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Risk Reduction: Provides advance notice

to minimize loss of life, livestock, crops,

and property.

Preparedness: Gives communities and

institutions time to plan, evacuate, or

safeguard resources.

Rapid Response: Ensures that emergency

systems (health, rescue, veterinary, disaster

management) are activated in time.

Resilience Building: Strengthens the

capacity of society to withstand and

recover from hazards.

Cost-effectiveness: Preventive action

based on early warning is far less costly

than post-disaster recovery.

Early Warning is a systematic process of hazard monitoring, prediction, and risk forecasting, combined with the

timely dissemination of reliable information to vulnerable populations and institutions, with the objective of enabling

anticipatory actions that reduce disaster risk, protect lives, livelihoods, and ecosystems.

Earthquakes & Tsunamis

Cyclones & Hurricanes

Volcanic Eruptions

Floods Environmental Hazards 

Agriculture & Food Security

Natural Disasters 

and Other Hazards

zoonotic or livestock diseases



Livestock Disease Risk Forewarning Through AI & ML Based Disease Modelling

NADRES V2- National Animal Disease Referral Expert System

Preamble: NADRES v2 is an early warning system powered by Artificial Intelligence and machine learning with set of capacities needed to

generate and disseminate timely and meaningful warning information that enables at-risk livestock population, and guide the farmers and

organizations to prepare and act appropriately and in sufficient time to reduce the livestock disease incidence.

https://nivedi.res.in/Nadres_v2/index.php

Sl. No List of Diseases 

1 African Swine Fever

2 Anthrax

3 Babesiosis

4 Black Quarter

5 Bluetongue

6 Classical swine fever

7 Enterotoxaemia

8 Fasciolosis

9 Foot and mouth disease

10 Haemorrhagic septicaemia

11 Lumpy Skin Disease

12 Peste des petits ruminants

13 Sheep and Goat pox

14 Theileriosis

15 Trypanosomosis

In the pipeline

Avian Influenza, Anaplasmosis, 

Mycoplasmosis

https://nivedi.res.in/Nadres_v2/index.php


Real time/Near Real time Disease Data Capture and Storage Workflow: NADRES V2 Database Flow Diagram

Epidemiological data were compiled at the state, district and village levels from multiple sources, and a subsample of cases was confirmed in the laboratory; the dataset includes information on 

susceptible populations, attack rates and outbreak-associated mortality



Livestock data (Numbers)

Cattle 19,63,79,000

Buffalo 11,04,24,984

Sheep 15,01,13,442

Goat 7,32,94,702

Pig 92,94,830

Villages-664369

Blocks-5564

Source: 20Th Livestock census, 

DAHD, GoI

Real Time Climatic Factors used for Forecasting, Forewarning and Developing Risk maps

Remote sensing  Units

LST °C

NDVI & EVI -1 to 1

PET mm

LAI m2/m2

LST

Resolution: 1km

NDVI &EVI, 

PET, LAI

Resolution:500

m.

Source: 

https://ladsweb.modaps.eosdis.nasa.g

ov/

https://search.earthdata.nasa.gov/

Meteorological Units

Air Temperature k

Potential Evaporation 

Rate
w/m2

Rainfall kg/m2/s

Soil Moisture kg/m2

Specific Humidity kg/kg

Surface Pressure Pa

Wind Speed m/s

Source: 

https://disc.gsfc.nasa.gov/datasets/GLD

AS_NOAH025_M_2.1/summary?key

words=GLDAS

Resolution: 0.25 * 0.25 degree

Meteorological Units

Cloud Cover %

Relative Humidity %

Temperature °C

Temperature Max °C

Temperature Min °C

Vapour Pressure hPa

Wet dry Frequency days

Source: 

https://crudata.uea.ac.uk/cru/data/hrg/cru

_ts_4.05/cruts.2103051243.v4.05/

Resolution: 0.5 degree

ladsweb.moda

ps.eosdis.nasa.

gov
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Delta Weather Parameters: Represents the difference between two corresponding values, typically between two time periods, to capture changes or trends.

Static Set: Long-term deltas (2001–2021) showing climatic trends affecting disease patterns.

Dynamic Set: Recent deltas (2018–2023 averages) capturing ongoing weather changes for short-term forecasting.

Ecological parameters

Incorporated

Soil PH

Elevation (Min, 

Max, Mean)

Under process

Carbon Emission

Water bodies

Limited 

climatic data 

were 

obtained 

from IMD 

and NICRA

Village populations were aggregated to districts and transformed to population density

Climatic Events



Institutional Collaborations for Climatic Variables and Forecasting

➢ Indian Meteorological Department (IMD): Recently established collaboration to enable

real-time weather data capture (rainfall, temperature, humidity, wind) from IMD’s

Automatic Weather Stations (AWS). These datasets are systematically ingested, quality-

controlled, and harmonized for seamless integration into NADRES V2 forecasting

pipelines.

✓ Risk Communication and Advisory Dissemination

✓ Extension of NADRES V2 advisories through IMD’s farmer outreach platforms

including:

✓ Agromet Advisory Services (AAS)

✓ Meghdoot Mobile App

✓ Mausam App

✓ Strengthening multi-channel dissemination by integrating with FRUITS and DLT SMS

alerts, NADRES portal, and social media platforms, thereby ensuring timely, accessible,

and actionable early warning for farmers and stakeholders.

➢ Indian Space Research Organisation (ISRO): Partnership to leverage satellite-based

climatic variables (e.g., land surface temperature, soil moisture, vegetation indices,

evapotranspiration) for enhancing the spatio-temporal precision of disease risk prediction

models.

➢ NICRA (National Innovations on Climate Resilient Agriculture): Collaboration to

utilize selected climatic variables and long-term climate projections for strengthening

adaptive capacity and enhancing the accuracy of livestock disease risk forecasting.

MoU Signed between ICAR-NIVEDI and IMD on 16-09-2025

These collaborations strengthen NADRES by improving the accuracy of livestock disease forecasting and

expanding risk communication through IMD’s outreach platforms for timely, localized advisories.



Data Alignment and Data Annotation

Static Dataset

(Average of 2011 to 

2022)

Dynamic Dataset

(Average of 2023, 2024, 

predicted 2025)

Data Layering

(First Static & then 

Dynamic)

Input climate data

Yearly score
Disease data from 2016 to 2025 were 

assigned descending weights, with 

recent years scoring higher (e.g., 2025 

= 10, 2024 = 9, … 2016 = 1).

Monthly score
Aggregates 10 years of monthly 

outbreak data for 15 diseases and 

scales it from 1–10 to standardize 

across diseases and months, 

improving comparability and aiding 

timely outbreak prediction.

Dimensionality Reduction through 

Feature  extraction technique Principal 

Component Analysis (PCA). It combines 

features to capture more of variance

19 meteorological, 5 remote Sensing, 4 climatic events, 24 Delta parameters, 4 Ecological variables 15 Livestock Diseases (2016 to 2025)

Incorporating previous months data

Dimensionality 

Reduction

Lagged Variables



19 Meteorological variables

Integrated Dataset for Disease Outbreak Modeling

Population Data

5 Remote Sensing variables 24 Delta Parameters Weightage4 Climatic Events 52 Lag variables

Dependent 

variable (Y): 

Outbreaks

4 Ecological Parameters

Formula
Out ~  Population + Meteorological + Remote Sensing + Delta Parameters + Climatic events 

+Ecological Parameters + Lag variables+ Yearly score + Monthly Score

Binary Classification
If outbreaks >1, then it is 1 

or else 0



Machine Learning Models: Selection and Evaluation Criteria

Model Selection Criteria

• Akaike information criterion 

(AIC) 

• Bayesian information criterion 

(BIC)

• Bridge criterion (BCCross-

validation

• Deviance information criterion 

(DIC), 

• Likelihood-ratio test

• Mallows's Cp

• Minimum description length

• Minimum message length (MML)

• PRESS statistics

• Stepwise regression

Model Performance Criteria
1. KAPPA    

2. ROC

3. TSS

4. Accuracy

5. Error Rate

6. Precession

7. Sensitivity

8. Specificity

9. F1 Score

10. Log loss

11. Gini Coefficient

12. RMSE

13. MAE

Vet-Alerts: Livestock Disease Forewarning Bulletin 

(Web-based Platform)

Using Ensembling 

Techniques
Ensemble models combine 

multiple machine learning 

models to improve prediction 

accuracy, reduce overfitting, 

and provide more reliable 

forecasts.

Types: Bagging, Boosting, 

Stacking.

Methods: Voting, Averaging, 

Weighted Averaging.

Goodness of Fit: How well the model explains the 

data.

Model Complexity: Number of parameters; simpler 

models preferred.

Overfitting: Model fits training data too closely → 

poor performance on new data.

Key 

Concepts



Interactive Visualization of AI-Based Disease Predictions: State, Disease and Month-Specific Insights in NADRES V2

Click
1 2

3

45



Click

Interactive Visualization of AI-Based Disease Predictions: Andra Pradesh Insights in NADRES V2

1 2

3

45



African Swine 

Fever

Anthrax Babesiosis

Black quarter

Bluetongue EnterotoxemiaClassical Swine 

Fever
Fascioliasis

Foot and mouth 

disease

Haemorrhagic 

septicaemia
Lumpy Skin disease Peste des petits 

ruminants

Sheep and 

Goat pox
Theileriosis Trypanosomiasis

September 2025 Livestock Disease Risk Maps: Visualizing High and Very High-Risk districts

Avian 

Influenza



Monthly Forecasting of 15 Livestock Diseases (Based on AI and ML models) Dissemination to all Stakeholders

Hard Copy (Vet-

alert, Livestock Diseases 

Risk Forewarning 

Bulletin) 

Dissemination 

by Post

DAHD and  

ICAR  officials

Soft copy (Vet-alert, 

Livestock Diseases Risk 

Forewarning Bulletin)  

Via emails 

State Veterinary 

Officials(52), 

KVKS (731), 

NADEN centers 

(55 Including PI &Co-PI)

LDF & NER 

LDF Mobile 

application

Real time access 

by field users 

(100+ Users)

✓ Veterinary nodal 

officers use the system 

to create data-driven 

sampling plans for 

targeted surveillance.

