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Abstract: This article presents a modular, object-oriented architecture for the PBM (Porous Media 

Modeling) library, a Java-based system designed to model consolidation filtering kinetics in hierarchical 

porous media with two- and three-level porosity structures. Developing extensible software architectures 

for scientific computing remains a persistent challenge, particularly for complex, multi -component 

systems with multi-level relationships. Current software modeling tools are tightly coupled with 

specific object-oriented domains and the mathematical models of physical processes, such as consolidation 

filtering in porous media. Consequently, these tools must satisfy strict engineering requirements regarding 

architectural stability, feature expansion, and the seamless integration of new numerical schemes 

and physical models. The proposed architecture consists of four decoupled modules: Process, Direct,  

GUI, and Extra. These modules are interconnected through well-defined interfaces and governed 

by the Factory, Strategy, and Template Method design patterns. Specifically, the Process, Direct, 

and Extra modules encapsulate simulation parameters and implement diverse methods for computer 

modeling and parameter identification. These components control the spatiotemporal di stributions of key 

process variables across various macro- and micro-porous scales. Concurrently, the GUI module provides 

polymorphic visualization via the drawable interface. Ultimately, we demonstrate that this architectural 

design enables the seamless integration of new mathematical models, numerical schemes for high-

performance computing, and analytical methods without modifying the existing codebase, thereby satisfying 

the open-closed principle. 

Keywords: software architecture; object-oriented design and programming, mathematical 

software modeling, UML, extensible architectural models, design patterns, software requirements,  

use cases, complex multi-component and muliyporous systems, computational procedure 

scenarios.  

1. INTRODUCTION 

Advanced software architecture methods are essential for modern research 

platforms. These platforms focus on mathematical and computer modeling of complex, 

multi-component object-oriented systems and processes. They use science-intensive models 

to simulate the transfer and transformation of mass, energy, electric charge, filtrate, and 

momentum [1–3]. 

The qualitative results of researches have wide applications in healthcare, medicine, 

ecology, and chemical engineering. In particular, they help address environmental pollution 

and manage toxic waste landfills. These biochemical wastes are often in complex 
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transitional states, posing severe threats to groundwater basins, soil mechanics, and 

materials science [4–6]. 

Mathematical models of these processes use systems of interconnected 

partial differential equations (PDEs). Based on fundamental laws and equilibrium 

conditions, these equations describe substance transformation and parameter redistribution 

across micro- and macro-processes. Specifically, they model time-space pressure 

and concentration distributions within inter-particle macropores and intraparticle 

spaces [7]. Solving these systems requires efficient numerical methods for high-

performance computing scenarios. These scenarios rely on implicit computat ional 

schemes, convergent Crank-Nicolson algorithms, finite difference methods, and fast, 

low-cost analytical solutions [8]. These physical models are becoming increasingly 

complex. Researchers must constantly update software requirements to include new 

kinetic factors, such as multi-level and graph-like porosity, non-linear consolidation 

functions, and phase transformations in various micro-particle geometries. This 

growing complexity creates a strong demand for software frameworks that can 

handle diverse mathematical formulations. Such frameworks must support changing 

research requirements without requiring developers to constantly rewrite the core program 

code.  

Several existing scientific computing frameworks can partially address this 

problem. For example, FEniCS [9] provides a general finite-element environment 

with diverse solvers based on an object-oriented factory pattern. OpenFOAM [10] 

uses a modular architecture to separate solvers, meshes, and post-processors. 

Similarly, MATLAB toolkits [11] decouple computational cores from visualization 

components. However, these frameworks are too general and lack the necessary 

level of detail. Consequently, they/cannot account for the key factors required 

to accurately describe and analyze complex, multi-hierarchical consolidation models. In 

particular, they fail to model substances changing between liquid and solid states within 

complex, interconnected heterogeneous spaces. 

