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ABSTRACT

The depth from focus measurement principle relies on the detection of the optimal focusing distance for measuring the
depth map of an object and finding i 3D shape The principle is most effective at micToscopic ranges where it 1s
nsually found mplemented around a z-controlled microscope and sometimes named nmltifocus 3D microscopy. As
such, hmﬂhﬁmmpﬁeswﬂhmyn&aEDmmmnmmtmﬁndsshmugMadwmﬂgamﬂdn&dvmﬁgﬂ
Multifocus 3D microscopy is presented and compared to chromatic aberation, confocal micrescopy, white light
interferometry. Then, this paper discusses two applications of mmltifocus 3D microscopy for measuring wood

respectively metallic parts in the sub-millimeter range. The first application aims at measunng the topography of wood
samples for surface quality control. The wood samples surface topography is evaluated with data obtained from both

confocal microscopy and nmltifocus 3D microscopy. The profiles and a standard roughness factor are compared The
second application comcerns the measurement of burrs on metallic parts. Possibilities and lmits of multiforns 3D
microscopy are presented and discussed

Keywords: Visual inspection, depth from focus, multifoens 3D, micrometne 3D metrolopy, wood topography, burr
measurement

1. INTRODMICTION

Depth from focus designates a method by which, depth from a scene is recovered by measuring the contrast change in a
series of images of the scene focnsed at several depths. Each pomt of the scene 15 given the depth associated to the
image with the highest contrast at that point The method is proposed in the mid-80 . The depth accuracy, intrinsically
bound to the depth of field, may differ strongly in various confipurations. Because itupﬂxteswithamdnmddepﬂlnf
field, microscopy is best suited for its apphication. A fully automated shape from focus microscopic system has been
implemented in the early 90 F1

The location with highest contrast is commenly detected by maximum detection m a full senes of iImages but
can also be obtained by sharpness estimation from only of few images P11* in which case the method is usually named
depth from defocus. This paper deals with the first approach using a full series of images in the context of microscopy
and names it nmltifocus 30 microscopy to avoid confusion with other variant methods.

Detecting the contrast peaks is a quite computer intensive task. Many contrast fimctions have been studied 1 ' to

provide the best possible focus estimate at lowest computational costs. Traditionally, nmltifocus depth computation
performed on peneral purpose computer remained somehow slow Bl The paper shows that today computer
performances tend to suppress this drawback and also lead this technigque to new fields of application.

This paper analyszes the performance of multifocrus 3D microscopy and discusses its application for measurmg wood
respectively metallic parts in the sub-millimeter range. The first application aims at measuning the topography of wood
samples for surface quality control. The wood samples surface topography is evaluated with data obtained from both
confocal microscopy and multifocns 3D microscopy. A companson based on profiles and a standard roughness factor 1s
presented. The second application concemns the measurement of burrs on metallic parts.



2. MULTIFOCUS 3D MICROSCOPY

2.1. Principle

A senies of images is recorded by a microscope with varying object to lens distance z (see figure 1). Multifocus 3D
microscopy designates a method by which, depth from a scene is recovered by analyzing the senies of images. During
analyzis each image location 1 processed and the mmage with the best local contrast 1z found The depth at each location
iz then simply the z valoe associated to the found mage.

sharpness
Figure 1. Multifocus 3D microscopy

Given a semes of mapges I). I, taken at respective object to lens distances z_z, the method computes first the
respective sharpness images by means of the sharpness operator S():

si(xy) =S5(Li(xy))

and then for each point (x.y) in these images, it finds the image index with the maximal sharpness:
i(x.y) = argmax; si(x.y)

The depth of the scene at each point (x,y) is then simply the associated z-value
Zixy)==nxy)

2.2. Depth of field

When located at the optimal focusmg distance, a point of the object iz mapped ideally as a point in the image plane, but
a simnilar point located at a different depth will be imaged ideally at another image plane, producing an unsharp pomt m
the real mage, shown as spot of diameter w, in figure 2 below.




