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HTTP/1.1 : 6 — 17 Parallel TCP connections

HTTE [
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http://www.splicemarketing.co.uk/_blog/Splice_Blog/post/the-arrival-of-http2/




HTTP/2 : Single TCP connection + multiplexing

HTT F/2 HTTP/1.1
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HTTP/2

http://www.splicemarketing.co.uk/_blog/Splice_Blog/post/the-arrival-of-http2/




HTTP/2 : Single TCP connection + multiplexing

Server

Client

HTTP response 1 ——

HTTP response 2 ——>

HTTP response 3 —»

Single TCP connection
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Prioritization is needed to

orchestrate the
multiplexing of the
streams

https://blog.sessionstack.com/how-javascript-works-deep-dive-into-websockets-and-http-2-with-sse-how-to-pick-the-right-path-584e6b8e3bf7




HTTP/2 Prioritization
Dependency Tree Mechanism



Dependency tree
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Index.html

main.css

CP connection




Parent / Child dependencies

0 Parent first, then children

(B) (¢) Siblings share bandwidth
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Resource weights

(A) Parent first, then children
100 50

(B) (¢) Siblings share bandwidth

B gets 66%
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https://cloudpack.media/37251




Two naive approaches : FCFS vs RR

First-Come
First-Served
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Real-world Browser Behavior



Real Browser Results Visualization with H2Vis

ID: 3 T: PRIORITY S:CLIENT P: 0  EF W:2M
ID: 5 T: PRIORITY S: CLIENT P:0 E:F W:101
ID: 7 T: PRIORITY S: CLIENT P:0 E:F W:1
ID: 9 T: PRIORITY S: CLIENT P:7 EF W:1
ID: 11 T:PRIORITY S: CLIENT P:3 EF W:1
ID:13 T PRIORITY S:CLIENT P:0 EF W:241
ID:15 T HEADERS S: CLIENT P:13 W 42
1
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ID:17 T DATA Soyer EST
ID:19 T DATA Senver EST
ID:21 T DATA Scnyer EST
ID:23 T DATA Scnyen EST
ID:25 T DATA Scnver EST
ID:27 T DATA Senyen EST
ID:29 T DATA Snver EST
ID:31 T DATA Soyer EST

. > 5 .

ID:15 T DATA SERVER ES: T

ID: 17 T HEADERS S: CLIENT P:3 W22

ID: 19 T HEADERS S: CLIENT P: 11 W 2
. T .

ID: 19 RST_STREAM S: CLIENT

ID:21 T HEADERS S: CLIENT P: 11 W 2
. T :

ID: 21 RST_STREAM S: CLIENT

ID: 23 T HEADERS S: CLIENT P: 11 W 2
. T :

ID: 23 RST_STREAM S: CLIENT

ID: 25 T HEADERS S: CLIENT P: 11 W 2
. T: :

ID: 25 RST_STREAM 3: CLIENT

ID: 27 T HEADERS S: CLIENT P: 11 W 2

ID: 2% T HEADERS 3. CLIENT P:5 W 22

ID:31 T HEADERS 3. CLIENT P:5 W 22

time

https://github.com/rmarx/h2vis




Real Browser Results Visualization with H2Vis

5 —
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Real Browser Results

Priority approach

Browsers

Round Robin

Weighted Round Robin

Dynamic First-Come First-Served

Complex Tree
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Internet Explorer, Edge, Opera Mini
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Weighted RR
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Real Browser heuristics

Bucket

Content Types

Content Types

Content Types

Lowest
Low
Normal
High
Highest

pushed assets (initially)

images, async and defer JS

JS declared after first image

JS declared prior to first image, XHR

HTML, CSS, fonts
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COov

Dynamic/intra-bucket FCFS
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Complex Tree

201

Licatern |
(leaders)

A

(e
(followers)

HTML, images, fonts, favicon, ...
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Experimental Evaluation

Which algorithm leads to the fastest page load times?



