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ORIGINAL STUDY

Finding General Mathematical Formulas for
Extraction the Minimal Path Sets of Complex
Parallel-Series Networks

Mariem Hassan Lafta , Zahir Abdul Haddi Hassan *

Department of Mathematics, College of Education for Pure Sciences, University of Babylon, Iraq

ABSTRACT

Most real-world technological systems are highly complex, making it challenging to examine their reliability. Many
systems can be represented as Complex Parallel-Series Networks (CPSN). The large number of components and sub-
networks, along with their intricate connection, complicates the identification, evaluation, and potential failure of the
CPSN. The concept of minimal path sets for a CPSN refers to a specific set of components whose failure leads to the
failure of the whole CPSN. The primary research problem is to identify these minimal path sets, both for the overall CPSN
and for its complex subnetworks. This paper presents a mathematical technique for analyzing subnetworks instead of the
whole CPSN to reduce computational effort and simplifies intricate calculations. Specialized algorithms and techniques
are presented and used to identify minimal path sets, with numerical results funded by general formulas. Numerical
cases show the effectiveness and applicability of this technique for CPSN.

Keywords: Reliability, Complex system, Parallel-series system, Minimal path

1. Introduction

Reliability has its roots in the early 1930s when
probability theories were applied to solve issues re-
lated to energy production [1–10]. During World
War II, the Germans made a significant revolutionary
move by adopting the concept of Reliability. This
adoption was a major turning point in the field and
demonstrated how historical events substantially im-
pacted the development of reliability engineering.
The adoption was meant to strengthen the depend-
ability of their V1 and V2 rockets. The US Department
of Defense formed an ad hoc dependability commit-
tee in 1950. Then, this committee was established
[3, 11, 12].

From the beginning, the central problem of reliabil-
ity theory has been ascertaining a system’s reliability
criteria from the reliability criteria of its constituent
parts. This is a complex and crucial task, as the

most crucial instrument for measuring any system’s
component efficiency is Reliability. Dependability, or
signature, is predicated on the likelihood that one or
more system components would malfunction. Despite
the advancements in the field, a dynamic solution
that can precisely tackle this issue and handle sys-
tems with more than 500 components is yet to be
developed. The complexity of this task is evident
when we consider that nondeterministic polynomial-
time (NP)-hard issues rank among the most difficult
problem types when viewed through the lens of
computers. As a result, the time needed to assess
a system’s Reliability using the dependability of its
constituent parts usually increases exponentially with
the system’s n-size, making this an ongoing challenge
in the field [13–20]. One practical application of
reliability theory is translating a system’s pass/fail
function into a reliability expression. This involves
identifying each minimal path sets using probability,
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and graph theories. While complex, this process is
crucial in understanding and improving a system’s
Reliability [4, 21]. The multipath problem in the
WAN can be resolved by breaking the system into
smaller units.

This reduces the time and effort needed to perform
the computations necessary to determine the original
system’s path sets. Some have used the contact force
matrix to calculate the system’s MPSN. In this context,
this system consists of two partial branches, each
consisting of a network system connected in parallel
so that the entire system is connected in series. This
configuration is often used in reliability engineering
to model and analyze complex systems [22–27].

The complexity of CPSN arises from the large num-
ber of components and subnet- works, as well as their
intricate connections. This complexity makes it diffi-
cult to identify, evaluate, and understand potential
failures within the CPSN. A minimal path sets in a
CPSN is defined as a specific group of components
whose failure results in the failure of the entire net-
work. The main research problem is to identify these
minimal path sets, both for the overall CPSN and
for its various subnetworks. This paper introduces
a mathematical technique to find all minimal path
sets of CPSN by analyze subnetworks rather than the
whole CPSN, which helps reduce computational effort
and simplifies intricate calculations. By establishing
generalization relations for CPSNs that align with the
hierarchy of their subnetworks, this method could
greatly enhance our comprehension and management
of CPSNs.

The rest of this paper is organized as follows:
Section 2 introduces research methodology to find
all minimal path sets and provides an algorithm for
constructing the minimal path sets of CPSN. Section 3
expanded CPSN system model. Section 4 general-
ization of complex parallel–series network Finally,
Section 5 offers concluding remarks.

2. Basic concepts about minimal path sets
system

Connection matrix of graph G with the vertex set
x = {x1, x2, . . . , xn}, to create a connection matrix
with k minimal path sets (MPS) (p1, p2, . . . , pn) ar-
range the components in rows and the minimal paths
in columns. Compute each minimal path using a con-
nection matrix (P) [4, 28].

|P| =
p1
p2
pk

x11 · · · x1n
...

. . .
...

xk1 · · · xkn

, xi j=1 iff xi j∈ pi otherwise

xi j = 0 and i = 1, 2, . . . , m, j = 1, 2, . . . , n

(1)

2.1. Propose algorithm to extract minimal path sets

This section will review the phases of the suggested
algorithm, which will assist in determining the min-
imal path sets for the given Complex Parallel-Series
Networks (CPSN) system [8, 28, 29].

