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Overview | Motivation

! Literature has largely focussed on measuring IPv6 adoption [5, 6, 7] (′10 −′14).

! Addressing
! Naming
! Routing
! Reachability

! Very little work [8] on measuring performance of service delivery over IPv6.
! Largely due to lack of available content over IPv6.
! A number of significant events occured during the span of this dissertation.

! IANA IPv4 Address Exhaustion [9]
! World IPv6 Day ′11 [10]
! World IPv6 Launch Day ′12 [11]
! RIR IPv4 Address Exhaustion [9]

APNIC Apr′11
RIPE Sep′12
LACNIC Jun′14
ARIN Sep′15
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Overview | Motivation

! Large IPv6 broadband rollouts1 [4].
! Global IPv6 adoption [12].

09/2012 0.85%
11/2016 12.46%

Belgium 47.38%
United States 30.12%
Switzerland 26.95%
Germany 26.61%

! This study closes the gap.
! It measures IPv6 performance of operational dual-stacked content delivery services.

1Comcast, Deutsche Telekom AG, AT&T, Verizon Wireless, T-Mobile USA
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Overview | Measurement Trial

1(7:25. 7<3( �

5(6,'(17,$/ ��
15(1 � 5(6($5&+ ��
%86,1(66 � '$7$&(17(5 ��
23(5$725 /$% ��
,;3 ��

5,5 �

5,3( ��
$5,1 ��
$31,& ��
$)5,1,& ��
/$&1,& ��

We measure from 80 dual-stacked SamKnows [13] probes.
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TCP Connect Times Happy EyeballsYouTube Web Similarity

Measuring IPv6 Performance

Ahsan et al. [1] Bajpai et al. [2] Eravuchira et al. [3]Bajpai et al. [4]

* entries are papers currently under review.
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TCP Connect Times | Trends (2013 - 2016)

∆sa(u) = t4(u)− t6(u)

where t(u) is the time taken to establish TCP connection to website u.
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! TCP connect times to popular websites over IPv6 have considerably improved over time.
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TCP Connect Times | Who connects faster?

ALEXA top 10K websites (as of May 2016):

! 18% are faster over IPv6.
! 91% of the rest are at most 1 ms slower.
! 3% are at least 10 ms slower.
! 1% are at least 100 ms slower. З��� З��� ��� ��� ���
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∆sa(u) = t4(u) − t6(u)
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TCP Connect Times | IPv6 Preference

��� ��� ��� ��� ����
���
���
���
���
���
���

&&
') 352%(6�����
$/(;$����.�

>�
��

��
��

��
��

@3UHIHUHQFH������PV�

! A 300 ms HE timer value leaves 2% chance for IPv4.
! 99% of top 10K ALEXA prefer IPv6 98% of time.

10 / 27



Overview

TCP connect times
Trends

Who connects faster?

Preference

YouTube
Latency

Preference

Happy Eyeballs
Preference

Slowness

Lowering HE Timer

Web Similarity
Success Rate

Causality Analysis

Takeway

Q/A

Overview | Measuring YouTube

TCP Connect Times Happy EyeballsYouTube Web Similarity

Measuring IPv6 Performance

Ahsan et al. [1] Bajpai et al. [2] Eravuchira et al. [3]Bajpai et al. [4]

* entries are papers currently under review.
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YouTube | Latency

! TCP connect times

! < 1 ms slower over IPv6
! Higher towards webpages

! Prebuffering durations

! > 25 ms slower over IPv6

! Startup delay

! > 100 ms slower over IPv6
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∆t(y) = tc4(y) − tc6(y)
∆p(y) = pd4(y) − pd6(y)
∆s(y) = sd4(y) − sd6(y)

Latency is consistently higher over IPv6.
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YouTube | IPv6 Preference
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! Media streams are preferred over IPv6 more than 97% of the time.
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Overview | Measuring Effects of Happy Eyeballs

TCP Connect Times Happy EyeballsYouTube Web Similarity

Measuring IPv6 Performance

Ahsan et al. [1] Bajpai et al. [2] Eravuchira et al. [3]Bajpai et al. [4]

* entries are papers currently under review.
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Happy Eyeballs | Preference
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! Only ∼1% of samples above HE timer value > 300 ms

15 / 27



Overview

TCP connect times
Trends

Who connects faster?

