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Abstract—Even though elastic optical networks (EONs) are
promising to provision increasingly dynamic and heterogeneous
traffic, the requirements on bandwidth-variable optical devices
bring upgrading challenges in current wavelength-division mul-
tiplexing (WDM) optical networks. Mixed-line-rate (MLR) op-
tical networks offer a transitional solution that allows sev-
eral coexisting line rates (e.g., 10/40/100 Gb/s). In this
paper, we investigate distance-adaptive preconfigured-cycle (p-
Cycle) protection scheme in MLR optical networks. Path-length-
limited p-cycles are designed to be assigned line rate depend-
ing on the length of each protection path. Instead of con-
ventional candidate cycle enumeration, a mixed integer linear
programming (MILP) model is formulated to directly gener-
ate the optimal p-cycles with the minimum capital expenditures
(CAPEX) cost. We also develop two algorithms to make the
proposed MILP model scalable. Simulation results indicate that
the algorithms are time efficient for solving the MILP-based
p-cycle design. We further compare our p-cycle design method
with other schemes, and demonstrate that our method largely re-
duces the CAPEX cost for more than 40%, mainly in transpon-
der cost. To the best of our knowledge, this is the first time that
distance-adaptive p-cycle design without candidate cycle enumer-
ation is proposed for MLR optical networks.

Index Terms—Distance-adaptive, mixed line rates (MLR) op-
tical networks, mixed integer linear programming (MILP), pre-
configured-cycle (p-cycle).

I. INTRODUCTION

TRAFFIC demands in today’s backbone optical networks
are becoming increasingly dynamic and heterogeneous
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due to high-bandwidth applications, i.e., commercial data-center
backhaul, cloud computing and distributed storage. Elastic op-
tical networks (EONs) are regarded as the promising solution to
provision such traffic with flexible spectrum allocation [1]–[3].
However, the requirements on bandwidth-variable transponders
(BVTs) and bandwidth-variable optical cross-connects (BV-
OXCs) are the main challenges of upgrading current wave-
length division multiplexing (WDM) optical networks to EONs.
Meanwhile, mixed-line-rate (MLR) optical networks with co-
existing line rates (10/40/100 Gb/s) can be the transitional
solution, which has been proved to achieve the comparable per-
formance as EONs [4]. In MLR optical networks, different types
of transponders are configured to provision traffic at several line
rates [5]–[7]. Line rate assignment should consider the transpon-
der cost as well as transmission reach limits. Hence, appropriate
line rates should be assigned to efficiently allocate network re-
sources in MLR optical networks.

As it is demonstrated that a single optical fiber can carry
over 20 Tb/s traffic transmission capacity, a failure in an
MLR network element (e.g., a fiber cut) can cause huge data
loss [8]. Previously, survivable WDM optical networks have
been investigated intensively with several protection schemes
[9]–[13]. However, these protection schemes only focus on
network resources allocation under single line rate (SLR).
Survivability in MLR optical networks needs to deal with line
rate assignment related to protection cost and transmission
reach. Thus, cost-effective protection approaches for MLR
optical networks are increasingly important.

Pre-configured-cycle (p-Cycle) strategy has fast switching
speed, and it provides protection capacity for both on-cycle links
and straddling links [14]. Specifically, the protection capacity
of p-cycle is configured in advance, only the two ending nodes
of the failed link switch the working traffic to pre-configured
protection path. More importantly, one unit of protection ca-
pacity is provided for each on-cycle link in one p-cycle, while
two units of protection capacity are provided for each straddling
link. p-Cycle protection scheme is very attractive owing to these
advantages in optical network protection.

Conventional p-cycle design schemes are required to enu-
merate candidate cycle set in advance, and to screen p-cycles
from the candidate cycle set. Since the number of candidate
cycles increases exponentially with the number of nodes and
links in the network, it would be intractable to enumerate all
the candidate cycles. Thus, some work on finding partial can-
didate cycles with high metric have tried to form effective
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candidate cycle sets, nevertheless, optimal solution cannot be
obtained with them. In addition, p-cycles without candidate cy-
cle enumeration are explored in [12]–[15], but these methods are
not valid in MLR optical networks due to the lack of line rate op-
timization. Moreover, p-cycles are rarely designed considering
transmission reach limits, which is not realistic.

In this paper, we extend our work in [16] and further investi-
gate distance-adaptive p-cycle protection without candidate cy-
cle enumeration in MLR optical networks. Path-length-limited
p-cycles are designed to assign line rates depending on the
length of each protection path. We formulate a mixed integer
linear programming (MILP) model to minimize CAPEX cost.
Then, we propose graph partitioning in average (GPA) algorithm
and Estimation of cycle numbers |I| (EI) algorithm to enable
concurrent computation in sub-graphs with the proposed MILP
model. These two algorithms are proved to be efficient, and it is
also demonstrated that our p-cycle design achieves significant
CAPEX cost savings in comparison to p-cycle design with SLR
and p-cycle design with candidate cycle enumeration. To the
best of our knowledge, this is the first time that p-cycle protec-
tion design without candidate cycle enumeration is proposed for
MLR optical networks. The key contributions of this paper are
summarized as follows:

1) Distance-adaptive p-cycle are designed in the consider-
ation of transmission reach at various line rates, thus
the transmission quality of optical signal along protec-
tion path can be guaranteed.

2) An MILP model without candidate cycle enumeration is
formulated to directly generate p-cycles, thus it is guaran-
teed to obtain the optimal solution if possible.

3) p-Cycles are generated with the path-length-limited con-
straint, which restricts p-cycles according to the length of
each protection path instead of the length of cycle circum-
ference. It is more accurate and cost-effective.

4) Graph partitioning algorithm is developed to enable con-
current computation in sub-graphs in the proposed MILP
model, which largely reduces computing time.

The rest of this paper is organized as follows. Related work
is reviewed in Section II. Section III describes the p-cycle pro-
tection problem in MLR optical networks. We study p-cycle
design without candidate cycle enumeration and formulate an
MILP model in Section IV. Thereafter, in Section V, we develop
two algorithms to solve the MILP model time-efficiently. The
performance of our p-cycle design is evaluated in Section VI.
Finally, we conclude the paper in Section VII.

II. RELATED WORK

Even though survivable MLR optical networks are critical,
very few related work has been done in this field [6], [17]–
[19]. In [6], three dedicated protection approaches at the light-
path level were studied in MLR networks. The authors further
explored shared subconnection protection in transparent MLR
networks in [18], in which they designed a two-step approach
to solving the routing/rate assignment and wavelength assign-
ment. Vadrevu et al. [19] investigated survivable provisioning
with multipath routing to minimize overall transponder cost,

in which partial requested bandwidth was provisioned on link-
disjoint path. However, these protection schemes mainly fo-
cused on end-to-end path protection, thus they may suffer from
relatively long restoration time since the working and protection
paths had to be set up and turn down frequently.

p-Cycle protection scheme with fast switching time was in-
troduced in 1998 [14]. In [20], link-based p-cycles were ex-
plored to protect individual links with and without wavelength
conversion. p-Cycle was also developed to protect shared risk
link group failure in [21], and to provide protection for links
and nodes failures simultaneously [22]. In addition, Akpuh
and Doucette [23] developed a new integer linear programming
(ILP) model for enhanced failure-specific p-cycles with a speci-
fied minimum dual-failure restorability level. They showed that
this new model provided significant capacity cost reductions
compared with the original design model, which did not con-
sider this enhanced dual-failure restorability. Moreover, Cholda
and Jajszczyk [24] addressed the impact on reliability perfor-
mance of p-cycles due to capacity sharing, and they concluded
that there was a tradeoff between capacity sharing and relia-
bility. For the reliability concern, they obtained that it is more
reasonable to use p-cycles in smaller networks than in long haul
networks.

