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�
M
otivation

F
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C
lassical
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o
d
els.

�
In
tro
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L
on
g
R
an
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D
ep
en
d
en
ce.

�
A
n
aly
tical
M
o
d
el.

M
acro-d
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n
am
ics

M
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y
n
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�
P
erform
an
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A
n
aly
sis
M
eth
o
d
ology.

M
ean
C
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d
elay.

C
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loss
p
rob
ab
ility.

�
D
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ro
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e
A
A
I
N
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ork
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o
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r
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c
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h
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p
e
e
d
N
e
tw
o
r
k
s

O
rgan
ization
(con
td
.)

�
S
im
u
lation
M
o
d
el.

M
o
d
el
D
escrip
tion
.

V
alid
ation
.

�
E
x
p
erim
en
tal
E
valu
ation
.

M
ean
C
ell
d
elay
an
d
C
ell
L
oss
P
rob
ab
ility
resu
lts.

T
ra�
c
M
icro-d
y
n
am
ics.

S
en
sitiv
ity
of
n
u
m
b
er
of
p
h
ases.

S
econ
d
-ord
er
statistics.

�
C
on
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s.

�
F
u
tu
re
W
ork
.
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n
d
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n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

M
otivation

�
T
ra�
c
stu
d
ies.

�
Q
u
eu
ein
g
p
erform
an
ce
of
a
p
ro
cess
w
ith
in
�
n
ite
varian
ce.

�
S
w
itch
b
u
�
ers
get
�
lled
u
p
faster
th
an
th
ose
p
red
icted
b
y
con
ven
tion
al
m
o
d
els

�
E
x
am
p
le:

M
ean
cell
d
elay
:

0

(A
)

1
L

oad

M
ean D

elay

(B
)

F
ig
u
re
1
:
T
y
p
ica
l
D
ela
y
cu
rv
es
fo
r
lo
n
g
-ra
n
g
e
d
ep
en
d
en
t
m
o
d
el
(B
)
a
n
d
co
n
v
en
tio
n
a
l
m
o
d
el
(A
).
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s
is
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f
T
r
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�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

M
otivation
(con
td
.)

�
E
x
am
p
le:

P
rob
ab
ility
of
C
ell
L
oss:

P(Q
>

x)

B
uffer Size

log(

, x

(B
)

(A
)

)

F
ig
u
re
2
:
T
y
p
ica
l
lo
ss
cu
rv
es
fo
r
lo
n
g
-ra
n
g
e
d
ep
en
d
en
t
m
o
d
el
(B
)
a
n
d
co
n
v
en
tio
n
a
l
m
o
d
el
(A
).

�
T
ra�
c
m
o
d
elin
g
an
d
p
erform
an
ce
p
red
iction
req
u
ired
for
e�
cien
t
op
eration
al

algorith
m
s.

A
C
T
S
A
T
M

In
tern
etw
o
rk
P
ro
ject

4



M
o
d
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lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

In
tro
d
u
ction

�
S
elf
sim
ilar
tra�
c
m
o
d
els:

F
B
M
,
A
R
IM
A
,
M
o
d
elin
g
w
ith
C
h
aotic
M
ap
s.

�
D
e�
n
ition
of
self
sim
ilarity
:

L
et
X

=
(X
t ,
t=
0,
1,
2...)
b
e
a
covarian
ce
station
ary
p
ro
cess

X
k
(m
)
=

1m
m
�

1
Xi=

0
X
k
m
�

i

(1)

E
x
actly
:

r
(m
)(k
)
=
r(k
);k
�
0

(2)

A
sy
m
p
totically
:

r
(m
)(k
)
!

r(k
);m
!

1

(3)
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n
d
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a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

In
tro
d
u
ction
(con
td
.)

�
R
am
i�
cation
s

N
on
-su
m
m
ab
le
au
to
correlation
fu
n
ction
.

D
ivergen
t
P
ow
er-S
p
ectru
m
at
th
e
origin
.

�
Im
p
lication

B
u
rstin
ess
of
A
ggregate
tra�
c.

�
O
rigin

O
N
-O
F
F
sou
rce
fram
e-w
ork
w
ith
O
N
an
d
O
F
F
p
erio
d
s
th
at
follow
a
d
istrib
u
tion

w
ith
in
�
n
ite
varian
ce.

