p5. Review the car-caravan analogy in Section 1.4. Assume a propagation speed

Pé6.

P7.

P8.

of 100 km/hour.

a. Suppose the caravan travels 150 km, beginning in front of one tollbooth,
passing through a second tollbooth, and finishing just after a third toll-

booth. What is the end-to-end delay?

b. Repeat (a), now assuming that there are eight cars in the caravan instead

of ten.

This elementary problem begins to explore propagation delay and transmis-
sion delay, two central concepts in data networking. Consider two hosts, A
and B, connected by a single link of rate R bps. Suppose that the two hosts
are separated by m meters, and suppose the propagation speed along the link
is s meters/sec. Host A is to send a packet of size L bits to Host B.

a. Express the propagation delay, d

props 111 terms of 72 and s.

b. Determine the transmission time of the packet, d,.,s, in terms of L and R.

c. Ignoring processing and queuing delays, obtain an expression for the end-

to-end delay.

d. Suppose Host A begins to transmit the packet at time ¢ = 0. At time ¢ =

dyrans, Where is the last bit of the packet?

€. Suppose dpp 18 greater than d . Attime f = dy,,, where is the first

bit of the packet?

f. Suppose dp, is less than diypg. At time ¢ = dypyys, Where is the first bit of

the packet?

g. Suppose s = 2.5-10%, L = 120 bits, and R = 56 kbps. Find the distance

m so that d

brop €qUals  dirans.

In this problem, we consider sending real-time voice from Host A to Host B
over a packet-switched network (VoIP). Host A converts analog voice to a
digital 64 kbps bit stream on the fly. Host A then groups the bits into 56-byte
packets. There is one link between Hosts A and B; its transmission rate is

2 Mbps and its propagation delay is 10 msec. As soon as Host A gathers a
packet, it sends it to Host B. As soon as Host B receives an entire packet, it
converts the packet’s bits to an analog signal. How much time elapses from
the time a bit is created (from the original analog signal at Host A) until the

bit is decoded (as part of the analog signal at Host B)?

Suppose users share a 3 Mbps link. Also suppose each user requires 150 kbps
when transmitting, but each user transmits only 10 percent of the time. (See
the discussion of packet switching versus circuit switching in Section 1.3.)

a. When circuit switching is used, how many users can be supported?

b. For the remainder of this problem, suppose packet switching is used. Find

the probability that a given user is transmitting.
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he probability that at any given time,

. d t .
. ultaneously. (Hint: Use the binomia

c. Suppose there are 120 users. TN ]
exactly n users are transmitting S
distribution.) ‘ -

r transmittin

d. Find the probability that there arc 21 or more users g

simultaneously.

itchi S circuit swj
P9. Consider the discussion in Section 1.3 of packet switching VErsus ClICUIL switch.

ing in which an example is provided with 1 Mbps link. l‘Jsersl zlre gelnera.ting
data at a rate of 100 kbps when busy, but are bu§y generatlng 4t DI Wlth_
probability p = 0.1. Suppose that the 1 Mbps link 15 replaced by a 1 Gbps link,

a. What is N, the maximum number of users that can be supported simulta-

neously under circuit switching?
tching and a user population of M users. Give a

b. Now consider packet swi
hat more than /N users

formula (in terms of p, M, N) for the probability t
are sending data.

P10. Consider a packet of length L that begins at end system A and travels over
three links to a destination end system. These three links are connected by
two packet switches. Let dj, 5;, and R; denote the length, propagation speed,
and the transmission rate of link i, for i = 1, 2, 3. The packet switch delays
each packet by dyo. Assuming no queuing delays, in terms of d;, s;, R;,

(i = 1,2,3), and L, what is the total end-to-end delay for the packet? Sup-
pose now the packet is 1,500 bytes, the propagation speed on all three links is
2.5 + 108m/s, the transmission rates of all three links are 2 Mbps, the packet
switch processing delay is 3 msec, the length of the first link is 5,000 km, the
length of the second link is 4,000 km, and the length of the last link is 1,000
km. For these values, what is the end-to-end delay?

P11. In the above problem, suppose R; = R, = R; = R and dproc = 0. Further
suppose the packet switch does not store-and-forward packets but instead
immediately transmits each bit it receives before waiting for the entire packet
to arrive. What is the end-to-end delay?

P12. A packet switch receives a packet and determines the outbound link to which
the packet should be forwarded. When the packet arrives, one other packet is
halfway done being transmitted on this outbound link and four other packets are
waiting to be transmitted. Packets are transmitted in order of arrival Suppose
all packets are 1,500 bytes and the link rate is 2 Mbps. What is the ciueuing
delay for the packet? More generally, what is the queuing delay when all packets
have length L, the transmission rate is R, x bits of the currently-bein _transmitted
packet have been transmitted, and n packets are already in thz queu%a?