Figure 2. Unsharpness w, resulting from depth shift Aa

The relation between the new depth a' and the diameter us of the spot derives from simple geometry™ . The relation
which expresses a' as a function of microscope magnification f is:
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H'=¥ where ff=— {Eq 1}
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The depth of field for a given configuration iz defined as the range of object distances where focusing is not worse than
Wy , its value is found by the difference of distances a" and a' behind and i front of a which produce the spot size 1w,
formally-
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where the successive approximations hold for relative limited unsharpness w,=~=D,,. and a microscope with numerical
aperture near 1. This depth of field can also be understood as the accuracy of depth measurement, under the assumption
of the detection capability of a spot of size m, Figure 4 plots this depth of field or accuracy function. Curve number 1
comesponds to a spot size of = 20 pm and curve mmmber 2 comesponds to a spot size of = 10 pm.

The fact that Aa is intrinsically bound to mapnification § by above rule means that low mapnification goes with low
accuracy and high magnification is required for higher accuracy. Given that the object field of view decreases with
higher magnification, this means also that high accuracy is only possible with a reduced field of view.

2.3. System description

This section describes the multifoens 3D microscope that was developed and used m following applications. It is
composed of a conventional optical microscope, %, ¥ and = displacement stapes. a video camera and a personal computer
that controls the whole.

A first confipuration uses the DMLA industry mictoscope ! which is fully automated and comes equipped with
controller, x, y and z-motors and a joystick. The used camera is a 1 Mpixel monochrome Pulnix Tm1001 with a 17
(9. 1mm=9 Imm) chip, squared pixels and a pixel pitch of p = 9.0pym. An alternative confipuration suited for lesser
magnification 15 composed of the Leica MZ12 microscope, an x,y-table and a contreller from Merzhamser.
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Figure 3: System overview MZ12
Video images are acquired currently at a rate of 7.5 Hz. Image processing is on the fly. Among the large palette of
available sharpness operators X' the system uses either the Laplacian operator:
1 2 1
SW{I}=?EI{I,}'}=|I*K| with for instance K =|2 =12 2
1 2 1

or the grey level variance operator with a variable neighborhood B,* B, of size w % w ranging from 3 * 3up to 21 x 21
defined as:

EEII{I »-4 with -—E > I(x,y)

JIBIJIE]’ xeBxysBy

Fast sharpness computation is obtained as follows. Given the fact that Laplacian kernels can be approximated with a
difference of two Gaussians and the nice of Gaussians to be separable. sharpmess original computaticmal
complexity O{w”") can be reduced to O(w) ™" and the computation cost can be reduced in the same proportion.

Fast computation of the grey level vanance operator is also possible with fast box filtering and image squaring
fimctions. Indeed, piven the constant box filter H of size w x w, the averaping operations can be replaced by
convelutions with H and above definition of vanance can be rewritten:

S_(D=I*+H-(I*H)
Because the box filter is separable and all its coefficients have the same value, it can be implemented in a way to be

nearly mdependent from its width w. Such fast box filtermg together with a fast image squanng fimction permit a real
efficient computation of this sharpmess operators.

MIL OpenlCV
3x3 Laplace 58 mis A0 ms
5x5 Laplace 69 ms 64 ms

21x21 Laplace 450 ms 150 ms
21x21 Vanance 56 ms

Table 1: Compared performance fur sharpness computation
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OpenCV "™ which are optimally desipned for Pentium architectures. Table 1 reports the execution times for Bz
tlmsharpmssufalMpmelmgeonalEGHzP-mhmnpmcessurhyusmgdndJmted]ibIﬂyIFL . Best

performance is obtained for variance computation with OpenCV, the maximum processing time of 56 ms pmmﬂmg Teal
time acquisitions of 1M pixel images at frequencies above 20 Hz on current processors.

Notice that the rate of range images £, is bound to the just mentionned image rate £ but also to the number of slices N,
by

E=£/N;
and that guite higher image rates are possible at the expense of spatial resolution.

3. COMPARISON WITH OTHER SYSTEMS

There iz a very large vamnety of 3D measurement methods. In the sub-millimeter range, methods of interest include
mechanical scanning, electrical page, fimctional testing, metallographic sectiom, eye control optical comiparators,
shadow length, laser triangulation, white light mterferometry, laser interferometry, AFM, capacitive gage, confocal
microscopy. Among methods of interest for non contact, fast, near micrometer range measuring methods we retain four
methods for further analy=is and comparison:

multifocus 3d microscopy

chromatic abberation

confocal microscopy

white light mtmfa‘umetr}r

Chromatic aberratiom iz a method based on a different refraction angle for each wavelength of light White light 1z
refracted in a way through an optical system lens so that each wavelength has a different focal distance. The surface
reflects the light with a peak in its frequency spectum. The reflected Light is measured with a spectrometer and the peak
frequency indicated the z position of the measured point.