Preference

YouTube
Latency

Preference

Happy Eyeballs
Preference

Slowness

Lowering HE Timer

Web Similarity
Success Rate

Causality Analysis

Takeway

Q/A

Happy Eyeballs | Slowness

Samples where HE prefers IPv6 −

! HE prefers slower IPv6
connections 90% of the time.

! Absolute difference is not that far
apart from IPv4

! 30% − at least 1 ms slower.
! 7% − at least 10 ms slower.
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∆sa(u) = t4(u) − t6(u)

∆sr(u) =
t4(u)−t6(u)

t4(u)

Can a lower HE timer provide same preference over IPv6 but not penalise IPv4 when it’s faster?
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Happy Eyeballs | Lowering HE Timer

! We control two2 parameters and
lower the HE timer value.

! Each data point is the 1th

percentile preference towards
ALEXA 10K websites.

! Lowering to 150 ms retains
preference levels over IPv6.

! We get margin benefit of 10%
(18.9K) because timer cuts early.
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299% ALEXA top 10K websites prefer IPv6 connections 98.6% of the time
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Overview | Measuring Web Similarity

TCP Connect Times Happy EyeballsYouTube Web Similarity

Measuring IPv6 Performance

Ahsan et al. [1] Bajpai et al. [2] Eravuchira et al. [3]Bajpai et al. [4]

* entries are papers currently under review.
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Web Similarity | Success Rate

Can we fetch all webpage elements over IPv6?

! 27% of websites show some rate of failure over IPv6.

! 9% exhibit more than 50% failures over IPv6.

! 6% show complete failure (0% success) over IPv6.

� �� �� �� �� ���
6XFFHVV�5DWH����

���
���
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���
���
���
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)

,3Y�������
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# Webpage Success Rate (%) W6LDIPv6(↓) IPv4

�� ZZZ�ELQJ�FRP � ��� !
�� ZZZ�GHWLN�FRP � ��� !
�� ZZZ�HQJDGJHW�FRP � ��� !
�� ZZZ�QLIW\�FRP � ���
�� ZZZ�TT�FRP � ���
�� ZZZ�VDNXUD�QH�MS � ���
�� ZZZ�IOLSNDUW�FRP �� �� !
�� ZZZ�IROKD�XRO�FRP�EU �� ���
�� ZZZ�DRO�FRP �� ��� !

�� ZZZ�FRPFDVW�QHW �� ��� !
�� ZZZ�\DKRR�FRP �� ��� !
�� ZZZ�PR]LOOD�RUJ �� ��� !
�� ZZZ�RUDQJH�IU �� ��� !
�� ZZZ�VH]QDP�F] �� ��� !
�� ZZZ�PRELOH�GH �� ��� !
�� ZZZ�ZLNLPHGLD�RUJ �� ���
�� ZZZ�W�RQOLQH�GH �� ��� !
�� ZZZ�IUHH�IU �� ���
�� ZZZ�XVSV�FRP �� ���
�� ZZZ�YN�FRP �� ��� !
�� ZZZ�ZLNLSHGLD�RUJ �� ��� !
�� ZZZ�ZLNWLRQDU\�RUJ �� ���
�� ZZZ�HOPXQGR�HV �� ��� !
�� ZZZ�XRO�FRP�EU �� ��� !
�� ZZZ�PDUFD�FRP �� ��� !
�� ZZZ�WHUUD�FRP�EU �� ��� !
�� ZZZ�\RXP��FRP �� ���
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Web Similarity | Success Rate

ALEXA top 100 dual-stacked websites:

! 6% show complete failure over IPv6.

