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Abstract

Protecting vast wildlife reserves like Etosha National Park (approximately 22,935 km?) with severely
constrained resources demands a mathematically rigorous strategy that abandons the flawed pursuit
of total coverage. This work presents a comprehensive, grid-based operations research framework to
optimize wildlife protection by strategically executing spatial triage against competing ecological threats.

For Problem 1, we identify and prioritize three major conservation challenges—poaching, wildfires,
and boundary breaches—using a risk matrix. We translate the abstract concept of “protection’ into
a quantitative Spatial Triad evaluated over a high-resolution grid. This includes a point-based Anti-
Poaching Index (API) maximizing joint detection and interception probabilities, an area-based Habitat
Protection Index (HPI) minimizing the miss-probability of overlapping sensor networks, and a line-
based Boundary Integrity Index (BII) capturing fence security via cyclic volunteer patrols.

In Problem 2, we formulate a constrained non-linear integer programming model to maximize
the risk-weighted composite protection score (F). The model endogenously prioritizes high-risk zones
using biome-specific geographic modifiers (e.g., terrain impedance, proximity to roads). To efficiently
navigate the massive combinatorial space, we developed a custom Cost-Benefit Greedy Algorithm
driven by marginal gain-to-cost ratios (AJF /Cost). Our optimization precisely allocates the 300-unit
budget to deploy 39 ranger squads (195 personnel), 9 UAVs, 59 Al cameras, and 15 volunteer teams
(90 individuals), achieving a ™ score of 0.787. Spatially, this deployment validates our triage strategy:
rangers and cameras are heavily clustered around critical road networks and waterholes, while UAVs
sweep expansive forest and savanna regions, and volunteers secure the perimeter.

Problem 3 extends the framework to analyze protection across four orthogonal spatio-temporal
scenarios (seasonal and diurnal cycles). Forward evaluation reveals a degradation in the baseline
protection score (dropping from 0.787 in dry-days to 0.565, 0.612, and 0.560 in alternative scenarios),
exposing critical vulnerabilities during wet-season nights. Utilizing Inverse Optimization coupled with
a binary search heuristic, we calculate the minimum active personnel required to maintain a protection
baseline of F/* = (.7. The results highlight the operational strain imposed by adverse environmental
conditions: to maintain this baseline standard during the worst-case Wet-Night scenario, the park
requires a workforce multiplier of 1.92x compared to the standard Dry-Day allocation.

For Problem 4, sensitivity analysis utilizing elasticity indices and Tornado charts confirms the
model’s overarching systemic resilience. We demonstrate that under extreme environmental stress or
staffing shortages, capital-intensive technology behaves as a highly elastic substitute for human labor
mobility. In Problem 6, we demonstrate the framework’s universal applicability by adapting it to
Lorentz National Park (Indonesia) and Yellowstone (USA), recalibrating core matrices such as 3D
terrain impedance and aerial efficacy to different ecosystems.

Finally, we evaluate the model’s strengths and limitations, synthesizing our findings into an action-
able, non-technical letter for the IMMC. In conclusion, our model equips conservation organizations
with a highly scalable tool to quantify, optimize, and execute wildlife protection strategies.

Keywords: Wildlife Conservation, Spatial Triad Model, Joint Probability Framework, Greedy Opti-
mization, Spatio-Temporal Allocation, Etosha National Park
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1 Introduction
1.1 Background

National parks and large wildlife reserves play a critical role in protecting global biodiversity, yet their
vast size and complex terrain make continuous monitoring di cult. Etosha National Park in Namibia
exempli es this challenge [1]. Spanning approximately 22,935 kitme park features a roughly 4,800
km? central salt pan [2] and a network of natural and man-made waterholes. These waterholes concentrate
wildlife-including the endangered black rhinoceros-making them predictable targets for poaching. The
park must also manage an approximately 850 km perimeter fence to prevent unauthorized entry and
human-wildlife con ict, while monitoring vast open savannas for wild res [2, 3].

Etosha currently deploys approximately 295 Ministry personnel to protect this ecosystem [2], yet
limited sta and resources make it impossible to cover such a vast area comprehensively. Traditional
patrols alone are insu cient, motivating the integration of modern conservation technologies-including
Unmanned Aerial Vehicle (UAV), xed monitoring systems, and Al-assisted detection (Figure 1.1). The
core challenge for the International Mission for Monitoring Conservation is to quantify protection
as a mathematically measurable outcome, enabling conservation organizations to strategically allocate
constrained human and technological resources against competing threats.

