gooooboooboboboood g8y

0gaoo

20120 60 10



goooood

goooog

» JO0o0o0oogo
» 0Ogn

» JO0o0ooo

» JO0: 0000
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>

>
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gbobobobob
gopboobooooboooo
gooboboogon

gooond

go:0o00oo
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gooon

» 0000
» 00000 UTC (Universal Coordinated Time)
» JO0O000OO0O00OO00bOO0O0oOOoOooOoOOoOooDo
» 0000
» Joogagg
» 0000

» 0000000000000
» NTPOO 128ms00000000O0COOODOCOOOOO
uo
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goooood

» JO0oooon

>

\4

v

gad
» 200000000
aog
» UTCOOOOO
oog
» OOOO0000
good
» DO0O0O0oOoooooobooooon

» OO0

>

>

PCOOOO: 0.1-1sec/O0000O0OOO
NTP: 10-100ms D0 00D0CO0OO0DOOO

» tcpdump OO0 0OODOOODODO:

> 100usec-100msec (00O < 1msecO0OOOODO)

46



PCOOODODO
i8254000000000000000
» 16-bit 0000000 00000000

» 1,193,182 Hz 0D OO0OO0OD0OOOO0ODOO
» J0OO00obOo0bOobboobooboobooboobon
ubooaboaaod

1/0 Bus



goooobbn
» 0000000000

» 0000000000000: 107°
» 0.86sec/day 0O O OO0
» JO0000O00DOCOOO0ODOOO

clock
time

clock A ideal clock

clock B

time
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OoobDopPCOODO

v

Pentium TSC (Time Stamp Counter)

» CPUOODODOODOOOOOCPUODOOOOOOOOOO

ooo

» D0O0O0O0ODOODODOD CPUDDOO
ACPI (Advanced Counfiguration and Power Interface)

» DO00000O000000O0000O00bO000000
Local APIC (Advanced Programmable Interrupt Controller)

» JO00oobbbbooooobobobbboooogo
HPET (High Precision Event Timer)

» IAAPCOO0ODOO0ODO

» 2006 000000000DO0O00O0OO
goodaon

» GPSOCDMAOOOOOOODOO

» JO0OobOooboobooooboooooouboo

v

v

v

v
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osonogn

» OSO0O0O0OCOO00O0O0O0DODOOOD
» 000000000000000000O0
» 000000000000 C0O0O00CO0O00O0000O0
» JOO UNIXOOOOOOODOO 1omsOOOOOonDOOO
gobodobooooboobooooboooboo

/ 46



UNIX gettimeofday

» 00 OSOOO00O00ODDOOCOOOOOOOOD

» JO0O0O0D0OSO0000O0OOOOODOOOOO
» 000000000000000000000000000
00
» i8254 00 0 0: 838ns (1 / 1193182)
» 0SOD00O000

» 82540 0000000: 1-10usec
» struct timeval 0 O 0O 0O: 1-100usec

» JO0O0000O0OoSOOOO0DODoOO
» J000000 OO000000: 10-500usec
» JO00000000000000: 1-100msec or more
» 00000000 0000000000 (eg., setitimer):
» 000D000000000000000 (10msec by default)
» JOoobooboboboboaoboan
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NTP (Network Time Protocol)

» JO0000000000o0oo0oooooog

» OO0OO0O0OOO: 00 UTCOOOOOOO
» DO0O0000OO00: 00000000
» 300000000: D0b0b0O0bo0oboo

» JOOoooon

» 2030000000 2000000000 <30msO0O0O
» Jggoon

» DO0O00000000000O0

(1

:/ \:

@%/ \@\\@
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NTPODOOOO

» 0000000 (LANODO)

» 000000000 0O0OOobOOoOooa
» 0000000000000

> DDDDDDD(DD)DDDDDDDDDDDD
» 0000000

» JO0O0O0oooooa
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NTPODODOOODO

gobooboobooobooboobooon

»a=T2-T1

b=T3- T4

» clock offset: 6 = (a+ b)/2 (RTTOODOODODOO)

» roundtrip delay: § =a— b

A

B

T3

N

Tl

T4

goboooboooobooobooo
» T3: send time (current time)

» T2: receive time

» T1: send time in received message
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NTPOOOODODOO