All the p-cycle protection schemes above with SLR used a
two-step approach to enumerating candidate cycles first, and
then to screen p-cycles from the candidate cycles. However,
enumerating all the candidate cycles would increase the com-
putational complexity since the number of candidate cycles in-
creases exponentially with the number of network links and
nodes. Akpuh and Doucette [25] comprehensively analyzed the
tradeoff among the size of eligible p-cycles, the optimality gap
and computing time. To ensure a small enough optimality gap,
a bigger eligible set of p-cycles needed to be selected, thus long
computing time was also required. To address this issue, some
heuristic algorithms for enumerating partial candidate cycles
with high metric were proposed [26] [27]. Even though these
partial candidate cycles were individually efficient, they gen-
erally provided only sub-optimal solutions when combined to-
gether. A single-step method using column generation technique
was proposed to reach optimal solution and own scalability in
[28], but it relied on a decomposition of the initial problem into
master problem and pricing problem.

p-Cycle design without candidate cycle enumeration was
studied by ILP formulations in [12], however, the ILP was too
complex so that a four-step heuristic was proposed to solve
it. The authors further designed three efficient p-cycle design
without candidate cycle enumeration for SLR optical networks
in [15], which were based on recursion, flow conservation, and
cycle exclusion, respectively. However, these optimal p-cycle
design approaches without candidate cycle enumeration were
only valid in SLR optical networks, and they cannot be applied
into MLR optical networks due to the lack of line rate optimiza-
tion. More importantly, the transmission reach was ignored in
their models, thus it cannot guarantee the transmission quality
along the protection path.

Even though a p-cycle design was investigated for MLR
optical networks in [17], it still required candidate cycle
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enumeration in advance and screened p-cycles from candidate
cycle set. More importantly, Drid et al. [17] did not consider var-
ious transparent transmission reaches at different line rates, thus
the quality of the optical signal on the protection path cannot be
guaranteed.

Hence, it is of great value to investigate distance-adaptive
p-cycle design scheme without candidate cycle numeration in
MLR optical networks.

III. DISTANCE-ADAPTIVE p-CYCLE PROTECTION FOR MLR
OPTICAL NETWORKS

In this section, we first explain the principle of distance-
adaptive p-cycle design for MLR optical networks. Thereafter,
an example is given to show distance-adaptive p-cycle design
with minimum CAPEX cost.

The MLR optical network topology is modeled as G(V,E),
where V and E represent the sets of nodes and directed
fiber links in G, respectively. A set of line rates, denoted by
R = 10/40/100 Gb/s, is assumed to provision the traffic loads.
p-Cycles are built to provide protection for single link failure un-
der the transmission reach limits. We assume that the protection
paths are provisioned in transparent optical networks without
any optical-electrical-optical (O/E/O) conversion in intermedi-
ate node(s), then only two transponders at the ending nodes are
laid for each protection path. Thus, contiguous line rate should
be guaranteed along the protection paths. The distance-adaptive
p-cycles for MLR optical networks in this study are designed
under the following considerations:

1) Transmission reach limits: The quality of an optical sig-
nal is degraded along a path due to physical-layer impair-
ments [29], and it becomes even worse in MLR optical
networks with various co-existing line rates. The max-
imum transmission reaches of line rates at 10, 40, and
100 Gb/s are 1750, 1800, and 900 km at a threshold bit-
error-rate 10−3 , respectively [5]. The transmission reach
in [5] was estimated with modulation formats of 10 Gb/s
OOK, 40 Gb/s DPSK and 100 Gb/s DP-QPSK. Moreover,
the MLR optical networks was considered dispersion min-
imized for 10 Gb/s (as in legacy systems). Transmission
reach limit is a main consideration to determine the proper
line rate for each p-cycle. As shown in Fig. 1, the protec-
tion path a − b − c − d for failed link a − d has a length
of 1780 km, then only 40 Gb/s can be assigned.

2) Transponders Cost: The relative transponder cost is
treated as 1, 2.5 and 3.75 units for 10, 40 and 100 Gb/s,
respectively [5].

3) Spare Capacity Cost: Spare capacity is required for each
link on the p-cycles. We treat the spare capacity cost as
1 for each link. Transponder cost and spare capacity cost
are considered together as the CAPEX cost in this study.

4) SLR for One p-Cycle: Only one SLR can be selected for
one p-cycle, even though several line rates are potential
for individual protection path in the p-cycle. Again in
Fig. 1, protection path d − a − b − c with 1600 km length
for failed link d − c can be assigned 10 or 40 Gb/s, but
only 40 Gb/s is allowable because another protection path

Fig. 1. p-Cycle protection in MLR optical networks.

Fig. 2. Optimal p-cycle design with the minimum CAPEX cost. (a) Feasible
solution of p-cycles. (b) Optimal solution of p-cycles.

a − b − c − d with 1780 km length only can be assigned
40 Gb/s.

5) p-Cycle Protection Capacity: One unit of protection ca-
pacity is provided for each on-cycle link, while for each
straddling link, two units of protection capacity are pro-
vided. For the on-cycle link a − d in Fig. 1, the p-cycle
provides 40 Gb/s protection capacity, while it provides
2 × 40 Gb/s = 80 Gb/s protection capacity for straddling
link a − c. The protection capacity provided by all
p-cycles should be sufficient to ensure 100% single link
failure protection.

Hence, MLR optical networks offer the potential to optimize
line rates of p-cycles with respect to traffic amount, transmission
reach limits, CAPEX cost and protection capacity. However,
conventional p-cycle design with MLR only consider transpon-
der cost, spare capacity cost and protection capacity. In our
work, we further take into account the transmission reach limits
and explore accurate line rate assignment for distance-adaptive
p-cycle design for MLR optical networks.

Here, a simple example in Fig. 2 shows how we design
distance-adaptive p-cycle with minimum CAPEX cost. The
value next to each link indicates the physical length and the other
value on links a − d, e − d show the working traffic amount.
To protect these two working links, several solutions can be
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performed under the previous considerations. Fig. 2(a) shows
one feasible solution, where two p-cycles are designed and each
of them is assigned 100 Gb/s line rate, thus the CAPEX cost
for protection is 28.5. However, CAPEX cost can be further
minimized with optimal line rate assignment. Fig. 2(b) shows
the optimal p-cycle design with CAPEX cost 24.25, in which
p-cycle 1 and p-cycle 2 are assigned with 40 and 100 Gb/s line
rates, respectively. Thus, it saves 15% CAPEX cost than that in
Fig. 2(b).

