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Abstract 

 
This project introduces Warebot, a multi-robot autonomous system designed to support 

small and medium enterprises in achieving daily warehouse operations without modi- 

fying the existing infrastructure. The need for this project arises from several problems 

that directly affect warehouses. Many existing solutions are highly dependent on the 

warehouse environment, which leads to challenges such as requiring large modifica- 

tions. This increases the cost of changes and may force the environment to be closed 

during upgrades. Our system addresses these problems by removing infrastructure- 

related dependencies and shifting the work to the robots’ software, with minimal re- 

liance on the warehouse infrastructure. 

 
Our system is deployed on Neobotix MP-400 robots equipped with advanced features 

and sensors such as LiDAR and IMU to sense, recognize, localize, and navigate the 

environment. By using SLAM (Simultaneous Localization and Mapping) with a single 

robot, we can create a global map that is later shared among all robots. Warehouse 

operations are controlled through Multi-Robot Task Allocation (MRTA) and priority ma- 

trices based on battery level, robot location, and robot status. This makes the system 

efficient in utilizing robot software and fast in completing warehouse operations. While 

robots are moving, they use global path planning that continues to run and is updated 

using the A* algorithm to ensure the robots can be aware of changes in the environ- 

ment, such as moved shelves or new obstacles that appear suddenly. This enables 

robots to adapt to changes, generate new paths, and successfully reach their desti- 

nations. Obstacle avoidance is managed by the Dynamic Window Approach (DWA), 

which enables real-time obstacle avoidance. 

 
To face multi-robot challenges, our system implements smart techniques such as robot 

awareness and cooperative perception. These techniques allow robots to detect each 

other and treat other robots as dynamic obstacles, making each robot adapt its move- 

ments correctly based on what is on the shared map. When conflicts or deadlocks 

occur, the robots can solve that using continuous replanning with obstacle avoidance, 

which generates new path planning during movement. These ensure good coordina- 

tion between robots on the same map. 

 
Communication between the robots and the server is performed using lightweight MQTT 

protocols, enabling low-latency data exchange within an acceptable time. Additionally, 

Warebot has a web interface that allows workers to track, monitor, and control the 

overall system. 

 
WareBot presents a strong solution since it works in a wide range of environments 

and adapts to any changes, and is scalable when the number of robots increases. All 

these techniques and algorithms that are implemented in our system make it flexible 

and effective for managing daily warehouse operations. 
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Chapter 1 

 
Introduction 

 
1.1 Preface 

 
In this chapter we will introduce the problem statement, identifying the problems within 

the warehouse environment and presenting our system as a solution to these prob- 

lems. Next, we will outline the core objectives of our project, which must be achieved 

to address the fundamental problems we aim to solve. We will then detail the functional 

and non-functional requirements to define the specific functions our system performs. 

Following this, we will discuss the initial assumptions that must be established at the 

start of implementation and provide a description to outline how the system will op- 

erate. Finally, we will examine the constraints and challenges that limit the system’s 

functionality. 

 

 

1.2 Problem Statement 

 
Many warehouses seek to increase the efficiency of their work by employing robotic 

systems, which work to accelerate their operational efficiency and complete all require- 

ments completely and quickly. However, these warehouses still face problems and 

challenges that hinder the efficiency of their work or the proper implementation of their 

tasks. 

Some current solutions depend heavily on the warehouse environment itself, such as 

building a fixed infrastructure on the warehouse floor such as magnetic tracks or floor 

fiducials. This dependency forces the system to operate within a fixed warehouse en- 

vironment, making it difficult to customize and impractical for relocation. Any physical 

change in the warehouse environment necessitates manual adjustments to the robotics 

systems to accommodate these changes, which leads to operational disruption. In 
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multi-robot setups, coordination within fixed environments often reduces operational 

efficiency, as rigid point-to-point pathing logic causes resource contention and ineffi- 

cient routing. Crucially, as the fleet grows, these centralized models frequently struggle 

with conflicts, inter-robot congestion, and collisions, ultimately hindering delivery times 

and overall system accuracy. 

Addressing these challenges requires a dynamic multi-robot system that adapts to shift- 

ing environments autonomously, avoiding reliance on physical infrastructure to ensure 

flexible, collision-free operations. 

 

 

1.3 Aims and Objectives 

 
In this project, we propose a system that aims to provide the following features: 

 
1. Building an Intelligent Robot Navigation System 

• The robots’ movement on the warehouse floor must remain precise and re- 

liable as they travel to a specific point. 

• Optimize the system’s performance, allowing for the calculation of the opti- 

mal routes for the robots to take and ensuring accurate arrival at the intended 

destination. 

2. Coordinating Effectively Between Robots 

• Prevent task conflicts between robots and ensure they do not collide with 

each other. This includes continuous awareness of each robot’s location on 

the map. 

• Implementation of standard communication protocols to guarantee the proper 

transfer of data between robots for correct actions. 

3. Creating a System for Non-Technical People 

• Building a user interface that enables warehouse personnel to have com- 

plete control over the system, providing them with a comprehensive view 

of the status of all system components in real time and allowing them to 

perform all operations without any complexity. 

4. Navigating Crowded and Changing Environments 

• Provide real-time values, ensuring the robots’ constant location on the map. 

• Enable the robots to avoid static and dynamic obstacles and continuously 

replan their routes while moving. 
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1.4 Requirements 

 
This section defines the essential requirements for the successful development and 

operation of the WareBot system. We have divided them into two main categories, 

functional and non-functional. 

 

 

1.4.1 Functional Requirements 

 
Functional requirements specify the core features that the WareBot system must pro- 

vide. The following are the primary requirements: 

 
1. Interface for User Requests: A user interface that allows warehouse workers 

to perform multitude of operations, such as requesting or retrieving shelves, and 

creating a list of tasks within a multi-robot system. The interface should be able 

to accurately display the real time locations of robots, shelves, and delivery or 

retrieval points, while providing continuous monitoring of all system components. 

2. Autonomous Navigation: The system must provide a mechanism that allows 

robots to operate autonomously within the warehouse without direct intervention 

from workers. This includes the ability to avoid obstacles, plan routes at minimal 

cost and for the robots to reach their destinations safely. 

3. Shelf Identification and Retrieval: The system must accurately identify the lo- 

cations of the shelves to be retrieved to enable robots to go to the correct coor- 

dinates and perform the required task precisely. 

4. Shelf Transportation: During the shelf transportation and retrieval processes, 

the system must safeguard the stability of the products on the shelves and ensure 

their safe arrival. 

5. Multi-Robot Coordination: The system is designed to coordinate between the 

robots and intelligently distribute tasks among them. To ensure the system’s ef- 

ficiency and effectiveness, it shall include mutual awareness and understanding 

between the robots, sharing their locations on a common map, and continuous 

replanning during navigation to resolve path conflicts and prevent collisions be- 

fore they occur. 

 

 

1.4.2 Non-Functional Requirements 

 
Meeting one or more of the functional requirements contributes to fulfilling the non- 

functional requirements: 
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1. Safety: The system should enable robots to detect obstacles and avoid colli- 

sions, ensuring no risks to either personnel or goods within the warehouse. 

2. Usability: The system has to provide a simple and user-friendly interface, en- 

abling personnel to perform all essential operations, from requesting tasks and 

fully monitoring the system to receiving clear and understandable real-time feed- 

back. 

3. Scalability: The system must support the addition of multiple robots as needed 

without requiring any fundamental changes to the system. 

4. Adaptability: The system must accommodate all environmental changes intro- 

duced after mapping. The system must detect changes, continuously scan to 

determine if the changes persist and reflect this on the shared map to ensure 

flexibility in changing environments. 

 

 

1.5 System Description 

 
Our system operates through a workflow that transforms user orders into completed 

shelf deliveries while maintaining coordination between robots. The system works in 

three steps as follows: 

Step 1: Creating and Updating Maps 
 

When the system is first launched, one robot is used to map the warehouse using 

LiDAR sensors, which collect distance measurements from the surrounding environ- 

ment. These measurements are then processed using the SLAM (Simultaneous Lo- 

calization and Mapping) algorithm to create a two-dimensional (2D) map of the ware- 

house. 

This map is not continuously updated, but is instead revised when any changes occur 

after the initial mapping, such as shelf rearrangements or other additions to the ware- 

house. After the map is updated, the data is then shared with all other robots, allowing 

them to locate themselves on the same map and continuously transmit their locations 

to ensure coordinated operation. 

Step 2: Assigning Task and Finding the Best Path with Coordination 

 
When the system receives a task request, it evaluates available robots based on a set 

of criteria, including current location, battery level, shelf priority, and robot operational 

status. The most suitable robot is selected, and then the A* path planning algorithm 

is applied to calculate the optimal, least cost route. Coordination techniques are em- 

ployed to manage paths, prevent collisions and dynamically replan paths continuously 

during robot movement. 
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Step 3: Retrieving Shelves and Keeping Users Informed 
 

After assigning the task to the most suitable robot, the selected robot autonomously and 

independently moves to the designated shelf and transports it to the specified delivery 

location. Throughout the execution process, status data, such as robot location, shelf 

location, delivery location and task progress, is transmitted continuously and in real 

time to the user interface, allowing operators to monitor all operations as they occur. 

Multi-Robot Scenario: Dynamic Coordination and Collision Avoidance 
 

When multiple robots are active in the warehouse simultaneously, the system intro- 

duces an advanced layer of task coordination on top of the fundamental steps de- 

scribed earlier. Without repeating the standard mapping or assignment procedures, 

every active robot continuously broadcasts its live position, planned trajectory, and task 

progress to the central interface. The system proactively evaluates these trajectories 

against one another to predict potential path intersections or congestion points. When 

a collision risk is detected, the system dynamically recalculates an alternate route for 

one robot or assigns it a temporary yielding state, ensuring that all robots can execute 

their tasks smoothly and avoid operational bottlenecks. 

This process is illustrated in Figure 1.1, depicting a conceptual scenario intended to 

demonstrate the proposed system’s operational workflow. 
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step 1a: One robot performs 

environment mapping using LIDAR and 

SLAM to create and update the global 

map. 
 

 

 
Step 2a: Worker touches the screen to 

request a specific shelf 
 

 

 
Step 3a: Robot travels with the shelf to 

the worker 

Step 1b: The global map is distributed to 

all robots, which localize themselves on 

it and share their positions with the 

central system for coordinated operation. 
 

 
Step 2b: System assigns robot and 

plans path to retrieve shelf 
 

 
Step 3b: Robot delivers the shelf to the 

destination 

Figure 1.1: Conceptual steps illustrating the process of delivering a pod to a warehouse 

worker. 

 
 

 

1.6 Limitations and Constraints 

 
The development and continuous operation of the WareBot system are bounded by 

several key factors (Table 1.1): 
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Table 1.1: Project Limitations and Constraints 
 

Limitation Description 
 

Budget Overall system cost must remain affordable for Small and 

Medium-sized Enterprises (SMEs), restricting the hardware 

choices per robot. 

Security Protecting sensitive telemetry and network communications intro- 

duces protocol complexity and additional processing overhead. 

Power Capacity Continuous operation is limited by battery life, requiring strategic 

power management and periodic charging cycles that temporarily 

reduce the active fleet size. 

Computational Running simultaneous mapping, path planning, and coordination 

heavily utilizes onboard hardware, restricting the maximum fleet 

size. 
 

 
In summary, the design of WareBot carefully balances these financial, technical, and 

physical limitations to deliver an efficient, secure, and reliable automated solution for 

real-world warehouse environments. 

 

1.7 Implementation Timeline 

As summarized in Table 1.2, the tasks of the system implementation and operation are 

distributed along the two semesters. 

