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Abstract—In Software-Defined Networks (SDNs), the control
plane and data plane communicate for various purposes, such
as applying configurations and collecting statistical data. While
various methods have been proposed to reduce the overhead
and enhance the scalability of s (SDNs), the impact of the
transport layer protocol used for southbound communication
has not been investigated. Existing SDNs rely on Transmission
Control Protocol (TCP) (and Transport Layer Security (TLS))
to enforce reliability and security. In this paper, we show that
the use of TCP imposes a considerable overhead on southbound
communication, identify the causes of this overhead, and demon-
strate how replacing TCP with Quick UDP Internet Connection
(QUIC) can enhance the performance of this communication.
We introduce the quicSDN architecture, enabling southbound
communication in SDNs via the QUIC protocol. We present a
reference architecture based on the standard, most widely-used
protocols by the SDN community and show how the controller
and switch are revamped to facilitate this transition. We compare,
both analytically and empirically, the performance of quicSDN
versus the traditional SDN architecture and confirm the superior
performance of quicSDN. Our empirical evaluations in differ-
ent settings demonstrate that quicSDN lowers communication
overhead and message delivery delay by up to 82% and 45%,
respectively, compared to SDNs using TCP for their southbound
communication.

Index Terms—Software-defined Networks, observability, dy-
namic configuration, overhead, latency, management, agents

I. INTRODUCTION

s (SDNs) simplify new application development and facil-
itate network monitoring and management. Nowadays, SDN
architectures are being used in various types of deployments,
such as data center networks, s (WANs) [1], Network Function
Virtualization (NFV) [2], wireless networks [3], [4], and edge
and fog computing [5], [6].

The two primary components of a SDN architecture are
controller(s) and switch(es). A logically centralized controller
implements the control plane, and switches implement the
data plane. A controller (such as Ryu [7] and OpenDayLight
(ODL) [8]) provides functionalities such as network topology
discovery, network operation analysis, and flow rule compu-
tation and installation. The controller provides northbound s
(APIs) to facilitate the development of various applications
such as intrusion detection and load balancing. Communi-
cation between the controller and the switches is achieved
via southbound interfaces ranging from traditional protocols
such as Simple Network Management Protocol (SNMP) [9] to
more advanced ones such as OpenFlow [10], Open vSwitch
Database (OVSDB) [11], and Network Configuration Protocol
(NETCONF) [12].

The introduction of SDN allows for fine-grained and central-
ized control over the operation of the data plane. For example,
OpenFlow and its vendor-specific flavors such as Arista’s
DirectFlow [13], Cisco-OpenFlow-Plugin [14], HP OpenFlow
[15]) are being used to configure flow rules and flow tables
in switches via exchanging various messages. The three main
message types exchanged between a controller and a switch
via the OpenFlow protocol are Packet_in, Flow_mod, and
Multipart_request/reply. When a data packet arrives
at a switch and does not match the existing installed flow rules,
the packet is forwarded to the controller via a Packet_in
message. In large networks, such as data centers, an enormous
amount of Packet_in messages are generated from table
misses [16]–[18]. This is primarily caused by the limited
memory of switches and the arrival of new flows [19]. As
the table miss rate increases, the overhead of the transport
layer protocol used for communication between the controller
and switches elevates [20], [21]. Flow_mod packets, which
are used to install or modify flow rules, can be sent reactively
in response to a Packet_in message or proactively in an-
ticipation of expected traffic. For example, the controller may
proactively install flow rules based on the collected statistics
from switches to address requirements such as load balancing.
To maintain an up-to-date view of network status, a controller
needs to poll switches at regular intervals. The controller
sends Multipart_request messages to each switch for
each feature that it needs to collect statistics on, and each
switch responds with a corresponding Multipart_reply
message. The polling frequency depends on the types of
applications running on the controller. The reply messages’
size is variable and depends on the switch configuration [22].
For instance, switches with many queues and large flow tables
transmit several messages for each poll event. Another proto-
col, OVSDB, is used to configure Quality of Service (QoS)
functionalities via Remote Procedure Calls (RPC) "transact"
interactions. Configuring a queue on a switch involves multiple
OVSDB messages: (i) the queue is added to the switch, (ii)
the queue is added to a specific packet scheduler, and (iii)
the switch responds with an RPC "update" to confirm the
new configurations. More messages are required for more
complicated switch operations, and the overhead is even more
significant [22]–[27].

In addition to the basic functionalities offered by Open-
Flow and OVSDB, over the past few years and towards the
development of next-generation networks, the capability and
flexibility of network switches, smartNICs, and middleboxes
have considerably increased to enhance network visibility
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and run various configuration and management protocols. To
enhance the scalability and development of new applications
and services, it is essential to provide end-to-end traffic
engineering (resource allocation and security), fault detection,
recovery, and isolation. Programmability and automation are
necessary to provide such features in a scalable and dynamic
fashion, and observability is essential to react to network
dynamics. To adapt to the needs of large-scale data centers,
campus networks, and carrier networks, modern switches and
devices running Network Operating Systems (NOSs) offer
more flexibility, such as programmability of data plane via
P4 [28], APIs for accessing and configuring switches’ data
plane state (e.g., OpenConfig [29], NETCONF [12]), event
management, Linux shell access, and the capability to run
containers and Virtual Machines (VMs). For example, Arista’s
Extensible Operating System (EOS) [30] provides a Software
Development Kit (SDK) for the development of programs, re-
ferred to as agents, that can access the status and configure the
operation of switches. These agents, which can be dynamically
added to or removed from the system, can implement custom
protocols or rely on open-source protocols. For instance, one
can develop and run an agent which continuously monitors
and generates reports (including low-level counters and system
temperature) that allow the controller to implement machine
learning algorithms for device failure detection.

The wide range of programmability features available in
today’s switches reveals the increasing demand for communi-
cation between the control and data planes. This paper looks
at southbound communication from a different perspective—
the transport layer protocols. We argue that this communi-
cation imposes significant transport layer protocol overhead
and delay that affect the utilization of bandwidth resources
and network scalability [31], [32]. Since the exchange of
messages between the control and data planes is crucial for
network performance monitoring and configuration, a reliable
transport layer protocol is required. In particular, factors such
as packet congestion on switches may result in the loss of such
messages. Additionally, as discussed in [33]–[35], controller
and switches may reside in different networks and hops away,
further increasing communication unreliability. Therefore, al-
though User Datagram Protocol (UDP) is a low-overhead
transport layer protocol, it cannot be used for southbound
communication; instead, a transport layer protocol capable of
providing reliability, resiliency towards out-of-order packets,
and compatibility with security protocols such as Transport
Layer Security (TLS), is required.

Currently, communication reliability, packet reordering, and
security in SDNs are achieved by using Transmission Control
Protocol (TCP) (combined with TLS). Throughout this paper,
we use the term tcpSDN to refer to SDNs that utilize TCP as
the transport layer protocol used for southbound communica-
tion. tcpSDN architectures introduce various shortcomings in
terms of communication overhead, lack of connection multi-
plexing, and high overhead of connection establishment. For
example, when multiple agents on a switch are communicating
with a controller, each agent needs to open its connection (due
to the lack of supporting multiplexing connections by TCP),
thereby increasing communication overhead (e.g., acknowl-

edgment packets, connection establishment, and keep-alive
packets) caused by the transport layer. Also, TCP does not
deal with the Head-of-Line (HOL) blocking problem, which
causes increased message delivery delay.

In this paper, we introduce quicSDN, a novel framework
to address the drawbacks and challenges of using TCP as
the transport layer protocol for southbound communication in
SDNs. Specifically, instead of using TCP, quicSDN uses a new
transport layer protocol called Quick UDP Internet Connection
(QUIC) [36]. Although QUIC was primarily designed for web
traffic (Hypertext Transfer Protocol-3 (HTTP3) [37]), its en-
hancements over TCP are applicable across various domains.
These enhancements include the ability to multiplex different
streams, reduction in connection establishment latency, mitiga-
tion of the HOL blocking problem, and adding the capability
to differentiate between the Acknowledgement (ACK) sent
for original and retransmitted packets (a.k.a., TCP ambiguity
problem). It is worth noting that since both QUIC and TCP
use the widely-adopted and robust CUBIC congestion control
algorithm [38], [39], we do not study the impact of congestion
control algorithms on southbound communication. Instead, we
differentiate and identify the essential shortcomings of TCP
compared to QUIC for southbound communication. Towards
proposing a novel architecture for SDNs, this paper presents
the following contributions:
– We highlight the benefits of QUIC, compared to TCP,

considering the specific properties of SDNs. We present an
analytical modeling of overhead when multiple agents on
a switch communicate with one or multiple agents on a
controller. This analysis shows that the overhead of QUIC
drops compared to TCP when we increase the number of
agents on the switch or reduce inter-message generation
intervals. Also, we justify the mitigation of HOL problem
and discuss the benefits of faster connection establishment
by QUIC.

– Towards providing a framework for transitioning from
tcpSDN to quicSDN, we discuss the design options and
present a system architecture based on RYU controller and
switches running Open vSwitch (OVS) and OVSDB. The
proposed framework details aspects such as understanding
and removing the intertwined dependency of RYU, OVS,
and OVSDB on TCP and replacing them with QUIC. The
proposed framework also details the Inter-Process Com-
munication (IPC) methods to allow multi-agent switches
and controllers to communicate through QUIC. It is worth
mentioning that the proposed framework can be used to
integrate additional southbound protocols (e.g., NETCONF)
and controllers (e.g., OpenDaylight). The implementation of
the proposed framework is publicly available1 and includes
newly developed and modified entities of an SDN archi-
tecture. This framework enables the research community to
repeat our results and extend the functionalities of quicSDN.
Furthermore, this will lay a foundation for the evolution of
QUIC protocol in the context of SDN architectures.

– We built a testbed to empirically evaluate quicSDN versus
tcpSDN. We evaluate control traffic overhead versus varying

1https://github.com/SIOTLAB/quicSDN
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message rate, loss rate, and number of streams. The results
confirm the lower communication overhead of quicSDN
versus tcpSDN in all the scenarios. Also, we measure
message delivery delay between controller and switches and
confirm the superior performance of quicSDN.

The rest of this paper is organized as follows: Section II
presents an analytical study of the communication overhead of
QUIC and TCP and highlights the main differences between
the two protocols. The architecture of quicSDN is presented
in Section III. Section IV discusses the implementation, algo-
rithms, and pertinent details of quicSDN. Empirical evalua-
tions are given in Section V. Section VI overviews the related
work. We conclude the paper in Section VII.

II. MOTIVATION

In this section, we highlight and analyze the main differ-
ences between TCP and QUIC and justify the benefits of QUIC
for southbound communication in SDNs. For this analysis, we
also develop mathematical models to showcase the benefits of
quicSDN over tcpSDN.

A. Communication Overhead

TCP is the widely-used transport protocol to ensure packet
ordering and reliability in end-to-end message delivery. De-
spite its prevalence, TCP has several major shortcomings. In
this section, we focus on packet transmission overhead.