A
C
T
S
A
T
M

In
tern
etw
o
rk
P
ro
ject

6



M
o
d
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g
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n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el

�
D
e�
n
ition
:
R
ate
P
ro
cess:
A
ran
d
om
p
ro
cess
R
(t),
w
h
ich
is
th
e
sh
ort-term
tim
e

average
of
th
e
arrival
p
ro
cess
A
(t).

0
5
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0
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9

T
im
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ours)

Number of Cells
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10
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T
im
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C
ell
cou
n
t
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p
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cess.

A
C
T
S
A
T
M

In
tern
etw
o
rk
P
ro
ject

7



M
o
d
e
lin
g
a
n
d
A
n
a
ly
s
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o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
M
o
d
el
th
e
M
acro-d
y
n
am
ics
an
d
M
icro-d
y
n
am
ics
of
th
e
R
ate
P
ro
cess.

�
R
ate
p
ro
cess
is
m
o
d
eled
as
a
n
on
-M
arkov
ian
,
station
ary
an
d
ergo
d
ic
p
h
ase-p
ro
cess

h
av
in
g
a
�
n
ite
state
sp
ace
S
=
f
x
1 ;x
2 ;:::x
N
g
.

k

T
im

e

R
ate

x

x

x

N

1

x
1
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T
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�
c
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H
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h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
T
h
e
rate
vector
�

=
[

1 ;

2 ;:::;

N
+
1 ]
rep
resen
ts
th
e
b
ou
n
d
ary
rates
for
th
e
states
an
d



1
�


1
�
::::
�


N
+
1 .

T
im

e

R
ate

γ

.

N
+

1

γNγ
1 2

γ γ
k. .
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g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
T
h
e
p
rob
ab
ility
vector
��
=
[�
1 ;�
2 ;:::;�
N
]
d
en
otes
th
e
stead
y
-state
p
rob
ab
ility
vector

of
th
e
p
h
ase
p
ro
cess.

�
T
h
e
stead
y
state
p
h
ase
p
rob
ab
ilities
of
th
e
p
h
ase
p
ro
cess
are
assu
m
ed
to
follow
a

d
istrib
u
tion
w
ith
a
h
eav
y
tail.

�
T
h
e
rates
in
�

an
d
th
e
p
rob
ab
ility
vector
��
d
e�
n
e
th
e
m
acro-d
y
n
am
ics.
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lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
�

is
ob
tain
ed
b
y
p
artition
in
g
th
e
ran
ge
[

m
in ,

m
a
x ]
w
h
ere


m
in
an
d


m
a
x
rep
resen
t
th
e

m
in
im
u
m
an
d
m
ax
im
u
m
rates
resp
ectively.

�
T
h
e
rate
vector
�

for
N

p
h
ases
is:



1
=


m
in

(4)



i
=


1
+


m
a
x
�


m
in

N

;i
=
2
;3
;4
;:::;N

(5)



N
+
1
=


m
a
x :

(6)

A
C
T
S
A
T
M

In
tern
etw
o
rk
P
ro
ject

1
1



M
o
d
e
lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
��
is
ob
tain
ed
from
th
e
C
D
F
of
R
(t).

�
T
h
e
C
D
F
of
R
(t)
can
b
e
ob
tain
ed
from
a
th
eoretical
in
�
n
ite
varian
ce
d
istrib
u
tion
.

H
ere,
a
th
eoretical
P
areto
D
istrib
u
tion
w
as
u
sed
.

A
P
areto
D
istrib
u
tion
can
b
e
given
as:

F
X
(x
)
=
1
�
K
x
�

�
;
�
>
1
;x
>
K
:

(7)

T
h
e
m
ax
im
u
m
likelih
o
o
d
estim
ate
of
th
e
sh
ap
e
p
aram
eter
�
,
for
a
given
set
of
d
ata

sam
p
les
D
=
f
d
1 ;d
2 ;::;d
M
g
is
given
as

�
=

1

1M

P
Mi=

1
ln
(d
i )

(8)
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s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
T
h
e
C
D
F
can
also
b
e
ob
tain
ed
from
an
em
p
irical
C
D
F
of
th
e
rate
p
ro
cess.

