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Abstract—A precision multi-degree-of-freedom measuring (MDFM) system based on CCD has been developed
and implemented for the simultaneous measurement of straightness, pitch, yaw and roll errors of the moving
axis of CMM. The Fourier phase shift algorithm (FPS) in conjunction with two-dimensional CCD replaces the
quadrant photo-diode used in position sensing detector (PSD)-based MDFM which was proposed by Ni et al.
(ASME J. Engng Ind. 114, 362, 1992 [1]). The submicron and subarcsec accuracy of the CCD-based MDFM
system was achieved experimentally. In comparison with the PSD-based MDFM, the proposed CCD-based
MDFM shows the advantages of a longer working distance, better background noise resistance and a simpler
configuration. © 1997 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

The adoption of a multi-degree-of-freedom measuring system (MDFM) in order to correct
the geometrical error of coordinate measuring machine (CMM) is an extremely important
area of research. This will improve the measurement accuracy of CMM in the increasing
demand for a higher quality product manufacturing system [1-4]. A laser-based system
which contains an autocollimator, beam expander and position sensitive detectors (PSD)
which senses the location of the laser-beam spot and then calculates 5 d.f. geometrical
errors was proposed by in Refs [1, 2]. The laser beam was reflected by the moving retrore-
flectors which are attached to the moving head during the measurement. The autocollimi-
ator was introduced in this MDFM in order to increase the angular resolution of the system.
The beam expander was used so that the beam divergent angle can be reduced. Hence,
the drift of the position of the beam spot caused by thermal agitation can also be reduced
i1, 21

The conventional methods which have been commonly used are based on the laser
heterodyne interferometer such as HP5529 [4] and LDDM I1I [5]. Significant improvement
was successfully achieved by enhancing the multifunction capability of the PSD-based
MDPFM in the areas of geometrical error investigation and simplified implementation [1,
2]. However, the performance of the PSD was limited by a higher detection noise and the
spatial nonlinearity of the detector [6]. By introducing actively designed electronics, the
detection noise can be improved. However, the poorer spatial response of PSD limits the
useful performance of the detection to a small detective area; moreover, PSD has to be
used with a nulling detection technique [1, 2, 6].

A two-dimensional CCD is then recommended to replace PSD in order to meet the
requirement of a wider measuring range of the CMM. However, the array structure of the
detector (of which the pixel size is about 13 pm) presents a low resolution of the position
sensing ability. This discourages the idea of using CCD directly to replace PSD in the
MFDM system, although CCD presents the advantages of lower noise, faster response
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speed, higher detection sensitivity and better spatial linearity in comparison with PSD.
PSD has a higher spatial resolution in comparison with CCD when it is used without
processing by the Fourier phase shift (FPS) algorithm. However, the linearity of PSD,
which performs to an accuracy of +2%, is limited to a small detection area less than
500 wm in diameter [3]. The area is relatively small in contrast to the large detection
area of the active region of CCD, which is 90% of the total size. Adopting the FPS
algorithm in conjunction with CCD can enhance the ability of obtaining submicron spatial
resolution [7-9]. In this paper, a submicron CCD-based MDFM is proposed. The Fourier
phase shift algorithm is utilized as the processing method used in the discrete sampling
data collected by a two-dimensional CCD array detector. The positioning of an unfocused
laser point spread functions (PSF) in subpixel accuracy was proved by experiment. The
result shows that CCD-based MDFM is a better choice than PSD-based MDFM in measur-
ing geometrical errors of CMM when a wider measuring range and a higher noise resist-
ance capability are basic requirements.

2. FOURIER PHASE SHIFT ALGORITHM

A MDFM system can simultaneously measure 5 d.f., made up of two displacements
(lateral and vertical straightness) and three angles of geometrical errors (pitch, yaw, roll).
This system is more effective than the HP 5529 interferometer in which only one geometri-
cal error can be measured at a time. When the discrete sampling data are processed to
position the laser beam spot with a CCD directly, the d.c.-offset sensitivity as well as the
noise-induced error in MDFM will degrade the accuracy and the resolution of the system.