Figure 1a shows the tcpSDN architecture, which represents
existing SDNs that use TCP as the transport protocol for
southbound communication. Multiple agents, a.k.a., processes
or applications (such as OpenFlow and OVSDB), running on
a switch need to communicate with the controller. We denote
the list of agents as A = {A1, A2, ...} and the number of
agents as |A|. Using TCP, each of these agents must establish
its own connection, which means the overheads pertaining to
connection establishment and data exchange scale with the
number of connections. Consider the following scenario to
model the overhead of data exchange between two devices.
Each agent Ai generates message set MAi

= {mi
1,m

i
2, ...},

where each element of the set represents the message size in
bytes. Also, assume the intervals between message generations
are short enough to place consecutive messages in a packet as
long as there is available room. Additionally, we assume the
congestion window and receive window do not cause reduction
in throughput, and there is no packet loss. As Figure 1a shows,
each agent must be associated with its own socket. Therefore,
the minimum overhead of sending data from the sender to the
receiver is: ∑

∀Ai∈A

((HEP +HIP +HTCP )×

⌈

∑
∀mi

j∈MAi
mi

j

LMTU − (HIP +HTCP )
⌉)

(1)

where mi
j refers to the size of message j generated by agent Ai

(in the application layer), LMTU is Maximum Transmission
Unit (MTU) size, HEP is physical layer and Ethernet header
size (including inter-packet gap), HIP is IP header size, and
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<latexit sha1_base64="r9m8+Tq1cUnEZEL7TLrga3tvQFY=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdVl047KCfUAbymQyaYdOZsLMjVBCP8ONC0Xc+jXu/BunbRbaemDgcM65zL0nTAU36HnfTmltfWNzq7xd2dnd2z+oHh61jco0ZS2qhNLdkBgmuGQt5ChYN9WMJKFgnXB8N/M7T0wbruQjTlIWJGQoecwpQSv1+sJGIzLI+XRQrXl1bw53lfgFqUGB5qD61Y8UzRImkQpiTM/3UgxyopFTwaaVfmZYSuiYDFnPUkkSZoJ8vvLUPbNK5MZK2yfRnau/J3KSGDNJQptMCI7MsjcT//N6GcY3Qc5lmiGTdPFRnAkXlTu73424ZhTFxBJCNbe7unRENKFoW6rYEvzlk1dJ+6LuX9X9h8ta47aoowwncArn4MM1NOAemtACCgqe4RXeHHRenHfnYxEtOcXMMfyB8/kDhyaRaw==</latexit>

�i

…

(b) quicSDN Architecture.

Fig. 1: tcpSDN (a) and quicSDN (b) architectures. Compared to the tcpSDN
architecture where an individual connection is required for each pair of agents
(processes) running on a switch and the controller, quicSDN establishes one
connection between each switch and the controller.

TABLE I: Header size values used for the evaluations of this
section.

Headers Size (Byte)
Ethernet and Physical Headers (HEP ) 28

IP Header (HIP ) 20
TCP Header (HTCP ) 20
UDP Header(HUDP ) 8

QUIC Short Header (HQSH ) 2
QUIC Frame Header (HQFH ) 1

HTCP is TCP header size (without any options field). The
values for these parameters can be found in Table I.

In this paper, we propose and develop the quicSDN architec-
ture, demonstrated in Figure 1b.2 This architecture relies on the
fact that multiple agents on each switch need to communicate
with a controller. Therefore, instead of establishing individual
connections between each agent and the controller, quicSDN
establishes one connection between each switch and the con-
troller.3 The underlying QUIC protocol multiplexes multiple
connections between two endpoints and converts them into
streams inside a UDP pipeline. A stream is formatted as a
frame inside a packet and represents a lightweight abstraction
of server-client connection. Each stream is uniquely identified
by a connection ID (cid). Except during the connection
establishment phase, each QUIC packet includes a QUIC Short

2We will explain the implementation details in Sections III and IV.
3The same concept applies to other data-plane components such as middle-

boxes and smart NICs that need to communicate with a controller.
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Header (QSH) (denoted as HQSH ), and there is a QUIC Frame
Header (QFH) (denoted as HQFH ) for each frame included in
the packet. For the scenario given above, using QUIC results
in the following minimum overhead:

(HEP +HIP +HUDP +HQSH + α×HQFH)×

⌈

∑
∀Ai∈A

∑
∀mi

j∈MAi
mi

j

LMTU − (HIP +HUDP +HQSH + α×HQFH)
⌉

(2)

where α is the number of frames per packet, which depends
on the size of messages and their generation pattern.

To simplify the analysis for determining the value of α,
we consider two cases, depending on the average message
size. The maximum available space per packet for including
messages is Lmax = LMTU−(HEP+HIP+HUDP+HQSH+
HQFH). If the average message size is larger than Lmax,
each packet includes either one or two frames. For example,
if the average message size is 1800 bytes, the first packet
sent includes one frame (part of this message), and the second
packet consists of two frames, which are the residual of the
first message and the first part of the second message. If the
average message size is less than Lmax, then α is computed
as follows:

argmaxα(
Lmax +HQFH

α× (mavg +HQFH)
> 1), and α ∈ N. (3)

Equations 1 and 2 can be used to compute overhead,
neglecting inter-message generation intervals. To represent a
realistic scenario, we assume each agent (Ai) generates traffic
at rate λAi

messages per second. This system represents |A|
independent exponential random variables, where |A| is the
number of agents. To enhance the efficiency of message trans-
missions, transport protocols use a buffering period during
which the transport layer is awaiting additional data from the
application layer. For example, Linux includes an implemen-
tation of Nagle’s algorithm [40], which waits for more data
from the application layer when there is pending ACK and
the amount of data for transmission is less than Maximum
Segment Size (MSS). We refer to the buffering delay in the
transport layer as Tb. Therefore, to compute communication
overhead, we need to model the effect of message generation
burstiness arriving in the transport protocol. Since the interval
between message arrivals follows the exponential distribution,
the expected number of messages generated by an agent Ai

during the buffering time is λAi
× Tb. Assuming that all the

messages are equal size (m̄ = mi
1 = mi

2 = ...,∀Ai ∈ A)
and the message generation rate of all the agents is the same
(λ = λAi ,∀Ai ∈ A), we can use message burstiness proba-
bilities to compute the number of messages, and therefore the
number of bytes generated per burst. Let B̄Ai

= {b1, b2, ...}
represent the list of message bursts generated by agent Ai.
Each element bj is the number of bytes in a burst. The effect
of burstiness on communication overhead of TCP is presented
as follows: ∑

∀Ai∈A

∑
∀bj∈B̄Ai

((HEP +HIP +HTCP )×

⌈ bj
LMTU − (HIP +HTCP )

⌉).
(4)

As the message generation rate of each agent increases, the
header overhead of TCP drops because data bytes belonging
to different messages can be included in each packet, thereby
sending larger packets. However, QUIC performs a better job
in aggregating multiple messages and sending larger packets
instead of multiple smaller packets, as we show in the follow-
ing.

The quicSDN architecture allows multiple agents to use a
single connection to communicate with one or more processes
on the controller. Therefore, the overall rate of incoming
messages into the QUIC protocol (quic-client or quic-server
in Figure 1b) is higher than TCP. Specifically, the inter-
message time can be represented as the sum of |A| inde-
pendent exponential variables. We represent this accumulated
rate as λ̂ =

∑
∀Ai∈A λAi . With the accumulated incoming

message rate λ̂, we generate the list of message bursts as
B̂ = {b̂1, b̂2, ...}, where each element b̂j is the number of bytes
in a burst. The overhead of QUIC is computed as follows:∑

∀b̂j∈B̂

((HEP +HIP +HUDP +HQSH + α×HQFH)×

⌈ b̂j
LMTU − (HIP +HUDP +HQSH + α×HQFH)

⌉).

(5)

We use the models presented in this section to compare the
the transmission overhead of TCP and QUIC. Transmission
overhead represents the overhead associated with the layers
of the protocol stack (i.e., headers and Ethernet’s inter-packet
gap) when sending a certain number of messages. We also
compute the overhead of ACK packets sent from a receiver
to a sender as follows. Neglecting the effect of packet loss
and variable RTT, for a TCP connection, the number of ACK
packets sent depends on the number of data packets received
from the sender: the receiver either sends an ACK immediately
or waits up to 500 ms to receive a second packet and then send
an ACK. Assume the number of data packets sent is denoted as
d, the mean number of ACK packets sent is (d+d/2)/2. Each
ACK packet includes a TCP header, in addition to the headers
of underlying layers. A similar method is used to compute the
ACK overhead of QUIC.

Figure 2 presents the results when we vary message rate
(λ) and the number of agents (|A|). The average message size
(m̄) is 500 bytes. The total number of messages generated per
agent is 5000. These results show that as the buffering delay
(Tb) increases, the difference between the overhead (and the
number of packets) of TCP and QUIC reduces until they reach
their minimum values. The lower acknowledgment overhead
of QUIC is a direct effect of a lesser number of packets sent
by this protocol. Since QUIC can multiplex multiple agents’
messages into one connection, its communication overhead
declines and stabilizes faster than TCP. Especially, as the num-
ber of agents increases, the decline rate of QUIC’s overhead
increases as well, and this can be observed by comparing the
first column with the second column and the third column with
the fourth column.

It must be noted that the multiplexing feature of quicSDN
comes at a cost, associated with attaching QFH to each frame
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Fig. 2: Each column shows the transmission overhead and acknowledgement overhead of TCP and QUIC in various scenarios. The first row shows transmission
overhead and the second row shows acknowledgment overhead. λ is rate of message generation by each agent. |A| is the number of agents. m̄ is average
message size. These results confirm the considerably lower packet exchange overhead of QUIC versus TCP.

in a packet. Specifically, the overhead of QUIC is higher
than TCP when HUDP + HQSH + α × HQFH > HTCP .
For example, considering the parameters given in Table I,
the overhead of quicSDN is higher than tcpSDN when more
than ten streams are included in a packet. Nevertheless,
quicSDN results in a lower number of packet transmissions
by establishing a single connection to carry the data of all the
agents. We will empirically evaluate the overhead of quicSDN
and tcpSDN in Section V-A.

B. Head of Line Blocking Problem
The use of multiplexing allows QUIC to mitigate the

HOL blocking problem. In TCP, when packets arrive out
of order at the receiver, since the protocol is unaware of
the boundary between messages, it cannot deliver completely
received messages to the application layer. Whereas, QUIC
reduces message delivery delay by assigning messages to
streams. For example, consider the scenario given in Figure
3, where a controller (sender) sends two messages, Message
k and Message k+1 to a switch (receiver). The transmission
of Message k is performed by sending n packets. Packet i
includes part n− 2 of Message k and is successfully received
by the receiver at time t1. Packet i + 1, which includes part
n− 1 of Message k, is lost. Packet i+2 includes the last part
of Message k and all the bytes of Message k+1. At time t2,
although Message k+1 has been fully received, TCP does not
deliver it to the application layer. In contrast, QUIC can use
frame headers to identify message boundaries, and therefore,
Message k+1 is delivered to the application layer as soon as
Packet i + 2 is received. The retransmission of Packet i + 1
is triggered by the Retransmission Timeout (RTO) of sender;
alternatively, assuming that more packets are sent after packet
i+2, the reception of three duplicate ACKs triggers the TCP
fast retransmission method to retransmit Packet i+1. In either
case, the delivery delay of Message k + 1 to the application
is at least one Round Trip Time (RTT) delayed when using
TCP, compared to QUIC. The shorter message delivery delay

of QUIC is beneficial in SDNs. For example, if Message k+1
is a flow rule, quicSDN provides faster reaction to new flow
arrival into a switch. We will empirically evaluate the effect
of HOL in Section V-B.

