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Recommendation ITUT G.1050

Network model for evaluating multimedia transmission
performance over Internet Protocol

Summary

Recommendation ITT G.1050 describes aimternet protocol IP) network model that can be used f
evaluating the performance of IP streams. The focus is on packet delay, delay variation, and loss. If
from any type of network device can be evaluated using this model.

The following are possible uses for Recomigtion ITUT G.1050:

simulation of realorld IP network impairments(packet delay variation and packet Ic
characteristics);

testing of any type of IP stream(ahder simulated network conditionsing pcap files. The I
stream(s) can be evaluatesing standard test cases or usefined simulated network conditions;

testing of any type of IP stream using hardwanelation of simulated network modelsing standarc
test cases or useefined simulated network conditions.

This revision of Recommeiation ITUT G.1050 replaces Recommendation {TUG.1050 (2011) in its

entirety.

Technical changes from Recommendation{T&.1050 (2011) include:

1)

2)

The previous version of this Recommendation,4T&.1050 (2011), uses precorded pcap files @
unmanged beseffort streams (e.gHTTP, P2P) that do not react to network congestion and ther
do not adapt to the available network capacity as would be expected in an actual network. The
version of this Recommendation replaces these pcap fitesaw iPerftransmission control protocc
(TCP) stream. Because the iPerf stream is carried by TCP, it automatically adapts to the si
network conditions. In addition to this, the iPerf stream accurately measures the residual cay
the networkwhile carrying other managed services. Therefore, this enhancement provide:
realism than the previous version.

The previous version of this Recommendation uses a custom discrete event simulator written
The revised version of this Recomndation implements the same network topologies and test
using the publicly available ns3 discrete event simulator. The new approach uses a dire
execution (DCE) virtual environment to run an actual iPerf application with an actual Linux ne
stack in each network node that uses TCP, making the results more realistic. For the simulatio
Recommendation, the Linux network stacks are configured to useubig' TCP congestion contrc
algorithms.

This Recommendation includes an elecitattachment containing the discrete event simulator source
input packet capture files of interfering traffic, standard test cases and the simulator output.
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FOREWORD

The International Telecommunication Union (ITU) is the United Nations specialized agency in the field of
teleconmunicaions information and communication techogies (ICTs).The ITU Telecommunication
Standardization Sector (I'FD) is a permanent organ of ITU. ITU is responsible for studying technical,
operating and tariff questions and issuing Recommendations on them with a view to standardizing
telecommunicabns on a worldwide basis.

The World Telecommunication Standardization Assembly (WTSA), which meets every four years, establishes
the topics for study by the ITU study groups which, in turn, produce Recommendations on these topics.

The approval of ITUT Recommendations is covered by the procedure laid down in WTSA Resdlution

In some areas of information technology which fall within TW purview, the necessary standards are
prepared on a collaborative basis with ISO and IEC.

NOTE

In this Recommeration, the expressiofiAdministration’ is used for conciseness to indicate both a
telecommunication administration and a recognized operating agency

Compliance with this Recommendation is voluntary. However, the Recommendation may contain certain
mandatoy provisions (to ensure, e.g., interoperability or applicability) and compliance with the
Recommendation is achieved when all of these mandatory provisions are met. Theshatds some other
obligatory language such &sust and the negative equivaits are used to express requirements. The use of
such words does not suggest that compliance with the Recommendation is required of any party.

INTELLECTUAL PROPERTY RIGHTS

ITU draws attention to the possibility that the practice or implementatitnisdRecommendation may involve

the use of a claimed Intellectual Property Right. ITU takes no position concerning the evidence, validity or
applicability of claimed Intellectual Property Rights, whether asserted by ITU members or others outside of
the Reconmendation development process.

As of the date of approval of this Recommendation, ITU had not received notice of intellectual property,
protected by patents, which may be required to implement this Recommendation. However, implementers are
cautioned thathis may not represent the latest information and are therefore strongly urged to consult the TSB
patent database Bttp://www.itu.int/ITU-T/ipr/.

a ITU 2016

All rights reserved. No part of this publicatioray be reproduced, by any means whatsoever, without the prior
written permission of ITU.
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Introduction

Recommendation ITI G.1050 describes an Hetwork modethat can be used for evaluating the
performance of IP streamBhe focus is on packet delay, delay variation, and loss. IP streams from
any type of network device can be evaluated using this model.

Emphasis is given to the fact that manufacturers of communications equipment and serideesprov

are interested in a specification that accurately models the IP network characteristics that determine
performance. Evaluators desire a definitive set of simple tests that properly measure the performance
of communications devices from various mawtdfaers. Therefore, the objective of this
Recommendation is to define an applicatiodependent modek(g.,data, voice, voiceband data,

and video) that is representative of IP networks, that can be simulated at reasonable complexity, and
that facilitates practical evaluation times. The IP network model presented herein represents a
snapshot of actual network data provided by anonymous IP service providers and IP network
equipment manufacturers in ti2©10 timeframe, and will continue to evolve as moratistical
information becomes available and as the IP network evolves.
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Recommendation ITUT G.1050

Network model for evaluating multimedia transmission performance
over Internet Protocol

1 Scope

This revision to theRecommendatiohdefines managethternetProtocol television (1sing UDP)

(IPTV), IPTV and VolP stream fowell managed,partially managed andin-managednetwork
conditions It also defines the remaining residual unmanaged bandwidth (Inseraees) whichare

typicdly used for TCP applications'lhe main difference between this revision and the previous
revisionis that this version is a Layer 4 (TCP) aware network model that can be used to evaluate TCP
traffic.

This revision of the Recommendation utilizes publicly availablens3 network simulatowhich
incorporatedayer 4TCP models It allows more accurate characterization of bandwidth and delay
for networks that carry TCP traffic because congestion cauSBsstreams to back off and use less
network bandwidthThe model is limited in that it is based a single (Cubic) TCP flowDifferent

TCP sacks have different behavis. However, the macroscopic behawiaf TCP flows should be
similar.

This Recommedation is broadly applicable to the evaluation of any equipment that terminates or
routes traffic using the Internet Protocbhis Recommendation can also be used to evaluate media
streams or other protocols carried over IP netwdtkamples of the typesf equipment that can be
evaluated using this model include:

| IP-connected endpoints:

A 1P network devices (such as: user agents, call agents, media servers, media gateways,
application servers, routers, switches, etc.)

A 1P video (IPTV, video confereirm, telepresence, etg.)
A 1P phones (including soft phones)
A 1AF (Internetawarefax).
| IP/TCP connected endpoints:
A Peerto-peer
A hypetexttransferprotocol (HTTP):;
A Adaptive bitrate video
| PSTNconnected devices through IP gateways:
A Plainold telephoneservice(POTS throughvoice-overIP (VolP) gateways;
A ITU-T T.38 facsimile devices and gateways
A 1ITU-T V.150.1 andTU-T V.152 (voiceband data, VBD) modeover-IP gateways
A TIA-1001 andTU-T V.151 textphoneverIP gateways
The IPnetwork model can be used in two ways:
T to test an IP stream under simulated network conditions
T to test an IP stream in real time using hardware emulation of the network model.

1 This Recommendation inales anelectronic attachment containing the discrete eg@ntilator source
code, input packet capture files of interfering traffic, standard test cases and the simulator output.
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The IP network model can be used to study and to understand:
| theinteraction of different traffic mixes

T theeffectsof QoS and queuing on different types of traffic
T packet delay variation and packet loss.

Whether in software simulation or rei@he hardware emulation, users can select from several test
cases spefied in this RecommendatiobJsers can optionally define their own test cases.

This model has the following limitations:

T Some VolIP networks may utilizaublic switched telephone netwofRSTN) at one or both
ends of the connection through a media gaiewwhis model only addresses the IP portion
of the network and does not address the PSTN portion of th-amdi connection.

T The network model represented in this Recommendation does not model all possible
connections that can be encountered betwegites.

T This Recommendation includggabit-capable passive optical netwq&PON) anddigital
subscriberine (DSL) access technologie€haracteristics of other access technologies such
ascable televisionQATV) and wireless are for further study.

| Abnormal events such as link failures and route flaps (and the packet reordering that such
events can cause) are not included in this Recommendation.

| The standard test cases use streams of interfering traffic that were captured on live networks
While realistic, they are still just examples; users could substitute their own files of
interfering traffic.

) The LAN-to-LAN test cases of ITHI G.1050 are now modeld as two cascaded
ITU-T G.1050 corego-LAN segmentsSeeclauseb.3.

T The IP network model psented herein is based on an informal survey of anonymous IP
service providers and IP network equipment manufacturers in the 2010 timeframe and will
continue to evolve as more statistical information becomes available and as the IP network
evolves.

The mos significantlimitation of the previous edition of the model wahat the best effort traffic
(e.g, HTTP) is injected from a pcap file ades not react to congestion (as Ti@Pmallywould).
As aresult,the packet losand delay statistioseresomewlat higher than expected.

To address thigmitation, the best effort traffithat wagreviouslyinjected from a pcap fileasbeen
replaced by a single TCP flow usimgerf. The specificcharateristics of thaPerfflow dependon

the specificTCP congestion control algorithm, but generally TCP will tend to use as much network
capacity as is available to best effort traffibereforetheiPerf TCP flow characterizes the available
network capacity and delay while competing with other managed flo

In order to implement th&erf TCP flows, the simulator described in this revised Recommendation
has been completely rewrittenuee the re3 discrete event simulator

The ns3 simulator has a direct code execuid@E) virtual environmentin which it is possible to

run an actuaiPerf application with an actual Linux network stack in ed€P network node. This
makesthe results more realistic. For the simulations in this Recommendation, the Linux network
stacks are configured to use troeibic' TCP congestion control algorithms

The network topologies and test caaes the same as was implemented as in the previous revision
of the simulator, with the exception that all best effort traiffiected from pcap files has been
removed and replaced by a sintRerf TCP flow.

It should be noted that although most networks of interest carry multiple concurrent TCP flows, the
aggregate goodput of the flows tends to converge to the same value as #sihdlew would.
Thereforejt is not necessary to characterize more than one paRgiglT CP flow in this simulator.
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Finally, & a resulbf interactions between downstream and upsti@ari TCPflows, eachtest case
isrunthree ways:

T iPerfdownstream only
T iPerfupstream only
T iPerfbidi (runs downstream and upstream together, which interfere with each other)

2 References

The following ITUT Recommendations and other references contain provisions which, through
reference in this textonstitute provisions of this Recommendation. At the time of publication, the
editions indicated were valid. All Recommendations and other references are subject to revision;
users of this Recommendation are therefore encouraged to investigate thditgadsapplying the

most recent edition of the Recommendations and other references listed below. A list of the currently
valid ITU-T Recommendations is regularly published. The reference to a document within this
Recommendation does not give it, as adt@one document, the status of a Recommendation.

[ITU-T T.3§ Recommendation ITA T.38 (2007)Procedures for reatime Group3
facsimile communication over IP networks

[ITU-T V.150.] Recommendation IT V.150.1 (2003)ModemoverIP networks:Procedires
for the endto-end connection of-geries DCEs

[ITU-T V.152 Recommendation ITA V.152 010), Procedures for supportingoiceband
dataover IPnetworks

[ITU-T Y.154]] Recommendation ITA Y.1541 Q011), Network performance objectives for
IP-basedservices

3 Definitions
This Recommendatiodefines the following terms

31 burst loss A high density of packet loss over time, or loss of sequential packets, due to
congestion, bandwidth limitation, line errors, or rerouting (delay translated intodlessto
implementation) on the network.

3.2 delay: The time required for a packet to traverse the network or a segment of the network
(seelatency.

33 downstreanm A transmission from a service provider toward an end user.

3.4 gateway A network device that acts as an entrance to another net@oekfunction is to
convert media provided in one type of network to the format required in another type of network. For
example, a gateway could terminate bearer channels from a switchedng@tauitk (e.g., DS0s) and
media streams from a packet network (e.g., RTP streams in an IP network).

3.5 goodput: Application level throughput.

3.6 interferer: A packet stream that contends with the test stream of interest for a limited
network resource, such as a link buffer.

3.7 IP network: A network based on the Internet Protocol.
3.8 jitter : Variation in packet delay.

3.9 latency: An expression of how much time it takes for a packet of data to get from one
designated point to anoth@eedelay).
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3.10 microburst: A packet traffic pattern characterized by short periods of high activity, and
where the bursts are not readily detectadlien measuring average traffic rate over a period of one
second or longer.

3.11 MTU size: The largest size datak packet or frame (specified in octets) that can be sent in
a packetor framebased network such as the Internet

3.12 packet loss The failure of a packet to traverse the network to its destinaligpically,
packet loss is caused by packet discards due to buffer overflow. This model does not take into account
packet loss due to discards in the terminal jitter buffer.

3.13 peak jitter: Themaximum variation of delay from the mean delay.

3.14 peak-to-peak jitter: The full range of packet delay from the maximum amount to the
minimum amount.

3.15 peerto-peer. A distributed application architecture that partitions tasks or workloads
between peas. Peers are equally privileged, equipotent participants in the application.

3.16 QoS edge routing Routing that typically takes place between the customer premises
network and the service provider network basedumality of serviceclassification values

3.17 reordered packets A packet that arrives at the destination with a packet sequence number
that is smaller than the previous packet is deemed a reordered packet.

3.18 route flap: Repeated changes in a path duapdates to a routing table. The netkwmodel
simulates the effect of route flaps by making incremental changes in the delay values of the core
segment.

3.19 sequential packet lossTwo or more consecutive lost packets.
3.20 upstream: A transmission from an end user toward a service provider.

4 Abbreviations and acronyms
This Recommendation ust® following abbreviationand acronyms

BER Bit Error Ratio

CATV Cable Television

CBR Constant Bit Rate

Csv CommaSeparated Values (file format)
DCE Direct Code Execution

DSL Digital Subscriber Line

DSLAM DSL Access Multiplexer

GPON Gigabitcapable Passive Optical Network
HD High-Definition video

HTTP Hypettext TransferProtocol

IP Internet Protocol

IPTV Internet Protocol TelevisiomugingUDP)
LAN Local Area Network

MTU Maximum Transmission Unit

OLT Optical Line Termination
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ONT Optical Network Termination

oTT Overthe-Top (TCP streaming video)
PBS Peak Burst Size (pcap generator)
pcap packet capturéfile format)

PIR Peak Information Rate (pcap generator)
POTS Plain Old Telephone Service

PSTN Public Switched Telephone Network
QoS Quality of Service

RTT RoundTrip-Times

SD StandareDefinition video

SLA Service Level Agreement

TCP Transmission Control Protocol

UDP User Datagram Protocol

VBR Variable Bit Rate

VolP Voice over Internet Protocol

5 Conventions

This Recommendation uses capitalized nouns when referring to objectf+tlsgmulator source
code of the packet scheduling algorithm.

6 Description of themodel

6.1 Model overview

The new IP network model of this Recommendation is embodied discaete event software
simulator In a real sense, the simulatsthe model Annex Acontains a detailed description of the
simulator code used to implement the model. Other implementations are possible, includingereal
hardware network emulatorsrftest lab use, but theirehaviar must match that of the simulator
presented here.

The IP network ignodelledas a network of basielements Figure 1 shows this basic network
element, called &node"

L4-L6 processing (if needed)
L2/L3 forwarding

Ingress | | Egress Ingress | | Egress Ingress | | Egress
queue | | queues queue | | queues queue | | queues

— — —

y

/0 port I/O port I/O port

(typ. Ethernet) (typ. Ethernet) (typ. Ethernet)

G.1050(16)_FO01

Figure 17 Nodei Basicmodel network element
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These basic network elements are wired in series into a specific network topology as described in
clauseb.2.

This is an outline of the simulator processing in one direction; both directions are included in the
model:

1) A packet generator drives packeatsoi the simulatarThe arrival times and sizes of the test
stream packets and the interfering stream packets are read from pcap files.

2) A nodereceives packets on its ingress ports, and determines where packets should go next.

3) A nodeschedules each gpleet for transmission out one of its egress ports.

4) Wires connect the egress port of oreeleto the ingress port of anotheode

5) The process repeats for all packets throughadesand wires.

6) Packet arrival and departure times are storedile fof analysis.

Theclauseghat follow explain the components of the model in more detalil:
T networktopology,

T models of network elements

| interferingstream files

| simulationinputs

T simulationoutputs

T packetscheduling algorithm

6.2 Network topology

The following is a higHevel descriptiorof the elements of the modé#l.more detailed description
is available in Annex A.

Figure 2 shows the IP service providemportion of the network, called the core, represented by a
cloud symbalBasic network elemestvithin the core are interconnected to carry IP traffic between
ports.

1 Gbit/s 1 Gbit/s

G.1050(16)_F02

# Switches

Queue
Delay
Reorder

Figure 27 Core network portion
Figure3 shows the access portion of the IP netwtmkhe downstream directiofrom the core to
the customer premises, a seriespaflesand wires are connected: edge router, DSLAM (or OLT for

GPON), DSL modem (or ONT for GPON), firewall, and rouféhe model is bidirectional, so
upstream traffic traverses the same elements ingeweder.
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Residential gateway

d DSLAM DSLor f’ _____________________________________________ ™

Edge router orOLT  GPON i DSL modem Firewall Router |

' orONT  LAN LAN !
1 Gbit/ <L Gbitss Various | 100 Mbit's. B2 100 Mbivs, G2 | 1n/0ut
it/s it/s I raesl_’ 1s=' it/s Inu

! =7 = !

1 1

Queue per  Delay | Queue Queue Queue |

Queue Delay QoSlevel  BER Mmoo oo /

G.1050(16)_F03

Figure 37 Accessnetwork portion

Althoughthe basiaodeof Figurel allows interfering streams to be inserted and to exit at each stage,
the network topologies of this Recommendation are simplifigdrferers in the models only enter
and exit at the points showrAll of the test case simuilahs of this Recommendatiomse the
coreto-LAN network model

Figure4 (core-to-LAN) illustrates traffic flow for the managesrver to client applications such as
IPTV or streaming servemd unmanagkeT CP client and server traffic usimgerf.

Interfering Interfering
streams ,  Streams
TCP client Core network Access TCP server
— network i
TCP server ‘/ TCP client

e e

Managed bandwidth Residual bandwidth ©.1050(16).FO4

Figure 41 Core-to-LAN network model
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Figure5 (LAN-to-LAN) illustrates an endo-end network with LAN and access links on each side

of the core as would occur in a cligntclient application such amice over Interne®rotocol (VolP).

It includes traffic flow for the managed applications or streaming server and unmanaged TCP client
and server traffic usingPerf It is modelledas two cordo-LAN networks concatenatedSome
considerations for usindn¢ LAN-to-LAN model are given irclause8.3.

Interfering
streams
TCP client Access 1GE [nterfering
(Iperf) —>  etwork Core network streams
| “
TCP server / Interfering
(Iperf) I / streams
Interfering Access TCP server
streams Core network network — (Iperf)
ﬂ |
\ TCP client
(Iperf)
|

Managed bandwidth Residual bandwidth .1050(16)_F05

Figure 57 LAN -to-LAN network model

6.3 Models of network elements

The various types of network elements considered in this model are listed as columns ih Table
These are:

| core switches
| edge router
| access heaéend device
A DSLAM;
A GPONOLT
| access subscriber end device
A DSL modem
A GPON ONT
| firewall (as part oairesidential gateway, for exampjle)
T LAN;
T wires between devices

Each of the network elementsnsodelledidentically in the simulator: as the basiodeelement
shown in Figurel. All egress ports have multiple queues, onequatlity of service(QoS priority.
Each queue is 65 x 1518 ='880 byteger priority level

Therowsin Tablel list thefollowing attributes of each element in the network model:

T # switches: dr the core section only, there are between 3 and 15 casgigdéd Ethernet
switches

T downstream link refers to the direction from the core toward the premises
T upstreanlink: refers o the direction from the premises toward the gore
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delay: the onavay flat delay of the element
QoS:indicates that the element implements QoS priority scheduling
BER: the bit error ratigdBER) of the physical access link

Table 17 Network model dement attributes

g %] E y) -
= —

2 S 2 = g 5 3 g & =

32 = g ] o < S o s e = z

2 7 S S i E | z z z| £| 3| <

5 5 2 g =2 7 - 3| © & ol =| £ 4

< = @ 2 a a o

< o E [a)] N o

. 3to
# switches 15
Downstream
link rate 1000 1000 3to033 5t0 50 100 100
(Mbit/s)
Upstreamlink
rate (Mbit/s) 1000 1000 1to3 21035 100 100
Delay 3%)% tr%s 100 ns 1ms 1ms
QoS 1to 1to 1to 1to | 1to 1to 1to
7 7 7 7 7 7 7
108to 101%to
BER 106 109
6.4 Interfering stream files

The network traffidiles used by the simulator are all of a standard packet capture format commonly
known as pcap, as defined in file pcap.h (version 2.4) of libpc&ee
http://wiki.wireshark.org/Develpment/LibpcapFileFormatJsually the files have been captured at
the endpoints of the network at client devicEsese files are used as interfering traffiput to the
simulation model, as shown in Figure 6.

Simulation environment

ns-3
Defined b IPTV 1
enlg;vori Managed bandwidth IPTV 2
model —

VoIP

Packet loss and
Network delay variation

| |

model

Residual Un-managed bandwidth .
por Sz pert
\ Internet services /

Bandwidth and
delay variation

\ G.1050(16)_F06

Annex F Table 2: Network characteristic files for residual Un-managed bandwidth
(bandwidth and delay)

Figure 61 Revisednetwork model
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Thefollowing types of streams are included in the standard test cases:
IPTV: SDandHD, CBR and VBR

VolIP;
FolP (fax over IP)

These files have been anonymously captured by a variety of researchers and from a variety of sources
as real examples of regentative types of packet traffie general, the files are a reflection of the

traffic patterns observed@heyhave had the payloads stripped to protect the prigatye end user
andownershiprights of the actual content as well as to keep the ovideadize smallNote that even

though the traffic source files omit the payloads, size information is maintained so that the full traffic

is modelledby the simulationPcap files with payloads can be used as test streams or interfering
streams, since éhsimulator does pass payload data.

