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an analytical model for assessing the blocking performance of the optical packet 

switch will be developed. The results generated by the developed analytical model 

will be presented and discussed in detail in the results section in this chapter. 

5.3 Analytical Model 

In this section, we develop a performance model for multi-fiber share-per-link 

OPS, which operates in a slotted mode. A symmetric OPS employing share-per­

link conversion resources with N inputs, coming from different sources and destined 

to N outputs links, each Gonsisting of F parallel fibers, as shown in Figure 5.2, is 

considered. In this section port and link are used interchangeably. The switch 

/\1 

Wavelength Fiber 

Figure 5.2: Multi-fiber synchronous OPS employing share-per-link conversion resources. 

supports a WDM signal with w wavelengths per fiber. A total of wF output 

wavelengths share a conversion bank of C converters. The incoming packets are 

synchronized at the inputs before they are processed at the beginning of every time 

slot. The packet length is assumed to be one time slot. 
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Traffic is considered equally likely to be routed out of the switch through 

any output port. This symmetrical assumption of the destination with respect to 

outputs links allows us to build the model for one output port. We consider one 

output link and its corresponding incoming traffic requests from the input side and 

study the performance behavior of that port and generalize its performance to all 

other ports in the switch, since the condition of symmetry holds in this architecture. 

Figure 5.3 is a schematic for the OPS representing the random variables that will be 

defined in the model development stages. Let Xi be a random variable representing 

the number of packets present at an output on Ai in a given time slot as shown 

in Figure 5.3. There are NF fibers on the input side of the switch. The switch 
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Figure 5.3: Multi-fiber synchronous OPS employing share-per-link conversion resources. 

considered in this analysis has N input ports each with F parallel fibers, and hence 

NF incoming channels each at Ai, so the maximum number of packets that could 

be received at an output port is N · F. Consequently, the maximum value that 

could be taken by Xi is NF. 

A packet is expected to switch by optical switch, as shown in Figure 5.3, 

from the input port it arrived on to the output port, which is connected to the 

destination. A packet competes for the same wavelength it arrived on in any of the 
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outgoing fibers on the requested output port. This means that all packets arriving 

at the inputs on >.i that are destinated to the same output port are competing for 

the same wavelength, >.i, on the output link under consideration. 

In contrast, the minimum number of packets that could be received at the 

output port under consideration is zero, which means that there is no arrival on 

>.i at the inputs of the switch or none of the arrived packets are destined to that 

specific output link. Thus, the minimum value of Xi is zero. The probability that 

a packet arrives at an input on a given wavelength (>.i) in a given time slot is 

denoted by p, which corresponds to the normalized offered load per wavelength. 

Load is assumed to be equally distributed among wavelengths. Packet arrivals 

per wavelength at different inputs are assumed to be independent of each other. 

Also, the number of packet arrivals on different wavelengths is identically and 

independently distributed; {Xi}~=O is iid. The number of packets competing for an 

output per wavelength in a given time slot and destined to the output link under 

consideration follows the binomial distribution, i.e., 

(
N·F) (p)x ( p)N•F-x 

P(Xi = X) = X • N • I - N (5.1) 

where x = O· • -NF 

For a given time slot, if the number of arrivals per wavelength that are destined 

to the considered output, is more than F packets, contention among them will occur 

since the total number of the requested wavelength on the considered output port 

is F one per every outgoing fiber. Thus, F packets out of the contending ones 

get switched by the optical switch to the output port using the wavelength of 

interest (>.i) and leave the switch directly, as shown in Figure 5.3 note that direct 

refers to packets that are directly routed from inputs to outputs without going 

through converters. The rest of these packets are forwarded by the optical switch 

to special ports that lead to the conversion bank that belongs to the output port 

under consideration. 
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Let Y; be the random variable representing the number of packets that are 

forwarded to the conversion bank on Ai due to arriving more than F packets on 

this wavelength. When Xi ::; F, the number of packets that will be forwarded to 

the conversion bank from Pi equals zero ( Y; = 0) because every received packet at 

the input side of the switch on >.i destined to the same output port can utilize a 

copy of >.i and leave the switch without need for a conversion. Yet, the number of 

packets that will be forwarded to the conversion bank, Y;, due to Xi > F (which 

means there are more than F packets arriving at the inputs on >.i destined to the 

same output port), varies between one and F(N - 1). It is equal to one when 

the total number of arrivals per Ai, is equal to F+l (Xi = F + l). This means 

F packets will be switched by the optical switch directly to the requested output 

port on the same wavelength and the left packet will be switched to special ports 

that lead to the conversion banks belong to the requested output port. 

If all arrivals at all inputs on Ai are destined to the same output link, N · F 

packets, F packets will leave the switch directly by utilizing the F Ais and the rest, 

N • F-F, will be forwarded to the conversion bank. Thus, Y; will equal N · F-F, 

as shown in Figure 5.3. So the distribution of the packets that can be forwarded 

to the conversion bank from a single wavelength can be derived as follows: 

(5.2) 

(5.3) 

(5.4) 

The number of packets Y; that were not served by the requested wavelength 

(Ai) and forwarded by the optical switch to the conversion bank is identically 
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independently distributed. Let Ny be a random variable representing the number 

of Y's that are competing for conversion resources. In other words, Ny represents 

the number of wavelengths that have more than F arrivals per time slot. So, Ny 

could take any value from zero to w. When Ny is equal to zero, it means that all 

packets that arrive on all wavelengths can leave the switch directly without any 

conversion, which means every wavelength on the output links under consideration 

has fewer than or equal F arrivals, or that none of the arrivals are destined to the 

output port under ·consideration. This implies that none of the special ports of the 

optical switch leading to the conversion bank are busy. This means that the number 

of packets lost will be zero, since all the arrived packets can leave the switching 

node directly. If every wavelength on the output has more than F arrivals, Ny 

will equal w, which means that all wavelengths of the output are fully utilized and 

all packets forwarded to the conversion bank will be dropped due to wavelength 

exhaustion on the output. The distribution of Ny is as follows: 

[ 

N•F l ny [ F l w-ny 
P(Ny=ny)= (:) _L· P(X=j) • LP(X=j) 

Y J=F+l J=O 

(5.6) 

where ny = 0 ... w 

Conditioned on Ny, >.i is available on the output link if the number of arrivals 

per >.i is less than F packets per time slot, which means zero packets forwarded 

to the conversion bank from >.i (~ = 0). These free >.is need to be considered as 

available wavelengths that can be used by the conversion resources. For a given 

Xi (number of arrivals on >.i at the inputs of the optical switch and destined to 

the considered output port), we define Gi as a random variable that represents the 

number of free >.i out of the F copies on the output port, as shown in Figure 5.3. Gi 

takes values between zero and F, where zero means that >.i on all F outgoing fibers 

are used. It implies that this wavelength has F arrivals or more. If Gi is equal 

to F, all >.i on the output link are free and available for the conversion resources, 
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which means there are no arrivals on Ai or all arrivals are destined to other output 

ports. For a given number of arrivals per Ai, we can calculate the distribution of 

Ci as follows: 

P(Gi=ynxi:s;F) =P(Xi=F-g) 

P(Gi = gjXi :'SF)= P~Xi = F- g) 

I: P(Xi = j) 
j=O 

(5.7) 

(5.8) 

(5.9) 

The number of packets that can utilize conversion resources and leave the 

switch depends on the minimum of the total available wavelengths on all fibers 

at the output and the number of available converters. Since the packet length is 

fixed, all converters are available at the beginning of the time slot. Accordingly, the 

total number of wavelengths that are available on the output link, after all direct 

packets are assigned to outgoing wavelengths, must be found. To find the available 

wavelengths on the output link for a given number of fully used wavelengths (Ny), 

we define B as a random variable representing the total number of wavelengths 

free of direct packets (i.e., not routed through converters) on the output link under 

consideration at any given time slot. The total number of available wavelengths 

on the considered output link is equal to the summation of the available copies of 

the individual wavelengths on the output. Hence, the random variable Bis simply 

the convolution of the random variable Gi, which represents the number of fibers 

in the port that have no direct packet on Ai: 

(5.10) 

The total number of free wavelengths on an output port ( B) varies between 

zero and F(w- ny), If every outgoing wavelength has at least F arrivals, the total 
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number of free wavelengths, B, equals zero. In this case, all packets forwarded to 

the conversion bank are lost, as no free wavelength is available on the output port. 

In contrast, the total number of free wavelengths, B, equals F(w - ny) when there 

are F · ny wavelengths on the output, each having more than F arrivals, where 

the remaining F(w - ny) wavelengths have less than F arrivals. Therefore, for a 

given Ny (number of wavelengths that have at least one packet forwarded to the 

conversion bank), the distribution of B is given by: 

(5.11) 

Calculating the P( B = /3) using the above expression requires an extensive 

computation time because all the possible value permutations of Ci have to be 

considered for every value of ny. So, to simplify the calculation of P(B = /3), the 

probability-generating function of Ci, Z-transform, is employed. The probability­

generating function of Ci is given by: 

F 

Hc;(z) = L P(Ci = g) • z9 (5.12) 
g=O 

so 

(5.13) 

Now the distribution of B for a given Ny can be found as follows: 

ny =w 

(5.14) 
otherwise 

Packet loss takes place when all ,\is are busy on all outgoing F fibers and 

the total number of packets forwarded to the conversion bank is greater than the 

minimum number of available converters and free wavelengths on the output. Some 

of the packets forwarded to the conversion bank because they could not leave the 

switch directly can be served and leave the switch by getting converted to one of 
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the available wavelengths on the output, provided there are free wavelengths on 

the output port under consideration. The blocking probability of the switch, A, 

is then defined as the ratio of expected number of packets lost, E[d], to the total 

number of arrivals at the output port E { 0: 

E[d] 
A= E{O (5.15) 

The number of packets lost per time slot is equal to the difference between 

the total number of packets that need conversion and those can leave the switch 

after utilizing converters from the conversion bank. For a given Ny, number of 

wavelengths that have more than F arrivals, the total number of packets that are 

directed to the conversion bank is equal to the sum of all rejected packets from 

all busy wavelengths (ny)- So, the maximum number of packets that can compete 

on min(C, /3), the minimum of the number of converters in the conversion bank 

that belong to the output port under consideration, C, and the total number 

of free wavelengths on the output link (B), are ny • (N • F - F). In this case, 

wavelength considered in ny has NF arrivals, which means all arrivals at the inputs 

of the switch on all the ny wavelengths are destined to the considered output port. 

Moreover, the minimum number of packets that can compete on min(C, (3) is ny 

where every wavelength considered in ny has F + l arrivals, which means the 

optical switch in Figure 5.3 switches one packet from every wavelength considered 

in ny to the special ports that lead to the conversion bank belonging to the output 

under consideration. Let T be a random variable representing the total number of 

packets forwarded to the conversion bank. It can be obtained by taking the sum 

of packets forwarded to the conversion bank, Y;s, from all wavelengths that have 

more than F arrivals (ny) i.e., 

ny 

Tjny = LY; (5.16) 
i=l 
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For a given ny, the probability of having T = a, which takes values from ny to 

ny • (N • F - F), packets competing on min(C,/3) is given by: 

P (T = al Ny= ny) = P (~ Y; =a) (5.17) 

To simplify the calculation of the P(T = a), we used the probability gener-

ating function of Y;, Z-transform. The probability generating function of the Y; is 

given by: 

N-F-F 

HY;(z) = L P(Y; = y). zY (5.18) 
y=l 

so 

Hr(z)ln, - [N~P P(Y; - y). zYr (5.19) 

fort= ny · · · ny(N F- F). Now the distribution of Tfor a given Ny can be found 

as follows: 

(5.20) 

For a given number of wavelengths that have more than F arrivals, ny, the 

average numbers of packets forwarded to the conversion bank, E[T], is equal to 

the summation of the average of packets forwarded to the conversion bank ( Y;s) 

from individual wavelengths considered in ny which is given by: 

(5.21) 

since Y;s are iid. 

(5.22) 

In general, the average number of packets forwarded to the conversion bank (E[T]) 

can be calculated by taking the summation over all possible values of the number 

of wavelengths that have more than F arrivals, Ny, which is given by: 

w 

E[T] = E[Y] · L ny • P(Ny = ny) (5.23) 
ny=O 
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The average number of packets that are forwarded to the conversion bank per 

wavelength, E[Y], is given by: 

N·F-F 

E[Y] = I: j • P(Y = j) (5.24) 
j=l 

To calculate the number of packets that can utilize the converters and leave 

the switch, we define a new random variable A to represent those packets that 

utilize the conversion bank. In a time slot, if the total number of wavelengths 

that forward at least one packet to the conversion bank, ny, is less than or equal 

to the minimum of the total number of converters in the conversion bank and 

the total number of the available wavelengths on the output link, min( C, /3), and 

a S min( C, /3), which is the total number of packets forwarded to the conversion 

bank, then A = T. This means that all packets forwarded to the conversion 

bank will utilize the conversion resource and leave the switch without any loss. 

Accordingly, the average number of lost packets, E{ d}, equals zero. On the other 

hand, if ny > min( C, /3) or a > min( C, /3) only min( C, /3) packets can leave the 

switch by utilizing the wavelength conversion resources while the rest will be lost. 

So for a given ny, the number of wavelengths that have more than F arrivals, and /3 

(the total number of free wavelengths on the output port in a given time slot), the 

number of packets that can utilize the conversion resources and leave the switch, 

A, is defined as: 

A= { T, if ny S min(C, /3) and Ts min(C, /3) 
min( C, /3), otherwise 

Also A's distribution is given by expression 5.26. 

{ 

1, 
P (A = 'YI Ny = ny, B = /3) = 

P(T = min(C, /3)), 

(5.25) 

'Y S min( C, /3) 
(5.26) 

otherwise 
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For a given ny and /3, the average number of packets that will utilize the conversion 

resources and leave the switch, E[AINy = ny, B = /3] can be calculated as follows: 

min(C,/3), if ny 2". min(C,/3) 

E[AINy = ny, B = /3] = 
min(C,/3) 

L jP(T = j)+ 
j=ny 

nyF(N-l) 

min(C, /3) L P(T = j), otherwise 
j=min(C,/3)+1 

(5.27) 

From equation 5.27, if ny > min( C, (3), the average number of packets that can 

be converted is equal to min( C, (3), and the remaining packets will be dropped. On 

the other hand, if ny is less than or equal to min(C, /3), the packets that arrive at 

the conversion bank are converted, as long as their number is less than or equal to 

min( C, /3). Otherwise, only min( C, (3) packets, out of those arrivals, are converted. 

Since the maximum number of packets that can utilize the conversion and leave 

the switch is dependent on the min( C, (3), the average number of packets that will 

utilize the conversion resources and leave the switch, E[A], can be calculated by 

taking the summation over all possible values of Ny and B given as follows: 

w { (w-ny)F } 
E[A] = n~l P(Ny = ny) ~ (P(B = f3)E[AINy = ny, B = f3]) (5.28) 

Now we can calculate the average number of packets that will be dropped, 

E[d], as the difference between the average of total forwarded packets to conversion 

bank, ET, and the average accepted packets for conversion, E[A], given by: 

E[d] = E[T] - E[A] (5.29) 

The average number of packet arrivals per wavelength on the output under con­

sideration is equal to F • p. So, the total expected arrival to the output link, shown 

in the denominator of equation 5.15, is given by: 

E[~] = w-F·p (5.30) 
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Then the blocking probability can be found using equations 5.15, 5.29, and 5.30. 

A new measure to evaluate the cost-effectiveness of the different resources 

inside the optical packet switch will be derived. This measure is the resources 

wastage factor. The resources wastage factor is defined as the ratio between the 

resources that were not utilized in the presences of the packets drop and the total 

resources. The wavelength transceivers and conversion devices are the two main 

resources that could be considered as wasted resource if they are not utilized. All 

wavelength transceivers that are not utilized in the presence of the packet drop are 

considered to be wavelengths wastage. The wavelength resources wastage could 

take place when the number of the converters is less than the number of the free 

wavelengths, min(C, (3) = C, which means all wavelength transceivers that are not 

utilized are wasted resources. This kind of the wastage happened due to a limited 

numbers of conversion devices being deployed. On the other hand, if the number 

of free wavelengths is less than the number of converters, min( C, (3) = (3, all the 

converters that are not utilized are considered as conversion resources wastage. The 

developed measure can be used as a tradeoff measure between these two wasted 

resources. 

In the optical packet switch without conversion option, only wavelength re­

sources wastage could take place. We will consider this case first, and then a 

general resources factor will be presented. For a given number of wavelengths that 

have less than F arrivals, w - ny, the average numbers of wavelength wastage re­

sources, E[,], is equal to the average number of free wavelengths on the output 

under consideration (E[B]), which is equal to the summation of the average of free 

wavelengths ( Gis) from all individual wavelengths not considered in ny which is 

given by: 

(5.31) 
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w-ny 

L E[Gi] (5.32) 
i=l 

w-ny 

E[rlNy = ny] = L E[Gi] (5.33) 
i=l 

since Gis are iid. 

(5.34) 

In general, the average number of wasted wavelength resources (E[B]) can be calcu­

lated by taking the summation over all possible values of the number of wavelengths 

that have less than F arrivals, Ny, which is given by: 

w 

E[,y] = E[G] · L ny • P(Ny = ny) (5.35) 
ny=O 

The average number of free copies of a wavelength, E[G], is given by: 

F 

E[G] = Lj. P(G = j) (5.36) 
j=O 

So, the wavelength resources wastage factor (WRWF) in the absences of the wave­

length conversion can be calculated as follows: 

WRWF = E[r]/(F * w) (5.37) 

The wavelength resources wastage in the presences of the conversion option 

in the switch take place only in one case when the number of free wavelengths is 

larger than the number of converters, min( C, (3) = C. So, the wavelength resources 

wastage factor has to consider those packets that can utilize the conversion devices 

and leave the switch (E[A]), which is calculated previously. Therefore, the average 

number of wasted wavelength resources can be defined as follows: 

Eb] = E[B] - E[A] (5.38) 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

102 

where E[B] is the average of free wavelengths on the output and is given by: 

w 

E[B] = E[G] • L ny • P(Ny = ny) (5.39) 
ny=O 

Therefore, the wavelength resources wastage factor for the optical packet switch 

with wavelength conversion is: 

(5.40) 

The conversion resources wastage is defined as the number of converters that 

cannot be utilized in the presences of packets drop. This type of resources wastage 

takes place only in one case when the number of available conversion devices is 

larger than the number of free wavelengths, i.e., min(C, /J)=beta. The average of 

the conversion resources wastage is defined as follows: 

E[(] = C - E[A] (5.41) 

where E[A] is the average number of packets that can leave the switch after being 

converted to one of the free wavelengths. Therefore, the conversion resources 

wastage factor ( CRWF) for the optical packet switch with wavelength conversion 

is: 

CRWF = E[(]/C (5.42) 

An expression for the conversion bank utilization considering all switch pa­

rameters can be derived. The conversion bank utilization is defined as the ratio 

between the average number of packets that can be converted to the total number 

of the converter devices that are shared among all wavelengths on a single output 

link. The conversion bank is 100% utilized when min(C,/3) 2 C while a 2 C. 

This suggests that C packets out of T leave the switch after getting converted. On 

the other hand, the conversion bank will be 0% utilized if all contending packets 

are dropped because of unavailability of wavelengths on the output link, (/3 = 0), 
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or if all arrived packets, Xis, are less than or equal to F, where the conversion 

bank is not needed. Accordingly, the conversion bank utilization is defined as the 

average number of packets leaving the switch, after conversion, over the number 

of shared converter devices per output link. The utilization is given by: 

(5.43) 

where E[A] is obtained by equation 5.28. The following section discusses the 

simulation and the analytical models' results in further detail. 

5.4 Results 

The performance of a synchronous optical packet switch with a conversion 

bank share-per-output-link is evaluated and discussed in this section. The switch 

parameters such as number of converters C, number of wavelength per fiber w, 

number of fibers per link F and the load per wavelength p are considered in this 

evaluation. The perfect match between the simulation-based model and the ana­

lytical model results verifies the accuracy of the OPS analytical model developed 

in the previous section. The simulation results were generated using the OPS 

discrete event simulator that was developed in this research work. The OPS sim­

ulator is explained in detail in Chapter 7, which discusses the all-optical network 

simulation. Conducting the performance evaluation of OPS through a simulation 

increases the validity and broadens the scope of the OPS analysis due to the flex­

ibility of evaluating the OPS performance under different setting parameters in a 

short time with a very high accuracy. 

In Figure 5.4, the packet loss probability is plotted as a function of offered load 

per wavelength for 3 differently configured synchronous switches. We considered 

3 different switch parameters, F, w, and C, where F is the number of fibers per 

link, w is the number of wavelengths per fiber, and C is the number of shared 
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• '· '. -8- Analytical F=3, w:32, C=0 
• : : : _. Simulation F=3, w=32, C=0 
• . • . • • ~ A~alyti~al F=1, W=96, C:8 + S1mulat1on F=1, w=96, C=8 

•• • -Er Analytical F=1, w=96, C=16 
•• ..., Simulation F=1, w=96, C:16 
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Offered load per wavelengt 

Figure 5.4: Packet loss probability vs. offered load per wavelength. 

converters per link. The results for this figure consistently show that a single fiber 

link switch with w= 96 and C= 16 behaves considerably better than a similar switch 

with a smaller number of shared converters per link, C=8. It is noticeable that 

both switches behave in a similar fashion in lower rates of offered loads due to the 

abundance of wavelength and conversion resources compared to the offered load 

served. At higher offered loads, the switch with a higher count of shared converters 

per link offers better packet loss performance due to its ability to accommodate 

the higher traffic. 

