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How can a conservation agency
deploy limited resources to

maximise protection across a
large national park?
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Conservation threats in Etosha National Park are not evenly distributed

These must be managed simultaneously with limited budget and
manpower

This transforms conservation into a resource allocation problem under
uncertainty, which we can use mathematical modelling to solve
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Mathematical Assumptions
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Frequency
Ecological

Impact
How often a

challenge is faced?
How much impact

it causes to the
environment?

Mitigation
Feasibility

How hard it is to
mitigate? 



Criteria
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The bigger the sum of numbers, the more severe the challenge and the more importance we need to place on mitigating it. 



Criteria
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For each challenge factor, we calculated the fuzzy geometric mean, then normalized fuzzy
weights using the center-of-area method to obtain crisp weights suitable for ranking.



Orbital Risk Model— Gaussian Kernel 
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Risk is not uniform across the park, but rather, it clusters around geographic
"attractors" and decays with distance.

Gaussian Kernel 
To model this spatial behaviour, we developed the Orbital
Risk Model using a Gaussian Kernel Function, which
represents the influence of a source that gradually
decreases with distance.

where d represents distance from an attractor and σ, controls how quickly risk
spreads outward.



Challenges
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Orbital Risk Model
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In this Orbital Risk Model, we adopt the idea where each challenge is concentrated around
attractors, which are physical features where the challenge is most intense. The influence of each
attractor decays exponentially with distance, forming a “challenge cloud”.
We introduced S(τ), a dryness index that ranges from 0 (wet season) to 1 (peak dry season). It
follows a smooth sinusoidal cycle that peaks on July 1 (day 182), and affects challenges such as
poaching, human-wildlife conflict, and invasive species.
Wildfires behave differently from other threats, so we created a separate fire danger index F(τ) =
S(τ)². This means fire risk stays low through most of the year but rises sharply as conditions
become extremely dry.
Ranger camps are modeled as "protective clouds" as they reduce local risk through deterrence and
rapid response. Using the same Gaussian form as threat clouds, each camp subtracts risk from
poaching and human-wildlife conflict (as shown when calculating net risk).



Challenge Attractor(s) Key Formula Component

Poaching 51 waterholes

Wildfires Vegetated areas

HWC Roads, boundaries, picnic spots

Resource Exploit Vegetated areas

Invasive Species Vegetated areas

Orbital Risk Model
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Risk at any point = Weight × Seasonal factor × Exponential decay with distance
In words:



Calculating Net Risk 
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Fig.1: Risk heat maps for Etosha National Park



Defining Protection
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The net risk surface assigns a risk value to every point across the park. To obtain a single,
meaningful measure of the park's overall risk burden, the net risk is integrated across the
entire park area.
The total risk over the entire park season at season τ is given by R (τ)total

This allows us to define protection mathematically as:

A value of 1 indicates the park is at its safest (zero risk), while 0 indicates maximum
vulnerability (peak risk with no protection).
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Optimal placement to
cover a (10-20m)
waterhole uses 3
cameras.

Camera Traps
Can be used to detect
Poaching/Undesirable
HWC.

Placed along roads with distances of
800m. (2x400m, which is effective
distance) 

Laser Speed Cameras
Can be used to detect wildfires along
the road, and transports for poaching
and resource exploitation.

Untargeted Measures
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Used for Detection of Threats



Targeted Measures
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Used to Subdue Threats

Adaptable to address many problems,
but best used for Poaching and Human
Wildlife Conflict

Jeeps
Rangers working with the jeeps work in
3 8h shifts for full coverage. 

Placed along roads with distances of
800m. (2x400m, which is effective
distance) 

Drones

Placed at drone points every 13 km
(=drone coverage radius)Stationed at Ranger Camps

*We specifically used the Jeep
Wranglers as it came up a lot during
research and can be standardised

We used agricultural drones, which
could carry water to extinguish
Wildfires, and film evidence for
Resource Exploitation.



How many units of each tool should be deployed, and where should they be placed, to maximise
total risk reduction while respecting budget and operational constraints?

Mixed-Integer Linear Programming (MILP)
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In our resource allocation model, Mixed Integer Linear Programming (MILP) was used as it finds the
optimal number and placement of protection resources to maximise risk reduction while respecting
budget, minimum requirements, and operational limits.

Decision Variables:



MILP Objectives and Constraints
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We use Multi-Integer Linear Programming (MILP) to maximise the total reduction, with our objective
being to maximise the total risk reduction over the park.

