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network of nodes (e.g., suppliers, workspaces, customers) 
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engine to track material flows and assess performance 

degradation across four key resilience loss indicators: loss of 

Quality, loss of Quantity, loss of Profit, and Delay (Q-Q-P-D). 

The RST analyses network vulnerability by modelling the 

impact of planned changes, inherent operational 

variability, and Risk & Disruption scenarios. This enables 

managers to identify critical vulnerabilities and make data-

driven strategic decisions when implementing resilience 

strategies.  Task T2.1 develops a Resilience Strategies Library 

including effective redundancy, diversification, and 

flexibility strategies. The Resilience Strategy Tool's 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
3 

effectiveness is validated through experiments on a 

synthetic manufacturing network, demonstrating its ability 

to pinpoint vulnerability and measure the benefits of 

resilience strategies. 

 Keywords Resilience Strategy Library, Resilience Strategy Tool, 

Manufacturing Network, Risk & Disruption 

Project co-funded by the European Commission in the Horizon Europe 
 

Nature of the deliverable: DEM 
 

Nature of the deliverable: PU 
 

 

 

Document Revision History  

 

Version Date Description of change List of contributors 

0.1 2025/10/10 Definition of the Table of Contents BUL 

0.2 2025/11/07 Version to be reviewed BUL 

0.8 2025/11/17 Peer reviewed version PL, SERV 

0.9 2025/11/28 Revised Version  BUL 

1.0 2025/11/28 Final review for uploading  BUL, AID 

1.1 2025/12/16 Minor corrections BUL 

 

  



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
4 

STATEMENT ON MAINSTREAMING GENDER 

The NARRATE consortium is committed to including gender and intersectionality as a 

transversal aspect in the project’s activities. In line with EU guidelines and objectives, all 

partners – including the authors of this deliverable – recognise the importance of 

advancing gender analysis and sex-disaggregated data collection in the development 

of scientific research. Therefore, we commit to paying particular attention to including, 

monitoring, and periodically evaluating the participation of different genders in all 

activities developed within the project, including workshops, webinars and events but 

also surveys, interviews and research, in general. While applying a non-binary approach 

to data collection and promoting the participation of all genders in the activities, the 

partners will periodically reflect and inform about the limitations of their approach. 

Through an iterative learning process, they commit to plan and implement strategies that 

maximise the inclusion of more intersectional perspectives in their activities. 

 

DISCLAIMER 

Funded by the European Union. Views and opinions expressed are however those of the 

author(s) only and do not necessarily reflect those of the European Union or European 

Health and Digital Executive Agency (HADEA). Neither the European Union nor the 

granting authority can be held responsible for them. 

 

COPYRIGHT NOTICE 

© NARRATE Consortium, 2025 - All rights reserved 

No part of this publication may be translated, reproduced, stored in a retrieval system, or 

transmitted in any form or by any means, electronic, mechanical, photocopying, 

recording or otherwise, without the written permission of the publisher or provided the 

source is acknowledged. 

 

 

Except otherwise noted, the reuse of this document is authorised under the Creative 

Commons Attribution 4.0 International (CC BY 4.0) licence. This means that reuse is 

allowed provided appropriate credit is given and any changes are indicated. 

 

 

  



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
5 

The NARRATE Consortium is the following: 

 

Participant 

number 

Participant  

organisation name 

Short 

name 

Country 

1 INSTITUTO TECNOLOGICO METALMECANICO, 

MUEBLE, MADERA, EMBALAJE Y AFINES-

AIDIMME 

AID ES 

2 SCIENTIFIC ACADEMY FOR SERVICE 

TECHNOLOGY EV 

SERV DE 

3 FRAUNHOFER GESELLSCHAFT ZUR FORDERUNG 

DER ANGEWANDTEN FORSCHUNG EV 

FhG DE 

4 INSTITUT NATIONAL DES SCIENCES APPLIQUEES 

DE LYON 

INSA FR 

6 F6S NETWORK IRELAND LIMITED F6S IE 

7 SYNESIS-SOCIETA CONSORTILE A 

RESPONSABILITA LIMITATA 

SYN IT 

8 MEDITERRANEAN WOOD FACTORY S.L. - 

MEDWOOD 

MED ES 

9 DHL EXEL SUPPLY CHAIN SPAIN SL DHL ES 

10 NUNSYS SA NUN ES 

11 BUDATEC GMBH BUD DE 

12 BRUNEL UNIVERSITY LONDON BUL UK 

13 POLICY LAB PL EE 

14 BLUEBRIDGE SOLUTIONS UG BLU DE 

16 SANTER REPLY SPA REP IT 

 

 

 

 

TABLE OF CONTENTS 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
6 

1. Introduction ........................................................................................................... 10 

2. RST within the NARRATE Ecosystem ..................................................................... 10 

2.1 RST and Blueprint Management System.......................................................... 11 

2.2 RST and LLM Facilities ......................................................................................... 12 

2.2.1 Candidate Resilience Option Generation ........................................................................... 12 
2.2.2 Human-Readable Explanations and Decision Rationales ................................................. 13 
2.2.3 Interactive Decision Support .................................................................................................. 13 

2.2.4 Continuous Knowledge Enrichment ..................................................................................... 13 

3. Background of Resilience manufacturing network .......................................... 13 

4. Network Modeling in the Resilience Strategy Tool ............................................ 16 

4.1 Network Nodes: The Operational Entities ........................................................ 17 

4.1.1 Suppliers .................................................................................................................................... 17 
4.1.2 Customers ................................................................................................................................. 17 
4.1.3 Workspaces .............................................................................................................................. 18 
4.1.4 Warehouses .............................................................................................................................. 19 

4.2 Network Edges: The Transfer Mechanisms....................................................... 19 

4.2.1 External Transportation ........................................................................................................... 19 
4.2.2 Internal Material Handling ...................................................................................................... 20 

4.3 The RST Engine: An Agent-Based Control Tower ............................................ 20 

5. Modelling Resilience Loss ..................................................................................... 26 

5.1. Deterministic Deviations: The Impact of Planned Changes ......................... 27 

5.2. Stochastic Variability: Parameters Uncertainty .............................................. 28 

5.3. Discrete Disruptions: Simulating Risks and Disruptions ................................... 28 

6. RST frameworK for Resilience Strategy Tool........................................................ 30 

7. Resilience Strategy and Tool ............................................................................... 31 

7.1 Resilience Strategy: Redundancy .................................................................... 32 

7.2 Resilience Strategy: Diversification ................................................................... 32 

7.3 Resilience Strategy: Flexibility ............................................................................ 33 

7.4 Resilience Strategy Library ................................................................................ 34 

8. Experimental Validation ....................................................................................... 42 

8.1 Synthetic manufacturing network .................................................................... 42 

9. Resilience Strategy Tool Demonstrator view ...................................................... 47 

10. References ......................................................................................................... 49 

11. Appendix A: Nodes and edges for a manufacturing network .................... 50 

 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
7 

LIST OF FIGURES 

Figure 1. RST WITHIN THE NARRATE ECOSYSTEM ................................................................... 11 

Figure 2. Manufacturing Network ......................................................................................... 14 

Figure 3. Data Structure within RST for resources and inventories ...................................... 16 

Figure 4. Data Structure within RST for Supplier .................................................................... 17 

Figure 5. Data Structure within RST for Customer ................................................................. 18 

Figure 6. Data Structure within RST for Workspace, resource assignment, manufacturing 

operations, and operations assignment to workspace ...................................................... 19 

Figure 7. Data Structure within RST for customers' order ..................................................... 21 

Figure 8. Data Structure within RST for process plan table and bill of material ................. 21 

Figure 9. Dynamic Job Assignment ...................................................................................... 21 

Figure 10. Data Structure within RST for dynamic resources and inventories .................... 22 

Figure 11. Example of job-to-do list for the nodes and edges in RST ................................. 23 

Figure 12. Control Tower in RST .............................................................................................. 23 

Figure 13. Perfromance tracking in RST simulator ................................................................ 24 

Figure 14. Aggregating Network-Wide Resilience Loss ....................................................... 25 

Figure 15. Scenario generation in RST................................................................................... 29 

Figure 16. RST FRAMEWOR FOR RESILIENCE STRATEGY TOOL .............................................. 31 

Figure 17. Library for Resilience Strategies in RST data base .............................................. 41 

Figure 18. Synthetic manufacturing network ....................................................................... 42 

Figure 19. OUTPUTS FOR ORDER OF CUSTOMER001 ............................................................. 46 

 

 

LIST OF TABLES 

Table 1.Component-Level Indicators for aggregating Network-Wide Resilience Loss .... 25 

Table 2. Resilience strategy: Redundancy ........................................................................... 32 

Table 3. Resilience strategy: Diversification ......................................................................... 33 

Table 4. Resilience strategy: Flexibility .................................................................................. 33 

Table 5. Library for resilience strategies ................................................................................ 34 

Table 6. Order of customer001 ............................................................................................. 43 

 

 

 

  



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
8 

ABBREVIATIONS 

3PL Third-party logistics 

ABM Agent-Based Model  

BMS Blueprint Management System 

BOM Bill of Materials 

DES Discrete-Event Simulation 

IMC Intelligent Manufacturing Custodian 

LLM Large Language Model 

LSP Logistics Service Provider 

MaaS Manufacturing as a Service 

MTO Make-to-Order 

PL Production Loss  

Q-Q-P-D Loss of Quality - Loss of Quantity - Loss of Profit - Delay  

RST Resilience Strategy Tool 

TTR Time to Recover 

TTS Time to Survive 

TUT Total Underproduction Time 

WIP Work-in-Process inventory 

 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
9 

EXECUTIVE SUMMARY 

Manufacturing networks face a constant threat of Risk & Disruption. Incidents like supplier 

failures, machine breakdowns, or logistics bottlenecks can cause significant losses. These 

unforeseen events lead to costly production delays, budget overruns, and reduced 

customer satisfaction. Without tools to proactively assess vulnerabilities, managers are 

often forced into reactive, expensive recovery tasks after disruptions have occurred. 

Task T2.1 introduces the Resilience Strategy Tool (RST), a strategic Decision-Support tool 

designed to shift manufacturers from reactive recovery to proactive resilience. The RST 

provides a quantitative, data-driven method for identifying critical vulnerabilities and 

selecting the most effective strategies before a disruption happens. It transforms complex 

strategic planning into a clear, analytical process.  

The RST operates by creating a digital model of the manufacturing network. Its 

methodology includes Network Modelling: The network is modelled as a graph of Nodes 

(suppliers, workspaces, warehouses) and Edges (transport links) to map the 

manufacturing network, including flow of materials and critical interdependencies. It 

features a Simulation engine: An agent-based simulation engine models the flow of 

materials and operations throughout the network. Performance Analysis is another key 

component: The tool quantifies the impact of disruptions by measuring the "Loss of 

Resilience" across four key indicators: loss of Quality, loss of Quantity, loss of Profit, and 

Delay (Q-Q-P-D). This identifies exactly where and why performance degrades, showing 

the network's most vulnerable points. 

Experimental validation of the Resilience Strategy Tool on a manufacturing network 

revealed the capability and advantages of the RST to explore specific, high-impact 

vulnerabilities that often go unmeasured. For example, a scenario of a two-day failure of 

a single-source supplier for inventory reduced the network performance significantly. 

Even this limited disruption caused delivery delays to more than double and increased 

costs for some customer orders. This demonstrates the importance of using the RST for 

enhancing the resilience capability of manufacturing networks. 

The RST provides the foresight necessary for strategic planning. By translating risks & 

disruptions into clear operational metrics, the RST empowers managers to test and select 

the most efficient interventions from a Library of Resilience Strategies. To make this 

process highly effective, a comprehensive library of proactive strategies has been 

developed. Each solution is categorized by the network component it applies to (e.g., 

supplier, workspace), allowing managers to apply resilience strategies directly to their 

most critical vulnerable points. Ultimately, the RST is a data-driven decision support system 

that enables companies to 1) find critical vulnerabilities, 2) select a resilience strategy, 

and 3) assess its impact, justifying investments and building stronger, more competitive 

and resilient manufacturing networks. 
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1. INTRODUCTION 

The selection of resilience strategies is a critical decision for manufacturing managers, 

who must navigate disruptions that impact performance across multiple dimensions. To 

analyse this complexity, this deliverable conceptualizes the manufacturing supply chain 

as a network model, or graph. In this representation, physical and logical entities (such 

as suppliers, production facilities, warehouses, and customers) are defined as nodes, 

while the flows of materials connecting them are represented as edges. Disruptions can 

degrade these nodes and edges partially or completely, leading to significant 

operational and financial losses. 