There are two different algorithms, the centroid and the Fourier phase shift [10, 11},
which allocate the position of an intensity PSF fix) of the laser beam. In the centroid
method, the coordinate of the center X, of the signal f(x) is presented in Fourier domain
[9]. This is as follows:
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where G(0) and G'(0) are the Fourier transform of the sampled function g,=F(kT), (k=0,
1. 2,...) of ix) by a uniformed space T and its first derivation at zero spatial frequency,
respectively, and iz\'~ 1. Therefore, the d.c.-offset reduction plays a dramatic role in the
centroid algorithm because it relies directly on the frequency regions close to zero. Once
the noise is at higher frequencies, the influence of the noise-induced error on the accuracy
of positioning of the laser beam using the centroid algorithm is minor. This is only because
the first derivation of the noise spectrum at zero frequency affects the position accuracy.
The function of the centroid algorithm is similar to a low pass filter. Applying the centroid
algorithm in conjunction with CCD has not been suggested as far as the high background
noise is concerned. If a Fourier phase shift algorithm rather than a centroid algorithm is
used with a CCD, the above disadvantage can be resolved [7, 9]. The ability of sensing
the location of the laser beam subpixelly by using the Fourier phase shift algorithm and
CCD is applied and proved experimentally in this paper.

In the Fourier domain, the phase of the function F(s) which is the Fourier transform
of the fix) is shifted with a small displacement X:

¢, =—2mSX (=0, 1.2, n (2)
in the one-dimensional case, where S, is the spatial frequency in Fourier domain, or
y==2mUX+VY) (i, j=0, 1, 2.... n) (3)

in the two-dimensional case, where (U,, V) is the spatial frequency in the two-dimensional
Fourier domain of the PSF of the laser beam. n is the number of pixels of CCD array.
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From Equation (2), the slope of ¢, vs the S, determines the position X of the tested laser
beam accordingly. Similarly, the normal vector (X, Y) can be determined by the gradient
of Equation (3) as well.

The effect of the low-frequency noise can be avoided through the use of the FPS algor-
ithm because the accuracy of the position X is sensitive to the calculation of the slope.
The calculation is based on proper spatial frequencies S; in the Fourier domain rather than
a single zero spatial frequency used in the centroid detection algorithm. In other words,
the FPS algorithm operates as a bandpass filter in contrast to the centroid algorithm which
operates as a low pass filter in subpixel position detection from digital signals. With the
Fourier phase shift, the random noise which affects the position estimation can be
expressed as

-1 NI

Ad(S;)<tan GGS)|
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The amplitude of A¢(S)) is reciprocal to that of lG(Sj)\, and N(S)) is the noise spectrum
[7, 9]. If a Gaussian distribution PSF of the laser spot is considered, high spatial frequency
noise should be able to perturb the evaluation of ¢(S)) in the high-frequency range. Mean-
while, the low frequency noise effect can be ignored according to Equation (4) because
the monomode property of the Gaussian distribution function in the Fourier domain. The
bandpass filtering effect in the FPS algorithm will reduce the noise-induced error in this
subpixel position allocating method.

3. CCD-BASED MDFM SYSTEM

A PSD-based MDFM system {1, 2] was modified. We adopted four two-dimensional
CCD detectors instead of four PSD detectors in this modified MDFM system, as shown
in Fig. 1. Five degrees of freedom of the geometrical errors can be measured at a time,
according to the beam position co-ordinates (X,, Y, i=1, 2, 3) on each CCD detector. The
CCD4 (the fourth CCD) was used to monitor the intensity fluctuation of the laser source
and the thermal-induced position drift of the laser beam, to enhance the stability of the
detection system. A stabilized He—Ne laser was used in the system in which a beam
expander was not required, while in a PSD-based MDFM, the beam expander was neces-
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Fig. 1. The sketch diagram of the CCD-based MDFM, including iris (C), cube beam splitter (CBS), beam splitter

