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Show All Answers Hide All Answers

6.02 Tutorial Problems: Modulation

Problem 1.

Here's our "standard" modulation-demodulation system diagram: at the transmitter, signal x[n] is modulated by signal mod[n] and the result
(chan[n]) to the receiver where the incoming signal is demodulated by demod[n] and sent through a low-pass filter to produce y[n].

chan[n] r[n]

x[n] LPF > vinl

mod[n] demod|n]

Suppose the band-limited signal x[n] has the spectral coefficients shown below, where N=101:

A. Let mod[n] = cos(15(2a/101)n). Sketch a plot of the spectral coefficients for chan[n], showing both the real and imaginary components.
Please label center frequencies and peak amplitudes.

B. Let demod[n] = cos(15(2n/101)n), i.e., a sinusuoid of the same frequency and phase as mod[n]. Sketch a plot of the spectral coefficients for
r[n], showing both the real and imaginary components. Please label center frequencies and peak amplitudes.

C. Give the appropriate cutoff frequency and gain for the low-pass filter LPF so that y[n] is identical to x[n].

D. Let mod[n]=sin(15(2n/101)n), i.c., like part (A) except the modulating signal is a sine instead of a cosine. Sketch a plot of the spectral
coefficients for chan[n], showing both the real and imaginary components. Please label center frequencies and peak amplitudes.

E. Let demod[n] = cos(15(2n/101)n), i.e., a sinusuoid of the same frequency and but 7/2 out of phase with mod[n]. Sketch a plot of the spectral
coefficients for r[n], showing both the real and imaginary components. Please label center frequencies and peak amplitudes.

F. Assuming the parameters of the LPF are set as determined in part (C), describe y[n].

Problem 2. Single-sideband (SSB) modulation is a modulation technique designed to minimize the amount of footprint used to transmit an
amplitude modulated signal. Here's one way to implement an SSB transmitter.
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A

LPF
s[n] — 2cos(-—?{r- gn)

N2

B

LPF

. 2t B oy 2T
2$m(~»§~~*2~»n) sm(»«ﬁ}w Mn)

A. Starting with a band-limited signal s (n], modulate it with two carriers, one phase shifted by 7/2 from the other. The modulation frequency is
chosen to be B/2, i.e., in the middle of the frequency range of the signal to be transmitted. Sketch the real and imaginary parts of the Fourier
coefficients for the signals at points A and B. The figure below shows the Fourier coefficients for the signal s [n].

R}e
-B B

B. The modulated signal is now passed through a low-pass filter with a cutoff frequency of B/2. Sketch the real and imaginary parts of the
Fourier coefficients for the signals at points C and D.

C. The signal is modulated once again to shift it up to the desired transmission frequency. Sketch the real and imaginary parts of the Fourier
coefficients for the signals at points E and F.

D. Finally the two signals are summed to produce the signal to be sent over the air. Sketch the real and imaginary parts of the Fourier
cocfficients for the signal at point G.

Problem 3.

We learned in lecture that if we modulate a signal with a cosine of a particular frequency and then demodulate with a sine of the same frequency
and pass the result through a low-pass filter, we get nothing! We can use this effect to our advantage -- here's a modulation/demodulation scheme
that sends two independent signals over a single channel using the same frequency band:

B D
a[n] e LPF —
}
| 8| 2
B ™| cos(~=Mn)
1] )
L ) 2 E
b[n] Wt LPF —>
sin(;}fw Mn)
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A. The Fourier coefficients for signals a (n] and b(n] are shown below. Sketch the real and imaginary parts of the Fourier coefficients for the

signal at point A.
Rge Rée
A TS
Im Im

Spectrum of a[n] Spectrum of b[n]

B. Sketch the real and imaginary parts of Fourier coefficients for signal at point B, right after we demodulate the combined signal using a
cosine. The result is passed through a low-pass filter with a cutoff of M; compare the signal at point D to the two input signals and
summarize your findings.

C. Sketch the real and imaginary parts of Fourier coefficients for signal at point C, right after we demodulate the combined signal using a sine.
The result is passed through a low-pass filter with a cutoff of M; compare the signal at point E to the two input signals and summarize your
findings.

Problem 4.

The diagram for a broken IQ transmitter is shown below. Assume N=1024 and M=64.

cos{M2,n)

|

B/
I[n] -\‘;Q—z
— i
Y

e x[1]

\1:.
i i
===

4
sr’n[Mﬂ,(n -D)]

The IQ receiver was designed assuming the transmitter was working correctly:

2cos{M2;n)
i
Y
—{ X —— ludn)
x[n] —
o gy
_"':\(\/\_,:"““‘“’ A P Qun)
"’ £ ™~ it
2sin(MQ,n) lowpass filter

A. The broken transmitter sent the symbols I=1 and Q=1. However, the receiver received the symbols Irx=0.617 and Qrx=0.924. What is the
value of D?

30f8 5/14/2011 3:31 PM
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B. The broken transmitter sent the symbols I=1 and Q=1. However, the receiver received the symbols Irx=0 and Qrx=0. What is the value of
D?

Problem 5.

Consider the simple modulation-demodulation system below, where all signals are assumed periodic with period N = 10000 and the sampling
frequency, fs, is 10000 samples per second. In addition, Qa = 2n(fa/fs) = (1000*2x)/10000.

Input

cosd,n 4+ cos2Q,n

cos 20, n

The Fourier Series coefficients versus frequency for the input to the modulation-demodulation system are plotted below for the case N=10000 and
fs=10000. Note that the Fourier coefficients are nonzero only for -100 <k < 100.

Fourner Series Coelficients Versus Frequency

| A e e e s
.
i
§oa§ il
; :
-05
-1.0 .
4 -2 o 2 4
kHz
10
T O L SN I By | e PO i gr o
M
? o0
05
P —
= 5 e e -
Hz

Please plot the Fourier series coefficients versus frequency for the signals at location A and B in the above diagram. Be sure to label key features
such as values and coefficient indices for peaks.

Problem 6.

Consider the multiple delay system diagrammed below.
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——=3{ 1 Sample Delay

Input s B

—3 M Sample Delay

The input to the multiple delay system is a modulated signal that is periodic with period N = 8000 and sampling rate fs = 8000. The Fourier Series
coefficients versus frequency for this modulated signal are plotted below.

Fourier Senes Coefficients Versus Frequency

o e : i

eal
o
o

itz

mag
©
o

~08h- .

A. Below are plots of the real and imaginary parts of the Fourier coefficients for point A in the multiple delay system. Determine the numerical
values for the six peaks in the plots.

Fourier Series Coefficients Versus Frequency

!
i
! !

g :
"
il

|
\
!

e
bt g i
: : i A
] |
ool
X
i i
: { . :
-4 -3 -2 -1 Q 1 2 3 4

kHZ

B. Use the following plot of the Fourier series coefficients for the sum of the delayed signals (point B in the multiple delay diagram), to
determine the smallest integer value for M, the number of samples in the second delay.
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Fourier Series Coefficients Versus Frequency

o - A
3 -3 -2 -1 a 1 2 3
Mz
: !
: ;l
|
; Ji
] :
i
b 5
i :
% :
-4 --‘3 -2 -1 [] 1 2 3
Mz

Problem 7.

In this modulation problem you will be examining periodic signals and their associated discrete-time Fourier series (DTFS) coefficients. Recall that
a periodic signal x[n] with period N has DTFS coefficients given by

ax = (1/N)Epecysx [n] e iki2n/H)n

and that the signal x[n] can be reconstructed from the DTFS coefficients using

%x[n] = Iy=cyraxed*(Zn/¥n

All parts of this question pertain to the following modulation-demodulation system, where all signals are periodic with period N = 10000. Please

also assume that the sample rate associated with this system is 10000 samples per second, so that k is both a coefficient index and a frequency. In
the diagram, the modulation frequency, km, is 500.

%,|n)
w(n|

sink,, 2 yln]

N

M Sample
Delny

sin by, 35n

¥3ln] v[n)

. 2x
s cos ke, 5En
cos by SE0 mN

A. Suppose the DTFS coefficients for the signal y[n] in the modulation/demodulation diagram are as plotted below.

60f8 5/14/2011 3:31 PM
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Fourier Series Coefficients
3] == S

AA
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oo —— f l‘/\ e
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] 4
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Py
| I NV T AR - S S
-3 -2 ‘::r 2 a4

Assuming that M = 0 for the M-sample delay (no delay), please plot the DTFS coefficients for the signals w and v in the
modulation/demodulation diagram. Be sure to label key features such as values and coefficient indices for peaks.

B. Assuming the DTFS coefficients for the signal y[n] are the same as in part A, please plot the DTFS coefficients for the signal x1 in the
modulation/demodulation diagram. Be sure to label key features such as values and coefficient indices for peaks.

C. If the M-sample delay in the modulation/demodulation diagram has the right number of samples of delay, then it will be possible to nearly

perfectly recover x1[n] by low-pass filtering v[n]. Please determine the smallest positive number of samples of delay that are needed and the
cut-off frequency for the low-pass filter. Please be sure to justify your answer.

Problem 8.

In answering this question, please refer to the modulation-demodulation system diagrammed below. Assume the N=128 and that the sampling
frequency, fs, is 128 samples per second.

x[n X

cos f ?—,fr"

A B
. e = buan s 12 9[0)

cos 25330 08 f4 25
a3[n} X & PRy

2
cos fa5Fn

A. Below are the plots of the real and imaginary parts of the Fourier coefficients vs. frequency for point A of the modulation-demodulation
diagram. Please plot the real and imaginary parts of the Fourier coefficients vs. frequency for the signal at point B, assuming 3 = 25. You
only need to plot the Fourier coefficents in the range -25 to 25. Please be sure to label critical frequencies and values in your graph.
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Fourier Series Coefficients Versus Frequency

<60 =40 -0 b 30

Imag
o
o

=060 =40 =20 o

Show Answer

B. Referring to plot given in part (A), if

x1[n] = a + Bcos(2(2n/N)n) and
x2[n] = (1/2)cos(2(2n/N)n) + (1/2)sin((2n/N)n)

please determine the two modulation frequencies, f1 and 2, and the two amplitudes, a and B.

C. Now suppose

x1l[n] = (1/2)cos(2(2n/N)n) + (1/2)sin((2n/N)n)
%x2[n) =0

and f1 = 15 (not one of the answers to part B!). For what values of {3 < 64 (there is more than one) will y[n] = x1[n], assuming that the
low-pass filter has been designed correctly? In addition, what should the magnitude be for the low frequency response of the low-pass filter?

8 of 8 5/14/2011 3:31 PM



http://web.mitedw6.02/www/currentsemester/handouts/tutprobs/mad... hitp://web.mit.edw/6.02/www/currentsemester/handouts/tutprobs/mod...