This report addresses this challenge by developing a systematic framework and an 

accompanying algorithm to help managers select optimal resilience strategies. The core 

of our approach is to evaluate the impact of these strategies on four critical resilience 

indicators: Quality, Quantity, Profit, and Delay (Q-Q-P-D). Each potential strategy, such 

as adding a backup supplier or increasing buffer inventory, is modelled as a 

reconfiguration of the baseline network. Through simulation, we evaluate the 

performance of these alternative configurations under various disruption scenarios, 

providing a quantitative basis for decision-making. 

The purpose of this framework is to empower manufacturing companies to move from 

reactive recovery to proactive resilience, enabling them to assess the trade-offs between 

cost, efficiency, and robustness.  

2. RST WITHIN THE NARRATE ECOSYSTEM  

The Resilience Strategy Tool operates as an integral component of the NARRATE platform 

ecosystem, establishing critical connections with other core platform services including 

the Intelligent Manufacturing Coordinator (IMC), LLM, Blueprint, and Risk Identification & 

monitoring Tool. Key connections include the Blueprint Management System (BMS) and 

the Large Language Model (LLM) facilities. During the early integration phase of the 

NARRATE project at M24, establishing these connections represents a critical 

architectural milestone. Early integration ensures that the RST can operate on 

harmonised, semantically rich data from the BMS and leverage LLM capabilities for 

enhanced reasoning and explainability. Building connections with other tools in NARRATE 

is essential because the RST's workflows, resilience strategies, and future automation 

capabilities depend directly on the quality, completeness, and timeliness of the data it 

receives. Together, these connections create the foundation for a fully interoperable and 

explainable resilience capability that will mature throughout the subsequent phases of 

the NARRATE project. 

The RST maintains a connection with the IMC with other NARRATE tools (Figure 1), such as 

the LLM facilities and BMS, through a RESTful API that supports structured data exchange. 

The interaction follows a stateless architecture, where the RST receives input data for 

executing its algorithms and models, processes vulnerability analyses and resilience 

strategies, and returns the results to the IMC. This API-based integration ensures loose 

coupling, scalability, and maintainability while enabling the RST to function as an 

independent yet fully interoperable service within the NARRATE ecosystem.   
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FIGURE 1. RST WITHIN THE NARRATE ECOSYSTEM 

2.1 RST AND BLUEPRINT MANAGEMENT SYSTEM 

The effectiveness of the solutions provided by the RST is tightly dependent on data 

quality. The Blueprint Management System leverages Blueprints as the primary source of 

harmonised, semantically enriched data covering suppliers (providers of inventories 

including raw materials, work-in-progress (WIP), and finished products), production 

facilities (workspaces including machines, human resources, and equipment), logistics 

(including transportation service providers and warehousing), and customers (orders of 

customers, order size, and due date). Blueprints provide the RST with a uniform, 

interoperable representation of all relevant Smart Manufacturing Network (SMN) entities 

(including nodes), their dependencies (including edges), constraints (operational 

assumptions), and behavioural characteristics. The RST consumes structured Blueprint 

data such as: 

• Supplier Blueprints: Inventory lead times, inventory costs, supplier capacity, and 

inventory quality. 

• Production-Plan Blueprints: Workspaces (machines, equipment, and human 

resources), production costs, production rate/time, production quality, and 

production capacity. 

• Logistics & Warehousing Blueprints: Transport cost, transport time, transport 

capacity, transport quality (defect rate), warehouse operation (stacking, 

retrieving, and holding) costs, warehouse operation (stacking and retrieving) 

times, warehouse defect rate, and warehouse capacity. 

• Product & Bill of Materials (BoM) Blueprints: Component dependencies, assembly 

constraints, and process plans. 

The RST queries the structured data by API from Blueprints that are already harmonised, 

contextualised, and semantically structured, enabling automatic extraction of 
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dependencies, detection of critical paths across suppliers and production lines, 

identification of single points of failure, and access to standardised performance 

indicators. 

Because each Blueprint encodes relationships, constraints, and behavioural 

characteristics, it provides both static data (data related to the configuration of the SMN 

that does not change on a daily basis, such as suppliers, manufacturing plants, and the 

list of products or materials) and real-time data (data that changes dynamically over 

time within the SMN, such as inventory levels in warehouses, WIP, production capacity, 

and availability of transportation service providers). The RST can generate scenarios to 

identify vulnerabilities within the SMN. For example, the RST analyses the effect of 

scenarios such as: 

• Supplier disruption: Delay in supplying a raw material by a supplier and its impact 

on the loss of resilience (measured by Quality-Quantity-Price-Delivery metrics). 

• Production disruption: Decrease in production rate due to machine failure leading 

to increased loss of resilience. 

• Logistics disruption: Delay in a transportation edge resulting in delayed delivery of 

final products. 

The RST examines these scenarios to identify the most critical vulnerabilities of the 

manufacturing network. The RST retrieves data from Blueprints through the IMC, tests 

scenarios and resilience strategies, and returns effective strategies to the IMC. These 

strategies are subsequently used by the BMS to create Resilience Strategy Blueprints, 

which formalize recommended actions such as supplier diversification, alternative 

routing, capacity adjustments, or sustainability-conscious mitigation measures. These 

Resilience Strategy Blueprints are: 

• Stored in the BMS for future reference and orchestration. 

• Available to the IMC for autonomous, data-driven resilience optimization. 

• Linked to the original Supplier, Production, and Logistics Blueprints. 

• Encoded in the same JSON-LD/graph-based format, ensuring semantic 

consistency. 

This closed-loop knowledge architecture of the NARRATE platform enables the IMC to 

apply strategies programmatically, recompute the digital twin state, test implementation 

feasibility, and deploy resilience actions within the Manufacturing-as-a-Service 

(MaaS)/SMN orchestration environment. 

2.2 RST AND LLM FACILITIES 

The RST integrates with the LLM facilities developed in WP3 and WP4 to augment 

resilience analysis with advanced reasoning, explainability, and natural-language 

interaction. The LLM does not replace the RST's quantitative optimization capabilities; 

instead, it enriches and supports RST workflows through four complementary 

mechanisms. 

2.2.1 Candidate Resilience Option Generation 

While the RST computes quantitative vulnerabilities of the SMN and provides resilience 

strategies through its Resilience Strategy Library using analytics modules and algorithms, 

the LLM expands the range of qualitative or hybrid resilience strategies by refining and 

developing options such as: 
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• Generating alternative supplier diversification strategies informed by other tools 

within the NARRATE platform. 

• Identifying alternative logistics pathways sourced from descriptive metadata. 

• Proposing resilience strategies that consider sustainability or circularity 

recommendations based on descriptive annotations from other tools in the 

NARRATE platform. 

This allows the RST to consider strategies not purely derived from numeric optimization 

models, thereby broadening the solution space for resilience planning.  

2.2.2 Human-Readable Explanations and Decision Rationales 

Outputs from the RST, including vulnerability analyses of manufacturing network elements 

(suppliers, warehouses, production facilities, and transportation service providers), can 

be complex and multi-dimensional. The LLM converts these outputs into executive 

summaries, human-readable explanations, decision rationale narratives, and what-if 

scenario descriptions. This supports explainability, stakeholder communication, and 

decision auditing, ensuring that resilience strategies are transparent and justifiable to 

both technical and non-technical users of the NARRATE platform. 

2.2.3 Interactive Decision Support 

Through the NARRATE dashboard and user interfaces, human operators can pose 

natural-language questions such as: 

• "Why is Supplier S3 recommended?" 

• "What alternatives do we have if production site P1 also becomes unavailable?" 

The LLM acts as an intermediary between the human operator and the RST through the 

IMC, interpreting questions, retrieving relevant strategy information from the RST and 

Blueprint data, and generating contextual answers for users. This transforms the RST into 

an interactive, conversational resilience assistant, lowering the barrier to entry for 

decision-makers and enabling more intuitive exploration of resilience options. 

2.2.4 Continuous Knowledge Enrichment 

Beyond immediate decision support, the LLM contributes to the ongoing enrichment and 

evolution of the Blueprint ecosystem by facilitating feedback loops and knowledge 

capture. This continuous process improves the data quality and semantic richness 

available to the RST, ensuring that resilience strategies become progressively more 

informed and contextually relevant over time. 

3. BACKGROUND OF RESILIENCE MANUFACTURING 

NETWORK 

Manufacturing networks operate in dynamic and often unpredictable environments 

where disruptive events (such as machine failures, material shortages, or external 

disturbances) can interrupt production flows. These disruptions lead to production losses, 

reduced throughput, and operational inefficiencies. Consequently, designing 

manufacturing networks with inherent resilience has become an essential priority for 

ensuring continuity, stability, and competitiveness. A resilient manufacturing network 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
14 

must be capable of minimizing operational (production, transportation, and 

warehousing) losses during disruptions and rapidly recovering to a normal operation 

once they are resolved [1]. 

Modelling the manufacturing company and its supply chain as an integrated network 

(see Figure 2) is critical for understanding complex interdependencies and improving 

resilience. As supply chains have become more global and interconnected, this analysis 

has shifted from a theoretical exercise to a practical necessity [2]. In WP2, BUL has 

explored several approaches to capture this complexity: 

• Network Theory is a widely adopted method that represents manufacturing networks 

as graphs. This approach excels at identifying critical nodes and links, analysing 

vulnerability patterns, and revealing how disruptions propagate through 

interconnected networks [3]. 

• Agent-Based Modelling (ABM) offers a more detailed perspective by simulating the 

behaviours and interactions of individual agents (e.g., suppliers, machines, customers, 

transportation service providers). While network theory provides a structural overview, 

ABM models this structure by capturing dynamic, adaptive behaviours, making it 

valuable for exploring "what-if" scenarios [4]. 

• Bayesian Networks introduce a probabilistic dimension by accounting for the 

uncertainty inherent in manufacturing environments. These networks use probability 

distributions to represent stochastic variables (such as order sizes, transport times, 

disruption impact and likelihood, or production quality) enabling an evaluation of 

how uncertainty propagates and impacts manufacturing network [5]. 

 

Figure 2. Manufacturing Network 

Despite their advantages, developing network models for real-world problems presents 

several challenges. A primary difficulty is data availability and quality, as detailed 

information on supplier and internal processes is often fragmented or proprietary [6]. 

Second, as models grow in detail to capture realistic behaviours, their computational 

complexity can increase, creating a tension between model reliability and practical 

usability. Finally, manufacturing networks are not static; they evolve as supplier 

relationships, production schedules, and customer demands fluctuate. This dynamic 

nature demands models capable of adapting to changing structures. 
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Within the NARRATE platform, these data challenges are addressed by using Blueprints 

to ensure that data is supplied with reasonable care and handled accurately. This 

approach provides the consistent, high-quality data required to model the supply chain 

network for strategic analysis, ensuring the reliability of the resilience tool and its outputs. 

Beyond the complexities of modelling, quantitatively measuring network resilience 

presents another significant challenge [7]. The selection of appropriate metrics is essential 

for evaluation. Practitioners and academics employ a portfolio of indicators to capture 

different dimensions of performance. Common metrics include Production Loss (PL), Time 

to Recover (TTR), Time to Survive (TTS), and Total Underproduction Time (TUT), which 

quantify how a system continues and recovers from a disruption (e.g., [8] and [9]).  

Additionally, economic-focused metrics are crucial for quantifying the financial 

consequences of disruptions [10]. To maintain operational continuity, a company need 

to make decisions that result in a loss of profit. In WP2, BUL analyses trade-offs between 

cost and resilience across four losses: 

1. Sourcing: Selecting more expensive, reliable suppliers or paying higher prices for 

materials to prevent shortages. 

2. Logistics: Using more expensive transportation options after incident rather than 

normal situation, such as air freight, to accelerate deliveries and avoid delays. 

3. Production: Investing in redundant assets and resources, such as backup machinery 

or secondary production plants. 

4. Inventory: Holding higher levels of safety stock, which incurs carrying costs but 

provides a buffer against supply-side disruptions.  

These examples illustrate the fundamental trade-off between cost efficiency and 

operational resilience that manufacturers must navigate. 

The goal of Deliverable D2.4 in WP2 is to support the implementation of effective 

resilience strategies. Companies must develop such strategies to ensure the continuity of 

key operations, including procurement, production, transportation, and warehousing. For 

example, research indicates that redundancy (e.g., additional machines) and flexibility 

(e.g., reconfigurable production routes) significantly enhance a system's ability to sustain 

throughput and adapt to disruptions [11]. Furthermore, the network configuration is 

critical; systems with parallel machine arrangements are generally more resilient than 

single-machine configurations, and buffers can mitigate the impact of short-term 

interruptions [12].  

However, these strategies are not without cost. A company cannot implement every 

possible resilience measure for each node in its network. More resilient networks typically 

demand greater investment in resources and inventories. Therefore, companies must 

estimate the amount of resilience improvement gained from a strategy and weigh it 

against the implementation cost. Achieving an optimal balance between robustness 

and resource expenditure remains the key strategic consideration in the design and 

management of resilient manufacturing networks [13]. 