Table 1.2: Project’s Gantt Chart 
 

Weeks 

 
Tasks 

First Semester Weeks Second Semester Weeks 

1-2 3-5 6-8 9-11 12-16 1-2 3-5 6-8 9-11 12-16 

Idea Selection 
          

Data Collection 
          

Design 
          

Implementation 
          

System testing 
          

Documentation 
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1.8 Report Outline 

The rest of the report is structured as follows: Chapter 2 provides a theoretical back- 

ground on the algorithms and basic techniques, followed by a review of relevant sci- 

entific literature. Chapter 3 illustrates the complete system design, including both the 

hardware and software components, and presents flow diagrams of the system. Chap- 

ter 4 covers the implementation and testing phase, detailing how the software works, 

all the techniques and algorithms built, and the results of the applied tests. Chapter 5 

includes real-world tests conducted under various conditions, documenting the results 

obtained and evaluating the system’s performance and effectiveness based on these 

tests. Chapter 6 presents the conclusion of our project, documenting the results our 

project can achieve and proposing future developments and upgrades to enhance its 

effectiveness in running core warehouse operations. 
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Chapter 2 

Theoretical Background 

 
2.1 Preface 

This chapter provides a brief overview of the key components in our project. We first 

provided a brief overview of the theoretical background, and we will explain general 

terms such as autonomous navigation and path planning algorithms. It also reviews 

similar projects to show how WareBot fits into the wider field of warehouse automation. 

Second, we present a literature review that compares our project with previous work. 

 
 

 

2.2 Theoretical Background Concepts 
 

 
2.2.1 Simultaneous Localization and Mapping (SLAM) 

SLAM, or Simultaneous Localization and Mapping, is a process that allows a robot to 

navigate an unknown environment [1, 2]. While navigating the environment, the robot 

seeks to acquire a map thereof, and at the same time, it wishes to localize itself using its 

map. SLAM lets robots work without previous knowledge of the environment, and sup- 

ports tasks such as path planning and obstacle avoidance using modern frameworks 

like SLAM Toolbox [3]. 

 
 

 

2.2.2 Multi Robot Task Allocation (MRTA) 

Multi-Robot Task Allocation (MRTA) is the process of distributing tasks over a group of 

robots in a collaborative way [4]. One example is in warehouse automation, transport- 

ing shelves from one location to another using MRTA, which reduces the time needed 

to complete a queue of tasks and makes the system flexible and scalable. 
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2.2.3 Hybrid Edge–On-Premises Computing 

Hybrid Edge On-Premises Computing means devices process data locally and send 

it to local servers within the same private network [5, 6]. This makes the system very 

fast and secure, since data never leaves the network. Servers can store data, run AI 

models, and manage multiple devices. This architecture is best for areas like factories, 

warehouses, and other critical systems that need low latency and strong data protec- 

tion. Figure 2.1 shows the architecture of the Hybrid Edge–On-Premises system and 

how it is organized. 
 
 

 

 
Figure 2.1: Hybrid Edge–On-Premises Architecture 

 

 

2.2.4 MQTT Protocol and Broker 

MQTT (Message Queuing Telemetry Transport) is a protocol that provides a lightweight 

method of carrying out messaging using a publish/subscribe model [7, 8]. This makes 

it suitable for Internet of Things messaging, such as with low-power sensors or mobile 

devices such as phones, embedded computers, or microcontrollers. An MQTT broker 

acts as a central server responsible for routing messages between clients [9]. It en- 

sures that messages published by one client are delivered to all clients subscribed to 

the relevant topic. 

 

2.3 Literature Review 

Autonomous mobile robots (AMRs) have been a rapidly expanding research topic over 

the past decades. Recent technological developments in hardware and software have 

made them more feasible, especially in warehouse environments. This literature re- 

view covers recent AMRs designed for warehouse environments and the gap between 

them and WareBot. Table 2.1 shows a comparison between leading international ware- 

house robotic solutions in terms of year, navigation methods, infrastructure require- 

ments, system architecture, communication models, and cost factors to suit the table 

requirements. 
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Table 2.1: Comparison of International Warehouse Robotic Solutions 
 

 

Category 
Amazon Proteus 

AMR [10] 

Attabotics 

Attabot [11] 

MiR Series 

(250/600) [12] 
WareBot 

Year 2022 2020 2020 2026 

 
Navigation 

Method 

LiDAR-based SLAM 

with dynamic obstacle 

avoidance 

Internal grid-based 

tracking within 

modular cube 

structure 

LiDAR SLAM with 

shared maps for fleet 

navigation 

LiDAR-based SLAM 

shared via central 

coordination server 

 
Infrastructure 

Requirements 

 
High (Proprietary floor 

tags and markers) 

High (Standardized 

modular grid racks 

and tracks) 

Moderate (Wi-Fi 

coverage and 

sometimes floor 

markers) 

Low (Independent; no 

prebuilt infrastructure 

or floor tags/markers 

needed) 

System 

Architecture 

Edge computing with 

cloud integration for 

analytics 

Centralized 

warehouse control 

software 

MiR Fleet 

management software 

with cloud updates 

Hybrid 

Edge–On-Premises 

Computing 

Communication 

Model 

Proprietary mesh / 

Wi-Fi 

Centralized grid 

control network 

Wi-Fi / Industrial 

Wireless 

MQTT over internal 

network 

Cost Factors 
High (Enterprise 

licensing) 

High (Proprietary 

hardware) 
Moderate to High 

Low (Affordable 

SME-focused) 

 
While these available solutions are effective, they often require a pre-built infrastruc- 

ture. Scaling up also needs infrastructure modifications. They are also unsuitable for 

warehouses lacking the infrastructure for robotic operation. Furthermore, these solu- 

tions typically rely on expensive proprietary hardware and expensive cloud systems, 

resulting in ongoing subscription fees and data security concerns. Consequently, these 

systems are impractical for SMEs that require simple, secure, and moderate cost au- 

tomation solutions. 

 
WareBot offers a solution to bridge the gap that hinders SMEs access to automation 

systems, by providing a cost-effective, scalable solution without any modification to 

the infrastructure, while at the same time providing a highly secure solution by using a 

hybrid computing model between the edge and on-premises infrastructure, instead of 

relying on cloud computing which may be less secure and require high costs. 

 

 

2.4 Summary 

This chapter outlined the key concepts supporting the WareBot project, including SLAM 

for real-time localization, and Multi-Robot Task Allocation. It reviewed related projects 

to show WareBot’s unique contributions, such as its deployment model and suitability 

for real-world warehouse automation in resource-constrained environments. 
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Chapter 3 

System Design 

3.1 Preface 

In this chapter, we explain the design of Warebot, covering both hardware and software. 

We will justify the selection and adoption of each component, present tables of different 

design options and explain the selection of the appropriate component that meets our 

project’s needs. We will also explain the structure and operation of the algorithms and 

techniques used. A conceptual overview will be presented to show the interaction be- 

tween system components, along with other supporting diagrams. Finally, the chapter 

will conclude with a schematic diagram to illustrate how all components are connected 

to each other. 

 

3.2 System Components and Design Alternatives 
 

3.2.1 Hardware Components 

Robot Selection 

Before selecting the robot, we first defined the main goals that must be achieved 

through the robot are the ability to transport at least 50kg, be suitable for the warehouse 

environment, and have powerful computational capabilities. We primarily considered 

the robots available at our university, as shown in Table 3.1: 
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Table 3.1: Comparison of Robot Platforms 
 

Criteria TurtleBot 2 [13] MP-500 [14] MP-400 [15] 

 
Platform Type 

 
Lightweight, 

open-source 

Heavy-duty industrial 

platform 

Compact, modular 

industrial-grade 

platform 

Common Usage 
Education and 

research 
Heavy industrial use 

Research and 

industrial automation 

ROS 

Compatibility 
Fully supported Supported Supported 

Sensing 

Systems 

Basic sensors (e.g., 

Kinect) 

Advanced sensors, 

high payload 

capacity 

Advanced sensors 

(LiDAR) 

 

 
Mobility 

Suitable for 

controlled indoor 

environments 

Limited indoor 

maneuverability due 

to size 

Balanced, suitable 

for complex 

environments and 

tight spaces 

Operational 

Runtime 

 
Limited 

 
Extended runtime 

Balanced between 

runtime and 

performance 

Size and Weight Small and lightweight Large and heavy 
Compact and 

medium-sized 

Power 

Consumption 
Low High Moderate 

 

 
Images 

 

 

 

  

 
After comparing the three available robot platforms, the most suitable option was the 

MP400. This was due to its size compared to other robots, its superior computing power 

and its advanced sensors. All these characteristics, when compared with other robots, 

showed that the MP400 is highly compatible and well-suited to warehouse needs, as 

warehouses require such robots. 

 
Gripper Selection 

Based on Table 3.2, Three types of grippers were compared alongside a separate 

evaluation of linear actuators. The reason for this was to identify the best mechanism 
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that allows the robots to grip and release shelves smoothly, while still maintaining a low 

cost and high operational quality. Table 3.2 shows the complete comparison: 

Table 3.2: Comparison of Gripper Types 
 

 
Criteria 

Linear Actuators 

(12V, 60N, 15cm) 

Servo-Driven 

Grippers [16] 

Electromagnetic 

Grippers [17] 

 
Grip Strength 

Moderate, 60N 

force sufficient for 

12-30 kg shelves 

 
Moderate, limited 

grip strength 

 
Moderate, depends on 

magnetic material 

 
Control 

Simple DC motor 

control via 

H-bridge drivers 

 
Easy control via 

servomotor 

 
Simple ON/OFF 

electromagnetic control 

 
Complexity 

Mechanically 

simple, requires 

motor drivers 

 
Mechanically 

simpler 

 
Very simple, no moving 

parts 

 
Material 

Compatibility 

Works with various 

materials via 

mechanical 

engagement 

 
Works with most 

objects 

 
Only works with metallic 

objects 

 
Cost 

Cost-effective 

($10-15 per 

actuator) 

 
Cost-effective 

 
Generally low cost 

 
Maintenance 

Low maintenance, 

durable 

 
Low maintenance 

 
Low maintenance 

 
 
 

Images 

 

 

  

 
Based on the comparison above, the linear actuator was selected with the following 

specifications: 12V voltage, 120N force and 15cm length. A mechanical structure was 

designed to form two robotic arms using these actuators. This option is more suitable in 

terms of size and installation on the robot, meeting the requirement to support weights 

between 12 and 30 kg. The 15 cm length is also suitable for the shelf being used and 

the price is very cost effective at $20 per unit. This option combines strength, efficiency 

and cost in manner that is very consistent with our project goals. 

 
Controller Selection 

The controller is an important part of this project because it controls the robot’s arms, 

communicates with the robot and reports on the arms’ condition. In our comparison, 

we made sure that the controllers we selected were appropriate for the goals of our 

project. Table 3.3 shows a comparison between three different types of controllers. 
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Table 3.3: Comparison of Controllers 
 

Criteria Arduino Uno [18] ESP32 [19] Raspberry Pi 4 [20] 

 
Processor 

 
8-bit AVR, 16 MHz 

32-bit Xtensa 

Dual-core, up to 240 

MHz 

 
Quad-core ARM 

Cortex-A72, 1.5 GHz 

 
Memory 

2 KB RAM, 32 KB 

Flash 

520 KB SRAM, 4 MB 

Flash 

 
1–8 GB RAM 

 
Sensor Compatibility 

High, widely 

supported 

High, supports Wi-Fi 

and Bluetooth 

Very high, supports 

many protocols 

 
Ease of Programming 

 
Easy, Arduino IDE 

Easy to moderate, 

Arduino IDE and 

ESP-IDF 

 
Moderate to 

advanced, Linux OS 

 
Connectivity 

 
Limited (wired only) 

Wi-Fi and Bluetooth 

built-in 

Wi-Fi, Bluetooth, 

Ethernet, USB 

 
Cost 

 
Low ($10–20) 

 
Low ($5–15) 

Medium ($35–75 

depending on model) 

Motor Control 

Capability 

Good for small motors 

and simple controls 

Good, supports 

multiple protocols 

Excellent with 

add-ons and OS 

Power Consumption Low Low Higher than others 

 
 
 

Images 

   

 
Based on the comparison above, we chose the ESP32 for several key reasons: it has 

a processor and RAM that meet the project’s functional requirements,and it’s easy to 

program and supports Bluetooth as well as Type-C cable connection. Which gives 

us multiple communication options in the event of connection failure. Considering all 

these advantages and the cost, we concluded that this processor is the most suitable 

choice as it meets all the functional requirements effectively. 

