
        1  |   INTRODUCTION 

 Optical networks based on wavelength division multiplexing 

(WDM) technology with fast switching, wavelength tuning, 

and control plane integration provide cost- efficient solutions 

[ 1,2 ] and high data rate services [ 3– 5 ]. The emergence of high 

data rate newly developed Internet and mobile applications, 

including video communication, peer- to- peer and distributed 

computing, and healthcare applications are also generat-

ing high- bandwidth but variable short- lived traffic demands 

[ 6 ]. The volume of variable traffic demands will further in-

crease when dynamic WDM networking becomes stable and 

more cost efficient [ 7– 9 ]. Resource dimensioning, including 

wavelength channel and switch port optimization as well as 

resource allocation to sustain dynamic traffic, has become a 

challenging problem for dynamic WDM networks. Currently, 

resources in WDM networks are permanently assigned to users 

and are considered to be a static network operation [ 10 ]. This 

inefficiently utilizes network resources, particularly under 

low traffic scenarios [ 11 ], whereas the dynamic operation of 

WDM networks may save up to 80 %   capacity [ 12 ]. 

 To overcome the inefficient utilization caused by static 

operation, WDM networks must migrate to operate dynam-

ically [ 11 ]. When users have data to transmit between end 

nodes, resources are assigned from an available finite pool of 

resources for a finite duration of time. Associated resources 
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     Abstract 
 This paper considers a challenging problem: to simultaneously optimize the cost and 

the quality of service in opaque wavelength division multiplexing (WDM) networks. 

An optimization problem is proposed that takes the information including network 

topology, traffic between end nodes, and the target level of congestion at each link/

node in WDM networks. The outputs of this problem include routing, link channel 

capacities, and the optimum number of switch ports locally added/dropped at all 

switch nodes. The total network cost is reduced to maintain a minimum conges-

tion level on all links, which provides an efficient trade- off solution for the network 

design problem. The optimal information is utilized for dynamic traffic in WDM 

networks, which is shown to achieve the desired performance with the guaranteed 

quality of service in different networks. It was found that for an average link block-

ing probability equal to 0.015, the proposed model achieves a net channel gain in 

terms of wavelength channels ( 𝛾
w
  ) equal to 35.72 %  , 39.09 %  , and 36.93 %   compared to 

shortest path first routing and  𝛾
w
   equal to 29.41 %  , 37.35 %  , and 27.47 %   compared to 

alternate routing in three different networks.  
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switch ports ,    WDM network design    
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will be released after data transmission, which will be avail-

able to other users for reassignment. If resources are not 

available to users, data transmission will not occur success-

fully and the connection between end nodes will be blocked. 

Therefore, reducing the network resources will reduce the 

cost of the network, at the price of quality of service, and will 

increase the blocking probability (BP). The networks must 

be designed to achieve a trade- off between network cost and 

network blocking probability (NBP). The objective of the de-

signed problem must be to minimize network resources for 

a given designed value of the BP parameter, which has been 

extensively used in the literature for evaluating the perfor-

mance of dynamic traffic [ 13– 16 ]. 

 In this paper, an optimization model is proposed for 

opaque WDM networks with wavelength conversion for mul-

tipath routing as well as network and optical switch node di-

mensioning. Network dimensioning gives the optimal value 

of wavelength channels for a target design value of the link 

BP, which may not be equal on all links. The heterogeneous 

link capacities maintain a minimum threshold level of con-

gestion during the dynamic operation of WDM networks. 

The proposed optimization model also gives the minimum 

number of add/drop ports required at all switch nodes for a 

given threshold node BP; this number is homogeneous for 

symmetric traffic between end nodes. The remainder of this 

paper is organized as follows. A brief literature review is 

available in Section  2 . Section  3  describes the optimization 

model, which simultaneously considers resource dimension-

ing and allocation (RDA). Section   4  consists of the traffic 

model and WDM networks. The result obtained from the 

optimization model is also used for the dynamic operation 

of WDM networks through simulations in Section  4 . Finally, 

Section  5  concludes the paper.  

   2  |   LITERATURE REVIEW 

 In WDM networks, different routing schemes have been 

utilized for routing lightpath connections between switch 

nodes, including fixed routing, alternate routing, and adap-

tive routing [ 17,18 ]. Fixed routing, which is also called short-

est path first (SPF) routing, is the simplest routing scheme 

in which the shortest path between end nodes is found using 

Dijkstra ' s algorithm [ 19– 22 ]. However, it is a greedy algo-

rithm in which some links are shared more frequently than 

others and is not suited for network design process and re-

source allocation [ 23 ]. Similarly, alternate routing considers 

a set of two or three shortest paths between end nodes using 

the k- shortest path routing scheme; these paths are also found 

using Dijkstra ' s algorithm [ 21,24,25 ]. In a dynamic network 

scenario, when resources are not available on the first short-

est path, traffic is routed on the second shortest path using an 

alternate routing scheme that minimizes the congestion in the 

network. However, it is also not well suited for network de-

sign processes, which must determine how much traffic need 

to be routed on alternate paths to minimize network block-

ing and cost at the same time. Moreover, the alternate paths 

may not be the shortest paths and therefore will not provide 

the optimum numbers of resources during the network de-

sign stage. Finally, adaptive routing [ 14,26,27 ] is the best 

among all routing schemes for minimizing the NBP, but it 

is more time consuming than other schemes. Moreover, it is 

used only in dynamic network operation because the routes 

between end nodes are selected based on the minimum avail-

able congestion level on different routes. Therefore, develop-

ing a state- of- the- art link- based routing algorithm with global 

network information for dimensioning network resources to 

support dynamic traffic is a challenging problem. 

