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ABSTRACT

PERFORMANCE EVALUATION OF CLASSICAL AND
QUANTUM COMMUNICATION SYSTEMS

AUGUST 2020

GAYANE VARDOYAN
B.Sc., UNIVERSITY OF CALIFORNIA, BERKELEY
M.Sc., UNIVERSITY OF MASSACHUSETTS, AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Don Towsley

The Transmission Control Protocol (TCP) is a robust and reliable method used
to transport data across a network. Many variants of TCP exist, e.g., Scalable TCP,
CUBIC, and H-TCP. While some of them have been studied from empirical and
theoretical perspectives, others have been less amenable to a thorough mathematical
analysis. Moreover, some of the more popular variants had not been analyzed in the
context of the high-speed environments for which they were designed. To address this
issue, we develop a generalized modeling technique for TCP congestion control under
the assumption of high bandwidth-delay product. In a separate contribution, we
develop a versatile fluid model for congestion-window-based and rate-based congestion
controllers that can be used to analyze a protocol’s stability. We apply this model to
CUBIC - the default implementation of TCP in Linux systems — and discover that

under a certain loss probability model, CUBIC is locally asymptotically stable. The
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contribution of this work is twofold: (i) the first formal stability analysis of CUBIC,
and (ii) the fluid model can be easily adapted to other protocols whose window or rate
functions are difficult to model. We demonstrate another application of this model
by analyzing the stability of H-TCP, another popular variant used in data science
networks.

On a different front, a wide range of quantum distributed applications, which ei-
ther promise to improve on existing classical applications or offer functionality that
is entirely unobtainable via classical means, are helping to fuel rapid technological
advances in the area of quantum communication. In view of this, it is prudent to
model and analyze quantum networks, whose applications range from quantum cryp-
tography to quantum sensing. Several types of quantum distributed applications,
such as the E91 protocol for quantum key distribution, make use of entanglement to
meet their objectives. Thus, being able to distribute entanglement efficiently is one
of the most important and fundamental tasks that must be performed in a quantum
network — without this functionality, many quantum distributed applications would
be rendered infeasible. Modeling such systems is vital in order to better conceptualize
their operation, and more importantly, to discover and address the challenges involved
in actualizing them. To this end, we explore the limits of star-topology entanglement
switching networks and introduce methods to model the process of entanglement
generation, a set of switching policies, memory constraints, link heterogeneity, and
quantum state decoherence for a switch that can serve bipartite (and in a specific
case, tripartite) entangled states. In one part of this work, we compare two model-
ing techniques: discrete time Markov chains (DTMCs) and continuous-time Markov
chains (CTMCs). We find that while DTMCs are a more accurate way to model the
operation of an entanglement distribution switch, they quickly become intractable
when one introduces link heterogeneity or state decoherence into the model. In terms

of accuracy, we show that not much is lost for the case of homogeneous links, infi-
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nite buffer and no decoherence when CTMCs are employed. We then use CTMCs
to model more complex systems. In another part of this work, we analyze a switch
that can store one or two qubits per link and can serve both bipartite and tripartite
entangled states. Through analysis, we discover that randomized policies allow the
switch to achieve a better capacity than time-division multiplexing between bipartite
and tripartite entangling measurements, but the advantage decreases as the number

of links grows.
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INTRODUCTION

This thesis covers two main topics: the first concerns TCP and its performance
evaluation, and the second concerns entanglement switching in a star-topology quan-
tum network. Congestion control serves a vital function in the efficient operation of
computer networks. Several congestion control variants have been developed, but de-
tailed analytical models for some of the newer variants are scarce. A notable example
is TCP CUBIC, which is currently the default variant used in Linux kernels. While
there are empirical and comparative studies of several TCP variants, they are not
enough to make careful statements about a protocol’s performance and stability. To
address this problem, we develop a novel generalized framework for TCP throughput
prediction. Among other factors, our model takes into account buffer constraints, file
size, multiple parallel flows, and maximum congestion window constraints imposed
by the receiver. The latter is a novel and important component of the framework,
as maximum window constraints come into play in high bandwidth-delay product
environments and can make the difference between a good throughput prediction and
an inaccurate one.

Stability is another important property of congestion control algorithms. Two of
the most popular TCP variants, CUBIC and H-TCP, had not been formally analyzed
from a stability perspective. This is partly due to the lack of a suitable modeling
framework within which complex congestion controllers can be analyzed. For CUBIC,
there exists an additional difficulty in that its fixed point lies at the saddle point of
its congestion window function, rendering linearization of the model useless. To
overcome these challenges, we develop a new model consisting of a system of two

time-delayed differential equations, which we call the MWLI model. The novelty of



this model is that it describes the evolution of two essential components of any loss-
based congestion controller: the time since last loss, and the size of the congestion
window immediately before a loss occurs. This is in contrast to traditional methods,
which model the evolution of the congestion window directly. For complex congestion
controllers, the MWLI model succeeds where the traditional methods fail.

The area of quantum communication is relatively new, and certain aspects have
not been subjected to mathematical analysis. A vital resource in a quantum network is
end-to-end entanglement between sets of users, which can be used to support a number
of applications, including quantum key distribution. We consider a single quantum
entanglement distribution switch and model it as a Markov process to determine
its achievable capacity and quantum memory occupancy for bipartite and tripartite
entanglement distribution. One of the first questions posed in this work is model
choice: i.e., whether to use discrete- or continuous-time Markov chains to represent
and analyze the device. We compare the two model types for a simple scenario
and find that while the discrete-time model yields more accurate results, it cannot
easily be extended to more complex settings. For instance, attempting to model a
system with heterogeneous links or quantum state decoherence quickly proved to be
intractable with the discrete model. On the other hand, such extensions are easy
to incorporate into a continuous-time Markov chain, and in the simple scenario of
identical links, infinite quantum memories, and no state decoherence, not much is
lost in terms of accuracy when compared to the discrete model. Our continuous-
time model takes into account link heterogeneity, memory constraints, measurement
success probability, and decoherence. The results may be used to guide the design of
quantum switches or similar devices (e.g., in determining how much quantum memory
is a reasonable amount) or they may serve as a useful benchmark for choosing efficient

switching policies.



CHAPTER 1
PERFORMANCE EVALUATION OF TCP

1.1 Introduction

The congestion collapse in the ARPANET during the late 1980s prompted the
adoption of what is now referred to as legacy Transmission Control Protocol (TCP).
Later, the advent of high-BDP (Bandwidth-Delay Product) networks stimulated the
development of several TCP variants to overcome the inefficiencies of legacy TCP.
These include HSTCP (HighSpeed TCP) [18], FAST (FAST AQM Scalable TCP)
[74], BIC (Binary Increase Congestion control) TCP [75], STCP (Scalable TCP) [41],
CUBIC TCP [30], and H-TCP (Hamilton TCP) [47]. To an extent, all of these Con-
gestion Avoidance (CA) algorithms are successful in improving bandwidth utilization,
although some exhibit better fairness, friendliness, and convergence properties than
others. Several empirical studies of these algorithms exist ([38, 48, 28, 49, 9], among
others), and although CUBIC is currently the default in Linux kernels, as of yet, there
is no definitive consensus on which CA algorithm is best.

Adding to this uncertainty, many other studies rely either on simulations or exper-
iments on networks with relatively low bandwidths compared to current High-Speed
Network (HSN) environments. Today, 10 Gbps Wide Area Network (WAN) links are
not uncommon between large-scale datacenters and computing facilities. An exam-
ple is the Extreme Science and Engineering Discovery Environment (XSEDE) [71],
a collection of supercomputing resources spanning several universities, national labs,
and other research institutions, all interconnected by 10 Gbps (and sometimes faster)

links. XSEDE offers tools like Globus GridFTP [1] and sftp for data transfers (note



that FTP relies on TCP for reliable data movement), and such bulk data transfer
mechanisms are becoming increasingly popular in HSNs.

Since BDPs have grown significantly and new bulk data transfer protocols that
use parallel TCP streams have been introduced, it is important to reevaluate TCP
both analytically and empirically. In this work, we present a framework within which
we derive analytical models for TCP variants. Unlike prior work, where models are
studied in isolation for each TCP variant, our framework is not variant-specific and
can be used to model a range of loss-based TCP variants. We use measurements on
an experimental testbed to motivate and validate these models.

In some environments, researchers share WAN links for data transfers. The draw-
back is that TCP streams belonging to different users may compete for bandwidth
and other resources. An alternate method of transferring data is through the use of
virtual circuits (VCs) dedicated to a single user or application. One example is the
On-Demand Secure Circuits and Advance Reservation System (OSCARS) [27], which
allows users to reserve high-bandwidth VCs for guaranteed performance. According
to the Energy Sciences Network, more than 50 research networks deploy OSCARS,
including the US LHC Network; and OSCARS VCs carry half of the Department of
Energy’s (DOE) science traffic. The increasing popularity of VC-based data transfer
options serves as excellent motivation to study TCP behavior in a controlled setting.
Moreover, it provides an incentive to examine scenarios with only a fixed, rather than
a dynamically changing, number of TCP connections.

Most protocols that strive to achieve efficient bulk data transfers do so by pro-
viding features that allow users to tune them as they see fit. For example, GridF'TP
supports both parallelism and concurrency (parallel streams use one socket and con-
current streams use separate sockets; henceforth, we use these terms interchangeably).
It has become clear that the reason for the emergence of tools like GridF'TP is the fact

that TCP is not able to keep up with the demands of today’s high-BDP networks.



In this work, we develop a framework that enables us to study the performance of
protocols like GridFTP in dedicated high-BDP networks. To do so, we concentrate
on a possible underlying root cause of poor bandwidth utilization: the congestion
control (CC) algorithms used by all TCP-based data transfer tools.

We take two approaches in an attempt to understand the dynamics of TCP in
modern environments: (i) first-principled modeling and (ii) measurement-based. We
create robust, detailed analytical models of variants of the protocol. At the same
time, we evaluate these variants on a dedicated network link, in a controlled setting
that allows us to emulate diverse experimental configurations while removing any in-
terference (e.g., I/O, background traffic) that could obscure TCP’s intended behavior.
We collect detailed measurements of memory-to-memory transfers on two different
testbed configurations using iperf and tepprobe, for three different TCP variants.

The main contributions of this work are:

— A general and comprehensive framework for modeling a diverse set of congestion
control algorithms. The framework encompasses not only congestion avoidance,
but also the slow-start mechanism. The latter takes into consideration the
heuristic guidelines imposed by Hybrid slow-start (HyStart) [29], which is the

implementation of slow-start used in current Linux kernels.
— A validation of these models using an extensive set of measurements.

— Last, we observe from our measurements that (i) CUBIC and H-TCP are compara-
ble in terms of average throughput, while they both outperform STCP, and (ii)
TCP performance benefits from the presence of a well-designed physical layer

(e.g., SONET).

We use only first principles to model the performance of each TCP variant in terms
of its average throughput as a function of round trip time (RTT). The models also

accept link capacity, buffer size, transfer size, number of parallel streams, and maxi-



mum congestion window (cwnd) size as parameters. Using measurements, we validate
the models and compare the performance of the TCP variants. To our knowledge,
this work constitutes the first careful measurement-based modeling study of TCP con-
gestion control algorithms in a high-BDP/HSN setting.

The remainder of this chapter is organized as follows. We describe the three
variants and related work in Section 1.2. In Section 1.3, we describe the testbed,
measurement, collection, and first-hand observations from the collected data. In Sec-
tion 1.4, we delve into the analytical framework for slow-start, congestion avoidance,
and each of the variants separately, presenting closed-form expressions for sending
rate where possible. In Section 1.5, we present and validate our results. Finally, we

conclude the chapter in Section 1.6.

1.2 Background
1.2.1 TCP Variants
We study CUBIC because it is the most commonly used variant in current HSN
networks and the default CA algorithm in the Linux kernel. Unlike most TCP vari-
ants, CUBIC is not an acknowledgement (ACK)-based algorithm. Instead, CUBIC’s
cwnd is a cubic function of time since the last congestion event such that the inflection
point is the maximum window size immediately before the most recent loss occurred.
We also study STCP because it was developed within the optimization-based
framework proposed in [40]. STCP is a multiplicative increase, multiplicative decrease

(MIMD) ! algorithm with the following response functions:

cwnd < cwnd+ a

'Note that although the per-ACK update rule for STCP is additive, this CA algorithm is MIMD
at the RTT level.



for every ACK received, where the increase factor a is usually set to 0.01. Upon loss

detection,

cwnd < b X cwnd.

Usually, b = 0.875 for STCP.

Finally, we study H-TCP because of its favorable fairness and convergence prop-
erties [48]. H-TCP is an ACK-based generalized additive increase multiplicative de-
crease (AIMD) algorithm whose additive increase factor a is a function of the time ¢

since the last congestion event. Specifically, a is defined as:

a < 2(1 —b)a(t)

where a(t) is

1 t <AL (1.1a)
a(t) =

t— AL\
1+10(t—AL)+< 5 ) t > AL (1.1b)

A% is usually set to one second so that for small congestion epochs, H-TCP behaves

like standard TCP. H-TCP’s decrease factor b is defined as

b - e
T RIT

, be [0.5,0.8]

where RTT,,;, and RTT,,,, are the minimum and maximum measured RTTs of a

flow. Upon loss detection, cwnd is updated as follows:

cwnd < b X cwnd.



1.2.2 Related Work

There exist a number of analytical studies for modelling TCP. Kelly proposed
an optimization-based framework for studying and designing CA algorithms in [40],
where STCP was an output. In [69], Srikant presented a simple analysis of Jacobson’s
TCP CC algorithm. The derivation sets the maximum window constraint to the sum
of the BDP and the size of the buffer. Our analysis is more refined in that it takes into
consideration two different maximum window constraints, as discussed in Section 1.4.
A model for slow-start is also presented in [69]. We extend this model by considering
the latest version of slow-start currently in use by Linux kernels.

In [50], Misra et al. model TCP throughput using stochastic differential equa-
tions. El Khoury et al. [14] present a model for STCP that includes buffer size as
a parameter, but only in the case of a very small buffer. In addition, they rely only
on ns-2 simulations for validation. Bao et al. propose Markov chain models for av-
erage CUBIC throughput, but for a wireless environment [2]. Moreover, they do not
directly account for buffer constraints. Leith et al. present empirical evidence that
H-TCP fares well in bandwidth utilization compared to other TCP variants [46], but
the protocol’s CC dynamics have not been analyzed in-depth.

There are some empirical studies that explore the behavior of TCP with multiple
concurrent flows. Morris looks at a number of performance metrics using simulations
and real packet traces, but does not explore different TCP variants [52]. Yu et al.
compare the performance of three open-source big data transfer protocols in [76]
using memory-to-memory transfers on a 10 Gbps international HSN. Bateman et al.
compare different TCP variants for fairness at high speeds using ns-2 and Linux [3].
As far as we know, no previous work attempts to model TCP with multiple flows

using first principles.



1.3 Measurements
1.3.1 Emulation Testbed

Our testbed consists of two types of Linux hosts: 32-core and 48-core HP Pro-
Liant servers, each with Broadcom 10 GigE NICs, running Linux 2.6 kernel (CentOS
release 6.6). It also consists of ANUE OC192 and IXIA 10 GigE hardware connection
emulators, and a 10 Gbps Forcel0 E300 WAN-LAN switch. Two separate configura-
tions are utilized for 10 Gigk and SONET measurements. These hardware connection
emulators transport the physical packets between hosts, delaying them during transit
by an amount specified at configuration. This process closely matches the effects of
physical connections, particularly, the TCP dynamics of hosts connected to them,
which in turn determine the throughput rates achieved. They more closely capture
the real-time TCP dynamics compared to packet-level simulators (such as ns-3 and

OPnet) that are typically driven by discrete “packet delivery events”.

feynman 1
feynman 1

@ i 10 GigE
tcpprobe 10 Gigk LAN 10 GigE WAN.PHY
PP tcpprobe LAN

0C192
E300
LAN-WAN
feynman 2

feynman 2

@ 10 GigE LAN @ 10 GigE
LAN

tcpprobe tcpprobe

(a) 10 GigE (b) 0C192

Figure 1.1: Two testbed configurations for dedicated 10 Gbps connections.

We consider two configurations that use OC192 and 10 GigE physical layer modal-
ities. In the first configuration, 10 Gigkl NICs of host systems are directly connected
to two IXTA emulator ports as shown in Figure 1.1a. Long range 1250 nm opti-
cal transceivers are used on host NICs to communicate directly with the emulator.
The SONET configuration shown in Figure 1.1b is more complicated compared to
the 10 GigE case, since hosts are equipped with 10 Gigk NICs and do not support
SONET. In this case, the 10 Gigkl NICs are connected to a Forcel0 E300 switch



using multi-mode 850 nm optical transceivers in LAN-PHY mode. The E300 switch
converts between 10 Gigk LAN-PHY and WAN-PHY frames that are inter-operable
with OC192 frames; the latter are sent through its WAN ports, which are directly
connected to OC192 ANUE emulator ports as shown in Figure 1.1b. We note that
the peak capacity of an OC192 connection is 9.6 Gbps. We utilize these emulators
to collect TCP measurements for a suite of dedicated connections where we set the
RTT to 11.8, 22.6. 45.6, 91.6, 183 and 366 ms. RTTs in the mid-range represent US
cross-country connections, for example, ones between DOE sites provisioned using

the OSCARS system. Higher RTTs represent transcontinental connections.

1.3.2 Measurement Collection
We collect TCP measurements for three TCP CC modules: CUBIC, STCP, and
H-TCP (all available as loadable modules under the Linux 2.6 distribution). Two

types of measurements are collected in each case.

(a) Throughput measurements for memory-to-memory transfers are collected using
wperf. In addition, intermediate throughput values from perf at one-second

intervals are collected for a more detailed analysis.

(b) Kernel traces: Certain TCP variables including cwnd, are collected using the
tepprobe kernel module to support a more detailed analysis and parameter es-
timates for analytical models. In this case, tepprobe is configured to collect

tep_info variables each time a TCP segment is processed.

The iperf and tcpprobe traces are collected concurrently to facilitate the correlation
of TCP parameters with throughput. Each test regimen is executed using a bash
script that coordinates the setup of parameters for emulators, invocation of iperf and

tepprobe codes and collection of their outputs.
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Figure 1.2: Comparisons between 10 Gigk and SONET measurements. TCP variant:
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1.3.3 Empirical Observations

It is interesting to note the differences in measurements produced by the SONET
and 10 GigE links. In general, we observe that the data obtained from SONET is
well-behaved and more deterministic than that collected from 10 GigE. Figure 1.2
illustrates the stark contrast in TCP behavior between these two testbeds. The evo-
lution of cwnd over time exhibits a consistent sawtooth pattern for SONET, whereas
the 10 GigE transfer experiences non-uniformly-spaced losses and seemingly flat re-
gions for smaller RTTs. The data shown is for STCP, for RTTs of 91.6 ms and 183
ms, although the results are consistent across different variants and other RTT values.
These differences are important: they mean that for accurate predictions, the models
must account for both the frequency of losses and the shapes of the cwnd curves.
Section 1.4 goes into specifics on how this can be accomplished.

Figures 1.2c and 1.2d reveal another difference between these two modalities:
10 GigE has more aggregate buffer space than SONET. Visually, buffering occurs
when cwnd grows as throughput remains relatively constant. The size of the buffer
corresponds to the white space between the two curves, and since it is more prevalent
in 10 GigE data, we know that this configuration has the larger buffer size. Figure
1.3 presents a comparison of the three variants in terms of their average throughput.
The dataset was collected over the 10 GigE link. Each memory-to-memory flow was
active until it transferred 10 GB of data. It is evident that for a small number of
streams, the three variants perform almost equally well. However, as the number
of flows grows, the differences in performance become more notable: CUBIC and

H-TCP significantly outperform STCP with ten parallel flows.

1.4 Analysis
In this section, we first present a model for slow-start and discuss how it can

accommodate an important component of HyStart. Then, we present single-stream
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analytical models for two different types of loss-based congestion avoidance mecha-
nisms: (i) those that are ACK-based and (ii) those that grow cwnd as a function
of time since last loss (referred to as TSL-based variants). STCP and H-TCP are
ACK-based, while BIC and CUBIC are examples of TSL-based algorithms. Finally,
we demonstrate how single-stream models can be easily extended to incorporate mul-
tiple parallel TCP streams.

Table 2.1 contains definitions of variables used in this section. We assume that
we know the link capacity C, aggregate buffer size 3, round-trip time 7, size of the
transfer F', and increase or decrease parameters. The minimum RTT, 7, is the delay
measured before the buffer of size § begins to fill up. This can be measured by running
a simple ping command between the source and receiver. /3 represents the aggregate
size of all buffers present on the link (e.g., on routers and NICs). An illustration is
shown in Figure 1.4. W, is a constraint on cwnd typically imposed by the receiver

(receive-window).

1.4.1 Slow-Start
In traditional slow-start, cwnd approximately doubles every round trip time of

length 7 in which loss is not detected:

w(t) = 24

Slow-start ends at time Ty, when w(t) reaches ssthresh and CA begins.

13



Table 1.1: Variable definitions used in analysis.

Variable | Definition Unit

C link capacity bits/sec
T minimum round trip time sec
w(t) cwnd as function of time bits

W oz maximum window constraint bits
Wi size of cwnd immediately before loss bits

I} aggregate buffer size bits

S sending rate bits/sec
S throughput bits/sec
ssthresh | slow-start threshold bits

a additive or multiplicative increase factor | N/A

b multiplicative decrease factor N/A

F file size bits

k number of CA epochs for a transfer N/A

n number of parallel TCP flows N/A

Ts = 7logy(ssthresh).

The amount of data transferred during time T} is N,:

T

Ts t/T T, .
N, = l/ ot/7 gy 2 _ ssthresh 1.
0 In(2) lo In(2)

(1.2)

(1.3)

These expressions are accurate when C7 (the BDP) is greater than or equal to

ssthresh. In HSN environments, this is a reasonable assumption that is validated

by the measurements (see Figure 1.2 for examples).

At the time of writing, HyStart is the default slow-start algorithm used in Linux.

This algorithm uses the same cwnd growth function as traditional slow-start. Ac-

cording to [29], HyStart sets an upper bound on cwnd equal to C,7/2 + (3,, where

C, is the available bandwidth and [, is the available buffer space. There is also a

lower bound on cwnd equal to (C,7)/2. In real scenarios (especially where packet

loss is highly prevalent), it is likely that the value of ssthresh will change several

times during the lifetime of a TCP flow. However, for highly-reliable, dedicated con-
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Figure 1.5: Example cwnd curves for one congestion avoidance epoch, with (a) and
without (b) a W, constraint. Shaded areas are the size of the buffer.

nections, such as ones encountered in HSN settings, it is safe to assume that a flow
will enter slow-start only once (at the beginning of a transfer), and afterward will
likely remain in CA state. This assumption is further validated by our tcpprobe mea-
surements. In this case, only one estimate of ssthresh is required. At the beginning
of a connection, most of the link capacity and buffer space are unused. Hence, we
let ssthresh = Ct/2 + [, which proves to work quite well in practice; in fact, we
find it much better to model ssthresh as a function of 7, rather than leaving it as a

constant.

1.4.2 Congestion Avoidance

For all TCP variants, CA consists of two phases. Figure 1.5 illustrates them
using generic cwnd curves (not specific to any TCP variant). The goal is to derive
expressions for V,, the amount of data transferred during one such CA epoch, and
T,, the duration of one CA epoch. The number of CA epochs for a given transfer is

approximately




The sending rate S can be approximated as

_ N, +EkN,
T+ kT,

Then, throughput © can be estimated as

©=5(1-p)

where p is the packet loss probability for a TCP flow. For small values of p,

Next, we discuss how to obtain N, and T, for various cases.

Case 1: Wpee < C7. In Phase I, cwnd grows until either the link capacity or W,,q.
is reached (if Wye, < C7). In the latter case, cwnd remains flat until the transfer
ends, buffer overflow never occurs, and there is no second phase. The amount of
data transferred in this case is N, = F' — N; (file size minus the amount of data
transferred in slow-start), and since the sending rate is capped at W, /7, it takes

Ty = NoT/Winae time until the transfer ends.

Case 2: Winae > C7. In this case, each congestion epoch will have two phases.
Phase I: The methodology for obtaining Ny and T, for Phase I is the same for

ACK-based and TSL-based variants. Given a congestion window function w(t), we

know that:

’LU(T()) =CT.
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Using this relation, we can solve for Ty: either directly (if C7 < Wy < W, as
in Figure 1.5b) or in terms of W,, (if W, > W,, as in Figure 1.5a). In order to
distinguish between 1.5b and 1.5a, we must first solve for W,,, (discussed below). The

amount of data transferred in Phase I is:

Phase II: In Phase II, the sending rate is capped at C, and the buffer begins to fill
up. We first solve for W,,, with the hypothesis that 1.5a is the correct representation
of our congestion epoch. Once a value for W,, is obtained, this hypothesis can be
rejected or accepted by comparing W,, with W,,... However, how we solve for W,,

depends on the type of CA mechanism.

1.4.2.1 ACK-Based CA
The following ordinary differential equation (ODE) describes the behavior for
ACK-based TCP variants:

dw B dw dA

where A represents an acknowledgement. Since the sending rate is C, this is also the

rate at which ACKs are being received:

dA
— =C.
dt

For every ACK, cwnd increases by a, so
dw
A~ "

17



Hence,

dw

aw A 1.
o Ca (1.5)

The initial condition for this ODE is w(0) = C'7. The ODE can now be solved to

obtain a window function for Phase II, wy(t).

1.4.2.2 TSL-Based CA
In a TSL-Based variant, cwnd grows identically in Phase II as it does in Phase I.
Hence, ws(t) = w(t).

Now that we have wy(t), we make the following useful observations:

I
Ny = — 2(t)d ) :
T/O ws()dt (1.7)
Ny, — CTy— B =0. (1.8)

Using (1.6), we can solve for the duration of Phase II, 7T},, in terms of W,,. The
amount of data transferred in Phase II, V,,, is given by (1.7), also in terms of W,.
Finally, we obtain a value for W,, by finding the roots of (1.8) and selecting the
appropriate root (subject to the constraints that W,, € R and W,,, > C1).

Subcase 1: W, < Wi In this case, we simply substitute the value of W,,, into

the expressions for T,,,, N,,, To and Ny. Then,

Na:NO+Nm7

T, =Ty + T

18



Subcase 2: W,, > Wi In this case, Figure 1.5b correctly depicts the shape of
the congestion epoch. Since W, is known, we can solve for T},,,, the duration of

sub-phase I of Phase II, directly:
Wa (Tmaz> = Wmax-
The amount of data transferred during this sub-phase is

1 Tmax

Nmaz = —/ wg(t)dt
T Jo

The only unknown left is T}, the duration of sub-phase II, and N3, the amount of

data transferred during that interval. However, we know that during sub-phase II,

the sending rate is capped at W,.. /T, so

Wmaa:

T

We can solve the following equation for Tj:
Nonaz + N,B - C(Tmax + T/J’) - /8 = 0.

Then,

Na = NO + Nmax + N67

To =To + Thaz + T,B'
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1.4.3 Examples
We demonstrate the versatility of the generalized modelling framework described
in previous sections through three examples: STCP and H-TCP (both ACK-based

variants) and CUBIC (a TSL-based variant).

1.4.3.1 STCP
Since the additive increase factor for STCP is a constant, the solution to the ODE

in (1.5) is simply

ws(t) = Clat + 7). (1.9)
Using this equation, we obtain:
W, — Ct
Tm = A~
Ca
W2 — (Cr)?
Ny = = )
2Car

W = Ct 4+ +/2Catp.

It W,, < Winae, we have everything we need for Phase II. Otherwise, we use W4,

instead of W, in the expressions for T}, and N,,; this gives us T},4, and N,uz:

Wonaz — CT
Ca ’
Nmam _ W’r?w,z - (CT)Q'

2Car

Tmam -

Further,

B BT Winaz — CT
Wonae — CT 2Ca
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This completes the analysis for Phase II. We now analyze Phase I by first constructing
an ODE that describes cwnd growth before the BDP is reached:

dw =a as in Phase II, but since S is below C, % _—
dA a7

The final ODE and its solution are:

dw w
- — _a’
a7
w(t) = ge®'™ where g is a constant,

w(t) = bW,e™/". (1.10)

Next, we can solve for Ty and Ny:

where
Wy = min (W, Wiae)- (1.11)

This completes the analysis for STCP.

