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Structural Complexity
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SysML Structural Features
• Part properties (composition)
• Reference properties
• Value properties (parameters)
• Constraint properties
• Ports
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Weighted Adjacency Matrix: 𝜆𝜆1 ≥ 𝜆𝜆2 ≥ ⋯ ≥ 𝜆𝜆𝑛𝑛

𝐴𝐴 𝑢𝑢,𝑣𝑣 = �𝑤𝑤(𝑢𝑢,𝑣𝑣) 𝑖𝑖𝑖𝑖 𝑢𝑢 ~ 𝑣𝑣,
0 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.

Weighted Laplacian Matrix: 0 = 𝜇𝜇1 ≤ 𝜇𝜇2 ≤ ⋯ ≤ 𝜇𝜇𝑛𝑛

𝐿𝐿 𝑢𝑢,𝑣𝑣 = 𝐷𝐷 𝑢𝑢,𝑣𝑣 − 𝐴𝐴 𝑢𝑢,𝑣𝑣 = �
𝑑𝑑𝑣𝑣 −𝑤𝑤(𝑢𝑢,𝑣𝑣) 𝑖𝑖𝑖𝑖 𝑢𝑢 = 𝑣𝑣,
−𝑤𝑤(𝑢𝑢,𝑣𝑣) 𝑖𝑖𝑖𝑖 𝑢𝑢 ~ 𝑣𝑣,

0 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.

Weighted Normalized Laplacian Matrix: 0 = 𝜈𝜈1 ≤ 𝜈𝜈2 ≤ ⋯ ≤ 𝜈𝜈𝑛𝑛 ≤ 2

ℒ 𝑢𝑢,𝑣𝑣 = 𝐷𝐷−1/2𝐿𝐿𝐷𝐷−1/2 =

1−
𝑤𝑤(𝑢𝑢,𝑣𝑣)
𝑑𝑑𝑢𝑢

𝑖𝑖𝑖𝑖 𝑢𝑢 = 𝑣𝑣,

−
𝑤𝑤(𝑢𝑢,𝑣𝑣)
𝑑𝑑𝑢𝑢𝑑𝑑𝑣𝑣

𝑖𝑖𝑖𝑖 𝑢𝑢 ~ 𝑣𝑣,

0 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜.

Matrices
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And other definitions for directed graphs
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𝐸𝐸𝐴𝐴 𝐺𝐺 = �
𝑖𝑖=1

𝑛𝑛

𝜆𝜆𝑖𝑖 𝐸𝐸𝐿𝐿 𝐺𝐺 = �
𝑖𝑖=1

𝑛𝑛

𝜇𝜇𝑖𝑖 −
2𝑚𝑚
𝑛𝑛

Graph Energy  and Laplacian Graph 
Energy (Gutman)

𝐶𝐶 𝑛𝑛,𝑚𝑚,𝐴𝐴 = �
𝑖𝑖=1

𝑛𝑛

𝛼𝛼𝑖𝑖

𝐶𝐶1

+ �
𝑖𝑖=1

𝑛𝑛

�
𝑗𝑗=1

𝑛𝑛

𝛽𝛽𝑖𝑖𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖

𝐶𝐶2

𝛾𝛾𝛾𝛾(𝐴𝐴)
𝐶𝐶3

Structural Complexity (Sinha)

𝐸𝐸𝑀𝑀 𝐺𝐺 = �
𝑖𝑖=1

𝑛𝑛

𝜆𝜆𝑖𝑖(𝑀𝑀) −
𝑡𝑡𝑡𝑡(𝑀𝑀)
𝑛𝑛

Generalized Graph Energy (Cavers)

𝑁𝑁𝐴𝐴 𝐺𝐺 = ln
1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜆𝜆𝑖𝑖Natural Connectivity (Wu)
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𝐶𝐶 𝑆𝑆 = 𝑓𝑓 𝛾𝛾�
𝑖𝑖=1

