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Rational choice of scheme is challenging

Cubic Compound

VS.

» Different missions?
» Different assumptions about network?

» One scheme just plain better?
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Networks constrained by a fuzzy idea of TCP's assumptions

Mask stochastic loss
Bufferbloat
Mask out-of-order delivery

v

v

v

No parallel/multipath routing

v

Advice for Internet Subnetwork Designers
(RFC 3819) is 21,000 words!
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Apps hack around TCP

v

Open lots of flows

Goose slow start

v

v

Add pacing

v

Give up and do it yourself
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Apps hack around TCP

» Open lots of flows
» Goose slow start Google MICRESOFT
» Add pacing You([TD)

v

Give up and do it yourself
Chrome (QUIC)
BitTorrent (1 TP)
Mosh (SSP)
IBM Aspera (fasp)
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|dea: computer-generated protocols

Transport layer should adapt to whatever:

» network does

» application wants
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|dea: computer-generated protocols

Transport layer should adapt to whatever:

» network does (model)

» application wants (mission)
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What we built

Remy: a program that generates
congestion-control schemes offline

Input:
» Assumptions about network and workload (model)
» Application’s objective (mission)

Output: CC algorithm for a TCP sender (RemyCC)

Time: hours to days
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The basic question of congestion control

At this moment, do I:

» send a packet

» not send a packet?
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Missions of congestion control

Maximize

> Z|og [throughput;] (proportionally fair throughput)

]
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i

ZI throughput; | (proportionally fair throughput/delay)
delay;
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Missions of congestion control

Maximize

> Z|og [throughput;] (proportionally fair throughput)

]

> throughput; | (proportionally fair throughput/delay)
g | cugheut
(delay;)

» min; throughput; (max-min throughput)

i

Minimize
» average flow completion time
> page load time
> tail completion time
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Encoding the designer’s prior assumptions

» Model of network uncertainty

» Link speed distribution
» Delay distribution
» Topology distribution

» Model of workload

Web browsing

MapReduce

videoconferencing

streaming video (YouTube/Netflix)

vV vy vVvYyYy
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Dumbbell network

Round-trip time

\Queue Link
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Dumbbell network

Round-trip time

Receiver
Queue Link /

Receiyel 2
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Dumbbell network

Round-trip time

Receiver

/ Receiver 2

Receiver n
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Superrational congestion control

At this moment,* do I:

» send a packet

» not send a packet?
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Superrational congestion control

At this moment,* do I:

» send a packet

» not send a packet?

* Assuming every node is running the same algorithm.
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Internet congestion control as a Dec-POMDP

I independent endpoint computers
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Internet congestion control as a Dec-POMDP

I independent endpoint computers

S: packets in net 4+ whether each computer has data to send now
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Internet congestion control as a Dec-POMDP

I independent endpoint computers
S: packets in net 4+ whether each computer has data to send now

Ai: { send a packet, don't send a packet }
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Internet congestion control as a Dec-POMDP

I independent endpoint computers
S: packets in net 4+ whether each computer has data to send now
Ai: { send a packet, don't send a packet }

T: simple networks are deterministic, with parameters drawn
from a distribution. Flows arrive per a random process.
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Internet congestion control as a Dec-POMDP

independent endpoint computers
packets in net + whether each computer has data to send now

{ send a packet, don't send a packet }

R

simple networks are deterministic, with parameters drawn
from a distribution. Flows arrive per a random process.

Y

overall objective awarded at end of long run
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Internet congestion control as a Dec-POMDP

independent endpoint computers
packets in net + whether each computer has data to send now

{ send a packet, don't send a packet }

R

simple networks are deterministic, with parameters drawn
from a distribution. Flows arrive per a random process.

Y

overall objective awarded at end of long run

2

acknowledgements from corresponding receiver

S

deterministic

Complexity in general: O(22") (NEXP-hard)
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Remy: tractable search for best policy

» Best decision given all history: not tractable

» Instead, remember only a summary of history
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A RemyCC tracks four congestion signals

r_ewma,: short-term moving average of interval between acks
“How fast are packets arriving (now)?”

r_ewmag: long-term moving average of same
“How fast are packets arriving (smoothed)?”

s_ewma: moving average of interval between acked timestamps
“How fast was | sending?”

rtt_ratio: ratio of last RTT to smallest RTT so far
“How long is the queue?”
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Why these congestion signals?

