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Abstract; We propose a numerical model for simulation of an object depth measurement by means of a shape
from focus method using Laplacian operator. The core of the simulation is based on convolution of an ideal im-
age (predicted by the geometrical optics) with polychromatic point spread functions of a generalized aperture
function of lens including focus error instead of more exploited the pillbox shape or the Gaussian functions.
The model allows to employ parameters of real components of the sensor based on the method, a light source
spectrum, dispersion of an optical system and spectral sensitivity of a camera. The influence of dispersion of
optical systems( aberration-free, achromatic and with chromatic aberration) on accuracy and reliability of the
determination of the object’s surface topography is presented. It is indicated that this model can increase the
experiment effectively and decrease time lag with the reducing of operating expenses.
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1 Introduction

4 is the tech-

The shape from focus method'
nique used in the image processing for the obtaining
depth-maps of the object. The principle of the meth-
od is based on the relation among the object dis-
tance, focal distance of the lens, and the image dis-
tance, which is given by the Gaussian lens law. In
terms of geometrical optics, each point in the object
plane is projected onto a single point in the image
plane, and the focused image is obtained. However,
in terms of wave optics, which involves wave charac-
ter of light, a focused image “point” is no longer a
point, but rather a spot. When the detection plane
is displaced from the image plane, the defocused
(blurred) image is obtained. During the measuring
procedure, an images sequence of the same scene of
the object under investigation is acquired by moving
the object along the optical axis. The depth of the
object is determined through searching for the posi-
tion of the object where every object point is imaged
sharply. For the determination of the focused image
at each image point, the Sum-Modified Laplacian
(SML ) operator to the images sequence is ap-
plied[ Y

The imaging performance of an optical system
(image defocusation) is described by the convolu-
tion of the ideal image intensity ( predicted by the
geometrical optics) with the Point Spread Function
(PSF) 370,

performed by the inverse Fourier transform of the

The convolution computation is often

product of the Fourier transform of both the ideal
image and the PSF. However, the condition of the
spatially invariant PSF has to be fulfilled. In the
frequency domain, the Fourier transform of the PSF
is the Optical Transfer Function (OTF)'**/. As the
distance from the detection plane to the image plane

increases, blurring effect increases. Hence the defo-

cusing is a filtering process, while OTF presents the
low-pass filter'".

In order to use the above mentioned computa-
tion procedure for polychromatic light, two addition-

d". (1) constant

al conditions need to be satisfie
spectral composition and uniform spectral sensitivity
across the detector area; (2)small variation of the
local magnification with wavelength. Thus, the com-
putation procedure is valid for a restricted class of
polychromatic objects of which the radiance spec-
trum emitted by the objects is the same, except for
an intensity scaling factor, for every point in the ob-
jects.

The polychromatic PSF is often represented by

1 .
M or Gaussian

a pillbox ( cylinder) shape function
function”’ | whose width relating to the blur circle
(circle of confusion) around the image point is cali-
brated according to the parameters of the real experi-
mental setup. The same computer modeling of the
image defocusation based on the cylinder shape
PSF'") or Gaussian PSF''"*! has been already devel-
oped and used, for instance, for assessing various

" or reliability measure

focus measure operators
aimed at assessing the quality of the depth-map ob-
tained using the shape from focus method'?'.

However, the Gaussian function model as a
sum of single light components does not incorporate
weight of the components, and both Gaussian and
pillbox model do not distinguish individual factors
causing distortion in intensity pattern. Among these
factors the lens aberration is worth mentioning. For
our purpose we use more real model of image defocu-
sation, which describes and involves these aspects
much better.