NADRES Website

https://nivedi.res.in/Nad

res_v2/index.php

Fruits SMS 

alerts to 

registered 

farmers

DLT SMS 

to 

Veterinary 

Doctors

Social 

Media 

Platforms
YouTube: 

https://www.youtube.co

m/@icar-nivedi

Facebook

https://www.facebook.co

m/icarnivediofficial/

Instagram

https://www.instagram.c

om/p/DF5DkqqymcW/?i

gsh=N2NvZXR5cHp3cX

dj

LinkedIn

https://www.linkedin.co

m/feed/update/urn:li:sh

are:72946673718294364

17/

X (Twitter)

https://x.com/dilnivedi/s

tatus/1888899265411645

536

GitHub: 

https://github.com/SEL-

NIVEDI/

Informed Farming Community & Veterinary Authorities

▪ Early Response

▪ Risk Mitigation

▪ Animal Health Protection

Total Visitors: 27 

Lakh Individuals (as 

of latest update)

End to End Risk Communications

✓ 33.69 lakh SMS alerts 

were sent to farmers in 

September 2025.

✓ 35.80 million SMS alerts 

disseminated via 

FRUITS (April 2024 -

August 2025).

✓ 16,721 SMS alerts 

sent to 

veterinarians in 

September 2025.

✓ 2.13 lakh SMS 

alerts sent to vets 

from September 

2024 to August 

2025.

Goals
✓ Empowerment: Facilitate protective and preventive actions.

✓ Trust and Credibility: Strengthen confidence in expert guidance.

✓ Behavioural Change: Encourage adoption of risk-mitigating 

behaviours.

✓ Community Engagement: Involve communities as active partners in 

risk management strategies.

Risk Communication: Real-time, interactive exchange of risk information

to enable informed decisions and protective actions.

Beneficiaries: Supports farmers, veterinary doctors, and policymakers in

prevention, decision-making, and building trust in institutions.

https://nivedi.res.in/Nadres_v2/index.php
https://www.youtube.com/@icar-nivedi
https://www.facebook.com/icarnivediofficial/
https://www.instagram.com/p/DF5DkqqymcW/?igsh=N2NvZXR5cHp3cXdj
https://www.linkedin.com/feed/update/urn:li:share:7294667371829436417/
https://x.com/dilnivedi/status/1888899265411645536
https://github.com/SEL-NIVEDI/


Field-Level Accuracy of District-Wise Disease Forecasts vs. Reported Cases (2023–2024)

False Negative Error: 

Districts Reported but Not Forecasted

In 2024, a total of 24 districts 

(approximately 10.76%) reported at least 

one disease outbreak, even though they 

were not forecasted by the system.

False Positive Error:

Districts Forecasted but Not Reported

Meanwhile, 26 districts (around 3.94%) 

were forecasted to have outbreaks, but 

no cases were reported from these 

districts

Ground-

Truth 

Observations 

After Two 

Months



Validation of NADRES v2 showed 80% accuracy in predicting Anthrax outbreaks in 2023, highlighting its

potential to prevent most cases through early warning.
Validation of NADRES v2 showed ≈83% accuracy in predicting Black Quarter outbreaks during 2023,

underscoring its potential to prevent most cases through timely early warning.

Validation of NADRES v2 showed 74% accuracy in predicting FMD outbreaks in 2021, highlighting its

potential to prevent most cases through early warning.

Validation of NADRES v2 showed 92.30% accuracy in predicting Theileriosis outbreaks in 2023,

highlighting its potential to prevent most cases through early warning.

Post-Prediction Validation of Livestock Disease Forecasts Using Outbreak



Post-Prediction Validation Using ProMED Data

We validated our forecasted results for livestock diseases using ProMED outbreak reports.

➢ Monthly forecasts were compared with actual reported outbreaks to verify whether the predicted diseases occurred in the same

month and at the same predicted locations.

➢ This spatio-temporal validation helped assess the accuracy of the disease timing in our forecasting model.

African Swine Fever Lumpy Skin Disease



Integrating Mathematical Modeling Post Disease Risk Forecasting

Tumkur

Identification High 

Risk district

How will a disease spread within a population, and what factors influence the speed, scale, and peak 

of an outbreak?

Which combination of interventions (e.g., vaccination, quarantine, and social distancing) 

is most effective in controlling and epidemic, and what is the optimal timing for their 

implementation?

What are the economic costs of an epidemic, and which intervention 

strategies provide the best balance between public health benefits and 

economic feasibility?Mathematical Model development

Data Required for Mathematical Modeling

✓ Epidemiological Equations (SIR/SEIR Models)

✓ Simulations

✓ Sensitivity Analysis

Output
✓ Disease transmission curves.

✓ Peak infection time and expected case numbers.

✓ Estimation of resource needs (e.g., vaccines, isolation units).

Deployment

✓ Integration with GIS and prediction outputs.

✓ Real-time scenario testing (e.g., effect of vaccination, 

movement control).

✓ Web-based decision support tools for policymakers.

✓ Simulation dashboards for field officers and stakeholders.

How can mathematical models inform policymakers to prepare for 

future outbreaks and prevent secondary waves of infection?

✓ Population density of livestock.

✓ Movement and contact rates of animals.

✓ Vaccination coverage data.

✓ Environmental persistence and transmission dynamics.

✓ Disease-specific biological parameters (e.g., incubation period, 

R₀).

Helps in
▪ Evidence-based decision-making.

▪ Efficient resource allocation.

▪ Designing targeted control strategies 

(ring vaccination, surveillance).

▪ Stakeholder communication with 

scenario simulations.



1. How can mathematical models explain the speed, peak, and overall scale of a disease outbreak in a population, and which parameters (such as

transmission rate, recovery, immunity, the role of vaccination, and environmental factors like rainfall, temperature, and pH) most strongly

influence these patterns?

2. What combinations and timings of interventions such as vaccination, quarantine/isolation of symptomatically infected animals do models

predict as most effective for controlling an epidemic while minimizing social and economic disruption?

3. How can models be used to estimate the risk of disease introduction in a specific region, forecast long-term epidemic dynamics, and guide

policymakers in preventing future waves of infection?

Questions that the model can answer

1. Homogeneous Mixing – All host species (cattle, buffalo, sheep, goat, and pigs) are assumed to mix uniformly, with equal probability of

contact across individuals within and between species.

2. Deterministic Process – The model predicts FMD transmission dynamics based on fixed parameters and initial conditions, without

incorporating random chance or stochastic events.

3. Constant Rates – Epidemiological parameters such as recovery rate and natural mortality are assumed constant over time.

4. Uniform Individual Characteristics – Within each host group, individuals are considered equally susceptible and equally infectious, without

accounting for age, immunity level, or behavioral variation.

5. Disease-Free or Endemic Equilibria – The model analyzes the conditions under which FMD either dies out or persists as an endemic

infection in the host population.

Assumptions

Modeling Foot-and-Mouth Disease (FMD) Dynamics Across Multiple Hosts

Objective: 

1. To develop a multi-host FMD model incorporating cattle, buffalo, sheep/goat, and pigs to capture cross-species transmission and predict

outbreak time, duration, infection peak, spread speed, and disease scale under varying population densities.

2. To evaluate the effectiveness of control strategies such as vaccination for host animals and biosecurity measures in reducing FMD spread, and to

provide insights for designing optimal intervention policies



➢ Causative agent: FMDV, genus Aphthovirus, family Picornaviridae. Hosts: Cloven-hooved

animals.

➢ Transmission: Direct contact with infected animals or their secretions/excretions, Indirect contact

(Fomites, Animal products, and Human), and Wind-borne

➢ Morbidity and mortality: Very highly contagious in susceptible populations.

➢ Durations of disease phases in cattle: Incubation 3.6 days (2.7–4.8 days); Latent 1.5 days (1.1–2.1

days); Subclinical infectious 2.2 days (1.5–3.5 days); Clinical infectious 8.5 days (6.2–11.6 days);

Total infectious phase (Subclinical infectious + Clinical infectious)10.8 days (8.2–14.2 days).

➢ Serotypes: Seven types of FMD virus are A, O, C, Southern African Territories (SAT)- 1, 2, and 3,

and Asia 1. Only types O, A, and Asia1 are seen in India (Subramaniam et al., 2013).

➢ Endemic disease – FMD has been present in India since the 19th century; serotypes O, A, Asia-1

circulate widely, while C disappeared after the 1990s (Subramaniam et al., 2013).

➢ Burden & hosts – India reports thousands of outbreaks annually, mainly in cattle and buffaloes, but

also in sheep and goats. In Karnataka alone, 11,159 outbreaks with ~0.27 million cases were

reported between 1977–2012 (Rout et al., 2014).

➢ Serotype dominance – Serotype O causes >80% of outbreaks across India and Karnataka; A and

Asia-1 appear sporadically, while C is absent (Rout et al., 2014).

➢ Geographic & seasonal trends – Karnataka’s dry zones (Central, Northern, Southern transition)

report most cases, with peaks in cool, dry months and cyclic recurrence every 2–3 years (Rout et al.,

2014).

➢ Control & vaccination – Preventive vaccination started in 2006–07 (ASCAD) in Karnataka and

scaled up under the FMD Control Programme (2004; nationwide 2019) with bi-annual mass

vaccination (Govt. of India, 2019).

Epidemiology and History of the FMD 

➢Understand disease dynamics: Models describe

how FMD spreads between animals, herds, and

regions. They capture factors like transmission

rate, incubation, carrier animals, and seasonality.

➢Evaluate control strategies: Evaluate control

strategies: Models assess the impact of vaccination

frequency, coverage, and movement restrictions.

Biannual vaccination campaigns in India have

been designed, and future monitoring can be

guided by insights from mathematical modeling.