Step 1: The algorithm’s initial step is the connection
matrix (P), which serves as the logic graph.

Step 2: The connection matrix [P] is enhanced by the
addition of a p × p diagonal unity matrix [U],
a crucial step in the algorithm.

Step 3: Remove the column that belongs to a row that
corresponds to n and any other column or row
devoid of variables.

Step 4: Using the remaining rows and columns, deter-
mine the system success determinant S. Each
algebraic variable is converted into the match-
ing Boolean variable at this stage.

Step 5: Extend the determinant S using Boolean sum
and product operations.

Step 6: Define the system success determinant |P| of
size (pn−1).

2.2. Complex parallel-series networks

A system comprising several complex subsystems
connected in parallel, with these parallel configura-
tions then linked in series, is known as a Complex
Parallel-Series Networks CPSN.

Consider a system comprising four complex
subsystems, interconnected in a parallel-series con-
figuration. This means each subsystem is connected
in parallel, and these parallel groups are then linked
in series with one another, as shown in Fig. 1.

Fig. 1. (CPSN) system.
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2.3. Finding the total number of all minimal paths of Fig. 1

According to the proposed algorithm, the following steps Eq. (2) has been obtained from step 2

|P| =



1 x1 x2 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 x5 x6 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 x7 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 x3 x4 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 x9 0 0 0 0 0 0 0 0
0 0 0 0 0 x8 1 x10 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 x11 x12 x13 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 x14 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 x15 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 x16 x17 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 x18 x19
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 x20
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



(2)

Delete the columns and rows that do not have any variables to form the matrix in Eq. (3)

|P|2 =



x1 x2 0 0 0 0 0 0 0 0 0 0
1 x5 x6 0 0 0 0 0 0 0 0 0
0 1 x7 0 0 0 0 0 0 0 0 0
0 0 0 x3 x4 0 0 0 0 0 0 0
0 0 0 1 0 x9 0 0 0 0 0 0
0 0 0 x8 1 x10 0 0 0 0 0 0
0 0 0 0 0 0 x11 x12 x13 0 0 0
0 0 0 0 0 0 1 0 x14 0 0 0
0 0 0 0 0 0 0 1 x15 0 0 0
0 0 0 0 0 0 0 0 0 x16 x17 0
0 0 0 0 0 0 0 0 0 1 x18 x19
0 0 0 0 0 0 0 0 0 0 1 x20



(3)

Where |p|2 represents step (2) after elimination, our
results are the determinant of the matrix, as shown.
This process is carried out till the success matrix is
reached of size (pn−1) [7–13]. Thus, for this system
the process finished when the size of matrix reach to
(p15). Then the number of minimal paths for the total
system is (36) shown in the Table 1.

2.4. Partitioning of (CPSN) system

To study the relationship between the total system
and the partial systems that make up that system,

Table 1. Minimal paths of system (CPSN) of Fig. 1.

No Order Count Example

1 4 1 x1, x4, x11, x14
2 5 17 x1, x3, x5, x11, x14
3 6 36 x7, x8, x9, x16, x18, x20

we resort to the partition method [30–37], which
is an effective method for found the relationship
between the system and its components (subsys-
tems). The partition method for this type of system is
as follows:
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Fig. 2. Partitioning of (CPSN) system into block diagrams A and B.

Step 1: Divide the overall system into parallel Block
Diagram (A, B) as shown in Fig. 2.

Step 2: Divide the subsystems in Fig. 2 (A and B) from
Step 1 into Subsystem A and subsystem B, as
in the following Fig. 3.

Concerning Fig. 3, the first parenthesis represents
the MPS of subsystem S1, and the second parenthesis
represents the minimal paths of subsystem S2 of Block
Diagram A. Hence, can conclude all MPS of Block
Diagram A as follows:

PS1
1 = {x1x4} , PS1

2 = {x2x5} , PS1
3 = {x1x3x5}

PS2
1 = {x6x9} , PS2

2 = {x7x8x9} , PS2
3 = {x7x10}

Similarly, the sets of all minimal paths of Block Di-
agram B, which consists of subsystems S3 and S4, are

PS1
1 = {x13} , PS1

2 = {x11x14} , PS1
3 = {x12x15}

PS2
1 = {x16x19} , PS2

2 = {x17x20} , PS2
3 = {x16x18x20}

2.5. The total numbers of minimal paths of the Blok
Diagrams A and B

The minimal number of paths for block diagrams
A and B shown in the Fig. 2 can be calculated from
the subsystems that make up both of them con-
nected in parallel. That is, block diagram A consists
of subsystems S1 and S2, as shown in the Fig. 3,
connected in parallel. Block diagram B consists of sub-
systems S3 and S4, as shown in the figure, connected
in parallel. So, from our previous studies [38–42],
the total number of MPS for both block diagrams
A and B was six MPS. This is in accordance with
the mathematical relationship that governs complex

Fig. 3. Partitioning of block diagrams A and B.

parallel systems.

