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Talk Outline

• Congestion Control Wish List
• What high-speed TCPs and XCP achieve
• Rate Control Protocol (RCP)
• Goals
• Short Flow Completion Times
• Stability
• RCP under worst-case traffic patterns
• RCP-AC: Rate Control Protocol with Acceleration 

Control
• Conclusion
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TCP does not work well

1. Slow additive increase means flows take a long time to      
acquire spare capacity

2. Unsustainable large equilibrium window; requires extremely 
small loss 

3. Confused by lossy links -- low throughput in wireless links 

4. Unfair bandwidth sharing: Flow throughput 

5. Inefficient Slow Start

• Flows made to last multiple round trip times

• Instability -- exponential increase in aggregate traffic

6. Large queueing delay

∝
1

RTT

p = 3/(2w2)
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Wish List
1. Emulate Processor Sharing
• Performance is invariant of flow size distribution
• Mix of flows: Short flow-completion Times -- close to the minimum 

achievable
• Long flows: Results in 100% link utilization -- even under high bandwidth-

delay, lossy links... 
• All flows get fair share of bottleneck bandwidth

2. Want stability -- convergence to equilibrium operating point 
3. Close to zero buffer occupancy, Loss-free network
4. Makes efficient use of high bandwidth-delay links, e.g. fiber links
5. Allows proportional bandwidth sharing among flows
6. Want all the above under any network conditions (mix of RTTs, capacities, 

topologies, lossy and high-delay [wireless] links). 
7. Any traffic mix: short flows, mix of flow-sizes, sudden flash-crowds
8. Can police flows to enforce congestion control
9. No per-flow state, per-flow queue
10. No per-packet computation in routers
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High-speed TCPs - Pros and Cons
1. Emulate Processor Sharing
• Performance is invariant of flow size distribution
• Mix of flows: Results in flows finishing quickly -- close to the minimum 

achievable
• Long flows: Results in 100% link utilization -- even under high bandwidth-

delay, lossy links... 
• All flows get fair share of bottleneck bandwidth

2. Want stability -- convergence to equilibrium operating point 
3. Close to zero buffer occupancy, Loss-free network
4. Makes efficient use of high bandwidth-delay links, e.g. fiber links
5. Allows proportional bandwidth sharing among flows
6. Want all the above under any network conditions (mix of RTTs, capacities, 

topologies, lossy and high-delay [wireless] links). 
7. Any Traffic mix: long flows, mix of flow-sizes, sudden flash-crowds
8. Can police flows to enforce congestion control
9. No per-flow state, per-flow queue
10. No per-packet computation in routers
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Explicit Control Protocol (XCP)

• Proposed by Katabi et. al Sigcomm 2002; part of 
NewArch project

• Explicit feedback on congestion from the network

• Flows receive precise feedback on window 
increment/decrement

• Convergence of fair share rates could take many 
round trip times

•  Routers do detailed per-packet calculations
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XCP - Pros and Cons
1. Emulate Processor Sharing
• Performance is invariant of flow size distribution
• Mix of flows: Results in flows finishing quickly -- close to the minimum 

achievable
• Long flows: Results in 100% link utilization -- even under high bandwidth-

delay, lossy links... 
• All flows get fair share of bottleneck bandwidth

2. Want stability -- convergence to equilibrium operating point 
3. Close to zero buffer occupancy, Loss-free network
4. Makes efficient use of high bandwidth-delay links, e.g. fiber links
5. Allows proportional bandwidth sharing among flows
6. Want all the above under any network conditions (mix of RTTs, capacities, 

topologies, lossy and high-delay [wireless] links). 
7. Any Traffic mix: long flows, mix of flow-sizes, sudden flash-crowds
8. Can police flows to enforce congestion control
9. No per-flow state, per-flow queue 
10. No per-packet computation in the routers
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Example: XCP vs. TCP vs. PS
Flow Duration (secs) vs. Flow Size # Active Flows vs. time