Figure 1.1: Main threats with heterogeneous resources for quanti ed wildlife protection.
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1.2 Problem Restatement

The International Mission for Monitoring Conservation (IMMC) requires a mathematical framework
to optimize wildlife protection in Etosha National Park, bridging the gap between its massive scale and
limited resources. Our team addresses the following core objectives:

1. Threat Identi cation and De nition of Protection : Identify and prioritize the major conservation
threats in the park, then de ne protection in measurable terms that can vary by species or region
and integrate into a quantitative modeling framework.

2. Resource Allocation Modeling: Develop a mathematical model to distribute conservation resources-
personnel, patrols, and technology-across identi ed threat priorities, accounting for resource scarcity,
geographic constraints, and environmental uncertainty.

3. Temporal Analysis and Sta ng: Evaluate protection e ectiveness over time, with emphasis on
operational feasibility and practical resource utility.

4. Sensitivity and Scenario Analysis: Assess how changes in key assumptions or resource availability-
such as sta ng cuts, reduced technology, or altered patrol schedules-a ect overall protection e cacy.

5. Model Strengths and Limitations: Critically examine the advantages and constraints of our approach,
including assumptions that may limit real-world applicability.

6. Global Generalization: Demonstrate the framework's adaptability by applying it to two additional
national parks or wildlife reserves on di erent continents.

7. Letter to the IMMC: Synthesize main ndings into a non-technical letter to IMMC.

1.3 Our Work

We developed a comprehensive, grid-based operations research model to guide protection strategies
for large wildlife reserves, utilizing Etosha National Park as a foundational case study. Our work is
structured into four main analytical phases:

1. Conservation Priorities and De ning Protection (Problem 1). Using a risk matrix, we
systematically prioritized Etosha's conservation challenges: poaching (highest priority), wild res, and
boundary breaches. We translated the abstract concept of protection into a quantitative Spatial
Triad: point-based (Anti-Poaching Index, maximizing joint detection and interception probabilities),
area-based (Habitat Protection Index, minimizing the miss-probability of overlapping sensor networks),
and line-based (Boundary Integrity Index, securing perimeters via cyclic volunteer patrols).

2. Resource Allocation Model (Problem 2). We formulated a constrained non-linear optimization
model to maximize the composite protection score F (weighted 20:12:9). By discretizing the 22,935
km? park into a high-resolution grid, the model strategically allocates rangers, UAVs, Al cameras,
and volunteers. It integrates biome-speci ¢ geographic modi ers (e.g., roads, vegetation density) to
endogenously force resource concentration on high-risk zones. To e ciently navigate this massive
combinatorial space, we developed a Cost-Bene t Greedy Algorithm that iteratively deploys assets
based on their maximum marginal protection gain per unit cost ( F=Cost).

3. Protection Over Time (Problem 3). We extended our static model by introducing orthogonal
temporal dimensions: seasonal (dry vs. wet) and diurnal (day vs. night). Forward evaluation
revealed critical protection gaps, particularly during wet-season nights. Using inverse optimization,
we calculated the minimum active personnel required to maintain a strict protection baseline. This
culminated in our recommendation for a highly e cient, Tiered Dynamic Deployment strategy.

4. Sensitivity and Adaptation (Problems 4 and 6). Through elasticity indices and extreme
scenario stress tests, we validated the model's structural resilience, mathematically demonstrating how
capital-intensive technology acts as an elastic substitute for human labor during severe sta ng crunches.
Finally, we proved the model's global transferability by mapping its core mathematical matrices (terrain
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impedance, detection e cacy R,) to entirely di erent ecosystems: the dense, mountainous tropical
canopies of Lorentz National Park (Indonesia) and the Yellowstone (USA).

Figure 1.2: The holistic work ow of our modeling and optimization approach.

2 Assumptions and Justi cations

To ensure the tractability of our mathematical model while preserving the complex operational

realities of Etosha National Park, we make the following core assumptions:

A

N

N

A

Assumption 1: Geographic and Infrastructure Stability. We assume that the park’s primary topo-
graphic features, road networks, waterholes, and main gates remain geographically xed throughout
the modeling period.

