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The effect of individual projectile production errors on the probability of hitting a target is analyzed. The intensity of errors is
linked to the level of production quality. The consequences of manufacturing errors are estimated by a comprehensive Monte
Carlo (MC) simulation where a 3D CAD model of a missile and a modified 6DOF model of its flight are coupled. A 122 mm
rocket is selected as a case study. The MC simulation gives the estimation of the probability that rocket will destroy the target.
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1 Introduction

The precision of rockets depends on the intensity of the disturbances they must resist. This paper focuses on disturbances
resulting from production imperfections. It is necessary to identify particularly critical stages of production, where errors result
in a large projectile imprecision. This problem has already been partially solved [1, 2], but the model that goes a step further
as proposed in [3] is applied in this analysis. The analysis begins with a production simulation that gives realistic changes
in inertia and geometric characteristics, and not with arbitrarily chosen deviations from the ideal projectile characteristics as
in [1, 2].

2 A link between the 3D CAD model and the modified 6DOF model

A 3D CAD model of the rocket has been developed and four errors from
production process are simulated (described in detail in [3]), where each
error i is defined with two angles:

• δi which presents the noncollinearity between rocket parts (war-
head, engine chamber, propellant, nozzle), e.g. δHC for the non-
collinearity between the warhead axis xH and the engine chamber
axis xG as in Fig. 1. Angles δi are dispersed according to the nor-
mal distribution, situated in the disturbance plane xH - xG;

• ϕi which gives the rotation of the disturbance plane xH - xG rela-
tive to the reference plane xG - yG. Radial angles ϕi are dispersed
according to the uniform distribution about the xG axis.

The 3D CAD model provides the modified inertia and geometric char-
acteristics for the projectile, which then become the input variables for
the adjusted six degrees of freedom (6DOF) model. This 6DOF flight
model has already been introduced in [3], with several novelties that
distinguish it from the classic 6DOF model: the most important novelty
is the introduction of angular momentum vector H into the state vec-
tor, making it convenient for fast computing even when simplifications
(used otherwise by the classic 6DOF) are discarded.

Fig. 1: Angles δHC and ϕHC define the noncollinearity
between the warhead and the chamber.

For example, in our model, it is not necessary that the lateral moments of inertia are the same (in our model: Iy 6= Iz) or that
the elements of the inertia tensor outside the main diagonal are zero (in our model: Ixy 6= Iyz 6= Izx 6= 0).

3 Production quality levels

The intensity of individual production errors is defined according to the selected production quality level. Three quality levels
are analyzed: low, standard, and high. These quality levels differ in the amount of the potential process capability index Cp,
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determining the standard deviation of the error angle dispersion: Cp = (USL−LSL)/6σ, with USL as the upper, and LSL
as the lower specification limit. According to [3] values of USL and LSL are estimated and for chosen Cp standard deviation
for each quality level is: σ = (USL− LSL)/6Cp.

4 Monte Carlo simulations and the hit probability

By combining a 3D CAD model, a 6DOF flight
model, and a generator of nondeterministic man-
ufacturing errors in a comprehensive Monte Carlo
simulation, a pattern of n impact points follows. A
122 mm rocket (length: 2.87 m, weight: 66.6 kg,
Ix = 0.1499 kgm2, Iy = Iz = 41.58 kgm2) is cho-
sen for a case study. Data are valid for an ideal mis-
sile, while each of n simulated rockets has altered
inertia characteristics due to manufacturing errors.
A hit is considered if the rocket falls within the ef-
fective radius r = 25 m around the target. Three
cases were analyzed, one for each of three quality
levels. A dispersion of impact points is shown in
Fig. 2, where dark dots represent hits. For each MC
simulation the sample size n = 1000 is chosen.
The area of dispersion is often expressed through
the circular error probable (CEP ), which is the
median error radius. In this case, the estimate is
CEPLowQ = 101.3 m, CEPStandQ = 69.1 m,
and CEPHighQ = 44.5 m. More complete in-
formation is obtained when dispersion parameters
are displayed separately by range, and separately
by drift, since these two are rarely equal. It is also
possible to compare dispersion areas, so for the ana-
lyzed case, the elliptically shaped dispersion area is
ALowQ = 107, 948.3m2,AStandQ = 53, 264.9m2,
and AHighQ = 22, 649.2 m2. The probability of a
hit is estimated at 7% for a low level of production,
12.4% for a standard level, and 22.8% for a high
level.
Effects of different factors (production errors) were
analyzed. The significance of factors was obtained
with the ANOVA method, which shows that the ef-
fect of the nozzle error is for an order of magnitude
stronger than the effect of other errors.

5 Conclusion

Fig. 2: Dispersion of impact points for various quality levels (a: low quality;
b: standard quality; c: high quality); hits are marked as black dots.

The analysis shows expected result: that a higher level of production quality significantly raises the probability of hitting a
target. Analysis using the ANOVA method shows that the production of the nozzle is a critical step during the production of
the rocket, and it is necessary to impose the highest level of production quality on it. The effect of errors in other production
steps can also be graded, and appropriate production tolerances should be applied.
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