# Webpage Success Rate (%) W6LDIPv6(↓) IPv4

�� ZZZ�ELQJ�FRP � ��� !
�� ZZZ�GHWLN�FRP � ��� !
�� ZZZ�HQJDGJHW�FRP � ��� !
�� ZZZ�QLIW\�FRP � ���
�� ZZZ�TT�FRP � ���
�� ZZZ�VDNXUD�QH�MS � ���

! Metrics that measure IPv6 adoption should
account for changes in IPv6-readiness.
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Web Similarity | Causality Analysis

Where in the network does the failure occur?

� �� �� ��
ZZZ�\RXP��FRP�����

ZZZ�WHUUD�FRP�EU�����
ZZZ�PDUFD�FRP�����
ZZZ�XRO�FRP�EU�����
ZZZ�HOPXQGR�HV�����

ZZZ�ZLNWLRQDU\�RUJ�����
ZZZ�ZLNLSHGLD�RUJ�����

ZZZ�YN�FRP�����
ZZZ�XVSV�FRP�����
ZZZ�IUHH�IU�����

ZZZ�W�RQOLQH�GH�����
ZZZ�ZLNLPHGLD�RUJ������

ZZZ�PRELOH�GH������
ZZZ�VH]QDP�F]������
ZZZ�RUDQJH�IU������

ZZZ�PR]LOOD�RUJ������
ZZZ�\DKRR�FRP������

ZZZ�FRPFDVW�QHW������
ZZZ�DRO�FRP������

ZZZ�IROKD�XRO�FRP�EU������
ZZZ�IOLSNDUW�FRP������
ZZZ�VDNXUD�QH�MS�������

ZZZ�TT�FRP�������
ZZZ�QLIW\�FRP�������

ZZZ�HQJDGJHW�FRP�������
ZZZ�GHWLN�FRP�������
ZZZ�ELQJ�FRP�������

1HWZRUN�/HYHO
&85/(B2.
&85/(B&28/'17B5(62/9(B+267
&85/(B&28/'17B&211(&7
&85/(B23(5$7,21B7,0('287
&85/(B*27B127+,1*
&85/(B5(&9B(5525

� �� �� ��
&RQWULEXWLRQ����

&RQWHQW�/HYHO


�FVV

�KWPO

�MDYDVFULSW��
�MVRQ

�RFWHW�VWUHDP

�SODLQ

�UGI

�[PO
LPDJH�


� �� �� ��

6HUYLFH�/HYHO

6$0(�25,*,1
&5266�25,*,1

:HEVLWH�IDLOLQJ�RYHU�,3Y�

! &85/(B&28/'17B5(62/9(B+267 is the major contributor to failure rates.
! AAAA entries missing for these webpage elements in the DNS.
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Web Similarity | Causality Analysis

Which type of objects fail more than others?

