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u
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o
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g
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C

o
n
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l

S
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F
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H
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P
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S
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W
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M
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C
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lgorithm

s
P

aris

1



W
hy

lo
o

k
at

n
o

n
-T

C
P

co
n

g
estio

n
co

n
tro

lm
ech

an
ism

s?

�

T
he

congestion
controlm

echanism
s

in
T

C
P

are
w

ell-suited
for

applica-
tions

such
as

file
transfer:

�

w
ith

the
goaloftransferring

a
file

in
the

shortestpossible
tim

e;

�

given
the

restrictions
offairness

and
the

avoidance
ofcongestion

col-
lapse.

�

S
om

e
applications

w
ould

prefer
to

avoid
T

C
P

’s
characteristic

halving
ofthe

congestion
w

indow
:

�

and
w

ould
be

w
illing

to
pay

the
price

ofa
longer

transfer
tim

e.

�

N
otconsidered:

A
pplications

exem
ptfrom

end-to-end
congestion

control.

2



C
an

d
id

ates
fo

r
T

C
P

-co
m

p
atible

bu
t

slow
ly-resp

o
n

d
in

g
co

n
g

estio
n

co
n

tro
l:

�

E
quation-based

congestion
control

�

F
or

exam
ple,T

F
R

C
(T

C
P

-Friendly
R

ate
C

ontrol).

�

T
C

P
based

on
A

IM
D

(A
dditive-Increase,M

ultiplicative-D
ecrease)

�

W
ith

appropriate
increase

and
decrease

param
eters�

and� .

�

M
odified

variants
ofT

C
P

(e.g.,rate-based).

�

B
inom

ialcongestion
controlalgorithm

s
thatare

extensions
ofA

IM
D

.

�

A
nd

a
num

ber
ofothers...

3



E
q

u
atio

n
-b

ased
co

n
g

estio
n

co
n

tro
l:

T
F

R
C

�

U
ses

T
C

P
’s

equation
forthe

acceptable
sending

rate
as

a
function

ofthe
loss

rate
and

R
T

T.

�

T
he

receiver
estim

ates
the

loss
event

rate
over

the
m

ost
recent

eight
loss

intervals.

�

W
e

believe
that

T
F

R
C

is
a

viable
congestion

controlschem
e

for
m

any
stream

ing
m

edia
applications

(m
any

of
w

hich
don’t

currently
use

end-to-
end

congestion
control).

4
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A
IM

D
(� ,� ):

�

T
he

determ
inistic

steady-state
m

odel:

W

(1−
b)W (1−

b)W
+

a
(1−

b)W
+

2a W

T
im

e

C
ongestion

W
indow

A
IM

D
congestion

w
indow

in
steady-state.

�

D
ecrease

w
indow

from�

to���
��� �

.

�

Increase
w

indow
from

�

to�
	
�

packets
each

roundtrip
tim

e.

6



A
IM

D
(� ,� ),co

n
tinu

ed
:

�

T
he

average
sending

rate


is���
���
�� �

packets
per

R
T

T.

�

E
ach

cycle
has

one
drop

in
about ������

��
��
� �

packets.

�

T
herefore,�

�
��

������
�� �

,and
 �
��� �
�� �

���

.

�

F
or

T
C

P,
 �
��
�� �

.

�

S
o

A
IM

D
(� ,� )

should
com

pete
fairly

w
ith

A
IM

D
(1,

1/2),
in

the
deter-

m
inistic

m
odel,if���

� �
� ���
�� .

W

(1−
b)W (1−

b)W
+

a
(1−

b)W
+

2a W

T
im

e

C
ongestion

W
indow
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T
C

P
(1/5,1/8),o

r
T

C
P

(2/5,1/8)?

�

T
he

previous
slide

suggests
thatT

C
P

(1/5,1/8)should
be

T
C

P
-com

patible,
butactually,T

C
P

(2/5,1/8)
looks

better
in

sim
ulations:

0
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T
C

P
T
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M
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M
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C

P
(0.4,0.125)
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C
o

m
p

arin
g

A
gg

ressiven
ess

an
d

R
esp

o
n

siven
ess:

�

A
ggressiveness:

M
ax

increase
in

sending
rate

(in
packets/R

T
T

)
in

one
R

T
T.

�

A
IM

D
(� ,� )

or
T

C
P

(� ,� ):�

�

T
F

R
C

:0.14 �

0.28
packets

�

R
esponsiveness:

R
T

T
s

ofsustained
congestion

for
halving

the
sending

rate.

�

A
IM

D
(� ,� ): �� ! ��#" �

�

�

T
C

P
(� ,� ):

in
heavy

congestion,ack-clocking
and

retransm
ittim

eouts
give

quick
reductions

in
the

sending
rate

�

T
F

R
C

:5
R

T
T

s

9



C
o

m
p

arin
g

A
gg

ressiven
ess

an
d

R
esp

o
n

siven
ess,co

n
t.:

0

0.5 1

1.5 2

0
2

4
6

8
10

Aggressiveness (Increase)

R
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C
 w
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A

IM
D

(0.42, 1/4)
A

IM
D

(0.2, 1/8)
A

IM
D

(0.1, 1/16)
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C
o

m
p

arin
g

S
m

o
o

th
n

ess
an

d
R

esp
o

n
siven

ess:

�

S
m

oothness:
Largestreduction

ofsending
rate

in
one

R
T

T,in
the

determ
inistic

m
odel.