0.5
6.02 Tutorial Problems: Modulation mm i
....... 0.2
0.1}
Problem 1. 0.0
Here's our "standard" modulation-demodulation system diagram: at the transmitter, signal x[n] is modulated by signal mod[n] and the result
(chan[n]) to the receiver where the incoming signal is demodulated by demod[n] and sent through a low-pass filter (o produce y[n].
32
x[n] LPF yln] 0.0
-0.1
-0.2 + f
—40 =20 0 20 40
C. Give the appropriate cutofT frequency and gain for the low-pass filter LPF so that y[n] is identical to x[n].
mod[n] demod[n] e et
Suppose the band-limited signal x[n] has the spectral coeflicients shown below, where N=101: The low-pass filter should have a gain of 2 and a cutofT frequency that equals the bandwidth of x[n], i.c., k = 25.
R{ay) D. Let mod[n] = sin(15(22/101)n), L.e., like part (A) except the modulating signal is a sine instead of a cosine. Sketch a plot of the spectral
1.0 g = r TPy e T : = . cocfMicients for chan{n], showing both the real and imaginary components. Please label center frequencics and peak amplitudes.
38 I | S L SO D 1 = =
0.2 | cerens e e e e MH ﬁ * sesasenee seaseneseitesonsensn e Note how the real and imaginary parts have been interchanged.
0.0 cCo00ee i
0 20 40 R(ny)
0.3 -
Sy ) 0.2} :
oa - r 0.1 1
: 3 0.0
%w f S - *Mi{ ....................... s Y R ]
I%M s A e s S S el S e S S D g hhﬁk E =02} : 1
B s - S PO PN R e e -

; . : ;
=40 =20 0 20 40

A. Let mod[n] = cos(15(2=/101)n). Sketch a plot of the spectral cocMicients for chan(n], showing both the real and imaginary components.
Please label center frequencies and peak amplitudes.

Iay)

Rlag)

[=-R-F-¥-¥-¥-]
obnwOoNRD

i :
=20 0 20 40

. Let demod(n] = cos(15(22/101)n), i.c., a sinusuoid of the same frequency and but /2 out of phase with mod|n). Sketch a plot of the
40 spectral cocfTicients for r[n], wrcf:mwcc_ the real and imaginary components. Please label center frequencics and peak amplitudes.

T Note how the real and imaginary parts have been interchanged.

coooco
OHNWEL;

40

B. Letdemod(n] = cos(15(2=/101)n), i ., a sinusuoid of the same frequency and phase as mod[n]. Sketch a plot of the spectral cocMicients
for r{n], showing both the real and imaginary components. Please label center frequencies and peak amplitudes.

Note how the waveforms around frequency 0 are added together to produce a center component that's twice the height of the two side
components.

1of 15 5/14/2011 3:34 PM 20ofl5 5/14/2011 3:34 PM



Wd FE€ L10T/Y1/S Stjoy

' 1urod 18 [uudis dy) J0j ALY
13un04 o1 jo sued AreuiBew puv [v23 31 Y124 HU 24} 1340 135 3q 0} [vufis 2 sanpoud 0) poumns 2z sjeudis oM a1 Aeuly “Q

318 wnJjoedg

418 wnnoadg

5

go-ifeud o g0 =

|
oy oy

*4 pue g synod e sjeudis ay) Joj sju2Lj03
1ounog o jo sued Avufeun puv [vas 9 Y123 Ssusnbaly uoissiwsues panisap ay) o) dn 1t yiys o) uwde oue pajenpow st jeudis sy "D

0 1e wnupadsg 0 e wnioads

‘g puw D sywtod 1 S[UIEIS 311 J0J SIUDYJ03 JIUNOH
atp jo sued Awufeun puw [ea1 21 Y213xs “7/g Jo Ssuanbayy fjona v s sy ssed-wop ¢ ydnony passed sou st [eudis pajempow oYy g

g e wnioadg v 18 wnijoeds

**pou/sqodin/SIN0 Uy /IASALISIUD LIND MMM 70 G/MP T qam /y duy

Wd FEE 1I0T/VL/S

T--H..----
oy

*[u)® [uudis 9y JoJ SHUIIJD0D JOLUNO A1 SMOYS Mmojaq anFy ay], g pue v siuod e sppudis 9y Joj SIUBNYP0D JAUN0
o jo suwd AvwiBeun puv [v 1 YM2NS pannwsuen 3q o3 jeudis ay jo sFuws Asuznbaly 3y Jo APPIL AP UL T 7/ 3G 0) UISOYD ST
Asuanbayy uonempour Sy [ 310 21 wel) 7/ Aq pAyIys 2seyd U0 ‘SISLLEI OM] N 1 aejnpow ‘() & [eudis pajuy-pueq v i Sunmg vy

TN
_..t._“.ﬂm.munﬁ.nn

(vpr gy

“annusuen gsg ue juawd|dur 0] Lzm 2uo 210} ‘[eudis pajenpow spryydure
uv yussuen 0y pasn Juuidi00) Jo unours ay) sz o) paudisop anbiya2) uonwmpow v s uonTRpow (g5S) PurgIpIs-aFug T wa|qoag

‘oprypduie a1z suy uordar jey) ui [eudis oy
05 ‘) £auanbayy punosw Surppy aanannsap soanpoud [vusis Sunvinpow a1 e seyd Jo N0 772 58 [vUFis © i Bunempowa 0 = [u]4

| samsuw 2o |
*[u]€ 3quasap ‘() ued w pauruu1Ap §v 195 A1 J47 Y Jo synowesed a Fupunssy "
0 0Z- otr—

£0-
[ P

&

~-oT'0-
- §0°0-
000
~-500
-~ oto

(o)

*"po/sqoIding/SINOPUTRY/I1SAUISTUDLIND /MMM /T 0 '9/MP3 TRU qamyy:dny

stjoeg



5ofl5

hitp://web.mitedw6.02/www/currentsemester/handouts/tutprobs/mod...

Ju
m

Spectrum at G

Problem 3.

We lcarned in lecture that if we modulate a signal with a cosine of a particular frequency and then demodulate with a sine of the same frequency
and pass the result through a low-pass filter, we get nothing! We can use this effect to our advantage -- here's a modulation/demodulation scheme

that sends two independent signals over a single channel using the same frequency band:

MEAW.H.E;V “_nn‘u...“..-‘ Mn)
A. The Fourier coeflicients for signals a (n] and b[n] are shown below. Sketch the real and imaginary parts of the Fourier cocfMicients for the
signal at point A.
Re Re
| |

Spectrum of a[n] Spectrum of b[n)

5/14/2011 3:34 PM
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Spectrum atA

B. Sketch the real and imaginary parts of Fourier coefficients for signal at point B, right after we demodulate the combined signal using a
cosine. The result is passed through a low-pass filter with a cutofT of M; compare the signal at point D to the two input signals and

summarize your findings.

The signal at point D is a scaled replica of a[n).

Re
..... fee-=-05
-2M M

& f}lp Spectrum at B

C. Sketch the real and imaginary parts of Fourier cocflicicnts for signal at point C, right afler we demodulate the combined signal using a sine.
The result is passed through a low-pass filter with a cutoff of M; compare the signal at point E to the two input signals and summarize your

findings

Hidder Arvwient

The signal at point E is a scaled replica of b(n].

Spectrum at C

Problem 4.

The diagram for a broken 1Q transmitter is shown below. Assume N=1024 and M=64,

5/14/2011 3:34 PM
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Plot of Fourler Cooficlents of signal at Point §J

Faurier Sanet CoaMomnts Varsut Fraquendy
T, LI PRSP, MMPSISS. -
T, I A I | : P S
[T m— . y =
i
i it L
Bl Fl 0
L T
[T S
|
i H
-an ": s, e A
i | : - H
= = w3 3 T
Problem 6.

Consider the multiple delay system diagrammed below.

1 Sample Delay

Input

M Sample Delay

The input to the multiple delay system is a modulated signal that is periodic with period N = 8000 and sampling rate fs = 8000. The Fourier Scrics
coeflicients versus frequency for this modulated signal are plotted below.

s Cowtfic s Vaw sost Prigrmni

w
,, u}_
.- ‘L. et ke o

o

b i ¥ ¥ ) L] )
[P - i e,

w :
o

Ay A S i & T ] i i

A

A. Below are plots of the real and imaginary parts of the Fouricr cocfTicients for point A in the multiple delay system. Determine the
numerical values for the six peaks in the plots.

5/14/2011 3:34 PM
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Feuner Series Conffients Verwus Frequency

1y : i
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s _ww._i._d..ﬂva‘r;vu h‘mmﬁﬁm:cﬂﬂ
: hw cos ~=__s.__u
- Eqn m.wauuﬂ.___v
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A Pz 2008

/tutprobs/mod...

B. Usc the following plot of the Fourier serics cocfTicicnts for the sum of the delayed signals (point B in the multipk delay diagram), to

determine the smallest integer value for M, the number of samples in the sccond delay.

10of IS
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Plot of DFTS coeffclents for o,
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Plot of DFTS coeflicients for 1,

Eol

For the record, here are the cocflicients for x2[n]:

C. If the M-sample delay in the modulation/demodulation diagram has the right number of samples of delay, then it will be possible to nearly
perfectly recover x1{n] by low-pass filtering v[n). Please determine the smallest positive number of samples of delay that are needed and
the cut-off frequency for the low-pass filter. Please be sure to justify your answer.

‘We want to choose M such that

sin(kn{2n/N) (n-M)) &approx; cos(k=(2a/N)n)

ie., M samples of delay should introduce a phase shift of +/2, or, cquivalently, -3%/2:
-3n/2 = 500(21/10000) (-M) = (-M)z/10

Soif M= 15 we get the desired result. Looking at the imaginary part of the plot in part (A), which shows x1[n] modulated by sin(...), we
sce that the bandwidth of x is 250 kHz.

Note that if M=5, the phasc shift is -x/2, which produces -cos(...), which we can convert to cos(...) if the LPF has a gain of -1.

Problem 8.

PTG anl

In answering this question, please refer to the ion system di d below. Assume the N=128 and that the sampling

frequency, fs, is 128 samples per second.

5/14/2011 3:34 PM
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A. Below are the plots of the real and imaginary parts of the Fourier coefTicients vs. frequency for point A of the modulation-demodulation
diagram_ Please plot the real and imaginary parts of the Fourier cocfTicients vs. frequency for the signal at point B, assuming {3 = 25. You
only need to plot the Fourier coefficents in the range -25 1o 25. Please be sure to label critical frequencics and values in your graph.

Fourier Seriet Coafficlents Versus fraquency

- ‘_.;

B. Referring to plot given in part (A), if

x1[n] = a + Bcos(2(2n/N)n) and
x2(n) = (1/2)cos(2(2a/N)n) + (1/2)sin((2a/N)n)

please d ine the two modulation fi f1 and 12, and the two amplitudes, a and p.

Hider Arrswer

5/14/2011 3:34 PM
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Show All Answers Hide All Answers

6.02 Tutorial Problems: Network Switching, Little's Law

Problem 1. Little's Law.

A. At the supermarket a checkout operator has on average 4 customers and customers arrive every 2 minutes. How long
must each customer wait in line on average?

B. Arestaurant holds about 60 people, and the average person will be in there about 2 hours. On average, how many
customers arrive per hour? If the restaurant queue has 30 people waiting to be seated, how long does each person
have to wait for a table?

C. A fast-food restaurant uses 3,500 kilograms of hamburger each week. The manager of the restaurant wants to ensure
that the meat is always fresh, i.e., the meat should be no more than two days old on average when used. How much
hamburger should be kept in the refrigerator as inventory?

Problem 2.
Calculate the latency (total delay from first bit sent to last bit received) for the following:
A. Sender and receiver are separated by two 1-Gigabit/s links and a single switch. The packet size is 5000 bits, and each

link introduces a propagation delay of 10 microseconds. Assume that the switch begins forwarding immediately after
it has received the last bit of the packet and the queues are empty.