8



RCP - Pros and Cons
1. Emulate Processor Sharing
• Performance is invariant of flow size distribution
• Mix of flows: Results in flows finishing quickly -- close to the minimum 

achievable
• Long flows: Results in 100% link utilization -- even under high bandwidth-

delay, lossy links... 
• All flows get fair share of bottleneck bandwidth

2. Want stability -- convergence to equilibrium operating point 
3. Close to zero buffer occupancy, Loss-free network
4. Makes efficient use of high bandwidth-delay links, e.g. fiber links
5. Allows proportional bandwidth sharing among flows
6. Want all the above under any network conditions (mix of RTTs, capacities, 

topologies, lossy and high-delay [wireless] links). 
7. Any Traffic mix: long flows, mix of flow-sizes, sudden flash-crowds
8. Can police flows to enforce congestion control
9. No per-flow state, per-flow queue 
10. No per-packet computation in the routers
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Rate Control Protocol (RCP): Picking the Flow Rate

• Is there one rate a router can give out to all the flows so 
as to emulate Processor Sharing ?

• Rate 

• RCP is an adaptive algorithm to emulate PS:

•         picked by the routers based on queue size and 
aggregate traffic

• Router assigns a single rate to all flows

• Requires no per-flow state or per-flow queue

R(t) = C/N(t)

R(t)
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RCP: The Basic Mechanism

SYN Desired
Rate=10Mb/s

SYN Rate=5Mb/s SYN Rate=5Mb/s

SYN-
ACK Rate=5Mb/s

FIN-ACK

Sending Rate = 5Mbps

Sender Router 1 Router 2 Receiver

FIN
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RCP: The Algorithm

R(t) = R(t − d0) +
α(C − y(t)) − β q(t)

d0

N̂(t)

Average RTT

Link Capacity
Aggregate Traffic queue

Estimate of # flows

N̂(t) =
C

R(t − d0)

R(t) = R(t − T )[1 +
T
d0

(α(γC − y(t)) − β (q(t)−q0)
d0

)

γC
]
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Understanding RCP: C/R
Many large flows

Many small flows:
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Understanding RCP

• Short Flow Completion Times
• Stability
• Homogeneous delays
• Heterogeneous delays
• Choosing alpha, beta for good performance
• Proportional bandwidth sharing
• Buffer-sizing under RCP
• Implementing RCP: Routers and End-hosts
• RCP’s Achilles Heel
• RCP-AC: Rate Control Protocol with Acceleration Control
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RCP Performance
• When traffic characteristics vary
• Different flow sizes
• As mean flow size increases
• Different flow size distributions
• Non Poisson arrivals of flows 
• As load increases
• When Network Conditions vary
• As link capacity increases
• As RTT increases
• Flows with different RTTs
• Multiple bottlenecks
• Congested reverse links
• Compared with:  AFCT ≥ 1.5RTT +

E[L]

C
;FCTPS = 1.5RTT +

L

C(1 − ρ)
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Example 1: Achieves PS for different Flow Sizes

Max. FCT
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Example 2: Achieves PS for different Flow Sizes
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RCP vs. TCP vs. XCP
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Example 3: Achieves PS for any flow-size distribution
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Access Router
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09/26/2006 07:21 PMMcSunsetsIII on Flickr - Photo Sharing!

Page 1 of 3http://flickr.com/photos/mcshots/112103444/in/photostream/

You aren't signed in     Sign In    Help

Search everyone's photos

McSunsetsIII

more mcsunsets from the "sun also rises" set 

Comments

asawaa    says:

They are MCbeautiful!
:0)
Posted 7 months ago. ( permalink )

Alanna@VanIsle    says:

Gorgeous collection!!
Posted 7 months ago. ( permalink )

konaboy    says:

You've got some great ones there, Brian! Do you ever sell sunsets? I hear
they're a tough market.
Posted 7 months ago. ( permalink )

Carmen Lario    says:

Preciosa colección de fotos!
Posted 7 months ago. ( permalink )

pilz8    says:

Uploaded on March 13, 2006
by mcshots

mcshots' photostream

5,132
photos

View as
slideshow

This photo also belongs to:

The Sun Also Rises (Set)

Sunrise, Sunset -- Anything Sun!
(Pool)

Seascapes and Shorelines (Pool)

Sunsets and sunrises around the
world (Pool)

I Shoot Film (Pool)

