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 1Abstract— Urban drainage systems in developing nations 
commonly experience severe flooding and infrastructure 
failure, often requiring hazardous manual scavenging. This 
paper introduces a Predictive-Prescriptive Autonomous 
Sanitation (P-PAS) framework that combines IoT sensor 
networks, advanced predictive analytics, and autonomous 
robotic maintenance. The proposed three-tier framework 
leverages real-time data to forecast blockages (using models 
such as LSTM), classify waste types, and allocate robotic 
cleaning assets based on contextual need and system state. By 
transitioning from reactive to intelligent, data-driven 
maintenance, P-PAS enhances operational efficiency, lowers 
costs, and eliminates the need for human entry into sewers. The 
solution directly supports the objectives of India’s Smart Cities 
Mission, promoting scalable, humane, and sustainable urban 
sanitation management. 
 
Index Terms— Autonomous Robotics, Fleet Orchestration, 
Internet of Things (IoT), Predictive Maintenance, Smart Cities, 
Time-to-Criticality (TTC), Urban Drainage. 
 
 
 

I. INTRODUCTION 

THE rapid and unplanned urbanization in developing 

nations has placed immense pressure on municipal 
infrastructure. In India, this is most evident in its aging 
drainage and sewage networks, which face two major 
challenges: frequent flooding during monsoons due to 
clogged drains and the continued, hazardous practice of 
manual scavenging despite being legally banned [6]. Such 
unsafe operations often lead to preventable fatalities from 
toxic gas exposure. 
 
  Existing technological solutions address these issues 
separately. IoT-based “Smart City” systems [5] monitor 
drainage conditions but act passively, generating alerts that 
still depend on human response. Robotic systems like the 
Bandicoot robot [6] provide safer alternatives to human 
cleaning but  deployed reactively, following fixed schedules 
or post-failure interventions. This reactive and disconnected 
approach limits operational efficiency, increases costs, and 
data-driven urban sanitation management. 

II. RELATED WORK 

Our research builds upon three distinct domains: IoT 
monitoring, robotic intervention, and AI-based fleet 
management. 

 
A. IoT-based Drainage Monitoring 
  Research shows IoT drainage systems use sensors to 
monitor water levels and toxic gases in real time. Some 
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leverage LoRaWAN for low-power, wide-area data 
transmission underground. These systems mainly collect 
data and provide alerts, but still depend on humans for 
decision-making, limiting them to passive monitoring. 

 
B. Robotic Sanitation Intervention 
  To combat manual scavenging, several innovative robotic 
solutions have been developed over the past few years. The 
Bandicoot robot [6] uses a robotic arm and cameras to clean 
manholes, completely replacing hazardous human entry and 
minimizing health risks. Although this represents a crucial 
technological advancement, current deployment remains 
largely reactive and economically inefficient, often 
dispatching robots to clean all manholes regardless of their 
actual blockage status or maintenance priority. 

  
C. AI in Fleet Management 
  AI optimizes fleet management in logistics but often 
assumes uniform tasks. Urban sanitation is more complex, 
involving varied robots and waste types. The P-PAS 
framework uniquely integrates prediction, waste 
classification, and autonomous fleet control to address this 
gap. 
  Traditional optimization models handle delivery or 
transport fleets but fail to consider heterogeneous robotic 
capabilities and environmental conditions. By applying 
AI-driven decision-making, P-PAS ensures smarter resource 
allocation, reduced operational delays, and improved 
efficiency in urban drainage systems. 

 
Fig. 1. P- PAS System Architecture 

 III. THE P-PAS FRAMEWORK ARCHITECTURE 

   The P-PAS framework operates as a three-tier, closed-loop 
system that enables fully autonomous functioning. Figure 1 
(placeholder) presents the complete flow of data and 
commands across all stages. 
The workflow proceeds as follows: 
●​ Data Ingestion: A distributed network of IoT sensors 

(e.g., water flow and level sensors) installed across 
main drainage lines continuously transmits real-time 
data to a cloud-based processing platform. 

●​ Tier 1 (Prediction): The Predictive Engine employs an 
AI-driven model to analyze time-series data and 
estimate the Time-to-Criticality (TTC) for each 
monitored drainage node. 