 
Motor Driver Selection 

To drive the linear actuators used in the lifting mechanism, a suitable motor driver was 

required to provide sufficient current and support the 12V operation. We compared 

three common motor driver modules as shown in Table 3.4. 



16  

Table 3.4: Comparison of Motor Drivers 
 

Criteria L293D LM298N TB6612FNG 

Driver Type Dual H-Bridge Dual H-Bridge MOSFET H-Bridge 

Operating Voltage 4.5V – 36V 5V – 35V 4.5V – 13.5V 

Continuous Current 0.6A per channel 2.0A per channel 1.2A per channel 

Peak Current 1.2A 3.0A 3.2A 

Thermal Protection Yes Yes Yes 

Efficiency Low (Voltage drop) Moderate High (Low heat) 

Cost Very Low Low Low 

 
 

 
Images 

  

 

 

 
Based on this comparison, two LM298N dual H-bridge motor driver modules were se- 

lected. These modules provide the power interface between the ESP32 and the linear 

actuators, with each module controlling two actuators. They support a current capacity 

of 2A per channel, which is well within the requirements for our actuators, and fea- 

ture built-in thermal protection to ensure reliable operation under load. This choice 

effectively balances cost, current capacity, and ease of integration. 

 
Camera Module 

We used a camera in our system primarily to improve the robot’s accuracy and relia- 

bility when interacting with shelves. By scanning four AprilTags placed on each shelf, 

the robot can precisely align itself in terms of position and orientation, ensuring accu- 

rate access and engagement. In addition, the camera enables shelf identification by 

reading a unique value assigned to each shelf, allowing the system to distinguish be- 

tween different inventory units. Mounted at the center of the robot’s top surface, the 

camera captures the AprilTag located at the center underside of the shelf, enhancing 

both docking precision and operational efficiency in a cost-effective manner. 
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Figure 3.1: Camera module mounted on the robot for AprilTag detection and shelf 

alignment 

 
Shelf Material Selection 

For the shelf structure, the primary types of available materials were compared as 
shown in Table 3.5: 

Table 3.5: Comparison of Shelf Materials 
 

Criteria Plastic Steel Aluminum 

Weight Light Heavy Light to Medium 

 
Durability 

Good, resistant to 

breakage 

Very high, strong and 

durable 

Good, corrosion 

resistant 

 
Rust Resistance 

 
Completely resistant 

Prone to rust if 

untreated 

Good corrosion 

resistance 

Ease of Cleaning Easy Easy Easy 

Cost Low to Medium High High 

 

We decided to select steel for the shelving. This choice was based on the robot’s 

durability and its weight-bearing capacity as documented by the manufacturer, as well 

as the material’s superior performance compared to alternatives. Steel is cost effec- 

tive, has a much higher load-bearing capacity for repeated warehouse operations, is 

corrosion-resistant and is readily available locally. 

These advantages led us to choose steel because it outperforms other materials in an 

industrial context. 

 

3.2.2 Software Components 

While hardware is essential, WareBot’s main innovation lies in its software. The system 

integrates modules for navigation, localization, obstacle avoidance, and path optimiza- 
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tion to ensure smooth and efficient operations. 

 
Robot Operating System (ROS) 

In WareBot, ROS forms the core of communication between all robots and the central 

server, serving as a bridge between the software components and the hardware. It 

enables sensor data processing, autonomous navigation, and multi-robot coordination 

using a publish/subscribe messaging based on topics for communication [21]. 

 
SLAM 

In WareBot, SLAM is used for navigation on a pre-built map, which was built by the 

algorithm itself [22]. This process is critical for maintaining navigation accuracy and 

adaptability within the warehouse environment, allowing robots to build a map and 

localize themselves on that map simultaneously. 

 
Multi-robot Task Allocation 

In WareBot, we use Multi-Robot Task Allocation (MRTA) to assign tasks for robots 

based on payload, battery levels, and their current locations. This ensures optimized 

resource utilization and efficient fleet coordination. Also, we implemented Conflict- 

Based Search (CBS) to resolve path conflicts between robots before they occur, pre- 

venting operational deadlocks and ensuring smooth traffic flow [4, 23]. 

 
Web application and Database 

A web application allows the workers to send commands, monitor robot status, and 

view task progress. The workers can send a request to get a product from the ware- 

house or to get a shelf from the warehouse. There is a central server to ensure accurate 

stock and shelf tracking, with real-time updateable data. While database integration 

ensures that operational data, such as Task logs, inventory levels, and robot activity 

history, is permanently stored [24]. 

 
Obstacle Avoidance and Path Planning 

The most important algorithms in warehouse operations are Obstacle Avoidance and 

Path Planning. These algorithms are crucial for navigation within the warehouse en- 

vironment. Obstacle Avoidance works to avoid obstacles within the warehouse, while 

Path Planning aims to achieve the optimal path within the environment map at the 

lowest cost. Table 3.6 compares Two Global Path Planning algorithms, and Table 3.7 

Compares Two Obstacle Avoidance algorithms. 
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Table 3.6: Comparison of Global Path Planning Algorithms 
 

Feature A* Algorithm [25] Dijkstra’s Algorithm [26] 

Type Heuristic-based global 

planner 

Graph-based global plan- 

ner 

Optimality Near-optimal with heuris- 

tics 

Always finds optimal path 

Computation 

Cost 

Lower (guided by heuris- 

tics) 

Higher (explores all nodes) 

Scalability Efficient for large maps Slower on large maps 

Typical Use 

Case 

Warehouse navigation, 

robotics 

Network routing, small 

maps 

 
Table 3.7: Comparison of Obstacle Avoidance Algorithms 

 

Feature Dynamic Window Ap- 

proach (DWA) [27] 

Vector Field Histogram 

(VFH) [28] 

Type Velocity-based local plan- 

ner 

Histogram-based local 

planner 

Reactivity High (continuous re- 

planning in velocity space) 

Moderate (reacts to obsta- 

cles via histograms) 

Smoothness of 

Path 

Generates smooth, feasi- 

ble trajectories 

Can produce oscillations or 

sharp turns 

Computation 

Cost 

Moderate (velocity sam- 

pling) 

Lower (histogram updates) 

Dynamic Obsta- 

cle Handling 

Very effective Less effective 

Typical Use 

Case 

Indoor navigation, dynamic 

environments 

Outdoor/structured envi- 

ronments 

 
According to existing comparisons, the A* algorithm is superior to Dijkstra’s algorithm 

because it is better suited for warehouse navigation and more efficient for large maps. 

Furthermore, it utilizes an optimal heuristic-based global planner, unlike Dijkstra’s al- 

gorithm. Regarding obstacle avoidance, we employed a dynamic window approach, 

as it is more effective than the Vector Field Histogram algorithm. Simultaneously, it 

performs velocity sampling and smooths robot movement. This means we used a hy- 

brid path planning approach to obtain the optimal path using the A* algorithm and then 

fed this path to the Dynamic Window Approach for real-time obstacle avoidance and 
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safe local navigation within the warehouse environment. This combination ensures 

both global efficiency and global adaptability within the warehouse environment. 

 
Deployment Options 

Selecting the right deployment model is critical for the WareBot system to ensure reli- 

able communication, real-time performance, and secure operations. Several deploy- 

ment options are available for Internet of Things (IoT) and robotic systems, as summa- 

rized in Table 3.8. 

Table 3.8: Comparison of IoT deployment models 
 

Feature Cloud-Based De- 

ployment [29] 

On-Premises De- 

ployment [30] 

Hybrid Edge–On- 

Premises Deploy- 

ment [5] 

Processing Lo- 

cation 

Remote cloud 

servers 

Local warehouse 

server 

Edge on robot + local 

server 

Latency Higher Low Very low for critical 

tasks 

Scalability High Limited Moderate 

Security Potential privacy is- 

sues 

High High 

Connectivity 

Dependence 

Internet required Minimal Minimal 

Suitable Tasks Data aggregation, 

analytics 

Local control, sensi- 

tive data 

Real-time control, 

fleet coordination 

 
Based on previous comparisons, using a hyper-edge on-premise computing model 

is one of the best available solutions. This is because some tasks require real-time 

decision-making, such as SLAM, obstacle avoidance, and monitoring control for robots. 

This necessitates a central on-premise server to manage fleet management, coordina- 

tion, task allocation, and map synchronization. This architecture is characterized by its 

reduced latency and cloud connectivity dependency, while simultaneously providing a 

secure and scalable solution for dynamic warehouse environments. 

 
Communication Protocols 

Communication protocols are essential in the WareBot system to enable data exchange 

between robots, sensors, and the central server. They ensure seamless integration, 

reliability, and security during multi-robot coordination. Table 3.9 compares MQTT, 

CoAP, and HTTPS based on their main features and suitability for WareBot. 
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Table 3.9: Comparison of IoT communication protocols 
 

Feature MQTT [7] CoAP [31] HTTPS [32] 

Type Publish– 

Subscribe 

Request– 

Response 

Request– 

Response 

Use Case IoT messaging, 

telemetry 

IoT constrained 

devices 

Secure web 

communication 

Connection Lightweight per- 

sistent 

Lightweight 

(UDP-based) 

Persistent 

(TCP-based) 

Reliability QoS levels 

(0,1,2) 

Confirmable 

/ Non- 

confirmable 

Reliable 

Overhead Low Low High 

Message Or- 

dering 

Ordered Unordered Ordered 

Security TLS/SSL, au- 

thentication 

DTLS SSL/TLS 

Latency Very Low Low Higher (hand- 

shake, encryp- 

tion) 

Web Browser 

Support 

No No Yes 

 
For the WareBot project, MQTT is preferred for communication between robots and 

the server. Its lightweight publish–subscribe model, scalability, and low latency make 

it ideal for real-time multi-robot coordination and status updates. 

 
Brokers 

In the WareBot system, the MQTT broker manages message exchange between 

robots, sensors, and the server. It ensures reliable and secure communication, which 

is essential for coordinating multiple MP-400 robots in real time. Table 3.10 compares 

AWS IoT Core, HiveMQ, and Mosquitto based on key features. 



22  

Table 3.10: Differences between brokers 
 

Feature AWS IoT Core 

[33] 

Mosquitto [9] HiveMQ [34] 

Cloud Provider Amazon Web 

Services 

N/A (Local) N/A (Local) 

Ease of Use User-friendly 

dashboard 

Basic CLI configura- 

tion 

User-friendly 

GUI 

Security Fea- 

tures 

Advanced 

(IAM, TLS, 

fine-grained 

policies) 

Basic (username/- 

password, TLS) 

Advanced 

(RBAC, TLS, 

plugin-based 

security) 

Authentication IAM, X.509 Cer- 

tificates 

Username/Password Various  meth- 

ods (OAuth 

2.0, LDAP, 

Certificates) 

Device Man- 

agement 

Yes (AWS 

IoT Device 

Management) 

Limited Yes (Control 

Center + REST 

API) 

Pricing Model Pay-as-you-go Open Source Free (Com- 

munity)  / 

Commercial 

(Enterprise) 

 
For the WareBot project, we chose HiveMQ for its strong security, multiple authentica- 

tion options, and device management features. This ensures that robot communication 

and task data remain protected and reliable. 

One of the key aspects in warehouse systems is the monitoring and feedback mech- 

anism, which ensures reliable and efficient robot operation. In our project, we used 

the Grafana system for the continuous monitoring of robots. The special dashboard 

in Grafana contains monitoring tools and visualization tools that provide real-time data 

for CPU usage, RAM memory consumption, battery level, and real-time position (X, Y, 

Yaw), which are collected and transmitted to the server through the monitoring tools. 

Grafana provides a dashboard that visualizes the overall system status over time, and 

this will help us to predict maintenance of the robots. 

 

3.3 Conceptual System Description 

This section illustrates how our system works using two diagrams. These diagrams 

help us understand how each component interacts with other components and how 
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they are connected, as shown in Figure 3.2. 
 

Figure 3.2: General Block Diagram 

 
The second diagram shows how the system works when assigning tasks. The workflow 

follows a set of steps when workers need to request a shelf until the shelf is delivered, 

as follows: 

1. The worker clicks on the web interface to request a specific shelf. 

2. The server specifies the robot according to the sum of priority (battery, location, 

and status). 