Catchy Colors (Pool)

Beautiful Scenery (Pool)

California (Pool)

sky & clouds (Pool)

Beaches (Pool)

WATER everywhere ~~~~~~~~~
(Pool)

Flickr-Yahoo Coalition (Pool)

The Shores of California (Pool)

Flickr People (Pool)

Skyscape (Pool)

TRAVELPIX (Pool)

GREATPIX (Pool)

SUNSET&RISEPIX (Pool)

Example 1: Impact of RCP’s Short Flow-
Completion Times

C = 100 Mbps, RTT = 80 msec
Flow-size = 1000 pkts (1 MB) 
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512512
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Example 2: Sudden Changes in Available 
Bandwidth 09/27/2006 12:51 PMWelcome to Gmail

Page 1 of 1https://www.google.com/accounts/ServiceLogin?service=mail&passive…gle.com%2Fmail%2F%3Fui%3Dhtml%26zy%3Dl&ltmpl=cm_wsad&ltmplcache=2

 

Welcome to Gmail

A Google approach to email.  

Gmail is a new kind of webmail, built on the idea that email can be
more intuitive, efficient and useful. And maybe even fun. So give it a
try—sign up with your mobile phone or ask someone you know with
Gmail to invite you. And why not? After all, Gmail has:

 Fast search
Use Google search to find the exact message you
want, no matter when it was sent or received.

 Lots of space
Over 2768.765855 megabytes (and counting) of free
storage so you'll never need to delete another
message.

Chat right inside Gmail
It's just one click to chat with the people you already
email. You can even save your chats in your Gmail
account. Learn more

Mobile access
Read Gmail on your mobile phone by pointing your
phone's web browser to http://m.gmail.com. Learn
more

Sign in to Gmail with your

Account

Username:

Password:

 Remember me on this
computer.

Sign in

I  cannot access my account

Sign up for Gmail 

About Gmail     New features! 

©2006 Google - Privacy Policy - Program Policies - Terms of Use

09/27/2006 01:07 PMApple - iTunes - Download iTunes

Page 1 of 1http://www.apple.com/itunes/download/

To learn how Apple safeguards your personal information, please review the Apple Customer Privacy policy.

iTunes is licensed for reproduction of non-copyrighted materials or materials the user is legally permitted to reproduce. Purchases from the iTunes

Music Store are available only in Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Japan, Luxembourg,

Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, the United Kingdom, and the United States. #1 music download store according to

Nielsen SoundScan. See Terms of Sale.

Home > iTunes > Download iTunes

Copyright © 2006 Apple Computer, Inc. All rights reserved.

 

 

Email me New Music Tuesday and special
iTunes offers. 

Keep me up to date with Apple news,
software updates, and the latest
information on products and services. 

Email Address  

Mac OS X 10.3.9 or later

Windows 2000 or XP

Apple Customer Privacy Policy

Download iTunes 7.0.1 - Free

Macintosh Requirements
Mac OS X 10.3.9 or later

500MHz G3 processor or better

QuickTime 6.5.2 or later

256MB RAM

Combo/Super Drive to burn CDs

Broadband Internet connection
(DSL/Cable/LAN) for buying and streaming
music

Nike + iPod Sport Kit requires Mac OS X
10.3.9 or later

Additional Video Requirements
Mac OS X 10.3.9 or later

1 GHz G4 processor or better

QuickTime 7.1.3 or later

16MB video RAM

Windows Requirements

Buy Disney films from the iTunes

Store and go to the movies without

leaving your comfy chair.

With Cover Flow, you can flip

through your digital music and video

collection just as you would CDs.

Just $4.99 in the iTunes Store, iPod

games give you hours of fun.

Make the most of your time by

telling iTunes in what order to

download content from the iTunes

Store.

Get at-a-glance information about

everything on your iPod.

Buy music, movies, TV shows,
and audiobooks, or download
free podcasts from the iTunes
Store 24 hours a day, 7 days a
week. Organize and play
everything on your Mac or PC.
Then sync it to your iPod and
bring it along. Anywhere.

 

Over 3.5 million songs. 99¢ each.

New and classic films from $9.99.