To address this challenge, the Resilience and Strategies Tool (D2.4) introduces the 

Resilience Strategy Tool, developed by BUL. The RST is designed to empower 

manufacturers to move beyond reactive problem-solving, delivering actionable 

intelligence through a proactive framework that enhances network resilience. It operates 

by systematically analysing vulnerabilities across the manufacturing network, quantifying 

the risk exposure for each entity, and simulating the impact of various resilience 

strategies. Crucially, its core function is to estimate the reduction in resilience loss that 
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each strategy would achieve, thereby facilitating a critical trade-off analysis between 

cost and robustness. Thus, as a strategic decision support system, the RST provides 

managers with the foresight to quantify the consequences of their choices in a virtual 

environment. This transforms complex strategic planning into a clear, data-driven 

process. Ultimately, it enables companies to select and implement the most effective 

and cost-efficient strategies with confidence, before committing any real-world 

resources. 

4. NETWORK MODELING IN THE RESILIENCE STRATEGY TOOL  

To accurately simulate and analyse a manufacturing network, the Resilience Strategy 

Tool first constructs a detailed digital representation of it. The foundation of our modelling 

approach, developed by BUL in WP2, is built on two core components: Resources and 

Inventories (See Figure 3). 

• Resources represent the operational assets required for production. These are 

categorized into human resource and machine & equipment. 

• Inventories represent all forms of material within the network, including raw materials, 

work-in-process (WIP), and finished goods. 

 

Figure 3. Data Structure within RST for resources and inventories 

By defining these core components, BUL establishes a structured framework that allows 

us to apply graph theory to model the entire manufacturing network in detail. This 

approach provides a powerful and flexible way to represent complex operational 

relationships. Using this foundation, the manufacturing network is formally modelled as a 

graph consisting of Nodes and Edges. This clear separation between processing/storage 

activities (Nodes) and transfer operations (Edges) allows for a precise and explicit analysis 

of network flows and vulnerabilities. 

 

Note 1: To capture and manage foundational resilience data, BUL developed a 

dedicated database for the RST. This database is architecturally aligned with the 

NARRATE Blueprint, repository structures, and standardized libraries, ensuring semantic 
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consistency across the platform ecosystem. This approach serves a dual purpose: it 

provides the RST's algorithms with data in the precise format required for vulnerability 

analysis and strategy generation, while simultaneously ensuring that all data inputs and 

outputs remain fully compatible with other modules and tools within the broader 

NARRATE platform. The API-based integration between the RST and IMC ensures seamless 

interoperability, enabling the RST to exchange data in formats that satisfy both its internal 

computational requirements and the data exchange standards established across the 

NARRATE project. This architectural alignment guarantees that the RST operates as a fully 

integrated component of the platform while maintaining the flexibility to execute its 

specialized resilience analytics independently.  

• Nodes represent the operational entities where materials are sourced, processed, 

stored, or consumed. A node is any point in the network that acts as a source or 

transformation point for inventories. 

• Edges represent the transfer mechanisms that govern the movement of inventories 

between nodes. They do not perform any processing and only facilitate 

transportation. 

4.1 NETWORK NODES: THE OPERATIONAL ENTITIES 

Nodes are the static locations and functional units within the manufacturing network. We 

define four primary types of nodes: Suppliers, Customers, Workspaces, and Warehouses. 

4.1.1 Suppliers 

This inclusive definition is crucial, as it directly supports the NARRATE project's goal of 

enabling Manufacturing as a Service (MaaS). Within the RST, subcontractors are 

modelled as available suppliers that can be activated to maintain operational continuity 

during a disruption. This enables the RST to quantitatively analyse the use of MaaS as a 

powerful strategy for increasing the resilience of the manufacturing network. The Supplier 

Data Structure is shown in Figure 4. 

 

Figure 4. Data Structure within RST for Supplier 

4.1.2 Customers 

Customers are the driving force of the manufacturing network. In alignment with the 

NARRATE project's scope, the network operates on a Make-to-Order (MTO) basis. This 

means that production is initiated and the entire material flow is driven by specific 

customer orders, rather than being produced for stock. Consequently, the primary 
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objective of the manufacturing network is to ensure that each customer order is fulfilled 

precisely according to its requirements: delivered on time, in the exact quantity ordered, 

and at the expected level of quality. Therefore, in our model, customers are the active 

demand points whose orders dictate the network's performance and whose satisfaction 

is the ultimate measure of its resilience. The Customer Data Structure is shown in Figure 5. 

 

Figure 5. Data Structure within RST for Customer 

4.1.3 Workspaces 

Within the RST model, workspaces are the core value-adding nodes where 

transformations occur. A workspace is not merely a location but a composite entity. Its 

definition begins with a physical or logical area, to which specific human and machine 

resources are assigned via a dedicated assignment table. Furthermore, each workspace 

is characterized by the manufacturing operations it can execute, a capability also linked 

through an assignment table. This multi-layered data structure ensures that a Workspace 

Node is defined by its location, its allocated resources, and its operational capabilities. 

The RST data structures for workspaces, resource assignments, and operational 

assignments are illustrated in Figure 6.  

Note 2: In our model, small, temporary buffers located next to machines are treated as 

attributes of the corresponding Workspace node rather than as standalone warehouse 

nodes. This simplifies the network topology while preserving the essential function of 

buffers in absorbing variability. 
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Figure 6. Data Structure within RST for Workspace, resource assignment, manufacturing operations, and 

operations assignment to workspace 

4.1.4 Warehouses 

Warehouses are nodes dedicated to the storage of inventories (raw materials, WIP, or 

finished goods). These can be internal facilities owned by the company or external 

facilities managed by a third-party logistics (3PL) provider (e.g., a strategic warehouse 

operated by DHL). 

4.2 NETWORK EDGES: THE TRANSFER MECHANISMS 

Edges connect the nodes in our graph model, representing the physical movement of 

inventory. A defining characteristic of an edge is that it only transfers the location of an 

inventory; it does not alter its physical or chemical nature. We distinguish between two 

types of edges: 

4.2.1 External Transportation 
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These edges model the movement of inventory between geographically distinct nodes, 

including suppliers, the manufacturing plant, and customers. This function is especially 

critical for implementing a Manufacturing as a Service strategy during disruptions. The RST 

is designed to analyse complex logistical paths, such as shipping materials to a supplier 

(e.g., subcontractors) for processing and return or directing shipments to the customer. 

By modelling these transportation times and routes, the RST can evaluate the true 

effectiveness of MaaS as a resilience solution, enabling informed decision-making.  

4.2.2 Internal Material Handling 

These edges represent the movement of inventory within the manufacturing plant itself. 

This includes transporting raw materials or WIP between different workspaces according 

to the product's process map. 

By modelling the manufacturing network with this level of detail (grounded in a robust 

relational database) the RST creates a dynamic and accurate model. This model serves 

as the backbone for all subsequent resilience analyses, enabling precise simulations of 

disruptions and effective evaluation of mitigation strategies. 

4.3 THE RST ENGINE: AN AGENT-BASED CONTROL TOWER 

To bring the static network model to life and analyse its dynamic behaviour, the RST 

employs a simulation engine that operates on two distinct input categories. The static 

data, as previously described, provides the network's structural foundation: nodes, 

edges, and their potential capabilities. To initialize a simulation run, the engine also 

captures dynamic data, which represents a snapshot of the network's real-time 

operational status at the moment the analysis begins. This dynamic snapshot includes 

time-sensitive information such as current inventory levels at each location, active 

customer order portfolios, and the immediate availability status of production machines 

and transportation links. Together, these two data layers enable the RST to simulate 

realistic manufacturing network behaviour under various disruption scenarios. Once 

initialized with both static and dynamic data, the RST simulation engine operates on an 

Agent-Based Modelling principle. Each node in the network (suppliers, warehouses, 

production facilities, and transportation service providers) functions as an autonomous 

agent with specific behavioural rules and a state that evolves over time in response to 

events and decisions. The entire simulation is orchestrated by a central "Control Tower" 

agent, which serves as the coordination hub of the manufacturing operation, managing 

information flow and decision-making across the network. The simulation process unfolds 

throughout the manufacturing network in a structured, event-driven sequence, with 

customer demand serving as the primary driver of network activity as follows: 

• Step 1: Order Initiation and Task Decomposition 

As the network operates on a Make-to-Order basis, the simulation is triggered by a 

portfolio of incoming customer orders. When the IMC invokes the RST for analysis, order 

data is transferred from the BMS to the RST through the IMC's API interface and 

subsequently recorded within the RST's internal data structures for processing by the 

simulation engine. The customer order data schema is illustrated in Figure 7. 

 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
21 

 

Figure 7. Data Structure within RST for customers' order 

Upon receiving these orders, the RST initiates the production planning process. The IMC 

retrieves the relevant BOM and process plans for the ordered products from the Product 

& BoM Blueprints module and transmits them to the RST via the API interface. The RST then 

utilizes this integrated data structure (see Figure 8), which combines both BOM 

specifications and process routing information, to decompose each customer order into 

a detailed sequence of executable jobs assigned to specific workspaces, along with 

their corresponding inventory requirements. This decomposition precisely defines which 

manufacturing operations must be performed, at which production facilities, the 

sequence of operations, and the materials consumed (inputs) and produced (outputs) 

at each processing step. The resulting job list serves as the operational blueprint for the 

simulation engine to execute the manufacturing process. 

 

Figure 8. Data Structure within RST for process plan table and bill of material 

 

Figure 9. Dynamic Job Assignment 
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Note 3. It is important to differentiate between the two types of data used by the RST: 

• Static Data defines the architecture of the manufacturing network. It represents the 

stable, long-term structure of manufacturing network, such as the existence Nodes, 

the machines assigned to it, the defined External Transportation Edges, and the list of 

suppliers. This data changes infrequently, for example, when a new machine is 

purchased or a new supplier is qualified. 

• Dynamic Data defines the state of the network at a specific point in time (T=0 for the 

RST). It is a real-time snapshot of operational variables that might change frequently. 

For example, the current quantity of a specific raw material in a Warehouse Node, 

and the current transit time or availability of a transportation edge. This data provides 

the starting data for the RST (See Figure 10). 

 

Figure 10. Data Structure within RST for dynamic resources and inventories 

• Step 2: Job Assignment    

With the high-level order requirements established, the Control Tower begins the critical 

process of dynamic job assignment and scheduling. This is not a simple dispatch function; 

rather, it is a sophisticated orchestration mechanism that translates customer orders into 

an executable production plan aligned with the network's current operational state. To 

achieve this, the RST sends a query to the IMC requesting the production plan for the 

order portfolio. The IMC retrieves and transfers the relevant data from the Production 

Blueprints (developed by the Production Planning and Scheduling tools in WP4) to the 

RST. Using this information, the Control Tower assigns tasks to the manufacturing network 

and generates a "job-to-do list" for each node and edge in the network (See Figure 9). 

For example, a procurement task is assigned to a specific supplier node with defined 

material quantities and delivery timelines, while a sequence of manufacturing operations 

is assigned to the relevant production nodes in the correct processing order (according 

to the process routing plan). Similarly, transportation tasks are assigned to logistics edges 

connecting facilities. This centralized assignment mechanism ensures that all operations 

are perfectly synchronized with product specifications (BOM and process routing) and 

coordinated across the distributed manufacturing network. Figure 11 illustrates the 
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complete "job-to-do list" structure for production nodes Node0001 through Node0007, as 

well as logistics edges Edge0001 through Edge0006. This centralized coordination 

mechanism, depicted in Figure 12, ensures that all jobs’ assignments align with both BOM 

and process map. The Control Tower acts as the primary decision-making entity, 

continuously monitoring the manufacturing network. 

 

Figure 11. Example of job-to-do list for the nodes and edges in RST 

 

Figure 12. Control Tower in RST 

• Step 3: Network Analysis and Performance Tracking 

The RST thoroughly quantifies performance degradation at every step within the 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
24 

manufacturing network. To achieve this, the RST evaluates the output of each job at 

each node and edge regarding four key resilience metrics: Quality, Quantity, Profit, and 

Delay (Q-Q-P-D). For more details, see Deliverable D2.1. For instance, a Workspace is 

assigned a job to produce 10 units of a WIP. Due to inherent process variability or a 

disruption, the RST models a realistic, heterogeneous output: 

• 7 units are produced at target quality (A), with the expected cost and time. 

• 2 units are produced at a lower quality (B), requiring rework. This increases their 

individual production time and cost. 

• 1 unit is lost as scrap, representing a direct quantity loss. 

Crucially, this detailed inventory (with its mixed quality and accumulated costs, time, 

quality, and quantity, see Figure 13) becomes the precise input for the subsequent node 

and edge in the process plan. This ensures that any loss of quality, delay, or cost increase 

is propagated through the network, allowing the RST to model cascading effects with 

high reliability. 