Despite the recognized importance of extensible software architecture in scientific 

computing, there is a lack of documented, template-driven solutions for hierarchical 

modeling of multiscale consolidation filtering. Most existing software in this field 

provides either a single fixed numerical scheme or a set of custom scripts. These solutions 

lack an extensible architecture to support incremental updates [11, 12]. Existing 

research has not yet systematically analyzed how module decomposition, interface design, 

and design patterns can be combined to create extensible architectures for this specific 

domain. 

2. METHODS 

2.1. Study design 

The main objective of this study is to design and validate a stable, extensible 

software architecture for modeling complex physical systems. This architecture ensures 

high scalability and allows adding new features without major code refactoring or breaking 

existing dependencies. To achieve this, we utilize UML tools and a functional requirements 

model. The corresponding use cases are defined by the specific needs of simulat ing 

complex physical object-oriented consolidation systems in multidimensional microporous 

spaces (CSMPS). 

The article represents a case study in the field of research software engineering, 

based on the retrospective-prospective architectural analysis of the PBM library. The 

authors developed this mathematical framework during a long-term international scientific 
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cooperation with the TIMR and LMAC laboratories of the Compiègne University of 

Technology (France).  

The study considers the source code, module structure, class hierarchies and 

intermodule dependencies to define and document the architectural patterns that control the 

system. The analysis supplemented with new promising system tools and functional design 

elements that significantly expand the architectural possibilities of supplementing the 

system software with new functionalities. 

2.2. Analysis of research software engineering requirements of CSMPS  

Scientific requirements for the physical essence of the studied CSMPS 

and methodologies for their modeling and research were described in [8, 13, 14]. 

These researches based on the analysis of the latest world approaches to the 

study of such systems and objects according to works [2–7]. As a result, we 

defined an iterative, multi-step software development process driven by scientific 

requirements. This process based on both a use-case model and an architecture-centric 

design. 

2.3. Approach to architectural analysis 

Architectural analysis carried out in three stages. First, the module 

boundaries determined by examining Java package declarations and import 

statements in all source files. Second, the class hierarchies in each module 

reconstructed from inheritance declarations and interface implementations.  

Third, internal module dependencies mapped by identifying which classes 

import types from other modules, establishing a unidirectional dependency 

graph [15–17]. 

A few identified design patterns based on the catalog definitions by Gamma 

et al. [18–21]: Factory patterns identified as static factory methods that return interface 

types; Strategy patterns defined as interface implementations passed as parameters; 

Template Method patterns identified as abstract classes that define algorithmic 

skeletons with abstract steps; Composition patterns (or composition principles) were 

defined as classes that contain references to other objects rather than inheriting 

from them [22–24]. 

All equations of the mathematical model of the CSMPS governing the simulated and 

studied physical processes formulated in [13] reviewed in the context of the main 

characteristics of the domain requirements model, from the point of view of their impact on 

architectural solutions. 

2.4. Implementation Environment 

The PBM library is implemented in Java SE using the NetBeans IDE with 

an Ant build system. Its GUI components are based on AWT and Swing. The 

library does not rely on external scientific computing packages; instead,  

all numerical schemes are implemented directly within the codebase. The 

source code is organized into packages that correspond to the four identified 

modules. 
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3. RESULTS 

3.1. Overall System Architecture 

The architectural analysis identified four primary modules with a strictly unidirectional 

dependency structure, shown in Fig. 1. 

 

Figure 1. High-level architecture of the PBM system showing four modules and their unidirectional 

dependencies.  

Developing extensible software architectures for scientific computing remains a persistent 

challenge, especially when modeling complex, multi-component systems with multi-level 

relationships. Existing software modeling tools are tightly coupled with the characteristics of object-

oriented domains and the mathematical modeling of physical processes, such as consolidation 

filtering in porous media. Consequently, these tools must satisfy strict requirements regarding 

stability, feature expansion, and the integration of new numerical schemes and physical models. 

Current research shows modular object-oriented architecture for the Porous Media Modeling 

(PBM) library. This Java-core system dedicated for filtration consolidation kinetics modeling in 

hierarchical porous media, which are characterized by two- and three-level porosity structures.  

