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Abstract

Graph theory, a key area of discrete mathematics, provides essential tools for analysing and optimising
complex systems, including electrical circuits. In the context of circuit design, the application of graph-
theoretic methods enables the formal representation of circuit topologies, offering a structured
approach to tackle optimisation challenges such as interconnect minimisation, timing closure, resource
allocation, and layout compactness [ 2. This research explores the use of graph theory in circuit design
and optimisation, focusing on the practical integration of algorithms like minimum spanning tree
(MST), shortest path, and graph colouring to optimise key design metrics such as area, power
consumption, signal delay, and interconnect length 3 41, By representing circuit components as nodes
and interconnections as edges, graph theory allows for the efficient analysis and optimisation of circuit
designs, improving both performance and reliability [ 1. The research demonstrates that circuits
optimised through graph-theoretic frameworks achieve measurable improvements compared to
traditional heuristic methods, with a reduction in area (21.4%), power consumption (15.7%), signal
delay (17.0%), and interconnect length (22.9%) [ 8. The hypothesis that graph-based optimisation
methods can significantly enhance circuit design is supported by the results, which indicate that graph-
based approaches offer a more systematic and mathematically grounded method for achieving optimal
circuit configurations [ 1%, The research further discusses the integration of graph algorithms into
existing circuit design workflows, providing practical recommendations for enhancing electronic
design automation (EDA) tools I 2. The research concludes that graph-theoretic optimisation
methods hold significant potential for the next generation of circuit design, enabling more efficient,
compact, and power-efficient systems [13 141,
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Introduction
Modern electrical-circuit design faces escalating challenges of complexity, performance,
power, and area, driven by demands for high-speed, energy-efficient, compact systems. It
has therefore become increasingly advantageous to recognise that circuit interconnects and
component placement inherently define a graph-topology: nodes representing components
(transistors, gates, macros) and edges representing wires or signal interconnections.
Graph-theoretic methods - long established in network analysis, communication engineering
and combinatorial optimisation - provide powerful abstractions for representing and
analysing circuit structure 41, In electrical engineering, one may model circuits by incidence
or adjacency matrices, Laplacian graphs, or directed graphs for signal flow, enabling formal
computation of connectivity, loops, cut-sets, and spanning trees [ 1. The problem addressed
herein is that while many heuristic and algorithmic methods exist in circuit-design flows
(routing, floor-planning, logic-synthesis, timing-closure), the systematic translation of these
tasks into graph-theoretic formulations—and the deployment of established graph-algorithms
for topological optimisation—remains under-utilised. Consequently, design flows may miss
opportunities to exploit the rich theory of graphs (e.g., minimum-spanning-tree for
interconnect minimisation, shortest-path for signal routing, graph-colouring for timing
resource allocation, feedback-arc-set removal for loop elimination) -0,
The objectives of this research are:
1. To survey and synthesise existing literature on graph-theory applications in circuit
design and optimisation;
2. To identify mapping strategies that convert circuit-design tasks into graph-problems
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3. (such as routing — shortest-path, wiring minimisation
— minimum-spanning-tree, loop elimination —
feedback-arc-set);

To propose a cohesive framework for integrating
graph-based algorithms within a circuit-design flow;
and

To evaluate the hypothesis that circuits optimised via
graph-theoretic modelling and optimisation deliver
improved design metrics (shorter critical-paths, reduced
interconnect length, lower area and power) over
non-graph-centric approaches.

The hypothesis guiding this work is that adopting
graph-theoretic frameworks in circuit-design leads to
measurable improvements in topology and performance
metrics versus conventional heuristics alone. Thus, by
bridging graph theory and circuit design tasks, this research

sets the foundation for more systematic,
mathematically-grounded optimisation in design
automation.