Justi cation: While animal migrations are dynamic, the physical infrastructure (roads, fences) and
critical ecological nodes (waterholes) are stationary. Using a static grid system to represent these xed
spatial elements provides a stable mathematical foundation for evaluating relative threat probabilities
and calculating travel distances.

Assumption 2: Independent and Redundant Detection Sources. We assume that di erent surveil-
lance mechanisms (e.g., human patrols, UAVs, Al cameras, and satellites) operate as statistically
independent detection events.

Justi cation: In eld operations, a UAV ying overhead and a camera mounted on a tree capture di er-
ent perspectives without interfering with one another. This independence allows usé? mathematically
calculate the overarching joint detection probability using the standard formyiaFL @ pi),

logically re ecting that redundant overlapping coverage minimizes the chance of complete omission.

Assumption 3: Diminishing Marginal Returns on Localized Resources. We assume that the
protection e cacy (e.g., detection probability) within a speci ¢ spatial grid exhibits asymptotic
saturation as more identical resources are continuously stacked in that same location.

Justi cation: This re ects fundamental operational realities. For instance, while deploying the rst
Al camera at a waterhole dramatically reduces detection time, adding a fourth or fth camera to the
same speci ¢ location provides negligible marginal bene t due to overlapping elds of view. This
assumption naturally drives our optimization algorithm to seek sparse, distributed solutions rather
than hoarding all assets in a single cell.

Assumption 4: Independence of Threat Modalities. We assume that poaching incidents, natural
wild res, and boundary fence breaches occur as statistically independent events.

Justi cation: While complex real-world correlations might occasionally exist (e.g., a poacher acci-
dentally starting a re to create a distraction), explicity modeling these cross-threat dependencies
requires unavailable high-order interaction data. Assuming independence allows us to mathemati-
cally formulate the global objective function (F) as a linear, risk-weighted sum of the three distinct
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protection indices without requiring complex covariance penalties.

Assumption 5: Spatial In uence via Grid Neighborhoods. We assume that mobile assets stationed

in a speci c grid cell exert a localized sphere of in uence (e.g., a3 3 grid for rangers, anda5 5
grid for UAVs) with an orthogonal and diagonal distance decay.

Justi cation: Rangers do not teleport; they establish semi-permanent forward operating bases (y
camps) and patrol the surrounding vicinity. Modeling their in uence as a decaying multi-grid neigh-
borhood accurately captures their territorial patrol patterns and nite mobility without requiring
complex continuous-time routing algorithms.

Assumption 6: Existing Baseline Infrastructure Operates Passively. We assume that the pre-
existing main camps and lookout towers are permanently sta ed to maintain basic park operations,
providing a constant, baseline surveillance probability without consuming our optimization budget.
Justi cation: A park of Etosha's magnitude relies on inherent administrative infrastructure to function.

By treating these nodes as passive, zero-marginal-cost baseline coverage, our model can exclusively
focus the constrained budget on deploying additional, tactical resources to critical vulnerabilities.

3 Variables and Notations

The primary symbols and variables utilized throughout this report are outlined in Table 3.1. Any
additional, highly speci c, or localized mathematical symbols will be introduced and explicitly de ned
at their point of usage.

Table 3.1: Key Mathematical Variables and Notations

Category Symbol Description
G The set of all discrete 1 km 1 km grid cells comprising the park
Sets & Indices (r;c) The spatial coordinate index (row, column) for a speci ¢ grid cell

k Index for boundary fence segments (k 2 S)
S Temporal scenario index (e.g., Dry-Day, Dry-Night, Wet-Day, Wet-Night)
N range(!; C) Number of mobile ranger squads deployed at grid (r; )

Decision Variables Nyadr; €) Number of UAVs allocated tq grid (r; c) for .aerlal sweeps
N cam(r; €) Number of xed Al cameras installed at grid (r; ¢) (max 3 per waterhole)
Nyol Total number of volunteers deployed for cyclic boundary patrols
F Global Comprehensive Protection Score (Objective Function)
API, HPI, BIl  Aggregate sub-indices: Anti-Poaching, Habitat Protection, Boundary Integrity