» Removing any of the four hurts

> r_ewma, hurts the most

» More signals increase search time

» Other signals might help on other networks
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A RemyCC maps each state to an action

REMYCC(r_ewma,s, s_ewma, rtt_ratio) — (m, b, )

m Multiple to congestion window
b Increment to congestion window
7 Minimum interval between two outgoing packets

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan
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Runtime for a RemyCC

On ack:

» (m, b, 7) <~ REMYCC(r_ewma,gs, s_ewma, rtt_ratio)
» cwnd <~ m - cwnd + b

Send packet if:

» cwnd > FlightSize, and
» last packet sent > 7 ago
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Remy's job

Find piecewise-continuous REMYCC() that
optimizes expected value of objective function

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Remy example: 2D state space

On ack:

(m, b, T) <— REMYCC(S_ewma, r_ewma,,, r-ewmag, rtt_ratio )
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Remy example: 2D state space

On ack:

(m, b, ) + Resvoc(s_ewma, r_ewma,, [ N NG
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Remy example: model

Quantity Distribution Units
Link speed Uniform(10, 20) Mbps
RTT Uniform(100, 200) ms

n Uniform(1, 16)

“On" process exp[p = 5] seconds
“Off" process same
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Remy example: mission

Z | throughput;
o
I_ & delay;
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One action for all states. Find the best value.

s_ewma
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The best (single) action. Now split it on median.

s_ewma
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Simulate

s_ewma
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Optimize each of the new actions

<0.90,4,3.3>

r_ewma

<0.90,4,3.3>

s_ewma
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Now split the most-used rule

<0.70,6,53.5>

r_ewma

<0.60,19,76.2>

s_ewma
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Simulate

<0.70,6,53.5>

<0.60,19,76.2> .-

s_ewma
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Optimize

<0.70,6,53.5>

r_ewma

<0.80,5,4.1>

<0.60,19,76.2>

<0.80,5,4.1>

s_ewma
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Split

<0.60,17,13.3>

r_ewma

<0.80,17,4.6>

<0.30,29,49.7>

<0.80,8,62.7>

s_ewma
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Simulate

-I <0.60,17,13.3>
~ <0.90528> -

<0.80,17,4.6>

r_ewma

<0.30,29,49.7>
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s_ewma
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Optimize

<0.60,17,13.3>

<0.90,5,2.8>

r_ewma

<0.80,17,4.6>

<0.30,29,49.7>

<0.80,8,62.7>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<13021389> || 0 8() 30,6.8>

<0.90,-84,9.2>

r_ewma

<0.90,-31,2.8>

<0.60,40,42.4>

<0.60,8,57.2>

s_ewma
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Simulate
1.30,213,89> | |
) - <0.80,30,6.8>
£ HE
E [ <0.90,-8492- B
(0]
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s_ewma
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Optimize
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s_ewma
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Split

<1.20,221,9.0> |- <1.00,206,6.6>

<0.90,-92,17.1>
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<1.00,-96,4.2>

<0.50,256,27.2>

<0.80,250,56.3>

s_ewma
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Simulate
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Optimize
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Split
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Optimize

<1.70,256,8.1> |-~ <1.20,248,6.5>

<0.80,-222,69.3> P4

r_ewma

<0.80,-243,3.6>

<0.50,256,27.3>

<1.20,255,71.1>| <0.90,227,15.5> |<090227.155>

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<1.40,256,8.1> |-~ <0.80,256,6.6>

<0.70,-222,75.8> }

r_ewma

<1.00,-253,2.8>

<0.60,256,23.5>

<1.40,256,65.5> <1.00,227,66.8>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate
1.40,256,8.1> | |
S g <0.80,256.,6.6>
© -
g <0.70,-222,75.8>F -=
(0]
L|

<1.00,-253,2.8>

<0.60,256,23.5>

<1.40,256,65.5> <1.00,227,66.8>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.40,256,8.1> |-~ <0.80,256,6.6>

<0.70,-222,75.8> =

r_ewma

<1.00,-253,2.8>

<0.60,256,23.5>

<1.40,256,65.5> <1.00,227,66.8>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<1.80,256,8.7> |-~ <0.50,256,5.8>

<0.80,-230,19.1> P8~

r_ewma

<1.10,-256,3.6>

<0.80,256,23.4>

<1.90,256,64.0> <0.80,227,7.7>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate

<1.80,256,8.7>

| <0.50,256,5.8>

<0.80,-230,19.1> 8-

r_ewma

<0.80,256,23.4>

ii 1.10,-256,3.6
<1.10,-256,3.6>

<1.90,256,64.0> <0.80,227,7.7>

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.80,256,8.7> |-~ <0.50,256,5.8>

<0.80,-230,19.1> 8-

<0.70,254,3.7>

r_ewma

<1.10,-256,3.6>

<0.80,256,23.4>

<1.90,256,64.0> <0.80,227,7.7>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<1.90,256,8.6> |- <0.40,256,5.3>