Materials and Methods

Materials

The materials used in this research primarily include
electronic design automation (EDA) tools, circuit simulation
software, and graph-theoretic libraries for graph-based
optimisation. The research uses circuit design datasets
obtained from the open-source VLSI design benchmarks
and test cases available in the literature M. The datasets
include standard cell libraries, routing constraints, and
power consumption data. These resources are crucial in
providing realistic scenarios for circuit design optimisation.
For the graph-based analysis, the primary tool used is
Python's NetworkX library @, which is widely used for
graph theory and network analysis. It supports various graph
algorithms, including shortest path, minimum spanning tree,
and graph colouring, all of which are essential for the
proposed circuit design optimisation. Additionally, circuit
simulation tools like SPICE are employed to evaluate the
performance of circuits designed using graph-based
optimisation techniques [l. The components for circuit
design include transistors, resistors, capacitors, and
interconnects, with their respective electrical properties
sourced from standard EDA libraries 4],

Methods

The methods used in this research involve the application of
graph theory to the circuit design and optimisation process.
Initially, the physical circuit design is represented as a
graph, where the components of the circuit (e.g., gates,
transistors, and resistors) are modelled as nodes and the
interconnections between these components as edges. The
graph is then subjected to various optimisation algorithms,
such as minimum spanning tree (MST) for wire length
minimisation [, shortest path algorithms for signal routing
61 and graph colouring for optimising timing resources and
avoiding resource conflicts 1. The optimisation algorithms
are integrated within a Python-based framework, making
use of the NetworkX library for graph handling and
algorithm implementation. The performance of the graph-
based design is compared to traditional heuristic methods
using key metrics, including area, power, delay, and critical
path length. Circuit simulation software like SPICE is
employed to simulate the electrical characteristics of the
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designs and validate their functionality under various
operating conditions . Additionally, feedback loops in the
circuit design, which are undesirable for circuit stability, are
eliminated using the feedback arc set algorithm, ensuring
optimal design performance ©I. The hypothesis that graph-
based methods improve circuit performance is tested by
comparing the optimised designs' metrics with those of
circuits designed using conventional non-graph-based
methods. Each design iteration undergoes rigorous testing
through simulation, and statistical methods such as ANOVA
are used to determine the significance of improvements in
the design metrics 119, Finally, the results from graph-based
optimisations are analysed and benchmarked against state-
of-the-art circuit design techniques to evaluate their relative
effectiveness.

Results

This section presents the findings derived from applying
graph-theoretic optimisation techniques to circuit design,
specifically focusing on metrics such as area, power
consumption, signal delay, and interconnect length.
Statistical tools, including analysis of variance (ANOVA)
and post-hoc tests, were used to analyse the performance
improvements achieved by graph-based approaches in
comparison to conventional heuristic methods.

1. Comparison of Area Reduction in Circuit Design
Table 1 below illustrates the area reduction achieved using
graph-theoretic optimisation methods, specifically focusing
on the minimum spanning tree (MST) algorithm for
interconnect minimisation. The results indicate a consistent
reduction in the total area of circuits when optimised with
graph-based techniques compared to non-graph-based
heuristic methods.

Table 1: Area reduction in circuit design using graph-based

optimisation
Circuit Design Type Area (mm?) | Reduction (%)
Heuristic Design 12.54 0%
Graph-Based MST 9.86 21.4%
Traditional Optimisation 11.32 9.7%

The results show a 21.4% reduction in area using the MST-
based method. Statistical analysis using ANOVA indicated
that the differences in area between the heuristic and graph-
based methods were statistically significant (p < 0.05).

2. Power Consumption Analysis

The power consumption of circuits is a critical metric in
modern circuit design. The application of graph-based
techniques, particularly graph colouring for resource
allocation, resulted in a noticeable reduction in power
consumption due to more efficient use of circuit resources.

Table 2: Power consumption analysis in circuit design

Circuit Design Type Power C(Z:}:l:/l;mptlon Reduction (%)
Heuristic Design 48.73 0%
Graph-Based Optimisation 41.12 15.7%
Conventional Methods 45.21 7.3%
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The graph-based optimisation led to a 15.7% reduction in
power consumption, with statistical validation showing
significant differences (p < 0.05) compared to heuristic
methods.
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3. Delay and Timing Analysis

presents a graph illustrating the reduction in signal delay

Signal delay is another essential parameter for circuit achieved by graph-based optimisation, focusing on timing

design, particularly for high-speed circuits.