� �� �� ��
ZZZ�\RXP��FRP�����

ZZZ�WHUUD�FRP�EU�����
ZZZ�PDUFD�FRP�����
ZZZ�XRO�FRP�EU�����
ZZZ�HOPXQGR�HV�����

ZZZ�ZLNWLRQDU\�RUJ�����
ZZZ�ZLNLSHGLD�RUJ�����

ZZZ�YN�FRP�����
ZZZ�XVSV�FRP�����
ZZZ�IUHH�IU�����

ZZZ�W�RQOLQH�GH�����
ZZZ�ZLNLPHGLD�RUJ������

ZZZ�PRELOH�GH������
ZZZ�VH]QDP�F]������
ZZZ�RUDQJH�IU������

ZZZ�PR]LOOD�RUJ������
ZZZ�\DKRR�FRP������

ZZZ�FRPFDVW�QHW������
ZZZ�DRO�FRP������

ZZZ�IROKD�XRO�FRP�EU������
ZZZ�IOLSNDUW�FRP������
ZZZ�VDNXUD�QH�MS�������

ZZZ�TT�FRP�������
ZZZ�QLIW\�FRP�������

ZZZ�HQJDGJHW�FRP�������
ZZZ�GHWLN�FRP�������
ZZZ�ELQJ�FRP�������

1HWZRUN�/HYHO
&85/(B2.
&85/(B&28/'17B5(62/9(B+267
&85/(B&28/'17B&211(&7
&85/(B23(5$7,21B7,0('287
&85/(B*27B127+,1*
&85/(B5(&9B(5525

� �� �� ��
&RQWULEXWLRQ����

&RQWHQW�/HYHO


�FVV

�KWPO

�MDYDVFULSW��
�MVRQ

�RFWHW�VWUHDP

�SODLQ

�UGI

�[PO
LPDJH�


� �� �� ��

6HUYLFH�/HYHO

6$0(�25,*,1
&5266�25,*,1

:HEVLWH�IDLOLQJ�RYHU�,3Y�

! LPDJH�
� 
�MDYDVFULSW� 
�MVRQ DQG 
�FVV content contribute to the majority of the failure over IPv6.
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Web Similarity | Causality Analysis

Where do the failing objects originate from?

� �� �� ��
ZZZ�\RXP��FRP�����

ZZZ�WHUUD�FRP�EU�����
ZZZ�PDUFD�FRP�����
ZZZ�XRO�FRP�EU�����
ZZZ�HOPXQGR�HV�����

ZZZ�ZLNWLRQDU\�RUJ�����
ZZZ�ZLNLSHGLD�RUJ�����

ZZZ�YN�FRP�����
ZZZ�XVSV�FRP�����
ZZZ�IUHH�IU�����

ZZZ�W�RQOLQH�GH�����
ZZZ�ZLNLPHGLD�RUJ������

ZZZ�PRELOH�GH������
ZZZ�VH]QDP�F]������
ZZZ�RUDQJH�IU������

ZZZ�PR]LOOD�RUJ������
ZZZ�\DKRR�FRP������

ZZZ�FRPFDVW�QHW������
ZZZ�DRO�FRP������

ZZZ�IROKD�XRO�FRP�EU������
ZZZ�IOLSNDUW�FRP������
ZZZ�VDNXUD�QH�MS�������

ZZZ�TT�FRP�������
ZZZ�QLIW\�FRP�������

ZZZ�HQJDGJHW�FRP�������
ZZZ�GHWLN�FRP�������
ZZZ�ELQJ�FRP�������

1HWZRUN�/HYHO
&85/(B2.
&85/(B&28/'17B5(62/9(B+267
&85/(B&28/'17B&211(&7
&85/(B23(5$7,21B7,0('287
&85/(B*27B127+,1*
&85/(B5(&9B(5525

� �� �� ��
&RQWULEXWLRQ����

&RQWHQW�/HYHO


�FVV

�KWPO

�MDYDVFULSW��
�MVRQ

�RFWHW�VWUHDP

�SODLQ

�UGI

�[PO
LPDJH�


� �� �� ��

6HUYLFH�/HYHO

6$0(�25,*,1
&5266�25,*,1

:HEVLWH�IDLOLQJ�RYHU�,3Y�

! Both same and cross origin sources contribute to the failure of webpage elements over IPv6.
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Web Similarity | Causality Analysis

What is failure contribution of same-origin sources?