�
T
h
e
stead
y
-state
p
rob
ab
ility
�
i
for
state
x
i ,
w
h
ich
is
b
ou
n
d
ed
b
y
rates


i
an
d


i+
1
is

com
p
u
ted
as:

�
i
=
P
[X
�


i+
1 ]�
P
[X
�


i ];
i
=
1
;2
;3
:::N
�
1

=
F
X
(

i+
1 )
�
F
X
(

i );
i
=
1
;2
;3
:::;N
�
1

(9)

1

R
A

T
E

0
γ

γ
γ

γ
γ

2
3

4
Ν

+1
1

γ
Ν

C
D

FF
ig
u
re
3
:
Q
u
a
n
tizin
g
th
e
C
D
F
o
f
R
(
t).
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lin
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n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

T
ra�
c
M
o
d
el
(con
td
.)

�
W
ith
in
each
state
x
i ,
w
ith
asso
ciated
p
rob
ab
ility
�
i ,
th
e
arrival
p
ro
cess
is
m
o
d
eled
as
a

p
oin
t
p
ro
cess
w
ith
a
w
ith
�
n
ite
m
ean


i+
1
an
d
�
n
ite
varian
ce.

�
T
h
e
d
istrib
u
tion
fu
n
ction
d
e�
n
es
th
e
tra�
c
m
icro-d
y
n
am
ics
of
th
at
state.

�
A
ssu
m
in
g


i+
1
as
th
e
m
ean
rate
in
state
x
i
is
a
con
servative
assu
m
p
tion
as
it
is
th
e

u
p
p
er
b
ou
n
d
on
th
e
rates
in
each
state.
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lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

P
erfo
rm
a
n
ce
A
n
a
ly
sis
M
eth
o
d
o
lo
g
y

�
L
et
Z
d
en
ote
th
e
ran
d
om
variab
le
asso
ciated
w
ith
a
p
erform
an
ce
p
aram
eter
of
a
q
u
eu
e

w
ith
R
(t)
as
th
e
in
p
u
t
p
ro
cess.

x 2

x

R

 3

x 1

x 4

x n

x i

F
ig
u
re
4
:
C
o
n
cep
t
fo
r
p
erfo
rm
a
n
ce
a
n
a
ly
sis
m
eth
o
d
o
lo
g
y.

�
F
ollow
in
g
th
e
lin
earity
p
rop
erty
of
ex
p
ected
valu
e,
th
e
ex
p
ected
valu
e
of
th
e
ran
d
om

variab
le
Z
can
b
e
w
ritten
as

E
[Z
]
=
Xi

2
S
�
i E
[Z
jS
=
x
i ]

(10)

�
In
th
e
ab
ove
eq
u
ation
th
e
tra�
c
m
acro-d
y
n
am
ics
are
d
escrib
ed
b
y
th
e
valu
es
of
��
an
d

th
e
m
icro-d
y
n
am
ics
are
rep
resen
ted
b
y
E
[Z
jS
=
x
i ].
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M
o
d
e
lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

P
erform
an
ce
A
n
aly
sis
M
eth
o
d
ology
(con
td
.)

�
P
erform
an
ce
p
red
iction
in
term
s
of
M
ean
C
ell
D
elay
an
d
C
ell
loss
P
rob
ab
ility.

�
N
otation
:

L
etS

lotted
sy
stem
,
in
�
n
ite
b
u
�
er.

n
d
en
ote
th
e
n
u
m
b
er
of
cells
in
th
e
sy
stem
at
a
given
tim
e.

P
in (j)
rep
resen
ts
th
e
p
rob
ab
ility
th
at
th
ere
are
n
cells
in
th
e
q
u
eu
e
at
th
e
en
d
of
th
e

j
th
slot,
given
th
at
th
e
in
p
u
t
p
ro
cess
is
in
state
x
i .

p
ik
d
en
ote
th
e
p
rob
ab
ility
th
at
th
ere
are
k
arrivals
to
th
e
sy
stem
w
h
en
th
e
in
p
u
t

p
ro
cess
is
in
state
x
i .

�
Q
u
eu
e
d
y
n
am
ics
are
d
escrib
ed
b
y
:

P
in (j
+
1)
=
n
+
1
Xk

=
0
P
ik (j)p
in

�

(k
�

1) +

(11)

�
(x
)
+
rep
resen
ts
th
e
m
ax
im
u
m
of
f
0
;x
g
.
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M
o
d
e
lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

P
erform
an
ce
A
n
aly
sis
M
eth
o
d
ology
(con
td
.)