1.4.3.2 CUBIC
Because CUBIC is not ACK-based, there is no need to derive two different window

functions for its analysis: w(t) grows as follows for both phases:

w(t) :c<t— Y bWS) + W, (1.12)

C
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where Wy is defined in (1.11), ¢ is the time since the last congestion event in unit of
RTT, ¢ is a scaling factor (usually equal to 0.4), and b is a multiplicative decrease
factor usually equal to 0.2.

We present the closed-form solutions for the necessary variables. Since CUBIC is
TSL-based, it helps to think of Ty and T;,, as points in time that delimit the phases,

rather than durations of phases (let 75 remain as the duration of sub-phase II of

Phase II).
T, = Y me’
c
b b
]\]’Tn:%3 Wm(l_—),
T c 4

Ot —W,, ow,,
TOZ\S/TC +€/c'

Above, N,, is the amount of data transferred in the interval [0,7,,]. Let Ny be the

amount of data transferred in the interval [Tp, T},].

]- Im 1 - m m
N1_—/ w(t)dt:__glCT w, (CT+3W )’
T J1, T c 4

The last equation above can be solved for W,,:

(48T’
W, =Cr — c(%)

Since we know that W,, > C'7, we must take the negative root of the fourth-root

term above. If W, is indeed less than or equal to W,,.., then the sending rate is

Ny +kN,
T+ kT,
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Otherwise, we use W,,,, in the expressions for T,, and N,, above to obtain T},,, and

Nz, Tespectively. Also,

5 — N _ C 3/ Ct—Wmaz
Ty = S

Winaz _ C
T

Finally, S is

_ Ny +k (Npao + Np)
T+ k(Toax +T5)

1.4.3.3 H-TCP

We do not present closed-form solutions for H-TCP, since they are too complex;
the majority of the computations for this variant were performed using Matlab. Since
AL is usually set to one second, for simplicity we use it in the derivations below. We
present the non-trivial case, in which the transfer lasts for T+ 1 seconds. For H-TCP,
let Ty, Trn, Tinaz, and Tz be points in time, rather than phase durations. For the first
second of CA, H-TCP uses the increase function shown in (1.1a). The cwnd function
is then

2(1 — b)t

T

The amount of data transferred during this time is Nar,

1 [Tar
NAL = —/ wl(t)dt
0

T

where

. 7(CT — bW,,)
TAL = min <].S, W)

This constraint on Tar is required because it may take less than one second for w; (t)

to reach C7.
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After the first second of CA, if wy(1) < C1, H-TCP’s increase function changes

as shown in (1.1b). The cwnd function changes to

wn(t) = wy (1) + 2= (1 +10(f— 1) + (%)2)

T

until cwnd reaches Ct at time Ty. Ny, the amount of data transferred in the interval
0, Tp], is:
NAL, if TAL S 18,

Ny = 1 [T .
Naz + - wy(t)dt,  otherwise.
T J1

To can be isolated from the relation ws(7Ty) = C'7. After Ty seconds have passed, the
cwnd function changes again because the transfer transitions into Phase II. This new
function is described by the ODE in (1.5), which uses the increase function shown in

(1.1a) or (1.1b) depending on the value of Txz:

dw = aCldt,
w(t) = 2(1 — b)C/a(t)dt,

ws(Ty) = C7 is the initial condition.

H-TCP then uses ws(t) for the rest of the congestion epoch, which ends at time 7),,.
It is possible to solve for T, in terms of W), using the relation ws(7,,) = W,,. The

amount of data transferred during Phase II is V,,:

1 [Tm
N, =+ / ws(t)dt.

TTO

It is now possible to solve for W,, using the following equation:
N,, — C(T,, — Ty) = B.
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If Wae = Wy, then S is:

N+ Ek(No + Np)

S Ts + KT,

Otherwise, T3 must be determined using a similar technique used for STCP and S

changed to:

Ny + k (NO + % f;}maz w3(t)dt + @(Tﬁ - Tmax))
5= T, + kTj '

1.4.4 Parallel Flows
We now present a simple, yet effective modification to the single-stream modelling
framework presented above to accommodate multiple flows. The main idea is to model

n parallel flows as a single, more aggressive flow. The modifications are as follows:

1. For any single-flow TSL-based CA cwnd function w(t), the multiple-flow cwnd
function is w(nt), where n is the number of flows. For any single-flow ACK-based
CA cwnd function, the multiple-flow cwnd function is obtained by multiplying the
increase factor (as in the case of STCP) or the increase function (as in the case of
H-TCP) by n. The only exception to this rule are cwnd functions in Phase II of
ACK-based CA variants, which must be left unchanged. For example, STCP’s (1.10)

becomes

w(t) = bW,,e®™/"

while (1.9) remains the same. The reason for this is that once an ACK-based variant

transitions into Phase II, ACKs continue to arrive at a constant rate, so that there
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is no added advantage of using multiple flows past the point where cund > BDP.
TSL-based variants, on the other hand, continue to grow the aggregate cwnd at a
rate approximately n times faster than with a single flow, for as long as congestion is

not detected.

2. Wae gets scaled up by a factor of n. However, there must be a hard constraint,
Winazt, o0 the aggregate cwnd, imposed by memory and buffer limitations. There-

fore,

Winaz = min (W00, Winaen )

3. In slow-start, we keep the duration (7) the same as for single flows, but multiply

N, by n. In addition, instead of ssthresh, we use

thresh = min (ssthresh, CT/n, Wiua.).

Interestingly, Crowcroft et al. have previously explored a related idea, but as a
means of delegating some flows a higher fraction of the bandwidth on a network [11].
They propose a controller, MulTCP, that attempts to increase the throughput of a
single flow by a factor of n by scaling the flow’s additive increase parameter by the
same amount . Simulations showed that MulTCP does indeed achieve a sending rate

of approximately nS as long as n is not too large.

1.5 Model Performance

Figure 1.6 shows throughput predictions for one, two, four, six, eight, and ten
H-TCP streams (we also did this for three, five, seven, and nine streams, not shown
here). Measurement data obtained from the 10 GigE testbed is also presented in the

figure and serves as validation for the models. The predictions were obtained using
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Figure 1.6: Measurement averages and medians vs multiple-stream model predictions
for H-TCP.

models presented in Section 1.4. Figure 1.7 shows the result of using the multiple-
stream models to predict the throughput of one, two, four, six, eight, and ten parallel
STCP flows (we also did this for three, five, seven, and nine streams, not shown here).
Figure 1.8 shows the same for CUBIC.

Due to testbed configuration changes between the experiments, we use different (3
and W,,,, parameter values for prediction in each dataset (although g and W, are
kept constant within a dataset). A dataset refers to all data collected for a particular
protocol, so there are a total of three. Note the odd ‘dip’ in throughput in Figure
1.7a for RTTs 11.8 ms and 22.6 ms: this is believed to be an anomaly. Define the

average error as follows:

100 M, — P,|

E=— 2 = ol
|RTTs| 2 :

reRTTs
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Figure 1.7: Measurement averages and medians vs multiple-stream model predictions
for STCP.

where M, and P, are the measured and predicted throughputs, respectively, for RT'T
= r. The mean errors (averaged across all RT'Ts and n € {1,...,10}) for multiple-
stream predictions are as follows: 5.2% for H-TCP, 9.3% for STCP, and 4.5% for
CUBIC.

1.6 Conclusion

In this work, we have derived a unifying scheme for analyzing single-stream and
multiple-stream memory-to-memory TCP transfers. We performed a detailed anal-
ysis for a diverse set of TCP variants: STCP — a MIMD algorithm; CUBIC — a
non-ACK-based algorithm; and H-TCP — an adaptive AIMD algorithm. The models
that emerged from this analysis were validated using an extensive set of measure-

ments. The results show that our models can be used to achieve accurate and reliable
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Figure 1.8: Measurement averages and medians vs multiple-stream model predictions

for CUBIC.

throughput predictions.

The measurements independently show that CUBIC and

H-TCP consistently outperform STCP, and the difference in performance becomes

more pronounced as the number of parallel flows grows. Interesting future directions

are to expand the analysis to include (a) exogenous and time-variant loss, (b) I/O

constraints, and (d) considerations of fairness and convergence.
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CHAPTER 2

TOWARDS STABILITY ANALYSIS OF DATA
TRANSPORT MECHANISMS: A FLUID MODEL AND
ITS APPLICATIONS

2.1 Introduction

TCP carries most of the traffic on the Internet. One of its important functions
is to perform end-to-end congestion control to alleviate congestion in the Internet
and to provide fair bandwidth sharing among different flows. To date, many different
congestion control algorithms (variants) have been developed, among which are Reno,
Vegas, STCP [41], CUBIC [30], H-TCP [47], and BBR [10]. Stability is an imperative
property for any dynamical system. The stability of several of these variants including
Reno, Vegas, and STCP has been extensively and carefully studied, however, little
is known about the stability properties of more recent variants such as CUBIC and
H-TCP. These latter variants have typically been studied through simulation and
experimentation, neither of which are adequate to make careful statements about
stability. As we will observe, for some variants this deficiency is due to the lack of a
modeling framework with which to develop appropriate models that are amenable to
a formal stability analysis. The goals of this work are to point out deficiencies in the
previous framework used to study variants such as Reno that make it unsuitable to
study a variant such as CUBIC, and then to present a new framework and apply it to
the analyses of CUBIC and H-TCP. Our choice of CUBIC is because it is a popular
variant that is the default in the Linux distribution, and our choice of H-TCP is
because it has been recommended by the Energy Sciences Network [16] and has been

used within the Department of Energy’s data transfer network [63].
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The traditional approach for modeling a congestion control algorithm’s behavior
is to derive a differential equation (DE) for its congestion window (cwnd) or sending
rate as a function of time. Such DEs typically account for the algorithm’s increase
and decrease rules, as well as loss probability functions, for example, to incorporate an
active queue management (AQM) policy. This method is highly effective for modeling
certain types of controllers, such as TCP Reno and STCP, whose cwnd update rules
are very simple (e.g., Reno’s cwnd grows by one every round trip and decreases
by half upon congestion detection). However, this approach reaches its limitations
when presented with a controller whose cwnd update functions are complex, thereby
making it difficult or impossible to directly write a DE for the cwnd or sending rate.
For example, CUBIC’s increase update rule is a function of time since last loss and of
the congestion window size immediately before loss. Moreover, in the case of CUBIC,
the steady-state value of cwnd lies at the saddle point of the window function, which
obstructs the stability analysis of the protocol.

To overcome the impediments of the traditional approach, we develop a novel
framework that exploits the fact that all cwnd- and rate-based controllers that utilize
packet loss information® to make changes to the cwnd or rate have two variables in
common: the value of cwnd (rate) immediately before loss and the time elapsed since
last loss. As a consequence, one can derive a set of two DEs: the first describing the
maximum cwnd (rate) as a function of time, and the second describing the duration
of congestion epochs. This is a relatively easy task, compared to deriving a DE for
cwnd (rate) of a complex algorithm directly. The advantage of such a model is that
it offers tremendous versatility since it does not define cwnd or rate functions within

the set of DEs, with the latter being identical for many controllers. Note that the

'Note that this includes not only ACK-based algorithms, but also packet marking schemes as
in ECN (Explicit Congestion Notification). From this point forward, we refer to such schemes as
“loss-based”.
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proposed model is applicable not only to TCP-based congestion controllers, but also
to UDT [25] and QCN [58].

In this work, we use both event- and packet-based simulations to validate our
analytical models. To validate the analytical stability results for CUBIC, we introduce
a lightweight simulation framework that can easily be adapted to other congestion
control variants. The simulation treats loss as a non-homogenous Poisson process
and generates new loss events based on a user-defined loss model. We refer to this
framework as the non-homogeneous Poisson loss (NHPL) simulation. The reason for
its development is that it enables us to fully control every aspect of a model, such as
changing link capacity throughout a flow’s lifetime or using custom loss probability
models. Perhaps the most important capability of this framework is the ease of
specifying initial conditions for flows at the start of the congestion avoidance phase,
since having control of these conditions is critical for testing the regions of stability
for algorithms that are locally stable (as most congestion controllers in practice are).
A description of the NHPL simulation framework is provided in Appendix A.1.

Further, at the time of writing, ns-3 [56] — a popular discrete-event network
simulator — did not yet natively support CUBIC, and existing implementations have
scalability problems: as more flows are introduced, the simulation becomes quite
slow. Hence, we use the NHPL framework to validate the DE model for CUBIC
and observe that the average cwnds predicted by both are in close agreement. As
system parameters are varied, the simulation and CUBIC’s DE model also agree on
whether the system is stable. For TCP CUBIC, we observe that instability can be
introduced by setting the initial conditions too far from their fixed-point values. While
our analysis states that CUBIC is locally asymptotically stable, these simulations
complement the theory by demonstrating that CUBIC is not globally stable.

We use ns-3, which unlike the NHPL framework is a packet-based simulation,

to validate the DE model for H-TCP. We observe that ns-3 is in close agreement
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with the DE model in terms of average cwnd and average congestion epoch duration.
We also note that when H-TCP operates in its high-speed regime, its cwnd tends to
exhibit large oscillations that last indefinitely, as evidenced by both the DE model
and numerical evaluation of H-TCP’s stability condition. In contrast, CUBIC’s cwnd
exhibits convergence to its fixed point, and fewer oscillations.

A summary of the contributions of this work is as follows:

— a new modeling framework applicable to a diverse set of congestion control algo-
rithms,

— applications of this model to CUBIC and H-TCP, and stability analyses of these
algorithms,

— validation of this model with two different simulation frameworks.

We call the new modeling framework the MWLI (Max Window Loss Interval)
model.

The rest of this chapter is organized as follows: we discuss related work in Section
2.2. We introduce the modeling framework in Section 2.3.1 and apply it to TCP
Reno. In Section 2.3.2, we show that the new framework is equivalent to the one
presented in [51]. In Section 2.4, we apply the MWLI model to TCP CUBIC, perform
a careful stability analysis of the congestion controller, and present a convergence
result. We also present a detailed analysis of CUBIC’s fixed point and observe its
limiting behavior in terms of link capacity and delay. In Section 2.5, we apply the
model to H-TCP and present a sufficient condition for stability. Similar to the CUBIC
analysis, we also perform a detailed analysis of H-TCP’s fixed-point and derive its
limiting behavior. In Section 2.6, we discuss the specific choice of a loss probability
model used throughout our work. In Section 2.7, we validate the new model and the
stability result for CUBIC and H-TCP using two different types of simulations and

loss models. We draw conclusions in Section 2.8.
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2.2 Background

There exist a number of analytical studies of TCP and its stability. In [51], Misra
et al. derive a fluid model for a set of TCP Reno flows and show an application to a
networked setting where RED (Random Early Detection) is the AQM policy. Kelly
proposed an optimization-based framework for studying and designing congestion
control algorithms in [40], where STCP was an output. In [69], Srikant presented a
simple analysis of Jacobson’s TCP congestion control algorithm. In [35], Hollot et al.
analyze the stability of TCP with an AQM system implementing RED.

Huang et al. develop and analyze the stability of a general nonlinear model of
TCP in [37], focusing on HighSpeed, Scalable, and Standard TCP for comparisons of
relative stability. The authors rely on functions f(w) and g(w), which are additive
and multiplicative parameters, respectively, and are both functions of the current
congestion window size. Our model differs from these examples in that rather than
modeling the congestion window directly, we instead model two interdependent vari-
ables (maximum cwnd and time between losses) that in turn determine the evolution
of the window. This new method presents a window of opportunity for modeling
complex, nonlinear transport algorithms for which it is not possible to write a DE for
cwnd directly or whose f(w) and g(w) functions cannot be written in closed form.

Theoretical analyses of TCP CUBIC are rare, possibly due to the protocol’s behav-
ior around the fixed point, which significantly complicates the analysis of its stability.
In one study, Bao et al. propose Markov chain models for average steady-state TCP
CUBIC throughput, in a wireless environment [2]. In [61], Poojary et al. derive an
expression for average cwnd of a single CUBIC flow under random losses. In contrast
to [2] and [61], the model we present in this work for CUBIC provides insight into
both the transient and steady-state behavior of the algorithm. Moreover, we utilize

Lyapunov stability theory to prove that CUBIC is locally asymptotically stable in-
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dependent of link delay and other system parameters (the parameters only affect the
region of attraction). This result is one of the main contributions of this work.
Some studies attempt to gain insight into the stability of high-speed TCP variants
using an empirical perspective. These usually involve characterizing stability (or
instability) by the coefficient of variation (CoV) or stability index, as in [28] and
[74], or even by simply using the standard deviation of the throughput as in [73].
While these observation-based and comparative studies are extremely valuable in
assessing protocol behavior in deployment, they do not present a complete picture:
to understand inherent protocol properties, modeling and performance analysis are

required.

2.3 The Model

In this section, we present the new model, which is the focus of this work. As a
proof of concept, we apply this model to TCP Reno and show that it is mathematically
equivalent to the well-known DE model originally presented in [51]. We note that
while the two models are equivalent, they make use of different types of information,
which is essential for developing a fluid model for TCP CUBIC presented in Section
2.4 and for H-TCP presented in Section 2.5.

In the analysis that follows, we will use the notation f = f(t) to represent a
function or variable that is not time-delayed. Similarly, we will use fr = f(t — T)
to represent a function or variable that is delayed by an amount of time 7. We will
also use f = df(t)/dt to represent the derivative of f with respect to time. The
notation df(x)/0z denotes the partial derivative of f with respect to the variable z,

of (=

and W)H:x* is the partial evaluated at v = x*.
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Table 2.1: Term definitions.

Term Definition

C per-flow capacity

T link delay in signaling a loss to the source
Winax(t) | the size of the cwnd immediately before loss

s(t) the time elapsed since loss
W(t) the cwnd as a function of time
p(t) a probability of loss function

2.3.1 The MWLI Model

Table 2.1 presents some useful definitions. The main idea behind the model is
the following: instead of deriving a DE for the cwnd function W(t) directly, which
is specific to a data transport algorithm, we instead derive DEs for Wi, (t) — the
size of the cwnd immediately before the most recent loss, and s(¢) — the amount of
time elapsed since last loss, which are variables common to all loss-based algorithms.
Since W (t) is a function of Wi (t) and s(t), it is completely determined by their

DEs. The result is the following model?:

Wosll) _ 11, 0) — W) =Dy 21)
diz(tt) —1- s(t)W<tT_ Dpit 7 |

Here, p(t — 7) is a loss probability function. The expression W (t — 7)p(t — 7)/7
describes the packet loss rate, delayed by 7. Here, 7 represents the delay in signaling
a loss to the source. The first DE describes the behavior of Wy,.., which takes the
value of W (t) right before a loss. At the time of loss, if Wiax(t) > W(t), then Wipax
decreases by the amount Wi,.(t) — W (t); otherwise, it increases by the same amount.
The second DE describes the evolution of the time since last loss s(t), which grows

by one unit and is reset to zero upon loss. This system can be adapted to a rate-

2Note that W (t) must be either derived explicitly, for example as in (2.2) for TCP Reno or given
in the definition of the controller, as in (2.7) for CUBIC.
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Wmax (t)

s(t) s(t)

>

t

Figure 2.1: W (t), Whax(t), and s(t) for TCP Reno.

based scheme in terms of maximum rate and time since last rate decrease, simply by
dividing each DE by 7. Since we will be describing applications of this model to TCP
Reno, CUBIC, and H-TCP, which are all cwnd-based congestion controllers, we use
(2.1) in the interest of this work.

Figure 2.1 illustrates Wiax(t), s(t), and W(t) for TCP Reno. To adapt model
(2.1) to TCP Reno, we define Reno’s cwnd as a function of Wiax(t) and s(t). At the
time of loss, W (t) = Wiax(t) is halved. This becomes the initial value of W (¢) in the
new congestion epoch. W (t) then increases by one segment for every round-trip time,

so the total increase is s(t)/7 after s(t) time has elapsed since the last loss. Hence,

W(t) = LU (2.2)

Then the fluid model for Reno is (2.1) combined with (2.2).

The loss probability function can be customized according to the specific charac-
teristics of a given system, such as queue size and AQM policy. For simplicity, when
performing a formal stability analysis of a model, we use the following function:

p(t) = max (1 - WC—(% o). (2.3)

This function is presented in [69] as an approximation of the M/M/1/B drop prob-

ability when the buffer size B — oo. We will explore an alternate loss probability
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model — one that incorporates more realistic queueing dynamics — when validating
H-TCP using ns-3.

Note that model (2.1) does not specify W (t), and therein lies the versatility of
this scheme. For a given cwnd-based transport algorithm, the modeler need only
substitute a function describing the evolution of cwnd over time, as we did for Reno.
We demonstrate this technique again with CUBIC in Section 2.4. This property of
the model is useful both for analyzing existing algorithms and examining the stability
of new ones. Moreover, the MWLI model can be used to help design and fine tune
new congestion control algorithms, as their behavior may be simulated efficiently and

easily using (2.1) and any loss probability function.

2.3.2 Model Equivalence for TCP Reno
Consider the well-established model for TCP Reno’s cwnd from [51] (equation (4)

to be precise):

1 p(t — 7). (2.4)

We assume 7 to be constant for simplicity, even though the round-trip time in [51]
varies in time as a function of both the propagation and queueing delays.

We now show that the two models (i.e., the model represented by (2.1), (2.2) and
the model represented by (2.4)) are mathematically equivalent. Differentiating (2.2)

with respect to ¢, we have:

. S
W = —. 2.5
2 * T (25)
Substituting (2.1) into (2.5) yields
.1 W, 1 W,
W=- <1 — s—pT) + - <(W - Wmax)—pT) : (2.6)
T T 2 T
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From (2.2), we know that Wi, = 2(W — s/7). Substituting this expression for

Winax into (2.6) and simplifying yields

W:l(1_3@%)%((W—z(w—f))¥m>

-
1 SWT W Ww. —i—sWT
= - -2 br 9 - Dr -2 DPr
1 WW,;
=—-— = —Dr
T 2 T

The last line corresponds to equation (2.4) and completes our proof of the equivalence
of the models. When used with Reno, model (2.1) can be linearized and used to derive
a transfer function. The latter can be analyzed to yield system parameter-dependent

conditions for Reno’s stability. This analysis is similar to the one presented in [69].

2.4 Analysis of TCP CUBIC

In this section, we perform a local stability analysis of TCP CUBIC. To do so, we
first create a fluid model for this congestion control algorithm using the framework
introduced in the previous section. Then, we show that the system has a unique
fixed point and prove the existence and uniqueness of a solution. Next, we show
that the linearization method yields inconclusive results when applied to the model,
and are thus motivated to use Lyapunov’s direct method to prove the stability of the
system. First, we introduce a Lyapunov function candidate and since the system is
time-delayed, use Razumikhin’s Theorem to show that the candidate is suitable and
that stability holds in a neighborhood of the fixed point of the system. A consequence
of the failed linearization is that we will not prove exponential stability for CUBIC,
but we can still show asymptotic and Lyapunov stability. In this section, we also
analyze the limiting behavior of CUBIC’s fixed point in terms of capacity and delay.

Finally, we derive convergence results on the system’s solution.
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t

Figure 2.2: CUBIC’s saddle point causes dW(t)/dt to evaluate to zero at the fixed
point of the system.

2.4.1 TCP CUBIC Fluid Model
TCP CUBIC’s congestion window function is defined in terms of the time since
last loss s(t) and maximum value of cwnd immediately before the last loss Wiax (%)

[30]:

3
W(t)=c (S(t) - w) + Winax(t) (2.7)
where b is a multiplicative decrease factor and c is a scaling factor. Figure 2.2 illus-
trates the evolution of CUBIC’s cwnd over time. The opaque red curves represent
behavior in steady state: the window is concave until a loss occurs at CUBIC’s fixed-
point value of cwnd, W. The light red curves describe cwnd behavior if a loss does
not occur: the window becomes convex, also known as CUBIC’s probing phase. The
fluid model for CUBIC is then simply (2.1) coupled with (2.7), with (2.3) as the loss
probability function. More specifically, (2.1), (2.3), and (2.7) represent the dynamical
interaction of CUBIC with a congested network. Prior to the development of (2.1),
we attempted to develop a fluid model by first computing the equilibrium point for
CUBIC, but this exercise gave a value of s at (2.7)’s saddle point and consequently, a

confounding linearization of dW/dt = 0. Further attempts at deriving dWW/dt, taking
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into account the time-dependencies s(t) and Wiax(t), resulted in a highly complex DE
involving both Wi.x(t), s(t), and their derivatives. Even obtaining the fixed points
of this DE would be highly cumbersome, compared to obtaining the fixed point of
(2.1).

2.4.2 Fixed Point Analysis
Let Winax, 8, W, and p represent the fixed point values of Whnax (1), s(t), W(t),
and p(t), respectively. Using the fact that in steady state, W(t) = W(t —7) = W

and p(t) = p(t — 7) = p, system (2.1) becomes

_(Wmax - W)_ﬁ = 07 (28)

T

W
1—35—p=0 (2.9)

T

From (2.9), we see that
§=——. (2.10)
Wp

It is clear that W and p do not equal zero in steady state. Using this information,

along with (2.8), we conclude that Winax = W. In steady state, (2.7) becomes

3

. Vb .
W—cls— {22
C
This equation yields
s (2.11)
C
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Combining (2.10) and (2.11), we have

where p=1—-C71/ W (since p > 0 in steady state). Substitution yields

3¢

W(W — 07)3 = T,
which can be solved for W as a function of solely the system parameters ¢, b, C', and
7. This value can be used either with (2.10) or (2.11) to obtain a value for § solely
as a function of the system parameters. This concludes the fixed point analysis. An

interesting comparison is W as a function of p for Reno and CUBIC. Model (2.4)

yields

n 2 ~ 3
Wheno = \/:, while Weupre = TA ‘.
p p3b

In other words, whereas throughput under Reno depends on loss probability as
O(p~Y/?), CUBIC exhibits a p~>/* dependence.
Next, we obtain the limiting behavior of 5.
Claim 2.4.1. 5 = O((C1)Y?).
Proof. Above, we showed that

T T

Wp W—cCr

s =

(2.12)

Since § = (bW /¢)'/3, we also have that W = §%¢/b. Substituting this expression for

W into Eq. (2.12) and rearranging yields

b b
'~ -Crs—-7=0.
c c
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Given a quartic equation

ot + 51 4+ ex? F e+ ¢ = 0,

the roots are

4C4

1
1312——&—S:|:2\/—4S2—2p %,
q9
S

1
a:34————|—5'j:2\/ 452 —2p — —,

4C4

where,
8y — 363 A3 —degezer + 8cia
P= 82 T 1 8c3 ’
1 2 1
g1 /2 1 2o 2.13
2\/ A CAE L (2.13)
A AZ — 4AA3
Q:i"/ 1+V21 0 (2.14)
Ay = 3 — 3cgeq + 12¢4¢, and
A = 203 — 9c3cocy + 270%00 + 270403 — T2c409¢0.
For CUBIC, c3=0,¢cy =1,p = —C7t, Ag = —12b7/c, and Ay = 27C?(br /c)?,
so that

2 4 3
Q= % (gcf) + %\/272 (gc*r) +4 (1227) = O((CT)*3),
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and S = %\/% (Q - 12;” %) — O((CT)3).

Finally, to obtain 3, we choose the root x5 4 with the plus sign and show later on that

this root is indeed valid (i.e., positive for any large C'7). Thus,

~ 1 q
_ - /_gq02_ 4 _ 1/3
3—5—1—21/ 4S5 5 = O(Cr)7).

In contrast, for TCP Reno it can be shown that § = O(C7?).

Claim 2.4.2. for large Ct, the quantity inside the square root in Eq.

positive.