�

T
C

P
(� ,� ):�

��

�

T
F

R
C
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C
o

m
p

arin
g

S
m

o
o

th
n

ess
an

d
R

esp
o

n
siven

ess,etc.:
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S
im

u
latio

n
w

ith
T

C
P
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d

T
C
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o
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S
im

u
latio

n
w

ith
T

F
R

C
(to

p
)

an
d

T
C

P
(b

o
tto

m
)
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flow
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M
easu

rin
g

th
e

th
ro

u
g

h
p

u
t

ratio

�&' :
the

sending
rate

for
a

flow
over

the( -th
tim

e
interval.

�

T
hroughputratio

for
the( -th

interval:

)*)*,+-

�

F
ora

flow
,w

e
look

atthe
distribution

ofthroughputratios,for0.2-second,
1-second,and

10-second
tim

e
intervals.
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T
h

e
cu

m
u

lative
d

istribu
tio

n
o

f
th

ro
u

g
h

p
u

t
ratio

s

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0
0.5

1
1.5

2

TCP.

T
hroughput R

atio (over 1 second intervals)

0

0.2

0.4

0.6

0.8 1

0
0.5

1
1.5

2

TFRC/

T
hroughput R

atio (over 1 second intervals)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9 1

0
0.5

1
1.5

2

TCP(0.4,0.875)0

T
hroughput R

atio (over 1 second intervals)
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S
u

m
m

ary:
W

hy
are

w
e

b
o

th
erin

g
w

ith
T

F
R

C
,in

stead
o

f
u

sin
g

T
C

P
(2/5,1/8)?

�

T
F

R
C

gives
a

sm
oother

sending
rate

than
T

C
P

(2/5,1/8).

�

T
F

R
C

uses
less

traffic
on

the
return

path
than

T
C

P
:

�

T
F

R
C

uses
a

feedback
m

essage
once

per
R

T
T.

�

T
C

P
uses

A
C

K
packets.

�

T
F

R
C

is
a

prom
ising

building
block

for
m

ulticastcongestion
control.

�

R
eceiver-based.

�

S
ender

slow
ly

adjusts
its

sending
rate

based
on

feedback
from

re-
ceivers.
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E
xp

lo
rin

g
ad

d
itio

n
ald

ifferen
ces

b
etw

een
m

em
o

ryless
an

d
m

em
o

ry-b
ased

co
n

g
estio

n
co

n
tro

l

�

M
em

ory-based
congestion

control:

�

E
quation-based

congestion
control,

such
as

T
F

R
C

,
w

ith
its

m
em

ory
ofpastloss

intervals.

�

M
em

oryless
congestion

control:

�

T
C

P,w
hich

responds
to

the
presence

or
absence

ofcongestion
in

the
m

ostrecentR
T

T.

�

D
uring

a
slow

-start,T
C

P
’s

slow
-startthreshold

ssthresh
retains

som
e

m
inim

alm
em

ory
ofthe

previous
congestion

w
indow

.
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S
im

u
latio

n
s

o
f

T
F

R
C

(to
p

)
an

d
T

C
P

(2/5,1/8)
(b

o
tto

m
),

w
ith

p
acket

bu
rsts

p
erfectly

ad
ap

ted
to

T
F

R
C

’s
m

em
o

ry
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S
im

u
latio

n
s

o
f

T
F

R
C

(to
p

)
an

d
T
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P
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o
tto

m
),

w
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p
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*n
o

t*
p
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T
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o
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C
o

n
cern

s
ab

o
u

t
S

low
C

o
n

g
estio

n
C

o
n

tro
l(S

low
C

C
):

A
reporton

w
ork

in
progress

w
ith

D
eepak

B
ansal,

H
ariB

alakrishnan,and
S

cottS
henker.

F
or

this
talk,S

low
C

C
refers

only
to

T
C

P
(2/5,1/8)

or
to

T
F

R
C

.
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C
o

n
cern

s
ab

o
u

t
S

low
C

o
n

g
estio

n
C

o
n

tro
l(S

low
C

C
):

�

(1)
Less

aggressive:
S

low
C

C
’s

lim
ited

ability
to

take
advantage

of
an

increase
in

the
available

bandw
idth.

�

(2)
Less

responsive:
Is

there
an

extended
period

of
transient

conges-
tion,

w
ith

high
packet

drop
rates,

after
a

sharp
decrease

in
the

available
bandw

idth?

�

(3)
Fairness

w
ith

T
C

P
in

a
changing

environm
ent:

�

Long-term
fairness

w
ith

T
C

P
?

�

Transientfairness
w

ith
T

C
P

?

�

Fairness
to

com
peting

T
C

P
w

eb
m

ice?