�
M
ean
-D
elay
:

S
lotted
-G
/
D
/
1
sy
stem
,
an
aly
sis
b
ased
on
P
rob
ab
ility
G
en
eratin
g
F
u
n
ction
(P
G
F
).

A
verage
cell
d
elay
given
as:

E
[D
]
=
1�
NXi=

1

�
i

1
�
�
i f

12
�
2i
+
32

�
2i g

(12)

w
h
ere

�
=
P
Ni=

1
�
i 

i+
1
is
th
e
m
ean
arrival
rate.

D

is
th
e
ran
d
om
variab
le
rep
resen
tin
g
th
e
d
elay
ex
p
erien
ced
b
y
cells
arriv
in
g
at
th
e

in
p
u
t
of
th
e
q
u
eu
ein
g
sy
stem
.

�
i ,
is
th
e
p
rob
ab
ility
th
at
th
e
sy
stem
is
o
ccu
p
ied
i.e.,
th
e
u
tilization
given
S
=
x
i
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M
o
d
e
lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

P
erfo
rm
a
n
ce
A
n
a
ly
sis
M
eth
o
d
o
lo
g
y
(co
n
td
.)

�
C
ell
loss
P
rob
ab
ility

L
et
P
L
[K
jS
=
x
i ]
d
en
ote
cell
loss
p
rob
ab
ility
in
a
�
n
ite
b
u
�
er
of
size
K
,
given
th
at

th
e
in
p
u
t
p
ro
cess
is
in
state
x
i .

�
P
L
[K
jS
=
x
i ]
is
ap
p
rox
im
ated
as
P
[Q
>
K
jS
=
x
i ]

P
L
[K
jS
=
x
i ]
�
P
[Q
>
K
]

(13)

�
A
n
aly
sis
of
C
ell
loss
for
a
G
en
eral
arrival
p
ro
cess
to
a
slotted
sy
stem
is
h
ard
.
A
ssu
m
e

th
at
th
e
m
icro-d
y
n
am
ics
are
ex
p
on
en
tial.

P
L
(K
)
=

NXi=
1
�
i (1
�

KXk
=
0

(1
�
�
i )p
ik
+
P
in

=
1
f
1
�
P
nm

=
0
p
im
g
P
ik

�

n

p
i0

)

(14)

p
in
=
e
�

�
i�
i n

n
!

(15)
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n
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A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

S
u
m
m
ary
of
M
eth
o
d
ology

�
O
b
tain
(

m
in ;

m
a
x ).

�
O
b
tain
th
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Modeling and Analysis of Tra�c in High Speed Networks

Data Collection Process and the AAI.

� Performance Analysis is based on Trace data collected from the AAI network.

� Con�guration:

aai-pop.nrl.aai.net

aai-pop-ether.nccosc.aai.net

aai-pop-ether.nrlssc.aai.net

aai-pop-ether.cewes.aai.net

AAICEWES

NRL

ARL

NRLSSC

NCCOSC

GSD

aai-pop-ether.gsd.aai.net

aai-pop-ether.arl.aai.net

SWITCH

SITE

KU

merlin.edc.magic.net

EDC

TIOC

hettz.tioc.magic.net

spork.tisl.ukans.edu

OC 3

OC 3

OC 3

OC 3

OC 3

OC 3

OC 3

OC 3

OC 12

Figure 5: Connections of the sites and switches being sampled.
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Modeling and Analysis of Tra�c in High Speed Networks

Data Collection Process and the AAI(contd.)

� Data collected from several edge switches using Simple Network Management Protocol

(SNMP).

� Total Data collected: � 1.8 Gbytes.

� Sampling interval is approximately 60 seconds.

� Data was re-sampled using linear interpolation so that sampling interval is exactly 60

seconds.

12060

Cell conts

Time

t t 21

c(t 2)

c(t 1)

c(k

tk ∆

t)∆

Figure 6: Re-sampling by linear interpolation of cell counts.
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Modeling and Analysis of Tra�c in High Speed Networks

Simulation Model (contd.)

Sampled cell counts 

SOURCE

Figure 8: Validation of Model

� Output of the source sampled at constant time intervals of TS seconds - Simulates the

data collection process.

� TS=60 seconds as in the case of collected data.

� Queueing system is a M/ D/ 1 system for which theoretical results are available.

