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ABSTRACT 

The enormous increases in global retail has pushed automation levels to new extremes, with autonomous mobile 

robots (AMRs) increasingly becoming a centerpiece of modern logistics infrastructure. One of the major 

challenges faced by traditional multiagorithm design and line models, due to static routing charts or offline 

algorithmic updates, when it has to be deployed in highly dynamic unpredectable working environment within 

an intra-logistics setting. This paper offers a resilient, adaptive routing framework for the well-timed delivery of 

independent logistics robots over uniquely temporary traffic and sudden tangible obstructions. Synthesizing 

localized real-time sensory perception and distributed topological map updates, the architecture dynamically re-

calculates optimal travel trajectories making systemic deadlocks impossible and minimizing idle times 

drastically. Results from computational evaluations across simulated warehouse layouts with varying spatial 

complexity show that the adaptive framework improves fleet-wide operational efficiency (by up to 24.3%) in 

comparison to conventional fixed-path planning configurations and simultaneously leads to lower total energy 

expenditure. Together these results provide evidence of clinical feasibility for inclusion of decentralized, reactive 

real-time routing models into heavy-duty industrial automation applications. 
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1. INTRODUCTION 

The modern logistics sector is undergoing a profound structural evolution driven by the 

exponential surge in e-commerce volumes and a pressing demand for shortened supply chain cycles. 

To achieve the throughput metrics demanded by modern supply networks, distribution centers have 

increasingly pivoted away from manual material handling processes in favor of complex robotic 

fleets. Autonomous mobile robots (AMRs) and automated guided vehicles (AGVs) are now standard 

tools used to autonomously shuttle structural pallets, bins, and heavy sorting units across sprawling 

warehouse floors. However, as the spatial density of these robotic deployments scales upward, the 

operational environments become hyper-congested, shared not only by dozens of synchronized 

machines but also by human operators, forklifts, and fluctuating physical inventory levels. 

 

 
Fig1- Multi-AMR Fleet Coordination With in a Contemporary Logistics Facility.  

 

This environmental fluidity exposes severe limitations in legacy fleet management systems. 

Historically, automated logistics relied on static route structures where individual units followed pre-

installed physical floor guides, such as magnetic strips or optical tapes, or strictly adhered to static 

grid maps configured during the initial facility setup phase. While mathematically straightforward, 

these classic multi-agent pathfinding approaches break down entirely when a single robot encounters 

an unmapped obstruction or when localized high-traffic bottle-necks emerge at popular order-

picking stations. When faced with an unforeseen obstacle, a statically guided robot typically halts 

completely, triggering a cascading chain reaction of idle delays across the entire downstream fleet. 

 

To resolve these vulnerabilities, contemporary robotics engineering has prioritized the design 

of intelligent, self-contained pathfinding frameworks that allow individual platforms to recalculate 

alternate paths autonomously. Achieving true operational adaptability requires resolving a dual-

layered technical challenge: robots must execute ultra-low-latency local maneuvering to bypass 
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instantaneous hazards, while simultaneously keeping track of global destination objectives to ensure 

that local adjustments do not cause wide-scale facility deadlocks. 

 

The primary objectives of this research endeavor include: 

 Developing a highly responsive, multi-tiered route planning framework capable of bridging 

the gap between macro-level path updates and instantaneous hazard avoidance. 

 Engineering a decentralized map sharing layer that allows logistics platforms to disseminate 

regional congestion data across an active fleet without overloading wireless network 

infrastructure. 

 Evaluating the operational resilience of the proposed system under escalating levels of 

environmental unpredictability through extensive computational benchmarking. 