IV. MILP FORMULATION FOR p-CYCLE DESIGN WITHOUT

CANDIDATE CYCLE ENUMERATION

In this section, we introduce the distance-adaptive p-cycle
design for MLR optical networks. Specifically, instead of can-
didate cycle enumeration, we formulate an MILP model to gen-
erate optimal p-cycles with respect to line rate assignment, trans-
mission reach limits, transponder cost and spare capacity cost.
We further explore path-length-limited p-cycles to assign line
rates depending on the length of each protection path. The inputs
and variables in the MILP model are given as follows.

A. MILP Model

Parameters :
1) I: The set with the maximum number of p-cycles allowed

in the MILP model. The size of I is estimated by (31) in
Section V-B.

2) i: Cycle index where i ∈ {1, 2, . . . , |I|}. Ii indicates the
ith p-cycle.

3) G(V,E): Network topology with node set V and link set
E.

4) Nv : The neighborhood of a node v.
5) dvu : The length between node v and node u, dmax indi-

cates the biggest length in network G(V,E).
6) r ∈ R: The set of line rates, e.g., {10, 40, 100 Gb/s}.
7) hr : Maximum transmission reach at line rate r, which is

1750, 1800 and 900 km at 10, 40 and 100 Gb/s, respec-
tively. hmax and hmin separately represent the maximum
and minimum transmission reach among these three line
rates, i.e., hmax=1800 km, and hmin=900 km.

8) tr : Transponder cost at line rate r, which is 1, 2.5, and
3.75 at 10, 40 and 100 Gb/s, respectively.

9) cvu : The cost of adding one unit of spare capacity to link
(v, u), which is treated as 1 for each link.

10) lvu : Traffic load on undirected link (v, u). As we pro-
tect undirected links, only upper triangular matrix in the
traffic matrix is valid.

V ariables :
1) xi

vu : Equals 1 if link (v, u) is used by Ii , otherwise 0.
2) yi

v : Equals 1 if node v is crossed by Ii , otherwise 0.
3) fi

v : Virtual voltage value of node v in Ii , fi
v ∈ (0, 1).

4) oi
v : Equals 1 if node v is root node in Ii , otherwise 0.

5) bi
r : Equals 1 if Ii operates at line rate r, otherwise 0.

6) zi
vu : Equals 1 if link (v, u) is potential to be protected by

Ii , otherwise 0.
7) qi

vu : Equals 1 if link (v, u) desires to be protected by Ii ,
otherwise 0.

8) qir
vu : Equals 1 if link (v, u) desires to be protected by Ii

at line rate r, otherwise 0.
9) yir

v : Equals 1 if node v is crossed by Ii at line rate r,
otherwise 0.

10) pir
vu : Protection capacity for link (v, u) if it desires to be

protected by Ii at line rate r. It equals 1 if link (v, u) is an
on-cycle link, and it equals 2 if link (v, u) is straddling
link, otherwise 0.

For the sake of readability, we use ∀i, ∀v, ∀u, ∀r, and ∀a
to denote ∀i ∈ {1, 2, . . . , |I|} ∀v ∈ V , ∀u ∈ Nv , ∀r ∈ R, and
∀a ∈ E, respectively.

Objective :
The objective of our p-cycle design is to minimize the total

CAPEX cost consisting of transponder cost and spare capacity
cost in MLR optical networks protection. It should be noted in
our p-cycle design, only one transponder is laid in one node if
there exists at least a protection path incident to this node. It
is more cost-effective compared with the conventional p-cycle
design in which two transponders are laid at two ending nodes
of each protection path, respectively.

min β · CT + θ · CL

CT =
∑

i∈I

∑

r∈R

∑

v∈V

tr · yir
v

CL =
∑

i∈I

∑

a∈E

ca · xi
a (1)

where CT is total transponder cost, and CL is total spare ca-
pacity. β and θ are adjustable parameters for weighting of these
two metrics. In this study, we regard both of them as 1.

Constraints :
The constraints in MILP model can be classifies into cycle

generation constraints (2)–(6), line rate assignment constraints
(7), (8) and protection capacity constraints (9)–(15).

1) Cycle Generation Constraints:

xi
vu + xi

uv ≤ 1 ∀i,∀v,∀u (2)
∑

u∈Nv

(xi
vu + xi

uv) = 2yi
v ∀i,∀v (3)

fi
u − fi

v ≥ (1 + α)xi
vu − 1 ∀i,∀v,∀u (4)

∑

v∈V

oi
v ≤ 1 ∀i (5)

∑

u∈Nv

xi
vu ≤ 1 + oi

v ∀i,∀v. (6)

It should be noted that we design undirected p-cycles that
protect undirected traffic, but directed links are used in the con-
straints (2)–(6) in order to generate cycles easily from the for-
mulation.

Constraint (2) ensures that at most one link between two nodes
can be used in a p-cycle. Constraint (3) implies that if node v
is crossed by a p-cycle, then it should have two adjacent links.
In order to guarantee that only one single cycle is generated,
we further formulate constraint (4)–(6) to eliminate other cycles
with voltage conflict and make sure the generated cycle is a
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Fig. 3. Cycle generation with and without “voltage.” (a) Invalid p-cycle
generation without “voltage.” (b) Voltage conflict. (c) Valid p-cycle generation
with “voltage.”

connected graph, as shown in Fig. 3. Here, voltage is a virtual
variable that is only used to generate single cycle. Constraint (4)
ensures that node u should have a bigger voltage than node v if
link (v, u) is used in a p-cycle. Constraint (5) ensures there exists
only one root node in a p-cycle. Meanwhile, constraint (6) guar-
antees that only the root node in a p-cycle has two outgoing links.

These constraints guarantee that one single p-cycle is gener-
ated and it is a connected graph.

2) LineRateAssignment Constraints:
∑

a∈E da · xi
a

hr
≤ hmax

hmin
· (1 − bi

r ) + bi
r , ∀i,∀r,∀a (7)

∑

r∈R

bi
r ≤ 1 ∀i. (8)

Constraint (7) permits to assign line rate for distance-adaptive
p-cycles. Specifically, the p-cycle circumference should be less
than the transmission reach hr of the assigned line rate r. We
call constraint (7) the cycle-circumference-limited constraint.
Note that we assume that the impairments along the protection
path are mainly due to long-distance transmission, and the im-
pairments introduced by the intermediate nodes are relatively
small so that they can be compensated with a performance mar-
gin preset [3]. Constraint (8) ensures that only one line rate can
be assigned for each p-cycle.

These constraints guarantee one proper line rate for each p-
cycle.

