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Outline
• M o t i v a t i o n
• P a c k e t  p a i r  p r o b l e m  s e t u p
• D e s c r i b i n g  t h e  s y s t e m
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E s tim a ting  A v a ila b le B a nd w id th
• W h y

– P a t h  s e l e c t i o n ,  S L A  v e r i f i c a t i o n ,  n e t w o r k  
d e b u g g i n g ,  c o n g e s t i o n  c o n t r o l  m e c h a n i s m s

• H o w
– E s t i m a t e  c r o s s -t r a f f i c  r a t e  a n d  s u b t r a c t  f r o m  
k n o w n  c a p a c i t y

� ��� � �� � �
	 � �� ��
 �
– E s t i m a t e  a v a i l a b l e  b a n d w i d t h  d i r e c t l y

� ��� � �� � � � � ��� � ��� �
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Available Bandwidth
• F l u i d  D e f i n i t i o n  - s p a r e  c a p a c i t y  o n  a  l i n k

• I n  r e a l i t y ,  w e  h a v e  a  d i s c r e t e  s y s t e m
– A v a i l .  b / w  a v e r a g e d  o v e r  s o m e  t i m e  s c a l e

Capacity = 100Mbps

43 Mbps utilized 

ABW = 57Mbps

Capacity = 100Mbps

43 Mbps utilized 

ABW = 57Mbps
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t

P ac k et P air  M etho ds
• A s s u m e  s i n g l e  F I F O  q u e u e  o f  k n o w n  
c a p a c i t y  C
– Q u e u i n g  a t  o t h e r  h o p s  o n  p a t h  n e g l i g i b l e

• S e n d  p a c k e t  p a i r  s e p a r a t e d  b y  t
• O u t p u t  s e p a r a t i o n  t �� � d e p e n d s  o n  c r o s s -
t r a f f i c  t h a t  a r r i v e d  i n  t

Capacity = 100Mbps

43 Mbps utilized tout
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Problem Statement
• W h a t  i n f o r m a t i o n  a b o u t  t h e  c r o s s -t r a f f i c  d o  p a c k e t  p a i r  d e l a y s  e x p o s e ?

• C o n s i d e r  m u l t i -h o p  c a s e
• H o w  t o  u s e  p a c k e t  p a i r  i n  p r a c t i c e

• M i g h t  n o t  a p p l y  i n  p r a c t i c e  i f
• N o n -F I F O  q u e u i n g
• L i n k  l a y e r  m u l t i -p a t h
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Small Probi ng  Peri od  t
• A s s u m p t i o n  i s  t h a t  q u e u e  i s  b u s y  b e t w e e n  
p a c k e t s  o f  p a i r

• P a c k e t  p a i r  w i l l  n o t  w o r k  f o r  a r b i t r a r i l y  
l a r g e  t

t
Capacity = 100Mbps

43 Mbps utilized tout
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H ow  L arg e C an t B e?

First probe arrives
at queue of size R

Second probe arrives
at queue of size S

Cross-traffic arrives

Cross-traffic arrives

Queue empties 
after first probe

• t c a n n o t  b e  m o r e  t h a n  t r a n s m i t  t i m e  o f  
f i r s t  p r o b e !

• S a m e  p a c k e t  p a i r  d e l a y s
– Different amounts of intervening cross-traffic 

First probe and
some CT serviced
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Tradeoffs
• S m a l l  e n o u g h  t n o t  p o s s i b l e / a p p l i c a b l e  i n  
m u l t i -h o p  p a t h
– U nd er-util iz ed  l ink  of l ow er cap acity  b efore 
b ottl eneck

– Q ueue siz es of oth er h op s comp arab l e in 
magnitud e to t

• L a r g e r  t c a n  b e  u s e d  o n l y  i f  s o m e  
a s s u m p t i o n  m a d e  a b o u t  c r o s s -t r a f f i c !
– I nd ep end ent increments,  l ong range d ep end ent
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P rob l em  S et u p
• t- s p a c e d  p a c k e t  p a i r s  o f  s i z e  s z
• C o n s e c u t i v e  d e l a y s  R a n d  S  o f  p r o b e s

– Del ay  is same as encountered  q ueue siz e
– R emove need  for cl ock  sy nch roniz ation l ater

• A(T )  i s  a m o u n t  (s e r v i c e  t i m e )  o f  c r o s s -
t r a f f i c  a r r i v i n g  a t  (s i n g l e )  b o t t l e n e c k  i n  
t i m e  T

• W h a t  c a n  w e  l e a r n  a b o u t  t h e  p r o b a b i l i t y  
l a w s  g o v e r n i n g  A(T ) ?
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O u t l i n e
• Motivation
• P ac k e t p air  p r ob l e m  s e tu p
• D e s c r ib ing  th e  s y s te m
• S ol ving  w ith  i. i. d .  as s u m p tion
• I n p r ac tic e
• C onc l u s ions  and  f u tu r e  w or k
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Busy vs. Idle Queue
First probe arrives
at queue of size R