In addition to payload stripping, the pcap files have had a number of processing steps:

T Flow separation: The captured files are split into upstream (toward the core) and downstream
(toward the client endpoint) filder simulation.

T Bandwidth analysis: The files are aradgl as to their overall and average bandwidth over
finite time periods As reference files, the microscopic and macroscopic bandwidth
characteristics must be understood so that they can be ap@mmhably to the various
simulation test cased$n particular, the bandwidth characteristics of the files are highly
dependent on factors such as the overall bandwidth capabilities and rate limitations of the
network path, and theehaviourand rate adaptan of higher layer network protocols.

| Smoothing: At a microscopic level, bandwidth analysis of some pcap files reveals that there
are microbursts. A potential problem with these microbursts is that the instantaneous
bandwidth requirement can overwhelimkl or memory capacities of the scenario under test
This can be alleviated either through external smoothing of the file or by the rate shaping
parameters in the simulation configuration file.

| Bandwidth scaling: The standard pcap files are specificoegpintended to be representative
of network usageSince they are generic in nature, playback into the simulator is made by
bandwidth scalingThis is accomplished by temporal dilatiglayback of packets by a
constant scale factor, faster or slowehiaces the desired network usage.

Figure 7showsthe bit rate of each pcap stream averaged ogectnd and-Second nofoverlapping
windows.See Annex C for a coplete set of bandwidth plots.

IPTV HD Bitstreams
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Figure 77 SampleHD downstreamflow
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6.5 Simulation inputs

Table2 lists the inputs to the simulatiofhe coreto-LAN network topology is assume@®ne access

technology (DSL or GPON) is selected. There are parameters for each network element and for each

pcap file used as an interfering traffic stream.

Traffic flows are assigned a priority that is essential in practical access networks to ensure that higher

priority traffic from managed services is carried in preference to lower priority tréffecsimulator

hassevenpriority levels and no petlass bandwidthaservationThe simulation test cases are set as

follows:

1: (highest priority)nanaged voice traffic
2: managed IPTMype video traffi¢

3-6: unused

7: (lowest prority) best effortiPerf TCP load

Table 27 Network model simulation input parameters

Network element Impairment/Interferer Parameterrange
Core
Number ofswitches 3to 15
Total core link delayms) 10 to 250
Access (pick one technology)
GPON Accessrate down(Mbit/s) 5to 50
Accessrate up(Mbit/s) 210 35
Residual BER 10'*?to 10°
Delay (ms) 1
DSL Accesgate down(Mbit/s) 3to33
Accessate \p (Mbit/s) 1to3
Residual BER 10'8to 108
Delay (ms) 1
Managedbandwidth
IPTV HD Stream I CBR (qty) 0to 1 (10 coreonly)
Downstreanrate (Mbit/s) 8
IPTV HD Stream 2 VBR (qty) 0to 1 (10 coreonly)
Downstreanrate (Mbit/s) 8
IPTV SD Stream 1 CBR (qty) 0to 1 (10 coreonly)
Downstreanrate (Mbit/s) 2
IPTV SD Stream 2 VBR (qty) 0to 1 (10 corenly)
Downstreanrate (Mbit/s) 2
VolP/Fax (qty) 0to 1 (10 coreonly)
Rate down/up (Mbit/s) 0.0640.064
Internetservices
Residual Unmanagedbandwidth
Upstreamgdownstream,
bidirectional iPerf(TCP)

Rec. ITU-T G.1050 (07/2016)
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6.6 Simulation outputs

Output from the simulatdor the managed part of the netwaskn the form of pcap files aridout"

files. The pcap filesre the output packets along with their timestampise ".out' files for the
managedetwork cases contain the packet loss and delhies in a maix. This is shown in Tabl8.
Comparisons of input pcap and output pcap files can be performed to determine the effect of the
impairment on, for example, video/audio quality or voice quality. Test stream pcap files with payloads
can be inpt into the simulation and the test stream output pcaps canddgsedor video/audio

guality or voice quality under different network conditions.

The".out' output files contain delay and packet loss information (in ASCII CSV format) about the
simulation resultfor the managed trafficThis information is also implicitly contained in the pcap
file, but because it is not possible directly to indicate packet delay or loss in a pcap flleuthe
files are helpful for post analysis. For example, bectuseout' files are in CSV format, they can

be read into spreasheet programs for analysis. Theut' output filesalso can be replayed in a
reattime emulator as describeddtauses. 1.

The examples in Tablg Figures3 and9 are for themanaged pa of the networkTable3 shows part
of the".out' file resulting froma few packets.

The output shown in Figurl for theresidual part othe network is in the form of'aout’ files and
is created by using synthetic TCP loads in the uplink, downéskyell as bdirectional test cases
produces the bandwidth and delay in a matrix. This is shown in Tableede values are derived
from theiPerfcharacterization of the residual part of the bandwidth

The examples in Tabkg Figuresl0and11 arefor the residual part of the netwoidnd result from
the test case DW

Table 317 Example managed bandwidth delay and drop data
(Dw4, stream HD_cbr downstream)

Source: TIA TR30.3: TIA-921C

Contentencoding : ASCII

Delayunit: ms

Time Delay Drop
14.5956974 77.32 0
14.5970787 77.47 0
14.5984581 77.08 0
14.5998375 77.28 0
14.6012169 76.95 0
14.6039776 76.95 1
14.6039776 77.25 0
14.6053569 76.91 0
14.6067363 77.12 0
14.6081157 77.33 0
14.6094970 77.43 0
14.6108764 77.09 0
14.6122558 77.29 0
14.6136352 76.95 0
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Table 317 Example managed bandwidth delay and drop data

(Dw4, stream HD_cbr downstream)

14.6150165 77.11 0
14.6163958 77.26 0
14.6177752 76.92 0
14.6190943 77.22 0
14.6204114 76.89 0
14.6217305 77.15 0

Figure 8 is a plot derived from the same csv file from which Table a tiny excerpt. Note the
dropped packedtaround 14.604econds.

Delay(milliseconds)

Drop/sec

Dw4-t-HDTV1_Down (Delay and Drop)

T T
Drop Total =41

[/ I T I B | O T P PR R Y Y PO LLabiuiy i
00:00:00  0001:00  00:02:00  00:03:00  00:04:00  00:05:00  00:06:00  00:07:00  00:08:00  00:09:00  00:10:00
Time(H:M:S)

Figure 81 Time series plot of packet delay and loss

The CSV file can be plotted amghalysedo show a time series of the delay patterns and loss bursts
Furthermorepacket delay variatioPDV) histograms andumulative distribution function€CDF)

can be generated for these filesattalysenetwork characteristicéigure 9is the PDV histogram
from the same Dw4 simulation.

Count

Dw4-t-HDTV1_Down (Packet Delay Variation Histogram)
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1 I R N A [T A 1

75 80 85 90 95 100 105

Delay(milliseconds)

Figure 91 PDV histogram
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DescriptionTable 4columns:

t7 time bin

Bandwidthi average bandwidth of time bin

Packefi number of packets

meani mean delay

m?7 average squared packet del@igis can be used to introduce jitter for network emulation.

Table 41 Exampleresidualunmanagedbandwidth and delay data

t Bandwith Packet Mean m?2
14 485760 40 77.3 5976.6
1.6 728640 60 78.4 6147.6
1.8 1457280 120 80.0 6409.9
2.0 2064480 170 83.7 7027.3
2.2 2064480 170 82.2 6770.0
2.4 2064480 170 82.2 6770.0
2.6 4189680 345 83.3 6955.0
2.8 2307360 190 83.2 6939.6
3.0 2185920 180 82.3 6789.3
3.2 2185920 180 83.7 7019.0
34 2246640 185 83.3 6953.1
3.6 3036000 250 82.4 6813.1
3.8 3521760 290 84.7 7198.1
4.0 2307360 190 83.8 7043.5
4.2 2368080 195 83.6 7014.0
4.4 2428800 200 84.2 7116.2
4.6 2489520 205 84.1 7090.5
4.8 2550240 210 85.1 7271.9
5.0 2732400 225 85.4 7316.8
5.2 2793120 230 85.9 7417.6
5.4 3036000 250 86.1 7443.1
5.6 303600 25 77.2 5959.3
5.8 3218160 265 86.7 7564.3
6.0 3461040 285 95.4 9271.7
6.2 303600 25 77.5 6005.3
6.4 3764640 310 99.8 10208.1
6.6 2914560 240 95.0 9169.8

14
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Bidirectional iPerf: 1-way BW: bidi: Dw4-t
(Min=0, Max=8.38, Mean=2.2, Median=1.94, StdDev=1.37)

10.0-

Bandwidth (Mbit)

0.1+

0 200 ) 400 600
time (sec)

up- dwn

Figure 1071 Residualunmanagedbandwidth

Figure 11shows examplas3 simulation ofa 6 Mbit link with the following streams: a 2 Mbit CBR
IPTV stream, a 2 Mbit VBR stream and a best effort iPerf stré&&mm synthetic TCP traffic created
by iPerf will saturate the linkGreen is the resulting residuai-managedandwidth for available
for best effort traffic

Bandwidth (Mbit)

Figure 1117 Example of managedbandwidth with unmanagedsynthetic TCP traffic
(iPerf) i Stacked bandwidthchart

Addition exampleplots are shown in the followingnnexes
| Annex D1 Exampleoutputplots fortestcase Dw4t;
| Annex E1 to E6T Outputmergedplots for DSL and GPON

7 IP network impairment -level requirements

An implementation of the network model shall create impairments that conform to the impairment
levels specified in thislause

7.1 Servicetest profiles

Table 5 represents service test profiles and the applications, node mechanisms and netwo
techniques associated with thdiitU-T Y.154] uses a similar approach, but a @a@ne mapping
to these service profiles may not be possible.
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Table 57 Servicetest profiles

Servicetest
profiles

Partiallymanaged | VolP, video conferencing
(Realttime applications, jitter
sensitive, interactive)

IP network
(Profile B)

Table6 shows industrnacceptedmpairment levels, including LAMNd accesthat correspond to the
service test profilesThe total packet loss shown is the sum of the sequential packet loss and random
packet loss. Note that service providenvicelevel ggreemerd (SLAS) only guarantee characteristics

of the core section of theetwork.

Applications (examples)

Impairment type

Units

preferential
servicing, traffic

Node mechanisms

grooming

Table 61 Impairment levels perservice testprofile

Profile B,
partially -managed
range (min to max)

Network techniques

Separate queue witl Less constrained routing
and distances

Oneway latency ms 20 to 100 (regional)| 20 to 100 (regional) 20 to 500
90 to 300 90 to 400

(intercontinental) (intercontinental)
Jitter (peakto-peak) ms 0to 50 0 to 150 0 to 500
Sequentiapacket loss| ms Random loss only 40 to 200 40 to 10000
Rate ofsequential st Random loss only <103 <10?
loss
Randonmpacket loss % 0to 0.05 Oto2 0to 20
Reorderegackets % 0to 0.001 0to0.01 0to 0.1
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7.2 Impairment combination standard test cases

The standard test cases of this IP network model have the following characteristics keremeh

test profile:

T Well-managed networiProfile A) T a network with no ovecommitted links that employs
QoS edge routingrhe wellmanaged test cases include managed voice and video services.

T Partiallymanaged networiProfile B)1 a network thaminimizes overcommitted links and
has one or more links without QoS edge routing. The partially managed test cases include a
mixture of managed voice and video services, and unmatiegeeffort data and
overthetop video services

T Unmanageadhetwork Profile C)i an unmanaged network such as the Internet that includes
overcommitted links and has one or more links without QoS edge routing. The unmanaged
test cases include unmanaged data andthedop video services.

The specific core network pararaeg, interferers, and access network parameters for each test case
were selected so that the simulation results align with the impairment level requirenctanisef. 1,

with an adjustment to account for the fact that the simulations only cover th<tok&l topology.

The interferers represent a realistic mix of typical traffice test cases span a range of impairment
severities from mild to severe within easdrvice test profile

The test cases are specifiedlambles 7, 8 and9. Each test case Iabelledin Table E.las follows:

T The first character is either D for DSL or G for GPOle access rates and impairments
chosen represent typical values in 20he single cor@nly test case, lacking an access
network portion, idabelledsimply "Core?).

| The second character is one of the following:
A w for well-managed profile A, highlighted greenin Table7.
A p for partially managed profile B, highlighted yellow in Table8.
A ufor unmanaged profile C, highlighted.in Table9.

Thethird character is an ordinal digit, where a higher value generally corresponds to a higher severity
(more difficult) test case.

For example, test case Dw5 uses DSL access in anvaglaged network with impairment sevesty
Note that all simulations afer the coreto-LAN network topology of Figurd.

A given test case column uses the identical interfering streams and parameters between the DSL and
GPON versionsOnly the access technology parameters differ.

The column'PCAP Avg BW shows the longermaverage bit rate of each pcap file after smoothing,

but before scalingrhe percentages shown for each pcap file under each test case are the time scale
factors applied to the interferers by the packet generaétohigher percentage decreases the
inter-padket time, which increases the effective bit rate of the interferer.
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Table 717 Well-managed service test profil& test cases

Well Managed
Network PCAP Avg B
Element Impairment / Interferer (Mbf/s) wil w2 w3 w4 w5 w6 w7 w8
Core
Number of Switches 3 4 5 6) 7 8 9 10
Total Core Link Delay (ms) 10 25| 50| 75| 85 100 125  15Q
Access (pick one technology)
GPON Access Rate Down (Mbit/s) 50| 50| 35 35| 25 25| 25 15
Access Rate Up (Mbit/s) 25| 25| 25| 25 25 25| 25 5
Residual BER 1E-12 1.E-12 1E-1] 1.E-10 1.E-10 1.E-09 1.E-09 1.E-O
DSL Access Rate Down (Mbit/s) 33 33 33 22 16 16 16 10
Access Rate Up (Mbit/s) 3 3 3 2 1 1] 1] 1
Residual BER 1.E-08 1.E-08 1.E-08 1.E-08 1.E-O7 1.E-O7 1.E-O7 1.E-O
(QoS Voice=1
Managed Bandwidth Video=2)
IPTV HD Stream 1 - CBR (qty) 8 1 1 1 1 1 1 1 1
IPTV HD Stream 2 - VBR (qty) 8 1]
IPTV SD Stream 1 - CBR (qty) 2 1 1 1 1 1
IPTV SD Stream 2 - VBR (qty) 2 1 1] 1
VolP/Fax (qty) 0.064/0.064 1 1 1 1 1 1 1 1
Residual Bandwidth (Internet Services) QoS =7
Bandwidth and Delay Variation
Table 81 Partially -managed service test profile B test cases
Unmanaged
Network PCAP Avg
Element Impairment / Interferer BW (Mb/s) ul u2 u3 u4d us ué u7
Core
Number of Switches 3 4 5 8 10 12 15
Total Core Link Delay (ms) 10 25| 50| 75 100| 200 250
Access (pick one technology)
GPON |Access Rate Down (Mbit/s) 35 35 25 15 5 15 5
Access Rate Up (Mbit/s) 35 15 25| 5 2 5 2
Residual BER 1E-12 1E-12 1E-11 1E-09 1E-09 1E-09 1.E-09
DSL Access Rate Down (Mbit/s) 24 18 12 6 3 6 3
Access Rate Up (Mbit/s) 3 1.5 1.5 1 1 1 1
Residual BER 1.E-08 1.E-00 1E-0f 1.E-06 1.E-06 1.E-06 1.E-04
(QoS Voice=
Managed Bandwidth Video=2)
IPTV HD Stream 1 - CBR (qty) 8
IPTV HD Stream 2 - VBR (qty) 8
IPTV SD Stream 1 - CBR (qty) 2|There are no managed steams in the Unmanaged service test prof|
IPTV SD Stream 2 - VBR (qty) 2
VolP/Fax (qty) 0.064/0.064
Residual Bandwidth QoS =7
Bandwidth and Delay Variation

18
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Table 917 Unmanaged service tegprofile C cases

Partially Managed

Network PCAP Avg BW
Element Impairment / Interferer (Mb/s) pl p2 p3 p4 p5 p6
Core
Number of Switches 3 4 5 8 10 12
Total Core Link Delay (ms) 10) 25 50 75 100 200

Access (pick one technology)

GPON Access Rate Down (Mbit/s) 35 35 25 15] 5 15
Access Rate Up (Mbit/s) 35 15] 25 5 2 5
Residual BER 1E-12 1.E-12 1.E-11 1.E-09 1.E-09 1.E-04
DSL Access Rate Down (Mbit/s) 24 18] 12| 6 3 6
Access Rate Up (Mbit/s) 3 1.5 1.5 1 1 1
Residual BER 1.E-08 1.E-07 1.E-O7 1.E-06 1.E-06 1.E-0¢

(QoS Voice=1

Managed Bandwidth Video=2)

IPTV HD Stream 1 - CBR (qty) 8

IPTV HD Stream 2 - VBR (qty) 8
IPTV SD Stream 1 - CBR (qty) 2 1 1 1 1 0 1
IPTV SD Stream 2 - VBR (qty) 2 1 1 1 1 1 1
VolP/Fax (qty) 0.064/0.064 1 1 1 1 1 1

Residual Bandwidth (Internet Services) QoS =7
Bandwidth and Delay Variation

Figure12 shows the aggregate bit rate over time for the DSL-mealaged profileTestprofile A
has the following characteristics:

Mana%ed Bandwidth
/ell Managed
0.025

4
0.02 B0 ANVl I ) RO 0 4 lw‘wihlir (g RN TR I
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Bandwidth (Mbit

N
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time (sec)

Dwi-t Dw2t Dw3t Dwd-t DwSt Dwét Dw7+ Dwst

Figure 127 Managedbandwidth for DSL well-managed profile Aboth directions

Figurel3shows the aggregate bit rate over time for the DSL parmadipaged profileTestprofile B
has the following characteristics:
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Manapged Bandwidth
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Figure 1317 Managedbandwidth for DSL partially -managed profile Bboth directions

NOTET TheUn-managedorofile hasno managed traffic, therefore there are no managed traffic plbty.
the bandwidth is available fdPert.

8 Using the network model

The network model described by this Recommendation is implemented as a software simulator. For
each test case, the silator models the network behaviour while carrying a mixtungsefdatagram
protocol(UDP) and TCP traffic. The UDP packets are taken from pcap files that represent real world
managed services, such as IPTV or VoIP. The TCP packets are generatéedfycéiant and server

that run within the simulator. The priority levels assigned to the UDP packets variesragtottie

specific test casé-or all test cases, the priority level assigned to the TCP stream is best effort.

For the UDP flows, the simulait records the latency for each packet, or if the packet is discarded
during the simulation, the simulateecords that it was droppebhese results are saved in an output
file and can be used directly in an inline network impairment emulator.

For the TCPstream, the simulator records the packets to a pcap file. At the conclusion of the
simulation, the saved pcap file is analysed to determine thesingeng capacity that it used. This is

taken to represent the network capacity available for best e#iites. For each 2a@illisecond

time slot in the pcap file, the packet delay (latency), bandwidth and loss, are measured and these
results are saved to an output file.

The output files for all the test cases are published in electronic forinaexH of this
RecommendationThe output files can then be used in aline network impairment emulator to
evaluate the performance of a service carried over seffest TCP stream.

Alternatively, the simulator can also be used as a sidmk evaluation ptborm to determine the
residual beseffort capacity of a network under customized test cases that are different from the
predefined test cases in this Recommendation. For this, a user may select different network
parameters (link speeds, bit error rateproorities), or select different interference traffic patterns. If
desired, the simulator output for such customized test cases may also be usedlimeametvork
impairment emulator.

8.1 Using an in-line network impairment emulator

Figure 14illustrates user definedtest streamsbeing replayed through the residual unmanaged
bandwidth of a networknodel Figure15shows an example of a lab testgptwhere data is played
between aleviceundertest A (atasource) anddeviceundertest B @lata sink) through a in-line
networkimpairmentemulator.
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Example Lab environment

ns-3
Defined by | ||V PV
cnlt[:lti:*ori Managed bandwidth
model Packet loss and delay variation
van) (Tab]E 3) VO]:P

! fi
Network User defined

test stream(s)
. model Examples:
Stream 1 Stream 1
* peer-to-peer
Stream 2 Residual U d Sueam2 | [ (31"
tUicTtd(_?ﬁn(c‘(]l < y esidual Un-manage ) : g_"ll_"l;l;UDP
cststreamis) | Stream 3 > Internet services Sty Un-managed
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Annex F Table 2: Network characteristic files

Figure 1471 Testuserapplications with network characteristic files

Test stream(s) Test stream(s)
Device under test A Network emulator Device under test B
(data source) (network characteristic files) (data sink)

G.1050(16)_F15

Figure 1517 Hardware emulator test setup

Thein-line network impairmenemulator could be used as follows:

T network characteristic files can be replayed byeawork emulator to test user deed
stream(s) or applications;

T select a test case that includes a tetbgywsimilar to the test stream;

T configure the emulator with the standard .out file frammex FTable 2for the selected test
case:

A Table 3i Managedandwidthi replay delay and drop
A Table4i Residuabandwidthi replay bandwidth and delay

| run the test streafs) through the emulator, and evaluate the effect of the network
impairments on thetream.

8.2 Using the simulatorto create custom test cases

Modifications to existing test cases can be made as fallows

| Select a standard test case as a starting. @@ennex G which provides aummary of all
the test case3his can be used as a roadmap to select the test case of interest.

| Replaceor change settings in the parameter file to correspond to a desired test s€emario.
example, link bit rates, error rates and latencies can be changed, as well as the number of
core switches, or competing impairment stregdeclauseA.9.

T Run the simulatin, which results in a .out file, and optionally pcap captures for analysis.
T Evaluate performance using the simulator results
| Optionally run the results on artime network impairment emulator.
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8.3 Hardware emulator considerations

For a specified test case, the simulation prodbeesiwidth,delayand loss characteristitsat can
be used in a regime emulatorThe emulator accepts a packet stream under test, ayslqulaithe
same stream witimpairmentghat match the corresponding simulation.