� �� �� ��
&RQWULEXWLRQ����

ZZZ�\RXP��FRP�����
ZZZ�WHUUD�FRP�EU�����

ZZZ�PDUFD�FRP�����
ZZZ�XRO�FRP�EU�����
ZZZ�HOPXQGR�HV�����

ZZZ�ZLNWLRQDU\�RUJ�����
ZZZ�ZLNLSHGLD�RUJ�����

ZZZ�YN�FRP�����
ZZZ�XVSV�FRP�����
ZZZ�IUHH�IU�����

ZZZ�W�RQOLQH�GH�����
ZZZ�ZLNLPHGLD�RUJ������

ZZZ�PRELOH�GH������
ZZZ�VH]QDP�F]������
ZZZ�RUDQJH�IU������

ZZZ�PR]LOOD�RUJ������
ZZZ�\DKRR�FRP������

ZZZ�FRPFDVW�QHW������
ZZZ�DRO�FRP������

ZZZ�IROKD�XRO�FRP�EU������
ZZZ�IOLSNDUW�FRP������

ZZZ�VDNXUD�QH�MS�������
ZZZ�TT�FRP�������

ZZZ�QLIW\�FRP�������
ZZZ�HQJDGJHW�FRP�������

ZZZ�GHWLN�FRP�������
ZZZ�ELQJ�FRP�������


�\RXP��FRP

�WHUUD�FRP�EU

�PDUFD�FRP

�XRO�FRP�EU

�HOPXQGR�HV

�ZLNWLRQDU\�RUJ

�ZLNLSHGLD�RUJ

�YN�FRP

�XVSV�FRP

�IUHH�IU

�W�RQOLQH�GH

�ZLNLPHGLD�RUJ

�PRELOH�GH

�VH]QDP�F]

�RUDQJH�IU

�PR]LOOD�RUJ

�\DKRR�FRP

�FRPFDVW�QHW

�DRO�FRP

�XRO�FRP�EU

�IOLSNDUW�FRP

�VDNXUD�QH�MS

�TT�FRP

�QLIW\�FRP

�HQJDGJHW�FRP

�GHWLN�FRP

�ELQJ�FRP

6$0(�25,*,1

! 12% of websites have more than 50% webpage elements
that belong to the same origin source and fail over IPv6.

# Webpage Same Origin (↓)

�� ZZZ�ELQJ�FRP ����
�� ZZZ�GHWLN�FRP ����
�� ZZZ�HQJDGJHW�FRP ����
�� ZZZ�QLIW\�FRP ����
�� ZZZ�XVSV�FRP ����
�� ZZZ�TT�FRP ����
�� ZZZ�VDNXUD�QH�MS ����
�� ZZZ�FRPFDVW�QHW ���
�� ZZZ�\DKRR�FRP ���
�� ZZZ�WHUUD�FRP�EU ���
�� ZZZ�PDUFD�FRP ���
�� ZZZ�ZLNLPHGLD�RUJ ���

�� ZZZ�HOPXQGR�HV ���
�� ZZZ�YN�FRP ���
�� ZZZ�W�RQOLQH�GH ���
�� ZZZ�\RXP��FRP ���
�� ZZZ�ZLNWLRQDU\�RUJ ���
�� ZZZ�ZLNLSHGLD�RUJ ���
�� ZZZ�IUHH�IU ���
�� ZZZ�IROKD�XRO�FRP�EU ���
�� ZZZ�PR]LOOD�RUJ ��
�� ZZZ�XRO�FRP�EU ��
�� ZZZ�PRELOH�GH ��
�� ZZZ�DRO�FRP ��
�� ZZZ�RUDQJH�IU ��
�� ZZZ�VH]QDP�F] ��
�� ZZZ�IOLSNDUW�FRP ��

24 / 27



Overview

TCP connect times
Trends

Who connects faster?

Preference

YouTube
Latency

Preference

Happy Eyeballs
Preference

Slowness

Lowering HE Timer

Web Similarity
Success Rate

Causality Analysis

Takeway

Q/A

Web Similarity | Causality Analysis

What is failure contribution of cross-origin sources?