Figure 5.4 also shows that a switch with F=3 and C=O performs better at 

higher loads compared to the F=l and C=8 switch. This indicates that using a 

multiple fiber link in higher offered load regions has far better a effect on perfor­

mance than the converter count even though the number of total wavelengths is 

the same in both cases. In the case of multiple fibers, dividing the total number of 
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p l st Switch configuration: 
F=1, C=B, w=96 

?Analysis P Simulation %Error 

0.1 0.0000 0.0000 -
0.2 0.0000 0.0000 -
0.3 0.0003 0.0003 0 
0.4 0.0054 0.0054 0 
0.5 0.0275 0.0276 0.3623 
0.6 0.0683 0.0684 0.1462 
0.7 0.1145 0.1146 0.0873 
0.8 0.1579 0.1580 0.0633 
0.9 0.1971 0.1972 0.0507 
1.0 0.2330 0.2331 0.0429 

Table 5.1: Packet loss probability and% error for the first switch configuration in Figure 
5.4. 

wavelengths available into sets of similar wavelengths in each fiber offers a better 

utilization of wavelength resources and, accordingly, better packet loss behavior at 

higher rates of offered loads. In lower offered loads, the effect of shared converter 

counts in the single fiber case has more effect on utilization than the multi-fiber 

link case due to the role the conversion plays in resolving contention and the high 

availability of the wavelengths on the outgoing fibers. These results show a total 

agreement between results obtained by simulation and the results obtained by the 

analytical model, confirming the accuracy of the analysis. 

The actual values of packet loss probability obtained by analytical and sim­

ulation models for all switch configurations considered in Figure 5.4 are listed in 

Tables 5.1, 5.2, and 5.3 to show the accuracy and -the perfect matching between 

the analytical and simulation models for different switch configuration parame­

ters. Also, in these tables the percentage error is presented. The percentage error 

is calculated using the following expression: 

01£ lOO IPsimulation - PAnalysisl 
10 rror = * -'----------"-----'-

Psimulation 
(5.44) 
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p 2nd Switch configuration: 
F=l, C=16, w=96 

?Analysis ?simulation %Error 

0.1 0.0000 0.0000 -

0.2 0.0000 0.0000 -
0.3 0.0000 0.0000 -

0.4 0.0000 0.0000 -
0.5 0.0003 0.0003 0 
0.6 0.0042 0.0041 2.4390 
0.7 0.0221 0.0221 0 
0.8 0.0593 0.0593 0 
0.9 0.1052 0.1051 0.0951 
1.0 0.1498 0.1499 0.0667 

Table 5.2: Packet loss probability and % error for the second switch configuration in 
Figure 5.4. 

p 3rd Switch configuration: 
F=3, C=O, w=32 

?Analysis ?simulation %Error 

0.1 0.0006 0.0006 0.0000 
0.2 0.0041 0.0040 2.5000 
0.3 0.0121 0.0121 0.0000 
0.4 0.0255 0.0254 0.3937 
0.5 0.0441 0.0442 0.2262 
0.6 0.0675 0.0677 0.2954 
0.7 0.0950 0.0953 0.3148 
0.8 0.1258 0.1262 0.3170 
0.9 0.1589 0.1592 0.1884 
1.0 0.1936 0.1938 0.1032 

Table 5.3: Packet loss probability and % error for the third switch configuration in 
Figure5.4. 
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Figure 5.5: Throughput Vs. Offered Load Per Wavelength 

The OPS throughput vs. the offered load per wavelength is plotted in Figure 

5.5. The OPS throughput is plotted for all switch configuration cases that were 

considered in Figure 5.4 as well as the OPS throughput for a single fiber without 

conversion. The results presented in this figure prove one of the main objectives 

of this research, that OPS performance could be enhanced without any additional 

costly resources. This observation could be easily drawn for the figure through 

comparing the multi-fiber throughput to the single-fiber without conversion and 

with conversion in case of C=B. It is clearly shown that as few as two more fibers 

provides the OPS with a better throughput than adding eight converters. These 

added conversion resources introduce more overhead cost to the OPS, whereas the 

cost of the extra hardware needed inside the OPS to implement the multi-fiber 

scenario is insignificant compared to the cost of the conversion device. Even when 

the individual wavelength is highly loaded, the throughput of the multi-fiber switch 
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Figure 5.6: Packet loss probability vs. offered load per wavelength. 

is better than the switch configuration with 8 converters per output. Thus, the 

conversion device's utilization saturation is reached faster in the higher load. This 

observation will be explained and presented in more detail in the following figures. 

In Figure 5.6, the packet loss probability is plotted as a function of offered load 

per wavelength for 3 switches with different values for F and w, where w is constant. 

This figure confirms the earlier observation that the effect of using multiple fibers 

per output link has a dominant effect over the count of shared converters in the 

conversion bank even though the total wavelength count in the 3 different cases 

is the same, the total wavelengths in each case being w=96. It also confirms that 

the simulation results totally substantiate the accuracy of the developed analytical 

model. It can be deduced that the number of shared converters can be significantly 

reduced when using multiple fibers due to the higher utilization the multi-fiber link 

offers for the same set of total wavelengths in the system. A similar number of 
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Figure 5. 7: Conversion bank utilization vs. offered load per wavelength. 

shared converters in all of the presented cases, C=B, is considered to emphasize the 

effect of using multiple fibers. This result offers an opportunity for cost tradeoffs 

between using multiple fiber links and the shared converter count in the network. 

These results are more evident in higher offered loads due to the need to better 

manage the fiber, wavelength, and shared converter resources. 

In Figure 5. 7, the conversion bank utilization is plotted as a function of of­

fered load per wavelength for the same switches considered in Figure 5.6. This 

figure shows that output links with fewer fiber counts have higher conversion bank 

utilization while switches with higher fiber count in their output links have lower 

utilization rate for the conversion resources. The opportunity for cost tradeoffs is 

much clearer in this case where less conversion bank utilization means that the need 

for conversion is less in the multi-fiber case when the total number of wavelength is 

the same. From this, it can be deduced that a synchronous switch equipped with 
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p 1st Switch configuration: 
F=1, C=B, w=96 

PAnalysis Psimulation 

0.1 0.044254687 0.0442075 
0.2 0.174069851 0.174063 
0.3 0.383998745 0.38457 
0.4 0.647230397 0.646409 
0.5 0.869085054 0.868846 
0.6 0.972303712 0.9725 
0.7 0.996826382 0.996886 
0.8 0.999803957 0.999813 
0.9 0.999993394 0.999988 
1.0 0.999999875 0.999995 

Table 5.4: Conversion bank utilization for the first switch configuration switch config­
urations in Figure 5. 7. 

full conversion would have the least conversion utilization rate, indicating that 

the use of a switch with a lower converter count, partial conversion, would offer 

better switch resources utilization and comparable packet loss behavior. Further­

more, the need for the costly resources in the optical network would be minimized 

through utilizing the multi-fiber environment while the network performance will 

be enhanced. To show the accuracy of the conversion bank utilization model that 

was developed and utilized to generate the results in Figure 5.7, the actual values 

for the conversion bank utilization for all switch configurations in this figure are 

listed in tables 5.4, 5.6, and 5.6. These values show the perfect match between the 

analysis and simulation for the conversion bank utilization model. 
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p 2nd Switch configuration: 
F=2 C=8 w=48 

' ' 
PAnalysis Psimulation 

0.1 0.004931556 0.00514125 
0.2 0.037054684 0.0375025 
0.3 0.117445394 0.117325 
0.4 0.261173434 0.261374 
0.5 0.47257443 0.473389 
0.6 0.715605 0.715687 
0.7 0.899812452 0.899701 
0.8 0.979380653 0.979414 
0.9 0.997666291 0.997602 
1.0 0.999831689 0.999834 

Table 5.5: Conversion bank utilization for the second switch configuration switch con­
figurations in Figure 5.7. 

p 3rd Switch configuration: 
F=3, C=8, w=32 

PAnalysis Psimulation 

0.1 0.00068585 0.00069375 
0.2 0.009727875 0.010045 
0.3 0.04364732 0.0437587 
0.4 0.122237081 0.122126 
0.5 0.263913694 0.263863 
0.6 0.4 75575901 0.475687 
0.7 0.718916195 0.719347 
0.8 0.90179557 0.902464 
0.9 0.980023137 0.980234 
1.0 0.996879211 0.996889 

Table 5.6: Conversion bank utilization for the third switch configuration switch config­
urations in Figure 5. 7. 
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Figure 5.8: Conversion device worthiness. 

In this study, the worthiness of a single conversion device in terms of wave­

lengths is investigated. The conversion device worthiness is defined as the ad­

ditional wavelengths that are needed by OPS without wavelength conversion to 

achieve the same packet loss probability when only one converter is utilized. In 

Figure 5.8, the packet loss probability for OPS without wavelength conversion 

is plotted as a function of the number of wavelengths for three different load 

settings. In this figure, the total input load to the switch is kept constant as 

w * loadperwavelength, where w = 32. The load per wavelength is adjusted when­

ever additional wavelengths are added to the switch by dividing the original total 

input load ( w * Load per wavelength) by the total number of wavelengths (includ­

ing the new added wavelengths). The packet loss probability decreases with the 

number of wavelengths is increased due to the redundance of resources available 

and the reduction of the load per wavelength. Also, the packet loss probability for 
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OPS with a single converter and 32 wavelengths is plotted for the same different 

load settings considered in the non-conversion case. This figure shows that the 

conversion device is worth more in the low-load environment; for example when 

the original load per wavelength is 0.3, the converter is worth 54 additional wave­

lengths (86 - 32) due to the lower competition per wavelength. In the highly 

loaded network, the worth of the conversion device is insignificant compared to 

the overhead cost that will be added to the OPS cost implementation. In this fig­

ure, the single wavelength converter in the high load per wavelength case is worth 

6 wavelengths. These results confirm that using multi-fiber in the high loaded 

environment enhances the blocking performance more than utilizing the high cost 

conversion resources. 

Also, the multi-fiber environment worthiness in terms of wavelengths is inves­

tigated. The worthiness of the fiber is defined as the additional wavelengths that 

are needed by OPS without wavelength conversion to achieve the same packet loss 

probability when only one additional fiber is added. Figure 5.9 shows the packet 

loss probability that was plotted in Figure 5.8, but this time the packet loss prob­

ability is compared to the multi-fiber environment blocking performance when an 

additional fiber is added. The total input load to the switch is kept constant as 

F * Wperfiber * load per wavelength. 

In Figure 5.9, the OPS parameters are set to F = 2, w = 16, and C = 0 and 

the packet loss probability is generated for different load per wavelength. Then 

the number of fibers at the input and the output side are set to 1 to generate the 

single-fiber curves as the number of wavelengths changes. As in Figure 5.8, the 

load per wavelength is adjusted whenever additional wavelengths are added to the 

switch. This figure shows that the worthiness of the added fiber is more than the 

worthiness of the single converters in the low-load environment. Adding one fiber 

to an OPS switch is worth 80 wavelengths in a light-loaded single fiber OPS, while, 
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Figure 5.9: Fiber worthiness 

as shown in Figure 5.8, the converter device was worth 54. In the highly-loaded 

network, the worth of the added fiber is more than double the converter worth; 

in addition, the improvement in the OPS performance does not come at the price 

of adding a costly device. These results confirm that the use of the multi-fiber 

environment enhances the all-optical network performance without extra overhead 

cost. 

Figures 5.10 and 5.11 consider packet loss probability with respect to the 

number of converters in the shared conversion bank where the offered load per 

wavelength, p, is 1.0. Both graphs in the figure consider the same set of F=1, 2, 

and 3. 
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Figure 5.10 considers w=16 per fiber and Figure 5.11 considers w=24. In 

both cases, the packet loss probability decreases with the increase of the converter 

count in the shared conversion bank until it reaches a point where the number of 

converters doesn't make any difference. The point where the addition of converters 

would not improve the packet loss probability depends on the fiber count on the 

output link. The higher the fiber count, the faster the switch reaches the point 

where adding converters would not be necessary. In Figure 5.10, for instance, 

when F=3, having more _than 12 converters in the shared conversion bank would 

not improve the performance further. This number increases when using lower 

fiber counts in the output link. Given the wavelength count in the output link, 

there is a limit on how much the packet loss performance can improve. In Figure 

5.10, given the indicated switch parameters and w=16, the packet loss probability 

improvement is bounded by A = 0.05. When the wavelength count is higher, as 

shown in Figure 5.11, more packet loss probability improvement can be achieved, 

but higher counts of shared converters are required to reach such a point. 

In Figure 5.12, the OPS percentage performance enhancement due to utilizing 

the wavelength conversions or the multi-fiber as contention-resolving techniques 

when compared to OPS without employing any contention-resolution technique, 

is plotted as a function of the total wavelengths for three different loads, 0.3,0.5, 

and 0.9. In this figure, the percentage of the performance enhancement decreases 

with increasing the number of wavelengths in all cases due to the abundance of the 

resources availability and the reduction of the load per wavelength as the number 

of wavelengths increases. The percentage of the performance enhancement for the 

OPS employing multi-fiber as a contention-resolution scheme is more than the 

performance enhancement of the OPS with wavelength conversion as a contention­

resolution technique in all cases. 
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Figure 5.12: % Perfomance enhancement vs. number of wavelenhgths. 

The Consistency of this result with the previous observation and earlier results 

confirms and verifies the main hypothesis of this research, which is that utilizing the 

multi-fiber environment in the optical networks could enhance their performance 

without the very high overhead cost that will be added when wavelength conversion 

is utilized. The percentage of the performance enhancement is very significant 

when the load per wavelength is low, as shown in Figure 5.12(a), because the 

worthiness of any contention scheme with respect to the number of wavelengths is 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

118 

-e-- F=1,w=32 
..... F=2, w=16 

load per wavelerigth=0'.9 • + F=4, w=8 
N::::4 • ·'---'----'-------'· 

W=32 •· 
. . • . .,Single-:fiber without conversion ---- ·-·-:·-· ...... ·-; ·.;;.·,;.. ..... ·-·- :./',.;,,,·- ................ ---- -~- .......... ·.,;.·:,;.,,; ..... ---- ·...;· .... -.... --

,...Multi-fiber (F=2)without conversion • 

ulti-fiber (F=4)without conversion 

.... •. ~ Pe~ic,~ted w~v¢Ing,h coilve~si9n . •· . . . . 

10-2 '-------'----~----'----.,____ __ __,__ __ ~------'------' 

0 0.05 0.1 0.15 0.2 
C/W 

0.25 0.3 

Figure 5.13: Packet loss probability vs. C/W. 
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very high in this case, as shown by Figures 5.8 and 5.9. Moreover, the minimum 

performance enhancement that could be achieved when the load per wavelength 

is high (0.9) and the wavelength conversion is utilized as a contention-resolution 

technique, as shown in Figure 5.12(c), is 28%, whereas in the multi-fiber case it is 

45%. 

The packet loss probability is plotted as a function of Q in Figure 5.13 to 
w 

show the saving in the number of conversion resources when the multi-fiber switch 

configuration is utilized. The switch performance has upper and lower boundaries, 

as is true for any switch of parameters configuration. The upper boundary for the 

OPS performance is the packet loss probability of the switch when no wavelength­

conversion is employed. The OPS upper boundary decreases with an increasing 

number of fibers, as shown by the horizontal lines in Figure 5.13. 
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The best performance that can be achieved determines the lower boundary 

of the switch performance. The best performance could be achieved for the OPS 

performance when a dedicated converter device is assigned to every outgoing wave­

length. This lower boundary is equal for the all 3 configurations and cannot be 

enhanced further with any other parameter settings. Consequently, the 3 differ­

ent switch configurations that are considered in this figure fall between these two 

boundaries. As the ratio of f increases, which means the number of converters in 

the switch increases, the packet loss probability decreases. 

The sharpness in the slope of the single-fiber curve is due to the effectiveness 

of any additional conversion resources added. This means that adding more con­

verters in the single-fiber environment has more effect on the switch performance 

than adding the same number of converters in multi-fiber. However, the total 

number of converters that are needed to reach the dedicated switch configuration 

performance reduces when the number of fibers increases. For instance, if the 

number of converters is 20% of the total number of the wavelengths in the OPS 

in the case of F = 3, this is sufficient to reach the dedicated performance config­

uration. In contrast, in the single-fiber case the number of the converters in the 

switch has to be at least 33% of the number of the wavelengths to achieve the same 

performance. Also, this figure confirms that a limited number of converters inside 

the optical switch is sufficient to give the best performance that can be achieved, 

which validates the main objective for this research. 

In Figures 5.14 and 5.15, the conversion bank utilization is plotted as a func­

tion of the number of converters for the same switches discussed in Figures 5.10 

and 5.11. Both graphs in the figures consider the same set of F=l, 2, and 3. Fig­

ure 5.14 considers w=16 per fiber whereas Figure 5.15 considers w=24. In both 

cases, the conversion bank utilization decreases with the increase of the converter 

count in these shared conversion banks. The utilization of the conversion bank 
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Figure 5.14: Conversion bank utilization vs. number of converters in the Conversion 
bank for w=16. 

is less for the case of the multi-fiber link, in which more converters are required. 

For a given number of converter counts in Figures 5.14 and 5.15, where w=16 and 

24 respectively, the conversion bank utilization in the system that has a higher 

wavelength count is better than a system that employs fewer wavelengths. This 

means that a switch with a higher wavelength count has a better conversion bank 

utilization for a given number of shared converters. Figures 5.10, 5.11, 5.14, and 

5.15 illustrate the relationship between packet loss probability, conversion bank 

utilization, and the number of shared converters per link. These figures confirm 

the argument that full wavelength conversion, where each wavelength has its own 

converter, is considered as the least optimized switch from the point of view of 

utilization. As we discussed in Figures 5.10 and 5.11, given the parameters of the 

switch, there is a point where adding more converters would not result in better 

packet loss performance. Accordingly, any further addition of conversion resources 
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Figure 5.15: Conversion bank utilization vs. number of converters in the conversion 
bank for w=24. 

would reduce the utilization of the shared conversion banks, resulting in wastage 

of resources, especially at lower counts of wavelength per fiber. 

In this study, the wasted optical resources are investigated. All optical re­

sources that are not utilized in the presence of the packets drop are considered to 

be wasted resources. The wavelength transceivers (Transmitters/ Receivers) and 

conversion devices are the two main resources that could be considered as wasted 

resource if they are not utilized. Thus, the optical resources wastage factor is de­

fined as the ratio between the resources that were not utilized in the presences of 

the packets drop and the total resources. In Figure 5.16, the wavelength recourses 

wastage factor (WRWF) is plotted as a function of the load per wavelength for 

3 differently configured synchronous switches. A WRWF decrease with the load 

per wavelength is increased due to the high competition on the wavelength re­

sources on the output under consideration. The wasted wavelength resources in 
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Figure 5.16: WRWF vs. the offered load per wavelength 

the multi-fiber environment are considerably less than that of the single-fiber case 

due to the added configuration flexibility provided by the multi-fiber in supporting 

multiple requests on the same wavelength simultaneously. This figure also shows 

that utilizing the wavelength conversion in the OPS reduces the number of wasted 

wavelength resources. In a highly loaded network, the effect of the multi-fiber 

setting is much better compared to the wavelength conversion setting. 

In Figure 5.17, the conversion recourses wastage factor (CRWF) is plotted as 

a function of number of wavelengths for two different load configurations. CRWF 

decrease as the number of wavelengths increases due to the high competition on 

the conversion resources on the output under consideration. In a highly loaded 

network, the packets drop occurs due to the lack of conversion resources; therefore 

CWRF decreases as the load per wavelength increases. So, employing wavelength 
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Figure 5.17: CRWF vs. number of wavelengths 

conversion in the highly loaded networks will result in the most efficient utilization 

of the most costly optical resources. 

Finally, in Figure 5.18, the gain is plotted as a function of the offered load. 

The gain in this figure is in referenced to the performance of a switch that has 

F=3, w=32 per fiber, and C=8 for a link. As expected, the gain, compared to the 

reference switch, declines when F=2, even though the total number of wavelengths 

employed by these fibers is the same as the total wavelengths employed in the 

reference switch and C=8. This shows that increasing the fiber count, F, has a 

significant effect on performance, confirming results discussed earlier. If F=3, C=O 

and w=32 per fiber, the figure shows that such a switch has the lowest gain in the 

region of low offered loads, whereas a switch with F=l, C=8 and w=96 outperforms 

the earlier switch in the similar offered load region. In the higher region of offered 

loads, these two switches behave in an opposite manner. 
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Figure 5.18: Performance gain vs. the offered load 

5.5 Chapter Summary 

A slotted optical packet switch performance with a share-per-link conversion 

bank was evaluated analytically and by means of computer simulation. The perfect 

match between the analytical and simulation results confirms the accuracy of the 

analysis developed. The results showed that using multiple fibers per link offers 

better packet loss performance due to its ability to accommodate more traffic. 

