.73E-01 2.78398E+02 9.74E-01 730.536129 9.16E-01

207.200939 4.73E-01 2.78401E+02 9.74E-01 730.536655 9.16E-01

208.033265 4.73E-01 2.78403E+02 9.75E-01 730.537233 9.17E-01

208.864968 4.73E-01 2.78406E+02 9.75E-01 730.537775 9.17E-01

209.712604 4.73E-01 2.78408E+02 9.75E-01 730.538315 9.17E-01

210.522206 4.73E-01 2.7841E+02 9.75E-01 730.538829 9.18E-01

211.331604 4.73E-01 2.78413E+02 9.75E-01 730.53934 9.19E-01

212.185829 4.73E-01 278.416 9.76E-01 730.539858 9.19E-01

212.992211 4.73E-01 2.78418E+02 9.76E-01 730.540368 9.20E-01

213.799864 4.73E-01 2.78421E+02 9.76E-01 730.540876 9.21E-01

214.62675 4.73E-01 278.423 9.76E-01 730.541396 9.22E-01

215.479057 4.73E-01 2.78426E+02 9.76E-01 730.54191 9.23E-01

216.295796 4.73E-01 2.7843E+02 9.76E-01 730.542417 9.24E-01

217.287887 4.73E-01 2.86546E+02 9.76E-01 730.542951 9.26E-01

218.085839 4.73E-01 286.548 9.76E-01 730.543506 9.27E-01

248.570381 4.73E-01 2.86648E+02 9.76E-01 730.544011 9.28E-01

248.582965 4.83E-01 286.726 9.76E-01 730.544532 9.29E-01

248.602264 4.93E-01 2.86979E+02 9.76E-01 730.545079 9.30E-01

250.667727 4.95E-01 2.87013E+02 9.76E-01 730.54558 9.31E-01

2.50978E+02 4.95E-01 287.428 9.76E-01 730.546131 9.32E-01

251.178429 4.96E-01 287.791 9.76E-01 730.546634 9.32E-01

251.450359 5.01E-01 2.87793E+02 9.76E-01 730.547135 9.33E-01

251.577147 5.11E-01 2.87795E+02 9.76E-01 730.547655 9.35E-01

251.5814 5.21E-01 2.87797E+02 9.76E-01 730.548265 9.35E-01

251.585063 5.31E-01 2.878E+02 9.76E-01 730.548825 9.36E-01

251.588196 5.41E-01 2.87802E+02 9.77E-01 730.549424 9.37E-01

251.590875 5.51E-01 2.87805E+02 9.78E-01 730.549944 9.38E-01

251.593276 5.61E-01 2.87807E+02 9.78E-01 730.55048 9.38E-01

251.595566 5.71E-01 2.87809E+02 9.79E-01 730.551023 9.39E-01

251.597953 5.81E-01 2.87812E+02 9.79E-01 730.551602 9.39E-01

251.600493 5.91E-01 2.87814E+02 9.80E-01 730.552188 9.39E-01

251.603049 6.01E-01 2.87817E+02 9.80E-01 730.552719 9.39E-01

251.605817 6.11E-01 2.87819E+02 9.80E-01 730.553309 9.40E-01

251.608813 6.21E-01 2.87821E+02 9.81E-01 730.553887 9.41E-01

251.611617 6.31E-01 2.87824E+02 9.81E-01 730.554445 9.41E-01

251.614217 6.41E-01 2.87826E+02 9.81E-01 730.555148 9.42E-01

251.616523 6.51E-01 2.8783E+02 9.81E-01 730.555665 9.42E-01

251.618835 6.61E-01 2.87832E+02 9.81E-01 730.556229 9.42E-01

251.620634 6.71E-01 2.87835E+02 9.81E-01 730.55677 9.43E-01

251.623102 6.81E-01 2.87837E+02 9.81E-01 730.557478 9.43E-01

251.62579 6.91E-01 2.8784E+02 9.81E-01 730.558167 9.43E-01

251.628944 7.01E-01 2.87842E+02 9.81E-01 730.558985 9.43E-01

251.633684 7.11E-01 2.87844E+02 9.81E-01 730.559949 9.44E-01

251.643573 7.21E-01 2.87848E+02 9.81E-01 730.561118 9.44E-01

251.663133 7.31E-01 287.858 9.81E-01 730.562007 9.44E-01

251.669186 7.41E-01 3.16832E+02 9.81E-01 730.564193 9.44E-01

251.672983 7.51E-01 3.19796E+02 9.81E-01 730.564785 9.44E-01

251.676297 7.61E-01 319.798 9.81E-01 730.565398 9.44E-01

251.680184 7.71E-01 3.198E+02 9.82E-01 730.565933 9.44E-01

251.684952 7.81E-01 3.19802E+02 9.82E-01 730.568703 9.44E-01

253.605018 7.90E-01 3.19805E+02 9.83E-01 798.192375 9.44E-01

253.830593 7.91E-01 3.19807E+02 9.83E-01 798.19288 9.45E-01