 

Figure 13. Perfromance tracking in RST simulator 

• Step 4: Aggregating Network-Wide Resilience Loss 

In RST, from the initial suppliers to the final customer delivery, the Control Tower tracks and 

aggregates performance deviations at every node and edge. The final output is not just 

a "pass/fail" on the customer order, but an aggregated quantification of the total Loss of 

Resilience, broken down by its constituent parts (See Figure 14). 

• Total Quantity Loss: The cumulative number of units lost or scrapped. 

• Total Quality Degradation: The final mix of product quality delivered. 

• Total Time Delay: The deviation from the planned delivery date. 

• Total Profit Loss: The accumulated extra costs from rework, inefficiencies, and 
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premium freight. 

 

Figure 14. Aggregating Network-Wide Resilience Loss 

These component-level indicators are the fundamental variables that are impacted by 

the three causes of resilience loss introduced in next section (see Section 4). Table 1 

defines the key performance indicators for each component type within the 

manufacturing network and describes how they are used to calculate the evolving Q-

Q-P-D values for an order as it moves through the system. 

Table 1.Component-Level Indicators for aggregating Network-Wide Resilience Loss 

Component Indicator Description of Impact on Order Q-Q-P-D 

Supplier (Node) 

•Inventory Cost (€/unit 

•Lead Time (days) 

•Delivered Quantity 

(units) 

•Material Quality 

(Grade) 

Initializes the order's Q-Q-P-D values. 

•Profit: inventory (raw material) is the first cost 

added. 

•Delay: Lead Time is the initial delay before 

production starts. 

•Quantity: Delivered Quantity sets the starting 

material amount. 

•Quality: Material Quality sets the baseline 

quality. 

External 

Transport (Edge) 

• Transit Time (days) 

•Transportation Cost 

(€/shipment) 

•In-Transit 

Loss/Damage Rate 

(%) 

Adds transit-related losses. 

•Profit: Transportation Cost is added to the 

cumulative cost. 

•Delay: Transit Time is added to the 

cumulative delay. 

•Quantity: In-transit loss reduces the available 

quantity. 

•Quality: Damage can degrade the material 
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Component Indicator Description of Impact on Order Q-Q-P-D 

quality. 

Warehouse 

(Node) 

•Holding Time (days) 

•Holding Cost 

(€/unit/day) 

•holding Damage 

Rate (%) 

Adds storage-related losses. 

• Profit: Holding Cost (cost multiplied by time) 

is added. 

• Delay: Holding Time (waiting for capacity or 

pickup) is added to the delay. 

• Quantity: Holding damage can reduce the 

quantity of usable material. 

• Quality: Improper storage can degrade 

quality over time. 

Workspace 

(Node) 

•Processing Time 

(hours/unit) 

•Operational Cost 

(€/hour) 

•Yield / Scrap Rate (%) 

•Output Quality 

(Grade/Defect %) 

Performs value-added transformation. This is 

where the most significant changes occur. 

•Profit: Operational Cost is added. 

•Delay: Processing Time is added. 

•Quantity: Yield/Scrap Rate reduces the 

output quantity. 

•Quality: The process determines the new 

quality level of the output (WIP or final 

product). 

Internal 

Transport (Edge) 

•Transfer Time (hours) 

•Transfer Cost (€/trip) 

•Handling Damage 

Rate (%) 

Moves materials between internal stages. 

•Profit: Transfer Cost (e.g., forklift operation) is 

added. 

•Delay: Transfer Time is added. 

•Quantity: Handling damage can cause 

minor quantity loss. 

•Quality: Generally neutral unless a specific 

incident occurs. 

Customer 

(Node) 

•Target Production 

Cost (€) 

•Required Delivery 

Date 

•Required Quantity 

(units) 

•Required Quality 

Standard 

Calculation Network-Wide Resilience Loss at 

the last edge: 

•Profit Loss: Cumulative Actual Cost - Target 

Production Cost. 

•Delay:  Final Delivery Date - Required 

Delivery Date  

•Quantity Loss: Required Quantity - Final 

Delivered Quantity.  

•Quality Loss: Required Quality Standard - 

actual Quality Standard (e.g., downgrade 

from 'A' to 'B') 

By aggregating these indicators step-by-step, the RST provides a dynamic and 

transparent calculation of an order's performance as it traverses the network. For 

instance, after an operation in Workspace 1 adds 50€ in cost and takes 2 days, the order's 

cumulative profit metric decreases by 50€ and its cumulative delay increases by 2 days. 

This granular, component-based approach is essential for pinpointing exactly where and 

why resilience loss occurs within the manufacturing system. 

5. MODELLING RESILIENCE LOSS 

In an ideal manufacturing environment (where suppliers deliver on time and all 

production and transport processes operate with perfect predictability) the system 
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functions at its optimal state, and there is no loss of resilience. However, real-world 

operations are subject to constant deviation from this perfect plan. The gap between 

planned performance and actual outcomes is what we define as Loss of Resilience in 

terms of Quality, Quantity, Profit, and Delay (Q-Q-P-D). To quantify this loss, in task T2.1, 

RST categorises it into three distinct but interconnected causes. This allows for a precise 

analysis of how different types of causes degrade system performance. We express this 

relationship as: 

 𝐿𝑜𝑠𝑠 𝑜𝑓 𝑟𝑒𝑠𝑖𝑙𝑖𝑒𝑛𝑐𝑒 =
 𝑓(𝑫𝒆𝒕𝒆𝒓𝒎𝒊𝒏𝒊𝒔𝒕𝒊𝒄 𝑫𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏𝒔, 𝑺𝒕𝒐𝒄𝒉𝒂𝒔𝒕𝒊𝒄 𝑽𝒂𝒓𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚, 𝑫𝒊𝒔𝒄𝒓𝒆𝒕𝒆 𝑫𝒊𝒔𝒓𝒖𝒑𝒕𝒊𝒐𝒏𝒔) 

where: 

• Deterministic Deviations: Represents the performance loss resulting from intentional, 

planned changes to the operational plan, such as altering the production plan, 

modifying transportation plans, or switching order of raw material to suppliers. 

• Stochastic Variability: Accounts for the impact of inherent, continuous randomness in 

process parameters, including natural fluctuations in task durations, transportation 

times, and material costs. 

• Discrete Disruptions: Captures the effects of sudden, unforeseen incidents that shock 

the system. These correspond to the internal and external risks and disruptions defined 

in Deliverable D2.1, such as machine breakdowns, quality failures, or major supplier 

defaults. 

By distinguishing between these causes, decision-makers can identify the primary sources 

of system vulnerability and determine where interventions will be most effective. The 

following subsections explore how the Resilience Digital Model is designed to simulate 

and analyse each of these factors. 

Note 4. While D2.4 identifies three distinct causes of resilience loss (Deterministic 

Deviations, Stochastic Variability, and Discrete Disruptions) it is crucial to clarify the 

primary focus of the NARRATE project. The project's central objective, particularly for the 

RST developed by BUL, is to provide a data-driven strategic decision support system for 

enhancing resilience against Risk and Disruptions. Our analysis concentrates on 

quantifying the impact of the specific risk and disruption codes defined in Deliverable 

D2.1. The comprehensive RST algorithm is developed to model all three causes, the 

strategic decision-making capabilities of the RST are primarily geared towards helping 

managers prepare for and mitigate the effects of these unforeseen events. The other two 

factors are included to ensure the model's realism but are not the central subject of our 

strategic resilience analysis. 

5.1. DETERMINISTIC DEVIATIONS: THE IMPACT OF PLANNED CHANGES 

The first cause of resilience loss comes from intentional, top-down changes to the plan. 

While these adjustments are controlled and predictable, they force the network to 

operate in a suboptimal state compared to the original (given optimized) schedule.  

The RST captures how these "deterministic deviations" create loss of resilience. Common 

scenarios that trigger such changes include: 

• Shifting Customer Priorities: A customer may request an expedited delivery due to an 

urgent need, or management may decide to prioritize a new, more profitable order. 

This forces the Control Tower to re-order jobs, reallocate resources, and adjust 

schedules for other orders, creating a ripple effect of delays and re-planning across 
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the shop floor. 

• Changes to Internal Policies and Infrastructure: The network must also adapt to 

planned internal changes. These include scheduled machine maintenance or 

replacement, which temporarily reduces capacity; shifts in logistics providers or 

transport modes, which alter lead times and costs; and modifications to inventory 

strategy (e.g., moving from just-in-time to holding safety stock), which changes 

material flow and buffering capacity. 

Even though these changes are planned, they introduce complexity and force the 

manufacturing network to deviate from its most efficient plan. The cumulative effect 

leads to loss of time (delay), increased costs (e.g., supplying raw material from supplier 

with higher price), and reduced throughput. By modelling these deterministic changes, 

the RST quantifies the inherent "cost of flexibility" and helps managers evaluate the trade-

offs between adapting to new plans and maintaining operational stability. 

5.2. STOCHASTIC VARIABILITY: PARAMETERS UNCERTAINTY  

The second cause of resilience loss addresses the uncertainty and inherent randomness, 

present in every manufacturing network. Key operational parameters are not certain 

values but fluctuate continuously. The RST uses Monte Carlo simulation to model this 

variability by defining probability distributions for critical parameters across the network. 

Key sources of stochastic uncertainty include: 

• Time Uncertainty: Processing times vary due to tool wear, operator skill, or material 

differences. Transportation times are affected by traffic, weather, and carrier 

reliability. 

• Cost Uncertainty: Raw material costs fluctuate with market prices, while energy and 

labour costs vary with demand and overtime. 

• Quality Uncertainty: Defect rates are probabilistic, and dimensional accuracy or 

material properties naturally vary within statistical limits, even in a controlled process. 

• Quantity Uncertainty: Supplier deliveries may be incomplete due to their own 

production issues, and manufacturing yields are never 100%, leading to scrap and 

quantity shortfalls. 

To model this, we assign appropriate probability distributions to each variable (e.g., a log-

normal distribution for processing times, a binomial distribution for defect rates). During a 

simulation run, the RST model generates random numbers from each distribution to 

create a unique and realistic scenario. 

By running number of these Monte Carlo simulations, RST can analyse how independent 

variations propagate and compound across the network. This probabilistic approach 

provides critical insights that a deterministic model cannot: it reveals the full range of 

potential performance outcomes, quantifies the likelihood of missing deadlines or 

exceeding budgets, and identifies which sources of uncertainty have the greatest 

impact on overall system performance in terms of loss of resilience (Q-Q-P-D). This enables 

managers to make risk-informed decisions. 

5.3. DISCRETE DISRUPTIONS: SIMULATING RISKS AND DISRUPTIONS 

The third and most severe cause of resilience loss happen because of discrete, 

unpredictable incidents (Risk and Disruption) that shock the manufacturing network. 
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Although these incidents might involve changes to resource availability, like deterministic 

deviations, they differ fundamentally in their unpredictability. They are not planned and 

only become apparent upon occurrence. The NARRATE project centrally focuses on risks 

and disruptions as the key causes to resilience within manufacturing networks. To analyse 

their impact, the RST uses a scenario generation approach, where potential disruption 

events are defined and their consequences are simulated using Discrete-Event 

Simulation (DES). 

Unlike the continuous uncertainty modelled with Monte Carlo simulation, these incidents 

are discrete occurrences that dramatically alter the system state at specific points in 

time. DES is uniquely capable to model how these events trigger cascading effects 

throughout the network, affecting downstream operations and requiring dynamic 

recovery actions. As detailed in Deliverable D2.1, these incidents are systematically 

categorized as either internal or external. The simulation process integrates these defined 

scenarios into the manufacturing network model. 

1. Scenario Generation: Disruptive incidents are generated, and the simulation's input 

data is modified to reflect risk and disruptions’ consequences. For example, a 

scenario might specify a critical machine failure or a missed supplier delivery. Key 

parameters (such as the incident's likelihood and impact on specific resources and/or 

inventories) are systematically generated across multiple scenarios (see Figure 15).    

2. Dynamic Simulation: The simulation runs based on generated scenarios for each core 

components of the manufacturing network including nodes and edges. Once we 

change input data under a scenario (as described in Section 3.2 Dynamic Job 

Assignment), the Control Tower detects these changes and updates its "job-to-do list," 

re-planning and reassigning jobs to workspace and calculate the loss of resilience.   

 

Figure 15. Scenario generation in RST 
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6. RST FRAMEWORK FOR RESILIENCE STRATEGY TOOL 

The RST framework, detailed in Figure 16, provides a structured, data-driven methodology 

to systematically analyse, quantify, and enhance the resilience of manufacturing 

networks. The BUL’s framework operates as an iterative, 10-step that transforms a baseline 

network configuration into a resilience manufacturing network interactive. The process 

begins by initializing a graph model of the network based on "Blueprint" in NARRATE 

platform and establishing its baseline performance under normal conditions (Steps 1-2). 