Proof. Substituting the value for ¢ above, we check if

Crb1
= —48%>0.
c S -

When Eq. (2.16) holds, substituting for S and rearranging yield

207h 1 1267 1)\ %2
S CICE =)

Note that @) is always positive. Hence, it suffices to show

207h 1 b 2 b\? b 256
_ _ _ 4" -
L (ber) +¢(TC) (o724 20)

(2.15)

(2.15) is

(2.16)



For large C'r,

b 256 b
4.7 v 2 4.7
C T + o C Tc,

so it suffices to show

C

2CTh \/_\/_027.2 1+\/_>_

Noting that 1 + V2 < 4, it suffices to show that

2CTh b2 b
SN 250272 = \/5207,
c

C
2>4V2 v

Hence, for large C't, we have selected the correct root for computing s. O

2.4.3 Change of Variables
To simplify stability analysis, we perform a change of variables so that the fixed

point of the system is located at the origin. To accomplish this, define x as follows:

where the last equality follows because Wiax = W. Also, define W(t) and p(t) as

follows:

5| b(xy(t) + W) 3 .

U(t)=c | zot) + 5 — +ay(t) + W,

p(t) = max (1 - %0)
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Then the new system is:

N
Ty = (‘I’—Il—W> TpTJ

. N2
To=1— (2o + S)TpT.

(2.17)

Note that W, and p, are functions of 1 (t — 7) = x;. and xo(t — 7) = zo,. It is easy

to verify that x* = [z, x5 21 x5.]7 = 0 is a fixed point of the new system.
Claim 2.4.3. x* = 0 s a fized point of the new system.

Proof. At x*, we have:

b=cls—y 22| +W
C
N\,
= (\If - W) 5, (2.18)
T
v,
by =1—3—"p, (2.19)
T

From the fixed point analysis of the original system, recall that § = y/ bW/ ¢, which
yields ¥ = . Plugging this into equation (2.18), we get @7 = 0. Similarly, plugging
in U = W into (2.19), we have:

A

. W
To=1—5—p.
T

From the fixed point analysis of the original system, recall that § = 7/(Wp). There-

fore, 5 = 0 as well, and the proof is complete. n

We can analyze the stability of the system (2.17) at the origin, which is equiva-
lent to analyzing the stability of the original system (2.1) at the equilibrium values

Winax and §. The CUBIC representation in (2.17) forms the basis for our subsequent

analyses.
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2.4.4 Existence and Uniqueness of Solution

We state the existence and uniqueness theorem as it appears in [24]:

Theorem 2.4.1 (Theorem 1.2 from Stability of Time-Delay Systems). Suppose that
Q is an open set in R x C (where C is the set of R"-valued continuous functions on
[—7,0]), f:Q — R"™ is continuous, and f(t,¢) is Lipschitzian in ¢ in each compact
set in §2, that is, for each given compact set (g C €2, there exists a constant L such

that

Lf(E, d1) = f(E, d2)|| < Ll[o1 — o]

for any (t,¢1) € Qo and (t, o) € Qo. If (to, @) € Q, then there exists a unique solution

of (t) = f(t,x;) through (to, d).

To prove existence and uniqueness for our system, it is sufficient to show that @
and @ are continuously differentiable functions in some neighborhood of the fixed
point. We assume that this neighborhood is small enough so that p, > 0. Then the

system becomes:

= (W_xl_w> - —C7)
(W, Cr)

iy = 1= (s + 8)———.

Let

b(z, + W)
C

and @::x2+§—\37f.

Following our usual convention,

o =d(t), and &, =d(t—1).
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Following are the partial derivatives of Z:

: b
Oty _ _bgrp-2ngy, _ o).

or; T
8[).31 3¢
= (. —
O0ry T (¥r = Cr),
01y _ (V -z, = W) (_bq)zFT—z/s +1),
Oxy. T
8:1':1 3¢ A 2
= —(V —x; — d2,
Dy, 7 (U — a1 — W)P?

These partials provide the first restriction to the region where stability is being ana-
lyzed. Specifically, the term F'~%/3 indicates that ; and z1_ should be restricted to

an interval [—pW, pW], 0 < p < 1. Next, we look at the partial derivatives of :

EM'Q 0 81’2 __(\I’T—CT)

8x1 e 8x2 N T

Oy (22 + 8) 2 ~—2/3

0wy, R (-b@7F; P+ 1),
= —— 5)P=.

s, - (z2 + 8)@7

Under the restriction stated above, these partials are also continuous, and hence, we

have local Lipschitz continuity — the requirement for existence and uniqueness.

2.4.5 Stability Analysis

In general, the linearization of (2.17) and (2.3) about x = x* = 0 is

Ztl 1 T S €1,
- TAO - _Al y
. S T
i) i) Lo,
where
ov | ov
8271 83:2 0 0
A(] = and Al =
0 —1 X=X dz1. Oza, X=X
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For CUBIC, OV /0x1|x=x+ = 1 and W /0x5|x—x+ = 0, so that #; = 0. This means that
the linearized system cannot be used to deduce the local stability of the nonlinear
system. The key cause of this problem is the fact that the fixed point value of x5 = 0,
is the saddle point of the function ¥ (or equivalently, § is the saddle point of W(t)).
Figure 2.2 illustrates this phenomenon. This causes all first-order partial derivatives
of &1 to evaluate to zero at x* = 0. Hence, in order to incorporate a local contribution
from & in the analysis, it is necessary to expand & further. Specifically, a third-order
Taylor Series expansion is necessary, since all second-order terms also evaluate to zero

at the origin. The expanded system looks as follows:

& = —axd + Bairy — yria5 + 67 + hy
" (2.20)
) 1 S
To = ——=Ty — —x1, + ho
S T
b b? b c
Where Oé:m, 6: 30?, ’ng, and 5: g

and hy; and hy are higher-order terms of #; and @9, respectively. To analyze the
stability of (2.20), we use the Lyapunov-Razumikhin Theorem, the statement of which
is given below as it appears in [24]. For the purpose of this theorem, we introduce
some notation. Let C = C([—7, 0], R") be the set of continuous functions mapping the
interval [—7, 0] to R™, where 7 is the maximum delay of a system. For any A > 0 and
any continuous function of time ¢ € C([tg — T,to + A],R"™), and ty <t <ty + A, let
1 € C be a segment of the function 1) defined as ¥ (0) = (t +6), —7 < 6 < 0. The

general form of a retarded functional differential equation is

@(t) = f(t, @) (2.21)

Below, R, is the set of positive real numbers, and S is the closure of the set S.
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Theorem 2.4.2 (Lyapunov-Razumikhin Theorem). Suppose f : R x C — R" takes
Rx (bounded sets of C) into bounded sets of R, and u, v, w : Ry — R, are continuous
nondecreasing functions, u(s) and v(s) are positive for s > 0, and u(0) = v(0) =0, v
strictly increasing. If there exists a continuously differentiable function V : R x R" —

R such that

u(llz]]) <V (t,z) <wv(]|z]]), forteR andz e R", (2.22)

w(s) > 0 for s > 0, and there ezists a continuous nondecreasing function p(s) > s for

s > 0 such that

V(t, x(t)) < —w(||z(0)]) (2.23)

if V(t+0,x(t+0)) < p(V(t,z(t))) (2.24)

for 0 € [—7,0], then the system (2.21) is uniformly asymptotically stable. If in ad-
dition lim,_ o u(s) = 0o, then the system (2.21) is globally uniformly asymptotically

stable.

The continuous nondecreasing function p(s) defined in the theorem above is not
to be confused with the loss probability function defined for the MWLI model earlier
in the text. Note that in this work, we will only prove local stability for CUBIC.
Therefore, our goal is to show that we can find a function V' for which all conditions
specified in the theorem are valid locally, i.e., in a sufficiently small neighborhood
around the fixed point.

A typical choice of Lyapunov candidate is the quadratic form, i.e., a function of
the form

pr D
Z(x) =x'Px, where P = b (2.25)

P2 P4

20



is positive definite. Not surprisingly, the quadratic form Z, which is a sufficient
form in working with linear dynamic systems, proves unsuitable. To understand why;,

consider the time derivative of (2.25) along solutions to (2.20):

/= 2[t1(p1131 +p2172) + 2i’2(p2$1 +p4x2). (226)

The first term above is quartic in z; and xs (because 2 in (2.20) is cubic in 21, z3),
but the second term is quadratic in 1, z9, and z;_. In a small neighborhood of x*,

the quadratic terms dominate; i.e., (2.26) becomes

. 1 S
Z =2 (—gﬂﬂz - ;3317) (P21 + paz2) + hoo.t.,

where h.o.t. denotes higher-order terms. We cannot guarantee negativity of these
terms, even locally. The main problem with Z is that py must be non-zero for Z to
be negative definite, yet this is the same coefficient responsible for the cross term of
x1 and @9 in (2.25), which prevents us from effectively bounding =, using condition
(2.24) of Theorem 2.4.2. However, the failure of this quadratic Lyapunov function
serves as an instructive example. Namely, we would like a Lyapunov candidate to
have the following two properties: (i) it must prevent i5’s terms from dominating the
Lyapunov derivative, and (ii) the cross terms of x; and x5 in the Lyapunov function
should be absent so that delayed terms (like x;_) can be easily bounded with non-
delayed versions (like 1) using (2.24). With these motivations, consider the following
Lyapunov-Razumikhin candidate:

dy 5 dy 4

—] + —2 (2.27)

V(x) = 5 1

where d; and d4 are positive. In a subsequent discussion, we will specify the values of

dy and dy4 in terms of system parameters. We will also show that V' can be bounded by
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functions v(||x||) = €||x||3 and u(||x]||) = €1]|x]||, for appropriate choices of constants
€p and €1, and that these functions satisfy all conditions specified in Theorem 2.4.2.
V satisfies (ii), as necessary, and allows us to choose a convenient function p(V'(x(t)))
for (2.24) (note: we can write V' (x(t)) instead of V(¢,x(t)) because V' is autonomous,
i.e., it is not explicitly a function of time). Let p > 1 be a constant, which can be

arbitrarily close to one. Then for (2.24), we can use p(V (x(t))) = pV (x(t)):

V(x(t—0)) <pV(x(t)), for 6 € [0,7].

Since there are no cross terms of x1, and x, on the left-hand side of the above
inequality, bounding the absolute values of these delayed variables individually is
straightforward (and instrumental in the proofs that follow).

Now, consider the Lyapunov derivative:

V == dlxlx'l + d4l‘gI'2.

Note that both of the terms above are now quartic in either x, xs, or both. However,
Ty still contributes a term with x;_, which poses a challenge in proving local stability.
Indeed, at the core of the proof for V’s negativity is managing the x1, term, as well
as proving that hy and hy in (2.20), which are higher-order in both the delayed and
non-delayed variables, are also higher-order in only the non-delayed variables z; and
Z3.

The focus of the following discussion is the term that contains z;_. Substituting

the expanded system (2.20) into V and rearranging terms, we have
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~

. 1 S
V = dlilfl (—CKU? + B.T%ilfg — ’YfEﬂU% + 51‘%) + d4l’% (—g.’ﬂg — ;xl-,—) + d1$1h1 + d4l‘%h2
d 3
= dy (—az} + Baiws — yaial + dxxy) — fﬂﬁg - d4;9€§$17 + dyz1hy + dyzyhy
d S
= di (—aai + Baiwy — yaiad) — ?x% + dyb6ry 7 — d4;x§x1T + dyz1hy + dyxihy

s
=y Qy + didz 75 — d4;9€§$17 + dyx1hy 4 dyxihy

SC% —leé dlﬂ/Q 0

where y = |g2,| and Q= |d,3/2 —divy 0

For the following, we will make use of the Mean Value Theorem (MVT), stated below.

Theorem 2.4.3 (Mean Value Theorem). Let f : [a,b] — R be a continuous function

on the closed interval [a,b], and differentiable on the open interval (a,b), where a < b.

Then there exists some ¢ in (a,b) such that

£(0) ~ fl@)

floy =1

Let I be the interval [t — 7,t]. Then by the MVT, there exists some 6 € (0,7)
such that

it —0) = $1(?_—(tx1_(t7_; 7) _ x1(t) — fl(t — 7-)’

1t —71) =x1(t) — 21(t — O)1, 6 € (0,7),

Or Ty, = X1 — T1,T,

where iy, = @1 (t — #). We would like to combine the terms didz123 and —dy2z3z;,

in V using the MVT. To do so, let dy = 1/8 = §/c and dy = 7/5.
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V = yTQy + leg - ngL'lT + dyx1hy + d4l‘§h2
= yTQy + :L‘%(:L‘l - 5517) + dyx1hy + d4$§h2

= yTQy + nglgT + dix1hy + d4$gh2.

Note that the last three terms above all have dependencies on z;. and zo.. Our goal
is to show that these terms are of higher order than y’Qy in variables z; and z,

alone. Consider @4,:

Uy
+7 ~
p9+7’7

. . H3
L1g = (I)G

where @y is the delayed version of ® defined in Section 2.4.4. We would like to find
an upper bound for |%;,| only in terms of x;, and x5,. Since 6 € (0, 7), we can expand
@3 about v = [z1, T,] = [0 0] (in other words, the fixed point implicitly includes
all x1(t — &), xo(t — &), 0 < & < 7, not just z1(t), z2(t), z1(t — 7), and z5(t — 7)).
Note also that by performing this expansion, we are applying a two-variable Taylor
series expansion to a four-variable function. Specifically, we can use a second-order
expansion and bound |Z;,| using only the remainder, which consists of third-order
partial derivatives.

In the expressions that follow, we use F' and ® as defined in Section 2.4.4. Also,
let ' :== Wy, Pyyr/7. The zero-, first-, and second-order terms in the expansion of
are zero when evaluated at v = 0. The third-order partial derivatives are:

L1y

i, (v =0) —2b° . .
v =0) 207, Fy 2+ 600, T 5038,

o3, 9¢2
8$19 (V = 0) 2b2 —4/3 —5/3
PLVZT) _ D p [F 20, F } ,
0 1y, 3¢ o 2P0l
01 =0 _
LQ) = —20I'F, 2/3, and
0$19$20
ajjl@ (V3: _0) = 6CP
Oxs,

o4



We will bound the absolute values of these partial derivatives and use the following

proposition [19].

Proposition 2.4.1. If a function f is of class C**' on an open convex set S and
|0%f(x)| < M forx € S and |a] = k + 1, then the absolute value of the remainder
Rar(h) of the kth-order Taylor series expansion of f about the point a can be bounded

as follows:

M
(k + 1)

] = [ha] + [ho| + - + [fn].

|Rax(h)| < ||h||k+1, where

Above, 0f“ is the generic (k + 1)th-order partial derivative of f, and |a| = a; +
Qs+ -+ . In our case, a =0, and h = [z1, zo,].

In three of these partial derivatives, there are terms of the form (b(ajl"—jw)> _l,
where [ is a positive rational number. Hence, we must bound z;, in a region [— pW, pW],
where 0 < p < 1. Assuming that xz,, xo,, 71,, , and x5, are constrained in an
appropriately-chosen local region [—r,r] around 0, there exists a constant M such

that |93 f| < M. Then, using the proposition,

, M
1| < 5y (| + 2, ) (2.28)

By Razumikhin’s Theorem, we require that V(x) < —w(||x||) whenever pV (x(t)) >
V(x(t—40)), 8 € (0,7), for an € > 0 and some constant p > 1. When pV (x(t)) >
V(x(t -9)),
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dy da d; dy
P (Exf + Z:U%) > — 2 2 , T ngg,

dy
p(dll’% 3x2>>d1$107
|x19‘<\/ \/d1$1 _-772 _\/ (\/dlxl \/54 )
< J2 Ve + /222
dq 2

Similarly,

dy dy
p (et + Gat) = Yot

4
xQe_—

AN
)
iS]
N
S
8
=N
+
<
Ny
8]
[N
~_

|I29| =

AN
e
Q
§~
+
|
,J;
%
VR
RS
HE%
3

Substituting these results into (2.28), we have:

(B )
( mH@Q q/%‘flmw%mﬂ)

The lowest-order term in the equation above is (|z1]/?)% = |z1]%/2. Hence, we see
that the term |34, 7| can be bounded by a function of order at least 4.5. We can use
a similar procedure to bound the remainders of #; and #,, as we will demonstrate.
First, consider the higher-order terms in #;. Since x, depends on y/|z|, we
cannot simply use a third-order expansion of #; and bound the remainder of fourth-

order partials, because a consequence of this is that the remainder will have a term
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(1| 2)4 = |z1|%. Recall that in the Lyapunov derivative, #; is being multiplied by
x1, so the resulting term will have an order of merely three. Using this logic, it is clear
that we need an expansion of at least order six; this way, the lowest-order term in the
remainder will be (|z;|"/?)" = |21|7/2, and z,|x1|7/? is order 4.5, which is sufficient.
However, it is not enough to simply do a sixth-order expansion of #1: we must also
ensure that any fourth-, fifth-, and sixth-order partial derivatives in the expansion in
terms of x1, w9, x1_, and x5, are of order 3.5 or more in terms of only x; and zy (so
that when multiplied by x; in the Lyapunov derivative, we have terms of order at

least 4.5).

Claim 2.4.4. Ezxcept for the third-order terms, the sizth-order expansion of &1 in

[x1 X9 @1, x2.] is of combined power at least 3.5 in [xy x4].

The proof for this claim is very similar to the above procedure for bounding |#,|.
See Appendix A.2.1 for a full proof of Claim 2.4.4.

Next, we analyze the higher-order terms and remainder of #5. Recall that in the
Lyapunov derivative, @5 is being multiplied by x3. Hence, we require a second-order
expansion of &9 about [z1 x5 21, 75, ] = 0, and we must ensure that the second-order

terms are of combined power greater than one.

Claim 2.4.5. Ezcept for the first-order terms, the second-order expansion of o in

[z1 X9 @1, x2.] is of combined power at least 1.5 in [xy x4].

The proof for this claim is very similar to that of Claim 2.4.4. See Appendix A.2.2
for a full proof of Claim 2.4.5.
Finally, we show that the sum of the terms of order four is negative by proving

that @ in y”Qy is negative definite.
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—diav dy3/2 0 a3

y' Qy = {x% 129 mg] di3/2 —diy 0 129

0 0 —dy/3| | 22

This first leading principal minor of ), —d;«, is always negative, as needed. The

second leading principal minor should be positive:

2 5
d%o«y—d%% >0
2 5
a’y—% 0

N—
o
\ -~
(e

P ON(BY 1[0
27c257 53 4 \ 3¢c8°

b* 1 bt ?
27250 4 <9c2§10) =0
1 1 2
— 2oy

|
QU
=
o
/N
QL
o
&
| > [ 2
Q N—
~ |
w> |2 &
| I Red
NS G
=
Tl Nl=
/lx/T\
Wy | CIJ>|_,§N
N— " 0
N——
A\~ X
(@] (@]

p* 2
— — <0
cw+4

B* 2

——>0
ary 1

We see that this condition is equivalent to the previous one (for the second leading
principal minor), and hence it is satisfied.

So far, we have shown that for a sufficiently small neighborhood of x* = 0, the
Lyapunov-Razumikhin candidate in (2.27) has a negative definite derivative, i.e.,

V(x) < 0 for all x # 0 in this neighborhood and V' (x) = 0 if x = 0. Finally, it remains
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to bound V and V with functions u, v, and w that satisfy all conditions specified in
Theorem 2.4.2. We note that the arguments above are valid for |z1|, |x2| < r, where
0 <r < 1. We keep this in mind for the following bounds. Recall that previously,
we let dy = §/c and dy = 7/5. Then the exact form of the Lyapunov-Razumikhin

function is

For all bounds, we can use any norm on X, as long as we are being consistent. We

choose the ls—norm. Let

v([Ix[]) = eol x|[3 = eo(a] + 23),

where €g = max (£, =). Then V(x) < v(|[x][). Also, v(|[x||) is strictly increasing,

v([|0]]) = 0, and v(||x]||) is positive for ||x|| > 0. Next, let

u(|[xI]) = el [xl[$ = (2 +13)° = e (af + 22303 + o),

where €; is a positive constant of our choice. We will show that V(x) > u(]|x||), or

equivalently, V(x) — u(||x||) > 0 for some choice of ¢;.

S T
V)~ ulllxll) = oo + T — e o + 2053 + )
> ix% + l$§ — el(:)sf + 2:):% + :17‘21)
- 2c 45

3 T
= (2_6 —361) 1’%4— <4_§—61> ZL’%
s T
>0f <min | —, — |.
> or €7 m1n<6c 45)

Also, u(]|x||) is positive for ||x|| > 0 and w(]|0||) = 0. Hence, condition (2.22) is

satisfied.
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Next, we show that V is bounded by a suitable function w as specified in Theorem

2.4.2. Recall that we have shown that
7 — 4 3 2.2 dy 4
V=d (_&xl + ﬁxllﬁ - ")/.1'11’2) — gxz + h.o.t.

We can express the lower-order terms in matrix form, as follows:

di —;17% 0 x?
0 0 dy/3 22

Let’s call the matrix above Q. Since we have previously shown that the sum of the
lower-order terms in V is a negative definite function, it follows that () is positive
definite, so all of its eigenvalues are strictly positive. Since Q is a real and symmetric

matrix, its Rayleigh quotient is bounded below by A, [@]. Hence,

2
Ty

V S _)\min[Q] \/§ZE1JZ2 -+ h.o.t.

2
T
L 72 1l

= Auin[Q](zF + 22222 + 23) + h.ot.
= —Amin[Q]|[x][3 + R.0.t.

Previously, we showed that the higher-order terms have orders of at least 4.5. Then

for |z1], |x2| small enough, there exists a positive constant K such that

h.ot. < K|x|5.
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Claim 2.4.6.

h.o.t. h.o.t.
Let r1,T9) = ——. Then lim —_— =
Fm ) = T e TRTT
A simple € — ¢ proof can be used for this claim. See Appendix A.2.3 for the proof
of Claim 2.4.6.
By Claim 2.4.6, we can always find a K small enough by restricting x; and z5 into

a smaller neighborhood around 0. Hence, we can find a K < Apim|Q], which would

give us

V < —(Aain Q] — K)[x]13

where Amin[@Q]— K > 0. By inspection, we have found a w(||x||) that satisfies condition
(2.23) under (2.24). In addition, w(]||x||)) > 0 when ||x|| > 0, as necessary. Finally,

lim| x| —o0 u(||X||) = 00. By Theorem 2.4.2, we have shown that the function that

drives CUBIC’s cwnd, (2.7), is locally uniformly asymptotically stable.

2.4.6 Convergence
Using the Lyapunov-Razumikhin function and its derivative, it is possible to ex-
plicitly demonstrate the convergence of trajectories to the fixed point. In the analysis

below, we assume that ¢ty = 0. Recall that

V(x) < eol[x[3

— V2 (x) < eglfx|l2-

This gives us
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V<-— 5 v

. 0

V (/\min[Q] — K)
AT == €

We note that

t 1% V2 € 50
i i (>‘mm [Q] - K )
at\V ) — €t

Then, solving the differential inequality,

/Ot 4 <1> e / OuwinlQ) = K) ;. OuinlQ) = ),

v HORAO) ? X
1 )\min ) - K 1
V(t) €5 V(0)
1
V(1) =
()\min[Q]fK) 1
gz Lt
Since V(1) > € ||x||3,
1
x5 < = :
€1 (Arxlin[Q}_K) _€1
B )

We can simplify this bound using the definition of uniform stability:

(2.29)

Definition 2.4.1 (Definition 1.1 from Stability of Time-Delay Systems [24]). For the

system described by & = f(t, ), the trivial solution x(t) = 0 is said to be stable if

for any ty € R and any € > 0, there exists a d(to,€) > 0 such that ||zy,||. < & implies

l|z(t)|| < € fort > ty. It is said to be uniformly stable if it is stable and 6(to,€) can

be chosen independently of to. It is uniformly asymptotically stable if it is uniformly

stable and there exists a d, > 0 such that for any n > 0, there exists a T(0,,7), such

that ||z4||e < 9o implies ||z(t)|| <n fort >to+T and ty € R.
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Above, ||¢|]c = maxa<e<y [[@(§)]| for ¢ € Cla,b] and x4, = ¢ or z(to +0) = ¢(0),

—7 <6 <0. From (2.29), we have that

1 1 V(0)  eollx(to)|]3  €d?
1< _ = < 2 ,
||X||2 _— El(Amin[Q]fK) €1 —_— <

€1 €1 €1 €1
- t+ V(0) v (0)

We would like

||x||2 <€, or

[Ix[[5 < €.
So let
52
€0 64
€1
Se<e 2
€0

This bound on ¢ provides a measure on the basin of attraction of the fixed point
of a system using the system’s parameters. [Ie., it indicates how close the initial
conditions must be to the fixed point in order to guarantee stability. One possible
way to apply this bound is in the implementation of TCP: one could specify the initial
slow start threshold to be close to W, so that when CUBIC’s congestion avoidance

phase begins, the systems is more likely to settle into its stable state.

2.4.7 Summary

For the system described by (2.17), the following properties hold:
(a) The system has a unique fixed point x* = 0.

(b) The system has a unique solution in a neighborhood of this fixed point.

63



(c) The fixed point is locally uniformly asymptotically stable for x small enough and

in addition,

(i) 2y and z,_ are constrained to [—pW, pW], for 0 < p < 1,

(d) The solution is bounded according to (2.29) for |z;| and |z5| small enough.

2.5 Analysis of H-TCP

In this section, we use the MWLI model to analyze the stability of H-TCP. As
with CUBIC, we use (2.3) as the loss model. Unlike CUBIC, whose cwnd is given
explicitly as a function of time, H-TCP’s cwnd behavior is stated in terms of increase
and decrease response functions, so we must derive its W (¢) in closed form. H-TCP

behaves as follows [46]: on each acknowledgement, set

cund < cwnd + a(A)/cwnd (2.30)

and on each congestion event, set

cwnd < B(t)cwnd, (2.31)

where A is the time since the last congestion event and «(A) and 5(t) are described
in detail below. a(A) is constructed so that after a congestion event, H-TCP’s cwnd
increases linearly for a period of A% seconds; this is known as the low-speed regime of
the protocol. After A* seconds have passed, as long as there are no new congestion
events, H-TCP transitions into its high-speed regime and evolves the cwnd according
to a function of A. When a congestion event occurs, H-TCP uses a backoff factor
B(t) € [0.5,0.8], depending on current estimated maximum and minimum round-trip

times. The full operation is as follows:
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(a) On each acknowledgement, set

1, if A < AL,

2

2
14+ 10(A — AL) + (A—AL) LA > AL

and then let a(A) = max (2(1 — 5(¢))a(A),1). (Note: the original definitions,
e.g., in [47], [46], simply state a(A) = 2(1 — S(¢))a(A). However, if A < AF
then 2(1 — g(t))a(A) = 2(1 — 5(t)), which will be less than one for any value of
B(t) € [0.5,0.8] that is not 0.5. Since the increase factor must be at least one,
we assume that «(A) = 1 in this case, hence the use of max above (also used

in [45]).) Then, use Eq. (2.30) to adjust the cwnd.

(b) On each congestion event, set

Then, use Eq. (2.31) to adjust the cwnd.

Above, Timin/Tmax 18 the ratio of minimum to maximum round-trip times experienced
by the source. A’ is usually set to one second [46]. The authors in [46] also suggest
scaling a(A) with round-trip time to make the increase rate and convergence time
invariant with RT'T, as well as to potentially reduce unfairness. We first derive W (t)
without RTT scaling and later on introduce a scaling factor v to discuss its effects on
stability (y = 7/7yef, where 7, is a reference RTT value as discussed in [45] and [44]).
To simplify our analysis, we make the assumption that 5(t) = b, for b € [0.5,0.8].
Note that this assumption is reasonable, since in steady state, Tiin = Tmax SO that the
decrease factor is a constant.

Note that in the case where A > AL 2(1 — b)a(A) can also be less than one,

so that a(A) = 1. This means that until some time ¢, H-TCP will operate in the
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low-speed regime (i.e., it will behave like TCP Reno even though A > AL). We

compute ¢ to simplify future analysis. To do so, we solve the following equation for

tLI

2(1 — b) (1 +10(t, — AY) + (#)j =1

The result is

2
tp =AY =20+, /400 — 4 :
L + \/ + =)
Note that for b € [0.5,0.8], t;, > Al. We are now ready to write down the cwnd

function for H-TCP:
1 1{s(t) >t s(t)
W (t) = bWax(t) + —min (¢, s(t)) + M/ a(A)dA. (2.32)
T T t

Note that the indicator function above is required since the integral can evaluate to

a positive value in some cases where s(t) < tr.

