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Abstract

The rapid evolution of parallel computing has necessitated the development of flexible and efficient
programming architectures. This paper introduces and explores multi-code architecture as an emerging
paradigm in parallel programming. Unlike traditional single-language implementations, multi-code
architecture integrates multiple programming models and languages—such as OpenMP, MPI, CUDA,
and Python—to efficiently harness multi-core CPUs and GPUs. The paper examines the advantages,
design challenges, performance trade-offs, and real-world applications of this architecture, proposing
best practices and future directions for optimizing hybrid parallel systems.
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1.Introduction

Modern computational problems in fields such as data science, physics simulations, and machine
learning require immense processing power. Parallel programming has become the cornerstone of
leveraging hardware capabilities, but traditional models often fall short when working across
heterogeneous architectures.

This paper investigates multi-code architecture, a flexible and modular approach that combines different
programming paradigms and languages to maximize performance across platforms. We present case
studies, performance benchmarks, and an architectural framework for implementing multi-code
solutions effectively.

2.Fundamental of multi code architecture
Multicode architecture involves multiple execution unit working in parallel to improve computational
throughput and the key features include :
e Multiple instruction processing: The ability to execute independent code streams
simultaneously.
¢ Synchronization mechanism: Techniques to manage concurrent education and avoid conflicts.
Work load balancing: optimising resource allocation to prevent bottlenecks.
e Scalability: the ability to expand parallel execution across multiple computing units.

2.1 Types of multicore Architecture:-

» Symmetric Multicode architecture(SMA):Use identical instruction set across all process.

» Asymmetric multi code architecture (AMA):Allows different processors to execute different
interactions streams.

» Hybrid Multicode system: Combine SMA and AMA for improved flexibility and performance.

2.2Multi-Code Architecture Design
s Components
A multi-code architecture may consist of:
» Orchestration Layer (e.g., Python): Manages task distribution.
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» Execution Layers: Includes C++ (OpenMP), Fortran (MPI), and CUDA kernels.
» Communication Layer: Uses sockets, REST APIs, or MPI for interprocess communication.
% Integration Strategies
» Static Linking: Compile-time integration using Makefiles or CMake Dynamic Invocation:
Runtime calls via Python subprocess, ctypes, or FFI.
» Message Passing: REST APIs, MPI, or RabbitMQ for cross-language messaging.

3.Modelling approaches for multi code architecture:-

Developing an efficient Multicode architecture required reversed modelling technique the following
methodologies are commonly used.

Finite state machine(FSM) used: FSM model helps represent the execution flow in parallel system
they're useful in designing and analysing hardware based Multicode processors.

Petri.Net Model: Petri.Net provides a graphical approach to modelling concurrency and
synchronisation in multi code

Queuing model: Queuing theory is used to analyze performance bottlenecks by modelling how task
are distributed among multiple processor. This approach is widely applied in data centres and cloud
computing environment.

Machine learning based model: Artificial intelligence techniques such as reinforcement learning
and neural network, optimise workload balancing and scheduling in Multicode architecture. This
model help improve performance dynamically based on real time data

4. Methodologies

VVVVVVYVYVYVYY

To evaluate multi-code architecture:

We developed a sample application simulating fluid dynamics.
C++ with OpenMP was used for the core physics engine.
CUDA accelerated matrix computations.

Python managed orchestration and visualization.

4.1 Development Workflow

Write modules in their optimal languages.

Use pybind11 to interface C++ with Python.

Use nvce to compile CUDA kernels.

Combine all modules via Python and test interoperation.

5.Challenges in implementation of Multicode:-

>
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Programming Complexity:Requires specialised parallel programming technique is that (open MP
,CUDA, MPI).

Memory synchronisation Issue: Managing shared memory efficiently is a significant challenge.
Hardware limitation: Requires advanced processor architecture to support multiple execution
streams.

5.1 Debugging and Profiling

Multi-language setups complicate error tracking and performance tuning.

5.2 Interoperability

Linking binaries and libraries from different ecosystems requires careful management.

5.3 Code Maintenance

Version mismatches, dependencies, and readability issues can arise in large-scale projects.

6.Case studies on Multicode architecture

R/
A X4

Google tensor processing unit (TPUs): Artificial intelligence optimised processor that leverage
parallel execution.Cloud TPUs provide the versatility to accelerate workloads on leading Al
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frameworks, including PyTorch, JAX, and TensorFlow. Seamlessly orchestrate large-scale Al
workloads through Cloud TPU integration in Google Kubernetes Engine (GKE).

