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Abstract. Estimates suggest that the probability of a celestial body—such as an asteroid or comet—colliding
with Earth’s surface increases gradually over time. This study aims to quantify that probability using concepts
from Reliability Engineering, specifically applying the Monte Carlo method. The analysis was carried out through
the formulation of a failure function and testing of key design variables: the minimum distance of the object
from Earth and its relative velocity. The dataset was divided into two categories: real celestial objects mapped
by NASA [1], and synthetic objects generated using sampling techniques based on the cumulative distribution
function, implemented in both Excel and MATLAB. The results yielded similar failure probability values across
the datasets, representing the likelihood of an object impacting Earth’s surface: 0.113% for real objects, 0.133%
for 15,000 simulated points in Excel, and 0.141% for 1,000,000 points in MATLAB. These outcomes validate
the effectiveness of the proposed method, demonstrating that the Monte Carlo approach provides consistent and
reliable estimates across different data sizes and platforms. The findings are in line with the assumptions and
modeling techniques applied to a wide range of celestial object scenarios.
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1 Introduction

Near-Earth Objects (NEOs), including asteroids and comets, are celestial bodies orbiting within 1.3 AU of the
Sun, significant for planetary defense and understanding Solar System formation [2]. Earth faces constant bom-
bardment, from annual small asteroid atmospheric burn-ups, to rare catastrophic impacts capable of widespread
damage [3l]. Planetary defense initiatives, such as NASA’s DART mission, are actively addressing these threats
[4].

To quantify impact risks, this study applies the Monte Carlo Method (MCM) from Reliability Engineering
[S]. MCM uses extensive random variable simulations, based on key design parameters like relative velocity
and minimum distance, to assess failure probabilities through performance functions [6]. This research validates
MCM for impact probability modeling by comparing its Excel and MATLAB implementations, also addressing
large dataset uncertainties.

2 Impact Probability: Model and Equations

This study quantifies impact probability using real-world NASA data [1]] and synthetic datasets generated via
the Monte Carlo Method [7] in Excel and MATLAB.

The core of the analysis is a failure function that determines if a celestial body will collide with Earth. This
function models the body’s motion, considering its relative velocity at minimum distance from Earth. Assuming
high altitude, no trajectory deviations, and proximity to Earth, only Earth’s gravitational force is considered sig-
nificant; drag, thrust, and third-body forces are negligible. As gravity is a conservative central force, total energy
is conserved, and the force acts normal to the trajectory, equating to centripetal force.
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Thus, the performance function for an asteroid or comet near Earth is the difference between the theoretical
centripetal force required for a stable orbit and the gravitational pull:
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Where g(X) is the performance/failure function, F, is centripetal force, F} is gravitational force, m is the
celestial body’s mass, v is its relative velocity, d is its minimum distance from Earth, R is Earth’s radius, G is the
gravitational constant, and Mg is Earth’s mass.

Simplifying by canceling mass m, as it appears in both force terms and is always positive, the failure function
becomes mass-independent:
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This expression is used in the Monte Carlo Method to assess failure probability. Here, X; (minimum dis-
tance to Earth) and X5 (relative velocity) are random variables, while other terms are constants. Converting units
(velocity in km /s, distance in AU) yields:
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This equation defines the failure domain: g(X) < 0 indicates a collision, and g(X) > 0 signifies a safe
trajectory and is fundamental to the study’s probabilistic analysis.

2.1 Monte Carlo Method

The Monte Carlo Method (MCM) is a stochastic simulation approach used for reliability analysis. In this
study, MCM tests the failure function g(X) with design variables X; and Xo, distinguishing between safety and
failure regions to determine the probability of an asteroid or comet impacting Earth.

The MCM steps are:

1. Generate a random number 7 (0 to 1).
2. Assign the random number to the design variable X using the inverse of its cumulative distribution function
(CDF), X = P~1(r).