𝑛𝑛

𝑔𝑔 𝜆𝜆𝑖𝑖(𝑀𝑀) −
𝑡𝑡𝑡𝑡 𝑀𝑀
𝑛𝑛

Adjacency Matrix Laplacian Matrix Normalized Laplacian 
Matrix

𝛾𝛾 = 1
𝐸𝐸𝐴𝐴 𝐺𝐺 = �

𝑖𝑖=1

𝑛𝑛

𝜆𝜆𝑖𝑖 𝐸𝐸𝐿𝐿 𝐺𝐺 = �
𝑖𝑖=1

𝑛𝑛

𝜇𝜇𝑖𝑖 −
2𝑚𝑚
𝑛𝑛 𝐸𝐸ℒ 𝐺𝐺 = �

𝑖𝑖=1

𝑛𝑛

𝜈𝜈𝑖𝑖 − 1

𝑁𝑁𝐴𝐴 𝐺𝐺 = ln �
𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜆𝜆𝑖𝑖 𝑁𝑁𝐿𝐿 𝐺𝐺 = ln �
𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜇𝜇𝑖𝑖−
2𝑚𝑚
𝑛𝑛 𝑁𝑁ℒ 𝐺𝐺 = ln �

𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜈𝜈𝑖𝑖−1

𝛾𝛾 =
1
𝑛𝑛 𝐸𝐸𝐴𝐴𝑛𝑛 𝐺𝐺 =

1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝜆𝜆𝑖𝑖 𝐸𝐸𝐿𝐿𝑛𝑛 𝐺𝐺 =
1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝜇𝜇𝑖𝑖 −
2𝑚𝑚
𝑛𝑛 𝐸𝐸ℒ𝑛𝑛 𝐺𝐺 =

1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝜈𝜈𝑖𝑖 − 1

𝑁𝑁𝐴𝐴𝑛𝑛 𝐺𝐺 = ln
1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜆𝜆𝑖𝑖 𝑁𝑁𝐿𝐿𝑛𝑛 𝐺𝐺 = ln
1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜇𝜇𝑖𝑖−
2𝑚𝑚
𝑛𝑛 𝑁𝑁ℒ𝑛𝑛 𝐺𝐺 = ln

1
𝑛𝑛�
𝑖𝑖=1

𝑛𝑛

𝑒𝑒𝜈𝜈𝑖𝑖−1

Graph Energy-based: 𝑓𝑓1 𝑥𝑥 = 𝑥𝑥, 𝑔𝑔1 𝑦𝑦 = 𝑦𝑦

Natural Connectivity-based: 𝑓𝑓2 𝑥𝑥 = ln𝑥𝑥 , 𝑔𝑔2 𝑦𝑦 = 𝑒𝑒𝑦𝑦

Graph Energy-based: 𝑓𝑓1 𝑥𝑥 = 𝑥𝑥, 𝑔𝑔1 𝑦𝑦 = 𝑦𝑦

Natural Connectivity-based: 𝑓𝑓2 𝑥𝑥 = ln𝑥𝑥 , 𝑔𝑔2 𝑦𝑦 = 𝑒𝑒𝑦𝑦

𝛾𝛾1 = 1

𝛾𝛾2 =
1
𝑛𝑛

𝑀𝑀1 = 𝐴𝐴 𝑀𝑀2 = 𝐿𝐿 𝑀𝑀3 = ℒ
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Reddit Codebase – Hierarchy
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Reddit Codebase – Connections
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Reddit Codebase – Topology
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TACAIR - 2005
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TACAIR - 2018
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TACAIR - 2025
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Development of spectral structural complexity metrics

Understanding of the features of metric formulations

Application to software system

Analysis of evolution of software systems

Application to system of systems

Analysis of evolution of network

Analysis of effect of JSF

Analysis of effect of subsequent retirement of legacy systems

Conclusion
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