3. The robot moves to the specified shelf location and aligns itself to catch the shelf 

correctly, and then moves to deliver it to the worker. 

4. The server continuously updates the location of the shelf and the robot while 

moving, and finally shows on the web interface the final position of the robot and 

shelf, as well as the status of the assigned task. 

These steps are shown in Figure 3.3 as a graphical representation. 
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Figure 3.3: Conceptual Workflow Diagram. 
 

 

3.4 Algorithms and Diagrams 
 

3.4.1 Algorithms 

Pathfinding using A* Search 

The steps and processes involved in implementing the A pathfinding algorithm, can be 

summarized as follows: 

1. Initialization 

• Create open_set (priority queue) for nodes to be evaluated. 

• Initialize came_from, g_score, and f_score maps. 

• Set start node g_score to 0 and f_score to heuristic to goal. 

• Add start node to open_set. 

2. Search Loop 
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• While open_set is not empty: 

• Get node with the lowest f_score. 

• If goal achieved, recreate and return path. 

3. Neighbor Evaluation 

• For each neighbor: 

• Calculate tentative cost. 

• If better than recorded cost, update maps and add neighbor to open_set. 

4. Failure 

• If open_set is empty and goal not reached, return failure. 

 
Pseudocode: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Obstacle Avoidance using Dynamic Window Approach (DWA) 

The steps and processes involved in implementing the DWA obstacle avoidance algo- 

rithm, can be summarized as follows: 

1. Velocity Sampling 

• Compute dynamic_window based on current velocity and acceleration limits. 

• Sample possible (v, w) velocity pairs. 

2. Trajectory Prediction 
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• For each (v, w), predict short-term trajectory. 

3. Trajectory Evaluation 

• Calculate heading score, clearance score, and velocity score. 

• Combine with weights into an objective value. 

4. Best Velocity Selection 

• Choose (v, w) with highest objective value. 

5. Execution 

• Send selected velocities to robot motors. 

 
Pseudocode: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Task Allocation in Multi-Robot System 

The steps and processes involved in implementing a simple task allocation algorithm, 

can be summarized as follows: 

1. Identify Resources 

• Get list of available robots and pending tasks. 

2. Cost Calculation 

• For each (task, robot), calculate cost based on distance, battery, workload, 

and capabilities. 

3. Assignment 

• Assign task to robot with minimum cost. 

• Mark robot as busy and task as assigned. 

4. Integration with Navigation 
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• Plan path for assigned robot (e.g., A*). 

• Resolve conflicts for multiple robots if needed. 

5. Monitoring 

• Continuously update robot status and reallocate if necessary. 

 
Pseudocode: 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
3.4.2 Diagrams 

Shelf Retrieval Process Steps 

The sequence diagram in Figure 3.4 illustrates the complete process of shelf retrieval, 

from user request to final delivery and notification. 

1. User Request: The user specifies a specific shelf and requests to move the shelf 

to a specific location for delivery through the web interface. 

2. Server Handling: The web interface forwards the user’s request to the server 

for validation and authentication, and records the request time. 

3. Status Lookup: The server queries its database to obtain the current location of 

the shelf and the current robots’ locations, status, and battery level of each robot. 

4. State Return: The database returns information about the shelf and robots to 

the server. 

5. Global Assignment and Planning: The server runs the MTRA algorithm to as- 

sign the most suitable robot to the task. It assigns an initial path for the robot 

using the A* algorithm, and also runs the CBS algorithm to solve any conflicts 

that may occur. 
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6. Task Submission: The server sends the task to the assigned robot, which has 

an initial plan and the location of the shelf. 

7. Local Planning and Navigation: The process begins by utilizing the precise 

location of the CBS network by making adjustments to obstacles. The robot runs 

the Dynamic Window Approach (DWA) for obstacle avoidance on its software 

and makes re-planning active for the entire task journey to continuously update 

the path using the A* algorithm to get the shortest path. 

8. Alignment Phase: After reaching the shelf, the robot begins the alignment pro- 

cess using its connected camera to ensure it reaches the exact point with the 

correct orientation. Feedback is provided to monitor the robot’s alignment and 

ensure it is performing correctly. 

9. Shelf Pickup: After confirming correct alignment, the robot sends commands 

to the ESP32 controller to control the linear actuators to extract and pick up the 

shelf. 

10. Mid-Job Update: After completing the pickup process, the robot sends feedback 

to the server that the shelf has been correctly picked up, allowing the server to 

update its database. 

11. Delivery: The robot navigates and keeps moving until it reaches its destination. 

At this point, the robot sends commands to the ESP32 controller that controls the 

linear actuators to retract and release the shelf. 

12. Completion: The robot notifies the server that the task is completed successfully, 

and the server updates its database to reflect the new location of the robot and 

the shelf. 

13. User Notification: The server sends a notification to the user that the task was 

completed successfully. 
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Figure 3.4: Sequence diagram of the shelf retrieval process. 

 
Backend Software Architecture 

The Backend Layer acts as the central orchestrator of the entire WareBot system. 

It bridges the high-level user interactions from the frontend with the low-level robotic 

control executed by the ROS 2 layer. The backend is architected as a set of integrated 

microservices. The core component is a Flask API server. Figure 3.5 illustrates the 

block diagram of the backend architecture. 
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Figure 3.5: Backend Software Architecture Block Diagram 

 
Database Schema and Data Flow 

The system uses MongoDB for storing structured data. The schema, illustrated in 

Figure 3.6, defines the core collections including Robots, Tasks, Shelves, Zones, and 

Users. The flow of telemetry data is shown in Figure 3.7. 
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Figure 3.6: Database Schema 

 

 

 
Figure 3.7: Data Flow of Telemetry 
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3.5 Schematic Diagrams 

As shown in Figure 3.8, the schematic diagram illustrates the hardware connections 

within the WareBot system. The MP-400 robot PC communicates with the ESP32 

microcontroller via a USB connection to control four servo-driven grippers. A DC reg- 

ulator provides a stable 5V power supply for the servos. The robot PC connects to the 

central server through a Wi-Fi router, enabling task coordination and navigation data 

exchange. 

 

Figure 3.8: Schematic Diagram of WareBot Hardware Connections 
 

 

3.6 Summary 

This chapter presented the design of the WareBot system, covering hardware and 

software choices, conceptual workflow, and the algorithms that support navigation, co- 

ordination, and obstacle avoidance. The design aims to ensure safe, efficient, and 

scalable automation for SMEs. 
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Chapter 4 

Implementation 

 
4.1 Preface 

This chapter provides an overview of the software and hardware implementation, is- 

sues, and challenges related to the implementation. 

 

4.2 Hardware Implementation 

In the previous chapter, we showed how the components interconnect with each other. 

This section presents how we assembled the prototype, then moved to the real robot. 

setup, and finally validated the complete integrated hardware view. 

 

4.2.1 Prototype Setup 

We start with prototype of all system components. This gave us a future view of how the 

system will work. We began by connecting the electronic components on a breadboard, 

which makes the wiring flexible and allows us to change the connections. 

Figure 4.1(a) shows the ESP32 connected to two motor drivers that control the linear 

actuators, while Figure 4.1(b) shows the same setup connected to the linear actuators. 

After we confirmed the connections and verified the system behavior, we installed the 

linear actuators on the four corners of the robot, as shown in Figure 4.1(c). This step 

was used to observe how the actuators extend and retract while the robot is navigating. 

Finally, Figure 4.1(d) shows the shelf prototype we built, designed with dimensions that 

fit the robot. 

The complete prototype stages are shown in the following figure below. 
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(a) control wiring on 

breadboard 

(b) actuator control 

validation 

(c) actuators 

mounted on robot 

corners 

(d) shelf prototype 

frame 

Figure 4.1: Prototype setup stages 
 

 

4.2.2 Real Hardware Setup 

In the previous chapter, we showed how the components interconnect with each other. 

This section will present how we assembled these components and how we connected 

them. 

 
Connections Components 

After validating all connections, we moved the wiring from the breadboard to a PCB 

board to make our connections stable. Figure 4.2 shows the final connection scheme. 

The ESP32 is used as the controller to operate the linear actuators through two L298N 

motor drivers (two actuators per driver). 
 

Figure 4.2: final connection layout 

 
Linear Actuators and Mechanical Arms 

As we explained in the design chapter, we built the robot’s arms using four linear ac- 

tuators mounted on a mechanical frame. This reduces the risk of actuator damage 

because the forces are transferred to the metal structure, not to the actuator’s body. 

We designd the arms with suitable measurements to ensure the design fits the robot’s 

shape, as shown in Figure 4.3(a). Figure 4.3(b) shows the final arms mounted on the 

robot. 
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(a) AutoCAD design (b) Final physical shape 

Figure 4.3: Complete mechanical arms of the robot 

 
Shelf (Final Shape) 

we designed the final shelf shape with a size of 1 m × 1 m to match the robot footprint. 

The shelf have four wheels to ensure smooth movement when the robot picks up the 

shelf and transports it. The final design is shown in Figure 4.4: Figure 4.4(a) presents 

the AutoCAD design with measurements, and Figure 4.4(b) shows the final physical 

shelf. 
 

(a) AutoCAD design (b) Final physical shape 

Figure 4.4: final shape 
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4.2.3 Final Integrated View 

After completing all system components in the final structure, we assembled them into 

the robot. The following figure shows the final look of the robot while picking up the 

shelf, including the mechanical arms. 

 

(a) final veiw of components (b) Final veiw of component with shelf 

Figure 4.5: final veiw 
 

 

4.3 Software Implementation 

WareBot was implemented as a layered system to keep development modular and 

easy to maintain. At a high level, the operator interacts with the system through a web 

interface, the backend orchestrates tasks and fleet state, and the ROS 2 layer executes 

navigation and low-level robot actions. 

 

4.3.1 Web Application Implementation 

The WareBot web application functions as the central operator interface, enabling real- 

time telemetry visualization and comprehensive control of the robotic fleet. It is built 

using a decoupled architecture to separate the user interface from low-level robot con- 

trol. 

 
Technology Stack and Architecture 

The frontend is built with React and TypeScript, structured into modular components 

for the Dashboard, Tasks, Robots, Map, Shelves, and Zones. It uses Socket.IO to 

receive live telemetry events and instantly update the interface. 

The backend uses a Flask application providing a RESTful API for database operations 

(creating shelves, tasks, etc.). It acts as a bridge between the frontend and the robots 

by running an embedded MQTT client. This client continuously processes data from 

the ROS 2 nodes and relays it to the web browser via Socket.IO. 
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System Monitoring The Dashboard provides real-time visibility into fleet operations. 

It displays essential operational metrics updated at 1 Hz, including CPU utilization, 

memory consumption, battery state, and robot pose. Alongside the live dashboard, a 

Grafana instance enables historical trend analysis using archived telemetry data. This 

allows operators to proactively detect performance degradation or anomalies over time. 

Together, these tools ensure comprehensive situational awareness, as illustrated in 

Figure 4.6. 
 

(a) System Dashboard — live robot telemetry and task status 

 

(b) Grafana interface — historical diagnostics and performance 

trends 

Figure 4.6: System Monitoring Interfaces 

 
Fleet and Task Management Operators initiate assignments through the Task Man- 

agement interface by selecting a source shelf and destination zone. The system then 

utilizes a Multi-Robot Task Allocation (MRTA) solver to automatically dispatch the most 

optimal idle robot based on proximity and workload. Concurrently, the Robot Man- 

agement page provides a live overview of the fleet. It tracks the operational state of 

each robot—categorized as idle, navigating, or engaged—in real time, as depicted in 

Figure 4.7. 
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(a) Task creation — shelf selection and zone assignment 

(b) Robot fleet status — live operational state per robot 

Figure 4.7: Operational Management Interfaces 
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Warehouse Environment Configuration The Map Interface renders the dynamic 

occupancy grid as an interactive web canvas. Known records of shelves and opera- 

tional zones are superimposed onto this map, providing a unified spatial representa- 

tion of the warehouse layout. Operators can intuitively create or modify these shelf 

and zone entities through dedicated management modal forms. This seamless inte- 

gration ensures the virtual warehouse digital twin remains perfectly synchronized with 

the physical environment, as demonstrated in Figure 4.8. 
 