Protection Metrics ~ Vup(r; €) The point-level poaching protection value computed for grid (r; )
Pmis«(r; €) The joint probability of a wild re going undetected at grid (r; )
I« The physical intactness probability of boundary segment k

Sranger Suav Distance-weighted patrol and aerial surveillance strength at a given grid

Pdetect The joint probability of successfully detecting a poaching threat
Detection & Strength  Ppayo; Pcamera  INdependent threat detection probabilities of speci ¢ resource classes
Kpatrol Saturation coe cient converting patrol strength into probability

E ciency saturation multiplier for stacked Al cameras

- Global priority weights assigned to poaching, wild re, and boundary threats
Rpoact(; €) Localized inherent poaching risk weight for grid (r; c)
Risks & Weights R (r;C) Localized inherent wild re risk weight for grid (r; c)
Wy Normalized vulnerability weight of boundary segment k
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4 Problem 1: Conservation Priorities and De ning Protection

4.1 Identifying and Prioritizing Conservation Challenges

Etosha National Park faces multiple heterogeneous threats that vary signi cantly by species, habitat,
location, and driving factors (human-driven vs. natural) [2]. Based on the provided background data
and geographical characteristics, we identify three primary conservation challenges.

Threat Classi cation and Risk Matrix. To systematically evaluate these challenges and lay the
groundwork for our resource allocation objective function, we developed a risk strati cation framework.
We assess each threat k along two dimensions: Severjtytf® potential for irreversible damage to
endangered species or core ecosystems) and Likelihogdtfie probability of occurrence based on
historical pressure and spatial accessibility).

The composite risk R for each threat category k 2 fPoaching; Wild re; Breachg is formulated as:
Rk :Sk L Ks (41)
where both § and L are quanti ed on a discrete scale of 1 to 5. The resulting prioritization is
summarized in Table 4.1.

Table 4.1: Risk Matrix for Etosha National Park Conservation Challenges [2]

Threat Type (k) Primary Target & Spatial Feature Severity (Sk) Likelihood (L) Risk Score (R¢) Priority Level
Poaching Black rhinoceros (Endangered, Point-based) 5 4 20 High
Wild res Savanna/grassland (Area-based) 3 4 12 Medium-High
Boundary Breaches Human-wildlife con ict (Line-based) 3 3 9 Medium-Low

Figure 4.1: Risk strati cation mapping the spatial dimensions (Point, Area, Line) of Etosha’s primary
conservation priorities.

High Priority: Point-Based Poaching of Endangered Species. Black rhinoceroses represent
Etosha's most vulnerable species, classi ed as endangered and facing signi cant, documented poaching
pressure [4]. While animals roam across the landscape, poaching is fundamentally a point-based
problem - poachers often target speci ¢ high-value locations where prey predictably congregates. The
park's waterholes serve as critical wildlife aggregation sites, creating highly localized, predictable
targets. Furthermore, proximity to the 3,551 km road network facilitates rapid access and extraction,
concentrating risk along accessible corridors. Although the threat manifests across space, e ective
protection requires deploying discrete assets at strategic points, including ranger patrols and camera
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traps. This point-based deployment strategy enables rapid-response intervention before poachers car
complete their kill and escape.

Medium-High Priority: Area-Based Habitat Disruptions (Wild res). Recent years have wit-
nessed wild res impacting large portions of the park. The main terrain types, speci cally the savanna
and grassland ecosystems, are highly combustible and susceptible to rapid re spread. Unlike targeted
poaching, wild re risk is area-based, threatening habitat integrity across expansive, continuous zones.
While the approximately 4,800 kihrcentral salt pan acts as a natural rebreak, the vast surrounding
vegetation remains highly vulnerable and requires broad spatio-temporal monitoring.

Medium-Low Priority: Line-Based Boundary Breaches. The park's boundary relies on an
approximately 850 km perimeter fence. This boundary faces constant pressure from both immense
wildlife populations-such as the estimated 2,500 elephants in the broader ecosystem-and unauthorized
human activities. Breaches compromise park security, enabling illegal entry and severe human-wildlife
con ict outside the reserve [2]. This threat is line-based, distributed continuously along the perimeter,
necessitating integrity maintenance over geographic distance.