 The topology of backbone WDM networks is considered to 

be fixed due to geographical factors, and topological changes are 

considered to be an expensive approach. Therefore, an approach 

called network dimensioning is used in the literature to reduce 

the congestion level in WDM networks and to improve the qual-

ity of service [ 28– 32 ]. Network dimensioning optimally assigns 

wavelength channels on all links in a network to minimize the 

cost of desired resources for a given designed BP parameter [ 33 ]. 

It has been classified into deterministic dimensioning methods 

for static traffic and statistical dimensioning methods for dy-

namic traffic [ 13 ]. The statistical methods are further divided 

into first passage models [ 29– 31 ] for incremental dynamic traffic 

and blocking models [ 7– 9,32– 34 ] for dynamic traffic in which 

the lightpath arrives/departs according to a statistical model. A 

heuristic algorithm for routing was proposed in [ 34 ], which is 

used for dimensioning WDM ring networks. However, the pro-

posed balanced path routing approach does not effectively op-

timize the cost and BP in general mesh networks. Similarly, an 

optimization problem that minimizes the network cost subject to 

a given threshold BP was proposed in [ 33 ]. A linear program-

ming relaxation method [ 28 ], which reduces the computational 

complexity of the proposed model, has been adopted. However, 

the traffic flow is constrained only on the shortest path between 

the end nodes. Moreover, the costs of all links are equal in the 

proposed model, which will overestimate the total network cost 

for a given threshold BP value. An iterative- based algorithm that 

takes into account heterogeneous traffic load with predetermined 

fixed path routing was proposed in [ 11 ] for network dimension-

ing. However, homogeneous link capacities are considered, 

which will overestimate the network cost for a given threshold 

BP. Similarly, tuning of the predetermined fixed path routing 

with network dimensioning will not help to achieve the global 

optimum solution [ 23,35,36 ]. Homogeneous link capacities were 

also considered in [ 37 ] in elastic optical networks (EON) to re-

duce NBPs. However, in EON, subcarrier frequency slots (FSs) 

with heterogeneous bandwidth sizes are assigned to lightpath 

requests to suppress the BP. In [ 38 ], an integer linear program-

ming model was presented to reduce the power consumption for 
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a given NBP with similar link capacities. Power consumption is 

shown to be a function of the utilized wavelengths and wave-

length conversion at each node. Therefore, reducing the network 

link capacities will reduce the power consumption in optical net-

works with wavelength conversions. 

 Recently, a heuristic algorithm that iteratively updates 

wavelength channels on different network links was proposed 

in [ 39 ]. However, it also considers fixed path routing, which 

greedily routes different end pairs on a few links common to 

their shortest paths. The proposed algorithm assigns maxi-

mum resources to these congested links instead of to other 

links. It has been shown to reduce the network costs owing 

to its non- homogeneous structure of link capacities when 

compared with cases with homogeneous link capacities. 

However, an analytical model was used in the proposed heu-

ristic model, which always yields over- estimated solutions. 

Moreover, the node BP was not considered in the proposed 

heuristic for network dimensioning. 

 An optical switch consists of transit ports for the light-

path connections of a switch node with other switch nodes 

as well as for bypass traffic and access ports for local add/

drop traffic [ 26 ]. The number of transit ports at a switch 

node is equal to the sum of the wavelength channels on all 

links originating from the same node. The required number 

of add/drop ports at an optical switch node has been found 

through analytical models for homogeneous networks for 

a given threshold BP in [ 40–42 ]. It was found in [ 40,41 ] 

that only a limited number of add/drop ports are required in 

WDM networks. This statement is also supported by the fact 

that bypass traffic is more dominant in WDM networks than 

local add/drop traffic [ 12 ]. However, it has been demon-

strated in [ 41 ] that only 30 % → 50%   of ports are sufficient 

to locally add/drop traffic compared to the total number of 

transit switch ports. The given range of local add/drop ports 

will not help in the design and operation of WDM networks 

as an upper limit will reduce the node BP, but will also in-

crease the switch node cost and vice versa. Moreover, this 

analysis was carried out for homogeneous networks with 

equal wavelength channels on all links, which is not useful 

for dimensioning WDM networks with heterogeneous link 

capacities. Finally, the symmetry of the ports at each node 

is considered equivalent to a switch node equipped with the 

maximum number of add/drop ports. This will increase the 

cost of a switch node without improving the desired perfor-

mance. A fixed design value is not available to determine 

the optimal number of add/drop ports.  

   3  |   RDA OPTIMIZATION MODEL 

 An optimization model is proposed for opaque WDM net-

works without wavelength continuity constraints. The switch 

node architecture of an opaque switch node is given in 

Figure  1  that has optical- electrical- optical (O- E- O) convert-

ers at the input and output switch ports so that any wavelength 

can be used to carry a lightpath request. The proposed opti-

mization model operates in two phases. In the first phase, the 

optimization model is solved offline before network opera-

tion. The inputs to the optimization model include the number 

of nodes, links between the nodes, average traffic load be-

tween s– d pairs, and value of the design parameters related to 

link and node BPs. The outputs from an optimization model 

include routing information between source and destination 

nodes, minimum number of wavelength channels required on 

all links, which may not be homogeneous, and the minimum 

number of add/drop switch ports. In the second phase, the 

information obtained from the proposed optimization model 

is utilized for dynamic network operation. Owing to the ab-

sence of traffic characterization of dynamic traffic demands, 

a Poisson traffic model is used for traffic generation, giving 

lightpath arrivals and departure rates.  