The model is then subjected to a series of analyses to understand its behaviour under 

various conditions: planned operational changes (Deterministic Analysis, Step 3), inherent 

operational variability (Stochastic Analysis, Step 4), and a comprehensive set of potential 

disruption scenarios affecting individual nodes and edges (Steps 5-6). 

The core of the framework lies in its Vulnerability Assessment (Step 7), where the 

performance degradation (Δ𝑖) caused by each disruption is calculated. This identifies the 

network's most vulnerable components. A key decision point follows in the Threshold 

Evaluation (Step 8), where the worst-case impact (max 𝑖(Δ𝑖)) is compared against a 

predefined risk tolerance threshold (ϵ). If the network's vulnerability exceeds this threshold, 

the framework enters an iterative improvement loop (Step 9), where targeted resilience 

strategies are applied to the most vulnerable components. The modified network is then 

re-analysed from the beginning. This process continues until the network meets the 

required resilience criteria, at which point the final, validated configuration and its 

performance indicators are generated (Step 10). 

Note 5.  It is important to emphasize the specific context of the strategies detailed in this 

deliverable (D2.4), which stem from the work in Task 2.1. This task focuses on proactive 

strategic reconfiguration during normal operational conditions. The analysis is performed 

from a pre-disruption standpoint, aiming to identify and mitigate inherent structural 

vulnerabilities within the manufacturing network. Crucially, the focus is on quantifying the 

impact of a potential failure (e.g., the loss of a resource or inventory) without regard to 

its specific cause. The question is, "What is the network resilience loss if a component fails?" 

rather than "What is the likelihood of a flood disabling this component?" This structural 

vulnerability assessment is distinct from the work in Task 2.3 (D2.3), which is dedicated to 

the analysis and assessment of specific risk and disruption. 

 STEP 01 Initialize Network Configuration: The manufacturing network is configured 

using data retrieved from the Blueprint (Network configuration: G), as 

detailed in Section 3.1 and Section 3.2.  

STEP 02 Baseline of manufacturing network: A simulation is executed on the initial 

network configuration (G) to establish its baseline resilience performance. This 

performance is captured as the vector 𝑸𝑸𝑷𝑻base = (𝑄0, 𝑄0
′ , 𝑃0, 𝑇0) as detailed 

in Section 3.3. 

STEP 03 Deterministic Analysis (Optional): The user can introduce planned changes 

by updating the ‘job-to-do' list for specific workspaces (see Section 4.1). The 

RST calculates the resilience loss resulting from these intentional deviations 

and outputs the deterministic performance vector 𝑸𝑸𝑷𝑻det. 

STEP 04 Stochastic Analysis (Optional): The user can assign probabilistic parameters 

to core components of the manufacturing network (nodes and edges) to 

model inherent variability (See Section 4.2). The RST is then executed to 

quantify the impact of this uncertainty, yielding the stochastic performance 

vector,  𝑸𝑸𝑷𝑻MC 
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STEP 05 Disruption Scenario Generation: The RST generates a set of risk and disruption 

scenarios, 𝐷𝑖. Each scenario defines the likelihood and impact of a disruptive 

event that individually affects either a single node or a specific edge (𝑖). 

STEP 06 Risk & Disruption Impact: The RST simulates the manufacturing network's 

performance under each generated disruption scenario (𝑫𝒊). For each 

scenario, it calculates a corresponding set of resilience indicators, which are 

captured as the vector 𝑸𝑸𝑷𝑻dis

(𝒊)
 (See Section 4.3). 

STEP 07 Vulnerability Assessment: The RST assesses vulnerability by calculating the 

performance deviation 𝜟𝒊 =∥ 𝑸𝑸𝑷𝑻dis

(𝒊)
− 𝑸𝑸𝑷𝑻base ∥ for each disruption 

scenario (Dᵢ). It then generates a ranked list of the most vulnerable network 

components (nodes and edges) based on these deviation scores to identify 

critical points of failure. For a comprehensive analysis, the user can also 

evaluate the network's vulnerability to: 

1. Stochastic Variability, by comparing the baseline (𝑸𝑸𝑷𝑻base) with the 

Monte Carlo results (𝑸𝑸𝑷𝑻MC). 

2. Deterministic Deviations, by comparing the baseline (𝑸𝑸𝑷𝑻base) with 

the performance under planned changes (𝑸𝑸𝑷𝑻det). 

STEP 08 Threshold Evaluation: The maximum disruption impact (𝒎𝒂𝒙 𝒊(𝜟𝒊)) is 

compared to a defined threshold (𝝐). If 𝐦𝐚𝐱 𝒊(𝚫𝒊) < 𝝐, proceed to Step 10; 

otherwise, continue to Step 9. 

STEP 09 Resilience Strategy Implementation:  

For any component (𝑖) where 𝚫𝒊 ≥ 𝝐, a resilience strategy from set 𝑆 ∈
{redundancy, flexibility, diversification} is applied to create a modified 

network (G') from network (G). The analysis then returns to Step 1 to analyse 

the benefit of resilience strategy in terms of resilience indicator. 

STEP 10 Termination: Once the network configuration meets the required resilience 

threshold, the process terminates. The system outputs the final, validated 

network design and its corresponding resilience performance indicators.   
 

Figure 16. RST FRAMEWOR FOR RESILIENCE STRATEGY TOOL 

7. RESILIENCE STRATEGY AND TOOL 

The RST framework ensures that resilience investments are not made subjectively but are 

targeted responses to specific, quantified vulnerabilities. When a component's failure 

leads to an unacceptable performance deviation (Δᵢ ≥ ϵ), a resilience strategy must be 

selected from the set 𝑆 ∈ {redundancy, flexibility, diversification} to enhance the 

resilience of the manufacturing network. Building upon the resilience strategies defined 

at both strategic and operational levels in Deliverable D2.1, the RST tool functions as a 

data-driven decision support system. It empowers managers to select the most 

appropriate strategy by first analysing the impact of risks and disruptions on each core 

component to identify the most vulnerable points in the manufacturing network. 

Based on this analysis, a resilience strategy is developed and applied to create a 

modified network configuration that is expected to be more resilient. Through an iterative 

process, the RST re-analyses this enhanced network, quantifying the improvement 

achieved in terms of the resilience indicators. This loop continues until the performance 
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loss falls below the predefined threshold (𝝐) for all components of the manufacturing 

network. Once the manager confirms that an acceptable level of resilience has been 

achieved, the optimal strategy and its corresponding network configuration are stored 

in the NARRATE library for future reference and implementation. Practical examples of 

resilience strategies are provided below. 

7.1 RESILIENCE STRATEGY: REDUNDANCY 

Redundancy is the practice of holding duplicate, standby assets or inventories that can 

directly replace a component that fails. It is a strategy of substitution, providing a "spare" 

to ensure continuity. Table 2 summarizes four examples of the redundancy strategy. 

Note 6. Strategic planning activities in WP2 must be distinguished from the operational 

response mechanisms developed in WP4. Whereas Deliverable D2.4 aims to enhance the 

resilience capability of the manufacturing network at a strategic level before a disruption 

occurs, the tasks in WP4 aim to provide real-time response through replanning and 

reconfiguration after a disruption has happened. In summary, the strategies presented 

here are for building a fundamentally resilience manufacturing network for the future, 

not for managing an incident in real-time. 

Table 2. Resilience strategy: Redundancy 

Vulnerability 

Identified By RST 
Resilience strategy: Redundancy  

Supplier Node 

(e.g., Δ(Supplier A) ≥ ϵ) 
Strategy 1: Increase Inventory Buffer. Maintain a higher level of 

safety stock for the critical materials provided by Supplier A. This 

creates a redundant buffer of inventory to absorb a short-term 

outage, ensuring production continues while the supplier 

recovers. 

Workspace Node 

(e.g., Δ(Workspace B) ≥ 

ϵ) 

Strategy 2: Invest in Duplicate, Standby Capacity. Purchase and 

install a parallel machine (Resource) within Workspace B (or 

another location) that is identical or semi-identical to the primary 

machine. This standby asset can be activated immediately if the 

primary machine fails. 

Warehouse Node 

(e.g., Δ(Warehouse C) ≥ 

ϵ) 

Strategy 3: Secure Backup Storage Space. Pre-emptively 

contract with a Third-Party Logistics (3PL) provider for 

guaranteed, on-demand overflow storage space near your 

facility. This provides a redundant location to hold inventory if 

Warehouse C becomes inaccessible or reaches capacity. 

Internal Material 

Handling Edge 

(e.g., Δ(Edge D→E ) ≥ ϵ 

Strategy 4: Maintain Backup Handling Equipment. Purchase and 

maintain a secondary piece of material handling equipment 

(e.g., a second forklift, pallet jack, or conveyor motor). This 

duplicate asset is kept on standby to ensure material flow 

between Workspace D and E is not interrupted. 

7.2 RESILIENCE STRATEGY: DIVERSIFICATION 

Diversification is the strategy of spreading risk across multiple different assets, locations, 

or pathways. Instead of relying on a single component, the operational load is 

distributed, so the failure of one component only has a partial impact. Table 3 summarizes 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
33 

examples of this strategy. 

Table 3. Resilience strategy: Diversification 

Vulnerability 

Identified By RST 
Resilience strategy: Diversification  

Supplier Node 

(e.g., Δ(Supplier A) ≥ 

ϵ) 

Strategy 1: Multi-Sourcing. Qualify and actively source the 

same inventory from a second, geographically distinct supplier 

("Supplier B"). This diversifies the supply base, reducing 

dependency on ("Supplier A"). 

Workspace Node 

(e.g., Δ(Workspace B) 

≥ ϵ) 

Strategy 2: Distribute Critical Capabilities. Invest in equipping a 

different workspace (for example, "Workspace F") with the 

same production capability as "Workspace B". This creates two 

independent nodes that can perform the same critical task, 

preventing a single point of failure in production. 

Warehouse Node 

(e.g., Δ(Warehouse C) 

≥ ϵ) 

Strategy 3: Decentralize Inventory. Split the total inventory of a 

critical material across two or more separate warehouse 

locations (e.g., 60% in Warehouse C and 40% in a secondary 

warehouse). This mitigates the risk of losing the entire inventory 

stock in a single event like a fire or flood. 

External 

Transportation 

Edge 

Δ(Route X) ≥ ϵ 

Strategy 4: Utilize Multiple Transport options. Establish and use 

multiple transportation options. For example, ship 70% of goods 

via "company AB" and 30% via a secondary "company CD".  

7.3 RESILIENCE STRATEGY: FLEXIBILITY 

Flexibility is the ability of the system to adapt and reconfigure its resources, processes, 

and rules quickly in response to a disruption. It is a strategy of agility, focused on changing 

how things are done rather than just having backups. Table 4 summarizes examples of 

this strategy. 

Table 4. Resilience strategy: Flexibility 

Vulnerability 

Identified By 

RST 

Resilience strategy: Flexibility  

Workspace 

Node 

Δ(Workspace B) ≥ ϵ 

Strategy 1: Invest in Multi-Functional Resources. Utilize multi-

purpose resources within "Workspace B" (including machines and 

cross-train operators). If a specialized machine in "Workspace B" 

fails, a flexible CNC machine in "Workspace G", operated by a 

cross-trained team, can be quickly re-tooled and re-programmed 

to take over the disrupted task. 

Workspace Strategy 2: MaaS: On-Demand Capacity via Subcontracting. 
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Vulnerability 

Identified By 

RST 

Resilience strategy: Flexibility  

Node 

Δ(Workspace B) ≥ ϵ 
Establish a master service agreement with a pre-qualified supplier 

(e.g., subcontractor). Instead of investing in a duplicate machine, 

this strategy provides the flexibility to switch production from 

Workspace B to an external partner on short notice when a 

disruption occurs. 

7.4 RESILIENCE STRATEGY LIBRARY  

In Task T2.1, BUL aims to define the strategic, architectural changes to the manufacturing 

network that build inherent resilience capability. These are the proactive investments and 

policy decisions made in a "peacetime" environment and normal situation to prepare 

the manufacturing network for future, unforeseen events. Hence, deliverable D2.4 has 

focused on developing resilience strategy library based on the proactive, pre-disruption 

actions that fundamentally alter the manufacturing network's configuration and 

resilience capabilities. This library catalogues fundamental, strategic changes that can 

be implemented to enhance the inherent resilience of a manufacturing network. Each 

strategy represents a proactive investment or policy decision made before a disruption 

occurs, designed to strengthen the network's configuration and capabilities. The RST 

enable the NARRATE users to select and analyse these strategies and realise their impact 

on the network's resilience. Table 5 and Figure 17 summarise the library for resilience 

strategies. The library of resilience strategies is structured to provide a clear and 

actionable Resilience Strategy Tool for increasing a resilience capability of 

manufacturing network. Each strategy is broken down into key fields to ensure clarity, 

context, and ease of use, including:  

• Node / Edge Type: This field categorizes each strategy by the specific component of 

the manufacturing network it applies to (e.g., a Supplier, workspace, or 

Transportation). This structure allows for targeted filtering and searching, enabling a 

user to find the most relevant solutions for a given area of the network. 