B. Same as (A) with three switches and four links.

Problem 3.

Network designers generally attempt to deploy networks that don't have single points of failure, though they don't always
succeed. Network topologies that employ redundancy are of much interest.

A. Draw an example of a six-node network in which the failure of a single link does not disconnect the entire network (that
is, any node can still reach any other node).

B. Draw an example of a six-node network in which the failure of any single link cannot disconnect the entire network, but
the failure of some single node does disconnect it.

C. Draw an example of a six-node network in which the failure of any single node cannot disconnect the entire network, but
the failure of some single link does disconnect it.

Note: Not all the cases above may have a feasible example.

Problem 4.

Under what conditions would circuit switching be a better network design than packet switching?

5/14/2011 3:31 PM
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Problem 5.

Circuit switching and packet switching are two different ways of sharing links in a communication network. Indicate True or
False for each choice.

A. Switches in a circuit-switched network process connection establishment and tear-down messages, whereas switches
in a packet-switched network do not.

B. Under some circumstances, a circuit-switched network may prevent some senders from starting new conversations.

C. Once a connection is correctly established, a switch in a circuit-switched network can forward data correctly without
requiring data frames to include a destination address.

D. Unlike in packet switching, switches in circuit-switched networks do not need any information about the network
topology to function correctly.

Problem 6.

Consider a switch that uses time division multiplexing (rather than statistical multiplexing) to share a link between four
concurrent connections (A, B, C, and D) whose packets arrive in bursts. The link's data rate is 1 packet per time slot.
Assume that the switch runs for a very long time.

A. The average packet arrival rates of the four connections (A through D), in packets per time slot, are 0.2, 0.2, 0.1, and
0.1 respectively. The average delays observed at the switch (in time slots) are 10, 10, 5, and 5. What are the average
queue lengths of the four queues (A through D) at the switch?

B. Connection A's packet arrival rate now changes to 0.4 packets per time slot. All the other connections have the same
arrival rates and the switch runs unchanged. What are the average queue lengths of the four queues (A through D)
now?

Show Answer

Problem 7.

Alyssa P. Hacker has set up eight-node shared medium network running the Carrier Sense Multiple Access (CSMA) MAC
protocol. The maximum data rate of the network is 10 Megabits/s. Including retries, each node sends traffic according to
some unknown random process at an average rate of 1 Megabit/s per node. Alyssa measures the network's utilization and
finds that it is 0.75. No packets get dropped in the network except due to collisions, and each node's average queue size is 5
packets. Each packet is 10000 bits long.

A. What fraction of packets sent by the nodes (including retries) experience a collision?

B. What is the average queueing delay, in milliseconds, experienced by a packet before it is sent over the medium?

2 of4 5/14/2011 3:31 PM
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Problem 8.
Little's law can be applied to a variety of problems in other fields. Here are some simple examples for you to work out.

A. F freshmen enter MIT every year on average. Some leave after their SB degrees (four years), the rest leave after their
MEng (five years). No one drops out (yes, really). The total number of SB and MEng students at MIT is N. What
fraction of students do an MEng?

B. A hardware vendor manufactures $300 million worth of equipment per year (= invoice$/year). On average, the
company has $45 million in accounts receivable (= invoice$). How much time elapses between invoicing and
payment?

C. While reading a newspaper, you come across a sentence claiming that "less than 1% of the people in the world die
every year". Using Little's law (and some common sense!), explain whether you would agree or disagree with this
claim. Assume that the number of people in the world does not decrease during the year (this assumption holds).

D. (This problem is actually almost related to networks.) Your friendly 6.02 professor receives 200 non-spam emails
every day on average. He estimates that of these, 50 need a reply. Over a period of time, he finds that the average
number of unanswered emails in his inbox that still need a reply is 100.

i. On average, how much time does it take for the professor to send a reply to an email that needs a response?

ii. On average, 6.02 constitutes 25% of his emails that require a reply. He responds to each 6.02 email in 60
minutes, on average. How much time on average does it take him to send a reply to any non-6.02 email?

Problem 9.

You send a stream of packets of size 1000 bytes each across a network path from Cambridge to Berkeley. You find that the
one-way delay varies between 50 ms (in the absence of any queueing) and 125 ms (full queue), with an average of 75 ms.
The transmission rate at the sender is 1 Mbit/s; the receiver gets packets at the same rate without any packet loss.

A. What is the mean number of packets in the queue at the bottleneck link along the path (assume that any queueing
happens at just one switch).

You now increase the transmission rate to 2 Mbits/s. You find that the receiver gets packets at a rate of 1.6 Mbits/s. The
average queue length does not change appreciably from before.

B. What is the packet loss rate at the switch?

C. What is the average one-way delay now?

Problem 10.

Consider the network topology shown below. Assume that the processing delay at all the nodes is negligible.

3 of 4 5/14/2011 3:31 PM
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Queue 6
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A. The sender sends two 1000-byte data packets back-to-back with a negligible inter-packet delay. The queue has no
other packets. What is the time delay between the arrival of the first bit of the second packet and the first bit of the
first packet at the receiver?

B. The receiver acknowledges each 1000-byte data packet to the sender, and each acknowledgment has a size A= 100
bytes. What is the minimum possible round trip time between the sender and receiver? The round trip time is defined
as the duration between the transmission of a packet and the receipt of an acknowledgment for it.

Problem 11.

Annette Werker has developed a new switch. In this switch, 10% of the packets are processed on the "slow path", which
incurs an average delay of 1 millisecond. All the other packets are processed on the "fast path”, incurring an average delay
of 0.1 milliseconds. Annette observes the switch over a period of time and finds that the average number of packets in it is
19. What is the average rate, in packets per second, at which the switch processes packets?

Problem 12.

Alyssa P. Hacker designs a switch for a circuit-switched network to send data on a 1 Megabit/s link using time division
multiplexing (TDM). The switch supports a maximum of 20 different simultaneous conversations on the link, and any given
sender transmits data in frames of size 2000 bits. Over a period of time, Alyssa finds that the average number of
conversations simultaneously using the link is 10. The switch forwards a data frame sent by a given sender every & seconds
according to TDM. Determine the value of §
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E E A. Draw an example of a six-node network in which the failure of a single link does not disconnect the entire network (that
is, any node can still reach any other node).

6.02 Tutorial Problems: Network Switching, Little's Law B. Draw an example of a six-node network in which the failure of any single link cannot disconnect the entire network, but
the failure of some single nede does disconnect it.

Problem 1. Little's Law. C. Draw an example of a six-node network in which the failure of any single node cannot disconnect the entire network, but
the failure of some single link does disconnect it.
A. At the supermarket a checkout operator has on average 4 customers and customers arrive every 2 minutes. How long
must each customer wait in line on average? Note: Not all the cases above may have a feasible example.

tide Answer [ Hide Answe |

Throughput time = 4 customers / 1/2 customer/minute = 8 minutes Here is an example topology for part A (left) and B (right).

B. A restaurant holds about 60 people, and the average person will be in there about 2 hours. On average, how many
customers arrive per hour? If the restaurant queue has 30 people waiting to be seated, how long does each person
have to wait for a table?

Rate = 60 customers / 2 hrs = 30 customers / hr
Waiting time = 1 hour

@,

S

~\
4

C. A fast-food restaurant uses 3,500 kilograms of hamburger each week. The manager of the restaurant wants to ensure
that the meat is always fresh, i.e., the meat should be no more than two days old on average when used. How much C. Impossible. If the failure of some link disconnects the network, then pick a node adjacent to that link and fail it. The link
hamburger should be kept in the refrigerator as inventory? in question will fail, and the network will be disconnected, violating the condition that the failure of any single node cannot

disconnect the network.

Rate = 3,500 kilograms per week (= 500 kilograms per day) Problem 4.
Average flow time = 2 days
Average inventory = Rate x Average flow time = 500 x 2 = 1,000 kilograms Under what conditions would circuit switching be a better network design than packet switching?

(Note that the variables are all in the same time frame i.e. days)

Problem 2. Circuit switching offers

Calculate the latency (total delay from first bit sent to last bit received) for the following: o guaranteed capacity. Once a circuit has been estabilished, a TDMA slot has been reserved in each cycle to service
this connection.
A. Sender and receiver are separated by two 1-Gigabit/s links and a single switch. The packet size is 5000 bits, and each
link introduces a propagation delay of 10 microseconds. Assume that the switch begins forwarding immediately after « no reordering of packets. Since all packets travel the same path, the arrive in the same order as sent.

it has received the last bit of the packet and the queues are empty.
¢ bounded delay. Packets move at a fixed pace along the links in the circuit, so their arrival time can be predicted with

 bido Anawor | Sai.

For each link, it takes 1 Gigabits/5 Kbits = 5 microseconds to transmit the packet on the link, after which it takes an * no lost packets. Since there are no collisions or queue overflows, packets don't get dropped by the network.
additional 10 microseconds for the last bit to propagate across the link. Thus, with only one switch that starts . . o . . . o
forwarding only after receiving the whole packet, the total transfer delay is two transmit delays + two propagation Various streaming applications (VOIP, video streaming, real-time monitoring, ...) would benefit from these features.
delays = 30 microseconds.
B. Same as (A) with three switches and four links. Problem 5.
| tide Answer | Circuit switching and packet switching are two different ways of sharing links in a communication network. Indicate True or

False for each choice.
For three switched and thus four links, the total delta is four transmit delays + four propagation delays = 60

microseconds. A. Switches in a circuit-switched network process connection establishment and tear-down messages, whereas switches

in a packet-switched network do not.

Hide Answer

Problem 3.

Network designers generally attempt to deploy networks that don't have single points of failure, though they don't always True.
succeed. Network topologies that employ redundancy are of much interest.
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A = 50 emails/day
N = 100 emails
D = N/A = 100/50 = 2 days

i. On average, 6.02 constitutes 25% of his emails that require a reply. He responds to each 6.02 email in 60
minutes, on average. How much time on average does it take him to send a reply to any non-6.02 email?

average D = 2 days = 48 hours = (.25)(1 hour) + (.75)(x hours)
x = (48 - 25)/.75 = 63.67 hours

Problem 9.

You send a stream of packets of size 1000 bytes each across a network path from Cambridge to Berkeley. You find that the
one-way delay varies between 50 ms (in the absence of any queueing) and 125 ms (full queue), with an average of 75 ms.
The transmission rate at the sender is 1 Mbit/s; the receiver gets packets at the same rate without any packet loss.

A. What is the mean number of packets in the queue at the bottleneck link along the path (assume that any queueing
happens at just one switch).

A =1 Mb/s = 1000 packets/s
D=75ms
N =21*D = (1000 p/s)*(.075 s) = 75 packets

You now increase the transmission rate to 2 Mbits/s. You find that the receiver gets packets at a rate of 1.6 Mbits/s. The
average queue length does not change appreciably from before.

B. What is the packet loss rate at the switch?
Send 2000 packets/sec, receive 1600 packets/sec, so loss rate must be 400 packets/sec.
C. What is the average one-way delay now?

N = 75 packets (unchanged from above)
A = 1600 packets/sec
D =N/ =75/1600= 47 ms

Problem 10.

Consider the network topology shown below. Assume that the processing delay at all the nodes is negligible.