X =P () )

3. Evaluate the failure function g(X) with the generated X values.
4. Compute reliability indices: Calculate the reliability index /3 and failure probability Py:

Tg(X)
X 0
py - Mal) <0 ©

where j14(x) and oy x) are the mean and standard deviation of g(X), IV is total simulations, and n(g(X) <
0) is the count of negative g(X) results.

For this study, 15,000 sets of design variables were randomly generated in Excel. To expand the dataset
and observe uncertainties, 1,000,000 and 10,000,000 points were generated in MATLAB due to its superior com-
putational capacity. The baseline for random number generation was 14,118 real asteroids and comets mapped
by NASA’s Jet Propulsion Laboratory, enabling comparison between real and randomly generated data impact
probabilities.
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2.2 Probability Functions

Probability Density Function (PDF) p(x) and Cumulative Distribution Function (CDF) P(x) are core to
describing random variables [8]. The PDF quantifies the likelihood of a variable taking a specific value:

/

p(x)de = 1.

o0

(7

The CDF represents the probability that a variable is less than or equal to a given value, obtained by integrating

the PDF:

()

For generating random design variables in the Monte Carlo Method, the PDF and CDF of each variable are
essential. Based on real NASA data [1]], the minimum distance to Earth (X;) approximates a continuous uniform
distribution, and relative velocity (X5) follows a Gumbel distribution (Fig. 1 and 2).
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Figure 1. Real minimum distance to Earth distribution
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Figure 2. Real relative velocity distribution

To simplify mathematical formulation and better mimic real-world observations, a continuous uniform distri-
bution was chosen for X; (Fig. 3) and a triangular distribution for X (Fig. 4).
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Figure 3. Continuous uniform distribution.

- o
I
-]

a c b

Figure 4. Triangular distribution.
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The triangular distribution consists of two linear segments composed of two lines, one increasing and the
other decreasing, which form the triangle. Its height A is calculated such that the total area under the PDF is 1:
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where px and ox are the mean and standard deviation of the design variable. The probability density

functions for the two segments, p; (x) (increasing) and ps(x) (decreasing), are:

pi(z) = 07
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The cumulative probability functions for these sections, P; (x) and Py (z), are:

Py(x) = ’u—i(xQ—f)—kh(l%-ﬁ) (x — )
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Random values for X; (minimum distance) were generated using Excel’s ‘RAND()‘ and MATLAB’s ‘rand()*
functions, producing values between 0 and 0.05 AU based on NASA data. For X5 (relative velocity), values were
generated using the inverse CDF of the triangular distribution:

Ifr <P, Xo=P'(r),
Ifr> P, Xo=Py'(r).

Here, P, is the cumulative probability at the mean relative velocity from real NASA data [11].

3 Results and Discussion
3.1 Monte Carlo Method in Excel

The Monte Carlo process began by generating 15,000 random values for design variables X; (minimum
distance to Earth) and X (relative velocity). Frequency analysis of these values, shown in Fig. 5 and 6, confirmed
the expected uniform distribution for X; and triangular distribution for X5, validating the efficiency of the random
number generation.
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Figure 5. Random X distribution in Excel. Figure 6. Random X distribution in Excel.
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The failure function was tested with all 15,000 generated values. With 20 out of 15,000 trials resulting in
negative values (indicating failure), the failure probability (P) was calculated as 0.133% and the reliability index
(B) as 22.0%. These were derived from the mean (u,) and standard deviation (o) of the failure function results
using equations (2.5) and (2.6).

For comparison, the same analysis was performed on real NASA data [1]] within Excel to determine their Py
and (3. Table|l|summarizes these results, showing a close correlation between real and randomly generated data.

Table 1. Reliability values for real and random data according to the Monte Carlo Method in Excel.

Real Data | Random Data
Py (%) 0.113 0.133
B (%) 18.4 22
P Relative Error (%) - 17.7

The preliminary study shows that the calculated failure probability values are similar for both datasets, with
a relative error of 17.7% for Py, which is considered low given the methodologies used. Further analysis with a
larger dataset in MATLAB is planned to ensure method accuracy and reliability for a broader range of celestial
bodies.

