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February 2017

Problem 1 : Consider two unidirection ring networks as shown below. Note that the first
ring contains 4 fibers, while the second ring contains 8 fibers. For simplicity, assume that
all fibers contain the same number of wavelength channels, which is equal to W . Assume
that the following 6 lightpaths must be set up: 1-3, 1-3, 2-4, 2-4, 3-2, 3-2.
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(a) Specify the minimum number of wavelengths required in the network with 4 fibers.
Denote this number byWmin,1. Specify the corresponding wavelength assignment (WA)
using Wmin,1 wavelengths.

(b) Show that the minimum number of wavelengths required in the network with 8 fibers,
denoted by Wmin,2, is equal to 2. Specify the corresponding WA using Wmin,2 wave-
lengths.

(c) Based on the answers in parts (a) − (b), specify whether the following statement is
TRUE or FALSE. If the minimum number of wavelengths required to support the
traffic (i.e., set of lightpaths) in a single-fiber network is Wmin, then the minimum
number of wavelengths required to support the same traffic is ⌈Wmin/F ⌉ in the same
network but with F fibers (instead of 1 fiber) on each link.

Problem 2 : Consider a unidirectional ring network with 5 nodes, as shown below on
the left. An arrow represents one link which contains one fiber. Suppose that there are 5
lightpaths to be supported for the following s-d pairs: 1-3, 2-5, 3-1, 3-4, 4-2. Recall that
each lightpath takes up one transmission wavelength channel on each of its links.
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(a) For the given 5 lightpaths, find the wavelength assignment that uses the minimum
number of wavelengths. Justify why your answer uses the minimum number of wave-
lengths.
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(b) Consider now a unidirectional ring with 1+1 dedicated protection, where fibers in
the CW direction are for working capacities and fibers in the CCW direction are for
backup capacities, as shown above on the right. Recall that, under 1+1 protection, a
source transmits the same signal simultaneously on working and backup paths. Con-
sider supporting the given 5 lightpaths with 1+1 protection. Find the wavelength
assignment that uses the minimum number of wavelengths.

(c) Consider now a unidirection ring with the so-called 1:1 dedicated protection. Similar to
part (b), fibers in the CW direction are for working capacities, while fibers in the CCW
direction are for backup capacities. Unlike part (b), we allow the working path and
the backup path of each s-d pair to be on different wavelengths. Find the wavelength
assignment that uses the minimum number of wavelengths in this case.

Problem 3 : Consider the network topology shown below on the left. An arrow represents
one link which contains one fiber. Assume that the number of transmission wavelength
channels in each fiber is so large that we can ignore the link capacity constraint. In addition,
assume no optical bypass so that the wavelength continuity constraint can be ignored.
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(a) Assume that one transmission wavelength channel is used to support working traffic
on each link. Consider the protection cycle formed by assigning one transmission
wavelength channel as backup capacity on each dashed link as shown above on the
right. Suppose that we use ring-based link protection. Specify the links that are not
protected by the given cycle.

NOTE: Write you answer in the following format. (The numbers below are random
and have nothing to do with your answer.)

(1,2), (2,1), (2,4), (5,2)

(b) Suppose that we use p-cycle-based link protection instead of ring-based link protection
in part (a). Specify the links that are not protected by the given cycle.

Suppose now that we have some working traffic (in wavelength unit) on each link. In
addition, suppose that we are given a set of candidate protection cycles to which we can
assign backup capacities (in wavelength unit). The ILP problem formulation given below
is used to assign backup capacities to candidate cycles subject to the constraint that all
working traffic is protected against a single link failure.

Given information

• C: Set of candidate protection cycles

• L: Set of links (or equivalently fibers)
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• wl: Working traffic (in wavelength unit) on link l

• acl ∈ {0, 1}: Equal to 1 if and only if link l is on cycle c

• bcl ∈ {0, 1}: Equal to 1 if and only if link l can be protected by cycle c (i.e. one
transmission wavelength channel on link l can be protected by one unit of backup
capacity on cycle c)

Decision variables

• xl ∈ {0, 1, . . .}: Backup capacity (in wavelength unit) assigned to link l

• yc ∈ {0, 1, . . .}: Backup capacity (in wavelength unit) assigned to cycle c.