PSAB
K =

6∑
i=1

PSA
i +

6∑
j=1

PSB
j , (4)

where k = i+ j.
Fig. 1 shows that Block Diagrams A and B are

connected in series, prompting us to return to our
previous studies [12] according to the mathematical
relationship that governs complex-series systems.

PSAB
K =

( 6∑
i=1

PSA
i

)
×

 6∑
j=1

PSB
j

 , (5)

where k = i + j.
From what has been presented, obtain a mathemat-

ical relationship combining Eqs. (4) and (5) through
the following mathematical formula.

PSAB
K =

 3∑
i=1

PS1
i +

3∑
j=1

PS2
j

× ( 3∑
r=1

PS3
r +

3∑
t=1

PS4
t

)
, (6)

where k = [i+ j]×[r + t].
PSAB

K are minimal paths of Fig. 1, PS1
i minimal paths

of Fig. 3(S1), PS2
j minimal paths of Fig. 3(S2), PS3

r

minimal paths of Fig. 3(S3), PS4
t minimal paths of

Fig. 3(S4). From above, we notice that the number
of minimal paths for the total system is (36), which is
the same number extracted in (2.3).
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3. Expanded (CPSN) system model

In this section, we will expand the system into
a larger system by adding complex subsystems as
follows:

Fig. 4. (CPSN) systems.

As explained in the previous section, first, the to-
tal set of minimal paths for the extended system
shown in the (CPSN) network shown in Fig. 4 was
extracted and calculated with reference to the pro-
posed algorithm. We constructed the connectivity
matrix [P] (P35); Thus, from step 4 of the proposed
algorithm, we obtained 729 minimal path sets, and
we will give an example of a few of them [43–47].

Note: Due to the matrix’s large size and the large
number of minimal paths for the total system, it
has been hidden. The total number of minimal
paths is sorted by the order of each path shown in
the Table 2.

3.1. Partitioning of expanded CPSN system

To reach the mathematical relationships that gov-
ern the complex subsystems and their relationship to
the overall expanded CPSN system, which enables us
to know the number of minimal paths for each subsys-
tem, as was done in the previous sections, we divide
the expanded system into subsystems and calculate
the minimal paths for each subsystem. Here, we will
have three Block Diagrams, A, B, and C, as follows:

Step 1: Divide the overall system into parallel Block
Diagram as shown in Fig. 2.

For Fig. 5, the first arc represents the MPS of subsys-
tem S1, the second arc represents the minimal paths
of subsystem S2, and the third arc represents the min-
imal paths of subsystem S3 for diagram A. Thus, all
MPS for diagram A are derived as follows:
PS1

1 = {x1x4} , PS1
2 = {x2x5} , PS1

3 = {x1x3x5}

PS2
1 = {x6x9} , PS2

2 = {x7x8x9} , PS2
3 = {x7x10}

PS3
1 = {x13} , PS3

2 = {x11x14} , PS3
3 = {x12x15}

Table 2. Minimal paths of system CPSN of Fig. 1.

No Order Count Example

1 3 1 x13 x18x38
2 4 18 x13 x18x31 x34
3 5 114 x1x6x18 x31x34
4 6 288 x1x5x7 x18x31x34
5 7 228 x1 x5x7 x16x19 x31x34
6 8 72 x1 x5x7 x22x23 x24x31x34
7 9 8 x1 x5x7 x22x23 x24x31x33x34

Similarly, the sets of all minimal paths of Block
Diagram B, which consists of subsystems S4, S5, and
S6, are

PS4
1 = {x16x19} , PS4

2 = {x17x20} , PS4
3 = {x18}

PS5
1 = {x21x24} , PS2

2 = {x22x25} , PS2
3 = {x22x23x24}

PS6
1 = {x26x29} , PS3

2 = {x27x30} , PS3
3 = {x26x28x30}

Similarly, the sets of all minimal paths of Block
Diagram C, which consists of subsystems S7, S8, and
S9, are

PS7
1 = {x31x34} , PS7

2 = {x32x35} , PS7
3 = {x31x33x35}

PS8
1 = {x36x39} , PS8

2 = {x38} , PS8
3 = {x37x40}

PS9
1 = {x42x43x44} , PS9

2 = {x41x44} , PS9
3 = {x42x45}

3.2. The total numbers of the minimal paths of
expanded CPSN system model

The number of minimal paths of the CPSN block
diagram system in the Fig. 4, the sum of the minimal
paths of the Block Diagrams A, B and C, we notice
that the subsystems that make up both are connected
in parallel. i.e., Block Diagram A consists of subsys-
tems S1, S2 and S3, which are connected in parallel.
Also, Block Diagram B consists of subsystems S4, S5
and S6connected in parallel. Also, Block Diagram C
consists of subsystems S7, S8 and S9 connected in par-
allel. So, from our previous studies [43–50], the total
number of MPS of Block Diagram A is (9), and the
total number of MPS of Block Diagram B is (9). and
the total number of MPS of Block Diagram C is (9).
This is according to the mathematical relationship
that governs complex-parallel systems