Therefore, the number of shared converters can be significantly reduced when using 

multiple fibers due to the improvement and the higher utilization the multi-fiber 

link offers. The worthiness of the one extra fiber is much higher than the worthiness 

of a single conversion device, which confirms that the performance improvement 

introduced by an additional fiber is much better than the improvement due to 

adding a converter. 
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Chapter 6 

ALL-OPTICAL NETWORK SURVIVABILITY 

6.1 Introduction 

All-optical networks based on WDM technology can potentially transfer hun­

dreds of gigabits per second of data on each fiber link in the network. However, 

the high capacity of a link has the drawback that a link failure can potentially 

lead to the loss of a large amount of data as well as connectivity and interfere 

with a large amount of traffic flow. Thus, the survivability performance of WDM 

networks is an important research and design issue. In general, network surviv­

ability is defined as the ability of a network to maintain or restore an acceptable 

level of performance in the event of failures, such as link failures or node failures 

[56]. Two types of survivability measures have been proposed: deterministic [43] 

and probabilistic [56, 14]. A deterministic survivability measure depends on the 

topology of the network and is concerned with the number of available paths be­

tween a pair of nodes. On the other hand, the probabilistic survivability measure 

depends on the probability of occurrence of different failures and also on the re­

liability of each component in the network. It is not easy to uniquely quantify 

the network survivability. For example, compare two network architectures A and 

B with blocking probabilities of 0.001 and 0.005, respectively; without additional 

information, it seems that network A appears to be more survivable than B. Sup­

pose the steady state availabilities of networks A and Bare 0.99942 and 0.99965 (5 
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hours and 3 hours down time each year); with this additional information, it seems 

that network B has better survivability than network A. Therefore Network sur­

vivability should include a system availability analysis to discover the cost due to 

system downtime as well as system failure impact analysis to dicover the transient 

performance degradation when failure occurs. 

In this chapter, we develop a hierarchical survivability model for multi-fiber 

WDM networks that consists of availability and transient performance analysis. 

This composite model is used to evaluate network survivability in the presence of 

path failure. The availability analysis evaluates the steady state behavior of the 

network even when the available paths between nodes have common links using 

the algorithm proposed in [30]. These two models are combined to construct a 

hierarchical network survivability evaluation model. 

6.2 Multi-Fiber Survivable WDM Network 

In this section, the survivability of a multi-fiber WDM network with a dynamic 

traffic is investigated and evaluated. In multi-fiber WDM networks, the physical 

link between nodes consists of F parallel fibers. This configuration provides better 

performance in the case of no failure. But in the case of link failure, for example 

due to a fiber cut, all the fibers between the nodes may fail simultaneously. So the 

survivability of this implementation for a mutli-fiber WDM network is very poor 

and will suffer if any failure occurrs due to massive traffic loss. 

First, we will present a new approach to implementing a survivable multi­

fiber WDM network. This approach utilizes the networks physical topology and 

intermediate nodes to realize the survivability of the multi-fiber network. Such 

a design will carry with it the improved performance associated with multi-fiber 

design while also enhancing the survivability of the network. The transient per­

formance analysis for a multi-fiber WDM network implemented using this new 
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approach will not differ from the analysis of the multi-fiber networks that was pre­

sented in Chapter 4. The availability analysis for this mutli-fiber WDM network 

will be presented in this section. 

6.2.1 Survivable Multi-Fiber Connectivity Topology 

Our study is focused on a homogeneous multi-fiber network, in which the 

number of fibers in each link is the same and the number of wavelengths in each 

fiber is the same. An easy extension and a similar analysis can be applied to 

more general multi-fiber networks. Having F parallel fibers on the same physical 

link that is connected a pair of nodes in the multi-fiber WDM network provides a 

high blocking performance, but the survivability of this multi-fiber configuration 

is very low due to the failure of all fibers when a link failure occurs. Therefore, 

in survivable multi-fiber WDM networks, the multiple fibers between nodes have 

to be in different cables in physical topology even though the fiber connectivity 

topology is shown as a direct connection between nodes. This may mean having 

a passive connection at the intermediate nodes between source and destination. 

Figure 6.la shows a sample physical topology, which provides three fibers between 

nodes. The fibers between nodes 1 and 2 are from three different cables, while 

nodes 5 and 6 could be passive connectors between these two nodes. If a link 

between nodes 1 and 2 fails, the traffic on this link can be restored using available 

fibers in other cables, which connect these two nodes. Figure 6.lb illustrates 

the fiber connectivity between nodes 1 and 2 as three direct connections between 

these two nodes. The fiber connectivity topology is considered in the transient 

performance evaluation and availability analysis. Our results show that the multi­

fiber connectivity topology provides better performance and higher survivability 

for multi-fiber WDM networks. 
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a 

Figure 6.1: Fiber connectivity in survivable multi-fiber WDM networks a) Multi-fiber 
physical topology. b) Multi-Fiber connectivity topology. 

6.2.2 Transient Performance Analysis 

Since the same performance analysis for a multi-fiber WDM network that 

was presented in Chapter 4 holds for this new implementation of the multi-fiber 

WDM network, this section will give a brief overview of the transient performance 

analysis for this network. This transient performance analysis considers the fiber 

connectivity topology shown in Figure 6.lb for two scenarios with and without 

wavelength conversion. We assume the same number of fibers in all hops in the 

logical path between the source-destination pair of interest (S, D). 

In the case that there are no wavelength conversion resources that can be 

utilized in the network, the blocking probability P is the probability that each 

wavelength in every fiber is used on at least one of the intermediate hops. P is 

thus given by: 

(6.1) 
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Jl 2JI (C-l)JI, CJI 

Figure 6.2: M/M/C/C model for share-per-node conversion bank. 

where Fis the number of fibers, w is the number of wavelengths per fiber, H denotes 

the number of hops along a path, p = * is the probability that a wavelength is used 

on a hop, and >., µ are the arrival and the service rate per wavelength, respectively. 

p is also a measure of the load per wavelength. 

If there are wavelength conversion resources that can be utilized in the net­

work, the blocking probability Pis the probability that all wavelengths in all fibers 

are busy on one of the intermediate hops or that there is no wavelength converter 

available in one of the intermediate nodes. 

The probability of zero converters being busy, P0 , and the probability of all 

converters being busy, Pc, are derived from the M/M/C/Cmodel shown in Figure 

6.2 to predict the behavior of the conversion bank. C denotes the number of 

wavelength converters in the wavelength conversion banks. W is the total number 

of wavelengths on all fibers, which is equal to W = w • F. C can be defined with 

respect to Was C = W · DC, where DC is a fraction that represents the number 

of converters with respect to W. 

The request for a converter is the arrival rate per wavelength >. given that 

the same wavelength is busy in all output fibers with a probability of pp. So, 

a converter request rate due to a single wavelength is pp • >.. Consequently, the 
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transient rate from state i (i converters are busy) to state i+ 1 (i+ 1 converters are 

busy) is (W -1) • pF • >.. P0 and Pc for share-per-node WCS are derived as follows: 

1 
Po = 1 ""c ( 1 ) ( w, ) k·F+k + L-k=l k! • (W-k)! • p 

(6.2) 

l W! CF+C 
Pc= C!. (W -C)!. P • Po (6.3) 

Since in such a model, conversion request is either accepted or rejected in its 

entirety, Pc depends on the number of converters, C, number of incoming wave­

lengths, and the load per wavelength, p. 

The blocking probability obtained for share-per-node WCS is given by: 

(6.4) 

Table 6.1 summarizes all the different scenarios for the different switches con­

sidered in this paper according to their blocking probabilities. 

I Switch I Blocking Probability 

Multi-fiber share-per node (1-( (l-pF)+pF ·(l-Pc )·(l-pW-F) )H)w 

Single-fiber partial conversion (1- ((1-p) +p· (l-Pc). (1- pW-l))H)w 

Dedicate WCS (1 _ (1 _ pW)H)w 

Multi-fiber no conversion (1 _ (1 _ pF)H)w 

Single-fiber no conversion (1 - (1 - p)H)W 

Table 6.1: Blocking probability connection requests. 
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Figure 6.3: General availability model for multi-fiber WDM networks. 

6.2.2.1 Multi-Fiber WDM Networks Availability Analysis 

In this section, we construct a continuous-time Markov chain for paths avail­

ability between pairs of nodes, and solve it for the steady state probability where 

the path is up. We assume the same number of fibers in all hops in the path be­

tween the source-destination pair of interest ( S, D). Assume that there are F fibers 

available between nodes and the times to link failure and repair are exponentially 

distributed, with mean ,1 and i., respectively. Also assume that a single repair 
Af µf 

facility is shared by all the links. The availability model is then a homogenous 

CTMC with the state diagram shown in Figure 6.3. 

Here, the state index denotes the number of nonfailed fibers in the system. 

The steady-state probability for the number of nonfailed fibers in the system is 

given by: 

l µf i 
ni = 1 (,) no, i = 1, 2, • • ·, F 

i. /If 

where the steady-state system unavailability is: 

U=no= [f ~(µf)i]-l 
i=O i. AJ 

6.3 General Hierarchical Survivability Model 

(6.5) 

(6.6) 

As mentioned above, a network survivability performance evaluation should 

include a) system availability analysis to discover the cost due to system downtime, 
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and b) system failure impact analysis to discover the transient performance degra­

dation when failure occurs. Pure performance evaluation of the network without 

considering failure-repair behavior in the system is too optimistic, and availability 

analysis without considering performance parameters of the network is too con­

servative. In this section a hierarchical network survivability, which includes both 

performance and availability analyses of the network, is developed. 

Gracefully degrading systems may be able to survive the failure of one or more 

of their active components and continue to provide service at a reduced level. One 

of the most commonly used techniques for modeling of gracefully degradable system 

is the Markov reward model (MRM) [59]. The Markov Reward Model is a Markov 

chain with a reward rate (real number) assigned to each state. It is assumed that 

the system can be in one of a specified set of states. Each state is associated with a 

specific performance level as a reward rate. Over time, the system moves through 

the states as failures and repairs occur. 

The path availability between pairs of nodes in the network is modeled, and 

the model is solved for the steady state probability that the path is up. The steady 

state probability that there are i non-failed paths in the network is denoted as 7ri· 

Then an availability model is turned into a Markov Reward Model (MRM) [59], 

where the reward rates come from the system transient performance model. The 

reward rate for each state can be found using the transient failure impact analysis 

of the network, and is denoted as ri· The reward rate, ri, can be calculated using 

the WDM blocking model that was developed in Chapter 4 and presented in this 

chapter in Section 6.2.2. The general formula for this model is given by Expression 

6.7. 

(6.7) 

where l :=:; i :=:; F 
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Figure 6.4: General network survivability model for multi-fiber WDM networks with 
and without conversion. 

Transient failure impact analysis usually depends on the topology, capacity 

constraints and restoration strategy of the system. Figure 6.4 illustrates the pro­

posed general model of network survivability. By combining the availability model 

and transient behavior of the network in the presence of failure as a MRM, we can 

find the survivability of the network. Attach a reward rate, ri, to the state i of the 

availability model, and find the total loss due to unavailability of path(s) and also 

due to capacity constraints on the restoration paths between nodes. We call the 

total loss the susceptibility of the network, and it is given by: 

k k 

Susceptibility = L r(rri = L ri1fi + 7fo (6.8) 
i=O i=l 

In state 1r0 , no path is available between the nodes; therefore, all the traffic is lost 

and the reward rate is 1. Now we define survivability as: 

Survivability = l - Susceptibility (6.9) 

6.4 Multi-fiber WDM Network Survivability Results 

In this section, we discuss the network survivability improvements in the multi­

fiber environment over the single-fiber case considering all network parameters. 

The procedure for finding the susceptibility and survivability of the network in­

volves the following steps: 
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• Using equation 6.7, find the blocking probability for each case of F fibers, 

given the number of converters, number of hops, offered load and number of 

wavelengths per fiber (reward rates). 

• Solve the steady state availability model to find the probability of states 

using equations 6.5 and 6.6. 

• Find susceptibility and network survivability using equations 6.8 and 6.9. 

For example, assume there are 4 fibers available between source and desti­

nation in Figure 6.lb. The blocking probability for this case can be found using 

Expression 6. 7 knowing the number of converters, number of hops, offered load 

and number of wavelengths per fiber. Using the same procedure, the blocking 

probability for cases of 3, 2, and 1 fibers can also be calculated. These results are 

used as the reward rate in Expression 6.8. 1r0 , 1r1 , 1r2 , 1r3 and 7r4 can be found using 

Expressions 6.5 and 6.6. These results are combined to find the susceptibility and 

survivability of the network using Expression 6.8 and 6.9. 

We assume a general network topology and single source-destination pair with 

fixed routing algorithm between source and destination. The number of wave­

lengths on all the fibers is 16 (W=16). In Figure 6.5, we study the effect of 

availability on the survivability of the network by changing the repair rate. We 

assume that the number of fibers is 4 (F = 4), the number of hops is 15 (H = 15), 

and the wavelength conversion is 50% (DC = 0.5). In the first scenario, we ana­

lyze the performance of the network without considering failure-repair behavior in 

the system, which indicates an availability of 1. In scenarios 2 and 3, we consider 

different failure rates, µ1 equals 0.1 and 0.05, with >.1 = 0.01. The performance 

and availability models are combined to find the survivability of the network. As 

we decrease the steady state availability by decreasing the repair rate, the sur­

vivability of the network decreases. These results show that system survivability 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

~ 
:a 
Ill 

135 

1 ·- ·-· --- ·-·-a-·-· - - ·-· -·-II·-· --- ·-· --- ·•· -·- ·-· --- ·-·•·- ·-· --- ·-· -0- --· -

0.995 

0.99 

- - - - - -4- - - - - - •- - - - - - • - - - - - -Ar. - : . . -----A\_ 

H:15 
W:16 
DC=0.5 

• -D- No Failure 
• -J:ir Repair rate=0.1 
• -+- Repair rate=0.05 

-~ 0.98"9-;.;.;.,;,----~~----~--~~;.;.;.,;,--~p;--.;.;.;.;..;.;.;.;.;.;.;.4...:._:_ 
:::, 
U) 

0.98 

0.975 

0.97~---~----~----~----~----~-~ 
0 0.1 0.2 0.3 0.4 0.5 

Offered load 

Figure 6.5: Survivability for different steady state availability vs. offered load. 

performance evaluation should include both system availability analysis and per­

formance evaluation of the network where pure performance analysis tends to be 

optimistic. 

In Figures 6.6 and 6.7, the source-destination susceptibility and survivability 

are plotted as a function of the offered load for different numbers of fibers assuming 

50% wavelength conversion. The amount of cross-traffic is increased when the 

number of fibers is increased for the same p, as p is the normalized load with 

respect to capacity. More fibers between a source-destination pair can provide 

additional routes between the nodes and increases the survivability of the network 

in case of failure. As we see in Figure 6. 7, having two fibers instead of one can 

improve the survivability of the network significantly. Even with a load of 0.6, the 

survivability of the traffic between source and destination is still 0.95. 
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Figure 6.6: Susceptibility vs. offered load. 
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Figure 6.8: Survivability under different degree of conversion vs. offered load. 

In Figure 6.8, we show the effect of wavelength converters on the survivability 

of the network. Having one fiber and partial conversion (10%) can improve the 

network survivability. Adding more fibers, even with no conversion, can improve 

network survivability more significantly. If we increase the number of fibers to 

4 and have partial conversion (10%), network survivability improves much more 

significantly at higher load. 

In Figure 6.9, we increase the size of the network by increasing the number of 

hops. Increasing the number of hops decreases network survivability as expected. 

But using two fibers instead of one can improve network survivability in a large 

network. 
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Figure 6.9: Survivability vs. number of hops. 

6.5 Chapter Summary 

A hierarchical model to evaluate system survivability performance was de­

veloped. The end-to-end performance of circuit-switched all-optical networks in 

multi-fiber multi-hop environments is modeled and evaluated with and without 

wavelength conversion. These models were utilized to evaluate the performance 

degradation when a failure occurs. The performance degradation model and the 

availability analysis model were combined to construct a hierarchical network sur­

vivability evaluation model. 

The study showed that the use of multiple fibers at the connectivity topology 

level of WDM networks provides additional network capacity and increases network 

survivability by reusing the same set of wavelengths in multiple fibers in case of 

link failure. The survivability of the WDM network decreases as the steady state 

availability decreases. This result proves another objective goal for this dissertation 
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that the accurate survivability measure of the optical network has to consider 

both the performance degradation during the time of failure and the resources 

availability at the time of failure. A new approach for a more survivable optical 

network was presented and evaluated. This new approach provides multiple fibers 

between the nodes, but these fibers are not on the same physical link and have the 

intermediate nodes behaving as passive connectors. 
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Chapter 7 

OPTICAL NETWORK SIMULATORS 

7.1 Introduction 

The all-optical network blocking performance is one of the main measures that 

can be used to quantify the capability of the optical network to be considered as a 

promising solution for backbone transport network limitations. The performance 

evaluation for any system could be conducted by one of the following techniques: 

1. Measurement 

2. Analytical modeling 

3. Simulation 

Measurement is not a feasible method for the performance evaluation of many 

systems since this technique requires either the system or testbed of the system 

to exist. Therefore, evaluating the all-optical network performance through mea­

surement is limited to available testbeds. Moreover, the cost of building an optical 

network testbed is very high. The performance evaluation conducted through 

measurement sometimes does not give an accurate measure of the real network 

performance since it reflects the network parameters setting at the time of the 

measurement. Also, changing the network parameters and gathering new measure­

ments requires a very long time. These limitations make the all-optical network 
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performance evaluation using measurement an improper performance evaluation 

technique. 

Analytical modeling is the second technique for performance evaluation. An­

alytical modeling does not require a testbed for the system under consideration. 

Also, it provides an insight about the possible system performance in a very short 

time. Developing an analytical model for a system depends on many assumptions 

and simplifications which affect the accuracy of the evaluation. Also, in many 

cases it is very difficult to develop an analytical model for a system due to system 

complexity and number of parameters. Therefore, analytical modeling gives an 

insight and approximate performance evaluation for simple systems. 

Using simulation is a useful, easy, and convenient technique for characteriz­

ing system performance. As with analytical modeling, the simulation technique 

does not require the system to exist. But, the simulation requires fewer assump­

tions and less simplification, which makes it closer to reality. Varying the network 

performance parameters in the simulation technique can be done easily. So, perfor­

mance assessment for an all-optical network using a simulation modeling technique 

is more convenient and easy to conduct. 

In this chapter, different techniques for building multi-fiber optical network 

simulations will be presented and discussed in detail. In this research, two dif­

ferent simulators were built to evaluate the end-to-end blocking performance for 

wavelength-routed and slotted optical networks. Also a wavelength conversion­

ranging simulator was built to investigate the effect of the conversion ranging on 

the optical node performance. Further more, the performance of a slotted optical 

node with share-per-link conversion-sharing schemes was explored by developing 

a discreet event simulator that can assess the node performance under different 

parameter settings. The simulators were used to investigate the multi-fiber op­

tical network performance under different network scenarios. These simulators 
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were written in C++ computer language as independent multiple modules, which 

are easily modified and tested. The main components of these simulators will be 

described in the following sections. 

7.2 Main Components of Multi-Fiber Optical Network Simulators 

The object-oriented model that was followed in the implementation of the sim­

ulators leads to having a common component for these simulators. That common 

component will be described and discussed in the following subsection, and then 

the different components for the different simulators will be explained separately. 

7.2.1 Random Number Generator 

Any simulator that simulates the dynamic nature of a system relies on a ran­

dom number generator. Generating a random number with a specific distribution 

involves two steps. First, it generates a uniform random number between O and 1, 

and then it transforms this uniform random value to the desired distribution. In 

this section, generating a uniform random number will be explained [22]. 

All simulators were developed in this research utilizing a common random 

generator module. This module is based on the Multiplicative Linear-Congruential 

Generator (MLCG) [5]. MLCG generates the nth value according to the following 

equation: 

Xn =a· Xn-1modm (7.1) 

where a and mare the multiplier and modulus of the generator, respectively. The 

modulus (m) has to be a power of 2 so that the time required to compute the 

mod operation will be negligible. In the current implementation for this random 

generator a = 75 and m = 231-1. This setting of the MLCG random generator will 

produce the full period of the random values. This period is equal to 2,147,483,646. 

To generate the first random value x0 , a selected seed is passed to the MLCG and 

then the current random value is used as a seed for the next value and so on. 
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7.2.2 Event 

The activities that have to take place at a certain time on the optical network 

are defined as events. These events describe the optical network resources status, or 

packet processing. Any optical network simulator has to have at least the following 

basic events: 

1. Packet event 

2. Resources reservation event 

3. Resources release event 

In our simulators we define a common object (packet object) for these events. The 

packet object was implemented as a class data structure. Figure 7.1 shows the 

packet object class and the main fields in this class. 

According to the Event-Type field, all events can be classified into two main 

categories, Packet event or Resources event. In the case of packet events, the 

Event-Type field is set up at the time of packet generation to 1; if the event is 

a resources event, this field set to 0. The Initial-Time field for a new generated 

packet is set to the simulation current time. In the case of a resources event, this 

field is set to 0. The Time-of-Arrival is set to O for new generated packets and will 

be updated while the packet traverses through the optical network by a cumulative 

value of the transmission and propagation time to the next node. This event field 

will be set to O for the resources event. The Processing-Time field is set according 

to the distribution that describes the packet arrival, or according to the resources 

holding time in the case of the resources event. The wavelength field contains 

the wavelength that needs to be reserved or released in the case of the resources 

event or that was utilized by the packet on the previous hop. To keep track of the 

packets, Source-Node, Destination-Node, and Current-Node fields are defined. The 
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Figure 7 .1: Packet class and the main fields. 

Current-Node event field is utilized in the case of a resources event to identify the 

node at which the resources status has to be updated. 