2.5.1 Fixed Point Analysis

If t;, > &, then the fixed point of the system and its stability analysis reduces to
that of TCP Reno. From now on, we assume that ¢;, < §; in other words, we analyze
H-TCP in environments where the congestion epochs in steady state are sufficiently
long for the cwnd to transition to the high-speed regime after the linear growth stage.
This is common in high-BDP environments for which H-TCP was designed. Note that
this causes the indicator function in (2.32) to evaluate to 1. In steady state, we know

that W (t) = Wiax(t) = W and s(t) = 5. Applying this to (2.32), we have

(tp, — A")?

R 179 2 (53— AL
12

W=—=%t 42
* 12

(1-07r 7 _5(tL_AL)2) '
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We now eliminate W from the equation above. From the second equation in (2.1),

we obtain

sWp _ 1,
-
sW(l—-Cr/w) .
T - Y
T
W = 3 +CT. (2.33)

Substituting this into the fixed point equation above, we obtain

(tL—AL>3 L\2
=g, - 0.

(2.34)

Thor=—tt 2 (B2 s A T
s TeT (1—b)7’+7< o T AN s

Note that (2.34) is quartic in §. We can use it to analyze the limiting behavior
of § in terms of C' and 7 (specifically, we assume large C7 and C' > 7). To simplify
notation, let x = 5. Recall that in steady state, Timin = Tmax, Which means that the
decrease factor is b = 0.8. From now on, to simplify subsequent analysis, we assume
AY =1 s, which is the usual default value in H-TCP implementations. Using this,
along with the steady-state value of b, we may now evaluate the steady-state value
of tz, which is given by /406 — 19. Substituting this into (2.34), expanding and

grouping by z yields
2t £ 572 — 10522 + (812\/406 16283 — 6072> 2—672 = 0.

Recall the form of the roots of a quartic equation from Section 2.4.2. For H-TCP,
letting [' = 812+/406 — 16283, we have
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Ag = 105" — 171 (T — 6C7%) — 727° = O(C7?),
Ay = —2(105%) + 53865 (I' — 6C77) — 162(57°)7> + 27 (T — 6072)2 — 432(105)72
0(02 4)

(57 +228(105)) + (T — 6C7%) = O(CT?),

OOI»—t

and p is a negative constant (no dependence on C' or 7). From above and from Eq.

(2.14), we obtain

AT=0(C'7%), AJ=0(C%°), and Q=0O((C*r")'7).

Further (see Appendix A.3 for derivation details),

Ay A
= =0((C*), Q+ = =0((C*)?),  and
Q Q
1 2 1 Ao\ 1/3
where p’ = —p is positive. Finally, letting ¢ = —¢ and noting that for large C'T,

¢’ > 0, we use the plus-sign version of z34 to obtain

57 1 q
=—4+85+ 4+ = — 452 .
x 1 S 2\/2p 5 S (2.35)

and further noting that ¢’'/.S and S? are both O((C?7*)1/?), we obtain § = O((C72)'/3).
See Appendix A.3 for a proof of the limiting behavior of ¢’/S, as well as for a proof

that the root in (2.35) is positive and real for large C't and C' > 7.

2.5.2 Stability Analysis
We perform a change of variables similar to Section 2.4.3. Letting § = § — AL,

¢ =t — Al and rewriting the cwnd function in terms of () and w(t), yields
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W(t) = b(a (t) + W) + %
n 2(17— b) ((IQ(?;— ) + 5(mo(t) + 0)* + z2(t) + § — 1 — - 552) :

For the stability analysis, we need the partial derivatives of W(¢) with respect to

and x5 evaluated at the fixed point. They are

v _,

8_:161 =0,

gi = 2(17_ ) (($2(t)4+ O 4 10(x5(t) + 6) + 1> ,
o] A0 (AP ),

Let the quantity above (the partial with respect to xy evaluated at the fixed point)
be denoted as Far. Note that Far is always positive: recall that t;, > AL for all
b € [0.5,0.8] and by our assumption, § > tr, so it follows that § > AX. The linearized
system is

Ty

b—1 FAL T 0 0 T

T

Wy | =

s
-

.’tg 0 —1 i) b FAL i)

T

Then, calling the first matrix (multiplied by 1/§) above Ay and the second matrix

(multiplied by —§/7) Aj, note that the linearized system has the form
x = Apx + A1x,.
Its Laplace transform is
sX(s) —x(0) = AgX(s) + A1 X(s)e .
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Solving for X(s) yields

X(s) = (s — Ag — A1e°7)x(0).

We compute

AL

b3 —sT 1 3 —sT
—e s+ 3+ 2Fare

and the determinant of this matrix is

1-0b 1 S Far
A:(s—l— — ><5—|—7> <1+f%e”>.
S § T(s+ %)

Note that the first two components of A, s + (1 —b)/s and s + 1/8, are stable. For

the third component, we can apply the Nyquist stability criterion. Let

Far o

= ¢
<s7' + —(1_;)7)

and let p == (1 — b)7/8 and 0 := tan~'(w7/p). Then

—S8T

- |
H(jw) = —mal i),

Decomposing H (jw) into real and imaginary components yields

SFar sin(wt + 0)

I(H(jw)) = \/m
R(H(jw)) = SFarL cos(wT + 9)'

The Nyquist stability criterion states the following: The rational function 1 + H(s)

has poles in the open left-half s-plane if and only if the Nyquist contour I'y in the
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H(s)-plane does not encircle the (—1,0) point when the number of poles of H(s) in
the right-hand s-plane is zero [12]. Clearly, H(s) does not have any poles in the
right-hand s-plane. It remains to check whether the point (—1,0) is encircled in the
H (s)-plane or to derive conditions to ensure that it is not encircled. We can find the

point where the contour intersects the real axis by setting Z(H (jw)) = 0, yielding
sin(wr + 6) = 0.

This equation is satisfied when w7t + 6 = +nm, for n =0,1,2,.... Next, we analyze
the real component. For n = 0 and n even, the numerator of the real part is equal to
§Far, which is always greater than zero. Hence, when n = 0 or even, Z(H (jw)) > 0.

To analyze the case of n odd, we use the following:

wT = xtnmw — 6,

lwT| = |£nT — 0.

Further, note that |0| = |arctan(wr/p)| < m/2. Therefore, |wr| > 7/2, so for n odd,

—sFA\L —25F AL
SN ar

For stability, we require that R(H (jw)) > —1. This yields the following (sufficient)

stability condition:

R v
SFAL S 5,

s ALY2
§(w+10(§—&)+1) < T

4

Recall that § is a function of C, 7, and t;, and the latter is a function of A*. We

have not been able to find values of C, 7, and A” that satisfy the stability condition
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above. In addition, we have not been able to find a set of parameters for which the
simulation of DEs show a stable system. Recall that in the cwnd function definition
(2.32), no RTT scaling is employed. RTT scaling can reduce unfairness, as well as
enable congestion epoch duration and convergence time to be independent of RTT.
When implemented in H-TCP, RTT scaling is only enabled in high-speed regimes
(i.e., when A > 1), and works by scaling o(A) in this regime by 7/7..f, where the
recommended value of 7,.; = 100 ms [45]. With this change, the stability condition

becomes

E ((§—AL)2

Tref

where t;, is redefined as

AL =204 /400 — 4 + 2T jf 20207 <
. (1-b)7 Tref

tr, =
AL otherwise.

Numerical analysis shows that in practical settings (i.e., for realistic values of C,
7, and b), H-TCP with RTT scaling (with scaling parameter v = 7/7,..¢) is still
unstable when it operates in the high-speed regime. In fact, we find that the only
way to stabilize the systems is to use values of b and 7,.¢ that force the protocol
to operate exclusively in the low-speed regime (i.e., to behave as standard TCP).
However, we note that certain values of v tend to dampen the oscillation amplitudes
of H-TCP’s cwnd, albeit without affecting the convergence behavior of the protocol.
One example of this phenomenon is illustrated in Figure 2.3. The cwnd curves are a
result of the DE model with C' =1 Gbps, 7 = 40 ms, and b = 0.8. v = 1 corresponds
to no RTT scaling, while v = 0.4 corresponds to using the recommended 7,.; = 100
ms. Recall the fixed point expression for cwnd from Eq. (2.33): W = 7/ + Cr.

Note from this equation that in high-BDP settings, W is dominated by the BDP,
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Figure 2.3: Effect of RTT scaling on H-TCP’s cwnd. Curves produced by the DE
model with C' = 1 Gbps, 7 = 40 ms, b = 0.8, and scaling factor 7 = 7/7,.s. In all three
cases, the protocol operates in the high-speed regime and is unstable. Decreasing ~y
reduces the magnitude of the oscillations.

C'7, while varying v only changes s. Hence, W does not change much with ~. This
is reflected in Figure 2.3, as all three flows reach approximately the same maximum
value of cwnd, ~ Ot = 5 x 10% bytes. On the other hand, the flow that corresponds
to v = 0.08 deviates significantly less from the fixed point than do the other flows,
with larger +’s. Interestingly, decreasing + further precludes H-TCP from operating
in the high-speed regime, and the protocol’s behavior approaches that of standard
TCP while not necessarily stabilizing it (i.e., the cwnd retains its sawtooth profile

and there is no convergence to the fixed point).

2.6 A Note on the Loss Model

We chose the probability of loss model given by Eq. (2.3) for its simplicity and
dependence on few system parameters. However, it is worthwhile to note that this loss
model is used often in fluid approximation models, especially under the assumption
that the packet arrival process is a Poisson process [69]. Such an assumption is
reasonable in certain scenarios, e.g., with sufficiently long-lived data transfers and

large buffer sizes at congestion points. However, in scenarios where traffic may be
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bursty, the arrival process no longer behaves as a Poisson process, and using the loss
model given by (2.3), or even its finite-version for M/M/1/B queues with queue size
B, may cause inaccuracies for throughput prediction [20].

Note that the MWLI model can accommodate different loss models, and as long
as a model p(f) can be written in closed form in steady state (e.g., (2.3) simply
becomes p(t) =1—Ct/ W in steady state), one can perform fixed point and stability
analyses. A consequence of using a particular p(t) is that the analysis is valid under
the same assumptions for which p(t) is a reasonable model. Hence, while H-TCP
seems unstable under (2.3), it may behave very differently under a less harsh p(¢). In

Section 2.7, we explore another loss model for H-TCP that incorporates queue size.

2.7 Simulations

We use simulation to validate model (2.17) and the stability analyses of TCP
CUBIC and H-TCP. For H-TCP, we use ns-3 and for CUBIC, we develop a simulation
framework that treats loss as a non-homogenous Poisson process and generates new
loss events based on a user-defined probability of loss model. Because of the loss
generation method, we call this simulation framework the Non-Homogeneous Poisson
Loss, or NHPL simulation. A detailed description of the framework is provided in
Appendix A.1. An advantage of using this framework for validating the DEs over, for
example, ns-3, is that we can observe the behavior of solely the congestion avoidance
phase of an algorithm, which allows us to more easily verify the theoretical analysis
of the controller’s stability. Moreover, as we observe from simulations of the DEs, an
algorithm’s stability can be highly sensitive to the initial conditions specified at the
beginning of the congestion avoidance phase (note that this observed sensitivity to
initial conditions is consistent with our demonstration of local-only stability). The
initial conditions are values of Wy, (0) and s(0) for all flows, and we can control them

more easily with our simulation framework. This can be especially useful when testing
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the region of stability for a given system. Another reason for using NHPL simulations
for CUBIC is that at the time of writing, CUBIC is not natively supported in ns-3.
As a result, certain experiments of CUBIC in ns-3 take an exceedingly long time to
complete (especially systems with high BDPs, which are of interest in this work).

Note that the NHPL simulation framework is event-based, rather than packet-
based. To diversify our experiments, we use ns-3 — a packet-based simulation frame-
work — to validate the H-TCP model. For the experimental setup, we use a PointToPoint
channel between two net devices. We choose the PI (Proportional Integral controller)
AQM scheme [33] for H-TCP in ns-3. We choose PI because it is simple to implement
within the MWLI model. Since ns-3 does not natively support PI, we modify the
similar AQM protocol PIE [57] implementation, which is available in ns-3.

In order to compare the DE model against ns-3, we alter the DEs’ previous loss
model (that of Eq. (2.3)) to incorporate some of the major components of PI, with the
objective of implementing a simplified version of the AQM scheme that reasonably
approximates PI. Specifically, every T_UPDATE seconds (we use 5 ms in all our

experiments — similar to the value used in the experiments of [33]), we compute

Ap = d(q - QTef) + B(%‘ef - qold) and set
(2.36)

p<p+Ap

as PI’s new drop probability. Above, & and B are parameters, ¢ is the current length
of the queue, guq is the length of the queue in the previous iteration, and g,.; is
the desired queue length. Note that this value of g,.s is a reference for an average
flow within our DE model, as opposed to a reference for all flows in aggregate, and
similarly for the values of ¢ and ¢4, so that the loss probability is computed for a
single flow. In all our experiments, we set & = 1.822 x 10~° and B = 1.816 x 1072, as

in [33]. The value of p is then used to update s and Wy,.y in the DE model.
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For the DE model, we use the following queue model (based on a model from

[34]):

— -, (2.37)

where ¢(t) is the number of packets in the bottleneck queue. Then the queueing
delay is given by qgei(t) = q(t)/C. Hence, the total delay is the sum of queueing and
propagation delays, given by gqge(t) + 7; this is the value we use instead of 7 in (2.1).
Note that for the experiment descriptions in this section, we only state the (constant)
propagation delay 7.

It remains to choose a queue size for ns-3 experiments: i.e., the MaxSize variable
for PI's queue, which we will call ¢y, from now on. Let N be the number of ns-8 flows.
For each ns-3 experiment, we choose a value of N large enough so that bandwidth on
the link is fully utilized. To choose a suitable value for guax, we multiply g,.; by N
and choose a larger value, keeping in mind that choosing too large a gu.x may cause
instability.

For convenience, denote the aggregate (or link) capacity C4 := NC. Note that the
DE model takes C' as a parameter, while ns-3 sets the link bandwidth using C'4 and
divides it by N to set the sending rate of each flow. Note that in all calculations above,
C' may have to be scaled by a maximum segment size (MSS) and other constants: in

all our simulations, we use the unit of segments/sec for C.

2.7.1 TCP CUBIC

Figure 2.4 compares the average cwnd generated by the NHPL simulations against
the average value of cwnd generated by the DEs. The fixed-point value of cwnd, W,
is also shown (albeit sometimes entirely hidden by the DE curve because of fast
convergence). All flows in this figure have a per-flow capacity of 1 Gbps, while the

round-trip time is varied (these combinations of C' and 7 are sufficient to generate a
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Figure 2.4: Comparison of average cwnd (computed post-transient phase) generated
by NHPL simulations against steady-state cwnd generated by model (2.17) for TCP
CUBIC. Also shown is the fixed-point value of cwnd. Per-flow capacity C' = 1 Gbps.

diverse set of behaviors). All flows have b = 0.2 and ¢ = 0.4 (the default values used
in Linux implementations of CUBIC).

Figure 2.4a shows a single stable flow with 7 = 1 ms. The transient response
of both simulations is clearly visible, and we observe that they reach steady-state
within a similar period. Not shown in this panel is the value of § &~ 4 seconds. By
observing the time between losses in the NHPL simulation, we see that there is a close
agreement. Figure 2.4b shows the same experiment, but with 20 flows. As expected,
the average value of cwnd from the NHPL simulation approaches W as the number of
flows increases. Figures 2.4c and 2.4d show one and 20 flows, respectively, for 7 = 10

ms. The initial conditions (values of s(0) and Wy.x(0)) are deliberately far enough
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Figure 2.5: The impact of initial conditions on stability. For both (a) and (b), C' =1
Gbps, 7 = 100 ms. In (a), there is one flow whose initial conditions W (0) and s(0) are
very close to the fixed point values W and 3, respectively. Both the NHPL simulation
and the model exhibit stability. In (b), there is one flow whose initial conditions
are set too far from the fixed point value, destabilizing the flow in both the NHPL
simulation and the DE system.
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Figure 2.6: Convergence for CUBIC. At the top is the cwnd generated by DEs as it
converges to the fixed point value of cwnd. Below these two curves is a comparison of

the instantaneous norm ||x||, against the analytical bound in (2.29). Here, C' = 100
Mbps, 7 = 10 ms.

from the fixed point to demonstrate a more dramatic transient response. Figure 2.5
shows two examples of 100 ms flows: in (a), there is a single flow that is stable, while

the initial conditions in (b) cause instability for one flow in both the DEs and NHPL

simulation.
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Figure 2.6 illustrates the transient and steady-state responses of a flow with C' =
100 Mbps and 7 = 10 ms, as well as ||x]||, as it compares to the convergence bound
(2.29). Observe that ||x||2 always lies below the bound and approaches zero as the
flow reaches steady state. The bound appears flat in this example because for this
system, V' (ty) dominates in the denominator. We observe this phenomenon for many

systems; this implies that the initial conditions are crucial for a flow’s stability.

2.7.2 H-TCP

We present experiments with varying BDPs, ranging from low — wherein H-TCP
operates exclusively in the linear regime, to high — where H-TCP’s average congestion
epoch is larger than A’ seconds. Since ns-3 does not use RTT scaling, we set v = 1
in all DE simulations. All ns-3 curves are averages of five runs. Figure 2.7 presents
comparisons of the MWLI DE model for H-TCP, using Eqgs. (2.36) and (2.37) as loss
probability function and queue model, respectively, against ns-3 with PI as the AQM
scheme. The experiment in Figure 2.7a uses a link capacity C'4 of 500 Mbps with 15
flows in ns-3. This corresponds to C' = 33 Mbps for the DE model. Packet size is set
to 1000 bytes and MSS is 958 bytes. For this experiment, 7 = 10 ms, which causes
the BDP to be low enough that on average, H-TCP operates in the low-speed regime.

This is evidenced by the average time between losses, s, defined as follows:

~

1l G TR L L,
SZEZNZL 35’7

r=1 " =1 =1

where R is the number of ns-3 experiment runs, Ly, is the number of losses suffered

" is the time

by flow f during the duration of the experiment in the rth run, and s{ ’
between the (i — 1)th and ith loss of flow f in the rth run (for ¢ = 1, we compute the
time until the first loss). For Figure 2.7a, 5 = 0.29 s, which is below the low-speed

regime threshold AY = 1 s. The DE model outputs a value of 0.27 s for 5.
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Figure 2.7: Validation of H-TCP’s DE model using ns-3. Red curves represent average
cwnd over all ns-3 flows. ns-3 uses PI as the AQM scheme and DE models use Eqgs.
(2.36) and (2.37). Aggregate capacity is given by Cy = NC. @y and ¢max have
units of packets, while MSS is in bytes. Each red curve is an average of five runs of
the experiment.

For the experiment in Figure 2.7b, we increase the link capacity to one Gbps
and the number of flows to 25. Here, ns-3 yields s = 0.25 s and the DE model
yields § = 0.27 s. For the experiment in Figure 2.7c, we use C'y = 1 Gbps and a
propagation delay of 20 ms. The number of flows is set to 45 in ns-3. Here, s = 0.38 s
and s = 0.44 s. In Figure 2.7d, C'y = 2 Gbps and 7 = 40 ms, which allows H-TCP to

be able to spend time in the high-speed regime, with s = 2.19 s and § = 2.2 s. Finally,
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Figure 2.8: Validation of H-TCP’s DE model using ns-3. Aggregate capacity Cy = 4
Gbps, 7 = 30 ms, gy = 100 packets, gmax = 1000 packets, N = 25 flows, and
MSS = 1158 bytes. The red curve is an average of five runs of ns-3.

Figure 2.8 presents an experiment with a relatively larger BDP compared to those of
Figure 2.7: here, C4 = 4 Gbps and 7 = 30 ms. There are 25 ns-3 flows and as with
experiments in Figure 2.7, the average is plotted over five runs. In this plot, s = 1.7
s and § = 1.8 s. Note that for this larger BDP, the ns-3 curve is slower to converge
to the DE curve, compared to some of the experiments in Figure 2.7. Further, note
that as the BDP increases (e.g., Figure 2.7d and Figure 2.8), the DE model predicts a
lack of convergence (which may be interpreted as a type of instability in the context
of TCP) for H-TCP’s cwnd. Similarly, the average ns-3 flow experiences greater
variation compared to cwnds in lower-BDP settings. We observe this in general for
larger BDPs, but predictably, the cwnd can be stabilized by introducing more flows,
albeit at the cost of decreasing each flow’s throughput and often forcing the protocol
to operate in the low-speed regime. These observations are consistent with those of
the numerical analysis discussion in Section 2.5.2. Note that in all our experiments,
the average cwnds match closely between ns-3 and the DE model, and similarly,
there is close agreement between s and s. Hence, Figures 2.7 and 2.8 demonstrate

the MWLI model’s ability to effectively predict H-TCP’s behavior.
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2.8 Conclusion

The main contribution of this work is a novel and versatile fluid model, which
we call the MWLI model, for cwnd- and rate-based data transport algorithms. The
model is structured so that the differential equations do not depend on the specific
window or rate function of a congestion controller. As a result, this framework offers
opportunities to model and analyze the stability of a diverse set of controllers whose
window or rate functions may not be linear and whose increase and decrease rules may
not be given in explicit form. We applied this model to three different algorithms:
TCP Reno, CUBIC and H-TCP. For the former, we prove that the new model is
equivalent to a well-established model for Reno. For CUBIC, the new model succeeds
where traditional methods of modeling cwnd are ineffective. We analyzed the fluid
model for CUBIC and discovered that for a given probability of loss model, its window
is locally uniformly asymptotically stable. We also derived a convergence bound on
the solution of the system as a function of the system parameters. Further, we
developed an event-based simulation framework to validate the model and related
theoretical results for CUBIC.

For H-TCP, we performed a linear stability analysis of the congestion controller
under certain assumptions. We find that H-TCP is unstable in most cases under
a particular loss model, but that it can be stabilized under a more realistic loss
model, e.g., such as one whose operation is closer to that of the PI AQM scheme.
We validated H-TCP’s model using ns-3 and find that the MWLI model is able to

predict average cwnd and average time between losses well.
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CHAPTER 3

ON THE STOCHASTIC ANALYSIS OF A QUANTUM
ENTANGLEMENT DISTRIBUTION SWITCH

3.1 Introduction

Protocols that exploit quantum communication technology offer two main types of
advantages: they can either extend or render feasible the capabilities of their classical
counterparts, or they exhibit functionality that is entirely unachievable through clas-
sical means alone. For an example of the former, quantum key distribution (QKD)
protocols such as E91 [13] and BBM92 [4] can in principle yield information-theoretic
security by using entanglement to generate secure key bits. These raw secret key
bits can then be distilled into a one-time pad to encode messages sent between two
parties. For an example of the latter, distributed quantum sensing frameworks such
as [15] and [77] employ entanglement to overcome the standard quantum limit [21].

While these applications hold a tremendous amount of potential for distributed
quantum communication (and even computation, see, e.g., [39]), a substantial chal-
lenge is reliable generation of entanglement — an essential component for many of these
tasks — especially over a large distance. This is due to the fact that there is an expo-
nential rate-versus-distance decay for quantum state propagation both through ter-
restrial free-space and optical fiber channels [60, 70]. Quantum repeaters positioned
between communicating nodes can overcome this fundamental rate-versus-distance
tradeoff [26, 53]. The process of quantum repeater-assisted entanglement generation
is illustrated at a high level in Figure 3.1 and can be divided into two main steps. In
step one, each segment connecting two adjacent nodes attempts to generate an entan-

gled link. Qubits from a successfully-generated entanglement are stored in quantum
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Figure 3.1: Long-distance entanglement generation using quantum repeaters. The
two nodes at the edges are communicating parties, and the nodes between them are
quantum repeaters. Dashed lines represent lack of entangled links, while solid lines
represent presence of entanglement. The gray and red circles are unoccupied and
occupied quantum memories, respectively.

memories, one in each node (Figure 3.1b). Once entangled links are present on all
segments, the quantum repeaters perform entanglement swapping [78] on their two
locally-held qubits (Figure 3.1c). The result, if all swapping operations succeed, is an
end-to-end entangled link between the communicating parties (Figure 3.1d).

In this work, we use the term “quantum switch” instead of “repeater” because in
a more complex network than that of Figure 3.1, the device will likely be connected to
several nodes or users, hence it is reasonable to assume that it will be equipped with
entanglement switching logic. Quantum repeaters, switches, and similar devices (e.g.,
trusted nodes) will serve as building blocks of large-scale quantum networks. It is
natural, therefore, to ask questions about their fundamental limits from a mathemat-
ical perspective, in order to gain insight into what constitutes efficient operation for
such a device, as well as to create a performance comparison basis for future protocols
and algorithms that rely on these devices. To this end, we study a quantum switch
that serves entangled states to pairs of users in a star topology, with the objectives
of determining the capacity of the switch, as well as the quantum memory occupancy
distribution and expected number of stored qubits in memory at the switch when it

operates at capacity.
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We accomplish these objectives by constructing a simple, yet descriptive model
of a quantum switch: we determine a small number of important model parameters
and abstract away the specifics of implementation. For instance, we do not focus
on a specific method of entanglement generation on a link, and we do not analyze a
specific quantum memory implementation; rather, we include the rate of entanglement
generation and memory coherence times as configurable system parameters. This
way, our model is agnostic to hardware architecture and protocol specifics, and is
kept general. Subsequently, when we analyze the model, we obtain results that are
often interpretable and intuitive.

In the most general case, the switch serves n-partite entangled states to sets
of users according to incoming requests, where n < k. To achieve this, link-level
entangled states are generated at a constant rate across each link, resulting in two-
qubit maximally-entangled states (i.e., Bell pairs or EPR states). These qubits are
stored at local quantum memories: one from each Bell pair at the user and the
other one at the switch. When enough of these entanglements are accrued (at least
n of them), the switch performs multi-qubit measurements to provide end-to-end
entanglement to user groups of size n. When n = 2, the switch uses Bell-state
measurements (BSMs) and when n > 3, it uses n-qubit Greenberger-Horne-Zeilinger
(GHZ) basis measurements [55]. In this work, we focus on the case of n = 2 — i.e.,
the case of bipartite-only switching, although some prior work on n > 3, as well as n
being allowed to switch between 2 or 3 will be discussed.

We consider systems in which links may generate entanglement at different rates
and where the switch can store one or more qubits (each entangled with another
qubit held by a user) per link. Throughout this chapter, we refer to these pairs of
stored qubits as stored entanglements. Another factor that impacts performance is
decoherence of quantum states; we model it and study its effect. The main metric of

interest for this network is its capacity C, i.e., the maximum possible number of end-
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to-end entanglements served by the switch per time unit. Another metric of interest
is the expected number of qubits ) in memory at the switch, F[Q]. Where possible,
we also derive in closed-form the distribution of the number of stored qubits at the
switch. Both C' and E[Q] depend on the values of k, n, entanglement generation
and decoherence rates, number of quantum memories (often referred to as buffer size
throughout this chapter), and the switching mechanism, including the scheduling
policy used by the switch.

Contributions of this work are as follows: by modeling the switch as a continuous-
time Markov chain (CTMC), we derive C' and E|[Q)] for n = 2 for a particular schedul-
ing policy and study how they vary as functions of k, buffer size, and decoherence
rate. From our analysis, we gain valuable insight into which factors influence capacity
the most, and which ones are of lesser consequence. For instance, we find that when
n = 2 and links are identical, the number of links and their entanglement generation
rate are the most impactful, while decoherence and buffer size have little effect. How-
ever, the same is not true in the case of non-identical links, where the distribution of
entanglement generation rates, combined with finite coherence time, can drastically
affect both C' and E|[Q)].

The remainder of this chapter is organized as follows: in Section 3.2, we briefly
cover relevant background for quantum communication. In Section 3.3, we discuss
related work. In Section 3.4, we cover modeling techniques, assumptions, and objec-
tives. In Section 3.5, we introduce our CTMC models for n = 2 and present their

analyses. Numerical observations are discussed in Section 3.6. We conclude in Section

3.7.