PSAB
K =

9∑
i=1

PSA
i +

9∑
j=1

PSB
j +

9∑
l=1

PSC
l , (7)

where k = i+ j + l.
Fig. 4 clearly shows that block diagrams A, B, and

C are connected in series, prompting us to return to
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Fig. 5. Partitioning (CPSN) system of Fig. 4.

our previous studies [12] based on the mathematical
relationship that governs complex series systems.

PSAB
K =

( 9∑
i=1

PSA
i

)
+

 9∑
j=1

PSB
j

+ ( 9∑
l=1

PSC
l

)
, (8)

where k = i+ j + l.
Through what was presented, a mathematical re-

lationship was obtained that combines equations
Eqs. (8) and (9) through the following mathematical
formula.

From what has been presented, obtain a mathemat-
ical relationship combining Eqs. (4) and (5) through
the following mathematical formula.

PSAB
K =

(
3∑

i=1
PS1

i +
3∑

j=1
PS2

j +
3∑

l=1
PS3

l

)
×

( 3∑
r=1

PS4
r +

3∑
t=1

PS5
t +

3∑
z=1

PS6
z

)
×

(
3∑

w=1
PS7

w +
3∑

y=1
PS8

y +
3∑

e=1
PS9

e

)
,

(9)

where k = [i+ j + l] × [r + t + z] × [w+ y + e].
PSAB

K are minimal paths of Fig. 4, PS1
i minimal paths

of Fig. 5 (S1), PS2
j minimal paths of Fig. 5 (S2), PS3

l min-
imal paths of Fig. 5 (S3), PS4

r minimal paths of Fig. 5
(S4). PS5

t minimal paths of Fig. 5 (S5), PS6
z minimal

paths of Fig. 5 (S6), PS7
w minimal paths of Fig. 5 (S7),

PS8
y minimal paths of Fig. 5 (S8), PS9

e minimal paths of
Fig. 5 (S9). From above, we notice that the number of

Fig. 6. Generalization (CPSN) systems.

minimal paths for the total system is (729), which is
the same number extracted in (3).

4. Generalization of complex parallel-series

Suppose we have a system consisting of N complex
subsystems linked together in parallel -Series config-
uration; i.e., CPSN configuration, as shown in Fig. 6.

Each subsystem has a certain number of minimal
paths that were:

PS
K =

( n∑
i=1

PSA
i

)
×

 n∑
j=1

PSB
j

× · · ·×( n∑
z=1

PSx
z

)
, (10)

where k = i× j × · · · × z.
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Then the number of minimal paths for the total
system is

Npath = (NP11 + NP21 + · · ·NPm1)× (NP12 + NP22
+ · · ·NPm2)× · · · × (NP1n + NP2n + · · ·NPmn)

=

n∏
i=1

 m∑
j=1

NPj


(11)

Npath represents the total number of minimal paths
in the system, NPj represents the number of mini-
mal paths in the subsystem of (CPSN) system, i =
1, 2, . . . , n and j = 1, 2, . . . , m.

If all units in all subsystems of (CPSN) are indepen-
dent identical, then

Npath = NPk
i j (12)

where i = 1, 2,…,n and j = 1, 2,…,m.
N it is the number of minimal paths in the subsys-

tem, and m is the number of subsystems.

5. Conclusion

This study presents a new technique for identify-
ing all minimal path sets in CPSNs by examining
their respective subnetworks. This approach assists in
evaluating the reliability of these networks. The find-
ings indicate that concentrating on complex subnet-
works, rather than analyzing the entire original
CPSN, significantly reduces computational effort and
simplifies intricate calculations. The proposed tech-
nique underscores the potential failure of the CPSN
by construct all minimal path sets of CPSN and
the potential for conducting reliability analyses of
large CPSNs and their subnetworks. The proposed
algorithms utilized to establish generalization re-
lationships for CPSNs are essential in advancing
our understanding of these complex systems. The
relation- ships between subnetworks of CPSN can
dramatically improve management capabilities. The
potential for greater CPSN efficiency in vital sectors
like telecommunications and logistics.

Funding statement

The authors declare that no funds, grants, or other
support were received during the preparation of this
manuscript.

Ethical approval

Not applicable.

Conflict of interest

The authors declare no conflict of interest.

Data availability

No datasets were generated or analyzed during the
current study.

Author contribution

Mariem Hassan Lafta and Zahir Abdul Haddi Has-
san contributed to the design and implementation of
the research, to the analysis of the results and to the
writing of the manuscript.