➢Optimize resource use: Helps governments

decide where to allocate vaccines, manpower, and

funds. Reduces wastage by targeting high-risk

zones.

➢Policy & decision support: Provides evidence-

based guidance for disease eradication programs.

Supports India’s goal of achieving FMD-free

zones for livestock trade.

➢Assess the effectiveness of vaccination: Models

measure herd immunity levels and show whether

vaccination frequency and coverage are enough to

prevent outbreaks.

➢Simulate “what-if” scenarios: Allows testing of

different outbreak situations (e.g., low vs. high

vaccination, unrestricted vs. restricted animal

movement) without real-world risk.

Why  Mathematical Modeling for FMD



Schematic Diagram of SEIRVQq (Cattle), SEIRV (Buffalo), SVIR (Pig), SVIR (Sheep/Goat), Carrier 

Fomites (F), Environment (P_env) Mathematical Model

Contribution

Interaction

Factors Influencing the Building of the Mathematical Modeling

Hosts Spread factor Control factor

Infectious animals (like infected 

Cattle, Buffalo, Sheep, and Goat)

Reservoir: Direct contact, Indirect 

contact 

Vaccination, Isolation 

Pig Amplifier: Airborne Vaccination and isolation

Fomites and Environment Contact with Infected animals and 

with emitters of  airborne

Isolation of infected animals

Environmental parameters: Temperature(<20), Relative Humidity(>55), and PH (7-7.5) virus will survive in these conditions

P: Environmental parameter

F: Fomites

• FMDV spreads mainly through secretions and excretions (breath, milk,

semen, etc.) of infected animals.

• Direct transmission occurs via inhalation of virus-laden aerosols or contact

with contaminated feed, water, vehicles, or farm workers.

• Indirect transmission happens through ingestion of contaminated animal

products (milk, meat) or secondary aerosols.

• The virus survives for days to months in the environment, with survival

influenced by temperature, humidity, and pH.

Compartment Description

SC, SB Susceptible population of Cattle and Buffalo

EC, EB Latent/exposed population of Cattle and Buffalo

IC1, IB1 Sub-clinical infectious population of Cattle and Buffalo

IC2, IB2, Clinical infectious population of Cattle and Buffalo

RC, RB Recovered population of Cattle and Buffalo

VC1, VB1 Vaccinated fewer rounds population of Cattle and Buffalo

VC2, VB2 Vaccinated more rounds population of Cattle and Buffalo

QC Quarantine population of Cattle

qC Isolated population of Cattle

SP, SS Susceptible population of the Pig and Sheep/Goat

VP, VS Vaccinated population of pigs and Sheep/Goat

Ip, IS Infected population of the Pig and Sheep/Goat

RP, RS The recovered population of pigs and Sheep/Goat

P_env
Environmental parameters includes temperature, humidity and

pH

F
Fomites from contaminated feed, water, vehicles or farm

workers

I= IC1+IC2+(IB2 +IP +IS )* F*P_env



Model Parameterization

Why Parameterization: It is important in mathematical modeling because it assigns

realistic biological, ecological, and epidemiological values to the model’s variables.

Sl.No Parameter Description

1
𝛽𝐶 Transmission Rate of Cattle

2
𝛽𝐵 Transmission rate of Buffalo

3
𝛽𝑃 Transmission rate of Pig

4 𝛽S Transmission rate of Sheep/Goat

5
𝜇𝐶 Death Rate of Cattle

6
𝜇𝐵 The death rate of Buffalo

7 𝜇P Death Rate of Pig

8 𝒟c Disease-induced mortality rate of cattle

9
𝜌1 Progression Rate from Exposed Cattle to Asymptomatically Infected Cattle

10 𝜎1 Progression rate from Asymptomatic Cattle to symptomatic Cattle

11 𝜌2 Progression rate from Exposed Buffalo to Infected Buffalo

12
𝜎2 Progression rate from Asymptomatic Buffalo to symptomatic Buffalo

13
∅

Rate of loss of immunity

14 αC Vaccination rate for Cattle

15
αB Vaccination rate for Buffalo

16
𝜑

Isolated symptomatically infected Cattle

17 χ2 Waning rate of vaccinated animals

18
γ3 Recovery rate of symptomatic infected

19
γ4 Isolated Cattle Recovery Rate

20
𝜒2 Waning rate of vaccinated cattle

21
η1 Fomites pathogen decay rate

22
η2 Environment pathogen decay rate

24 SC Susceptible population of Cattle

25 EC Latent/exposed population of Cattle

26 IC1 Sub-clinical infectious population of Cattle

27 IC2 Clinical infectious population of Cattle

28 RC Recovered population of Cattle

29 VC1 Vaccinated fewer rounds population of Cattle

30 VC
2 Vaccinated more rounds population of Cattle

31 QC Quarantine population of Cattle

32 qC Isolated population of Cattle

33 SB, Susceptible populations of Buffalo

34 EB, Exposed populations of Buffalo

35 IB1, Subclinical Infected populations of Buffalo, respectively

36 IB2, Clinical Infected populations of Buffalo, respectively

37 RB Recovered populations of Buffalo

38 VB1 Vaccinated population of fewer rounds in Buffalo

39 VB2 vaccinated more rounds population of Buffalo

40 SP Susceptible population of the Pig

41 VP Vaccinated population of pigs

42 Ip Infected population of the Pig

43 RP The recovered population of pigs

44 SS, Susceptible populations of Sheep and Goats

45 VS Vaccinated populations of Sheep and Goats

46 IS and Infected populations of Sheep and Goats

47 RS Recovered populations of Sheep and Goats



CATTLE

1.
𝑑𝑆𝑐

𝑑𝑡
= ∆𝐶 + α𝐶3𝑉𝐶1 + χ2VC2 + Κ1QC +∅𝑅𝐶 − [α𝐶 + 𝜇𝐶 +

𝛽𝐶
(IC1 + IC2 + IB2 + f_env ∗ IP + f_env ∗ IS)

𝑁
] SC

2.
𝑑𝐸𝑐

𝑑𝑡
= 𝛽𝐶

(IC1 + IC2 + IB2 + f_env ∗ IP + f_env ∗ IS)
𝑁

𝑆𝐶 − 𝜌1 + 𝜇𝐶 EC

3.
𝑑𝐼𝑐1

𝑑𝑡
= 𝜌1𝐸𝐶 − 𝜇𝐶 + 𝜎1 𝐼𝑐1

4.
𝑑𝐼𝑐2

𝑑𝑡
= 𝜎1𝐼𝑐1 + Κ2QC − (𝛾3 + 𝜇𝐶 + 𝜑 + 𝒟𝐶)𝐼𝐶2

5.
𝑑𝑅𝑐

𝑑𝑡
= α𝐶1 𝛾1VC1+𝜒1𝛾2VC2 + 𝛾3𝐼C2 + 𝛾4𝑞𝐶 − (𝜇𝐶 + ∅)𝑅𝐶

6.
𝑑𝑉𝑐1

𝑑𝑡
= αSC − (α𝐶1 𝛾1 + α𝐶2 +

α𝐶3 +
𝜇𝐶)VC1

7.
𝑑𝑉𝑐2

𝑑𝑡
= α𝐶2𝑉𝐶1 − (

𝜒1𝛾2 + 𝜇𝐶 + χ2 )VC2

8.
𝑑𝑄𝑐

𝑑𝑡
= ∆𝑄𝐶 − [ Κ1+K2 + 𝜇C]QC

9.
𝑑𝑞𝑐

𝑑𝑡
= 𝜑𝐼C2 −(𝛾4 + 𝜇𝐶)𝑞C

BUFFALO

1.
𝑑𝑆𝐵

𝑑𝑡
= ∆𝐵 + αB1𝑉𝐵1 +

χBVC2 − [αB + 𝜇𝐵 + 𝛽𝐶
(IB1 + IB2 + f_env ∗ F ∗ IC2)

𝑁
] SB

2.
𝑑𝐸𝐵

𝑑𝑡
= 𝛽𝐵

(IB1 + IB2 + f_env ∗ F ∗ IC2)
𝑁

𝑆𝐵 − 𝜌2 + 𝜇𝐵 EB

Model Formulation

3.
𝑑𝐼𝐵1

𝑑𝑡
= 𝜌2𝐸𝐵 − 𝜇𝐵 + 𝜎2 𝐼𝐵1

4.
𝑑𝐼

𝐵2

𝑑𝑡
= 𝜎2𝐼𝐵1 − 𝜇𝐵 + 𝒟𝐵 𝐼𝐵2

5.
𝑑𝑉𝐵1

𝑑𝑡
= αBSB − (α𝐵1 +

α𝐵2 +
𝜇𝐵)VB1 - 𝛾𝐵2𝑉B1

6.
𝑑𝑉𝐵2

𝑑𝑡
= α𝐵2𝑉𝐵1 − (𝜇𝐵 + χB )VB2 - 𝛾𝐵1𝑉B2 

7.
𝑑𝑅

𝐵

𝑑𝑡
= 𝛾𝐵𝐼B −(𝜇𝐵)𝑅B +𝛾𝐵1𝑉B2 +𝛾𝐵2𝑉B1

SHEEP/GOAT

1.
𝑑𝑆𝑆

𝑑𝑡
= ∆𝑆 + 𝛿𝑆𝑉𝑆 − (𝛽𝑆

(𝐼𝑆)

𝑁
+ 𝜇𝑆 + α𝑆)𝑆𝑆

2.
𝑑𝐼𝑆

𝑑𝑡
=𝛽𝑆

(𝐼𝑆 )

𝑁
𝑆S − 𝜇𝑆 + 𝒟S 𝐼𝑆

3.
𝑑𝑉

𝑆

𝑑𝑡
= α𝑆SS − (𝛿𝑆 + 𝜇S)VS - 𝛾𝑆1 𝑉S

4.
𝑑𝑅𝑆

𝑑𝑡
= 𝛾𝑆𝐼S−(𝜇𝑆)𝑅S + 𝛾𝑆1 𝑉S

PIG

1.
𝑑𝑆𝑃

𝑑𝑡
= ∆𝑝 + 𝛿𝑃𝑉𝑃 − (𝛽𝑃

(𝐼𝑃 )

𝑁
+ 𝜇𝑃 + α𝑃)𝑆𝑃

2.
𝑑𝐼𝑃

𝑑𝑡
= 𝛽𝑃

(𝐼𝑃 )

𝑁
𝑆𝑃 −(𝜇𝑃 + 𝒟P)𝐼P

3.
𝑑𝑉𝑃

𝑑𝑡
= α𝑃SP − (𝛿𝑃 + 𝜇P)VP - 𝛾𝑃1 𝑉P

4.
𝑑𝑅𝑃

𝑑𝑡
= 𝛾𝑃𝐼P −(𝜇𝑃)𝑅P + 𝛾𝑃1 𝑉P

Why are differential equations: Differential equations describe how populations change continuously over time. They provide a precise

framework for predicting outbreaks, evaluating interventions, and calculating the basic reproduction number (R₀). These equations are

essential because they offer a powerful mathematical tool to describe, predict, and analyse how systems evolve, helping us understand natural

phenomena, model complex processes, and solve real-world problems



(1)Disease– free equilibrium point (𝑬𝟎) :

A stable state in an epidemic model where the number of infected individuals in

a population is zero, and the disease is no longer circulating.