Second probe arrives
at queue of size S

First probe and
some CT serviced

Cross-traffic arrives

Cross-traffic arrives

Queue empties 
after first probe

ttAszRS −++= )( )()( sup
],0[in  

ststAS
ts

−−−=

queue is 
always busy

queue is idle
at least once
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S yst em  eq ua t i o n s
• S e c o n d  d e l a y ,  S i s  l i n e a r l y  r e l a t e d  t o  f i r s t  
d e l a y ,  R a n d  a m o u n t  o f  c r o s s -t r a f f i c  OR

• S i s r e l a t e d  o n l y  t o  a m o u n t  o f  c r o s s -
t r a f f i c

))(,)(max( tBttAszRS −++=

ttA  in time CT ofAmount )( =
)()(sup)(

],0[in  
ststAtB

ts

−−−=
CT measured
in time units of
service time at
bottleneck
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A(t) and B(t)
Bottleneck Output Link

CT arrives
on 4 links 

A(t)=4
B(t)=1

A(t)=4
B(t)=0

A(t)=4
B(t)=4

Periodic CT Burst after 1st packet Burst before 2nd packet

Link 1
Link 2
Link 3
Link 4
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C D F  o f  A(t)

• C u m u l a t i v e  d i s t r i b u t i o n  o f  A(t)
– A r r i v a l  p r o c e s s  i n  t t i m e  u n i t s
– S t e p  f u n c t i o n  i f  s i m i l a r  a m o u n t s  o f  c r o s s -t r a f f i c  a r r i v e s  e v e r y  t i m e  p e r i o d  o f  s i z e  t

0

1

Cumulative
Distribution
Function
(CDF)

A(t)
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Joint Prob. Distribution of B ( t) , A (t)
A(t),
Arrival 
in t

B(t),
Burstiness
within time t

t

0

Low rate, low
burstiness
(few packets)

High rate, high
burstiness
(many back to
back packets)

High rate, low
burstiness
(no back to 
back packets)

• A(t) >  B(t) >  A(t) – t (D e n s i t y  n o n -z e r o  only i n  s t r i p  
o f  s i z e  t)

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

• G i v e n  A(t) , s m a l l e r  B(t) i m p l i e s  A(t) a m o u n t  o f  
t r a f f i c  i s  w e l l -s p r e a d  o u t  w i t h i n  t t i m e  u n i t s
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S o lv ing  S y s tem  E q ua tio ns
• A s s u m p t i o n s  o n  C T  n e e d e d  f o r  a r b i t r a r y  t
• O u r  a s s u m p t i o n  o n  C T

– A(t)  i s  i . i . d .  i n  c o n s e c u t i v e  t i m e  p e r i o d s  o f  s i z e  t
– T r a c e s  f r o m  O C -3  (1 5 5 M b p s  l i n k )  a t  r e a l  r o u t e r  
s h o w  t h a t  d e p e n d e n c e  b e t w e e n  c o n s e c u t i v e  
A(t)  i s  0 . 1 6  t o  0 . 1 8

• G i v e n  d e l a y s  R  a n d  S  o f  m a n y  p a c k e t  p a i r s
– U s e  c o n d i t i o n a l  p r o b a b i l i t i e s  f �(s)=P(S= s | R=r )
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Packet Pair Delays in (B,A )  S p ace

B(t),
Burstiness
within time t

0

• C o n s e c u t i v e  d e l a y s  (r , s )  o c c u r  b e c a u s e  c r o s s -
t r a f f i c  h a d  (B,A)  a n y w h e r e  o n  a  r i g h t  a n g l e

• f �(s)=P(S= s | R=r )  i s  s u m  o f  (j o i n t )  p r o b a b i l i t i e s  a l o n g  
r i g h t  a n g l e

s

s-r-sz

A(t),
Arrival 
in t
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R eso lv ing  Density in (B,A)  S p ace

B(t),
Burstiness
within time t

0
s

s-r-sz

A(t),
Arrival 
in t

Take packet pairs such
that first delay R=r��

�
��� ��� 	 � 
 � � �� � 
 �

+
Take packet pairs such
that first delay R=r-1��

��� � ��� � � ��� 	 � 
 � � � � �� � 
 � � �
Take packet pairs such
that first delay R=r�

�
��� � � ��� 	 � 
 � � � � �� � 
 �

+
Take packet pairs such
that first delay R=r+1��

� � �
��� �� 	 � 
 � � �� � 
� � �

s-1

_
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Resolving Density in (B,A)  S p a c e