In the presented paper we use a PSF computed
as the Fourier transform of a generalized aperture

7,13-14 . .
. !, which includes a focus error

function of lens
(a deviation from focused imaging) causing image

blurring. In order to approximate to a real situation,
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we take into account spectral weights of individual
components of light'®*’. We also incorporate the
chromatic aberration of the lens in consequence of a
dispersion of a lens material causing additional defo-
cusation of monochromatic light components. Our
proposed model enables to influence the chromatic
aberration by the use of an achromatic lens. Al-
though, it is already known that the achromatic len-
ses with completely different chromatic aberration
may have the same OTF'®'.

Further, in the presented paper we simulate
translation of a 3D object by changing the object dis-
tance and resulting imaging of the shifted object into
the detection plane. Our simulation model is based
on the above-mentioned mathematical operations and
involves both image defocusing and determination of
the best focus position of every object point from se-
rious of images via the SML operator. However,
simulation of the image defocusation for 3D object is
complicated problem, because, in general, the PSF
varies for each point in the image due to both various
depths and optical aberrations. In this case, the PSF
is spatially variant and the convenient approach
which uses Fourier transform operations cannot be
used and the convolution is computed directly. Nev-
ertheless, calculating the PSF for the each point is
not a practical approach for a large number of pix-
els. The simplest method that can be used in com-
plexity reduction is to divide the image into different
sections and consider a constant PSF inside each
section (a piecewise invariant PSF). Then the space
variant PSF can be expressed as a weighted summa-

15-16] .
F' 0 However, rendering

tion of the invariant PS
of individual sections of the image leads to blur dis-
continuity artifacts in the resulting image' ™"’ To
suppress the artifacts, one of the solutions is to in-
terpolate two adjacent PSFs to achieve smoother tran-

sition between corresponding sections'”""). To apply

the median filter on the acquired depth map'™®’ can

be another solution.

The aim of the paper is to propose a numerical
model for simulation of the shape from focus meth-
od. The solution of the model uses weighted summa-
tion of the invariant PSFs. The model approaches
the reality, and uses the polychromatic PSF of a
generalized aperture function of lens including focus
error to simulate image defocusation, a spectrum of a
Standard illuminant, a dispersion function of a real
imaging optical system and spectral sensitivity of a
real light sensitive sensor. The model allows to pro-
pose parameters of a measuring sensor based on the
shape from focus method and to increase effectivity
of the experimental work. It means, for example, to
decrease time lag and to reduce the operating expen-
ses caused by successive selection of unsuitable sen-
sor’'s components. The utilization of the model is
presented for three optical systems, an aberration-
free optical system, an optical system with chromatic
aberration and an achromatic optical system. The
model allows to study accuracy and reliability of the

determination of the object’s surface topography by

means of the shape from focus method.

2 Theory

2.1 Monochromatic case

Let us assume the detection of an image P’ of
the object point P according to Fig. 1, where d, re-
presents the distance between the object and the lens
and d,, is the distance between the image and the
lens. Relation between the distances d, and d,; and
the lens focal length f can be given by the Gaussian

1 1 [13]
f “d, T,

ject point P is projected onto a point ( Airy disc in

lens law — Fig. 1 shows that the ob-

terms of wave optics) P’ in the image plane. Let us
call the detected image as the ideal image I(x',y")
in the case of geometrical optics and focused image
I,(x',y") in the case of wave optics. In a plane at
the distance d, from the lens is the point P imaged

blurred like P” and the defocused image I, (x',y")
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is obtained. For blurred image system the focus error

& (deviation from the Gaussian law) is defined as

1 1 1 1 1 1
g=—+——-—="+————_ where §=d,, -
dy dy, f dy dy-6 [’ )
d [13]
b
I(x"y"),
Ly L)
é
P dZ/
) d,
pP' p'
Object Image
plane Lens plar%e

Fig.1  Detection of focused P’ and defocused P” image
of the object point P

For simplicity, let us collectively denote fo-
cused /;(x',y") image and defocused /,(x',y") im-
age as I, ;(x",y" ). The relation between the ideal
image intensity /(x',y") and the intensity I, , (',

y') is given by the convolution''*!