References

1. S. Naaz, K. Akshay, and R. Mangey, “Reliability prediction
of solar bridge cooking device utilizing structure function
approach,” 2023 3rd International Conference on Innovative
Sustainable Computational Technologies (CISCT). IEEE, 2023.

2. G. Bai et al., “Searching for d-MPs for all level d in multistate
two-terminal networks without duplicates,” IEEE Transactions
on Reliability, vol. 70, no. 1, pp. 319–330, 2020.

3. E. K. Mutar, “Estimating the reliability bounds of com-
munication system by using sum of disjoint product
method,” Discrete Mathematics, Algorithms and Applications,
vol. 17, no. 2, p. 2450018, 2025, http://dx.doi.org/10.1142/
S1793830924500186.

4. A. Mohammed Hassan and Z. Al-Khafaji, “Determining relia-
bility signature by minimal cut method for complex-parallel
network,” Journal of Discrete Mathematical Sciences and Cryp-
tography, vol. 27, no, 5, pp. 1627–1632, 2024. https://doi.
org/10.47974/JDMSC-2005.

5. A. H. Alridha, F. H. Abd Alsharify, and Z. A.-K. Al-Khafaji,
“Maximizing reliability in the age of complexity: A novel opti-
mization approach,” Baghdad Science Journal, vol. Online-First
Issue (1), 2024, https://doi.org/10.21123/bsj.2024.9894.

6. R. A. Fadhil and Z. A. H. Hassan, “Improvement of network
reliability by hybridization of the penalty technique based on
metaheuristic algorithms,” Iraqi Journal For Computer Science
and Mathematics, vol. 5, no. 1, pp. 99–111, Jan. 2024. https:
//doi.org/10.52866/ijcsm.2024.05.01.007.

7. K. Moustafa et al., “Network reliability analysis using
component-level and network-level accelerated life testing,”
Reliability Engineering & Network Safety, vol. 214, p. 107755,
2021.

8. A. M. Mohammed and Z. Al-Khafaji, “A new technique to find
the importance of reliability for a mixed-series system,” In AIP
Conference Proceedings, vol. 3097, no. 1. https://doi.org/10.
1063/5.0209556.

9. N. S. Hassan and Z. Al-Khafaji, “Evaluation of the reliability
and importance of the units in the minimal cut and minimal
path for a complex network,” In AIP Conference Proceedings,
vol. 3097, no. 1, 2024. AIP Publishing. https://doi.org/10.
1063/5.0209637.

10. E. K. Mutar and Z. A. H. Hassan, “Survival signature-based
structural importance analysis of multistate system with
binary-state components,” ASCE-ASME J Risk and Uncert in

http://dx.doi.org/10.1142/S1793830924500186
http://dx.doi.org/10.1142/S1793830924500186
https://doi.org/10.47974/JDMSC-2005
https://doi.org/10.47974/JDMSC-2005
https://doi.org/10.21123/bsj.2024.9894
https://doi.org/10.52866/ijcsm.2024.05.01.007
https://doi.org/10.52866/ijcsm.2024.05.01.007
https://doi.org/10.1063/5.0209556
https://doi.org/10.1063/5.0209556
https://doi.org/10.1063/5.0209637
https://doi.org/10.1063/5.0209637


156 IRAQI JOURNAL FOR COMPUTER SCIENCE AND MATHEMATICS 2025;6:149–157

Engrg Sys Part B Mech Engrg, vol. 11, no. 2, 2025, http://dx.
doi.org/10.1115/1.4067826.

11. F H. Alsharify and Z. Al-Khafaji, “A review of optimiza-
tion techniques: applications and comparative analysis,” Iraqi
Journal For Computer Science and Mathematics, vol. 5, no. 2,
2024, pp. 122–134. https://doi.org/10.52866/ijcsm.2024.05.
02.011

12. R. A Fadhil and Z. A. H. Hassan, “A hybrid honey-badger
intelligence algorithm with nelder-mead method and its ap-
plication for reliability optimization,” International Journal of
Intelligent Systems and Applications in Engineering, vol. 11, no.
4s, pp. 136–145, 2023.

13. L. A. A. A. Issa and Z. A. H. Hassan, “Application of Markov
models to maintenance-required systems,” In AIP Conference
Proceedings, vol. 2591, no. 1. AIP Publishing. https://doi.org/
10.1063/5.0129687.

14. G. Abdullah and and Z. A. H. Hassan, “Utilize an ant colony
algorithm to assign reliability and minimize costs for the com-
plex system,” In AIP Conference Proceedings, vol. 2591, no. 1, p.
050014, 2023, AIP Publishing LLC. https://doi.org/10.1063/
5.0119846.