B(t),
Burstiness
within time t

0

• f � ( s )  +  f ��� � ( s -1 )  – f � ( s -1 )  +  f � � � ( s )

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

• T e l e s c o p i c  s u m  o f  d i f f e r e n c e s  a l o n g  d i a g o n a l

A(t),
Arrival 
in t
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Unresolvable Densities

B(t),
Burstiness
within time t

0

• W i d t h  o f  u n r e s o l v a b l e  s t r i p  i s  p r o b e  s i z e ,  
e f f e c t  o f  p r o b e  i n t r u s i v e n e s s

• J o i n t  d i s t r i b u t i o n  a l s o  g i v e s  u s  C D F  o f  A(t)

A(t),
Arrival 
in t
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I n P rac tic e
• A b s o l u t e  d e l a y s  R and S  no t  av ai l ab l e
• U s e  m i ni m u m  de l ay  v al u e  o b s e r v e d and 
s u b t r ac t  f r o m  al l  o b s e r v at i o ns
– M a y  n o t  w o r k  i f  n o  p r o b e  f i n d s  a l l  q u e u e s  i d l e
– E v e n  c a p a c i t y  e s t i m a t i o n  m a y  n o t  w o r k !

• A b o v e  l i m i t at i o ns  i nt r i ns i c  t o  p ac k e t  p ai r  
m e t h o ds
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• R o u t e r  t r ac e s  o f  C T  ( u t i l i z at i o n – ab o u t  5 0 % )
• t i s  1 m s ;  e ac h  u ni t  i s  1 5 5 M b p s * 0 . 1 m s  b i t s
• E r r o r s  du e  t o

– D i s c r e t i z a t i o n
– A(t)  n o t  e n t i r e l y  i . i . d .

B B

A A

Estimation with Router Traces 
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Estimation of A(t)

• A b o u t  1 0 -1 5 %  e r r o r ,  i n  g e n e r a l
• L a r g e r  e r r o r s  w i t h  l o w e r  C T  r a t e s

– l a r g e r  d e l a y  v a l u e s  l e s s  l i k e l y

Decreasing Cross-Traffic Rate

Service time of cross-traffic arriving in 0.25, 1ms (milliseconds)
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C o n c l u s i o n s  a n d  F u t u r e  W o r k
• P a c k e t  p a i r  m e t h o d s  f o r  ( s i n g l e  h o p )  a v a i l .  
b / w  w o r k  e i t h e r  w i t h  v e r y  s m a l l  t ( o r )

• W i t h  a s s u m p t i o n s  o n  C T
– I . I . D .  a s s u m p t i o n  r e a s o n a b l e
– A l m o s t  c o m p l e t e  e s t i m a t i o n  p o s s i b l e
– W h a t  o t h e r  a s s u m p t i o n s  p o s s i b l e ?

• P a c k e t  p a i r  d o e s  n o t  s a t u r a t e  a n y  l i n k
– H y b r i d  o f  p a c k e t  p a i r  a n d  s a t u r a t i n g  p a c k e t  
t r a i n  m e t h o d s ?
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B a c k u p  S l i d e s
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A(t) and B(t)
B(t)

(Arrival within t 
u nits )

A (t)
(Arrival in t 
tim e  u nits )

I nte rve ning  
c ro s s -traf f ic

S iz e  o f  b u rs tu . t (S iz e  o f  
b u rs t)

P ac k e t b u rs t 
s iz e d  u . t j u s t 
b e f o re  2 �

� p k t.

S iz e  o f  b u rs t - tu . t (S iz e  o f  
b u rs t)

P ac k e t b u rs t 
s iz e d  u . t af te r 
f irs t p ac k e t

u . t-tu . tP e rio d ic  traf f ic  
o f  rate  u . C
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U s i ng  c o ndi t i o nal  p r o b ab i l i t i e s
• f �(s)=P(S=s| R=r ) i s a  r i g h t  a n g l e
• F �(s)=P(S  s| R=r ) i s a  r e c t a n g l e
• H o r i z o n t a l  b a r  i s d i f f e r e n c e  b e t w e e n  
r e c t a n g l e s

• D e n si t y  i n  t h e  (B , A ) sp a c e  i s t h e  
d i f f e r e n c e  b e t w e e n  t w o  h o r i z o n t a l  b a r s

(s)F-(s)Fs) x,-r-C(s 1rr +=

] 1)-(sF-1)-(s[F                        

 - (s)F-(s)Fs) x,-r-h(s

r1-r

1rr +=

≤
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Required Delays for Estimation

Increasing
delays

A m b i g u i t i e s o f  si z e  sz st i l l  a l l o w  t h e  
r e so l u t i o n  o f  d i st r i b u t i o n  o f  A(t)