200+ shows at $1.99 an episode.

More than 20,000 titles.

65,000 and counting. 100% free.

$4.99 each. Countless hours of fun.

09/27/2006 01:09 PMlinux-logo.jpg 800!950 pixels

Page 1 of 1http://www.madore.org/~david/images/linux-logo.jpg

C = 100 Mbps, RTT = 0.1 sec

09/27/2006 01:14 PMYouTube - Broadcast Yourself.

Page 1 of 2http://www.youtube.com/browse?s=mp

Home Videos Channels Groups Categories Upload

Videos 1-20 of 100Browse Videos

Time
» Today

This Week

This Month

All Time

Category
» All

Arts & Animation

Autos & Vehicles

Comedy

Entertainment

Music

News & Blogs

People

Pets & Animals

Science & Technology

Sports

Travel & Places

Video Games

Join The Underground

Sign Up |  My Account |  Viewing History |  Help |  Log In

Search for     Search

  Most Recent |  Most Viewed |  Top Rated |  Most Discussed |  Top Favorites |  Most Linked |  Recently Featured  

Most Viewed (Today)

Redneck.TV Episode
Nine - Imported
Wines From MO, CA,
& OH
24:54

Added: 1 day ago

From: bubbataylor

Views: 683,809

    

224 ratings

Hillary Defends Bill's
Wallace Interview
00:29

Added: 1 day ago

From: srey098

Views: 121,262

    

223 ratings

DailyShowFoxCli
nton
02:16

Added: 1 day ago

From: beijair

Views: 104,660

    

1394 ratings

Pool Ball Trick Shot
02:00

Added: 1 day ago

From: virtualmagician

Views: 98,936

    

683 ratings

So Smooth
01:20

Added: 1 day ago

From: BaratsAndBereta

Views: 64,872

    

2084 ratings

Olbermann's special
commentary on
Clinton vs Fox
10:31

Added: 1 day ago

From: ToledoNative

Views: 59,175
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nasdac kavga yarı!
00:48

Added: 1 day ago

From: fuatatik

Views: 56,996

    

135 ratings

Help me!!!
00:25

Added: 16 hours ago

From: GoblinGaga

Views: 52,644
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Follower
00:30

Added: 1 day ago

From: WebbCampaign

Views: 43,258
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The Sopranos-
Adriana Returns!!!
07:25

Added: 1 day ago

From: LisaNova

Views: 42,303
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"little superstar"
kicks ass
00:31

Added: 1 day ago

From: robotrocks

Views: 42,127
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Mamma said knock
you out.
03:50
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From: Ooolalaa

Views: 41,169
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The Virtual Magician
- Behind the Scenes
- Part 1
08:20

Added: 23 hours ago

From: virtualmagician

Howard K. Stern
Anna Nicole Smith
Baby's Father
01:24

Added: 15 hours ago

From: mgamble84

20060926 麻生太郎外 
務大臣　再 任記者会
見
09:01

Added: 1 day ago

From: castelhai15

Season2 
"IWAREHOUSE
AMERICAI"
Episoded 01
09:59
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Example 2: Sudden Changes in Available 
Bandwidth

C = 100 Mbps, RTT = 0.1 sec
TCP: 118.75 sec to fill up pipe
RCP: 1 sec
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Is RCP Stable?

d(t) = d0 +
q(t)

C

q̇(t) =
[y(t) − C] if q(t) > 0

[y(t) − C]+ if q(t) = 0

y(t) = N × R(t − d0)

RCP System:

Equilibrium:

Ṙ(t) = 0; q̇(t) = 0

(R∗, q∗) = ( C

N
, 0)

Ṙ(t) = R(t)[
α(C − y(t)) − β q(t)

d(t)

Cd(t)
]

α = 0.9, β = 0.6

α = 1.2, β = 0.6
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RCP is Stable

α

β

Stable Independent of  C, RTT and # Flows
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RCP Stability: Heterogeneous RTTs

L1: 155 Mbps, delay = 1 ms 1 Flow

L2: 622 Mbps, delay = 10 sec

L3: 100 Mbps, delay = 1 ms

9 Flows
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RCP’s Weakness: Sudden Traffic Changes
Example: Offered load doubles within a round-trip time