8 Prioritization Algorithms

= Default browser behaviour
= HTTPS/1.1

= RR

= FCFS

= Serial / Serial+
= Parallel / Parallel+
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First-Come
First-Served

Round Robin




Algorithms :
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Serial / Serial+
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Algorithms : Parallel / Parallel+ C

256

[ High-Priority ] [ hi?iil::;- [ Low-Priority J

Resources from Chrome’s Resources from Chrome’s
Normal Priority Bucket Low & Lowest Priority
(weight value 183) Buckets (weight value
147 or 110)

Resources from Chrome’s

Highest & High Priority
Buckets (weight value 256 or 220)

Cp -
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Algorithms : Parallel / Parallel+ C

256 1 or 256

S Resources from Chrome's
Normal Priority Bucket Low & Lowest Priority
(weight value 183) Buckets (weight value
147 or 110)

Resources from Chrome’s

Highest & High Priority
Buckets (weight value 256 or 220)

Cp -
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Speeder Framework

= Full factorial evaluation

= Modified H20 webserver overrides browser priorities

» 40 websites

= 2 different performance metrics (loadEventEnd and SpeedIndex)
» Chrome and FirefoX (driven by WebpageTest)

= 5 advanced network emulations
= Traces from actual cellular networks

= 20 runs of each permutation

= Mann-Whitney U test
= p < 0.005

= Measure median deviation from “"Default” browser behaviour

»> |UHASSELT |EDM

https://speeder.edm.uhasselt.be
https://docs.google.com/document/d/1oLhNglskaWD4 DtaoCxdSRN5erEXrH-KnLrMwEpOtFY




Processing + Visua

Chrome
Speedindex
Poor Cellular Network
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ization

Priority algo | *%eos1t®S! | No change | +any | 2+6% | 2+10% | 2+25% | -any | 2-6% | 2-10% | 2-25%
‘hsoneone | 41/ 820 33 a3 i} a3 T 0 0 0 0
parallel 39/776 34 3 3 3 3 2 2 2 2
parallel+ 397774 33 3 3 3 3
\fcfs 41 /819 38 1 1 1 1
lexical 39/ 780 a1 4 4 4 4
manfcfs 371740 3 3 3 3 3
T 41 /819 32 1 1 1 1

10 5000 ) o

0.9

ne 4000 1]
' [ ]

0.7 ] T L

0.6 \hsoneone 3000 u

05 parallel

M parallel+

04 M \fcfs 2000

0.3 M |exical

0.2 M manfcfs R

01 default 1000

0.0 I \rr 1 1 - 1 [ 1 1
0 2000 4000 6000 8000 10000 0

thsoneo
parallel
M parallel+
M fcfs
M |zxical
B manfcfs
default
T

https://speeder.edm.uhasselt.be




Tabular Visualization

Cable network

Good cellular network

Poor cellular network

speedup slowdown speedup slowdown speedup slowdown

setting case R =5% 225% | 25% 225% || R 25% 225% | 25% 225% || R 25% 225% | =25% 225%
Chrome, FCFS 24 8 1 8 3 40 0 0 0 0 40 0 0 0 0
loadEventEnd | RR 20 11 1 9 2 35 2 0 3 3 36 1 1 3 3
vsFirefox | 3 37 15 0 0 34 6 6 0 0 38 1 1 1 1

Chrome, FCFS 28 6 1 6 3 35 1 0 4 3 37 1 1 2 2
SpeedIndex RR 25 5 1 10 2 29 2 2 9 9 31 1 1 8 8
vsFirefox | 4 35 17 1 0 26 14 12 0 0 32 6 6 2 2

Firefox, FCFS 27 8 0 5 0 38 1 0 1 1 38 2 1 0 0
loadEventEnd | RR 26 3 0 11 1 38 0 0 2 1 37 1 1 2 1
Firefox, FCFS 27 6 0 7 1 34 3 1 3 3 36 0 0 4 4
SpeedIndex RR 25 1 0 14 2 30 0 0 10 8 30 1 1 9 9
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Fast network

Chrome, cable network

1.0 e i
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0.8 .
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Slow network

1.0|
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serial
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Slow networks

10l | | Chrome hggvy welght pages (n= 20) | |
0.9} ’ o . i
o8 o AT i
0.7} |
1 0.6 .
a . HTTPS/1.1
005 i
- = parallel
0.4} — parallel+ |
0.31 FCFS 1
0.2} - default ]
0.1} < I RR . 1
0.0 e | | | | | 1ll | | |
0 2500 5000 7500 10000 O 2500 5000 7500 10000
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fair cellular network

Speedindex (ms)

poor cellular network




Slow networks :

RR is slowest

10l | | Chrome hc—;gvy welght pages (n= 20) | |
0.9} | - o
csr o 2T L _
0.7} |
L 0.6} :
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0.2 — default i
0.1} < IR RR . |
0 2500 5000 7500 10000 O 2500 5000 7500 10000
fair cellular network poor cellular network
Speedindex (ms)
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Slow networks :