 The network parameters, traffic parameters, and decision 

variables used in the RDA optimization model are listed below. 

     •     Network Parameter Sets

     𝒩  : Switch nodes 

    ℒ  : Directed single- fiber links 

    ℒin
n

  : Directed links terminating at node  n   

    ℒout
n

  : Directed links originating at node  n   

    𝒮  : Active source- destination (s– d) pairs, where  s[0]  / s[1]   is 

the source/destination node of s– d pair  s     

  F I G U R E   1                   Opaque switch node architecture (adapted from 

[ 26,46 ]) 
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   •     Design parameters

     B
l
  : Upper bound on link BP 

    B
n
  : Upper bound on node BP   

   •     Traffic parameters

     𝛼s  : Traffic demand for s– d pair  s     

   •     Decision variables

     W
l
∈ ℤ

+  : Number of wavelength channels on link  l   in a 

WDM network 

    Padd
n

  / Pdrop
n

∈ ℤ
+  : Number of switch ports locally added/

dropped at node  n   

    fs
l
  : Traffic flow on link  l   for s– d pair  s   

    b
l
∈ {0, 1}  : Binary variable such that it is equal to 1 if a 

link exists on a lightpath; otherwise, it is equal to 0     

  Objective  

 The objective of the proposed RDA model is to optimize 

the network cost in terms of link capacities and the local add/

drop switch ports on all switch nodes. 

     

   Subject   to : 

 The total number of wavelength channels on a link  l   is a 

function of the summation of traffic flows for all s– d pairs 

that use link  l   along the path. The summation of all traffic 

flows will result in fewer wavelength channels on all links 

because of traffic multiplexing. 

     

 

 The flow conservation constraint and satisfaction of 

total traffic demand are given in ( 3 ). The traffic flow may 

result in different routes at the source node such that the 

summation of all traffic flows originating from a node  s[0]   

is equal to the total traffic demand. Similarly, the total 

traffic flow terminating at a node  s[1]  , which may result 

from more than one route, is also equal to the total traffic 

demand. Finally, the traffic flow entering at an intermedi-

ate switch node  n   is equal to the traffic flow leaving the 

same node  n  . 

     

  The value of  fs
l
   should not exceed the traffic demand  𝛼s   

on that link  l  . Part of the traffic may flow on link  l   only if a 

logical link exists on a lightpath between the s– d pair, that is, 

 b
l
= 1  . This is given by the constraint in ( 4 ). 

      

 The locally added switch ports at node  n   in ( 5 ) are a func-

tion of the summation of all traffic flows  fs
l
   originating at a 

source node and flowing on links  l ∈ℒout
n

   connected to the 

output of the source node, which will also result in fewer 

switch ports owing to traffic multiplexing. 

     

 

 The locally dropped switch ports at a node  n   in ( 6 ) are a 

function of the summation of all traffic flows  fs
l
   terminating 

at a destination node and flowing on links  l ∈ℒin
n

   connected 

to the input of the destination node, which will also result in 

fewer switch ports owing to traffic multiplexing. 

     

 

 To preserve the symmetry of an optical switch node, the 

switch ports locally added and dropped at a switch node are 

equal, as given by the constraint in ( 7 ). This symmetry leads 

to a homogeneous structure for the add/drop ports at all switch 

nodes. 

     

  The functions in ( 2 ) represent the number of wavelength 

channels using the Erlang B formula for a specific link BP 

(ie,  B
l
= 1%  ) in ( 8 ). In ( 8 ),  arg min   represents the minimum 

integer value of a wavelength. 

 ( 1 ) minimize
∑

l∈ℒ

W
l
+
∑

n∈𝒩

(
P

add
n

+P
drop
n

)
.

 ( 2 ) W
l
≥ f

(
∑

s∈S

f
s

l

)
,∀l∈ℒ.

 ( 3 ) 
∑

l∈ℒin
n

f
s

l
−

∑

l∈ℒout
n

f
s

l
=

⎧
⎪
⎨
⎪⎩

−𝛼s if n= s[0]

𝛼
s if n= s[1]

0 otherwise

, ∀n ∈𝒩, ∀s ∈ 𝒮 .

 ( 4 ) f
s

l
≤b

l
𝛼

s,∀l∈ℒ,∀s∈𝒮.

 ( 5 ) P
add
n

≥ f

⎛
⎜
⎜⎝

∑

s∈𝒮:n=s[0]

∑

l∈ℒout
n

f
s

l

⎞
⎟
⎟⎠

,∀n∈𝒩.

 ( 6 ) P
drop
n

≥ f

⎛
⎜
⎜⎝

∑

s∈𝒮:n=s[1]

∑

l∈ℒin
n

f
s

l

⎞
⎟
⎟⎠

, ∀n∈𝒩.

 ( 7 ) f

⎛
⎜
⎜⎝

∑

s∈𝒮:n= s[0]

∑

l∈ℒout
n

f
s

l

⎞
⎟
⎟⎠
− f

⎛
⎜
⎜⎝

∑

s∈𝒮:n= s[1]

∑

l∈ℒin
n

f
s

l

⎞
⎟
⎟⎠
= 0, ∀n ∈𝒩 .

  F I G U R E   2                   Number of wavelength channels versus arrival rate 

for a threshold value of  B
l
= 0.01   
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f

(
∑

s∈S

f
s

l

)
= arg min

w∈{1,2,3,⋯}Erl

(
∑

s∈S

f
s

l
, w

)
≤B

l
,

 ( 8 ) 
f

(
∑

s∈S

f
s

l

)
= arg min

w∈{1,2,3,⋯}

(
∑

s∈S
f
s

l
)

w

w!