Spike in worst-case queue size
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Example: RCP’s Convergence Time
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RCP-AC: Rate Control Protocol with 
Acceleration Control

• Enhanced RCP:
• Rate Control
• Acceleration Control
• Feedback Control

- acceleration: small

- Common case: 
finishes flows fast 

- Sudden changes: 
works well, small 
queues, near-zero 
losses, XCP-like

-Common case: long 
flow completion times

- acceleration: large

- Sudden changes: 
too aggressive, large 
queues, packet-losses
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Conclusion

• TCP  is unsuitable for high bandwidth-delay network
• XCP is a bold  attempt but hasn’t achieved what it set out to do 
• Making network faster doesn’t help; Flow duration is constrained 

by protocols

• Consequences of RCP:

• For Internet-sized flows: 10 times faster download times than 
TCP; 30 times faster than XCP. 
• Inherently fair among flows
• Provably stable independent of link-capacities, RTT, #flows
• Easy to police flows
• Easy to provide differential service for flows - GPS 
• Efficient use of high bandwidth-delay networks
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PCP: Probe Control Protocol

• Sends a sequence of probe packets at a specific rate to detect if network 
can support the rate; else end-point tries a new probe at a slower rate.

• Works best: Lightly loaded links with good history information (solves 
the problem of slow-start in lightly loaded regime with history info.)

• No Network support

• Congestion Control: Efficiency, fairness and stability. No new benefits 
or any different from TCP. Has to rely on Loss and/or Delay.

• Anti Congestion Control:

• - Has TCP’s O(log n) RTTs at start-up. Uses history for improvement. 

• - Heuristic emulation of explicit feedback. Achieves a subset of  
properties. Will not have strong properties of explicit feedback. 
Example (from Sally Floyd): New flow wants to blast at 1 Gbps for 2 
RTTs and stop.

• - Accept/Reject probe test: Delay-based measurements. Need accurate 
timers and small jitter at end-hosts for correctness. 
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Why not just increase TCP’s initial cwnd
1. Does not solve all problems:

• Long FCTs due to slow AIMD

• Unfairness

• Filling up buffers
2. Sunny day: O(log n/w_init) RTTs
3. Rainy Day: 

• Increases packet-losses. Early exit to CA mode. Worse than 
conservative SS.

• Increase in unfairness with DropTail Buffers. Different flows in 
different stages of SS. Those in later stages benefit at the expense of 
flows in earlier stages.

• Small buffers. Flash-crowds. Above problems are magnified
4. Summary: Increasing the initial window size and/or the rate of increase 

in slow-start while having only loss as feedback from the network could 
be either be too aggressive or conservative, depending on the network 
conditions. 33



But PS (GPS) is not the best for minimizing FCTs...

1. From Theoretical point of view:

• Needs some additional information on flow-sizes: Either complete 
information on flow-sizes (SRPT), or age of a flow for Feedback 
policy.

• Feedback policy: Does not always beat PS (depends on flow-size 
distribution).

• What is the optimal discipline in the network-case ?
2. From the practical point of view:

•  Job-size based disciplines give higher priority to the shorter flows, but 
because these flows do not have many packets in them there is only so 
much better one can do as compared to PS. Approximating PS already 
gets down the number of RTTs these flows are made to last to a small 
number (O(1) RTTs), beyond which we find SRPT/SJF have 
diminishing returns.
•  PS is fair :) Easier to explain what the system is doing.
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More on RCP’s Weakness

• Bound it
• Hard with the q(t) term
• Alternative: Rate reduces and queue drains within 2-3 RTTs, now 

work without the q(t) term and bound convergence time

• Prevent it

• RCP-AC

• Make it harder to enter this regime

• Stamp in Acceleration along with Rate

• Small Acceleration: Lightly loaded link, relatively high R(t) 
(compared to C), heavily congested link. 
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Proportional bandwidth-sharing in RCP

• Compute R(t) just as in RCP

• Stamp the rate differently for different flows - for example, 
stamping R in packets of flow 1 and w*R (w is between 0 and 1) in 
packets of flow 2 shares bandwidth in the ratio 1:w