 

2. LITERATURE REVIEW 

Multi-agent pathfinding (MAPF) and, a less explored subfield, robotic navigation are both 

aspects of academic this area is well discussed through out the years due to evolutionary overhauls in 

what makes up the search heuristics and how spatially represented. Most early foundational 

paradigms were massively graph-based search methods: Dijkstra’s algorithm and its most famous 

heuristic-guided counterpart the A* algorithm. Although these frameworks are mathematically 

optimal for tightly bounded parameters, that optimality comes at the cost of exponential 

computational complexity with respect to state space size—making them impractical when real time 

solutions are required in a dynamical operational setting. 

 

To achieve manageable processing timelines in large-scale multi-robot systems, subsequent 

research efforts split path planning into two independent domains: centralized global path allocation 

and decentralized local collision avoidance. Centralized architectures rely on a single, high-

performance command server that monitors the coordinates of all deployed units, calculating 

globally optimized trajectories to completely avoid collisions. Although highly organized, this single-

point-of-failure setup introduces severe communication bottlenecks; if the central server experiences 

brief network packet drops or latency spikes, the entire warehouse fleet can instantly freeze, creating 

substantial operational vulnerabilities. 

 

Consequently, modern research has shifted decisively toward decentralized architectures 

where individual robots retain a high degree of navigational autonomy. Algorithms such as Optimal 

Reciprocal Collision Avoidance (ORCA) and the Dynamic Window Approach (DWA) have proved 

effective for short-range hazard bypass maneuvers. Yet, a well-documented technical gap remains: 

local avoidance algorithms frequently suffer from spatial myopia, focusing so intently on 

immediately adjacent obstacles that they steer robots into structural dead ends, resulting in extensive 

localized detours. 

 

Recently, the integration of deep reinforcement learning (DRL) and artificial intelligence has 

emerged as a promising methodology to balance global objectives with local adaptation. Through 
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trial-and-error exposure within simulated digital twins, machine learning agents can master highly 

complex navigation behaviors. Despite these conceptual advantages, deep reinforcement learning 

models are notoriously prone to "black box" unpredictability when exposed to unique environmental 

edge cases that were omitted during the training phase. This lack of deterministic reliability acts as a 

substantial hurdle for industrial deployments, where strict safety certifications require predictable, 

auditable mechanical behaviors. This research bridges these systemic gaps by engineering an explicit, 

dual-layer hybrid architecture that retains deterministic safety metrics while integrating dynamic 

topological feedback loops to handle live warehouse congestion. 

 

3. RESEARCH METHODOLOGY 

The methodology engineered for this research utilizes a structured, dual-tiered hybrid system 

that cleanly separates macro-level path determination from real-time, low-latency micro-

maneuvering. The core philosophy dictates that while a robot should maintain a broad strategic 

trajectory across the facility, it must possess the mathematical freedom to dynamically reshape its 

localized pathway when immediate threats or blockages emerge. 

 

 
Fig 2 - Hierarchical Navigation Architecture for Autonomous Mobile Robots 

 

3.1. Global Topological Path Generation 

Inspired by this, we build a global planning tier that models the warehouse floor as a dense 

topological graph with nodes (defined as key intersections, picking stations and charging bays) 

connected via edges (which define physical travel lanes). Instead of conducting a computationally 

intensive pixel-level grid search, over the entire footprint of the facility, the system tracks total system 

congestion by automatically tuning the cost responsible functions (weights on set edges in your 

graph). If a regional node is overwhelmed by traffic or temporarily blocked then its routing cost goes 



 

 
 

ISSN: 3071-5725 
PP: 01-09. 

 

---------------- 
Adaptive Route Planning for Autonomous Logistics Robots in Dynamic Warehouse Environments 

H. N. Mahabala 

    5

up, which means that newly sent robots must automatically find another way to point around the 

bottleneck traffic. 

 

3.2. Local Reactive Trajectory Smoothing 

After the global path planning layer determines the target topological sequence, it relies on 

the local reactive layer to control drive motors of the physical. This top tier of our architecture runs 

fast internally  operating at 50 Hz  and consumes live data-streams from onboard LiDARs, depth 

cameras, and wheel odometry. This level of detail allows the robot to steer around unforeseen 

obstacles say a mislaid storage bin or just a walking warehouse worker—without completely 

destroying its long-range global routing objectives. 