<0.80,-230,24.8> P8~

<1.00,255,3.8>

r_ewma

<1.40,-256,4.2>

<0.80,256,17.0>

<1.80,256,50.6> <0.80,227,7.1>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate
<1.90,256,8.6> |-~
<0.40,256,5.3>
©
% <0.80,-230,24.8> .
o | <1.00,255,3.8>

<1.40,-256,4.2>

<0.80,256,17.0>

<1.80,256,50.6> <0.80,227,7.1>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.90,256,8.6> | - <0.40,256,5.3>

<0.80,-230,24.8> P8

<1.00,255,3.8>

r_ewma

<1.40,-256,4.2>

<0.80,256,17.0>

<1.80,256,50.6> <0.80,227,7.1>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<1.30,256,8.5> |-~ <0.30,256,7.0>

<0.40,-247,11.2> P84

<0.80,256,9.1>

r_ewma

<1.20,-256,3.2>

<0.70,256,10.6>

<1.60,256,44.1> <1.00,227,14.3>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate

<1.30,256,8.5> |-~ <0.30,256,7.0>

<0.40,-247,11.2> ]

= = <0.80,256,9.1>

r_ewma

<1.20,-256,3.2>

<0.70,256,10.6>

<1.60,256,44.1> <1.00,227,14.3>.

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.30,256,8.5> |-~ <0.30,256,7.0>

<0.40,-247,11.2> P84

=t <0.80,256,9.1>

r_ewma

<1.20,-256,3.2>

<0.70,256,10.6>

<1.60,256,44.1> <1.00,227,14.3>.

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<13025678> || () 10.256.3.7>

<0.20,-256,5.7> P8

=t -0.90,256,8.3>

r_ewma

<1.10,-256,3.1>

<0.70,256,10.5>

<1.50,256,44.0> <1.10,227,14.9>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate
<1.30.256.7.8> | -
<0.10,256,3.7>
©
£ [<0:20,256,5.7> [
o m <0.90,256,8.3>
) —

<1.10,-256,3.1>

<1.50,256,44.0> - l <1.10,227,14.9>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

<0.70,256,10.5>

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.30,256,7.8>

<0.10,256,3.7>

r_ewma

<0.70,256,10.5>

<0.20,-256,5.7> H—ﬁ.l_

<1.10,-256,3.1>

~ ] <0.50,256,4.0>

<0.70,256,12.4> J-070256.124>
<1.50,256,44.0> <1.10,227,14.9>

<0.70,256,12.4>

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Split

<0.90,256,7.9>

<0.30,-256,10.3> P8¢

<0.30,256,4.4>

r_ewma

<0.50,256,10.0>

<0.60,256,9.2>

<1.20,-256,

3.7>

<0502563.4>

<1.30,256,32.7>

<0.50,256,26.2> f<090.256,196>|

<1.50,227,60.6>

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate

<0.90,256,7.9> |-~ <030,256,44>

<0.30,-256, 1 o.%ﬁﬁ
e <0.60,256,9.2> I

B 1.20,-256,3.7>
-

r_ewma

<0.50,256,10.0>

<0502563.4>

<1.30,256,32.7> <1.50,227,60.6>

<0.50,256,26.2> f<090.258,196>|

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<0.90,256,7.9>

<0.30,256,4.4>

<0.30,-256,10.3> ]

r_ewma

=] <0.60,256,9.2>

<1.20,-256,3.7>

<0.50,256,10.0>

<0.40,256,10.8> | 05025634
<1.30,256,32.7> <1.50,227,606>

<0.50,256,26.2> f<090.258,196>|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<0.70,256,8.1> | - <0.70,256,3.6>

<0.30,-256,15.8> 8o

gl <0.40,256,8.4>

r_ewma

<1.30,-256,4.3>

<0.70,256,9.2>

<0.90256.42>

<0.90,256,33.4> <1.30,228,65.6>

<0.60,256,33.4> J0s0256.123:|

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Simulate
<0.70,256,8.1> | -
<0.70,256,3.6>
v
E [<0.30,-256,15.8>
G-) <0.40,256,8.4>
LI -

<1.30,-256,4.3>

<0.70,256,9.2> e s

<0.90,256,33.4> - . <1.30,228,65.6>

| <0.60,256,33.4> J090256.123:|

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Optimize

<0.70,256,8.1>

<0.70,256,3.6>

<0.30,-256,15.8> P4

<0.40,256,8.4>

r_ewma

<1.30,-256,4.3>

<O70 ,256,92> <0.90,256,10.75 f o 0

<0.90,256,33.4> |.0.90,256,10. <1.30,228,65.6>

<0.90256.42>

<0.60,256,33.4> J090.256.123:|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<0.80,256,9.7>