●​ Tier 2 (Classification): When any node is predicted by 
Tier 1 to reach a critical threshold (for example, TTC < 
48 hours), the system activates the dedicated Waste 
Classification Pod at that location. The pod conducts an 
on-site analysis to identify the composition of the 

blockage (e.g., SILT, SOLID WASTE). 
●​ Tier 3 (Prescription): The Autonomous Resource 

Allocation (ARA) engine then receives a detailed task 
brief containing parameters such as (Node_ID, TTC, 
Blockage_Type). It evaluates the current status of the 
robotic fleet, runs a multi-objective optimization, and 
automatically deploys the most suitable robot for the 
task. 
 

●​ Action and Closed Loop: Once the robot completes 
the cleaning operation, it sends a “mission complete” 
update to the system, ensuring continuous feedback and 
closure of the operational loop. 

 
 
 

IV. TIER 1: PREDICTIVE ENGINE FOR BLOCKAGE 
FORECASTING. 

 
We employ LSTM neural networks to model nonlinear 

temporal dependencies in sensor streams. For each node i at 
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time t, the input state vector is: 

 
Time-to-Criticality (TTC) is computed as: 

 
   Operational Threshold: Nodes with  ≤72 hours 
are flagged high-priority, providing a 3-day intervention 
window before potential system failure. 
 

 

V. TIER 2: MULTI-SENSOR WASTE CLASSIFICATION 

 

Fig. 2. The pod would contain a sensor array to classify 

waste composition. 

     
  Blockages require different interventions: silt requires 
jetting; solid waste requires mechanical removal. The 
multi-sensor pod contains: 

●​ Inductive Sensor: Detects metallic inclusions. 
●​ Capacitive Sensor: Identifies non-metallic solids 

(plastics, textiles). 
●​ Conductivity Sensor: Differentiates wet silt from 

dry waste. 
Classification output: 

 
 

 
 

VI. TIER 3: AUTONOMOUS RESOURCE ALLOCATION 
(ARA) ENGINE 

 
The ARA engine solves a multi-objective optimization: 

1.​ Risk Minimization: 

 
 

2.​ Cost Minimization: 

 
3.​ Task-Type Match: 

 
 

  

VII. PROJECTED OUTCOMES & DISCUSSION 

As this is a conceptual framework, we project its 
outcomes relative to traditional methods.         

A.​ Efficiency and Cost  
The primary benefit is a shift from high-cost reactive 

cleaning to low-cost predictive maintenance. Figure 3 
(placeholder) illustrates the projected cost-benefit. By 
servicing only the nodes that need it, when they need it, the 
city can optimize the Operational Expenditure (OpEx) of its 
high-capital (CapEx) robotic fleet. 
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Fig. 3. Projected operational cost savings by moving from a 
calendar-based reactive model to a predictive-prescriptive 

model.  

B.​ Social Impact 
The framework’s primary social outcome is providing a 

scalable, technological pathway to completely eliminate 
manual scavenging. By autonomously and preemptively 
managing blockages, the system removes the human 
element from the most dangerous part of the sanitation 
lifecycle.  

C.​ Limitations and Challenges  
       We acknowledge several challenges: 

●​ Sensor Robustness: The in-situ sensors (Tier 
2) must be designed to withstand the harsh, 
corrosive sewer environment.  

●​ Data Scarcity: The predictive model (Tier 1) 
requires extensive historical data for training, 
which may not be available.  

●​ Robotic Limitations: The framework assumes 
a capable, heterogeneous robotic fleet. The 
robots themselves must be able to navigate 
complex, unmapped underground 
environments 

VIII. CONCLUSION 

This paper proposed the "Predictive-Prescriptive 
Autonomous Sanitation" (P-PAS) framework, a novel, 
closed loop architecture for urban drainage management. Its 
core novelty is the **intelligent, autonomous orchestration 
layer (the ARA)**. By coupling a predictive engine 
(forecasting *time-to-failure*) with an in-situ classification 
sensor (identifying *blockage typology*), the ARA can 
*prescribe* and dispatch an optimized robotic response. 
This moves beyond current "alert-and-react" models and 
provides a blueprint for an intelligent, efficient, and humane 
sanitation ecosystem, directly aligned with India’s Smart 
Cities Mission.  

Future work will focus on two areas: 1) Developing and 
testing a physical prototype of the Tier 2 multi-sensor pod, 
and 2) Creating a high-fidelity Digital Twin (a real-time 
virtual simulation) of a municipal drainage network to 

simulate and validate the P-PAS framework’s efficiency 
gains before physical deployment. 
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