 

 
Fig 3- Comprehensive Structural Pipeline of the Adaptive Navigation Architecture 

 

3.3. System Implementation Steps 

The practical operational deployment of the adaptive routing architecture follows a continuous, 

cyclic processing loop executed by each independent robotic unit: 

 Step 1: Environment Initialization & Mapping: The robot loads the global topological 

framework of the fulfillment center, establishing baseline edge weights based on real-world 

lane distances and maximum permissible design velocities. 

 Step 2: Real-time Perception Scanning: As the platform travels along its designated lane, 

onboard LiDAR sensors actively scan the immediate navigation envelope to identify any 

dynamic or unmapped physical hazards. 

 Step 3: Edge Weight Dynamic Adjustment: If an unexpected obstacle blocks a lane, the 

detecting robot immediately calculates the localized spatial restriction, dynamically scaling up 

the cost weight of that specific map edge. 

 Step 4: Dissemination of Information in a Decentralized Manner The detecting unit sends out 

a short, very low-bandwidth packet to all units within radio range, enabling the units present 

nearby to autonomously reroute and avoid the problematic zone before reaching it. 
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 Step 5: Local Micro-Trajectory Generation: As the global graph adjusts itself, a local 

navigation controller utilising dynamic window heuristics macroscopically guides the chassis 

safely through an obstacle while maintaining a strict safety bubble radius. 

 Step6: Target Destination Re-VerificationOnce again, the coordinates of the delivery target 

location are verified continuously through this sensory verification cycle until the load is 

dropped off. 

 

4. RESULTS AND DISCUSSION 

To rigorously validate the real-world operational efficacy of the proposed adaptive routing 

framework, an extensive array of digital twin simulations was designed and executed within an 

open-source robotics testing engine. The virtual evaluation environments replicated a 20,000-square-

meter distribution facility featuring structured shelving lanes, charging zones, and volatile high-

traffic picking corridors. Testing scenarios systematically scaled the active robot fleet from 10 units 

up to a highly congested layout of 100 units. To create a challenging test environment, dynamic 

obstacles (such as human workers and unpredictable physical blockages) were introduced at random 

intervals throughout the trial cycles. 

 

4.1. Quantitative Comparative Analysis 

The proposed adaptive system was benchmarked directly against two common industry 

configurations: a standard static routing framework (which relies on unchanging path charts) and a 

classic centralized dynamic framework (where all path updates are handled by a single central 

server). The primary performance metrics tracked across these evaluations included average mission 

completion times, the frequency of fleet deadlocks, and total operational energy consumption. 

 

4.2. Benchmark Performance Assessment 

The gathered performance metrics demonstrate that as the fleet density increases, the 

limitations of static routing become critically apparent. The empirical data collected during these 

multi-robot trials is structured and compiled in Table 1. 

 

Table 1: Comparative Evaluation of Routing Framework Performance Metrics 

Fleet Size 

(Robots) 

Routing 

Architecture 

Avg Mission 

Time (s) 

System 

Deadlocks 

(Count) 

Energy 

Consumption 

(kWh) 

Efficiency 

Gain (%) 

10 Static Baseline 142.5 0 1.24 Baseline 

10 Centralized 

Dynamic 

128.2 0 1.15 10.0% 

10 Proposed 

Adaptive 

121.4 0 1.08 14.8% 

50 Static Baseline 210.8 4 8.95 Baseline 

50 Centralized 

Dynamic 

174.6 1 7.42 17.1% 

50 Proposed 160.2 0 6.75 24.0% 
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Adaptive 

100 Static Baseline 345.2 12 24.60 Baseline 

100 Centralized 

Dynamic 

268.4 3 19.22 22.2% 

100 Proposed 

Adaptive 

238.1 0 16.94 31.0% 

 

4.3. Key Research Findings and Structural Advantages 

The following discusses some fundamental operational behavior characteristics that observed in the 

adaptive framework performance data when compared to traditional routing configuration data: 

 No Deadlocks: The static baseline configuration experienced 12 system deadlocks (requiring 

an external manual reset) under the 100-robot scenario, while the adaptive decentralized 

model showed no deadlocks. Because the local reactive tier can dynamically slip around 

blockages that it didn’t plan for, instead of just sitting there frozen in place. 