108 bytes/s .
Sender [¢ | Switch g W Receiver
TR 108 bytes/s Y. 10%bytes/s AT
/!....l..l Y \ .\\..\ /I.I.tl \.\\\

T — — - " —

One-way propagation delay
=1 millisecond

One-way propagation delay
= 10 milliseconds
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A. The sender sends two 1000-byte data packets back-to-back with a negligible inter-packet delay. The queue has no
other packets. What is the time delay between the arrival of the first bit of the second packet and the first bit of the
first packet at the receiver?

After the first bit of the first packet arrives at the receiver, it will take 1 millisecond for the rest of the packet to arrive
(1000 bytes at 1 million bytes/sec).

Since the connection from the sender is much faster than the connection to the receiver, the second packet arrives in
the queue before the first packet has been completely sent to the receiver. That means that the first bit of the second
packet is available for sending right after the last bit of the first packet.

So the total delay is 1 ms.

B. The receiver acknowledges each 1000-byte data packet to the sender, and each acknowledgment has a size A= 100
bytes. What is the minimum possible round trip time between the sender and receiver? The round trip time is defined
as the duration between the transmission of a packet and the receipt of an acknowledgment for it.

Hide Answer

The propagation time from the sender to the receiver is 11 ms, which is how long the first bit of a packet takes to
arrive assuming no queueing delay in the switch. It then takes another 1 ms for the rest of the packet to arrive. So it
takes 12 ms for the complete packet to arrive at the receiver.

After the complete packet has arrived, the receiver generates an acknowledgment, which takes another 10.1 ms to
completely arrive at the switch. Assuming the switch doesn't forward the acknowledgment until it completely arrives,
then 1t takes another 1.001 ms for the acknowledgment to completely arrive at the sender.

Round trip time = 12 + 10.1 + 1.001 = 23.10] ms. In less picky mode, we'd probably ignore the transmission times of
the small packet (.101 ms) as being relatively immaterial.

Problem 11.

Annette Werker has developed a new switch. In this switch, 10% of the packets are processed on the "slow path”, which
incurs an average delay of 1 millisecond. All the other packets are processed on the "fast path”, incurring an average delay
of 0.1 milliseconds. Annette observes the switch over a period of time and finds that the average number of packetsin it is
19. What is the average rate, in packets per second, at which the switch processes packets?

Hide Answer

N = 19 packets
D=(1)(1 ms) + (9)(.l ms)=.19ms
A =N/D = 19/.00019 = 10000 p/s

Problem 12.

Alyssa P. Hacker designs a switch for a circuit-switched network to send data on a 1 Megabit/s link using time division
multiplexing (TDM). The switch supports a maximum of 20 different simultaneous conversations on the link, and any given
sender transmits data in frames of size 2000 bits. Over a period of time, Alyssa finds that the average number of
conversations simultaneously using the link is 10. The switch forwards a data frame sent by a given sender every & seconds
according to TDM. Determine the value of &

fe Answer

Each frame (2000 bits) takes 2e3/1e6 = 2 ms. With 20 conversations, it takes 20*2 = 40 ms for one complete cycle (5)
through the TDM schedule.
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Show All Answers Hide All Answers

6.02 Tutorial Problems: Routing

Problem 1. Consider the following networks: network I (containing nodes A, B, C) and network II (containing nodes D, E,
F).

A. The Distance Vector Protocol described in class is used in both networks. Assume advertisements are sent every 5 time
steps, all links are fully functional and there is no delay in the links. Nodes take zero time to process advertisements
once they receive them. The HELLO protocol runs in the background every time step in a way that any changes in
link connectivity are reflected in the next DV advertisement. We count time steps from t=0 time steps.

Please fill in the following table:

t Event INumber of time steps

|A‘s routing table has an entry for B l

|A's routing table has an entry for C [

las routing table has an entry for E [

lF's routing table has an entry for D |

B. Now assume the link B-C fails at t = 51 and link D-E fails at t = 71 time steps. Please fill in this table:

| Event [Number of time steps

‘B's advertisements reflect that C is unreachable l

’A's routing table reflects C is unreachable |

ID'S routing table reflects a new route for E I

Problem 2. Alyssa P. Hacker manages MIT's internal network that runs link-state routing. She wants to experiment with a
few possible routing strategies. Of all possible paths available to a particular destination at a node, a routing strategy specifies

the path that must be picked to create a routing table entry. Below is the name Alyssa has for each strategy and a brief
description of how it works.

MinCost: Every node picks the path that has the smallest sum of link costs along the path. (This is the minimum cost
routing you implemented in the lab).

MinHop: Every node picks the path with the smallest number of hops (irrespective of what the cost on the links is).

SecondMinCost: Every node picks the path with the second lowest sum of link costs. That is, every node picks the
second best path with respect to path costs.

5/14/2011 3:31 PM
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MinCostSquared: Every node picks the path that has the smallest sum of squares of link costs along the path.

Assume that sufficient information (e.g., costs, delays, bandwidths, and loss probabilities of the various links) is exchanged in
the link state advertisements, so that every node has complete information about the entire network and can correctly
implement the strategies above. You can also assume that a link's properties don't change, e.g., it doesn't fail.

A. Help Alyssa figure out which of these strategies will work correctly, and which will result in routing with loops. In case
of strategies that do result in routing loops, come up with an example network topology with a routing loop to convince

Alyssa.

Show Answer

B. How would you implement MinCostSquared in a distance-vector protocol?

Show Answer

Problem 3. Which of the following tasks does a router R in a packet-switched network perform when it gets a packet with
destination address D? Indicate True or False for each choice.

A. R looks up D in its routing table to determine the outgoing link.

B. R sends out a HELLO packet or a routing protocol advertisement to its neighbors.

C. R calculates the minimum-cost route to destination D.

D. R may discard the packet.

Problem 4. Alice and Bob are responsible for implementing Dijkstra's algorithm at the nodes in a network running a
link-state protocol. On her nodes, Alice implements a minimum-cost algorithm. On his nodes, Bob implements a "shortest
number of hops" algorithm. Give an example of a network topology with 4 or more nodes in which a routing loop occurs
with Alice and Bob’s implementations running simultaneously in the same network. Assume that there are no failures.

(Note: A routing loop occurs when a group of k > 1 distinct nodes,n_0,n_1,n_2, ..., n_(k-1) have routes such that n_i's
next-hop (route) to a destination is n_(i+1 mod k).

Problem 5. Consider the network shown below. The number near each link is its cost.

20f 10 5/14/2011 3:31 PM
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completed routing tree is shown as well.

B. Now assume that node F has been added to the network along with links L1, L2 and L3.

D

E

What are the constraints on L1, L2 and L3 such that node A's routing tree matches the topology shown below, and it is
known that node F is not the last node added when using Dijkstra's algorithm?

40f 10 5/14/2011 3:31 PM
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We're interested in finding the shortest paths (taking costs into account) from S to every other node in the network. What is
the result of running Dijkstra's shortest path algorithm on this network? To answer this question, near each node, list a pair of
numbers: The first element of the pair should be the order, or the iteration of the algorithm in which the node is picked. The
second element of each pair should be the shortest path cost from S to that node.

To help you get started, we've labeled the first couple of nodes: S has a label (Order: 0, Cost: 0) and A has the label (Order: 1,
Cost: 2).

Problem 6. Consider any two graphs(networks) G and G' that are identical except for the costs of the links. Please answer
these questions.

A. The cost of link | in graph G is ¢_l > 0, and the cost of the same link | in Graph G'is k*c_1, where k > 0 is a constant
and the same scaling relationship holds for all the links. Are the shortest paths between any two nodes in the two
graphs identical? Justify your answer.

B. Now suppose that the cost of a link 1 in G'is k*c_1 + h, where k> 0 and h > 0 are constants. Are the shortest paths
between any two nodes in the two graphs identical? Justify your answer.

Problem 7. Dijkstra's algorithm

A. For the following network

A 1 6

3 qu oY

7
B E

an empty routing tree generated by Dijkstra's algorithm for node A (to every other node) is shown below. Fill in the
missing nodes and indicate the order that each node was added and its associated cost. For reference, node C's

30f10 5/14/2011 3:31 PM
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Problem 8. Under some conditions, a distance vector protocol finding minimum cost paths suffers from the "count-
to-infinity" problem. Indicate True or False for each choice.

A. The count-to-infinity problem may arise in a distance vector protocol when the network gets disconnected.

B. The count-to-infinity problem may arise in a distance vector protocol even when the network never gets disconnected.

C. The "path vector" enhancement to a distance vector protocol always enables the protocol to converge without
counting to infinity.

Problem 9. Ben Bitdiddle has set up a multi-hop wireless network in which he would like to find paths with high probability
of packet delivery between any two nodes. His network runs a distance vector protocol similar to what you developed in the
pset. In Ben's distance vector (BDV) protocol, each node maintains a metric to every destination that it knows about in the
network. The metric is the noded€™ s estimate of the packet success probability along the path between the node and the
destination.

The packet success proba bility along a link or path is defined as 1 minus the packet loss probability along the corresponding
link or path. Each node uses the periodic HELLO messages sent by each of its neighbors to estimate the packet loss
probability of the link from each neighbor. You may assume that the link loss probabilities are symmetric; i.e., the loss
probability of the link from node A to node B is the same as from B to A. Each link L maintains its loss probability in the
variable L. lossproband 0 < L.lossprob < 1.

A. The key pieces of the Python code for each node's integrate () function in BDV is given below. It has three missing
blanks. Please fill them in so that the protocol will eventually converge without routing loops to the correct metric at
each node. The variables are the same as in the pset: self.routes is the dictionary of routing entries (mapping
destinations to links), self.getlink (fromnode) returns the link connecting the node self to the node fromnode, and
the integrate procedure runs whenever the node receives an advertisement (adv) from node fromnode. As in the
pset, adv is a list of (destination, metric) tuples. In the code below, self.metric is a dictionary storing the noded€™s

current estimate of the routing metric (i.e., the packet success probability) for each known destination. Please fill in
the missing code.

# Process an advertisement from a neighboring node in BDV

def integrate(self, fromnode, adv):
L = self.getlink(fromnode)
for (dest, metric) in adv:
my metric =
if (dest not in self.routes
or self.metric[dest] my metric
or )
self.routes[dest] L
self.metric[dest] my metric

# rest of integrate() not shown

Ben wants to try out a link-state protocol now. During the flooding step, each node sends out a link-state advertisement
comprising its address, an incrementing sequence number, and a list of tuples of the form (neighbor, lossprob), where the
lossprob is the estimated loss probability to the neighbor.

B. Why does the link-state advertisement include a sequence number?

Ben would like to reuse, without modification, his implementation of Dijkstra's shortest paths algorithm from the pset, which

takes a map in which the links have non-negative costs and produces a path that minimizes the sum of the costs of the links
on the path to each destination.
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C. Ben has to transform the lossprob information from the LSA to produce link costs so that he can use his Dijkstra
implementation without any changes. Which of these transformations will accomplish this goal? Choose the BEST
answer.

a. Use lossprob as the link cost.

b. Use -1/1og(1-lossprob) asthe link cost.
¢. Use log(1/(1-lossprob)) asthe link cost.
d. Use log (1l - lossprob) as the link cost.

Problem 10. We studied a few principles for designing networks in 6.02.