3) Protection Capacity Constraints:

zi
vu ≤ 1

2
· (yi

v + yi
u ), ∀i,∀v,∀u (9)

qi
vu ≤ zi

vu , ∀i,∀v,∀u, u > v (10)

qir
vu = qi

vu · bi
r , ∀i,∀r,∀v,∀u, u > v (11)

pir
vu = (2 · zi

vu − xi
vu − xi

uv) · qi
vu · bi

r

∀i,∀r,∀v,∀u, u > v (12)
∑

i∈I

∑

r∈R

pir
vu · r ≥ lvu , ∀v,∀u, u > v (13)

yir
v ≥ qir

vu , ∀i,∀r,∀v,∀u, u > v (14)

yir
u ≥ qir

vu , ∀i,∀r,∀v,∀u, u > v. (15)

TABLE I
COMPUTATIONAL COMPLEXITY OF THE MILP MODEL

Variables Number

xi
u v , z i

u v , q i
u v 3|I | × |E |

y i
v , oi

v , f i
v 3|I | × |V |

bi
r |I | × |R |

q i r
u v , p i r

u v 2|I | × |E | × |R |
y i r

v |I | × |V | × |R |

Constraints Number

(2)–(6) 2|I | × |E | + 2|I | × |V | + |I |
(7)–(8) |I | × |E | × |R | + |I |
(9)–(10) and (13)–(17) 3

2 |I | × |E | + 7
2 |I | × |E | × |R | + 1

2 |E |

We give a limitation of the directed links used in the protection
capacity constraints to guarantee the protection capacity for
undirected traffic. Specifically, only the link (v, u) with u bigger
than v is considered to be provided protection.

Constraint (9) makes sure that only if both starting and ending
nodes of a link (v, u) are crossed by Ii , then link (v, u) is
potential to be protected by Ii . Constraint (10) implies the desire
of link (v, u) to be protected by one p-cycle. Constraint (11)
determines that if link (v, u) desires to be protected by Ii at line
rate r. Constraint (12) determines the protection capacity for link
(v, u) if it desires to be protected by Ii . Specifically, if link (v, u)
is an on-cycle link, one protection capacity is provided, else if it
is a straddling link, two protection capacity units are provided,
otherwise, no protection capacity is provided. Constraint (13)
ensures 100% single link failure protection. Constraints (14)
and (15) ensure that one transponder at line rate r should be laid
on node v in Ii if at least one link incident to v desires to be
protected by this Ii at line rate r.

These constraints ensure enough protection capacity for undi-
rected traffic by the p-cycles. In order to ensure linearity in the
MILP model, constraints (11) and (12) are rewritten as con-
straints

=⇒
{

qir
vu ≤ 1

2 · (qi
vu + bi

r ), ∀i,∀r,∀v,∀u, u > v

qir
vu ≥ qi

vu + bi
r − 1, ∀i,∀r,∀v,∀u, u > v

(16)

=⇒

⎧
⎪⎪⎨

⎪⎪⎩

pir
vu ≤ 2 · qi

vu , ∀i,∀r,∀v,∀u, u > v

pir
vu ≤ 2 · bi

r , ∀i,∀r,∀v,∀u, u > v

pir
vu ≤ 2 · zi

vu − xi
vu − xi

uv , ∀i,∀r,∀v,∀u, u > v.

(17)

B. Computational Complexity

The variables and constraints of the MILP model are summa-
rized in Table I. The total number of variables and constraints
are |I|×(9|E| + 6|V | + 3) and |I|×(16|E| + 2|V | + 2)+ 1

2 |E|,
respectively (we assign |R| = 3 as we have three line rates).
Both of variables and constraints only increase linearly with the
network size if |I| is given.

C. Path-Length-Limited p-Cycle

In Section IV-A, we use simple and faster cycle-
circumference-limited constraint (7) to assign line rate
with transmission reach limits. In fact, both hop-limited
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Fig. 4. Extra CAPEX cost in p-cycle using constraint (7).

Fig. 5. The feasible solution is eliminated by cycle-circumference-limited
constraint (7). We show the value of variables xi

vu , zi
vu and qi

vu in the feasible
solution with path-length-limited p-cycle.

and cycle-circumferences-limited constraints have been tried
in [30]–[32]. In these studies, hop-limited p-cycle design
excluded p-cycle directly with maximum H hops of any
protection path, while cycle-circumferences-limited design
restricted p-cycle with the maximum H + 1 hops of the cycle
circumference. They obtained the conclusion that simple and
faster cycle-circumference-limited model provided an excellent
approximation of the strictly hop-limited model. However, con-
sidering the transmission reach limits in MLR optical networks,
cycle-circumference-limited constraint in p-cycle design will
result in extra CAPEX cost and even infeasible solution as
follows.

1) Extra CAPEX cost: For instance in Fig. 4, all the links
with traffic 10 Gb/s need to be protected. The p-cycle is
assigned 40 Gb/s line rate by using constraint (7) as the
length of the p-cycle circumference is 1780 km. Thus, the
CAPEX cost is 10.5. However, if the line rate assignment
depends on the length of each protection path, which are
a − b − c (1300 km), a − c − b (1180 km) and b − a − c
(1080 km), thus 10 Gb/s line rate can be assigned with a
smaller CAPEX cost of 6. We call p-cycle with such line
rate constraint path-length-limited p-cycle.

1) Infeasible solution: More importantly, in some cases, the
cycle-circumference-limited constraint (7) results in in-
feasible solution even though there exists a feasible so-
lution. For instance, constraint (7) will eliminate the p-
cycle in Fig. 5 as its cycle circumference length 2620 km

is bigger than the maximum transmission reach (1800 km
at 40 Gb/s). Note that such p-cycle design with cycle-
circumference-limited constraint also exists in [13]–[33],
in which the length of p-cycle circumference is used as
transmission reach to determine line rate or modulation
format. In fact, the p-cycle in Fig. 5 still enables the pro-
tection for link 1–8 using protection path 1 − 4 − 8, as
the protection path length is only 1310 km, which is able
to be assigned 10 or 40 Gb/s line rate.

We propose the following theorems to address path-length-
limited p-cycle with transmission reach limits on each protection
path.

Theorem 1: A cycle (say Ii) is a path-length-limited p-cycle
if the following two conditions are held:

zi
b = qi

b = 1, ∃ b ∈ E (18)
∑

a∈E

da · xi
a − db ≤ hr , ∃ r. (19)

Proof: Equation (18) indicates that at least one link b can
be protected by Ii and it also desires to be protected by Ii .
In inequality (19),

∑
a∈E da · xi

a calculates the length of cycle
circumference of Ii , which consists of all the on-cycle links.
Then, the length of protection path for link b in Ii depends on
the nature of link b:

1) On-cycle link:
∑

a∈E da · xi
a − db represents the protec-

tion path length for link b. Obviously, if it is less than hr ,
then at least one line rate r can be assigned for Ii .

2) Straddling link: There are two protection paths for link b:
v − u1 − · · · − un − u and v − v1 − · · · − vn − u (here,
ui and vi indicate the intermediate nodes along the pro-
tection path). Thus the corresponding lengths of these two
protection paths are D1

vu = dvu1 + du1 u2 + · · · + dun u

and D2
vu = dvv1 + dv1 v2 + · · · + dvn u , respectively, and

they should satisfy D1
vu + D2

vu =
∑

(v ,u)∈E dvu · xi
vu .