<0.40,-256,60.0> Moo

<0.70,256,4.6>

r_ewma

<0.70,256,8.5>

) <0.10,256,7.5>

<1.40,-256,3.7>

12025691 . 0=

<1.00.256,5.0>

<1.10,256,39.5> |<0.90,256,11. - <1.40,228,28.2>

<0.80,256,39.9> f<1.00256,17.:|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<0.80,256,9.7>

<0.70,256,4.6>

<0.40,-256,60.0> ]

<0.10,256,7.5>

r_ewma

<1.40,-256,3.7>

<0.70,256,8.5>

<1.00256,5.0>

<1.10,256,39.5> |0.90,256,11.85 foromers <1.40,228,28.2>

<0.80,256,39.9> f<1.00256,17.9:|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

H

<0.80,256,9.7>

<0.70,256,4.6>

<0.40,-256,60.0> Py

r_ewma

=] <0.10,256,7.5>

<1.40,-256,3.7>

<0.70,256,8.5>

<1.00.256,5.0>

<1.10,256,39.5> |<0.90,256,11.85 forosers <1.40,228,28.2>

<0.80,256,39.9> f<1.00256,17.:|

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<0.90,256,10.2> | -

<0.40,-256,55.4> Py

<0.80,256,4.6>

r_ewma

<0.50,256,6.1>

<0.30,256,6.0>

<1.40,-256,4.6>

<0.90,256,9.4> <7 oo

<0.7025652>

<1.00,256,39.3> |0.90,256,10.35 |-+ oe3. <1.50,228,68.0>

<1.00,256,39.0> J<1.0025.325>|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<0.90,256,10.2> | -

<0.80,256,4.6>

<0.40,-256,55.4> W ]

<0.30,256,6.0>

r_ewma

<1.40,-256,4.6>

<050,256,61 > <090,256,9.4> fo== e

<1.00,256,39.3> |0.90,256,10.35 |-+ ome3- <1.50,228,68.0>

<0.70256,52>

<1.00,256,39.0> f<1.0025.3255|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<0.90,256,10.2> |-

<0.80,256,4.6>

<0.40,-256,55.4> Piig

<0.30,256,6.0>

4 <1.40,-256,4.6>

r_ewma

<050,256,61 > 080,256,945 o= o

<1.00,256,39.3> |0.90,256,10.35 -+ oe2. <1.50,228,68.0>

<0.7025652>

<1.00,256,39.0> f<1.0025.325>|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<1.10,256,10.9> |-~

<0.40,-256,61.8> P

<0.80,256,3.5>

r_ewma

<0.80,256,5.1>

=] <0.20,256,5.0>

<1.70,-256,5.5>

<0.40,256,7.7> - =735

<050.256,6.9>

<0.70,256,39.8> |<0.90,256,12.65 |-+ osesc <1.50,228,21.6>

<1.00,256,38.1> f<1.00256.34.15|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<1.10,256,10.9> |-~

<0.80,256,3.5>

<0.40,-256,61.8> P

<0.20,256,5.0>

-1 <1.70,-256,5.5>

<0.80,256,5.1> PP .

<0.70,256,39.8> |<0.90,256,12.65 |1 osesc <1.50,228,21.6>

r_ewma

<0502566.9>

<1.00,256,38.1> f<1.00256.34.15|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.10,256,10.9> |-~

<0.80,256,3.5>

r_ewma

<0.80,256,5.1>

<0.40,-256,61 .8>Fil_

<1.70,-256,5.5>

<0.40,256,7.7> oo

<0502566.9>

<0.70,256,39.8> |<0.90,256,12.65 |-+ osesc <1.50,228,21.6>

<1.00,256,38.1> J<1.00256.34.15|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Split

<0.40,-256,35.4>H

<1.30,256,10.1> |-

<0.80,256,3.7>

r_ewma

<0.80,256,4.1>

<0.20,256,5.2>

<1.30,-256,5.4>

=
IM.

<0.70,256,7.0> oo 120

<030256.7.7>

<0.80,256,20.7> | <1.00,256,19.1> s 1oa11 <1.70,228,10.3>

<1.20,256,40.8> f<1.0025.2225|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<1.30,256,10.1> |-

<0.80,256,3.7>

<0.40,-256,35.4> e

<0.20,256,5.2>

r_ewma

<1.30,-256,5.4>

=
I..W

<080,256,41 > <0.70,256,7.0> fov2o

<0.80,256,20.7> | <1.00,256,19.1> s rozar1+ <1.70,228,10.3>

<030256.7.7>

<1.20,256,40.8> J<1.00256.2225|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.30,256,10.1> |-

<0.80,256,3.7>

r_ewma

<0.80,256,4.1>

<0.40,-256,35.4>ﬁ+

<1.30,-256,5.4>

I.,,..

