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Abstract — Graphs are used practically in many different areas,
such as transportation networks, road planning, and DNA
sequencing. They are effective models for representing intricate
linkages and streamlining numerous operations in these fields.
Breaking down jobs into smaller, concurrent processes is known as
parallelization, and it is a crucial strategy for increasing the
effectiveness of graph algorithms. Breaking the big-problem into
smaller sub-problems drastically cuts down on calculation time and
improves system performance. Several methods have been
proposed to parallelize graph algorithms. Two prominent APlIs,
OpenMP and MPI, are prominently used for parallization.
OpenMP is suitable for shared memory systems, because it enables
effective parallelization by taking advantage of several CPU cores.
On the other hand, MPI works well with distributed memory
systems and enables the distribution of computations across
numerous connected workstations. In addition, NVIDIA GPUs
benefit greatly from the parallelization of graph algorithms by
CUDA. A powerful option for computationally heavy jobs, GPUs
excel at parallel processing because of their large number of cores.
The Heirholzer algorithm, which is the focus of this work, is
parallized to address problems with Eulerian circuits and pathways
in graphs. This work compares the performance of OpenMP, MPI,
and CUDA and it is observed that the performance of Heirholzer’s
algorithm is enhanced in practical applications when parallelized.

Index Terms—Graph Algorithms, Heirholzer’s Algorithm, Eu-
lerian circuit, Parallelization, OpenMP, MPI, CUDA

1. INTRODUCTION
A. About Heirholzer’s Algorithm

Heirholzer’s algorithm is an effective approach for solving
Eulerian circuits, a key idea in graph theory, and it employs a
backtracking strategy. When backtracking is applied to a graph,
it consistently finds an Eulerian circuit, which is a closed path
that passes through every edge exactly once and so effectively
covers every vertex. Backtracking iteratively probes unexplored
edges while ensuring that each edge appears only once in the
final circuit. A chosen vertex in the graph serves as the starting
point for the Heirholzer algorithm execution phase. From here,
the program investigates an unexplored edge and adds it to the
circuit’s expanding collection of edges.
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Following a route that respects the graph’s connection while
being careful not to go back over an already-traveled edge,
this exploration is continued. The algorithm’s intelligence
rests in its capacity to retrace its steps once it reaches a vertex
with no more unexplored edges, making sure that it explores
all potential paths until it visits every vertex and forms a
circuit. A distributed algorithm for constructing an Eulerian
tour in a network, focusing on efficient communication and
time complexity is introduced in [1]. The algorithm’s
performance is characterized by a message and time unit
complexity of (1+r)(|E| + |V |), where |E| is the number of
communication links and |V| is the number of nodes, with r
depending on the network topology and traversal path. A
modification to the algorithm enables the construction of a
noncyclic tour with a slightly higher message and time
complexity of (1+r)(|E| + 2|V |). Real- time applications for
this approach include shortest road route detection, DNA
sequencing, network routing, data processing, computer
network analysis, and game design. The importance of
Heirholzer’s algorithm resides in its capacity to effectively
optimize routes and resolve challenging connectivity issues. It
serves as the foundation for numerous applications,
highlighting the extensive application of graph theory and
algorithms in resolving problems in a variety of real-world
settings.

B. Parallelization Techniques

A qualitative and exploratory study on the use of Parallel
Processing APIs such as CUDA, OpenCL, OpenMP, and MPI,
across various industries and application domains is
conducted in [2]. Their SWOT analysis identifies the
strengths, weaknesses, opportunities, and threats associated
with these APIs, highlighting their roles in computational
finance, Al, machine learning, data science, and numerical
analysis. The study also reviews how companies leverage
these APIs for high-performance computing, offering



insights into their effectiveness in building parallel programs and
solving domain-specific problems. These APIs are useful tools
for parallelizing various programs since each one shines in a
certain computing environment and serves a specific function.
OpenMP , which stands for Open Multi-Processing, was created
to make shared memory parallelism easier. It provides
programmers with a set of environment variables, library
functions, and compiler directives that make it simple to
parallelize programs. OpenMP enables programmers to
effectively use the processing capability of multi-core computers
by introducing pragmas to identify parallel portions, loops, and
data sharing. Because several processor cores can access and edit
the same memory area in shared memory systems, it is well
suited for these systems.