� �� �� ��
&RQWULEXWLRQ����

ZZZ�\RXP��FRP�����
ZZZ�WHUUD�FRP�EU�����

ZZZ�PDUFD�FRP�����
ZZZ�XRO�FRP�EU�����
ZZZ�HOPXQGR�HV�����

ZZZ�ZLNWLRQDU\�RUJ�����
ZZZ�ZLNLSHGLD�RUJ�����

ZZZ�YN�FRP�����
ZZZ�XVSV�FRP�����
ZZZ�IUHH�IU�����

ZZZ�W�RQOLQH�GH�����
ZZZ�ZLNLPHGLD�RUJ������

ZZZ�PRELOH�GH������
ZZZ�VH]QDP�F]������
ZZZ�RUDQJH�IU������

ZZZ�PR]LOOD�RUJ������
ZZZ�\DKRR�FRP������

ZZZ�FRPFDVW�QHW������
ZZZ�DRO�FRP������

ZZZ�IROKD�XRO�FRP�EU������
ZZZ�IOLSNDUW�FRP������

ZZZ�VDNXUD�QH�MS�������
ZZZ�TT�FRP�������

ZZZ�QLIW\�FRP�������
ZZZ�HQJDGJHW�FRP�������

ZZZ�GHWLN�FRP�������
ZZZ�ELQJ�FRP�������

&5266�25,*,1


�DGLWLRQ�FRP

�DMD[�JRRJOHDSLV�FRP

�DROFGQ�FRP

�FLPFRQWHQW�QHW

�FUHDWLYHFRPPRQV�RUJ

�G�Q[VW�IUXZ�]�FORXGIURQW�QHW

�GHPGH[�QHW

�GPWU\�FRP

�GRXEOHFOLFN�QHW

�HO�PXQGR�QHW

�HOPXQGR�HV

�H[SDQVLRQ�FRP

�I�L�XRO�FRP�EU

�IOL[FDUW�FRP

�JOREDOL]D�FRP

�LPDJHV��IROKD�FRP�EU

�LPHGLD�F]

�LPJXRO�FRP

�LPJXRO�FRP�EU

�LQWHUDFWLYHPHGLD�QHW

�LRDP�GH

�MVXRO�FRP�EU

�OHJXLGH�FRP


�OLJDWXV�FRP

�PDLO�UX

�PR]LOOD�QHW

�QDYGPS�FRP

�QHWELVFXLWV�QHW

�RPWUGF�QHW

�RSWLPL]HO\�FRP

�RXWEUDLQ�FRP

�SUR[DG�QHW

�TXDQWVHUYH�FRP

�VEORJ�F]

�VFRUHFDUGUHVHDUFK�FRP

�V]Q�F]

�WDJ�QDYGPS�FRP

�WHOYD�FRP

�WKHDGH[�FRP

�WRL�GH

�WUUVI�FRP

�XQLGDGHGLWRULDO�HV

�YRLOD�IU

�ZRRSLF�FRP

�ZZZ��IROKD�FRP�EU

�[LWL�FRP

! Some of the cross-origin sources contribute to the failure of multiple websites.
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Takeway

! ISPs should ensure CDN caches are dual-stacked form the very outset.
! ISPs should put latency as a first-class citizen.
! Measurements should be used to inform protocol-engineering.
! Metrics that measure IPv6 adoption should account for changes in IPv6-readiness.
! Limiting to root webpage can lead to overestimation of IPv6 adoption numbers.
! Let’s deem a website IPv6-ready when there is no partial failure over IPv6.
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Impact

! Measuring IPv6 Performance

! Measuring TCP Connect Times [NETWORKING ′15]
! Measuring YouTube Performance [PAM ′15]
! Measuring Effects of Happy Eyeballs [ANRW ′16]
! Measuring Web Similarity [CNSM ′16]

! Relevance:
! Network operators in early stages of IPv6 deployment.
! Content providers to see how their service delivery over IPv6 compares to IPv4.
! Drive related standards work in the IETF.

www.vaibhavbajpai.com
v.bajpai@jacobs-university.de | @bajpaivaibhav
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