And Why? Study the DFE to know the disease Can be eradicated? And What

conditions (like 𝑅0 < 1) ensure elimination?

SC∗ ==
∆𝐶+α𝐶3𝑉𝐶1+χ2VC2+∅𝑅𝐶

[α 𝐶+𝜇𝐶]
, 𝐸𝐶

∗ = 𝐼𝐶1
∗ = 𝐼𝐶2

∗ = 𝑞𝐶
∗ = 0, 𝑅𝐶

∗ =
α𝐶1 𝛾1VC1+𝜒1𝛾2VC2

𝜇𝐶+∅
,

𝑉𝐶1
∗ =

αSC

(α𝐶1 𝛾1+α𝐶2+
α𝐶3+

𝜇𝐶)
, V∗

C2 =
α𝐶2𝑉𝐶1

(𝜒1𝛾2+𝜇𝐶+χ2 )

(2) Endemic equilibrium point (𝑬𝟏):
An endemic equilibrium point is a stable state in an epidemiological model

where an infectious disease persists within a population at a consistent

Why? This study is to understand What happens if the disease cannot be

eradicated? And how many people/animals will remain infected long term?

SC*=
∆𝐶+α𝐶3𝑉𝐶1+χ2VC2+Κ1QC +∅𝑅𝐶

[α 𝐶+𝜇𝐶+ 𝛽𝐶

(IC1 + IC2 + IB2 + f_env ∗ IP + f_env ∗ IS)
𝑁

]
,

EC* =
𝛽𝐶

(IC1 + IC2 + IB2 + f_env ∗ IP + f_env ∗ IS)
𝑁

𝑆𝐶

𝜌1+𝜇𝐶

, IC1*=
𝜌1𝐸𝐶

𝜇𝐶+𝜎1

, 𝑞C∗=
𝜑𝐼C2

(𝛾4+𝜇𝐶),

𝐼𝐶2 ∗=

𝜎1𝐼𝑐1+Κ2QC

(𝛾3+𝜇𝐶+𝜑𝐼C2 +𝒟𝐶)
, QC∗ =

∆𝑄𝐶

[ Κ 1+K2 + 𝜇 C]
, RC*=

α𝐶1 𝛾1VC1+𝜒1𝛾2VC2+𝛾3𝐼C2+𝛾4𝑞𝐶

𝜇𝐶+∅
,

VC1∗=
αSC

(α𝐶1 𝛾1+α𝐶2+
α𝐶3+

𝜇𝐶)
, VC2∗ =

α𝐶2𝑉𝐶1

(𝜒1𝛾2+𝜇𝐶+χ2 )

Equilibrium point

Basic reproduction number: It represents the average number of new infections
generated by a single infected person in a completely susceptible population

Steps for finding the next generation matrix (NGM):

Step 1: Identify the infectious compartments (like Exposed “E” and infected “I”
compartments)

Step 2: Write the equations for infected compartments

• F: Rate of new infections entering the compartment

• V: Rate of transfer into and out of the compartment (not including the new
infections)

Step 3: Compute the Jacobian matrix (Jacobian with respect to E & I)

Step 4: Form the next generation matrix (NGM)

NGM = FV-1

Step 5: Compute R0, the basic reproduction number, which is the spectral radius
(dominant eigenvalues) of k

R0 = 𝜌 (𝐾)

𝑹𝟎 =
𝑺𝑪𝜷𝑪𝝆𝟏

𝟐𝑵 𝝁𝑪 + 𝝆𝟏 𝑫𝑪 + 𝜸𝟑 + 𝝁𝑪 + 𝝋
+

𝑨

𝑩
Here,  A = 𝑆𝐶𝛽𝐶𝜌1 𝜇𝐵 + 𝜌2 + 𝛾𝐵 ቀ

ቁ

4𝐷𝐶𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝜇𝐶 + 4𝐷𝐶𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝜌1) + (4𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝛾3𝜇𝐶

+ 4𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝛾3𝜌1 + 4𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝜇𝐶
2 + 4𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝜇𝐶𝜌1 + 4𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝜑𝜇𝐶

+ 4𝐹𝑆𝐵𝑓𝑒𝑛𝑣𝛽𝐵𝜑𝜌1 + 𝑆𝐶𝛽𝐶𝛾𝐵𝜌1 + 𝑆𝐶𝛽𝐶𝜇𝐵𝜌1 + 𝑆𝐶𝛽𝐶𝜌2𝜌1

B = 2𝑁 (

)

𝐷𝐶𝛾𝐵𝜇𝐶 + 𝐷𝐶𝛾𝐵𝜌1 + 𝐷𝐶𝜇𝐵𝜇𝐶 + 𝐷𝐶𝜇𝐵𝜌1 + 𝐷𝐶𝜇𝐶𝜌2 + 𝐷𝐶𝜌2𝜌1 + 𝛾3𝛾𝐵𝜇𝐶 + 𝛾3𝜇𝐵𝜌1 + 𝛾3𝜇𝐵𝜇𝐶
+ 𝛾𝐵𝜇𝐵𝜌1 + 𝛾3𝜇𝐶𝜌2 + 𝛾3𝜌2𝜌1 + 𝛾𝐵𝜇𝐶

2 + 𝛾𝐵𝜇𝐶𝜌1 + 𝛾𝐵𝜇𝐶𝜑 + 𝛾𝐵𝜌1𝜑 + 𝜇𝐵𝜇𝐶
2 + 𝜇𝐵𝜇𝐶𝜌1 + 𝜇𝐵𝜇𝐶𝜑

+ 𝜇𝐵𝜌1𝜑 + 𝜇𝐶
2𝜌2 + 𝜇𝐶𝜌2𝜌1 + 𝜇𝐶𝜌2𝜑 + 𝜌2𝜌1𝜑

The basic reproduction number 𝑹𝟎 serves as a threshold indicator for the control of foot-and-

mouth disease (FMD): when 𝑹𝟎 < 1, the epidemic dies out; when 𝑹𝟎 >1, the epidemic persists.

Control measures should aim to reduce 𝑹𝟎below 1 to eliminate the disease.

Herd immunity threshold (HIT): Minimum proportion of animals that must be immune to stop

spread: HIT= 1 −
1

𝑅0

Basic Reproduction Number (𝑹𝟎)



Theorem 1: Non-Negativity 

Goal: We aim to show that if all the initial conditions are non-negative, then all the state variables 

remain non-negative for all future time t ≥ 0.

SC (0), EC (0), IC1(0), IC2(0), RC (0), VC1(0), VC2(0), QC (0), qC (0) ≥ 0 

Proof: We'll prove this for each differential equation using the standard approach:

𝑑 𝑆𝐶

𝑑𝑡
= ΔC + αC3VC1 + χ2VC2 + κ1QC + ϕRC − (αc + μC + (βC (infected) /N)) * Sc

(Note: infected IC1+IC2+IB2+IP+IS+F+𝑃_𝑒𝑛𝑣) All terms are non-negative except the last, which 

subtracts.  The depletion term is proportional to SC, so if  SC = 0, this term vanishes. So, 
𝑑 𝑆𝐶

𝑑𝑡
≥ 0 when 

SC = 0 → no negative flow out of zero.

𝑑 𝐸𝐶

𝑑𝑡 EC=0  = (βC(infected)/N )* SC, If EC=0, the loss term vanishes. Production from SC ≥ 0 so 
𝑑 𝐸𝐶

𝑑𝑡
≥0.

𝑑 𝐼𝐶1

𝑑𝑡 IC1=0 = ρ1 EC, Again, if IC1=0, its depletion stops, ρ1 EC ≥0 produces it. So, IC1(t) ≥ 0.

𝑑 𝐼𝐶2

𝑑𝑡 IC2=0 = σ1 IC1+ κ2 QC, Gains from IC1 and QC → both are ≥ 0, Loss is proportional to IC2 → stops at 

0. So, IC2(t)≥ 0.

𝑑 𝑅𝐶

𝑑𝑡 RC=0= αC1γ1VC1+χ1γ2VC2+γ3IC2+γ4qC, All inflow terms ≥ 0. So, RC ≥  0

𝑑 𝑉𝐶1

𝑑𝑡 VC1=0 =αSC, If VC1 = 0, depletion is zero, Gain from SC ≥ 0 → V stays ≥ 0, Linear ODE with 

inflow, bounded outflow → stays  ≥ 0

𝑑 𝑉𝐶2

𝑑𝑡 VC2=0 = αC2VC1, If VC2 = 0, depletion is zero, Gain from SC ≥ 0 → V stays  ≥  0

𝑑 𝑄𝐶

𝑑𝑡 QC=0 =ΔQC ≥ 0
𝑑𝑞𝐶

𝑑𝑡 Qc=0  =Φ Ic2 Inflow from IC2≥ 0, depletion linear in qC, Since the depletion terms vanish at zero for 

each variable, the inflow terms are always non-negative. The system is well-posed, and all initial 

conditions are non-negative. By the non-negativity theorem, all state variables remain non-negative for 

all t≥0.