C. Connection Establishment and Migration
Both TCP and QUIC need to establish a connection before

data exchange. TCP with TLS1.2 [41] and TLS1.3 [42] require
three and two RTTs, respectively, for connection establish-
ment. By leveraging a multi-stage key exchange, QUIC com-
bines the transport and security layer connection establishment
procedures to minimize connection establishment overhead to
one RTT. In the first stage, the client sends a ’hello’ message
(CHLO) to retrieve the server’s configuration. Since the client is
unknown to the server, the server responds with a REJ packet.
The REJ packet contains the server’s configuration, long
term Diffie-Hellman value, key agreement, cid, and initial
data. The client then authenticates the server by verifying the
certificate chain and signature. After authentication, the client
sends a complete CHLO packet to the server and finishes the
first handshake. At this stage, the client has the initial keys and
is ready to exchange application data with the server. Upon a
successful first handshake, the server sends a complete hello
(SHLO) to the client and concludes the final handshake. To
support connection migration, QUIC uses a unique cid to
identify each connection. This allows for connection rebinding
even if the connection parameters such as IP address or port
number are changed. Therefore, if a switch is assigned to a
controller that it has communicated with in the past, quicSDN
can establish the connections in zero RTT, while TCP with
TLS1.3 requires one RTT.

The shorter connection establishment time of QUIC allows
quicSDN to provide the following benefits. First, if a switch
detects connection drop with a controller, the delay of con-
nection reestablishment with the same or another controller
is lower compared to tcpSDN. A sample scenario is given in
Figure 4. Assume at time t1 the switch detects connection
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Message k (part n-2/n)

.

.

.

Message k+1 (part 1/1)Message k (part n/n)

Message k (part n-1/n)

Lost!
t1

<latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="9ZJ79QFskcmblMiTwHKE8AXxiBo=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhScOOygtMK7VAy6Z02NJMZkjtCGfoMblwo4ku5821MfxbaeiDwcU5C7j1xrqQl3//2KlvbO7t71f3aQf3w6LhxUu/YrDACQ5GpzDzF3KKSGkOSpPApN8jTWGE3ntzN8+4zGisz/UjTHKOUj7RMpODkrJAGZTAbNJp+y1+IbUKwgias1B40vvrDTBQpahKKW9sL/JyikhuSQuGs1i8s5lxM+Ah7DjVP0UblYtgZu3DOkCWZcUcTW7i/X5Q8tXaaxu5mymls17O5+V/WKyi5iUqp84JQi+VHSaEYZWy+ORtKg4LU1AEXRrpZmRhzwwW5fmquhGB95U3oXLUCvxU8+FCFMziHSwjgGm7hHtoQggAJL/AG7572Xr2PZV0Vb9XbKfyR9/kDo9SNUQ==</latexit><latexit sha1_base64="9ZJ79QFskcmblMiTwHKE8AXxiBo=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhScOOygtMK7VAy6Z02NJMZkjtCGfoMblwo4ku5821MfxbaeiDwcU5C7j1xrqQl3//2KlvbO7t71f3aQf3w6LhxUu/YrDACQ5GpzDzF3KKSGkOSpPApN8jTWGE3ntzN8+4zGisz/UjTHKOUj7RMpODkrJAGZTAbNJp+y1+IbUKwgias1B40vvrDTBQpahKKW9sL/JyikhuSQuGs1i8s5lxM+Ah7DjVP0UblYtgZu3DOkCWZcUcTW7i/X5Q8tXaaxu5mymls17O5+V/WKyi5iUqp84JQi+VHSaEYZWy+ORtKg4LU1AEXRrpZmRhzwwW5fmquhGB95U3oXLUCvxU8+FCFMziHSwjgGm7hHtoQggAJL/AG7572Xr2PZV0Vb9XbKfyR9/kDo9SNUQ==</latexit><latexit sha1_base64="QyruKlww5kMVSp79MB9JYpXMw3w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86LHoxWMF0xbaUDbbTbt0swm7EyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmVjc2t7p7pb29s/ODyqH590TJJpxn2WyET3Qmq4FIr7KFDyXqo5jUPJu+H0bu53n7g2IlGPmKc8iOlYiUgwilbycVh4s2G94TbdBcg68UrSgBLtYf1rMEpYFnOFTFJj+p6bYlBQjYJJPqsNMsNTyqZ0zPuWKhpzExSLY2fkwiojEiXalkKyUH9PFDQ2Jo9D2xlTnJhVby7+5/UzjG6CQqg0Q67YclGUSYIJmX9ORkJzhjK3hDIt7K2ETaimDG0+NRuCt/ryOulcNT236T24jdZtGUcVzuAcLsGDa2jBPbTBBwYCnuEV3hzlvDjvzseyteKUM6fwB87nD8jmjqQ=</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit>
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Fig. 3: The effect of HOL blocking on message delivery delay to application
layer. In this scenario, the delivery of Message k+1 is at least RTT+RTT/2
slower when using TCP, compared to QUIC.
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t2
<latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit>

Connection drop with 
controller i detected

switch controller j

Send flow_in message 
to controller j

flow_mod message 
received

t1
<latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="9ZJ79QFskcmblMiTwHKE8AXxiBo=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhScOOygtMK7VAy6Z02NJMZkjtCGfoMblwo4ku5821MfxbaeiDwcU5C7j1xrqQl3//2KlvbO7t71f3aQf3w6LhxUu/YrDACQ5GpzDzF3KKSGkOSpPApN8jTWGE3ntzN8+4zGisz/UjTHKOUj7RMpODkrJAGZTAbNJp+y1+IbUKwgias1B40vvrDTBQpahKKW9sL/JyikhuSQuGs1i8s5lxM+Ah7DjVP0UblYtgZu3DOkCWZcUcTW7i/X5Q8tXaaxu5mymls17O5+V/WKyi5iUqp84JQi+VHSaEYZWy+ORtKg4LU1AEXRrpZmRhzwwW5fmquhGB95U3oXLUCvxU8+FCFMziHSwjgGm7hHtoQggAJL/AG7572Xr2PZV0Vb9XbKfyR9/kDo9SNUQ==</latexit><latexit sha1_base64="9ZJ79QFskcmblMiTwHKE8AXxiBo=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVm3OhScOOygtMK7VAy6Z02NJMZkjtCGfoMblwo4ku5821MfxbaeiDwcU5C7j1xrqQl3//2KlvbO7t71f3aQf3w6LhxUu/YrDACQ5GpzDzF3KKSGkOSpPApN8jTWGE3ntzN8+4zGisz/UjTHKOUj7RMpODkrJAGZTAbNJp+y1+IbUKwgias1B40vvrDTBQpahKKW9sL/JyikhuSQuGs1i8s5lxM+Ah7DjVP0UblYtgZu3DOkCWZcUcTW7i/X5Q8tXaaxu5mymls17O5+V/WKyi5iUqp84JQi+VHSaEYZWy+ORtKg4LU1AEXRrpZmRhzwwW5fmquhGB95U3oXLUCvxU8+FCFMziHSwjgGm7hHtoQggAJL/AG7572Xr2PZV0Vb9XbKfyR9/kDo9SNUQ==</latexit><latexit sha1_base64="QyruKlww5kMVSp79MB9JYpXMw3w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86LHoxWMF0xbaUDbbTbt0swm7EyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmVjc2t7p7pb29s/ODyqH590TJJpxn2WyET3Qmq4FIr7KFDyXqo5jUPJu+H0bu53n7g2IlGPmKc8iOlYiUgwilbycVh4s2G94TbdBcg68UrSgBLtYf1rMEpYFnOFTFJj+p6bYlBQjYJJPqsNMsNTyqZ0zPuWKhpzExSLY2fkwiojEiXalkKyUH9PFDQ2Jo9D2xlTnJhVby7+5/UzjG6CQqg0Q67YclGUSYIJmX9ORkJzhjK3hDIt7K2ETaimDG0+NRuCt/ryOulcNT236T24jdZtGUcVzuAcLsGDa2jBPbTBBwYCnuEV3hzlvDjvzseyteKUM6fwB87nD8jmjqQ=</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit>

t2
<latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit>
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<latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit><latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit><latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit><latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit>
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Fig. 4: Connection reestablishment delay between switches and controllers
in (a) tcpSDN and (b) quicSDN. quicSDN facilities dynamic assignment of
switches to controllers with a shorter delay and lower overhead.

drop with controller i. This is detected, for example, when the
switch sends a flow_in to the controller, but no response
is received within a timeout period. At this point, if using
tcpSDN, the switch needs to first establish a connection
with controller j (during t1 to t2). Then, at time t2, the
flow_in message is sent to controller j. This process re-
quires 2×RTT. In contrast, quicSDN eliminates the connection
reestablishment delay and immediately sends the flow_in
message to controller j at time t1. Thereby, the delay of
communication with controller j is reduced to RTT. The lower
delay of connection reestablishment in quicSDN also reduces
the overhead of (proactive) switch reassignment to controllers
(e.g., when the load of controllers are periodically balanced).
Therefore, the quicSDN framework proposed in this paper
facilitates the development of enhanced load balancing and
controller assignment solutions, building on top of the methods
proposed in existing works [43]–[46].

D. Congestion and Flow Control

QUIC’s congestion control mechanism provides a richer
set of features compared to TCP [47]. For instance, consider
the TCP ambiguity problem, where TCP cannot determine
if the ACK was for the original or retransmitted packet.
QUIC solves this problem by assigning a unique Packet
Number to each packet, irrespective of being an original or
a retransmission. QUIC also reduces congestion control by
using a Negative Acknowledgement (NACK) scheme, where,
instead of acknowledging every packet, the receiver notifies
the sender about lost packets [48].

In TCP, a sender can be blocked from sending data when
the entire receiver buffer is consumed. QUIC addresses this
problem via two methods: First, with connection-level flow
control, in which an upper-limit is imposed on the entire
connection for a receiver’s aggregated buffer. Second, flow-
level flow control imposes an upper-limit on the flow-level

buffer size on the receiver. To reduce or increase flow-level
buffer size, QUIC uses a window update frame for advertising
per-stream absolute byte offsets for received, delivered, and
sent packets. These per-stream absolute byte offsets dictates
the amount of bytes a receiver is willing to accept on a
particular stream.

III. QUICSDN ARCHITECTURE

This section presents a high-level overview of the interac-
tions between the components of quicSDN: QUIC, OVS, and
RYU. In typical scenario, QUIC is used by an application
by incorporating QUIC’s code into the application’s code and
compiled as one agent. This prohibits the use of single QUIC
instance by multiple applications. The memory allocation
performed for queues and buffers of QUIC is restricted to
the application it was compiled with. The quicSDN archi-
tecture is different than this method because, on a device
(switch or controller), multiple agents (processes) interact with
a QUIC instance. As Figure 1b shows, ovsdb-server, ovs-
switchd, and quic-client run on the switch, and ryu-ovsdb,
ryu-of, and quic-server run on the controller. ovsdb-server and
ovs-switchd are agents responsible for processing OVSDB
and OpenFlow packets on the switch side. ryu-ovsdb and
ryu-of are agents running on the controller to process the
OVSDB and OpenFlow packets respectively. quic-client and
quic-server are agents running on the switch and controller,
respectively, to establish communication between the switch
and the controller.