The simulator creates .out files to represent the delay and loss experienced by each packet in a stream
These .out files can be used directly to control packet delay anit l@ssaitime inline impairment
emulator

In cases where the packet stream in the simulator is bursty, the delay and loss values in the .out file
are nonuniform in time. Two methods to handle this situation are described in the following
paragraphs. Aimpairment emulator shall provide Method 1 and may provide Method 2.

Method 1: Resample the delay and loss values in the .out file so that they are uniformly sampled in
time, and apply these in the inline impairment emulator using the resampled rabeafpte, if the

test stream is bursty with an average packet rate of 1000 packets per second, the .out file may be
resampled using 1 ms resample rate, and the resulting impairments could then be apg@igdnat

update rate. This approach ensures thatrésulting test always lasts the same amount of time, but
some samples may apply to more than one packet, and other samples may not be applied to any
packets, depending on the arrival time of packets at the inline impairment emulator.

Method 2: Apply tle delay and loss values from the .out files on a pdokgiacket basis. Each line

in the .out file is applied to one packet without regard to the time value in the first column. This
approach ensures that each delay and loss value is applied exactiyubtive test duration will vary
inversely with the rate of packets applied to the inline impairment emulator. In other words, a higher
packet rate applied to the emulator will consume the .out file samples more quickly, and thus the test
finishes sooner.

If a long duration test is requireéd last for moréghan the 1@minute length of the .out fileghe files
should be looped.

An impairment emulator shall shape the stream under test to account'feeltheterference effect

by traffic shaping usinght token bucket method. Packets that arrive close together in time contend
for the available bandwidth in the emulated netw@®he amount of shaping depends on the effective
bandwidth available to the stream under test in the given tesfltaseavailale capacity is the rate

of the access link (the lowesdte link in the network) less the sum of the rates of the interfering
streams at QoS priority the same or higher than the stream under test.

The test cases described in tRiscommendatiocover prinarily CORETO-LAN configurations,

and this is well suited for emulation of IPTV servasel newer ovethe-top streaming video services.

Test cases for LANO-LAN configurations shall be consitted by concatenating two
CORETO-LAN test cases. For exampkeLAN-TO-LAN test case could be constructed by running
Dw1l in series with Gp3. Such a test case is called-Bp3. The delay and loss values for a
LAN-TO-LAN test case are calculated by first performing Method 1 on the individual test cases so
that theyhave a common sample rate and then summing the delay values and logicaily (BO&

loss values for the resulting individual test cases. The bandwidth limitation is calculated as the
minimum of the effective bandwidth (EB) for the individual test cases.

Delay Dwk Gp2 = Delay pwi + Delay Gp2
LoSs pwigp2 =LOSS pw1 "Or" LOSS gp2
BWopwi gp2 = MIN[EB  pwi, EB ¢p2]
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8.4 Advanceduses of the network model

Userdefined test casethe user can define custom test cases by any of these methods:
T replace any of the standiinterferer pcap files

T change the traffic mix

T change network conditions: number of switches, bit error ratio, access technology
parameters, etc.

Networkload generatiornthe output pcap files can be used as the basis of synthetic or dummy loads
to inject onto networks to simulate different traffic mixes.
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Annex A

Description of simulator
(This annex forms an integral part of this Recommendation.)

A.l Simulator overview

ThelTU-T G.10502016impairmentmodel is implemented with the 43snetwork sinulator ns3 is

a discretesvent network simulator for Internet systertiss an opersource project written mainly
in the C++ language using object oriented techniques and is ditemsder the GNU Public
License(v2).

ns3 is available to the publiof research, development and use. Th& psoject is hosted at the
websitewww.nsnam.org where source code, documentation and project announcements can be
found. There are several email discussion forums that allojggirmembers to communicate with
each other and to publicly announce events such as new releases and upcoming conferences.

ns-3 containgnodels of network elementsuch as routers and communication lirdsswell as many
popular network protocols such as TCPHRents in the simulation consist mainly of packet arrivals
and departures from the different network elements, but other types of events are also possible.

An important reason for choosing-Bsas he basis for thdTU-T G.10502016 model is that it
contains a working TCP/IP network protocol stack. Attempts to add TCP/IP to the previous revision
of thelTU-T G.1050 model proved difficult. Furth@more, ns3 is able to run actual network code in

the DCE virtual environment, which ensures the realism of the simulation. Specifically, the
simulations use thkeinux 2.6.36 network stack, but the DCE simulation environment will support
other network stackfor future extensibility.

ThelTU-T G.10502016impairment model is built on top of the base3nsode and has two main
parts: patches and additions. The patches modify existing parts3abrextend functionality or fix
minor errors. During théTU-T G.1050build process, the patches are applied to the baSecnsge.
Some or all of these patches may be incorporated in a future release of the-Basml@sThe
additions are new files that add features or functionality beyond what is availablebasth@s3

code. During theTU-T G.1050build process, these additional files are overlaid onto the ba8e ns
directory structure and compiled with it-Bselease 3.24.1 was used as the basis for the simulations
described in this Recommendation.

The Coreto-LAN network topology described nlause6.2has been implemented in-Bsand during
simulations various traffic streams are transferred over this topology. The base traffic load on the
model consists of various managed streams such as IPTV @Rd The residual capacity of the
network beyond the base load is available for unmanaged streams, wertee-top (OTT) video.

The managed traffic streams in this model are represented hwaddlpacket captures contained in
PCAP files. These managetteams are played into the model by reading the PCAP file, injecting

the packets into the network from a simulated source node and addressing them to the simulated
destination node. These packets form the background load carried by the-CAi topology.

The unmanaged streams in the model are represented by TCP sessions between a simulated serve
and a simulated client. The server and client run a program catediPerf sends data from the

client to the server using a TCP session, and it sendsagldtest as allowed by TCP. The packets
carrying thaPerfsession are givdoesteffortpriority. TheiPerfsession does a good job of measuring
network capacity available to Tafased bestffort services while competing with other managed
services suclas IPTV and VIP.
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As the simulation runs, th@erf packets are captured into PCAP files at the client and server nodes
within the simulation. After the simulation finishes, the PCAP files are analysed to determine how
the network capacity (or bandwidthinch packet delay vary over time during the simulation. The
average bandwidth and delay are calculateck every200 millisecondsind recorded in a file that

can then be used to test other Tad#3ed besgffort services, for example with a network impairment
emulator

As mentioned earlier, A3 is able to directly execute actual software for network protocols and
applications. Thiss calleddirect codeexecution DCE) and is a virtual execution environment for
realworld network code. A simulated network node ifBnsan run a virtualized instance of an actual
TCP/IP network stack implementation, such as running the actual Linoglleade for TCP/IP. A
simulated network node can also run a virtualized instance of a network application, such as running
the actual code faPerf. Using DCE is better than running a separately implemented model because
it uses the same source codeeadlrsystems, and has the same functionality. However, using DCE
also slows down the overall simulation.

For ITU-T G.10502016 theiPerfprogram and the supporting Linux kernel TCP/IP stack running

on the client and server nodes are implemented as DGEMertvironments. Thi@erfinstances are
compiled from publicly availabléPerfversion 2.0.5 source code. The Linux kernel source code on
the client and server nodes is Linux verstof.36 Because of this, various TCP congestion control
algorithms thaexist in that version of Linux (e.geno, bic, cubic) can be selected and run. For this
Recommendation, the cubic congestion control algorithm is used. Because TCP is not used on the
other nodes of the simulated CdoeLAN network and because using DCGiows down the
simulation, the remaining network nodes use the regui@rprstocol models. The reason for this is

to improve the runtime of the simulation.

A.2 Directory structure

A top level directory

analysis/ directory of scripts fopost analysis

dce/ contains ns3 and dce source code

ns-3.24.1 - base.diff contains'TU-T G.1050 patches to &

overlay/ containdTU-T G.1050 overlay code

setenv.sh script to set environment variables

setup.sh script that calls downloagbatch, overlay & build
download.sh script to download 8 source code

patch.sh script to appMTU-T G.1050 patches to &
overlay.sh script to overlayTU-T G.1050 files to nS8

build.sh script to build the modifiedTU-T G.1050 simulator
rebuild.sh script to rebuild the simulator

dce/source/ns - 3- dce/myscripts/core2lan containdTU-T G.1050 core2lan model
dce/source/ns - 3- dceltc containslTU-T G.1050 test case files

dce/source/ns - 3- dce/pcap containsTU-T G.1050 PCAP input files
dce/source/ns - 3- dce/out containsTU-T G.1050 output files

A3 Building the simulator

The source code for the simulation is written in the C++ languagehas been testein
Ubuntul4.04
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The following is a list of Linux packages that are requiredrder to build and run the simulator:

build - essential, pkg - config, subversion, wireshark, flex, bison, gnuplot, tcl, tcl - dev,
libboost - dev, libboost - doc, libboost -all -dev, python - pygccxml, python - pygraphviz, mercurial,

python - pygoocanvas, bzr, cmake, cvs, git, unrar, p7zip - full, autoconf, python, qt4, qt4 - gmake,
gt4 - dev - tools, libpcap - dev, libc6 - dev, libc6 - dbg, mercurial, libdb - dev, aptitude, libssl - dev

To build the simulator, first run the script setenv.sh to set the necessary environméigszaria

$ source ./setenv.sh

Then, run the script setup.sh

$ ./setup.sh
This script has four phases
1) Downloads the bases-3 simulator cod€ns-3.24.1)

2) Applies thelTU-T G.10502016patches that are part of this annex
3) Adds thelTU-T G.105620160verlay files
4) Builds the modified simulator.

It should be noted that the setup.sh script performs a full download and build, and if it runs
successfully, no other commands are needed to prepare the simulator.

A4 Download phase

The following shows aimplified version of the messages that are printed during the download phase
of the setup. The download phase is based on a script published on the nsnam.org website for getting
started with DCE.

$ ./setup.sh
+ source ./setenv.sh
+ hg clone http://code.nsnam.org/bake bake
requesting all changes
adding changesets
adding manifests
adding file changes
added 331 changesets with 787 changes to 63 files
updating to branch default
45 files updated, 0 files merged, O files removed, O files unresolved
+ mkdir dce
+ cd dce
+ bake.py configure -edce -linux -1.4
+ bake.py download - VW
>> Download pybindgen -0.17.0.876 - OK
>> Searchg++ - OK
>> Search qt4 - OK
>> Download bash - OK
>> Search python  -dev - OK
>> Search pygraphviz - OK
>> Search pygooc anvas - OK
>> Search libpcap -dev - OK

>> Search libexpat -dev - OK

>> Download iperf - OK

>> Search libdb -dev - OK

>> Search bison - OK

>> Search flex - OK

>> Search libssl| -dev - OK

>> Download net -next -sim-2.6.36 - OK
>> Download wget - OK

>> Download thttpd - OK

>> Download elf  -loader - OK

>> Download netanim -3.105 - OK

>> Download cchx - OK

>> Download iproute -2.6.38 -fix -01 - OK

>>Downloadns -3.24.1 - OK
>>Download dce -meta-1.4 - OK
>>Download dce -linux -14 i OK

26 Rec. ITU-T G.1050 (072016



A5 Patch phase toapply ITU-T G.10562016patches

Once all of the base files for 43shave been downloaded, some of the files are patched using the
"patch’ utility. The patches that are applied are maintained in a file calld8®dstbase.diffs. The
patches are organiz@uthree groups according to the part of the base code that is patched.

The first group of files that are patched belong to the core of the NS3 simulator.

source/ns - 3.24.1/src/internet/model/global - router - interface.cc
source/ns - 3.24.1/src/internet/model/g lobal -router - interface.h
source/ns - 3.24.1/src/network/utils/pcap - file.cc

source/ns - 3.24.1/src/network/utils/pcap - file.h

source/ns - 3.24.1/src/network/utils/pcap -file - wrapper.cc
source/ns - 3.24.1/src/network/utils/pcap - file - wrapper.h
source/ns - 3.24.1/src/netw ork/helper/trace - helper.h

source/ns - 3.24.1/src/internet/helper/ipv4 - routing - helper.cc

T The patch to the globabuterinterface code allows Ethernstitches to be connected
together within a single layer 2 network.

T The patch to the pcdjle code extends the capabilities of the existing code to support
nanosecond resolution time stamps, reading from PCAP files, rewinding PCAP files and
fixes an error in the declaration of the magic number for nanosecond timestarRpfiRSA

T The patch to trackelper fixes an error in the default value of arguments that control the
default capture length of packets to PCAP files.

The second group of files that are patched belong to the Linux kernel code that is run within the DCE
environment of NS3.
source/net - next - sim - 2.6.36/net/core/sock.c
source/net - next - sim - 2.6.36/net/socket.c
source/net - next - sim - 2.6.36/net/ipv4/ip_input.c
T The patch to the ip_input.c code fixes a problem that occuns-8simulations in which
some nodes ugbe Linux TCP/IP stack while other nodes use the nath@TCP/IP stack.
The problem occurs because the default behavior for Linux is to discard packets that have an
incorrect IP header checksum, but the default bebawvins-3 is for these checksunis be
disabled. Because calculating checksums is time consuming and slows down the simulation,
instead of enabling checksum calculatiom#&3, the patch to ip_input.h allows the Linux
TCP/IP stack to recognize and process packets containing IP chedkstime set to zero
(instead of discarding them). This behawics modéled upon the existing and wedhown
behaviar for receiving UDP packets with UDP checksums that are zero.

The following shows simplified version of the messages printed duriegitch phase of the setup:

+ patch  -- verbose -pl
Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

|diff -C -r ns-3.24.1 .ORIG/source/ ns-3.24.1 [src/internet/model/global - router - interface.cc
[** ns-3.24.1 .ORIG/source/ ns-3.24.1 /srcl/internet/model/global - router - interface.cc

| - ns-3.24.1 .TIA/source/ ns-3.24.1 /srcl/internet/model/global - router - interface.cc

patching fi le source/ ns-3.24.1 /srcl/internet/model/global - router - interface.cc

Using Plan A...

Hunk #1 succeeded at 1242.
Hunk #2 succeeded at 1256.
Hunk #3 succeeded at 1289.
Hunk #4 succeeded at 1331.
Hunk #5 succeeded at 1355.
Hunk #6 succeeded at 1406.
Hunk #7 succeeded at 1419.
Hunk #8 succeeded at 1460.
Hunk #9 succeeded at 1485.
Hunk #10 succeeded at 1744.
Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

Rec. ITU-T G.1050 (07/2016) 27



|diff -Cc -r ns-3.24.1 .ORIG/ source/ ns-3.24.1 /src/internet/model/global - router - interface.h

***  ns-3.24.1 .ORIG/source/ ns-3.24.1 /srcl/internet/model/global - router - interface.h
| ---  ns-3.24.1 .TIAlsource/ ns-3.24.1 /src/internet/model/global - router - interface.h
patching file source/ ns- 3.24.1 /srcl/internet/model/global - router - interface.h

Using Plan A...

Hunk #1 succeeded at 769 (offset 1 line).

Hunk #2 succeeded at 783 (offset 1 line).

Hunk #3 succeeded at 848 (offset 1 line).

Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

|diff -c -rns -3.24.1.0RIG/source/ns - 3.24.1/src/network/utils/drop -tail - queue.cc
***ns - 3.24.1.0RIG/source/ns - 3.24.1/src/network/utils/drop -tail - queue.cc

| -- - ns-3.24.1.TIA/source/ns - 3.24.1/src/network/utils/drop - tail - queue.cc

patching file source/ ns-3.24.1 /src/network/utils/drop -tail - queue.cc

Using Plan A...

Hunk #1 succeeded at 35.

Hmm... The next patch looks like a new - style  context diff to me...

The text leading up to this was:

|diff -cr ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/helper/trace - helper.h
|** ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/helper/trace - helper.h

| ---  ns-3.24.1 .TIA/s ource/ ns-3.24.1 /src/network/helper/trace - helper.h
patching file source/ ns- 3.24.1 /src/network/helper/trace - helper.h

Using Plan A...

Hunk #1 succeeded at 100 with fuzz 1 (offset 19 lines).

Hmm... The next patch looks like a new- style context diff to me...

The text leading up to this was:

|diff -c ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file.cc
[** ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file.cc
| --- ns-3.24.1 .TIA/so urce/ ns-3.24.1 /src/network/utils/pcap - file.cc
patching file source/ ns- 3.24.1 /src/network/utils/pcap - file.cc

Using Plan A...

Hunk #1 succeeded at 40.

Hunk #2 succeeded at 48 (offset - 1lines).

Hunk #3 succeeded at 85 (offset -1 lines).

Hunk #4 succeeded at 161 (offset - 1lines).

Hunk #5 succeeded at 307 (offset - 1lines).

Hunk #6 succeeded at 331 (offset - 1lines).

Hunk #7 succeeded at 346 (offset - 1lines).

Hmm... The next patch looks like a new - style context diff to me...

The text leading up to this was:

|diff -c ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file.h
[*** ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file.h

| - ns-3.24.1 .TIA/lsource/ ns-3.24.1 /src/network/utils/pcap - file.h
patching file source/ ns-3.24.1 /src/inetwork/utils/pcap - file.h

Using Plan A...

Hunk #1 succeeded at 116.

Hunk #2 succeeded at 172.

Hunk #3 succeeded at 199.

Hunk #4 succeeded at 366.

Hmm... The next patch looks like a ne w- style context diff to me...
The text leading up to this was:

|diff -c ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file - wrapper.cc
|***  ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file - wrapper.cc

| ---  ns-3.24.1 .TIA/source/ ns-3.24.1 /src/network/utils/pcap - file - wrapper.cc
patching file source/ ns-3.24.1 /src/network/utils/pcap - file - wrapper.cc

Using Plan A...

Hunk #1 succeeded at 17.
Hunk #2 succeeded at 40.
Hunk #3 succeeded at 58.
Hunk #4 succeeded at 110.
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Hunk #5 succeeded at 124.
Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

|diff -c ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap - file - wrapper.h
|***  ns-3.24.1 .ORIG/source/ ns-3.24.1 /src/network/utils/pcap -file - wrapper.h

| ---  ns-3.24.1 .TlA/lsource/ ns-3.24.1 /src/network/utils/pcap - file - wrapper.h
patching file source/ ns-3.24.1 /src/ network/utils/pcap -file - wrapper.h

Using Plan A...

Hunk #1 succeeded at 48.

Hunk #2 succeeded at 107.

Hunk #3 succeeded at 144.

Hunk #4 succeeded at 230.

Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

|diff -crns - 3.18.0RIG/source/net - next - sim - 2.6.36/arch/sim/sim - socket.c
|***ns - 3.18.0RIG/source/net - next - sim - 2.6.36/arch/sim/sim - socket.c

| - ns-3.18.TIA/source/net - next - sim - 2.6.36/arch/sim/sim - socket.c
patching file source/net - next - sim - 2.6.36/arch/sim/sim - socket.c

Using Plan A...

Hunk #1 succeeded at 174 (offset 13 lines).

Hunk #2 succeeded at 193 (offset 13 lines).

Hmm... The next patch looks like a new - style context diff to me...
The te xt leading up to this was:

|diff -crns - 3.18.0RIG/source/net - next - sim - 2.6.36/net/core/sock.c
|***ns - 3.18.0RIG/source/net - next - sim - 2.6.36/net/core/sock.c

| - ns-3.18.TIA/source/net - next - sim - 2.6.36/net/core/sock.c
patching file source/net - next - sim - 2.6.36/net/core/sock.c

Using Plan A...

Hunk #1 succeeded at 486.

Hunk #2 succeeded at 533.

Hunk #3 succeeded at 546.

Hunk #4 succeeded at 568.

Hunk #5 succeeded at 596.

Hunk #6 succeeded at 782.

Hunk #7 succeeded at 817.

Hunk #8 succeeded at 1311.

Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

|diff -crns - 3.18.0RIG/source/net - next - sim - 2.6.36/net/socket.c.
|**ns -3.1 8.0RIG/source/net - next - sim - 2.6.36/net/socket.c

| ---  ns-3.18.TIA/source/net - next - sim - 2.6.36/net/socket.c
patching file source/net - next - sim - 2.6.36/net/socket.c

Using Plan A...

Hunk #1 succeeded at 1756.

Hunk #2 succe eded at 1790.

Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this was:

|diff -crns - 3.18.0RIG/source/net - next - sim - 2.6.36/net/ipv4/ip_input.c
|***ns - 3.18.0RIG/source/net -next - sim-2.6.36 /net/ipv4/ip_input.c

| - ns-3.18.TIA/source/net - next - sim - 2.6.36/net/ipv4/ip_input.c
patching file source/net - next - sim - 2.6.36/net/ipv4/ip_input.c

Using Plan A...

Hunk #1 succeeded at 415.

Hmm... The next patch looks like a new- style context diff to me...

The text leading up to this was:

|diff -cr ns-3.24.1 .ORIG/source/ns - 3- dce/helper/linux - stack - helper.cc
|***  ns-3.24.1 .ORIG/source/ns - 3- dce/helper/linux - stack - helper.cc

| ---  ns-3.24.1 .TIA/source/ ns- 3- dce/helper/linux - stack - helper.cc
patching file source/ns - 3- dce/helper/linux - stack - helper.cc

Using Plan A...
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Hunk #1 succeeded at 64.

Hunk #2 succeeded at 117.

Hmm... The next patch looks like a new - style context diff to me
The text leading up to this was:

|diff -cr ns-3.24.1 .ORIG/source/ns - 3-dce/model/dce -fd.cc
|*** ns-3.24.1 .ORIG/source/ns - 3-dce/model/dce -fd.cc

| ---  ns-3.24.1.TIA/source/ns - 3- dce/model/dce - fd.cc
patching file source/ns - 3- dce/model/dce - fd.cc
Using Plan A...