The events that are generated during the running of the simulation are listed 

in a time-ordered list. This list is called an event list. Initially, the event list 

is empty and then every generated event is inserted on the list according to the 

Processing-Time event field. Figure 7.2 shows a schematic presentation of a typical 

event list. The Header pointer at the top of the list always points to the next event 

that will be processed and the Tail pointer at the bottom of the list points to the 

end of the list. If Header and Tail point to the same memory location, that means 
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Figure 7.2: Event list schematic presentation. 

there is only one event in the list. When the event that pointed to by the header 

is picked and processed, one or more of the following events could be generated if 

this event is a packet event: 

1. Resources release event if the packet gets forwarded. 

2. New packet event if the event reaches the destination or is dropped at one 

of the intermediate nodes. 

3. Arrival packet event if the event gets forwarded and did not reach the desti­

nation 

The optical network resources will be affected by processing a resources event. 

So if the Header points to a resources event, one of the following actions will be 

executed to update the network resources status: 

1. Release the wavelength specified by the Wavelength field on the fiber indi­

cated by the Fiber field and the converter indicated by the Converter field 

if a converter was reserved by the packet event, which generates this release 

event. 
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2. Reserve the wavelength specified by the Wavelength field on the fiber indi­

cated by the Fiber field and the converter indicated by the Converter field if 

the packet event, which generates this release event, utilizes a converter. 

7 .3 U nslotted Optical Node Simulator 

This simulator is implemented to study the blocking performance of a single 

optical node deploying different wavelength conversion configurations and sharing 

schemes. This simulator utilizes the above simulation common components. In ad­

dition. other modules are implemented to reflect the practical behavior of different 

node architecture. These modules are: 

• The wavelength assignment module: In this module, two different wavelength 

assignments are implanted (first-fit wavelength assignment and random wave­

length assignment). 

• Packet-generating module: In this module, the inverse transformation of 

the uniform random generator explained above is implemented to generate 

random values that follow exponential distribution. The method is utilized 

by the simulator to find the time between successive packets' arrival as well 

as the packet size. 

• Ranging conversion module: This model was implemented to study the ef­

fects of the wavelength converters-ranging limitations on the node perfor­

mance. Four different ranging functions were implemented in this module. 

These ranging functions are: 

- Any-to-Any: In this function, the general conversion technique was im­

plemented such that a converter can have any wavelength as an input 

wavelength and this wavelength can be translated to any other wave­

length. 
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- Any-to-Range: In this ranging function, the input to the converter could 

be any wavelength out of the total input range but it can translate to 

a pre-specified set of wavelengths. 

- Range-to-Any: This function was implemented to study the effect of 

the ranging on the input side. In this function, the total number of 

wavelengths at the input side of the switch is divided into a number of 

sets equal to the number of the converters that are available at the node. 

Then every set is assigned to a converter. Therefore, every converter can 

accept only those wavelengths assigned to its input and can translate 

them to any output wavelength. 

- Range-to-Range: In this function, the ranging limitation was imposed 

on both sides of the converter. This means every converter can accept 

only those wavelengths assigned to its input and can translate them to 

a pre-assigned range of wavelengths. 

Figure 7.3 shows a general flowchart for this simulator. Node initializtion func­

tion is invoked when the simulator starts. In this function, the initial parameters 

such as number of inputs, number of outputs, number of fibers, number of wave­

lengths per fiber, number of converters, inter-arrival time and mean packet size 

are fed to the simulator. The status of all output wavelengths and all converters 

is set to one, which means all these resources are available. The random generator 

seeds are also initialized in this function. The event handler function is then called 

to start generating traffic on all wavelengths in all inputs and to start building 

the initial event list. This event list is fed to the event list processing function 

to start the actual simulation. The header of the initial event list is picked and 

processed and its Time-to-be-Processed field is captured as the simulation starting 

time. When a packet event is dropped, a new packet is generated and inserted 
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Figure 7.3: Unslotted optical node simulator flowchart. 
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into the event list according to its Time-to-be-Processed field. When a resources 

event is processed the node resources status gets updated. The number of packets 

dropped is accumulated. When 100,000 packet events have been processed, the 

packet loss probability is calculated according to the following equation: 

Bl k
. p b b ·z · Number of packets dropped 

oc ing ro a i ity = --------------
Total number of packets processed 

(7.2) 

The point when the variation in the packet loss probability from the previously 

calculated value is less than 1 % is considered as a starting point of the steady 

state of the simulator. So, the statistical data are cleared and the simulator runs 

for another 100,000 packet events and the collected statistics in this simulation 

window are considered as the final results of the simulation. 

7.4 Slotted Optical Node Simulator 

This simulator is developed to study a single optical node that operates in the 

slotted time mode. A share-per-output links conversion scheme is considered in this 

simulator as a packet-contention resolution. The common simulators components 

are utilized by this simulator. In this simulator, the node initialization function is 

called at the beginning of every time slot since the packets switching took place 

in a slot-by-slot manner, and the packet size is fixed so the output wavelengths 

and all other switch resources are initialized to free. The packet drop in this 

switch will occur only if more than one packet needs to leave the switch on the 

same wavelength through the same output port and there is no converter free or 

all output wavelengths on the requested output are busy. The simulator runs till 

it reaches the steady state, as explained in the previous section, before it starts 

collecting the statistical data. The schematic flow chart in Figure 7.4 illustrates 

the general functions and their tasks in this simulator. 
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Figure 7.4: Slotted optical node simulator flowchart. 

7.5 Optical Network Simulator 

This simulator was developed to study the effects of the optical network pa­

rameters on the whole network performance. Two different versions of this sim­

ulator were implemented; the first one was implemented for an unslotted optical 

network and the second one for a slotted optical network. In both versions, the 

fixed routing algorithm between a single source-destination pair was considered and 

only a random wavelength assignment algorithm was utilized in these simulators. 

Figure 7.5 shows the network topology that was considered in these simulators. 
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s D 

Figure 7.5: Simulated network topology. 

The unslotted optical network simulator utilizes the simulator that was described 

previously for the unslotted optical node. The following extra functions were im­

plemented to capture the real network behavior: 

• Construct_ Topology: In this function, a network topology file is read and the 

nodes connectivity topology is constructed by declaring the next node and 

previous node for every single node in the network. Also, number of wave­

lengths, fibers and distance between nodes are specified. The propagation 

delay needs to be calculated to be able to update the Arrival-Time field of 

the packet event. For that reason, the distance between nodes is declared. 

The propagation delay of a packet between two nodes is calculated according 

to the following equation: 

P 
. D l Physical distance between nodes 

ropagation e ay = ------------­
The light speed in fiber cable 

(7.3) 

• GeLPath: In this function, a grid data structure, as shown in Figure 7.6, 

is constructed for every packet event under the processing step. This data 

structure is arranged in columns and rows. The column represents the sta­

tus of a wavelength, either free or busy, in all hops and the rows represent 

the status of all wavelengths on a specific hop. The box at the intersec­

tion of row i and column j gives detailed information about wavelength j in 
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Figure 7.6: Path grid data structure. 

all fibers on hop i. The first row in this data structure represents the sta­

tus of all wavelengths at the source node of the packet while, the last row 

represents the wavelength status in the last node before destination. After 

constructing this data structure, a new process will start to search for the 

resources that are necessary to establish the lightpath for the current packet 

event. The lightpath establishment process was implemented to reduce the 

use of conversion resources as much as possible. This process was done in 

two steps. The first is to try to find a wavelength that is available on all hops 

by searching this data structure column by column. If the step of finding a 

continuous wavelength from source to destination failed, then the search for 

the longest continuous lightpath possible starts. At the end of this lightpath, 

a conversion resource has to be utilized to finish the lightpath establishment 

process. If the conversion resource cannot be utilized at the node where this 
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lightpath ended, the next longest wavelength is sought, and so on untill the 

lightpath is established. The lightpath request will be blocked if a single 

row of the grid data structure has no wavelength available or the lightpath 

establishment process explained above is terminated with a fail flag. 

• PackeLProcess: All packet event information is updated in this function. 

A comparison between the packet's current node and destination node is 

performed at the beginning of this function to identify the status of the cur­

rent packet event. If the destination of the current packet event is equal to 

the next node of the current node, network resources that are necessary for 

forwarding this packet on the last hop (hop between current node and desti­

nation) will be reserved. Then a release event for these resources and a new 

packet event from the same source and same wavelength will be generated. 

These two new events will be inserted into the event list and the current 

packet event deleted. On the contrary, if the next node of the current packet 

event is not its destination, the Arrival-Time, Time-to-be-Processed, and 

Current-Node fields will be updated and the network resources required by 

this packet event will be reserved. A release event for these resources will also 

be generated. These new events will be inserted into the event list according 

to their Time-to-be-Processed fields. 

• Release_Recourses: If the header pointer of the event list points to a resources 

release event, this function will be invoked. The wavelength, fiber, node 

number, and the converter number, if it is set to any value other than -1, 

will be extracted from this event at the beginning of this function. Then the 

status of these resources is updated to free and this event is deleted from the 

event list. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

154 

The slotted version of this simulator works similarly to the unslotted version, 

as explained above. The only difference between these simulators is that the grid 

data structure in the unslotted version is not necessary any more becuase each 

node in the network operates in a slotted fashion. During every time slot, each 

node checks its inputs for arrived packets and processes those packets, which means 

no release event will be generated in this type of simulation since the packet size 

is fixed. To free the resources, the Release-Resources function is called at the 

beginning of every time slot. 

A garbage collection function was developed in all these simulators to free the 

memory locations reserved by events processed. 

7.6 Simulator Verification 

Due to the large verity of the optical nodes and network configuration settings 

and the huge number of parameters that need to be considered in the development 

stages of these simulators, a number of verification techniques were used in this 

work. All or some of these verification simulation techniques are applied to every 

simulation discussed above. These verification techniques are discussed in the 

following subsections. 

7.6.1 Modular Programming Technique 

The modular programming technique is a general programming technique used 

to reduce the effort of verifying and correcting the errors in huge program projects. 

This technique is based on dividing the whole simulation model program into mod­

ules or subprograms so each subprogram or module can be verified independently; 

sometimes a dummies program is needed to verify a subprogram. In all simulators 

developed in this research, the modularity technique was followed. For example, 

different class structures are used for different entities in the simulation such as 
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node class structure, packet class and converters class. In all these classes, all 

fields that are related to individual entities are defined as private parameters for 

these classes, so these fields cannot be changed from outside the class environment; 

also, interface functions for these classes were developed to allow other simulation 

subprograms to change these fields. 

Also, the classes were tested individually by implementing print function inside 

every class to print the class initial setting, and during simulation time the class 

fields print to check to consistency of changing the fields. In addition, at the first 

stage of implementation of each simulator, the forced change inside each one was 

made and printed to verify the correctness of the changing that took place. 

7.6.2 Trace Technique 

The trace technique is one of the most powerful verification techniques in 

software development process. The trace technique of any program is based on 

printing any changes that took place after every statement in the code. In the 

simulation programs, this step could be done after any event processed. 

During the development of every simulator in this work, a print function was 

developed and invoked before and after every event was processed. This print func­

tion prints out the detailed information about the event that is going to be pro­

cessed such as Arrival-Time, Time-to-be-Processed, Current-Node, Source-Node, 

Destination-Node and the node/network resources status. After the event gets 

processed, this detailed information is printed again and compared to the event 

and resources initial values to see if there are any unexpected changes and to 

check the consistency of this operation for all monitored events. All new generated 

events are checked to find out if they are inserted appropriately into the event list. 

The whole simulator operations are suspended until a keyboard key is hit so that 

event-by-event information can be verified. Another verification done in this print 
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function is to compare the total number of packets generated untill the time this 

function is invoked with summation of the dropped and forwarded packets. This 

function is deleted from the simulators after they are finalized and verified. 

7.6.3 Test Boundary Conditions Technique 

In this test, the computer program is tested by running a simple set of inputs 

parameters so the output of the program could be verified. This technique is 

used to verify all simulators developed. For example, a single wavelength, single 

fiber and one converter are set as the input parameters for the simulator. The 

converter utilization and the busy period of the wavelength are observed. The 

converter utilization is expected to be zero since there is only one wavelength 

on the output, so it cannot be utilized by any packet. Also the wavelength busy 

period is anticipated to be equal to the load. In the case of the network simulators, 

one hop with one wavelength and one converter is used as an initial value for the 

simulation parameters. In this case, simulation blocking has to be equal to the 

single node simulator in order to verify the correctness of the simulator. 

The simulators run at the extreme boundaries settings. First, the number 

of wavelengths is set to zero, which means all packets generated will be dropped. 

Therefore, the blocking probability is equal to one. Another boundary condition 

is verified by setting the number of fibers to zero and the blocking probability is 

observed. The other extreme condition that these simulators are tested on is done 

by manually setting the wavelengths and all other resources to free; in this case, 

the number of packets dropped will be zero, so the blocking probability will equal 

zero in this case. 

7.7 Chapter Summary 

These simulators are used to evaluate the optical network performance that 

operated in a circuit-switched or packet-switched fashion. The results obtained 
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by these simulators are used to verify the accuracy of the analytical models as 

discussed in the previous chapters. The common components of the simulators are 

presented in the header files in Appendix C. The wavelength-routed optical network 

simulator is shown in Appendix E. Finally, the slotted optical node simulator is 

presented in Appendix G. 
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CONCLUSION AND FUTURE WORK 

This research considers the multi-fiber optical network configuration, where 

every pair of switching elements in the network is connected using multiple-fiber 

links. Each fiber carries the same set of the wavelengths. Using multiple fibers on 

each link in WDM networks, which helps overcoming the wavelength continuity 

constraint in the wavelength-routed network as well as the packet contentions in 

the optical packet-switched network, has become a promising solution of the ever 

growing backbone transport network traffic. The performance and cost trade-offs 

of using a multi-fiber environment as physical implementation of the optical net­

work was investigated in this dissertation. Different optical network performance 

parameters such as number of wavelengths, number of fibers, lightpath length 

and different conversion options were considered in both performance evaluation, 

survivability analysis, and the cost trade-offs study. The optical packet switch 

operating in a time-slotted fashion was considered and evaluated under multi­

fiber implementation. In addition, the optical network survivability was evaluated 

through analytical and simulation based models. The significances and the out­

come of this research will be explained in some detail in the following sections. 

8.1 Wavelength-routed Optical Network 

The study showed that employing multiple fibers in multi-hop wavelength­

routed networks reduces the end-to-end blocking probability by reusing the same 
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set of wavelengths in multiple fibers and by increasing the availability of the end­

to-end paths. Increasing the resources availability in the multi-fiber environment 

by reusing the same set of wavelengths enhances the optical network throughput, 

and adds more configuration flexibility and scalability to the optical network infras­

tructure. This configuration flexibility comes from the reduction of the wavelength 

continuity constraint effects due to the ability of the network to set up multiple 

lightpaths on the same wavelength in different fibers on the same hop. Through­

put always increases along with the number of wavelengths, which can provide 

additional network capacity to handle the traffic. The use of multiple fibers com­

pensates for the utilization degradation caused by the increase in the hop count 

that a path traverses. It also adds more flexibility in increasing network reach ( di­

ameter) without affecting utilization significantly. This flexibility comes from the 

fact that every output link within the switch has multiple fibers that have similar 

sets of wavelengths, so the incoming traffic, given a specific requested wavelength, 

has multiple choices depending on such number of fibers. 

The results presented in this dissertation show a significant reduction in the 

blocking probability if multiple fibers are used for the same set of optical network 

resources. For example in network with 1 fibers, 16 wavelengths per fiber and 

network diameter 10 hops, the blocking performance improvement could achieve 

100% if only one fiber is added to the optical network when it operates at a fairly 

low load. This blocking performance could be maintained when the load per wave­

length per hop is increased by increasing the number of fibers between nodes. 

Also, the gain study showed a tremendous throughput improvement provided by 

the multi-fiber environment compared to the single-fiber. This observation raises 

a core question for this research work. For a given optical network blocking per­

formance, the minimum number of fibers needed to be lit between nodes in order 
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to meet the blocking performance constraint under different operating loads is to 

be investigated in more depth within the context of this dissertation. 

Furthermore, using multi-fiber helps reducing the cross-talk problem, which is 

a direct result of having a large number of channels in a single-fiber using DWDM 

fine spacing techniques. It helps to overcome the capacity exhaustion problem in 

the C-band window by offering the same set of wavelengths on multiple fibers. 

It reduces the expansion network cost through using an off the shelf transceivers 

(transmitters/receivers) instead of redesigning them to be' able to transmit and 

receive the new added wavelengths. In addition to that, the optical switch needs 

to be redesigned when a new wavelength is added to the single-fiber case to be 

able to identify and switch the new wavelengths. 

The use of wavelength conversion increases the improvement in network uti­

lization due to the ability to minimize wavelength contention using such conversion 

resources. The results presented in this work confirm that the best performance 

of the optical network could be achieved by using a limited number of converters. 

It is noted that a 70% conversion degree, which means number of converters em­

ployed by the switch are equals to 70% of the total number of wavelengths, in the 

share-per-node wavelength convertible switch will offer a very comparable blocking 

performance compared to the dedicated wavelength convertible switch configura­

tion, where every wavelength has its own wavelength converter. This indicates that 

the increase of conversion degree at the higher wavelength count does not result in 

a significantly higher performance. The results also showed that a smaller degree 

of conversion can yield the same performance as a dedicated wavelength conversion 

due to low network throughput where some wavelength converters remain unused. 

Wavelength conversion may possibly improve the performance of the network 

by resolving the wavelength contention problem, but it incurs increased cost, hard­

ware complexity, and space requirements implying potential trade-offs between the 
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performance and the number of wavelength converters needed. This introduces the 

issue of cost effectiveness of the wavelength conversion options. So, it is more eco­

nomically feasible to use wavelength convertible switches with conversion sharing 

and lower hardware complexity to reduce wavelength blocking probabilities and 

obtain better network performance. 

In addition, the results showed that the performance gain increases as the 

number of converters increases and saturates as the number of converters becomes 

larger than some threshold and less than the total number of channels on the 

link, which implies that a limited number of converters, compared to the total 

number of wavelengths, under certain offered loads is sufficient to provide good 

performance. While the share-per-node wavelength convertible switch suffers from 

the increased hardware complexity, the share-per-link convertible switch provides 

the optical network with high flexibility configuration without introducing more 

hardware. 

In this research the performance of this switch architecture in the multi-fiber 

environment is investigated and evaluated by developing analytical and simulation 

models. Using multi-fiber reduces the number of converters needed to achieve the 

best performance. 

8.2 Slotted Optical Packet Switch 

We developed a performance model for multi-fiber share-per-link OPS, which 

operates in a slotted mode. A symmetric OPS employing share-per-link conversion 

resources with N inputs, coming from different sources and destined to N outputs 

links, each consisting of F parallel fibers is investigated and analyzed. The results 

of this investigation showed a perfect match between the analytical and the sim­

ulation, which confirms the accuracy of the analysis developed in this research. 

Results further showed that at higher offered loads, the switch with a higher count 
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of shared converters per link offers better packet loss performance due to its ability 

to accommodate more traffic. They also showed that using multiple fibers per link 

has far better effects on performance than the converter count at higher loads. At 

lower offered loads, the effects of shared converter counts in the single fiber case 

is more pronounced on utilization than in the multi-fiber link case due to the role 

the conversion plays in resolving contention. 

Moreover, the results showed that output links with fewer fibers counts have 

higher conversion bank utilization, whereas switches with higher fiber count in their 

output links have a lower utilization rate for the conversion resources. From this, 

it can be deduced that a slotted switch equipped with dedicated conversion would 

have the least conversion resources utilization, indicating that the use of a switch 

with a lower converter count would offer better conversion resources utilization and 

comparable packet loss behavior. Thus, the number of shared converters can be 

significantly reduced when using multiple fibers due to the improvement and the 

higher utilization the multi-fiber link offers. These performance results confirm the 

main research point of this dissertation, which is that the OPS performance could 

be enhanced without any additional costly resources through utilizing the multi­

fiber environment. The cost trade-offs are mo~e evident at higher offered loads 

due to the need for better managing the fiber, wavelength, and shared converter 

resources. The model presented can be used to evaluate such trade-offs. 

A cost tradeoff study was conducted to have a sense of the performance con­

tribution, in terms of the number of wavelengths add when conversion is not in­

troduced, of a single wavelength converter in the OPS switch system. A similar 

cost tradeoff scenario for the case of introducing multiple fiber counts was also 

considered. The results showed that the conversion resources, as well as the mul­

tiple fibers, worth less with the increase of a single wavelength offered load. This 

is due to the high competition on the limited switch resources at higher offered 
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loads per wavelength. It is notable that the introduction of additional fiber to the 

OPS switch worth more, in terms of the number of wavelengths needed to achieve 

similar performance, than the introduction of a conversion resource. This confirms 

that the performance improvement introduced by additional fiber is much greater 

than the improvement made by adding a converter. 

8.3 Optical Network Survivability 

A hierarchical model to evaluate the system survivability performance was 

developed. An algorithm was presented to analyze the availability of different 

non-disjoint edge paths. 

The end-to-end performance of circuit-switched all-optical networks in multi­

fiber multi-hop environments was modeled and evaluated with and without wave­

length conversion. These models were utilized to evaluate the performance degra­

dation when a failure occurs. The performance degradation model and the avail­

ability analysis model were combined to construct a hierarchical network surviv­

ability evaluation model. 