According to the triangle inequality, it is obvious
that dvu ≤ D1

vu ,D2
vu . Then,

∑
(v ,u)∈E dvu · xi

vu − dvu ≥∑
(v ,u)∈E dvu · xi

vu − D1
vu ,

∑
(v ,u)∈E dvu · xi

vu − dvu ≥∑
(v ,u)∈E dvu · xi

vu − D2
vu . Thus, if inequality (19) is

held, then the two protection paths of b in Ii can at least
operate at line rate r.

Hence, Ii is a path-length-limited p-cycle if conditions (18)
and (19) are held. �

Theorem 2: A path-length-limited p-cycle can be found by
constraint (20) if it exists, and its appropriate line rate can also
be determined by

∑
a∈E da · xi

a − qi
vu · dvu

hr
≤ hmax

hmin
· (1 − bi

r ) + bi
r

+
dmax

hr
· (1 − qi

vu), ∀i,∀r,∀v,∀u, u > v. (20)

Proof: In constraint (20), xi
vu represents whether link (v, u)

is used as on-cycle link in Ii , and qi
vu indicates whether

link (v, u) desires to be protected by Ii . For an on-cycle
link (v, u), the length of the corresponding protection path is
Dvu =

∑
(v ,u)∈E dvu · xi

vu − dvu , while for a straddling link
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(v, u), the lengths of the two protection paths are D1
vu = dvu1 +

du1 u2 + · · · + dun u and D2
vu = dvv1 + dv1 v2 + · · · + dvn u , re-

spectively. The line rate assignment constraint depends on the
lengths of protection paths for different types of links.

1) Link (v, u) with qi
vu = 1.

a) On-cycle link (v, u) with qi
vu = 1: Then length of

protection path for link (v, u) should be smaller
than hmax , i.e., Dvu =

∑
(v ,u)∈E dvu · xi

vu − dvu

≤ hmax . The line rate bi
r for Dvu is restricted by

the following constraint:
∑

a∈E da · xi
a − dvu

hr
≤ hmax

hmin
· (1 − bi

r ) + bi
r .

(21)

b) Straddling link (v, u) with qi
vu = 1. Based on the

triangle inequality, it is obvious that dvu ≤ D1
vu ,

dvu ≤ D2
vu . Thus, the line rate r for D1

vu and D2
vu

also can be restricted by constraint (21).
2) Link (v, u) with qi

vu = 0: In this case, we need to guarantee
that the line rate previously assigned still works. In other
words, whatever the value of bi

r , the following constraint
(22) is always held, which is derived from constraint (20)
by restituting qi

vu = 0
∑

a∈E da · xi
a

hr
≤ hmax

hmin
· (1 − bi

r ) + bi
r +

dmax

hr
. (22)

Let dmax indicate the longest links in a network topol-
ogy, then the longest p-cycle circumference will be
(hmax + dmax), thus for any p-cycle,

∑
a∈E da · xi

a ≤
hmax + dmax . When bi

r = 0, constraint (22) is held. When
bi
r = 1, it means that there exits a least a link b de-

siring to be protected by Ii , no matter it is on-cycle
link or straddling link, we can get from Theorem 1
that

∑
a∈E da · xi

a − db ≤ hr . Since db ≤ dmax , we have∑
a∈E da · xi

a ≤ hr + dmax . As a result, we can see that
constraint (22) is always satisfied for the case qi

vu = 0
whatever the value of bi

r , and the line rate previously as-
signed (restricted by the links with qi

vu = 1) still works.
Thus, the path-length-limited p-cycle can be found with con-

straint (20) as well as its proper line rate. �
Considering all the situations that whether the link (v, u)

has the desire qi
vu to be protected by Ii , appropriate line rate

is assigned for Ii with the constraint (20). This constraint will
overcomes the shortcomings of extra CAPEX cost and infeasible
solution in constraint (7). We use the novel constraint (20) to
replace constraint (7) in the p-cycle design MILP model.

D. Discussion

The proposed MILP model enables to guarantee the optimal
p-cycle design in transparent optical networks. Meanwhile, our
MILP model can be easily extended to translucent or opaque
optical networks with O/E/O regenerators [34]. In these optical
networks, the introduction of O/E/O regenerators extends trans-
mission reach and enables more flexible line rate assignments.
However, the regenerators also add CAPEX cost. Thus, both
extended transmission reach and added CAPEX cost need to

be taken into account. These considerations can be formulated
by adding two variables gv and gi

v , where gv indicates whether
a regenerator needs to be placed in node v and gi

v indicates
whether p-cycle Ii uses the regenerator in node v, respectively.
Only objective function in equation (1) and line rate assignment
constraint (20) need to be modified as follows:

min β · CT + θ · CL + γ · CR (23)

CR =
∑

v∈V

e · gv (24)

where e is the cost of one O/E/O regenerator, and γ is an ad-
justable parameters for weighting of CR

∑
a∈E da · xi

a − qi
vu · dvu −

∑
v∈V gi

v · DR

hr

≤ hm ax

hm in
· (1 − bi

r )

+ bi
r +

dm ax

hr

· (1 − qi
vu ) ∀i, ∀r, ∀v, ∀u, u > v (25)

gi
v ≤ yi

v , ∀i, ∀v (26)

gv ≥ gi
v , ∀i, ∀v. (27)

Here, we consider the impact of regenerators by introduc-
ing a constant extended distance DR , then line rate assignment
can be achieved by constraints (25)–(27). Moreover, these con-
straints involve regenerator placement problem, which has been
considered as a high complexity problem [35].

V. TIME-EFFICIENT ALGORITHMS FOR MILP MODEL

In this section, we develop two algorithms to solve the MILP
model time-efficiently. Even though the proposed model man-
ages to obtain the optimal solution in small network topologies,
as the network size increases, it takes a long time to get the
optimal solution. To increase the scalability, GPA algorithm is
designed to partition the network topology into small sub-graphs
in average, then the optimal p-cycles can be obtained in different
sub-graphs in parallel. We further observe that the number of
required p-cycles (i.e., |I|) in the MILP model largely affects
computing time, and design Estimation of |I| (EI) algorithm to
estimate the enough number of required p-cycles.

A. GPA Algorithm

Inspired by the graph partitioning method for multi-domain
optical networks in [10], we propose a GPA algorithm based on
spectral clustering [36] to perform concurrent computation in
p-cycle design for MLR optical networks.

In GPA algorithm, we first compute the Laplacian matrix
L = D − W for network G(V,E), and obtain its eigenvalues
and eigenvectors. Then, according to the number of sub-graphs
(say k), we choose k eigenvectors corresponding to the k small-
est eigenvalues, and apply k-means algorithm [36] to minimize
the number of inter-links connecting different sub-graphs. We
also use k-means algorithm to guarantee that the sub-graphs
have as equal number of intra-links as possible, which is efficient
for concurrent computation. Regarding the inter-links, we dis-
tribute them averagely to be protected by different sub-graphs.
In each sub-graph, p-cycles are generated using MILP model in



2670 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 11, JUNE 1, 2016

Fig. 6. European COST239 Network [7] with two sub-graphs partitioning.

Section IV-A based on intra-links, inter-links to other sub-
graphs, and the links connecting the nodes of inter-links in other
sub-graphs. However, for a specific sub-graph, not all the links
need to be protected, only intra-links in the p-cycle and partial
inter-links are required to be protected.