3.2 Monte Carlo Method in MATLAB

Following the Monte Carlo Method (MCM) approach previously used in Excel, 1,000,000 random points
were generated in MATLAB for variables X; (minimum distance to Earth) and X5 (relative velocity). Frequency
analyses (Fig. 7 and 8) confirmed the expected continuous uniform and triangular distributions for X; and X,
respectively.
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Figure 7. 1,000,000 random X distribution. Figure 8. 1,000,000 random X5 distribution.

A performance function test on these 1,000,000 points yielded a mean failure function value (y4) of 0.1431
and a standard deviation (o4) of 0.8087. With 1,410 negative function values, the failure probability (Py) was
0.141% and the reliability index (3) was 17.7%:

This process was then repeated with 10,000,000 randomly generated data points for X; and X5. Frequency
graphs (Fig. 9 and 10) again verified the consistent distributions, despite the significantly larger dataset.
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Figure 9. 10,000,000 random X distribution. Figure 10. 10,000,000 random X5 distribution.

The performance function test for 10,000,000 points showed a mean (uy) of 0.1438, a standard deviation
(0g) of 0.8153, and 14,563 negative function values. This resulted in a failure probability (Py) of 0.146% and a
reliability index (53) of 17.6%:

Table 2 summarizes the reliability parameters from MATLAB for real data (14,118 points) and the two larger
random datasets (1,000,000 and 10,000,000 points).

Table 2. Reliability values for real and random data according to the MCM in Matlab.

Real Data | 1,000,000 Points | 10,000,000 Points
Py (%) 0.113 0.141 0.146
B (%) 18.4 17.7 17.6
P Relative Error (%) - 24.8 29.2

Table 2 shows that the failure probabilities (P;) for the randomly generated MATLAB data were very close,
with only about a 3.5% variation despite a tenfold increase in data points. Compared to NASA’s real data, the
relative error for Py in the MCM application was 24.8% for 1,000,000 points and 29.2% for 10,000,000 points.
This increased error is attributed to the larger sample space and approximations in sampling techniques, particularly
the relationship between triangular and Gumbel distributions.

The calculated reliability indices also remained low, which can be attributed to the high standard deviation
of the process variables, reflecting the significant inherent uncertainty in celestial body dynamics. Notably, the
reliability index (/3) was very similar across real and random data analyses, confirming the method’s accuracy in
replicating asteroid and comet behavior relative to Earth.

4 Conclusions

This study successfully applied the Monte Carlo Method (MCM) across Excel and MATLAB to determine
the probability of celestial body impacts on Earth, verifying its accuracy against real NASA data and across varying
sample sizes.

The research established the MCM’s theoretical basis and demonstrated its consistent application. Analysis
of real NASA data yielded a failure probability of **0.113%. Initial Excel implementation with 15,000 points
resulted in a 0.133% failure probability (17.7% relative error to real data), showing good accuracy. Scaling up in
MATLAB to 1,000,000 and 10,000,000 points produced impact probabilities of 0.141% and 0.146% respectively,
further supporting the method’s validity.

The consistency of reliability parameters across platforms and data sizes, as summarized in Table[3] confirms
the MCM’s robustness. The low relative error between Excel and MATLAB implementations (6.02% for 1M
points, 9.77% for 10M points, relative to 15k points) underscores this. The consistently low reliability index
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(B) reflects the inherent high uncertainty in modeling celestial body motion, primarily due to the large standard
deviation of design variables.

Table 3. Reliability values for random data according to the MCM in Excel and MATLAB.

15,000 Points (Excel) | 1,000,000 Points (MATLAB) | 10,000,000 Points (MATLAB)
Py (%) 0.133 0.141 0.146
B (%) 17.7 17.7 17.6
P Relative Error (%) - 6.02 9.77

Overall, this study successfully determined the probability of asteroid or comet impact on Earth, demon-
strating the MCM’’s effectiveness and its successful replication across different programming environments, with
results consistently within acceptable limits compared to mapped celestial bodies.
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