• Strategy Code & Name: These provide a unique identifier and a clear title for easy 

reference and communication within the NARRATE platform. 

• Description: This section explains what the resilience strategy is and details the 

practical actions involved in its implementation. 

• Purpose: This clarifies the strategic intent, or why the strategy should be implemented. 

It outlines the specific risks the strategy mitigates, and the resilience benefits it 

provides, helping to confirm its alignment with network’s needs, vulnerability, and 

goals. 

• Keywords: This field is crucial for search, discovery, and contextual understanding. The 

keywords function as tags, connecting each strategy to common manufacturing 

network concepts, risks (e.g., 'Supplier disruption,' 'Regional risk'), and solutions (e.g., 

'Multi-sourcing,' 'Backup capacity'). This enables the efficient discovery of strategies 

that address specific challenges and connects them to established terminology in 

NARRATE. 

Table 5. Library for resilience strategies 
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Component Value 

Node / Edge 

Type 
Supplier 

Strategy 

Code 
RED-SUP-01 

Strategy 

Name 
Strategic Inventory Buffering 

Description 
Increase and hold a higher-than-normal level of safety stock for critical 

inventory sourced from a specific supplier. 

Purpose 

To make a pre-planned capital investment in an inventory buffer. This 

buffer insulates production from the immediate impact of short-term 

supplier disruptions, ensuring operational continuity. 

Keywords 
Redundancy strategy, Supplier disruption, Safety Stock, Inventory 

Management, Supplier Risk Mitigation, Short-term shortage 

Node / Edge 

Type 
Supplier 

Component Value 

Node / Edge 

Type 
Supplier 

Strategy 

Code 
DIV-SUP-01 

Strategy 

Name 
Establish Dual/Multi-Sourcing 

Description 
Qualify, onboard, and establish a contractual agreement with one or 

more alternative suppliers for a critical component or material. 

Purpose 

To create supply chain flexibility and mitigate the risk of over-reliance 

on a single source. Having a pre-qualified alternative enables the 

network to rapidly switch or supplement its primary supply in response 

to a disruption, ensuring a continuous inflow of critical materials. 

Keywords 
Diversification strategy, Supplier disruption, Multi-sourcing, Alternative 

supplier, Single-source risk mitigation 

Component Value 

Node / Edge 

Type 

Supplier 

Strategy 

Code 

DIV-SUP-02 

Strategy 

Name 

Geographic Supplier Diversification 

Description When selecting and qualifying alternative suppliers, prioritize those 

located in different and distinct geographic regions from the primary 

supplier. 
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Purpose To mitigate risks from large-scale, region-specific disruptions such as 

natural disasters, geopolitical instability, or regional infrastructure 

failures. This ensures that a single regional event cannot disable the 

entire supply base for a critical material. 

Keywords Diversification strategy, Geographic diversification, Regional risk, 

Supplier selection, Multi-sourcing, Geopolitical risk 

Component Value 

Node / Edge 

Type 

Supplier 

Strategy 

Code 

FLX-SUP-01 

Strategy 

Name 

Strategic Inventory Standardization 

Description Intentionally design products to use common, standardized inventories 

across multiple product lines, minimizing the use of unique or custom-

designed parts. 

Purpose To build systemic flexibility that reduces dependency on specific 

suppliers. Standardization allows for inventory substitution between 

different products and dramatically expands the potential supply base, 

as standard components are more widely available and easier to 

source from the market during a supplier disruption. 

Keywords Flexibility strategy, Inventory Standardization, Part Commonality, 

Sourcing Flexibility, Supplier Risk Mitigation 

Component Value 

Node / Edge 

Type 

Workspace / Plant 

Strategy 

Code 

RED-WKS-01 

Strategy 

Name 

Redundant Production Capacity 

Description Install a parallel, standby resources (Machine/Human resource). This 

resource is maintained in a state of readiness, providing built-in 

redundant capacity that can be used if the primary resource fails. 

Purpose To ensure production continuity and mitigate revenue loss from 

downtime caused by the failure of a critical, single-point-of-failure 

resources (human resource absent). This internal buffer capacity allows 

for immediate recovery from resource breakdowns. 

Keywords Redundancy strategy, Redundant capacity, Backup resources, 

Downtime mitigation, Machine maintenance, Human resource 

absence 

Component Value 

Node / Edge 

Type 

Workspace / Plant 
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Strategy 

Code 

DIV-WKS-01 

Strategy 

Name 

Distribute Core Capabilities 

Description Strategically invest in duplicating a critical manufacturing operation or 

technology across two or more different physical plants or workspaces 

within the network. This decentralizes a single point of failure by ensuring 

the same function can be performed in multiple locations. 

Purpose To build geographic resilience against site-specific disruptions (e.g., 

natural disasters, regional power outages, local labour strikes). By 

ensuring a critical capability is not concentrated in one location, the 

overall production network can continue to function even if one 

plant/workspace is compromised. 

Keywords Diversification strategy, Geographic diversification, Distributed 

manufacturing, Network resilience, Site redundancy 

Component Value 

Node / Edge 

Type 

Workspace / Plant 

Strategy 

Code 

FLX-WKS-01 

Strategy 

Name 

Resource Flexibility (Multi-functional Machine/Equipment) 

Description Focused on acquiring flexible, multi-purpose machinery (e.g., CNC 

centres, reconfigurable robotics) instead of specialized, single-task 

machine/equipment. This builds a plant with the inherent capability to 

reroute production flow internally after occurrence of incident. 

Purpose To create operational resilience against internal disruptions, such as the 

failure of a machine/equipment, unplanned maintenance, or a 

sudden production bottleneck. This allows production managers to 

dynamically reroute work to other capable machines/equipment, 

minimizing downtime and maintaining output without requiring fully 

redundant capacity. 

Keywords Flexibility strategy, Machine/Equipment Flexibility, Multi-functional 

Machine/Equipment, Resource flexibility, Operational Agility, Internal 

Rerouting 

Component Value 

Strategy 

Code 

FLX-WKS-02 

Strategy 

Name 

Develop a Flexible Workforce 

Description Implement a long-term, strategic cross-training program to create a 

multi-skilled workforce. This builds human capital flexibility, ensuring 

operators are pre-qualified to be reassigned across different machines, 

lines, or workspaces as needed. 
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Purpose To insulate production from disruptions caused by skill-specific labour 

shortages or absenteeism. A multi-skilled workforce allows managers to 

dynamically reallocate personnel to overcome bottlenecks, cover for 

absent colleagues, and adapt to changing production priorities, 

thereby maintaining operational continuity. 

Keywords Flexibility strategy, Flexible Workforce, Cross-training, Multi-skilling, 

Human resource, labour Agility, Human Capital 

Component Value 

Node / Edge 

Type 

Workspace / Plant 

Strategy 

Code 

FLX-WKS-03 

Strategy 

Name 

Establish Manufacturing-as-a-Service (MaaS) Partnership 

Description Qualify and establish an agreement with a third-party MaaS provider or 

supplier (e.g., subcontractor). This strategic relationship provides 

contractual access to external, on-demand manufacturing capacity, 

creating an agile extension of the internal network capacity. 

Purpose To create a flexible, on-demand capacity buffer without significant 

capital expenditure. This allows the organization to rapidly scale 

production to meet unexpected demand surges or to outsource 

production during an internal disruption (e.g., plant shutdown, 

equipment failure), effectively converting a fixed cost (for increasing 

internal capacity) into a variable cost. 

Keywords Manufacturing-as-a-Service (MaaS), Contract Manufacturing, On-

demand Capacity, Outsourcing, Third-party manufacturing 

Component Value 

Node / Edge 

Type 

Warehouse / Inventory 

Strategy 

Code 

RED-WHS-01 

Strategy 

Name 

Secure Backup Warehouse Contracts 

Description Establish a contractual relationship with a 3rd Party Logistics (3PL) 

provider for guaranteed, on-demand access to overflow or emergency 

warehouse space. This is a strategic provision for physical storage 

redundancy. 

Purpose To provide immediate, pre-arranged overflow capacity to mitigate risks 

of storage constraints. This ensures the ability to receive inbound 

materials or store finished goods during unexpected inventory surges 

(e.g., bullwhip effect) or when the primary warehouse is inaccessible 

due to a site-specific disruption. 

Keywords Redundancy strategy, Backup Warehouse, Third-party logistics, 

Overflow storage, Emergency storage, Storage capacity 
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Component Value 

Node / Edge 

Type 

Warehouse / Inventory 

Strategy 

Code 

DIV-WHS-01 

Strategy 

Name 

Design a Decentralized Warehousing Network 

Description Adopt a network design strategy that splits inventory of critical 

inventories (including raw material or final products) across multiple, 

smaller, geographically dispersed warehouses instead of a single 

central depot. This structural change reduces the impact of a single-

facility disruption. 

Purpose To build geographic resilience against a catastrophic, single-site 

inventory loss. By distributing stock across the network, the failure of one 

warehouse does not halt the entire network, and it can position 

inventory closer to points of consumption, potentially reducing lead 

times. 

Keywords Diversification strategy, Decentralized warehousing, Distributed 

inventory, Network design, Geographic resilience, Inventory risk 

Component Value 

Strategy 

Code 

FLX-WHS-01 

Strategy 

Name 

Implement Postponement Strategy 

Description Increase the inventory level of WIP (specifically semi-finished products). 

Final customization is delayed until receive the order of customer, 

creating a flexible inventory pool that can serve a wide range of final 

product demands. 

Purpose To increase inventory flexibility and mitigate the risks of both stockouts 

and obsolescence driven by forecast inaccuracy. By aggregating 

demand at a component or semi-finished level, this strategy allows a 

single pool of generic inventory to satisfy a wide variety of end-product 

configurations, enabling a more agile response to volatile customer 

demand. 

Keywords Flexibility strategy, Postponement, Delayed Differentiation, Inventory 

Flexibility, Demand Volatility, Risk Pooling, Semi-finished product 

Component Value 

Node / Edge 

Type 

Internal Transportation 

Strategy 

Code 

RED-ITR-01 

Strategy 

Name 

Invest in Backup Material Handling Equipment 
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Description Purchase and maintain spare key internal material handling equipment 

(e.g., backup forklifts, conveyors, autonomous mobile robots) on-site. 

This ensures redundancy for the physical flow of materials within a 

facility (between workspaces as well as internal warehouses). 

Purpose To mitigate the risk of internal production or handling bottlenecks 

caused by the failure of critical material handling equipment. By having 

pre-positioned spares, the facility can perform a rapid swap-out, 

minimizing downtime and maintaining the flow of materials between 

workspaces, storage areas, and shipping/receiving docks. 

Keywords Redundancy strategy, Backup Material Handling Equipment (MHE), 

Resource Redundancy, Internal handling, Internal Downtime Mitigation 

Component Value 

Node / Edge 

Type 

Internal Transportation 

Strategy 

Code 

DIV-ITR-01 

Strategy 

Name 

Design Resilient Internal Pathways 

Description Develop and maintain a robust material handling system for internal 

material flow by designing multiple, redundant physical pathways and 

access points. This includes adhering to strict standards for clear, 

marked corridors (HSE compliance), providing adequate space for in-

process buffers, and ensuring multiple entry/exit points for critical areas 

like warehouses. This creates an internal material handling system that 

is structurally resilient and operationally flexible. 

Purpose To create structural resilience within the facility, ensuring that a single 

physical obstruction (e.g., a blocked aisle, equipment failure, 

inaccessible doorway) does not halt the entire internal material flow. 

This strategy guarantees operational continuity, enhances workplace 

safety, and provides the flexibility to adapt material handling in 

response to dynamic production requirements or minor disruptions. 

Keywords Diversification strategy, Flexibility strategy, Material Handling, Facility 

Layout, Redundant Pathways, Material Flow, Access Point 

Redundancy, HSE Compliance, Bottleneck Prevention 

Component Value 

Node / Edge 

Type 

External Transportation 

Strategy 

Code 

DIV-ETR-01 

Strategy 

Name 

Diversify Logistics Service Providers 

Description Contract with multiple, independent logistics service providers (LSPs), 

such as 3PLs or freight forwarders, for all key transportation lanes 

(inbound from suppliers, outbound to customers, and between 

manufacturers and supplier (e.g., subcontractors)). This avoids reliance 
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on a single transportation partner. 