Confocal microscopy: With this method a laser light beam is expanded and then focused to a small spot by an objective
lens onto the probe. The reflected light is captured by the same objective and foeused onto a photodetector via a mirror.
A confocal aperture (pinhole) is placed in front of the photodetector, such that only the light reflected by the probe that
is in the focal plane can pass trough This technique is able to perform 3D topography acquisition with a submicron
resolution.

White light interferometry: The white light interferometer is in principle a Michelson interferometer with a broad-band
light source and a CCT) camera as a detector. In this techmique a pattern of brnight and dark lines (fringes) resnlt from an
optical path difference between a reference amd a sample beam Incomung light is split inside an interferometer, one
beam going to an internal reference surface and the other to the sample. After reflection, the beams recombine inside the
interferometer, undergoing constructive and destructive interference and producmg the light and dark fringe pattern.
White light or interferometers have been nsed to perform 3D topography acqmsition with 2 submicron resolution

Table 2 compares multifocns 3D microscopy with the 3 other methods.

Regarding F-accoracy, chromatic aberration, confocal microscopy and white light interferometer have all a very high z-
accuracy. The z-accuracy and the z-measmrement range of the chromatic abemration systems are defined with the nsed
sensor. There exists different sensors, to cover 3 ranges from a few millimeters up to a few centimeters. But higher =
measurement range results n a lower z accuracy. The confocal mictoscope can vary the z accuracy with the pmhole
size. Bipger pinhole results m more speed but less accuracy. Compared to these 3 systems, multifocns 3D microscopy
has a low z resohition. Note that the mmliforns 30 microscopy has also the already mentionnel disadvantage that the
field of view is linked to the z-accuracy.



Concerning price, the confocal microscope and the white light microscope are the most expensive measurement
systems because they are more complex and they use not state of the art components. The chromatic aberration system
is cheaper than those because the optic is not so complex. The main difference between a simple microscope and a
mmltifocus 3D micToscopy system 15 in fact just software. A nmltifocus system consists of an ordinary microscope with
a camera a controller and a conoputer without any additional dedicated hardware. Therefore this system is the cheapest
of all This iz one of the main advantages compared to its competitive systems.

mmultifocns 3d chromatic : white light
method microgcopy My confoeal microscopy ——
2 |.III1{ with down to U.Ul_ um
=0.01 pm (depends | (depends on pinhole
FOWV 1000 0.01
aoamcy | FOUS0MIE | " on used sensr) dismete) &
as 35 to 1000 points/s | 4000 lines/sec (Leica) 24 pm's-12
speed up po
I (1024x1024) ical 300 poants/s 10 fps (640x512) s (atos) up to
P up
effective {Leica) 10.5 pm/s
resohution = (640=480)
512x512) (Zygo)
example
5122512 Pm 35s 500-1000 = 3-5s 15-255
200pm
AppPIOX. price 40k$ 60k% T0kS TokS
+cheap +simple
-FOV-accuracy +medim fast
advantape are coupled - +precise +robust +precise -
fiar ACCUTACY for steep slopes - +Hfast +precise EXDEnSIve -
i depends of very slow +pimhole size can vary interferences
material the response depth - pattern have fix
stuchore exXpensive depth

Table 2: Comparizon of four 3D measurement methods

Speed iz not directly comparable. To make an objective speed comparizon, the time to scan a 31 region with a height of
200 pm and a resohtion of 512x512 pixel has been compared The chromatic aberration system is very slow, becanse
the sensor nmst scan the surface with a mechamical x-y displacement and the spectroscope to measure the peak is rather
slow. White light mterferometry and multifecus 30 microscopy must both grab an image with a camera at different =
levels and therefore their speed 1= similar. The first confocal microscope had esther to move the micrescope or the probe
mechanically. Therefore this first generation was quite slow. But nowadays the confocal systems deflect the laser with
optical systems and therefore their speed is high and competitive with nmltifocus 30D microscopy and white light

4. EXPERIMENTS

4.1. Accuracy

A zemies of experiments was performed in order to evaluate the accuracy in real scenes. The selected four objects (larger
ball, smaller ball larger needlel, smaller needle?) are metallic and offer sufficient surface comfrast They have the
simple shape of either a sphere or a cylinder, a feature which permits to derive the measurement error by the difference
between measurement and a simple model.