Conclusion: The non-negativity theorem ensures that model solutions never become

negative, keeping results biologically meaningful.

Theorem 2: Boundedness 

Goal: The goal of proving boundedness is to demonstrate that the model’s solutions remain finite and well-

defined for all time, ensuring that the system does not diverge or exhibit unrealistic, unbounded behavior

The boundedness proof for the model is based on the provided system of differential equations.

Define Total Cattle Population: Let NC(t)=SC+EC+IC1+IC2+RC+VC1+VC2+QC+qC

Add All the Equations, Now, compute:
𝑑 𝑁𝐶

𝑑𝑡
= ∑ all RHS terms

We will notice that many internal transfers cancel each other (e.g., a term leaving one compartment enters

another). So, the only non-canceling terms (net sources and sinks) are: Birth/entry terms: +ΔC, +ΔQC, Natural

death terms (all compartments lose μC times their values): Appears in each equation, Disease-related death: DC

IC2(only affects one compartment)

NC(t) = ∆𝐶 + α𝐶3𝑉𝐶1 + χ2VC2 + Κ1QC + ∅𝑅𝐶 − α𝐶SC − 𝛽𝐶
(IC1+IC2+IB2+IP+IS+F+𝑃_𝑒𝑛𝑣)

𝑁
] SC +

𝛽𝐶
(IC1+IC2+IB2+IP+IS+F+𝑃_𝑒𝑛𝑣)

𝑁
𝑆𝐶 − 𝜌1EC + 𝜌1𝐸𝐶 − 𝜎1𝐼𝑐1 + 𝜎1𝐼𝑐1 + Κ2QC − 𝛾3𝐼C2 − 𝜑𝐼C2 − 𝒟𝐶

𝐼𝐶2 +
α𝐶1 𝛾1VC1

+ 𝜒1𝛾2VC2 + 𝛾3𝐼C2 + 𝛾4𝑞𝐶 − ∅𝑅𝐶 + α𝐶SC − α𝐶1 𝛾1VC1 − α𝐶2VC1 − α𝐶3VC1 + α𝐶2𝑉𝐶1 −
𝜒1𝛾2VC2 − χ2VC2 + ∆𝑄𝐶 −

Κ1QC − K2QC + 𝜑𝐼C2 −𝛾4𝑞𝐶 − 𝜇𝐶SC − EC 𝜇C − 𝜇𝐶𝐼𝑐1 − 𝜇𝐶𝐼𝐶2 − 𝜇𝐶𝑅𝐶 –𝜇CQC −𝜇𝐶𝑞C −𝜇𝐶VC1 − 𝜇𝐶VC2

NC(t)NC(t)= ∆𝐶 +∆𝑄𝐶 −𝜇𝐶SC − EC 𝜇C − 𝜇𝐶𝐼𝑐1 − 𝜇𝐶𝐼𝐶2 − 𝜇𝐶𝑅𝐶 –𝜇CQC −𝜇𝐶𝑞C −𝜇𝐶VC1 − 𝜇𝐶VC2 −𝒟𝐶𝐼𝐶2

NC(t) = ∆𝐶 +∆𝑄𝐶 −𝜇𝐶(SC+EC+IC1+IC2+RC+VC1+VC2+QC+qC) −𝒟𝐶𝐼𝐶2

NC(t) = ΔC+ΔQC − μC NC −𝒟𝐶𝐼𝐶2

Therefore:
𝑑 𝑁𝐶

𝑑𝑡
≤ ΔC+ΔQC − μC NC (Why "≤"? Because we ignore disease-related deaths (DC IC2≥0, which

would make it smaller).

Step 4: Solve the Differential Inequality Let: M = ΔC+ΔQC Then:
𝑑 𝑁𝐶

𝑑𝑡
≤ M− μC NC

This is a standard linear differential inequality. We compare this to:
𝑑 𝑌

𝑑𝑡
= M − μC y

The solution is: y(t) = (NC (0) −
𝑀

μC
) e−μCt +

𝑀

μC
(Boyce, W. E., & DiPrima, R. C., 2017).

By the comparison theorem: NC(t) ≤ y(t) ≤ max (NC (0),
𝑀

μC
)

Hence, the total population NC(t) is bounded above by: max (NC (0), (ΔC+ΔQC)/μC)), For all t≥0, the total cattle
population NC(t) remains bounded above by a constant: NC(t) ≤ max (NC (0), (ΔC+ΔQC)/μC)

The boundedness theorem ensures that the total population remains within a finite limit, reflecting

real-world constraints and preventing the model from producing unbounded or unrealistic growth.



Theorem 3: Stability Analysis Around Equilibrium Points Sensitivity analysis

Parameters with Positive Contribution to 

R₀:  βC, ρ₁, μB, ρ₂, and F S_B

Parameters with Negative Contribution 

to R₀: μC, DC, γ₃, and φ on R₀

Parameter 𝜷𝑪 𝜷𝑩 𝑫𝑪 𝝁𝑩 𝝁𝑪 𝝆𝟏 𝝆𝟐 𝜸𝟑 𝝋

description 0.27 0.27 0.01 0.0057 0.02 0.15 0.0021 0.143 0.03

Value 0.27 0.27 0.01 0.0057 0.02 0.15 0.0021 0.143 0.03

Sensitivity 

index
0.99 0.2830 -0.0297 0.0831 -0.1241 0.3324 0.0369 -0.4250 -0.0831

Sensitivity analysis on the key parameters to assess their influence on the 𝑅0 ​ value and 

determine which parameter has the greatest impact on the basic reproduction number.

𝜟𝒙
𝑹𝟎 =

𝒙

𝑹𝟎
∗

𝒅𝑹𝟎

𝒅𝒙

𝛽𝐶, 𝛽𝐵 Transmission rate of Susceptible Cattle and buffalo

𝜌1, 𝜌2 Progression rate from Exposed Cattle to Infected Cattle and buffalo respectively

DC, 𝝁𝑩, 𝝁c,
Disease-induced death rate, natural death rates 

𝜸𝟑 , 𝝋 Recovery rate and isolation rate of cattle

Goal: To determine whether a model’s equilibrium points are stable or unstable.

Will the system return to equilibrium after a small disturbance (stable), or will it move away

and behave differently (unstable).

The Jacobian 𝐽0 at the disease-free equilibrium 𝐸0 determines the local dynamics of the

FMDV model. If all eigenvalues of 𝐽0 have negative real parts, 𝐸0 is locally asymptotically

stable and the infection dies out. If all eigenvalues have positive real parts (as required in this

theorem), 𝐸0 is unstable, and small perturbations grow. If some eigenvalues are negative and

others positive, 𝐸0 is a saddle equilibrium, stable along certain directions and unstable along

others
[λ4(λ+μC)(γ4+λ+μC)(αCαC1γ1γ2χ2+αCαC1γ1λ+αCαC1γ1μC+αCαC1γ1χ2+αCαC1γ2χ2+αCαC2λ+ααCαC2μC+ααCαC2ψ
+αCγ2λχ2+αCγ2μC ​χ2+αCγ2χ2ψ+αCλ2+2αCλμC+αCλχ2+αCλψ+αCμC

2+αCμC ​χ2+αCμCψ+αC ​χ2ψ+αC1γ1γ2λ​χ2+αC1

γ1γ2μC ​χ2+αC1γ1γ2χ2ψ+αC1γ1λ2+2αC1γ1λμC+αC1γ1λ​χ2+αC1γ1λψ+αC1γ1μC
2+αC1γ1μCχ2+αC1γ1μCψ+αC1γ1χ2ψ+

αC2γ2λ​χ2+αC2γ2μC ​χ2+αC2γ2χ2ψ+αC2λ2+2αC2λμC+αC2λ​χ2+αC2λψ+αC2μC
2+αC2μC ​χ2+αC2μCψ+αC2χ2ψ+αC3γ2λχ

2+αC3γ2μCχ2+αC3γ2χ2ψ+αC3λ2+2αC3λμC+αC3λ​χ2+αC3λψ+αC3μC2+αC3μC ​χ2+αC3μCψ+αC3χ2ψ+​γ2λ2χ2+2γ2λμC

χ2+​γ2λ​χ2ψ+​γ2μC
2χ2+​γ2μC ​χ2ψ+λ3+3λ2μC+λ2χ2+λ2ψ+3λμC

2+2λμC ​χ2+2λμCψ+λ​χ2ψ+μC
3+μC

2χ2+μC
2ψ+μC ​χ2

ψ)] = 0
[λ3(λ + μB)(αB αB2 γB1+αB αB2 ​λ+αB αB2 μB+αB γB1 ​γB2+αB γB1 ​λ+αB γB1 μB+αB γB2 ​λ+αB γB2 μB +αB γB2 χB +αB

λ2 +2αB λ μB +αB λ χB+ αBμB
2+ αB μB χB +αB1γB1λ +αB1γB1μB +αB1 λ2 +2αB1λ μB +αB1 λ χB+αB1μB

2+ αB1μB

χB+ αB2γB1λ+αB2γB1μB+αB2λ2+2αB2 λ μB+αB2 λ χB +αB2 μB
2+αB2 μB χB+γB1

γB2 ​λ+γB1 ​γB2 ​μB+γB1 ​λ2+2γB1λμB+γB1μB
2+γB2λ2+2γB2 ​λ μB+γB2 λ χB+γB2 μB

2+γB2 μB χB+λ3+3λ2 μB+λ2χB+ 3
λμB

2+2λ μB χB+μB3+μB2 χB)] = 0
[λ (λ + μP) (αP γP1+αP λ+αP μP+γP1λ+γP1μP+δPλ+δPμP+λ2+2λμP+μP

2)] =0
[λ (λ + μS) (αS γS1+αS λ+αS μS+γS1λ+γS1μS + δS λ + δS μS+λ2+2λμS+μS

2)] = 0

From above, we see that all the characteristic polynomials of the Jacobian matrix are

positive. From this, we will obtain negative eigenvalues. If R₀ <1, then the equilibrium

point (E0) is locally asymptotically stable and unstable if R₀ >1.