P13. (a) Suppose N pack.ets arrive simultaneously to a link at which no packets
?l:e lc'urrently bemg.tra‘nsmitted or queued. Each packet is of length L and
¢ link has transmission rate R. What is the average queuing delay for
the N packets? =4 5
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P14.

PI5.

P16.

P17.

P18.

(b) Now suppose that N such packets arrive to the Jin
What is the average queuing delay of a packet?

Consider the queuing delay in a router buffer. Let 7 denot

that is, I = La/R. Suppose that the queuing delay takes t
for1 < 1.

a. Provide a formula for the total delay,
transmission delay,

k every LN/R seconds.

e traffic intensity;
he form IL/R (1 — 1)

that is, the queuing delay plus the

b. Plot the total delay as a function of L/R.

Let a denote the rate of packets arriving at a link in packets/sec, and let u
denote the link’s transmission rate in packets/sec. Based on the formula for
the total delay (i.e., the queuing delay plus the transmission delay) derived

in the previous problem, derive a formula for the total delay in terms of a
and u.

Consider a router buffer preceding an outbound link. In this problem, you
will use Little’s formula, a famous formula from queuing theory. Let N
denote the average number of packets in the buffer plus the packet being
transmitted. Let a denote the rate of packets arriving at the link. Let d denote
the average total delay (i.e., the queuing delay plus the transmission delay)
experienced by a packet. Little’s formulais N = a - d. Suppose that on aver-
age, the buffer contains 10 packets, and the average packet queuing delay

is 10 msec. The link’s transmission rate is 100 packets/sec. Using Little’s

formula, what is the average packet arrival rate, assuming there is no packet
loss?

a. Generalize Equation 1.2 in Section 1.4.3 for heterogeneous processing
rates, transmission rates, and propagation delays.

b. Repeat (a), but now also suppose that there is an average queuing delay of
dqueve at €ach node.

Perform a Traceroute between source and destination on the same continent
at three different hours of the day.

a. Find the average and standard deviation of the round-trip delays at each of
the three hours.

b. Find the number of routers in the path at each of the three hours. Did the
paths change during any of the hours?

¢. Try to identify the number of ISP networks that the Traceroute packets
pass through from source to destination. Routers with similar names and/
or similar IP addresses should be considered as part of the same ISP. In

your experiments, do the largest delays occur at the peering interfaces
between adjacent ISPs?

Repeat the above for a source and destination on different continents.
Compare the intra-continent and inter-continent results.
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P19.

P20.

P21.

pP22.

p23.

ate.org and perform traceroutes from ty, i
Ohe s'ame destination host 1n the United Stateg

(a) Visit the site www.tracer
e in the tWO traceroutes? Is the transatlantic

ferent cities in France tot
How many links aré the sam

link the same? o o
(b) Repeat (a) but this time choose one city in France and another city i,

Germany.
(c) Pick a city in the United States, and perform traceroutes to two hOSts,

each in a different city in China. How many;nks ari ngmmOn in
the two traceroutes? Do the tWO traceroutes diverge before reachipg

China? _
Consider the throughput example corresponding to Flglir()e ]1)-20(13)- Now
suppose that there are M client-server paprs rqther than 10. enoFe R, R,
and R for the rates of the server links, client links, an.d network link. Assume
all other links have abundant capacity and that there 1S no othef traffic in the
network besides the traffic generated by the M client-server pairs. Derive 3
general expression for throughput in terms of R, R., R, and M.

Consider Figure 1.19(b). Now suppose that there are M paths between the
server and the client. No two paths share any link. Pathk (k = 1,..., M)
consists of N links with transmission rates R, RS, . . ., Ry. If the server can
only use one path to send data to the client, what’fs the maximum throughput
that the server can achieve? If the server can use all M paths to send data,
what is the maximum throughput that the server can achieve?

Consider Figure 1.19(b). Suppose that each link between the server and the
client has a packet loss probability p, and the packet loss probabilities for
these links are independent. What is the probability that a packet (sent by the
server) is successfully received by the receiver? If a packet is lost in the path
from the server to the client, then the server will re-transmit the packet. On
average, how many times will the server re-transmit the packet in order for
the client to successfully receive the packet?