NVIDIA CUDA framework: Enables GPU based parallel computing for deep learning and
graphics.NVIDIA offers a collection of CUDA-X libraries that provide optimized implementations
of common algorithms, such as cuDNN for deep neural networks, cuBLAS for linear algebra, and
cuFFT for fast Fourier transforms.

Super computing in weather forecasting: Uses multi code execution for large scale climate
modelling. These models use complex equations and vast amounts of data, requiring the
computational power of supercomputers to be processed effectively

NOAA: The National Oceanic and Atmospheric Administration (NOAA) uses supercomputers to
produce weather forecasts, watches, warnings, and other data for the public.

ECMWF: The European Centre for Medium-Range Weather Forecasts (ECMWF) uses
supercomputers for both weather forecasting and climate modeling.

India: India has invested in new supercomputers for weather forecasting, with the Indian Institute
of Tropical Meteorology (IITM) in Pune and the National Centre for Medium Range Weather
Forecast (NCMRWF) in Noida.

Eviden: Eviden, a business leader in advanced computing, has delivered two supercomputers to the
II'TM and NCMRWEF, named “Arka” and “Arunika” respectively.

Industrial and Commercial:

» Today, commercial applications provide an equal or greater driving force in the development of
faster computers. These applications require the processing of large amounts of data in
sophisticated ways.

“Big Data,” databases, data mining.

Artificial Intelligence (Al).

Oil exploration.

Web search engines, web based business services.

Medical imaging and diagnosis

Pharmaceutical design

Financial and economic modeling

Management of national and multi-national corporations

Advanced graphics and virtual reality, particularly in the entertainment industry

Networked video and multi-media technologies

Collaborative work environments

VVVVVYVYVYYVYYVYYYVY

7.Parallel Programming Models and Languages
A parallel programming model is a high-level conception of how the programmer can control processors
and the data that moves between them.

>

Shared Memory: In the shared memory programming model, processes/tasks share a common
address space, which they read and write to asynchronously. Various mechanisms such as
locks/semaphores are used to control access to the shared memory, resolve contentions and to prevent
race conditions and deadlocks. One example is SHMEM.

Threads: This programming model is a type of shared memory programming. A thread is a single
“heavyweight” process can have multiple “lightweight”, concurrent execution paths. A simple
example of a thread includes a chat feature, video, or audio in an application like Microsoft Teams.
Examples include Pthreads, Open MP, Microsoft Threads, Java and Python threads, and CUDA
threads for GPUs.

Message Passing: A parallel programming approach where separate processes communicate only
by sending messages, not sharing memory. Each set of tasks use their own local memory during
computation. Multiple tasks can reside on the same physical machine and/or across an arbitrary
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number of machines. One example is the Message Passing Interface (MPI) that was first developed
in the 1990s.

Hybrid Model: A hybrid model combines more than one of the previously described programming
models; currently, a common example of a hybrid model is the combination of the MPI with the
threads model. Other examples of hybrid models include MPI with CPU-GPU using CUDA, MPI
with Pthreads, and MPI with non-GPU.

% Applications of multi code architectures:-

» Artificial intelligence and deep learning: Parallel execution is speed up model training and

inference.Deep learning automates much of the feature extraction piece of the process,
eliminating some of the manual human intervention required. It also enables the use of large data
sets, earning the title of scalable machine learning. That capability is exciting as we explore the
use of unstructured data further, particularly since over 80% of an organization’s data is estimated
to be unstructured.

High performance computing (HPC): Used in simulation and scientific
computation.Traditionally, HPC has involved an on-premises infrastructure, investing in
supercomputers or computer clusters. Over the last decade, cloud computing has grown in
popularity for offering computer resources in the commercial sector regardless of their
investment capabilities. Some characteristics like scalability and containerization also have
raised interest in academia. However security in the cloud concerns such as data confidentiality
are still considered when deciding between cloud or on-premise HPC resources.

Cloud and edge computation: Enhance real time data processing in distributed network .Edge
computing can either use existing devices (routers, servers, gateways, switches,), telecom base
stations or dedicated physical components known as cloudlets (data centre in a box) with the
extensive use of virtualisation techniques

Big data analytics: Enables rapid processing of massive data set.Current usage of the term big
data tends to refer to the use of predictive analytics, user behavior analytics, or certain other
advanced data analytics methods that extract value from big data, and seldom to a particular size
of data set. There is little doubt that the quantities of data now available are indeed large, but
that’s not the most relevant characteristic of this new data ecosystem.Analysis of data sets can
find new correlations to spot business trends, prevent diseases, combat crime and so on..