(a) Map view — live occupancy grid 

 

(b) Shelf management 
 

(c) Zone management 

Figure 4.8: Warehouse Environment Management 
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4.3.2 ROS 2 Layer Implementation 

In our project, we use ROS 2 to execute warehouse operations through both simulation 

and real-robot deployment, as explained below. 

 
Real Robot Environment 

In the context of physical deployment, the robotic units invoke ROS 2 Jazzy Jalisco as 

the primary middleware on the Neobotix MP-400 platform. The underlying processing 

architecture is structurally divided into three core sub-packages: warebot_map_merger, 

warebot_robot_bridge,  and  warebot_task_runner. 

 
Map Merger and Forwarding The warebot_map_merger node is tasked with process- 

ing the overarching occupancy grid map, subsequently serializing the grid array into a 

JSON payload for transmission over the MQTT topic warehouse/map. This architectural 

decision decouples the web-based user interface from direct ROS 2 dependencies, 

thereby facilitating hardware-agnostic, low-latency updates. 

 
Robot Monitor (Bridge) The warebot_robot_bridge component operates as an in- 

termediary telemetry conduit, systematically aggregating hardware diagnostics (includ- 

ing processor utilization, volatile memory consumption, and thermal states), battery ca- 

pacity metrics, and kinematic pose estimations. This aggregated dataset is published 

via the MQTT protocol at a stable frequency of 1 Hz, supplying essential data streams 

to both the Grafana visualization dashboard and the fleet management controller. 

 
Task Runner and Actuation The warebot_task_runner node is the central state 

machine for shelf transportation. It safely executes the following sequence: 

1. Navigation Goal: Sends destination coordinates to Nav2. 

2. Dynamic Footprint: Adjusts the robot’s collision boundaries (from 60 cm to 

100 cm) when a shelf is attached. 

3. Precision Alignment: Centers the robot precisely underneath the shelf using 

the AprilTag array. 

4. Lifting Mechanism: Sends serial commands to the ESP32 to actuate the linear 

motors and lift the shelf. 

 
Mapping Implementation Spatial environment mapping was executed through the 

deployment of the Neobotix neo_mp_400-2 stack, seamlessly integrated with the ROS 2 

slam_toolbox implementation. A comprehensive two-dimensional occupancy grid 

map was synthesized by teleoperating the robotic platform through the operational 

domain, as depicted in Figure 4.9. This foundational mapping procedure facilitates 
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persistent environment recognition and enables autonomous trajectory generation to- 

ward statically defined storage and deployment sector coordinates. 
 

Figure 4.9: Generated Occupancy Grid Map of the Warehouse 
 

 
Simulation Environment 

We used simulation to implement and test the project functionality before moving to the 

real robots. This helped us learn how to interact with the robot, become familiar with 

the ROS environment, and run functionalities such as navigation, goal execution, and 

multi-robot scenarios. 

We began using the ROS 2 Jazzy distribution with a single robot. At this stage, we fo- 

cused on running one robot with all the core functions required for our project, including 

navigation, map creation, localization, and TF. These stages allowed us to verify the 

main functional requirements that our system must perform. 

To enable a multi-robot scenario, we moved to ROS 2 Humble because Jazzy does 

not support multi robot scenarios. We repeated the same work done in Jazzy, but with 

additional software to handle the challenges of running multiple robots that work on a 

shared map. We implemented three key concepts in our system: 

• Awareness: allows each robot to detect other robots and treat them as dynamic 

obstacles that must be avoided. 

• Priority and safety: solves situations where robots get closer to each other. In 

the normal flow, robots will stop and wait. By adding priority and safety between 

robots, one robot continues moving while the others stop, and this repeats until 

all conflict is resolved. 

• Replanning: keep robots updating while moving, this ensure each robot take new 

path to reach its goal. 

To prove that our system works in different environments, we created multiple environ- 

ments where the robots operate, as shown in Figure 4.10. 
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(a) World 1 
(b) World 2 (c) World 3  

(a) World 4 

Figure 4.10: Four simulation worlds used to evaluate robot spawning and multi-robot 

behavior. 

 
After confirming that our system works well across different environments without 

changing the system software, we assigned tasks to four robots to see how the core 

concepts work. Figure 4.11(a) shows the robots starting navigation, Figure 4.11(b) 

shows the robots moving to their goals while continuously updating their plans and 

solving conflicts and deadlock, and Figure 4.11(c) shows the robots reaching their as- 

signed goals successfully. 

 

(a) Navigation start (b) Moving to goal (c) Goal reached 

Figure 4.11: Simulation phases showing robots navigating toward assigned goals. 

 

4.3.3 Implementation Challenges 

In our project, several challenges occurred and required changes during system inte- 

gration: 

• Linear actuator structural limitations: 

The first design for the robot arms was not a good choice because the linear 

actuators are manufactured mainly for extension and retraction, not for bearing 

forces caused by moving the shelf while the robot is navigating. We needed a 

way to transfer the stress to a structure that can handle it. The final mechanical 

frame solved this challenge and provided a stronger approach for moving the 

shelf without damaging the linear actuators. 
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• Alignment precision: 

The initial QR-code alignment was not accurate when the robot reached the shelf 

location, and the pickup operation did not succeed every time. This made us 

change the strategy by using quad AprilTags, to increase accuracy and ensure 

the pickup operation works well. 

• ROS 2 multi-robot and TF separation: 

In multi-robot system, we faced issues like topics between robots not separated 

especally TF frames. This is not supported directly by the official packages in our 

setup. Therefore, we had to develop a solution from the beginning to separate 

topics and frames for each robot. This separation was necessary to avoid topic 

conflicts when running four robots. 

• Compute and graphics limitations on a laptop: 

When running multiple robots, including simulation, visualization, and multiple 

navigation for each robot, this makes heavy load on CPU/GPU and memory 

on the same device. This affected performance, especially when spawning four 

robots in different worlds with separtion topics all on the same device. 

• Coordination limits: 

Nav2 alone does not fully solve multi robots conflict. Additional coordination logic 

was needed to improve global awareness, reduce deadlocks, and enforce safe 

behavior when multiple robots share the same environment. 

 

4.4 Summary 

In this chapter, we reviewed the hardware and software implementation of each com- 

ponent, which was fully explained, and then we discussed the issues and challenges 

we faced during the implementation phase. 
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Chapter 5 

Testing Results and Discussion 

 
5.1 Initial Testing and Calibration 

 
 Before assembling the parts on the robot, we first tested each component individually, 

as shown in Figure 1, to make sure everything worked correctly. We didn’t want to put 
them on the robot, and after that, we discovered something wrong happend. We 
started by testing ESP32 microcontroller to ensure the pins were connected correctly, 
and also tested the LM298N motor driver to see if there was any problem with it, after 
that we calibrated the linear actuators to see if they worked correctly without any 
problem. The linear actuator testing process includes: 

1. Extension Test: Take 22 second to reach full extension 

2. Hold Period: 5 second pause at full extension 

3. Retraction Test: Take also 22 second to return to the initial position 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Breadboard testing setup for initial component validation and calibration 
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5.2 Validation and Testing  

We did tests to system at two levels: testing the individual components and the 

integrated system togetehr, this sectoion shwo the testing methods and results. 

 

5.2.1 Unit Testing 

Individual components were tested in isolation to verify functionality before integration: 

 
ESP32 Microcontroller Testing: We tested the ESP32 microcontroller to check if 

the serial communication worked correctly, and checked the GPIO pin functionality, 

and the test showed the ESP32 was ready for work. 

 
Motor Driver Testing: The LM298N motor drivers were tested to verify if they work 

in both forward and reverse operation, and the test also shows they are ready for 

wrok. 

 
Linear Actuator Testing: Here we extended the linear to see if they work in forward 

operation and did the same thing for backward operation, and both work correctly 

without any issues. 

 

Camera and Vision System Testing: Check the ability of the camera’s ability to 

detect the AprilTags at various distance and the result was very good, meaning that 

the camera is ready. 

 

5.2.2  Integration Testing 

After successful unit tests, components were integrated and tested as subsystems: 

 

We assembled the microcontroller, motor driver, and linear actuators together and 

tested synchronized four actuators and everything was good and worked as 

expected, I mean the linear move backward and forward correctly. And for the vision 

system we integrated the AprilTag system with the robot’s positioning, here what we 

do: AprilTag were mounted under the shelf, the cam era was mounted above the 

robot and the robot drives under the shelf to detect the AprilTag and use them to 

alignment exactly under the shelf in way the linaer actuators can enter the rings and 

after what we saw the system success the test and all the components work 

correctly.  
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5.2.3  System-Level Testing 

Complete end-to-end system testing was conducted to validate the entire operational 

workflow: 

 
Test Scenario:  A complete shelf retrieval cycle including: 

1. Robot navigation to shelf location. 

2. Precision alignment using quad AprilTag system. 

3. Actuator extension and shelf engagement. 

4. Shelf transport to destination. 

5. Actuator retraction and shelf release. 

 
Performance Metrics: 

 
Positioning Accuracy 

 The robot positioned itself with 95% success rate. 

 
 

Mechanical Engagement 

Actuator arms successfully engaged shelf loops in most test scenarios and the designed arms 
handled shelf weights reliably. 

 
Operational Timing Analysis The complete retrieval cycle timing breakdown: 

• Navigation to shelf: ∼7 seconds. 

• Alignment procedure: ∼8 seconds. 

• Actuator extension and engagement: ∼22 seconds. 

• Transport to destination: ∼7 seconds. 

• Actuator retraction and release: ∼22 seconds. 

• Total cycle time: ∼70 seconds per shelf retrieval. 
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5.2.4 Validation Results 

The testing program validated that WareBot meets its core functional requirements: 

 

✓ Autonomous Navigation: Robot successfully navigates to shelf locations 

✓ Precision Positioning: Quad AprilTag system enables accurate alignment 

✓ Reliable Engagement: Mechanical arm design ensures consistent shelf cou- 
pling 

✓ Performance Targets: Cycle time of 70 seconds suitable for warehouse oper- 
ations 

 
The system showed functionality suitable for small to medium-sized warehouse envi- 

ronments with moderate throughput requirements. 

 

 

5.3 Detailed Analysis of Results and Experiments 

This section presents the experimental results from testing WareBot in various 

operational conditions. 

5.3.1 Experimental Setup and Methodology 

We conducted 40 complete shelf retrieval cycles across multiple testing sessions. Each 

cycle covered the full operational sequence: navigating to the shelf, aligning precisely 

with it, engaging the lift mechanism, transporting the shelf and releasing it at the des- 

tination. We varied the test conditions to see how robust the system is and where it 

might fail. 

 
Test Variables  The following variables were systematically evaluated: 

 
• Shelf payload weights (empty shelves vs. loaded shelves with varying weights) 

• Shelf orientation angles (perpendicular alignment vs. angular misalignment up 

to 65°) 

• General lighting conditions in the environment (natural daylight, artificial ware- 

house lighting, low-light conditions) 

• Battery charge levels (100% to 30% remaining capacity) 

 

5.3.2 Overall System Performance 
Success Rate Analysis Table 5.1 presents the overall performance metrics for the 
experimental evaluation 
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. 

Table 5.1: Overall system performance metrics 
 

Metric Value 

Total test cycles 40 

Successful completions 36 

Failed attempts 4 

Overall success rate 90% 

 
The system demonstrated a strong 90% success rate across all test scenarios indicat- 

ing robust performance suitable for warehouse deployment. The four failed attempts 

were analyzed to identify root causes and inform future improvements. 

 

 

Performance Consistency Table 5.2 presents the performance breakdown across 

different test conditions, demonstrating the system’s robustness under various opera- 

tional scenarios. 

Table 5.2: Performance breakdown across different test conditions 
 

Test Condition Tests Conducted Successful Success Rate 

Standard conditions (empty shelf, good lighting) 20 19 95% 

Loaded shelf (5–10 kg payload) 6 6 100% 

Angular misalignment (5–65°) 6 5 75% 

Low-light conditions 8 6 75% 

Overall 40 36 90% 

 

 

5.3.3 Payload Weight Impact 

One of the most important aspects of our system is the efficiency of the warehouse 

automation system in handling varying weights without performance issues or prob- 

lems. Therefore during the testing process we applied diverse loads to determine the 

efficiency of our designed mechanical system and its maximum load capacity without 

issues. 