» JO0Ooooon
» JOO00bo0obobboboboobod
» JOogogo
» DO0O0O00bOO000Oobooocooaon
» JOO00DbOo0obobboboo:-bo00boo
» J0OO00DOO00: 000000
» JO0gogno
» JO000 10000

Phase-L ocked
Oscillator

- Clock 1 Clock )
Network] Clock Filter Selecion || Combining Loop Filter

Clock Filter

Clock Filter
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BSD UNIXO BPFO O OO OOO

» 00000000 20000000000
> recv packet, DMA complete

interrupt interrupt header packet input
servicetim service time copy proc ng
os - DR e R DR -
filterin
BPF - -~ - g
device | I Y A e U
driver packet DMA
recv complete
network Interrupt interrupt
cad [0 oSmat ] ——
Wirg — leseRAELpS - o - o o oo s s s s s s s s s s s s s
€ packet -
time
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gooouobodooooobbod

gobodgbooooboobooobog
» Jgoooooooog
» JOoooon

good
» 0000 (autocorrelation)
» 0000 (stationary process)
» 0000 (long-range dependence)
» D000O000000 (self-similar traffic)
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ooubobbodoouoooboon

» 00000000 (D000)0000 (D000D0)
» 0000 (autocorrelation): 00 0000000000000

4e+07
35407 4
3ot o
@ =2
£ 25e+07 S
o
Y o
E ! E
3 2407 £
S 3
-3 N
£ 1sewor S
1e+07 2
5e+06 4
0
0 100 200 300 400 500 600 0 500 1000 1500 2000 2500 3000 3500
time (sec) time (sec)
T T
1 1
\ [
|
08 i g 08 k
»\
5 o6f 5 06 1[
= =
° °
S oarp g o4 {
\
g *
02 ~ R 02
\\A\A/»A\
T I
or 0 A A M AN M AN
. . . . . . . .
0 20 40 60 80 100 0 20 40 60 80 100
k 3

(0)0000000 (0)00000000000000 (0)000000 (0)0000 154



goooobbogogd

» 00 (lag)0000: x50 x4, 0000
» 00D000000000000000
» k00DOODO000000000000000000

4e+07

3.5e+07 -

3e+07

2.5e+07

Xis1
Xis1

2e+07 *

1.5e+07

1e+07 |

5e+06

0 5e+06 le+071.5e+072e+072.5e+073e+073.5e+07 4e+07
X X

00o0o0ooo0: (0D)00oD0o00O0 (D)0ooOoOoooOooOUoooOooo
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good

» 0000 (stochastic process)

{x(t),t € T}

v

0000 (autocorrelation): D0 DO0O00O0 4000 OO
goo

000000 (autocorrelation function)
R(tl, t2) = E[X(tl)X(tz)]

00000 (autocovariance)

v

v

Cov(ty, ta) = E((x(t1)—pa ) (x(t2) = s, )] = Elx(tn)x(82)] =ty par,
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0000 (stationary process)

» 000 X, O0OO0OO

» 00000000 E(X:) =g
» 00000000 k00000

Yk = Cov(Xe, Xerk) = E((Xe — p)(Xewk — 1))

Yo = Var(X,) = E((X: — 1)?)
» 000000 (autocorrelation coefficient)

» JO0Ooobbboboogo
» JO0oogoooooo

Tk
Yo

Pk
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goooood

gobobobo:-o0o0o0o0oooooogoo

pk =0 (k #0)
[IDO O (independent identically distributed process)
» 000000 o0ooooooooo
» JO0O000ooboooooo
» X, OOOODoDooooooooo

» independent: X, 0O OOO0O (0DOO)
> identically distributed: X, OO O ODOOODO
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gooon

ooo

» DO0O0O000O0000o0OOobooooonoa
ooooooooo

» Joodgoobbbbooooobboboobog
» 0000

» JO0oooobbbbooa

» JO0OD00O 1000000DODODO

oobooooboooboouobooobobooooboo

» 000DoS/flooding0 000

v

v

v
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0000000000 (power spectral dencity)