Ly (x",y") = hi(a"y") x I(x',y")

}hi(x' -X

where h;(x',y") represents the intensity PSF of the

“VI(X,V)dXxdY , (1)

incoherent illumination lens system ( intensity im-
pulse response) derived by means of the PSF of the
coherent illumination lens system( amplitude impulse
response) h,(x',y") as h,(x",y") = b, (x",y") 1.
The integral (1) depends on the focus error &,
which changes with d, or d,'"’.

If the condition of the spatially invariant PSF is
convolution Eq. (1) in the spatial fre-

satisfied ,

v, ) 1s given by

(v, ,0,) , (2)
), I(v,,v,) and H (v,

the Fourier transforms of I, ;(x",y"), I(x",y") and

quency domain (v,

%’}
I“D(vz’y) —H(’l)x,)>

where Iy (v, 0, o0y ) are

h,(x",y"). Component H, (v, ,v,) is referred to as

the optical transfer function. By means of the Fou-
rier transform of I, , (x',y") the resulting image
I, ,(x",y") is obtained.

Let us assume that the object under investiga-
tion is a 3D object of pyramidal shape with N levels
and the distribution of the intensity /(x’,y’) resem-
bles the depth z(x,y) of the object as is shown in
Fig. 2. The object is positioned according to the set-
up in Fig. 3. In this case the condition of spatially
invariant A, (x’,y") is fulfilled only within the limit-
The depth

z(x,y) changes in discrete increments t,; = t

ed regions A, B, -+, C(gray areas).

o

2(x)

Image

1x",y")

Fig.2 The depth z(x,y) of the 3D object and intensity
distribution 7(x',y") corresponding to its ideal
image. The image is divided into the limited re-
gions A, B, -+, C (gray areas), in which the

spatially invariant h; ; (x',y") is computed for

j=1,2,--- N, while N denotes number of the
regions. The depth z(x,y) changes in discrete
increments ¢, ; = ¢, ( height of a single step).

For simplicity, we assume imaging 1:1, there-

fore widths w, ; of individual steps are the same

as the widths w; ; of the appropriate regions A,

B C

’ ’
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., 1, for (x',y') € B
y v by = ()
d, d, ' 0, otherwise
. 1, for (x',y") e C
: oty = | M
0, otherwise

Light

source .
Optical
system

Object

Detector

Fig.3  Scheme for simulation of the shape from focus
method. The pyramidal object is placed at the
distance d, from the optical system. The image
of the object produced by the optical system is
observed at the distance d, by means of the de-
tector. Light source is situated at the distance s

from the object

(height of a single step). For simplicity, we assume

imaging 1:1, therefore widths w, ; of individual steps

are the same as the widths w, ;

gions A, B,---, C.

of the appropriate re-

For instance, if a number of levels is N =3,

the PSF h,(x',y") is defined as

hy(x",y"), forx’, y' € A
hi(x,,y,> = hiz(x,’y/>9f0rx/a y’EB'
hy(x',y"), forx’, y' € C

(3)
Convolution Eq. (1) then becomes

Ly (x"y") =

fhﬂ(x’ ~ X,y - V)I(X,Y)a(X,Y)dXdY +
th(x' ~ X,y - V)I(X,Y)b(X,Y)dXdY +

jha(x’ ~ X,y = V)I(X,Y)e(X,Y)dXdY |

(4)

where functions a, b, ¢ are defined as

1, for (x',y’ A
a(x'y') ={’ () ed s

0, otherwise

Alternatively, relation Eq. (2) becomes

Lip(vp,v,) =
Hy (v ,v,) (v ,0,) + ap(v,,0,) +
Hy (v v,) = I(vg,v,0) - bp(o,,0,) +
Hy(vo,v,) < I(v,,0,0) @ cp(vy,0) , (8)

where a; (v, ,v.), by(v,,0,), c¢p(v,,v,) are the
Fourier transforms of a, b, c.