A. State one significant difference between a circuit-switched and a packet-switched network.

B. Why does topological addressing enable large networks to be built?

C. Give one difference between what a switch does in a packet-switched network and a circuit-switched network.

Problem 11. Eager B. Eaver implements distance vector routing in his network in which the links all have arbitrary positive
costs. In addition, there are at least two paths between any two nodes in the network. One node, u, has an erroneous
implementation of the integration step: it takes the advertised costs from each neighbor and picks the route corresponding to
the minimum advertised cost to each destination as its route to that destination, without adding the link cost to the neighbor.
It breaks any ties arbitrarily. All the other nodes are implemented correctly.

Let's use the term "correct route” to mean the route that corresponds to the minimum-cost path. Which of the following
statements are true of Eager's network?

. Only u may have incorrect routes to any other node.

. Only u and u's neighbors may have incorrect routes to any other node.

. In some topologies, all nodes may have correct routes.

. Even if no HELLO or advertisements packets are lost and no link or node failures occur, a routing loop may occur.

oo o

Problem 12. Alyssa P. Hacker is trying to reverse engineer the trees produced by running Dijkstra's shortest paths algo-
rithm at the nodes in the network shown in the picture on the left, below. She doesn't know the link costs, but knows that
they are all positive. All link costs are symmetric (the same in both directions). She also knows that there is exactly one
minimum-cost path between any pair of nodes in this network.

5/14/2011 3:31 PM
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She discovers that the routing tree computed by Dijkstra's algorithm at node A looks like the picture on the right, above. Note
that the exact order in which the nodes get added in Dijkstra’s algorithm is not obvious from this picture.

A. Which of A's links has the highest cost? If there could be more than one, tell us what they are.

B. Which of A's links has the lowest cost? If there could be more than one, tell us what they are.

Alyssa now inspects node C, and finds that it looks like the picture below. She is sure that the bold (not dashed) links belong
to the shortest path tree from node C, but is not sure of the dashed links.

C. List all the dotted links that are guaranteed to be on the routing tree at node C.

D. List all the dotted links that are guaranteed not to be (i.e., surely not) on the routing tree at node C.

Problem 13. Consider a network running the link-state routing protocol as described in lecture and on the pset. How many
copies of any given LSA are received by a given node in the network?

Problem 14. In implementing Dijkstra's algorithm in the link-state routing protocol at node u, Louis Reasoner first sets the
route for each directly connected node v to be the link connecting u to v. Louis then implements the rest of the algorithm
correctly, aiming to produce minimum-cost routes, but does not change the routes to the directly connected nodes. In this
network, u has at least two directly connected nodes, and there is more than one path between any two nodes. Assume that
all link costs are non-negative. Which of the following statements is true of u's routing table?

A. There are topologies and link costs where the majority of the routes to other nodes will be incorrect.

B. There are topologies and link costs where no routing table entry (other than from u to itself) will be correct.

C. There are topologies and link costs where all routing table entry (other than from u to itself) will be correct.

5/14/2011 3:31 PM
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Problem 15. A network with N nodes and N bidirectional links is connected in a ring, and N is an even number.

Removed

The network runs a distance-vector protocol in which the advertisement step at each node runs when the local time is T*i
seconds and the integration step runs when the local time is T*i + T/2 seconds, (i=1,2,...). Each advertisement takes time &
to reach a neighbor. Each node has a separate clock and time is not synchronized between the different nodes.

Suppose that at some time t after the routing has converged, node N + 1 is inserted into the ring, as shown in the figure
above. Assume that there are no other changes in the network topology and no packet losses. Also assume that nodes 1 and
N update their routing tables at time t to include node N + 1, and then rely on their next scheduled advertisements to
propagate this new information.

A. What is the minimum time before every node in the network has a route to node N + 1?

B. What is the maximum time before every node in the network has a route to node N + 1?

Problem 16. Louis Reasoner implements the link-state routing protocol discussed in 6.02 on a best-effort network with a
non-zero packet loss rate. In an attempt to save bandwidth, instead of sending link-state advertisements periodically, each
node sends an advertisement only if one of its links fails or when the cost of one of its links changes. The rest of the protocol
remains unchanged. Will Louis' implementation always converge to produce correct routing tables on all the nodes?

Problem 17. Consider a network implementing minimum-cost routing using the distance-vector protocol. A node, S, has k
neighbors, numbered 1 through k, with link cost c_i to neighbor i (all links have symmetric costs). Initially, S has no route for
destination D. Then, S hears advertisements for D from each neighbor, with neighbor i advertising a cost of p_i. The node
integrates these k advertisements. What is the cost for destination D in S's routing table after the integration?

Problem 18. Consider the network shown in the picture below. Each node implements Dijkstra's shortest path algorithm
using the link costs shown in the picture.

5/14/2011 3:31 PM
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A. Initially, node B's routing table contains only one entry, for itself. When B runs Dijkstra's algorithm, in what order are
nodes added to the routing table? List all possible answers.

B. Now suppose the link cost for one of the links changes but all costs remain non-negative. For each change in link cost
listed below, state whether it is possible for the route at node B (i.e., the link used by B) for any destination to change,
and if so, name the destination(s) whose routes may change.

a. The cost of link(A, C) increases.

b. The cost of link(A, C) decreases.

c. The cost of link(B, C) increases.

d. The cost of link(B, C) decreases.

Problem 19. Alyssa P. Hacker implements the 6.02 distance-vector protocol on the network shown below. Each node has its
own local clock, which may not be synchronized with any other node's clock. Each node sends its distance-vector
advertisement every 100 seconds. When a node receives an advertisement, it immediately integrates it. The time to send a
message on a link and to integrate advertisements is negligible. No advertisements are lost. There is no HELLO protocol in
this network.

A. Attime 0, all the nodes except D are up and running. At time 10 seconds, node D turns on and immediately sends a
route advertisement for itself to all its neighbors. What is the minimum time at which each of the other nodes is

guaranteed to have a correct routing table entry corresponding to a minimum-cost path to reach D? Justify your
answers.

B. If every node sends packets to destination D, and to no other destination, which link would carry the most traffic?
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Alyssa is unhappy that one of the links in the network carries a large amount of traffic when all the nodes are sending
packets to D. She decides to overcome this limitation with Alyssa's Vector Protocol (AVP). In AVP, S lies, advertising a "path
cost" for destination D that is different from the sum of the link costs along the path used to reach D. All the other nodes
implement the standard distance-vector protocol, not AVP.

C. What is the smallest numerical value of the cost that S should advertise for D along each of its links, to guarantee that
only its own traffic for D uses its direct link to D? Assume that all advertised costs are integers; if two path costs are
equal, one can't be sure which path will be taken.

10 of 10 5/14/2011 3:31 PM
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False.

D. R may discard the packet.

True.

Problem 4. Alice and Bob are responsible for implementing Dijkstra's algorithm at the nodes in a network running a
link-state protocol. On her nodes, Alice implements a minimum-cost algorithm. On his nodes, Bob implements a
"shortest number of hops" algorithm. Give an example of a network topology with 4 or more nodes in which a
routing loop occurs with Alice and Bob's implementations running simultaneously in the same network. Assume that

there are no failures.

(Note: A routing loop occurs when a group of k = 1 distinct nodes, n_0,n_l,n_2, ..., n_(k-1) have routes such
that n_i's next-hop (route) to a destination is n_(i+1 mod k).

In the picture below, the grey nodes (A in particular) run Bob's algorithm (shortest number of hops), while the white
nodes (B in particular) run Alice’s (minimum-cost).

Suppose the destination is E. A will pick B as its next hop because ABE is the shortest path. B will pick A as its next
hop because BACDE is the minimum-cost path (cost of 4, compared to 11 for the ABE path). The result is a routing
loop ABABAB...

Problem 5. Consider the network shown below. The number near each link is its cost.

P iman
Ordos 0
Coat. 0

——
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We're interested in finding the shortest paths (taking costs into account) from S to every other node in the network.
What is the result of running Dijkstra's shortest path algorithm on this network? To answer this question, near each
node, list a pair of numbers: The first element of the pair should be the order, or the iteration of the algorithm in
which the node is picked. The second element of each pair should be the shortest path cost from S to that node.

To help you get started, we've labeled the first couple of nodes: S has a label (Order: 0, Cost: 0) and A has the label
(Order: 1, Cost: 2).

A:order=1, cost=2
E:order=2, cost=3
B:order=3,cost=4
C:order=4,cost=15
D: order =5, cost = 6

Problem 6. Consider any two graphs(networks) G and G' that are identical except for the costs of the links. Please
answer these questions.

A. The cost of link I in graph G is ¢_1> 0, and the cost of the same link | in Graph G'is k*c_1, where k>0 isa
constant and the same scaling relationship holds for all the links. Are the shortest paths between any two
nodes in the two graphs identical? Justify your answer.

Hide Answer

Yes, they're identical. Scaling all the costs by a constant factor doesn't change their relative size.

B. Now suppose that the cost of a link 1in G'is k*c_1 + h, where k >0 and h > 0 are constants. Are the
shortest paths between any two nodes in the two graphs identical? Justify your answer.

Hide Answer

No, they're not necessarily identical. Consider two paths between nodes A and B in graph G. One path takes
3 hops, each of cost 1, for a total cost of 3. The other path takes 1 hop, with a cost of 4. In this case, the
shortest path between nodes A and B is the first one.

Consider k=1 and h=1 and compute the costs and shortest paths in G'. Now the 3-hop path has cost 6 and the
1-hop path has cost 5. In G' the shortest path is the second path.

Problem 7. Dijkstra's algorithm

A. For the following network

C
A 1 [ 6

7
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Problem 8. Under some conditions, a distance vector protocol finding minimum cost paths suffers from the "count-
to-infinity" problem. Indicate True or False for each choice.
A. The count-to-infinity problem may arise in a distance vector protocol when the network gets disconnected.
True.

B. The count-to-infinity problem may arise in a distance vector protocol even when the network never gets
disconnected.

False.

C. The "path vector" enhancement to a distance vector protocol always enables the protocol to converge
without counting to infinity.

True,

Problem 9. Ben Bitdiddle has set up a multi-hop wireless network in which he would like to find paths with high
probability of packet delivery between any two nodes. His network runs a distance vector protocol similar to what
you developed in the pset. In Ben's distance vector (BDV) protocol, each node maintains a metric to every
destination that it knows about in the network. The metric is the nodei€™ s estimate of the packet success
probability along the path between the node and the destination.

The packet success proba bility along a link or path is defined as 1 minus the packet loss probability along the
corresponding link or path. Each node uses the periodic HELLO messages sent by each of its neighbors to estimate
the packet loss probability of the link from each neighbor. You may assume that the link loss probabilities are
symmetric; i.e., the loss probability of the link from node A to node B is the same as from B to A. Each link L
maintains its loss probability in the variable L. lossprob and 0 < L.lossprob < 1.

A. The key pieces of the Python code for each node's integrate () function in BDV is given below. It has three
missing blanks. Please fill them in so that the protocol will eventually converge without routing loops to the
correct metric at each node. The variables are the same as in the pset: self.routes is the dictionary of
routing entries (mapping destinations to links), self.getlink (£romnode) retumns the link connecting the
node self to the node fromnode, and the integrate procedure runs whenever the node receives an
advertisement (adv) from node fromnode. As in the pset, adv is a list of (destination, metric) tuples. In the
code below, self.metric is a dictionary storing the noded€™ s current estimate of the routing metric (i.e.,
the packet success probability) for each known destination. Please fill in the missing code.