3.2 Background

A qubit is the quantum analogue of a bit and can be described by a two-level

quantum-mechanical system, e.g., the polarization of a photon. Two qubits are said
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to be entangled if the state of one cannot be described independently from the state
of the other. One of the most essential resources for quantum communication is a
maximally entangled two-qubit state known as a Bell state or Bell pair. The four

Bell pairs are given by

ooy
0% = B and o)

|01) & |10)
= T
and can be used as an expendable resource in a number of distributed quantum tasks,
such as teleportation [5], or to generate a raw secret key bit in entanglement-based
QKD protocols. Another way to use these states is for long-distance entanglement
generation as depicted in Figure 3.1, where each solid line is a Bell state. In the spe-
cial case of long-distance Bell pair generation via connection of two shorter-distance
Bell pairs, the switch performs the swapping operation via a Bell state measurement
(BSM). In linear optics, this is a probabilistic but heralded operation, with the success
probability dependent on the exact implementation of the BSM as well as gate opera-
tion efficiencies [64, 17, 23]. We address this phenomenon in our model by introducing
a parameter that represents the BSM success probability.

In [32], Herbauts et al. implement an entanglement distribution network intended
for quantum communication applications. The fidelities of entanglement generated
in this network were 93% post-distribution, and fidelities of 99% were shown to be
achievable. The demonstration entails distributing bipartite entanglements to any
pair of users wishing to share entanglement in a multi-user network (there were eight
users in the experimental setup). Delivering multiple bipartite entanglements was
shown to be possible virtually simultaneously. The authors specifically cite a possible
application of the network in a scenario where a single central switch dynamically
allocates two-party entanglements to any pair of users in a static network. In this
work, we study variants of this system, where we assume that the switch has the ability

to store entangled qubits for future use, and that successfully-generated entanglement
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— both at the link and end-to-end levels — has fidelity one. This latter assumption
allows us to obtain an upper bound on the entanglement switching rate and is a good
starting point for quantum switch analysis; the incorporation of non-unit state fidelity
(and the possible need for some form of entanglement purification, e.g., [6]) is left as
an open question and a subject of future work.

In recent years, there have been other promising experimental demonstrations
for realizing the fundamental components of quantum repeater architectures. For
instance, in [8], Bhaskar et al. implement quantum-memory-enhanced quantum com-
munication to overcome the fundamental limit of repeaterless communication [60]. At
the same time, new architectures and protocols, which promise to yield higher-fidelity
states and quicker end-to-end entanglement generation rates, have been proposed —
e.g., the quantum router proposal in [43] achieves both of these objectives. Such
advances further emphasize the importance of analysis and theoretical studies to help
guide hardware specifications and protocol design for quantum communication archi-

tectures.

3.3 Related Work

In [66], the authors use Markovian models to compute the expected waiting time
in quantum repeaters with probabilistic entanglement swapping. Specifically, they
consider entanglement distribution over a distance subdivided by repeater segments,
and while they propose a method of computing the average waiting time for an arbi-
trary number of links, explicit expressions are provided for only up to four segments.
In contrast, we consider a single quantum repeater-like device, but one that services
an arbitrary number of links.

In Chapter 5, we analyze the capacity region of a quantum entanglement switch
that serves users in a star topology and is constrained to store one or two qubits per

link. The problem setup is quite similar to that of this work, with the exception that
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the switch has the ability to serve bipartite and tripartite end-to-end entanglements,
and all links are assumed to be identical. There, we examine a set of randomized
switching policies and find policies that perform better than time-division multi-
plexing between bipartite and tripartite entanglement switching. Note that while in
Chapter 5, we allow the switch to choose between two types of entanglement to serve
at every time step, in this work we fix n and analyze it in more detail: for instance,
in Chapter 5 all links are assumed to be identical, while in this work links may be
heterogeneous and buffer sizes can be larger than one or two per link.

In [54], we study a quantum switch serving n-partite end-to-end entangled states
to k > n users and for n > 2. The setup is identical to that of this work, but limited
to only the case of a homogeneous-link, infinite-buffer system with no quantum state
decoherence. For the case of n = 2, the results are consistent with those of this
work, and we build on them to explore more complex bipartite switching systems.
Last, in Chapter 4, we model the n = 2 case for an identical-link, infinite buffer
switch using a discrete-time Markov chain (DTMC). In Section 4.5, we compare the
results of this logically more accurate model with those of this work and find that the
differences in predictions of the performance metrics are small. On the other hand,
as it will become evident in the following sections of this chapter, CTMCs are far
easier to use in this context and therefore may be considered a more powerful tool for
modeling quantum switches. As new quantum architectures and technologies emerge,
we expect quantum networks to become more prevalent and suitable for practical use.
With link-level and especially end-to-end entanglements being a valuable commodity
in these networks, proper resource management will be imperative for reliable and

efficient operation.
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Figure 3.2: Example of quantum switch operation. No Bell pairs are present in (a).
When enough Bell pairs are successfully generated (solid lines in (b) and (c)), the
switch performs a BSM (d), entangling the two users’ qubits (e).

3.4 Model and Objectives

Consider first a fairly general setting of the proposed problem: £ users are at-
tached to a quantum entanglement distribution switch via k£ dedicated links. At any
given time step, any set of n users (with n < k) may wish to share an end-to-end en-
tangled state. The creation of an end-to-end entanglement involves two steps. First,
users generate pairwise entanglements with the switch, which we call link-level entan-
glements. Each of these results in a two-qubit entangled (Bell) state, with one qubit
stored at the switch and the other stored at a user. Once there are n link-level Bell
pairs available to fulfill a request between n users, the process enters step two: the
creation of an end-to-end entanglement. The switch chooses the set of n locally-held
qubits (that are entangled with n qubits held by the n distinct users) corresponding to
the request and performs an entangling measurement. If such a measurement is suc-
cessful, the result is an n-qubit maximally-entangled state between the corresponding
n users. If after this step more link-level entanglements are available and can be used
to fulfill another request, the switch repeats the second step until either there are
fewer than n local qubits left or until no more requests can be fulfilled. Figure 3.2
illustrates an example with £ =4 and n = 2.

In this chapter, our objective is to derive a tight upper bound on the entangle-
ment switching rate when n = 2, i.e., the maximum possible rate at which the switch

may serve bipartite end-to-end entangled states — we call this quantity the bipartite
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switching capacity of the system. Since this upper bound should hold for any work-
load, it is necessary for us to assume that any two users wish to share an entangled
state; in fact, removing this assumption would necessarily decrease the rate at which
the switch is allowed to serve end-to-end entanglement. With this request policy, the
switch has no restrictions on which measurements to perform whenever two distinct
link-level entanglements are available. Hence, in step two of entanglement distribu-
tion, the switch simply chooses a set of two qubits corresponding to Bell pairs on two
distinct links, and uses them in the entangling measurement. Step two is repeated
until there are no more two distinct links with available Bell pairs. The results of our
analysis on the capacity of the switch can be used as a comparison basis for other
types of scenarios, in which, for example, each pair of users may specify a desired
rate of communication with each other through the switch. Another utility of this
analysis is that by examining a switch that operates at or near maximum capacity,
one may gain insight on the practical memory requirements of a switch.

Both link-level entanglement generation and entangling measurements can be
modeled as probabilistic phenomena [26]. In this work, we model the former as a Pois-
son process: each link attempts entanglements at rate A, and for link [ € {1,..., k},
each attempt succeeds with probability p; ~ e #%, where L; is the length of the
I[th link (e.g., optical fiber) and [ its attenuation coefficient. Hence, link [ gener-
ates successful entanglements with rate u; := Ap;. We refer to the special case of
U = pm, Vl,m € {1,...,k} as a homogeneous system, and when they are not nec-
essarily equal, as a heterogeneous system. We assume that whenever a link-level
entanglement is successfully generated, it always has fidelity one, but in certain cases
we will consider decoherence post-generation. In such cases, we model coherence time
as an exponential random variable (r.v.) with mean 1/a. Under this assumption, an

entanglement’s fidelity goes from one directly to zero upon decoherence, i.e., the fi-
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delity does not degrade while the entanglement is in storage. We also assume that
measurements performed by the switch succeed with probability ¢.

If at any time there are fewer than n = 2 link-level entanglements, the switch may
choose to store the available entangled qubits and wait until there are enough new
ones generated to create an end-to-end entanglement. We assume that the switch
can store B > 1 qubits in its buffer, per link. If on the other hand, there are more
than n link-level entanglements, the switch must decide which set(s) of them to use in
measurement(s). Such decisions can be made according to a pre-specified scheduling
policy: for example, a user or a set of users may be given higher priority for being
involved in an end-to-end entanglement. Other scheduling policies may be adaptive,
random, or any number of hybrid policies. In Chapter 4, we assume that the switch
uses the Oldest Link Entanglement First (OLEF) rule, wherein the oldest link-level
entanglements have priority to be used in entangling measurements. A practical
reason for this rule is that quantum states are subject to decoherence, which is a
function of time; hence, our goal is to make use of link-level entanglements as soon
as possible.? Note that when it comes to choosing Bell pairs to be used in entangling
measurements, the OLEF rule is only applicable if the system is operating in discrete
time: if we model the system in continuous time, there is never ambiguity about
which link-level Bell pair should be used first, since there are no “time slots” and
the switch performs a BSM as soon as two pairs are successfully generated®. On the

other hand, when we model systems with a finite number of quantum memories, then

'With a linear optical circuit, four unentangled ancilla single photons and photon number resolv-
ing detectors, with all the devices being lossless, ¢ = 25/32 = 0.78 can be achieved for BSMs [17].
With other technologies ¢ close to 1 can be achieved [23].

2If the system is operating in discrete time, there may arise instances in which two or more links
are tied for having the oldest entanglements. In such cases, as long as the switch follows the OLEF
rule, sets of link-level entanglements are chosen at random for measurements, provided that each set
consists of n entanglements belonging to n distinct links.

3 Another way to think about the OLEF rule is that it always applies, but its decisions are trivial
in continuous time.
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(even in continuous time) there may occur scenarios in which a link has used up all
its available memories and must decide whether to discard an older Bell pair in order
to store a newly-generated one. In such a case, the OLEF rule does apply, and we
discard the qubit associated with the oldest stored entanglement to make space for
the qubit from the newly-generated Bell pair.

The state space of this system can be represented by a vector Q(t) € {0,1, ..., B}*,
where the [th element corresponds to the number of stored entanglements at link [
at time t. One consequence of the assumption that any set of n users always wish to
share an entangled state is that at most n — 1 distinct users will store entanglements
at any time. Hence, throughout this chapter, up to one link may have a stored Bell
pair after step two of entanglement distribution. Our goal is to derive expressions for
system capacity C' (i.e., the number of end-to-end entanglements produced per time
unit) and the expected number of stored qubits F[Q]. Throughout the chapter, we
use the result that if the balance equations of an irreducible CTMC have a unique
and strictly positive solution, then this solution represents the stationary distribution

of the chain.

3.5 Continuous Time Markov Chain for Bipartite Switching

In this section, we introduce and analyze a CTMC model of a bipartite entan-
glement switch serving k users. We first assume that memories do not decohere
and obtain expressions for capacity and the expected number of qubits stored at the
switch. We then modify the model to incorporate decoherence and analyze it. Last,

we derive an upper bound for the capacity of the switch.

3.5.1 The Heterogeneous Case
Assume y; depends on [, i.e., the links are heterogeneous. For subsequent analysis,

it is useful to define
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Y= Z i,
=1

the aggregate entanglement generation rate over all links. Also, let e; be a size k
vector with all zeros except for the [th component, which is 1, and let 0 be a vector
of size k with all entries equal to 0.

We are interested in the stationary distribution and stability conditions for a
heterogeneous system with infinite and finite buffers. As discussed in Section 3.4, in
bipartite entanglement switching, only one link stores entanglements at a time, but
since links generate entanglements at different rates, we must keep track of which
link is associated with the stored entanglement(s). Let Q(t) = (Q1(¢),...,Qr(t)) €
{0,1,2,...}* represent the state of the system at time ¢, where () is the number
of entanglements stored at link [, I € {1,...,k}, at time t. As a consequence of the
scheduling policy described in Section 3.4, if @Q;(t) > 0 for some 4, then Q;(t) = 0,
J # i. In other words, Q(t) only takes on values O or je;, [ € {1,...,k},j € {1,2,...}.
Here, 0 represents the state where no entanglements are stored, and je; represents
the state where the [th link has j stored entanglements.

Define the following limits when they exist:

70 = lim P(Q(t) = 0).

t—o00

) = lim P(Q(t) = jey).

Once we obtain expressions for my and 7rl(j ), we can derive expressions for capacity

and the expected number of stored qubits E[Q].

3.5.1.1 Infinite Buffer
Figure 3.3 presents the CTMC for a switch with an infinite buffer. Consider state

0 (no stored entanglements). From there, a transition along one of the k& “arms” of the
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Figure 3.3: A CTMC for a k-user, infinite buffer, heterogeneous-link switch. p; is
the entanglement generation rate of link [, while v is the aggregate entanglement
generation rate of all links. e; is a vector of all zeros except for the [th position,
which is equal to one.

CTMC occurs with rate y;, when the lth link successfully generates an entanglement.
For a BSM to occur, any of the £k — 1 other links must successfully generate an

entanglement: this occurs with rate v — y;. The balance equations are

o = Wl(l)(’y — ), Le{l,... k},

a0 =2y — ), 1e{1,... k), je{2.3,.. .},

koo
WO+ZZ7rl(j) =1.

=1 j=1

From above, we see that for j =1,2,...,

ﬂl(j):pfwo, where p; = al VL.

It remains to obtain my; we can use the normalizing condition:

7T0+7TOZZp{:7TO <1+Z (Zp{—l)) =1.

=1 j=1
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Now, assume that for all [ € {1,...,k}, py < 1. This implies that for all I, p; < /2.

This is the stability condition for this chain. Then

and the capacity is

See Appendix B.1 for a proof of the last equality. The distribution of the number of
stored entanglements is

0, lfj == O,
PQ=3j)= k 4 o
ZWZ(J) =moy.p, ifj>0.
=1 =1
The expected number of stored entanglements is

Pu
(1—py)?

||M?r‘

:Z]P(Q Z]WOZPl =5
j=1 =1 Z

3.5.1.2 Finite Buffer

In the case of heterogeneous links and a finite buffer of size B, the CTMC has the
same structure as in Figure 3.3, except that each “arm” of the chain terminates at

Bey, VI € {1,...,k}. The balance equations are
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mom =7 (v — ), L€ {1,...,k},

7Tl(j—l)mzﬂ(ﬂ)w w), lef{l,... kY, j€{2,...,

k
7T0—|—ZZ7Tl(j) =

=1 j=1

and have solution

7 = pim, Le{l,... .k}, je{l,... B},

where p; is defined as in the infinite buffer case. Then,

B},

k B k B -
ﬂo(l—l—ZZp{):l, hence W0:<1+22p{>
=1

=1 j=1 =1 j=1

and the capacity is

1(1—pf)
Z 1le

B
C=q> > (v—m)r” =

=1 j=1 Z %
pL

The distribution of the number of stored qubits is given by

0, lfj = O,

The expected number of stored qubits is

B+1—(B+1)plB+1)

" (B
; (1-p1)*

k ) k.
ZZWZ(J) zﬁolz:p{, if 0 < j<B.
-1 =1

ZJP -
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The rate received by user [ (connected to link [) is given by

B k
Co=q|(r=—m)d m" +my > 79|, (3.3)
j=1

m=1, j=1
m##l

where the first term represents the production of entanglements by link [ (which
get consumed by other links at rate v — y;) and the second term represents the
consumption by link [ of stored entanglements at other links. Note then, that if we
were to sum all Cj, each end-to-end entanglement would be double-counted. Hence,
> C; =2C. (Note: in the infinite-buffer case, C; = qu, € {1,...,k}; see Appendix
B.1 for a proof. Then, Y C; = ¢y = 2C, another proof of the last equality in Eq.
(3.1).) The expected number of stored qubits at link I, F[Q;] can be obtained by
taking the [th component of the sum in the numerator of the expression for F[Q]. In

other words, when B = oo,

For a homogeneous system, E[Q;] = E[Q]/k.

3.5.2 The Homogeneous Case

Suppose all links (or users) have the same entanglement generation rates, i.e.
=, V10e{l, ... k}. We can take advantage of this homogeneity as follows: since
only one link can be associated with stored qubits at the switch at any given time, and
all links have equal rates, it is only necessary to keep track of the number of stored
entanglements, and not the identity of the link (or user). Hence, the state space of the
CTMC can be represented by a single variable taking values in {0,1,..., B} where
B = oo corresponds to the infinite buffer case, and B < oo the finite buffer case. We

discuss each of these in detail next.
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Figure 3.4: A CTMC model with k users, infinite buffer, and homogeneous links.
is the entanglement generation rate.

3.5.2.1 Infinite Buffer

Figure 3.4 depicts the CTMC for k£ homogeneous links and B = co. When no
entanglements are stored (system is in state 0), any of the k links can generate a new
entanglement, so the transition to state 1 occurs with rate ku. Let S represent the
link associated with one or more stored entanglements. From states 1 and above,
transitioning “forward” (or gaining another entanglement in storage) occurs when-
ever link S generates a new entanglement. This event occurs with rate p. Finally,
moving “backward” through the chain (corresponding to using a stored entanglement,
when the switch performs a BSM) occurs whenever any of the k — 1 links other than
S successfully generates an entanglement; this event occurs with rate (k — 1)p. It
is easy to show that when there are two links, the system is not stable (and a sta-
tionary distribution does not exist). Take, for instance, the stability condition for a

heterogeneous system with infinite buffer from Section 3.5.1.1:

k
ZMZ

’Y =1
< —_ =
2] 5 5

Setting all 1;’s equal yields the stability condition £ > 2 for the homogeneous system
with infinite buffer. Henceforth, we only consider k > 3.
Note that the CTMC in Figure 3.4 is a birth-death process whose stationary

distribution can be obtained using standard techniques found in literature (e.g. [42]).
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Figure 3.5: A CTMC model with k users, finite buffer of size B, and homogeneous
links. p is the entanglement generation rate.

The steady-state probability of being in state 0 is 7y = (k—2)/(2(k—1)) and of being

in state j is m; = k(k —2)/(2(k — 1)7T'). The capacity is

- k
C'=q Y milk =)= qlk = Du(1 = mo) = L=,
=1

The expected number of stored entangled pairs is given by

E[Q] = Zm lmoz< )'_Q(kk_z).

=0

Note that the more general case of multipartite entanglement switching (i.e., n > 2)
for homogeneous-link systems with infinite buffer and no quantum state decoherence

is covered in [54].

3.5.2.2 Finite Buffer

Figure 3.5 illustrates the CTMC for a system with & homogeneous links being
served by a switch with finite buffer space B. When there are B stored entanglements
and a new one is generated on link S, we assume that the switch drops the oldest
stored entanglement, adhering to the OLEF policy. This CTMC is also a standard

birth-death process whose solution can be found in literature (e.g. [42]) and has

o =

(k=2)(k —1)"
2k — )b — |
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Using the fact that Zil m; = 1 — m, the capacity is

Note that as B — oo, C for the finite buffer case approaches C for the infinite buffer

case. The expected number of stored qubits is

5 k(B (k—1)P —(B+1)(k—1))
BlQ] =} im = 2k — 1)+ — k) (k —2)

3.5.3 Decoherence

Assume now that quantum states in our system are subject to decoherence. Fur-
ther, assume that all states decohere at the same rate «, even in the case of hetero-
geneous links, since coherence time is dependent on the quantum memories at the
switch and not on the links themselves. Under the assumption that coherence time is
exponentially distributed with rate 1/a, incorporating decoherence does not change
the structure of the CTMC; it merely increases “backward” transition rates. Specif-
ically, in the homogeneous case, the transition from any state 7 > 1 to state 7 — 1
now has rate (k— 1)u+ ja, where ja represents the aggregate decoherence rate of all
j stored qubits. In the heterogeneous case, the transitions are modified in a similar
manner for any state je;, [ € {1,...,k}, j > 1. The derivations of stationary distri-
butions, capacities, and expected number of qubits stored are very similar to those
for models without decoherence; we present the final relevant expressions here and

leave details to Appendix B.2. All expressions below can be computed numerically.

Heterogeneous Links: For finite buffer size B < oo,
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For infinite-size buffer, let B — oo in all expressions above.

Homogeneous Links: For finite buffer size B < oo,

For infinite-size buffer, let B — oo in all expressions above.

3.6 Numerical Observations

In this section, we investigate the capacity and buffer requirements of a bipartite

entanglement switch based on our model. In particular, we are interested in how

buffer capacity B and number of users k affect capacity and E[Q)]. We then examine

the effect of decoherence on homogeneous and heterogeneous switches with finite as

well as infinite buffer capacities.

Throughout this section, we denote the distance of user [ from the switch as L,

(measured in km). We assume that each user is connected to the switch with single

mode optical fiber of loss coefficient 5 = 0.2 dB/km. We also assume that the switch

is equipped with a photonic entanglement source with a raw (local) entanglement
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generation rate of 1 Giga-ebits? per second. So, in every (1 ns long) time slot, one
photon of a Bell state is loaded into a memory local to the switch, and the other
photon is transmitted (over a lossy optical fiber) to a user, who loads the received
photon into a memory (held by the user), which has a trigger which lets the user know
the time slots in which their memory successfully loads a photon. Let us denote 7 =1
ns as the time duration of one qubit of each entangled pair, and the entanglement
generation rate between the switch and the user [, iy = cn; /7 ebits per second. Here,
we take ¢ = 0.1 to account for various losses other than the transmission loss in fiber,
for example inefficiencies in loading the entangled photon pair in the two memories
(at the switch and at the user), and any inefficiency in a detector in the memory at
the user used for heralding the arrival of a photon (e.g., by doing a Bell measurement
over the received photon pulse and one photon of a locally-generated two-photon
entangled state produced by the user). Here, 7, the transmissivity of the optical
fiber connecting user [ and the switch is given by 7, = 107%%%1, Channel loss to user
[, measured in dB, is 10log;y(1/7;). Unless otherwise stated, all y; discussed in this

section have units of Mega-ebits/sec.

3.6.1 Effect of Buffer Size: Homogeneous Links

In homogeneous-link systems, all users are equidistant from the switch (i.e. L, =
Ly, Yi,m € {1,...,k}). In Figure 3.6, we compare models with infinite and finite
buffer sizes as the number of links k is varied. Note that when links are homogeneous,
qu is simply a multiplicative factor in the expressions for €', and does not factor into
formulas for F[Q]. Hence, we set gu = 1 for Figure 3.6 (left), and with u = 1, the links
are 100 km long. For the finite buffer models, B is varied from one to five. Recall from

Section 3.5.2.2 that as B — oo, the capacity of the finite-buffer model approaches

4An ebit is one unit of bipartite entanglement corresponding to the state of two maximally
entangled qubits, the so-called Bell or EPR state.
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Figure 3.6: The effect of buffer size on capacity (left) and on the expected number
of stored entanglements (right) in systems with homogeneous links. Capacity is in
Mega-ebits/sec.

that of the infinite-buffer model, as expected, and note that the same is true when
k — oo. Interestingly, this convergence occurs rapidly, even for the smallest value of
k (3), and the maximum relative difference between the two capacities is 0.25 (even
as u increases). From this, we conclude that buffer does not play a major role in the
capacity of a homogeneous system under the switching policy described in Section
3.4 and only a small quantum memory is required.

Figure 3.6 (right) shows the behavior of E[Q] for infinite and finite buffer sizes and
different values of k. As with capacity, the effect of buffer capacity on E[Q] diminishes
as k grows, and the largest relative difference occurs for £k = 3 and B = 1, and equals
1.5 — less than two qubits. Note from the expressions for F[Q)] in Sections 3.5.2.1 and
3.5.2.2 that as k — oo, E[Q] — 1/2. Numerically, we observe that convergence to
this value occurs quickly: even for k = 25, F[Q)] is already 0.54 for both the infinite

and finite models.

3.6.2 Effect of Buffer Size: Heterogeneous Links
Figure 3.7 illustrates how buffer size and number of users affect C' and E[Q)] for

a set of heterogeneous systems. We vary the number of links from three to nine. For
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Figure 3.7: Capacity (Mega-ebits/sec) and expected number of qubits in memory
E[Q] for heterogeneous systems with varied number of links and buffer sizes. Links
are divided into two classes: one class generates entanglements approximately twice
as quickly as the other class.

each value of k, the links are split into two classes: links in the first class successfully
generate entanglements at rate p; and those in the second class at rate py. We set
w1 = 1.9u9 and puo = 1. This setting corresponds to links in class one having lengths
86 km and links in class two having lengths 100 km. Values of p; and o are chosen
in a manner that satisfies the stability condition for heterogeneous systems: recall
from Section 3.5.1.1 that for all Il € {1,...,k}, y; must be strictly less than half the
aggregate entanglement generation rate. For all experiments, ¢ = 1 since it only
scales capacity.

For each value of k, the ratio of class 1 to class 2 links is 1:2 (so & = 3,6,9
have one, two, and three class 1 links, respectively). As with the homogeneous-link
systems, we observe that the slowest convergence of the finite-buffer metrics C' and
E[Q] to corresponding infinite-buffer metrics is for smaller values of k and the largest
relative difference is for smaller values of B. However, the rate of convergence speeds

up quickly as k increases from 3 to 6: with the latter, convergence is already observed
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Figure 3.8: Effect of decoherence on capacity (Mega-ebits/sec) and expected num-
ber of stored qubits E[Q], for varying number of users k. For all experiments, the
entanglement generation rate is = 1 for all links.

for B < 10. Meanwhile, when k& = 9, there is little benefit in having storage for more
than two qubits. Another interesting observation is that quantum memory usage is
large when k = 3 but not for larger values of k. This is due to the system operating
closer to the stability constraints for £ = 3 than larger values of k. In the next
section, we will see another example of a system that operates near the boundary of
its stability region. In such cases, C' and F[Q)] can be affected significantly as B is

varied.

3.6.3 Effect of Decoherence

In this section, we study the effect of decoherence on capacity and expected num-
ber of stored qubits E[Q]. We set ¢ = 1 for all experiments since it only scales
capacity. Figure 3.8 presents C' and E[Q] for a homogeneous system with pu = 1
(corresponding to 100 km long links), B = oo and different values of k, as decoher-
ence rate « varies from 0 (the equivalent of previous models that did not incorporate
decoherence) to ;= 1. Note that in practice, « is expected to be much smaller than

. We observe that even as a approaches p decoherence does not cause major degra-
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Figure 3.9: Effect of decoherence on capacity (Mega-ebits/sec) and expected number
of stored qubits E[Q)], for varying number of users k. In all experiments, the links are
heterogeneous.

dation in capacity for homogeneous systems, and likewise does not introduce drastic
variations in E|[Q)].

Figure 3.9 presents the effect of o on the performance of a heterogeneous system
with infinite-size buffer. In these experiments, entanglement generation rates are set
in a similar manner to that of Section 3.6.2, with two classes of links configured so
that the first class generates entanglements almost twice as fast as the second class
(here, p; = 0.99 and pe = 0.5, corresponding to 100.2 km and 115 km long links
for class one and two, respectively), and the number of links in class one to those in
class two is 1:2. In these experiments, for each value of k, capacity behaves much
as it would in a homogeneous system with u set as the average of the y; from the
heterogeneous system. Note that for k = 3, E[Q] is very large when o = 0; similar
to the experiment in Figure 3.7 (see panel with k£ = 3) this is because the system is
operating near the boundary of its stability region. In all other cases, E[Q)] is close
to 0.

In Figure 3.10(a), we focus on a heterogeneous system that operates near the
boundary of its stability region and observe the effects of both decoherence and

buffer size on C' and E[Q)]. There are five links, with entanglement generation rates
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Figure 3.10: Effect of decoherence on capacity (Mega-ebits/sec) and expected number
of stored qubits E[Q] for k& = 5 links and varying buffer sizes B. In (a), 1 are
(35 15 15 3 3), and in (b), p is the average of y;, { =1,...,5, i.e. 14.2. For all plots
above, B = 100 curves behave equivalently to B = oo.