Algorithm 1: Graph Partitioning in Average Algorithm.

Input: Network topology G(V,E) and traffic matrix
Output: The optimal p-cycles
1: calculate matrix W and D in G(V,E), where W is the

adjacency matrix of G and D is an n × n diagonal
matrix composed of the degree of each node in G;

2: compute the Laplacian matrix L = D − W ;
3: compute the eigenvalues and eigenvectors of L;
4: k=1;
5: for k = k + 1 do
6: if k ≤ 4 then
7: choose k eigenvectors of L corresponding to the

smallest k eigenvalues;
8: partition G(V,E) into sub-graphs in average using

k-means algorithm [36];
9: distribute inter-links to be protected among these

sub-graphs in average;
10: solve the MILP model in Section IV-A for

sub-graphs in parallel;
11: obtain the optimal p-cycles;
12: end if
13: end for

We give an example to illustrate the GPA algorithm with
two sub-graphs partitioning in European COST239 network in
Fig. 6. In sub-graph-1, p-cycles are generated based on intra-
links in sub-graph-1, inter-links (i.e., (1,2), (3,2), (3,5), (3,7),
(4,5), (8,10), (9,10), (9,2) and (9,11)), and links connecting the

nodes of inter-links in sub-graph-2 (i.e., links (2,5), (2,7), (5,10),
(7,11) and (10,11)). However, only partial inter-links (1,2), (3,2),
(3,5), (3,7), (4,5) and (9,2) are chosen to be protected by p-
cycles in sub-graph-1 so that sub-graph-1 and sub-graph-2 have
the same number of working links (13 links). The p-cycles in
sub-graph-2 are obtained using the same method.

B. EI Algorithm

The value of |I| should be sufficiently large to ensure that
the proposed MILP model manages to obtain optimal solution.
However, a larger |I| will slow down the computing time. In
[15], |I| is estimated by tending to straddle the heaviest load
links whose incident nodes have degrees larger than 2. But this
method is not valid in our model, since they do not consider
different protection capacity provided by different line rates in
the p-cycles.

Algorithm 2: Estimation of |I| Algorithm.

Input: Traffic matrix, transponder cost tr at line rate r ∈ R
Output: The number |I| of p-cycles required in MILP

model
1: for each link (v, u) ∈ E with traffic load lvu do
2: choose the p-cycles with cost-effective transponders

to protect the traffic load lvu ;
3: calculate the total number of required p-cycles at

100 Gb/s with equation (28);
4: calculate the total number of required p-cycles at

40 Gb/s with equation (29);
5: calculate the total number of required p-cycles at

10 Gb/s with equation (30);
6: sum the total number of p-cycles for protecting

traffic loads lvu ;
7: end for
8: obtain the total number of required p-cycles for

protecting all the traffic load with (31);

In EI algorithm, we estimate the number of p-cycles |I| re-
quired in MILP model according to traffic loads and transpon-
der cost. For each link in G(V,E), we choose the p-cycles with
minimum transponder cost to protect the traffic load. Table II
explains how to choose such p-cycles for protecting traffic load
below 100 Gb/s. Note that the method can be simply applied
for larger traffic load. We summarize the following Equations
(28)–(30) to calculate the total number of required p-cycles to
protect traffic load lvu on link (v, u) at 10, 40 and 100 Gb/s line
rates, respectively

C100 = � lvu + 49
100

	 (28)

C40 = �max{19 + lvu − C100 · 100, 0}
40

	 (29)

C10 = 
max{9 + lvu − C100 · 100 − C40 · 40, 0}
10

�. (30)
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TABLE II
METHOD FOR CHOOSING COST-EFFECTIVE p-CYCLES

Then, the total number of p-cycles |I| is obtained by equation
(31). Because there exists at least three links in one p-cycle and
a small positive integer δ is added in case that |I| is not large
enough

|I| = δ +
1
3

∑

(v ,u)∈E

(C100 + C40 + C10) . (31)

VI. PERFORMANCE EVALUATIONS

We use CPLEX 12.06 to solve the proposed MILP model on
an Intel Core PC equipped with a 3.5 GHz CPU and 8 GB RAM.
Three networks are used as test beds: European COST239 (11
nodes, 52 directed links, and average nodal degree 4.7 in
Fig. 6 [5], NSFNET (14 nodes, 44 directed links and average
nodal degree 3.1) [3] and US Backbone networks (28nodes, 90
directed links and average nodal degree 3.2) [3]. In order to
guarantee there exists at least one protection path (≤ 1800 km)
for each link, the link lengths in NSFNET and US Backbone
networks are divided by 3 and 2, respectively.

We first evaluate the proposed algorithms for our p-cycle de-
sign MILP model in COST239, NSFNET and US Backbone
networks. GPA algorithm partitions COST239, NSFNET and
US Backbone networks into two sub-graphs, three sub-graphs
and four sub-graphs scenarios, respectively. EI algorithm esti-
mates enough number of required p-cycles in each sub-graph.
Thereafter, we compare our method with p-cycle design with-
out cycle enumeration in SLR optical networks [15] and p-cycle
design with cycle enumeration in MLR optical networks [17].

A. The Efficiency of GPA and EI

We first verify the efficiency of GPA and EI algorithms in
COST239 network by solving the MILP model in four cases, i.e.,
No GPA or EI, EI, GPA and EI+GPA. Due to the computational
complexity, we use a server with 500 GB RAM for the cases of
No GPA or EI, and EI. For the other cases, only the PC with
8 GB RAM is used. Traffic loads are generated to let maximum
link traffic load about 10, 30, 50 and 100 Gb/s after Dijkstra’s
shortest-path routing, respectively.

The results are shown in Table III. We observe that when
neither GPA nor EI is used, the computing time increases dra-
matically as traffic increases. For the traffic large than 30 Gb/s,
even feasible solution cannot be achieved after it exceeds the
memory with computing time more than 70 000 s. However, EI
algorithm largely reduces computing time and achieves com-
parable solution compared with the optimal solution in case of
No GPA or EI, but it still requires a long computing time for
large traffic. Note that the solution 62 for the case of No GPA

or EI is even worse because it is obtained with a relative gap
33.11% to the lower bound in CPLEX, and this value does not
decrease from computing time 709.42 s to 71809.43 s. GPA al-
gorithm can achieve sub-optimal solution and reduce computing
time for larger traffic. Moreover, in more sub-graphs scenario,
larger computing time reduction and bigger optimality gap are
observed. Finally, we see that using both GPA and EI algorithm
further reduces computing time and does not affect the quality
of solution.

We can conclude that it is the GPA algorithm that mainly
reduces computing time at the expense of introduced optimality
gap, however, with both EI and GPA, more computing time
reduction can be achieved.

B. p-Cycle Design With GPA and EI

Then, we perform simulations with both GPA and EI algo-
rithms in COST239, NSFNET, US Backbone networks, respec-
tively. Maximum link traffic loads are about 50, 100, 150 and
200 Gb/s, respectively. The results are shown in Table IV and
Fig. 7. The following two metrics are used to evaluate the per-
formance of p-cycles in different sub-graphs scenarios:

1) CAPEX Cost: CAPEX cost is evaluated as total protection
cost of p-cycles generated by the MILP model.