� Considering the statistical nature of the simulation, simulation results closely agree

with the experimental results.
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Modeling and Analysis of Tra�c in High Speed Networks
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Figure 9: Validation of the simulator for mean cell transfer delay results.

ACTS ATM Internetwork Project 28



M
o
d
e
lin
g
a
n
d
A
n
a
ly
s
is
o
f
T
r
a
�
c
in
H
ig
h
S
p
e
e
d
N
e
tw
o
r
k
s

A
C
T
S
A
T
M

In
tern
etw
o
rk
P
ro
ject

2
8



Modeling and Analysis of Tra�c in High Speed Networks
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Figure 10: Validation of the simulator for Cell loss ratio results.
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Modeling and Analysis of Tra�c in High Speed Networks
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Figure 11: Data Collected from NCCOSC site.
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Modeling and Analysis of Tra�c in High Speed Networks
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Figure 12: Mean Cell Delay estimate obtained from theory (� = 8:2), histogram and simulation for the

trace labeled 'NCCOSC' and shown in Figure 11, using N = 15 input phases.
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Modeling and Analysis of Tra�c in High Speed Networks
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Figure 13: Comparison of cell loss probability estimates obtained from theory (� = 8:2), histogram and

simulation of the collected data trace labeled NCCOSC and shown in Figure 11, using N = 15 input

phases. � = :4.
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Figure 14: Data trace Collected from the Phillips site.
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Modeling and Analysis of Tra�c in High Speed Networks
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Figure 15: Comparison of Mean Cell Delay estimates obtained from theory (� = 1:2), histogram and

simulation of the collected data trace labeled Phillips and shown in Figure 14, using N = 15 input

phases.
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Figure 16: Comparison of cell loss probability estimates obtained from theory (� = 1:2), histogram and

simulation of the collected data trace labeled Phillips and shown in Figure 14, using N = 15 input

phases. � = :4.
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Figure 17: Data trace Collected from the NRL site.
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Figure 18: Comparison of Mean Cell Delay estimates obtained from theory (� = 2:2), histogram and

simulation of the collected data trace labeled NRL and shown in Figure17, using N = 15 input phases.
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Figure 19: Comparison of cell loss probability estimates obtained from theory (� = 2:2), histogram and

simulation of the collected data trace labeled NRL and shown in Figure 17 using N = 15 input phases.

� = :4.
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Modeling and Analysis of Tra�c in High Speed Networks
Theory
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Figure 20: E�ect of tra�c micro-dynamics on Mean Delay predicted by theory (� = 8:2) for the trace

labeled 'NCCOSC' and shown in Figure 11, using N = 15 input phases.
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Modeling and Analysis of Tra�c in High Speed Networks
Simulation
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Figure 21: E�ect of tra�c micro-dynamics on Mean Delay obtained from simulation of the trace labeled

'NCCOSC' and shown Figure 11.
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Figure 22: E�ect of tra�c micro-dynamics on Cell loss probability obtained from simulation of the trace

labeled 'NCCOSC' and shown Figure 11.
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Figure 23: E�ect of tra�c micro-dynamics on Cell loss probability estimate obtained for a �xed bu�er size

of 15 cells from simulation of on the trace labeled 'NCCOSC' and shown in Figure 11.
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Figure 24: E�ect of tra�c micro-dynamics on Mean Delay predicted by theory (� = 1:2), for the trace

labeled 'Phillips' and shown in Figure 14, using N = 15 input phases.
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Figure 25: E�ect of tra�c micro-dynamics on Mean Delay obtained from simulation of the trace labeled

'Phillips' and Figure 14.
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Figure 26: E�ect of tra�c micro-dynamics on Cell loss probability estimate obtained for a �xed bu�er size

of 30 cells from simulation of the trace labeled 'Phillips' and shown Figure 14.
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Figure 27: E�ect of tra�c micro-dynamics on Mean Delay predicted by theory (� = 2:2) for the trace

labeled NRL and shown in Figure 17, using N = 15 input phases.
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Figure 28: E�ect of tra�c micro-dynamics on Mean Delay obtained from simulation of the trace labeled

NRL and shown in Figure 17.
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Figure 29: E�ect of tra�c micro-dynamics on Cell loss probability estimate obtained for a bu�er size of 25

cells from simulation of the trace labeled NRL and shown in Figure 17.
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