∑
w

n=0

(
∑

s∈S
f
s

l
)

n

n!

,≤B
l
.

  F I G U R E   3                   COST239 network with 11 switch nodes and 50 

directed links 

  F I G U R E   4                   Network with 30 switch nodes and 140 directed links 

  F I G U R E   5                   Mesh network with 16 switch nodes and 48 directed 

links 

  FIGURE  6                   Computation time (s) of the proposed RDA optimization 

model for different numbers of switch nodes in a ring network 
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  T A B L E   1          Comparison of wavelength channels per link required 

in the COST239 network by SPF routing ( k  = 1), alternate routing 

( k  = 2), and the optimization model (opt) 

 Links  Opt  Links  Opt  Links  Opt 

 (1, 3)  56  (3, 1)  24  (7, 11)  24 

 (5, 8)  40  (8, 5)  49  (11, 7)  32 

 (8, 10)  49  (10, 8)  32  (7, 6)  24 

 (6, 7)  24  (4, 10)  24  (10, 4)  40 

 (2, 6)  24  (4, 5)  24  (5, 4)  32 

 (1, 4)  15  (4, 1)  24  (6, 2)  40 

 (1, 9)  40  (9, 1)  56  (3, 2)  49 

 (2, 3)  40  (7, 8)  32  (8, 7)  24 

 (10, 11)  40  (8, 9)  49  (9, 8)  56 

 (1, 2)  40  (2, 1)  49  (11, 10)  32 

 (3, 6)  56  (6, 3)  32  (9, 4)  15 

 (4, 9)  24  (6, 11)  49  (11, 6)  40 

 (8, 11)  32  (2, 10)  65  (10, 2)  40 

 (9, 10)  15  (10, 9)  32  (11, 8)  40 

 (2, 7)  32  (7, 2)  40  (5, 3)  32 

 (3, 5)  40  (3, 4)  24  (4, 3)  32 

 (5, 7)  40  (7, 5)  32     

  Notes :       Total cost obtained from SPF routing = 2800, alternate routing = 2550, 

and the optimization model = 1800. Average link capacity from SPF 

routing = 56. Average link capacity from alternate routing = 51.   
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 Similarly, the functions in ( 5 ) and ( 6 ) represent the num-

ber of switch ports locally added and dropped at a switch 

node using the Erlang B formula for a specific node BP ie, 

 B
n
= 1%  ) in ( 9 ) and ( 10 ), respectively. 

     

 ( 9 ) 

f

⎛
⎜
⎜⎝

∑

s∈𝒮:n=s[0]

∑

l∈ℒout
n

f
s

l

⎞
⎟
⎟⎠
=

arg min
p∈{1,2,3,⋯}

(∑
s∈𝒮:n=s[0]

∑
l∈ℒout

n

f
s

l

)
p

p!

∑
p

n=0

(∑
s∈𝒮:n=s[0]

∑
l∈ℒout

n

f
s

l

)
n

n!

,≤B
n

.

  T A B L E   2          Comparison of wavelength channels per link required 

in a 30- node network by SPF routing ( k  = 1), alternate routing ( k  = 2), 

and optimization model (opt) 

 Links  Opt  Links  Opt  Links  Opt 

 (6, 9)  23  (1, 3)  13  (3, 1)  13 

 (7, 18)  21  (25, 4)  20  (9, 6)  28 

 (11, 28)  37  (28, 11)  35  (8, 4)  13 

 (4, 8)  15  (13, 19)  24  (18, 7)  19 

 (14, 17)  18  (1, 27)  19  (27, 1)  16 

 (12, 29)  18  (19, 13)  24  (17, 14)  16 

 (2, 10)  25  (10, 2)  25  (17, 13)  28 

 (13, 17)  21  (6, 12)  15  (29, 12)  18 

 (18, 30)  22  (5, 19)  21  (19, 5)  21 

 (17, 27)  20  (12, 6)  12  (30, 18)  20 

 (3, 30)  19  (30, 3)  15  (25, 13)  27 

 (13, 25)  23  (11, 12)  23  (27,17)  19 

 (11, 22)  35  (2, 13)  21  (13, 2)  22 

 (10, 28)  20  (12,11)  26  (22, 11)  34 

 (12, 17)  19  (17, 12)  18  (11, 9)  29 

 (9, 11)  23  (3, 5)  19  (28, 10)  21 

 (8, 16)  14  (11, 13)  30  (13, 11)  33 

 (12, 26)  12  (5, 3)  23  (16, 8)  13 

 (9, 14)  26  (14, 9)  25  (29, 25)  24 

 (25, 29)  23  (9, 15)  29  (26, 12)  13 

 (5, 11)  26  (29, 30)  20  (30, 29)  23 

 (5, 24)  28  (24, 5)  31  (11, 5)  19 

 (7, 22)  16  (22, 7)  18  (16, 4)  20 

 (4, 16)  16  (6, 26)  19  (26, 6)  16 

 (2, 17)  22  (7, 15)  26  (15, 7)  27 

 (9, 27)  23  (27, 9)  20  (17, 2)  16 

 (9, 29)  24  (29, 9)  26  (24, 15)  29 

 (15, 24)  31  (4, 26)  23  (26, 4)  22 

 (3, 18)  18  (9, 30)  19  (30, 9)  21 

 (18, 3)  13  (11, 15)  31  (15, 11)  24 

 (21, 24)  28  (24, 21)  27  (29, 10)  31 

 (10, 29)  31  (8, 17)  22  (17, 8)  21 

 (1, 26)  23  (13, 26)  22  (26, 13)  19 

 (3, 11)  24  (11, 3)  21  (26, 1)  24 

 (10, 21)  23  (21, 10)  22  (9, 8)  26 

 (8, 9)  26  (2, 26)  16  (26, 2)  21 

 (18, 23)  24  (1, 18)  20  (18, 1)  22 

 (5, 13)  20  (13, 5)  19  (23, 18)  22 

 (15, 23)  25  (27, 14)  12  (23, 15)  24 

 (4, 25)  20  (14, 27)  12  (5, 1)  13 

 (1, 5)  20  (3, 27)  14  (20, 9)  20 

 (9, 20)  21  (25, 15)  26  (27, 3)  21 

(Continues)