2) Computing Time: Computing time is used to evaluate the
GPA and EI algorithms.

In COST239 network, we can see that the CAPEX cost in
Fig. 7(a) increases with the number of sub-graphs, while the
computing time in Table IV is greatly reduced. Specifically,
at low traffic, the CAPEX cost in four sub-graphs scenario
is approximately 17% and 17% bigger at 50 Gb/s traffic and
11% and 12% bigger at 100 Gb/s traffic in comparison to two
sub-graphs scenario and three sub-graphs scenario, respectively.
Whereas, the computing time in these sub-graphs scenarios
does not differ too much. As the traffic increases, the comput-
ing time in two sub-graphs scenario is 10446.41 s (nearly 3 h)
at 150 Gb/s traffic, and 53961.45 s (nearly 15 h) at 200 Gb/s
traffic, however, four sub-graphs scenario largely decreases the
computing time to only 109.13 s at 150 Gb/s traffic and 29.16 s
at 200 Gb/s traffic with the low CAPEX cost expense, which
are 16% and 28% bigger than that in two sub-graphs scenario,
respectively.

In NSFNET network, it shows some differences from
COST239 network. As we can see from Fig. 7(b) and Table IV,
three sub-graphs scenario achieves the lowest CAPEX cost and
also the smallest computing time. Specifically, at the traffic 50,
100, 150 and 200 Gb/s, the CAPEX cost in three sub-graphs
scenario is 5% and 2%, 8% and 9%, 6% and 11%, 5% and 2%
smaller than that in two sub-graphs scenario and four sub-graphs
scenario, respectively. Compared with the computing time about
31676.07 s(nearly 8 h) at traffic 200 Gb/s in two sub-graphs sce-
nario, it is only 100.78 s in three sub-graphs scenario.

To show the scalability of our method, we also show the p-
cycle results in US Backbone network in Fig. 7(c) and Table IV.
It is worth noting that differences of CAPEX cost in various
sub-graphs are quite small (less than 8%). The four sub-graphs
scenario even spends smaller CAPEX cost than two sub-graphs
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TABLE III
COMPUTING TIME AND OPTIMALITY GAP WITH DIFFERENT APPROACHES (NO EI OR GPA, EI, GPA AND GPA+EI) IN COST239 NETWORK

No EI or GPA EI GPA GPA+EI

Traffic 1 graph 1 graph 2 sub-graphs 3 sub-graphs 4 sub-graphs 2 sub-graphs 3 sub-graphs 4 sub-graphs

10 Gb/s Objective 38.5 38.5 49 63 75 49 63 75
Time 421.38 s 169.43 s 24.43 s 6.24 s 2.12 s 1.34 s 1.35 s 0.33 s
Gap * – 0% 21.4% 38.8% 48.6% 21.4% 38.8% 48.6%

30 Gb/s Objective 62 58 63 67 80.5 63 67 80.5
Time 71809.43 s 26124.48 s 54.14 s 10.78 s 23.75 s 2.62 s 2.13 s 0.63 s
Gap * – 0% 7.9% 13.4% 27.9% 7.9% 13.4% 27.9%

50 Gb/s Objective – 76.5 80 80 94 80 80 94
Time 79045.77 s 39468.50 s 6325.95 s 38.94 s 7.92 s 4.12 s 3 s 0.12 s
Gap * – 0% 4.4% 4.4% 18.6% 4.4% 4.4% 18.6%

100 Gb/s Objective – 108 115.5 114 128.75 115.5 114 128.75
Time 76213.17 s 46343.75 s 27135.7 s 7143.32 s 409.56 s 633.01 s 11.42 s 0.69 s
Gap * - 0% 6.5% 5.3% 16.2% 6.5% 5.3% 16.2%

- Feasible solution cannot be obtained after exhausting all the memory. * Gap means the optimality gap to the solution with only EI. algorithm.

TABLE IV
COMPUTING TIME IN DIFFERENT SUB-GRAPHS SCENARIOS IN COST239, NSFNET AND US BACKBONE NETWORKS

COST239 NSFNET US Backbone

Traffic 2 sub-graphs 3 sub-graphs 4 sub-graphs 2 sub-graphs 3 sub-graphs 4 sub-graphs 2 sub-graphs 3 sub-graphs 4 sub-graphs

50 Gb/s 4.12 s 3 s 0.12 s 4.52 s 3.02 s 0.56 s 9523.91 s 20.14 s 0.56 s
100 Gb/s 633.01 s 11.42 s 0.69 s 463.17 s 8.85 s 2.03 s 12635.45 s 5681.74 s 3.64 s
150 Gb/s 10446.41 s 507.12 s 109.13 s 7426.19 s 59.78 s 4.42 s 34786.53 s 13785.17 s 75.36 s
200 Gb/s 53961.45 s 5218.17 s 29.16 s 31676.07 s 100.78 s 253.34 s 57841.06 s 34561.04 s 1252.27 s

Fig. 7. CAPEX cost of p-cycles in different sub-graphs scenarios in COST239, NSFNET and US Backbone networks. (a) p-Cycle results in COST239 network.
(b) p-Cycle results in NSFNET network. (c) p-Cycle results in US Backbone network.

scenario and three sub-graphs scenario as we set a gap at high
traffic (10% for two sub-graphs scenario and 5% for three sub-
graphs scenario) in CPLEX to ensure the feasible solution with
limited memory. Meanwhile, since the US Backbone network
has big node set and link set, it takes a long time to generate p-
cycles in two sub-graphs scenario, whereas the computing time
in four sub-graphs scenario is largely reduced.

The p-cycle results on these three networks indicate that the
proposed MILP model is efficiently solved with the help of
GPA and EI algorithms, which permit to largely reduce com-
puting time. p-Cycles are generated in the balance between
CAPEX cost and computing time in four sub-graphs scenario

in COST239 and US Backbone networks, three sub-graphs sce-
nario in NSFNET network.

C. Comparison to SLR-NCE-40 and MLR-CE

The p-cycle results in Section VI-B show that our p-cycle
design MILP model is efficient to achieve relatively low cost
and low computing time with GPA and EI algorithms. In this
section, we further compare our p-cycle results with p-cycle
design without cycle enumeration in SLR optical networks in
[15], and p-cycle design with cycle enumeration in MLR optical
networks in [17]. For the sake of readability, we call the p-cycle
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Fig. 8. Protection cost comparison among SLR-NCE-40, MLR-CE and MLR-NCE in COST239 Network. (a) CAPEX cost. (b) Transponder cost. (c) Spare
capacity cost.

Fig. 9. Protection cost comparison among SLR-NCE-40, MLR-CE and MLR-NCE in NSF Network. (a) CAPEX cost. (b) Transponder cost. (c) Spare
capacity cost.

design in [15] as SLR-NCE-40, the p-cycle design in [17] as
MLR-CE and our p-cycle design as MLR-NCE.