# Process an advertisement from a neighboring node in BDV

def integrate(self, fromnode, ad
L = self.getlink(fromnode)
for (dest, metric) in adv:
my_metric =
if (dest not in self.routes
or self.metric[dest] my_metric
or |
self.routes[dest] = L
self.metric[dest] = my_metric

# rest of integrate() not shown

5/14/2011 3:33 PM 8of 15
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First blank: (1 - L.lossprob) *metric
Second blank: < (<= is also fine since we said that lossprob s strictly > 0)
Third blank: se1f.routes [dest] == L

Ben wants to try out a link-state protocol now. During the flooding step, each node sends out a link-state
advertisement comprising its address, an incrementing sequence number, and a list of tuples of the form
(neighbor, lossprob), where the lossprob is the estimated loss probability to the neighbor.

B. Why does the link-state advertisement include a sequence number?

To enable a node to determine whether the advertisement is new or not; only new information should be
integrated into the routing table. (This information is also used to decide whether to rebroadcast the
advertisement, since we want to rebroadcast an advertisement only once per link.)

Ben would like to reuse, without modification, his implementation of Dijkstra's shortest paths algorithm from the
pset, which takes a map in which the links have non-negative costs and produces a path that minimizes the sum of
the costs of the links on the path to each destination.

C. Ben has to transform the lossprob information from the LSA to produce link costs so that he can use his
Dijkstra implementation without any changes. Which of these transformations will accomplish this goal?
Choose the BEST answer.

a. Use lossprob as the link cost.

b. Use -1/10g(1-losspreb) as the link cost.
c. Use 1og(1/(1-lossprob)) as the link cost.
d. Use 1og(1 - lessprob) as the link cost.

Hide Answer

The correct choice is C. The reason is that maximizing the product of link success probabilities is the same as
maximizing the sum of the logs of these probabilities, and that is the same as minimizing the sum of the logs
of the reciprocals of these probabilities, A is correct only when lossprob << 1, which isn't always the case. D
is plausible because of the log term, but is negative, so Dijkstra's doesn't work on a network with negative
costs with negative-cost loops. B is plausible for the same reason, but is a decreasing function of lossprob,
and so can't be right.

Problem 10. We studied a few principles for designing networks in 6.02.
A. State one significant difference between a circuit-switched and a packet-switched network.

In a packet-switched network, packets carry information in the header that tells the switches about the
destination. Circuit-switched networks dond€™t carry any destination information in the data frames.

The abstraction provided by a circuit-switched network is that of a dedicated link of a fixed rate; a packet-
switched network provides no such guarantee to the communicating end points.

B. Why does topological addressing enable large networks to be built?

It reduces the size of the routing tables and the amount of information that must be exchanged in the routing

5/14/2011 3:33 PM
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D. List all the dotted links that are guaranteed not to be (i.e., surely not) on the routing tree at node C.

BD, BA, AF, DE.

Problem 13. Consider a network running the link-state routing protocol as described in lecture and on the pset.
How many copies of any given LSA are received by a given node in the network?

When there are no packet losses, it is equal to the number of neighbors of the node.

Problem 14. In implementing Dijkstra's algorithm in the link-state routing protocol at node u, Louis Reasoner first
sets the route for each directly connected node v to be the link connecting u to v. Louis then implements the rest of
the algorithm correctly, aiming to produce minimum-cost routes, but does not change the routes to the directly
connected nodes. In this network, u has at least two directly connected nodes, and there is more than one path
between any two nodes. Assume that all link costs are non-negative. Which of the following statements is true of u's
routing table?

A. There are topologies and link costs where the majority of the routes to other nodes will be incorrect.

Hide Answer

True. For example, all the neighbors but one could have very high cost, and all the other links have low cost,
so all the routes could in fact be just one link.

B. There are topologies and link costs where no routing table entry (other than from u to itself) will be correct.
False. The lowest-cost neighbor’s route will be the direct link, of course!
C. There are topologies and link costs where all routing table entry (other than from u to itself) will be correct.

True. A trivial example is when all the links have equal cost.

Problem 15, A network with N nodes and N bidirectional links is connected in a ring, and N is an even number.

5/14/2011 3:33 PM
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The network runs a distance-vector protocol in which the advertisement step at each node runs when the local time
is T*1i seconds and the integration step runs when the local time is T*1 + T/2 seconds, (i=1,2,...). Each
chronized

advertisement takes time & to reach a neighbor. Each node has a separate clock and time is not
between the different nodes.

Suppose that at some time t after the routing has converged, node N + 1 is inserted into the ring, as shown in the
figure above, Assume that there are no other changes in the network topology and no packet losses. Also assume
that nodes 1 and N update their routing tables at time t to include node N + 1, and then rely on their next scheduled
advertisements to propagate this new information.

A. What is the minimum time before every node in the network has a route to node N + 1?

The key insight to observe is that each introduces a delay of at least T/2 because it takes that long between
the integration and advertisement steps. Given this fact, the answer would be

(N/2 = 1)*(T/2 + 3)

However, there is a small "fence-post error” in this argument, As stated in the problem, the nodes labeled 1
and N update their routing tables at time t to include node N + 1. In the best case, these two nodes could both
immediately send out advertisements, and nodes 2 and N @™ | could run their integration steps immediately
after receiving these advertisements. Because of that, the delay of T/2 only starts applying to the other nodes
in the network. Hence, the answer is

(N/2 = 2)*T/2 + (N/2 - 1)*b

B. What is the maximum time before every node in the network has a route to node N + 1?7

The key insight is that it takes in the worst case T + T/2 seconds per hop because each node may get the
information about the new node just after it completes the previous integration step. So it has to wait T for
the next integration, and then another T/2 to advertise. The correct answer is

(N/2 -1)*(3T/2 + &)

Problem 16. Louis Reasoner implements the link-state routing protocol discussed in 6.02 on a best-effort network
with a non-zero packet loss rate. In an attempt to save bandwidth, instead of sending link-state advertisements
periodically, each node sends an advertisement only if one of its links fails or when the cost of one of its links
changes. The rest of the protocol remains unchanged. Will Louis' implementation always converge to produce
correct routing tables on all the nodes?

Hide Answer

No, because the LSA could be lost on all of the links connected to some one node (or more than one node), causing
that node to not necessarily have correct routes. In fact this protocol doesn't converge even if packets are not lost.
Consider a network where the failure of one link disconnects the network into two connected components, each
with multiple nodes and links. Suppose the cost of one or more of the links in some component changes. When the
network heals because the failed link recovers, the previously discon- nected component will not have the correct
link costs for one or more links in the other component. However, its routes will still be correct because all paths to
the other component go via the failed link. However, if we were to add another link between the two components at
this time, the routing would never converge correctly.

Problem 17. Consider a network implementing minimum-cost routing using the distance-vector protocol. A node, S,
has k neighbors, numbered 1 through k, with link cost ¢_i to neighbor i (all links have symmetric costs). Initially, S
has no route for destination D. Then, S hears advertisements for D from each neighbor, with neighbor i advertising a

5/14/2011 3:33 PM
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In particular, since B's cost to D without going through S is the highest (8), S must advertise a cost so that
linkcost(B, S) + advertisedcost(S, D) > 8. Hence, S advertises a cost of 7.
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Show All Answers Hide All Answers

6.02 Tutorial Problems: Reliable Data Transport

Problem 1. Consider the following chain topology:
A---B - C---D--E

A is sending packets to E using a reliable transport protocol. Each link above can transmit one packet
per second. There are no queues or other sources of delays at the nodes (except the transmission delay
of course).

A. What is the RTT between A and E?

B. What is the throughput of a stop-and-wait protocol at A in the absence of any losses at the
nodes?

C. If A decides to run a sliding window protocol, what is the optimum window size it must use?
What is the throughput achieved when using this optimum window size?

D. Suppose A is running a sliding window protocol with a window size of four. In the absence of
any losses, what is the throughput at E? What is the utilization of link B-C?

E. Consider a sliding window protocol running at the optimum window size found in part 3 above.
Suppose nodes in the network get infected by a virus that causes them to drop packets when
odd sequence numbers. The sliding window protocol starts numbering packets from sequence
number 1. Assume that the sender uses a timeout of 40 seconds. The receiver buffers
out-of-order packets until it can deliver them in order to the application. What is the number of
packets in this buffer 35 seconds after the sender starts sending the first packet?

Problem 2. Ben Bitdiddle implements a reliable data transport protocol intended to provide "exactly
once" semantics. Each packet has an 8-bit incrementing sequence number, starting at 0. As the
connection progresses, the sender "wraps around" the sequence number once it reaches 255, going
back to 0 and incrementing it for successive packets. Each packet size is S = 1000 bytes long
(including all packet headers).

Suppose the link capacity between sender and receiver is C = 1 Mbyte per second and the round-trip
time is R = 100 milliseconds.

5/14/2011 3:32 PM
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A. What is the highest throughput achievable if Ben's implementation is stop-and-wait?

B. To improve performance, Ben implements a sliding window protocol. Assuming no packet
losses, what should Ben set the window size to in order to saturate the link capacity?

C. Ben runs his protocol on increasingly higher-speed bottleneck links. At a certain link speed, he
finds that his implementation stops working properly. Can you explain what might be
happening? What threshold link speed causes this protocol to stop functioning properly?

Problem 3. A sender S and receiver R are connected over a network that has k links that can each
lose packets. Link 1 has a packet loss rate of p_i in one direction (on the path from Sto R) and q_iin
the other (on the path from R to S). Assume that each packet on a link is received or lost independent
of other packets, and that each packet's loss probability is the same as any other's (i.e., the random
process causing packet losses is indepedent and identically distributed).

A. Suppose that the probability that a data packet does not reach R when sent by S is p and the
probability that an ACK packet sent by R does not reach S is q. Write expressions for p and q in
terms of the p_i'sand q i's.

B. If all p's are equal to some value o << 1 (much smaller than 1), then what is p (defined above)
approximately equal to?

Show Answer

C. Suppose S and R use a stop-and-wait protocol to communicate. What is the expected number of
transmissions of a packet before S can send the next packet in sequence? Write your answer in
terms of p and q (both defined above).

Problem 4. Consider a 40 kbit/s network link connecting the earth to the moon. The moon is about
1.5 light-seconds from earth.

A. 1 Kbyte packets are sent over this link using a stop-and-wait protocol for reliable delivery, what
data transfer rate can be achieved? What is the utilization of the link?

B. If a sliding-window protocol is used instead, what is the smallest window size that achieves the
maximum data rate? Assume that error are infrequent. Assume that the window size is set to
achieve the maximum data transfer rate.

20f9 5/14/2011 3:32 PM
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C. Consider a sliding-window protocol for this link with a window size of 10 packets. If the
receiver has a buffer for only 30 undelivered packets (the receiver discards packets it has no
room for, and sends no ACK for discarded packets), how bits of sequence number are needed?

Problem 5. Consider a best-effort network with variable delays and losses. Here, Louis Reasoner
suggests that the receiver does not need to send the sequence number in the ACK in a correctly
implemented stop-and-wait protocol, where the sender sends packet k+1 only after the ACK for
packet k is received. Explain whether he is correct or not.

Problem 6. The 802.11 (WiFi) link-layer uses a stop-and-wait protocol to improve link reliability. The
protocol works as follows:

A. The sender transmits packet k + 1 to the receiver as soon as it receives an ACK for the packet
k.

B. After the receiver gets the entire packet, it computes a checksum (CRC). The processing time to
compute the CRC is Tp and you may assume that it does not depend on the packet size.

