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Simulation of logistics processes provides a powerful method for evaluating, analyzing, and
optimizing the flow of materials within manufacturing environments. By creating virtual
representations of logistics systems, organizations can test different configurations,
operational strategies, and control policies without disrupting ongoing operations. This topic
explores the principles, methodologies, and applications of logistics process simulation
within the context of modular manufacturing and the MODAPTO framework.

Fundamentals of Logistics Process Simulation

Logistics process simulation involves creating computer models that replicate the behavior
of material handling systems over time. These models incorporate:

1. System Elements:
o Physical components (conveyors, vehicles, robots, storage systems)
o Materials and products being handled
o Human operators and their interactions with the system
o Control logic and decision rules
2. Dynamic Behaviors:
o Movement patterns and trajectories
o Processing times and delays
o Resource utilization and contention
o System states and transitions
3. Stochastic Elements:
o Variability in processing times
Random events (breakdowns, interruptions)
Arrival patterns of materials or orders
Human performance variation

o O O

The primary objective of logistics simulation is to understand system behavior under various
conditions and to evaluate performance metrics such as throughput, cycle time, resource
utilization, and bottleneck identification. By running multiple simulation experiments with
different parameters or configurations, organizations can explore the solution space and
identify optimal approaches for their logistics operations.

Types of Logistics Simulation Models
Several simulation approaches are commonly used for logistics processes:

1. Discrete Event Simulation (DES):
o Models the system as a sequence of discrete events over time
o Each event marks a change in system state (e.g., start of movement, arrival at
destination)
o Time advances from one event to the next
o Particularly suitable for systems with queuing behavior and resource
constraints
2. Agent-Based Simulation (ABS):
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o Models individual entities (vehicles, materials, operators) as autonomous
agents

o Defines behavior rules for each agent type

o System behavior emerges from agent interactions

o Effective for decentralized control systems and complex routing decisions
3. System Dynamics (SD):

o Models aggregated flows and feedback loops within the system

o Uses differential equations to represent continuous processes

o Focuses on long-term behavior and policy evaluation

o Useful for strategic planning and high-level system design
4. Physics-Based Simulation:

o Incorporates detailed physical properties and constraints

o Models motion dynamics, collisions, and physical interactions

o Provides realistic visualization of system operation

o Valuable for detailed analysis of robotic movements and material handling
5. Co-Simulation:

o Integrates multiple simulation models of different types or domains

o Enables comprehensive evaluation of complex systems

o Synchronizes time advancement and data exchange between models

o Supports holistic analysis of integrated manufacturing and logistics systems

In the MODAPTO framework, the Co-Simulation approach is particularly important as it
enables the integration of different simulation models representing various aspects of the
modular manufacturing system. This approach supports the vision of interoperable Digital
Twins by allowing synchronized simulation of production processes, material handling, and
control systems.

Simulation Methodology for Logistics Processes

Developing and using logistics process simulations typically follows a structured
methodology:

1. Problem Definition:
o Clarify simulation objectives and questions to be answered
o Define the scope and boundaries of the simulation model
o ldentify key performance indicators for evaluation
o Determine the appropriate level of detail for the model
2. Data Collection and Analysis:
o Gather layout information and dimensional data
o Collect equipment specifications and performance parameters
o Measure operational times and process durations
o Analyze historical data for patterns and distributions
3. Model Development:
o Create a conceptual model of the logistics system
o Implement the model using appropriate simulation software
o Define entity types, resources, and their attributes
o Program control logic and decision rules
4. Verification and Validation:
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Verify that the model functions as intended (debugging)
Validate that the model accurately represents the real system
Compare simulation results with historical data or expected behavior
Calibrate model parameters to improve accuracy
5. Experimental Design:

o Define scenarios and alternatives to be evaluated

o Specify parameter values and ranges for experimentation

o Determine the number of replications for statistical validity

o Plan for sensitivity analysis of key parameters
6. Simulation Execution:

o Run the simulation model for each experimental scenario

o Collect performance data and simulation outputs

o Monitor simulation progress and validate intermediate results

o Address any runtime issues or model adjustments
7. Results Analysis:

o Calculate performance metrics for each scenario

o Compare alternatives based on defined objectives

o ldentify bottlenecks, constraints, and improvement opportunities

o Develop insights and recommendations from simulation results
8. Implementation and Follow-up:

o Communicate findings to stakeholders

o Implement recommended changes in the physical system

o Monitor actual performance compared to simulation predictions

o Update simulation models based on implementation feedback

o O O O

This methodology provides a structured approach to logistics simulation that ensures
meaningful results and actionable insights for decision-making.