HTTP/1.1 is fastest

10l | | Chrome hc—;gvy welght pages (n= 20) | |
0.9} | - ]
csr o 2T L _
0.7} |
L 0.6} :
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Speedindex (ms)
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Slow networks :

Parallel helps, but barely

10l | | Chrome hc—;gvy welght pages (n= 20) | |
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Slow networks :

FCFS performs surprisingly well

10l | | Chrome hc—;gvy welght pages (n= 20) | |
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Experimental Evaluation

Individual Case Studies (i.e., webpage-specific)



RR can yield extreme visual speedup c

https://pro-flow-2.edm.uhasselt.be:8082/index.html https://pro-flow-5.edm.uhasselt.be:8082/index.html
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Browser Default

https://www.pinterest.com/




FCFS success story e

¥ Joomlal

Hrumc About Joomlal Benefes & Features Joomlal 3.8 News Cantribute Press Enguincs

The Flexible Platform
Empowering Website Creators

Joomilal is an awardWinning content management system (CMS), which enables you o
build web sites and powerful online applications.

@ @

Download Joomla! Use Joomla! Try Joomlal

Cownload and Install Joomial In your Quickly launch a basic version of Experiment with a Al 0 cay demo
QW SEVer OF develepiren Jeorrkal on joamia com Fasey apgrace versian of Joombs Greal far lesling an
crvironment for acdibonal fcatures cxicnsion of template

Start Joomia! Demo —
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Discussion and Outlook



Discussion

= Are priority setups tied to browser internals?
= Still unclear, but tends towards NO
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Discussion

HTTP/2 resource sequencing causes HOL blocking for images and async scripts
Reported by pmeenan@chromium._org, Sep 29 2016

I didn't pay too much attention when the H2 stream dependencies were added but it locks like Chrome is setting the exclusive bit on
every regquest and building dependency chains that are reducing the effectiveness of pricritizaticn.

Specifically, with the exclusive bit set, conly cne reacurce can downlecad at a time. If wou get the sequencing right, this makesa sense
for C55 and blocking J5 but it can be bad for things like images and aaync ascripta. It alac doean't behave well when higher pricrity
regources are added after lower pricrity reacurces (causing the high pricrity reacurces to bleock until aocme of the queued low
pricrity/exclusive requests have completed).

Comment 19 by ... @yoavws, Nov 16 2016

Cecy..@yoavws

I strongly agree with Pat that strict in-order sending of each rescurce in its entirety ias not the right way to go for reacurces that
are progreaaively rendered. That ia not conly progressive imagea, but all images a3 well as any HIML rescurces. I alac agree with Pat
that theae should not be special-cased in the network stack, but the "progresaivenes3a™ of the rescource should be piped through from
the renderer.
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Discussion
= Are priority setups tied to browser internals?

= Unclear, but tends towards NO

= Current heuristics barely outperform naive setups
= And it's also difficult to improve with generic logic (serial+/parallel+)

= Shows the need for flexible per-resource prioritization options
= See also related work (Wprof, Polaris, Vroom, ...)
= Priority-hints have been proposed, but only Google so far
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https://groups.google.com/a/chromium.org/forum/m/#!'topic/blink-dev/65IfM2f0eeM




Outlook

= QUIC protocol

= Prioritization at the transport layer
= Server can impact priorities more in conjunction with congestion control

= | et’s change default from RR to FCFS in spec?
* And should someone tell Microsoft?

= Up-front dependency graph calculation (for custom priorities!)

= Already happening for JavaScript/CSS modules/web components +
related academic work
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Questions and Extra slides

- Usefulness of bandwidth sharing

- Updates to browser behavior since June 2017

- Dependency buildup mechanism in detail

- Faster round robin pinterest waterfalls

- Nuances for algorithm behavior in Firefox

- Prioritization bugs in Service Workers, H2 push, async/defer, Resource Hints
- HTTP/1.1 speed differences explained



Parent / Child dependencies

(A) Parent first, then children
100 50

(8) (¢) Siblings share bandwidth
i

>> UHASSELT EDM https://cloudpack.media/37251




Evolution of Real Browser Prioritization Strategies

201 /101 \1 241
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Exclusive vs Non-Exclusive adding of nodes