254.032387 7.95E-01 3.19809E+02 9.84E-01 798.193486 9.45E-01

254.232723 7.98E-01 3.19812E+02 9.84E-01 798.194012 9.45E-01

254.432982 8.01E-01 3.19814E+02 9.85E-01 798.194544 9.45E-01

254.655516 8.02E-01 3.19817E+02 9.85E-01 798.195065 9.46E-01

254.674669 8.12E-01 3.19819E+02 9.85E-01 798.195797 9.46E-01

254.679678 8.23E-01 3.19821E+02 9.85E-01 798.196458 9.46E-01

254.684061 8.33E-01 3.20099E+02 9.85E-01 798.19703 9.46E-01

254.687398 8.43E-01 3.20102E+02 9.86E-01 798.197973 9.46E-01

254.691011 8.53E-01 3.20104E+02 9.86E-01 798.198574 9.47E-01

254.695441 8.63E-01 3.20106E+02 9.87E-01 798.199115 9.47E-01

254.698646 8.73E-01 320.108 9.87E-01 798.199629 9.47E-01

254.701712 8.83E-01 3.2011E+02 9.87E-01 798.200334 9.48E-01

254.704391 8.93E-01 3.20112E+02 9.87E-01 798.200892 9.48E-01

254.707251 9.03E-01 3.20115E+02 9.87E-01 798.201777 9.48E-01

254.709434 9.13E-01 3.20117E+02 9.88E-01 798.202418 9.48E-01

254.711908 9.23E-01 3.20119E+02 9.88E-01 798.202978 9.49E-01

254.714907 9.33E-01 3.20122E+02 9.88E-01 798.204407 9.49E-01

254.719086 9.43E-01 3.20124E+02 9.88E-01 798.205017 9.49E-01

261.353827 9.50E-01 3.20127E+02 9.89E-01 798.20556 9.50E-01

263.471832 9.59E-01 3.20129E+02 9.89E-01 798.206085 9.50E-01

263.672785 9.60E-01 3.20132E+02 9.89E-01 798.207028 9.51E-01

263.937979 9.60E-01 3.20135E+02 9.89E-01 798.207554 9.51E-01

264.166399 9.60E-01 320.137 9.89E-01 798.20826 9.52E-01

264.367359 9.68E-01 3.20163E+02 9.89E-01 798.209308 9.52E-01

291.301074 9.68E-01 3.20195E+02 9.89E-01 798.210202 9.52E-01

291.502108 9.68E-01 3.20218E+02 9.89E-01 798.211121 9.52E-01

291.734693 9.69E-01 3.20234E+02 9.89E-01 798.211632 9.53E-01

291.987937 9.69E-01 3.20237E+02 9.89E-01 798.212514 9.54E-01

292.256392 9.69E-01 3.20256E+02 9.89E-01 798.213112 9.54E-01

292.374567 9.79E-01 3.20268E+02 9.89E-01 798.21362 9.56E-01

293.590341 9.83E-01 3.2027E+02 9.89E-01 798.214179 9.57E-01

293.790637 9.84E-01 3.20285E+02 9.89E-01 798.214753 9.58E-01

293.818018 9.94E-01 3.20296E+02 9.89E-01 798.215261 9.60E-01

294.089318 1.00E+00 320.298 9.89E-01 798.21583 9.61E-01

294.114777 1.00E+00 3.20314E+02 9.89E-01 798.216562 9.61E-01

3.20328E+02 9.89E-01 798.217112 9.63E-01

3.20331E+02 9.89E-01 798.217642 9.63E-01

3.20342E+02 9.89E-01 798.218156 9.64E-01

320.346 9.89E-01 798.218661 9.65E-01

3.20359E+02 9.89E-01 798.219163 9.67E-01

3.20372E+02 9.89E-01 798.219707 9.68E-01

3.20385E+02 9.89E-01 798.220228 9.70E-01

3.20388E+02 9.89E-01 798.220764 9.72E-01

3.204E+02 9.89E-01 798.221294 9.73E-01

3.20406E+02 9.89E-01 798.22185 9.75E-01

3.2041E+02 9.89E-01 798.222376 9.77E-01

3.20933E+02 9.89E-01 798.222895 9.79E-01

3.20939E+02 9.89E-01 798.223401 9.80E-01

3.20944E+02 9.89E-01 798.223903 9.82E-01

3.2096E+02 9.89E-01 798.224435 9.83E-01

3.20965E+02 9.89E-01 798.224974 9.84E-01

3.21006E+02 9.89E-01 798.225477 9.85E-01

3.21009E+02 9.89E-01 798.226055 9.86E-01

3.21011E+02 9.89E-01 798.226591 9.87E-01

3.21014E+02 9.89E-01 798.227096 9.88E-01

3.21027E+02 9.89E-01 798.227682 9.89E-01

3.21032E+02 9.89E-01 798.228251 9.90E-01

321.036 9.89E-01 798.228837 9.91E-01

321.041 9.89E-01 798.229361 9.92E-01