Hunk #1 succeeded at 524 (offset 2 lines).
Hunk #2 succeeded at 535 (offset 2 lines).
Hmm... The next patch looks like a new - style context diff to me...
The text leading up to this w as:

|diff -cr ns-3.24.1 .ORIG/source/ns - 3-dce/model/unix - socket -fd.cc

|***  ns-3.24.1 .ORIG/source/ns - 3-dce/model/unix - socket -fd.cc
| ---  ns-3.24.1 .TIA/source/ns - 3- dce/model/unix - socket -fd.cc
patching file source/ns - 3- dce/model/unix - socket - fd.cc

Using Plan A...

Hunk #1 succeeded at 245.

Hunk #2 succeeded at 303.

Hunk #3 succeeded at 318.

Hunk #4 succeeded at 484.

Hunk #5 succeeded at 555.

Hunk #6 succeeded at 574.

Hmm... The next patch looks like a new - sty le context diff to me...
The text leading up to this was:

|diff -cr ns-3.24.1 .ORIG/source/ ns-3.24.1 [srclinternet/helper/ipv4 - routing - helper.cc
***  ns-3.24.1 .ORIG/source/ ns-3.24.1 /srclinternet/helper/ipv4 -routing - helper.cc

| ---  ns-3.24.1 .TIA/lsource/ ns-3.24.1 /srclinternet/helper/ipv4 - routing - helper.cc
patching file source/ ns-3.24.1 /srclinternet/helper/ipv4 - routing - helper.cc

Using Plan A...

Hunk #1 succeeded at 66.

done

A.6  Overlay phasei adding new code to thdTU-T G.10562016simulator

During the overlay phase, soft links are created to mirror the content of the files within the ./overlay
directory tree into the A3 source code. This allows new files and modules to be added without
modifyingthe existing distribution, while also allowing the overlay files to be maintained separately.

The following is a list of the overlay files and a brief explanation of what each does.

overlay/source/ ns-3.24.1 /src/tia921/model/asymmetric - link - channel.cc
overlay/source/ ns-3.24.1 /src/tia921/model/asymmetric -link - channel.h
overlay/source/ ns-3.24.1 /src/tia921/model/asymmetric - link - net - device.cc
overlay/source/ ns- 3.24.1 /src/tia921/model/asymmetric -link - net - device.h
overlay/source/ ns-3.24.1 /src/tia921/helper/asymmetric - link - helper.cc
overlay/source/ ns- 3.24.1 /src/tia921/helper/asymmetric -link - helper.h

The asymmetridink source code implements an asymmetric communication channel similar to
typical access link such as themoteaccess (RACC)or local Access (LACC) channel in the
COREZ2LAN model. It has configurable speed, latency and bit error rate for each direction of
transmission.

overlay/source/ ns- 3.24.1 /src/tia921/model/fdxeth - channel.cc
overlay/source/ ns- 3.24.1 /src/tia921/model/fdxeth - channel.h
overlay/source/ ns-3.24.1 /src/tia921/model/fdxeth - net - device.cc
overlay/source/ ns- 3.24.1 /src/tia921/model/fdxeth - net - device.h
overlay/source/ ns-3.24.1 /src/tia921/helper/fdxeth - helper.cc
overlay/source/ ns- 3.24.1 /src/tia921/helper/fdxeth - helper.h

The fdxeth source code implements a-ailiplex Ethernet communication model-idoes not have
a model for a full duplex Ethernet linkherefore this model is required. It has configurable speed
and latency. It also implements packet transmission in alvaayrtore accurately reflects thieysical
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codingsublayer of the Ethernet protocol, in particular with regard to the requireefiatee gap and
also generates transmission events in an order that allows future expansion to mtideught
switching.

ov erlay/source/ ns- 3.24.1 /src/tia921/model/ethernet - priority - queue.cc

overlay/source/ ns-3.24.1 /src/tia921/model/ethernet - priority - queue.h
The Ethernet priority queue code implements priority queuing similar to what iasgdt of the
virtual LAN tag.

over lay/source/  ns-3.24.1 /src/tia921/model/pcap - packet - receiver.cc
overlay/source/ ns-3.24.1 /src/tia921/model/pcap - packet - receiver.h
overlay/source/ ns- 3.24.1 /src/tia921/model/pcap - packet - sender.cc
overlay/source/ ns-3.24.1 /src/tia921/model/pcap - packet - sender.h
overlay/source/ ns-3.24.1 /src/tia921/helper/pcap - sendrecv - helper.cc
overlay/source/ ns-3.24.1 /src/tia921/helper/pcap - sendrecv - helper.h

The PCAP packet sender and receiver files implement objects to send and receive packets through an
ns-3 simulation byreading from and writing to PCAP files.

overlay/source/ ns-3.24.1 /src/tia921/helper/switch - helper.cc
overlay/source/ ns-3.24.1 /src/tia921/helper/switch - helper.h

The switch helper code implements a subclass of the existing BridgeHelper class that has the
addtional convenience method for installing the L2 forwarding behmwa a switch.

overlay/source/ ns-3.24.1 /src/tia921/model/prio - tag.cc
overlay/source/ ns- 3.24.1 /src/tia921/model/prio -tag.h
overlay/source/ ns- 3.24.1 /src/tia921/model/seq - ts - tag.cc
overlay/sou rce/ ns-3.24.1 /src/tia921/model/seq -ts - tag.h

The priority tag and sequence timestamp tag code implement priority tags that are used by the
Ethernet priority queue, and sequetiogestamp tags that are used by the PCAP sender and receivers.

overlay/source/ns - 3- dce/myscripts/core2lan/core2lan.cc
overlay/source/ns - 3- dce/myscripts/core2lan/setup - pcap.cc
overlay/source/ns - 3- dce/myscripts/core2lan/setup - pcap.h
overlay/source/ns - 3- dce/myscripts/core2lan/sim - param.cc
overlay/source/ns - 3- dce/myscripts/core2lan/sim - param.h

The COREZ2LAN code, along with the setppap helper, and shparam helper implement the top
level of the simulation model.

The process of overlaying is simply one of creating many soft links. The following is an excerpt of
the first few lines that arprinted during the overlay phase.

+ OVERLAYDIR=../overlay

+ xargs mkdir -p

+grep -v'[]svn'

+ cd ../overlay

+ find source - type d

+ read FILEPATH

+grep -v'[]svn'

+ cd ../overlay

+ find source - type f

++ dirname source/ ns-3.24.1 /src/tia921/helper/dash - server - helper.h

+ DIRNAME=source/ ns-3.24.1 /src/tia921/helper

++sed -e's:[M] \+..:0'

++ echo source/ ns-3.24.1 /src/tia921/helper

+ LINKPATH=../../..I..I..]..loverlay/source/ ns-3.24.1 /src/tia921/helper/dash - server - helper.h
+ In -s -f  .l.1.1.1.].loverlay/source/ ns-3.24.1 /src/ia921/helper/dash - server - helper.h
source/ ns-3.24.1 /src/tia921/helper

+ LINKPATH=../../../overlay/source/ns - 3- dcefrun_core2lan.sh

+In -s -f./.l./overlay/source/ns - 3- dcef/run_core2lan.sh source/ns - 3-dce
+ read FILEPATH

+In - s myscripts/core2lan/tc source/ns - 3- dce/tc

+In - s myscripts/core2lan/pcap source/ns - 3- dce/pcap
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A7 Build phase

During the build phase, the source code for the modified base simulator dhd {Me5.10562016
additional files a& compiled.

>> Building iperf - OK

>> Building net -next -sim-2.6.36 - OK
>> Building wget - OK

>> Building pybindgen -0.17.0.876 - OK
>> Building thttpd - OK

>> Building bash - OK

>> Building ccnx - OK

>> Building iproute -2.6.38 -fix -01 - OK
>> Building elf -loader - OK

>> Building netanim -3.105 - OK

>> Building ns-3.241 - OK

>> Building dce -linux -1.4 - OK

A.8  The CORE2LAN model

After the setup.sh script is run and the simulator is compiled, a number of new directories are created.
The imporaint ones are under ./dce/source:

Idce/sourceliperf TheiPerf TCP performance tester
dce/source/net - next - sim - 2.6.36 The Linux operating system
Jdce/source/  ns-3.24.1 The ns3 source code
dce/source/ns - 3-dce The DCE adebn for ns3

Because théTU-T G.1050 model uses DCE, it is added to the DCE subdirectory. Within the DCE
directory, there are several new files and subdirectories:

myscripts/core2lan/ The core2lan test case
pcap@ The PCAP input files
run_core2lan.sh@ A script to run a test case
tc @ The test case files

out/ The simulator output files

A.9  Simulator input data

Input to the simulator is in the form of PCAP files. These files are driven into the simulation as
specified by the timestamps in PCAP files. The payload of the Ril&&Pif present, is carried along

with the packets in the simulation and placed in the output files. The simulation parameter settings
can adjust the timing of the packets driven into the simulation, for exaimgigeed up or slow down

the playback, oto smooth out unintended burstiness. A full list of the adjustable parameters for the
PCAP packet generator is given below.

The parameters for running the simulation are given in a TCL file. The advantage of using TCL as a
parameter file format is thatig a weltknown file format, and it is extensible so that users can further
customize théehaviourof the simulation to suit their particular neeldslso allows reuse of the test

case parameter files from the previous revision of this Recommendaticexample of how this

helps is that it gives a convenient way to comment out portions of code and to print messages to the
screen for information or debugging.
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At the very top of a parameter file, the user must include the common support routines from the file
tc/common.tcl.

source "tc/common.tcl

The first section of the parameter file consists of variable settings using thes€Ctommand. It
is no differat from setting a normal variable in TCL, except that the names of the variables are
specific to the simulator. The example below sets the simulation length to 10 minutes (600 seconds)

set SimLengthSeconds [expr 10*60]

In most test cases, the above linec@enmented ouso that a default simulation length from
common.tcl can control the duration of the simulation.

Note also in this example that a TCL expression comghesiumber of seconds in ten minutes.
While it is also possible to specify 600 seconds, using an expression in this way helps to make clear
what is intended (10 minutes) and also seagan example of how to use TCL expressions in the
parameter file.

Next, set the access and core network parameters (this example is from test case Dp4):

Set_Access_Params dsl_p4 u4
Set_Core_Params p4_u4

The first line above sets paramet for the access network. The second line above sets parameters
for the core network. The arguments to these two procedures is a text string that refersledingue
combination of parameters that are given in common.tcl. Custom test cases catduehyrsetting

the individual simulator control variables at this level.

Table A.1 shows the names of the predefined access parameters, and the corresponding access
parameters:
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Table A.17 Predefinedaccesgarameters

Te;r;;aeram Node |SpeedDn SpeedUp BER _FwdBER_Rey LatcyDn| LatcyUp
dsl_wi RACC | 3.30E+0f 3.00E+0p 1.00E-08 1.00E-08 1.00E-O8 1.00E-O
dsl_w?2 RACC | 3.30E+0} 3.00E+0p 1.00E-08 1.00E-08 1.00E-03 1.00E-O
dsl_w3 RACC | 3.30E+0} 3.00E+0p 1.00E-08 1.00E-08 1.00E-03 1.00E-O
dsl_w4 RACC | 2.20E+0} 2.00E+0p 1.00E-08 1.00E-O8 1.00E-03 1.00E-O
dsl_w5 RACC | 1.60E+0} 1.00E+0p 1.00E-Of 1.00E-Of 1.00E-03 1.00E-O
dsl_w6 RACC | 1.60E+0} 1.00E+0p 1.00E-Of 1.00E-Of 1.00E-03 1.00E-O
dsl_w7 RACC | 1.60E+0} 1.00E+0p 1.00E-Of 1.00E-Of 1.00E-03 1.00E-O
dsl_ws8 RACC | 1.00E+0} 1.00E+0p 1.00E-Of 1.00E-Of 1.00E-03 1.00E-O
pon_wl RACC | 5.00E+0} 2.50E+0f 1.00E-12 1.00E-1? 1.00E-03 1.00E-O
pon_w2 RACC | 5.00E+0} 2.50E+0f 1.00E-1? 1.00E-1? 1.00E-03 1.00E-O
pon_w3 RACC | 3.50E+0} 2.50E+0f 1.00E-1] 1.00E-1] 1.00E-03 1.00E-O
pon_w4 RACC | 3.50E+0} 2.50E+0f 1.00E-1] 1.00E-1] 1.00E-03 1.00E-O
pon_w5 RACC | 2.50E+0} 2.50E+0f 1.00E-1{ 1.00E-1{ 1.00E-03 1.00E-O
pon_w6 RACC | 2.50E+0} 2.50E+0f 1.00E-09 1.00E-09 1.00E-03 1.00E-O
pon_w7 RACC | 2.50E+0} 2.50E+0f 1.00E-09 1.00E-09 1.00E-03 1.00E-O
pon_w8 RACC | 1.50E+0} 5.00E+0p 1.00E-09 1.00E-09 1.00E-03 1.00E-O
pon_pl ul |RACC | 3.50E+0} 3.50E+0} 1.00E-1P 1.00E-12 1.00E-08 1.00E-O
pon_p2 u2 |RACC | 3.50E+Of 1.50E+Of 1.00E-1P 1.00E-1P 1.00E-08 1.00E-O
pon_p3 u3 |RACC | 2.50E+0f 2.50E+0f 1.00E-1] 1.00E-11 1.00E-08 1.00E-0
pon_p4 u4 |RACC | 1.50E+Of 5.00E+0p 1.00E-09 1.00E-09 1.00E-08 1.00E-O
pon_p5 u5 |RACC | 5.00E+06 2.00E+06 1.00E-09 1.00E-09 1.00E-03 1.00E-O
pon_p6 ué |RACC | 1.50E+0} 5.00E+0p 1.00E-09 1.00E-09 1.00E-08 1.00E-O
pon p7 u7 |RACC | 5.00E+0b 2.00E+0p 1.00E-09 1.00E-09 1.00E-08 1.00E-O
dsl_p1 ul [RACC | 2.40E+0} 3.00E+0p 1.00E-08 1.00E-O8 1.00E-03 1.00E-O
dsl_p2_ u2 |RACC | 1.80E+0} 1.50E+0fF 1.00E-Of 1.00E-Of 1.00E-03 1.00E-O
dsl p3 u3 |RACC | 1.20E+0Of 1.50E+0p 1.00E-0f 1.00E-06 1.00E-0B 1.00E-O
dsl p4 u4 |RACC | 6.00E+Op 1.00E+Op 1.00E-Of 1.00E-Of 1.00E-0B 1.00E-O
dsl p5 us |RACC | 3.00E+0Op 1.00E+0F 1.00E-06 1.00E-0f 1.00E-03 1.00E-O
dsl_ p6 u6 |RACC | 6.00E+0p 1.00E+0p 1.00E-0f 1.00E-06 1.00E-0B 1.00E-O
dsl p7 u7 IRACC | 3.00E+06 1.00E+06 1.00E-06 1.00E-06 1.00F-08 1.00F-0
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Table A.2 shows the names of the predefined access parameters, and the corresponding access

parameters:

Table A.271 Predefinedcore parameters

Name NumCoreSW| Latency Speed
wl 3 10.0E-3| 1.00E+09
w2 4 25.0E-3] 1.00E+09
w3 5 50.0E-3| 1.00E+09
w4 6 75.0E-3] 1.00E+09
w5 7 85.0E-3] 1.00E+09
w6 8 100.0E-3| 1.00E+09
w7 9 125.0E-3| 1.00E+09
w8 10 | 150.0E-3| 1.00E+09
pl ul 3 10.0E-3| 1.00E+09
p2 u2 4 25.0E-3] 1.00E+09
p3_u3 5 50.0E-3| 1.00E+09
p4 u4 8 75.0E-3] 1.00E+09
p5 u5 10 | 100.0E-3| 1.00E+09
p6 _u6 12 | 200.0E-3| 1.00E+09
p7 u7 15 ] 250.0E-3| 1.00E+09

The next section of the parameter file specifies the input and output packet StackesGenerators
read input PCAPIles and drive them into the simulation. PacketMonitors receive packets from
elements within the simulation and save therR@AP format, and also save delay and packet loss

information.

An example of this for test case Dp#& shownbelow:

oH ot o

PCAP_Generator
PCAP_Generator
PCAP_Generator
PCAP_Generator

PCAP_Monitor
PCAP_Monitor
PCAP_Monitor
PCAP_Monitor

PktGenPCAPFwdI4
PktGenPCAPFwdIS
PktGenPCAPFwdI1
PktGenPCAPRevI1

PktMonPCAPFwdI1
PktMonPCAPFwdI4
PktMonPCAPFwdIS
PktMonPCAPRevI1

Managed Bandwidth PCAP Stream Generators and Monitors

5.8
SD_vbr 5.8
voip_g729_ fwd 2.0
voip_g729_rev 2.0
VoIP1l_Fwd
5DTV1_Down
SDTVZ2_Down
VoIPl Rev

BW PPM Rand

Prio Repeat

PIR PBS

# 2.0Mb/s
i# 2.0Mb/s

The paramets for the input PCAP generators are specifiethenxcolumns as shown above. The

meanings of the columreedescribed briefly below

| Instance name (Name) i the instance name of the generator. This depends on the specific
top level simulation file.

T Filename (file)1 the file name of the input PCAP file. Assumes that the PCAP file is in the

Ipcap subdirectory and has a .pcap suffix so neither of these needs to be specified in the

parameter file.
T Start delay (start) 7 the relative delay, in secondsefore startinghe generator.

T Bandwidth scale factor(BW) i a scale factor that divides the relative timestamps in the
PCAP file. A value of 1.0 makes no change to the timing of the packets. A value of 2.0 causes
the packets to be transmitted twicdass by dividing théimestamps in the PCAP file [&/0.
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| PPM offset(PPM) i this is similar to the bandwidth scale factor, but is expressed in units of
parts per million. A value of 0 ppm makes no change to the rate at which packets are
generated. A vakiof 100ppm reduces the timestamps in the PCAP file by 100 ppm, which
causes the file to be transmitted 100 ppm fastertti@mominalrate

T RandomnesqRand) 1 this is a value from 0.0 to 1.0 that adds a percentage of randomness
to the interpacket tmes. A value of 0.5 represents 50% randomness forpateket timing.
For exampleif the time between two consecutive packets in the PCAP file is 1 millisecond,
and the randomness is 0.5, then the actual time between those two consecutive packets could
be in the range 500 microsecotadl.5 millisecond.

T Priority (Prio) 1 this is the assigned priority of the packets

T Repeat count(Repea) 1 this is the number of times to repeat the PCAP file. A value of 0
or 1 means to play the file once, a value ob o more will play the file that many times,
and a value of1 will repeat the file forever.

T Shaper PIR (PIR) and shaper PBS(PBS)i these parameters control a shaper that is built
into the PacketGeneratorPCAP object. The PIR is the peak infornnatéand is expressed
in bits per second, so the value 10E6 represents 10 million bits per s€ében@BS is the
peak burst size and is expressed in bits. Normally the PIR should be set safely above
(e.g.,2.5x)the bit rate of a VBR video stream, unléss goal is to smooth out microbursts.

The Packe#lonitor outpus PCAP files and.out' files. There are only two parameters for the PCAP
monitor command

T Instance name’ the instance name of the monitor. This depends on the specific top level
simulationfile.

| File namei the base name of the output files. The output files will be placed into the same
directory as the parameter file and will have suffixes .pcap and .out.

Note that if a PCAP_Monitor line is commented out or not present, the outputifileetioe written.
This is helpful in situations where only a subset of the output files is needed so that disk space can be
saved.

The simulatiorprovides the followingylobal variables for use by the TCL code in the parameter file
T $paramfile i this is the name of the parameter;file

| $paramdir i this is the directory name of the parameter;, file

| $outdir 1 this is the output directory name, and is set based on $paramfile in common.tcl.

A.10 Running a simulation casewith a conveniencescript

To run one test case, there is a convenience script called run_core2lan.ss. An ekampiag the
test caséDu6-t" is shown below

Jrun_core2lan.sh Du6 -t -- pcapUp=1 -- pcapDown=1 -- iperfDown -- verbose=2 --
capLen=70

A.11 Simulator output

All output files for test casienameare placed in théouttcnamesubdirectory. By placing the output
results for each test case in their own directory, it is easier to keep them organized. By placing the
outputs in a separate directory from the inpatapeter settings, the output results can be easily
cleaned up, and it is easier to manage the parameter files.

As described in theectionabove on the parameter file, it is not necessary to save output for all of
the streams being tested. This can bpflkin conserving disk space, as the output files can be quite
large.
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A.111 Output for UDP flows

For the managed UDP streams, such as IPTV and VolIP, the simulatorisurpile form of PCAP

files and".out' files. The PCAP files record thmanaged sttamoutput packets along with their
timestamps. Comparisons of input PCAP and output PCAP files can be performed to determine the
effect of the impairment on, for example, video quality.

The".out' output files contain delay and packet loss informatioPA@CII CSV format) about the
simulation result. This information is also implicitly contained in the PCAP file, but because it is not
possible to directly indicate packet delay or loss in a PCAP filg,.the' files are helpful for post
analysis. For exaple, because tHeout' files are in CSV format, they can be read into a spreadsheet
program for analysis.

The columnscontained irthe .out filereflectthe time the packet was transmitted into the network,

the delay experienced by the packet and aifidgcating whether the packet was dropped by the
network. Time is represented as the number of seconds since the beginning of the simulation and has
nanosecond resolution (nine digits after the decimal point). Packet delay is represented by
milliseconds ad has nanosecond resolution (6 digits after the decimal point). Drdposleanflag
represented by a 0 orla1 means a packet was dropped, 0 means successful reception).

A.11.2 Output for TCP flows

The pcap files for the TCP flows generated by ithef client and server are analysed after the
simulations finish. There is a pcap file captured at the server port, and a pcap file captured at the client
port. That way, every packet at the server can be matched with the corresponding packet at the client
so that oneway network delay can be calculated for each packet in each direction.

The post analysis is run by the top level sctgnalysis/postall.lt processes the pcap files for each
test case with a helper script call@stz” The postz script uses thistat' "tshark and"bw" utilities
to extract information from the pcap files. The result of the postz script is four files:

| iperf-[up|down}client.csv;

| iperf-[up|down}server.csy

| bw-[up|down]csy,

| del[up|down].csv.