 Links  Opt  Links  Opt  Links  Opt 

 (1, 13)  19  (23, 16)  23  (13, 1)  24 

 (15, 25)  29  (16, 23)  20  (27, 23)  19 

 (23, 27)  19  (16, 20)  27  (20, 11)  22 

 (11, 20)  23  (20, 5)  23  (20, 16)  26 

 (5, 20)  20  (15, 9)  29     

  Notes :       Total cost obtained by SPF routing = 5040, alternate routing = 4900, 

and optimization model = 3070. Average link capacity from SPF routing = 36. 

Average link capacity from alternate routing = 35.   

T A B L E   2   (Continued)

  T A B L E   3          Comparison of wavelength channels per link required 

in mesh network by SPF routing ( k  = 1), alternate routing ( k  = 2), and 

optimization model (opt) 

 Links  Opt  Links  Opt  Links  Opt 

 (4, 8)  61  (7, 11)  87  (11, 7)  38 

 (7, 8)  30  (8, 7)  72  (8, 4)  30 

 (6, 10)  53  (10, 6)  114  (7, 6)  53 

 (6, 7)  91  (2, 3)  53  (3, 2)  53 

 (3, 7)  41  (8, 12)  57  (12, 8)  68 

 (10, 14)  49  (14, 10)  76  (7, 3)  72 

 (15, 16)  45  (16, 15)  68  (15, 11)  61 

 (11, 15)  49  (5, 9)  76  (9, 5)  53 

 (10, 11)  61  (5, 6)  34  (6, 5)  72 

 (2, 6)  68  (6, 2)  53  (11, 10)  87 

 (1, 2)  53  (2, 1)  38  (16, 12)  41 

 (12, 16)  64  (1, 5)  41  (5, 1)  57 

 (11, 12)  76  (12, 11)  41  (10, 9)  64 

 (9, 10)  72  (9, 13)  49  (13, 9)  34 

 (13, 14)  53  (3, 4)  61  (4, 3)  30 

 (14, 15)  68  (15, 14)  80  (14, 13)  38 

  Notes :       Total cost obtained from SPF routing = 4416, alternate routing = 3840, 

and optimization model = 2785. Average link capacity from SPF routing = 92. 

Average link capacity from alternate routing = 80.   
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 The functions in  (8– 10)  are nonlinear and will make 

the optimization problem nonlinear. In [ 43 ], the number 

of wavelength channels obtained from the Erlang B non-

linear formula was plotted as a function of the traffic ar-

rival rate for a threshold BP value of  𝛾blocking = 0.01  , and 

a closed- form linear equation was obtained using linear 

curve fitting, as shown in Figure  2 . Therefore, the nonlinear 

equations in  (8–10)  are replaced with the linear equations in 

 (11–13) , respectively, using traffic multiplexing, threshold 

BP  B
l
∕B

n
= 0.01  , and linear curve fitting for the number of 

wavelength channels and switch ports locally added and 

dropped at all switch nodes. 
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  T A B L E   4          Simulation parameters 

 Common parameters for all networks 

 Traffic generation  Poisson traffic model 

 Number of lightpaths  1 million 

 Mean holding time of a 

lightpath 

 Unity 

 COST239 network 

 Number of nodes  11 

 Number of s– d pairs  110 

 Number of links  50 

 Link capacities  From Table  1  

 Number of access ports  From Figure  7  (for opt. model) 

 Average nodal degree  𝛿
n
    4.55 

 Network with 30 switch nodes 

 Number of nodes  30 

 Number of s– d pairs  870 

 Number of links  140 

 Link capacities  From Table  2  

 Number of access ports  From Figure  8  (for opt. model) 

  𝛿
n
    4.66 

 Mesh network 

 Number of nodes  16 

 Number of s– d pairs  240 

 Number of links  48 

 Link capacities  From Table  3  

 Number of access ports  From Figure  9  (for opt. model) 

  𝛿
n
    3.0 

 Performance parameter 

 Link BPs of all network links 

  T A B L E   5          Comparison of link BPs obtained through simulation 

for dynamic traffic in the COST239 network using SPF routing ( k  = 1) 