» D000 DbOo0oboobboobuoobooobooboo

gd
» J0OO00DbO0o0bobboboo
» 0000000 sincosO00O00O0O0OOO

S(f) = /_ Z R(r)e """ dr

» 0000000000
P(f) = [S(A)? +S(=F)*, 0< f < o0

» D000 boobuoobboobuoobbooboaboo

23 /46



goooobooogoon

vV v.yYyy

le+10

1e+08

1e+06

=)

& 10000

o

100

1}

0.01

0000000 (Do0): P(f) ~ const
oooo (@Qooo): P(f)~f0<a<10
1/f000(000000DoO0o0on): a=1.0
ddd: a>1.0

T
real
surrogate

+

1

! ! !
10 100 1000
f

0:(0)0000000 (0)00000000000000

10000
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000000000
00000000000 kKOOooOoooooooo
0000000000000 k000000 0oooooooo
» JOooono
> Yp(k) 000

> " lp(k)| < o0
k=0

» p(k)DOODO0O0ODDOO0UDOOOO0OODOOO
» 00

» DOOOooOogoo
» O0O00D0O00000

» JOooono
> Yp(k) D00

> lp(k)| = oo
k=0

» DO0O000000000000
» 00

» DO0O000OO0oOoOooO0ooboooooon
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ooooboboon

gbobobobobboboboooboobooooooon
gboboboboboooooo

» JOgooon
» OO0
» Jgoooooooog

p(k) ~ k=@ (k—o00) O0<a<l

gobodobooobooboooboan
» JO00O00(CO00)000oooo

P(f) ~ |f|~* (f —0)

v

gooonf

v
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gooouobodooooobbod

» (0)0000000 (0)0000000 (0)0000000

» 0000: (O0)10sec (O)1 sec (0)0.1 sec

lllllll

= s000]

1111111

i WWWW

= so00f
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goooto.ggggoon

> JO000000000O00O0OO0O0O0OoOO
» correlation-data-1.txt, correlation-data-2.txt

100

5.75+0.45 " x

72.727038%x

80

60

a0

20

0
0 20 40 60 80 100 120 140 160 0

data-1:r=0.87 (left), data-2:r=-0.60 (right)
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gooob.gogooobooood

#!/usr/bin/env ruby

# regular expression for matching 2 floating numbers

re = /([-+]17\d+(?7:\.\d+) ?)\s+([-+]1?\d+(?:\.\d+)?)/

sum_x = sum_y = sum_xx = sum_xy = 0.0
n=0
ARGF.each_line do |linel|
if re.match(line)
x = $1.to_f
y = $2.to_f

sum_x += X
sum_y +=y
Sum_xx += X*k*2
sum_xy += x * y
n+=1
end
end

mean_x = Float(sum_x) / n
mean_y = Float(sum_y) / n
bl = (sum_xy - n * mean_x * mean_y) / (Sum_xx - n * mean_x**2)

b0 = mean_y - bl * mean_x

printf "b0:%.3f b1:%.3f\n", b0, bl
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gooob.gogooobooood

set xrange [0:160]
set yrange [0:80]

set xlabel "x"
set ylabel "y"

plot "correlation-data-1.txt" notitle with points, \
5.75 + 0.45 * x 1t 3
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gooob.:ggad

» lg00ooboobooobooooooooooooog

# ruby autocorr.rb autocorr_5min_data.txt > autocorr.txt
# head -10 autocorr_bmin_data.txt

2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
2011-02-28T00:
head -10 autocorr.txt

000
860
860
857
857
854
851
849
846

#
0
1
2
3
4
5
6
7
8
9 0.841

OO0 000000 OR

00
05
10
15
20
25

247
420
231
159
290
249
188
192
102
172

6954152
49037677
4741972
1879326
39202691
39809905
37954270
7613788
2182421
1511718
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goooobobodd

o000 kO00000Do

1n
R(k :fE iXi
(k) ni:1XX+k

k=000000000000000000R(k)/RO)0OOO
0o

1 n
mm:EE:ﬁ
i=1

2n000DODODO
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goooobbogogd

# regular expression for matching 5-min timeseries

re = /7 (\d{4}-\d{2}-\d{2H) T(\d{2}:\d{2}) \s+(\d+) \s+(\d+) /

v = Array.new() # array for timeseries
ARGF.each_line do |linel
if re.match(line)
v.push $3.to_f
end
end