The study showed that the use of multiple fibers at the connectivity topology 

level of WDM networks provides additional network capacity and increases net­

work survivability by reusing the same set of wavelengths in multiple fibers in case 

of link failure. The use of wavelength conversion increases survivability by resolv­

ing the wavelength contention problem. However, using wavelength conversion can 

increase cost, hardware complexity, and space requirements to the network, imply­

ing potential trade-offs between the performance and the number of wavelength 

converters needed. The survivability of the WDM network decreases as the steady 

state availability decreases. 

This result proves another objective goal for this dissertation, that the accu­

rate survivability measure of the optical network has to consider both the perfor­

mance degradation during the time of failure and the resources availability at the 
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time of failure. Moreover, the results showed that having multiple fibers between 

nodes on the same physical link enhances the optical performance; however, this 

optical realization will result in a massive traffic loss if a link failure occurs between 

a pair of nodes. Therefore, in this dissertation a new approach for a more surviv­

able optical network was presented and evaluated. This new approach provides 

multiple fibers between the nodes, but these fibers are not on the same physical 

link by having the intermediate nodes behaving as passive connectors. Also, the 

results showed that increasing the number of hops decreases network survivabil­

ity, as expected. Using multiple fibers in the optical network implementation will 

improve network survivability and will decrease the effect of the network size on 

survivability. 

8.4 Future Research 

Several issues related to the multi-fiber optical networks can be further in­

vestigated and studied as an extension of this work. Evaluating performance of 

the multi-fiber network for different network topologies is an extension of this re­

search. Also, studying the impact of different routing and wavelength assignment 

algorithms on the multi-fiber optical network performance could be explored more 

fully. Proposing new wavelength assignment algorithms that can efficiently utilize 

the abundance of the resources availability provided by the multi-fiber environment 

is one of the most promising areas that may enhance overall network performance. 

New switch architectures such as the have-clear switch architecture that can be uti­

lized in the multi-fiber environment need to be investigated and evaluated for the 

high cost reduction and simple control management needed. The performance of 

switch investigated in this work could be enhanced by utilizing an optical buffer on 

the output. The analytical and simulation models in this study could be extended 

to evaluate this new switch architecture. 
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Appendix A 

ANALYTICAL MODEL SOURCE CODE: BLOCKING 

PROBABILITY OF WAVELENGTH-ROUTED NETWORK 

The source code of the analytical model, which is written in Matlab, to eval­

uate the blocking probability of the wavelength-routed network is shown below. 

This code is used for the following network configurations: 

• Single-fiber wavelength-routed network 

• Wavelength-routed network with dedicated wavelength conversion option 

• Share-per-node wavelength-routed network 

The blocking probability models for these wavelength-routed network configura­
tions explained in detail in Chapter 4. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% File name: Blocking-Probability.m 
%% 
%% Purpose: To calculate the blocking probability of the 
%% wavelength-routed network. Three differenet 
%% wavelength-routed network are considered: 
%% 1. Single-fiber wavelength-routed network 
%% 2. Wavelength-routed network with dedicated conversion 
%% 3. Multi-fiber share-per-node wavelength-routed network 
%% 
%% Inputs: 
%% DC Degree of conversion 
%% rho: Load per wavelengt 
%% G Source-destination per load 
%% H Number of hops 
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%% F 
%% w 
o/,o/, C 

%% 
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Number of fibers 
Total number of wavelengths per hop 
Number of converters 

%% Outputs: 
%% ps : Single-fiber environment blocking probability 
%% Us : Single-fiber environment throughput 
%% pOs: Probability of zero converters is busy in the 
%% single-fiber case 
%% pcs: Probability of all converters are busy in the 
%% single-fiber case 
%% pn Multi-fiber share-per-node environment blocking 
%% probability 
%% Un Multi-fiber share-per-node environment throughput 
%% pOn: Probability of zero converters is busy in the 
%% multi-fiber share-per-node case 
%% pen: Probability of all c converters are busy in the 
%% multi-fiber share-per-node case 
%% pf Dedicated conversion environment blocking 
%% probability 
%% Uf Dedicated environment throughput 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all; 
clc; 
ranage=11; 
DC=0.7 
rho=0:0.1:1; 
G=0.07; 
H=20; 
F=2; 
W=16; 
c=ceil(DC*W); 
pl=zeros(ranage,1); 
pf=zeros(ranage,1); 
ps=zeros(ranage,1); 
pn=zeros(ranage,1); 
pOs=zeros(ranage,1); 
pcs=zeros(ranage,1); 
pOn=zeros(ranage,1); 
pOl=zeros(ranage,1) 
pcl=zeros(ranage,1); 
pcn=zeros(ranage,1); 
Us=zeros(ranage,1); 
Uf=zeros(ranage,1); 
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Un=zeros(ranage,1); 
Ul=zeros(ranage,1) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating probability of zero converters is busy% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sump=O; 
for j=1:ranage 

for i=1 :c 
sump=sump+(1/factorial(i))*(factorial(W)/ 
factorial(W-i))*rho(j)-(2*i); 

end 
p0s(j)=1/(1+sump); 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating probability of c converters are busy% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

pcs(i)=p0s(i)*(1/factorial(c))*(factorial(W)/ 
factorial(W-c))*rho(i)-(2*c); 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating blocking probability of single-fiber case % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

ps(i)=(1-((1-rho(i))+rho(i)*(1-pcs(i))*(1-rho(i)-(W-1)))-H)-w; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculatin throughput of single-fiber case% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

Us(i)=(1-ps(i))*G; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating blocking probability of dedicated conversion case% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

pf (i)=(1-(1-rho.(i)-(W)) -H) ~w; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating throughput of dedicated conversion case% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

Uf(i)=(1-pf(i))*G; 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Calculating probability of zero converters is busy% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sump=O; 
for j=1:ranage 

for i=1:c 
sump=sump+(1/factorial(i))*(factorial(W)/ 
factorial(W-i))*rho(j)-(i*F+i); 

end 
p0n(j)=1/(1+sump); 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating probability of c converters is busy% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

pcn(i)=p0n(i)*(1/factorial(c))*(factorial(W)/ 
factorial(W-c))*rho(i)-(c*F+c); 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating blocking probability of multi-fiber 
%% share-per node case 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

end 

pn(i)=(1-((1-rho(i)-F)+(rho(i)~F)*(1-pcn(i))* 
(1-rho(i)-(W-F)))-H)-w; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating throughput of multi-fiber share-per node case% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:ranage 

Un(i)=(1-pn(i))*G; 
end 
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Appendix B 

ANALYTICAL MODEL SOURCE CODE: CONVERSION 
RESOURCES ALLOCATION ALGORITHMS (CRAA) 

The source code of the analytical model, which is written in Matlab, to evalu­
ate the blocking probability of different wavelength conversion resources allocation 
algorithms for the share-per-link wavelength-routed network is shown below. The 
blocking probability model for NSA explained in detail in Chapter 4. The other 
algorithms were presenetd in [26]. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% File name: CRAA.m 
%% Purpose: To identify the blocking probabilty of 
%% the wavelength-routed network employing share-per­
%% link conversion schme. 
%% Inputs: 
%% DC : Degree of conversion 
%% rho: Load per wavelengt 
%% G Source-destination pair load 
%% H Number of hops 
%% F Number of fibers 
%% w Total number of wavelengths per hop 
%% c Number of converters 
%% Outputs: 
%% pO Probability of zero converters is busy 
%% pc Probability of all c converters are busy in 
%% the single-fiber case 
%% pb Blocking probability 
%% U Throughput 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all; 
clc; 
pc=0:0.001:1; 
ranage=101; 
pc2=zeros(16,1); 
rho=.8; 
G=0.07; 
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F=10; 
w=1:1:32; 
DC=0.2; 
c=ceil(DC*w); 
H=10; 
pb=zeros (11, 1); 
n=input('n = '); 
s=0; 
s1=0; 
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U=zeros(32,1); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% The following section is the implementation of the 
%% Inclusive Search Algorithm (ISA). Numerical iteration 
%% method is implemented to calculate pc and p0. First p0 
%% is calculated by using initial values for pc, which 
%% is set above, then new values for the pc is found. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for j=1:F-1 

s1=s1+pc(1)- j; 
end 
s1=s1+pc (1) -o; 
for k=1: c (1) 

end 

x=(1/factorial(k))*(factorial(w(1))/ 
factorial(w(1)-k))*rho-(k*F+k)*s1-k; 
s=s+x; 

p0=1/(1+s); 
pck=(1/factorial(c(1)))*(factorial(w(1))/ 
factorial(w(1)-c(1)))*(rho-(c(1)*F+c(1)))*p0*s1-c(1); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% The difference between the pervious value of pc and 
%% the new calculated value is considered as the tolerance 
%% for this numerical iteration method. This tolerance is 
%% calculated in the following code line. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
y1=sign(pc(1)-pck); 
for i=1:32 
for 1=2:1001 

s=0; 
s1=0; 

for j=1:F-1 
s1=s1+pc(l)- j; 

end 
s1=s1+pc(l)- 0; 
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for k=1:c(i) 
x=(1/factorial(k))*(factorial(w(i))/ 
factorial(w(i)-k))*rho-(k*F+k)*s1-k; 
s=s+x; 

end 
p0=1/(1+s); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% The new values of pc is calcualted% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
pck=(1/factorial(c(i)))*(factorial(w(i))/ 
factorial(w(i)-c(i)))*(rho-(c(i)*F+c(i)))*pO*s1-c(i); 
y=sign(pc(l)-pck); 
if ((y-=yi)l(y==O)) 

end 

pc2(i)=pc(l); 
break; 

y1=y; 
end 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Blocking probability of ISA calculation.% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:32 

end 

pb(i)=1-((1-rho- F)+(rho-F)*(1-(pc2(i))- F)* 
(1-rho-((w(i)-1))))- H; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Throughput is calculation% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=1:32 

U(i)=(1-pb(i))*G; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% The following section is the implementation 
%% of the Narrow Search Algorithm (NSA). 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sump=O; 
%%%%%%%%%%%%%%%%%% 
%% Calculating p0% 
%%%%%%%%%%%%%%%%%% 
for j=1:32 
for i=1:c(j) 

sump=sump+(1/factorial(i))*(factorial(w(j))/ 
factorial(w(j)-i))*rho-(i*F+i); 
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end 
pO(j)=l/(l+sump); 

end 
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for i=l:32 
pc(i)=p0l(i)*(1/factorial(c(i)))*(factorial(w(i))/ 
factorial(w(i)-c(i)))*rho-(c(i)*F+c(i)); 

end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating the blocking probability% 
~f~~A. % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=l:32 

end 

pb(i)=l-((1-rho-F)+(rho-F)*(l-pcl(i))* 
(1-rho-((w(i)-1))))-H; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculating the throughput of NSA.% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=l:32 

U(i)=(l-pb(i))*G; 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% The following section is an implementation of % 
%% Inclusive Search Algorithm (OSA). The Numerical % 
%% iteration method that is useed for ISA will be % 
%% utilized in this algorithm implementation. % 
%% The only difference between the implementation of % 
%% the numerical iteration method is taht the of wavelength% 
%% conversion bank that will be searched in OSA will be % 
%% specified. First pO is calculated by using initial values% 
%% for pc, which is set above, then new values for the % 
%% pc is found. % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
s=O; 
sl=O; 
clear pc2; 
clear pck; 
clear pO; 
for j=l:n 

s1=s1+pc(1)-j; 
end 
s1=s1+pc(1)-o; 
for k=1:c(1) 

x=(1/factorial(k))*(factorial(w(1))/factorial(w(1)-k)) 
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*rho-(k*F+k)*s1-k; 
s=s+x; 

end 
p0=1/(1+s); 
pck=(1/factorial(c(1)))*(factorial(w(1))/factorial(w(1)-c(1))) 
*(rho-(c(1)*F+c(1)))*p0*s1-c(1); 
y1=0; 
y1=sign(pc(1)-pck); 
pc2=zeros(32,1); 
for i=i:32 
y=0; 
for 1=2:1001 

s=0; 
s1=0; 

for j=1:n 
s1=s1 +pc (1)-j; 

end 
s1=s1+pc(l)-o; 
for k=1:c(i) 

x=(1/factorial(k))*(factorial(w(i))/factorial(w(i)-k)) 
*(rho-(k*F+k))*(s1-k); 

s=s+x; 
end 
p0=1/ (1 +s); 
pck=(1/factorial(c(i)))*(factorial(w(i))/factorial(w(i)-c(i))) 
*(rho-(c(i)*F+c(i)))*p0*s1-c(i); 

y=sign(pc(l)-pck); 
if ((y-=yi)I (y==0)) 

pc2(i)=pc(l); 
break; 

else 
yi=y; 

end 
end 

end 
for i=1 :32 

pb(i)=1-((1-rho-F)+(rho-F)*(1-(pc2(i)-(n)))* 
(1-rho-((w(i)-1))))-H; 

end 
for i=i:32 

U(i)=(1-pb(i))*G; 
end 
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Appendix C 

SIMULATORS HEADER FILES SOURCE CODE 

The sources codes of header files for the unslotted simulators are shown below. 
These header files are discussed in Chapter 7. These headers files are utilized by the 
simulators when a new network topology is constructed or a new node configuration 
is set. Also the Packet.h header file contains the packet class structure that utilized 
whenever a new event is generated. The list .h is used by the simulators to insert 
or delete an event from the event list. 

/*---------------------------------------------------------
Headers file 

By 
Fahad A. AL-zahrani 

The following header files are common header files for 
unslotted simulators that build in this research work. 
Files name: 

Inputs: 

Node1.h 
Packet.h 
List.h 

Outputs: 

------------------------------------------------------------*! 

#include <iostream.h> 
#include <stdlib.h> 
#include <fstream.h> 
#include <math.h> 
#include <time.h> 
#include <stdio.h> 
#include "packet1d.h" 
#include "node1d.h" 
l*-----------------------------------------------

list.h file 
This header file has one class that is class list. 
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this class has three public functions.These functions 
are: 
Insert _To_List: this function is used by the simulator 

to insert a new or updated event to the 
event list. 

Detele_From_List: This function is called when an event 
need to be deleted from the event list. 

Get_Tail: This function is used to get a pointer to the 
event list tail. 

---------------------------------------------------*I 
class list{ 
public: 

}; 

packet *Insert_To_List(packet*, packet*); 
packet *Delete_From_List(packet *); 
packet *Get_Tail(packet *); 

packet *list::Insert_To_List (packet *h,packet *c) 
{ 

packet *temp; 
temp=h; 

II++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

II Check if the event list is empty, which means'this 
II inserted event is the fisrt event. if so set the header 
II of the list to point to this event return the header. 
II++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if (temp==NULL) 
{ 

} 

temp=c; 
h=c; 
h->Next_Packet=NULL; 
h->Prev_Packet=NULL; 
return h; 

II++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

II Check if the current event has to be processed before 
II the event that pointed to by the header pointer. if so 
II inseret this event before the event in the header and 
II update the header pointer to point to this event and 
II return the new header pointer. 
II++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if ((c->Departure_Time<temp->Departure_Time)&&(temp!=NULL)) 
{ 

temp->Prev_Packet=c; 
c->Next_Packet=temp; 
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} 

} 

h=c; 
return h; 
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//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

// The following section search the event list one by one for an 
// event that has departure time lager than the current event if 
// an event is found in the event list. Insert the current event 
II before this event and return the header, otherwise insert the 
II current event at the end of the list 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

temp=h; 
while (temp->Departure_Time<=c->Departure_Time) 
{ 

if (temp->Next_Packet==NULL) 
{ 

temp->Next_Packet=c; 
c->Prev_Packet=temp; 
c->Next_Packet=NULL; 
packet *test=NULL; 
test=Get_Tail(h); 
return h; 

}else 
temp=temp->Next_Packet; 

} 

c->Next_Packet=temp; 
c->Prev_Packet=temp->Prev_Packet; 
temp=temp->Prev_Packet; 
temp->Next_Packet=c; 
temp=c->Next_Packet; 
temp->Prev_Packet=c; 
return h; 

//--------------------------------------------------
packet *list::Delete_From_List(packet *h) 
{ 

} 

packet *temp=h; 
h=temp->Next_Packet; 
h->Prev_Packet=NULL; 
temp->Next_Packet=NULL; 
delete temp; 
packet *test=NULL; 
test=Get_Tail(h); 
return h; 
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//----------------------------------------------
packet *list: :Get_Tail(packet *h) 
{ 

} 

% 

packet *temp=h; 
while(temp->Next_Packet!=NULL) 

temp= temp->Next_Packet; 
return temp; 
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l*---------------------------------------------
node.h file 

This header file has two classes. 
they are class converter and class node!. 
----------------------------------------------*! 
/*---------------------------------------------

Converter class 
the class converter is used to define the conversion 
option inside the node.This class has the following 
publc variables: 
C_No: the converter number 
C_Status: represnt the status if the converter 

(Busy or Free) 
In_S_Range: Indicate the the starting range of 

the converter at the input side in 
case of one of the Range-to-any conversion 
options is adopted. 

In_E_Range: Indicate the input ending range of 
the converter 

Out_S_Range:Indicate the the starting range of 
the converter at the output side in 
case of one of any-to-range conversion 
options is adopted. 

Out_E_Range:Indicate the output ending range of 
the converter 

---------------------------------------------------*! 
class converter 
{ 

public: 
int C_No; 
int C_Status; 
int In_S_Range; 
int In_E_Range; 
int Out_S_Range; 
int Out_E_Range; 
__ int64 Attempt[256]; 
__ int64 Pbusy[256]; 
converter() ; 

}; 

converter::converter() 
{ 

C_No=-1; 
C_Status=-1; 
In_S_Range=-1; 
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} 

In_E_Range=-1; 
Out_S_Range=-1; 
Out_E_Range=-1; 
for(int i=O;i<256;i++) 
{ 

} 

Attempt[i]=O; 
Pbusy[i]=O; 
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/*---------------------------------------------
Node class 

the class node! is used to define the node 
configuartion parameters such as number of 
fibers,· number of wavelengths, Output ports 
status, and different conversion options. 
This class has the following publc variables: 
Out_F; 
Out_W; 
C_T; 
C; 
Out_Port[256] [256]; 
Arrived_Packet; 
Pro_Packet; 
blocked; 
Th[256] [256]; 
Also it has the following public functions 
node!(); 
Out_Port_Initialization(int, int); 
---------------------------------------------------*! 
class node! { 

public: 
int Out_F; 
int Out_W; 
int C_T; 
converter *C; 
int Out_Port[256] [256]; 
long Arrived_Packet; 
long Pro_Packet; 
long blocked; 
__ int64 Th[256] [256]; 
node!(); 
void Out_Port_Initialization(int, int); 

}; 
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node1: :node1() 
{ 
for (int i=O;i<256;i++) 
{ 

} 

for (int j=O;j<256;j++) 
{ 

Out_Port[j] [i]=O; 
} 

blocked=O; 
Arrived_Packet=O; 
Pro_Packet=O; 
} 

190 

//+++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// In this function is called once the node is created 
//inside the main simulator. All the node paramters are 
//initialized such as the output prots status is set to 
//free, and the conveters is numbers and their input 
//and output ranges are set. 
//+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
void node1: :Out_Port_Initialization(int C,int d) 
{ 
//+++++++++++++++++++++++++++++++++++++++++++++++ 
// This part initialize the output port status 
/!+++++++++++++++++++++++++++++++++++++++++++++++ 

for (int i=O;i<this->Out_F;i++) 
{ 

} 

for (int j=O;j<this->Out_W;j++) 
{ 

} 

Out_Port[j] [i]=1; 
Th[j] [i]=O; 

//++++++++++++++++++++++++++++++++++++++++++++ 
// Conveter object is created and initialized 
//++++++++++++++++++++++++++++++++++++++++++++ 
this->C=new converter[C+1]; 

for (i=O;i<C+1;i++) 
{ 

this->C[i] .C_No=i; 
this->C[i] .C_Status=1; 
if (this->C_T==O) 
{ 

this->C[i] .In_S_Range=O; 
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} 
} 
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this->C[i] .In_E_Range=this->Out_W-1; 
this->C[i] .Out_S_Range=O; 
this->C[i] .Out_E_Range=this->Out_W-1; 

}else if (this->C_T==1) 
{ 

this->C[i] .In_S_Range=O; 
this->C[i] .In_E_Range=this->Out_W-1; 
int x=(i+1); 
if (x>(C-1)) 
x=O; 
this->C[i] .Out_S_Range=x*d; 
this->C[i] .Out_E_Range=x*d+d-1; 

}else if(this->C_T==2) 
{ 
this->C[i] .In_S_Range=i*d; 
this->C[i] .In_E_Range=i*d+d-1; 
this->C[i] .Out_S_Range=O; 
this->C[i] .Out_E_Range=this->Out_W-1; 

}else if (this->C_T==3) 
{ 

this->C[i] .In_S_Range=i*d; 
this->C[i] .In_E_Range=i*d+d-1; 
int x=(i+1); 
if (x>(C-1)) 
x=O; 

this->C[i] .Out_S_Range=i*d; 
this->C[i] .Out_E_Range=i*d+d-1; 

} 
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l*--------------------------------------------------------
packet.h file 

This header file has one class. this class is packet 
class. This class is called by the simulator 
whenver a new packet evnet is created. this 
class has the following fileds: 
Packet_Type: is used to indicate the event typ 

either data event or resources event 
Packet_ID: is used to keep track of the number of 

event that are generated. 
Source: is used to identify the source of the packet 

in case of the network simulation 
Lambda: is used to identify the wavelength utilized by 

the packet 
F: is used to indicate which fiber is used by this packet 
C_Flag: is used to identify if this packet get converted 

to a new wavelength 
Initial Time: this field is used to hold the initial time 

this packet get injected to the network 
Departure_Time: this field is used to indicate the packet 

time to be precess 
Arrival_Time: this field is used to hold the arrival time of 

the current packet to the next node 
Packet_Length: is used to hold the packet length; 
Prev_Packet: is used to indicate the prvious event in 

the even list 
Next_Packet: is used to indicate the next event in the 

even list 
packet (): this function is called when the packet is 

generated to intialize all the above field 
-------------------------------------------------------------*! 
class packet 
{ 

public: 
char Packet_Type; 
__ int64 Packet_ID; 
int Source; 
int Lambda; 
int F; 
int C_Flag; 

__ int64 Initial_Time; 
int64 Departure_Time; 
int64 Arrival_Time; 

signed __ int64 Packet_Length; 
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}; 

packet *Prev_Packet; 
packet *Next_Packet; 
packet(); 
~packet(void); 

packet: :~packet() 
{ 

} 

packet: :packet() 
{ 

} 

Packet_Type='\0'; 
Source=-1; 
Lambda=-1; 
F=-1; 
C_Flag=-1; 
Initial_Time=O; 
Departure_Time=O; 
Arrival_Time=O; 
Packet_Length=O; 
Prev_Packet=NULL; 
Next_Packet=NULL; 
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Appendix D 

SIMULATOR SOURCE CODE: WAVELENGTH-ROUTED 
NETWORK 

The simulator sources code for wavelength-routed network is shown below. 
This simulator is explained in detail in Chapter 7. The simulator is used to eval­
uate end-to-end blocking probability of the wavelength-routed network. The fixed 
routing algorithm is considered in this work. The random wavelength assignment 
was implemented in this simulator. 

