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This study developed a tactical minefield simulation
model to quantitatively assess operational risk to naval
vessels in mine-threatened waters. Although naval
mines pose a significant asymmetric threat,
experimental validation is impractical, and uncertainty
in mine deployment limits quantitative evaluation. A
Python-based tactical minefield simulator was
developed, and Monte Carlo simulations were
conducted by varying mine types, deployment
densities, and vessel routes. The results showed that,
even under identical mine density conditions,
survivability and engagement probability vary
nonlinearly with route selection. Risk-based routing
using heatmaps significantly reduced expected
damage despite moderate increases in transit distance.
This paper provides a quantitative, scenario-based
framework to support tactical decision-making in naval
mine warfare.
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Fig. 1. System architecture diagram
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Table 1. Class diagram of mine object

Detection

Mine Types Depth

Spacing Target

Surface 3-50m 70-150m Surface 2D+
mines vessels draft check
Mgored 30-55m 30-55m Submarines FuI_I 3D
mines at depth collision
Bo.ttom Onseabed  30-55m Submarines Ful_l 3D
mines near bottom  collision
23 AlEdold =24 5 91 AlUE|

AlEdoldE 8 +FZ Moderate, High,
Critical®] A @A &2 T &SI 27|35 W, ZF A
of Wt 7129 F et FFE 2X &0l HEH

D& At AR GIO[E], =, DHO| OFF |, Ay ZutE =Gt
BE 2AAE O GitHub HEA0M Solg 4 QICH
https://github.com/Navy10021/naval_simulator
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Table 2. Simulation logic flowchart
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ROUt? Key Features
Scenarios
- Shortest path
DIRECT - Highest risk
(Straight) - Minimal fuel consumption
- Use: When minefield is sparse or unavoidable
- 5 waypoints with £800m lateral offset
Zig-za - Moderate risk reduction
9749 - Increased transit time
- Use: Evading linear mine barriers
- Dive to 250m at midpoint
DeenDive Avoids surface/moored mines
P - Vulnerability to bottom mines
- Use: Dense surface mine fields
- Follows area perimeter
Coastal - Longest path
Route - Avoids central dense zones
- Use: Peripheral mine concentration
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Fig. 3. Route scenario comparison
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Table 3. Simulation statistics

Scenario Mines Hit Probability Survival rate
High 145 31.2% 68.8%
Critical 241 48.8% 51.2%
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Survival = 68.8%
95% CI [64.6, 72.7] I

Survival =51.2%
95% ClI [46.8, 55.6]

Outcome per Monte Carlo trial

Hit (0)

I Mean Survival probability (95% Cl)
T T

High Critical

Fig. 4. Simulation output results
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