Purpose To mitigate the risk of transportation disruption caused by the failure of 

a single logistics provider (e.g., due to bankruptcy, labour strikes, or 

service quality issues). It ensures operational continuity by allowing the 

company to quickly shift volume to a contracted alternative provider. 

Keywords Diversification strategy, Logistics Service Provider (LSP), 3PL, Freight 

Forwarder, Carrier Redundancy, Transportation Network, Partner 

Diversification 

Component Value 

Node / Edge 

Type 

External Transportation 

Strategy 

Code 

FLX-ETR-01 

Strategy 

Name 

Establish Pre-negotiated Expedited Freight Options 

Description Set up service level agreements and pre-negotiated rate cards with 

carriers that offer express or expedited freight services (e.g., air freight, 

dedicated truckload). This provides a contractual capacity to 

accelerate shipments on demand across all transportation lanes 

(inbound from suppliers, outbound to customers, and between 

manufacturers and supplier (as a subcontractor)). 

Purpose To create response flexibility, allowing the company to shorten 

transportation lead-times to recover from upstream delays or meet 

urgent customer demands. This avoids the need to negotiate premium 

rates under crisis conditions and provides a tool to "buy back" time lost 

in the supply chain. 

Keywords Flexibility strategy, Expedited Freight, Express Delivery, Air Freight, 

Service Level Agreement, Transit Time, Lead Time Reduction, Urgent 

Shipment 

 

 

Figure 17. Library for Resilience Strategies in RST data base 
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8. EXPERIMENTAL VALIDATION  

To demonstrate the practical application of the proposed Resilience Digital Model 

framework and validate its algorithmic approach (shown in Figure 16 ), this section 

presents an experimental example. The experiment is conducted on a synthetic 

manufacturing network, which serves as a controlled and transparent testbed for 

evaluating resilience. Using a synthetic manufacturing network allows for a systematic 

and reproducible analysis of how Resilience Strategy Tool perform under various 

conditions, ensuring the generalizability of the results without relying on an industrial case. 

The entire experiment is designed to systematically simulate and quantify the impact of 

the three primary causes of resilience loss previously defined in Section 4: Deterministic 

Deviations, Stochastic Variability, and Discrete Disruptions. This structure enables a 

precise diagnosis of system vulnerabilities and showcases the RST's ability to measure the 

effectiveness of targeted resilience interventions. 

The synthetic network represents a realistic production environment, comprising multiple 

suppliers, series and parallel workspaces, and internal/external transportation links serving 

various customer demand points. The analysis unfolds in stages, each corresponding to 

a cause of resilience loss. First, a baseline is established under ideal, deterministic 

conditions, representing the normal state against which all losses are measured. Next, the 

model introduces Stochastic Variability, using the Monte Carlo framework to simulate 

inherent operational uncertainty in parameters like processing times, costs, and quality. 

Finally, the scenarios incorporate Discrete Disruptions, simulating Risk & disruption 

scenarios. Throughout each stage, the RST assesses the network-wide impact across the 

four critical dimensions of Quality, Quantity, Profit, and Delays (Q-Q-P-D), providing an 

evaluation of how resilience is compromised and how it can be restored. 

8.1 SYNTHETIC MANUFACTURING NETWORK 

This section uses an illustrative example of a synthetic manufacturing network operating 

under a Make-to-Order model. The entire process is driven by customer demand and is 

visualized in the network diagram. The process begins with a customer, C1 (Node ID: 

0005), who places three distinct orders for the final products including Part1860, Part1861, 

and Part1862 (see Figure 18) 

 

 

Figure 18. Synthetic manufacturing network 
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material Part01 into the WIP, Part1836. Next, M2 combines this component with Part02 

from warehouse W2 to produce the WIP, Part1972. Finally, M3 performs the final assembly 

by combining Part1972 with an WIP from W3 to create the final products: 

• Part1972 + Part03 → Part1860 

• Part1972 + Part04 → Part1861 

• Part1972 + Part05 → Part1862 

Appendix A shows how the node and edge classes are coded in the RST. As reported in 

Table 6, each order is defined by its own set of performance targets which serve as the 

benchmark for calculating resilience loss: Target Production Cost (€), Required Delivery 

Date, Required Quantity (units), and Required Quality Standard. The manufacturing 

network consists of three sequential workspaces and three corresponding warehouses 

that supply them. 

• Workspaces (Production Nodes): 

• M1 (Node ID: 0002): A machine dedicated to initial processing. 

• M2 (Node ID: 0003): A machine for intermediate assembly. 

• M3 (Node ID: 0004): A machine for final assembly. 

• Warehouses (Supply Nodes): 

• W1 (Node ID: 0001): Stores Part01. 

• W2 (Node ID: 0006): Stores Part02. 

• W3 (Node ID: 0007): Stores Part03, Part04, and Part05. 

The production path follows a multi-level process. First, workspace M1 transforms raw 

material Part01 into the WIP, Part1836. Next, M2 combines this component with Part02 

from warehouse W2 to produce the WIP, Part1972. Finally, M3 performs the final assembly 

by combining Part1972 with an WIP from W3 to create the final products: 

• Part1972 + Part03 → Part1860 

• Part1972 + Part04 → Part1861 

• Part1972 + Part05 → Part1862 

Table 6. Order of customer001 

Order 

ID 

Order 

Name 

Produc

t ID 

Order 

Size 
Unit 

Duration 

(days) 

Unit 

Price ($) 

Total 

Price ($) 
Date 

Order

001 

white 

chairs 

produc

t001 
250 

num

ber 
22 12.5 4125 

45748.3

8542 

Order

002 

Black 

chairs 

produc

t002 
200 

num

ber 
19 10.5 3300 

45752.3

8542 

Order

003 

Yellow 

chairs 

produc

t003 
190 

num

ber 
15 11.5 3135 

45757.3

8542 

The nodes are connected by edges that represent inventory transportation and 

handling, including both internal and external movements: 

• Edge 0001: Transports Part01 from Warehouse W1 to Workspace M1. 

• Edge 0005: Transports Part02 from Warehouse W2 to Workspace M2. 
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• Edge 0006: Transports Part03/Part04/Part05 from Warehouse W3 to Workspace M3. 

• Edge 0002: Transfers intermediate WIP (Part1836) from Workspace M1 to M2. 

• Edge 0003: Transfers sub-assembly WIP (Part1972) from Workspace M2 to M3. 

• Edge 0004: Delivers the final products (Part1860, etc.) from Workspace M3 to the 

Customer C1. 

To establish a performance benchmark, the initial simulation is run as a deterministic 

scenario. This scenario assumes ideal, "perfect world" conditions to calculate the baseline 

performance, against which all future disruptions and variability will be measured. The 

key assumptions are that all process times, transit times, and costs are fixed, certain values 

with no random delays. Furthermore, all production and handling processes are assumed 

to be defect-free, with no scrap, rework, or quality degradation at any stage. The yield 

at every step is 100%, with no material lost or damaged. Under these ideal conditions, the 

RST calculates the optimal outcome for each order, which serves as the zero-loss 

baseline. The output of the RST for these three orders are shown in Figure 19. According 

to the results, there is no deviation in quantity, quality, profit, or delay. This outcome is 

expected under deterministic conditions. Moreover, the delivery times of products are 

pre-agreed between the manufacturing company and the customer. Therefore, under 

these ideal deterministic circumstances, no deviations occur. In the following subsection, 

we will relax this assumption to evaluate the performance of the manufacturing network 

under stochastic variables and disruption events. 

While a deterministic model provides a useful baseline, it operates on the assumption that 

all parameters are certain and perfectly predictable. Manufacturing networks are 

subject to inherent uncertainty, making it impossible to assign a single, certain value to 

each indicator easily. For example, a workspace's Processing Time is not constant; it 

fluctuates with machine degradation, operator skill level, and minor stoppages. The 

Transportation Cost for an external shipment can vary with unstable fuel prices or the 

need for last-minute expedited freight. Likewise, a supplier's Lead Time can be disrupted 

by unforeseen customs delays, weather events, or port congestion, and the Material 

Quality they deliver may exhibit slight variations from one batch to the next. Because 

these and other factors are influenced by complex, random factors, a stochastic 

approach is important. To address this, RST models uncertain parameters by generating 

random values from carefully selected probability distributions. This allows users to 

capture the nature of different uncertainties. For instance, Gaussian distribution is used 

for symmetric variations (e.g., minor fluctuations in processing time), Weibull distributions 

for resource availability (e.g., production rate), and Lognormal distributions for positively 

skewed economic metrics (e.g., costs, which cannot be negative but can have large, 

unexpected spikes). This probabilistic approach allows for a realistic assessment of 

manufacturing network performance in terms of loss of resilience under uncertain 

conditions. The results are shown in Figure 19.   

To assess the network's resilience to a high-impact event, we introduce a disruption 

scenario #1 that simulates a critical supplier failure. In this scenario, the primary supplier 

for Part01 (the foundational raw material for the entire production line) fails to make a 

scheduled delivery. This results in Warehouse W1 (Node ID: 0001) being completely 

starved of Part01 for a period of two full days. Because the manufacturing process is 

strictly sequential, this disruption creates an immediate and critical bottleneck. 

Workspace M1 is rendered idle, halting the production of the intermediate component 

Part1836. This initial stoppage triggers a cascading failure that propagates downstream, 

starving Workspace M2 and subsequently M3. The entire production chain is effectively 

paralyzed until the supply of Part01 is restored.  
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The results (see Figure 19) reveal a distinguish between the system's performance under 

normal uncertainty and its collapse during the disruption scenario, exposing a critical 

vulnerability in its manufacturing network. The baseline deterministic model, as expected, 

shows zero deviation, representing an ideal situation. Under normal (with no risk and 

disruption) and stochastic conditions, the network demonstrates minor resilience loss: 

orders are delayed by 2-3 days, costs increase by approximately €150-€220, and a few 

units (1-2 per order) experience a quality downgrade. However, the supplier failure 

scenario drastically amplifies these negative impacts. The delivery delay for all orders 

explodes to 6-7 days, more than double the delay from normal operational variability. 

This reflects not only the initial 2-day material shortage but also the subsequent bullwhip 

effect and time needed to clear the production backlog. The financial consequences 

are even more severe: the cost deviation for Order002, for instance, increases from €160.7 

to €1065.6, a near seven times increase driven by replacing a new supplier with higher 

cost and lead time. While the final quantity delivered satisfies customer’s demand, the 

degradation in timeliness and the increase in cost demonstrate that the network is 

critically vulnerable. This non-resilience is tied directly to its dependency on Part01 and, 

more importantly, on its single supplier.  

The next disruption scenario is Scenario #2, Workspace Quality Degradation. This scenario 

investigates a quality failure at Workspace M2 (Node ID: 0003). For instance, a sudden 

machine failure risk and disruption cause the Scrap Rate for the inventory Part1972 to 

increase by 15%. This disruption creates a material deficit for the final assembly stage 

(M3). To fulfil the customer's required quantities, the preceding stages (M1 and M2) must 

overproduce to compensate for the loss, consuming more Part01 and Part02 than 

planned. This directly increases material and operational costs. Furthermore, the time 

required to produce the extra units introduces a significant delay that propagates 

through the rest of the manufacturing network, impacting the final delivery dates for all 

three orders. The network is moderately vulnerable to this internal quality failure. While the 

system can eventually produce the required quantity, it does so at the expense of both 

time and cost. The linear, no-buffer design means that a quality issue in a mid-stream 

process cannot be absorbed without causing a ripple effect that delays all subsequent 

operations and inflates costs. The vulnerability is specifically to the internal process 

stability of its workspaces, as a single machine's poor performance degrades the 

efficiency of the entire network. 

Scenario #3: Final Delivery Cost increase. This scenario models a purely financial 

disruption by considering a doubling of the Transportation Cost on Edge 0004, which 

handles the final delivery from Workspace M3 to the customer C1. This event could be 

triggered by external factors such as a regional fuel crisis, a sudden change in carrier 

pricing, or the need to use a premium logistics service. Because this disruption is purely 

economic, it has no impact on the physical flow of goods; the transit time, product 

quality, and delivered quantity remain unchanged. The entire impact is absorbed as a 

direct financial loss, causing the Cost deviation for all three customer orders to increase 

sharply and significantly reducing the overall profitability of the fulfilment process. As 

result, the network is financially vulnerable but operationally resilient to this disruption. The 

system successfully fulfils customer demand (delivering the correct products on time with 

expected quality). However, its profitability is highly exposed to volatility in the external 

transportation cost. This reveals a vulnerability not in its physical production capability, 

but in its financial vulnerability. The network's resilience depends on its ability to absorb 

unexpected cost shocks; if profit margins are already thin, such an event could make the 

orders unprofitable. 
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Figure 19. OUTPUTS FOR ORDER OF CUSTOMER001 

Scenario #4: Targeted Inventory Damage. This scenario introduces a targeted inventory 

loss within Warehouse W3 (Node ID: 0007). For instance, an incident, such as a forklift 

accident or water damage, results in a 20% increase in the Holding Damage Rate, 

specifically affecting the stock of Part03. This disruption selectively targets Order001 

("white chairs"), as Part03 is the unique component required for its final assembly. The 

production of Order002 and Order003 proceeds without issue. For Order001, however, 

production at M3 breaks due to the Part03 shortage. This triggers a significant delay for 

that specific order while a new batch of Part03 is procured from the supplier. The cost for 

Order001 also increases, reflecting the value of the written-off inventory and potential 

expediting fees for the replacement parts. As result, this scenario reveals a vulnerability 

within the network. The system as a whole is resilient to the event, as two-thirds of its orders 

are unaffected. However, for the specific product line (Part1860 / "white chairs"), the 

network is vulnerable. The vulnerability lies in the lack of redundant inventory or a 

secondary supplier for specialized, product-specific components.  