15. A. Hassan and Z. A. H. Hassan, “Using Markov models to
find reliability by limiting state probabilities method,” In AIP
Conference Proceedings, vol. 2834, no. 1, 2023, AIP Publishing.
https://doi.org/10.1063/5.0161609

16. A. H Abdulmunem and Z. Al-Khafaji, “Using markov models
and fault tree for finding the reliability of some engineering
problems,” 2023 6th International Conference on Engineer-
ing Technology and its Applications (IICETA), Al-Najaf, Iraq,
2023, pp. 873–877. https://doi.org/10.1109/IICETA57613.
2023.10351249

17. A. H. Saleh and Z. A. H. Hassan, “Reliability allocation for
mixed systems,” In AIP Conference Proceedings, vol. 2834, no.
1, 2023, AIP Publishing. https://doi.org/10.1063/5.0161604.

18. E. Datta and K. G. Neeraj, “Sum of disjoint product ap-
proach for reliability evaluation of stochastic flow networks,”
International Journal of Network Assurance Engineering and
Management vol. 8, pp. 1734–1749, 2017.

19. A. H. Ahmed and A. M. Salman, “Exploring optimization
algorithms for challenging multidimensional optimization
problems: A comparative approach,” In Fifth International Con-
ference on Applied Sciences: ICAS2023, 2024. https://doi.org/
10.1063/5.0209464.

20. A. H. Abdulmunem and Z. Al-Khafaji, “Forecasting of long-
range electrical loads in najaf province using markov model,”
2023 6th International Conference on Engineering Technology
and its Applications (IICETA), Al-Najaf, Iraq, 2023, pp. 414–
419. https://doi.org/10.1109/IICETA57613.2023.10351454.

21. R. A. Fadhil and Z. A. H. Hassan, “A hybrid the dwarf mon-
goose optimization algorithm with nelder- mead method and
its application for allocation reliability,” Iraqi Journal of Sci-
ence, vol. 65, no. 7, pp. 3850–3859, 2024. https://doi.org/10.
24996/ijs.2024.65.7.24.

22. H. S. Howeidi and Z. A. H. Hassan, “A new method to com-
pute the reliability importance of components in reliability
system with independent identical units,” In AIP Conference
Proceedings. vol. 2834, no. 1, 2024, AIP Publishing. https:
//doi.org/10.1063/5.0161597.

23. E. K. Mutar, “Determining the optimal design for complex
systems using a reliability signature,” Journal of Intelligent
& Fuzzy Systems, vol. 46, no. 1, pp. 2999–3011, 2024, http:
//dx.doi.org/10.3233/JIFS-234456.

24. A. Ahmed Hasan, Salman Abbas Musleh, and Mousa Ekhlas
Annon, “Numerical optimization software for solving stochas-

tic optimal control,” Journal of Interdisciplinary Mathematics,
vol. 26, no. 5, pp. 889–895, 2023, DOI: 10.47974/JIM-1525.

25. A. Hasan and A. S. Al-Jilawi, “K-cluster combinatorial
optimization problems is NP_Hardness problem in graph clus-
tering,” In Proceeding of the 1st International Conference on
Advanced Research in Pure and Applied Science (ICARPAS2021):
Third Annual Conference of Al-Muthanna University/College of
Science, 2022. https://doi.org/10.1063/5.0093394.

26. A. A. H. Saleh and Z. A. H. Hassan, “Comparison of some
allocation methods for mixed systems,” In AIP Conference
Proceedings, vol. 2834, no. 1, 2023, AIP Publishing. https:
//doi.org/10.1063/5.0161603.

27. N. S. Hassan and Z. Al-Khafaji, “Determine the levels of
importance of units in the reliability network,” 2023 6th
International Conference on Engineering Technology and its Ap-
plications (IICETA), Al-Najaf, Iraq, 2023, pp. 301–305. https:
//doi.org/10.1109/IICETA57613.2023.10351473.

28. A. M. Mohammed and Z. Al-Khafaji, “Novel approach to ob-
tain minimum path/cut sets for complex -series networks,”
2023 6th International Conference on Engineering Technology
and its Applications (IICETA), Al-Najaf, Iraq, 2023, pp. 659–
664. https://doi.org/10.1109/IICETA57613.2023.10351276.

29. E. K. Mutar, “Signature of electrical system reliability used
inside aircraft,” 2022 IEEE 27th Pacific Rim International Sym-
posium on Dependable Computing (PRDC), Beijing, China, 2022,
pp. 242–247, http://dx.doi.org/10.1109/PRDC55274.2022.
00039.

30. R. A. Fadhil and Z. A. H. Hassan, “Simple method to extract
minimal cut sets of a direct network,” Journal of Interdisci-
plinary Mathematics, vol. 26, no. 5, pp. 903–908, 2023. https:
//doi.org/10.47974/JIM-1527.

31. S. A. Abed, C. Udriste, and I. Tevy, “Optimal reliability alloca-
tion for redundancy series-parallel systems,” European Journal
of Pure and Applied Mathematics, vol. 10, no. 4, pp. 877–889,
2017.