 
Test Results The payload testing demonstrated consistent performance across the 

evaluated weight range: 
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• Empty shelf (12–17 kg): 100% success rate (6/6 successful retrievals) 

• Light load (20–24 kg total): 100% success rate (4/4 successful retrievals) 

• Medium load (25–30 kg total): 100% success rate (6/6 successful retrievals) 

 
Analysis Even though our field of study was not related to mechanics, we were 

able to design mechanical arms that could handle the different weight ranges they 

might be exposed to, we successfully passed this test. 

 

5.3.4 Orientation Robustness 

Angular Misalignment Testing: The shelf orientation was taken into consideration, 

and the system was tested by placing the shelf at different angles on purpose to 

ensure it would work correctly. 

 

 

 Test Results 

• Perpendicular alignment (0°): 100% success (5/6) 

• 5° misalignment: 100% success (2/2) 

• 30° misalignment: 100% success (2/2) 

• 65° misalignment: 50% success (1/2) 

 
Analysis:  The Quad AprilTag alignment system showed clearly excellent ability to 

align the robot with the shelf up to a 65-degree angle 

This finding suggests two operational considerations: 

 
1. Shelf placement tolerances should keep angular deviation below 65° for reliable 

operation 

2. Future enhancements could include active angular correction through robot base 

rotation 

 

5.3.5 Battery Performance Analysis 

The robot’s battery was also a factor to consider. Tests were performed at various 

battery levels ranging from 30% to 100% to check for any performance changes. 

 
Test Results 

No measurable difference in navigation accuracy across battery levels 
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Analysis: The MP-400 robot platform is keeping a regulated voltage output to the 

subsystems, doesn’t matter what the robot’s battery level is it keeps the same output. 

 

 

5.4 Error and Success Rate Calculations 
 

5.4.1 Overall Performance Metrics 

Primary Success Metric The overall system success rate of 90% (36/40 successful 

completions) indicates strong performance for a prototype warehouse automation sys- 

tem, this metric compares well to initial development targets and shows the system is 

ready for controlled deployment scenarios. 

 

 
Success Rate by Subsystem Table 5.3 provides a detailed breakdown of success 

rates for individual subsystems enabling identification of the most reliable components 

and areas requiring improvement. 

Table 5.3: Success rate breakdown by subsystem 
 

Subsystem Success Rate Notes 

Navigation to shelf location 100% (20/20) No navigation failures ob- 

served 

AprilTag detection (normal 

light) 

100% (18/18) All tags detected under ad- 

equate lighting 

AprilTag detection (low 

light) 

75% (6/8) Critical failure mode identi- 

fied 

Alignment procedure 95% (19/20) One failure due to extreme 

angular misalignment 

Actuator engagement 94% (17/18) One failure due to shelf off- 

set 

Shelf transport 100% (18/18) No failures after successful 

engagement 

Shelf release 100% (18/18) Retraction mechanism 

100% reliable 
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5.5 Justification of Obtained Results 
 

5.5.1 Performance Results Interpretation 

90% Success Rate Context The achieved 90% overall success rate should be in- 

terpreted within the context of experimental conditions: 

• Extreme testing conditions: On purpose included challenging scenarios (65° 

angular misalignment, low lighting) unlikely in controlled warehouse environ- 

ments 

• Prototype status: First-generation system without optimization or fine-tuning 

• No environment preparation: Tests conducted without special environmental 

setup (Ex. supplementary lighting) 

Under standard warehouse conditions (normal lighting, proper shelf placement), the 

success rate approached 95%, indicating strong performance for real-world deploy- 

ment. 

 
Failure Mode Analysis We documented four failures during the 40 test cycles. 

Here’s what went wrong in each case and why: 

• Failure Case Standard Conditions (1 failure): 

What happened: The robot failed to properly grip the shelf Even though normal 

conditions (good lighting and correct alignment). 

Cause of failure: After reviewing the case, was found that there was a slight 

deviation in the calibration because the shelf moved slightly before the grip was 

complete. This caused an error where the actuator arms did not reach the locking 

rings correctly. 

To prevent this from happening again, the shelf must remain stationary for the 

robot to properly grip the shelf. 

• Failure Case Poor Shelf Angle (1 failure): 

What happened: The shelf angle was unsuitable, it was greater than 65 degrees 

and far from the normal position. 

Cause of failure: The robot collided with the shelf before entering underneath it, 

causing the shelf to shift out of position and resulting in the robot failing to reach 

it. 

To prevent this from happening again, the shelves should be angled lower than 

the angle at which the robot cannot enter underneath them. That is, less than 65 

degrees. 

• Failure Case Low Lighting (2 failures): 

What happened: The lighting was poor, affecting the alignment process. The 

camera mounted on the robot, which reads AprilTags, needs good lighting to 
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function. Therefore, it could not read the AprilTag, and the robot could not align 

correctly. 

Cause of the failure: The camera had difficulty reading AprilTags, resulting in the 

robot not aligning with the shelf. 

To avoid this happening again, ensure that the lighting is adequate and suitable 

for operation. 

 

5.6 Summary 

 In this chapter, we covered our experimental evaluation of WareBot (40 test cycles ) 

under different operational conditions The failure analysis showed that nothing is 

fundamentally wrong with the design. All four failures came from environmental 

factors (lighting, shelf angles) that we can address. Our component choices, the 

ESP32 microcontroller, the linear actuator, and AprilTag system proved to be solid 

decisions based on the test results. Overall, WareBot meets its main goal: providing 

affordable warehouse automation for small and medium-sized businesses. There’s a 

possibility to improve, especially in handling poor lighting and adjusting for angled 

shelves. 
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 Chapter 6 

Conclusion and Future Work 

 
6.1 Concluding Remarks 

This project successfully developed and presented WareBot, an intelligent 

warehouse automation system designed specifically for small and medium-sized 

enterprises. Through careful design, iterative development, and comprehensive 

testing, we created a functional prototype that addresses the main barriers 

preventing SMEs from adopting warehouse automation, including very high costs 

and integration challenges with existing infrastructure. 

6.2 Achievement of Project Objectives 

WareBot accomplishes its primary goals: 

 

1. Affordability: By using available components (ESP32, LM298N drivers, 

standard linear actuators) and open-source software frameworks. 

2. Reliability: The 90% overall success rate, improving to 93–98% under 

controlled conditions, showed operational reliability suitable for real-world 

warehouse deployment. 

3. Precision: The quad AprilTag alignment system enable reliable shelf 

engagement without expensive laser-based positioning systems. 

4. Scalability: The modular architecture, MQTT-based communication, and stan- 

dardized shelf design provide a foundation for expanding to multi-robot opera- 

tions as warehouse needs grow. 
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6.3 Future Work 

While WareBot successfully achieves its core objectives, there are opportunities exist 

for enhancement and optimization. This section shows potential future developments 

across multiple dimensions. 

 

6.3.1 Multi-Robot Fleet Management 

The system currently operates as a single robot. Future improvements include 

implementing task allocation algorithms to efficiently distribute retrieval tasks among 

2–8 robots and developing collision avoidance and traffic management protocols.  

 

6.3.2 Computer Vision Enhancements 

The current vision system is limited to alignment based on AprilTag technology and 

cannot detect obstacles. Proposed improvements include adding real-time obstacle 

detection for workers and integrating LED lighting to improve visibility in low-light 

conditions 

 
 

6.3.3  System Performance Optimization 

The current system requires 70 seconds per rack retrieval operation, mainly due to 

the slow actuator extension and retraction process (22 seconds). Proposed 

improvements include using faster linear actuators to reduce cycle time to less than 

50 seconds, adding power management modes during periods of inactivity, and 

improving navigation paths using previous task data.  

 

6.3.4 Advanced Autonomy 

The current system lacks machine learning capabilities and is unable to predict 

failures or adjust its behavior based on work experience. Proposed improvements 

include integrating machine learning for predictive maintenance, developing an 

adaptive route plan that improves over time, implementing a self-connecting charging 

system, and adding self-calibration procedures to ensure long-term accuracy. 
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6.4 Closing Remarks 

If we apply the improvements mentioned above, WareBot could really work in real 

warehouses, as long as we develop it carefully with a clear plan. What this project 

really proves is that warehouse automation isn’t just for giant companies anymore. 

Smaller businesses with tight budgets can get into automation too. Sure, turning this 

prototype into a fully working system will take more work and testing. We shown that 

practical low-cost automation for small and medium businesses isn’t just a dream. 

It’s doable, and there’s a lot of room to grow. 
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Scope 

This Appendices provides complete step-by-step instructions for implementing the entire 

WareBot system. From fresh Ubuntu installation to multi-robot coordination, custom node 

development, and real robot deployment. Every command is tested and ready for copy- 

paste execution. 

INFORMATION 

This document serves as a complete op- 

erational guide for the WareBot project. It 

enables anyone to replicate the entire multi- 

robot warehouse navigation system from 

scratch without prior knowledge. 

WARNING 

CRITICAL: Do not skip any step. Terminal 

sequences are precisely ordered. Follow in- 

structions exactly as written. 

 
 

 
Complete Implementation Appendices 

Neobotix MP-400 Platform 

ROS 2 Jazzy & Humble | Ubuntu 22.04 & 24.04 | Gazebo Harmonic & Classic 

 

 

 Simulation  Real Robot  Multi-Robot 

ROS 2 Jazzy/Humble 

Gazebo Harmonic 

SLAM Mapping 

Neobotix MP-400 

Hardware Integration 

Physical Deployment 

4+ Robots Simultaneous 

Namespace Coordination 

Collision Avoidance 

 

Document Structure 

Key Features 

•  Complete Coverage: From OS installa- tion to real 

robot deployment 

•  Ready Commands: Every command is copy-paste 

executable 

•  Multi-Robot: 4+ robots coordination with namespacing 

•  Custom Worlds: 6 warehouse environ- ments with 

maps 

•  Safety Nodes: Collision avoidance and speed 

limiting 

 
 

•  Custom Nodes: Task manager and nav- igation 

coordination 

Appendix Content 

A: ROS 2 

Jazzy 

Single robot simulation on Ubuntu 24.04 

B: ROS 2 

Humble 

Single robot simulation on Ubuntu 22.04 

C: Multi-Robot 4 robots coordination with namespacing 

D: Real Robot Physical MP-400 deployment with SLAM 

E: Custom 

Nodes 

Task manager and safety nodes develop- 

ment 
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Appendix A 

ROS 2 Jazzy 

Single Robot Simulation 
 
 

 
 

 

 
A.1 Ubuntu 24.04 

Installation 

Prerequisites: 

•  50GB free disk space (minimum) 

•  8GB RAM (4GB minimum, 8GB rec- 

ommended) 

•  Intel Core i5 / AMD Ryzen 5 or equiv- 

alent 

•  Stable internet connection 

Installation Steps: 

1. Download Ubuntu 24.04 LTS Desktop ISO: 

• Keyboard: US English 

• Installation type: 'Normal 

installation' 

• Updates: 'Download updates while 

installing Ubuntu' 

• Disk: 'Erase disk and install 

Ubuntu' 

• Username: super (recommended) 
 

 

 

2. Create bootable USB: 

• Windows: Rufus 

• Linux/Mac: Balena Etcher 

3. Boot from USB and select 'Install 

Ubuntu' 

4. Installation options: 

• Language: English 

INFORMATION 

Environment: Ubuntu 24.04, ROS 2 Jazzy, 

Gazebo Harmonic 

Robot: Neobotix MP-400 

Purpose: Complete single robot simulation 

setup 

 
   

 

2 sudo  apt  update  &&  sudo  apt  upgrade  -y 

3 

 

 

6 

7 # Reboot system 
 

   

https://ubuntu.com/download/desktop 
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4 

 
 

   

 

 
   

 

 

3 

 
 

   

 

 
A.2 ROS 2 Jazzy 

Installation 
 
 
 