Table 3 below reports for each part the resulting mms emror together with the number of mage slices used, the z-range
covered by the acquisition, the type of microscope and its effective magnification.



: no of Z range system magnification o [um]

Objects fices [l Hm
ball 1 G=10mm 32 2617 MZ12 63 481
ball 2 G=Emm 32 108 MZ12 10 592
needle 2 =0 8nm 32 3504 DMLA 10x 628 6.88
needle 1 @=0.5 mm 64 66.8 DMLA 0= 3 195

Table 3: Measurements of four parts

z measurement accuracy

70
{ an
— depth of field 1
g o0 depth of field 2
'g 40
— | - ME12
E» an ll
20
8
" ‘l\\*-_'__
P, S : : 4
[1] 10 eli] 0 40
magnification {x)

Figure 4: Depth accuracy and measurements as a function of magmfication

Above measurements are repeorted in the accuracy versus magnification plot of figure 4 where a comparizon with the
theoretical performance can be done. The measurements he between the depth of field curve 1 and 2 desenibed earlier
for a spot size w, = 20 pm, respectively w, = 10 pm . Considening the camera in use, this corresponds to approximately a
spot size of uy/p of two to one pixels in the image.

4.2. Comparing with chromatic aberation

Multifocus 3D microzcopy is compared here with chromatie aberation by reporting a simple measurement of the same
part by two techniques. Figure 5 shows a metallic part that was measured cnce with a chromatic aberation system (a)
and once with the multifocus 3D microscope previously described (b).

(a) Range map by chromatic aben'atmn (b) Range map by mmltifocus ZDM
Fipure 5: Companng measurements by different techniques



The field of view iz 1000pm=1000pm»=120pm. The rescluticn of the chromatic aberation mmage iz 200x200.
Multifocus 3D microscopy was performed with the DMLA using objective 10% and recording 32 slices. The resulting
depth image of size 907=1016 was down sampled to the same 200=200 resolution for performmg the comparison After
best matching of the two images, a difference image was computed and the s value was evalnated in two distinet
areas. In a first rather flat area, the mms iz 128 pm In a second area with more activity, the ms 15 4.34 pm Other

isons with optical microscopy showed a better match with the chromatic aberation which clearly has less noise.
Most part of the error comes back to mmltifoens 3D microscopy. Above errors fit also rather well in previous accuracy
estimations and show how a practical setup performs on real parts.

5. WOOD SURFACE MEASUREMENT

This section reports the application of multifoens 30 microscopy to wood surface measurements. The considered task
consists in the determimation of the surface quality of processed wooden parts with respect to surface roughneszs. Wood
surface roughness analysis iz usefil wherever parts must be qualified with respect to wood origin or a processing step
like sanding for mstance. In a series of experiments, wooden test samples were measured both by nmlhfocus 3D
microscopy and by confocal microscopy.

a) maple
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Figure 6: Measurements of wood samples

According to a classical procedure, wood samples are measured by confocal microscopy and depth profiles are
analyzed. The sampling interval is 10 pm typically, and a profile of 1000 samples covers thus 10 mm To determine the
surface guality, many standard roughness metrics are available like: DIN 4771: Ry; DIN 4762: B, Ry; DIN 4762: Ba,
B, and many others.

In a prelinmnary stody, we explored the feasibility of wood surface roughness anatysis by multifocal 30D microseopy.
Wood samples already measured by confocal microscopy were again measured by multifocal 3D microscopy. Figure 6




(1) shows the obtaimed depth maps for three samples of different woods: (a) maple, (b) cak and (c) flake-board. For
sufficient accuracy a comfipuration with sufficient magmification 1= chosen: the DMLA 10x . Given the effective
mapnification of f=628 and the chip pixel size of p=0.1 pm, the object field of view iz 144 pm = 144 pm with the 1
Mpixel camera. Note that above mentionned link between accuracy Aa and magnification P can be disadvantagecus in
this application becanse of the related Limitation of the object field of view.