8.Future direction in multi code architecture:-

R/
A X4

Quantum computing: Integration quantum parallelism to achieve exponential performance
gains.These are algorithms designed to take advantage of quantum phenomena to solve specific
problems more efficiently than classical algorithms

Task Single- Single- Multi-Code | %
code(OpenMP) | Code (OpenMP + | Improvement
(MPI) CUDA)
MatrixMultiplication | 3.2 s 29s 1.8s 43.75%
(10°)
FFT (107) 4.5 s 3.8s 23s 48.88%
Data Sorting (109) 2.6 2.1s 1.4s 46.67%
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Neuromorphic computing: Mimicking human brain functionality for energy efficient parallel
processing.Neuromorphic computing draws inspiration from the biological brain, focusing on how
neurons and synapses communicate and process information.

Al optimised system: Using machine learning for adaptive workload management.Optimized Al
systems deliver better results in terms of accuracy, speed, and efficiency. Reduced resource
consumption translates to lower operational costs.Optimized Al systems can handle larger datasets
and more complex tasks.

Energy efficient architectures :Developing low power Multicode system for sustainable
computing. EPHA is a novel non-Von Neumann architecture designed for both Artificial Neural
Networks (ANNs) and Spiking Neural Networks (SNNs), using a compensated ferrimagnetic device
to design a special crossbar-based computing circuit.

Result and Discussion

Experimental Setup
To evaluate the performance of the Multi-Code Architecture (MCA) in parallel programming,
we conducted a series of experiments on a multi-core system (Intel Xeon, 32 Cores, 128GB
RAM) using three parallel programming models: OpenMP, MPI, and CUDA, independently and
in a hybrid multi-code environment. Benchmarks such as matrix multiplication, FFT, and data
sorting were used across datasets of increasing size (from 10* to 107 elements).

Performance Evaluation

» Execution Time
The execution time of multi-code architecture was consistently lower compared to traditional
single-code implementations:

Observation: The hybrid approach leverages the strengths of different models (e.g., MPI for
distributed computing and CUDA for GPU acceleration), reducing total execution time

significantly.

> Resource Utilization
In a multi-code setup, CPU and GPU utilization were more balanced:

CPU Utilization: 78% average (multi-code) vs 96% (single OpenMP)
GPU Utilization: 82% (multi-code) vs unused in OpenMP/MPI-only runs

Memory overhead was higher in multi-code systems (~12% increase) due to context switching
and communication overhead, but manageable with optimization.

» Scalability
The multi-code architecture exhibited better scalability with increasing workload:

Dataset Size Single-Code Speedup Multi-Code Speedup
(MPI)

10* elements 1.8% 2.1x

10° elements 3.2% 4.8%

107 elements 4.0x 6.5%

This demonstrates that MCA scales more effectively, especially for data-intensive tasks.

ISSN : 2581-7175

©IJSRED: All Rights are Reserved

Page 489



International Journal of Scientific Research and Engineering Development-— Volume 8 Issue 4, July - Aug 2025
Available at www.ijsred.com

% Discussion
The results support the hypothesis that Multi-Code Architectures enhance parallel program
efficiency through heterogeneity. Key discussion points include:

» Task Mapping: Dividing tasks across platforms (e.g., computation on GPU, communication on
CPU) leads to better pipeline efficiency.

» Synchronization Overhead: Slightly higher in MCA due to the need for data exchange between
heterogeneous units, but outweighed by speed gains.

» Programming Complexity: Development and debugging were more challenging, requiring
expertise in multiple programming environments.

» Portability: Multi-code applications may suffer from portability issues due to platform-specific
APIs (e.g., CUDA, OpenCL), which may be addressed through abstraction layers.

9.Conclusion

We have discussed the fundamental of parallel programming, models , language and the future scope
of the Multicode architecture and uses of multi core in industry and commercial service
sector.Multicode architecture is a key innovation in parallel computing enabling high speed execution
of complex, computational task. Despite existing challenge ,Advancement in hardware and software
technologies Continue to improve its scalability and efficiency. Future development, including Al
driven optimization and quantum computing, will further enhance the capability of parallel system.
Multi-code architecture represents a powerful strategy in parallel programming, particularly for
heterogeneous computing environments. By leveraging the strengths of multiple languages and
execution models, developers can create high-performance, scalable, and maintainable applications.
While challenges remain in integration and maintenance, the advantages make it a compelling
direction for future software systems
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