Theorem 4: Mathematical analysis of FMD with optimal control

In this section, we analyze the optimality function of the SVVEIIR model using control

variables. Our main goal is to reduce the number of infections with vaccination of susceptible

animals and isolation of infected animals. The number of infections was minimized while

keeping intervention costs under control.

J(u1, u2) = 𝟎׬

𝑻
𝑨𝟏𝑺𝑪 + 𝑨𝟐𝑬𝑪 + 𝑨𝟑𝑰𝑪𝟏 + 𝑨𝟒𝑰𝑪𝟐 +

𝑩𝟏

𝟐
𝒖𝟏

𝟐(𝒕) +
𝑩𝟐

𝟐
𝒖𝟐

𝟐(𝒕) 𝒅𝒕

where 𝐴1, 𝐴2, 𝐴3 penalize the cost of minimizing the SC, EC, IC1, IC2 and B1, B2 are positive 

weight control costs. Pontryagin’s Maximum Principle (PMP) was adopted to determine the 

optimal solution for the model.

Apply the Hamiltonian H to obtain the minimum value of PMP, which is given by

𝐻 = 𝐴1𝑆𝐶 + 𝐴2𝐸𝐶 + 𝐴3𝐼𝐶1 +
𝐴4𝐼𝐶2 +

𝐵1

2
𝑢1

2 𝑡 +
𝐵2

2
𝑢2

2 𝑡 + 𝜆𝑆 {∆
𝐶

+ 𝛼
𝐶3

𝑉
𝐶1

+ 𝜒2 V
C2

+ 𝛫1QC +∅𝑅𝐶 − [𝛼
𝐶

+ 𝜇
𝐶

+ (1 − 𝑢1)𝛽𝐶
(𝐼𝐶1 + 𝐼𝐶2 + 𝑓𝑒𝑛𝑣∗𝐹∗ 𝐼𝐵2 + 𝑓𝑒𝑛𝑣 ∗ 𝐹∗ 𝐼𝑃 + 𝑓𝑒𝑛𝑣 ∗ 𝐹∗ 𝐼𝑆)

𝑁
] SC }

+ 𝜆𝐸 { 1 − 𝑢1 𝛽𝐶
(𝐼𝐶1 + 𝐼𝐶2 + 𝑓𝑒𝑛𝑣∗𝐹∗ 𝐼𝐵2 + 𝑓𝑒𝑛𝑣 ∗ 𝐹∗ 𝐼𝑃 + 𝑓𝑒𝑛𝑣 ∗ 𝐹∗ 𝐼𝑆)

𝑁
𝑆𝐶} − 𝜌1 + 𝜇𝐶 𝐸𝐶 + {𝜆𝐼𝐶1

{ 𝜌1𝐸𝐶 − 𝜇𝐶 + 𝜎1 𝐼𝐶1 } + 𝜆𝐼𝐶2 {𝜎1 𝐼𝐶1 + 𝛫2 QC − (𝛾3 + 𝜇𝐶 + u2 𝜑 + 𝒟𝐶)𝐼𝐶2 }

+ 𝜆𝑅 u1 𝛼𝐶1 𝛾1VC1+ u1 𝜒1𝛾2VC2 + 1 − u2 𝛾3𝐼C2 + u2𝛾4𝑞𝐶 + u1SC − 𝜇𝐶 + ∅ 𝑅𝐶 + 𝜆𝑉1 { u1 𝛼SC

− (𝛼𝐶1 𝛾1 + 𝛼𝐶2 + 𝛼𝐶3 + 𝜇𝐶)VC1 + 𝜆𝑉2 {u1 𝛼𝐶2𝑉𝐶1 −
(u1 𝜒1𝛾2 + 𝜇𝐶 + 𝜒2 )VC2} + 𝜆𝑄 {∆𝑄𝐶 − [

𝛫1+K2 + 𝜇C] QC } + 𝜆𝑞 {u2 𝜑𝐼C2 −(𝛾4 + 𝜇𝐶)𝑞C}

Theorem. There exists an optimal control u1 , u2 and the corresponding solution (SC* , VC1*, VC2*,

EC*, IC1* , IC2* , RC*, QC*, QC*) that minimizes J. For the above statement to be true, there exist

adjoint functions λSC(t), λEC(t), λIC1(t), λIC2(t), λR(t), λVC1(t), λVC2(t) such that Adjoint

functions: λ˙=−
𝝏𝑯

𝝏𝒙
, λ(t)=0

Taking u1* and u2* to be optimal control functions and SC*, EC*, IC1*, IC2*, RC*, VC1*, 

VC2*, QC*, qC* are corresponding optimal state variables of the control problem. Here use 

the Pontryagin Maximum Principle, which requires that the optimal controls maximize the 

Hamiltonian. The Solving for u1 and u2: 

u1 = 
(𝜆𝑆+ 𝜆𝐸 −𝜆𝑅 )𝑆𝐶 − 𝜆𝑅 𝛼𝐶1 𝛾1VC1+ 𝜒1𝛾2VC2 − 𝜆𝑉1 𝛼SC− 𝜆𝑉2 (𝛼𝐶2𝑉𝐶1−

𝜒1𝛾2)
𝐵1

, 

u2 =
𝜆𝐼𝐶2 𝜑 + 𝜆𝑅 𝛾3𝐼C2 − 𝜆𝑅 𝛾4𝑞𝐶 + 𝜆𝑞 𝜑𝐼C2

𝐵2

Since the controls are constrained by 0 ≤ u1 ≤ u max 1 and 0 ≤ u2 ≤ u max 2 , we apply the 

projection condition:

u1* = max (0, min (𝑢1
max,

(𝜆𝑆+ 𝜆𝐸 −𝜆𝑅 )𝑆𝐶 − 𝜆𝑅 𝛼𝐶1 𝛾1VC1+ 𝜒1𝛾2VC2 − 𝜆𝑉1 𝛼SC− 𝜆𝑉2 (𝛼𝐶2𝑉𝐶1−
𝜒1𝛾2)

B1
)),

u2* = max (0, min (𝑢2
max, 

𝜆𝐼𝐶2 𝜑 + 𝜆𝑅 𝛾3𝐼C2 − 𝜆𝑅 𝛾4𝑞𝐶 + 𝜆𝑞 𝜑𝐼C2

𝐵2

))

Conclusion:

✓ u1 represents the optimal level of intervention that is Vaccination that reduces the

susceptible population SC moving into infected states.

✓ u2 represents the Isolation of symptomatic infected animals those spreads the FMDV

to other susceptible animals and also reduce FMDV spreads in the environment.

✓ This could include vaccination and isolation measures. Again, it ensures that the control

is within the allowed range.



Purpose of Proving the Theorems

Theorem 1: Positive Invariance

Conclusion: The non-negativity theorem ensures that model solutions never become negative, keeping results biologically

meaningful.

SC (t), EC (t), IC1(t), IC2(t), RC (t), VC1(t), VC2(t), QC (t), qC (t) ≥ 0, ∀ t ≥0

Theorem 3: The Jacobian matrix 𝑱𝟎 at the Disease-Free Equilibrium (𝑬𝟎), determines whether FMDV will die out or

persist in the population. Stability analysis is used to assess whether the system will return to its equilibrium state over time.

A stable disease-free equilibrium suggests that the infection will eventually die out, while an endemic equilibrium indicates

that the disease is likely to persist and spread within the population.

Theorem 4: Optimal control problem of the system

The number of infections was minimized while keeping intervention costs under control. The optimal control strategy cuts

infections and costs by blending Isolation of infected animals and vaccination into the most effective shield against disease.

Using Pontryagin’s Maximum Principle, the model guarantees solutions that are both mathematically sound and cost-

efficient. This framework equips policymakers with a powerful toolkit to compare scenarios and choose the ultimate mix of

interventions.

Theorem 2: Boundness

The boundedness theorem ensures that the total population remains within a finite limit, reflecting real-world

constraints and preventing the model from producing unbounded or unrealistic growth.

NC(t) ≤ max (NC (0), (ΔC+ΔQC)/μC)



Data collection

1. Total population (NC): District-wise data 

2. Overall, the mean [95% Confidence Interval (CI)] durations of disease phases in cattle (Yadav et al., 2019) were estimated to be:

Incubation phase = 3.6 days (2.7–4.8), Latent phase = 1.5 days (1.1–2.1), Subclinical infectious phase = 2.2 days (1.5–3.5),

Clinical infectious phase = 8.5 days (6.2–11.6), and Total infectious phase = 10.8 days (8.2–14.2)

3. (Bradhurst et al., 2015)
𝟏

𝝁
= 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑜𝑠𝑡, (𝜇 = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑑𝑒𝑎𝑡ℎ 𝑟𝑎𝑡𝑒)

• By using pert the natural death range is 

• for cattle and buffalo (0.05, 0.0541, 0.0583, 0.0625, 0.0666), 

• for pig (0.1, 0.0916, 0.0833, 0.075, 0.066) and 

• for sheep/goat is (0.0833, 0.0791, 0.075, 0.0708, 0.066)

District Name Cattle Buffalo Goat Sheep Pig Reference

Bengaluru Rural 170722 16924 95156 118788 14131
20th livestock census

Ramanagara 287502 19644 150130 127988 7102

Hosts Lifespan (min) Lifespan (max) Average Natural death rate 

Cattle 15 20 17.5 0.0571

Buffalo 15 20 17.5 0.0571

Pig 10 15 12.5 0.0800

Sheep/goat 12 15 13.5 0.0741



4. Progression rate from Exposed Cattle to Asymptomatic Cattle (ρ)

𝟏

𝛔
= average duration of latent period, (σ = progression rate from exposed to infectious), latent phase = 1.5

days (1.1–2.1), Let it be 1.5

Progression Rate (%) = (
1

Latent Period
) = (

1

1.5
)  = 0.66

5. Progression rate from Asymptomatic Cattle to symptomatic Cattle (σ), Incubation 3.6 – latent 1.5 =2.1 average     
subclinical or asymptomatic infectious period  