n = v.length # n: number of samples
h=n/2-1# (half of n) - 1

r = Array.new(n/2) # array for auto correlation
for k in 0 .. h # for different timelag

s =0

for i in 0 .. h

s += v[i] * v[i + k]

end

r[k] = Float(s)
end

# normalize by dividing by r0
if r[0] !'= 0.0
r0 = r[0]
for kin 0 .. h
rlk] = r(k] / r0
printf "%d %.3f\n", k, rl[k]
end
end
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gooooogd

set xlabel "timelag k (minutes)"
set ylabel "auto correlation"
set xrange [-100:5140]

set yrange [0:1]

plot "autocorr.txt" using ($1#5):2 notitle with lines

auto correlation

1

0.8

0.6

0.4

0.2

LY, .
A

MN\‘»«WWM/ N‘% /M‘xk\w 4

k\\"‘“w :

0 1000

2000 3000 4000
timelag k (minutes)

5000
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Joobb2.0d0dgboooo

OO000O0: ifbps.txt
» JO000000O00DOCOOOOO0ODOODbDOOODOO
o0
» 20110 500 1000020000
» format: time IN(bits/sec) OUT (bits/sec)
» 00000000 0DOOOOOO0ODO
» original format: unix_time IN(bytes/sec) OUT (bytes/sec)
» 0000 INODOOODOOoOOOo
» QUTOOOOOOODODO 2

500 \

. IN ——

é 400 ouT |

s 300 -

L 200

= { |

g 100 \fﬁ / ‘\\_/f\/‘/\/j\\ﬁv\/\q /“\N‘“‘\ A A 1 AU A Y AT A ”‘\/f\ b
0 vV WAV VAN \/“\r\w,“‘\/mvj A \/\\//‘\/j VA

05/07 05/14 05/21 05/28

time
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Dboogd2. 0000000000
» 0000000000000000

140

T T
mean

stddev ——+—
120 R
100 R
A
Q 80 B
2
Q o
& L o |
40 | R
20 E
O Il Il Il Il Il Il Il Il Il Il Il Il

0 2 4 6 8 10 12 14 16 18 20 22

time (2 hour interval)
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Jobobb 2. 0000000 odooooan

# time in_bps out_bps
re = /"\d{4}-\d{2}-(\a{2H) T(\a{2}) :\d{2}:\d{2}\s+(\d+\.\d+) \s+\d+\.\d+/

# arrays to hold values for every 2 hours
sum = Array.new(12, 0.0)

sqsum = Array.new(12, 0.0)

num = Array.new(12, 0)

ARGF.each_line do |linel
if re.match(line)
# matched
hour = $2.to_i / 2
bps = $3.to_f

sum[hour] += bps
sqsum[hour] += bps**2
num[hour] += 1

end
end
printf "#hour\tn\tmean\t\tstddev\n"
for hour in 0 .. 11

mean = sum[hour] / num[hour]
var = sqsum[hour] / num[hour] - mean*2
stddev = Math.sqrt(var)

printf "%02d\t%d\t%.1£\t%.1f\n", hour * 2, num[hour], mean, stddev
end
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Jobobb 2. 00d0doooboooogogad

set xlabel "time (2 hour interval)"
set xtic 2

set xrange [-1:23]

set yrange [0:]

set key top left

set ylabel "Traffic (Mbps)"

plot "hourly_in.txt" using 1:($3/1000000) title ’mean’ with lines, \
"hourly_in.txt" using 1:($3/1000000):($4/1000000) title "stddev" with yerrorbars 1t 3
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Dboood2.000000b0booogd
» 000000000000000

120

MIOI'I
Tue VAN
100 7v¥e3 YAy e
80 | Sun\ P
? /.
[oX /
=
S 6o .
5
'_
40 ]
20 t :
0 1 1 1 1 1 1 1 1 1 1 1 1

8 10 12 14 16 18 20 22
time (2 hour interval)

o
N
N
o
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Jobobb2. 0dd0oooobobbbooogn