NOTET for upstreaniPerf, select'up' and for downstrearnerf, select'down'.

After postz is run on all of the test casg®stall' then uses themerge.pl script to create ahR"
language script to create summary plots where results for all test casasrged onto a single page.

A.12 Plotting results

The results are plotted by the top level sctgtalysis/plotall: This script uses thé&R" statistical
language environment to make plots using the scripts created in the post analysis phase. The script
also uses plotting utilities (based on gnuplot and perl) from an earlier revision of this
Recommendation to create plots of stream flow latearoy packet loss. Th&R" based plotting

utilities are used for the TCP streams, while the gnuplot utilities are used for the UDP streams.

A.13 PCAPfile list

The simulator input PCAP files are in tdee/source/n8-dcepcap/ subdirectory. Since theskesi
are large, they are typically distributed separately from the model source code, and often the pcap
subdirectory is a sofink to a separate directory. Here is a list of typical input PCAP files.

pcap/HD_cbr.pcap
pcap/HD_vbr.pcap
pcap/SD_cbr.pcap
pcap/SD_vbr.pcap
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pcap/voip_g729 fwd.pcap
pcap/voip_g729 rev.pcap
pcap/ipfax_v34 t38 fwd.pcap
pcap/ipfax_v34 _t38 rev.pcap

A.14 Testcasefile list
The individual test case parameter files are in the sim/tc directory:

Jtc/Dpl - t.param
Jtc/Dp2 - t.param
Jtc  /Dp3 - t.param
Jtc/Dp4 - t.param
Jtc/Dp5 - t.param
Jtc/Dp6 - t.param
Jtc/Dp7 - t.param
Jtc/Dul - t.param
Jtc/Du2 - t.param
Jtc/Du3 - t.param
Jtc/Dud - t.param
Jtc/Du5 - t.param
Jtc/Du6 - t.param
Jtc/Du7 - t.param
Jtc/Dwl - t.param
Jtc/Dw2 - t.param
Jtc/Dw3 - t.param
Jtc/Dw4 - t.param
Jtc/Dw5 - t.param
Jtc/Dw6 - t.param
Jtc/Dw7 - t.param
Jtc/Dw8 - t.param
Jtc/Gpl - t.param
Jtc/Gp2 - t.param
Jtc/Gp3 - t.param
Jtc/Gp4 - t.param
Jtc/Gp5 - t.param
Jtc/Gp6 - t.param
Jtc/Gp7 - t.param
Jtc/Gul  -t.param
Jtc/Gu2 - t.param
Jtc/Gu3 - t.param
. Itc/Gu4d - t.param
Jtc/Gu5 - t.param
Jtc/Gub - t.param
Jte/Gu7 - t.param
Jtc/lGwl - t.param
Jtc/Gw2 - t.param
Jtc/Gw3 - t.param
Jtc/Gw4 - t.param
Jtc/Gw5 - t.param
Jtc/Gw6 - t.param
Jtc/Gw7 - t.param
Jtc/Gw8 - t.param

The output results for each test case are placed in a subdirectory"dbtitedirectory. For each
PacketMonitorPCAP thas configured in the parameter file, there is an output PCAP file and an
output”.out' file (described below).

Jtc/common.tcl
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There ardour convenience scripts to help run the simulation and plot results

run _core2lan.ss
runall

postall

plotall

A.15 Common TCL file
There is one TCL support file that helps with setting up simulation parameters

Jtc/common.tcl

The common TCL soport file "common.tcl helps simplify the process of setting variables for the
PCAP generators and monitors.

The first thing that the common.tcl file does is create the output directory and set the variable $outdir

H - = o o o o e oo e e e e e e e e e e e e e e e e e e e
# Create the output directory

H - = = o o oo o e oo e e e e e e e e e e e e e e e e
set outroot "out "

set outdir [file join $outroot [file rootname [file tail $paramfile]]]
file mkdir $outdir

The next routinégset is a general purpose routine for setting a global variable

proc gset {name value} {
upvar \ #0 $name $name
set $name $value

The next routine defines parameters for a PCAP generator

=,
# Define parameters for a PCAP Generator
=
proc PCAP_Generator {name file {start " } {bwscale " Ippm "™} \
{rand "™ }{prio " }{rept " HPIR "™ }{PBS "™ }{
gset ${name}_FileName " pcap/$file.pcap "
if {$start = } { gset ${name}_StartDelay $start }
if {$bwscale != } { gset ${name} BW_Scale $bwscale }
if {$ppm = } { gset ${name} PPM_Offset $ppm }
if {$rand = } { gset ${name} Randomness $rand }
if { S$prio != " }{ gset ${name}_Priority $prio }
if {$rept 1= " }{ gset ${name} RepeatCnt $rept }
if {PIR 1= } { gset ${name}_ShaperPIR $PIR }
if {SPBS I= } { gset ${name} ShaperPBS $PBS }
}
The next ratine defines parameters for a PCAP monitor
H - - = - - - . o 4o - 4 e e e e e e e e e e e e e e e e e e .
# Define parameters for a PCAP Monitor
=
proc PCAP_Monitor {name file} {
global outdir
gset ${name}_OutFileName " $outdir/$file.out
gset ${name} PCAPFileName " $outdir/$file.pcap
}
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The next routine
# -

s help to set network parameters for the access link

# Set Global Vars for Access Link Parameters

# - - - - - -

proc _Access_Params {name
{SpeedDown " }

{SpeedUp ™}
{BER_Fwd " }
{BER_Rev "}
{LatencyDown "™ }
{Latenc yUp "™ }}{
if {$SpeedDown = " }{gset ${name} SpeedDown $SpeedDown }
if {$SpeedUp  != " }{ gset ${name}_SpeedUp  $SpeedUp }
if ($BER_Fwd = " }{gset ${name} BER Fwd $BER_Fwd }
if {($BER_Rev = " 1{gs et${name} BER_Rev $BER_Rev }
if {$LatencyDown != " }{ gset ${name}_LatencyDown $LatencyDown }
if {$LatencyUp = " }{ gset ${name}_LatencyUp $LatencyUp }
if {$ReorderProb = " }{gset RO_Fwd_Prob $ReorderProb }
if {$ReorderProb = " }{ gset RO_Rev_Prob $ReorderProb }
}
H oo - - - o o o oo oo ool oo oo oo
# Select a set of access link parameters based on name
H oo o o o o o oo o oo oo oo oo e e o e oo oo
proc Set_Access_Params {paramset} {
# Node SpdDn  SpdUp BER_Fwd BER_Rev LatcyDn LatcyUp
if {$paramset == "dsl_wl "} {_Access_Params RACC 33e6 3e6 le -8 le -8 le -3 1le -3
} elseif {$paramset == "dsl_w2 "} {_Access_Params RACC 33e6 3e6 le -8 le-8 le-3 1le-3
} elseif {$paramset == "dsl_w3 "} {_Access_Params RACC 33e6 3e6 1le -8 le-8 le-3 1le-3
} elseif {$paramset == "dsl_w4 "} { _Access_Params RACC 2 2e6 2e6 1le -8 le-8 le-3 1le-3
} elseif {$paramset == "dsl_w5 "} {_Access_Params RACC 16e6 1le6 le -7 le-7 le-3 1le-3
} elseif {$paramset == "dsl_w6 "} {_Access_Params RACC 16e6 1le6 le -7 le-7 le-3 1le-3
} elseif {$paramset == "dsl_w7 "} {_Access_Params RACC 16e6 1le6 1le -7 le-7 le-3 1le-3
} elseif {$paramset == "dsl_w8 "} {_Access_Params RACC 10e6 1le6 1le -7 le-7 le-3 1le-3
} elseif {$paramset == "pon_wl"} {_Access_Params RACC 50e6 25e6 1le -12 1le -12 1le -3 1e-3
} elseif {$paramset == "pon_w2"} {_Access_Params RACC 50e6 25e6 le -12 1le -12 1le -3 1e-3
} elseif {$paramset == "pon_w3"} {_Access_Params RACC 35e6 25e6 le -11 1e -11 1le -3 1le-3
} elseif {$paramset == "pon_w4"} {_Access_Params RACC 35e6 25e6 le -11 1e -11 1le -3 1le-3
} elseif {$paramset == "pon_w5"} {_Access_Params RACC 25e6 25e6 le -10 1e -10 1le -3 1e-3
} elseif {$paramset == "pon_w6"} {_Access_Params RACC 25e6 25e6 1le -9 le-9 le-3 1le-3
} elseif {$paramset == "pon_w7"} {_Access_Params RACC 25e6 25e6 le -9 le-9 le-3 1le-3
} elseif {$paramset == "pon_w8"} { _Access_Params RACC 15e6 5e6 le-9 le-9 le-3 1le-3
} elseif {$paramset == "pon_pl ul "}{_Access_Params RACC 35e6 35e6 1le -12 1le -12 1e-3 1le-3
} elseif {$paramset == "pon_p2_u2 "}{_Access_Params RACC 35e6 15e6 le -12 1le -12 1e-3 1e-3
} elseif {$paramset == "pon_p3_u3 "}{_Access_Params RACC 25e6 25e6 1le -11 1e -11 1e-3 1e-3
} elseif {$paramset == "pon_p4_u4 "} {_Access_Params RACC 15e6 5e6 le-9 le-9 le-3 1le-3
} elseif {$paramset == "pon_p5_u5 "}{_Access_Params RACC 5e6 2e6 le-9 le-9 le-3 1le-3
} elseif {$paramset = = "pon_p6_ub "} {_Access_Params RACC 15e6 5e6 le-9 le-9 le-3 1le-3
} elseif {$paramset == "pon_p7_u7 "}{_Access_Params RACC 5e6 2e6 le-9 le-9 le-3 1le-3
} elseif {$paramset == "dsl_pl_ul "}{_Access Params RACC 24e6 3.0e6 1le -8 le-8 le-3 1le-3
} elseif {$paramset == "dsl_p2_u2 "}{_Access Params RACC 18e6 15e6 1le -7 le-7 le-3 1le-3
} elseif {$paramset == "dsl_p3_u3 "}{_Access_Params RACC 12e6 15e6 1le -7 le-7 le-3 1le-3
} elseif {$paramset == "dsl_p4_u4 "}{_Ac cess_Params RACC 6e6 1.0e6 1le -6 le-6 le-3 1le-3
} elseif {$paramset == "dsl_p5_u5 "}{_Access_Params RACC 3e6 1.0e6 1e -6 le-6 le-3 1le-3
} elseif {$paramset == "dsl_p6_u6 "}{_Access_Params RACC 6e6 1.0e6 1e -6 le-6 le-3 1le-3
} elseif {$paramset == "dsl_p7_u7 "}{_Access_Params RACC 3e6 1.0e6 1le -6 le-6 le-3 1le-3
} elseif {$paramset == "core_only "}{_Access_Params RACC 1e9 1e9 1e -12 1e -120 O

} else{
error

" ERROR: Invalid Net_Param name $paramset. "

The next routines help to set network parameters for the core

" }{ gset NumCoreSW

$numsw }

" }{gset CORE_Latency $Latency }

}
}
H oo - o - - oo o .-
# Set Global Vars for Access Link Parameters
H oo - - - - o o o o o o oo
proc _Co re_Params {{numsw "™}
{Latency "™}
{Speed ™ }}{
if {$numsw 1=
if {$Latency =
if {$Speed  I=
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}

H - - - - - - - - - - - - 4 - -4 e e e e e e - .

# Select a set of core parameters based on name

e - - - - - -

proc Set_Core_Params {paramset} {

# NumCoreSW Latency Speed
if {$paramset == "wl"} { _Core_Params 3 10e -3 1e9
} elseif {$paramset == "w2'} { _Core_Params 4 25e -3 1e9
} elseif {$paramset == "w3"} { _Core_Params 5 50e -3 1e9
} elseif {$paramset == "w4"} { _Core_Params 6 75e -3 1e9
} elseif {$paramset == "w5"} { _Core_Params 7 85e -3 1e9
} elseif {$paramset == "w6"} { _Core_Params 8 100e -3 1e9
} elseif {$paramset == "w7"'} { _Core_Params 9 125e -3 1e9
} elseif {$paramset == "w8"} { _Core_Params 10 150e -3 1e9
} elseif {$paramset == "pl_ul"} { _Core_Params 3 10e -3 1e9
} elseif {$para mset=="p2 u2"} { _Core_Params 4 25e -3 1e9
} elseif {$paramset == "p3_u3"} { _Core_Params 5 50e -3 1e9
} elseif {$paramset == "p4_ud"} { _Core_Params 8 75e -3 1e9
} elseif {$paramset == "p5_u5"} { _Core_Params 10 100e -3 1e9
} elseif {$paramset == "p6_u6"} { _Core_Params 12 200e -3 1le9
} elseif {$paramset == "p7_u7"} { _Core_Params 15 250e -3 1e9
} elseif {$paramset == "core_only "}{_Core_Params 5 100e -3 1e9
}else {
error " ERROR: Invalid Net_Param name $paramset. "

}

}

H - - - - - - o o o o oo oo

# Other Misc parameter settings

# - - - - - -

set CORESW_BufSizeBytes [expr 65*1518]

set DSLAM_B ufSizeBytes

[expr 65*1518]

set Firewall_BufSizeBytes  [expr 65*1518]
set Modem_BufSizeBytes [expr 65*1518]
set RLAN_Speed 100E6

H - - - - - - - - - - - - 4 - - -
# Set Default Simulation length

H - - - - - - o o o o oo oo
set SimLengthSeconds [expr 10*60]

Rec. ITU-T G.1050 (07/2016)

41



Annex B

C++ source code of the discrete event simulator

(This annex forms an integral part of this Recommendation.)

The C++ source code of the simulator is includedimulator.tar.gzof the electroniattachment
(AnnexH).
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Annex C

Packetcapture files of interfering traffic
(This annex forms an integral part of this Recommendation.)

TableC.1 lists the pcap files used in the standard test cabese files are included in folder ./pcap in the electratiachmen{Annex H).

Table C.17 PCAP files of interfering traffic

. . . Avg Packet | Avg bit L
QoS PCAP file Data size Packets | Duration Pkt rate rate 5s peak 1s peak Description
size
2 HD_cbr 275756340 201282 142 1370 1419 15555964 15558816/ 15574160 High definition IPTV flow, constant bit rate
2 HD_vbr 196918938 143737 142 1370 1014| 11112049 13112544 18555280 High definition IPTV flow, variable bit rate
2 SD_cbr 274844350 200617 285 1370 703| 7702130[ 7704880| 7715840| Standardefinition IPTV flow, constant bit rate
2 SD_vbr 197616080 144246 285 1370 507 | 5553410, 6608880| 8789920 Standardiefinition IPTV flow, variable bit rate
1 voip_g729_fwd 603120 7180 215 84 33 22406 22444 22848| [ITU-T G.729 voice-overIP
1 voip_g729_rev 602784 7176 215 84 33 22403 22444 22848
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Figures C.1 to C.8how the bit rate of each pcap stream averaged esecdnd and-Second nofoverlapping windows
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Annex D

Example output plots for a typical testcase
(This annex forms an integral parttbfs Recommendation.)

The baseline test cases of the previous edition of this Recommendation have been modified and run
usng the ns3 simulator of AnnexB. The goal of this simulator has been to more accurately
characterize the residual best effogbodut’. To accomplish this, the simulator utilizes iPerf, a
synthetic TCP load generation program, to replace the unmanaged best traffic of the original test
cases.

The test cases are executed in three scenarios:

a) Down: The iPerf flow is run in the downsttm direction and directly competes with managed
traffic.
b) Up: The iPerf flow is run unencumbered in the upstream direction. While the data stream has

no competition, theacknowledgemenpackets do compete since they must traverse the
downstream path.

C) Bidi: iPerf flows are present in both the upstream and downstream directions.

Thisannexpresents the plots that are available for each test case in the electronic attachment. For the
purposes of this example, the plots are presented for the bidiréstenario of the Dw4 test case.

The generated plots fall intbreecategories

| Overall flow summaries Violin plots (Figures D.1.1 to D.1.&llow for comparison of the
distribution ofoneway delay for the individual flows. Further plots are gisovided for
specific comparisons between the VolP, DTV, and TCP (iPerf) flBasdwidth plots are
also provided for the different flows in the test case with 1sec and 10sec bandwidth averaging
to help visualize the burstiness of the traffic. These claaet@lso presented as line charts
and stacked area charts to help visuadize c h s bdamdeidthhtdnsributions to theverall
traffic mix.

| Legacy plots founidirectionalmanaged flowsThis series of ploté-igures D.21 to D.2.10
were thesameonespresentdin the previousrevisionof this Recommendation. These plots
capture the packet delay, drop, and distributions for the managed flows of the test case.

| Unmanaged TCPow (iPerf) summaries The TCP flows areharacterizedy a series of
plots (Figures D.3.1 to D.3.79howing the bandwidth, delay, ammlindtrip-time (RTT) of
the flow.
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D.1 Overall Flow Summaries
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D.2

Dw4-t-HDTV1_Down (Packet Delay Variation Histogram)

Legacy plots forunidirectional managed flows (where present)
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Figure D.2.37 Downstream DTV flow packetdelay variation
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Figure D.2.67 Downstream DTV flow packetdelay-lossplot

1000

Count

Dw4-t-VolP1_Rev (Packet Delay Variation Histogram)

7% 7 78 79 a0 81 82
Delay(milliseconds)

Figure D.2.87 Downstream VolPflow packetdelay-lossplot



Dw4-t-VolP1_Rev (Packet Delay Variation Histogram) Dw4-t-VolP1_Rev (Delay)

1000
82
81
100 (I TN DR I
oy
e
S 80
=
= &
= £
3 =
o £
& 79
o
[a]
10
78
77
1 76
78 ” 7% 79 80 81 82 83 00:00:00 00:01:00 00:02:00 00:03:00 00:04:00 00:05:00 00:06:00 00:07:00 00:08:00 00:09:00 00:10:00

Delay(milliseconds) Time(H:M:S) (No Dropped Packets)

Figure D.2.97 Upstream VoiP flow packetdelay variation Figure D.2.101 Upstream VolIP flow packetdelay-lossplot

50 Rec. ITU-T G.1050 (072016



D.3 Unmanaged TCPflow (iPerf) summaries
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Annex E

Summary of smulation output plots
(This annex forms an integral part of this Recommendation.)

This annex describes a series of summary plots provided for the six techismleggricombinations
generated in this @&ommendation. The purposkthese plots is to provide a quick reference to aid
in the selection of specific test cases of interest. The plots anel@dan their entirety in thisnnex

as well as in the electronic attachment. The naming convention dil@sas as follows

T $TECHT Technology (D=DSL, G=GPON)
T $SCi iPerf Scenario: (out.bidi, out.dwn, out.up)

Table E.1 7 Summary output plot file naming convention

File Name Description
ISTECH/$SC Technologyscenariodirectory
summary.png Testcasemediandelay-bandwidthpoints
cdfplt-01.png Oneway iPerfdelay CDF by direction and management type
merge01.png Oneway iPerfbandwidth by direction and management type
merge02.png Oneway iPerfbandwidth jnmanageaases)
merge03.png Oneway iPerfbandwidth partly managedases)
merge04.png Oneway iPerfbandwidth (vell managedases)
merge05.png Oneway iPerfdelaydistribution nmanagedases)
merge06.png Oneway iPerfdelaydistribution (vell managedases)
merge07.png Oneway iPerfdelaydistribution (artly managedases)
mngplt01.png Aggregatemanagedandwidth(well andpartly managedases)
I$STECH/$SC/PDF Directory containing .pdf versions of test case plots
I$STECH/$SCPCAP Directory containing .pcap files of test case traftiptional)
I$STECH/$SC/cdf.csv Data file for cdfplt01.png
I$STECH/$SC/stats.csv | Data file for summary.png
I$TECH/info.csv Data file for Annex Grables
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E.l DSL technology

E.1.1 DSL bidirectional iPerf scenario
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Figure E.1.1.27 One-way iPerf delay CDF by direction

Figure E.1.1.17 Testcasemedian delay-bandwidth points and management type
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iPerf Unidirectional BW
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Figure E.1.1.31 One-way iPerf bandwidth by direction
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Figure E.1.1.57 One-way iPerf bandwidth (partly managed cases)
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iPerf Unidirectional Log Delay (ms)
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E.1.2 DSL upstream iPerfscenario
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E.1.3 DSL downstream iPerfscenario
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E.2 GPON technology
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E.2.2 GPON upstream iPerf scenario
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E.2.3 GPON downstream iPerfscenario
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Annex F

Simulator output
(This annex forms an integral part of tRiecommendation.)

Simulation results are found in thd® and ./Gdirectores of the model directory of the electronic
attachment (Annex EYhe simulation control scripts generate result files with the following naming
conventions:

| $TECHi Technology (DBSL, G=GPON)
T $SCi iPerf Scenario: (out.bidi, out.dwn, out.up)

T $TC i test case name (./tc/$TC.paramhpese match the column headingsTables 6, 7
ands;

| $FLOWT name ofthe managecthonitor/flow in test cas& hese match the PCAP file names
listed inAnnex E

The results for each test case are found in a separate directory with the name of the testltase
monitor specified in the test case represents a particular Fdes are generated ahown in
TableF.1:

Table F.17 Simulator output file structure

Directory or file name Description
ISTECH/$SC/cdf.csv Summary iPerf CDF TabléAppendix B
J$TECH/$SC/PDF/$TC.pdf Directory containing .pdf files of merged plots of

scenario
ASTECH/$SC/$TC/ Directory containing test case outputs.
JSTECH/$SC/$TC/$FLOW.out Output .out delayoss schedule
JSTECH/$SC/$TC/$FLOWPDV.csv Packet delay variation (PDV) file
JSTECH/$SC/$TC/$STESFLOW.png Time series plot of .out file
JSTECH/$SC/$TC/$TESSFLOW-PDV.png PDV plot of delayloss file
ASTECH/$SC/$TC/bwup,dwn}.csv iPerf Delay/bandwidth data file
I$STECH/$SC/PCAP/$T@nodem.pcap.gz Testcase traffic file

Tables G.1 and G.Zummarie the simulation resultsf the managed flowfor DSL and GPON
respectivelyEach row in thespreadsheeatorresponds to a specific flow of a specific test ceaeh
flow results in thdour $FLOWfiles indicated above.