4.2 De ning Point-, Area-, and Line-Based Protection Metrics

Protection within Etosha's vast 22,935 kmxpanse cannot be adequately characterized as a simple
binary state (i.e., protected vs. unprotected). Instead, we propose a multi-dimensional, quantitative
framework in which protection is formally de ned as the probability of successful threat detection
and interception. This framework is operationalized through three complementary, spatially-resolved
metrics computed over a discrete grid G partitioning the park into cells indexed by (r; ¢) illustrated in
Figure 4.2.

(a) Etosha Vegetation Landform (b) Etosha Map Discretization

Figure 4.2: Spatial discretization of Etosha National Park.

Point-Based Protection: Anti-Poaching Index (API)

E ective anti-poaching protection requires both the detection of an incursion and the physical interception
of the threat by rangers. We rst quantify the e ective resource strength available at grid cell (r; c) by
aggregating contributions from neighboring cells via distance-decay weighting. Speci cally, the ranger
and UAV strength elds are de m)a(d as:

Srangel(r; C) = War;dc N rangel(r + dl’; c+ dC) +3 camp(r; C); (4-2)
(dr;dc)2N 3
X
Suadr; C) = Warge Nuadr +dr; ¢ +dc); (4.3)
(dr;dc)2N 5

where Nangef ) and Nyaf ) denote the number of ranger units and UAVs deployed at a given cell,
respectively; N and Ns denote the 3 3 and 5 5 Moore neighborhoods centered at (r; C) g\
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and wj,.,. are the corresponding distance-decay weights; andd8 c) is the passive surveillance
contribution from nearby ranger camps.

The marginal detection probabilities of the three independent monitoring modalities ground patrols,
UAVs, and Al-enabled camera traps are modeled as:
1

1+ N anri0)’
(4.4)

where kawo > 0 is a sensitivity scaling constant governing the e ectiveness of mobile assets, > 0
is the analogous sensitivity parameter for camera traps, agpgri\t) is the number of Al cameras
deployed in cell (r;c). Treating the three systems as statistically independent sensors, the composite
detection probability is given by the complement of the joint miss probability:

Pdetec(r; C) =1 1P patrol 1P uav 1P camera - (4-5)

Since detection alone is insu cient without ranger capacity to physically respond, the cell-level anti-
poaching protection value couples detection probability with interception capacity:

Vapi(r;€) = P geec(r;€) 1 & S el (4.6)

Ppatrol(r; C) =1le K patrol Srange(T;C) : Puav(r; C) =1e K patrol Suav(r;C) : Pcamerir; C) =1

The park-wide Anti-Poaching Index (API) is then de ned as the poaching-risk-weighted average
of Vap across all grid cells:

X
Rpoac; €) Vapi(r;C)
AP = 5926 ; (4.7)
RpoaciT; C)
(rnc)2G

where Ryoacfr; €) 0 is the inherent poaching risk weight of cell (r; c), derived from habitat character-
istics and historical incident data.

Area-Based Protection: Habitat Protection Index (HPI)

Wild res threaten expansive contiguous habitats and demand continuous, multi-layered surveillance.
For each grid cell (r; c), we de ne the probability that a re onset goes completely undetected as the joint
probability of simultaneous failure across all active monitoring systems:

Pmiss(r; C): 1P uav 1P ranger 1P sat 1P lookout 1P camp; (48)

where Ry is a spatially uniform baseline detection probability from satellite imagery, apaghffand

Pcamp represent the static passive detection coverage provided by observation towers and ranger camps,
respectively. The Habitat Protection Index (HPI) is de ned as the re-risk-weighted average of the
successful detection probability acr(%(ss the park:

Re(c) 1 P misdr;c)
Hpl = B92¢  x : (4.9)
Rre(r;C)
rc)2G
where R (r;¢) 0 denotes the re-risk weight of cell (r; ¢), informed by vegetation type, fuel load,
and seasonal aridity.

Line-Based Protection: Boundary Integrity Index (BII)

The park's approximately 850 km perimeter fence is monitored by volunteer patrol groups. Given a total
of N deployed volunteers organized into groups of six, the number of patrol groups is Gs=bbl
The expected time required to discover a fence breach is determined by the patrol cycle over the total
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