Progression Rate (%) = (
1

Incubation − latent days
) = (

1

2.1
)  = 0.476

6. Rate of Loss of Immunity (∅) = 
1

D
​, D = duration of immunity (how long immunity lasts, in days/months): For foot 

and mouth disease, it's about 6 months or 180 days based on this 

∅ =
1

180
≈ 0.0056

7.  The rate at which vaccinated cattle become susceptible =
𝟏

𝐝𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐢𝐦𝐦𝐮𝐧𝐢𝐭𝐲 𝐟𝐨𝐫 𝟑 𝐨𝐫 𝐥𝐞𝐬𝐬 𝐯𝐚𝐜𝐜𝐢𝐧𝐚𝐭𝐢𝐨𝐧 𝐫𝐨𝐮𝐧𝐝

= 
1

180
≈ 0.0056

8. Recovery rate γ , 
𝟏

𝛄
= average duration of the infectious period. Let the duration of the infectious period be an 

average of 7 days

Recovery rate = 1/7 = 0.143



9. Transmission rate: From the Risk map, we used R0 for the districts of Bangalore Rural and Ramanagara, Prevalence data 
from the (Ravindra et al., 2016)

• Transmission rate: 

10. Exposed population (E):

E = βC N − VC. VE

Transmission rate, let it be 1.9095 and 2.9548, Time let it be 6 months, 0.724

E = Transmission rate (Total population – Vaccination * Vaccination efficacy) -symptomatic infected

For Bangalore Rural is, E = 1.9095 (170722 – (32429 * 0.724 * 6))-699 = 4327. 

11. Asymptomatic Infected cattle (I1): Exposed * rate of exposed population change to asymptomatically affected  

• Infected population (asymptomatic) = 0

12. Infected symptomatic cattle (I2): Bangalore rural 699, Ramanagara 1075

District R0 Recovery rate (𝛄) prevalence Non-immunnity
Transmission rate 

𝛃 = 𝐑𝟎 ∗ 𝛄* prevalence * (1- immunity)

Bangalore Rural 1.1775 0.143 14 0.81 1.9095

Ramanagara 1.3505 0.143 17 0.90 2.9548

State Vaccination Rounds Covered Average 

(Pre)

Average (Post) s0 sinf Vaccine Efficacy

Karnataka 6 72.63 92.466667 0.273 0.0753 0.724



13. Recovered (R) = Cumulative symptomatic cases* recovery rate + isolated animals * recovery rate of isolated animals 

Bangalore rural:  Recovered from the symptomatically recovered animals =699 * 0.143 = 99, Recovered from the isolated animals 

=350*0.143 = 50, Total Recovered animals =99+50=149

Ramanagara: Recovered from the symptomatically recovered animals = 1075 * 0.143 = 154, Recovered from the isolated animals = 

537 * 0.143 = 77, Total Recovered animals = 153 + 77 = 230

14. Isolation of animals, let it be 50% that is 350 for Bangalore rural and 537 for Ramanagara

The total symptomatically infected in Bangalore rural is (699-350-150=199)

The total symptomatically infected in Ramanagara is (1075-537-230=306)

15. Susceptible = Total Number of animals – exposed – asymptomatic – symptomatic – recovered – vaccinated – isolated animals

Bangalore rural Susceptible = 170722- 4327-0-199-149-32429-350 = 133268

Ramanagara Susceptible = 287502- 30024-0-306-230-28504-537 = 227895

16. Vaccination rate =
𝑽𝒂𝒄𝒄𝒊𝒏𝒂𝒕𝒆𝒅 𝒂𝒏𝒊𝒎𝒂𝒍𝒔

𝑻𝒐𝒕𝒂𝒍 𝒂𝒏𝒊𝒎𝒂𝒍𝒔 𝒂𝒕 𝒕𝒉𝒆 𝒔𝒕𝒂𝒓𝒕𝒊𝒏𝒈

For cattle = 229332 / 287502 = 0.7976

For buffalo = 15669/19644 = 0.7976



Numerical Simulation

Days Key Events Meaning

Rapid Onset (Days 0-10) Blue Line (Susceptible Cattle) drops fast. Red Line (Infected Cattle 1).
Explosive Outbreak: The disease is spreading very quickly. 

Most healthy cattle are now infected.

Peak Infection (Days 7-20)

Red Line (Infected Cattle 1) and Maroon Line (Infected Cattle 2) hit 

their highest points and start to fall. Green Line (Recovered Cattle) is 

rising fast.

Epidemic Peak: The maximum number of cattle are sick. 

Infections are slowing down because animals are starting to 

recover and become immune.

Decline & Resolution (Days 

20-48)

Red and Maroon Lines (Infected Animals) fall close to zero. Green 

Line (Recovered Cattle) remains high.

Outbreak Over: Implemented isolation of infected animals 

and vaccination. The epidemic has burned out, leaving most of 

the initial population immune.

✓ β_C (Cattle Transmission

Rate) 2.95,

✓ β_B (Buffalo Transmission

Rate)0.30,

✓ ρ_1 (Cattle Incubation Rate): 0.66,

✓ ρ_2 (Buffalo Incubation Rate):

0.66,

✓ γ_3 (Cattle Recovery Rate): 0.143,

✓ γ_B (Buffalo Recovery Rate):

0.143,

✓ μ_C (Cattle Natural Mortality):

0.0571,

✓ μ_B (Buffalo Natural Mortality):

0.0571,

✓ D_C (Cattle Disease Death Rate):

0.00858,

✓ D_B (Buffalo Disease Death

Rate): 0.00858,

✓ α_B (Buffalo Vaccination Rate):

0.7976,

✓ α_P (Pig Vaccination Rate): 0.06,

✓ φ (Isolation Rate) 0.173,

✓ F (Environmental Factor): 1,

✓ T_opt (Optimal Temperature): 25,

✓ pH_opt (Optimal pH): 7.4

Ramanagara district Scenario-III

Data collected from the 20th live stock census and the infection and vaccination data from the NADRES V2, Compartmental data: Susceptible Cattle (SC): 34850, Exposed Cattle (EC):

22245, Infected Cattle Stage 1 (IC1): 1, Infected Cattle Stage 2 (IC2):449, Recovered Cattle (RC): 208, Vaccination less than 3 doses(VC1):229330, Vaccination more doses (>3) (VC2): 2,

Isolated infected Cattle (qC): 416 , Susceptible Buffalo (SB): 2394, Exposed Buffalo (EB): 1554, Temperature (°C): 25 , Humidity (%):60, pH:7



Numerical Simulation
Data collected from the 20th live stock census and the infection and vaccination data from the NADRES V2, Compartmental data: Susceptible Cattle (SC): 34850, Exposed Cattle (EC):

22245, Infected Cattle Stage 1 (IC1): 1, Infected Cattle Stage 2 (IC2):449, Recovered Cattle (RC): 208, Vaccination less than 3 doses(VC1):229330, Vaccination more doses (>3) (VC2): 2,

Isolated infected Cattle (qC): 416 , Susceptible Buffalo (SB): 2394, Exposed Buffalo (EB): 1554, Temperature (°C): 25 , Humidity (%):60, pH:7

✓ β_C (Cattle Transmission Rate)

2.95,

✓ β_B (Buffalo Transmission

Rate)0.30,

✓ ρ_1 (Cattle Incubation Rate): 0.66,

✓ ρ_2 (Buffalo Incubation Rate):

0.66,

✓ γ_3 (Cattle Recovery Rate): 0.143,

✓ γ_B (Buffalo Recovery Rate):

0.143,

✓ μ_C (Cattle Natural Mortality):

0.0571,

✓ μ_B (Buffalo Natural Mortality):

0.0571,

✓ D_C (Cattle Disease Death Rate):

0.00858,

✓ D_B (Buffalo Disease Death Rate):

0.00858,

✓ α_B (Buffalo Vaccination

Rate): 0.92,

✓ α_P (Pig Vaccination Rate): 0.06,

✓ φ (Isolation Rate) 0.259,
✓ T_opt (Optimal Temperature): 25,

✓ pH_opt (Optimal pH): 7.4,

R₀ Value: 0.74Ramanagara district Scenario-IV

Feature Observation from Graph Interpretation (Effect of Control)

Outbreak Severity
Infected Cattle (Red/Maroon) peaks are lower

(around 22,000) and less sharp.

Vaccination reduced the number of animals that got sick, 

successfully suppressing the total size of the epidemic.

Speed of Spread
Infected Cattle peaks are delayed (around Days 9-

12).

Isolation/Lower R0 slowed the infection rate, meaning the 

outbreak took longer to reach its peak.

Exposure Role
Exposed Cattle (Orange) line is highly visible and 

peaks early.

Effective control measures like vaccination and isolation may 

delay the progression from being exposed to becoming fully 

infectious.



FMD Simulation (Epidemic Calculator) – Scenario I

Data Used for the 

Simulation

In this scenario, the number of

susceptible animals is 48,550.

Control measures are applied at a

low level, with isolation at 14.2%

and vaccination at 79%, resulting

in a basic reproduction number

(R₀) of 1.02, indicating continued

disease transmission.

The simulation data is obtained from the 20th Livestock Census (2019) and the 

NADRES database, with model parameters calculated using the formulas provided 

in the previous slides.

UNDER PROGRESS❗



FMD Simulation (Epidemic Calculator) – Scenario II

The simulation data is obtained from the 20th Livestock Census (2019) and the 

NADRES database, with model parameters calculated using the formulas provided 

in the previous slides.

Data Used for the 

Simulation

If control measures such as isolation

(93.2%) and vaccination (94%) are

applied, the number of susceptible

animals decreases to 16,698, resulting

in a reduction of the basic

reproduction number R₀ by 0.31 and

overall disease transmission.