<0.70,256,7.0> o o7 v20-

<030256.7.7>

<0.80,256,20.7> | <1.00,256,19.1> f 1oza11 <1.70,228,10.3>

<1.20,256,40.8> J<1.00256.2225|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Split

<1.20,256,8.5>

<0.60,-256,35.6> Hitg

<0.80,256,3.6>

r_ewma

<0.40,256,4.1>

<0.20,256,5.3>

<1.30,-256,6.3>

=
I.MN

<0.70,256,6.7> o707 11«

<060.256.88>

<0.40,256,20.05 | 1.00,256.24.75 fosserr <1.70,228,15.7>

<1.30,256,35.4> | 0025692~

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<1.20,256,8.5>

<0.80,256,3.6>

r_ewma

<0.40,256,4.1>

<0.60,-256,35.6>EEE,

<1.30,-256,6.3>

<0.70,256,6.7> o707 11+

<060.256.88>

<0.40,256,20.0> J1.00,256,24. = <1.70,228,15.7>

<1.30,256,35.4> | <0s02s692-

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and
TCP ex Machina: Computer-Generated Congestion Control

s_ewma

Hari Balakrishnan




Optimize

<1.20,256,8.5> | -

<0.80,256,3.6>

<0.60,-256,35.6> Hitg

r_ewma

) <0.20,256,5.3>

<1.30,-256,6.3>

=
I.MN
<0.40,256,4.1>

<0.40,256,20.0> J1.00,256.24. = <1.70,228,15.7>

<060.256.88>

<1.30,256,35.4> | 0025692~

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Split

<1.30,256,8.5>

<1.00,256,3.2>

r_ewma

<0.40,256,5.5>

<0.80,-256,23.6>E=h

] <1.60,-256,5.7>
|.m4

<050,256,7.3> oo -

<050256.7.1>

<0.50,256,20.7> [<0.80,256,24.8> o= <1.70,228,16.5>

<1.30,256,41.9> Jos0256.100-|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<1.30,256,8.5>

<1.00,256,3.2>

§ <0.80,-256 23 .6> g

q) <0.40,256,4.1>

|

- ] <1.60,-256,5.7>
I_,.-u

<0.40,256,5.5>

<050256.7.1>

<0.50,256,20.7> | 0.80,256,24 5 ] <1.70,228,16.5>

<1.30,256,41.9> Jos0256.100-|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Optimize

<1.30,256,8.5>

<1.00,256,3.2>

r_ewma

<0.40,256,5.5>

<0.80,-256,23.6>ﬁ+

1 <1.60,-256,5.7>

= =
I....u

ol <050,256,7.3>

o= 05025673

<050256.7.1>

<0.50,256,20.7> [<0.80,256,24.8> o= <1.70,228,16.5>

<1.30,256,41.9> Jos0256.100-|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Split

<1.40,256,8.3>

<1.00,256,3.0>

r_ewma

<0.40,256,4.9>

<0.70,-256,29.0>E+

1 <2.00,-256,4.2>

il <0.20,256,87>

<08025680>

<050256.86>

<0.30,256,21.5> | 0.80,256,19.1 . <1.70,228,61.2>

<1.20,256,40.9> f090.256,103:|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




Simulate

<1.40,256,8.3> |- <1.00,256,3.0>

<0.70,-256,29.0> [l

=4 <0.30,256,3.8>

1 <2.00,-256,4.2>

r_ewma

.l <09025687>

<0.40,256,4.9> = ==

<0.30,256,21.5> |.0.80,256.19.1 s <1.70,228,61.2>

<050256.86>

<1.20,256,40.9> f090.258,103:|

S_ewma
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Optimize

<1.40,256,8.3>

<1.00,256,3.0>

r_ewma

<0.40,256,4.9>

<0.70,-256,29.0>Hi+

+ 3025699

<2.00,-256,4.2>

<0.30,256,21.5>

il <0.20,256,87>

<08025680>

<0.80,256,19.1

<050.256.86>

<1.20,256,40.9>

<0.90.256.10.35]

<1.70,228,61.2>

S_ewma
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Split

<1.90,256,9.4>

<0.80,256,3.6>

r_ewma

<0.40,256,5.1>

<0.80,-256,26.5>F;+

<1.90,-256,5.1>

<1.20,256,18.4

<1.10,256,39.8>

<080.256,88>

4.|
=] osozse00-
1.
<0.40256.10.15
<0.30,256,22.4> <1.70,228,9.0>

s_ewma
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Simulate

<1.90,256,9.4>

<0.80,256,3.6>

r_ewma

<0.40,256,5.1>

<0.80,-256,26.5>F;+

<1.90,-256,5.1>

<0.30,256,22.4>

-~»l<nsa25690>|

<1.20,256,18.4> fasoseas

<0.40.256.10.15]