0 Make D o

dependent on A

| > o
O © (®)

exclusively
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Weights on siblings

0 Make D o

(A
dependent on A
| > (D) OR g}
100 50
8 © (&) OO ©

exclusively non-exclusively

B gets 66%
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Weights on siblings

o Make D o

dependent on A 50
| > o 4})
100 50
O O (8)100 50 G ©

exclusively non-exclusively

B gets 66% B gets 66%,
D gets 100%
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Weights on siblings

d
100 50

B gets 66%
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Make D
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A
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exclusively

B gets 66%,
D gets 100%

non-exclusively

B gets 50%,
D gets 25%




RR is faster on pinterest

dns connect =zl html Js CSE image Flash font other J5 Execution
— EE—
https /A pro—F low-2 . edn.uhasselt e 80, . . 0.5 1.0 1.5 2.0 2.5 3.0 3.9 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
1
& 1. pro—flow-2.edm...B8082 - index.html |8 199 ms
& 2. pro-flow-2.edn...be:B082 - warn.js 02 ms
& 3. pro—flow-2.edn...98F409Faef05a3. = 2837 ms
& 4. pro-flow-2.edn. .. FI403756h00:0k . j= 245 mz
& 5. pro—flow-2.edn...24dff2d53250c3. j2 3484 ms
& 6. pro-flow-2.edn. .. 00e9c1b219000 . j= 4503 ms
& 7. pro-flow-2.edm...cd6F3320677567 . js 654 mz
& 8. pro-flow-2.edn...%bae7e56557573..ca8 d4d ms
£ 9. pro-flow-2.edm...grid-d4dd178cq. jpg 1542 ms
0.9 1.0 1.5 2.0 2.9 3.0 3.9 4.0 4.3 3.0 3.9 8.0 6.9 7.0 7.0
CPU Utilization
Bancdwidth In (0 - 10,211 kKbps) [1J_r1_rIﬁ_LJ7_LJ1_‘__[1——rJ__rW—LJW—lJ—hIJ_Lﬂ——l__[IW
dns connect zsl html is CES image flaszh font other JS Execution
— —
https i /A pro—F low-5..edm. uhasselt be 80, .. 0.5 1.0 1.5 2.0 2.0 3.0 3.5 4.0 4.5 5.0 5.5 6.0 5.5 7.0 7.5
| |
£ 1. pro—flow-5.edn...5082 - incex.html [=m S200 s
& 2. pro-flow-5.edn...be:B3032 - warm.js 339 mz
& 3. pro—flow-3.edn...95F409Faef08a3. j= 3821 ms
& 4. pro-flow-5.edn. .. FI403756h00:00 . j= 2179 ms
& 5. pro—flow-3.edn...24dFf2d53250C3. i 4095 ms
& 6. pro-flow-5.edn. .. 00e0cib219000c . = 4677 ms
& 7. pro-flow-5.edn...cd6F3320677567 . js E46 mz
& 5. pro-flow-5.edn...9bae7eS657573 . 088 964 ms
£ 9. pro-flow-5.edn...grid-ddd175cE. jpg 3?_
0.9 1.0 1.5 2.0 2.3 3.0 3.9 4.0 4.9 9.0 9.9 6.0 6.3 7.0 7.0

CPU Utilization

Bandwidth In (0
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Round Robin

Browser Default

background image

https://www.pinterest.com/




On Firefox, FCFS isn’t that great, heuristics best, RR still the worst

1.0f
0.9}
0.8}
0.7}
L 0.6}
So.5|
0.4}
0.3}
0.2}
0.1}

Firefox, poor cellular network

HTTPS/1.1
serial
serial+
FCFS
default
RR

0.0

5500 5000 7500 10000 O 5500

5000

7500 10000

(b)
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Speedlndex (ms)




Real Browser Implementation issues

= Service Workers lose all priority info

= Weird positioning of PUSH resources in FF and Safari
= Chrome promotes them to correct position
» Firefox adds them directly to root node
= Safari keeps weight of 16

= Weird behaviour for preload/prefetch and async/defer
= Chrome: async/defer are Low priority always
= Firefox: no special treatment, similar to sync versions
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HTTP/1.1 : Head-of-Line Blocking

client server

large
resource A
blocks
smaller
resource
BandC
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backend
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ﬂ \
A takes
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&
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http://deliveryimages.acm.org/10.1145/2390000/2380673/figs/f5.jpg