32. C. Udriste, I. Tevy, and S. A. Abed, “Problems on multivari-
ate reliability polynomial,” Atti della Accademia Peloritana dei
Pericolanti-Classe di Scienze Fisiche, Matematiche e Naturali,
vol. 95, no. 2, p. 7, 2017.

33. F. H. A. Alsharify, G. Abdullah, A. S. A. A. Razzak and
Z. Al-Khafaji, “Solving Bi-Objective reliability optimization
problem of mixed system by firefly algorithm,” 2023 6th
International Conference on Engineering Technology and its Ap-
plications (IICETA), Al-Najaf, Iraq, pp. 827–830, 2023. https:
//doi.org/10.1109/IICETA57613.2023.10351435.

34. H. K. Hammood and Z. Al-Khafaji, “Some methods of find-
ing minimum paths and the importance of reliability for a
complex system,” 2023 6th International Conference on Engi-
neering Technology and its Applications (IICETA), Al-Najaf, Iraq,
2023, pp. 831–834. https://doi.org/10.1109/IICETA57613.
2023.10351268.

35. A. Alridha, A. M. Salman, and A. S. Al-Jilawi, “The applica-
tions of NP-hardness optimizations problem,” J. Phys. Conf.
Ser., vol. 1818, no. 1, p. 012179, 2021. DOI 10.1088/1742-
6596/1818/1/012179.

36. A. M. Salman, A. Ahmed, and A. H. Hussain, “Some topics on
convex optimization,” J. Phys. Conf. Ser., vol. 1818, no. 1, p.
012171, 2021. DOI 10.1088/1742-6596/1818/1/012171.

37. A. Hasan and A. S. Al-Jilawi, “Mathematical programming
computational for solving NP-hardness problem,” J. Phys.
Conf. Ser., vol. 1818, no. 1, p. 012137, 2021. DOI 10.1088/
1742-6596/1818/1/012137.

38. F. H. Abd Alsharify and Z. A. H. Hassan, “Bat and grey wolf
algorithms to optimize complex network reliability”. In AIP

http://dx.doi.org/10.1115/1.4067826
http://dx.doi.org/10.1115/1.4067826
https://doi.org/10.52866/ijcsm.2024.05.02.011
https://doi.org/10.52866/ijcsm.2024.05.02.011
https://doi.org/10.1063/5.0129687
https://doi.org/10.1063/5.0129687
https://doi.org/10.1063/5.0119846
https://doi.org/10.1063/5.0119846
https://doi.org/10.1063/5.0161609
https://doi.org/10.1109/IICETA57613.2023.10351249
https://doi.org/10.1109/IICETA57613.2023.10351249
https://doi.org/10.1063/5.0161604
https://doi.org/10.1063/5.0209464
https://doi.org/10.1063/5.0209464
https://doi.org/10.1109/IICETA57613.2023.10351454
https://doi.org/10.24996/ijs.2024.65.7.24
https://doi.org/10.24996/ijs.2024.65.7.24
https://doi.org/10.1063/5.0161597
https://doi.org/10.1063/5.0161597
http://dx.doi.org/10.3233/JIFS-234456
http://dx.doi.org/10.3233/JIFS-234456
https://doi.org/10.47974/JIM-1525
https://doi.org/10.1063/5.0093394
https://doi.org/10.1063/5.0161603
https://doi.org/10.1063/5.0161603
https://doi.org/10.1109/IICETA57613.2023.10351473
https://doi.org/10.1109/IICETA57613.2023.10351473
https://doi.org/10.1109/IICETA57613.2023.10351276
http://dx.doi.org/10.1109/PRDC55274.2022.00039
http://dx.doi.org/10.1109/PRDC55274.2022.00039
https://doi.org/10.47974/JIM-1527
https://doi.org/10.47974/JIM-1527
https://doi.org/10.1109/IICETA57613.2023.10351435
https://doi.org/10.1109/IICETA57613.2023.10351435
https://doi.org/10.1109/IICETA57613.2023.10351268
https://doi.org/10.1109/IICETA57613.2023.10351268
https://doi.org/10.1088/1742-6596/1818/1/012179
https://doi.org/10.1088/1742-6596/1818/1/012179
https://doi.org/10.1088/1742-6596/1818/1/012171
https://doi.org/10.1088/1742-6596/1818/1/012137
https://doi.org/10.1088/1742-6596/1818/1/012137


IRAQI JOURNAL FOR COMPUTER SCIENCE AND MATHEMATICS 2025;6:149–157 157

Conference Proceedings, vol. 2591, no. 1, p. 050010, 2023, AIP
Publishing LLC. https://doi.org/10.1063/5.0120246.