<1.10,256,39.8>

<080.256,88>

<1.70,228,9.0>

s_ewma
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Optimize

<1.90,256,9.4>

<0.80,256,3.6>

r_ewma

<0.40,256,5.1>

<0.80,-256,26.5>F;+

<1.90,-256,5.1>

<1.20,256,18.4

<1.10,256,39.8>

<080.256,88>

4.|
=] osozse50-
|u wasaa
<0.30,256,22.4> <1.70,228,9.0>

s_ewma
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Split

<1.90,256,9.8>

<0.70,-256,11 3>Fa

<1.10,256,3.3>

r_ewma

<0.50,256,5.8>

+ <0.10,256,3.2>

+ <15025660-

<1.70,-256,5.1>

<0.10,256,16.1>

ol 070256 96>

<1.20,256,19:

<0.80.256.10.65|

<1.00,256,33.4>

<0.90.2566.4>

<1.70,228,7.9>

s_ewma
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Simulate

<1.90,256,9.8>

<1.10,256,3.3>

<0.70,-256,11.3> ]

. ‘— <0.10,256,3.2>

] <1.70,-256,5.1>

<07025696>

<0.50,256,5.8> o=

Iwm. <080.256,1065

r_ewma

<0.10,256,16.1> |1 20,256,19: <1.70,228,7.9>

<1.00,256,33.4> | 0025664~

s_ewma
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Optimize

<1.90,256,9.8>

<1.10,256,3.3>

r_ewma

<0.50,256,5.8>

<0.70,-256,11 .3>F;q_

+ <15025660-

<1.70,-256,5.1>

<1.00,256,33.4>

<0.902566.4>

o
<0.10,256,16.1> |1 2025619 <1.70228,7.9>

s_ewma
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Split

<2.00,256,10.4> |-~

<0.90,256,3.3>

r_ewma

<0.70,256,6.0>

<0.80,-256,51 .3>F,;q_

+ <1s0zsesz

<1.80,-256,6.6>

<0.10,256,13.1>

el <0.70,256,858>

<1.30,256,18.4

<1.20.256.15.45]

<1.00,256,38.5>

<080.256.7.4>

<2.00,228,8.7>

s_ewma
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Simulate

<2.00,256,10.4> |-~

<0.90,256,3.3>

r_ewma

<0.80,-256,51 .3>F,;q_

“H—] <1.80,-256,6.6>

11

<0.70,256,6.0> = g

<0.10,256,13.1> |1 30,256, 18.4

<1.20.256.15.45]

<1.00,256,38.5>

<080.256.7.4>

<2.00,228,8.7>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan
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Optimize

8

<2.00,256,10.4> |-

<0.90,256,3.3>

r_ewma

<0.70,256,6.0>

<0.80,-256,51 .3>H"‘5q_

+ <1s0zseszs

<1.80,-256,6.6>

<0.10,256,13.1>

el <0.70,256,88>

<1.30,256,18.4

<1.20256,15.45]

<1.00,256,38.5>

<080.256.7.4>

<2.00,228,8.7>

s_ewma
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Split

<2.00,256,9.7>

<0.60,256,3.6>

r_ewma

<0.70,-256,50.2>F;q_

"H—] <1.70,-256,7.7>

<0.90,256,6.8>

<0.20,256,12.3> |1 .30,256,18:

<110256.98>

<1.30,256,25.8>

<050256,8.9>

<1.80,228,8.8>

s_ewma
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan
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Simulate

<2.00,256,9.7>

r_ewma

<0.70,-256,50.2>F;q_

<0.60,256,3.6>

<0.90,256,6.8>

] <1.70,-256,7.7>

<

<110.256.98>

0.20,256,12.3> |-1.30,256,18.3> frzszseas. <1.80,228,8.8>

<1.30,256,25.8> | <0s0zsse9-

S

ewma
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RemyCC

<2.00,256,9.7>

<0.60,256,3.6>

r_ewma

<0.90,256,6.8>

<0.70,-256,50.2>F;q_

+ <5025661>

<1.70,-256,7.7>

<0.20,256,12.3>

<1.30,256,18.

<110.256.98>

<1.30,256,25.8>

<050256,8.9>

<1.80,228,8.8>

s_ewma
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RemyCC

<160.25696> |1 50,256,3.4>

<1.00,-256,43.1> Pl

] <0.30,256,4.6>

+| <2.00,-256,6.8>

r_ewma

<1.00,256,6.3>

<150256.96>

<0.40,256,25.8> | 1.00,256,17. - <1.30,228,7.2>

<1.50,256,30.7> f0s0256,1125|

s_ewma
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RemyCC

<1.60,256,9.6>

<0.60,256,3.4>

r_ewma

<1.00,256,6.3>

<1 .oo,-256,43.1>ﬁ;5'

+ 3025634

1
| =

<2.00,-256,6.8>

<0.40,256,25.8>

<150256.96>

<1.00,256,17.