UNDER PROGRESS❗



Model Parameterization

Bovine

1.
𝑑𝑆𝑏

𝑑𝑡
= ∆𝑏 + α𝑏3𝑉𝑏1 +

χ2Vb2 + Κ1Qb +∅𝑅𝑏 − [α𝑏 + 𝜇𝑏 +

𝛽𝑏

(Ib1 + Ib2 + Is + IP) ∗ f_env ∗F
𝑁

] Sb

2.
𝑑𝐸𝑏

𝑑𝑡
= 𝛽𝑏

(Ib1 + Ib2 + f_env ∗ IP + f_env ∗ IS)
𝑁

𝑆𝑏 −

𝜌1 + 𝜇𝑏 Eb

3.
𝑑𝐼𝑏1

𝑑𝑡
= 𝜌1𝐸𝑏 − 𝜇𝑏 + 𝜎1 𝐼𝑏1

4.
𝑑𝐼𝑏2

𝑑𝑡
= 𝜎1𝐼𝑏1 + Κ2Qb − (𝛾3 + 𝜇𝑏 + 𝜑 + 𝒟𝑏)𝐼𝑏2

5.
𝑑𝑅𝑏

𝑑𝑡
= α𝑏1 𝛾1Vb1+𝜒1𝛾2Vb2 + 𝛾3𝐼b2 + 𝛾4𝑞𝑏 − (𝜇𝑏 + ∅)𝑅𝑏

6.
𝑑𝑉𝑏1

𝑑𝑡
= αSb − (α𝑏1 𝛾1 + α𝑏2 +

α𝑏3 +
𝜇𝑏)Vb1

7.
𝑑𝑉𝑏2

𝑑𝑡
= α𝑏2𝑉𝑏1 − (

𝜒1𝛾2 + 𝜇𝑏 + χ2 )Vb2

8.
𝑑𝑄𝑏

𝑑𝑡
= ∆𝑄𝑏 − [ Κ1+K2 + 𝜇b]Qb

9.
𝑑𝑞𝑏

𝑑𝑡
= 𝜑𝐼b2 −(𝛾4 + 𝜇𝑏)𝑞b

Model Formulation

Schematic Diagram of SEIRVQq (Bovine), SVIR (Pig), SVIR (Sheep/Goat), Carrier Fomites (F), Environment (f_env), FMD 

Mathematical Modeling

R0 Estimation

The boundedness and non-negativity theorems are proved for the model,

demonstrating that all state variables remain non-negative and confined

within biologically feasible domains for all.

*Values are still under purification

Under Purification

As FMD vaccination is only available for bovines, the model is

formulated using the aggregated 'bovine' population instead of

treating cattle and buffalo separately



• Not sample based only opportunistic modelPassive 
Surveillance 

model • Host factors acts as signal/source early detection of 
outbreaks 

Event-based 
Surveillance 

model • Risk other than host such as Ecological, environment, trade 
etc by risk based probability sampling method

Risk-based 
Surveillance 

model • systematic or regular recording of cases of a designated 
disease or a group of diseases by probability sampling 
method

Active 
surveillance 

model • Non-invasive method of surveillance that involves the 
collection of environmental samples by advanced 
probability sampling methods

Environmental 
Surveillance 

model •System of disease monitoring in which data are collected from selected
reporting sites (called sentinel sites) such as specific hospitals, laboratories,
or geographic locations. These sites are chosen purposively to represent a
larger population and provide high-quality, continuous information on trends
of specific diseases.

Sentinel Surveillance 
model

https://www.nivedi.res.in/Nadres_v2/

https://nive
di.res.in/PD
DES/

https://nivedi.re
s.in/nicra/form_i
ntro.php

Integrated Disease Surveillance and Sampling Approaches for Early Warning

Convenience / 

Opportunistic sampling

Types of Surveillance

Purposive sampling

Risk-based 

probability sampling

Probability sampling 

(Random / 2 stage 

Stratified / Systematic)

Environmental 

probability sampling

Sampling Method

Sentinel site sampling 

(Purposive)
NADRES V2



Schematic representation of Two-stage stratified random sampling and formulaSampling Plan tab under NADRES Website

Sampling plan BulletinData Requirements Specifications (DRS) Sampling Plan

LH-DCP Portal : Cloud-Based Digital Platform for Active Livestock 

Disease Surveillance and Control 

https://nivedi.res.in/Nadres_v2/lhdcp/index

Approximately 5,39,535 samples are allocated annually across India for monitoring and

surveillance of four prioritized animal diseases (FMD, Brucellosis, PPR, and CSF)

supporting nationwide disease tracking and control initiatives.

Home Page Disease Dashboard

https://nivedi.res.in/Nadres_v2/lhdcp/index


Sl. 

No.

AI & ML-Driven 

Operation

Volume of Operations for One year

1 Data Capturing 2,08,380 records(disease data, key risk factors)

2 Data Alignment 7,61,046 records (additional 23 delta variables)

3 Disease Modelling Forecasting 15 livestock diseases, over 12 months using 20 models and 

13 performance indices across 755 districts and 15 agro climatic zones 

in India requires approximately 530 million operations per time

4 Risk Communication 25 lakh SMS alerts to farmers in 1 year; 17 to 18 thousand DLT 

SMS alerts to veterinary officials every month

Operational Scale

Optimized Response Time in NADRES Through AI/ML Automation for Each 

month

Process
Before 

Automation

After 

Automation
Improvement

Data Collection + Cleaning 10–14 days < 48 hours ~90% time saved

Forecasting & Modeling 7–10 days < 10 hours ~95% faster

Report Preparation 10 – 15 days < 3 days ~90% time saved

Alert Generation Manual dispatch
Instant multi-

channel

Real-time 

communication

Total Response Cycle 18–24 days < 6 days faster response time

Operational Scale & Response Time Optimization in NADRES V2 via AI/ML Automation

Data Inputs for Monthly Livestock Disease Forecasting

✓ Total Livestock Population & Animal Species Covered: 540 

million animals (Cattle, Buffalo, Sheep, Goat, and Pig)

✓ Disease Surveillance Network: Data collected from 35 NADEN 

(National Animal Disease Epidemiology Network) Centers

✓ Number of States & Districts Covered: 36 States& UTs, 755

Districts

✓ Number of Target Diseases: 15 economically important livestock 

diseases

✓ Climatic Parameters: 18 key weather and climate variables 

considered

✓ Remote Sensing Variables: 5 variables derived from satellite and 

geospatial data

✓ Delta Variables: 23 variables capturing changes in climatic trends 

over time

✓ Forecasting Models: 20 predictive models used for analysis

✓ Indices: 13 indices to support decision-making and interpretation

WhatsApp NADEN 

Group 

➢ Fully automated pipeline powered by AI and ML, Covers the entire workflow from data

acquisition through to district-level risk alerts

➢ Over 2,346 lines of R code implemented across data capture, processing, and modeling stages to

automate the NADRES V2 pipeline. ( https://nivedi.res.in/Nadres_v2/ )

➢ Nearly 250 CPU hours per month devoted to continuous model execution and risk forecasting.

https://nivedi.res.in/Nadres_v2/


NADRES V2: Future Scalability & Strategic Collaborations for Precision Livestock Disease Forecasting

Scalability Opportunities

✓ Integrated Mathematical and Surveillance Modeling: Develop mathematical and surveillance models and integrate them with data-driven

frameworks for priority livestock diseases such as FMD, PPR, and ASF, enhancing precision and early detection capabilities.

✓ Micro-Level Forecasting: Expansion from district to block and village levels, enabling hyper-localized risk predictions tailored to specific livestock

practices and microclimates.

✓ Model and Disease Expansion: The number of forecasted livestock diseases is projected to increase to 20-30, with a parallel rise in machine learning

models to approximately 25-30, improving prediction specificity and robustness.

✓ Offline Accessibility: Deployment of AI/ML models on mobile devices with offline capabilities for remote areas with poor internet.

✓ Multi-Language & Voice Support: Integration of AI-driven voice alerts, SMS, IVR, and community radio in regional languages for inclusive

communication.

Strategic Collaborations

✓ NICRA (ICAR): Leveraging agro-climatic data to enhance prediction accuracy under climate variability (floods, droughts).

✓ IMD Integration: Real-time meteorological data and farmer details across India are integrated to enhance the prediction of climate-sensitive and

vector-borne diseases and to enable timely dissemination of alerts to farmers

✓ Government Platforms: Seamless integration with NDLM, BSNL, and Digital India initiatives for unified data exchange and delivery.

AI & ML Adaptability: Dynamic model recalibration using real-time feedback and new climate-disease relationships.

Community-Centric Risk Communication

✓ Global Inter Engaging village cooperatives and extension workers as grassroots communication hubs.

✓ Dissemination through SMS, IVR, local radio, and mobile-based tools to reach digitally underserved areas.

✓ We will also expand SMS alerts to farmers in their local or vernacular languages, ensuring better understanding and adoption.

Global Interest

✓ FAO experts organized a workshop on community-based early disease detection and reporting systems, and invited the NADRES V2 team to explore

expanding its implementation at the community level.



Officials were oriented on the NADRES V2 workflow during their visit to the SEL Lab

Web Audit 

Certificate

Message Alert 

The website is currently under evaluation by the 

Standards and Quality Compliance Lab 

(STQCL) for adherence to GIGW guidelines

Parameter NADRES v2 Website

ICAR-

NIVEDI 

Website

Errors
0  (No critical 

accessibility errors)
0

Contrast Errors 0 (No contrast issues) 0

Features
32(Accessibility features 

implemented)
55

Structural 

Elements
71 86

ARIA 

Attributes
78 46

WAVE Tool Accessibility 

Summary Report



NADRES V2 has been conferred with the National Award for e-Governance 2024–25 (Gold) under the category ‘Innovation 

by Use of AI and Other New Age Technologies for Providing Citizen Centric Services’.



Thank You

Hesaraghatta Farmer Dairy Farm, Yelahanka, Bengaluru 