Figure 1 closures using shortest-path algorithms.
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Fig 1: Signal delay comparison between heuristic and graph-based optimisation

Figure 1 shows reduction in signal delay using graph- significantly reduce the signal delay compared to
based optimisation methods compared to heuristic conventional heuristic methods, achieving a 17% reduction
design in delay. ANOVA confirmed that this reduction was

The results indicate that the graph-based methods statistically significant (p < 0.05).
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Fig 2: Shows the area reduction achieved by graph-based minimum spanning tree (MST) optimisation compared to heuristic and

conventional methods
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Fig 3: Comparing the power consumption of circuits designed using heuristic, graph-based, and conventional optimisation methods,
highlighting the reduction with graph-based optimisation
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Fig 4: Showing the reduction in interconnect length using graph-based minimum spanning tree (MST) optimisation compared to heuristic
and conventional methods

4. Interconnect Length Reduction

Interconnect length is a vital factor influencing both area
and power consumption. By applying the minimum
spanning tree algorithm for interconnect optimisation, the

graph-based optimisation method demonstrated a significant
reduction in interconnect length compared to traditional
heuristics.

Table 3: Interconnect Length Reduction in Circuit Design

Circuit Design Type Interconnect Length (mm) Reduction (%)
Heuristic Design 55.92 0%
Graph-Based MST 43.12 22.9%
Conventional Methods 52.47 6.2%

Graph-based MST optimisation led to a 22.9% reduction in interconnect length, with statistical significance (p < 0.05) confirmed via

ANOVA.

5. Comparison of Overall Performance Metrics
To synthesise the findings, the following table presents the
overall performance comparison between graph-based

optimisation and conventional heuristic methods across the
main metrics: area, power, signal delay, and interconnect
length.

Table 4: Overall Performance Comparison Between Graph-Based and Heuristic Methods

Metric Heuristic Design Graph-Based Optimisation Improvement (%)
Area (mm?) 12.54 9.86 21.4%
Power Consumption (mW) 48.73 41.12 15.7%
Signal Delay (ns) 6.32 5.25 17.0%
Interconnect Length (mm) 55.92 43.12 22.9%

Interpretation of Results

The results of this research indicate that graph-theoretic
optimisation methods offer measurable improvements in
key circuit design metrics. The most significant
improvements were observed in area reduction (21.4%) and
interconnect length (22.9%), highlighting the efficacy of the
minimum spanning tree algorithm for wire minimisation.
Power consumption reduction (15.7%) and signal delay
reduction (17.0%) were also substantial, demonstrating the
potential for graph-based techniques to optimise timing and
resource allocation. Statistical tests confirmed that these
improvements were statistically significant (p < 0.05),
supporting the hypothesis that circuits designed using graph-
theoretic methods outperform traditional  heuristic
approaches.

Discussion

The results of this research provide substantial evidence that
graph-theoretic optimisation methods significantly improve
key design metrics in circuit design. The most notable

improvements were observed in area reduction, interconnect
length, and power consumption, all of which are crucial
factors in the design of modern, high-performance circuits.
These findings align with previous research that highlights
the potential of graph-based algorithms in optimising
various stages of circuit design, including routing, floor
planning, and logic synthesis [* 2,

The area reduction observed in this research, with a 21.4%
decrease in total area using the minimum spanning tree
(MST) algorithm, underscores the efficacy of graph-
theoretic methods in managing the physical layout of
circuits. Graph-based algorithms, particularly MST, have
been widely used in circuit design to minimise the wire
length, which in turn reduces the area occupied by the
circuit components. Previous works have also demonstrated
the effectiveness of MST in reducing interconnect length
and improving design compactness [ 4. Our results
reinforce these findings and suggest that integrating graph-
based optimisation into circuit design workflows can lead to
significant space savings, which is essential for modern

~41 ~


https://www.circuitsjournal.com/

International Journal of Research in Circuits, Devices and Systems

integrated circuits where area efficiency is critical.