Message Passing Interface (MPI) is specifically designed for
distributed memory systems, in which numerous processes work
on various memory domains and communicate by sending and
receiving messages. Multi-cluster, multi- supercomputer, and
other distributed computing environments can all be used with
MPI to build parallel programs. Applications requiring intensive
levels of data sharing and coordination depend on its ability to
manage communication between different memory locations.
Compute Unified Device Architecture, or CUDA for short, is a
parallel computing platform and programming style made
exclusively for Graphical Processing Units (GPUs) by NVIDIA.
It gives programmers the tools to use the enormous parallel
processing power of GPUs to speed up computationally
demanding tasks. A runtime library, a collection of tools for
memory management, and effective data transfer between the
CPU and GPU are also provided by CUDA. This makes it a
formidable option for applications such as scientific simulations,
deep learning, and image processing that can profit from the
parallel processing capability of GPUs.

II. LITERATURE REVIEW

An improved technique for kernel-oriented, CUDA-based
GPU parallel implementations of the Dijkstra’s and BFS graph
algorithms is presented in [3]. This work compares the
performance of parallel programming paradigms, namely
OpenMP on CPU clusters and CUDA on GPU clusters, with
respect to graph traversal algorithms such as Breadth First
Search (BFS) and Depth First Search (DFS). Experimental
results reveal that though OpenMP has idle and inter-thread
communication overhead on CPUs, CUDA performs
significantly faster by 187 to 240 times over the implementation
on CPUs. The findings are useful to the programmers in
choosing CUDA on GPUs for efficient high-intensity graph
computations. Parallelization of fundamental graph algorithms
such as BFS, DFS, Prim’s, Kruskal, and Dijkstra on GPUs using
CUDA in order to exploit their massively multithreaded
architecture in the direction of faster execution is discussed in
[4]. The research demonstrates that treating GPUs as
inexpensive co-processors significantly reduces computation
time for operations involving millions of vertices and edges
when compared to traditional methods. The comparative
analysis emphasizes the efficiency of CUDA-enabled GPUs in
graph traversal and analysis, highlighting their cost-
effectiveness and computational power. The performance
analysis of parallel programming paradigms such as OpenMP