/*---------------------------------------------------------------
Wavelnegth-routed network Simulator 

By 
Fahad A. AL-zahrani 

This simulator was build as a part of my Ph.D dissertation. 
This simulator is used to evaluate end-to-end blocking 
probability of the wavelength-routed network. The fixed 
routing algorithm is considered in this work. The random 
wavelength assignment was implemented in this simulator. 
File Name: Sim_WRN.cpp 
Inputs: 

Topology.dat 
Outputs: 

Pb: Blcoking probability 
-----------------------------------------------------------------*! 
/*---------------------------------------------------------------

Global variables 
In this Part of the simulator all global variables that are 
used in the different functions of the simulator are defined 
These variables are: 
Simulator_end_Time: Holds the simulator end time 
Simulator_start_Time: Holds the simulator starting time 
alpha:is used to define a single source-destination 
traffic ratio 
Reservation_Method: is used to identify the resources 
resrvation protocol. 
Assignment_Algorithm: is used to define which wavelength 
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assignment will be used in this simulation run 
Stop_Flag: is used for a simulator debuging. 
Stteing this to 1 during the simulation will 
end the simulator 
Cflag: Flag indicator to identify all packets that get 
converted 
Blocked: Holds the number of the blocked packets 
Processed: Holds the number of the precessed packets 
Seed1: The Initial seed that used to generate the packet 
arrival time 
Seed2: The Initial seed that used to generate the 
packet length 

---------------------------------------------------------------*! 
#include "list.h" 
unsigned __ int64 Simulator_start_Time=O; 
unsigned __ int64 Simulator_end_Time=O; 
double alpha=O.O; 
int Reservation_Method; 
int Assignment_Algorithm; 
int Stop_Flag=1; 
int Cflag=O; 
int Destination_Flag; 
long Blocked=O; 
long Processed=O; 

int64 seed=1; 
int64 seed1=11; 
int64 spacket=O; 
int64 packetL=O; 

/*--------------------------------------------------------------
Random generator module 

There are two functions in this module. The First one is 
used to generate the seed that will be use to generate the 
next random variable.The second function is the actual 
implementation of the LCG random generator. 

------------------------------------------------------------------*! 
l*----------------------------------------------------------------

GenerateSeed function 
Function return type: 64 bit integer 
Calld in variables funtion: Seed- 64 bit integer 
Returned funtion variable: a - 64 bit integer 

------------------------------------------------------------------*! 
__ int64 GenerateSeed( __ int64 Seed) 
{ 

int64 a; 
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a =( __ int64)(abs( (16807 *Seed)% (2147483647))); 
return a; 

l*-----------------------------------------------------------------
Generateu function 

Function return type: bouble 
Calld in variables funtion: Seed- 64 bit integer 
Returned funtion variable : u - double 

--------------------------------------------------------------------*! 
double GenerateU( __ int64 Seed) 
{ 

} 

double u=O.O; 
u = ((double)(Seed) / (double)2147483647); 
return u; 

l*------------------------------------------------------------
Destination_Generation function 

Function return type: int 
Calld in variables funtion: s:integer, No_of_Node:integer, 
n:node1 class objet 
Returned funtion variable : d: integer 
This function is used to generate the lightpathrequest 
destination. 

---------------------------------------------------------------*! 
int Destination_Generation(int s,int No_of_Node,node1 n[]) 
{ 

int d=O; 
int c=-1; 
int count=-1; 
double u=O.O; 
if ((n[s] .Node_Type=='s')&&(n[s] .Node_No==O)) 
{ 

for (int i=O;i<No_of_Node;i++) 
{ 

if(n[i] .Node_Type=='d') 
{ 

} 
} 

d=n[i] .Node_No; 
return d; 

}else if(n[s] .Node_Type!='d') 
{ 

if (Destination_Flag==1) 
{ 
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int *dm=new int[No_of_Node]; 
for (int i=O;i<No_of_Node;i++) 
dm[i]=-1; 

c=n[s] .Next_Node; 
if(n[s] .Node_Type=='s') 

c=n[c] .Next_Node; 

} 

while (c!=-1) 
{ 

} 

count++; 
dm[count]=c; 
c=n[c] .Next_Node; 

u=GenerateU(n[s] .Node_Seed[2)); 
n[s] .Node_Seed[2]=GenerateSeed(n[s] .Node_Seed[2]); 
d=dm[(int)(count*u)]; 

}else 
{ 

d=n[s] .Next_Node; 
} 

return d; 

/*-----------------------------------------------------------------
Packet generation module 

There are two functions in this module. The First function is 
used to generate the release resources packets. The second 
function is the used to generate the data packet events. 

-------------------------------------------------------------------*! 
l*--------------------------------------------------------------

c_packet function 
Function return type: packet class type 
Called in variables function: c:packet class type 
Returned function variable : Current_Packet packet class type 
The called function passes the c packet pointer to 
this function. The C_packet function extract the 
necessary information from the packet such as Sourcs, 
wavelength, Fiber, conversion flag, Packet ID, 
Departure_Time, then it generate a new packet event 
and set the departure time for this new packet as 
departure time of the original packet plus the original 
packet length 

-------------------------------------------------------------------*! 
packet *C_packet(packet *c) 
{ 
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int Intialize_Time=O; //necessary time to intailize laer 
packet *Current_Packet=NULL; 
Current_Packet=new packet(); 
Current_Packet->Source=c->Source; 
Current_Packet->Destination=c->Destination; 
Current_Packet->Current_Node=c->Current_Node; 
Current_Packet->Departure_Time=c->Departure_Time+c->Packet_Length; 
Current_Packet->Lambda=c->Lambda; 
Current_Packet->F=c->F; 
Current_Packet->C_Flag=c->C_Flag; 
Current_Packet->Packet_Type='R'; 
Current_Packet->Packet_Tag=2; 
Current_Packet->Packet_ID=c->Packet_ID; 
Current_Packet->Packet_Status=O; 
Current_Packet->Prev_Packet=NULL; 
Current_Packet->Next_Packet=NULL; 
return Current_Packet; 

l*--------------------------------------------------------------
Generate_packet function 

Function return type: packet class type 
Called in variables function: n:node class object, 

s:integer, 
d:integer, 
flag:integer 

Returned function variable : Current Packet packet class type 
The called function passes the node information as variable n 
of type class node1, this variable contains all node infromation 
such as conversion type number of inputs, number of outputs, 
wavelengths, number of fibers, Next-node and Previous noed etc. 
called functions: 
GenerateSeed: To generate a new interarrival time seed and packet 
length seed 
Generateu: To genetrate a uniform random number 

-----------------------------------------------------------------*! 
packet *Generate_packet(int s, int d, node1 n[] ,int flag) 
{ 

double u=O.O; 
unsigned __ int64 temp_time=O; 
unsigned __ int64 temp_length=O; 
packet *Current_Packet=NULL; 
Current_Packet=new packet(); 
Current_Packet->Source=s; 
Current_Packet->Destination=d; 
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Current_Packet->Packet_Type='D'; 
Current_Packet->C_Flag=O; 
Current_Packet->Packet_Status=O; 
Current_Packet->Light_Path=NULL; 
if (n[s] .Node_Type!='s') 

Current_Packet->Current_Node=s; 
else 

Current_Packet->Current_Node=n[s] .Next_Node; 
Current_Packet->Packet_ID=n[s] .Last_Packet+1; 
n[s] .Last_Packet=n[s] .Last_Packet+1; 
u=GenerateU(n[s] .Node_Seed[O]); 
n[s] .Node_Seed[O]=GenerateSeed(n[s] .Node_Seed[O]); 
temp_time=(unsigned __ int64)((-1/n[s] .Lambda)*log(1-u)); 
if (n[s] .Node_Type!='s') 
{ 

Current_Packet->Initial_Time=n[s] .Last_Time+temp_time; 
Current_Packet->Arrival_Time=n[s] .Last_Time+temp_time; 
Current_Packet->Departure_Time=n[s] .Last_Time+temp_time; 
Current_Packet->End_Time=Current_Packet->Departure_Time; 
n[s] .Last_Time=Current_Packet->Initial_Time; 

}else 
{ 

unsigned __ int64 x=n[s] .Last_D+n[s] .Last_Length; 
unsigned __ int64 x1=n[s] .Last_Time+temp_time; 

if ((x1<=x)&&(flag==1)) 
{ 

Current_Packet->Initial_Time=x1; 
Current_Packet->Arrival_Time=x1; 
Current_Packet->Departure_Time=x+1; 
Current_Packet->End_Time=Current_Packet->Departure_Time; 
n[s] .Last_Time=x1; 

n[s] .Last_D=x+1; 
}else 

{ 
Current_Packet->Initial_Time=x1; 
Current_Packet->Arrival_Time=x1; 
Current_Packet->Departure_Time=x1; 
Current_Packet->End_Time=Current_Packet->Departure_Time; 
n[s] .Last_Time=x1; 
n[s] .Last_D=x1; 

} 

u=GenerateU(n[s] .Node_Seed[1]); 
n[s] .Node_Seed[1]=GenerateSeed(n[s] .Node_Seed[1]); 
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temp_length=(unsigned __ int64)((-1/n[s] .Mu)*log(1-u)); 
Current_Packet->Packet_Length=temp_length; 
n[s] .Last_Length=temp_length; 
Current_Packet->Hop_Count=O; 
Current_Packet->Prev_Packet=NULL; 
Current_Packet->Next_Packet=NULL; 
if(n[s] .Node_Type=='s') 
{ 

Current_Packet->Lambda=-1; 
Current_Packet->F=-1; 
} 

} 

if(s!=O) 
{ 

} 

doubler= GenerateU(n[s] .Node_Seed[3]); 
n[s] .Node_Seed[3]=GenerateSeed(n[s] .Node_Seed[3]); 
int y = (int) (r*n[Current_Packet->Current_Node] .Out_W); 
Current_Packet->Lambda=y; 
r = GenerateU(n[s] .Node_Seed[4]); 
n[s] .Node_Seed[4]=GenerateSeed(n[s] .Node_Seed[4]); 
y = (int) (r*n[Current_Packet->Current_Node] .Out_F); 
Current_Packet->F=y; 

if (n[s] .Node_Type=='s') 
{ 

Current_Packet->Packet_Tag=1; 
Current_Packet->Packet_Status=O; 
} 
else 
{ 

Current_Packet->Packet_Tag=O; 
} 
spacket++; 
packetL+=Current_Packet->Packet_Length; 
return Current_Packet; 

f*------------------------------------------------------------
Get_Path2 function 

This function is implemented to find a route between 
source-destination pair. 
Function return type: Path class object 
Called in variables function: n1:node class object, 
No_of_Nodes: integer,current_packet: packet class object 
Returned function variable : head: path class object 
The called function passes the node information as 
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variable n1 of type class node1, this variable contains 
all node infromation such as conversion type number of 
inputs, number of outputs, wavelengths, number of fibers, 
Next-node and Previous noed etc. also the Current_packet 
that wants to find a path to its destination. 

------------------------------------------------------------------*! 
path *Get_Path2(node1 n1[], int No_of_Nodes, packet *current_packet) 
{ 
path *head=new path(n1[current_packet->Current_Node] .Out_F); 

head->Next=NULL; 
head->Prev=NULL; 
head->Same=NULL; 
path *temp=NULL; 

path *temp1=NULL; 
temp=head; 

temp1=head; 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// extrac the current packet current node and destination 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
int c= current_packet->Current_Node; 
int d=current_packet->Destination; 

int i=O; 
//+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
//check the outgoing wavelngths of the output of the current 
// to consrtuct the grid data structure 
//+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
while (i<n1[c] .Out_W) 
{ 

temp1->Node_No=n1[c] .Node_No; 
temp1->w=i; 
for (int j=O;j<n1[c] .Out_F;j++) 
{ 

temp1->F[j] [O]=j; 

} 

if (n1[c] .Out_Port[i] [j]==1) 
temp1->F[j] [1]=1; 

else if (n1[c] .Out_Port[i] [j]==O) 
temp1->F[j] [1]=0; 

i++; 
if(i<n1[c] .Out_W) 
{ 

temp1=new path(n1[c] .Out_F); 
temp->Next=temp1; 
temp1->Prev=temp; 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

} 

temp=temp1; 
temp->Next=NULL; 
temp->Same=NULL; 

} 
temp=head; 
path *temp2=NULL; 
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//+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
//set the c to the next node of the current node 
// copmare the next node of the current node of 
//the packet object with desitnation of the pakcet 
// if the next nod is qual to the destination that means 
// the grid structure will have just one level. if the next 
// node is the desitnation enter the loop and cheack the outgoing 
// wavlengths of the next node and so on till the packet 
//destination reached. 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

c=n1[c] .Next_Node; 
temp2=NULL; 
while(c!=d) 
{ 

if (n1[c] .Node_Type!='d') 
{ 

while (temp!=NULL) 
{ 
temp1=new path(n1[c] .Out_F); 

temp1->Next=NULL; 
temp1->Same=NULL; 
temp1->Prev=NULL; 

temp1->Node_No=n1[c] .Node_No; 
temp1->w=temp->w; 
for (int j=O;j<n1[c] .Out_F;j++) 
{ 

temp1->F[j] [O]=j; 
if (n1[c] .Out_Port[temp->w] [j]==1) 

temp1->F[j] [1]=1; 
else 

temp1->F[j] [1]=0; 
} 
temp->Same=temp1; 

if (temp->Prev!=NULL) 
{ 

temp2->Next=temp1; 
temp1->Prev=temp2; 
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} 

} 

} 

temp=temp->Next; 
temp2=temp1; 

temp=head; 
while(temp->Same!=NULL) 

{ 

temp=temp->Same; 
c=n1[temp->Node_No] .Next_Node; 
} 

} 

return head; 
} 
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l*---------------------------------------------------------
cleanm function 

This function is implemented to free the memory 
locations that are reserved in the Get_path to 
construct the grid data structure 
Function return type: Void 
Called in variables function: temp:ptah class object 
Returned function variable : NULL 

----------------------------------------------------------*! 
void cleanm (path *temp) 
{ 

path *t=temp; 
path *temp1=temp->Next; 
path *temp2=temp->Same; 
while(temp!=NULL) 
{ 

} 

temp2=temp->Same; 
while (temp->Same!=NULL) 
{ 

} 

temp->Same=temp2->Same; 
delete temp2; 
temp2=temp->Same; 
t=temp; 

delete temp; 
t emp=t emp 1 ; 
if (temp1!=NULL) 

temp1=temp1->Next; 
t=temp; 
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delete t; 
} 

l*-----------------------------------------------------------
Random_Assign function 

This function is implemented to check grid data structure 
and find a continous wavelength between the source and 
destination. if more the one wavelength is found one of 
them will be picked randomly. 
Function return type: packet class object 
Called in variables function: n1 node class object, 

No_of_Nodes integer, 
c packet class object, 
h path class object 

Returned function variable : c: packet class object 
The called function passes the node information in the 
variable n1 of type class node1, the current packet 
infromation in the variable c, and the path 
information from the packet's current node to the 
packet's destinatio. 

---------------------------------------------------------*! 
packet *Random_Assign(packet *C, node1 n[], int No_of_Nodes, path *h) 
{ 

path *temp=h; 
int count=O; 
double r=-1; 
int y=-1; 

//+++++++++++++++++++++++++++++++++++++++++++++ 
// first the number of wavlengths in grid data 
// structure is found 
//+++++++++++++++++++++++++++++++++++++++++++++ 

while (temp!=NULL) 
{ 

} 

count++; 
temp=temp->Next; 

//++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// randomly pick one of the wavelengths that are in grid 
// path to strat from 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

temp=h; 
r = GenerateU(n[temp->Node_No] .Node_Seed[3]); 
n[temp->Node_No] .Node_Seed[3]=GenerateSeed(n[ 

temp->Node_No] .Node_Seed[3]); 
y = (int) ((r*count)); 
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count=O; 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
II Move the header of the path grid to the selected wavelength 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

while(temp!=NULL) 
{ 

} 

if (count==y) 
break; 
temp=temp->Next; 
count++; 

light_path *head=new light_path(); 
head->Next=NULL; 
light_path *l=head; 
light_path *11=head; 

II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
II check all level in the path grid for the selected wavelength 
II to find out if this wavelength is available on all hops. 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

while (temp!=NULL) 
{ 

count=O; 
int index=n[temp->Node_No] .Out_F; 
int *Free=new int[index]; 
for (int i=O;i<n[temp->Node_No] .Out_F;i++) 
Free[i]=-1; 
for( i=O;i<n[temp->Node_No] .Out_F;i++) 
{ 

if(temp->F[i] [1]==1) 
{ 

} 

} 

Free[count]=i; 
count++; 

r=GenerateU(n[temp->Node_No] .Node_Seed[4]); 
n[temp->Node_No] .Node_Seed[4]=GenerateSeed(n[ 

temp->Node_No] .Node_Seed[4]); 
y = (int) ((r*count)); 
1->Node_No=temp->Node_No; 
1->w=temp->w; 
1->C=O; 
1->F=Free[y]; 
delete[] Free; 
if(temp->Same!=NULL) 
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} 

{ 

} 

l=new light_path(); 
11->Next=l; 
1->Next=NULL; 
11=1; 

temp=temp->Same; 

206 

//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

// if a contious light path is found the head will point to that 
// wavelength otherwise it will point to NULL 
//+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

c->Light_Path=head; 
!/+++++++++++++++++++++++++++++++++++++++++++++++++++ 

// call clean memory fuction to clean up all memory 
// loactions researved for this packet to be 
// avialable for next event. 
//+++++++++++++++++++++++++++++++++++++++++++++++++++ 

} 

cleanm(h); 
return c; 

l*----------------------------------------------------------------
Lest_Loaded function 

This function is implemented to check grid data structure 
and assign the least loaded wavelength to the current packet 
if a countious wavelength is found. 
wavelength that exhusted on at least one hop. 
Function return type: packet class object 
Called in variables function: n1:node class object, 
No_of_Nodes: integer,c: packet class object, 
h: path class object 
Returned function variable : c: packet class object 

-----------------------------------------------------------------*! 
packet *Lest_Loaded(packet *C, node1 n[], int No_of_Nodes, path *h) 
{ 

Least_Loaded_Path *L=NULL; 
Least_Loaded_Path *L1=NULL; 
int flag=O; 
path *temp=h; 
path *head=h; 
while (temp!=NULL) 
{ 

L=new Least_Loaded_Path(); 
L->head=temp; 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

207 

h=temp; 
II+++++++++++++++++++++++++++++++++++++++++++ 

II check all the first level wavelengths to 
II idntify the least loaded 
II+++++++++++++++++++++++++++++++++++++++++++ 

while (h!=NULL) 
{ 

L->Node_No=h->Node_No 
L->W=h->w; 
int index=0; 
for (int i=0;i<n[h->Node_No] .0ut_F;i++) 
{ 

} 

if (h->F[i] [1]==1) 
{ 

} 

index=i; 
break; 

II++++++++++++++++++++++++++++++++++++++++++++++++++ 
II check the least picked wavelength from the first 
II level if it avilable on all hops 
II++++++++++++++++++++++++++++++++++++++++++++++++++ 

for(i=index+1;i<n[h->Node_No] .0ut_F ;i++) 
{ 

} 

if((n[h->Node_No] .weight[h->w] [i]<n[ 

{ 

} 

h->Node_No] .weight[h->w] [index]) 
&&(h->F[i] [1]==1)) 

h->F[index] [1]=0; 
index=i; 

else 
{ 

h->F[i] [1]=0; 
} 

} 
L->F=index; 
L->sum=L->sum+n[h->Node_No] .weight[h->w] [index]; 
h=h->Same; 

II++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
II if flag=0 means if the picked wavelngth is not available 
II on all hops delete it from the grid data structure. 
II++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
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if (flag==O) 
{ 

Ll=L; 
flag=1; 

}else if(L->sum<L1->sum) 
{ 

delete L1; 
Ll=L; 