39. A. M. Mohammed and Z. Al-Khafaji, “Innovative way to
evaluate the reliability and importance of complex - series
networks,” 2023 6th International Conference on Engineer-
ing Technology and its Applications (IICETA), Al-Najaf, Iraq,
2023, pp. 540–544. https://doi.org/10.1109/IICETA57613.
2023.10351457.

40. E. K. Mutar, “Estimating the reliability of complex systems
using various bounds methods,” International Journal of Sys-
tem Assurance Engineering and Management, vol. 14, no. 6,
pp, 2546–2558, 2023. https://doi.org/10.1007/s13198-023-
02108-7.

41. H. K. Sulaiman et al., “Computational models for allocation
and optimization of reliability for ROSS network,” In AIP Con-
ference Proceedings, vol. 2591, no. 1, p. 050016. AIP Publishing
LLC. https://doi.org/10.1063/5.0119858.

42. A. A. H. Saleh and Z. A. H. Hassan, “Improve the mixed
system’s reliability,” In AIP Conference Proceedings, vol. 2834,
no. 1. AIP Publishing. https://doi.org/10.1063/5.0161606.

43. S. A. Abed, M. Aljanabi, N. H. A. Ameer, M. A. Ismail, S. Kasim,
R. Hassan, and T. Sutikno, “Application of the Jaya algorithm
to solve the optimal reliability allocation for reduction oxygen
supply system of a spacecraft,” Indonesian Journal of Electrical
Engineering and Computer Science, vol. 24, no. 2, pp. 1202–
1211, 2021.

44. C. Udriste, S. A. Abed, and I. Tevy, “Geometric programming
approaches of reliability allocation,” UPB Sci. Bull, vol. 79, no.
3, pp. 3–10, 2017.

45. H. S. Howeidi and Z. A. H. Hassan, “The relationship be-
tween importance and redundancy in studying the increasing
of a system’s reliability,” In AIP Conference Proceedings, vol.
2834, no. 1, 2023, AIP Publishing. https://doi.org/10.1063/
5.0161596.

46. S. A. Abed, H. K. Sulaiman, and Z. A. H. Hassan, “Reliability
allocation and optimization for (ROSS) of a Spacecraft by
using Genetic Algorithm,” In Journal of Physics: Conference
Series, vol. 1294, no. 3, p. 032034, 2019, September. IOP
Publishing.

47. M. S. Fiadh, W. H. Hanoon, and S. A. Abed, “Weakly essential
fuzzy submdules and weakly uniform fuzzy modules,” In AIP
Conference Proceedings, vol. 2398, no. 1, 2022, October. AIP
Publishing.

48. S. A. Abed, A. H. Ali, O. A. Mohamad, and M. Aljanabi,
“Reliability allocation and optimisation by using Kuhn-Tucker
and geometric programming for series-parallel system,” Inter-
national Journal of Computer Aided Engineering and Technology,
vol. 16. no. 4, pp. 488–496, 2022.

49. A. H. Ali, A. H. A. Salih, M. G. Yaseen, S. A. Abed, M. S.
Fiadh, Al-M. I. A. Mashhadani, and M. Aljanabi, “Big data
frameworks issues, challenges, and needs,” In 2022 4th In-
ternational Conference on Current Research in Engineering and
Science Applications (ICCRESA), pp. 9–13, 2022, December.
IEEE.

50. S. A. Abed, M. S. Fiadh, and A. H. Ali, “Reliability al-
location and optimization problem for waste treatment
plant (WTP),” Eurasian Research Bulletin, vol. 5, pp. 6–13,
2022.

https://doi.org/10.1063/5.0120246
https://doi.org/10.1109/IICETA57613.2023.10351457
https://doi.org/10.1109/IICETA57613.2023.10351457
https://doi.org/10.1007/s13198-023-02108-7
https://doi.org/10.1007/s13198-023-02108-7
https://doi.org/10.1063/5.0119858
https://doi.org/10.1063/5.0161606
https://doi.org/10.1063/5.0161596
https://doi.org/10.1063/5.0161596

	Finding General Mathematical Formulas for Extraction the Minimal Path Sets of Complex Parallel-Series Networks
	Recommended Citation

	Finding General Mathematical Formulas for Extraction the Minimal Path Sets of Complex Parallel-Series Networks
	1 Introduction
	2 Basic concepts about minimal path sets system
	2.1 Propose algorithm to extract minimal path sets
	2.2 Complex parallel-series networks
	2.3 Finding the total number of all minimal paths of fig1
	2.4 Partitioning of (CPSN) system
	2.5 The total numbers of minimal paths of the Blok Diagrams A and B

	3 Expanded (CPSN) system model
	3.1 Partitioning of expanded CPSN system
	3.2 The total numbers of the minimal paths of expanded CPSN system model

	4 Generalization of complex parallel-series
	5 Conclusion

	Funding statement
	Ethical approval
	Conflict of interest
	Data availability
	Author contribution
	References