A. Inter-process Communication (IPC)

Since QUIC is an application-layer protocol, it cannot be
used as an operating system’s inbuilt transport protocol (like
TCP or UDP). Therefore, an IPC is required to facilitate
communication between QUIC and application processes. This
section describes the pros and cons of various IPC methods
for quicSDN.

1) Shared Memory: To allow multiple applications (agents)
to communicate through shared data structures, either they
must be complied as a single application, or they can use
shared memory via a memory map. One of the main drawbacks
of these methods is the lack of extensibility and abstraction.
Specifically, accessing the source code of all the modules is
necessary to implement these methods. For example, suppose
there is a plan to extend a switch’s features by adding a
component; in that case, its code must be fully available to
be integrated with the existing ones. Also, even when the new
component’s source code is available, the developer still needs
to understand the execution paths of the code thoroughly.
For instance, code modification and the introduction of new
threads are usually required to allow concurrent execution of
components. Furthermore, the larger code size and the lack of
clear interfaces between modules result in more complicated
code debugging and enhancements when employing these
methods. Additionally, accessing shared data structures also
causes race conditions. It is essential to acquire mutually
exclusive locks to avoid race conditions among message
producers and consumers. These locks can cause performance
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Fig. 5: The architecture of a switch in quicSDN. The figure highlights the
modifications to OVS and how packets are processed by the quic-client
component.

bottleneck by introducing differences in the rate of packets
processed by switches or controller. This observation has been
made in multiple studies [49], [50].

2) Message Passing: Compared to shared memory, mes-
sage passing methods are easier to implement and more
extensible. The two primary methods of message passing are
message queues and Unix Domain Socket (UDS). To simplify
system extensibility, we use the latter method because of its
ease of debugging and support in all the major programming
languages. There are two primary types of UDSs at the
transport layer: stream sockets and datagram sockets. With
stream UDS, received data is in form of stream bytes. The
arrival of stream bytes can be out-of-order and it is required
to be put in order by the application based on message
boundaries. Finding message boundaries in stream sockets
introduces processing overhead because they are byte oriented
and the receiver needs to parse and rearrange the received
bytes, thereby introducing additional overhead. On the other
hand, datagram sockets are faster and allow an entire message
to be passed.

B. Switch

Within the quicSDN architecture, multiple processes on a
switch can communicate with the controller via the quic-client
module. There are two entities that communicate with quic-
client: ovs-switchd and ovsdb-server, handling OpenFlow and
OVSDB, respectively. Figure 5 presents the architecture of a
quicSDN switch.

On tcpSDN switches, ovs-switchd and ovsdb-server are
connected to the controller using the following Command Line
Interface (CLI) commands:

$ ovs-vsctl set-controller <bridge name>
tcp:<controller-IP>:<port>

$ ovs-vsctl set-manager tcp:<controller-IP>:<port>

The quicSDN architecture provides new CLI commands to
allow ovsdb-server’s and ovs-switchd’s UDSs to communicate
with quic-client.

$ ovs-vsctl set-controller <bridge name>
udp:<controller-IP>:<port>

$ ovs-vsctl set-manager udp:<controller-IP>:<port>

To enable the new interface, we developed the
udp_vconn_class class and its associated function
pointers to search for the "udp" keyword in the CLIs and
open the UDP connections to quic-client. The opened
connections are mapped to stream pointer s (FDs), which are
registered in function new_uds_fd(). The aforementioned
process is for both ovsdb-server and ovs-switchd.

quic-client spawns two UDP servers listening on ports 6653
and 6640. The messages received on these ports are processed
and multiplexed in quic-client and then transmitted to the
quic-server. To avoid any thread blockage while waiting for
packet arrivals, we use async I/O operations by leveraging
the libevent library, a concurrent, highly scalable network
library. Libevent library attaches a callback function to a FD
associated to an application. This callback function is invoked
and notifies the application if an event occurs on the FD, such
as receiving or sending data. The two newly-introduced FDs
for sockets, along with their callbacks, on ports 6653 and 6640
are mapped to stream pointers in quic-client to communicate
with ovsdb-server and ovs-switchd. The QUIC RFC [36]
mandates the use of even and odd stream IDs for client-
initiated and server-initiated connections, respectively. In order
to distinguish packets received on ports 6653 and 6640 on
quic-client, different stream IDs are selected for OpenFlow and
OVSDB. Since all stream IDs of client-initiated connections
in quic-client are even, we assign even stream IDs divisible
by 3 for messages sent to ryu-of and the rest are used for
messages sent to ryu-ovsdb. This assignment happens in the
round robin fashion for the available opened streams. Packets
generated on the stream IDs are multiplexed into the same
UDP pipeline for transmission to quic-server.

C. Controller

Figure 6 shows the controller architecture. The two main
entities of quicSDN’s controller are quic-server and RYU. The
RYU entity includes two agents, ryu-of and ryu-ovsdb, which
communicate with quic-server over a datagram connection on
ports 6653 and 6640.

The RYU controller’s asynchronous I/O infrastructure is
based on the eventlet library, which is a highly scalable and
non-blocking I/O library. The eventlet library socket imple-
mentation is different than the standard socket.socket
class in Python. The eventlet library implements sockets as
GreenSockets [51] and sets them into a non-blocking state to
support asynchronous I/O operations. RYU spawns a server
based on GreenSocket and registers an event loop to receive
data on the GreenSocket. In order to make it UDP compatible,
the event loop is modified by dismantling all the TCP related
code and modifying the callbacks.

After receiving packets from quic-client, quic-server per-
forms demultiplexing by disassembling streams based on their
IDs. If the stream ID is divisible by 3, then the packet is
deliverd to ryu-of, otherwise it is delivered to ryu-ovsdb.
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Fig. 6: The architecture of controller in quicSDN. This figure highlights the
modifications to RYU and shows how packets are processed by the quic-
server component.

IV. IMPLEMENTATION

This section presents the newly developed and modified
entities in quicSDN. We use color-coding schemes to highlight
the newly-developed and modified entities. Blue highlights in-
dicate newly-developed entities, and the red highlights indicate
modified entities. We use three programming languages in our
implementations: C++ for QUIC, Python for Ryu, and C for
OVS. We use these languages to meet the varying performance
and programmability requirements of different SDN software
components. For example, we use Python to program the
controller because it simplifies application development and
extensibility. On the switch, we use C language because our
main focus is to enhance performance.

A. OVS

This section describes the modifications made to OVS to
make it compatible with quicSDN. With tcpSDN, the Open-
Flow and OVSDB protocols used by OVS are implemented on
TCP, sitting in the Linux kernel network stack. The transport
layer parameters are defined in the rconn C structure (struct)
inside the OVS code. There is one rconn C structure per
transport connection between the controller and the switch. For
instance, the OpenFlow and OVSDB connections use different
rconn C structures, even though the endpoints are the same.
The rconn C structure is used to maintain socket, port, and
other protocol-related information. To support quicSDN, the
rconn C structure needs to be modified to support UDP.
The OpenFlow and OVSDB protocols are implemented as
service objects inside the OVS code. Each service object is
an abstract protocol process. For instance, in order to start the
OpenFlow and OVSDB services, OVS creates a service object
for each service, and each service object is tied to its rconn
C structure.

The OpenFlow and OVSDB services in OVS are created
by issuing the CLI commands presented in §III-B. While
an OVS service is created, the vconn_lookup_class()
function looks up the requested transport protocol in the CLI
against a list of predefined connection classes. The UDP con-
nection class udp_vconn_class inherits the connection-

related function pointers, including open(), close(),
connect(), recv(), and send(). The open() function
establishes a connection with the controller and must not
be blocked while waiting for the connection requests or
responses. If connection establishment does not complete im-
mediately, the socket returns EINPROGRESS and retries in the
background. close() tears down the connection gracefully,
send() sends, and recv() receives OpenFlow messages.
Similar to open(), recv() does not block while waiting
for the messages to arrive.

Using the newly modified transport layer infrastructure, the
function new_udp_uds() opens a UDP socket for each
OVS service. These sockets are registered to the new FDs in
function new_uds_fd(), which are attached to their func-
tion pointers open(), close(), recv(), and send(). At
this point, the rconn C structures are populated and the OVS
services enter into the CONNECTING state. The OpenFlow
and OVSDB services’ state are dependent on the underlying
transport layer protocol. Since there are no state transitions
in UDP to show whether the connection is in an established
state or not, the OVS services immediately transitions into the
ACTIVE state.

B. QUIC Client and Server

QUIC uses a client-server model. The original development
goal of QUIC was to replace TCP as a reliable transport
protocol in HTTP3; however, the quicSDN architecture is
different from HTTP3. Specifically, unlike HTTP3, multiple
applications interact with QUIC in the quicSDN architec-
ture, and these applications communicate with each end-point
over the same UDP connection. In quicSDN’s switch side
implementation, ovsdb-server and ovs-switchd communicate
with quic-client. On the controller side, ryu-of and ryu-ovsdb
communicate with quic-server. We picked ngtcp2 [52] for
QUIC code, because it is updated frequently with bug fixes.
ngtcp2 also provides easiness in feature extension in OVS (as
it is written in C) and is convenient for any feature integration
with RYU code (via Python C extensions) on the controller
side.

We divided quic-server and quic-client into server-agent,
client-agent, and common APIs. The server-agent APIs are re-
sponsible for serving requests from clients, invoking common
APIs, negotiating versions, and completing QUIC handshakes.
The client-agent APIs are implemented to prepare the requests,
rearrange the responses, and interact with common APIs. The
common APIs are responsible for invoking the zero RTT
scenario, encrypting and decrypting packets, and storing the
cryptographic keys. This section presents the modifications
relevant to quicSDN.

1) QUIC Client: Algorithms 1 and 2 present the pseudo-
code of quic-client module. quic-client spawns two UDP
servers listening on ports 6653 and 6640 on localhost (A1:
L5-6)4 to intercept all connection requests and data pack-
ets from ovsdb-server and ovs-switchd. There are three
sockets in quic-client: two sockets for the above-mentioned
UDP servers, and one socket for connecting to quic-server.