(BS), polarized beam splitter (PBS), polarizer (A), mirror (M), quarterwave plate (QP), retroreflectors (RR1 and

RR2) and autocollimator (lens module). X, lateral direction; ¥, vertical direction; Z, moving direction; «, pitch;
B, yaw; v, roll.
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sary in order to reduce the laser divergent angle. Two retroreflectors, RR1 and RR2, were
allocated separately for a distance L=150 mm and one mirror M2 was mounted on the
moving head. The rest of the optical components, which include the CCD, beam splitter
(BS), polarized beam splitter (PBS), quarter wave plate (QP), polarizer (A), mirror and
autocollimator, were mounted on a fixed table as shown in Fig. 1. A polarized laser beam,
which passed through the iris (C1), the cube beam splitter (CBS), the polarizer (A1) and
the retroreflector (RR1) were detected by CCD1. After being reflected by RR2, the second
channel of the laser beam was detected by CCD2. The position co-ordinates (X,, Y;) and
(X5, Y,) of the laser beam spots incident on to CCD1 and CCD2, respectively, can be
obtained. In the third channel, the polarized laser beam, after being reflected by the CBS,
was incident on to the PBS. The A2 polarizer was used to control the polarized state
which satisfies the condition of the reflection of P polarization by PBS. The quarter wave-
plate QP converted linear polarization into circular polarization in order to allow the
reflected laser beam from mirror M2 to pass through the PBS and then to be detected by
CCD3. The autocollimator, which is composed of two lenses with a focal length f,=80 and
f=—11 mm, respectively, was designed. It was added to improve the angular resolution in
the pitch and yaw measurements. The distance between the two lenses was 70.23 mm.
This made the effective focal length f, of the autocollimator equal to 715 mm.

3.1. The measurement of two straightness errors

Two retroreflectors, RR1 and RR2, which were mounted on the moving head and
reflected the linear polarized laser beam on to CCD1 and CCD2, respectively, determine
two straightness errors: Si,era and S,ericai- They can be expressed as

X+ X
Slateral = 4 - (5)
and
Linear step motor
A
| E | HP5529
Aoy el
CCD 1 PBS
BS
CCD 2
| }-——Eg BS
Analyzer Stabilized laser
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Fig. 2. The experimental set-up of the displacement calibration of the CCD which was referred to the HP5529

interferometer.
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Fig. 3. The experimental set-up of the angular displacement calibration of the CCD which was referred to the
HP5529 interferometer.
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Y,+7,
Svertical = — 4; (6)

where (X, Y,) and (X, Y5) are the positions of the laser beam at CCD1 and CCD2, respect-
ively.

3.2. Measurement of roll, pitch and yaw errors

The roll can be calculated in terms of the difference of the straightness errors in the
vertical direction and the distance L between two retroreflectors:

Y,-Y,
Roll = ~—=2
oll == (7)
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Fig. 4. The system stability of the CCD-based MDFM after subtracting the tested CCDI1 from the referenced
CCD2 in Fig. 2. in the (a) X-direction and (b) Y-direction.
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Similarly, pitch and yaw errors can be expressed by

Y

Pitch = — (8)
2f.
X

Yaw = - )
2f.

where f, is the effective focal length of the autocollimator and (X, ¥3) are the co-ordinates
of laser-beam spot at CCD3.