C. Ifthe CRC is correct, the receiver sends a link-layer ACK to the sender. The ACK has
negligible size and reaches the sender instantaneously.

The sender and receiver are near each other, so you can ignore the propagation delay. The bit rate is R
= 54 Megabits/s, the smallest packet size is 540 bits, and the largest packet size is 5,400 bits.

What is the maximum processing time Tp that ensures that the protocol will achieve a throughput of at
least 50% of the bit rate of the link in the absence of packet and ACK losses, for any packet size?

Problem 7. Consider a sliding window protocol between a sender and a receiver. The receiver should
deliver packets reliably and in order to its application.

The sender correctly maintains the following state variables:
unacked pkts -- the buffer of unacknowledged packets

first unacked -- the lowest unacked sequence number (undefined if all packets have been
acked)

last_unacked -- the highest unacked sequence number (undefined if all packets have been
acked)

last_sent -- the highest sequence number sent so far (whether acknowledged or not)

5/14/2011 3:32 PM
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If the receiver gets a packet that is strictly larger than the next one in sequence, it adds the packet to a
buffer if not already present. We want to ensure that the size of this buffer of packets awaiting
delivery never exceeds a value W > 0. Write down the check(s) that the sender should perform before
sending a new packet in terms of the variables mentioned above that ensure the desired property.

Problem 8. Ben decides to use the sliding window transport protocol we studied in 6.02 and
implemented in the pset on the network below. The receiver sends end-to-end ACKs to the sender.
The switch in the middle simply forwards packets in best-effort fashion.

ueue &
10° bytes/s R 0° bytes/s
{ Sender |, _| Switch [ Receiver
”i\ 105 bytes/s

7]
e 108 bytes/s A /

-~
~ - N -~ -

T e

. i i

Propagation delay = One-way propagation delay
=0 milliseconds =10 milliseconds

Max queue size = 30 packets

Packet size = 1000 bytes

ACK size = 40 bytes

Initial sender window size = 10 packets

A. The sender's window size is 10 packets. Selecting the best answer from the choices below, at
what approximate rate (in packets per second) will the protocol deliver a multi-gigabyte file
from the sender to the receiver? Assume that there is no other traffic in the network and packets
can only be lost because the queues overflow.

. Between 900 and 1000.

. Between 450 and 500.

. Between 225 and 250.

. Depends on the timeout value used.

B. You would like to double the throughput of this sliding window transport protocol running on
the network shown on the previous page. To do so, you can apply one of the following
techniques alone:

a. Double the window size.
b. Halve the propagation time of the links.
c. Double the speed of the link between the Switch and Receiver.

[o TN eI pil V]

For each of the following sender window sizes, list which of the above techniques, if any, can
approximately double the throughput. If no technique does the job, answer "None". There might
be more than one answer for each window size, in which case you should list them all. Note that
each technique works in isolation. Explain your answers.

1. W=10.

5/14/2011 3:32 PM
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2. W=50.

3. W=30.

Problem 9. Consider the sliding window protocol described in lecture and implemented in the pset.
The receiver sends "ACK k" when it receives a packet with sequence number k. Denote the window
size by W. The sender's packets start with sequence number 1. Which of the following is true of a
correct implementation of this protocol over a best-effort network?

A. Any new (i.e., previously unsent) packet with sequence number greater than W is sent by the
sender if, and only if, a new (i.e., previously unseen) ACK arrives.

B. The sender will never send more than one packet between the receipt of one ACK and the next.

C. The receiver can discard any new, out-of-order packet it receives after sending an ACK for it.

D. Suppose that no packets or ACKs are lost and no packets are ever retransmitted. Then ACKs
will arrive at the sender in non-decreasing order.

E. The sender should retransmit any packet for which it receives a duplicate ACK (i.e., an ACK it
has received earlier).

Problem 10. In his haste in writing the code for the exponential weighted moving average (EWMA)
to estimate the smoothed round-trip time, srtt, Ben Bitdiddle writes

srtt = alpha * r + alpha * srtt

where r is the round-trip time (RTT) sample, and 0 < alpha < 1.

For what values of alpha does this buggy EWMA over-estimate the intended srtt? You may answer
this question assuming any convenient non-zero sequence of RTT samples, r.

5/_14/2011 3:32PM
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Problem 11. A sender S and receiver R communicate reliably over a series of links using a sliding
window protocol with some window size, W packets. The path between S and R has one bottleneck
link (i.e., one link whose rate bounds the throughput that can be achieved), whose data rate is C
packets/second. When the window size is W, the queue at the bottleneck link is always full, with Q
data packets in it. The round trip time (RTT) of the connection between S and R during this data
transfer with window size W is T seconds. There are no packet or ACK losses in this case, and there
are no other connections sharing this path.

A. Write an expression for W in terms of the other parameters specified above.

B. We would like to reduce the window size from W and still achieve high utilization. What is the
minimum window size, Wmin, which will achieve 100% utilization of the bottleneck link?
Express your answer as a function of C, T, and Q.

C. Now suppose the sender starts with a window size set to Wmin. If all these packets get ac-
knowledged and no packet losses occur in the window, the sender increases the window size by
1. The sender keeps increasing the window size in this fashion until it reaches a window size
that causes a packet loss to occur. What is the smallest window size at which the sender

observes a packet loss caused by the bottleneck queue overflowing? Assume that no ACKs are
lost.

Problem 12. A sender A and a receiver B communicate using the stop-and-wait protocol studied in
6.02. There are n links on the path between A and B, each with a data rate of R bits per second. The
size of a data packet is S bits and the size of an ACK is K bits. Each link has a physical distance of D
meters and the speed of signal propagation over each link is ¢ meters per second. The total processing
time experienced by a data packet and its ACK is T_p seconds. ACKs traverse the same links as data
packets, except in the opposite direction on each link (the propagation time and data rate are the same
in both directions of a link). There is no queueing delay in this network. Each link has a packet loss
probability of p, with packets being lost independently.

What are the following four quantities in terms of the given parameters?
A. Transmission time for a data packet on one link between A and B.

B. Propagation time for a data packet across n links between A and B.

C. Round-trip time (RTT) between A and B?. (The RTT is defined as the elapsed time between the
start of transmission of a data packet and the completion of receipt of the ACK sent in response
to the data packeta€™ s reception by the receiver.)
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D. Probability that a data packet sent by A will reach B.

Problem 13. Ben Bitdiddle gets rid of the timestamps from the packet header in the 6.02
stop-and-wait transport protocol running over a best-effort network. The network may lose or reorder
packets, but it never duplicates a packet. In the protocol, the receiver sends an ACK for each data
packet it receives, echoing the sequence number of the packet that was just received. The sender uses
the following method to estimate the round-trip time (RTT) of the connection:

1. When the sender transmits a packet with sequence number k, it stores the time on its machine at
which the packet was sent, t_k. If the transmission is a retransmission of sequence number k,
then t_k is updated.

2. When the sender gets an ACK for packet k, if it has not already gotten an ACK for k so far, it
observes the current time on its machine, a_k, and measures the RTT sample asa_k - t_k.

If the ACK received by the sender at time ak was sent by the receiver in response to a data packet
sent at time tk, then the RTT sample a_k - t k is said to be correct. Otherwise, it is incorrect.

Indicate which of the following statements is true:

A. If the sender never retransmits a data packet during a data transfer, then all the RTT samples
produced by Bena€™s method are correct.

B. If data and ACK packets are never reordered in the network, then all the RTT samples
produced by Bena€™s method are correct.

C. If the sender makes no spurious retransmissions during a data transfer (i.e., it only retransmits a
data packet if all previous transmissions of data packets with the same sequence number did in
fact get dropped before reaching the receiver), then all the RTT samples produced by Ben's
method are correct.

Opt E. Miser implements the 6.02 stop-and-wait reliable transport protocol with one modification:
being stingy, he replaces the sequence number field with a 1-bit field, deciding to reuse sequence
numbers across data packets. The first data packet has sequence number 1, the second has number 0,
the third has number 1, the fourth has number 0, and so on. Whenever the receiver gets a packet with
sequence number s (= 0 or 1), it sends an ACK to the sender echoing s. The receiver delivers a data
packet to the application if, and only if| its sequence number is different from the last one delivered,
and upon delivery, updates the last sequence number delivered.

D. He runs this protocol over a best-effort network that can lose packets (with probability less than
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1) or reorder them, and whose delays may be variable. Does the modified protocol always
provide correct reliable, in-order delivery of a stream of packets?

Problem 14. Consider a reliable transport connection using the 6.02 sliding window protocol on a
network path whose RTT in the absence of queueing is RTTmin = 0.1 seconds. The connection's
bottleneck link has a rate of C = 100 packets per second, and the queue in front of the bottleneck link
has space for Q = 20 packets.

Assume that the sender uses a sliding window protocol with fixed window size. There is no other
connection on the path.

A. If the size of the window is 8 packets, then what is the throughput of the connection?

B. If the size of the window is 16 packets, then what is the throughput of the connection?

C. What is the smallest window size for which the connection's RTT exceeds RTTmin?

Problem 15. TCP, the standard reliable transport protocol used on the Internet, uses a sliding window.
Unlike the protocol studied in 6.02, however, the size of the TCP window is variable. The sender
changes the size of the window as ACKSs arrive from the receiver; it does not know the best window
size to use a priori.

TCP uses a scheme called slow start at the beginning of a new connection. Slow start has three rules,
R1, R2, and R3, listed below (TCP uses some other rules too, which we will ignore).

In the following rules for slow start, the sender's current window size is W and the last in-order ACK
received by the sender is A. The first packet sent has sequence number 1.

R1. Initially, set W «— 1 and A « 0.
R2.If an ACK arrives for packet A+1, then set W«—W+1, and set A«A+1.
R3. When the sender retransmits a packet after a timeout, then set W«—1.

Assume that all the other mechanisms are the same as the 6.02 sliding window protocol. Data packets
may be lost because packet queues overflow, but assume that packets are not reordered by the
network.

We run slow start on a network with RTTmin = 0.1 seconds, bottleneck link rate = 100 packets per
second, and bottleneck queue = 20 packets.

A. What is the smallest value of W at which the bottleneck queue overflows?

5/14/2011 3:32 PM
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B. Sketch W as a function of time for the first 5 RTTs of a connection. The X-axis marks time in
terms of multiples of the connectiona€™s RTT. (Hint: Non-linear!)
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of other packets, and that each packet's loss probability is the same as any other's (i.e., the random
process causing packet losses is indepedent and identically distributed).

A. Suppose that the probability that a data packet does not reach R when sent by S is p and the
probability that an ACK packet sent by R does not reach S is q. Write expressions for p and q in
terms of the p_i's and q_1i's.

Hide Answer

p=1-(1-p_(1-p_2)...(1 -p_k)and
q=1-(1-q_1X1-q2)...(1-q k)

B. Ifall p's are equal to some value o << 1 (much smaller than 1), then what is p (defined above)
approximately equal to?

[ Hide Answer |
p=1-(1-a)=1-(1-ka)=ka

C. Suppose S and R use a stop-and-wait protocol to communicate. What is the expected number of
transmissions of a packet before S can send the next packet in sequence? Write your answer in
terms of p and q (both defined above).