Constraints

• Computation of xl

∀l ∈ L, xl =
∑
c∈C

acly
c

• The total backup capacity for the failure of each link l should be at least wl.

∀l ∈ L, ..to be completed by you..

• Integer constraints

∀l ∈ L, xl ∈ {0, 1, . . .}
∀c ∈ C, yc ∈ {0, 1, . . .}

Objective

• Minimize the total number of transmission wavelength channels assigned for backup
capacities over all links.

minimize ..to be completed by you..

(c) Write down the missing part of the second constraint.

(d) Write down the missing part of the objective.

(e) Let L be the number of links, i.e. L = |L|. Let C be the number of candidate cycles,
i.e. C = |C|. Write down the number of variables and constraints (not including the
integer constraints) in terms of L and C.
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Optical Networks

Solutions for Assignment 6

February 2017

Problem 1 :

(a) We first write the given 6 lightpaths by their paths as follows: 123, 123, 234,
234, 3412, 3412. It can be seen that any pair of 2 lightpaths share at least one
fiber. Hence, all these 6 lightpaths must be assigned distinct wavelengths, yielding
Wmin,1 = 6. The corresponding WA is straightforward, namely one wavelength for
each lightpath.

(b) Link (3, 4) is a cut that contains 2 fibers. Since there are 4 lightpaths across this
cut, the cut set bound yields Wmin,2 ≥ ⌈4/2⌉ = 2. The WA shown below uses 2
wavelengths, implying that Wmin,2 ≤ 2, yielding Wmin,2 = 2.
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(c) The statement is FALSE. In particular, the answers to parts (a) − (b) provide a
counterexample to the statement. The single-fiber network needs 6 wavelengths,
while the network with 2 fibers per link needs 2, which is smaller than ⌈6/2⌉ = 3
wavelengths. ■
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Problem 2 :

(a) Below is the path graph together with the node coloring that uses 3 colors. (The
node coloring is done according to one possible SL node order: 123, 2345, 4512,
3451, 34.)
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From the node coloring shown above and the fact that nodes 123, 2345, and 4512
are fully connected, the chromatic number of the path graph is 3. It follows that
the above WA uses the minimum number of wavelengths.

(b) Below is the modified path graph together with the node coloring that uses 4 colors.
(The node coloring is done according to one possible SL node order: 123-1543, 2345-
215, 34-32154, 4512-432, 3451-321.)
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From the node coloring shown above and the fact that nodes 123-1543, 2345-215,
34-32154, and 4512-432 are fully connected, the chromatic number of the path graph
is 4. It follows that the above WA uses the minimum number of wavelengths.

(c) Below is the modified path graph together with the node coloring that uses 3 colors.
Since the WA for backup paths are independent from that for working paths, there
are two disconnected subgraphs, one for the CW direction and the other for the
CCW direction. (The node coloring for the CW subgraph is the same as in part (a),
while the node coloring for the CCW subgraph is done according to one possible
SL node order: 1543, 215, 32154, 321, 432.)

From the node coloring shown above and the fact that nodes 123, 2345, and 4512
are fully connected, the chromatic number of the path graph is 3. It follows that
the above WA uses the minimum number of wavelengths. ■
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Problem 3 :

(a) Under ring-based link protection, the links that are not protected by the given cycle
are

(1,2), (2,1), (1,6), (6,1), (4,5), (5,4), (2,3), (3,5), (5,6), (6,4), (4,2).

(b) Under p-cycle-based link protection, the links that are not protected by the given
cycle are

(1,2), (2,1), (1,6), (6,1), (2,3), (3,5), (5,6), (6,4), (4,2).

(c) The completed constraint is shown below.

∀l ∈ L,
∑
c∈C

bcly
c ≥ wl

(d) The completed objective is shown below.

minimize
∑
l∈L

xl

(e) The number of variables and the number of constraints (not including integer con-
straints) are shown below.

Variables Number
xl L
yc C
TOTAL L+ C

Constraints Number
∀l ∈ L, xl =

∑
c∈C a

c
ly

c L
∀l ∈ L,

∑
c∈C b

c
ly

c ≥ wl L
TOTAL L+ L = 2L

■
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