4This notation means Algorithm 1, Lines 5 through 6.
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Algorithm 1: Pseudo-code of quic-client
1 function main()
2 p_openflow, p_ovsdb, p_quic = {sock, port, addr}
3 client_arg = {p_openflow, p_ovsdb, p_quic}
4 populate client_arg from CLI
5 p_openflow = Connect to ovs-switchd on port 6653
6 p_ovsdb = Connect to ovsdb-server on port 6640
7 if !(start_client(client_arg) then
8 return failure
9 close(p_openflow, p_ovsdb, p_quic)

10 return
11 function start_client(client_arg)()
12 s1 = client_arg→p_openflow→sock
13 File *fp_ofl = fileno(s1)
14 s2 = client_arg→p_ovsdb→sock
15 File *fp_odb = fileno(s2)
16 sock = create UDP socket to connect to quic-server
17 File *fd_ = fileno(sock)
18 // set event callbacks
19 fd_ → readcd(), writecb()
20 fp_ofl → ofl_cb()
21 fp_odb → odb_cb()
22 _quic = init()
23 if !(_quic → run(client_arg) then
24 return failure
25 return
26 function init()
27 _quic→client = Initialize new client
28 set fd_, fp_ofl, fp_odb event callbacks in _quic
29 return _quic

30 function run(client_arg)
31 if (session_file) then

// 0-RTT Scenario
32 if !(resume()) then
33 return failure
34 else

// 1-RTT Scenario
35 do_handshake()
36 if !(connect() then
37 return failure

// Starting event loop
38 ev_run(ev_d, 0)
39 return
40 function readcb(ev_loop *loop, ev_io *w)
41 auto c = <client *>w→data;
42 on_read()

43 function writecb(ev_loop *loop, ev_io *w)
44 auto c = <client *>w→data
45 on_write()

46 function ofl_cb(ev_loop *loop, ev_io *w)
47 auto c = <ofl *>w→data
48 this→type_flag = openflow
49 on_ofl_odb_read()

50 function odb_cb(ev_loop *loop, ev_io *w)
51 auto c = <ofdb *>w→data
52 this→type_flag = ovsdb
53 on_ofl_odb_read();

For these three sockets, we define three C structures to
store connection information such as IP address, port, and
socket information. These three C structures are for ovs-
switchd (struct p_openflow), ovsdb-server (struct
p_ovsdb), and quic-server (struct p_quic).

ngtcp2 allows only one IP address and port to be specified
in the CLI commands. We developed a new CLI command to
populate the above-mentioned three C structures (A1: L3) on
the quic-client side:

Algorithm 2: Pseudo-code of quic-client (continued
from Algorithm 1)

1 function on_read()
2 array<uint8_t, 65536> buf
3 while true do
4 if !(recvfrom(this→fd_, buf.data, buf.len)) then
5 return failure
6 if !(feed_data(buf.data, buf.len) then
7 return failure

8 function feed_data(uint8_t data, int data_len)
9 if handshake_completed then

10 if !_con_recv(data, datalen, &stream_id) then
11 return failure
12 if stream_id is divisible by 3 then
13 sendto(this → fp_ofl)
14 else
15 sendto(this → fp_odb)

16 else
17 if !do_handshake(data, datalen) then
18 return failure
19 else
20 handshake_completed = true

21 return
22 function on_write()
23 if !handshake_completed then
24 if !do_handshake(data, data_len) then
25 return failure
26 else
27 handshake_completed = true

28 while true do
29 if send_queue.size() <= 0) then
30 break
31 buf = send_queue.front()
32 pkt_buf, error = _conn_write_pkt(buf)
33 if error != null then
34 return failure
35 write_streams(pkt_buf)
36 return

37 function write_streams(buf)
38 if (this→openflow) then
39 int stream_id =

generate_stream_id_divisisble_by_3()
40 else if (this→ovsdb) then
41 int stream_id = generate_normal_stream_id()
42 on_write_stream(stream_id, buf)
43 return
44 function on_write_stream(stream_id, buf)
45 while true do
46 auto n = _conn_write_stream(ndatalen)
47 if n > 0 && and ndatalen > 0 then
48 data.seek(ndatalen)
49 send_packet()
50 if buf.size() = 0 then
51 break

52 return
53 function on_ofl_odb_read()
54 array<uint8_t, 65536> buf_ofl
55 array<uint8_t, 65536> buf_odb
56 if activity detected of fp_ofl then
57 if (recvfrom(this→fp_ofl, buf_ofl.data, buf_ofl.len)) then
58 send_queue.push(buf_ofl)
59 if activity detected of fp_odb then
60 if recvfrom(this→fp_odb, buf_odb.data, buf_odb.len)) then
61 send_queue.push(buf_odb)
62 return

$ <quic_client_path> <quic server addr> <quic server
port> <openflow port> <ovsdb port>
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To support asynchronous I/O operations, each socket is
mapped to a stream pointer FD. In conjunction with existing
FD (A1: L17) for a socket connected to quic-server, two more
FDs named fp_ofl (A1: L12-13) and fp_odb (A1: L14-
15) are introduced for each socket connected to ovs-switchd
and ovsdb-server, respectively. Any activity detected on these
FDs invokes a callback function. We developed two new
callback functions, ofl_cb() and odb_cb() (A1: L46-53)
for ovsdb-server and ovs-switchd and modified the existing
ones, readcb() (A1: line 40) and writecb() (A1: L43).
readcb() is invoked when the FD receives a packet. Inside
readcb(), on_read() receives data from the socket and
passes it to feed_data() (A2: L8-20), which is responsible
for processing QUIC handshake and data packets. If the
QUIC handshake has been completed successfully, then it is
confirmed that all the necessary security keys are in place (A2:
L23-27). The function _con_recv() checks if the received
packet contains the long or short QUIC header by inspecting
the most significant bit of octet 0 (0x80) (A5: L1-6). The
long header is used for QUIC version [53] and 1-RTT keys
negotiations, and the short header is used for subsequent data
communications. crypt_quic_message() (IV-B3) (A5:
L6) parses the packet and performs all the necessary QUIC
related operations such as encrypting packets, decrypting
packets, and key management.
writecb() is invoked to send the packet to

quic-server. The QUIC handshake is initiated by the
on_write() function (A2: L23). Inside on_write(),
_conn_write_pkt() encrypts the packet (A5: 10-12).
write_streams() is then called to check if the packet is
destined for ovs-switchd or ovsdb-server in order to generate
appropriate stream IDs (A2: L38-41).

Packets that are received on the sockets connected to ovsdb-
server and ovs-switchd invoke odb_cb() and ofl_cb()
callbacks (A1: L46-53), respectively. Both callbacks invoke
on_ofl_odb_read(), where packets are pushed to the
send_queue() for QUIC processing (A2: L54-61).

2) QUIC Server: Algorithms 3 and 4 present the quic-
server implementation. quic-server connects to ryu-of and ryu-
ovsdb modules (A3: L5-6), which are listening on ports 6653
and 6640, respectively. Similar to quic-client, there are three
sockets in quic-server. Two sockets are for ryu-of and ryu-
ovsdb for port 6653 and 6640, respectively, while one socket is
for a connection to quic-client. In order to store the connection
information of these three sockets, we define three C struc-
tures, p_quic, p_openflow and p_ovsdb for quic-client,
ryu-of, and ryu-ovsdb respectively. As previously mentioned,
ngtcp2’s CLI commands contain only one IP address and port;
therefore, we developed a new CLI command for quic-server
to populate the three C structs with the appropriate information
(A3: L3):

$ <quic_server_path> <quic server addr> <quic server
port> <key> <certificate> <openflow port> <ovsdb
port>

The above-mentioned three sockets in quic-server are capable
of asynchronous I/O operations (A3: L14). Three FDs are
mapped as stream pointers to these three sockets. Among the
three FDs, the existing FD (fd_) is modified, and two new

Algorithm 3: Pseudo-code of quic-server
1 function main()
2 p_openflow, p_ovsdb, p_quic = {sock, port, addr}
3 server_arg = {key, cert, p_ovsdb, p_openflow, p_quic}
4 Populate server_arg from CLI
5 p_openflow = Connect to ryu-of on 6653 port
6 p_ovsdb = Connect to ryu-ovsdb on 6640 port
7 if !(start_server(server_arg) then
8 return;
9 close(p_openflow, p_ovsdb, p_quic)]

10 return;

11 function start_server(server_arg)
12 s1 = server_arg→p_openflow→sock
13 s2 = server_arg→p_ovsdb→sock
14 sock = create UDP server to accept quic-client connections
15 File *fp_ofl = fileno(s1)
16 File *fp_odb = fileno(s2)
17 File *fd_ = fileno(sock)
18 // set event callbacks
19 fd_ → readcd(), writecb()
20 fp_ofl → ofl_cb()
21 fp_odb → odb_cb()
22 ev_run(ev_d, 0)

23 function readcb(ev_loop *loop, ev_io *w)
24 auto c = <client *>w→data
25 on_read()

26 function writecb(ev_loop *loop, ev_io *w)
27 auto c = <client *>w→data
28 on_write()

29 function ofl_cb(ev_loop *loop, ev_io *w)
30 auto c = <ofl *>w→data
31 this→type_flag = openflow
32 on_ofl_odb_read()

33 function odb_cb(ev_loop *loop, ev_io *w)
34 auto c = <ofdb *>w→data
35 this→type_flag = ovsdb
36 on_ofl_odb_read()

FDs, fp_ofl and fp_odb (A:3 L15-16), are added. The FD
fd_ is for the QUIC Connection to quic-client, FD fp_ofl
is for the connection to ryu-of, and FD fp_odb is for the
connection to ryu-ovsdb. These FDs monitor the sockets via
an event loop and invoke callbacks if any activity is detected.
Callbacks readcb() and writecb() are invoked if activity
is detected on fd_. Similarly, callback ofl_cb() (A:3 L29-
32) is invoked if any activity is detected on fp_ofl, and
callback odb_cb() (A:3 L33-36) is invoked if any activity
is detected on fp_odb.

The on_read() function is responsible for reading fd_
to process the received QUIC packets (A:4 L1-12). First, the
received QUIC packet is evaluated to check if the header in the
corresponding packet is a long header or a short header (A:4
L7). Then the packet is passed to the _accept() function
for decryption (A:4 L11).

The on_write() function is for sending packets to
quic-client (A:4 L13-29). This function first evaluates and
performs a QUIC handshake with quic-client to exchange
cryptographic keys (A:4 L15). The buffer received in
on_write() contains the OpenFlow or OVSDB port infor-
mation to maintain an external map (_conn_map) of port to
streamID mapping for reverse traffic (A:4 L21). The func-
tion on_write_stream() searches for an existing stream,
and if the stream does not exist yet, it opens a new stream and
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Algorithm 4: Pseudo-code of quic-server (continued
from Algorithm 3)

1 function on_read()
2 buffer<uint8_t, int, port> buf
3 while true do
4 if !(recvfrom(this→fd_, buf.data, buf.len)) then
5 return
6 hd = this→hd
7 if (buf[0] & 0x80) then
8 _pkt_decode_hd_long(&hd, buf.data())
9 else

10 _pkt_decode_hd_short(&hd, buf.data())

11 _accept(buf.data(), buf.len)

12 return
13 function on_write()
14 if !(handshake_completed) then
15 do_handshake()
16 handshake_completed = true
17 else
18 if !schedule_retransmit() then
19 return failure

20 buf = send_queue.front()
21 stream_id = _conn_map[buf→port]
22 on_write_stream(stream_id)
23 for ;; do
24 n = _conn_write_pkt()
25 if n = 0 then
26 break
27 buf_.push(n);.
28 send_packet(buf)

29 return
30 function on_ofl_odb_read()
31 while true do
32 buffer<uint8_t, int, port> buf_ofl
33 if (recvfrom(this→fp_ofl, data, datalen)) then
34 buf_ofl.data = data
35 buf_ofl.len = datalen
36 buf_ofl.port = this→port;

// e.g 6653 for openflow
37 send_queue.push(buf_ofl)
38 buffer<uint8_t, int, port> buf_odb;
39 if (recvfrom(this→fp_odb, data, datalen)) then
40 buf_odb.data = data
41 buf_odb.len = datalen
42 buf_odb.port = this→port

// e.g 6640 for ovsdb
43 send_queue.push(buf_odb)

44 return

packs the data into it (A:4 L22). _conn_write_pkt() is
responsible for encrypting the packets and placing them into
the transmission queue (A:5 L10-12).