The PSF h,(x",y") can be derived by means of

the Fourier transform of the generalized pupil func-
[7,13-14]

tion p, (x,y) of the lens

h(x’y)_ldd)\ffp]

exp[ i2m(xx’ + yy") Jdady | °

® ®

2 2
,y)exp( — ime %L)

- —o

exp[ 2w (xx’ + yy') Jdudy 12, (9)

where p (x, y) is a pupil function, and A is

wavelength of the light. For a circular aperture of

the radius R the pupil function p(x,y) is

p(x,y) =1 for x* +y*<R* and p(x,y) =0 for x° +
y* > R*. After substitution p (x,y) into relation
Eq. (9) and considering polar coordinates x = r
cosp, y=rsing and x' =r,cosf, y' =r, sinf the

PSF Eq. (9) becomes

kr r2

hi(rz) =1 dd)\ on

exp( - ik £ rl)r dr, 17, (10)

In this paper, the derivation of the PSF is
based on the single lens and a single aperture. How-
ever, an actual image optical system may contain
many lenses and apertures. In these cases, all these

“black box”

and the significant properties can be completely de-

elements may be lumped into a single

’
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scribed by specifying only the terminal properties of
the aggregate' '’
2.2 Polychromatic case

In order to simulate more real situation, the im-
aging performance for the monochromatic case should
be extended to the polychromatic case. Polychromat-
ic light is modeled as white light in the wavelength
range from 400 to 700 nm'”’. Polychromatic PSF
R (x',y") is given by'®

A2

() = [SQUR( A, (1)
Al

where S(A) is the spectral weight factor determined
by the source-detector-filier combination and (A,
A,) is the range of wavelength within which S(A)

8197 Both spectrum of the

takes significant values
light source and the spectral sensitivity of the detec-
tor are multiplied to get resulting spectral weight fac-
tor S(A) M.

In case of polychromatic light the chromatic ab-
erration as a consequence of the dispersion appears.
Each of the monochromatic components of the light
contributes to the overall blurring effect of the im-
age, because each component is focused at various
image distances d,;,. The focus error of the individual

components is expressed by the relation *"*

e(A) = (12)

1,11
dy d, f(A) 7
which is substituted to relation Eq. (10).
For purposes of the paper, the above-mentioned
theoretical background is applied to the simulation of
the measurement of 3D object topography by means
of the shape from focus method. According to the
principle of the method, the object under investiga-
tion is moved along the optical axis, while a se-
quence of the images /. ;(x",y") of the same scene
of the object corresponding to the various object dis-
tances d, is obtained and subsequently processed.
The depth of the object is determined through

searching the position where every point on the ob-

ject is imaged sharply. For determination of the fo-
cused image I,(x",y") at each image point I, ,(x’,
y"), the Sum-Modified Laplacian( SML) operator to
the images sequence is applied''.

Modified Laplacian operator is computed as'"

ML(x",y") =1 2[ ,(x",y") -
I (2" = step,y") = I ;(x" + step,y") | +
[ 21, (x",y") =1 4(x",y" = step) -
I 4 (x",y" + step) | (13)
where step represents variable space between pixels
and the sum of the modified Laplacian function in a

small window of size M around a point (i, j) is of

form
i+M j+M
F(i,j) = > > ML(x',y') . (14)
x'=i-M ¥y =j-M

3 Simulation description

We simulate the shape from focus method ac-
cording to the setup shown in Fig.3. It consists of a
source of the polychromatic light, a 3D object under
investigation, an optical system and a detector. The
simulation model comprises three cases: (a) aberra-
tion-free (ideal ) optical system, (b) optical system
with chromatic aberration and ( ¢)achromatic optical
system.