 
 
 
 
 
 

 
A.3 Gazebo Harmonic 

Installation 
 

 
   

 

 

3 

 

 

 

 

8  export LANG=en_US.UTF -8 

9 

 
 

   

 

 

 
   

 

 

 

4 

5 # Add ROS 2 GPG key 

 

7 

 

 

 

$UBUNTU_CODENAME) main" | sudo tee /etc/ 
 

   

 

 
   

 

 

3 

 

 

6 

 

 

9 

 
 

   

 
   

1 # Source ROS 2 environment 

 

3 

 

 

 
 

   

 

 
   

1 # Check ROS 2 version 

 

 

3 

 

 

6 

 
 

   

http://packages.ros.org/
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3 

 

 

6 

 

 

 
 

   

 

 
   

1 # Open new  

 

3 

 

  

6 # /odom # Odometry data 

  

  

  

 
   

 

WARNING 

Prerequisite: Simulation must be running in 

Terminal 1 

 

 
A.4  Neobotix MP-400 

Workspace Setup 

 
 
 
 

 
A.5 Launch Simulation 

 

 
A.6 SLAM and 

Mapping 
 

 
   

 

2 cd ~ 

3 

 

 

6 

 
 

   

 

 
   

 

2  chmod +x setup -mp-  

3 

 

 

6 

 

 
 

   

 

 
   

 

 

3 

 

 

 

 

 

8 

 

 

11 

12 #  Source  workspace 

 

14 

 

 
 

   

 
   

 

 

3 

 

5 #  neo_mp_400 -2 

 

7 # neo_nav2_bringup 
8 # neo_common2 
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TERMINAL Terminal 2: LiDAR Topic 

Relay 
,  , 

1 # Relay LiDAR data to standard /scan topic 

2 ros2 run topic_tools relay / lidar_1 / 

scan_filtered /scan 

3 

4 # This converts Neobotix topic to standard 

Nav2 topic 
z  r 

 

TERMINAL Terminal 3: Launch SLAM 

Toolbox 
,  , 

1 cd ~/ jazzy_ws 

2 source install/setup.bash 

3 

4 # Launch SLAM with simulation time 

5 ros2 launch slam_toolbox online_async_launch. 

py use_sim_time:=true 

6 

7 # Wait for: "Online Async SLAM running" 
z  r 

 

TERMINAL Terminal 4: Launch RViz for 

Mapping 
,  , 

1 # Launch RViz2 

2 rviz2 

3 

4 # Configuration steps: 

5 # 1. Set Fixed Frame to 'map' (Global Options 

) 

6 # 2. Add -> By topic -> /map -> Map -> OK 

7 # 3. Add -> By topic -> /scan -> LaserScan -> 

OK 

8 # 4. Add -> By display type -> RobotModel -> 

OK 
9 # 5. Add -> By display type -> TF -> OK 
z  r 

 

TERMINAL Terminal 5: Teleoperation 

for Mapping 
,  , 

1 #  Install  teleop  keyboard 

2 sudo apt install -y ros-jazzy -teleop -twist- 

keyboard 

 
 
 

 
A.7 Navigation Setup 

3 

4 # Run teleoperation 

5 ros2 run teleop_twist_keyboard 

teleop_twist_keyboard 

6 

7 # Mapping controls: 

8 # i = forward k = stop , = backward 

9 # j = turn left l = turn right 

10 # q = increase  speed z  =  decrease  speed 
11 # w = increase angular x = decrease  angular 
z  r 

IMPORTANT 

Mapping Best Practices: 

Reduce speed by pressing ’z’ 8 times 

Move in small squares, wait 2-3 sec- 

onds between movements 

Ensure complete coverage, avoid 

rapid rotations 

Watch RViz map quality during opera- 

tion 

TERMINAL Save Map 
   

 

 

3 

4 # Save  the  map 

jazzy_ws/maps/ my_warehouse_map 

6 

 

 

y  
   

WARNING 

Important: Close all previous terminals be- 

fore starting navigation 
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3 

 

 

 

 

 

 

 
   

 

 
   

 

 

 

 

5 

6 # Method Command  

geometry_msgs/msg/ PoseStamped "{ 

 

 

  

  

 
 

   

TERMINAL Save RViz Configuration 
   

 

 

3 

 
 

   

 

TERMINAL Load RViz Configuration 
   

 

 
   

 

 

 
A.8 RViz Configuration 

Save/Load 
 

 
   

 

 

  

 map:=/ home/super/ jazzy_ws/maps/ 

y y  

5 

 

 

 
 

   

 

 
   

1 # Open new  

 

 

 

 

 

  

   
 

 
   

 

 

 

 

  

  

  

 

  

  

  

  

  

  

  

 

0.06853891909122467] 
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IMPORTANT 

Mapping Workflow: 

Terminal 1: Launch simulation 

Terminal 2: Start LiDAR relay 

Terminal 3: Launch SLAM 

Terminal 4: Open RViz and configure 

Terminal 5: Run teleop and drive robot 

Terminal 6: Save map when complete 

Navigation Workflow: 

Close all mapping terminals 

Terminal 1: Launch simulation 

Terminal 2: Start LiDAR relay 

Terminal 3: Launch navigation with 

map 

Terminal 4: Set initial pose 

Terminal 5: Launch RViz 

Send goals using RViz or command 

line 

 

 
A.9 Troubleshooting 

Common Issues 
 

 

Issue Solution 

No transform 

from 

base_footprint to 

map 

• Ensure initial pose set correctly 

• Verify AMCL is active: ros2 

lifecycle get /amcl 

• Check TF tree: ros2 run tf2_tools 
view_frames 

Robot doesn’t 

move 

• Check /cmd_vel topic: ros2 topic 

echo /cmd_vel 

• Verify controller_server is active 

• Check LiDAR relay is running 

Poor localization • Set initial pose closer to actual position 

• Move robot manually to help AMCL 

converge 
• Verify /scan data quality 

Map not loading • Verify absolute path to map file 

• Check both .yaml and .pgm files exist 

• Verify .yaml file points to correct .pgm 

A.10 Complete 

Workflow 

Summary 
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https://ubuntu.com/download/desktop 

 
   

 

2 sudo  apt  update  &&  sudo  apt  upgrade y 

3 

 

 

6 

7 # Reboot system 
 

   

Appendix B 

ROS 2 Humble 

Single Robot Simulation 

 
B.2 ROS 2 Humble 

Installation 
 
 

 
B.1 Ubuntu 22.04 

Installation 

Prerequisites: Same as Appendix A.1 

Installation Steps: 

1. Download Ubuntu 22.04 LTS Desktop ISO: 

2. Installation steps identical to Appendix A.1 

3. Recommended username: super 
 

INFORMATION 

Environment: Ubuntu 22.04, ROS 2 Hum- 

ble, Gazebo Classic 

Robot: Neobotix MP-400 

Purpose: Single robot simulation for lega- 

cy/compatibility 
 

   
  

 

 

 

5  export LANG=en_US.UTF -8 
  

   

 

 

 
   

 

 

 

4 

5 # Add ROS 2 GPG key 

 

7 

 

 

 

$UBUNTU_CODENAME) main" | sudo tee /etc/ 
 

   

http://packages.ros.org/
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3 

 

 

6 

 

 

9 

 
 

   

 

 
   

1 # Source ROS 2 environment 

 

3 

 

 

 
 

   

 

 
   

1 # Check ROS 2 version 

 

 

3 

 

 

6 

 
 

   

 
   

 

2 gazebo 

3 

 
 

   

 

IMPORTANT 

Note: Follow identical structure to Appendix 

A, with adjustments for ROS 2 Humble and 

Gazebo Classic. Complete instructions are 

available in the project repository. 

 
   

 

 

3 

 

 

6 

 

 
   

 

 

 
B.3 Gazebo Classic 

Installation 
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IMPORTANT 

Before starting: 

Ubuntu 22.04 installed and updated 

ROS 2 Humble installed and verified 

Gazebo Classic installed 

Single robot simulation working 

Minimum 16GB RAM recommended 

for 4 robots 

Appendix C 

ROS 2 Humble 

Multi-Robot Simulation 

 
C.2 Multi-Robot 

Workspace Setup 

 
 
 

 
C.1 Prerequisites 

 

INFORMATION 

Environment: Ubuntu 22.04, ROS 2 Hum- 

ble 

Robots: 4× Neobotix MP-400 with names- 

pacing 

Features: Namespaced topics, separate 

RViz instances, coordinated navigation 

 
   

 

2 cd ~ 

3 

 

 
 

   

 

 
   

 

 

3 

 

 

 
neobotix/ neo_common2 .git 
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3 echo

&& ~/ 

&&

~/ 

>>  

4 

 
 

   

 
   

 

 

3 

 

 

6 export  ROS2CLI_DISABLE_DAEMON=1 

7 export  FASTDDS_SHM_TRANSPORT=0 

8 export  GAZEBO_MODEL_DATABASE_URI="" 

9 

 
  

 

 

 
C.3  Environment 

Configuration 
 

 
   

 

2 cd ~ 

 

 

5 

 

 

 
neobotix/ neo_mpo_700 -2. git 

   

 

 
   

 

 

3 

 

 

 

7 

 

 

 

 

11 

 

13 cd ~/ neo_multi_ws 

 
 

   

 

 
   

 

 

 

 

 

6 
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C.4 Create Cleanup 

Script 

C.5 Launch 

Multi-Robot 

Simulation (4 

Robots) 
 

 

 
   

 

2 

 

 

 

 

 

8 

 

 

11 export  ROS2CLI_DISABLE_DAEMON=1 

12 export  FASTDDS_SHM_TRANSPORT=0 

 

14 export  MY_ROBOT=mp_400 

15 export  MAP_NAME=neo_workshop 

16 export  GAZEBO_MODEL_DATABASE_URI="" 

17 

 

 
   

 

IMPORTANT 

Expected Output: 

Gazebo window opens with 

neo_workshop world 

4 MP-400 robots spawned at different 

positions 

Each robot has unique namespace 

(robot0, robot1, etc.) 

Console shows ”Simulation ready for 

4 robots” 

 
   

 

 

 

4 

 

6 

 

 

 

10 

 

 

13 

 

 

16 

 

 

19 

 

 

22 

 

 

25 

 

 

 

29 

 

 

32 

 

 

35 EOF 

36 

 

38 chmod  +x  ~/ clean_ros.sh 

39 

40 # Run  cleanup  when  needed 
41  ~/ clean_ros.sh 
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4 

use_namespace:=True  namespace:=" robot0 " 
  

 
   

 

 

 

4 

use_namespace:=True  namespace:=" robot1 " 
   

 

 
   

 

 

 

4 

use_namespace:=True  namespace:=" robot2 " 
   

 
   

 

 

 

4 

use_namespace:=True  namespace:=" robot3 " 
  

IMPORTANT 

RViz Windows Configuration: 

Each RViz window shows only its 

robot’s data 

Fixed Frame: map (common for all) 

Map display shows shared map 

LaserScan shows robot’s own scans 

RobotModel shows individual robot 

Path shows robot’s planned path 

 

 
C.6 Launch RViz for 

Each Robot 
 

TERMINAL Verify Namespaced Topics 
   

1 # Open new  

 

3 

4 #  Expected  namespaced  topics: 

 

6 #  / robot0 /odom 

 

 

9 #  / robot1 /odom 

 

 

 
 

   

 

 
   

 

 

 

4 

 

 

 

 

9 

 

 

12 export  ROS2CLI_DISABLE_DAEMON=1 

13 export  FASTDDS_SHM_TRANSPORT=0 

 

15 

 

 
   

 

IMPORTANT 

Expected Navigation Output: 

robot0/lifecycle_manager_localization: 

Managed nodes are active 

robot0/lifecycle_manager_navigation: 

Managed nodes are active 

Same messages for robot1, robot2, 

robot3 

All navigation nodes in active state [3] 
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6 

 
   

 

TERMINAL Method 2: Using Command 

 
   

 

 

 

 

  

  

 

 

8 

 

 

 

 

  

  

 

 

16 

 
   

 

 
C.7 Sending 

Navigation Goals 

to Multiple Robots 
 

TERMINAL Monitor Multi-Robot 

 
   