The function on_ofl_odb_read() is called by
ofl_cb() and odb_cb() callbacks (A:4 L30-44). This
function is responsible for exchanging packets between
ryu-of, ryu-ovsdb, and quic-server.

3) crypt_quic_message(): This API consists of
the decrypts_message() and encrypts_message()
functions, responsible for decrypting and encrypting packets in
multiple phases. Each phase has a different set of keys. Before
acquiring the symmetric keys, QUIC completes four phases.
The first phase is the Initial Key Agreement, where each party
sets and exchanges the initial key and additional information,
such as HMAC. Both parties then agree to a common key
(ik), which is derived from the Client Initial Key (ikc) and the

Algorithm 5: Common APIs
1 function _con_recv(data, datalen, &s)
2 if (data[0] & 0x80) then
3 _pkt_decode_hd_long()
4 else
5 _pkt_decode_hd_short()

6 crypt_quic_message(decrypt)

7 function _conn_write_stream()
8 find_stream_info(dest)
9 _conn_write_pkt()

10 function _conn_write_pkt()
11 conn_write_probe_pkt()
12 crypt_quic_message(encrypt)

13 function _accept(data, datalen)
14 plain_text = crypt_quic_message(decrypt)
15 if (this→stream_id is divisible by 3) then
16 _conn_map[opnflow_port] = stream_id

sendto(this→fp_ofl)
17 else
18 _conn_map[odb_port] = stream_id

sendto(this→fp_odb)

Server Initial Key (iks). The second stage is the Initial Data
Exchange, where data is encrypted and decrypted by using
an Authenticated Encryption with Associated Data (AEAD)
Scheme [54] and ik. The third phase is the Key Agreement,
where the session key (k) is derived from the client session key
(kc), server session key (ks), and aux, where aux ∈ {0, 1}.
The fourth phase is the Data Exchange. In this phase, data
is sent using the associated AEAD scheme and k. The server
uses kc to encrypt and ks to decrypt packets, while the client
uses ks to encrypt and kc to decrypt packets. In addition,
crypt_quic_message() also prepares the initialization
vector (iv) and salt for the cryptographic keys.

C. RYU

In tcpSDN, RYU inherits the TCP transport layer infras-
tructure in the form of base classes. The most important base
class is OFPHandler, which declares a controller base class
object called OpenFlowController. Inside this object,
a server is spawned to receive and process all the received
packets via an event loop. Any packet received will be pushed
to the RYU app for processing. In quicSDN, to make RYU
compatible with UDP, the first task is to replace the TCP
infrastructure and have RYU spawn a UDP server instead.
This modification is challenging due to RYU’s current event
loop callback mechanism. This callback mechanism is based
on asynchronous TCP socket, which is a part of eventlet I/O
library. In order to make it UDP based, first the eventlet library
needs to be changed to support UDP sockets. Moreover, RYU
needs to implement the server based on the eventlet library
UDP sockets. In quicSDN, the RYU applications ryu-of and
ryu-ovsdb are started using the following CLIs commands:

$ ryu-manager -ofp-listen-port <port num> <app name>
$ ryu-manager <OVSDB app name>

Note that no changes were made to the state machines of ryu-
of and ryu-ovsdb. In tcpSDN, packets are processed in the
eventlet library which is implemented using GreenSocket. We
modified the RYU event loop to make sure that packets are
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Fig. 7: Testbed topology. Switch 1 and the Controller communicate through
Switch 2, 3, and 4.

Fig. 8: The protocol overhead of tcpSDN and quicSDN in the short RTT
scenario. Protocol overhead is the bidirectional communication overhead be-
tween controller and the switches. The x-axis shows three message generation
rates: 10, 1000, 100k messages per second. Sub-figures (a) and (b) present the
protocol overhead for 1% and 5% packet loss rates, respectively. The notation
’M’ stands for megabytes (220).

directly pushed from eventlet library to be processed in the
app itself. The OpenFlow (ryu-of) and OVSDB (ryu-ovsdb)
controllers both use the same transport layer infrastructure.

V. EMPIRICAL EVALUATION

In this section, we empirically evaluate quicSDN versus
tcpSDN. The testbed configuration is demonstrated in Fig-
ure 7. We use three high-performance switches: one Arista
7050QX (Switch 3) and two Arista 7050CX3 (Switch 2 and 4).
For Switch 1, we use a Linux machine, which allows us to run
OpenFlow and OVSDB and emulates the execution of more
agents on the switch to generate various traffic patterns. TCP
Segmentation Offload (TSO) and Generic Receive Offload
(GRO) have been disabled on Switch 1 and the Controller.

We consider two variants of quicSDN and compare them
against tcpSDN. These variants are explained as follows.
quicSDN-2s: In this implementation, all the messages gen-
erated by OpenFlow are assigned to stream 0, and all the
OVSDB-generated messages are assigned to stream 2. These
streams are bidirectional; for example, stream ID 0 is used
for bidirectional OpenFlow messages between Switch 1 and
the Controller. quicSDN-16s: This implementation opens 16
bidirectional streams. As explained in Section III-B, each
message is assigned a different stream identifier in the range
0 to 15 in a round-robin fashion.

A. Overhead

We first evaluate the communication overhead between
Switch 1 and the Controller for exchanging OpenFlow and

Fig. 9: The protocol overhead of tcpSDN and quicSDN in the long RTT sce-
nario. Protocol overhead is the bidirectional communication overhead between
controller and the switches. The x-axis shows three message generation rates:
10, 1000, 100k messages per sec. Sub-figures (a) and (b) present the overhead
for 1% and 5% packet loss rates, respectively.

OVSDB messages. Whenever a controller sends a message
(command) to the switch, the Controller needs to receive a
reply from the switch to ensure enforcement of the command.
Therefore, we measure the bidirectional communication over-
head between the two nodes. In the testbed, the RTT between
Switch 1 and the Controller shows a mean value of 0.32 ms
and a standard deviation of 0.051 ms; we refer to this scenario
as short RTT. We also configured the testbed to generate
considerably higher RTT values with a mean value of 150 ms
and a standard deviation of 50 ms; we refer to this scenario
as long RTT. With long RTT, the testbed mimics a scenario
where a remote controller controls the data plane or when
considerable traffic competes with southbound control traffic.
For each experiment, the total number of messages generated
from Switch 1 to the Controller and vice-versa are 50,000 on
each side. Also, we vary the message generation rate per sec-
ond to 10, 1000, and 10,000. To represent various congestion
levels in the switches, we introduce 1% and 5% packet loss
rates. Figures 8 and 9 present protocol overhead for the short-
RTT and long-RTT scenarios, respectively. The overhead of
quicSDN is up to 82% and 80% lower than tcpSDN in the
short-RTT and long-RTT scenarios, respectively.

As we increase the number of messages exchanged per
second between the switch and the controller, the communica-
tion overhead of quicSDN and tcpSDN drops; also, quicSDN
shows a faster overhead decline than tcpSDN.

These empirical results conform to our analytical results in
Section II-A. The lower overhead of quicSDN is due to two
main reasons: First, multiple agents (OpenFlow and OVSDB
in these experiments) use a single connection to communicate
with the controller. Therefore, by multiplexing the messages
of these two agents, quicSDN achieves a lower probability
of sending packets smaller than MTU, compared to tcpSDN.
Second, the transport header overhead of quicSDN is lower
than tcpSDN when the number of streams is less than ten. As
we increase the number of streams from two to ten, the number
of QUIC frames per packet may also increase, depending on
the message size. Although a higher number of streams results
in better mitigation of the HOL problem, this benefit comes
at the cost of higher transport layer overhead. Nevertheless, as
the results show, the overhead of quicSDN-16s is still lower
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than tcpSDN.
Figures 8 and 9 show that the overhead of tcpSDN and

quicSDN are higher in the long RTT scenario compared to the
short RTT scenario. This is caused by the fluctuations in RTT,
which result in out-of-order packets and more retransmissions.
However, the overhead increase of quicSDN is lower than
that of tcpSDN. For example, for 1% loss rate and ten
messages/second, increasing the RTT caused the overhead of
tcpSDN to increase by 25.9%, while the overhead of quicSDN-
2s increased by 19.5%. TCP does not support NACK, instead it
supports Selective Acknowledgement (SACK). While NACK
specifies the packets that a receiver has not received, SACK
specifies the range of packets a receiver has received. TCP al-
lows including up to three SACK blocks [55], whereas, QUIC
supports 256 NACK blocks [36]. This makes a difference
when packet loss is eminent, as supporting only three blocks
cause more number of ACKs with SACK options than the
number of ACKs with NACK.

B. Message Delivery Delay

In this experiment, we measure message delivery delay
between the Controller and Switch 1 in Figure 7. We define
message delivery delay as the time interval between the time
instance a message is generated by an application running
on the sender until the complete message reception by the
application running on the receiver. We use two message size
pairs: <400,600>, and <3000,600>. Each pair represents the
size of messages generated by the sender’s application. We
also vary RTT and packet loss rate between the two nodes.
Figure 10 shows the result. The delivery delay of quicSDN is
up to 27% and 45% better than tcpSDN for the 0 ms and 100
ms RTT scenarios, respectively.

We observe that the message delivery delay of tcpSDN
is higher than quicSDN-2s and quicSDN-16s. The primary
reason behind this improvement is that, in contrast with
tcpSDN, quicSDN can immediately deliver a stream payload
to the application if it contains an entire message, regardless
of the loss of packets with smaller sequence numbers. Also,
the message delivery delay of quicSDN-2s is higher than
quicSDN-16s. This is because, as the number of streams
increases, QUIC can more effectively determine the indepen-
dence between frames (inside packets). The final observation is
that for both quicSDN-2s and quicSDN-16s, message delivery
delay is more fluctuating than tcpSDN, and this is due to
the order of packet arrivals and interdependence between
frames included in each packet. In the following, we present
more details regarding the underlying causes of the higher
performance of quicSDN compared to tcpSDN.