22



A
gg

ressiven
ess:

S
low

C
C

’s
lim

ited
ab

ility
to

take
ad

van
tag

e
o

f
in

creases
in

th
e

available
b

an
dw

id
th

�

A
ssum

e
thatthe

bandw
idth

available
to

a
flow

is
doubled.

�

F
or

T
C

P
(� ,� ),the

sending
rate

is
increased

by:

���32

packets/sec
each

R
T

T,

���32 �

packets/sec
each

second.

�

T
herefore,

for
T

C
P

(� ,� )
in

congestion
avoidance

w
ith

a
sending

rate
of

4

pkts/sec,ittakes42 �� �

seconds
to

double
its

sending
rate.

�

T
his

“cost”
of

S
low

C
C

cannot
be

im
proved

by
standard

scheduling
or

queue
m

anagem
entm

echanism
s

atthe
routers.
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R
esp

o
n

siven
ess:

S
low

C
C

’s
slow

d
ecrease

in
resp

o
n

se
to

co
n

g
estio

n

�

In
m

ild
butpersistentcongestion

(e.g.,w
ith

E
C

N
),T

C
P

(� ,� )
decreases

its
sending

rate
by

a
m

ultiplicative
factor���

���

each
R

T
T.

�

In
severe

congestion,
T

C
P

(� ,� )
decreases

quickly,
as

a
result

of
both

ack-clocking
and

retransm
ittim

eouts.

�

F
or

equation-based
congestion

control,the
decrease

rate
is

determ
ined

by
the

m
ethod

for
estim

ating
the

loss
eventrate.

�

F
orT

F
R

C
,w

hich
averages

overa
num

berofloss
intervals,the

decrease
rate

is
determ

ined
by

the
num

ber
ofloss

intervals
in

the
average

(8).

�

F
or

heavy
congestion,

T
F

R
C

’s
“ack-clocking-em

ulation”
is

the
dom

i-
nantm

echanism
determ

ining
the

decrease
rate.
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N
ext:

fairn
ess

resu
lts

�

Long-term
fairness

w
ith

T
C

P
in

a
changing

environm
ent?

�

Transientfairness
w

ith
T

C
P

in
a

changing
environm

ent?

�

Fairness
to

com
peting

T
C

P
w

eb
m

ice
in

a
changing

environm
ent?

S
um

m
ary:

W
e

could
find

no
fairness

reasons
for

not
deploying

S
low

C
C

(thatis,T
C

P
(2/5,1/8)

or
T

F
R

C
)

in
the

currentInternet.
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S
low

C
C

’s
lo

n
g

-term
fairn

ess
w

ith
T

C
P

in
ch

an
g

in
g

enviro
n

m
en

ts:

0
0.2
0.4
0.6
0.8 1
1.2
1.40.01

0.1
1

10
100

Normalized Bandwidth

Length of H
igh/Low

 (15M
b/5M

b) B
andw

idth P
eriod

S
quare W

ave B
andw

idth (C
om

peting T
C

P
 and T

F
R

C
 F

low
s)

T
F

R
C

T
C

P
/S

ack1

S
im

ulations
ofT

C
P

com
peting

w
ith

T
F

R
C

.
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S
low

C
C

’s
lo

n
g

-term
fairn

ess
w

ith
T

C
P

in
ch

an
g

in
g

enviro
n

m
en

ts:

0
0.2
0.4
0.6
0.8 1
1.2
1.40.01

0.1
1

10
100

Normalized Bandwidth

Length of H
igh/Low

 (15M
b/5M

b) B
andw

idth P
eriod

S
quare W

ave B
andw

idth (C
om

peting T
C

P
 and T

C
P

(1/8) F
low

s)

T
C

P
-1/8

T
C

P
/S

ack1

S
im

ulations
ofT

C
P

com
peting

w
ith

T
C

P
(2/5,1/8).
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Tran
sien

t
fairn

ess
w

ith
T

C
P

in
a

ch
an

g
in

g
enviro

n
m

en
t:

�

A
fter

a
sudden

doubling
in

the
available

bandw
idth,

T
C

P
initially

gets
m

ore
than

its
share

of
the

available
bandw

idth,
w

hen
com

peting
w

ith
T

F
R

C
or

T
C

P
(2/5,1/8).

�

W
hen

the
available

bandw
idth

returns
to

its
initial

value,
the

return
to

fairness
is

fairly
prom

pt.
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Fairn
ess

to
co

m
p

etin
g

T
C

P
w

eb
m

ice
in

a
ch

an
g

in
g

enviro
n

m
en

t:
R

esu
lts

fro
m

cu
rren

t
sim

u
latio

n
s

�

T
C

P
w

eb
m

ice
com

peting
w

ith
T

F
R

C
or

T
C

P
(2/5,1/8)

do
no

w
orse

than
w

eb
m

ice
com

peting
w

ith
T

C
P.

�

T
C

P
flow

s
starting

up
against

an
existing

T
F

R
C

or
T

C
P

(2/5,
1/8)

flow
quickly

achieve
their

share
ofthe

link
bandw

idth.
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R
elated

w
o

rk
in

p
ro

g
ress:

�

W
hatabout*very*
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