The architecture consist of four isolated modules: Process, Direct, GUI and Extra. Each 

module interconnected through defined interfaces and controlled by the software design patterns: 

Factory, Strategy and Template Method. Module Process, Direct and Extra encapsulate various 

modeling parameters and implement different numerical modeling parameters identification 

methods. The GUI module provides polymorphic visualization through the Draweble interface. The 

article demonstrates the capabilities of the proposed architectural model and the design of its 

components to integrate and develop new mathematical models, numerical schemes for high-

performance computing, classes and analysis methods without changing the existing code, 
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satisfying the open-closed principle based on polymorphism and architectural patterns. The 

extensibility mechanism is illustrated by step-by-step integration procedures for new models, 

parameter sets and visualization components. 

3.2. Direct Module 

The Direct module contains all numerical and analytical solvers. Its architecture, shown 

in Fig. 3, uses two abstract base classes `PBMBase` for two-level models and `PBMBase3` for 

three-level models both implementing the `Draweble` interface. 

The `PBMBase` use static factory method instantiates the appropriate solver at runtime. 

Each concrete subclass implements four abstract methods: `P1(time, Z)` returning macro-pore 

concentration, `P2 (time, X, Z)` returning micro-pore level-1 concentration, `calculation()` 

triggering the full numerical solve, and `initialization()` called on parameter change. Six two-

level implementations are present (Table 1) and two three-level implementations. 
Table 1. Implementations in the Direct module. 

Class Level Method Geometry 

PBMALinear 2 Analytical Planar 

PBMLinear 2 Crank–Nicolson Planar 

PBMLinear_2 2 Explicit Planar 

PBMSpherical 2 Crank–Nicolson Spherical 

PBMNonLinear 2 Crank–Nicolson Planar, nonlinear 

PBMNonLinear_2 2 Explicit Planar, nonlinear 

PBMLinear3KN 3 Crank–Nicolson Planar 

PBMLinear3Direct 3 Explicit Planar 

 

Figure 2. Class hierarchy and interface relationships in the Direct module.  
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3.4. GUI Module 

The GUI module provides a component hierarchy for visualizing concentration profiles, 

governed by the ̀ Draweble` interface as the Strategy pattern. The module structure is shown in Fig. 3. 

 

Figure 3. GUI module class hierarchy and Strategy pattern implementation. 

The `Draweble` interface exposes four function slots that map to the physical quantities 
of interest. The `canDrawing()` method acts as a guard: rendering components call it before 
accessing data, preventing visualization of uncommitted or incomplete computation results.  

3.5. Extra Module 

The Extra module implements engineering consolidation analysis as a layered extension 
over the Direct module. Its class structure is shown in Fig. 4. 

 

Figure 4. Extra module class structure showing consolidation analysis framework.  
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The abstract class `UBase3` defines the consolidation analysis interface: `H0(t)`, 

`H1(t)`, `H2(t)` return the settlement contributions from macro-pores and the two micro-pore 

levels respectively, while `U(t)` returns the normalized degree of consolidation. The concrete 

class `U3` implements these through spatial numerical integration of the pressure fields. 

The `U3` class accesses process parameters exclusively through the model interface, 

maintaining loose coupling between the analysis layer and the parameter management layer. 

3.6. Extensibility Mechanism 

The architecture provides a well-defined three-step procedure for integrating a new two-

level mathematical model without modifying any existing class. After implementing new solver 

by extending `PBMBase` class, registering the type constant and update the factory, the new 

model is immediately compatible with all existing GUI visualization components through the 

`Draweble` interface and can be passed to `UBase3` subclasses for consolidation analysis and 

no changes to other modules are required. 