Scenario #5: Final Assembly Bottleneck. This scenario examines the impact of a late-stage 

bottleneck by increasing the Processing Time at Workspace M3 (Node ID: 0004) by 50%. 

For instance, this could be caused by a machine fault that forces the production to run 

at a slower speed or the assignment of a less-experienced human resource to the 

workspace (final assembly node). Since M3 is the final workspace before delivery edge, 

any delay here directly translates to a delivery delay for the customer, with no 

opportunity for outsourcing. As a result, all three orders (Order001, Order002, Order003) 

will experience a significant Time deviation. Furthermore, the Operational Cost will rise as 

the machine runs for longer to complete the same amount of work, impacting the cost-

effectiveness of all three orders. As result, the network is highly vulnerable to inefficiencies 

in its final production stage. The sequential flow means that the manufacturing network's 
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overall throughput is dictated by its slowest process. A bottleneck at the very end of the 

line is particularly damaging because there is no slack in the schedule left to absorb it. 

This highlights a critical vulnerability to the processing capacity and reliability of its final 

assembly stage. Any degradation in performance at M3 has an immediate and 

unavoidable negative impact on customer-facing metrics, particularly delivery time. 

9. RESILIENCE STRATEGY TOOL DEMONSTRATOR VIEW 

RST is a tool within the NARRATE platform that operates under the overall integrity of the 

NARRATE platform. Initially called upon by the IMC to address end-user questions, RST 

contacts other tools in NARRATE, such as LLM and Blueprint, to gather the necessary data. 

The RST engine then runs calculations to determine quantitative values for loss of 

resilience, including loss of quantity, loss of quality, loss of profit, and loss of time (delay). 

These quantitative data on the loss of resilience for resources and inventories are sent to 

the IMC to provide valuable insights for users. Additionally, if users wish to interactively 

work with RST, the IMC can guide them to the RST dashboard. This allows users to transition 

from the main NARRATE platform to the RST platform. The RST dashboard enables users to 

interactively engage with the tool and assess the vulnerability of the manufacturing 

network, as illustrated in the figures below. 

 

 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
48 

 

 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
49 

 

 

10. REFERENCES 

[1] Sahebjamnia, N., Torabi, S. A., & Mansouri, S. A. (2015). Integrated business continuity 

and disaster recovery planning: Towards organizational resilience. European journal of 

operational research, 242(1), 261-273. 

[2] Firmansyah, M. R., & Amer, Y. (2013). A review of collaborative manufacturing network 

models. International Journal of Materials, Mechanics and Manufacturing, 1(1), 6–12. 

[3] Hearnshaw, E. J. S., & Wilson, M. M. J. (2013). A complex network approach to supply 

chain network theory. International Journal of Operations & Production Management, 

33(4), 442–469. 

[4] Pulikottil, T., Estrada-Jimenez, L. A., Ur Rehman, H., Mo, F., Nikghadam-Hojjati, S., & 

Barata, J. (2023). Agent-based manufacturing—review and expert evaluation. The 

International Journal of Advanced Manufacturing Technology, 127(5), 2151–2180. 

[5] Ahn, G., Park, Y.-J., & Hur, S. (2017). Probabilistic graphical framework for estimating 

collaboration levels in cloud manufacturing. Sustainability, 9(2), 277. 

[6] Kache, F., & Seuring, S. (2017). Challenges and opportunities of digital information at 

the intersection of Big Data Analytics and supply chain management. International 

Journal of Operations & Production Management, 37(1), 10–36. 

[7] Molenda, P., Groneberg, H., Schötz, S., & Döpper, F. (2023). Resilience balanced 

scorecard: measuring resilience of manufacturing companies at multiple levels. Procedia 

CIRP, 120, 189–194. 

[8] Gu, X., Jin, X., Ni, J., & Koren, Y. (2015). Manufacturing system design for resilience. 

Procedia Cirp, 36, 135–140. 

[9] Simchi-Levi, D., Schmidt, W., Wei, Y., Zhang, P. Y., Combs, K., Ge, Y., Gusikhin, O., 

Sanders, M., & Zhang, D. (2015). Identifying risks and mitigating disruptions in the 

automotive supply chain. Interfaces, 45(5), 375–390. 



NARRATE – D2.4 RESILIENCE STRATEGY & TOOL 

 

 
50 

[10] FOGLIO, V. (2020). Managing supplier business interruption risks: a novel 

methodology for estimating the Time-To-Recover (TTR). 

[11] Osita-Ejikeme, U. E., & Amah, E. (2022). Strategic flexibility and corporate resilience of 

manufacturing firms in South-South, Nigeria. Management Sciences, 9(3), 50–73. 

[12] Sheffi, Y. (2007). The resilient enterprise: overcoming vulnerability for competitive 

advantage. MIT press. 

[13] Bauer, D., Böhm, M., Bauernhansl, T., & Sauer, A. (2021). Increased resilience for 

manufacturing systems in supply networks through data-based turbulence mitigation. 

Production Engineering, 15(3), 385–395. 

11. APPENDIX A: NODES AND EDGES FOR A 

MANUFACTURING NETWORK 

self.Edge_1 = Edge(edge_id="edge0001", 

                   edge_name="Lift_Truck01", 

                   edge_type="Internal_transport", 

                   output_PartID="part0001", 

                   deterministic_processing_time=2, 

                   deterministic_processing_cost=2, 

                   input_node=self.Node_1, 

                   output_node=self.Node_2, 

                   pallet_size=pd.Series({"part0001": 1}), 

                   conversion=pd.Series({"part0001": 1})) 

 

self.Edge_2 = Edge(edge_id="edge0002", 

                   edge_name="Lift_Truck02", 

                   edge_type="Internal_transport", 

                   output_PartID="part1836", 

                   deterministic_processing_time=2, 

                   deterministic_processing_cost=2, 

                   input_node=self.Node_2, 

                   output_node=self.Node_3, 

                   pallet_size=pd.Series({"part1836": 1}), 

                   conversion=pd.Series({"part1836": 1})) 

 

self.Edge_3 = Edge(edge_id="edge0003", 

                   edge_name="Lift_Truck03", 

                   edge_type="Internal_transport", 

                   output_PartID="part1972", 

                   deterministic_processing_time=2, 

                   deterministic_processing_cost=2, 

                   input_node=self.Node_3, 

                   output_node=self.Node_4, 

                   pallet_size=pd.Series({"part1972": 1}), 

                   conversion=pd.Series({"part1972": 1})) 

 

self.Edge_4 = Edge(edge_id="edge0004", 

                   edge_name="Lift_Truck4", 

                   edge_type="Internal_transport", 
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                   output_PartID=["part1860", "part1861", "part1862"], 

                   deterministic_processing_time=2, 

                   deterministic_processing_cost=2, 

                   input_node=self.Node_4, 

                   output_node=self.Node_5, 

                   pallet_size=pd.Series({"part1860": 1, "part1861": 1, "part1862": 1}), 

                   conversion=pd.Series({"part1860": 1, "part1861": 1, "part1862": 1})) 

 

self.Edge_5 = Edge(edge_id="edge0005", 

                   edge_name="Lift_Truck05", 

                   edge_type="Internal_transport", 

                   output_PartID="part0002", 

                   deterministic_processing_time=2, 

                   deterministic_processing_cost=2, 

                   input_node=self.Node_6, 

                   output_node=self.Node_3, 

                   pallet_size=pd.Series({"part0002": 1}), 

                   conversion=pd.Series({"part0002": 1})) 

 

self.Edge_6 = Edge(edge_id="edge0006", 

                   edge_name="Lift_Truck6", 

                   edge_type="Internal_transport", 

                   output_PartID=["part0003", "part0004", "part0005"], 

                   deterministic_processing_time=2, 

                   deterministic_processing_cost=2, 

                   input_node=self.Node_7, 

                   output_node=self.Node_4, 

                   pallet_size=pd.Series({"part0003": 1, "part0004": 1, "part0005": 1}), 

                   conversion=pd.Series({"part0003": 1, "part0004": 1, "part0005": 1})) 

 

# Initialize Nodes (after Edges exist) 

self.Node_1 = Node(node_id="node0001", 

                   node_name="start_node", 

                   node_type="warehouse", 

                   output_PartID="part0001", 

                   deterministic_processing_time=0.2, 

                   deterministic_processing_cost=0.2, 

                   output_edges=self.Edge_1, 

                   Minimum_toStart=pd.Series({"part0001": 1}), 

                   Buffer=pd.Series({"part0001": 10000}), 

                   conversion=pd.Series({"part0001": 1})) 

 

self.Node_2 = Node(node_id="node0002", 

                   node_name="workspace01", 

                   node_type="machine", 

                   operation="operation1", 

                   output_PartID="part1836", 

                   deterministic_processing_time=0.2, 

                   deterministic_processing_cost=0.2, 

                   Buffer=pd.Series({"part0001": 10000}), 

                   full_buffer_capacity=100000, 

                   buffer_minpercent_tostart=0.00001, 
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                   input_edges=self.Edge_1, 

                   output_edges=self.Edge_2, 

                   conversion=pd.Series({"part0001": 1})) 

 

self.Node_3 = Node(node_id="node0003", 

                   node_name="workspace02", 

                   node_type="machine", 

                   operation="operation2", 

                   output_PartID="part1972", 

                   deterministic_processing_time=0.2, 

                   deterministic_processing_cost=0.2, 

                   Buffer=pd.Series({"part1836": 10000, "part0002": 10000}), 

                   full_buffer_capacity=100000, 

                   buffer_minpercent_tostart=0.00001, 

                   input_edges=[self.Edge_2, self.Edge_5], 

                   output_edges=self.Edge_3, 

                   conversion=pd.Series({"part1836": 1, "part0002": 1})) 

 

self.Node_4 = Node(node_id="node0004", 

                   node_name="workspace3", 

                   node_type="machine", 

                   operation=["operation3", "operation4", "operation5"], 

                   output_PartID=["part1860", "part1861", "part1862"], 

                   deterministic_processing_time=0.025, 

                   deterministic_processing_cost=3.5, 

                   Buffer=pd.Series({"part1972": 10000, "part0003": 10000, "part0004": 10000, 

"part0005": 10000}), 

                   full_buffer_capacity=100000, 

                   buffer_minpercent_tostart=0.00001, 

                   input_edges=[self.Edge_3, self.Edge_6], 

                   output_edges=self.Edge_4, 

                   conversion=pd.Series({"part1972": 1, "part0003": 1, "part0004": 1, "part0005": 1})) 

 

self.Node_5 = Node(node_id="node0005", 

                   node_name="customerAli", 

                   node_type="customer", 

                   input_edges=self.Edge_4, 

                   conversion=pd.Series({"part1860": 1, "part1861": 1, "part1862": 1})) 

 

self.Node_6 = Node(node_id="node0006", 

                   node_name="start_node", 

                   node_type="warehouse", 

                   output_PartID="part0002", 

                   deterministic_processing_time=0.2, 

                   deterministic_processing_cost=0.2, 

                   output_edges=self.Edge_5, 

                   Minimum_toStart=pd.Series({"part0002": 1}), 

                   Buffer=pd.Series({"part0002": 10000}), 

                   conversion=pd.Series({"part0002": 1})) 

 

self.Node_7 = Node(node_id="node0007", 

                   node_name="warehouse7", 
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                   node_type="warehouse", 

                   output_PartID=["part0003", "part0004", "part0005"], 

                   deterministic_processing_time=0.2, 

                   deterministic_processing_cost=0.2, 

                   output_edges=self.Edge_6, 

                   Minimum_toStart=pd.Series({"part0003": 1, "part0004": 1, "part0005": 1}), 

                   Buffer=pd.Series({"part0003": 100000, "part0004": 100000, "part0005": 100000}), 

                   conversion=pd.Series({"part0003": 1, "part0004": 1, "part0005": 1})) 

 

 

 

 