3.21047E+02 9.89E-01 798.229929 9.93E-01

3.21052E+02 9.90E-01 798.230618 9.93E-01

3.21057E+02 9.90E-01 798.231123 9.93E-01

3.21062E+02 9.90E-01 798.231681 9.94E-01

3.21064E+02 9.90E-01 798.232215 9.95E-01

3.21082E+02 9.90E-01 798.232724 9.96E-01

3.21087E+02 9.90E-01 798.233263 9.96E-01

321.101 9.90E-01 798.233861 9.97E-01

3.21106E+02 9.90E-01 798.234377 9.97E-01

3.21465E+02 9.90E-01 798.234903 9.97E-01

3.21468E+02 9.90E-01 798.235651 9.98E-01

3.21473E+02 9.90E-01 798.236198 9.98E-01

3.21741E+02 9.90E-01 798.236792 9.99E-01

3.21874E+02 9.90E-01 798.23772 9.99E-01

3.21881E+02 9.90E-01 798.239139 9.99E-01

3.21919E+02 9.90E-01 798.239735 9.99E-01

3.21956E+02 9.90E-01 798.240493 9.99E-01

3.21981E+02 9.90E-01 798.241815 9.99E-01

3.22114E+02 9.90E-01 798.245137 1.00E+00

3.22386E+02 9.90E-01 798.246312 1.00E+00

3.22391E+02 9.90E-01 799.77378 1.00E+00

3.22396E+02 9.90E-01 799.775975 1.00E+00

3.2245E+02 9.90E-01 800.301105 1.00E+00

3.22453E+02 9.90E-01 800.301266 1.00E+00

3.22511E+02 9.90E-01

3.22514E+02 9.90E-01

3.22516E+02 9.90E-01

3.22523E+02 9.90E-01

3.22538E+02 9.90E-01

3.22603E+02 9.90E-01

3.22638E+02 9.90E-01

322.697 9.90E-01

322.815 9.90E-01

3.22981E+02 9.90E-01

322.983 9.90E-01

3.22985E+02 9.90E-01

3.22987E+02 9.90E-01

3.2299E+02 9.90E-01

3.22992E+02 9.90E-01

3.22994E+02 9.91E-01

3.22997E+02 9.91E-01

3.22999E+02 9.91E-01

3.23002E+02 9.92E-01

3.23004E+02 9.93E-01

3.23007E+02 9.94E-01

3.23009E+02 9.94E-01

3.23011E+02 9.95E-01

3.23014E+02 9.95E-01

3.23016E+02 9.96E-01

3.23019E+02 9.97E-01

3.23021E+02 9.97E-01

3.23023E+02 9.98E-01

3.23026E+02 9.99E-01

3.23028E+02 9.99E-01

3.23031E+02 9.99E-01

3.23033E+02 9.99E-01

3.23035E+02 9.99E-01

3.23038E+02 1.00E+00

3.2304E+02 1.00E+00

3.23043E+02 1.00E+00

3.23045E+02 1.00E+00

3.23047E+02 1.00E+00

3.23056E+02 1.00E+00

3.23058E+02 1.00E+00

323.065 1.00E+00
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Figure 4: Comparing the CDF of FCT of OpenTCP1,

OpenTCP2, and default TCP while running the “all-to-

all” IMB benchmark.

we set OpenTCP’s slow timescale (T ) to 1min, un-
less otherwise stated, directing OpenTCP to collect
statistics and send CUEs once every 1min. In this
environment the fast timescale (RTT ) is less than 1ms.
To evaluate the impact of OpenTCP in an apples-with-
apples fashion, we split the servers into two sets with
OpenTCP enabled on one of these two sets only (i.e.,
half of the nodes).
Benchmarks: In order to study different properties of
OpenTCP, we use Intel MPI Benchmarks (IMB) [1] as
well as sample user jobs in SciNet. These benchmarks
cover a wide range of computing applications, have
different processing and traffic load characteristics, and
stress the SciNet network in multiple ways. We also
use sample user jobs (selected from the poll of jobs
submitted by real users) to have an understanding of the
behaviour of the system under typical user generated
workload patterns. Due to lack of space, the results
presented here are for “all-to-all” IMB benchmark. We
measured similar consistent results with other IMB
benchmarks as well as sample user jobs.