<1.50,256,30.7>

<0.80.256.11.25]

<1.30,228,7.2>

s_ewma
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RemyCC

<1.60,256,9.6>

<0.60,256,3.4>

r_ewma

<1.00,256,6.3>

<1 'OO’-256’43'1>F;%

+ 3025634

1
| =

<2.00,-256,6.8>

<0.40,256,25.8>

<1.00,256,17.

<150256.96>

<1.50,256,30.7>

<0.80.256.11.25]

<1.30,228,7.2>

s_ewma
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RemyCC

<1.90,256,9.6>

<0.80,256,3.5>

r_ewma

<1.20,256,5.7>

<0.90,-256,31 .7>F,."5q;|

+ <15025643>

<1.70,-256,6.5>

<0.50,256,11.4>

<0.70,256,15.5:

<1802568.7>

<1.40,256,22.7>

<0.50256.11.25]

<1.30,228,14.2>

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




RemyCC

<1.90,256,9.6>

<0.80,256,3.5>

r_ewma

<1.20,256,5.7>

<0.90,-256,31 .7>F_Eq#

+ <15025643>

<1.70,-256,6.5>

<0.50,256,11.4>

<0.70,256,15.5:

<18025687>

<1.40,256,22.7>

<0.50256.11.25]

<1.30,228,14.2>

s_ewma
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RemyCC

<1.90,256,9.6>

<0.80,256,3.5>

r_ewma

<1.20,256,5.7>

<0.90,-256,31 '7>F:5q=|

e <1.70,-256,6.5>

<1802568.7>

<0.50,256,11.4> ).0.70,256,15.5: - <1.30,228,14.2>.

<1.40,256,22.7> f050256.1125|

s_ewma
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RemyCC

<1.90,256,9.1>

<0.70,256,4.2>

r_ewma

<1.20,256,5.1>

<0.90,-256,26.0>F,."‘q-i

P <1.70,-256,4.8>
- I -

<1.80.256.10.05]

<1.00,256,24.2> | 070,256,155 . <1.30,228,18.8>

<1.40,256,22.6> | 0025698~

s_ewma
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RemyCC

<1.90,256,9.1>

<0.70,256,4.2>

r_ewma

<1.20,256,5.1>

<0.90,-256,26.0> -‘ﬁq#

P <1.70,-256,4.8>
- I —-

<1.80.256.10.05]

<1.00,256,24.2> | 0.70,256,15.5 <1.30,228,18.8>

<1.40,256,22.6> | <0s02ss98-

s_ewma
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RemyCC

<1.90,256,9.1>

<0.70,256,4.2>

r_ewma

<1.20,256,5.1>

<0.90,-256,26.0>F,.;q-i

P <1.70,-256,4.8>
H=

<1.80.256.10.05]

<1.00,256,24.2> | 0.70,256,15.5 . <1.30,228,18.8>

<1.40,256,22.6> | <0s02s698-

s_ewma
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RemyCC

<1.60,256,10.9> |-

<0.80,256,3.5>

r_ewma

<1.40,256,5.5>

<0.90,-256,32.4>ﬁq#

"H—] <1.60,-256,6.3>

[<070,256,147,]
— <180256.92>

<1.00,256,26.0> |<0.80,256,13 - <1.30,228,19.6>

<1.40,256,35.4> J040256.107:|

s_ewma
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RemyCC

<1.60,256,10.9> |-

<0.90,-256,32.4> ]

<0.80,256,3.5>

r_ewma

h <0.10,256,4.0>

<1.60,-256,6.3>

+ 7025664

<1.40,256,5.5>

<1.00,256,26.0>

|<m 256,147

<0.80,256,13.