4. DISCUSSIONS 

4.1. Design Pattern Effectiveness 

The three primary patterns identified: Factory, Strategy, and Template Method, each 

address a distinct extensibility concern. The Factory pattern localizes instantiation logic, 

ensuring client code isn’t updated when new models are added, only the factory method. In 

contrast to generic factory implementations, PBM's factory encodes domain knowledge: 

constants maps directly to numerical scheme categories, enabling informed solver selection 

based on stability requirements [19]. 

The Strategy pattern, implemented through `Draweble`, achieves the strictest possible 

decoupling between computation and visualization: a visualization component has no compile-

time dependency on any concrete model class. This satisfies the Dependency Inversion 

Principle [19, 20]. The Template Method pattern in `PBMBase` and `PBMBase3` defines the 

algorithmic skeleton (`setProcess` → `initialization` → `calculation` → access `P1`/`P2`/`P3`) 

while delegating the computationally variable steps to subclasses, preventing incorrect usage 

sequences. 

4.2. Comparison with Related Frameworks 

Compared to FEniCS [9], PBM is domain-specific but requires no external dependencies 

and operates within standard Java SE, lowering the barrier to deployment in engineering practice. 

Compared to OpenFOAM [10], PBM's module boundaries are enforced at the Java package level 

rather than through a build system, providing less runtime configurability but stronger compile-

time type checking. Compared to MATLAB toolboxes [11], PBM's object-oriented structure 

enables polymorphic visualization that MATLAB's functional programming style makes 

cumbersome. 

4.3. Identified Limitations 

Several architectural limitations were identified. First, the factory method requires 

modification when a new model type is added, which violates the strict Open-Closed Principle; 

this could be addressed by registering model providers at startup through a map-based factory 

or a dependency injection framework [15]. Second, public field access in `PBMProcess` and 

`UParameters` bypasses encapsulation, making validation impossible without breaking existing 

callers. Third, `Draweble` uses the name «Draweble» rather than the standard English 
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«Drawable», a typographic inconsistency that does not affect functionality but reduces 

readability. Fourth, no unit tests are present in the analyzed codebase, making refactoring risky; 

adoption of JUnit 5 with test data generators for numerical solution verification against the 

analytical `PBMALinear` baseline is recommended. 

4.4. Future Development Directions 

The architecture is amenable to several non-breaking extensions. Parallel computation 

of the inner integration loops in `U3` could be implemented through a `ParallelPBMBase` 

subclass using Java's `ExecutorService`. Memoization of expensive `P1`/`P2`/`P3` evaluations 

at fixed time-space grid points would reduce redundant computation in the consolidation 

analysis integration loops. A web service layer exposing `PBMBase` via a REST API could be 

added independently of the core modules, since the core is already stateless with respect to 

computation. 

5. CONCLUSIONS 

This paper presented the extensible software architecture of the PBM library for 

modeling filtration consolidation kinetics in hierarchical porous media. The following 

conclusions are drawn in relation to the stated objectives: 

1. The system is decomposed into four modules with a strictly unidirectional 

dependency graph and well-defined interface contracts. This decomposition 

ensures that changes in one module do not propagate to others, directly supporting 

maintainability. 

2. Three design patterns are systematically applied: the Factory pattern in `PBMBase` 

enables runtime model selection without exposing instantiation details to client 

code; the Strategy pattern via the `Draweble` interface decouples all visualization 

components from all mathematical models; the Template Method pattern in abstract 

base classes enforces the correct computational workflow sequence while 

delegating solver-specific steps to subclasses. 

3. A new two-level solver can be integrated in three steps: implement four abstract 

methods, register a type constant, and update the factory without modifying any 

existing class outside the Direct module. Three-level extensions require an 

additional `P3` method override. Parameter sets and visualization components 

extend independently through their respective base classes. 

These findings demonstrate that established object-oriented design patterns provide 

effective architectural governance for domain-specific scientific computing systems. The PBM 

architecture serves as a concrete, documented example of how modular decomposition and 

pattern-driven interface design can yield a system that is simultaneously operationally effective 

for engineering analysis and structurally open to ongoing mathematical research. 
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