Our first experiment with OpenTCP aims at reduc-
ing the Flow Completion Times (FCTs) by updating
init cwnd and RTO for TCP flows. We have observed
that in SciNet, there is a strong correlation between
MPI job completion times and the tail of FCT. There-
fore, reducing FCTs will have a direct impact on job
completion times. OpenTCP1 collects link utilizations,
drop rate, and number of live flows and sets the initial
congestion window to 20 segments and RTO to 2ms
as long as the maximum link utilization is kept below
70%. If the link utilization goes above 70% for any
of the links, the Oracle will stop sending CUEs and
CCAs will fall back to the default values of the initial
congestion window size and the RTO.

While OpenTCP1 aims at improving FCTs by adapt-
ing init cwnd and ignoring packet drops, we define a
second variant called OpenTCP2 which improves upon
OpenTCP1 by keeping the packet drop rate below 0.1%.
This means that when the CCA observes a packet drop
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Figure 5: Comparing the CDF of drop rate of

OpenTCP1, OpenTCP2, and default TCP while running

the “all-to-all” IMB benchmark.

rate above 0.1% it reverts the initial congestion window
size and the RTO to their default values.
Impact on flow completion time: Figure 4 depicts
the CDF of flow completion times for OpenTCP1,
OpenTCP2, and unmodified TCP. Here, the tail of FCT
curve for OpenTCP1 is almost 64% shorter compared
to unmodified TCP. As we mentioned before, this leads
to a faster job completion time in our experiments.
Additionally, more than 45% of the flows finish in
less than 260 seconds in OpenTCP1, which indicates
a 62% improvement compared to unmodified TCP.
Similarly, OpenTCP2 helps 80% of flows to finish in a
fraction of a second which is a significant improvement,
even compared to OpenTCP1. This is because of
OpenTCP2’s fast reaction to drop rate at the end-hosts.
In OpenTCP2, the tail of the FCT curve is 324 seconds
which is 59% improvement compared to the unmodified
TCP. The FCT tail of OpenTCP2 is slightly (8%) longer
than OpenTCP1 since it incorporates conditional CUEs
and does not increase init cwnd aggressively.
Impact on congestion window size: The improve-
ments in FCTs are direct result of increasing init cwnd.
Our analysis showed that in the case of unmodified
TCP, more than 70% of packets are sent while the
source has a congestion window size of three, four, or
five segments. OpenTCP however, is able to operate at
a larger range for congestion window sizes: more than
50% of packets are sent while the congestion window
size is greater than 5 segments (figure not shown due to
space limitation).
Impact on packet drop rate: The FCT improve-
ments in OpenTCP1 and OpenTCP2 come at a price.
Clearly, operating at larger congestion window sizes
will result in a higher probability of congestion in the
network, and thus, may lead to packet drops. As Fig-
ure 5 shows, the drop rate distribution for unmodified
TCP has a shorter tail compared to OpenTCP1 and
OpenTCP2. As expected, OpenTCP1 introduces a
considerable amount of drops in the network since the