}else 
delete L; 

temp=temp->Next; 
} 

h=L1->head; 
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light_path *l_path=new light_path(); 
light_path *h_path=l_path; 
light_path *11_path=l_path; 

//++++++++++++++++++++++++++++++++++++++++ 
// search for the next loaded wavelength 
//++++++++++++++++++++++++++++++++++++++++ 

while (h!=NULL) 
{ 

l_path->Node_No=h->Node_No; 
l_path->w=h->w; 
l_path->C=O; 
l_path->Next=NULL; 
for (int i=O;i<n[h->Node_No] .Out_F;i++) 
{ 

} 

if (h->F [i] [1] ==1) 
{ 

} 

l_path->F=h->F[i] [OJ; 
break; 

} 

if(h->Same!=NULL) 
{ 

} 

l_path=new light_path(); 
ll_path->Next=l_path; 
ll_path=l_path; 

h=h->Same; 

l_path=h_path; 
while(l_path!=NULL) 
{ 
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n[l_path->Node_No] .weight[l_path->w] [l_path->F]++; 
l_path=l_path->Next; 

} 
c->Light_Path=h_path; 
cleanm(head); 
return c; 

l*-------------------------------------------------------
C_Random_Assign function 

This function is used to assign a light path request 
a wavelength with minimum nuber of conversiion 
Function return type: packet class object 
Called in variables function: n1:node class object, 

No_of_Nodes: integer 
c: packet class object, 
h: path class object 

Returned function variable : c: packet class object 
-----------------------------------------------------------*! 
packet *C_Random_Assign(packet *c,node1 n[] ,int No_of_Node,path *h) 
{ 

path *temp=h; 
path *temp1=h; 
path *temp2=NULL; 
light_path *head=NULL; 
light_path *l=NULL; 
light_path *11=NULL; 
int flag=O; 
double r=O; 
int y=-1; 
while (temp->Next!=NULL) 
{ 

temp=temp->Next; 
} 
while(temp!=NULL) 
{ 

} 

temp->Next=temp1; 
temp1->Prev=temp; 
temp=temp->Same; 
temp1=temp1->Same; 

temp=h; 
if((c->Lambda!=-i)&&(c->F!=-1)) 
{ 

while( temp!=NULL) 
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{ 

if(temp->w==c->Lambda) 
{ 

} 

tempi=temp; 
break; 

temp=temp->Next; 
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} 

} 

else 
{ 

} 

r = GenerateU(n[temp->Node_No] .Node_Seed[4]); 
n[temp->Node_No] .Node_Seed[4]=GenerateSeed(n[ 

temp->Node_No] .Node_Seed[4]); 
y = (int) (r*n[c->Current_Node] .Out_W); 
while( temp!=NULL) 
{ 

if(temp->w==y) 
{ 

} 

tempi=temp; 
break; 

temp=temp->Next; 

} 

tempi=temp; 
temp2=temp; 
do 
{ 

l=Countious_Wavelength(c,n,temp); 
if(l!=NULL) 
{ 

if(c->Source==O) 
{ 

c->Light_Path=l; 
break; 

} 

if(l->w!=c->Lambda) 
{ 

if(n[c->Current_Node] .C_T==1) 
{ 

if(n[c->Current_Node] .C[l->F]>O) 
{ 

1->C=i; 
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} 

c->Light_Path=l; 
break; 
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else 
{ 

c->Light_Path=NULL; 
head=l; 
while(l!=NULL) 
{ 

} 

head=l->Next; 
delete l; 
l=head; 

} 

} 

else if(n[c->Current_Node] .C_T==2) 
{ 

if(n[c->Current_Node] .C[O]>O) 
{ 

} 

l->C=1; 
c->Light_Path=l; 
break; 

else 
{ 

} 
} 

c->Light_Path=NULL; 
head=l; 
while(l!=NULL) 
{ 

} 

head=l->Next; 
delete l; 
l=head; 

else if (n[c->Current_Node] .C_T==3) 
{ 

if (n[c->Current_Node] .C[O]>O) 
{ 

} 

l->C=1; 
c->Light_Path=l; 
break; 

else 
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{ 

c->Light_Path=NULL; 
head=l; 

while(l!=NULL) 

} 

} 

{ 

} 

} 

else 

head=l->Next; 
delete l; 
l=head; 

c->Light_Path=NULL; 
} 

else 
{ 

c->Light_Path=l; 
• break; 

} 

temp=temp->Next; 
} while (temp!=temp1); 
if(c->Light_Path==NULL) 
{ 

temp1=temp2; 
do 
{ 

212 

l=N_Conversion(c,n,temp1); 
if((head==NULL)&&(l!=NULL)) 
{ 

} 

head=l; 
11=head; 
temp2=temp1; 

if (l==NULL) 
{ 

} 

temp1=temp1->Next; 
if(temp1==temp2) 
break; 

else 
{ 

temp1=temp1->Same; 
temp2=temp1;//temp2->Same; 
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} 

if (1 ! =NULL) 
{ 

} 

11->Next=l; 
11=1; 

l=NULL; 
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}while (temp1!=NULL); 
if (head!=NULL) 
{ 

l=head; 
while (1 ! =NULL) 
{ 

} 

if(l->Next!=NULL) 
{ 

} 

if(l->Node_No==l->Next->Node_No) 
1->Next=NULL; 

1=1->Next; 

l=head; 
while(l->Next!=NULL) 
1=1->Next; 
if(n[l->Node_No] .Next_Node==c->Destination) 
{ 

light_path *12=new light_path(); 
12->Next=NULL; 
12->Node_No=c->Current_Node; 
12->w=c->Lambda; 
12->F=c->F; 
l=head; 
if(l2->w!=-1) 

11=12; 
else 

11=1; 
do 
{ 

if (1->w ! =11->w) 
{ 

if(n[l->Node_No] .C_T==1) 
{ 

if(n[l->Node_No] .C[c->F]>O) 
{ 

l->C=1; 
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} 

else 
{ 

c->Light_Path=NULL; 
l=head; 
while(l!=NULL) 
{ 

} 

head=l->Next; 
delete l; 
l_=head; 

} 

} 

else if(n[l->Node_No] .C_T==2) 
{ 

if(n[l->Node_No] .C[O]>O) 
{ 

l->C=1; 
} 

else 
{ 

} 
} 

c->Light_Path=NULL; 
l=head; 
while (1 ! =NULL) 
{ 

} 

head=l->Next; 
delete l; 
l=head; 

else if (n[l->Node_No] .C_T==3) 
{ 

if (n[l->Node_No] .C[O]>O) 
{ 

l->C=1; 
} 

else 
{ 

c->Light_Path=NULL; 
l=head; 
while(l!=NULL) 
{ 

head=l->Next; 
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} 

} 

} 

} 

} 

else 
{ 

delete l; 
l=head; 
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c->Light_Path=NULL; 
l=head; 
while(l!=NULL) 
{ 

} 

} 

} 

11=1; 

head=l->Next; 
delete l; 
l=head; 

if (1 ! =NULL) 
1=1->Next; 

}while (l!=NULL); 
delete 12; 

else 
{ 

c->Light_Path=NULL; 
l=head; 
while (1 ! =NULL) 
{ 

head=l->Next; 
delete l; 
l=head; 

} 

} 

if (head! =NULL) 
c->Light_Path=head; 

} 

temp=h; 
temp1=h->Prev; 
while(temp!=NULL) 
{ 

temp->Prev=NULL; 
temp=temp->Same; 
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} 

temp1->Next=NULL; 
temp1=temp1->Same; 

} 
cleanm(h); 
return c; 
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l*---------------------------------------------------------
Least_Used function 

This function is used as main wavelength assignment 
which means from this function one of the above 
function is caaled depned on the wavelength assignment 
algorithm that selected. 
Function return type: packet class object 
Called in variables function: n1:node class object, 

No_of_Nodes: integer 
c: packet class object, 
h: path class object 

Returned function variable : c: packet class object 
------------------------------------------------------------*! 
packet *Least_Used(packet *C, node! n[], int No_of_Nodes) 
{ 

path *temp=NULL; 
temp=Get_Path2(n,No_of_Nodes,c); 
path *temp1=temp; 
path *temp2=temp; 
path *temp3=temp; 
path *h=temp; 
int flag=O; 
if(Cflag==O) 
{ 
while (temp1!=NULL) 
{ 

temp2=temp1; 
while (temp2!=NULL) 
{ 

flag=O; 
for (int i=O;i<n[temp1->Node_No] .Out_F;i++) 
{ 

if (temp2->F[i] [1]==1) 
{ 

} 

temp2=temp2->Same; 
flag=!; 
break; 
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} 

} 

} 
} 
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} 
if (flag==O) 
{ 

} 

temp2=temp1; 
temp1=temp1->Next; 
if(temp2->Prev==NULL) 

h=temp2->Next; 
while(temp2!=NULL) 
{ 

temp3=temp2; 
if(temp2->Prev!=NULL) 

temp2->Prev->Next=temp2->Next; 
if (temp2->Next!=NULL) 

temp2->Next->Prev=temp2->Prev; 
temp2=temp2->Same; 
delete (temp3); 

break; 

if(flag!=O) 
temp1=temp1->Next; 

} 
if((h!=NULL)&&(Assignment_Algorithm==1)) 

c=Lest_Loaded(c,n, No_of_Nodes,h); 
else if((h!=NULL)&&(Assignment_Algorithm==2)) 

c=Random_Assign(c,n,No_of_Nodes,h); 
else 

c->Light_Path=NULL; 

else 
c=C_Random_Assign(c,n,No_of_Nodes,h); 

return c; 

packet *Reach_Destination(packet *c, node1 n[J, int NO_of_Node); 
l*--------------------------------------------------------------

Tag1_Packet_Process function 
in this function the current packet under perocess 
information is updated. the pakcet passed to this 
function after its ligt path resources are researved 
on all hops. 
Function return type: packet class object 
Called in variables function: n1:node class object, 
No of Nodes: integer,h: packet class object 
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-- Returned function variable : c: packet class object 
---------------------------------------------------------------*I 
packet *Tag1_Packet_Process(packet *h, node1 n[], int NO_of_Node) 
{ 

light_path *l=NULL; 
int Processing_Time=O; 
unsigned long Propagation_Delay=O; 
packet *temp=NULL; 
packet *temp1=NULL; 
list LIST; 
temp=h; 

II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

II Check if the packet will utilize a wavelength converter in 
II the current node. Also it delete the current node information 
II for the light path list. 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if (temp->Light_Path->C==1) 
temp->C_Flag=1; 

else 
temp->C_Flag=O; 

temp->Lambda=temp->Light_Path->w; 
temp->F=temp->Light_Path->F; 

11---------------- Update Light Path----------------
1= temp->Light_Path; 
temp->Light_Path=temp->Light_Path->Next; 
1->Next=NULL; 
delete l; 

11---------------------------------------------------
tempi=C_packet(temp); 

temp->Current_Node=n[temp->Current_Node] .Next_Node; 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

II Check for the destination. if the packet reach its destinatio 
II will be deleted from the event list 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if (temp->Current_Node==temp->Destination) 
{ 
h=Reach_Destination(temp,n,NO_of_Node); 
} 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

II in this section the packet's time get updated also the event list 
II updated according to the current new infromation 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

else 
{ 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

} 

} 
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Propagation_Delay=( unsigned long) ((n[temp->Current_Node] .Distance 
/200000.0)/(1.0/1000000000.0)); 
temp->Arrival_Time=temp->Departure_Time+ Propagation_Delay; 

temp->Departure_Time=temp->Arrival_Time+Processing_Time; 
temp->End_Time=temp->Departure_Time; 

temp->Hop_Count++; 
temp->Packet_Status=1; 
h=temp->Next_Packet; 

h->Prev_Packet=NULL; 
temp->Next_Packet=NULL; 
h=LIST.Insert_To_List(h,temp); 

h=LIST.Insert_To_List(h,temp1); 
return h; 

l*------------------------------------------------------------------
Releas_Resources function 

The node reources infromation will be upadted in this function. 
This function will be called only with resources event 
Function return type: packet class object 
Called in variables function: c: packet class object, 
n1:node class object 
Returned function variable : c: packet class object 

--------------------------------------------------------------------*! 
packet *Releas_Resources(packet *c, node1 n[]) 
{ 

list LIST; 
packet *temp=NULL; 
temp=c; 
n[c->Current_Node] .Out_Port[c->Lambda] [c->F]=1; 

if (c->C_Flag>O) 

} 

{ 

if (n[c->Current_Node] .C_T==1) 
n[c->Current_Node] .C[temp->F]++; 

else 
n[c->Current_Node] .C[O]++; 

} 

c=LIST.Delete_From_List(temp); 
return c; 

l*------------------------------------------------------------------
Reach_Destination function 

-- This function is invoked when the pakcet arrive to its 
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destination to update the arrived packet counter and generate 
a new data packet from the same source and wavelength 
Function return type: packet class object 
Called in variables function: c: packet class object, 
n1:node class object 
Returned function variable : c: packet class object 

--------------------------------------------------------------------*! 
packet *Reach_Destination(packet *c, node1 n[], int No_of_Nodes) 
{ 

} 

list LIST; 
packet *temp=NULL; 
n[c->Source] .Arrived_Packet++; 
int source1=c->Source; 
int d=Destination_Generation(source1,No_of_Nodes,n); 
c=LIST.Delete_From_List(c); 
temp=Generate_packet(source1,d,n,1); 
c=LIST.Insert_To_List (c,temp); 
return c; 

l*------------------------------------------------------------------
Blocked_Packet function 

This function is invoked when a pakcet drop event occurs. 
So, the dropped packets counter will upadted and a new pakcet 
will be generated. Also, the event list will be updated by 
deleting the dropped packet and insert the new generated packet. 
Function return type: packet class object 
Called in variables function: c: packet class object, 
n1:node class object 
Returned function variable : c: packet class object 

--------------------------------------------------------------------*! 
packet *Blocked_Packet(packet *C, node1 n[] ,int No_of_Nodes) 
{ 

} 

Blocked++; 
list LIST; 
int source1=c->Source; 
packet *temp; 
temp=NULL; 
n[c->Source] .blocked++; 
c->Packet_Status=3; 
c=LIST.Delete_From_List(c); 
int d=Destination_Generation(source1,No_of_Nodes,n); 
return c; 

!*--------------------------------------------------------------
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Instanince_Reservation function 
This function was implmwnted to do the resources reservation 
for the current packet after these resources identified. 
Function return type: packet class object 
Called in variables function: c: packet class object, 
n1:node class object 
Returned function variable : c: packet class object 

-----------------------------------------------------------------*! 
packet *Instanince_Reservation(packet *C, node1 n[J ,int No_of_Nodes) 
{ 

n [1J . RT [OJ [OJ +=1; 
if(n[c->SourceJ .Node_Type=='s') 

n[c->Source J .RT[OJ [OJ+=c->Packet_Length 
if((Assignment_Algorithm==1) I l(Assignment_Algorithm==2)) 

c=Least_Used(c,n, No_of_Nodes); 
if (c->Light_Path==NULL) 
{ 

c->Packet_Status=3; 
c->Light_Path=NULL; 
return c; 

}else 
{ 

} 

c->Packet_Status=1; 
light_path *l; 
l=NULL; 
l=c->Light_Path; 
if(c->Source==O) 

n[OJ .Th[OJ [O]+=c->Packet_Length; 
while(l!=NULL) 
{ 

} 

if(c->Source!=O) 
n[l->Node_NoJ .Th[l->wJ [1->F]+=c->Packet_Length; 

n[l->Node_NoJ .Out_Port[l->wJ [1->FJ=O; 
if (1->C>O) 
{ 

if (n[l->Node_NoJ .C_T==1) 
n[l->Node_NoJ .C[l->FJ--; 

else 
n[l->Node_No] .C[OJ--; 

} 

1=1->Next; 

return c; 
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} 
packet *Data_Packet_Process(packet *C, node1 n[],int No_of_Nodes) 
{ 

} 

if(c->Light_Path==NULL) 
{ 

n[c->Current_Node] .Pro_Packet++; 
if (c->Source==O) 
n[c->Source].Pro_Packet++; 

if (Reservation_Method==O) 
{ 

c=Instanince_Reservation(c, n,No_of_Nodes); 
if (c->Light_Path!=NULL) 
{ 

c=Tagl_Packet_Process(c, n, No_of_Nodes); 
} 
else if(c->Light_Path==NULL) 

c=Blocked_Packet(c,n, No_of_Nodes); 
} 

}else 
{ 

n[c->Current_Node] .Pro_Packet++; 
c=Tagl_Packet_Process(c,n,No_of_Nodes); 

} 
return c; 

f*---------------------------------------------------------------
Packet_Processing function 

Function return type: packet class type 
Called in variables function: c - packet class type, 
node -node class type 
Returned function variable : c - packet class type 
depend of the event type if data or release this 
function call either Conversion! function or Releas Resources 

-----------------------------------------------------------------*! 
packet *Packet_Processing(packet *C, node1 n[], int No_of_Nodes) 
{ 

if(c->Packet_Type=='D') 
{ 

c=Data_Packet_Process(c,n,No_of_Nodes); 
} 
else if(c->Packet_Type=='R') 
{ 

c=Releas_Resources(c,n); 
} 
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return c; 
} 
l*---------------------------------------------------------

List_Processing function 
Function return type: Void 
Called in variables function: head-packet class type, 
node-node class type 
Returned function variable : NULL 
This function get the header of the event list and pass 
it to the packet processing function to be processed. 
Also this function keep track of how many packets get 
processed and calculate the blocking probability 
if this number reach 1000000 packet event. if the 
tolerance between the current blocking probability 
and the pervious from the pervious iteration less 
than 0.0001 the simulator will be ended after the 
computer memory get cleaned by deleting all 
the event list. 

-----------------------------------------------------------*! 
void List_Processing(packet *head, packet *tail, node1 
n[], int No_of_Nodes) 

{ 
packet *temp; 
temp=NULL; 
temp=head; 
long Packet_Count=0; 
double pb=0; 
double pb1=0; 
int exit=0; 
double epslon=0.0; 
long Num=1; 
while (temp!=NULL) 
{ 

if ((temp->Packet_Type=='D')&&(temp->Packet_Status==0)) 
{ 

Packet_Count++; 
} 
if(Packet_Count==(Num*1000)) 
{ 

Num++; 
} 
Simulator_end_Time=temp->Departure_Time; 
if (temp->Packet_Type=='D') 
Processed++; 
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temp=Packet_Processing(temp,n,No_of_Nodes); 
if((Packet_Count==100000)&&(exit!=1)) 
{ 

Num=O; 
double summp=O; 
for (int i=O;i<No_of_Nodes;i++) 

summp+=n[iJ .blocked; 
pb=(double)Blocked/(double)Processed; 
epslon=fabs(pb-pb1); 
if(floor(epslon*1000)<=1) 
{ 

exit=1; 
for(int i=O;i<No_of_Nodes;i++) 
{ 

n[i] .blocked=O; 
n[i] .Last_Packet=O; 
n[i] .Arrived_Packet=O; 

} 

Packet_Count=O; 
}else 
{ 

for(int i=O;i<No_of_Nodes;i++) 
{ 

n[i] .blocked=O; 
n[i] .Last_Packet=O; 
n[i] .Arrived_Packet=O; 

} 

Packet_Count=O; 
} 

pbl=pb; 
}else if ((exit==1)&&(Packet_Count==100000)) 
{ 

pb=(double)Blocked/(double)Processed;. 
for (int i=O;i<No_of_Nodes;i++) 
{ 

for( int k=O;k<n[i] .Out_F;k++) 
{ 

for (int j=O;j<n[i] .Out_W;j++) 
{ 

if (n [i] . Th [j] [k] <0) 
n[i] .Th[j] [kJ+=Simulator_end_Time; 

if (n [iJ . RT [OJ [OJ <O) 
n[iJ .RT[OJ [OJ+=Simulator_end_Time; 

} 
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} 

} 
} 
break; 

} 
while(temp!=NULL) 
{ 

} 
} 

head=temp->Next_Packet; 
delete temp; 
temp=head; 
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l*----------------------------------------------------------
Event_Handeler function 

Function return type: Void 
Called in variables function: node -node class type 
Returned function variable : NULL 
This function generate the initial event list and 
set up the simulator starting time to the time of the 
fisrt event will be processed 

-----------------------------------------------------------*! 
void Event_Handeler(node1 n1[],int NO_of_Node) 
{ 

int d; 
packet *Event_Head=NULL; 
packet *Event_Tail=NULL; 
list LIST; 
packet *cl=NULL; 
for (int i=O;i<NO_of_Node;i++) 
{ 

} 

if ((nl[i] .Node_Type!='d')&&(nl[i] .Lambda>O)) 
{ 

} 

for( int j=O;j<3;j++) 
{ 
d=Destination_Generation(i,NO_of_Node,n1); 
c1=Generate_packet(n1[i] .Node_No,d,n1,1); 

Event_Head=LIST.Insert_To_List(Event_Head,c1); 
} 

Simulator_start_Time=Event_Head->Departure_Time; 
Event_Tail=LIST.Get_Tail(Event_Head); 

List_Processing(Event_Head,Event_Tail,nl,NO_of_Node); 
signed __ int64 diff=Simulator_end_Time-Simulator_start_Time; 
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} 

void Find_Lambda (node1 n[], int No_of_Nodes, double load[]) 
{ 

n[O] .Lambda=load[O]*n[O] .Mu 
*(n[n[O] .Next_Node] .Out_W*n[n[O] .Next_Node] .Out_F); 

for (int i=1;i<No_of_Nodes;i++) 
n[i] .Lambda=(double)(load[i]*n[i] .Mu)*(n[i] .Out_W*n[i] .Out_F); 