The decision variables were also subjected to the following constraints:
Budget Constraints

Integrality constraints (to ensure to restrict decision variables to integers)

Forced contraints (to ensure a baseline level of protection)



MILP Results
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MILP Results
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Simulation
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Calculates 1 event per hour every day for a year.
For each event 3 phases: 

Event
Generation

Detection
(Untargeted)

Dispatch
(Targeted)

Computes Protection, Detection and Subduation Metrics



Event Generation
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Event Generation

Conclusion

#2026092 Singapore / Raffles Girls’ School 26

Overview Protection Resource Allocation Simulation Sensitivity Analysis



Event Generation
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Poaching: 70%
Invasive 

species: 20%
Wildfires: 10%



Detection (Untargeted)
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Subduation (Targeted)
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Subduation (Targeted)
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Resultant Metrics
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Protection Metric =

Detection Metric =

Subduation Metric =

OR



Sensitivity Analysis – Orbital Risk Model 
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Five parameters were selected to represent the main sources of uncertainty: the FAHP weight of
poaching, the baseline bandwidths for poaching and wildfires, the timing of the seasonal peak, and the
effectiveness of ranger camps.

The Spearman rank
correlation coefficients are
all above 0.81, indicating
that the spatial order of risk
remains largely unchanged
across variations.



Sensitivity Analysis – Orbital Risk Model 
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Overall, our sensitivity analysis shows that the orbital risk model can be used with confidence for the
resource allocation and simulation stages.



Sensitivity Analysis – Simulation
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Limited Targeted Measures

Jeeps

Average Protection Metric: 23.16% over the year.
P(t) ≥ 20.0 for 76.71% of the time.
P(t) ≥ 10.0 for 98.63% of the time.

Standard Deviation: 6.1298712560280775

(default) Jeeps + Drones

Average Protection Metric: 74.34% over the year.
P(t) ≥ 70.0 for 72.60% of the time.
P(t) ≥ 60.0 for 94.25% of the time.

Standard Deviation: 8.769367459158277



Sensitivity Analysis – Simulation
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Deadlines To Accomplish Tasks Differ

1 Hour Deadline

Average Protection Metric: 50.76%
P(t) ≥ 50.0 for 64.38% of the time.
P(t) ≥ 40.0 for 87.67% of the time.

Standard Deviation: 9.686636419659067

2 Hour Deadline

Average Protection Metric: 70.07%
P(t) ≥ 70.0 for 54.25% of the time.
P(t) ≥ 60.0 for 85.48% of the time.

Standard Deviation: 8.898370706492633

(default) 4 Hour Deadline

Average Protection Metric: 74.34%
P(t) ≥ 70.0 for 72.60% of the time.
P(t) ≥ 60.0 for 94.25% of the time.

Standard Deviation: 8.769367459158277



Sensitivity Analysis – Simulation
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Time Intervals Between Events Differ

30 Minute Intervals

Average Protection Metric: 46.86%
P(t) ≥ 40.0 for 72.88% of the time.
P(t) ≥ 30.0 for 90.68% of the time.

Standard Deviation: 11.630341809585198

40 Minute Intervals

Average Protection Metric: 61.94% 
P(t) ≥ 60.0 for 57.81% of the time.
P(t) ≥ 50.0 for 87.12% of the time.

Standard Deviation: 11.232169020287882

(default) 60 Minute Intervals

Average Protection Metric: 74.34%
P(t) ≥ 70.0 for 72.60% of the time.
P(t) ≥ 60.0 for 94.25% of the time.

Standard Deviation: 8.769367459158277



Generalisation
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Berchtesgaden National Park (Germany) Yala National Park (Sri Lanka)

A brighter spot indicates a higher risk of threats occurring. 



Generalisation
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Etosha National Park

Average Protection Metric: 74.34%
P(t) ≥ 70.0 for 72.60% of the time.
P(t) ≥ 60.0 for 94.25% of the time.

Yala National Park

Average Protection Metric: 78.33%
P(t) ≥ 70.0 for 87.12% of the time. 
P(t) ≥ 60.0 for 98.08% of the time.

Berchtesgaden National Park

Average Protection Metric: 7.48%
P(t) ≥ 10.0 for 25.21% of the time.
P(t) ≥ 5.0 for 55.89% of the time.



Conclusion
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Strengths
Adaptability
Scalability
Integration of multiple challenges within a single framework

Limitation: Accuracy is highly dependent on availability of data

Future work: Incorporate satellite data and real-time patrol routing
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Thank you!
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Protection evaluates the
performance overall.

Detection and Subduation isolate
those phases, to show where the
allocations fails. This helps for
further improvement to system.
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