4, EXPERIMENTAL RESULTS

A stabilized He-Ne of TEMOO Gaussian distributed PSF was used in a CCD-based
MDFM. The sketch diagram of MDFM is shown in Fig. 1. There were four 768x494
pixel CCDs used to detect the laser beam in real time. The spot size of the laser beam
(2 mm in diameter) was sampled by the CCD, and the sampling rate in the spatial domain
which satisfied the Nyquist sampling criterion according to the pixel of the CCD is 13 um
in size. In order to prevent the time-consuming defect of running a two-dimensional DFT
algorithm to determine the normal vector of the phase ¢, versus the spatial frequencies
(U, V,) in the Fourier domain according to Equation (3), we projected the two-dimensional
Gaussian PSF in the X- and Y-directions independently. Therefore, two one-dimensional
Gaussian PSFs were generated after the projections. A one-dimensional DFT was then
used to calculate the position X and Y of the laser beam separately in terms of the slope
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Fig. 5. The measurements of lateral and vertical displacement, which were referred to the HP5529 interferometer,
with the moving head locating at: (a) and (c) 500 mm; (b) and (d) 750 mm.
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in bandpass spectrum according to Equation (2). Figures 2 and 3 show the experimental
calibration arrangement in the test of the linear and angular displacement which are similar
to the architecture shown in Fig. 1. We moved the linear (or rotating) stage which carried
the retroreflectors for 10 steps, one step a time, and measured the corresponding moving
distance (or angle) using the HP5529 at the same time. After repeating the measuring
procedure for several times, the least-square fitting method was then used to obtain the
calibration factors of linear or angular displacement per pixel. Referring to the data from
the HP5529 interferometer, the calibration factors of the CCD-based submicron position-
sensing algorithm were 6.177 and 4,929 um/pixel in the X- and Y-directions, respectively.
Similarly, the calibration factor of angle measurements such as yaw was 3.117 s/pixel in
the experimental arrangement as shown in Fig. 3. There is a correlation between CCDI
and CCD?2 in Fig. 2(a) when the drifting of the laser beam was tested. Figure 4(a) and
(b) shows the results of the subtraction of CCDI1 and CCD2 in the X- and Y-directions,
respectively. The system stability of less than £0.5 pm was reached.

Five geometrical errors which include two straightness aspects in the vertical and lateral
directions and three angles in three different orientations (pitch, yaw and roll) were meas-
ured when the moving head was located at different distances away from the receiving
unit of MDFM. The straightness measurements of S, c.a and S,enica at 500 and 750 mm
away from the receiving unit which were referred to the data from HP 5529 are shown
in Fig. 5(a)—(d), respectively, where the moving head was adjusted in a range of about
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Fig. 6. The experimental results of straightness measurements in the range 0-750 mm for: (a) lateral straightness;
(b) vertical straightness.
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50 pm at different locations by a stepping motor-controlled translation stage. Figure 6(a)
and (b) present the whole range (0~750 mm) of the performance of straightness at different
working distances of the moving head. From these results, the accuracy of the CCD-based
MDFM in the measurements of the vertical and lateral straightness within 0.5 pm, which
was referred to the HP 5529 interferometer, is proven experimentally.

In addition to straightness, the experimental results of pitch, yaw and roll are shown in
Fig. 7(a) and (b), Fig. 8(a) and (b), and Fig. 9(a) and (b), respectively. The moving head
was located 500 and 750 mm away from the receiving unit of MDFM in these experi-
ments. The accuracy of these angle measurements was within 10.5 arc/s in comparison
with the data measured from the HP 5529 interferometer at the same time. The whole
range of these angles measured at different locations, from 0 to 750 mm, is shown in Fig.
10(a)—(c), respectively.

S. DISCUSSION AND CONCLUSION

There are several essential improvements in different aspects when the CCD-based
MDFM is compared to the PSD-based MDFM. This is because PSD is part of an analog
device. The ability of the PSD-based MDFM in tracking the position of the laser beam
directly and continuously shows a higher speed response than the CCD-based MDFM
system. However, the resolution, detection sensitivity and linearity of the PSD demonstrate
a limited performance that is confined in a small area or operated under null detection.
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Fig. 7. The measurements of pitch of the moving head, which were referred to the HP5529 interferometer, with
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Fig. 8. The measurements of yaw of the moving head, which were referred to the HP5529 interferometer, with
the moving head locating at: (a) 500 mm; (b) 750 mm.