To conduct the comparison, we use the results of MLR-NCE
in 4 sub-graphs scenario in COST239 and US Backbone net-
works, and three sub-graphs scenario in NSFNET network. In
SLR-NCE-40, only 40 Gb/s line rate is assigned as either 10 or
100 Gb/s line rate for p-cycles will increase CAPEX cost. In
order to make a fair comparison, we add the transmission reach
limits on p-cycles with cycle-circumference-limited constraints
in SLR-NCE-40 and MLR-CE. Thus, we have to remove the
traffic in some links in the networks as SLR-NCE-40 and MLR-
CE are not able to protect all the traffic with such transmission
reach limits, which we discuss in Section IV-C. It should be
noted that our path-length-limited p-cycles in MLR-NCE en-
ables to protect all the traffic in these networks. The traffic
in the following links are removed: 1 − 8, 2 − 9, 4 − 8, 4 − 9
and 7 − 11 in COST239 network, 1 − 8, 4 − 11 and 6 − 14 in
NSFNET network, 8 − 13 in US Backbone network. The perfor-
mance of SLR-NCE-40, MLR-CE and MLR-NCE are evaluated
with the following metrics:

1) CAPEX Cost: CAPEX cost is the total protection cost for
p-cycle design. It consists of transponder cost and spare
capacity cost, both of which are weighted 1 in this study.

2) Transponder Cost: Transponder cost is the main protec-
tion cost in CAPEX Cost.

3) Number of Transponders: In MLR-CE and MLR-NCE,
transponders are set at 10/40/100 Gb/s line rates, while
in SLR-NCE-40, only 40 Gb/s line rate is assigned. It is
valuable to investigate the number of transponders used
at each line rate.

4) Spare Capacity Cost: Spare capacity is pre-configured on
each link in p-cycles for potential failures. It is also a
significant metric for CAPEX cost.

We observe that MLR-NCE achieves significantly lower
CAPEX cost in comparison to SLR-NCE-40 and MLR-CE in
all the network instances in Figs. 8(a), 9(a), 10(a). Specifically,
compared with SLR-NCE-40 that generates p-cycles at 40 Gb/s
without cycle enumeration, MLR-NCE achieves CAPEX cost
savings about 46.68% in average in COST239 network, 52.00%
in average in NSFNET network and 53.18% in average in US
Backbone network. The valuable CAPEX cost reduction comes
from the optimal line rate assignment in MLR-NCE for MLR
optical networks. Meanwhile, compared with MLR-CE that
generates p-cycles at 10/40/100 Gb/s with cycle enumeration,
the average CAPEX cost savings in MLR-NCE are 43.40% in
COST239 network, 48.76% in NSFNET network and 46.70%
in US Backbone network. It indicates that more CAPEX cost
in MLR-NCE is reduced compared with SLR-NCE-40, this is
because that SLR-NCE-40 uses only 40 Gb/s line rate for all the
p-cycles.
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Fig. 10. Protection cost comparison among SLR-NCE-40, MLR-CE and MLR-NCE in US Backbone Network. (a) CAPEX cost. (b) Transponder cost. (c) Spare
capacity cost.

TABLE V
NUMBER OF TRANSPONDERS USED AT EACH LINE RATE IN SLR-NCE-40, MLR-CE AND MLR-NCE

Next, we conduct clear presentation of transponder cost and
spare capacity cost of the CAPEX cost in these three network
instances. From Figs. 8(b), (c), 9(b), (c), 10(b), (c), we can see
that the transponder cost in MLR-NCE is much lower than in
SLR-NCE-40 and MLR-CE, while the spare capacity cost does
not show many differences. Specifically, comparing with SLR-
NCE-40, MLR-NCE achieves average transponder cost savings
about 55.71% in COST239 network, 63.12% in NSFNET net-
work and 60.73% in US Backbone network, while, in compari-
son to MLR-CE, the average transponder cost savings in MLR-
NCE is 51.85% in COST239 network, 60.62% in NSFNET
network and 55.37% in US Backbone network. The spare ca-
pacity cost in MLR-NCE is reduced less than transponder cost.

In comparison to SLR-NCE-40, the spare capacity cost savings
are 1.54% and 15.95% in average in COST239 network and
in US Backbone network, respectively. While compared with
MLR-CE, the spare capacity cost savings are 4.71% and 4.01%
in average in COST239 network and in US Backbone network,
respectively. However, in NSFNET network, the spare capacity
cost in MLR-NCE is even 3.61% and 10.74% bigger than in
SLR-NCE-40 and MLR-CE, respectively. This is because that
the inter-links among sub-graphs in MLR-NCE may be used
several times, thus it requires more spare capacity.

It can be concluded that transponder cost savings mainly
contributes to the reduction of CAPEX cost in MLR-NCE. As
the transponders used in MLR-CE and MLR-NCE distribute in
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various line rates, then we make a deeper insight into the num-
ber of transponders used at various line rates in Table V. We
observe that SLR-NCE-40 uses the biggest number of transpon-
ders for p-cycle protection as only 40 Gb/s line rate is assigned.
Even though the p-cycles in MLR-CE and MLR-NCE are able
to be assigned 10/40/100 Gb/s, most of the transponders are
set at 40 Gb/s line rate, this is because 40 Gb/s line rate for
p-cycle reaches a compromise between the transmission reach
and transponder cost. However, in MLR-NCE, fewer than half
of the transponders in SLR-NCE-40 and MLR-CE are used.
There are several reasons for the reduction. First of all, just
enough transponders are laid for each p-cycle in MLR-NCE.
Specifically, unlike the layout of transponders in SLR-NCE-
40 or MLR-CE, in which one pair of transponders are laid
on each protection path, only one transponder is laid on the
node that incident to the protection path in MLR-NCE. Thus, it
will reduce the number of transponders. Moreover, path-length-
limited p-cycles are generated in MLR-NCE, while SLR-NCE-
40 and MLR-CE generate the cycle-circumference-limited
p-cycles, which bring extra protection cost, as discussed in Sec-
tion IV-C. In addition, MLR-NCE offers a way to directly gen-
erate the optimal p-cycles in MILP model without candidate
cycle enumeration.

The comparison results demonstrate that our p-cycle design
MLR-NCE achieves significant CAPEX cost savings (more than
40%) in comparison to SLR-NCE-40 and MLR-CE. The main
cost savings comes from the transponder cost, which is further
optimized in our path-length-limited p-cycles. Moreover, the
p-cycle design MILP model manages to obtain the optimal so-
lution which uses exactly the minimum CAPEX cost in p-cycle
protection for MLR optical networks.

VII. CONCLUSION

We investigate distance-adaptive p-cycle design for MLR
optical networks. Based on path-length-limited p-cycles with
transmission reach limits on each protection path, we propose
an MILP model to directly generate optimal p-cycles with the
minimum CAPEX cost instead of candidate cycle enumeration.
We also develop GPA algorithm and EI algorithm to make the
proposed MILP model scalable, which are proved to largely re-
duce computing time. Extensive simulations demonstrate that
our proposed p-cycle design achieves significant CAPEX cost
savings for MLR optical networks, especially the transponder
cost savings, in comparison to p-cycle design with SLR and
p-cycle design with candidate cycle enumeration.
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