 Greatly Reduced Idle Power Draw: By avoiding pinning in congested picking aisles, and then 

idling while waiting for a potential path clearing, robots experienced up to 31.1% less idle 

time compared to high-density fleets as well as an overall battery consumption reduction with 

both effects combined being substantial over the course of a shift. 

 

Reduced communication overhead  As opposed to the centralized dynamic setup which suffers 

from an overweight data stream ( i.e., always-on continuous data stream directly and constantly to a 

single server), the proposed solution relies on localized peer-to-peer data sharing. That way, your 

network utilization stays low, and if the warehouse's main network starts dropping packets, your 

whole system doesn't come to a halt. 

 

4.4. In-Depth Comparative Analysis 

The core operational divergence between these architectures becomes exceptionally clear 

when analyzing system stability under peak congestion. In the static configuration, if a primary aisle 

is blocked, every robot assigned to that route lines up behind the obstruction, creating a severe 

bottleneck that stalls operations across that entire section of the facility. The centralized dynamic 

framework attempts to fix this by recalculating routes from a central server; however, as the fleet 

grows toward 100 units, the server faces a massive computational burden, resulting in processing 

latencies that cause robots to lag or stutter before changing direction. 

 

In contrast, the proposed adaptive system distributes the computational workload evenly 

across the entire fleet. Because each robot calculates its own local adjustments while sharing real-time 

lane updates with its immediate neighbors, the fleet functions as an intelligent, self-organizing 

organism. If a lane is blocked, the first robot to encounter the obstacle updates the local graph weight, 

and subsequent units smoothly loop around the blockage via parallel aisles without requiring 

intervention from a central system master. 
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5. CONCLUSION 

In this paper, a successful design, implementation and validation of adaptive route planning 

architecture for autonomous logistics robot in dynamic warehouse environments is presented as a 

research project. The system in this study attaches a global topological mapping layer to a fast, 

sensor-driven local navigation controller that permits mobile robots to smoothly bypass sudden 

physical obstructions and localized traffic jams without forgetting about their long-range facility 

endpoints. Empirical simulation data demonstrates that distributing pathfinding directly to the 

individual robotic platforms avoids the communication delays and single point of failure challenges 

associated with centralized control servers. In conclusion, this method provides a robust solution for 

following warehouse deadlocks and fleet-wide net battery earnings, while still delivering to 

operational throughput guarantees across extreme profile volatility. 

 

6. FUTURE SCOPE 

Although the decentralized, dual-tiered routing framework you learned about here is both efficient 

and effective under heavy warehouse workloads, there are still many exciting research and 

optimization opportunities available: 

 

Future iterations may include ML prediction models integrated straight on the robots' 

onboard hardware (lightweight, energy-efficient). This would enable units to study historical facility 

patterns and forecast dynamic traffic jams before they form physically. 

 Expanding compatibility beyond scalably integrated robotics: A key next step for universal 

industrial integration is the ability to broadcast routing using mixed fleets with different 

robotic designs (e.g., pallet lift or heavy and slow members collaborating with sorting units 

designed for high speed perhaps) [8]. 

 Hybrid 5G/Mesh Network Communication Optimization: Researching how the system 

operates under different wireless communication environments (i.e., standard industrial Wi-

Fi to 5G cellular networks to ad-hoc peer-to-peer mesh networks) will ensure reliable 

operations at older facilities that are susceptible with a significant amount of interference on 

wireless signals. 
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