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D. M/M/c 8l CHTIAIItO] £X%(3/6)
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D. M/M/c 30l LHTIAIZtOl 2 (4/6)

. AlAg LY

« P(Wo >t} = X2 P{Wy > t|N = k}p) = e e~ (cB-a)t,

———————————— = x=t
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| [0
StE2E0ICSHA St c e k—c+1.,k-c
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E. M/M/c R0l £2111'E(1/5)
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F. M/M/c/K 3(1/4)
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F. M/M/c/K 3(2/4)
- A|AHE AEHE E (State Probability)
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« #Ef ™O|: State Transition

. 9AZ A7t OFF ZE 1 Continuous-Time Markov Process
- HOILEE: Average Arrival Rate

. TWHFMH|AE: Average Service Rate
=S PNFd S Unlt Time

- "R ITE7HA: Average Interarrival Time

- B MH|[AA[ZE: Average Service Time

- MMM E: Birth Rate

« AHE: Death Rate

- AMENEE: State Probability
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1. import numpy as np

2. 1import matplotlib.pyplot as plt

3. from scipy.stats import erlang

4. plt.rcParams.update({'font.size': 11})

5. beta =1.0

6. Xx = np.linspace(0, 10, 500)

7. plt.figure(figsize=(5, 4))

8. for k in [1, 2, 3, 5, 10]:

9. pdf = erlang.pdf(x, k, scale=1/beta)

10. plt.plot(x, pdf, Tlabel=f'k={k}')

11. plt.title('Erlang Distribution PDF for Vvarious k')

12. plt.xlabel('x (time)') ==

13. plt.ylabel('Probability Density') EEEE

14. plt.legend() §§§§

15. plt.grid(True) §§§§

16. plt.show() EEEE
—— % ®
/ ////
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import numpy as np

import matplotlib.pyplot as plt

from scipy.stats import erlang
plt.rcParams.update({'font.size': 11})

A wWN R

beta = 1.0

c=2

k =4

shape = k - c + 1
rate = ¢ * beta

O 0 N O Ui

10. x = np.linspace(0, 10, 500)
11. pdf = erlang.pdf(x, shape, scale=1l/rate)

12. plt.figure(figsize=(5, 4))

13. plt.plot(x, pdf, label=f'Erlang($k-c+1$={shape}, $\lambda$={ratel})')
14. plt.title('PDF of waiting Time $w_Q$')

15. plt.xlabel('x (wWaiting Time)')

16. plt.ylabel('Probability Density')

17. plt.grid(True)

18. plt.legend()

19. plt.tight_layout()

20. plt.show(Q)

Wl
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1. -import numpy as np
import matplotlib.pyplot as plt
plt.rcParams.update({'font.size': 11})

w N

c =3

pc = 0.05

alpha = 2.0

beta = 1

gamma = alpha / beta

0N O U1 A~

9. def F_Q(t, c, pc, gamma, alpha, beta):

10. exponent = -(c * beta - alpha) * t
11. coefficient = (c * pc) / (c - gamma)
12. return 1 - coefficient * np.exp(exponent)

13. t_values = np.linspace(0, 10, 100)
14. cdf_values = F_Q(t_values, c, pc, gamma, alpha, beta)

15. plt.figure(figsize=(5, 4))

16. plt.plot(t_values, cdf_values, label='$F_Q(t)$")
17. plt.xlabel('x (Time)')

18. plt.ylabel ('Cumulative Probability')

19. plt.title('CDF of waiting Time')

20. plt.grid(True)

. plt.legend()

. plt.show(Q)

\\
~

AR

4

= 7

\



- 0 == #3 - Python L
- (28 10)(1/2)

import numpy as np

import matplotlib.pyplot as plt

from math import factorial

from matplotlib.ticker import LogLocator
plt.rcParams.update({'font.size': 11})

uvi D W N R

c =10

K = 20

alpha_values = [0.1, 0.3, 0.5, 0.7]
rho_range = np.linspace(0.1, 0.9, 50)

O 00 N O

10. def calc_chi(alpha, c, K):

11. chi = [1.0] # chi_0 =1

12. for n in range(l, K+1):

13. if n <= c:

14. chi.append(1.0)

15. else:

16. chi.append(chi[-1] * alpha**(n - c + 1))
17. return chi

18. def calc_pO(chi, rho, c, K):