This means that the feedback system associated with PSD necessary to sense the position
of laser beam in a larger area is necessary. When non-nulling detection or a larger detection
area is taken into consideration, the CCD-based MDFM used with the FPS algorithm at
the submicron resolution is recommended.

The large electronic noise would also limit the performance of PSD. In addition, the
lack of the immunity to the background noise, such as room light, results in a requirement
for a dark environment when operating the PSD-based MDFM, unless a modulated laser
beam is considered. Regarding the sensitivity of the PSD on the laser-beam spot size, the
irregular shape of the laser beam will enlarge the detection error during the detection as
well. The response of the spatial nonlinearity of the detector will cause the beam-shape
distortion that creates the error of the detection. It will also degrade the spatial resolution
of the PSD. In contrast to the PSD, the advantages of using the CCD in the MDFM system
in association with the FPS algorithm are as follows:

(1) The bandpass spectrum of the FPS algorithm can filter the background noise and
also the high-frequency noise. It is apparent that the CCD-based MDFM prevents the
low- and high-frequency noises simultaneously, which are insensitive to the d.c.-offset.
A proper range of the detecting spectrum will therefore enhance the resolution of
positioning using the CCD.

(2) The spatial linear response of the CCD, which is better than that of the PSD, will
extend the detection area to submicron accuracy. However, the shape of the beam spot
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Fig. 9. The measurements of roll of the moving head, which were referred to the HP5529 interferometer, with
the moving head locating at: (a) 500 mm; (b) 750 mm.

of a symmetrical function is required; otherwise, the phase detection algorithm of FPS
will induce the phase error and reduce the resolution of the CCD.
(3) The beam expander which was used in a PSD-based MDFM to reduce the diver-
gence of the laser beam is not required in a CCD-based MDFM. This result implies
that CCD-based MDEM has a longer working distance, better background noise resist-
ance and a more simple configuration than the PSD-based MDFM.

In contrast to PSD, satisfying the Nyquist sampling rate to recover the point-spread
function of the laser-beam spot and to measure the displacement at the submicron level
is necessary for a CCD-based MDFM system. Keeping the beam shape in TEMOO mode
is very important in both CCD and PSD. From the above discussion, two-dimensional
CCD-based MDFM shows a potential performance which is better than the PSD-based
MDFM not only at the submicron resolution level, but also on the noise immunity to the
environment. As far as using the linear CCD line detector to process projected one-dimen-
sional Gaussian PSF is concerned, a critical alignment is required. Therefore, an effective
area of detection is limited. In general, there is no significant difference of positioning
accuracy using two-dimensional FFT or two independent one-dimensional FFT in this
CCD-based MDFM system. When a two-dimensional Gaussian PSF is projected into two
one-dimensional PSFs, the profile still has a Gaussian shape; therefore, in the Fourier
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Fig. 10. The experimental results measured in the range 0-750 mm for: (a) pitch; (b) yaw; (¢) roll.

phase shift algorithm, the difference in spatial resolution can be ignored as far as the
Nyquist sampling criterion is concerned in both the X- and Y-directions. One error that
should be taken into consideration is the different sampling rate in the X- and Y-directions,
which is caused by the different array structure of CCD in the X- and Y-directions. The
slow speed response of MDFM with the FPS algorithm can be improved by the two-
dimensional FFT algorithm by padding zeros to the CCD data arrays.
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In conclusion, the CCD-based MDFM system which is presented in this paper is able
to measure 5 d.f. geometrical errors of CMM at the same time. Two straightness variables
and three angular displacements—pitch, roll and yaw—were measured. The longitudinal
distance measurement can be fulfilled by introducing the laser Doppler meter in the chan-
nel of M2 and CCD3 so that the measurement of 6 d.f. geometrical errors on each axis
can be achieved successfully.
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