(35 15 15 3 3) Mega-ebits/sec, corresponding to link lengths of 22.8, 41.2, 41.2, 76,
and 76 km, respectively. For this system, v/2 = 35.5, so the fastest link is just below
the constraint when o = 0. The average of the y; is 14.2, so « is varied from 0 to
this value. B is varied from 1 to 100, with the latter being close enough to mimic
infinite buffer behavior for C' and F[Q]. Figure 3.10(b) presents the performance of
a homogeneous system with £k = 5 and u = 14.2 for a comparison. We observe that
the homogeneous system achieves higher capacity for all values of B, even though

the average entanglement generation rate is the same for both systems. Further, the
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homogeneous system is more robust to changes in buffer size than the heterogeneous
system: for the former, B = 5,10 are equivalent to B = 100. Further, note that
for B = 100 and a = 0 the heterogeneous system performs almost as well as the
homogeneous system in terms of capacity, but the memory usage is much higher for
the former. Finally, for this buffer size, as « increases, the homogeneous system is
more robust to the effects of decoherence: capacity degrades by 7.35 Mega-ebits/sec
for the heterogeneous system between o = 0 and « = 14, while it degrades by 4.54

Mega-ebits/sec for the homogeneous system.

3.7 Conclusion

In this work, we examined variants of a system with k users who are being served
bipartite entangled states by a quantum entanglement distribution switch in a star
topology. Each user is connected to the switch via a dedicated link; we considered both
the case of homogeneous and heterogeneous links. We also analyzed cases in which
the switch has finite or infinite buffer space for storing entangled qubits. We obtained
simple and intuitive expressions for switch capacity, as well as for the expected number
of qubits in memory when the switch operates at or near capacity.

We made numerical comparisons of these two metrics while varying the number of
users k and buffer sizes B. We observed that in most cases, little memory is required
to achieve the performance of an infinite-memory system. We also made numerical
observations for models that incorporate decoherence and concluded that the degra-
dation of quantum states in homogeneous systems has little effect on performance
metrics, while it can have more significant consequences in heterogeneous systems

that operate near the boundaries of their stability regions.

109



CHAPTER 4

ON THE EXACT ANALYSIS OF AN IDEALIZED
QUANTUM SWITCH

4.1 Introduction

In this chapter, we continue our study of the most basic and fundamental compo-
nent of a quantum network — a single quantum switch. As in Chapter 3, we assume
that the switch serves k users in a star topology and that each user has a dedicated
link connected to the switch. Recall that in Chapter 3, the objective was to char-
acterize the performance of such a device, for example by determining its capacity
(defined as the maximum achievable rate of entanglement switching), and deriving
expressions for the expected quantum memory occupancy under various assumptions
— e.g., while assuming a particular quantum memory coherence time or limitations
on the available number of memories. In this chapter, we also construct a model that
abstracts away various architecture and physical implementation details about the
system, e.g., the method used for entanglement generation or how quantum memo-
ries are realized, but in contrast to Chapter 3, here we use a discrete-time Markov
chain (DTMC) instead of a continuous-time Markov chain (CTMC).

In Chapter 3, we demonstrated that certain physical phenomena, such as state
decoherence, link heterogeneity, and finite quantum storage, are fairly easy to in-
corporate into a CTMC. An unfortunate property of our DTMC model is that it is
difficult to extend to include the aforementioned system characteristics. Thus, we
focus here on the simplest variant of the problem, wherein the links connecting the

users to the switch are identical, there is no quantum state decoherence, and the
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switch has infinite capacity to store qubits (as in Chapter 3, we often use the term
buffer in reference to the quantum storage at the switch). Nevertheless, there is
value in studying a quantum switch using a DTMC, as the system is inherently a
discrete-time system. Hence, while CTMCs have been shown to be more expressive
as a modeling technique, there will undoubtedly be some differences in the resulting
performance metrics. To quantify these differences, and determine whether CTMCs
are a reasonable approximation to the original system, we compare the performance
metrics obtained from both models.

Following is a summary of the results:

— the capacity of the switch is given by

where k is the number of users or links, p is the probability of successfully
generating entanglement at the link level, and ¢ is the probability of a successful

swapping operation;

— when the switch operates at capacity, the expected number of stored qubits is

given by

1+

E[Q] = 1= 5)

where () is the number of qubits stored at the switch in steady state, across all

links, and 3 is in the interval (0, 1) and is the solution to the following equation:

(Bp+D) ' (p+ Bp) — B =0;

— the DTMC is stable if and only if k£ > 3;
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— the expression for the capacity of the switch obtained using the DTMC matches
exactly that of the CTMC model from Chapter 3. On the other hand, the
CTMC overestimates the expected number of qubits in memory in steady state,
but since the discrepancy is not significant, we conclude that the CTMC model
is a reasonable approximation to the behavior of the system considered in this

work.

The rest of this chapter is organized as follows: in Section 4.2, we introduce the
relevant background and discuss related work on quantum switch modeling. In Section
4.3, we formally introduce the DTMC model and state the objectives. The analysis
is performed in Section 4.4. In Section 4.5, we compare the DTMC introduced in this

chapter with the CTMC model from Chapter 3. We conclude in Section 4.6.

4.2 Background and Related Work

In general, all quantum states are subject to decoherence, which can be thought of
as leakage of information from the quantum system into the environment. Fidelity, a
number in [0, 1], is a measure of closeness of a possibly mixed state to the desired pure
state, with unit fidelity implying that the two states have equivalent representations.
In this work, we assume that each successfully-generated quantum state has unit
fidelity and that the quantum memories used for storing qubits are capable of noiseless
storage and have infinite coherence times. While these assumptions create a highly
idealized scenario, it is nevertheless valuable to study as the analysis will yield an
upper bound on the entanglement switching rate of a quantum switch operating
under more realistic conditions.

In Chapter 3, we introduce a CTMC to analyze a quantum switch that serves only
bipartite end-to-end entangled states to pairs of users. While it is easier to extend
this model to represent systems that are more complex than that of this work, an

important question that arises is whether the CTMC model is a fair approximation
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to a more realistic DTMC model. We answer this question in Section 4.5, from
the perspective of the chains’ stability condition and expressions for switch capacity
and expected number of qubits in memory at the switch in steady state. In [54],
we use a CTMC to analyze a multipartite entanglement distribution switch for a
similarly idealized scenario as studied in our work: identical links, no quantum state
decoherence, unit fidelities, and infinite quantum storage. While this switch serves
n-partite Greenberger-Horne-Zeilinger (GHZ) states [55], note that setting n = 2
yields precisely the model presented in Chapter 3 (and thus, the analytical results are
equivalent for the two CTMCs).

Some analyses focus on specific quantum repeater architectures or protocols; e.g.,
in [26] the authors perform a rigorous and detailed analysis of the repeater architec-
ture proposed in [67], accounting for various non-idealities at the channel, detectors,
and quantum memories. In contrast, our take on analysis is from a rather opposite
perspective in that we use mathematical tools to abstract away as many details of
the physical platform as possible, while keeping only a few relevant and important
parameters in order to complete a high-level analysis and gain a clear understanding
of how they relate to the performance metrics of interest.

Note that the applications of the problem we have formulated in this work extend
far beyond entanglement switching. In general, one may view the system as a stochas-
tic assembly-like queue, or a “kitting” process, e.g., as in [68, 62, 36], since in a sense,
the switch “assembles” longer-distance entangled states using shorter-distance ones,
whose “arrival” into the system is driven by a stochastic process. Interestingly, none
of these similar problem formulations found in literature have a direct correspondence
to our problem, as in our case, the number of users being serviced by the central node
is allowed to be, in theory, infinite, and our goal is to derive exact results, as opposed
to approximate ones, or bounds. Hence, the problem studied here is a novel one, and

the results derived in this work are of independent interest to queueing theory.
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Figure 4.1: Example switch operation for a single time slot. At the beginning of the
slot, (a), all links have successfully generated Bell pairs. In (b), the switch performs
a BSM to entangle the two users on the left, see (c). Next, still within the same time
slot, the switch performs another BSM to entangle the two users on the right, shown

in (d), (e).

4.3 Switch Description and Objectives

For completeness, we first restate the assumptions regarding switch operation
from Chapter 3, but in the context of bipartite entanglement distribution performed
in discrete time. We then introduce new modeling assumptions, as discrete-time
switch operation causes some ambiguity with regard to which Bell pairs should be
used in a measurement, and we must specify a switching policy that resolves this
ambiguity.

Figure 3.2a illustrates the initial problem setup: k£ > 2 users are connected to
the quantum switch via dedicated, identical links. Assume that time is slotted; the
rest of Figure 3.2 presents an example of a sequence of events that may take place
in subsequent time slots. The purpose of the switch is to facilitate end-to-end entan-
glement generation for pairs of users that request it. The creation of an end-to-end
entanglement involves two steps. First, in each time slot users attempt to generate
pairwise entanglements with the switch, which we call link-level entanglements. A
successful link-level entanglement results in a two-qubit Bell state, with one qubit
stored at the switch and the other stored at a user. In step two, the switch chooses
two locally-held qubits, each entangled with a qubit held in a user’s quantum memory,

and such that the two users wish to share an entangled state, and performs a BSM.
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If the measurement is successful, the result is a two-qubit maximally-entangled state
between the corresponding pair of users. The switch continues to fulfill entanglement
requests as long as there are available link-level entanglements for users who wish to
communicate. If, at the end of the time slot, there are available link-level Bell pairs,
but the switch cannot use them to fulfill requests based on current user demands,
then the switch may choose to store the available entangled qubits in local quantum
memories until these qubits can be used in entangling measurements. This two-step
process is then repeated in the next time slot. Figure 4.1 illustrates a sequence of
events within a single time slot.

One of our objectives is to derive the capacity of a quantum switch that operates
as described above. This quantity serves as a useful benchmark against which to
compare the performance of future entanglement switching protocols. In this work,
we will also compute the expected number of qubits stored in memory at the switch,
while the device operates at or near capacity. With this expression, we may obtain
insight on the practical memory requirements of a switch. The capacity of the switch
is defined as the maximum achievable entanglement switching rate of the device. This
rate cannot be achieved with an arbitrary switching policy, or for an arbitrary set of
user demands — if the switch is constrained to fulfill specific user requests, then the
resulting rate would likely fall below the capacity. One way to ensure that the switch
operates at capacity is to allow it to perform a BSM as soon as there are at least
two Bell pairs available on two distinct links, during a given time slot. This amounts
to the assumption that any pair of users wish to communicate within each time slot.
The BSMs are assumed to take up a negligible amount of time, and the switch may
perform as many of them as necessary in a single time slot, until there are no longer
two distinct links with available Bell pairs.

Further, in this work we assume that the switch uses the Oldest Link Entangle-

ment First (OLEF) rule when deciding which two users to pair up for an entangling
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measurement. As the name suggests, when using this rule the switch prioritizes the
oldest link-level Bell pairs for a BSM, as long as they belong to two different links.
When there is more than one possible choice for such a pairing (e.g., if there are three
link-level Bell pairs of identical age and they are the oldest in the system), then the
switch may choose any two at random. Note that the OLEF rule does not affect
the switch capacity, but it does happen to minimize the number of stored Bell pairs
at the end of each time slot and thus this rule affects the qubit occupancy distri-
bution. Finally, to ensure that the end users being serviced by the switch do not
limit switch performance, we allow end nodes to have infinite and noiseless quantum
storage capability.

Recall from Section 4.2 that we study a somewhat idealized version of a quantum
switch in this work in that the device has an infinite number of noiseless quantum
memories, and quantum states that are successfully generated (either at the link or
end-to-end level) have unit fidelities and are not subject to decoherence. Studying
this simplified scenario is both valuable and prudent: the analysis performed here
helps to lay out the foundation for — and possibly inspire — future work in quantum
switch modeling, and our model serves as an easily-applicable comparison basis for
alternate quantum switch models, such as that of Chapter 3. Finally, note that the
capacity of this “idealized” quantum switch can also serve as an upper bound on
the capacity of more “limited” systems, such as those with finite quantum memories,
non-unit quantum state fidelities, and explicit user requests. Note also that one may
obtain an upper bound on the capacity of a system with non-identical links, simply by
converting that system into one with identical links, where each link behaves as the
most efficient link — in terms of successful entanglement generation — of the original

system.
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4.4 Analysis

In this section, we describe the DTMC model and present its analysis. Our goal
is to derive the switch capacity C (i.e., the number of end-to-end entanglements
produced per time unit), the expected number of stored qubits E[Q)] in steady state,
and system stability conditions. A note on mathematical notation: in this chapter,

we will use the convention that for any y > x, the term (:;) = 0.

4.4.1 Model Description

We model a switch serving k users, each of whom has a separate, dedicated link
to the switch, as a slotted system where each slot is of length 7 seconds. Both
link-level entanglement generation and entangling measurements can be modeled as
probabilistic phenomena [26]. In this work, we model the former as follows: at each
time step of length 7 seconds, all k users attempt to generate link-level entanglements.
In general, link [ successfully generates an entanglement with probability p; ~ e~®%,
where L is the length of the link (e.g., optical fiber) and « its attenuation coefficient.
Since in this chapter, we assume that all links are identical, i.e., they are of equal
lengths and have the same attenuation coefficient, the success probabilities of all
entanglement are equal. Hence, let p denote the probability that an entangled pair is
successfully established on any link, and define p = 1 — p. Then the expected time to
successfully create a link entanglement is given by 7/p (this will be useful in Section
4.5, when we make a comparison to a CTMC model). We assume that whenever a
link-level entanglement or an end-to-end entanglement is successfully generated, it
always has fidelity one to the corresponding ideal Bell state. We also assume that
measurements performed by the switch succeed with probability q. As discussed in
the previous section, we assume that any pair of users wishes to “communicate” (i.e.,

share an entangled state) as long as link-level entanglements are available, and that

the switch serves BSMs based on the OLEF policy described in detail in Section 4.3.
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Table 4.1: Notation for the DTMC model.

Notation Description

P probability of a successful link entanglement

S link with stored entanglements

Py probability of gaining an entanglement in memory
P, probability of remaining in current state

P probability of using j of the stored entanglements
Py probability of going from state j € {0,...,k—1} to 0
Py probability of going from state j € {0,...,k} to 1

Note that because of our switching policy, only one link will have stored entan-
glements, since whenever a distinct pair of users has link-level entanglements, they
are immediately paired up for a BSM. As a consequence of this and the identical-link
assumption, it is not necessary to keep track of which link has stored entanglements:
one need only keep track of how many are stored. Hence, the state space is given by
Q2 ={0,1,2,...}. Let S denote the link that has at least one stored entanglement.
Figure 4.2 illustrates the possible transitions from a state ¢ > k + 1 (as we will see
later, transitions for states i € {0,1,...,k} require special consideration). Table 4.1

provides a notation reference that is used in the analysis.

Figure 4.2: A DTMC model with k users, infinite buffer, and identical links. Here,
t > k+ 1, Py is the probability of advancing forward in the Markov chain, P is the
probability of remaining in the current state, and F;) is the probability of going back
7 states.
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Figure 4.3: Transition probability matrix P for the DTMC model.

4.4.2 Analysis

First, we fully define the transition probabilities for this chain. We expect the
stationary distribution to have a geometric form and show this to be true. However,
a closed-form solution is not obtainable for large k, as it requires solving a polynomial
of degree k—1 for an unknown factor, 5. On the other hand, not having a closed-form
solution for the stationary probability vector does not preclude us from deriving a
simple expression for the capacity of the switch — it is gkp/2. We will also show that
this system is stable if and only if £ > 3. Finally, we also obtain a simple expression
for the expected number of qubits in memory at the switch, but are constrained to

compute it numerically due to its dependence on f.

4.4.2.1 Transition Probabilities

Figure 4.3 presents the transition probability matrix P for this DTMC. Note
that repetition begins after the kth row of the matrix. We derive expressions for all
non-zero transition probabilities. In the discussion that follows, we say that a link
“succeeds” or “fails” for brevity, when referring to a link that successfully generates
an entanglement or fails to do so, respectively. Throughout the following, we will also
often refer to link S, which has at least one stored entanglement. First, consider any

state 2 > 1. The transitions for this state are described as follows:
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1 — 1+ 1: the only way to advance forward in the chain is if S successfully generates
a new entanglement, but all other links fail to do so. This probability is given by

Py = pp*t.

i — 4: there are two ways to remain in the current state: (a) all links fail or (b) S

succeeds and only one of the k—1 other links succeeds. This occurs with probability
P, =7+ (k — 1)p*p" 2.

i—i—j ,forje{l,..., M}, where M = k—1ifi > k+1and M = i — 2 otherwise.
Here, M signifies the maximum number of stored entanglements that can be used
up when starting from state <. Note that even in the case all k links succeed and
1 >k, only k — 1 of the stored entanglements get used: the entanglement that was
generated by S cannot be paired with another entanglement from S. As stated
above, we compute transition probabilities to states 0 or 1 separately, since they
require special consideration. This is why M = ¢ — 2 for states i < k + 1. Keeping
these constraints in mind, the transition from ¢ to ¢ — j occurs in two types of

events:

(a) S fails and exactly j of the k — 1 other links succeed,

(b) S succeeds and exactly j + 1 of the k — 1 other links succeed.

These events occur with probability

e AN k—1\ g g1 (s
P(]):]_)( j )p]]—?k 1 ]+p< >pj+1pk 1-(j+1)

J+1
k—1 j—k—j k-1 j+2—k—j—2
= . + | . I
J )p]p <J+1>p] Y
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Next, we discuss transitions to states 0 and 1, which, unlike the probabilities above,
depend on the value 7 of the state from which the transitions occur. To help with this
task, we will first need to be able to compute two types of probabilities: the first is
the probability that out of k link-level entanglement events, j > i succeed, where j is
either zero or an even number, and we call this probability P,(i, k); and the second is
the probability that out of k£ events, 7 > 7 succeed, where j is an odd number, and we
call this P,(i, k). To compute these, we will use the following two indicator functions:

1+ (1)

- . 1—(=1)
1{j is 0 or even} = , 1{jisodd} = —

Then,

Pt 3 (L) (B

Jj=t
k .
_ 1—(=1) E\ .
P,(i k) = _ P .
=3 () ()
Now, for any state ¢, 1 < ¢ < k, the transition to state 1 occurs under the following
conditions:
If 7 is even:

1. S fails and j > ¢ — 1 others succeed, j odd.

2. S succeeds and j > i others succeed, j even.

Pi,l :ppo(i_17k_1>+ppe(i7k_1)'

If 7 is odd:

1. S fails and 7 > 7 — 1 others succeed, j even.
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2. S succeeds and j > i others succeed, j odd.

Py =pP.(i — 1,k — 1) + pP, (i, k — 1).

Similarly, for any state ¢ € {1,...,k — 1}, transitioning to state 0 occurs under the

following conditions:
If 7 is even:

1. S fails and j > i others succeed, j even.

2. S succeeds and j > i + 1 others succeed, j odd.

Pio =PP.(i,k — 1)+ pP,(i + 1,k — 1).

If 7 is odd:

1. S fails and j > ¢ others succeed, j odd.

2. S succeeds and j > i + 1 others succeed, j even.

Py =DP,(i,k— 1)+ pP.(i+ 1,k —1).

In the special case of 0 — 0, either all must fail or there must be an even number of
entanglements. Hence, Pyy = P.(0,k). Finally, in the special case of 0 — 1, there

must be an odd number of entanglements, given by Py; = P,(1, k).
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4.4.2.2 Stationary Distribution
We will show that a stationary distribution exists for & > 3. The balance equations

for the DTMC are as follows:

k—1
> mPo = m, (4.1)
i=0
k
Zﬂ-ipi,l = 7. (42)
i=0
For any state ¢ > 2, the balance equations have the form:
i1 Py + miPs + w1 Pay + -+ + M1 P—1) = mi, (4.3)

and finally, the normalizing condition is

i m=1. (4.4)

We postulate that m; = 877'm; for i > 2, with 8 € (0,1). Introducing this value of

in Eq. (4.3) yields f(5) = 0, with

f(8) = (Bp+D)"""(p + BD) — B, (4.5)

see Appendix C.1.1 for a proof. To show that m; = B "!m; for i« > 2 is indeed the

solution to this system, we must prove that:
1. There exists 8 € (0, 1) satisfying Eq. (4.5), and that this § is unique.

2. Given the solution above, note that both Eqs (4.1) and (4.2) can be written
in terms of only m; and 7. Hence, for the proposed solution to be valid, one
of these equations must be redundant, i.e., we must show that Eq. (4.1) is

equivalent to Eq. (4.2).
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In Appendix C.1.2, we prove that the first statement above holds for £ > 3 and that
it does not hold for k£ = 2, implying that the DTMC is stable if and only if k£ > 3.
The second statement is proven in Appendix C.1.3. We conclude that the proposed
form for 7;, ©+ > 2 is valid. Moreover, we can derive expressions for my and 7 in terms

of 5. From the normalizing condition (4.4), we have

US|

=1-— . 4.
o 1= 3 (4.6)
In Appendix C.1.3, we rearranged (4.1) to look as follows:
k-1
s
Zﬁzpzo——ﬁ Py, (4.7)
i=1
and also showed that the left side of Eq. (4.7) equals
1Ly B 20 k-1 K B }
— + — PR —
3 |75 52(p6+p) 0+9) - -
1 ﬁ N
—p)i—— Eq. (4.
2{1 5 — (@ p)Hﬁ]by q- (4.5),
= i— #-p)" 2
211+p 1+5
Therefore, Eq. (4.7) becomes
fro, _ 11 B _ . B
20 p il I ¢ SN
o 1—(@—-p*
— Py = — 4.8
oo 2(1+ ) (48)
Next, we compute
Pl — (=) (k
Py = P,(1,k) = _— i
01 = Fo(L, k) ; 5 (i)pp
Pl — (—1) [k 1 1
_ Sl igh—i _ = _
—g 5 ()pp 5 5@
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Substituting this into Eq. (4.8),

o (1—(23—19)’“) _1-(p-p"

™ 2 201+ 5)
7T0_ 1
™ 1+p
T st
1— - by Eq. (4.6),
518 q. (4.6)
1 — 2
= 25. (4.9)

Now, we can compute my in terms of only /:

o m (L \1=p 18
0T 18 1-8) 2 2

4.4.2.3 Capacity and Qubits in Memory
Let @) represent the number of stored qubits at the switch. Let N denote the
number of end-to-end entangled pairs generated in one time step of the DTMC. Then

the capacity is defined as follows:

C=q» mE[N|Q=il.
=0

To compute this expression, we consider two separate cases: case 1is when ¢ > k—1
and case 2 is when ¢ < k — 1. In case 1, there can be at most £ — 1 entanglements;

the expected number is given by
o
BVIQ =iz k1= (" 7)o = - v
5=0

For case 2, we can have up to ¢ + m entanglements, where m = L(%)ﬂ The

expected number is then given by

+m

EINQ=i<k-1=) jP(N=jlQ=i<k-2)
§=0
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For the sum above, consider first j € {0,...,i}. Here, we are looking for the probabil-
ity that there are fewer new entanglements than the number stored, so the probability

that we generate j pairs is given by
. e . o k - 1 j—k—1—j
PIN=jlQ=i,i<k-2)=("")pp.
J

However, note that the case j = i is a special one: another way we can generate ¢
entanglements is if there are a total of 7 + 1 successes from the &£ — 1 links that have
nothing stored, while S fails. Then, the extra entanglement has no pair, and the total

number of pairs generated is still 7. This is given by

kE—1\ . -
. i+1—-k—i1—1
Z<¢+ 1>p b

Next, we focus on the case where j € {i +1,...,i +m}. After the first i successes,

there need to be anywhere from 2 to at most k — ¢ “extra” successes to generate new

pairs. Denote the number of these extra successes by the variable [ € {2,... k —i},
!

and the number of new pairs (or BSMs) generated from them is bJ Then we can

write the second sum as follows:

() (e

Combining everything we have learned, we obtain
k—

2 i
c=a X m (a5 (g
' J i+1

+ fz; (EJ + z) (Z Jkr l)p”‘ﬁ”") +q(k—1)p ':i::lm- (4.10)

)

In Appendix C.2, we show that the above evaluates to

oot i



Next, we derive the expected number of qubits stored at the switch, E[Q]. This is

given by
- . = oy 7 = - N
BRI =) im=mY if =2 i
i=1 i=1 p i=1
m 1-p° 14+

CA-BP 20-5P 201-5) )

4.5 Comparison of DTMC Model with a CTMC Model

In this section, we compare the DTMC model from this work to a CTMC model
studied in Chapter 3 and validate the latter for the case of a system with identical
links, no quantum state decoherence, and infinite quantum memories at the switch.
Let us first review the CTMC model and the analytical results from Chapter 3.
There, we model entanglement generation at the link level as a Poisson process with
parameter p representing the rate of successful Bell pair creation on any link. For
the identical-link, bipartite-only switching case, the CTMC is a simple birth-death
process, with each state representing the number of stored qubits corresponding to a
single link (note that the assumption that any pair of users wish to communicate is
also required for the capacity computation). The resulting capacity of the switch is

k
Cerme = %

Recall that in the discrete model, the amount of time it takes to successfully
generate a link entanglement is given by 7/p. In the continuous model, the rate of
successful entanglement generation is p, so the time to generate an entanglement
is 1/pu. Hence, 7/p = 1/p or equivalently, p = p/7. Then, note that the DTMC
capacity that we derived in Section 4.4.2.3 is the capacity per time slot of length 7

seconds. Therefore, in order to make a comparison against the CTMC capacity, we
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must perform a unit conversion: divide the discrete capacity by 7 in order to obtain
the number of entanglement pairs per second, as opposed to per time slot. This yields
gkp _ qk
Coruo = 2 = T8 — Oy
27 2
We conclude that the capacities produced by the DTMC and CTMC models match
exactly.
Next, we compare the expected number of qubits in memory in steady state at
the switch, E[Q] as predicted by the DTMC and the CTMC models. The CTMC

analysis yields the following expression:

k

ElQlctvce = Wk —2)

Note that this expression has no dependence on p, the link-level successful entan-
glement generation rate, implying that according to the CTMC model, the expected
number of stored qubits in steady state does not depend on the probability p of suc-
cessfully generating a Bell pair on a link. On the other hand, we can see from Eq.
(4.12) that E[Q)] resulting from the DTMC analysis does depend on p, as it is a func-
tion of 5. Hence, the DTMC is more accurately able to describe the buffer occupancy
in steady state, at the cost of not being able to produce a closed-form expression for
EQ].

Figure 4.4 compares numerically the discrete and continuous E[Q]’s as the number
of users k and probability p vary. For each value of p and k, we use Eq. (4.5) to
numerically solve for 5. For each value of k, we report the maximum relative error,

defined as

e |E[Qlprmc(k,p) — E[Qlctmc (K, p)|
maxRelErr(k) = p?(%,u EQlorrc(h. ) ,
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Figure 4.4: Comparison of the expected number of qubits in memory E[Q)] for the
DTMC and CTMC models, as the number of links is varied € {3, 5,10, 20, 50,100}
and for entanglement generation probabilities p € (0,1). maxRelErr is the maximum
relative error between the discrete and continuous expressions for E[Q)].

where E[Q|prmc and E[Q]ctmc are the discrete and continuous functions for E[Q)],

respectively. We observe that the error is largest when p is close to 1. Note that

lim f(8) = lim(8p +p)* " (p+ 8p) = 5 = B*7" = 8.
Since f() = 0, we conclude that as p — 1 and £k — oo, 8 — 0 (note: 8 = 1 is
always a root of f(/3), but we always discard this root because it is not in (0,1)). As
8 — 0, F[Q] — 1/2 according to Eq. (4.12), which is consistent with the numerical
observations. Meanwhile, as k& — oo, the continuous E[Q)] also approaches 1/2. We
conclude that as k — oo, marRelErr — 0, which can be observed in Figure 4.4.
Also, the largest max Rel Err occurs for the lowest value of £ = 3, when p — 1. But
even in this (worst case), although the error is maxRelErr(3) = 2, it corresponds
to discrete and continuous versions of E[Q)] differing by a prediction of only a single

qubit.
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Finally, both the continuous- and discrete-time Markov chains have stationary
distributions if and only if £ > 3. From these analytic and numerical observations,
we conclude that the CTMC model is sufficiently accurate so as to be used to explore
issues such as decoherence, link heterogeneity, and switch buffer constraints.