19. suml = sum(chi[n] * rho**n / factorial(n) for n in range(c))
20. sum2 = sum(chi[n] * rho**n / (factorial(c) * c**(n - c)) for n in range(c+l, K+1))
21. return 1.0 / (suml + sum2)

=

=

= 77
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22. def calc_pk(chi, rho, c, K, p0):
23. return (c**c / factorial(c)) * chi[K] * rho**K * pO

24. results = {}

25. for alpha in alpha_values:

26. chi = calc_chi(alpha, c, K)

27. blocking_probs = []

28. for rho in rho_range:

29. p0 = calc_pO(chi, rho, c, K)

30. pK = calc_pK(chi, rho, c, K, p0)
31. blocking_probs.append(pKk)

32. results[alpha] = blocking_probs

33. plt.figure(figsize=(5.5, 4))

34. colors = ['blue', 'red', 'green', 'orange']
35. for alpha, color in zip(alpha_values, colors):
36. plt.plot(rho_range, results[alpha], Tabel=f'a = {alpha}', color=color)

37. plt.yscale('log')

38. plt.xlabel('offered Load')

39. plt.ylabel('Buffer overflow Probability')

40. plt.title('M/M/c-B Queue Blocking Probability')

41. plt.grid(True, which="both', linestyle='--', Tinewidth=0.5)
42. plt.legend()

. plt.tight_layout()

. plt.show(Q)
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1. import numpy as np

2. 1import matplotlib.pyplot as plt

3. plt.rcParams.update({'font.size': 11})

4. X = np.linspace(0, 5, 500)

5. v_values = [0.2, 0.5, 1.0, 2.0]

6. plt.figure(figsize=(5, 4))

7. for v in v_values:

8. fx=v * np.exp(-v * x)

9. plt.plot(x, f_x, label=f'v = {v}')

10. plt.title('PDF of Customer Reneging')

11. plt.xlabel('waiting Time (x)') ggg;

12. plt.ylabel('Probability Density') Egg;

13. plt.legend() §§§§

14. plt.grid(True) §§§§

15. plt.tight_layout() EEEE

16. plt.show(Q) =
— - ____ ©

C\\\\ %%/
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1. +import numpy as np

2. 1import matplotlib.pyplot as plt

3. from math import factorial

4. plt.rcParams.update({'font.size': 11})

5. ¢=10

6. K =20

7. mu=1

8. v_values = [0.1, 0.3, 0.5, 0.7]

9. rho_range = np.linspace(0.1, 0.9, 50)

10. def calc_xi(v, c, K):

11. = [1.0] # xi_0

12. for n in range(l, K - c + 1):

13. xi.append(xi[-1] * (c * mu / (c * mu + v))) ==

14. return xi EE%E
—

15. def calc_pO(rho, v, c, K): §§§§

16. xi = calc_xi(v, c, K) ——

17. suml = sum((rho ** n) / factorial(n) for n in range(c)) §§§§

18. sum2 = sum(Crho ** (c + j)) * xi[j]l / (factorial(c) * c ** j) for j in range(K - c + 1)) =

19. return 1.0 / (suml + sum2)

————— f/ _
/ ///
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20. def calc_pk(rho, v, c, K, p0):

21. xi = calcxi(v, c, K)

22. j=K-¢

23. coefficient = (c ** ¢) / factorial(c)

24. return coefficient * xi[j] * (rho ** K) * p0

25. results = {}
26. for v in v_values:

27. blocking_probs = []

28. for rho in rho_range:

29. p0 = calc_pO(rho, v, c, K)

30. pK = calc_pK(rho, v, c, K, p0)
31. blocking_probs.append(pKk)

32. results[v] = blocking_probs

33. plt.figure(figsize=(5.5, 4))

34. for v in v_values:

35. plt.plot(rho_range, results[v], label=f'v = {v}"')
36. plt.yscale('log')

37. plt.xlabel('offered Load')

38. plt.ylabel('Buffer overflow Probability')

39. plt.title('M/M/c-R Queue Blocking Probability')

40. plt.grid(True, which="both", 1s="--")

41. plt.legend()

~——1 42. plt.tight_layout

—— 43. E'It.shgw() -
==
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1. -import numpy as np

2 import matplotlib.pyplot as plt

3. from math import log, exp

4 from scipy.special import gammaln # log(factorial(n))
5 plt.rcParams.update({'font.size': 11})

6 def mmck_loss_prob_stable(c, K, gamma):

7. # numerator: log(yAK / (c! * cA(K-c)))

8. Tog_num = K * log(gamma) - gammaln(c + 1) - (K - ¢) * log(c)

9 log_terms = []

10. for n in range(c):

11. lTog_terms.append(n * log(gamma) - gammaln(n + 1))

12. for n in range(c, K + 1):

13. log_terms.append(n * log(gamma) - gammaln(c + 1) - (n - ¢) * log(c))
14.