<180256.92>

<1.40,256,35.4>

<0.40.256.10.75]

<1.30,228,19.6>

s_ewma
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RemyCC

<1.60,256,10.9> |-

<0.80,256,3.5>

r_ewma

<1.40,256,5.5>

<0.90,-256,32.4>Eq#

FH—| <1.60,-256,6.3>

<180256.92>

<1.00,256,26.0> |<0.80,256,13 <1.30,228,19.6>

<1.40,256,35.4> J040256.107-|

s_ewma

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control




RemyCC

<1.70,256,10.4> |-~

<0.70,256,3.7>

r_ewma

<1.90,256,5.6>

<0.70,-256,44.4>ﬁq¥l

H—] <1.80,-256,5.4>

ol <10025683>

<1.60.256.10.95|

<1.00,256,12.3> [1 20,256,13.1 <1.30,228,27.0>

<1.40,256,43.4> | 01025655~

s_ewma
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Evaluation in ns-2

» End-to-end comparators: NewReno, Cubic, Compound, Vegas
» In-net comparators: Cubic-over-sfqCoDel, XCP
» Simulation setup published for replication

Firefox « J "] TCP ex Machina HEW

<1'@ web.mit.edu/remy + & | (B~ coogle ol @- 4 &

TCP ex Machina: Computer-Generated Congestion Control H

by tein and Har

Remy is a computer program that figures out how computers can best
cooperate to share a network.

Read the Paper Reproduce the Results Get the Code

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan
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Scenario 1: fixed-rate network, homogenous senders

Round-trip time

Queue Link

\ ‘ ‘ ‘ Recelver 2
°
°
°

Receiver n
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Scenario 1: details

Quantity Simulation parameter Remy assumptions
Link speed 15 Mbps Uniform(10, 20) Mbps
RTT 150 ms Uniform(100, 200) ms
n 8 Uniform(1, 16)

“On" process exp[n = 100 kB exp[p = 5]s

“Off” process exp [,u = %} s exp[u = 5]s

Remy objective:

Z o [throughput ]

delay )

1
§ed=,1,10

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan
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Scenario 1: throughput-delay plot

18
1.6
1.4

12

Throughput (Mbps)

0.8

0.6

04 | | | |

32 16 8 4 2 1
Queueing delay (ms)

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



Scenario 1: throughput-delay plot

18
1.6
1.4

12

Throughput (Mbps)

0.8

o
°
06 NewReno : °

04 | | | |

32 16 8 4 2 1
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Scenario 1: throughput-delay plot
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Scenario 1: throughput-delay plot
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Scenario 1: throughput-delay plot

18
1.6
1.4
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Scenario 1: throughput-delay plot

Throughput unfairness
Median
outcome

W—/

Delay unfairness
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Scenario 1: throughput-delay plot
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Scenario 1: throughput-delay plot
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Scenario 1: throughput-delay plot
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Scenario 1: throughput-delay plot
18
1.6

14

o) 0] XCP

12
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Scenario 1: throughput-delay plot

18 |-
RemyCC
O 0=0.1
16 |-
RemyCC
06:1
14
2 o XcpP
£, O
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= Compound
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Scenario 1: throughput-delay plot
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Scenario 2: Verizon LTE, n =8

T Remy T T
oL 3=0.1 i
18- . Remy N
Cublco =1
@ 16 O |
g Compound
214 NewRen(p 7
g
<}
F=
F 12+ B
1l _
08 L XCP |
| | |
64 32 16

Queueing delay (ms)
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Remy as an instrument to study network science

From the perspective of a network endpoint,
what matters?

How difficult is it to learn a good protocol,
given an imperfect model of the network?

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan
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RemyCC competing against itself

7~

RemyCC
NewReno [TCP-naive]

,? O

Throughput (Mbps)
(6]

3 | | | J
128 64 32 16

Queueing delay (ms)
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RemyCC competing against itself

7~

RemyCC
NewReno [TCP-naive]

,? 4_____ O

Cost of TCP-awareness

Throughput (Mbps)
(6]

3 | | | J
128 64 32 16

Queueing delay (ms)
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RemyCC competing against TCP NewReno
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RemyCC competing against TCP NewReno
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The cost of generality

-05
)
K}
o©

3 oar
<

S

5

<]
]
]

5]
N
©

£

6 -15 1
[=
k=)
o

2 N | | N |

1 10 100 1000

Link rate (Mbps)

Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control
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The cost of generality

log( normalized throughput / delay )
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The cost of generality
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The cost of generality

1000x range
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When the model is wrong about the topology

One bottleneck

Flow 1

Queue >
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When the model is wrong about the topology

Two bottlenecks

Flow 1

Queue Queue >
Link 1 /75 ms Link2/75 ms
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Flow 2 Flow 3
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When the model is wrong about the topology

60 —

30
20
m
o
Qo
S 10
5
(=%
=
[=2)
3
z °F
[
3 -
2 -
1 | | | | | | |
10 20 30 40 50 60 75 100

Speed of the slower link (Mbps)
Keith Winstein, Anirudh Sivaraman, Pratiksha Thaker, and Hari Balakrishnan

TCP ex Machina: Computer-Generated Congestion Control



When the model is wrong about the topology
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Systems ex Machina

» Explicit design considerations — freedom to innovate

» “If this protocol is the answer, what's the question?”

keithw@mit.edu

http://mit.edu/remy
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