Assume an application generates message sizes 400 and
600 bytes, simply denoted as <400,600>. Figure 11a presents
a sample packet transmission from a sender to a receiver.
Assume each packet can include 1470 bytes of message data.
At time t1, the sender generates and includes four messages
in Packet i: M1 (400 bytes), M2 (600 bytes), M3 (400 bytes),
and part of M4 (600 bytes). Packet i includes 100 bytes of
M4, and the remaining 500 bytes of this message are included
in Packet i + 1. Packet i, which is transmitted at time t1,

is lost (e.g., due to congestion on a switch) along the path
between the sender and receiver. Packet i + 1 transmitted at
time t2 is fully received at t4. Note the transmission time of
each packet is L/r, where L is packet size and r is the link
speed between the two nodes. Propagation delay between the
two nodes is RTT/2. At t4, in a quicSDN network, since
messages M5 and M6 are fully received, they are delivered to
the application, without having to wait for Packet i. In contrast,
in a tcpSDN network, since the receiver needs to receive all the
bytes in order, it needs to wait for Packet i before processing
Packet i+1. Assuming the RTO of the sender is RTT , Packet
i is retransmitted at t5.5 At t7, Packet i is fully received and
tcpSDN delivers all the sent messages to the application, while
quicSDN delivers the remaining messages only, i.e., M1, M2,
M3, and M4. In this example, for quicSDN, the delivery delay
of M5 and M6 is RTT/2 + L/r. With tcpSDN, the delivery
delay of these two messages is RTT + RTT/2 + 2L/r. In
a realistic scenario, for example, if M5 and M6 are two flow
rules, the switch can process and install these rules with a
shorter delay compared to tcpSDN, thereby resulting in faster
reaction to network dynamics.

Figure 11b presents a sample packet transmission from a
sender to a receiver where the message sizes generated by the
sender are <3000,600>. At time t1, the sender includes the
constituting bytes of message M1 (3000 bytes) in Packet i,
Packet i + 1, and Packet i + 2. Packet i + 2 includes the
remaining bytes of messages M1 (60 bytes), message M2
(600 bytes), and some bytes of message M3 (810 bytes).
Packets i + 1 and i + 2 transmitted at t1 and t2 are lost.
At time t5, packet i + 1 is fully received. At this time, in
a quicSDN network, M2 is delivered to the application. In a
tcpSDN network, since the delivery of M2 is contingent upon
the successful reception of all these three packets, messages
M1, M2 and M3 are delivered to the application at time t9.
This scenario justifies the effect of increasing message size
on message delivery delay and conforms with the empirical
results presented in Figure 10 that show delivery delay is
higher for larger message sizes.

VI. RELATED WORK

In this section, we first review the existing works on the
performance and applications of QUIC protocol in SDNs, and
then review the widely-used methods to enhance the scalability
of SDNs.

A. QUIC in SDNs

Works exist on using and enhancing QUIC flows for
exchanging data and controlling traffic in SDNs. However,
none of these works propose and implement a generic system
architecture for southbound communication in SDNs, they do
not present a mathematical analysis of the overhead of QUIC
and TCP, and they mostly rely on emulation (through Mininet
[56] or virtual machines) instead of real-world deployments.
Table II highlights the major differences between quicSDN
and these works.

5RTO value is usually higher than RTT to account for RTT variations.
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Fig. 10: Message delivery delay (ms). The experiment is performed 30 times for each configuration. The results confirm the lower message delivery delay
of quicSDN compared to tcpSDN. Also, quicSDN-16s provides shorter delivery delay compared to quicSDN-2s because using a higher number of streams
increases the effectiveness of determining independence among frames (within packets).

Lau et al. [57] proposed a message scheduling method for
transmitting OpenFlow messages over QUIC. While some of
the observations in their work conform with ours, they did not
present analytical modeling and analysis of the communication
overhead and delay, as we did in Sections II-A and V-B. Also,
compared to [57], the quicSDN architecture we proposed in
this paper is a generic framework that supports multiplexing
and can be used with various types of agents and proto-
cols. Specifically, in Section III, we identified system design
challenges and proposed methods for architecting a generic
framework. Pedro et al. [58] introduced a SDN framework
for handling multi-stream applications. For instance, when-
ever a user application needs to communicate with another
machine through multiple Stream Control Transmission Pro-
tocol (SCTP) streams, the user application communicates with
the controller first and requests to establish necessary rules
supporting the required number of streams through switches.
Considering the unique characteristics of QUIC data flows,
Hussein et al. [59] proposed a new controller component
for handling the generation of flow rules for QUIC flows.
For instance, the proposed controller component tries to as-
sign QUIC flows to least-congested paths. Cohen et al. [60]
leverage the central network visibility of SDN controller to
adjust network coding operation dynamically. They show that
delivering video frames through the enhanced QUIC data flows
(supporting dynamic coding) outperforms the regular QUIC
protocol. Tong et al. [61] proposed a method for classifying
encrypted QUIC traffic and then using a SDN controller

to assign these flows to paths that meet the Service Level
Agreements (SLAs) requirements. Hayes et al. [62] proposed
an SDN-based method to dynamically manage the use of
Multipath Transmission Control Protocol (MPTCP)’s paths
and QUIC for media streaming to multi-homed client devices
such as mobile phones. An application running on each client
communicates with a SDN controller that provides the client
with information about the RTT of communication paths.
Based on the number and RTT of paths, the client dynamically
selects a path between QUIC and MPTCP. Similarly, Bhat et
al. [63] leverage the multiplexing feature of QUIC for the
transmission of high-quality video flows in SDNs. Guillen et
al. [64] proposed an SDN architecture to assist the end-points
in rate adaptation using Dynamic Adaptive Streaming over
HTTP (DASH) with QUIC and MPTCP. The main module
in their controller architecture is the Network module, which
performs traffic shaping and routing packets through the most
efficient routes available. The SDN controller collects the
priority of each user and their traffic, monitors end-to-end
paths between peers, and performs users’ traffic assignment
to these paths based on their priority and required QoS levels.

B. SDN Scalability
The communication overhead and delay between a con-

troller and its associated switches have been explored in the lit-
erature. The primary methods used to mitigate these overheads
are: (i) increasing each switch’s autonomy to handle flows, (ii)
selecting optimal controller placement, and (iii) using multiple
controllers to reduce switch-controller distances.
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TABLE II: Comparison of quicSDN and existing works on using QUIC in SDNs

[57] [58] [59] [60] [61] [62] [63] [64] quicSDN
QUIC for SDN

Southbound Communication
√

X X X X X X X
√

Generic Framework for Multi-agent
SDN Southbound Communication X X X X X X X X

√

Design and Implementation of SDN
Southbound Communication System X X X X X X X X

√

QUIC Transport as Data Plane Flows X
√ √ √ √ √ √ √

X
Load Balancing of Data Plane Flows X

√
X

√ √ √
X

√
X

Mathematical Overhead
Analysis of QUIC and TCP X X X X X X X X

√

Real-world Testbed X X X X X X X X
√
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R
T

T
<latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit> L/r

<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

R
T

T
/2

<latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit><latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit><latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit><latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit>

Packet i

Packet i+1

Packet i+1 is received
quicSDN: M5 and M6 are 
delivered to application 

Ti
m
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<latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit><latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit><latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit><latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit>

t1
<latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit>

t2
<latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit>

t4
<latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit><latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit><latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit><latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit>

Packet i is received: 

sender receiver

M1: 1470

(b)

Lost!

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

R
T

T
<latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit> L/r

<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>
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<latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit><latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit><latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit><latexit sha1_base64="3+4j9yYFEiHYQYAqZ80Sq6bBb0A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Fj04rFK0xbaUDbbSbt0swm7G6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6m/mtJ1SaJ7JhxikGMR1IHnFGjZX8x0bjstorld2KOwdZJV5OypCj3it9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWK51a8h6ty7TaPowCncAYX4ME11OAe6uADAw7P8ApvjnRenHfnY9G65uQzJ/AHzucP1RqOBw==</latexit>

Packet i

Packet i+1

Packet i+2 is received
quicSDN: M2 is 
delivered to application 

t5
<latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit><latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit><latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit><latexit sha1_base64="S6npbbrPrfktGTEtUp1wQAZM7YE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/QOo6s</latexit>

t1
<latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit><latexit sha1_base64="olrOvzbEt8NG1X4ZfZo9e1IlDTU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4Pcmw2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QPKJo6o</latexit>

t2
<latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit><latexit sha1_base64="cy/tkSSJEgjZuclWD6ygILuKJrQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7ajbrn1r2Hq1rztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfLq46p</latexit>

t7
<latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit><latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit><latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit><latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit>

Packet i is received

Packet i is lost

M2: 600

M1: 60

M1: 1470

M3: 810

Packet i+2
t3

<latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit><latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit><latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit><latexit sha1_base64="jJ7cGo2KLwokwgfpQ8wVjh1QE6U=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Oe1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPV7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/NMI6q</latexit>

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

Lost!

ACK timeout 
for Packet i:
Retransmit 

Packet i

M4: 500 M5:400 M6:600

R
T

T
<latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit><latexit sha1_base64="sfijiLtGmXQf1GaMi0nlELJU+WM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eq/YI2lM120i7dbMLuRiihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOk4VwyaLRaw6AdUouMSm4UZgJ1FIo0BgOxjfzvz2EyrNY9kwkwT9iA4lDzmjxkqPD41Gv1xxq+4cZJV4OalAjnq//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1XOr3v1lpXaTx1GEEziFc/DgCmpwB3VoAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPH/YSjZI=</latexit>

t8
<latexit sha1_base64="Jcc6nyMHA6MEYE4NF1ep53e912c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehlEjyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgwQ004R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfUyY6v</latexit><latexit sha1_base64="Jcc6nyMHA6MEYE4NF1ep53e912c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehlEjyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgwQ004R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfUyY6v</latexit><latexit sha1_base64="Jcc6nyMHA6MEYE4NF1ep53e912c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehlEjyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgwQ004R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfUyY6v</latexit><latexit sha1_base64="Jcc6nyMHA6MEYE4NF1ep53e912c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehlEjyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgwQ004R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfUyY6v</latexit>

Packet i+1 is received

t4
<latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit><latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit><latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit><latexit sha1_base64="e/pFPfMzN19aNlRzbJlImwM0hwQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsPjVrztoijDGdwDpfgwTU04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfOtY6r</latexit>

t6
<latexit sha1_base64="YBbsBRhwBkn0szAYMv/KcSaW93Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/Rv46t</latexit><latexit sha1_base64="YBbsBRhwBkn0szAYMv/KcSaW93Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/Rv46t</latexit><latexit sha1_base64="YBbsBRhwBkn0szAYMv/KcSaW93Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/Rv46t</latexit><latexit sha1_base64="YBbsBRhwBkn0szAYMv/KcSaW93Y=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJx35+Ne1Xa27dnYOsEq8gNSjQ7Fe/eoOEZTFXyCQ1puu5KQY51SiY5NNKLzM8pWxMh7xrqaIxN0E+P3ZKzqwyIFGibSkkc/X3RE5jYyZxaDtjiiOz7M3E/7xuhtFNkAuVZsgVWyyKMkkwIbPPyUBozlBOLKFMC3srYSOqKUObT8WG4C2/vEpaF3XPrXsPl7XGbRFHGU7gFM7Bg2towD00wQcGAp7hFd4c5bw4787HorXkFDPH8AfO5w/Rv46t</latexit>

tcpSDN: M1 and M2 are delivered to application
quicSDN: M1 is delivered to application 

tcpSDN: M1, M2, M3, M4, M5 and M6 are delivered to 
application
quicSDN: M1, M2, M3 and M4 are delivered to application 