Power consumption, another pivotal factor in circuit design,
was reduced by 15.7% using graph-based optimisation
techniques, particularly through the application of graph
colouring for resource allocation. This reduction can be
attributed to the more efficient utilisation of circuit
resources, which minimises power-hungry redundancies and
resource conflicts. Similar results have been reported by
other studies, which show that the use of graph-theoretic
methods can lead to better resource distribution and thus
lower power consumption in circuits > €. This finding is
particularly important in the context of modern electronics,
where power efficiency is becoming increasingly critical
due to the growing demand for mobile and wearable devices
with longer battery life.

The reduction in signal delay, which decreased by 17.0%, is
a further testament to the effectiveness of graph-based
optimisation. By leveraging graph-based shortest path
algorithms for signal routing, circuits were able to achieve
faster communication between components, leading to
shorter signal propagation times. This improvement in
timing is crucial for high-speed circuits, where delay
minimisation directly impacts the overall performance of the
device. The results in this research are consistent with
earlier works, which have demonstrated the role of graph
theory in optimising timing and improving the overall
performance of circuits [ 8. The use of graph-based
methods for timing closure and delay reduction could
potentially revolutionise the design of high-performance,
low-latency circuits.

Interconnect length reduction, another key metric in circuit
design, showed a significant 22.9% improvement using
graph-based optimisation techniques. The reduction in
interconnect length not only contributes to the overall area
reduction but also plays a critical role in reducing power
consumption and improving signal integrity. Previous
studies have emphasised the importance of minimising
interconnect length to reduce both parasitic effects and
power consumption, which are critical in high-speed circuits
19101 The results of this research corroborate these findings
and highlight the advantages of using graph-theoretic
optimisation methods in addressing the challenges of
modern circuit design.

Conclusion

This research demonstrates the significant potential of
graph-theoretic optimisation methods in circuit design,
offering measurable improvements in key performance
metrics such as area, power consumption, signal delay, and
interconnect length. The application of graph-based
algorithms, particularly the minimum spanning tree (MST)
for wire length reduction, graph colouring for power
optimisation, and shortest-path algorithms for timing and
routing, has proven to be highly effective in enhancing the
overall efficiency of circuit design processes. These results
align with previous studies that advocate for the integration
of graph theory into modern electronic design automation
(EDA) tools. The reductions observed in area (21.4%),
power consumption (15.7%), delay (17.0%), and
interconnect length  (22.9%) reflect the promising
advantages of adopting graph-theoretic frameworks over
traditional heuristic methods, which are often limited in
their optimisation capabilities.

Based on these findings, it is clear that further integration of
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graph-based techniques into circuit design tools is necessary
to optimise the performance and efficiency of modern
electronic systems. The reduction in area and interconnect
length can lead to more compact and efficient circuit
layouts, which are essential in the era of miniaturisation in
electronics. Power consumption improvements  will
contribute to the development of energy-efficient devices,
crucial for sustainability and meeting the growing demand
for mobile and wearable electronics. Additionally, the
reduction in signal delay will help in the design of high-
speed circuits, ensuring better performance in applications
such as telecommunications and computing.

Practical recommendations stemming from this research
include the incorporation of graph-based algorithms into
mainstream EDA software, enabling designers to leverage
these tools for better optimisation of various aspects of
circuit design. Training circuit designers and engineers in
the application of these algorithms could further streamline
the design process, offering more precise control over
design parameters and resulting in faster time-to-market for
new products. Moreover, industry collaborations between
software developers and research institutions should be
encouraged to develop optimised algorithms that cater
specifically to the evolving demands of modern circuit
designs. Additionally, further research into the application
of graph theory in other aspects of circuit design, such as
fault  tolerance, reliability analysis, and thermal
management, could yield even greater advancements in
circuit performance.

In conclusion, graph-theoretic methods provide a robust
framework for improving circuit design and optimisation.
The significant improvements in key metrics demonstrated
in this research suggest that integrating graph-based
techniques into circuit design workflows can lead to more
efficient, compact, and power-efficient electronic systems,
marking a step forward in the development of future
electronic technologies.
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