# time in_bps out_bps

re = /"\d{4}-\d{2}-(\a{2H) T(\d{2}) : \d{2}:\d{2}\s+(\d+\.\d+) \s+\d+\.\d+/

# 2011-05-01 is Sunday, add wdoffset to make wday start with Monday
wdoffset = 5

# traffic[wday] [hour]
traffic = Array.new(7){ Array.new(12, 0.0) }
num = Array.new(7){ Array.new(12, 0) }

ARGF.each_line do |linel
if re.match(line)
# matched
wday = ($1.to_i + wdoffset) % 7
hour = $2.to_i / 2
bps = $3.to_f

traffic[wday] [hour] += bps
num[wday] [hour] += 1

end
end
printf "#hour\tMon\tTue\tWed\tThu\tFri\tSat\tSun\n"
for hour in 0 .. 11

printf "%02d", hour * 2
for wday in 0 .. 6
printf " %.1f", traffic[wday] [hour] / num[wday] [hour]
end
printf "\n"
end
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Jobbb2. oo booooogn

set xlabel

set xtic

set xrange
set yrange

2

[-1:23]
[o:

]

set key top left
set ylabel "Traffic (Mbps)"

plot "week_in.
"week_in.
"week_in.
"week_in.
"week_in.
"week_in.
"week_in.

txt"
txt"
txt"
txt"
txt"
txt"

"time (2 hour interval)"

txt" using 1:($2/1000000) title ’Mon’

using
using
using
using
using
using

1:

1
1
1
1
1

($3/1000000)

: ($4/1000000)
: ($5/1000000)
: ($6/1000000)
: ($7/1000000)
: ($8/1000000)

title
title
title
title
title
title

’Tue’
‘Wed’
’Thu’
’Fri’
’Sat’
’Sun’

with
with
with
with
with
with

with lines, \
lines, \

lines,
lines,
lines,
lines,
lines

P
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Jobobb2. 000ooooonon

» D000 booooaoog

» DO0O0000O0000000O0

Mon Tue Wed Thu Fri Sat Sun

Mon | 1.000 0.888 0.970 0.974 0.919 0.785 0.736
Tue | 0.888 1.000 0.935 0.927 0989 0.840 0.624
Wed | 0.970 0.935 1.000 0.980 0.938 0.811 0.745
Thu | 0974 0.927 0.980 1.000 0.941 0.813 0.756
Fri 0.919 0.989 0.938 0.941 1.000 0.829 0.610

Sat | 0.785 0.840 0.811 0.813 0.829 1.000 0.853
Sun | 0.736 0.624 0.745 0.756 0.610 0.853 1.000
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Oobbob 2. 0dd0oooooooboobon

» D000 obooobooobobooboooo

n = 12
for wday in 0 .. 6
for wday2 in 0 .. 6
sum_X = sum_y = sum_xX = sum_yy = sum_xy = 0.0
for hour in 0 .. 11
x = traffic[wday] [hour] / num([wday] [hour]
y = traffic[wday2] [hour] / num[wday2] [hour]

sum_x += x
sum_y +=y
Sum_Xxx += X**2
sum_yy += y**2
sum_xy += x * y
end
r = (sum_xy - sum_x * sum_y / n) /
Math.sqrt((sum_xx - sum_x**2 / n) * (sum_yy - sum_y**2 / n))
printf "%.3f\t", r
end
printf "\n"
end
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OO2 000dooon

» 0O00:0000000DO0O0O000O00DOOOO0O0ODO
» JO00000: ifbpstxt (D0 DOOO2000)
» JO00oobbbboooooobbboooooobbo
gd
» 20110500 1000020000
» format: time IN(bits/sec) OUT (bits/sec)
» 0000
1. ouTOOoDOoOooOooOooooooo
» DO0O000OO0OO0OO0Ooooooon
2. 0UTOOOOOOOOOOOOOOOO0O0d
» DO000D00O000DO0O00D0O
3.ouTOOOOOOOoOoooogogd
» JO0O000OCO0OO0OOO0OooOoooobOoOoooooo
4. 0O0OooOO
» OOoOoood
5. 00
» OO000D0O0O000O000000

» JO00OO0: 000000DOOOPODFOOOOOOD
SFC-SFSOO0DO
» J0O0O0: 20120 60 180
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god

oooooao

>» D000 ooooon

» JO0O00O000O00oooon
» JO0OOOooad

» JOOooo

» 0O 00000

» 00O 2
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good

090 000000000 (6/8)
»00oo

» 00000

» 000000

» 00: 000000
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