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Abstract: In coordinate metrology, a feature (Gaussian associated feature) is calculated

from a measured data set of CMM (Coordinate Measuring Machine) using least squares

method. This data processing flow is called as “feature-based metrology”. In the feature-

based metrology, it is a key technique to estimate the uncertainty of measurement in the

specific measuring strategy. The estimation method for uncertainties of measured

parameters has been already proposed when the only random errors are put in the

consideration. In this paper, the effects of systematic errors are theoretically analyzed to

estimate the uncertainties in feature-based metrology. The center position error and the

diameter error of the ball probe are occurred from the random errors of probing in

calibration process. These errors propagate as unknown systematic errors to the

uncertainties of measured parameters such as the center position and the diameter of a

measured circle. The series of simulations for this method in statistical way directly implies

that the concept and the basic data processing method in this paper are useful to the

feature based metrology.
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1 FEATURE-BASED METROLOGY
In coordinate metrology, an associated feature (Gaussian associated feature) is calculated from a

measured data set on a real feature by CMM (Coordinate Measuring Machine). Then, the associated

features are compared with the nominal features indicated on a drawing (see figure 1). In this data

processing, the features are primal targets to calculate, to evaluate and to process [1][2]. Consequently, this

process is called as “Feature-Based Metrology”.

In the feature-based metrology, it is a key technique to estimate the uncertainty of measurement in the

specific measuring strategy. The estimation method for uncertainties of measured parameters has been

already proposed when the only random errors are put in the consideration [3]-[5]. The uncertainty of each

measured point is defined by error analysis of the CMM and the probing system. From the uncertainty of

measured point, the uncertainty of measured feature can be calculated statistically using following equations

[6]-[9].

Equation (1) shows an observation equation, a regular equation and a least squares solution, where A is

Jacobian matrix, d is measurements vector, x is a parameter vector and S is an error matrix.
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Using the propagation law of errors to least squares method, the error matrix of parameter P is calculated

as equations (2). The matrix P indicates the variances and covariances of the parameters.

11 )( −−= ASAP t (2)

Figure 2 shows an example of error analysis form twelve measured points on a flat plane. Middle plane is

least squares plane, the upper and the lower planes are the upper and the lower limits of confidential zone

of feature respectively. We note that the upper and the lower limits of confidential zone is equal to the range

of the uncertainty of measured feature.
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Figure 1. Data processing flow in feature-based metrology. Figure 2. Confidential zone of measure

plane.

2 RANDOM ERRORS
In this paper, the effects of systematic errors are theoretically analyzed to estimate the uncertainties in

feature-based metrology. The center position error and the diameter error of the ball probe are taken up for

the examples of the effects of systematic errors. These errors are occurred from the random errors of

probing in calibration process and propagate as unknown systematic errors to the uncertainties of measured

parameters such as the center position and the diameter of a measured circle.

Figure 3 shows the model for the theoretical analysis. Firstly, diameter and center position of a probe ball

are calibrated by measuring a reference circle. The diameter of the reference circle is calibrated with the

uncertainty sc. After the calibration, a measured circle is measured by the ball probe with random measured

error sp.
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When the only random errors are put in the consideration and n measured points are probed uniformly on

the measured circle, the uncertainties of measured diameter and center position of the measured circle can

be calculated as equations (3), (4), (5) and (6) using equations (1) and (2). Where the position of probed

point is displayed by ti and ri in figure 4.
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Figure 3. Model for calibration of ball probe and Figure4. Measured positions by angle ti

measurement of circle

3 UNKNOWN SYSTEMATIC ERRORS
From the calibration process of the ball probe, the unknown systematic errors of diameter and center
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position of the ball probe are occurred. The effect of these unknown systematic errors is not same as the

effect of the random errors.

3.1 Diameter of ball probe
Figure 5 displays the influences of uncertainty of the diameter of the ball probe for the step measurement

and size measurement. The uncertainty of diameter effects the only size measurement. Figure 6 and

equation (7) show the measuring errors dr1 and dr2 from diameter errors on the measured circle. The

variance and the covariance from diameter errors are shown in equation (8), where cd is diameter error. In

this case the error matrix of the parameters is calculated as equation (9).
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Figure 5. Effect of diameter errors of ball probe on Figure 6. Correlation of two measured points

step dimension and size dimension by effects from diameter error

3.2 Center position of ball probe
Figure 7 displays the influences of uncertainty of center position of the ball probe. Figure 8 and equation

(10) show the measuring errors dr1 and dr2 from center position errors on the measured circle. The variance

and the covariance from center position errors are shown in equation (11), where cx is center position error.
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Figure 7. Effect of center position errors of ball Figure 6. Correlation of two measured points

probe by center position errors

4 CONCLUSION
In this paper, we theoretically analyzed the effects of the unknown systematic errors in feature-based

metrology. The center position error and the diameter error of the ball probe are occurred from the random

errors of probing in calibration process. These errors propagate as unknown systematic errors to the

uncertainties of measured parameters such as the center position and the diameter of a measured circle.

The method to calculate the error matrix was derived when the center position and the diameter of the circle

are measured.

Using this method, the uncertainties of the measured parameters can also be calculated in the complex

measuring strategy. The series of simulations for this method in statistical way directly implies that the

concept and the basic data processing method in this paper are useful to the feature based metrology.
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