Note that some of the output files, particularly the langesp are compressed using the GZIP file
format, and have an additiongt suffix.
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Annex G

Simulation results summary
(This annex forms an integral part of this Recommendation.)

TableG.1 and TableG.2 summarizehe simulation resultsEach row of théables represent a single

flow of a test case. The taBleave been sorted by flow so that thehaviourcan be observed across
a flow type with increasing impairment severifyjhe coloration is an indication of the test profile

(greeni well managed yellow i partially managedfi@l i unmanaged)Table G.3 summarize
simulation resultgbandwidth,oneway delayandRTT) for iPerfflows for each test case.

Description ofthecolumns:

Profile

Case
File

nl

min
max
drop
seq
drop %
seq %

max-min

W: well managed

P: partially managed

U: unmanaged

test case name

output file name root (flow)

number of packets

min delay (ms)

max delay (ms)

total number of packets lost

number of packets lost in sequential events
total percentag of packets lost
percentage of packets lost sequentially
peak delay variation (ms)
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Table G.171 Simulation results summary DSLmanagedflows

Case File Scen nl min max drop seq drop % seq % max-min

bidi 113084 11.73 12.98 9 0 0.0080% 0.0000% 1.25

SDTV1 Down dwn 113085 11.73 13.02 8 0 0.0071% 0.0000% 1.28

up 113086 11.73 12.80 7 0 0.0062% 0.0000% 1.07

bidi 114887 11.73 13.31 12 0 0.0104% 0.0000% 1.58

SDTV2_Down dwn 114891 11.73 13.35 8 0 0.0070% 0.0000% 1.62

Dp1t up 114890 11.73 13.13 9 0 0.0078% 0.0000% 1.40
bidi 20737 11.04 11.68 1 0 0.0048% 0.0000% 0.64

VolP1_Fwd dwn 20738 11.04 11.69 0 0 0.0000% 0.0000% 0.65

up 20738 11.04 11.64 0 0 0.0000% 0.0000% 0.59

bidi 20736 11.21 15.30 0 0 0.0000% 0.0000% 4.09

VolP1_Rev dwn 20736 11.21 11.43 0 0 0.0000% 0.0000% 0.21

up 20736 11.21 15.22 0 0 0.0000% 0.0000% 4.01

bidi 112961 26.89 42.65 129 0 0.1142% 0.0000% 15.76

SDTV1_Down dwn 112971 26.89 42.65 119 0 0.1053% 0.0000% 15.76

up 112949 26.89 42.65 141 0 0.1248% 0.0000% 15.76

bidi 114779 26.89 43.06 120 0 0.1045% 0.0000% 16.17

SDTV2_Down dwn 114755 26.89 43.06 144 0 0.1255% 0.0000% 16.17

Dp2t up 114779 26.89 43.06 120 0 0.1045% 0.0000% 16.17
bidi 20737 26.05 26.87 0 0 0.0000% 0.0000% 0.82

VolP1_Fwd dwn 20735 26.05 26.87 2 0 0.0096% 0.0000% 0.82

up 20735 26.05 26.80 2 0 0.0096% 0.0000% 0.74

bidi 20733 26.41 34.46 2 0 0.0096% 0.0000% 8.05

VolP1_Rev dwn 20734 26.41 26.80 1 0 0.0048% 0.0000% 0.39

up 20733 26.41 34.42 2 0 0.0096% 0.0000% 8.01
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Table G.171 Simulation results summary DSLmanagedflows

Case File Scen nl min max drop seq drop % seq % max-min

bidi 112943 52.21 117.24 143 0 0.1266% 0.0000% 65.03

SDTV1 Down dwn 112956 52.21 117.18 130 0 0.1151% 0.0000% 64.97

up 112945 52.21 117.24 141 0 0.1248% 0.0000% 65.03

bidi 114756 52.21 117.26 143 0 0.1246% 0.0000% 65.05

SDTV2_Down dwn 114772 52.21 117.29 127 0 0.1107% 0.0000% 65.08

Dp3t up 114777 52.21 117.26 122 0 0.1063% 0.0000% 65.05
bidi 20735 51.07 52.21 2 0 0.0096% 0.0000% 1.14

VolP1_Fwd dwn 20737 51.07 52.22 0 0 0.0000% 0.0000% 1.14

up 20735 51.07 52.11 2 0 0.0096% 0.0000% 1.04

bidi 20734 51.41 59.49 0 0 0.0000% 0.0000% 8.08

VolP1_Rev dwn 20733 51.41 51.79 1 0 0.0048% 0.0000% 0.38

up 20732 51.41 59.42 2 0 0.0096% 0.0000% 8.01

bidi 111826 78.14 208.98 1255 59 1.1223% 0.0528% 130.83

SDTV1_Down dwn 111803 78.14 208.14 1278 63 1.1431% 0.0563% 129.99

up 111809 78.14 208.99 1272 37 1.1377% 0.0331% 130.85

bidi 113574 78.14 208.98 1324 79 1.1658% 0.0696% 130.84

SDTV2_Down dwn 113590 78.14 208.89 1308 58 1.1515% 0.0511% 130.75

Dpat up 113541 78.14 208.99 1357 86 1.1952% 0.0757% 130.84
bidi 20720 76.12 78.25 16 0 0.0772% 0.0000% 2.13

VolP1_Fwd dwn 20730 76.12 78.25 6 0 0.0289% 0.0000% 2.13

up 20723 76.12 78.05 13 0 0.0627% 0.0000% 1.93

bidi 20717 76.60 88.73 16 0 0.0772% 0.0000% 12.13

VolP1_Rev dwn 20722 76.60 77.18 11 0 0.0531% 0.0000% 0.58

up 20721 76.60 88.72 12 0 0.0579% 0.0000% 12.12
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Table G.11 Simulation results summary DSLmanagedflows

Case File Scen nl min max drop seq drop % seq % max-min

bidi 113320 104.98 367.44 1578 169 1.3925% 0.1491% 262.46

SDTV2_Down dwn 113387 104.98 367.43 1511 168 1.3326% 0.1482% 262.46

up 113360 104.98 367.44 1538 171 1.3567% 0.1508% 262.46

bidi 20727 101.22 105.27 8 0 0.0386% 0.0000% 4.05

Dp5t VolP1_Fwd dwn 20723 101.22 105.29 12 0 0.0579% 0.0000% 4.07
up 20720 101.22 104.96 15 0 0.0724% 0.0000% 3.74

bidi 20720 101.60 113.72 13 0 0.0627% 0.0000% 12.12

VolP1_Rev dwn 20719 101.60 102.18 14 0 0.0676% 0.0000% 0.58

up 20722 101.60 113.73 11 0 0.0531% 0.0000% 12.13

bidi 111819 203.19 334.00 1239 39 1.1080% 0.0349% 130.81

SDTV1_Down dwn 111778 203.19 333.18 1280 46 1.1451% 0.0412% 129.99

up 111762 203.19 334.03 1296 39 1.1596% 0.0349% 130.85

bidi 113562 203.19 334.03 1335 80 1.1756% 0.0704% 130.85

SDTV2_Down dwn 113591 203.19 333.94 1306 56 1.1497% 0.0493% 130.75

Dpét up 113560 203.19 334.03 1337 80 1.1774% 0.0704% 130.84
bidi 20721 201.12 203.30 11 0 0.0531% 0.0000% 2.18

VolP1_Fwd dwn 20720 201.12 203.30 12 0 0.0579% 0.0000% 2.18

up 20717 201.12 203.09 15 0 0.0724% 0.0000% 1.97

bidi 20717 201.60 213.73 12 0 0.0579% 0.0000% 12.13

VolP1_Rev dwn 20715 201.60 202.18 14 0 0.0676% 0.0000% 0.58

up 20719 201.60 213.73 10 0 0.0483% 0.0000% 12.13

bidi 451520 11.61 12.98 42 0 0.0093% 0.0000% 1.37

HDTV1 Down dwn 451522 11.61 13.27 40 0 0.0089% 0.0000% 1.66

Wit up 451523 11.61 12.98 39 0 0.0086% 0.0000% 1.37
VolP1_Fwd bidi 20738 11.04 11.62 0 0 0.0000% 0.0000% 0.58
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Case

File

Scen nl min max drop seq drop % seq % max-min
dwn 20738 11.04 11.61 0 0 0.0000% 0.0000% 0.58
up 20737 11.04 11.62 1 0 0.0048% 0.0000% 0.58
bidi 20736 11.21 15.27 0 0 0.0000% 0.0000% 4.06
dwn 20736 11.21 11.42 0 0 0.0000% 0.0000% 0.21
up 20736 11.21 15.22 0 0 0.0000% 0.0000% 4.01
bidi 451520 26.62 28.52 31 0 0.0069% 0.0000% 1.90
dwn 451497 26.62 28.53 54 0 0.0120% 0.0000% 191
up 451519 26.62 28.32 32 0 0.0071% 0.0000% 1.70
bidi 113082 26.62 28.25 8 0 0.0071% 0.0000% 1.63
dwn 113081 26.62 28.26 9 0 0.0080% 0.0000% 1.64
up 113074 26.62 28.04 16 0 0.0142% 0.0000% 1.43
bidi 20737 26.04 26.63 0 0 0.0000% 0.0000% 0.59
dwn 20737 26.04 26.63 0 0 0.0000% 0.0000% 0.59
up 20736 26.04 26.63 1 0 0.0048% 0.0000% 0.59
bidi 20735 26.21 30.39 0 0 0.0000% 0.0000% 4.17
dwn 20735 26.21 26.42 0 0 0.0000% 0.0000% 0.21
up 20735 26.21 30.34 0 0 0.0000% 0.0000% 4.13
bidi 451470 51.63 75.32 63 15 0.0140% 0.0033% 23.69
dwn 451471 51.63 75.32 62 13 0.0137% 0.0029% 23.69
up 451458 51.63 75.32 75 15 0.0166% 0.0033% 23.69
bidi 391370 51.37 75.35 83 10 0.0212% 0.0026% 23.97
dwn 391374 51.37 75.35 79 14 0.0202% 0.0036% 23.98
up 391386 51.37 75.35 67 10 0.0171% 0.0026% 23.97
bidi 20737 51.04 51.64 0 0 0.0000% 0.0000% 0.60
dwn 20737 51.04 51.64 0 0 0.0000% 0.0000% 0.60
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Case

File

Scen nl min max drop seq drop % seq % max-min
up 20737 51.04 51.64 0 0 0.0000% 0.0000% 0.60
bidi 20734 51.21 55.29 0 0 0.0000% 0.0000% 4.08
dwn 20734 51.21 51.47 0 0 0.0000% 0.0000% 0.26
up 20734 51.21 55.22 0 0 0.0000% 0.0000% 4.01
bidi 451474 76.80 103.61 41 0 0.0091% 0.0000% 26.81
dwn 451469 76.80 103.45 46 0 0.0102% 0.0000% 26.65
up 451470 76.80 103.25 45 0 0.0100% 0.0000% 26.44
bidi 113065 76.80 103.30 16 0 0.0142% 0.0000% 26.49
dwn 113071 76.80 103.14 10 0 0.0088% 0.0000% 26.34
up 113073 76.80 102.93 8 0 0.0071% 0.0000% 26.13
bidi 114890 76.80 103.68 8 0 0.0070% 0.0000% 26.88
dwn 114890 76.80 103.52 8 0 0.0070% 0.0000% 26.72
up 114891 76.80 103.32 7 0 0.0061% 0.0000% 26.51
bidi 20736 76.05 76.81 0 0 0.0000% 0.0000% 0.76
dwn 20736 76.05 76.81 0 0 0.0000% 0.0000% 0.76
up 20736 76.05 76.81 0 0 0.0000% 0.0000% 0.76
bidi 20733 76.31 82.40 0 0 0.0000% 0.0000% 6.09
dwn 20733 76.31 76.68 0 0 0.0000% 0.0000% 0.37
up 20733 76.31 82.32 0 0 0.0000% 0.0000% 6.01
bidi 451004 87.00 94.30 504 0 0.1118% 0.0000% 7.30
dwn 450974 87.00 93.60 534 0 0.1184% 0.0000% 6.60
up 451000 87.00 93.60 508 0 0.1126% 0.0000% 6.60
bidi 112944 87.00 93.33 135 0 0.1195% 0.0000% 6.33
dwn 112973 87.00 92.62 106 0 0.0938% 0.0000% 5.62
up 112947 87.00 92.62 132 0 0.1169% 0.0000% 5.62
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Case

File

Scen nl min max drop seq drop % seq % max-min
bidi 20735 86.06 87.01 0 0 0.0000% 0.0000% 0.95
dwn 20735 86.06 87.01 0 0 0.0000% 0.0000% 0.95
up 20734 86.06 87.01 1 0 0.0048% 0.0000% 0.95
bidi 20731 86.60 98.68 2 0 0.0096% 0.0000% 12.08
dwn 20730 86.60 87.18 3 0 0.0145% 0.0000% 0.58
up 20732 86.60 98.62 1 0 0.0048% 0.0000% 12.02
bidi 450970 102.01 150.97 527 8 0.1169% 0.0018% 48.96
dwn 450996 102.01 150.94 501 14 0.1111% 0.0031% 48.93
up 450997 102.01 150.94 500 12 0.1109% 0.0027% 48.93
bidi 112945 102.01 150.63 131 5 0.1160% 0.0044% 48.62
dwn 112930 102.01 150.91 146 6 0.1293% 0.0053% 48.89
up 112940 102.01 150.91 136 6 0.1204% 0.0053% 48.89
bidi 114754 102.01 150.95 144 8 0.1255% 0.0070% 48.94
dwn 114720 102.01 150.96 178 8 0.1552% 0.0070% 48.94
up 114739 102.01 150.96 159 6 0.1386% 0.0052% 48.94
bidi 20735 101.06 102.02 0 0 0.0000% 0.0000% 0.96
dwn 20735 101.06 102.02 0 0 0.0000% 0.0000% 0.96
up 20734 101.06 102.02 1 0 0.0048% 0.0000% 0.96
bidi 20729 101.60 113.62 4 0 0.0193% 0.0000% 12.02
dwn 20731 101.60 102.25 2 0 0.0096% 0.0000% 0.65
up 20731 101.60 113.62 2 0 0.0096% 0.0000% 12.02
bidi 450958 127.02 175.95 521 12 0.1155% 0.0027% 48.93
dwn 450955 127.02 175.95 524 12 0.1162% 0.0027% 48.93
up 450962 127.02 175.95 517 12 0.1146% 0.0027% 48.93
bidi 112938 127.02 175.92 134 6 0.1186% 0.0053% 48.89
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Case

File

Scen nl min max drop seq drop % seq % max-min
dwn 112940 127.02 175.92 132 6 0.1169% 0.0053% 48.89
up 112933 127.02 175.92 139 6 0.1231% 0.0053% 48.89
bidi 114740 127.02 175.97 158 8 0.1377% 0.0070% 48.94
dwn 114732 127.02 175.97 166 6 0.1447% 0.0052% 48.94
up 114755 127.02 175.97 143 6 0.1246% 0.0052% 48.94
bidi 20733 126.06 127.03 1 0 0.0048% 0.0000% 0.97
dwn 20734 126.06 127.03 0 0 0.0000% 0.0000% 0.97
up 20732 126.06 127.03 2 0 0.0096% 0.0000% 0.97
bidi 20729 126.60 138.64 3 0 0.0145% 0.0000% 12.04
dwn 20731 126.60 127.24 1 0 0.0048% 0.0000% 0.64
up 20731 126.60 138.62 1 0 0.0048% 0.0000% 12.01
bidi 450926 152.44 164.40 533 2 0.1182% 0.0004% 11.96
dwn 450950 152.44 164.56 509 0 0.1129% 0.0000% 12.12
up 450922 152.44 163.71 537 0 0.1191% 0.0000% 11.27
bidi 20732 151.08 152.45 1 0 0.0048% 0.0000% 1.37
dwn 20733 151.08 152.46 0 0 0.0000% 0.0000% 1.38
up 20733 151.08 152.45 0 0 0.0000% 0.0000% 1.37
bidi 20731 151.60 163.62 0 0 0.0000% 0.0000% 12.01
dwn 20729 151.60 152.47 2 0 0.0096% 0.0000% 0.86
up 20727 151.60 163.62 4 0 0.0193% 0.0000% 12.02
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Table G.27 Simulation results summary GPONmanagedflows

Case File Scen nl min max drop seq drop % seq % max-min

bidi 113093 11.59 12.24 0 0 0.0000% 0.0000% 0.65

SDTV1 Down dwn 113093 11.59 12.24 0 0 0.0000% 0.0000% 0.65

up 113093 11.59 11.91 0 0 0.0000% 0.0000% 0.32

bidi 114899 11.59 12.25 0 0 0.0000% 0.0000% 0.66

SDTV2_Down dwn 114899 11.59 12.24 0 0 0.0000% 0.0000% 0.65

Gpit up 114899 11.59 11.91 0 0 0.0000% 0.0000% 0.32
bidi 20738 11.04 11.53 0 0 0.0000% 0.0000% 0.50

VolP1 Fwd dwn 20738 11.04 11.53 0 0 0.0000% 0.0000% 0.50

up 20738 11.04 11.49 0 0 0.0000% 0.0000% 0.46

bidi 20736 11.04 11.53 0 0 0.0000% 0.0000% 0.49

VolP1_Rev dwn 20736 11.04 11.05 0 0 0.0000% 0.0000% 0.02

up 20736 11.04 11.52 0 0 0.0000% 0.0000% 0.49

bidi 113090 26.60 27.25 0 0 0.0000% 0.0000% 0.65

SDTV1_Down dwn 113090 26.60 27.25 0 0 0.0000% 0.0000% 0.65

up 113090 26.60 26.92 0 0 0.0000% 0.0000% 0.32

bidi 114899 26.60 27.24 0 0 0.0000% 0.0000% 0.64

SDTV2_Down dwn 114899 26.60 27.25 0 0 0.0000% 0.0000% 0.65

Gpat up 114899 26.60 26.92 0 0 0.0000% 0.0000% 0.32
bidi 20737 26.04 26.54 0 0 0.0000% 0.0000% 0.50

VolP1 Fwd dwn 20737 26.04 26.54 0 0 0.0000% 0.0000% 0.51

up 20737 26.04 26.51 0 0 0.0000% 0.0000% 0.47

bidi 20735 26.06 26.99 0 0 0.0000% 0.0000% 0.93

VolP1 Rev dwn 20735 26.06 26.10 0 0 0.0000% 0.0000% 0.04

up 20735 26.06 26.99 0 0 0.0000% 0.0000% 0.93
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Table G.27 Simulation results summary GPONmanagedflows

Case File Scen nl min max drop seq drop % seq % max-min

bidi 113086 51.73 52.65 0 0 0.0000% 0.0000% 0.91

SDTV1 Down dwn 113086 51.73 52.65 0 0 0.0000% 0.0000% 0.91

up 113086 51.73 52.19 0 0 0.0000% 0.0000% 0.45

bidi 114899 51.73 52.65 0 0 0.0000% 0.0000% 0.91

SDTV2_Down dwn 114899 51.73 52.65 0 0 0.0000% 0.0000% 0.91

Gp3t up 114899 51.73 52.19 0 0 0.0000% 0.0000% 0.46
bidi 20737 51.05 51.69 0 0 0.0000% 0.0000% 0.65

VolP1 Fwd dwn 20737 51.05 51.69 0 0 0.0000% 0.0000% 0.65

up 20737 51.05 51.64 0 0 0.0000% 0.0000% 0.60

bidi 20734 51.05 51.69 0 0 0.0000% 0.0000% 0.65

VolP1_Rev dwn 20734 51.05 51.07 0 0 0.0000% 0.0000% 0.02

up 20734 51.05 51.69 0 0 0.0000% 0.0000% 0.65

bidi 113081 77.06 110.41 0 0 0.0000% 0.0000% 33.35

SDTV1_Down dwn 113081 77.06 110.73 0 0 0.0000% 0.0000% 33.67

up 113081 77.06 110.21 0 0 0.0000% 0.0000% 33.15

bidi 114895 77.06 110.54 3 0 0.0026% 0.0000% 33.48

SDTV2_Down dwn 114895 77.06 110.86 3 0 0.0026% 0.0000% 33.80

Gpat up 114895 77.06 110.34 3 0 0.0026% 0.0000% 33.28
bidi 20736 76.06 77.05 0 0 0.0000% 0.0000% 0.99

VolP1 Fwd dwn 20736 76.06 77.05 0 0 0.0000% 0.0000% 0.99

up 20736 76.06 76.96 0 0 0.0000% 0.0000% 0.90

bidi 20733 76.14 78.65 0 0 0.0000% 0.0000% 2.51

VolP1 Rev dwn 20733 76.14 76.26 0 0 0.0000% 0.0000% 0.12

up 20733 76.14 78.62 0 0 0.0000% 0.0000% 2.48
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Table G.27 Simulation results summary GPONmanagedflows

Case File Scen nl min max drop seq drop % seq % max-min

bidi 114833 103.53| 260.64 65 42 0.0566% 0.0366% 157.11

SDTV2_Down dwn 114835 103.53| 260.53 63 42 0.0549% 0.0366% 157.01

up 114836 103.53| 260.54 62 42 0.0540% 0.0366% 157.01

bidi 20735 101.14| 103.67 0 0 0.0000% 0.0000% 2.53

Gpb5t VolP1 Fwd dwn 20735 101.14| 103.67 0 0 0.0000% 0.0000% 2.52
up 20735 101.14| 103.44 0 0 0.0000% 0.0000% 2.30

bidi 20733 101.31 107.43 0 0 0.0000% 0.0000% 6.11

VolP1 Rev dwn 20733 101.31 101.64 0 0 0.0000% 0.0000% 0.33

up 20733 101.31 107.48 0 0 0.0000% 0.0000% 6.16

bidi 113054 202.10| 235.25 4 0 0.0035% 0.0000% 33.15

SDTV1 Down dwn 113055 202.10| 235.25 3 0 0.0027% 0.0000% 33.15

up 113058 202.10| 235.25 0 0 0.0000% 0.0000% 33.15

bidi 114895 202.10| 235.38 2 0 0.0017% 0.0000% 33.28

SDTV2_Down dwn 114896 202.10| 235.38 1 0 0.0009% 0.0000% 33.28

Gpét up 114896 202.10| 235.38 1 0 0.0009% 0.0000% 33.28
bidi 20732 201.07| 202.10 0 0 0.0000% 0.0000% 1.03