• R has to be allowed to increase to C/w as opposed to C - ensuring 
that even if there are just flows of the lower priority, they can make 
use of the entire bandwidth

• The rate stamped is capped at C - so even if R equals C/w and a 
high priority flow comes by, it gets at most C

• This can be extended to arbitrary number of priority levels
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Description of RCP-AC
• Rate Controller: Just like in RCP

• Acceleration Controller: 

• Feedback Controller: 

φ = α(C − y(t)) · d + (γB − βq(t))

Controls acceleration

feedback−

i
= −

max(0, cwndi

rtti
− R(t)) · rtti

cwndi

rtti
· d

feedback+

i
= min[

max(0, R(t) − cwndi

rtti
) · rtti

cwndi

rtti
· d

, pi]

pi = max(φ, 0) ·
max(0, R(t) − cwndi

rtti
) · rtti

cwndi∑K rtti

cwndi
max(0, R(t) − cwndi

rtti
)
·

rtti

d
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RCP-AC under Sudden Traffic Changes
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RCP-AC under Aggregated Traffic

 0.1

 1

 10

 100

 0  5000  10000  15000  20000  25000

A
F

C
T

 [
s
e
c
s
]

Flow Size [pkts]

XCP
gamma = 0.5

gamma = 5
gamma = 100

Processor Sharing

 Flow-completion times get closer to Processor Sharing as      gets largerγ

 2000

 2500

 3000

 3500

 4000

 4500

 5000

 5500

 6000

 6500

 7000

 0  20  40  60  80  100  120  140  160  180

#
 A

c
ti
v
e
 f
lo

w
s

Time [secs]

XCP
gamma = 0.5

gamma = 5
gamma = 100

Processor Sharing

39



Loss Detection and Retransmission Mechanisms

• Simulations: 

• Simulations done with bandwidth-delay buffering

• Observed losses in flash-crowd scenarios

• Receiver informs sender of the number of packets 
received. At the end, the sender times out and retransmits 
the difference. Continues until entire flow is transmitted.

• Ignores the exact mechanisms to determine (at the 
receiver) which packets are lost, and how is this 
information notified to the sender.

• Implementation in Linux:

• SACK Mechanism which informs the sender of the exact 
lost packets in every RTT.
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Choosing RCP Parameters for short FCTs
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Choosing RCP Parameters for short FCTs
Small flow-sizes: Large Beta
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Choosing RCP Parameters for small queues
Large flow-sizes: Large beta
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Choosing RCP Parameters for small queues
Small flow-sizes: Large beta
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Queue-sizes under RCP
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Queue-sizes under TCP (no AQM)
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RCP’s Buffer-size Requirements

• Static long flows: Zero equilibrium queue

• Relative Mean flow-size to bandwidth-delay product

• Large mean flow-size - less new arrivals, smaller buffers for 
any given loss-probability

• Small mean flow-size - many new arrivals, larger buffer for any 
given loss probability

• As the Link-rate (C) increases: Buffer = O(C.RTT) for constant 
loss-probability  
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RCP’s Buffer-size Requirements: As Mean flow-size 
Increases
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RCP’s Buffer-size Requirements: As Link-rate Increases
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RCP’s Buffer-size Requirements: As Link-rate Increases
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RCP’s Buffer-size Requirements: As Offered Load 
Increases
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µ(C·RTT ) equals 0.005 in every case.
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Implementation: RCP Algorithm on NetFPGA
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Prototyping RCP: Router Algorithm on NetFPGA

• Periodic Computations: 
• Done in S/W once every T = min(10 ms, avg-rtt)
• Per-packet Computations
• 3 Additions: 

1. Add pkt-rtt to running sum 
2. Add pkt-size to input-traffic
3. Increment #pkts seen
• Two Comparisons: 

1. Is pkt-rtt valid?
2. Is RCP-rate in pkt higher than what router can offer?
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Implementation: RCP End-host
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Example 3: TCP Penalizes Long RTT Flows
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Example 3: Fair Resource Allocation in RCP 
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Bandwidth Sharing Between x% TCP Flows and 
(100 - x)% RCP Flows
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