and utilizing results from the proposed optimization model (opt) with 

an average link BP equal to 0.0125 for both schemes 

 Links   k  = 1  opt  Links   k  = 1  opt 

 (3, 1)  0.0164  0.0107  (10, 11)  0.0162  0.0117 

 (5, 4)  0.0134  0.0121  (9, 8)  0.0128  0.0132 

 (9, 1)  0.0099  0.0137  (2, 1)  0.0138  0.0145 

 (8, 9)  0.0134  0.0147  (6, 2)  0.0155  0.0139 

 (9, 4)  0.0123  0.0159  (7, 11)  0.0115  0.0062 

 (8, 5)  0.0145  0.0151  (5, 8)  0.0154  0.0131 

 (1, 2)  0.0128  0.0133  (10, 8)  0.0145  0.0168 

 (11, 10)  0.0139  0.0108  (4, 9)  0.0122  0.0103 

 (7, 6)  0.0084  0.0069  (8, 10)  0.0118  0.0119 

 (6, 3)  0.0100  0.0104  (6, 11)  0.0084  0.0101 

 (7, 2)  0.0128  0.0139  (3, 6)  0.0088  0.0127 

 (5, 7)  0.0117  0.0098  (3, 5)  0.0121  0.0155 

 (4, 1)  0.0095  0.0116  (10, 9)  0.0085  0.0130 

 (4, 10)  0.0148  0.0100  (3, 2)  0.0104  0.0106 

 (2, 6)  0.0115  0.0084  (10, 4)  0.0120  0.0141 

 (4, 5)  0.0141  0.0167  (8, 11)  0.0099  0.0146 

 (1, 4)  0.0070  0.0122  (2, 10)  0.0112  0.0147 

 (9, 10)  0.0157  0.0209  (7, 5)  0.0138  0.0100 

 (2, 3)  0.0123  0.0096  (1, 9)  0.0138  0.0140 

 (8, 7)  0.0123  0.0136  (6, 7)  0.0115  0.0128 

 (5, 3)  0.0156  0.0122  (2, 7)  0.0134  0.0099 

 (11, 7)  0.0095  0.0128  (11, 8)  0.0159  0.0132 

 (7, 8)  0.0135  0.0113  (1, 3)  0.0109  0.0138 

 (4, 3)  0.0122  0.0118  (3, 4)  0.0158  0.0128 

 (11, 6)  0.0114  0.0119  (10, 2)  0.0127  0.0126 
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   4  |   RESULTS AND DISCUSSION 

 The RDA optimization model was programmed in Python [ 44 ] 

using the Python Linear Program modular (PuLP) and GNU 

Linear Programming Kit (GLPK) solver for the different WDM 

networks in Figures  3– 5 . The number of constraints is equal to 

 |ℒ | + |𝒩 | |𝒮 | + |ℒ | |𝒮 | + 3 |𝒩 |  =  |ℒ | (|𝒮| + 1) + |𝒩 | (|𝒮| + 3)

  =  2𝛿 |𝒩 | (|𝒩|(|𝒩| − 1) + 1) + |𝒩 | (|𝒩|(|𝒩| − 1) + 3)  , 

where  𝛿   is the average node degree,  |ℒ | = 2𝛿 |𝒩 |   is the num-

ber of all links, and  |𝒮 | = |𝒩 | (|𝒩| − 1)   is the number of all 

s– d pairs. Therefore, the proposed RDA optimization model 

has a computational complexity of order  O (|𝒩|)3  . The compu-

tational time of the proposed RDA optimization model is plot-

ted in Figure  6  for a ring network as a function of the number of 

switch nodes, which is a reasonable time in seconds to solve the 

proposed model. A ring network is considered because the 

number of nodes/links in a ring network can be increased line-

arly. The RDA model was programmed for the different net-

works in Figures  3– 5  and solved in the first stage for an average 

load between each s– d pair to be equal to  𝛼s =
800

|𝒮 |    and a target 

link and node BP  B
l
∕B

n
= 0.01  . The results obtained from the 

optimization model include the routing between s– d pairs, link 

capacities, and numbers of add/drop switch ports. The link 

  T A B L E   6          Comparison of link BPs obtained through simulation 

for dynamic traffic in the 30- node network using SPF routing ( k  = 1) 

and utilizing results from the proposed optimization model (opt) with 

an average link BP equal to 0.0199 (for SPF routing) and 0.0135 (for 

the proposed model) 