15. max_log = max(log_terms)

16. denom = sum(exp(log_term - max_log) for log_term in Tog_terms)
17. log_denom = log(denom) + max_log

18. return exp(log_num - Tog_denom)

19. lambda_rate = 50

20. mu = 25
21. ¢ =2
—| 22. gamma = lambda_rate / mu
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23.
24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.

K_values = np.arange(10, 101)
p_k_values = [mmck_loss_prob_stable(c, K, gamma) for K in K_values]

for K, pk in zip(K_values, p_k_values):
print(f"K={K}, p_K={pk:.6f}")

plt.figure(figsize=(6, 4))

plt.plot(K_values, p_k_values, label='Loss Probability $p_K$', color="blue')
plt.axhline(y=0.01, color="'r', linestyle='--', label='Threshold (1%)')
plt.xlabel ('K")

plt.ylabel('Loss Probability $p_K$')

plt.grid(True)

plt.legend(Q

plt.tight_layout(Q

plt.show()
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import numpy as np

import matplotlib.pyplot as plt

from math import factorial
plt.rcParams.update({'font.size': 11})

A WwWN R

Tambda_rate = 200

mu = 50

c=4

K = 10

gamma = lambda_rate / mu
10. rho =gamma / ¢ # rho =1

O 0 N O v

11. def calc_chi(alpha, c, K):

12. chi = [1.0]

13. for n in range(l, K + 1):

14. if n <= c:

15. chi.append(1.0)

16. else:

17. chi.append(chi[-1] * alpha ** (n - <))
18. return chi

19. def calc_pO(chi, gamma, rho, c, K):

20. suml = sum(chi[n] * gamma**n / factorial(n) for n in range(c + 1))

21. sum2 = sum(chi[n] * rho**n / factorial(c) * c**(c) for n in range(c + 1, K + 1))
o return 1.0 / (suml + sum2)
%/
%ﬁ
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23.

def calc_avg_entry_prob(chi, gamma, rho, c, K, p0):

probs = []
for n in range(K):
if n <= c:

pn = chi[n] * gamma**n / factorial(n) * pO
probs.append(pn)
else:
pn = chi[n] * rho**n / factorial(c) * c**(c) * pO
probs.append(pn)
b_n = [1.0 if n <= c else alpha ** (n - c¢) for n in range(K)]
return sum(p * b for p, b in zip(probs, b_n))

. alpha_values = np.linspace(0.1, 0.7, 100)
. entry_probs = []
. for alpha in alpha_values:

chi = calc_chi(alpha, c, K)

pO0 = calc_pO(chi, gamma, rho, c, K)

avg_entry = calc_avg_entry_prob(chi, gamma, rho, c, K, p0)
entry_probs.append(avg_entry)

. plt.figure(figsize=(6, 4))

. plt.plot(alpha_values, entry_probs, color="'blue')
. plt.xlabel('Behavior Parameter(w)')

. plt.ylabel('Entry Probability')

. plt.grid(True)

. plt.tight_layout()

. plt.show(Q)
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3. x =

1. dimport numpy as np
2. 1import matplotlib.pyplot as plt

np.linspace(0, 2, 500)

4. v_values = [0.5, 1.0, 2.0, 5.0, 10.0]

5. plt.figure(figsize=(6, 4))
6. for v in v_values:
7. fx=v * np.exp(-v * x)
8. plt.plot(x, f_x, label=f'v = {v}')
9. plt.title('PDF of Customer Reneging')
10. plt.xlabel('waiting Time (x)') ggg;
11. plt.ylabel('Probability Density') Egg;
12. plt.Tegend() §§§§
13. plt.grid(True) §§§§
14. plt.tight_layout( EEEE
15. plt.show() §§§§
=
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