In Chapter 3, we introduce CTMCs for systems where the switch has buffer con-
straints, the links are not necessarily identical, and quantum memory coherence time
is finite. The construction and analyses of these models is relatively simple com-
pared to the DTMC model of this work. Even if one were to introduce a finite buffer
into this model, several changes would be required to state transitions and balance
equations, resulting in even more complex expressions for the stationary distribu-
tion (recall that even in the infinite-buffer case, we must solve for it numerically).
Attempting to model decoherence in discrete time would require one to consider all
possible combinatorial settings of stored qubit decoherence, further complicating the
transition probabilities, but also increasing the number of possible transitions from
each state. Consider, for instance, state ¢ in Figure 4.2: each of the existing “back-
ward” transitions P, j € {1,...,k — 1} would have to be modified based on the
number of ways that [ qubits can decohere and m new entanglements can be gener-
ated such that [+m = j, and in addition, extra transitions must be added from state
i to states {0,1,...,7—k+2} because any number of the stored qubits can decohere.
This process can become highly cumbersome and prone to mistakes, while CTMCs
seem to offer much more in modeling power, albeit incurring an accuracy cost that
so far has only been quantified for the simplest variant of the entanglement switching

problem.

4.6 Conclusion
We study an entanglement distribution switch that serves bipartite entangled

states to pairs of users connected to the device via dedicated links. Using a DTMC,
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we study a simple variant of the problem, wherein the links are identical, the switch
has an infinite number of quantum memories, and quantum states do not decohere,
although entanglement generation may fail both at the link level and at the end-to-
end level. By studying this basic system, we learn that the DTMC model exhibits
limitations such that introducing additional constraints to this model, such as finite
buffers or quantum state decoherence, makes the resulting model exceedingly difficult
to analyze, and therefore may not be the most attractive option for modeling more
complex entanglement switching mechanisms.

We derive the capacity of the switch, the expected number of stored qubits at the
switch in steady state, and the stability conditions for the system. We also derive
the stationary distribution of the DTMC, albeit not in closed form. The results of
our analysis are then compared to a different model, based on a CTMC. We conclude
that while the CTMC model is more easily analyzed, it is less accurate than the
DTMC model. For the expected number of stored qubits, the discrepancies between
the two models are quantified, and we find that in the worst case, the predictions
differ by less than one qubit. Hence, we conclude that the CTMC is a suitable
model for this particular variant of the problem, but more work will be required in
order to completely assess the accuracy of CTMC models for more complex switching
scenarios. Our work is the first attempt at quantum switch analysis via a DTMC,
and while the problem formulation is relatively simple, the analysis of the system is
non-trivial. Moreover, the expression for switch capacity derived in this work can
be used as an upper bound on the capacity of more complex systems, such as those
with non-identical links and where quantum states may decohere. Finally, while our
work was initially inspired by entanglement switching, the problem is independently
interesting from a queueing-theoretic perspective, and the results can be applied to
any stochastic assembly-like queueing system that services two customers/jobs at a

time.
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CHAPTER 5

ON THE CAPACITY REGION OF BIPARTITE AND
TRIPARTITE ENTANGLEMENT SWITCHING

5.1 Introduction

Multi-qubit entangled states are fundamental building blocks for quantum com-
putation, sensing, and security. Consequently there is a need for a quantum net-
work that can generate such entanglement on demand between pairs and groups of
users [59, 65, 72|. In this chapter, we study the performance of the simplest multi-user
network, a star-topology quantum switch connecting k users, where each user is con-
nected to the switch via a separate link. Bipartite, two-qubit maximally-entangled
states, i.e., Bell pairs (or EPR states) are generated at a constant rate across each
link, with the qubits stored at local quantum memories at each end of the links. As
these link entanglements start appearing, the switch uses two-qubit Bell-state mea-
surement (BSM) between pairs of locally-held qubits and three-qubit Greenberger-
Horne-Zeilinger (GHZ) basis measurements between triples of locally-held qubits to
provide two-qubit and three-qubit entanglements to pairs and triples of users, respec-
tively [55]. The capacity of such a switch to provide these two types of entanglements
to the users depends on the switching mechanism, the number of quantum memories
and their decoherence rates, and the number of links.

In this chapter, we study the capacity region when the switch can store either
B =1 or B = 2 qubits for each link at any given time. The number of quantum
memories available to a link is referred to as its buffer size. We consider a simple time

division multiplexing (TDM) policy between the two types of entanglements, along
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with a class of randomized policies. When properly configured, the latter provide
higher capacities than TDM. However the relative difference between the two policies
goes to zero as k — o0o. We also observe that increasing the number of memories
from one to two increases capacity but that the increase diminishes as k£ increases.
We also explore the effect that decoherence—the locally stored qubits at each end of
the link being subject to a noise process that reduces the entanglement between the
two qubits—has on capacity. In the cases of B = 1 with and without decoherence,
we have simple closed form expressions for capacity whereas for the case of B = 2,
our results are numerical.

The remainder of this chapter is organized as follows: in Section 5.2, we provide
relevant background and related work. In Section 5.3, we formulate the problem and
propose a method for solving it. In Section 5.4, we present the case where the system
has a per-link buffer of size one, and provide analytical and numerical results. In
Section 5.5, we present numerical results for the case where the system has a per-link
buffer of size two and observe similar behavior to the buffer size one case. In Section
5.6, we introduce a simple technique for modeling quantum state decoherence and use
it to examine the effect of decoherence on the bipartite-tripartite capacity region for
systems with per-link buffer sizes one and two. For the former, we also have analytical

results. We make concluding remarks in Section 5.7.

5.2 Background and Related Work

As pointed out in previous chapters, Bell states are an integral part of a diverse
set of distributed quantum applications, including Quantum Key Distribution (QKD)
[4, 13], superdense coding [7], teleportation [5], and distributed quantum computation
[39]. Similarly, GHZ states can be used to implement a variety of quantum protocols,
such as cryptographic conferencing [22], quantum sensing [15], and multipartite gen-

eralization of superdense coding [31]. The advantage of these applications is that they
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offer functionality that cannot be achieved classically, e.g., information-theoretic se-
curity. Future quantum networks will likely support a diverse set of applications, thus
it is likely that quantum devices (such as switches and repeaters) may be equipped
with the ability to perform different types of projective measurements.

In Chapter 3, we studied a switch that serves only BSMs, but state decoherence,
link heterogeneity, and arbitrary buffer sizes (including infinite) are considered. In
[54], we studied a multipartite entanglement distribution switch that serves n-partite
GHZ states to users, for n > 3. In this work, links are assumed to be identical and
the effects of state decoherence negligible. In contrast to this prior work, we no longer
assume that the switch serves only one type of entangled state, i.e., we allow n to
be either two or three, and our goal is to design and evaluate a suitable switching
policy. Another contrast to [54] is that there, the quantum switch is modeled to have
an infinite number of quantum memories, while in this work we consider finite buffer

sizes that scale with the number of links.

5.3 System Description and Assumptions

We consider a switch that connects k users over k separate links. The creation
of an end-to-end entanglement requires two steps. First two-qubit Bell states are
generated pairwise between a qubit stored locally at the switch and a qubit owned
by a user. Once such link-level two-qubit entangled states have been created, the
switch performs joint (entangling) measurements (over j > 2 locally-held qubits that
are entangled with qubits held by j distinct users), which, if successful, produces
a j-qubit maximally-entangled state between the corresponding j users. Link-level
entanglement generation, as well as entangling measurements, when realized with
practical systems, are inherently probabilistic [26]. We assume that only two-user
(two-qubit) and three-user (three-qubit) entanglements are created, i.e., BSMs and

3-qubit GHZ basis measurements are done at the switch. For simplicity, we will
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assume that these j = 2 or 3 qubit measurements at the switch take negligible time
and always succeed.

For completeness of this chapter, we restate some of the modeling assumptions
from Chapters 4 and 3. Each link attempts two-qubit entanglements in each time slot
of length 7 seconds, and with probability p, establishes one entangled pair successfully.
For simplicity, we model the time to successfully create a link entanglement as an
exponential random variable with mean 1/p = 7/p. We assume that each link can
store B = 1,2,... qubits. We also assume that qubits at the switch can decohere
and model decoherence time as an exponential r.v. with mean 1/a. We assume
a step-function decoherence model where the two-qubit entanglement goes from a
maximally-entangled qubit pair (one ebit) to zero entanglement. In this work, we
only consider B = 1, 2. Last, when a qubit is stored at the switch, with its entangled
pair stored at a user, we refer to this as a stored link entanglement.

We assume that all possible bipartite and tripartite user entanglements are of in-
terest and consider two classes of probabilistic policies, one for B = 1 and the second
for B = 2, that provide the flexibility to generate both types of entanglements with
arbitrary rates. Policies in both classes incorporate the oldest link entanglement first
(OLEF) rule whereby when a link entanglement is created it is always matched up
with stored link entanglements when possible rather than be stored. This has the nice
consequence, when coupled with the assumption that links are homogeneous but sta-
tistically independent, that the system can be modeled by a continuous time Markov
chain (CTMC) where the state simply tracks the number of stored entanglements for
two users. The next section describes the class of policies for B = 1 and Section 5.5

for the class of B = 2 policies.
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Figure 5.1: CTMC for a system with at least three links and buffer size one for each
link. £ is the number of links, x4 is the rate of entanglement generation, and ry, 7o,
and r3 are parameters that specify the scheduling policy.

5.4 System with Per-Link Buffer Size One

In this section, we assume that each link can store one qubit in the buffer, so
that the per-link buffer size B = 1. We model this system using a CTMC, and by
obtaining its stationary distribution, we are able to compute the capacity region of
the switch. We discover that it is always possible to configure a randomized policy
that outperforms TDM, although as the number of links grows, the advantage of

using such a policy diminishes.

5.4.1 Description

In a system where the switch can make tripartite measurements, we must keep
track of two variables for each state of the CTMC: each representing a link with a
stored qubit. Hence, (1, 1) represents the state where two of the k links have a qubit
stored, one each. Note that we do not need to keep track of all links individually due
to the OLEF rule and link homogeneity assumption. States (1,0) and (0,0) represent
cases where only one link has a stored qubit or no link has a qubit, respectively.

The system is fully described in Figure 5.1. For a variable xz € [0,1], we use

the notation z = 1 — x. When the system is in state (0,0), new entanglements are
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generated with rate kyu; this is the rate of transitioning from (0, 0) to (1,0). When the
system is in state (1,0), any new entanglements generated on the link that already
has one stored qubit causes the switch to drop one of the qubits. New entanglements
on other links are generated with rate (kK — 1)u, and the switch must decide whether
to immediately use the two qubits for a BSM or keep both and wait for a new
link entanglement. To generalize the policy as much as possible, we add a policy
parameter, r; € [0, 1], that specifies the fraction of time the switch performs a BSM.
Note that r; = 1 corresponds to the policy of always using qubits for BSMs. While
this maximizes C5, it also means that C'5 = 0.

Now, suppose that the system is in state (1,1) and a third link generates an
entanglement. This event occurs with rate (k — 2)u. The switch has two choices:
either use all three qubits for a tripartite measurement, or choose two of them for
a BSM. We add another policy parameter, ro € [0,1], that specifies fractions of
times the switch performs a BSM and tripartite measurements in the event of three
qubits on three different links. Another event that can occur in the (1,1) state is
the generation of an entanglement on either of the two links that already have stored
entanglements. This event occurs with rate 2u. Since B = 1, the switch cannot store
the new entanglement. A decision must be made: to either discard one of the link
entanglements (and remain in state (1, 1)) or perform a BSM on two of them and keep
the third (and transition to state (1,0)). Since it is not clear which policy is most
advantageous, we add another parameter, r3 € [0, 1], which specifies the fraction of

time that the switch performs a BSM when it resides in this state.

5.4.2 Numerical Results
We plot the capacity region for the switch with B = 1 for all values of ry, ro,
r3 € [0,1] and compare it against TDM. The entanglement generation rate p simply

scales the capacities, so we set it equal to one. In Figure 5.2, the number of links is
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point farthest
from TDM line

Cs

Figure 5.2: Capacity region for a system of buffer size one and three links. The red
line represents the set of TDM policies.

three, and the TDM line is shown in red. Clearly, it is possible to design a policy
that yields better performance than TDM: the triangular blue region above TDM
represents the maximum capacities of the set of such policies.

Recall that TDM connects points (0,C3) and (Cj,0), where C5 and C§ are the
maximum achievable capacities for bi- and tripartite measurements, respectively. The
point farthest from and above TDM (the vertex of the triangular region above the
line, shown in green in Figure 5.2) is achieved by setting r; = 0 and r, = r3 = 1.
In other words, the most “efficient” policy in terms of being the farthest from the
TDM line is the following: (i) never perform BSMs in state (1,0); and (i) when in
state (1,1) and a third entanglement is generated on a different link, always use it in
a tripartite measurement, but when a third entanglement is generated on one of the
links that already has a stored qubit, always perform a BSM. Note that the latter
rule directs the switch to not waste an entanglement whenever it is possible to use it
in a measurement.

The capacity regions for £ = 10 and 50 are shown in Figure 5.3. Note that as

the number of links increases, the differences between TDM and the more efficient
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20

Figure 5.3: Capacity region for a system of buffer size one and varying number of

links. The red line represents the set of TDM policies.

random policies diminish. In the next section, we provide an analytical proof of this

phenomenon.

5.4.3 Analysis

Let 7(0,0), 7(1,0), and 7(1, 1) represent the stationary distribution of the CTMC

in Figure 5.1. The balance equations (excluding p, as it cancels out due to every

transition rate being its multiple), are:

7(0,0)k = 7(1,0)(k — 1)ry + (1, 1)(k — 2)ro,
(1, 1)((k = 2)re + (k — 2)72 + 2r3) = 7(1,0)(k — 1)7y,

7(0,0) + w(1,0) + n(1,1) = 1.

Solving these equations yields

w11 = HEL
7(1,0) = kk = i)+ 2T3), where

D=(k-=2+2r3)(k—=1)r1 +k)+ (k=17 ((k—2)rs + k).
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Then the bipartite and tripartite capacities for this system, Cy = Cy(ry,79,73) and

C3 = C3(ry,12,73), are

Cy=7(1,0)(k — D)pry + w(1,1)((k — 2)purs + 2urs)
B k(k — 1)k — 2+ 2ry — (k — 2)ror)
S (k=242m) (k=D + k) + (k=D ((k—2)ra + k)’

Cs=m(1,1)(k —2)ury

k(l{? — 1)([€ — 2>/M“2f1
(k—=2+2r3)((k—1)r + k) + (k—1)r((k—2)re + k)

Claim 5.4.1. The mazimum value of Cy is given by C5 = Co(r1,0,1) = Cy(1,0,r3),
where r1 and r3 are arbitrary values in [0,1]. The maximum value of C3 is given by

C3 = C5(0,1,0).

Proof. We start by proving this for Cy. First, note that to maximize Cy’s numerator

and minimize its denominator, r, must be set to 0. This yields

k(k — 1)u(k — 2+ 2r3)

C: 0 =
Q(Tlv ,7“3) (k_2+2T3)((]€—1)7"1+k)+k(k_ 1)771
k(k—1)p
(k= D+ + (500

Now, r3 = 1 maximizes Cs(r1,0,73), which yields

k(k—1)u k(k—1)pu

1) = =
02(7“1,0, ) (k—l)ﬁ—i—k?‘i'(k?_l)fl 2k —1

Note that Cs(1,0,73) yields the same expression as C(r1,0,1). Next, consider the

expression for C3. To minimize the denominator, we should set r3 = 0. This yields

k(k —1)(k — 2)purem
(k—=2)(k—1Dri+k)+ (k=D ((k—2)ra+ k)
B k(k —1)(k — 2)purer
k=D ((k=2)r — k) + k(k—2)+ (k—1)((k—2)ra + k)

C(3(7417 T2, 0) =
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It is clear that r; must be 0, which yields

k(k —1)(k — 2)ure
Kk —2) + (k— 1)((k — 2)rs + &)
k(k—1)(k —2)ure
C k(2k —3) + (k= 1)(k —2)ry
k(B =1)(k—2)u
A (k- 1) (k- 2)

2

C3<07 T2, O) =

From above, we can see that r must be 1, so the maximum is at C§ = C5(0,1,0). O

For brevity, let (C5(0,1,1),C5(0,1,1)) = (Cs, Cy); this is the point farthest above
the TDM line within the achievable capacity region (e.g., the green point in Figure

5.2). We prove this as part of the proof of the claim below.

Claim 5.4.2. Any point (Cs,Cy) in the achievable capacity region satisfies the fol-

lowing constraints:

3k—2 ,  pk(k—1)

< — .
Oy < o 1C'3+ ok 1 and (5.1)
k(k — 2) + 2(k — 1)2
< — —1 .2
Cy, Cy > 0. (5.3)

Moreover (5.1) and (5.2) define a tight upper bound on the achievable capacity region.

Proof. First, we must show that the point (C’g, C'Q) is indeed the farthest from the
TDM line. To do so, let us find a point (C, Cs) on the plane such that the (negative)
slope of the line that passes through it and (0, C5) is maximized. This is equivalent

to minimizing the quantity

Cs—Cy  (Bk—2)(k—2)ry +2(k —1)(1 —r3)

Cy ro(2k — 1)(k — 2)

To do so, we must set r3 = 1. Next, note that the TDM line is given by the

equation f(z,y) = y — C5(1 — z/C3%), and the distance between it and any point
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(C3,Cy) is given by |f(Cs,Cs)|/+/1+ (C5/C5)?. Hence, it is sufficient to maximize

|f<03(7”1, T2, 1)7 02(7”1, T2, 1))|7 given by

2uk(k —1)
@k—n(k—2+@ﬁ%ﬁ§3>

It is clear that we must set ro = 1 and r; = 0, yielding (ég, OQ) as the point farthest
from the TDM line, as expected.

Next, consider the line passing through (0,C3) and (Cs, Cy):

3k—2 | pk(k—1)

= 4
P= Ty T a1 (5:4)
and the line passing through (Cs, Cs) and (C%, 0):
k(k—2)42(k — 1)
= MEZ DR L), (5.5)

Kk —2)

It is not hard to show that for any point (Cs, Cs), (5.1) and (5.2) are satisfied. In
other words, all points in the achievable capacity region fall on or below these two
lines. To prove that this upper bound is tight, it remains to show that all points on
lines (5.4) and (5.5) are achievable. To see this, let 7 = 0 and r3 = 1:
(k= (k= 2)ra)k(k —

k2 + (k—1)(k+ (k —2)ry)’

B (k—2)rok(k — 1)
SR+ (k—D(k+ (k—2)r)’

02(07 T2, 1)

03(0, T, 1)

Note that any point (C5(0, 72, 1), C2(0,79,1)) is on line (5.4), and these two functions

are continuous in 7 € [0, 1]. Similarly, letting r; = 0 and 7, = 1, we have

C2(0,1,73) = k(k—2+2r3) +2(k — 1)
Co(0,1.7a) = k(k —1)(k —2)p

k(k — 2+ 2rs) + 2(k — 1)
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Any point (C5(0,1,73),C5(0,1,73)) is on line (5.5), and these two functions are con-
tinuous in 73 € [0, 1]. Using these facts, we conclude that all points on (5.4) and (5.5)

are achievable. O

Claim 5.4.3. As k — oo, the benefit of using an alternate policy (one that lies above
TDM) diminishes.

Proof. We prove this by showing that as & — oo, the ratio of the achievable area
above the TDM line, which we call Ax (because this area has the shape of a triangle)
to the total area below the capacity region, which we call Ar, goes to zero. For A,
the length of the base of the triangle is simply the distance between the points (0, C3)
and (C3,0), or /(C5)? + (C5)2. The height is given by | f(Cs, Co)|//1 + (C3/C5)2.
Then

|f(é37 CY?)|C§ )

Ap = 5

Then, the area below the TDM line is given by

(C3)* + (C5)?

1 , so the total area is

ATDM =

2 f(Cs,Co)|Cs 4 (C3)? + (C3)?
Ap = Ax + Arpay = £ (Cs, Cs)| 32‘( 5)7+ ( 3>‘

Then the ratio of the area above the TDM to the total area is

As 21£(Cy, Co)IC 1

- A s * * * = *)2 *\2 *
Ar " 27(Co GG + (CiR 4 (i) 14 (e

To prove that this ratio goes to zero with k, it suffices to show that the second term
in the denominator goes to oo. It can be shown that ((C3)2 + (C3)2)/2|f(Cs, C3)|Cs

simplifies to

39k5 — 220k° + 493k* — 568k3 + 362k% — 120k + 16 koo
4(6k5 — 33k* + 67k3 — 62k2 + 26k — 4) '
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5.5 System with Per-Link Buffer Size Two

In a system with per-link buffer size two, there are three additional states, as shown
in Figure 5.4. Our goal in this section is to show the existence of better policies than
TDM, rather than to find the optimal policy. Hence, the design in Figure 5.4 does not
encapsulate all possible policies: for instance, there is no r; parameter here, since our
exhaustive search over the entire parameter space for the system with B = 1 revealed
that 71 is best set to zero. In addition, note that if the system is in state (1,1) and
another entanglement is generated on one of the links that already has a stored qubit,
the system is not allowed to use two of the qubits for a BSM. The reasoning is that
since B = 2, there is enough space to keep the new qubit. Similarly, when the system
is in state (2,1) a BSM is only allowed if (i) another entanglement is generated on
one of the k& — 2 links that does not have a stored qubit, or (i7) another entanglement
is generated on the link that already has two qubits stored. In the latter scenario,
not performing a BSM would cause a qubit to be discarded. While this design does
not grant the switch access to the full range of policies, it does enable us to find a
class of policies that are more efficient than TDM.

Figure 5.5 shows capacity regions for B = 2 with number of links £ = 3 and
10. We observe that policies more efficient than TDM can be found, but as the
number of links grows, the advantage of such policies relative to TDM diminishes.
This phenomenon mimics that of the B = 1 switch. Figure 5.6 shows a comparison
of B =1 and B = 2 switches for three and ten links. We observe that while there is a
clear benefit to extra buffer space for a small number of users, the advantage becomes
less apparent as the number of users grows. In addition, it appears that C5 benefits

more from the extra buffer space than Cj.
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(k —2)ury + pr3

(k — 2)ufy + 2urs
(k = 2)urs

Figure 5.4: CTMC for a system with at least three links and buffer size two for each
link. £ is the number of links, u is the rate of entanglement generation, and ry and
r3 are parameters that specify the scheduling policy.

Figure 5.5: Capacity region for per-link buffer size B = 2, for £ = 3, 10 links. The
red line represents the set of TDM policies.
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Figure 5.6: Comparison of capacity regions for systems of buffer sizes one and two
with varying number of links k£, and entanglement generation rate p = 1.

ky

(k = 2)uiy + 2urs + 2a

Figure 5.7: CTMC for a system with at least three links and buffer size one. k is the
number of links, u is the rate of entanglement generation, « is the decoherence rate,
and rq, 9, 73 are parameters that specify the scheduling policy.

5.6 Modeling Decoherence

In this section, we present a simple way to augment the model from Section 5.4 to
account for the decoherence of quantum states. For switches with B = 1, we present
both analytic and numerical results. We also augment the model from Section 5.5
to incorporate decoherence, but for switches with B = 2, we present only numerical
results. Our decoherence model is described in Section 5.3. For B = 1, the resulting

CTMC is illustrated in Figure 5.7.
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The analysis of this model is almost identical to that of the B = 1 system without

decoherence. As with the latter, the capacity region is bounded above by two lines:

B _u(3k—2)(a+(k‘—2)u)—l—2a2x k(k —1)u?
Nk -2k - Dpta) T (2k-Dptal
o — C2(k = 1) A+ (b + o) ((k = 2)p + 20) k(k:—l)/ﬂ.

pk —2)(kp + @) 2 ku+ o

To avoid ambiguity, let C’, and C% denote the bi- and tripartite capacities of a system
with decoherence. As with the previous model, C) is maximized at r| = 1, ry =
rs = 0; C% is maximized at r; = r5 = 0, 75 = 1, and the point farthest from TDM is
obtained by setting r; = 0, ro = r3 = 1. The first bounding line passes through the
points (0,C%(1,0,0)) and (C%(0,1,1),C5(0,1,1)); and the second line passes through
(C%(0,1,1),C%(0,1,1)) and (C4(0,1,0),0). Moreover, all points on the bounding lines
are achievable, indicating that the bound is tight.

The capacities are given by

Cy = (k(k = Dp? (2(ary + prs) + (k= 2)p(1 = ro71)))/ D,
Ch = (kp(k — 1)(k — 2)7172)/ D, where

D = (k—1)pur((k—2)pry + kp) + (ke + (B — Dpry + o) (k — 24 2rs)p + 2a).

Note that the denominator is quadratic in . This causes both C% and Cf to tend to
Z€ero as o — oQ.

Figure 5.8 shows a comparison of the capacity regions for systems with B = 1,
for three and ten links and different decoherence rates. For all cases, p is set to one:
for qualitative results, we only need to concern ourselves with the value of a relative
to p. In real scenarios, we expect a to be at least one order of magnitude less than

p. From numerical results, we observe that the effect of decoherence on the capacity
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1.2

0.8
Ol06;
0.4}
0.2+

Figure 5.8: Capacity region for a system of buffer size one and varying number of
links k, decoherence rates o, and entanglement generation rate u = 1. The solid lines
are the upper boundaries of the capacity region, and the dashed are TDM lines.

region is not significant, especially as the number of links grows. Analysis supports

this observation, since we can show that

!/ /

lim =2 =1 and lim =2 =1.

k—o0 2 k—o0 3

Figure 5.9 shows a comparison for systems with B = 2 and varying number of links

0.8

Figure 5.9: Capacity region for a system of buffer size two and varying number of
links k, decoherence rates o, and entanglement generation rate y = 1. The solid lines
are the upper boundaries of the capacity region, and the dashed are TDM lines.
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and decoherence rates. Results are consistent with that of the case B = 1: the effects

of decoherence on capacity are less apparent for larger k values.

5.7 Conclusion

In this work, we explored a set of policies for a quantum switch that can store
up to two qubits per link and whose objective is to perform bipartite and tripartite
projective measurements to distribute two and three qubit entanglement to pairs and
triples of users. We presented analytical results for the case where the per-link buffer
has size one. By comparing against TDM policies, we discovered that better policies
in terms of achievable bipartite and tripartite capacities exist, but that as the number
of links grows, the advantage of using such policies diminishes. We also compared
the capacity regions for systems with different per-link buffer sizes and observed that
systems with fewer links benefit more from the extra storage space than systems
with a larger number of links. Finally, we modeled decoherence for both types of
systems and presented analytical results for the case with per-link buffer size one.
Observations and analysis showed that as the number of links increases, the effects

of decoherence become less apparent on systems.
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APPENDIX A
ON THE STABILITY ANALYSIS OF TCP

A.1 Non-Homogeneous Poisson Loss Simulation Framework

We introduce a method of simulating the evolution of a congestion window given
W (t) — cwnd as a function of time, and A(t) — loss rate as a function of time. We
first describe the procedure for generating loss events given arbitrary W (t) and A(¢).
We then consider a specific loss model and discuss the workarounds necessary when
dealing with capacity constraints and time delays. The final result is an algorithm
whose pseudocode we present in detail. Finally, we illustrate the operation of the

algorithm using an example cwnd trajectory.

A.1.1 Generating Loss Events
We would like to generate inter-loss times given a loss rate function A(¢). In
order to do so, we apply the Inverse Transform Method on the Poisson distribution,

described in the following proposition.

Proposition A.1.1. Suppose a loss event occurs at time to. The time to the next

to+T
/ A(t)dt = —Inu,

to

loss is given by T where

where u is randomly generated from the uniform distribution U(0, 1).
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Proof. Note that A(t) denotes a Non-Homogeneous Poisson Process, where the num-
ber of events between s and ¢, N4(t) has a Poisson distribution with parameter

my(t) = [T \(r)dr,

m(t)* s ()
k! ‘

We can then write the CDF of the time from ¢y to the next loss as

P(Ns<t) = k) =

FXtO(T> =1- P(Nto(T) = 0) = P(Nt()(T) > 0)

=1—exp ( - /tt0+T A(t)dt).