Consider Figure 1.19(a). Assume that we know the bottleneck link along the
path from thej server to the client is the first link with rate R, bits/sec. Supposé
we send a pair of packets back to back from the server to the client, and ther®

is no other traffic on this path. Assume each packet of size L bits, and both

links have the same propagation delay d,,
b

- ﬁ: . ;S the pfa cket inter-arrival time at the destination? That is, hoW me!
€lapses from when the last bit of i i e

: the fir until t°

bit of the second packet arrives? Rt

b. Now assume that the seco
1F possible that the secon
link? Explain, Now sup
seconds after sending t
queuing before the gec

nd link is the bottleneck link (i.c., Re < F°

d packet queues at the input queue of the o
pose that the server sends the second paCket

he fir.st packet. How large must T be 0 ensure
ond link? Explain.

no
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p24.

P25.

P26.

P27.

P28.

P29,

Suppose you would like to urgently deliver 40 terabytes data from Boston to
Los Angeles. You have available a 100 Mbps dedicated link for data transfer.

Would you prefer to transmit the data via this link or instead use FedEx over-
night delivery? Explain.

Suppose two hosts, A and B, are separated by 20,000 kilometers and are con-

nected by a direct link of R = 2 Mbps. Suppose the propagation speed over
the link is 2.5 + 10® meters/sec.

a. Calculate the bandwidth-delay product, R - dyrop-

b. Consider sending a file of 800,000 bits from Host A to Host B. Suppose

the file is sent continuously as one large message. What is the maximum
number of bits that will be in the link at any given time?

c. Provide an interpretation of the bandwidth-delay product.

d. What is the width (in meters) of a bit in the link? Is it longer than a
football field?

e. Derive a general expression for the width of a bit in terms of the propaga-
tion speed s, the transmission rate R, and the length of the link rm.

Referring to problem P25, suppose we can modify R. For what value of R is
the width of a bit as long as the length of the link?

Consider problem P25 but now with a link of R = 1 Gbps.

a. Calculate the bandwidth-delay product, R - Aprop-

b. Consider sending a file of 800,000 bits from Host A to Host B. Suppose
the file is sent continuously as one big message. What is the maximum
number of bits that will be in the link at any given time?

¢. What is the width (in meters) of a bit in the link?

Refer again to problem P25.
a. How long does it take to send the file, assuming it is sent continuously?

b. Suppose now the file is broken up into 20 packets with each packet
containing 40,000 bits. Suppose that each packet is acknowledged by
the receiver and the transmission time of an acknowledgment packet is
negligible. Finally, assume that the sender cannot send a packet until the
preceding one is acknowledged. How long does it take to send the file?

¢. Compare the results from (a) and (b).
Suppose there is a 10 Mbps microwave link between a geostationary satellite

and its base station on Earth. Every minute the satellite takes a digital photo and

sends it to the base station. Assume a propagation speed of 2.4 « 10% meters/sec.
a. What is the propagation delay of the link?

b. What is the bandwidth-delay product, R * dp,p?

c. Let x denote the size of the photo. What is the minimum value of x for the
microwave link to be continuously transmitting?
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P30. Consider the airline travel anal

P31.

b.

ur discussion of layering in Section :
data units as they flow down the prot. :
ader information that is addeg t00.
airline protocol stack?

ogy in o
Is to protocol
lent notion of he
y move down the

works, including the Internet, the source hogt

segments long, application-layer messages (for ?xta(;lzgéel; Strivlg:lig"er l(])r & musie
file) into smaller packets and sends the packe.tS_lﬂ 1 W 8 € receive,
then reassembles the packets back into tl.le origina .mess.age. he refer to
this process as message segmentation. Figure 1.27 illust ate§ the end‘FO-end
transport of a message with and without message segmentation. Conglde.r a
message thatis 8 - 10° bits long that is to.be sept from source to destinatiop
in Figure 1.27. Suppose each link in the figure is 2 Mbps. Ignore propagation,

queuing, and processing delays.

a. Consider sending the message from source to destination without message
segmentation. How long does it take to move the message frqm the source
host to the first packet switch? Keeping in mind that each switch uses
store-and-forward packet switching, what is the total time to move the
message from source host to destination host?

b. Now suppose that the message 1s segmented into 800 packets, with each
packet being 10,000 bits long. How long does it take to move the first
packet from source host to the first switch? When the first packet is being
sent from the first switch to the second switch, the second packet is being
sent from the source host to the first switch. At what time will the second
packet be fully received at the first switch?

and the addition of heade.
col stack. Is there an equiva

passengers and baggage as the

In modern packet—switched net

c. How long does it take to move the file from source host to destination
host when message segmentation is used? Compare this result with your
answer in part (a) and comment. '

| -

Source Packet switch Packet switch Destination

Packet

souree Packet switch Packet switch Destination

Figure 1.27 ¢ Endo-end message transport: (a) without message

segmentation; (b) with message segmentation
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