VolP1 Fwd dwn 20732 201.07| 202.10 0 0 0.0000% 0.0000% 1.03

up 20732 201.07| 202.01 0 0 0.0000% 0.0000% 0.94

bidi 20729 201.14| 203.69 0 0 0.0000% 0.0000% 2.54

VolP1 Rev dwn 20729 201.14| 201.31 0 0 0.0000% 0.0000% 0.17

up 20729 201.14| 203.69 0 0 0.0000% 0.0000% 2.55

bidi 451561 11.50 11.93 1 0 0.0002% 0.0000% 0.43

Gwit HDTV1_Down dwn 451562 11.50 11.90 0 0 0.0000% 0.0000% 0.40
up 451562 11.50 11.71 0 0 0.0000% 0.0000% 0.22
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Case

File Scen nl min max drop seq drop % seq % max-min
bidi 20738 11.03 11.50 0 0 0.0000% 0.0000% 0.47
dwn 20738 11.03 11.50 0 0 0.0000% 0.0000% 0.47
up 20738 11.03 11.50 0 0 0.0000% 0.0000% 0.47
bidi 20736 11.04 11.67 0 0 0.0000% 0.0000% 0.62
dwn 20736 11.04 11.07 0 0 0.0000% 0.0000% 0.02
up 20736 11.04 11.66 0 0 0.0000% 0.0000% 0.62
bidi 451552 26.51 26.97 0 0 0.0000% 0.0000% 0.46
dwn 451552 26.51 26.97 0 0 0.0000% 0.0000% 0.46
up 451552 26.51 26.73 0 0 0.0000% 0.0000% 0.23
bidi 113090 26.51 26.96 0 0 0.0000% 0.0000% 0.45
dwn 113090 26.51 26.97 0 0 0.0000% 0.0000% 0.47
up 113090 26.51 26.73 0 0 0.0000% 0.0000% 0.22
bidi 20737 26.03 26.51 0 0 0.0000% 0.0000% 0.48
dwn 20737 26.03 26.51 0 0 0.0000% 0.0000% 0.48
up 20737 26.03 26.51 0 0 0.0000% 0.0000% 0.48
bidi 20735 26.04 26.68 0 0 0.0000% 0.0000% 0.63
dwn 20735 26.04 26.07 0 0 0.0000% 0.0000% 0.02
up 20735 26.04 26.68 0 0 0.0000% 0.0000% 0.63
bidi 451529 51.61 73.98 4 2 0.0009% 0.0004% 22.37
dwn 451526 51.61 73.96 7 7 0.0016% 0.0016% 22.35
up 451530 51.61 73.91 3 0 0.0007% 0.0000% 22.30
bidi 391440 51.36 73.97 13 4 0.0033% 0.0010% 22.61
dwn 391442 51.36 73.97 11 0 0.0028% 0.0000% 22.61
up 391440 51.36 73.96 13 4 0.0033% 0.0010% 22.60
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Case

File Scen nl min max drop seq drop % seq % max-min
bidi 20737 51.04 51.62 0 0 0.0000% 0.0000% 0.58
dwn 20737 51.04 51.62 0 0 0.0000% 0.0000% 0.58
up 20737 51.04 51.62 0 0 0.0000% 0.0000% 0.58
bidi 20734 51.05 51.69 0 0 0.0000% 0.0000% 0.65
dwn 20734 51.05 51.07 0 0 0.0000% 0.0000% 0.02
up 20734 51.05 51.69 0 0 0.0000% 0.0000% 0.65
bidi 451514 76.62 78.23 1 0 0.0002% 0.0000% 1.61
dwn 451515 76.62 78.26 0 0 0.0000% 0.0000% 1.63
up 451515 76.62 78.11 0 0 0.0000% 0.0000% 1.49
bidi 113081 76.62 78.00 0 0 0.0000% 0.0000% 1.38
dwn 113081 76.62 77.82 0 0 0.0000% 0.0000% 1.20
up 113081 76.62 77.82 0 0 0.0000% 0.0000% 1.20
bidi 114898 76.62 78.11 0 0 0.0000% 0.0000% 1.49
dwn 114898 76.62 77.91 0 0 0.0000% 0.0000% 1.29
up 114898 76.62 77.81 0 0 0.0000% 0.0000% 1.19
bidi 20736 76.04 76.63 0 0 0.0000% 0.0000% 0.59
dwn 20736 76.04 76.63 0 0 0.0000% 0.0000% 0.59
up 20736 76.04 76.63 0 0 0.0000% 0.0000% 0.59
bidi 20733 76.05 76.70 0 0 0.0000% 0.0000% 0.66
dwn 20733 76.05 76.07 0 0 0.0000% 0.0000% 0.02
up 20733 76.05 76.70 0 0 0.0000% 0.0000% 0.65
bidi 451508 86.76 90.35 0 0 0.0000% 0.0000% 3.60
dwn 451508 86.76 90.38 0 0 0.0000% 0.0000% 3.62
up 451508 86.76 89.93 0 0 0.0000% 0.0000% 3.17
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File Scen nl min max drop seq drop % seq % max-min
bidi 113079 86.76 89.87 0 0 0.0000% 0.0000% 3.11
dwn 113079 86.76 89.89 0 0 0.0000% 0.0000% 3.14
up 113079 86.76 89.45 0 0 0.0000% 0.0000% 2.69
bidi 20735 86.05 86.77 0 0 0.0000% 0.0000% 0.72
dwn 20735 86.05 86.77 0 0 0.0000% 0.0000% 0.72
up 20735 86.05 86.77 0 0 0.0000% 0.0000% 0.72
bidi 20733 86.05 86.71 0 0 0.0000% 0.0000% 0.67
dwn 20733 86.05 86.07 0 0 0.0000% 0.0000% 0.02
up 20733 86.05 86.72 0 0 0.0000% 0.0000% 0.67
bidi 451494 101.77| 115.62 3 0 0.0007% 0.0000% 13.85
dwn 451492 101.77| 115.62 5 0 0.0011% 0.0000% 13.85
up 451494 101.77| 115.31 3 0 0.0007% 0.0000% 13.54
bidi 113077 101.77| 115.27 0 0 0.0000% 0.0000% 13.50
dwn 113077 101.77| 115.26 0 0 0.0000% 0.0000% 13.49
up 113076 101.77| 114.96 1 0 0.0009% 0.0000% 13.19
bidi 114897 101.77| 115.56 1 0 0.0009% 0.0000% 13.80
dwn 114897 101.77| 115.56 1 0 0.0009% 0.0000% 13.79
up 114897 101.77| 115.25 1 0 0.0009% 0.0000% 13.49
bidi 20735 101.05| 101.78 0 0 0.0000% 0.0000% 0.73
dwn 20735 101.05| 101.78 0 0 0.0000% 0.0000% 0.73
up 20735 101.05| 101.78 0 0 0.0000% 0.0000% 0.73
bidi 20733 101.05| 101.72 0 0 0.0000% 0.0000% 0.67
dwn 20733 101.05| 101.07 0 0 0.0000% 0.0000% 0.02
up 20733 101.05| 101.73 0 0 0.0000% 0.0000% 0.68
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Case

File Scen

nl min max drop seq drop % seq % max-min
bidi 451472 126.78| 140.45 7 0 0.0016% 0.0000% 13.68
dwn 451475 126.78| 140.73 4 0 0.0009% 0.0000% 13.95
up 451473 126.78| 140.32 6 0 0.0013% 0.0000% 13.54
bidi 113072 126.78| 140.10 0 0 0.0000% 0.0000% 13.32
dwn 113071 126.78| 140.37 1 0 0.0009% 0.0000% 13.59
up 113071 126.78| 139.97 1 0 0.0009% 0.0000% 13.19
bidi 114897 126.78| 140.40 1 0 0.0009% 0.0000% 13.62
dwn 114897 126.78| 140.67 1 0 0.0009% 0.0000% 13.89
up 114897 126.78| 140.27 1 0 0.0009% 0.0000% 13.49
bidi 20734 126.05| 126.79 0 0 0.0000% 0.0000% 0.74
dwn 20734 126.05| 126.79 0 0 0.0000% 0.0000% 0.74
up 20734 126.05| 126.79 0 0 0.0000% 0.0000% 0.74
bidi 20732 126.05| 126.74 0 0 0.0000% 0.0000% 0.69
dwn 20732 126.05| 126.07 0 0 0.0000% 0.0000% 0.02
up 20732 126.05| 126.74 0 0 0.0000% 0.0000% 0.69
bidi 451455 152.08| 158.84 5 0 0.0011% 0.0000% 6.76
dwn 451454 152.08| 159.21 6 0 0.0013% 0.0000% 7.13
up 451456 152.08| 158.58 4 0 0.0009% 0.0000% 6.50
bidi 20733 151.06| 152.09 0 0 0.0000% 0.0000% 1.02
dwn 20733 151.06| 152.09 0 0 0.0000% 0.0000% 1.03
up 20733 151.06| 152.09 0 0 0.0000% 0.0000% 1.02
bidi 20731 151.14| 153.67 0 0 0.0000% 0.0000% 2.53
dwn 20731 151.14| 151.27 0 0 0.0000% 0.0000% 0.13
up 20731 151.14| 153.67 0 0 0.0000% 0.0000% 2.53
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)
Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max
Dpl |up | bidi PartlyMgd 2.9 2.9 0.1| 0.0 3.0| 229.8 232.8 29.1| 11.2| 285.7| 240.4| 22.4| 528.8
Dpl | dwn | bidi PartlyMgd 5.4 5.5 21| 0.0| 124| 26.1 23.2 42.9| 11.0| 1146.9| 23.2| 22.2 24.2
Dp2 |up | bidi PartlyMgd 1.4 15 0.1| 0.0 15| 416.3 422.6 95.1| 26.3| 682.2| 428.7| 52.7| 1094.3
Dp2 | dwn | bidi PartlyMgd 2.2 1.9 16| 0.0 91| 46.2 31.0 130.8| 26.0| 2952.3| 53.3| 52.3 54.4
Dp3 |up | bidi PartlyMgd 15 15 0.1| 0.0| 15| 447.1 459.7 98.1| 51.3| 785.9| 487.3| 102.8| 1129.2
Dp3 | dwn | bidi PartlyMgd 2.0 1.6 15| 0.0/ 80| 778 61.6 100.7| 51.1| 2315.3| 103.4| 102.3| 104.4
Dp4 |up | bidi PartlyMgd 0.7 0.7 0.2| 0.0 1.0| 1179 98.6 74.1| 76.5| 1498.5| 197.6| 153.1| 763.3
Dp4 | dwn | bidi PartlyMgd 0.7 0.7 0.3| 0.0| 27| 987 89.3 40.1| 78.3| 1682.1| 154.8| 154.6| 155.0
Dp5 |up | bidi PartlyMgd 0.5 0.5 0.3| 0.0 1.0| 162.6 137.8 104.4| 101.5| 3561.3| 327.5| 203.2| 1495.3
Dp5 | dwn | bidi PartlyMgd 0.6 0.6 0.3| 0.0 2.7| 225.9 158.7 224.0| 101.2| 4679.8| 203.6| 202.6| 204.7
Dp6 |up | bidi PartlyMgd 0.5 0.5 0.2| 0.0 1.0| 249.0 219.9 100.5| 201.5| 1638.5| 449.0| 403.1| 1058.4
Dp6 | dwn | bidi PartlyMgd 0.5 0.4 0.3| 0.0 21| 226.1 211.2 65.1| 201.1| 1994.4| 404.4| 404.3| 404.6
2.9 2.9 0.1| 0.0 3.0| 231.0 233.2 29.0| 11.2| 280.1| 240.5| 22.4| 533.0
5.5 5.6 22| 0.0| 16.3| 28.0 21.1 75.7| 11.0| 1485.2| 23.2| 22.2 24.2
15 15 0.1, 0.0 15| 397.8 401.7 101.8| 26.3| 676.5| 409.0/ 52.7| 1055.2
2.3 1.9 1.7| 0.0| 10.0| 34.3 29.5 32.6| 26.0| 696.2| 53.3| 52.3 54.4
15 15 0.1, 0.0 1.5| 420.3 419.0 100.8| 51.3| 815.7| 455.9| 102.8| 1119.7
2.0 1.7 15| 0.0 97| 66.6 56.1 70.3| 51.1| 1910.0| 103.4| 102.3| 104.4
0.7 0.7 0.2| 0.0 1.0| 105.7 94.4 36.3| 76.5| 441.8| 178.4| 153.1| 447.4
0.8 0.7 04| 0.0| 36| 859 82.1 15.0| 76.1| 626.3| 153.6| 152.5| 154.6
0.6 0.6 0.2| 0.0 1.0| 130.2 119.3 34.8| 101.5| 516.4| 230.0| 203.2| 580.1
0.6 0.6 0.3| 0.0 2.8]| 116.5 111.2 18.9| 101.2| 448.8| 203.6| 202.6| 204.7
0.5 0.5 0.2| 0.0| 10| 2322 219.4 47.2| 201.5| 858.8| 430.7| 403.1| 1201.3
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)
Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max
0.6 0.5 04| 0.0 3.4| 2158 206.4 42.5| 201.1| 1256.2| 403.5| 402.5| 404.6
0.5 0.4 0.2| 0.0 1.0| 285.6 269.4 65.6| 251.5| 1429.8| 530.5| 503.2| 1344.7
0.5 0.4 04| 0.1| 3.0| 271.7 259.3 49.5| 255.3| 1108.8| 504.6| 504.7| 504.7
2.9 2.9 0.1| 0.0 3.0| 230.3 233.4 29.4| 11.2| 286.5| 239.8| 22.4| 527.9
5.4 5.6 22| 0.0| 13.2| 2438 20.8 54.4| 11.0| 1219.3| 23.2| 22.2 24.2
2.9 2.9 0.1| 0.0| 3.0| 2425 246.3 325| 26.2| 302.5| 266.7| 52.4| 537.0
5.1 5.2 23| 0.0| 14.8| 38.3 34.5 39.5| 26.0| 1040.6| 53.2| 52.2 54.2
2.9 2.9 0.1| 0.0 3.0| 259.2 263.9 36.8| 51.2| 328.7| 308.5| 102.4| 547.2
4.2 4.5 22| 0.0| 11.3| 64.6 62.9 25.0/ 51.0| 746.8| 103.2| 102.2| 104.2
1.9 1.9 0.1| 0.0 2.0| 3918 401.0 61.3| 76.2| 584.3| 462.8| 152.6| 841.1
2.5 2.1 19| 0.0| 84| 106.1 93.1 121.9| 76.0| 2795.9| 153.3| 152.3| 154.3
1.0 1.0 0.1| 0.0 1.0| 7249 740.4 139.2| 86.5| 1258.6| 781.2| 173.1| 1728.2
1.4 0.9 14| 0.0| 6.1| 137.6 92.5 236.5| -49.8| 3944.4| 174.5| 174.5| 1745
1.0 1.0 0.1| 0.0 1.0| 708.8 729.0 166.7| 101.5| 1488.6| 783.3| 203.1| 1861.8
1.3 1.0 1.1 0.0 49| 166.1 114.7 229.6| 101.0| 4280.4| 203.5| 202.5| 204.5
1.0 1.0 0.1| 0.0| 10| 7175 729.1 175.9| 126.5| 1351.7| 810.2| 253.1| 1798.6
1.4 1.0 12| 0.0/ 50| 1844 141.7 177.0| 127.0| 3464.5| 254.0| 253.4| 254.5
1.0 1.0 0.1| 0.0| 1.0| 7045 727.2 215.4| 151.5| 1631.3| 850.7| 303.1| 2007.3
1.2 1.3 0.7| 0.0| 2.2| 266.9 203.7 266.6| 152.0| 5150.4| 569.0| 304.6| 833.4
Dpl | dwn | dwn | Partly Mgd 20.2 20.0 1.0/ 0.0] 24.3| 36.0 37.2 85| 11.0 95.0| 40.2| 22.2 58.2
Dp2 | dwn | dwn | Partly Mgd 5.9 5.8 16| 0.0| 143 276 27.5 14| 26.0f 100.0{ 91.9| 52.3| 1314
Dp3 | dwn | dwn | Partly Mgd 3.7 3.5 14| 0.0/ 89| 543 53.2 6.5| 51.5| 294.3| 166.6| 102.8| 230.4
Dp4 | dwn | dwn | Partly Mgd 0.8 0.7 0.3| 0.0 6.0 924 83.4 38.9| 77.3| 1794.5| 250.7| 153.7| 347.6
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)

Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max

Dp5 | dwn | dwn | Partly Mgd 0.6 0.6 0.3| 0.0| 3.0| 2225 166.6 212.5| 102.0| 4681.6| 326.6| 203.5| 449.7

Dp6 | dwn | dwn | Partly Mgd 0.5 0.4 0.3| 0.0| 27| 2223 207.5 63.1| 203.2| 1826.2| 634.6| 404.6| 864.6

24.2 24.2 1.0/ 0.0| 24.3| 30.6 31.6 8.1| 11.0 43.7| 40.2| 22.2 58.2

5.9 5.8 1.7 0.0 141 273 27.3 0.3| 26.0 36.1| 91.9| 52.3| 1314

4.0 3.6 1.7| 0.0 12.1| 53.0 52.7 09| 511 73.2| 166.4| 102.3| 230.4

0.8 0.8 0.3| 0.0| 6.0 823 79.2 9.0| 76.1| 166.2| 250.1| 152.5| 347.6

0.7 0.6 0.3| 0.0 3.0| 111.7 107.3 14.8| 101.2| 276.7| 326.1| 202.6| 449.7

0.5 0.4 04| 0.0| 4.9| 2134 204.2 47.3| 201.1| 1372.2| 633.5| 402.5| 864.6

0.5 0.4 04| 0.0 3.0| 268.6 257.2 58.5| 251.2| 1506.6| 795.1| 502.6| 1087.7

25.2 25.3 1.2| 0.0 33.3| 28.2 29.0 7.8| 11.0 41.9| 40.2| 22.2 58.2

21.6 23.2 28| 0.0| 33.4| 3438 29.5 9.4| 26.0 59.5| 91.7| 52.2| 131.2

13.8 14.5 42| 0.0| 23.3] 59.2 52.9 12.5| 51.0| 231.4| 166.2| 102.2| 230.2

9.2 9.8 20| 0.0| 16.4| 104.1 101.2 25.8| 76.0| 550.3| 245.5| 152.8| 338.3

3.6 3.4 13| 0.0| 6.3| 922 88.5 14.6| 86.7| 238.5| 278.3| 173.1| 383.6

3.1 3.1 1.0/ 0.0| 6.1| 131.6 107.8 47.9| 101.8| 606.8| 325.4| 203.2| 447.6

2.7 2.6 1.0/ 0.0| 5.8| 151.6 130.9 46.2| 126.9| 665.7| 403.0| 253.4| 552.6

1.9 2.1 0.4| 0.0 9.0| 289.7 271.2 120.5| 151.1| 806.9| 476.0| 302.5| 649.6

Dpl |[up |up Partly Mgd 3.0 3.0 0.1| 0.0 3.0| 2298 233.7 29.7| 11.2| 283.1| 238.1| 22.4| 495.8

Dp2 |up |up Partly Mgd 15 15 0.0| 0.0 15| 4123 413.8 99.0| 26.3| 705.0| 423.2| 52.7| 1038.6

Dp3 |up |up Partly Mgd 15 15 0.0/ 0.0 15| 420.6 433.4 118.1| 51.3| 802.3| 455.8| 102.8| 1127.5

Dp4 |up |up Partly Mgd 0.7 0.7 0.2| 0.0| 10| 118.7 95.8 63.0| 76.5| 1370.3| 195.1| 153.1| 774.0

Dp5 |[up |up Partly Mgd 0.6 0.5 0.2| 0.0 1.0| 1453 125.1 80.7| 101.5| 3339.8| 251.2| 203.2| 714.2

Dp6 |up |up Partly Mgd 0.5 0.4 0.2| 0.0| 1.0| 2325 2195 47.7| 201.5| 1395.7| 432.5| 403.1| 1324.7
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)

Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max

3.0 3.0 0.1| 0.0 3.0| 230.6 235.2 29.5| 11.2| 285.1| 239.0| 22.4| 496.4

15 15 0.0/ 0.0| 15| 3985 410.6 110.2| 26.3| 663.4| 410.7| 52.7| 1009.1

15 15 0.0/ 0.0 1.5]| 409.7 423.5 118.3| 51.3| 742.5| 444.7| 102.8| 1081.2

0.7 0.7 0.2| 0.0 1.0| 106.7 94.3 50.2| 76.5| 854.3| 179.8| 153.1| 1345.7

0.6 0.6 0.2| 0.0 1.0| 1343 119.3 63.7| 101.5| 1028.9| 233.1| 203.2| 1646.0

0.5 0.5 0.2| 0.0 1.0| 236.1 219.4 73.5| 201.5| 1394.1| 430.3| 403.1| 1324.7

0.5 0.4 0.2| 0.0 1.0| 287.7 269.4 76.4| 251.5| 1597.6| 530.4| 503.2| 1664.7

3.0 3.0 0.1| 0.0 3.0| 230.2 233.5 29.8| 11.2| 283.1| 238.5| 22.4| 4955

3.0 3.0 0.1| 0.0 3.0| 2426 245.9 32.1| 26.2| 298.9| 265.7| 52.4| 523.8

3.0 3.0 0.1| 0.0 3.0| 257.8 265.1 39.0/ 51.2| 384.2| 303.7| 102.4| 507.8

2.0 2.0 0.1| 0.0 2.0| 3929 405.7 62.1| 76.2| 539.8| 458.7| 152.6| 783.5

1.0 1.0 0.0/ 0.0 1.0| 697.1 726.5 171.2| 86.5| 1321.6| 742.5| 173.1| 1704.8

1.0 1.0 0.0/ 0.0 1.0| 6827 700.2 182.5| 101.5| 1331.3| 739.9| 203.1| 1727.4

1.0 1.0 0.1| 0.0 1.0| 699.2 721.8 187.6| 126.5| 1385.0| 779.0| 253.1| 1457.6

1.0 1.0 0.0/ 0.0 1.0| 7426 773.3 188.0| 151.5| 1404.1| 842.2| 303.1| 1432.4

Gpl |up | bidi Partly Mgd 32.8 33.3 25| 0.0| 35.0| 185 155 6.0 11.0 324 38.9| 221 76.7