} 

l*---------------------------------------------------------
Construct_Toplogy function 

in this function the toplogy file is read and the 
nodes paramters are set accoriding the values of these 
paramters in the toplogy file 
Function return type: Void 
Called in variables function: n1:node class object 
Returned function variable : Null 

-----------------------------------------------------------*! 
void Construct_Toplogy(node1 n1[]) 
{ 

int F=O; 
int w=O; 
int C=-1; 
double mu=O; 
int length=O; 
__ int64 Temp_Seed=O; 
double Mean_packet_Length=O; 
int NO_Of_Node=O; 
Mean_packet_Length=500000; 
mu=1.0/Mean_packet_Length; 
ifstream out1 ("Toplogy.dat"); 
out1>>NO_Of_Node; 
double *load=new double [NO_Of_Node]; 
srand(7); 
for (int i=O;i<NO_Of_Node;i++) 
{ 

length=O; 
F=O; 
w=O; 
C=O; 
out1>>n1[i] .Node_Type;; 
out1>>n1[i] .Node_No; 
out1>>n1[i] .Next_Node; 
out1>>n1[i] .Distance ; 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

out1>>n1[i] .Out_F; 
out1>>n1[i] .Out_W; 
out1>>n1[i] .Prev_Node; 
out1»length; 
out1»F; 
out1>>w; 
out1»n1[i] .C_T; 
out1»n1 [i] .DC; 
out1»load[i]; 
n1[i] .Mu=mu; 
n1[i] .alpha=alpha; 
if (n1[i] .C_T==1) 
{ 
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for (int j=O;j<n1[i] .Out_F;j++) 
{ 

} 

C=(int)ceil(n1[i] .DC*n1[i] .Out_W); 
n1[i] . C [j] =C; 

} else if (n1[i] .C_T==2) 
{ 

C=(int)ceil(n1[i] .DC*n1[i] .Out_F*n1[i] .Out_W); 
n1[i] . C [OJ =C; 

}else if(n1[i] .C_T==3) 
{ 

n1[i] .C[O]=n1[i] .Out_W*n1[i] .Out_F; 
} 

doubler= ((double)rand() / (double)(RAND_MAX+1) ); 
Temp_Seed=(int)(r*10000); 
while ((Temp_Seed%2)==0) 
{ 

r= ((double)rand() / (double)(RAND_MAX+1) ); 
Temp_Seed=(int)(r*10000); 

} 

n1[i] .Out_Port_Initialization(Temp_Seed); 
} 

Find_Lambda(n1,NO_Of_Node,load); 
cout<<endl<<"O Instanince reservation"; 
cout<<endl<<"1 Backward reservation"; 
cout<<endl<<"2 Forward reservation"; 
cout<<endl<<"3 Hop-by-Hop Reservation"; 
cout<<endl<<"4 Future Reservation"; 
cout. flush(); 
cin>> Reservation_Method; 
cout<<endl<<"O First Fit Algorithm"; 
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cout«endl«"1 Least loaded Algorithm"; 
cout<<endl<< "2 Random Assignment algorithm"; 
cin>>Assignment_Algorithm; 
cout<<endl<<"Conversion Flag"; 
cin»Cflag; 
cout<<endl<<"1. Random Destination"; 
cout<<endl<<"2. Next Node Destination 11

; 

cin>>Destination_Flag; 
out1. close(); 

int main() 
{ 

} 

int NO_Of_Node; 
ifstream out1 ( 11 Toplogy.dat 11

); 

out1>>NO_Of_Node; 
out1. close(); 
node1 *n=new node1[NO_Of_Node]; 
Construct_Toplogy(n); 
for (int i=O;i<NO_Of_Node;i++) 
n[i] .node_info(); 
Event_Handeler(n,NO_Of_Node); 
delete [] n; 
return O; 
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Appendix E 

ANALYTICAL MODEL SOURCE CODE: BLOCKING 
PROBABILITY OF OPS 

The source code of the analytical model, which is written in Maple, to evaluate 
the blocking probability of the optical packet switch with share-per-link conversion 
is shown below. This analytical model is explained in detail in Chapter 5. 

####################################################### 

##Filename: OPS.mws 
## 

## Purpose: To identify the blocking probabilty of 

## the OPS employing share-per-link conversion schme. 
## 

## Inputs: 

## N : Number of inputs/outputd of the switch 

## rho: Load per wavelengt 

## w Number of wavelengths per fiber 

## F Number of fibers 

## C Number of converters 

## 

## Outputs: 

## PB1 : Switch blocking probability 
####################################################### 

############################ 

# Switch paramters settings 
############################ 

N:=4:rho:=1.0:w:=32:C:=4:F:=3: 
####################################################### 

# Probability that there are x arrival on a wavelength 
####################################################### 

X := (x) -> binomial(N*F,x)*(((rho)/N)-x)*((1-((rho)/N))-((N*F)-x)): 

############################################################# 

# The probability that there is n Y's that will constitute T 
############################################################# 

NY := (n) -> binomial(w,n)*((sum('X(i)' ,'i'=(F+1) .. N*F))-n) 

* (sum( 'X(i)', 'i '=0 .. F)) - (w-n): 
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############################################################# 

#Probability there are y packets forwarded to the conversion 
#bank from a wavelength 
############################################################## 

Y := (y) -> X(y+F)/(sum('X(i)','i'=(F+1) .. N*F)): 
######################################################## 

#Expected number of forwarded packets to the conversion 
######################################################## 

EY:= sum('j*Y(j)' ,'j'=1 .. N*F-F): 
############################################################## 

#Probability that there are g copies of a wavelength are free 
############################################################## 

G := (g) -> X(F-g)/(sum('X(i)' ,'i'=O .. F)): 
################################################# 

#G random number probability generating function 
################################################# 

tmp1:=(sum('G(g)*z-g' ,'g'=O .. F))-tt: 
################################################################ 

# Probability that there are beta free wavelengths on the output 
################################################################ 

B := proc(ny,beta) 
if (ny=w) then O; 
elif (beta=O) then (G(O))-(w-ny); 
else eval(diff(eval(tmp1,tt=(w-ny)),z$beta)/beta! ,z=O): 
end if: 

end proc: 
############################################################## 

# Correspondong to those wavelengths that don't contribute to 
#Y's considered in formulating T 
############################################################## 

tmp2:=(sum('Y(y)*z-y' ,'y'=1 .. (N*F-F)))-tt: 
##################################################### 

# Probability that there are alpha packets forwarded 
# to the conversion 
##################################################### 

T := (t,k) -> eval(diff(eval(tmp2,tt=t),z$k)/k!,z=O): 
###################################################### 

# Expected number of the total number of packets that 
# are forwarded to the conversion 
###################################################### 

ET := sum('NY(ny)*(ny*EY)','ny'=O .. w); 
####################################################### 

#Expected number of accepted packets by the conversion 
####################################################### 
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EA:=sum('NY(ny)*sum('B(ny,beta)*sum('min(j,min(beta,C))* 
T(ny,j)' ,'j'=ny .. ny*(N*F-F))' ,'beta'=O ... ((w-ny)*F))' ,'ny'=1 .. w); 
ED1:=ET-EA; 
###################### 
#Blocking probability 
###################### 
PB1:= ED1/(w*F*rho); 
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Appendix F 

SIMULATOR SOURCE CODE: OPTICAL PACKET SWITCH 

The simulator sources code for OPS is shown below. This simulator is ex­
plained in detail in Chapter 7. The simulator is used to evaluate blocking prob­
ability of the multi-fiber OPS with share-per-link conversion option. The results 
generated using this simulator is presented in Chapter 5. 

/*---------------------------------------------------------------
OPS Simulator 

By 
Fahad A. AL-zahrani 

This simulator was build as a part of my Ph.D dissertation. 
This simulator is used to evaluate the blocking 
probability of the multi-fiber OPS. 
File Name: Slotted.cpp 
Inputs: 

Input: Number of inputs 
Output: Number of outputs 
Wi: Number of input wavelengths 

Wo: Number of output wavelengths 
F: Number of fibers 

Load: Load per wavelength 
C: Number of converters 

Outputs: 
Pb: Blcoking probability 
Uc: Conversion bnak utilization 

-----------------------------------------------------------------*! 
/*---------------------------------------------------------------

Global variables 
In this Part of the simulator all global variables that are 
used in the different functions of the simulator are defined 
These variables are: 
Slot_Time: Is used to keep track of the numebr of the slots 
P_Seed: Is used as an initial seed for selecting input 
W_Seed: Is used as an initial seed for selecting wavelength 
F_Seed: Is used as an initial seed for selecting fiber 
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-- C_Seed: Is used as an initial sedd for selecting converters 
---------------------------------------------------------------*! 
#include "list.h" 
double Load=O; 
int C=O; 
long Slot_Time=1; 
long P_Seed=7; 
long W_Seed=13; 
long F_Seed=31; 
long C_Seed=21; 
/*--------------------------------------------------------------

Random generator module 
There are two functions in this module. The First one is 
used to generate the seed that will be use to generate the 
next random variable.The second function is the actual 
implementation of the LCG random generator. 

------------------------------------------------------------------*! 
l*----------------------------------------------------------------

GenerateSeed function 
Function return type: long integer 
Calld in variables funtion: Seed- long integer 
Returned funtion variable : a - long integer 

------------------------------------------------------------------*! 
long GenerateSeed(long Seed) 
{ 

} 

long a; 
a =(long)(abs( (16807 *Seed)% (2147483647))); 
return a; 

l*-----------------------------------------------------------------
Generateu function 

Function return type: bouble 
Calld in variables funtion: Seed- long integer 
Returned funtion variable : u - double 

--------------------------------------------------------------------*! 
double GenerateU(long Seed) 
{ 

} 

double u=O.O; 
u = ((double)(Seed) / (double)2147483647); 
return u; 

l*------------------------------------------------------------
Any_To_Any function 

-- Function return type: packet class type 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

234 

Called in variables: c packet class type, 
node node class type 

Returned function variable : c - packet class type 
This function is called when a contention between packets 
occur. A free wavelength and free converter in the conversion 
bank that associated to the requested output port are sought, 
if a free wavelength and free converter is found then they 
assigned to the passed packet. And change the status of 
these resources to busy. Otherwise this packet as well as 
all other packets that destined to the same output port in 
the current time slot dropped. 

---------------------------------------------------------------*! 
packet *Any_To_Any(packet *C, node1 *node) 
{ 

int Choosed_Packet=-1; 
int Choosed_W=-1; 
int Choosed_F=-1; 
int count=O; 
int C_Counter=O; 
double u=-1.0; 
packet *temp=NULL; 
packet *temp1=NULL; 
temp=c; 
while (c!=NULL) 
{ 

Choosed_Packet=-1; 
Choosed_W=-1; 
count=O; 
temp=c; 
u=GenerateU(P_Seed); 
P_Seed=GenerateSeed(P_Seed); 
while(temp!=NULL) 
{ 

count++; 
temp=temp->After; 

} 
Choosed_Packet=(int)(u*count); 
count=O; 
temp=c; 
while(count!=Choosed_Packet) 
{ 

count++; 
if (count!=Choosed_Packet) 

temp=temp->After; 
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} 

Free_Out_C *Free1=new Free_Out_C[node->Wo*node->F]; 
count=O; 
for (int i=O;i<node->Wo;i++) 
{ 

for (int k=O;k<node->F;k++) 
{ 

if (node->Out_Port[i] [temp->Output] [k]==1) 
{ 

} 

Free1[count] .W=i; 
Free1[count] .F=k; 
count++; 

} 

} 

if ( count>O) 
{ 

} 

int Temp_Choose=-1; 
u=GenerateU(W_Seed); 
W_Seed=GenerateSeed(W_Seed); 
Temp_Choose=(int)(u*count); 
Choosed_W=Free1[Temp_Choose] .W; 
Choosed_F=Free1[Temp_Choose] .F; 
delete [] Free1; 

if ((Choosed_W!=-1)&&(node->C[temp->Output]>O)) 
{ 

if(temp->Output==O) 
C_Counter++; 

node->Out_Port[Choosed_W] [temp->Output] [Choosed_F]=O; 
node->C[temp->Output]--; 
temp->C_Flag=1; 
temp->Out_Lambda=Choosed_W; 
temp->F=Choosed_F; 
node->Forwarded_Packet++; 
if (temp==c) 
{ 

c=c->After; 
if (c!=NULL) 

c->Before=NULL; 
temp->After=NULL; 

}else 
{ 

temp1=temp->Before; 
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temp1->After=temp->After; 
temp1=temp->After; 
temp1->Before=temp->Before; 
temp->Before=NULL; 
temp->After=NULL; 

} 

delete temp; 
} 

else 
{ 

} 

if (c->Before!=NULL) 
c=c->Before; 

while (c!=NULL) 
{ 

} 

temp=c; 
c=c->After; 
++node->blocked; 
delete temp; 

} 

node->U_C[C_Counter]++; 
return c; 

l*--------------------------------------------------------------------
Slot_Initilaze function 

Function return type: Void 
Called in variables: n1-node class type 
Returned function variable : NULL 
This function is called at the end of every time slot to reset the 
node resources to the free state. 

----------------------------------------------------------------------*! 
void Slot_Initilaze(node1 *n) 
{ 

for (int i=O;i<n->Output;i++) 
n->C[i]=C; 

for (i=O;i<n->Output;i++) 
{ 

} 

for(int j=O;j<n->Wo;j++) 
{ 

for (int k=O;k<n->F;k++) 
n->Out_Port[j] [i] [k]=1; 

} 
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} 

l*------------------------------------------------------------
Eevnt Handeler function 

Function return type: Void 
Called in variables: n-node class type 
Returned function variable : NULL 
In this function, all wavelengths are checked if there 
is an arrival on the wavelength under consideration then 
randomly select one of the switch outputs as a destination 
for this arrival. Every time slot this process is repeated. 
Every 100000 time slot runs the blocking probability is 
calculated and compared with blocking probability previous 
value, If the difference is less than 0.001 the simulators 
will be ended and all statistics collected. 

---------------------------------------------------------------*! 
void Event_Handeler(node1 *n) 
{ 

packet *head=NULL; 
packet *Current_Packet=NULL; 
list LIST; 
double p0=0; 
double p1=0; 
double e=9999; 
double u=0.0; 
int In=-1; 
int 0ut=-1; 
int F=-1; 
int Break_Flag=0; 
In_V *ch=new In_V[n->Input*n->F]; 
int Slot_C=1; 
long Max_T=0; 
double Expected_of_Loss=0; 
int Count_In=0; 

//++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// Check if the blocking difference is less than 0.001 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

while (e>0.001) 
{ 

for(int i=0;i<n->Wi;i++) 
{ 

Count_In=0; 
Break_Flag=0; 
for (int k=0;k<n->Input;k++) 
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for (int m=O;m<n->F;m++) 
{ 

ch[Count_In] .In=k; 
ch[Count_In] .F=m; 
Count_In++; 
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} 

} 

while (Break_Flag==O) 
{ 

Count_In=O; 
for (int k=O;k<n->Input*n->F;k++) 
{ 

} 

if (ch[k] .F!=-1) 
Count_In++; 

//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// Randomly select one of the switch inputs and check if there is 
// an arrival on the current wavelength. 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if (Count_In>O) 
{ 

int temp_in=-1; 
u=GenerateU(n->Input_Seed); 
n->Input_Seed=GenerateSeed(n->Input_Seed); 
In=(int)(u*Count_In); 
temp_in=ch[In] .In; 
F=ch[In] .F; 
ch[In] .F=-1; 
ch[In] .In=-1; 
In=temp_in; 
Break_Flag=O; 
Count_In=O; 
for (int j=O;j<n->Input*n->F;j++) 
{ 

if ( ch [j] . F ! =-1) 
{ 

Break_Flag=O; 
ch[Count_In] .In=ch[j] .In; 
ch[Count_In] .F=ch[j] .F; 
if(Count_In!=j) 
{ 

ch [j] . In=-1; 
ch [j] . F=-1 ; 
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} 
Count_In++; 

} 
} 

//+++++++++++++++++++++++++++++++++++++++++++++++++++ 
// Randomaly select one of the siwtch outputs 
// and consider it as the current packet destination 
//+++++++++++++++++++++++++++++++++++++++++++++++++++ 

u=GenerateU(n->Output_Seed); 
n->Output_Seed=GenerateSeed(n->Output_Seed); 
Out=(long)(u*n->Output); 
if (Out==O) 
{ 
u=GenerateU(n->Seeds[i] [In] [F]); 
n->Seeds[i] [In] [F]=GenerateSeed(n->Seeds[i] [In] [F]); 

//+++++++++++++++++++++++++++++++ 
// Check if there is an arrival. 
//+++++++++++++++++++++++++++++++ 

if (u<Load) 
{ 

n->Pro_Packet++; 
Current_Packet=new packet(); 
Current_Packet->After=NULL; 
Current_Packet->Before=NULL; 
Current_Packet->Input=In; 
Current_Packet->F=F; 
Current_Packet->Lambda=i; 
Current_Packet->Slot_Time=Slot_Time; 
Current_Packet->Output=Out; 
Current_Packet->Out_Lambda=i; 
Current_Packet->C_Flag=-1; 
int F_flag=-1; 
for (int k=O;k<n->F;k++) 
{ 

//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// Check if the requested wavelength is free on any fiber 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if (n->Out_Port[Current_Packet->Out_Lambda] 
[Current_Packet->Output] [k]==1) 

{ 

n->Forwarded_Packet++; 
n->Out_Port[Current_Packet->Out_Lambda] 

[Current_Packet->Output] [k]=O; 
delete Current_Packet; 
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} 

} 

F _flag=1; 
break; 
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II++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
II if the requested wavelength is busy on all fibers. Add this 
II packet to the requested output conversion list. 
II++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

} 

} 

} 

} 

if ((F_flag==-1)&&(n->C>0)) 
{ 

} 

} 

n->h[Current_Packet->0utput]= 
LIST.Insert_To_List(n->h[Current_Packet->0utput] 

,Current_Packet); 

else 
{ 

Break_Flag=1; 
} 

II+++++++++++++++++++++++++++++++++++++++++++++++++++++ 
II Check if there are packets in the conversion list. 
II if so call the conversion function 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++ 

if ((n->C_T==0)&&(n->h[0] !=NULL)) 
n->h[0]=Any_To_Any(n->h[0] ,n); 

II++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
II check how long the simulator run. If the Slot counter 
II is equal 100000 calculate the blocking probability and 
II comaper it with the previous value. 
II+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
if (Slot_C==100000) 
{ 

cout<<endl<<Max_T; 
p0=(double)n->blockedl(double)n->Pro_Packet; 
e=fabs(p0-p1); 
p1=p0; 
Expected_of_Loss=Expected_of_Loss+n->blocked; 
n->blocked=0; 
n->Pro_Packet=0; 
n->Forwarded_Packet=0; 
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Slot_C=O; 
} 

//+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
// Initialize the slot counter and call the node initialztion 
// function explained above. 
//++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 

} 

Slot_C++; 
Slot_Initilaze(n); 
Slot_Time++; 

//+++++++++++++++++++++++++++++++++++++++++++ 
// Calculate the conversion bank utilization 
//+++++++++++++++++++++++++++++++++++++++++++ 

u=O; 
for (i=O;i<=C;i++) 
{ 

u+=i*n->U_C[i]; 
} 

u=(double)u/(double)(C*(Slot_Time-1)); 
//++++++++++++++++++++++++++++++++++++++++++++++++++++ 
//Printout the blocking probability and conversion 
// bank utilization 
//+++++++++++++++++++++++++++++++++++++++++++++++++++++ 

} 

cout<<endl<<"------------------------------- 11 ; 

cout«endl«"Blocking= "«pO<<endl; 
cout<<endl<<"Convter bank utilization= "<<u<<endl; 
cout<<endl<<Slot_Time; 
cout. flush(); 

l*-----------------------------------------------
Node_Intiliaze function 

Function return type: node class type 
Called in variables function: 
Returned function variable : n 
This function create the node object and 
initialize all the node's variables 

--------------------------------------------------*! 
node1 *Node_Intiliaze() 
{ 

node1 *n=new node1 (); 
int Input; 
int Output; 
int Wi; 
int Wo; 
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int C_T; 
int d=O; 
int F=O; 
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cout<<"Please Enter the load per wavelength per port 11
; 

cin»Load; 
II. 

' 
cout<<endl<<"Input 
cin»Input; 
cout<<endl<<"Ouput = "; 
cin»Output; 
cout<<endl<<"# of fibers per link="; 
cin»F; 
cout<<endl<<"Number of wavelength per input per fiber"; 

} 

cin»Wi; 
cout<<endl<<"Number of wavelength 
cin»Wo; 
cout<<endl<<"Conversion Type"; 
cin»C_T; 
cout<<endl<<"No of Converters"; 
cin»C; 
n->Input=Input; 
n->Output=Output; 
n->F=F; 
n->Wo=Wo; 
n->Wi=Wi; 
n->C_T=C_T; 
if ((C_T==1) I l(C_T==2)1 l(C_T==3)) 
{ 

cout<<endl<<"Enter d"; 
cin»d; 

}else 
d=O; 

n->Out_Port_Initialization(C,d); 
return n; 

void main() 
{ 

} 

node1 *node=NULL; 
node=Node_Intiliaze(); 
Event_Handeler(node); 

per output per fiber If. 

' 