0

Note that a CDF can be seen as a random variable with uniform distribution
U(0,1), and can be sampled by generating uniform random numbers (this is known
as Inverse Transform Sampling). Therefore, inter-loss time samples can be generated

asT =F )}tlo (u). From the above equation we obtain

to+T
/ At)dt = —In(1 —u) = —Inu,

to

where the last equivalence follows from the fact that if w is uniformly distributed

between 0 and 1, so is 1 — u. O

A.1.2 Delays and Capacity Constraints
In TCP (and most other data transport protocols), the loss rate is a function of

the sending rate W (t)/7 and of a probability of loss model p(t):
A(t) = ————. (A1)

Therefore, in order to obtain a sample of the time until next loss, the following

equation can be solved for T"

1 / W p(t)dt = —In(uw). (A2)

T to
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Note that W (t) and p(t) are viewed from the perspective of the congestion point
(e.g. a router) where the loss is being generated. Therefore, whenever a loss occurs,
the subsequent reduction in the window size (multiplicative decrease) is not reflected
in W(t) until after a delay of approximately 7 seconds. This is illustrated in Figure
A.1, which shows an example trajectory of the cwnd function. Each time a loss @
occurs at time [; at a congestion point, a corresponding loss indication is reflected
in W(t) at time T; = [; + 7. The caveat of using (A.2) to compute 7" is that W (t)
may have changed sometime in the time interval [ty,to + 7] (which can happen if
a loss indication is scheduled in this interval; we call this a pending loss indication
(PLI)). In such a case, the solution is to project the current W (¢) until the next loss
indication, update W (¢) to a new function, and use this new function to generate a
new loss event. Once a new loss event is generated, the process may need to repeat
until we either produce a loss event that takes place before the next PLI or until we
run out of PLIs.

Another complication may arise with certain probability of loss models. For ex-

ample, in this work we consider the following model:

As a consequence, A(t) = 0 whenever W (t) < C7. This is depicted in Figure A.1,
where losses only occur when W (t) > C7. In order to obtain an analytical solution for
T during the ith loss event, we can first compute Tpp, the time at which W (¢) reaches
Ct, or the bandwidth-delay product (BDP). Then, let ty = max (Tgpp,l;) — T;-1,
where T;_; is the time of the most recent loss indication and /; is the time of the most
recent loss event at the congestion point.

Another feature of the simulation framework is the ability to generate multiple
parallel flows. This feature is especially important for validating models that use

a system of differential equations to characterize the behavior of congestion control
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Figure A.1: Example trajectory of Reno’s congestion window. [; is the time when loss
occurs at the congestion point (e.g. router). T; is the time of the ith loss indication.

algorithms. The output of such models (e.g. cwnd) usually describes the behavior
of the average flow in a large population of flows. Indeed, in Section 2.7, we note
that the average cwnd size from simulation results matches closer to the steady-state
value of the DE models as we increase the number of flows in the simulation.

When multiple flows are involved, Tppp is the time at which the sum of their
congestion windows reaches the BDP, and [; is the time at which the most recent loss

(across all flows) occurred. We must compute ¢, for each flow, which is given by

to,y = max (Tspp, ;) — Ti—1 g,

where T;_; ; is the most recent loss indication of flow f. 7" is then computed using

the following equation:
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Any time a new loss event is generated, we must also choose a flow that will suffer
the loss. The flow is picked based on its congestion window size at the time the loss is

scheduled to occur (flows with larger windows are more susceptible to suffer a loss).

A.1.3 Pseudocode

Loss generation can be described by the pseudocode in GeneratePoiLoss. This
function is called from the main procedure each time a loss is occurring at the conges-
tion point in a given interval. (So, for the example in Figure A.1, GeneratePoiLloss
would be called in the intervals containing the events [;, i € {1,...,6}.) The argu-
ments of the function are as follows: pendingLIT's is a two-dimensional matrix whose
first row is a list of pending loss indication times, and whose second row contains the
corresponding flows that will suffer the losses. LLIs is an array that keeps record of
the last loss indication times of all flows. GLLI is the most recent loss indication. T
is the time of the most recent loss event. W, is an array containing the cwnd sizes
of all flows immediately before their most recent loss events. p(t) is a probability of
loss function and 7 is the round-trip time. For the example in Figure A.1, where there

is only one flow, the procedure outlined in the pseudocode would do the following:

1. At time ¢ = 0, a loss occurred at the congestion point (not shown in the figure),

so a pending loss indication was scheduled for Ty = 7.

2. Also at the time of the loss (at ¢ = 0), a new loss time was generated using
GeneratePoilLoss. This loss time is [;. Since [; occurs after the next pending
loss indication (which is at Tp), the while loop in GeneratePoilLoss is triggered.
We integrate the cwnd function from ¢ = 0 to Ty = 7, compute a new W,
(which is the size of the window right before 7j), and feed these values as
parameters to computeT. The latter function computes the next loss arrival
time; this is a new value of [;. We compare this new [; to the next pending loss

indication time (which in this case is 0o since no other pending loss indications
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function GENERATEPOILOSS(pendingLITs, LLIs, GLLI, T}, Wiss, p(t), T)
> LLT: last loss time at congestion point
> pendingLITs: a list of pending loss indication times and corresponding flows

Initialization:
GNPLI + pendingLITs.nextLossTime > next (global) pending loss indication time
LF < pendingLITs.nextFlow > the corresponding flow of the next loss event

Tepp < time when sum of cwnd’s reaches BDP
to < max (TBDP; Tl)

lossTime < COMPUTET (LLIs, GLLI, W,ss, to, 7, p(t))

while lossTime > GNPLI do
> next loss occurs after GNPLI, so:
> (1) determine duration of current congestion epoch for flow LF:
I+ GNPLI — LLIs(f)
> (2) the window function is changed at GNPLI, and we are looking at a new congestion
epoch, so update relevant variables
Wiess < Wrr(I) > get the Wi,ss value of the next congestion epoch for flow LF
GLLI <+ GNPLI
LLIs(LF) <+ GLLI
if NPLI.isEmpty then
NPLI +
else
GNPLI < pendingLITs.nextLossTime
LF < pendingLITs.nextFlow
end if
> (3) generate a new loss event at congestion point
Recompute Tspp
to < HlaX(zngp7 GLLI)
lossTime <~ COMPUTET (LLIs, GLLI, W,ss, to, 7, p(t))
end while

> schedule the next loss indication event
pendingLITs.add(lossTime + T)
return (lossTime, pendingLITs)

end function

function cOMPUTET (LLIs, GLLI, W),ss, to, T, p(t))
u + rand() > generate a number from uniform distr.
construct Wy(t), Vf € {1,..., N} using Wioss
t(),f —tg — LLIS(f), Vf € {1, .. ,N}
> to generate the next loss interval:
Use Equation (A.3) to compute T', keep only real, positive roots
lossTime < GLLI +tg+T

end function
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have been scheduled after 7j). Since l; < oo, we exit the loop and have a new

loss time of {; and pending loss indication 77 = I + 7.

. The main procedure iterates until it reaches the interval containing /;, at which

point GeneratePoilLoss is called. The latter function generates Iy, and since Iy
occurs after the next pending loss indication time (77), we re-generate Iy using

the same procedure as for /.

. The main procedure continues until it reaches the interval containing 7T}, at

which point the loss indication is processed (the cwnd is halved and there is a

new VVloss) .

. Loss events l, and [3 and pending loss indications 75 and 75 are processed

similarly.

. At loss event Iy, a new loss time [5 is generated. Since it appears before T, we

simply schedule a pending loss at T5 (no need to go through the while loop in

GeneratePoiloss as we did for the other losses).

. At loss event [5, lg is generated, but it occurs after the pending loss indication

at Ty, which has not been processed yet. Hence, the while loop is triggered.

A.2 Stability Analysis of TCP CUBIC
A.2.1 Proof of Claim 2.4.4

Proof. Consider the un-expanded #; and assume that p, > 0 in the region where we

are considering this function:

Iy

c A A
=—|x2+s—\/—— c|lxy +5—
-

N
(0= = W) =5,
.
3 3
3 b(l’l +W)

T

o/ b+ W) +a, +W—Cr
c c T
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Recall that when expanding this function about [x; xo 1. x2 ] = 0, the zero-, first-,

and second-order terms are zero. The fourth-order terms are:

4,4 3 3.3 2,.2,.2 2 3.3 2.2
b*x] cryxy,  20°xiry  bxix;  brixsxy, blrixy,  DPximamy.

27¢3510 T 9c238 3csb §2T 27c2567 3cstr

We see that there are no terms that depend on xy, above. The terms that contain
xy1, are not problematic: we can take their absolute values and replace |z1,| by an
expression that depends on |z;| and z3 using Razumikhin’s Theorem, to obtain an
upper-bound for these terms. We conclude that these terms have power at least four
in [z1 9]

Next, consider the fifth-order terms in the expansion:

4,4 5.5 3,32 4.4 3.3 222
13b*z 8b°x Sblwyxy | blwimy,  20°aiwomy,  biwiwsm,

8135t 2434513 27c2389 273897 9c257r 3es5T

Again, there are no terms that depend on x5 . Terms that contain x5 only begin to
show up in the sixth-order partial derivatives evaluated at 0. However, these terms
contain at most x3 , since taking the derivative of @ with respect to a5 four times
yields zero. The rest of the variables in such a term is any cubic combination of x1,
x9, and z1,. Hence, the minimum combined power of such a term (after taking the
absolute value and bounding using Razumikhin’s Theorem) is 3+ 3(1/2) =3+ 1.5 =
4.5 > 4 in [z1 9]

Finally, we can use Proposition 2.4.1 to bound the remainder. For some positive

constant M,
M
[Ro| < 7—,1(|=771| + |wa] + fan, |+ 22, )

After substituting the expressions for the upper-bounds of |z, | and |zs_| using Razu-

72 =

mikhin’s Theorem, the lowest-order term will have |z, |z1]3°. O
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A.2.2 Proof of Claim 2.4.5
Proof. Consider the un-expanded &5 and assume that p, > 0 in the region where we
are considering this function:

T ~

.7'32 =1- (LL’Q + §)7p7

3

+5 _afbla, + W -
:1—M c xQT‘i‘S—SM +x, +W-CT
T c
Recall that when expanding this function about [x; x5 x1, x2.] = 0, the zero-order

term is zero. The second-order terms do not depend on z5_. To see this, let g = @

and consider all second-order partial derivatives of g with respect to x5 _:

(CL’Q + §) N 3 b(l‘lT + W)
ng-r'T?T = _T(6C> IQT + $— c = g127x27 (O) = 0’
N 2
3c . slb(x, + W
Grome, = s T2, + 85— % = Jxaxa, (0) =0,

Yor s,

G120, = 0.

Therefore, the second-order terms have combined powers of at least two in [z 5.

Next, using Proposition 2.4.1, we can bound the remainder: for some positive constant

M27
M.
[Ro2| < 3—,2(|l’1| +aa| + o1, |+ 22, 1),
The lowest-order term above is |z;[32 = |x,|'?. O
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A.2.3 Proof of Claim 2.4.6

Proof. To prove our claim, we will show that for every e > 0, there exists a d > 0 so
that whenever 0 < /2% + 23 < 8, |f(x1,72)| < . The higher-order terms are a sum
of terms that have format coz{'z3’, where ¢ is either a constant or a function of zy,,
and x,,, , as in the case of the higher-order terms that arise from the 23,7 term
of V. We showed that in all cases, |co| is bounded above by a positive constant. In

addition, we showed that ¢; + c¢o > 4.5. Let n be the number of higher-order terms

(note: n is finite). Then we can write |f(x1,x2)| as follows:

1

113

n i
E (@),.¢ ‘32

=1

’f($1,I2)| =

where the superscript (i) corresponds to the ith higher-order term. Clearly,

i) ¢ cy
Co Ty To

1 n
| f(x1,22)] < —42
X[z =

Consider any term |coz'2$?|. Factor out any combination |z1]%|zs|? such that a +b =
1 Lo

4. We know that

|21, |a] < yJ] + 23,

Then
4
o leaf? < (\/x% +x§) e
con 2] < leoglan, o)Xl

where g(z1, 75) is defined s.t. g(z, z2)xxl = 2§ 252, Hence,

| f (@1, 29)] ||X||4Z‘C gl) (21, T2) ‘XHZ_Z’CO 9" 171,1'2)

159



Each function g(z1, z3) necessarily has the form

N | —

9(3317x2) - 'Tlllxl;’ 11712 Z 07 ll + l2 Z

Hence, we can bound the absolute value of each of these functions by a function of 9.

|71 2] < \/ 22+ 23 <0,
li/o
|21 0] 172 < (\/:c% + :L'%) < ol

L1+l
o1, 1) < (\/x% +> < i+,

This gives us

SO+

0

| f (21, 29)] < Z
i=1

We would like the sum above to be less than a given € > 0. We can always find a

0 > 0 small enough to make this happen. O

A.3 Limiting behavior of H-TCP’s fixed point
First, let us show that for H-TCP, Ay/Q = O((C?74)'/3). This is because

Ao 2137, (81 = VAT AAD (s o crin gy

Q (A + /AT 1A}/ 21/3

Next,

B, ) _ (8= VATIRDV 4 (2, + VAT 18R

Q 21/3
2(A; + /AT — 4A3)V/3
< ( 1 21/13 0) — O((C2T4)1/3).
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We now examine the limiting behavior of ¢’/S. Letting ¢y = T’ + (57 + 228(105))/8,

qd 6CT2 — ¢ 121/3C 72
1 /2,y 1 A = Ag 1/2
5\/§p vi(e+y) (er )
12v/3V2C 72
1/2
((A1 — /AT AN (A + /AT 4Ag)1/3)

- 124392072 - 25CT?
A}/G (C2rh)1/s

where the last inequality holds for large C' since the coefficient of C?74 in A is 972. It
is now easy to see that ¢'/S = O((C?7*)'/?). Finally, it remains to show that (2.35) is
real and positive for large C and C' > 7. Clearly, under these assumptions, S > 57/4.

It then remains to show that the quantity inside the square root is positive, or

2 1 A
o +q /S >45%=Zp + = =),
p+d /5S> 3p+3(Q+Q)
Defining y = @ + Ay/Q, multiplying both sides by S and simplifying yields

6vV3q' > (y — 4p')(2p' + y)"/2.

Both sides of the inequality are positive for large C', so we may square them to obtain,

after simplifying,
108(¢")* > y* — 6p'y* + 32(p)°.

For large C, it is easy to see that y> — 6p/y? + 32(p')3 < 3, so it is sufficient to prove

that 108(¢’)* > y3, or

3
216(q')* > [(Al — /A2 4NN L (A /A2 - 4Ag)1/3} :
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We first focus on the right-hand side of this inequality. It is easy to see that

A+ [ A? — 4A3 < 2A,.

For large C' and C' > 7, it is also true that A; — \/A} —4A3 < A;/8. To see that

this is true, note that this claim is equivalent to that of

TA/8 < \/A} —4A}, or 15A7/64 > 4A3

and recall that A; grows with (C7?)? while Ay grows with C72. Hence, it is sufficient

for us to prove that
216(¢')> > [(A1/8)" + (280) 3] = A, (23 +1/2)°.

Noting that (212 4+ 1/2)3 < 6, it is sufficient to show that 36(¢')? > A, or, after

expanding both sides,
1296(C7%)? — 432¢oC7% + 365 > 972(C1?)* — 348574.3C7% — 57169872 + 2070623.3,

which easily holds for large C' and C' > 7.
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APPENDIX B

ON THE STOCHASTIC ANALYSIS OF A QUANTUM
ENTANGLEMENT DISTRIBUTION SWITCH

B.1 Capacity for Heterogeneous Systems with B = oo
B.1.1 Proof of the last equality in Eq. (3.1)

From the first part of this equation, we have

o Y v~ 2 (Y — )
—am ) 21—,01+( 2 )(7—/”)(7—2#1))

k k
Y Hi g Pl ay
= T LB gl (S A1) =L
qﬁoZ(Ql—pl—i_Q) ‘mz( i ) 2

—1 I—p

B.1.2 Proof that C; = qu

Letting B — oo in Eq. (3.3),

Pl Pm
Cr = qmo (v—uz)l_plﬂnz -

m=1, — Pm
m#l
k
I 1 P pL P
= gmo _
L=p = 1l=pm 1=p 1=p
m;rél7
S
= 1 m = .
qmofl + mE:I 1_ ,Om) qt



B.2 Decoherence
B.2.1 Homogeneous, Infinite Buffer

For this system, the balance equations are as follows:

mokp = m(a+ (k —1)p),

WI—IM:WZ(ZQ+(]{;_1)/’L)7 i:2737"'7
Z’ﬂ'i =1.
1=0

Solving for the stationary distribution, we have:

kp
T = ————T,
Y k=Dp+a’
2251 ku%
To — — )
T k—-Dp+2a ((k—Dp+20)((k—Dp+ )
and so on. In general, for : = 1,2,... we can write
s ok = Wokﬁ K
g A (k=D +
[T~y joy =1 (BT DI

Using the normalizing condition, we have

7T0+I€7TQZH =1, so that

il M+J®
-1
1+k .
( ;;}1 M+J®>

The capacity and E[Q] can be computed numerically using the following formulas:
C = Zm(k — V= (k—1Dpu(l —m),

E[Q] = Zmz = 71'0]{32 l—Il

=1

u+3a)
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B.2.2 Homogeneous, Finite Buffer

The derivations are very similar to the previous case, with the only difference being
that the balance equations are truncated at state « = B. The resulting expressions are

almost identical to those above, with the exception of i being in {1,..., B} instead

of {1,2,... }:

B.2.3 Heterogeneous, Infinite Buffer

The balance equations are:

mom = (y = +a), L€ {1,... K},

7Tl(j Y —W;J)(v—ul—l—ja), le{l,....k}, j€{2,3,...},

To -+ ZZW(])

=1 j=1

For yj =1,2,..., we can write

G _ Hi
K WOEV_MZ-FZ'O[

Using the normalizing condition, we obtain

s

Jj=11i=1
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The capacity and E[Q)] can be computed numerically using

J

o0 k &
YA =) = m Y Y- [

j =1

=1 j=1 =1 j=1
[e%S) [e'S) k
EQI=Y"jPQ=5)=> 5> "
j=1 j=1 I=1
0o k i
_ . Hi

B.2.4 Heterogeneous, Finite Buffer

The derivations are similar to the previous case, with the only difference being

that jisnow in {1,..., B} instead of in {1, 2, ... }. The resulting relevant expressions

are:

EQl=mY i), V—Sﬁ'

j=1 1=1 i=1
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APPENDIX C

ON THE EXACT ANALYSIS OF AN IDEALIZED
QUANTUM SWITCH

C.1 Stationary Distribution
C.1.1 Proof of Eq. (4.5)

Introducing the value of m; = ¥ 17, into Eq. (4.3) yields

k=1
By = B Py + B m P+ B Z 5jP(j)

J=1

or equivalently

k—1
BZPerﬁPerﬁZﬁjp(j)
S 2k2+ﬂ§:( I

k—2 ]{7 . 1
i (. ymW%H”+m“ (1)
=1

k-1
With Y (k ; 1) (BpYD* =P ((Bp+P) " =) and
j=1
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k—1

k-2 E1
+2—k 2 z+1—k11
Z(j+1) By tpE I Z( . )(ﬁp)

]:1 =2

=Bp ((Bp+p)* ' = (k= 1)Bpp" > = 7"7"),
Eq. (C.1) becomes

B=p80E"+(k-1p ") + 85 (Bp+0)" =0
p(Bp+p)"" = (k—1)Bpp" > = p" ") +pp*!
=pp" " + B7" + B(k — 1)p*p"~* + Bp(Bp + )"
— 8P +p(Bp + )" = B(k — 1)p’p* ™ — pp*

= (Bp+D0)""(p + BD)-
Hence, § satisfies the equation f(5) = 0 with
f(8) = (Bp+P)""'(p+ Bp) — B.

C.1.2 Proof that Eq. (4.5) has a unique solution in (0,1)

Let us first consider the case k = 2. We have

f(B)=Bp+Dp)p+8p) —B
= Bp* + B°pp+pp + Bp° — B

= (3°pp — 2BpP + pp.
Setting this expression equal to zero yields

B*—28+1=0,
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which has a unique solution § = 1. Since this is outside the interval (0, 1), we conclude

that the DTMC is not stable when k& = 2. Now, consider the case k > 3. We have

f(8)=(k—=1)p(Bp+D)"*(p+8p) +DBp+Dp) " -1

and f”(5) is given by

(k= 1)(k —2)p*(Bp+D)**(p + BP) + 2(k — 1)pp(Bp + p)*

= (k—1)p(Bp+D)"*[(k —2)p +2(k — 1)p(Bp + p)] > 0.

This shows that the mapping 5 — f(/3) is strictly increasing in [0, 1]. On the other
hand,

F(0) = (k= 1p'p"*+7" - 1
and f'(1) = (k—1)p+p—1= (k—2)p > 0. Let us show that f'(0) < 0. Define

g(p) = (k—1)p*p" 2 +p" — 1 = f(0). We find

J'(p) = =" (*k* + 2p(1 — 2k) + k).

Define h(p) = p*k* + 2p(1 — 2k) + k so that ¢'(p) = —p"3h(p). We have h/(p) =
2(pk* + 1 — 2k), which vanishes for p = py = (2k — 1)/k*. Also, h"(p) = 2k* > 0.
We deduce from this that h(p) decreases in [0, py) and increases in (po, 1]. Therefore,
h(p) is minimized in [0, 1] for p = pg. We have h(po) = (—(2k — 1)? + k*) /k* which is
easily seen to be strictly positive for all k& > 3. This shows that h(p) > 0 for p € [0, 1],
which implies that ¢'(p) < 0 for p € [0,1], so that g(p) < ¢g(0) = 0 for p € (0, 1] and,
finally, f'(0) < 0.

From f/(0) < 0, f(1) > 0 and the fact that the continuous mapping 5 — f'(5) is

strictly increasing in [0, 1], we deduce that there exists 5y € (0, 1) such that f'(5) <0
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for B € 10,5), f'(Bo) = 0 and f'(B) > 0 for B € (5o, 1]. This in turn shows that
B — f(B) is strictly decreasing in [0, 5y) and strictly increasing in (fy, 1]. But since
f(0) > 0 and f(1) = 0, this implies that f has a unique zero in (0,1). This zero is

actually located in (0, £y). O

C.1.3 Equivalence of Eqgs (4.1) and (4.2)

We start by rearranging (4.1):

k—1

E 7Tz‘Pz‘,0 = To,

i=0

k—1

E 7T¢Pi,o = 7To(1 - Po,o),
i=1

k—1
i—1
1 E B -Pi,O = 7TOP0,1a

i=1
k—1

i pr
DB =P

i=1

Then, we rearrange (4.2) in a similar fashion:

k
Y miby=m
=0

k
molo + ™ Zﬂi_lpm = 1,

i=1
7T0P0,1 (1— _ZBZBI> )

O ZBZPH

Hence, to show that one of (4.1) and (4.2) is redundant, it suffices to show that
k-1 k
Y BPo=8-) BPy, (C.2)
i=1 i=1
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or equivalently,
k—1
Z B'(Pio+ Pia) + B Pey = B.
i=1

Before we continue, we derive a few useful expressions. The first is as follows:

. . < E—1 i fe—1—i
Pe(@,k—1)+PO(z,k—1):Z< i )p]p 7

Jj=t

Next, we have

P.(ik—1)— P,(i,k — 1)

Il
-
L
VR
>
S|
—_
N———
=l
x>
L
J
i
p—t
S~—
<

Finally,

N

P,(i,k—1)—P.(i,k—1) = — Y (k ; 1>pjpk-1—j(—1)J.

Jj=t

k=1
Now, consider the left side of Eq. (C.2): > 8'Pi is equal to
=1
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%ﬁi Kl - (2—1)i> (BP.(i,k — 1) + pPy(i + 1,k — 1))
N (#) (BP,(i,k — 1) + pP(i + 1,k — 1))}

_ fg 1 B _: <k ; 1)1@’“”(1 + (—1>i<—1)j)]

H2S g Lz (" - <—1>f<—1>f'>]

(pB+D)" ' (p+DB) — (—p)

p
2
1[6_% . B
2(1-8 1-p2 14+43]

k—1

Next, we look at Y. P, which is equal to
i=1

Sfﬁ[<l+g4y>@Ru—1x—4y+mu@k—m)
1

=~ |5
B
= 6p((Bp +D)* ' = (Bp)" )
+ % (1 f 71 mﬁg@ﬁﬂ?)k + %(p —p)k)
Summing these two expressions, we obtain kz_jll B(Pio + P,1),

5 B
1-3 1-43

(pB+P)"(p +BB) — Bp(Bp)* .
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Next, we compute

Finally, the left side of Eq. (C.3) becomes

k—1
Z Bi(Pz‘,o + P1) + kak,l
=1
S (pB+D)* (o +DB) — B + g™
1-8 1-58
- s o)

Recall from (C.3) that the expression above must equal to §. Using Eq. (4.5), we

know that

(pB+D1)* (0 +PB) = B,
and therefore,

ST I
;6%&“&4)%’%4:1_5—1_ﬁ=5.

C.2 Proof of Capacity
For simplicity, let us first derive C' with the assumption that ¢ = 1. Since ¢ simply

scales the capacity, we will multiply the resulting expression by ¢ at the end. Consider
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the first term of Eq. (4.10):

k—2 i B 1\ B2 N =
ng( ; )p]ﬁ’“” - Zj( j )p]ﬁ’“” S
i=0 =0 = par
k2 k—2
j= Py
7Tl k—2 ‘ k} 1 I k—2 i j—1 l
_F.1‘7<j>p]p ;5—Zoﬁ
j= - =
k—2
_m (=1 (1_5k—1_1 ﬁj)
[3§¥< j>ﬂ 1-3  1-8
k—2 '
! (k—=1\ . . [ —pkt
F;]< ;) (55
— - : : j _ Rk—1
— % ‘ j(kij 1>pj2_7k1] (6 1 _ﬁﬁ )
7j=1
= g (k= DE+7 80— 87k = 1p)
- TA (o e,

Next, keeping in mind that £ — 1 > 2, the last term of Eq. (4.10) is

P i—k—1
00 k—2
_ (K —;)Pﬂl (Z g Zﬁz>
i—0 =0
_ (k —1)pm ( 1 1-— ﬁkl) _ (k — 1)pm, g+t

3 1-8 1-5 B 1-p

i

Hence, so far,
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Next in Eq. (C.4) we have the term

Tﬂw
[\

ﬂﬁl(2<+>1> z+1—k i—1 = jg:xgz 1: ( ) z+1ﬁk—i—1
S ) (" )
o J

= (k= 1)+ 9" p = (Bp+9) " +77).

Substituting this into Eq. (C.4), we have

k—2 k—1
C=> m (EJ + z> <Z _li l> PP —m((lk__ﬁl))p (Bp + )2

=2

+ 2 (k= 1)(Bp+ ) 28p — (Bp + P)F +7°7)

k—2 k—1
o l . k i+l—=k—i—1
22 (fa) ) ()

0
+ 2T (= (Bp + 5)FY) + ma(k — Dp(Bp + )2

k=2  k—i
_ ! . k i+Hl—k—i—l
-2 ([5]+) (o)

+ 57 07 =B +p)") +mk—1p

(Bp+Dp)
B(1—-p)

(Bp+p)!
—5(1—5) ) (C.5)

Consider the remaining sum above. Let m =i+ [. Then
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S8 (8] B e (£ 5

m=2 1=

1=0

The inner sum above can be rewritten as follows:

om (2m—1(1-pm™ I~ ;0 (=)™ [1—(=p)m*
‘F( (5 ) e S ()

. (Qm— 1;(—1)7”) -

i)

5 (e (S (|25 ) - - s -5 o

)

_(2m=1 (1= LmET = (m T 41— (D)
(U () - )

4 1- 13
(2m—1—|—(—1)m)
+7T0 .

4
Now, we can use the fact that 7o + /(1 — ) = 1 to obtain

2m—1 1 2m — 1 2m —1
_l’_ _

4 1-5 4 0T Ty

Uy

Using the same relation, we have
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m

("] )

NS 2(1 - By 41+ B)
m—1 (-7 [ om

+ T+t ( - —62>
— m B mﬁm m (_1)m 27T1 7'(1 ]
IR e R R (1_ 1—@2) Tai-pp A
From Eq. (4.9), we know that m = (1 — 5%)/2. Using this,
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Next, we can write
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i=0
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Hence, Eq. (C.6) becomes
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Substituting m; = (1 — 3?)/2 above and simplifying yields
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Finally, substituting this result into Eq. (C.5), C' becomes
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We know from Eq. (4.5) that

(Bp+D)"'(p+Bp) — B=0.
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Using this above, we obtain

k
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Recall that m; = (1 — 3?)/2. Hence,
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