 Links   k  = 1  Opt  Links   k  = 1  Opt 

 (6, 9)  0.0093  0.0165  (11, 28)  0.0700  0.0133 

 (14, 17)  0.0077  0.0151  (13, 17)  0.0234  0.0172 

 (18, 30)  0.0140  0.0110  (11, 22)  0.0716  0.0147 

 (12, 17)  0.0105  0.0148  (9, 14)  0.0152  0.0120 

 (5, 11)  0.0389  0.0157  (29, 30)  0.0132  0.0145 

 (5, 24)  0.0274  0.0180  (4, 16)  0.0058  0.0119 

 (7, 22)  0.0669  0.0194  (6, 26)  0.0095  0.0108 

 (2, 17)  0.0154  0.0164  (4, 26)  0.0106  0.0113 

 (3, 18)  0.0051  0.0135  (9, 30)  0.0038  0.0145 

 (11, 15)  0.0181  0.0136  (10, 29)  0.0156  0.0133 

 (21, 24)  0.0614  0.0139  (1, 26)  0.0051  0.0116 

 (13, 26)  0.0221  0.0157  (3, 11)  0.0267  0.0100 

 (8, 9)  0.0071  0.0150  (15, 23)  0.0196  0.0127 

 (15, 25)  0.0132  0.0123  (1, 5)  0.0192  0.0187 

 (3, 27)  0.0163  0.0116  (9, 20)  0.0035  0.0078 

 (16, 23)  0.0034  0.0140  (7, 18)  0.0160  0.0128 

 (13, 19)  0.0522  0.0149  (12, 29)  0.0115  0.0152 

 (17, 27)  0.0024  0.0070  (3, 5)  0.0168  0.0161 

 (5, 20)  0.0191  0.0163  (11, 20)  0.0240  0.0180 

 (16, 20)  0.0213  0.0128  (1, 3)  0.0058  0.0103 

 (4, 8)  0.0058  0.0175  (5, 13)  0.0027  0.0119 

 (9, 29)  0.0089  0.0212  (13, 25)  0.0211  0.0144 

 (2, 13)  0.0212  0.0141  (9, 11)  0.0318  0.0080 

 (8, 16)  0.0038  0.0110  (11, 13)  0.0312  0.0103 

 (25, 29)  0.0259  0.0152  (9, 27)  0.0021  0.0132 

 (15, 24)  0.0147  0.0129  (1, 18)  0.0121  0.0143 

 (23, 27)  0.0058  0.0122  (5, 19)  0.0676  0.0176 

 (10, 21)  0.0665  0.0138  (2, 26)  0.0136  0.0159 

 (18, 23)  0.0029  0.0119  (9, 15)  0.0047  0.0172 

 (14, 27)  0.0063  0.0105  (1, 13)  0.0039  0.0095 

 (3, 30)  0.0136  0.0109  (2, 10)  0.0264  0.0120 

 (4, 25)  0.0181  0.0116  (8, 17)  0.0124  0.0133 

 (6, 12)  0.0033  0.0148  (11, 12)  0.0197  0.0150 

 (10, 28)  0.0477  0.0103  (7, 15)  0.0164  0.0121 

 (12, 26)  0.0150  0.0172  (1, 27)  0.0101  0.0145 

  T A B L E   7          Comparison of link BPs obtained through simulation 

for dynamic traffic in the mesh network using SPF routing ( k  = 1) and 

utilizing results from the proposed optimization model (opt) with an 

average link BP equal to 0.0122 (for SPF routing) and 0.0132 (for the 

proposed model) 

 Links   k  = 1  Opt  Links   k  = 1  Opt 

 (5, 9)  0.0106  0.0119  (10, 11)  0.0109  0.0128 

 (12, 11)  0.0116  0.0165  (4, 8)  0.0099  0.0162 

 (5, 6)  0.0128  0.0168  (10, 6)  0.0139  0.0141 

 (2, 1)  0.0126  0.0131  (6, 2)  0.0146  0.0131 

 (5, 1)  0.0126  0.0146  (7, 11)  0.0097  0.0134 

 (14, 10)  0.0135  0.0151  (1, 2)  0.0120  0.0125 

 (11, 10)  0.0122  0.0151  (6, 7)  0.0116  0.0147 

 (15, 11)  0.0121  0.0163  (7, 6)  0.0092  0.0136 

 (6, 10)  0.0114  0.0122  (1, 5)  0.0116  0.0100 

 (12, 16)  0.0134  0.0119  (16, 15)  0.0137  0.0139 

 (14, 15)  0.0098  0.0121  (7, 3)  0.0108  0.0159 

 (10, 9)  0.0117  0.0162  (3, 2)  0.0129  0.0127 

 (2, 6)  0.0127  0.0121  (11, 7)  0.0098  0.0126 

 (13, 9)  0.0110  0.0091  (15, 16)  0.0121  0.0126 

 (9, 10)  0.0113  0.0127  (2, 3)  0.0121  0.0136 

 (14, 13)  0.0154  0.0143  (8, 7)  0.0127  0.0153 

 (11, 15)  0.0097  0.0121  (15, 14)  0.0152  0.0136 

 (11, 12)  0.0123  0.0132  (6, 5)  0.0106  0.0151 

 (16, 12)  0.0107  0.0139  (9, 13)  0.0122  0.0118 

 (3, 7)  0.0099  0.0126  (8, 12)  0.0123  0.0127 

 (13, 14)  0.0084  0.0144  (3, 4)  0.0096  0.0123 

 (10, 14)  0.0110  0.0120  (4, 3)  0.0116  0.0131 

 (9, 5)  0.0116  0.0142  (12, 8)  0.0137  0.0120 

 (7, 8)  0.0130  0.0159  (8, 4)  0.0135  0.0127 
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capacities obtained from the proposed model are given in 

Tables  1– 3  respectively for the networks in Figures  3– 5 .        

 In the second stage, the information obtained from the op-

timization model is used in the dynamic operation of WDM 

networks, which were simulated in Python. The simulation 

parameters are given in Table  4 . A Poisson traffic model was 

used to generate lightpath requests and departure rates because 

of the absence of traffic characterization of the dynamic traf-

fic demands. However, one million lightpaths were generated 

with a unity mean holding time. The values of BPs in WDM 

networks are evaluated on all links instead of an average 

NBP, which provides a complete picture of the system perfor-

mance. The link BPs are shown in Tables  5–7 , respectively, 

for the networks in Figures   3– 5 . The results obtained from 

the dynamic operation of WDM networks with the optimal 

routing and resource information are also compared with the 

undimensioning networks. In the undimensioning case, SPF 

( k  = 1) routes and alternate ( k  = 2) routes are computed using 

Dijkstra ' s algorithm, and these routes are separately used for 

routing dynamic traffic between end pairs that are generated 

by the Poisson traffic model with similar parameters. In both 

cases, the link capacities are uniformly increased iteratively 

until the target BPs are achieved. The wavelength channels 

obtained in the undimensioning cases using SPF ( k   =  1) 

routes and alternate ( k  = 2) routes are compared with the pro-

posed approach in Tables  1– 3 , and the link BPs are shown in 

Tables  5– 7 , respectively, for the networks in Figures  3– 5 . The 

total cost in terms of the summation of link capacities in all 

cases is reduced using the optimization approach compared 

with the undimensioning cases for similar values of link BPs.

     

 ( 14 ) 𝛾
w
=

(
1 −

∑
l∈ℒW

pro

l∑
l∈ℒW

c
l

)
× 100.