Gpl | dwn | bidi Partly Mgd 29.7 30.4 21| 0.0| 329| 25.2 26.3 6.7| 11.0 40.7| 23.0| 22.1 24.0

Gp2 |up | bidi Partly Mgd 14.8 14.9 0.5| 0.0| 15.1| 60.0 59.1 79| 26.1 76.8| 80.3| 52.1| 136.6

Gp2 | dwn | bidi Partly Mgd 154 15.0 39| 0.0| 27.1] 353 35.2 3.3| 26.0| 112.0f 53.1| 52.1 54.1

Gp3 |up | bidi Partly Mgd 12.4 12.4 3.2| 0.0| 22.0] 60.2 60.0 44| 51.0| 124.9| 116.2| 102.1| 237.1

Gp3 | dwn | bidi Partly Mgd 16.4 17.7 43| 0.0| 22.0| 65.6 65.2 6.8| 51.0| 114.7| 103.1| 102.1| 104.1

Gp4 |up | bidi Partly Mgd 4.9 4.9 0.2| 0.0 5.0| 181.9 181.6 26.2| 76.1| 263.1| 229.1| 152.3| 442.4

Gp4 | dwn | bidi Partly Mgd 4.3 4.6 15| 0.0 10.4| 1014 102.4 19.6| 76.0| 699.3| 153.5| 152.9| 154.2
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)
Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max
Gp5 |up | bidi Partly Mgd 1.9 1.9 0.2| 0.0 2.0| 353.9 364.4 90.9| 101.2| 1408.0| 515.6| 202.6| 1672.1
Gp5 | dwn | bidi Partly Mgd 2.0 2.2 09| 0.0| 4.9| 2140 193.6 123.0| 101.1| 2211.1| 203.3| 202.3| 204.4
Gp6 |up | bidi Partly Mgd 3.9 4.9 17| 0.0| 51| 2724 262.7 76.4| 201.1| 800.0| 421.3| 402.3| 954.2
Gp6 | dwn | bidi Partly Mgd 2.5 2.2 19| 0.0| 10.7| 248.8 212.4 176.6| 201.1| 2331.4| 403.6| 403.0| 404.2
33.8 34.7 24| 0.0| 35.0| 24.0 25.3 54| 11.0 32.6| 37.8| 221 64.1
33.5 34.6 26| 0.0| 35.0| 183 16.2 52| 11.0 33.0| 23.0f 22.0 24.0
14.8 14.9 0.6| 0.0| 15.1| 61.0 60.1 76| 26.1 78.1| 80.7| 52.1| 133.8
15.3 14.9 40| 0.0| 30.2| 33.8 33.6 27| 26.0 78.2| 53.1| 52.1 54.1
15.6 16.3 39| 0.0| 23.0/ 63.0 63.2 5.0/ 51.0| 116.9| 108.7| 102.1| 233.6
16.0 16.6 3.6| 0.0| 23.3| 64.3 64.4 59| 51.0| 184.5| 103.1| 102.1| 104.1
4.9 5.0 0.3| 0.0| 5.1| 186.0 186.2 26.4| 76.1| 236.9| 225.9| 152.3| 406.3
4.5 4.9 1.8| 0.0| 105/ 96.0 95.5 36.4| 76.0| 1013.9| 153.1| 152.1| 154.2
2.0 2.0 0.1| 0.0 2.1| 395.7 402.8 67.0| 101.2| 689.6| 507.4| 202.6| 956.3
2.2 2.2 14| 0.0| 5.0| 152.8 147.2 78.3| 101.1| 2393.0| 203.3| 202.3| 204.4
3.9 5.0 1.8| 0.0| 51| 271.2 257.8 81.7| 201.1| 815.3| 417.3| 402.3| 909.3
2.4 1.9 20| 0.0| 9.7| 256.9 208.8 218.3| 201.1| 2764.6| 403.1| 402.1| 404.2
1.9 2.0 0.3/ 0.0 21| 5121 530.0 115.0| 251.2| 1265.4| 571.1| 502.6| 1459.5
1.6 1.0 15| 0.0/ 5.1| 338.9 269.4 241.5| 251.1| 3528.8| 503.3| 502.3| 504.4
24.8 25.0 09| 0.0| 25.1| 328 33.7 48| 11.0 40.6| 44.7| 22.1 66.3
17.7 17.3 3.2| 0.0| 36.7| 19.8 19.9 1.1 11.0 2401 23.0f 22.0 24.0
24.2 24.9 22| 0.0| 25.3| 439 42.2 6.0| 26.0 57.5| 61.1| 52.1| 131.1
16.2 15.7 48| 0.0| 36.1| 331 33.1 24| 26.0 90.8| 53.0f 52.0 54.0
12.2 12.2 40| 0.0| 23.0| 585 57.6 10.6| 51.0| 473.4| 115.7| 102.1| 279.0
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)
Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max
155 16.9 46| 0.0| 23.2| 649 63.2 14.7| 51.3| 455.2| 103.2| 102.3| 104.1
11.6 12.9 47| 0.0| 17.4| 844 82.9 75| 76.0| 255.2| 158.3| 152.1| 336.5
12.1 13.3 43| 0.0| 18.8| 84.9 83.3 8.2| 76.0| 331.7| 153.0| 152.0| 154.1
9.0 9.4 27| 0.0| 148 97.2 96.5 20.1| 86.0| 886.5| 181.8| 172.1| 376.7
10.7 11.9 34| 0.0| 14.1| 1015 100.3 10.4| 86.0| 359.8| 173.3| 1725 174.1
7.0 7.3 27| 0.0| 13.5| 111.2 108.3 31.8| 101.0| 1188.9| 212.5| 202.1| 622.4
9.2 10.4 3.0/ 0.0| 12.4| 115.6 112.8 13.2| 101.3| 459.9| 203.2| 202.4| 204.1
6.5 6.7 3.6| 0.0| 13.6| 134.8 1315 18.9| 126.0| 588.2| 261.3| 252.1| 551.1
7.6 8.1 29| 0.0| 13.2| 138.6 135.1 14.0| 126.4| 588.3| 253.4| 252.7| 254.1
4.2 4.9 14| 0.0/ 51| 2324 230.5 54.7| 151.1| 850.2| 328.5| 302.3| 792.5
3.2 3.4 19| 0.0| 7.2| 194.0 180.7 106.5| 151.4| 2576.8| 303.3| 302.5| 304.2
Gpl | dwn | dwn | Partly Mgd 31.3 31.1 1.4 0.0| 354| 305 31.2 43| 11.0 45.6| 40.0| 22.0 58.1
Gp2 |dwn | dwn | Partly Mgd 30.4 31.1 42| 0.0| 354| 39.6 39.0 59| 26.0 73.5| 91.6| 52.1| 131.1
Gp3 | dwn | dwn | Partly Mgd 19.3 20.9 47| 0.0| 229| 623 61.5 7.4| 51.0| 165.3| 166.1| 102.1| 230.1
Gp4 |dwn | dwn | Partly Mgd 10.2 10.8 24| 0.0| 13.3| 109.0 108.6 21.9| 76.1| 490.7| 249.6| 152.1| 347.2
Gp5 |dwn | dwn | Partly Mgd 3.0 2.8 0.7| 0.0| 5.0| 293.0 296.1 153.2| 101.1| 3366.0| 325.8| 202.3| 449.4
Gp6 |dwn | dwn | Partly Mgd 4.5 4.6 29| 0.0] 11.1| 2151 210.4 20.0| 201.1| 935.0| 633.1| 402.1| 864.2
35.3 35.4 12| 0.0 354 29.2 30.2 39| 11.0 33.7| 40.0f 22.0 58.1
34.2 35.4 48| 0.0| 354| 385 37.5 51| 26.0 48.2| 91.6| 52.1| 1311
20.2 22.0 5.0/ 0.0| 23.3| 57.7 55.6 48| 51.0 71.0| 166.1| 102.1| 230.1
12.8 14.7 39| 0.0| 15.1| 864 84.2 8.2| 76.0| 107.3| 249.6| 152.1| 347.2
5.0 5.0 04| 0.0 5.1| 205.2 209.9 35.6| 101.1| 282.7| 325.8| 202.3| 449.4
4.9 4.3 36| 0.0 12.2] 2111 207.5 18.5| 201.1| 935.1| 633.1| 402.1| 864.2
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)
Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max
3.4 3.9 17| 0.0| 5.1| 284.8 280.4 27.6| 251.1| 585.6| 794.8| 502.3| 1087.4
42.5 42.5 1.6| 0.0|] 505| 254 26.3 35| 111 29.6| 40.2| 224 58.1
38.5 40.5 6.5| 0.0| 41.2| 329 32.3 3.7| 26.0 39.8| 91.5| 52.0, 131.1
17.3 19.1 49| 0.0| 23.3] 63.0 59.6 13.9| 51.0| 408.4| 166.0| 102.0| 230.1
12.8 14.3 46| 0.0 19.1| 86.1 87.0 7.0| 76.0| 257.3| 245.0| 152.0| 338.1
11.4 13.2 3.7 0.0| 141 97.7 94.7 9.7| 86.0| 355.9| 277.6| 172.1| 383.1
9.6 11.1 3.2| 0.0| 13.1| 1135 110.8 12.7| 101.3| 410.0| 324.7| 202.3| 447.1
7.5 8.2 29| 0.0| 12.1| 138.2 135.1 17.8| 126.0| 816.2| 402.0| 252.1| 552.1
5.8 7.1 24| 0.0| 86| 186.2 184.5 24.9| 151.5| 508.4| 475.9| 302.6| 649.2
Gpl |up |up Partly Mgd 35.3 35.3 12| 0.0 354| 293 30.3 39| 11.0 33.7| 32.7| 22.1| 105.1
Gp2 |up |up Partly Mgd 15.1 15.1 0.5| 0.0| 15.2| 645 63.3 75| 26.1 79.0| 76.1| 52.1| 206.1
Gp3 |up |up Partly Mgd 20.0 22.0 5.0/ 0.0| 23.3| 59.6 60.6 6.1| 51.0 78.8| 105.8| 102.1| 365.1
Gp4 |up |up Partly Mgd 5.0 5.0 0.2| 0.0| 51| 1911 190.3 25.8| 76.1| 241.9| 221.3| 152.3| 540.2
Gp5 |up |up Partly Mgd 2.0 2.0 0.1| 0.0 2.0| 420.7 423.5 60.2| 101.2| 1334.3| 505.5| 202.6| 883.2
Gp6 |up |up Partly Mgd 3.9 5.0 1.8| 0.0/ 5.1| 265.8 245.6 83.9| 201.1| 767.8| 417.8| 402.3| 1324.2
35.3 35.4 12| 0.0 354 293 30.3 39| 11.0 33.8| 32.6| 22.1| 105.1
15.1 15.2 0.5| 0.0| 15.2| 645 63.2 75| 26.1 78.8| 76.0| 52.1| 206.1
20.3 22.0 51| 0.0| 23.4| 60.5 62.9 59| 51.0 80.8| 106.0| 102.1| 365.1
5.0 5.0 0.2| 00| 5.1]| 191.0 189.4 24.8| 76.1| 237.1| 221.8| 152.3| 540.2
2.0 2.0 0.1| 0.0| 21| 416.7 418.5 56.6| 101.2| 708.0| 500.1| 202.6| 701.4
3.9 5.0 1.8| 0.0| 5.1| 268.7 253.3 84.0| 201.1| 767.3| 418.1| 402.3| 1324.2
2.0 2.0 0.2| 0.0 2.1| 518.7 539.0 110.7| 251.2| 1306.5| 575.9| 502.6| 1664.4
25.2 25.3 1.0 0.0| 25.3| 37.2 38.4 48| 11.0 42.6| 43.3| 22.1| 1051
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iPerf bandwidth (Mbit/s) iPerf oneway delay (ms) RTT (ms)
Case| dir | Scen. Mgmt. Mean | Median | Std Dev | Min | Max | Mean | Median | Std Dev | Min Max Avg | Min Max
24.4 25.3 3.7 00| 25.3| 459 45.3 6.7| 26.0 57.9| 55.3| 52.1| 206.1
19.8 21.9 5.0/ 0.0| 23.3| 59.1 58.2 6.2| 51.0 87.2| 108.8| 102.1| 426.7
13.1 14.1 41| 00| 17.4| 834 80.4 8.1| 76.0| 253.5| 156.8| 152.1| 523.1
115 12.4 3.7| 0.0| 15.1| 94.2 91.9 9.5| 86.0| 355.8| 177.2| 172.1| 597.1
9.5 11.0 3.3| 00| 13.1| 108.4 104.5 11.1| 101.0| 420.9| 207.0| 202.1| 690.1
7.6 8.1 3.2| 0.0 129| 134.1 129.5 17.4| 126.0| 664.7| 258.4| 252.1| 849.1
4.4 5.0 13| 0.0| 51| 239.1 243.1 55.5| 151.1| 617.5| 322.8| 302.3| 1001.2
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Annex H

Electronic attachment
(This annex forms an integral part of this Recommendation.)

The electronic attachment is downloadable from the ITU website and is a part of this
Recommendatiarmhis file may be converted into a physical DVD data disk using atheakailable
software tools or package¥he data disk contents are described on the disk itself anthéa
following subdirectories:

ISO 9660 format file that is daloadable from thé€TU website:

| Jtc1 Impairment combination standard test cases (clausg 7.2)
| Jsimulator.tar.gi Readyto-build distribution (AnnersB and H)

T Jpcapi Input packet capture files of interfering traffic (Annex C)
T /DT DSL technologysimulator autput (Annex D)

T J/G1 GPONtechnologysmulator output (Annex D)
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Appendix |
TCP considerations
(Thisappendix does not form an integral part of Recommendation.)

This appendix is intended to explain some of the complexity added to the model due to the
introduction of TCP. With TCP as a Layer 4 Protocolide variations in performance can result.
This variation in performance is implementation dependent.

With UDP ftansport of video using th®IPEG transport mechanism (IPTV), encoder/decoder
performance and network quality are the primary influences on the quality that users will experience.
However, the particular implemetitan of UDP has little impacihis is becase UDP is intended to

be a simple protocol only for providing a sending and receiving port numbgth kadue and header
checksumAll other influences of the useexperience result from factors such as network bandwidth
available, network loss andldg characteristicsas well aprocessor efficiency in the encoder and
decoder.

To the contrarythe performance ofideotransport ovelf CPcan bevery implementation dependent.
Specifically, a particular Windows TCP stack may behave differently tpartiaular distribution of

Linux. In addition, TCP implementations involve algorithms that make the source and destination
dynamic, reacting to network conditions, rotinig-times (RTT) and availde bandwidthTCP flows

will be negatively inpacted by otér traffic flows.If those flows are also TCP based, predicting the
resulting conditions can be very complex. Even when the TCP session is created, the client and server
modules will negotiate down to a common set of operating parameters. As a rekigle iients

may receive video flows differently even with the same set of network conditiotisessaine server.

TCP stacks have evolved through several generations: Tahoe, Reno, New Reno, Compound and
Cubic. In each generation, capabilities and ogtiware added which could be tools for the developer

of the TCP stack. We will review some of these options to help clarify the sources of some of these
variations.

Selective acknowledgement (SACK) If a packetis dropped, the receiving TCP entity would
indicate it was still waiting for the droppg@dcket That is, ifpacketn was dropped, armacketn+1
arrived, the receiver would indicate it was still expectpacket n+1 (The receiver always
acknowledges packetby announcing whatacketit is now expecting)Even ifpackein+2 and n+3
arrived, their acknowledgements would indicate that the recei@erexpecting to receive n+lhe
standard rule for TCP operation dictates that after three duplicate ackigewlents (four identical
acknowledgements), the missing packet is declaretbetdost and is retransmittedin early
implementations of TCP, our scenario would have seen the transmitting stationpaslesiin+1,
n+2, and n+3This duplicaton of transntied packetsvastedtime and bandwidthWith a TCP
implementation that supportSACK, only packetn+1 needs tobe retransmittedMany of the
currently available TCP implementations support this.

Fast transmit/Fast recovery. Normally, TCP uses a timer totdemine when to retransmit a lost
packet(for which three duplicatpackets have not been received). I
long, high speed links, many packets can be sent but not acknowledged before a retransketted pac
is correctly acknovedged.Fast retransmit allows for faster transmission of lost packets and faster
reavery to the normal send ratdormal policy for a sending station that determines that a packet
has been lost is to drastically reduce the numb@ackes sent as a bik and to lowethe rate of
increase of transmissiomhe rapidity with which the transmission level recovers varies considerably
among the TCP variants. In older implementations the recovery is linear. Newer implementations use
scaling that is likely to & more aggressive, reducing the time to reach the maximum estimated
transmission rate.
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Window scaling: The window value, more properly window receive value, represents the number of
bytes a receiver is announcing that they can properly receive. Thaemesents thavailablesize

of the receive buffein early implementations of TCP, the value was restricted to 64k bytes because
the field in the TCP headénat held the value was 16 biw/ith modern high speed networks, this
value has posed a sifjoant limitationin filling links with packetsFor example, a one gigabit/s link
might be filled to 6680 Mb/s before the window value was reached. Since the value of the window
is negotiated at session start as part of the-tlwegehandshake, eithdre sender or receiver camit

the value to 64k or belowl.o overcome this limitationwindow scaling was introduced inewer
implementations of TCRn this procedure, the stations can negotiate the use of a window which is
large as 32 times 64k bytekhis significantly increases the ability of a station to saturate a link.
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Appendix Il

Hybrid box plots andviolin plots
(This appendix does not form an il part of this Recommendation.)

Many of the resulplotsin theelectronicattachments are a hybrid obax plot overlaying aviolin
plot [b-Violin]. These plotare an efficient way twisually displaya lot of statistal information

A violin plot can be described asrotated probability density function that has also been reflected
across a vertical axifn many cases the resulting shape looks like a violin.

A box plot shows similar statisticalinformationand is drawn as laox with whiskers andlots. The
box is centredon the median value, and thpper and lower limits of theox representhe 25% and
75% quartile®f the data arounthemedian Thewhisker lines extend from the ends of tex and
represent the 5995% ranges. Thdotsare drawn beyond the endthewhiskers andepresent the
1% outlier points othe data.

Figure Il.1 compares agrobability density plot, violin plot and abox plot for 1000 data points
generated from aormally distributegpseuderandom numbegenerator

Probability Density Plot Violin Plot Box Plot

/ \ Qr‘ﬂ,
;‘f \ /

\

Figure 11 .17 Density, violin, and box plots for a normal (0, 1) distribution

Some of he plotsprovided withthe simulation results for this Recommendateme an overlay o&
box plot with aviolin plot. An example is given in Figuié.2. In addition, a 4D densityplot of the
actual points is also added to the margin.

Figure 11 .27 Combined violin-BFlox plot for a normal (0,1)
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Appendix IlI

Simulation of high packetlossrates
(This appendix does not form an il part of this Recommendation.)

Applications that use TCP are insulated from packet loss because the TCP protocol provides reliable
delivery of data. TCP automatically detects when packets are lost and resends them. Therefore, at the
application layer, the primary observable symptom adket loss is increased latency. Applications
such as video that depend upon continuous data transmission typicaitgima buffer in the
receiver. The application reads from the buffer while the TCP layer writes received dat®untnd.
steadystate, the buffer remains at a constant levéleMfpacket loss occytbe application continues

to read from the buffer while the transport layer (T@Hs torecoverfrom the loss andatchup

with the application. If TCP recovery takes too long,éoample because packet loss is severe, then

the application buffer becomes empty and the video display frekzesafe to say that molstternet

users have seen this phenomenon attiomeor anotherSo when tsting applications carried over

TCP, padet loss is not as important as other network characteristics, such as latency.

Of course packet loss istill important to TCP algorithms becausasita normal and vital part of

T C P 6éongestion and rate control mechanisms. Packettypically lost when a network queue
becomes fullThis happens during times of high network utilization and congedtisrduringthese
periods of time that maximum delaydso occurOver time, link capacity can therefore be thought of
in terms of both bandwidth anckldy, and losses will occur during times of maximum delay on a
link. For applications carried over RTP/UDRpacket can be considered a lost packet if it exceeds a
specified delay threshold.

Therefore, lgh packet loss can be predicted using the empidgaulative distribution function
(CDF) ofdelay andhe method described below.

In this update of TU-T G.1050, the simulation produsBme series tables of bandwidth and delay
for the unmanagetbest effort link of the testcases defined by tHRecommendatianAn example
plot of this for the case Dp4 in the downward direction is shown in Fljute

The cdf for each test case is provided in tabular form in six files called
{D|G}out.{down|up|bidi}/cdf.csv. These files are part of the electronic attachment in Annex X.
Each of these files has one test case per line, and each line has the cdf ezlak farcentile level.

On the theory that excessively delayedkets are effectively lost packets, traffic periods that exceed
a chosen delay bound can be considered dropped. As an exam@iglecdhe cdf values in
Tablelll.1 andits plot in Figurelll.2. For this test case, 2060 loss could be generated if packets
exceedindl60.779ms of delay were to be discarded.
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