 

 

 

 

 

6 

 

 

 

10 
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INFORMATION 

Hardware: Neobotix MP-400 physical robot 

Software: ROS 2 Jazzy, Ubuntu 24.04 

Network: Ethernet/WiFi with static IPs 

Purpose: Deploy autonomous navigation 

on physical robot 

IMPORTANT 

Network Prerequisites: 

Robot and laptop on same network 

(recommended: 10.7.23.0/24) 

Robot IP: 10.7.23.47 (static) 

Laptop IP: 10.7.23.83 (static) 

Switch/router connecting both devices 

No firewall blocking ROS 2 ports (UDP 

7410-7420, 7500-7509) 

Appendix D 

Real Robot 

Deployment (ROS 2 Jazzy) 
 
 

 

 
D.1 Network 

Configuration 
 

 
   

# On AND  

2 echo  "export  ROS_DOMAIN_ID=0"  >>  ~/. bashrc 

3 echo "export ROS_AUTOMATIC_DISCOVERY_RANGE= 

 

 

5 

 

7 echo  "export  RCUTILS_CONSOLE_OUTPUT_FORMAT 

 

 

8 

 
 

   

 

 
   

 

 

3 

 

 

6 

 

 

9 

10 # Test ROS 2 discovery 
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4 

 

 

7 

 

 

 

 

 
 

   

 

 
   

 

 

3 

 

 

6 # /odom 

 

8 # /imu/data 

 

 

 

 

13 

 

 
 

   

 

 
D.3 Creating Map on 

Real Robot 
 
 
 
 

 
D.2 Robot Hardware 

Bringup 
 

 

 
   

 

 

3 

 

 

6 

 

 
 

   

IMPORTANT 

Safety First: 

Clear area of obstacles and people 

Keep emergency stop accessible 

Start mapping from known position 

Move robot SLOWLY (0.2 m/s maxi- 

mum) 

 
   

 

 

3 

 
  

   

 

 
   

 

 

3 

 

 

  

  

  
   

 
   

 

 

3 
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3 

 

 

6 

 
 

   

IMPORTANT 

Mapping Procedure: 

Start at a distinctive location (corner, 

wall intersection) 

Drive robot in clockwise square pat- 

tern 

Cover all navigable areas 

Return to starting position 

Verify map closure in RViz 

Check for map consistency (no double 

walls) 

TERMINAL Save Map (On Laptop) 
   

 

 

3 

 

 

6 

 

 

9 

 

 
  

 
   

 

 

 

4 

 

 

7 

 

 
 

   

 

 
   

 

 

3 

 
  

   

 

 
   

 

 

3 

 

 

  

 map:=/ home/super/ jazzy_ws/maps/ 

 

 

v y  

9 

 

 

 
 

   

WARNING 

CRITICAL: Close ALL terminals from map- 

ping phase before starting navigation 

 

 

 
D.4 Navigation on Real 

Robot 
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TERMINAL Terminal 3 (On Laptop): Set 

Initial Pose 
,  , 

1 # CRITICAL: Position robot EXACTLY where 

mapping started 

2 # Use distinctive  features for alignment 

3 

4 # Set initial pose (adjust x,y based on your 

map) 

5 ros2 topic pub --once / initialpose 

geometry_msgs/msg/ 

PoseWithCovarianceStamped "{ 

6 header: {frame_id: 'map'}, 

7 pose: { 

8 pose: { 

9 position: {x: 0.0 , y: 0.0 , z: 0.0}, 

10 orientation: {x: 0.0 , y: 0.0 , z: 0.0 , w: 

1.0} 

11 }, 

12 covariance: [0.25 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 

13 0.0 , 0.25 , 0.0 , 0.0 , 0.0 , 0.0 , 

14 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 

15 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 

16 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 

17 0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 

0.06853891909122467] 
18 }}" 
z  r 

 

TERMINAL Verify Localization 
,  , 

1 # Monitor AMCL pose (should be stable) 

2 ros2  topic  echo  / amcl_pose 

3 

4 # Check particle cloud (should be clustered) 

5 ros2 topic echo / particle_cloud --once | head 

-20 

6 

7 # Verify transform from map to base_footprint 

8 ros2 run tf2_ros tf2_echo map base_footprint 
 

 

TERMINAL Terminal 4 (On Laptop): 

Launch RViz 
,  , 

1 # Launch RViz for real robot navigation 

2 rviz2 --ros-args -p use_sim_time:=false 

3 

4 # Configuration for real robot: 

5 # 1. Fixed Frame: 'map' 

6 # 2. Add Map: /map 

7 # 3. Add LaserScan: /scan 

8 # 4. Add RobotModel 

9 # 5. Add Path: /plan (color: blue) 

10 # 6. Add PoseArray: / particle_cloud (color: 

red, alpha: 0.1) 

11 # 7. Add Costmap: / global_costmap/ costmap ( 
for  debugging) 

z  r 

 
   

 

 

 

 

5 

 

geometry_msgs/msg/ PoseStamped "{ 

 

 

  

  

 
 

   

 

TERMINAL Monitor Real Robot 

 
   

 

 

3 

 

 

6 

 

 

9 

 
 

   

 

IMPORTANT 

Safety Monitoring: 

Always maintain visual contact with 

robot 

Keep emergency stop accessible 

Monitor battery level (>20%) 

Check for LiDAR obstructions 

Verify robot responds to stop com- 

mands 

z  r 
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INFORMATION 

Purpose: Develop and integrate custom 

ROS 2 nodes for warehouse automation 

Nodes: Task manager, safety nodes, fleet 

coordination 

IMPORTANT 

Safety Node Features: 

Multi-robot awareness and collision 

prevention 

Fleet speed limiting for safe operation 

Deadlock detection and resolution 

Emergency stop coordination 

Works with namespaced robots 

Appendix E 

Custom Nodes 

Development 
 

 

 
E.1 Warehouse Task 

Manager Node 

 
E.2 Multi-Robot Safety 

Nodes 
 

IMPORTANT 

Functionality: 

Receives pick commands with shelf 

IDs 

Coordinates navigation to pick loca- 

tions 

Manages drop zone deliveries 

Returns to idle position 

Integrates with Nav2 action server 

TERMINAL Package Structure 
   

 

 

p  
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TERMINAL Safety Nodes Package 

 
   

 

 

p  
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INFORMATION 

This comprehensive guide provides every- 

thing needed to implement, test, and deploy 

the WareBot multi-robot warehouse naviga- 

tion system from scratch to production. 

Final Notes 

The WareBot project demonstrates 

a practical, scalable solution for au- 

tonomous warehouse operations using 

modern robotics technology and the 

open-source ROS 2 framework. This 

documentation represents thousands 

of hours of development, testing, and 

refinement to create a production-ready 

system. 

Remember: Always prioritize safety 

when working with physical robots. Test 

thoroughly in simulation before real- 

world deployment. 

 
 

 
Conclusion 

 

 
System Achievements 

 

 

Feature Implementation Status 

Single Robot 

Simulation 

Complete (ROS 2 Jazzy & Humble) 

Multi-Robot 

Coordination 

4+ robots with namespacing 

Custom World 

Environments 

6 warehouse layouts with maps 

Safety System Collision avoidance + speed limiting 

Real Robot 

Deployment 

Neobotix MP-400 integration 

Custom Nodes Task manager, safety nodes 

Complete 

Documentation 

Step-by-step instructions 

Production 

Readiness 

Tested in simulation and real world 
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AI APPENDIX 
 التخرج  مشروع   في الاصطناعي الذكاء  أدوات استخدام وتوثيق إقرار نموذج

 

 عنوان  المشروع :

WareBot: A Flexible Autonomous Robot for 
Smart Warehouse Management in Small and 

Medium-Sized Enterprises 

 :الطلبة  أسماء / الطالب  اسم 

 Issa Warasna / Osama Hroub/ Ismail Rjoub 

 211074/201174/201171  :الجامعية   الأرقام   /  الرقم هاني صلاح   .د  :الأكاديمي  المشرف  اسم

 الحاسوب   وهندسة   المعلومات   تكنولوجيا  كلية   :الدائرة  /  الكلية  الفصل الأول   /2026  :الدراسي  الفصل/السنة 

 

  نسبة  ملاحظات
   الاستخدام

 التقديرية 

هل تم 
  تعديل

 الناتج؟

 المستخدم الأساسي الأمر
Prompt)) 

في  الاستخدام أماكن
 /  فصول (  التقرير

 )صفحات 

الغرض من   الأداة  اسم
 الاستخدام 

  chatgptاستخدمنا 
  deep searchلل 

وايجاد الفجوات بين 
المشاريع الموجودة 

 مسبقة ومشروعنا 

اجد الفجوة بين   نعم  %18
مشروعنا والمشاريع 

 السابقة  

 
  

في الشابتر الثاني        

  ChatGPT  

 نصوص   توليد

    0% يستخدم   لم
☐ Gemini 

  —  0% يستخدم   لم
☐ other:   

 

تدقيق النصوص والتأكد  
 من الكلام وصحة الكتابة  

تأكد من صحة الكلام    %20
 والقواعد 

 
 في كل الشباتر  

 

  Grammarl
y 

 لغوي   تدقيق

استعملناه للتأكد من نسبة    
 AIال 

في كل الشباتر              %20

     
  Quillbo

t 

    0% يستخدم   لم
☐ Word Editor AI 

  المشاكل  كان يحدد 
 للتعديلنصيحة  ويعطني 

هل هنالك أي أخطاء املائية   نعم  %16
 في النص وماهي افضل 

 لتصليحها؟   طريقة

 ChatGPT   6والشاتبر   5الشابتر  

 محتوى   تلخيص  ChatGPT ا  لا  0% لم يستخدم
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 0% يستخدم   لم
   

☐ SMMRY 

 0% يستخدم   لم
   

☐ Notion AI 

 0% يستخدم   لم
   

☐ Scholarcy 

 0% يستخدم   لم
   

☐ other:   

 بياناتيوجد   لا لأنه  يستخدم لم
 .مشروعنا في

%0 
   

☐ Excel Copilot بيانات   تحليل 

 بياناتيوجد   لا لأنه  يستخدم لم
 .مشروعنا في

%0 
   

☐ Python 
AI 
Assistant
s 

 بياناتيوجد   لا لأنه  يستخدم لم
 .مشروعنا في

%0 
   

☐ Tableau AI 

 بياناتيوجد   لا لأنه  يستخدم لم
 .مشروعنا في

%0 
   

☐ other:   

 0% يستخدم   لم
   

☐ DALL·E مخططات رسم  /  
 أشكال 

 0% يستخدم   لم
   

☐ ChatGPT 

 0% يستخدم   لم
   

☐ Canva AI 

 0% يستخدم   لم
   

☐ Visio AI 

 0% يستخدم   لم
   

☐ other:   
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لإنشاء الاكواد  تم استخدامه 
 والتأكد من صحتها

اعطني كود لتشغيل ال    %20
linear actuators  

أيضا في الفرونت اند    
 والباك اند للموقع 

 الشابتر الثالث والرابع
  Microsoft 

Copilot 

  Claude 

أكواد    كتابة
 برمجية 

    0% يستخدم   لم
☐ Replit AI 

    0% يستخدم   لم
☐ Codeium 

    0% يستخدم   لم
☐ other:   

    0% يستخدم   لم
☐ EndNote مراجع   توثيق 

    0% يستخدم   لم
☐ Mendeley 

    0% يستخدم   لم
☐ Zotero 

    0% يستخدم   لم
☐ other:   

 :(  حدد(  أخرى     0% يستخدم   لم

 
 :التخرج  مشروع   فريق  إقرار

 
فهمنا  المخرجات بما يعكس كافة  وحررنا  راجعنا وقد الجامعية، السياسات مع يتوافق وبما مسؤول بشكل تم الاصطناعي  الذكاء  أدوات استخدام بأن  نقر

 .الشخصي 

   …………………  :..التاريخ :………………..........................................توقيع الطالب

   :…………………....التاريخ..................................... :…………………توقيع الطالب 

 :……………………التاريخ ..........................................  :………………الطالب   توقيع

 