Packet i is lost

Packet i+1 is lost

t3
<latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit><latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit><latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit><latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit>

t6
<latexit sha1_base64="mzwerQ5cD2AmeP5TWnuhN2azh8A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1XOr3v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHw0sjaE=</latexit><latexit sha1_base64="mzwerQ5cD2AmeP5TWnuhN2azh8A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1XOr3v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHw0sjaE=</latexit><latexit sha1_base64="mzwerQ5cD2AmeP5TWnuhN2azh8A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1XOr3v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHw0sjaE=</latexit><latexit sha1_base64="mzwerQ5cD2AmeP5TWnuhN2azh8A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+zX+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1XOr3v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHw0sjaE=</latexit>

t7
<latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit><latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit><latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit><latexit sha1_base64="YQEm96kgxAa/mNGaVAgDnJWeJIQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSj4O8MRtUa27dXYCsE68gNSjQGlS/+sOEZTFXyCQ1pue5KQY51SiY5LNKPzM8pWxCR7xnqaIxN0G+OHZGLqwyJFGibSkkC/X3RE5jY6ZxaDtjimOz6s3F/7xehtFNkAuVZsgVWy6KMkkwIfPPyVBozlBOLaFMC3srYWOqKUObT8WG4K2+vE7aV3XPrXsP17XmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfTRI6u</latexit>

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

t9
<latexit sha1_base64="t94tzNR2020DFhDciYBtjnOgfsA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsN+3S3U3YnQil9C948aCIV/+QN/+NSZqDtj4YeLw3w8y8IJbCout+O6W19Y3NrfJ2ZWd3b/+genjUtlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd5nfeeLGikg/4jTmvqIjLULBKObS4KYyqNbcupuDrBKvIDUo0BxUv/rDiCWKa2SSWtvz3Bj9GTUomOTzSj+xPKZsQke8l1JNFbf+LL91Ts5SZUjCyKSlkeTq74kZVdZOVZB2Kopju+xl4n9eL8Hw2p8JHSfINVssChNJMCLZ42QoDGcopymhzIj0VsLG1FCGaTxZCN7yy6ukfVH33Lr3cFlr3BZxlOEETuEcPLiCBtxDE1rAYAzP8ApvjnJenHfnY9FacoqZY/gD5/MHRtSNuA==</latexit><latexit sha1_base64="t94tzNR2020DFhDciYBtjnOgfsA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsN+3S3U3YnQil9C948aCIV/+QN/+NSZqDtj4YeLw3w8y8IJbCout+O6W19Y3NrfJ2ZWd3b/+genjUtlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd5nfeeLGikg/4jTmvqIjLULBKObS4KYyqNbcupuDrBKvIDUo0BxUv/rDiCWKa2SSWtvz3Bj9GTUomOTzSj+xPKZsQke8l1JNFbf+LL91Ts5SZUjCyKSlkeTq74kZVdZOVZB2Kopju+xl4n9eL8Hw2p8JHSfINVssChNJMCLZ42QoDGcopymhzIj0VsLG1FCGaTxZCN7yy6ukfVH33Lr3cFlr3BZxlOEETuEcPLiCBtxDE1rAYAzP8ApvjnJenHfnY9FacoqZY/gD5/MHRtSNuA==</latexit><latexit sha1_base64="t94tzNR2020DFhDciYBtjnOgfsA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsN+3S3U3YnQil9C948aCIV/+QN/+NSZqDtj4YeLw3w8y8IJbCout+O6W19Y3NrfJ2ZWd3b/+genjUtlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd5nfeeLGikg/4jTmvqIjLULBKObS4KYyqNbcupuDrBKvIDUo0BxUv/rDiCWKa2SSWtvz3Bj9GTUomOTzSj+xPKZsQke8l1JNFbf+LL91Ts5SZUjCyKSlkeTq74kZVdZOVZB2Kopju+xl4n9eL8Hw2p8JHSfINVssChNJMCLZ42QoDGcopymhzIj0VsLG1FCGaTxZCN7yy6ukfVH33Lr3cFlr3BZxlOEETuEcPLiCBtxDE1rAYAzP8ApvjnJenHfnY9FacoqZY/gD5/MHRtSNuA==</latexit><latexit sha1_base64="t94tzNR2020DFhDciYBtjnOgfsA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oQ9lsN+3S3U3YnQil9C948aCIV/+QN/+NSZqDtj4YeLw3w8y8IJbCout+O6W19Y3NrfJ2ZWd3b/+genjUtlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd5nfeeLGikg/4jTmvqIjLULBKObS4KYyqNbcupuDrBKvIDUo0BxUv/rDiCWKa2SSWtvz3Bj9GTUomOTzSj+xPKZsQke8l1JNFbf+LL91Ts5SZUjCyKSlkeTq74kZVdZOVZB2Kopju+xl4n9eL8Hw2p8JHSfINVssChNJMCLZ42QoDGcopymhzIj0VsLG1FCGaTxZCN7yy6ukfVH33Lr3cFlr3BZxlOEETuEcPLiCBtxDE1rAYAzP8ApvjnJenHfnY9FacoqZY/gD5/MHRtSNuA==</latexit>

Retransmit 
Packet i

L/r
<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>Retransmit 

Packet i+1
L/r

<latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit><latexit sha1_base64="PRzyxk9KR+CumaQZWS26zdb05XE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E0DJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopYe7M90rV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsduqEnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2nZINwVt8eZk0z6ueW/XuLyq16zyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4A4i2NhQ==</latexit>

Packet i retransmission

Packet i retransmissionPacket i+1 retransmission

Fig. 11: The effect of packet loss and message size on the message delivery
delay of tcpSDN and quicSDN. Here, L is the packet length (bits) and r is the
transmission rate (bps) between the client and server. Red boxes show partial
message inclusion in a packet and green boxes show complete inclusion of a
message in a packet.

To reduce the amount of switch-controller communication,
Hedera [65] allows switches to handle mice flows via Equal-
Cost Multi-Path (ECMP), and switches only consult the
controller when dealing with elephant flows. DIFANE [66]
distributes OpenFlow wildcards across switches to allow them
to perform local routing. Curtis et al. [18] show that polling
statistical data from switches reduces flow rule setup rate. They
propose DevoFlow, which devolves the control of many flows
back to switches, and the controller only targets significant
flows. DevoFlow uses wildcard rules to reduce the number of
interactions with the controller, while also reducing the usage

of Ternary Content Addressable Memory (TCAM). Mahout
[67] uses sender’s TCP buffer size to identify mice flows and
decide whether communication with the controller is necessary
or not. Kim et al. [68] propose a flow management scheme
to reduce the number of OpenFlow Packet_in messages
sent to the controller, thereby reducing the network overhead
caused by entry misses in a flow table. Their proposed scheme
reduces table misses by maintaining inactive flow entries for
as long as possible. The inactive flow entries are maintained
as long as the flow table has space; inactive flow entries
are deleted once the flow table starts filling up. Qin et
al. [46] analyzed controller-switch and inter-controller traffic
overheads in networks with varying numbers of nodes. They
show that the relationship between the amount of control traffic
and the number of nodes in a network is linear. They model
and propose a solution to the controller placement problem,
reducing device management delay by 25%. Van Bemten et
al. [69] use switches from multiple vendors and demonstrated
that switch management operations are not predictable and
reliable. For example, with Pica switches, as the number of
Flow_mod messages per second increases, the switch shows
two behaviors: the number of ignored rules increases, and
some rules are reported to be installed while they have not
been.

Onix [70] provides a wide range of primitives for developing
control applications in environments such as WAN and public
clouds. To simplify this process while maintaining scalabil-
ity, APIs are provided for a distributed implementation. For
example, control applications can utilize these APIs to access
the information maintained by Onix instances. HyperFlow [71]
synchronizes the status of distributed controllers and provides
control applications with uniform, consistent access to the
overall network data. Kandoo [72] assumes local processing
is available close to the switches. Applications that rely
on local information are assigned to the local controllers,
while non-local applications run in a root controller. Bera
et al. [43] propose a dynamic controller assignment scheme
to maximize controller reactivity in heterogeneous networks.
They accomplish this by selecting a controller to manage
new flows that arrive at switches in the network, such that
controller-switch delay and protocol overheads are optimized.
Disco [73] targets synchronization among controllers that
manage multiple, heterogeneous networks. They use Advanced
Message Queuing Protocol (AMQP), which utilizes TCP, to
support east-west communication among controllers; AMQP
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allows controllers to subscribe and publish to topics.
Zhang et al. [74] propose a min-cut algorithm for con-

troller placement to enhance communication reliability with
controllers. The network is first partitioned with the minimum
inter-partition cut, and inside each partition, the node with
minimum distance to other nodes is found. Survivor [44]
uses path diversity as a metric of their formulated linear pro-
gramming model to determine controller location. Simulation
results show that the connectivity loss of the proposed method
is between 2 to 3x less than [74]. Beheshti et al. [75] argue
the importance of providing switches with alternative paths
to connect to the controller as soon as the primary path is
dropped. The proposed routing algorithm takes into account
both distance and resilience to path failures.

Despite the valuable insights these works provide into the
scalability of SDNs, the effects of transport layer protocols
on southbound communication have not been studied. The
contributions of this paper are orthogonal to the existing works
and can be leveraged to enhance SDN scalability further using
methods such as dynamic switch-to-controller assignment and
predictive flow installation.

VII. CONCLUSION

As the need for a higher rate, lower overhead, and low-
latency communication between the data plane and control
plane in SDNs increases, the role of the transport protocol
used by southbound protocols increases too. In this paper,
we studied the shortcomings of using TCP and justified the
benefits of QUIC over TCP in SDNs. We presented the design
and implementation of quicSDN, a novel architecture that
enables the communication of the control plane and data plane
over the QUIC protocol. We presented the benefits of quicSDN
over tcpSDN via analytical studies and empirical evaluations.

Some future work directions are as follows. First, the
proposed quicSDN architecture can be used to improve the
efficiency of switch-to-controller assignment methods for pur-
poses such as load balancing. Second, the proposed architec-
ture can be leveraged for faster, more dynamic communication
between switches and controllers to perform predictive (AI-
powered) configurations to enhance network visibility, per-
formance, and security. Third, considering the specifics of
southbound control flows, a study of the effects of various
congestion control algorithms on the delay and throughput
of southbound communication flows is a direction for future
work. Fourth, in the current implementation, we use UDSs
for inter-process communication, which involves the Linux
kernel’s network stack for processing the exchanged mes-
sages. The use and study of alternative methods are left as
future work. For example, on end-devices such as servers
(which perform packet switching between containers, VMs
and external devices), the proposed switch architecture may be
integrated with Data Plane Development Kit (DPDK) to reduce
inter-process communication overhead. Fifth, throughput and
latency can be further improved by bringing Ethernet, Internet
Protocol (IP), and UDP packet processing into userspace for
QUIC packets. Finally, quicSDN is a generic architecture that
can be used in other systems, such as the communication of

Internet of Things (IoT) devices with gateways or controllers
with gateways. In such systems, the proposed framework
can be adopted to enhance energy efficiency, in addition to
lowering communication overhead and delay.
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