Key Elements in Logistics Process Simulation

Effective simulation of logistics processes requires careful consideration of several key
elements:

1. Layout and Spatial Representation:
o Accurate dimensions and distances between locations
o Travel paths and routing networks
o Physical constraints and obstacles
o Interface points between different handling systems
2. Material Flow Logic:
o Routing rules and decision points
o Sequencing and prioritization policies
o Buffer management strategies
o Handling of exceptional conditions
3. Equipment Characteristics:
Speed and acceleration profiles
Load/unload times and procedures
Capacity constraints and limitations
Failure modes and maintenance requirements

o O O O
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4. Control Systems and Logic:
o Dispatch rules for transport resources
o Traffic management and collision avoidance
o Module release and sequencing logic
o Exception handling and recovery procedures
5. Human Factors:
o Operator performance and variability
o Task allocation and workload balancing
o Learning curves and skill development
o Ergonomic considerations and limitations
6. Integration Points:
o Interfaces with production processes
o Communication with planning systems
o Synchronization with inventory management
o Data exchange with monitoring systems

By accurately representing these elements in the simulation model, organizations can create
a realistic virtual environment for evaluating logistics system performance and behavior.

Simulation Applications in Modular Manufacturing Logistics

Logistics process simulation has numerous applications in modular manufacturing
environments:

1. Layout Optimization:

o Evaluating different arrangements of production modules

o Optimizing material flow paths between modules

o Analyzing space utilization and accessibility

o Testing the impact of layout changes on logistics performance
2. Equipment Selection and Sizing:

o Comparing different material handling technologies

o Determining appropriate equipment capacities and quantities

o Evaluating the cost-benefit tradeoffs of automation options

o Testing equipment performance under various load conditions
3. Control Strategy Development:

o Evaluating different dispatch and routing policies

o Testing decentralized versus centralized control approaches

o Developing adaptive control strategies for changing conditions

o Validating collision avoidance and conflict resolution methods
4. Operational Policy Optimization:

o Comparing different sequencing and prioritization rules

o Evaluating batch sizes and grouping strategies

o Testing buffer management and overflow handling policies

o Analyzing the impact of maintenance schedules on system performance
5. Reconfiguration Planning:

o Evaluating the logistics impact of module rearrangements

o Planning transition sequences for system reconfiguration

o ldentifying temporary material handling requirements during changes

2.1.2 Simulation of logistics processes Page | 5



Funded by MODAPTO - 101091996 I
the European Union  HORIZON-CL4-2022-TWIN-TRANSITION-01-03 MO3APTO

o Optimizing the timing and sequencing of reconfiguration activities
6. Capacity Analysis and Bottleneck Identification:
o Determining maximum throughput capabilities
o ldentifying system bottlenecks and constraints
o Evaluating resource utilization patterns
o Testing system response to volume and mix changes
7. Robustness and Resilience Testing:
o Evaluating system performance under disruptions
o Testing recovery strategies after failures
o Analyzing the impact of variability and uncertainty
o Identifying critical vulnerabilities and mitigation strategies
8. Investment Planning and Justification:
Quantifying the benefits of logistics system improvements
o Comparing return on investment for different options
o Evaluating phased implementation approaches
o Supporting business case development with performance data

o

These applications demonstrate the versatility and value of logistics process simulation as a
decision support tool in modular manufacturing environments.

Integration with Digital Twins and MODAPTO Framework

Within the MODAPTO framework, logistics process simulation is closely integrated with the
Digital Twin concept:

1. Bi-directional Data Flow:
o Physical systems provide data to calibrate simulation models
o Simulation results inform operational decisions for physical systems
2. Multi-level Simulation:
o Macro-level simulation for strategic planning
o Meso-level simulation for tactical decisions
o Micro-level simulation for detailed operational analysis
o Integrated co-simulation across all levels
3. Lifecycle Applications:
o Early design phase for concept evaluation
o Implementation planning for deployment strategies
o Operational support for ongoing optimization
o Reconfiguration planning for system adaptation
4. Interoperability Through Standards:
o Asset Administration Shell (AAS) for standardized interfaces
o Common information models for data exchange
o Standardized simulation interfaces via Business Process Modelling Notation
(BPMN) for model integration
o Vendor-neutral approaches for system connectivity

In EU research and innovation programs like Horizon 2020, simulation models are developed

to explore the benefits of simulation-based approaches and quantify the potential for later
adoption in scalable Digital Twin systems. These models can be applied to real
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manufacturing systems, such as pharmaceutical production lines. With these models,
sensitivity analyses of process steps, campaign building, batch change scenarios, different
shift models, scheduling approaches, and delivery breakdown risk assessments can be
conducted. Results have underlined the benefits of simulation-based analyses and the
potential for adoption of digital twin technologies in various industries.

This integration creates a powerful decision support ecosystem that combines the predictive
capabilities of simulation with the real-time monitoring and control capabilities of Digital
Twins, enabling comprehensive logistics system management throughout the lifecycle of
modular manufacturing systems.
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