  T A B L E   8          Average number of add/drop ports at each switch node 

 Network 
 Undimensioning 
case 

 Optimization 
case 

 Figure  3   102  90 

 Figure  4   68  38 

 Figure  5   111  64 

  F I G U R E   7                   Locally added/dropped switch ports at all switch nodes in COST239 network 
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      In all cases, the net channel gain  𝛾
w
   of the proposed model 

in terms of wavelength channels is calculated using ( 14 ) for an 

approximately similar value of  B
l
  . In ( 14 ), the numerator rep-

resents the total wavelength cost of the proposed model, while 

the denominator represents the total wavelength cost of an ex-

isting scheme. For the COST239 network,  𝛾
w
   of the proposed 

model for  B
l
= 0.0125   is equal to 35.72 %   compared to SPF rout-

ing and 29.41 %   compared to alternate routing. Similarly, for a 

30- node network,  𝛾
w
   of the proposed model for  B

l
= 0.0135   is 

equal to 39.09 %   compared to SPF routing and 37.35 %   compared 

to alternate routing. Finally, for the mesh network,  𝛾
w
   of the 

proposed model for  B
l
= 0.0132   is equal to 36.93 %   compared 

to SPF routing and 27.47 %   compared to alternate routing. This 

will also reduce the power consumption associated with the link 

capacities and wavelength conversions required at switch nodes. 

 Finally, the average add/drop ports obtained from the pro-

posed RDA optimization model and the undimensioning case 

are compared in Table  8 . Because of the symmetric traffic load 

between s– d pairs, the number of switch ports locally added is 

equal to the number of ports locally dropped at all switch node. 

In the undimensioning case, the add/drop ports are calculated 

and used in the dynamic operation of networks by considering 

only  40%   of the total transit ports. This value, that is, 40 %  , is 

obtained through simulations as an effective value after which 

the amount of NBP is not further reduced. However, the transit 

ports are equal to the summation of the wavelength channels 

on all links originating/terminating from/to a switch node. The 

actual number of switch ports locally added/dropped at switch 

nodes in the networks in Figures  3– 5  obtained from the opti-

mization model and the undimensioning cases are plotted in 

Figures  7–9 , respectively. The number of access ports is sym-

metrical in the networks with dimensioning, which are much 

more reduced in number than in the undimensioning case. The 

number of access ports is independent of the node connectiv-

ity in networks with dimensioning. However, it depends on the 

total traffic generated/dropped at the switch nodes. In this work, 

homogeneous traffic is considered between end nodes, and be-

cause of this access ports are symmetrical and equal in number 

at all switch nodes. Otherwise, the number of access ports will 

remain asymmetrical for heterogeneous traffic. Access ports in 

the undimensioning case remain heterogeneous because of its 

dependence on the switch connectivity with neighbor switch 

  F I G U R E   8                   Locally added/dropped switch ports at all switch nodes in 30 nodes network
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nodes (ie, node degree, which remains different at different 

switch nodes) and the number of wavelength channels per link.      

   5  |   CONCLUSIONS 

 In this paper, an optimization model was proposed that takes 

the traffic and topological information in the offline phase. In 

the first stage, the optimization problem is solved for a target 

design value of link and node BP. The optimization model is 

designed to simultaneously provide minimum link cost rout-

ing information and minimize link capacities and switch ports 

for add/drop traffic. The optimal information is utilized for 

dynamic traffic, and it achieves the target congestion level on 

all links for the minimum link capacities and access ports in 

different networks, in contrast to the undimensioning cases 

with existing routing algorithms. It has been shown that only a 

limited number of access ports are required for add/drop traffic 

on all nodes. The access ports depend mainly on the total traf-

fic originating/terminating at a switch node. The results show 

that the symmetrical traffic load at each switch node requires 

an equal number of access ports on all nodes, and this number 

is independent of the node degree/connectivity. However, the 

link capacities depend on the routing behavior of the network. It 

has been shown through an optimization model and simulation 

results that only a limited number of link capacities are required 

to maintain the target level of quality of service. Network link 

capacities do not necessarily have to be homogeneous. It has 

been demonstrated through simulation results that networks 

with heterogeneous link capacities can outperform networks 

with homogeneous link capacities in terms of total network cost 

for an agreed guaranteed level of quality of service. However, 

networks with heterogeneous link capacities require proper 

design using network dimensioning, which will optimize link 

capacities. The concept of heterogeneous link capacities in 

all optical networks will also work efficiently when they are 

properly designed. Therefore, optimizing associated network 

resources will also optimize network power utilization. 

 Similarly, EON is also an emerging future technology in 

which the channel spectrum is divided into a large number 

of closely spaced FSs. These FSs are allocated to lightpath 

requests based on modulation formats and heterogeneous 

line rates. Basically, EON is proposed for heterogeneous re-

source allocation in which data rates, modulation formats, and 

  F I G U R E   9                   Locally added/dropped switch ports at all switch nodes in mesh network 
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resource allocations are heterogeneous. Therefore, the concept 

of heterogeneous bandwidth capacities on network links will 

efficiently work in these networks, as EON efficiently utilizes 

optical spectrum because of data rate adaptation and heteroge-

neous modulation schemes. However, EON requires the spec-

trum continuity constraint along with the spectrum contiguity 

constraint, where the latter means that the FSs must be adjacent 

along the optical path. These constraints can be satisfied in EON 

networks with heterogeneous link bandwidths, as a similar con-

cept has been developed in all optical networks with different 

link capacities using the last- fit resource allocation scheme [ 45 ]. 

It would be interesting to extend network dimensioning in EON 

to provide a complete range of optical network heterogeneity.  
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