The measurement by both methods could not be compared directly in absence of a precize registration procedure. The
comparison performed so far consists in a visual companson of surface profiles. Figure 6 compares the profiles of the
three kinds of wood obtamed first by confocal micrescopy (2) and then by multifocns 3D microscopy (3). Despite the
nen-alignement, the profiles reveal a true similanty of the knd of measmrements and snggest that later method could be
applied a5 well. In addition, roughness measurement were performed on the different kinds of wood and showed
following By values for confocal versus multifocus 3D microscopy: 11.4 pm versus 11.2 pm for maple; 15.2 pm versus
188 pm for cak and 11.6 pm versus 9.1 pm for flake-board Although not fully conclusive, these results sugpest a real
potential for an alternative wood amalysis.

6. METAL BURE MEASUREMENTS

This section reports the application of multifoens 3D microscopy to metallic b measurements. Burrs are a nmsance
that almost any tool generate while wortking on a component. Any deviation of the component from its nommal (i.e.
CATY) geometry could be considered as a burr. The smallest bumrs of interest, thongh, seem to have a mimimum height of
about 5 pm and are designed as micro burrs P, larger burrs can be as high as lmm. Noticeable burrs are often located
along the discontmmities {ie. edges) of the component. Burrs are often imregular and appear as fractured and rough
surfaces. Given the real interest to measure the burr height, width angle at cne or few locations of the compomnent,
sometimes even to measure the foll component, nultifocus 3D microscopy was applied forl range map acquisition.

(b]PartEunarimmx-immgridmdmap fma:d.‘-ﬂpmhm
Figure 7: Measurements of stamyping burrs
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6.1. Examples of Typical Measured Parts

Multifocus 3D microscopy was extensively nsed for the measurement of burrs of various kind and dimensions. Typical
examples of measured burrs are shown in figure 7, which shows a rather large b of 700 pm height (3) and another of
50 pm (k). Notice that the (a) view has homogeneons horizontal and vertical scales (zMap=1} whereas the (b) view has
the z-scale increased (zZMag=5) in order to better show the burr details.

6.2. Limitations
Basically multifoens 3D microscopy fails in absence of a textured surface. Thus, blank objects like crystalline or fimely
polished surfaces cannot be measured and related difficulties appear in absence of local contrast that can appear also in
specific locations as shown in figure 8. Raw metallic surfaces are usnally wells suited as they show a quite favorable
structured surface.

(a) Image (b) Depth map with undetined region
Figure 8: Example of metallic part with partial absence of contrast

6.3. Conclusion

Multifocns 3D microscopy was successfil for the measurement of vanons kinds and dimensions of burrs in the sub-
millimeter range. Burrs down to 10 pm in size can be measured by normal means and burrs down to 5 pm could be
measured provided some noise reduction algorithm is applied. A full range Image can be acquired in typically few
seconds but there is potential for further speed up.

7. CONCLUSIONS

This paper considered nmltifocus 3D microscopy as a possible method for measunng 3D objects n the sub-mmllimeter
range. Comparisons with other non-contact and fast methods: chromatic aberation, confocal microscopy and white light
interferometry showed general advantages of accuracy for the later but a clear advantage of price for the multifocns 3D
microscopy. Regarding speed, nmltifocus 30 microscopy is equal or better in performance and has potential for fimther
speed up.

The accuracy is best derved from depth of field and has the property to be intrinsically bound to mapnification.
Practically, the rough accuracy is under two microns for larger magnifications and below 10 pm for magnifications
larper then 3.

The wood measurement applications showed that multifocus 3D microscopy is in a position to measure wood samples
for firther topographic analysis.

Multifocus 3D microscopy was successfil for the measurement of vanous kinds and dimensions of burrs in the sub-
millimeter range. Burrs down to 10 pm in size can be measured by normal means and burrs down to 5 pm could be
measured provided some neise reduction algonthm is apphed. A full range imapge can be acqured in typically few
seconds but there is potential for further speed up.
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