The probability of a packet reception from S to R is 1-p and the probability of an ACK reaching
S given that R sent an ACK is 1-q. The sender moves from sequence number k to k + 1 if the
packet reaches and the ACK arrives. That happens with probability (1-p)(1-q). The expected
number of transmissions for such an event is therefore equal to 1/((1-p)(1-q)).

Problem 4. Consider a 40 kbit/s network link connecting the earth to the moon. The moon is about
1.5 light-seconds from earth.

A. 1 Kbyte packets are sent over this link using a stop-and-wait protocol for reliable delivery, what
data transfer rate can be achieved? What is the utilization of the link?

Stop-and-wait sends 1 packet per round-trip-time so the data transfer rate is 1 Kbyte/3 seconds
= 333 bytes/s = 2.6 Kbit/s. The utilization is 2.6/40 = 6.5%.

The estimate above omits the transmission time of the packet. If we include the transmission
time (8 kbit/(40 kbit/s) = 0.2 s), the result is 1 kbyte/3.2 seconds = 312 bytes/s = 2.5 Kbits/s.

B. If a sliding-window protocol is used instead, what is the smallest window size that achieves the
maximum data rate? Assume that error are infrequent. Assume that the window size is set to
achieve the maximum data transfer rate.

I:En Answer
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Achieving full rate requires a send window of at least
bandwidth-delay product = 5 packets/s * 3 s = 15 packets.

C. Consider a sliding-window protocol for this link with a window size of 10 packets. If the
receiver has a buffer for only 30 undelivered packets (the receiver discards packets it has no
room for, and sends no ACK for discarded packets), how bits of sequence number are needed?

The window size determines the number of unacknowledged packets the transmitter will send
before stalling, but there can be arbitrarily many acknowledged but undelivered (because of one
lost packet) packets at the receiver. But if only 30 packets are held at the receiver, after which
it stops acknowledging packets except the one it's waiting for, the total number of packets in
transit or sitting in the receivers buffer is at most 40.

So a 6-bit sequence number will be sufficent to ensure that all unack'ed and undelivered packets
have a unique sequence number (avoiding the sequence number wrap-around problem).

Problem 5. Consider a best-effort network with variable delays and losses. Here, Louis Reasoner
suggests that the receiver does not need to send the sequence number in the ACK in a correctly
implemented stop-and-wait protocol, where the sender sends packet k+1 only after the ACK for
packet k is received. Explain whether he is correct or not.

(Not surprisingly,) Louis is wrong. Imagine that the sender sends packet x and then retransmits k.
However, the original transmission and the retransmission get through to the receiver. The receiver
sends an ACK for x when it gets the original transmission, and in response the sender sends packet
k+1. Now, when the sender gets an ACK, it cannot tell whether the ACK was for packet k (the
retransmission), or for packet k+1!

Problem 6. The 802.11 (WiFi) link-layer uses a stop-and-wait protocol to improve link reliability. The
protocol works as follows:

A. The sender transmits packet k + 1 to the receiver as soon as it receives an ACK for the packet
k.

B. After the receiver gets the entire packet, it computes a checksum (CRC). The processing time to
compute the CRC is Tp and you may assume that it does not depend on the packet size.

C. Ifthe CRC is correct, the receiver sends a link-layer ACK to the sender. The ACK has
negligible size and reaches the sender instantaneously.

The sender and receiver are near each other, so you can ignore the propagation delay. The bit rate is R
= 54 Megabits/s, the smallest packet size is 540 bits, and the largest packet size is 5,400 bits.

What is the maximum processing time Tp that ensures that the protocol will achieve a throughput of at
least 50% of the bit rate of the link in the absence of packet and ACK losses, for any packet size?
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Because T_p is independent of packet size, and smaller packets have a lower transmission time over
the link, what matters for this question is the processing time for the smallest packet. The maximum
throughput of the stop-and-wait protocol is 1 packet every round-trip time (RTT), which in our case is
the sum of the transmission time and T_p. The transmission time for a 540 bit packet at 54 Megabits/s
is 10 microseconds. Hence, if Tp* is the maximum allowable processing time, we have:

540 bits/(10 microseconds + Tp*) = 27 Megabits/s,

giving us Tp* = 10 microseconds.

Problem 7. Consider a sliding window protocol between a sender and a receiver. The receiver should
deliver packets reliably and in order to its application.

The sender correctly maintains the following state variables:
unacked_pkts -- the buffer of unacknowledged packets

first_unacked — the lowest unacked sequence number (undefined if all packets have been
acked)

last_unacked -- the highest unacked sequence number (undefined if all packets have been
acked)

last_sent -- the highest sequence number sent so far (whether acknowledged or not)

If the receiver gets a packet that is strictly larger than the next one in sequence, it adds the packet to a
buffer if not already present. We want to ensure that the size of this buffer of packets awaiting
delivery never exceeds a value W = 0. Write down the check(s) that the sender should perform before
sending a new packet in terms of the variables mentioned above that ensure the desired property.

The largest sequence number that a receiver could have possibly received is 1ast_sent. The size of
the receiver buffer can become as large as 1ast_sent - first_unacked. One might think that we
need to add 1 to this quantity, but observe that the only reason any packets get added to the buffer is
when some packet is lost (i.e., at least one of the packets in the sender's unacked buffer must have
been lost).

We also need to handle the case when all the packets sent by the sender have been acknowledged --
clearly, in this case, the sender should be able to send data.

Hence, if the sender sends a new packet only if
if len(unacked_packets) == 0 or last_sent - first_unacked < W

the desired requirement is satisfied.

Problem 8. Ben decides to use the sliding window transport protocol we studied in 6.02 and
implemented in the pset on the network below. The receiver sends end-to-end ACKs to the sender.
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The switch in the middle simply forwards packets in best-effort fashion.

Sender
«_ 10% bytes/s
~

~
e ———

10° bytes/s

e

Propagation delay
=0 milliseconds

One-way propagation delay
= 10 milliseconds

Max queue size = 30 packets

Packet size = 1000 bytes

ACK size = 40 bytes

Initial sender window size = 10 packets

A. The sender's window size is 10 packets. Selecting the best answer from the choices below, at
what approximate rate (in packets per second) will the protocol deliver a multi-gigabyte file
from the sender to the receiver? Assume that there is no other traffic in the network and packets
can only be lost because the queues overflow.

a. Between 900 and 1000.

b. Between 450 and 500.

¢. Between 225 and 250.

d. Depends on the timeout value used.

Hide Answer

Choice b. The RTT, which is the time taken for a single packet to reach the receiver and the
ACK to return, is about 20 milliseconds plus the transmission time, which is about 1 millisecond
(1000 bytes at a rate of 1 Megabyte/s). Hence, the throughput is 10 packets / 21 milliseconds =
476 packets per second. If one ignored the transmission time, which is perfectly fine given the
set of choices, one would estimate the throughput to be about 500 packets per second.

B. You would like to double the throughput of this sliding window transport protocol running on
the network shown on the previous page. To do so, you can apply one of the following
techniques alone:

a. Double the window size.
b. Halve the propagation time of the links.
¢. Double the speed of the link between the Switch and Receiver.

For each of the following sender window sizes, list which of the above techniques, if any, can
approximately double the throughput. If no technique does the job, answer "None". There might
be more than one answer for each window size, in which case you should list them all. Note that
each technique works in isolation. Explain your answers.

1. W=10.

Hide Answer

Aand B.
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A. Write an expression for W in terms of the other parameters specified above. B. Propagation time for a data packet across n links between A and B.
W = C*T. Note that some students may interpret T as the RTT without any queucing. That's nD/C . Total distance to be travelled is nD since each link has length D meters, and there are n
wrong, but we ought to still give them credit as long as they have consistently made this mistake such links. The propagation speed is C meters/second.

in all the parts. With this interpretation, W = CT + Q.

C. Round-trip time (RTT) between A and B?. (The RTT is defined as the elapsed time between the
B. We would like to reduce the window size from W and still achieve high utilization. What is the start of transmission of a data packet and the completion of receipt of the ACK sent in response
minimum window size, Wmin, which will achieve 100% utilization of the bottleneck link? to the data packetd€™'s reception by the receiver.)

Express your answer as a function of C, T, and Q.

Clearly, W = Wmin + Q, where Wmin is the smallest window size that gives 100% utilization. A
smaller window than that would keep the network idle some fraction of the time. Hence, Wmin
=C*T-Q.

nS/R + nK/r + 2nD/C + T_p

We need to consider the following times:
o Transmit data across n links: n$/R using result from part A.
o Transmit ACK across n links: nK/R also using result from part A.
o Propagate data across n links and ACKS across n links: 2nD/C

With the fl int tation of T, Wmin = C*T.
T the flawedimistpsieip o8 & VS o Total time to process the data and the ACK: T_p

C. Now suppose the sender starts with a window size set to Wmin. If all these packets get ac-
knowledged and no packet losses occur in the window, the sender increases the window size by
1. The sender keeps increasing the window size in this fashion until it reaches a window size [ e answer |
that causes a packet loss to occur. What is the smallest window size at which the sender
observes a packet loss caused by the bottleneck queue overflowing? Assume that no ACKs are
lost.

o

Probability that a data packet sent by A will reach B.

(1- p)". Probability of loss in a link is p, so probability of no loss in a link is 1-p. Since link losses
are independent, probability of no loss in n links is (1-p)" . No loss in n links means the data gets

| Hide Answer | from A to B successfuly.

Packets start getting dropped when the window size is W+1, i.e., when it is equal to C*T+1.

Problem 13. Ben Bitdiddle gets rid of the timestamps from the packet header in the 6.02
With the flawed interpretation of T, the window size at which packets start being dropped is stop-and-wait transport protocol running over a best-effort network. The network may lose or reorder
W+ =C*T+Q+ 1. ; packets, but it never duplicates a packet. In the protocol, the receiver sends an ACK for each data
packet it receives, echoing the sequence number of the packet that was just received. The sender uses
the following method to estimate the round-trip time (RTT) of the connection:

Problem 12, A sender A and a receiver B communicate using the stop-and-wait protocol studied in

6.02. There are n links on the path between A and B, each with a data rate of R bits per second. The 1. When the sender transmits a packet with sequence number k, it stores the time on its machine at
size of a data packet is S bits and the size of an ACK is K bits. Each link has a physical distance of D which the packet was sent, t_k. If the transmission is a retransmission of sequence number k,
meters and the speed of signal propagation over each link is ¢ meters per second. The total processing then t_k is updated.

time experienced by a data packet and its ACK is T_p seconds. ACKs traverse the same links as data

packets, except in the opposite direction on each link (the propagation time and data rate are the same 2. When the sender gets an ACK for packet k, if it has not already gotten an ACK for k so far, it

in both directions of a link). There is no queueing delay in this network. Each link has a packet loss observes the current time on its machine, a_k, and measures the RTT sample asa_k - t_k.

probability of p, with packets being lost independently.
If the ACK received by the sender at time ak was sent by the receiver in response to a data packet

What are the following four quantities in terms of the given parameters? sent at time tk, then the RTT sample a_k - t_k is said to be correct. Otherwise, it is incorrect.
A. Transmission time for a data packet on one link between A and B, Indicate which of the following statements is true:
| Hide Answer | A. If the sender never retransmits a data packet during a data transfer, then all the RTT samples

produced by Bend€™s method are correct.
S/R. Each data packet has size S bits, and the speed of the link is R bits per second.
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