Table 1: The approximate OpenTCP overhead for

a network with ∼4000 nodes and ∼100 switches for

different Oracle refresh cycles.
hhhhhhhhhhhhhOverhead

Oracle refresh cycle
1 min 5 min 10 min

Oracle CPU Overhead (%) 0.9 0.0 0.0
CCA CPU Overhead (%) 0.5 0.1 0.0
Data Collection (Kbps) 453 189 95
CUE Dissemination (Kbps) 530 252 75

CUEs are not conditional and thus the CCAs do not
react to packet drops. OpenTCP2 has no drops for more
than 81% of the flows. This is a significant improvement
over unmodified TCP. However, the highest 18% of
drops in OpenTCP2 are worse than those in unmodified
TCP, as OpenTCP2 needs to observe packet drops
before it can react. Some flows will take the hit in this
case, and might end up with relatively large drop rates.
Overheads of OpenTCP: We summarize
OpenTCP’s overhead for refresh periods of 1, 5,
and 10 minutes in Table 1 by categorizing its overhead
into 4 parts: (i) CPU overhead associated with data
aggregation and CUE generation at the Oracle, (ii)
CPU overhead associated with data collection and CUE
enforcement at the end-hosts, (iii) required bandwidth
to transfer statistics from the end-hosts to the Oracle,
and (iv) required bandwidth to disseminate CUEs to
the end-hosts. Clearly, OpenTCP’s refresh cycle plays
a critical role in its overhead on networking elements.
We conclude that our implementation of OpenTCP has
a small processing and bandwidth overhead.

4. RELATED WORK
Generally, congestion control in computer networks

is handled in three different ways: (i) End-to-end
congestion control protocols: these protocols use end-
to-end network measurements, such as packet drops, as
an implicit sign of congestion [18,22,23,25]. (ii) Active
Queue Management (AQM) schemes: here the routers
along a flow’s path have an active role in measuring
congestion and signaling to the end systems [12, 14,
17, 20]. AQMs can provide better network utilization
than drop-tail queue management if they are properly
used, but can induce network instability and major
traffic disruption, if not properly configured [11,13,20].
(iii) Hybrid of end-to-end and AQM schemes: these
are techniques where routers along the path of a flow
explicitly calculate the rate for individual flows, and
notify the sources so that the sender can adjust its rate
accordingly [3, 9, 10,19].

OpenTCP is designed to use SDN as a platform. SDN
proposals introduce several solutions to separate control
and data plane in enterprise networks [5, 16, 21, 31].
However, much less effort has been put into congestion
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control adaptation for this new environment; most
proposals focus on routing and forwarding feature and
ignore the advantages that SDNs provide in congestion
control domain. OpenTCP bridges this gap and is de-
signed to operate as a congestion control framework for
SDNs by taking advantage of the luxuries provided in
SDNs, such as programmable switches and centralized
controller.

5. CONCLUSION AND FUTURE WORK
In this paper, we present OpenTCP, an automated

TCP tuning framework for Software-Defined Networks.
OpenTCP is flexible in terms of the changes it can
apply. Our current implementation of OpenTCP is
limited in scope, but can be extended to support
programmable and adaptive TCP congestion control.
To realize that, we plan to formalize general congestion
control policies, and will provide abstract interfaces for
network operators to program the behaviour of TCP. In
that setting, network operators specify network policies
and desired TCP behaviour, and OpenTCP adaptively
and dynamically enforces them in the network.
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