and CUDA on CPU-GPU clusters with BFS and DFS graph
algorithms is presented in [5]. It is shown that OpenMP on CPUs
introduces overheads such as idle time and excess computation,
whereas CUDA on GPUs achieves a speed-up of 187 to 240
times over CPU implementations. The study provides valuable
insights for developers in selecting optimal programming
paradigms, which shows that CUDA is the most efficient for
high-intensity graph computations. A solution for parallelizing
the Traveling Salesman Problem (TSP) in [6] provides a detailed
explanation of the comparison of reducing execution time by
parallelizing TSP using CUDA and OpenMP. Best results for
OpenMP implementation have been achieved with four threads
on a quad-core system. The execution time to find the optimal or
near- optimal solution is reduced by seven times when the
solution is implemented in parallel using CUDA. The
implementation of a genetic algorithm to solve the NP-hard
Traveling Salesman Problem (TSP) with CUDA on NVIDIA
GPUs is examined in [7]. Leveraging the GPU parallelism and
shared memory, the CUDA-based implementation presented
notable performance improvements when compared to the CPU-
based sequential genetic algorithm. Their results illustrate the
capability of CUDA to efficiently accelerate heuristic algorithms
that feature intensive interactions in computationally complex
problems such as TSP. The OpenMP tasking model proposed in
OpenMP 3.0 to cope with the irregular parallelism of complex
applications is investigated in [8]. The model’s design
objectives, main characteristics are discussed in [8]. Scalability
is demonstrated by comparing it with current models on a broad
set of applications. The results in [8] have shown the ability of
the OpenMP tasking model which takes advantage of
unstructured parallelism with significant flexibility and
performance improvements. Comparative studies with complex
networks conclude that the speed of parallel algorithms is less
than that of non-parallel algorithms for MPI based
implementation [9]. A parallel Euler sequence assembly
algorithm to handle the computational problems in large-scale
biological sequence assembly is proposed in [10]. This
algorithm, through parallel computing, assembles the genome
fragments produced by WGS sequencing efficiently, eliminating
the group partitioning error. The experimental results show that
the algorithm has polynomial complexity and can be run on
various systems, thus showing improved performance and a
solution to the repeat problem in genome assembly. A
comparative  performance study of parallel programming
models, including OpenMP, hybrid models combining one or
more of OpenMP, MPI, CUDA , applied to graph algorithms
such as Floyd’s and Kruskal’s in presented in [11]. The findings
in [11] demonstrate that GPU implementations outperform CPU
implementations, with the hybrid [MPI+CUDA] framework
yielding significant speedups for both algorithms i.e. 19.03x for
Floyd’s and 27.26x for Kruskal’s when compared to OpenMP.
The study underscores the efficiency of GPU clusters for
optimizing complex scientific computations by effectively
minimizing communication and computation overlap. A detailed
investigation on the optimization of shortest path algorithms
such as Floyd-Warshall which computes paths between all pairs,
and Dijkstra’s algorithm, which finds paths for a single source
using OpenMP and MPI to parallelize it is discussed in [12].
These significant optimizations enable the operations such as
networking or routing of very large graphs to leverage speedups
in execution time. The work in [12] demonstrates the
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Figure 8. Number of Threads per Block vs. Execution Time using CUDA
for Various Datasets

Heirholzer’s algorithm is executed using CUDA for the four
datasets as mentioned in Table 1.The CUDA implementation
greatly reduced the execution times for all datasets. Optimal
performance was achieved at specific threads per block: 128
threads for the Graph with 9000 vertices(0.89 seconds), 128
threads for the Social Network (3.17 seconds), 512 threads for
the Amazon dataset (4.72 seconds), and 256 threads for the San
Francisco Road Network (2.43 seconds). Compared to single-
thread execution, CUDA delivered substantial speedups by
leveraging parallelism. Increasing threads commonly increased
performance to optimum level, beyond which performance
would degrade slightly owing to resource contention.
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Fig. 9. Comparison based on Execution Time

The outcome of a careful examination of the data produced by
the use of OpenMP, MPI, and CUDA is shown in Fig 9. This
serves as a comparison of three various application programming
interfaces (APIs). A persuasive conclusion is drawn from the
data in Fig 9 indicating CUDA excels in offering an optimal and
efficient solution, outperforming both

OpenMP and MPI. This conclusion strongly recommends
CUDA while looking for the best performance in comparable
computational jobs

IV.CONCLUSIONS

A comparative analysis of parallelization approaches using
OpenMP, MPI, and CUDA for Heirholzer’s Algorithm is
presented in this work. This provides a clear view of the
strengths and weaknesses of each parallelization API.
OpenMP is specifically designed for shared memory systems,
thus it is an efficient mechanism for parallelizing loops, which
is very helpful in dealing with small datasets. The reduction
clause and logical operations enable parallel computation with
significant time saving, as evident with optimal thread counts.
MPI is, however, very efficient for use in distributed memory
systems due to the provision of process-level parallelism that
affords scalable computation on the node. Indeed, this shows
that more threads are efficient in partitioning large data sets.
CUDA, however, shows the highest performance gains
because of its fine- grained parallelism and the ability to
exploit the architecture of the GPU. This method of using
threads and blocks to distribute computations efficiently
among thousands of cores makes it the best choice for
computationally intensive tasks. Comparative results,
supported by the analysis of execution time on different
datasets, show that CUDA always outperforms both OpenMP
and MPI for Heirholzer’s algorithm. As such, it is the best API
for high-performance applications requiring maximum
efficiency and scalability.
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