3.1 Parameters of simulation

For simulation we use the following specific pa-
rameters :

An object is represented by a five-level (N =5)
pyramidal nontransparent object, where a 1D profile
z(x) and corresponding 1D ideal image intensity
profile I(x") are shown in Fig.4(a), 4(b). Height
of the whole object is randomly chosen as 735 um,
therefore the height of the individual level (step) in
the profile z(x) is ¢, ; =t, =735 pm/5 =147 pm.
The width of the individual step ( gray areas in Fig.
2) isw,; =180 pm for j=1,--, N-1 and w,; =
360 pm for j = N. The width w,

; of single steps at

the depth map z(x,y) is the same as the width w,
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of the steps in the intensity distribution 7(x',y").

Height of the individual level ( step) in the intensity
distribution I(x",y") is t,;=1/[s + (N =j+1) -

1,1 =1/[s+ (N —=j) - t,]*, where s represents a
distance of the source from the N-th level (top) of
the pyramidal object ( Fig. 3). During simulation
procedure, we set s = 10 mm. In the simulation
model,, we additionally assume that the gray level on

each object level is not constant but fluctuates. The

@ ST

600}

0,j

z(x)/um

400}

200}

X/mm

L (x")/a.u.

" LN P | Y LY FLATE 1 PR "
—1 —0.5 0 0.5 1
x'/mm

origin of the fluctuation is in the roughness of the ob-
ject’s surface. Thus the intensity distribution /(x’,
y') contains fluctuation, as is depicted in Fig. 4
(d). The fluctuation I, (x',y") is added to the
basic intensity distribution 7(x',y') by summation
I(x",y") + 1. (x",y"). The values I, (x',y") are
created by the random number generator with uni-

form distribution ( mean value of [, is 5 a. u.,

fluct

standard deviation of I, is 3 a. u. ).

) 100 [ _’_‘_,_l

80_ w.

60

I(x")/a.u.

40r-

| —0.5 0 0.5 1
x'/mm

@ 120 [

80
60

I(x")/a.u.

40

20

ol b v v v
—1 —0.5 0 0.5 1

x'/mm

Fig.4 (a)A one-dimensional profile z(x) of the object under test and (d) a resulting intensity distribution I(x") , compu-

ted by summation of (b) the intensity distribution /(x") with (¢) the fluctuation 7., (x")

Distribution of the intensity I(x’,y") is repre-
sented by a matrix of the size 902 x902. Linear size
of the matrix area is 2. 15 mm, and distance between
the neighboring points is §, =2. 4 pm. The sampling
for the intensity matrix is the same as the sampling

for the matrices of the PSFs h, ;

L,

computed for indi-
vidual object level. Resulting sampling for the inten-
sity matrix is, however, accommodated to sampling

(pixel pitch) for the matrix of the detector, because

the detector has different sampling. Thus the intensi-
ty matrix has to be transformed into the matrix of the
detector.

The detector is represented by a CMOS camera,,
monochromatic regime ( Thorlabs catalogue, item
DCC1545M"™" ). Linear pixel size of the CMOS
camera is 8, yos =5. 2 wm. In order to get sampling
for the intensity matrix closer to the sampling for the

matrix of the CMOS camera, resulting dimension of
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the intensity matrix is decreased to 451 x 451 by
means of summing up 2 X2 intensity values to obtain
a single intensity value. Resulting sampling is then
8, =4.8 um. Information about the CMOS camera
including its spectral sensitivity needed for computa-
tion S(A) in relation Eq. (11) is available from
Ref. [20].

The light source is represented by a Standard il-
luminant D65, and range of the wavelength is from
400 to 700 nm(increment 10 nm). Spectrum of the
light source needed for computation S(A) in relation
Eq. (11) is available from Ref. [ 21 ].

For simulation of the shape from focus method
we use the following specific parameters for three
different cases of the optical system:

(a)aberration-free (ideal ) optical system

Diameter of lens D =12.7 mm

Focal length f=75 mm

Image distance d, =0.15 m

Object distance d, =0.15 m

(b) optical system with chromatic aberration

Diameter of lens D =12.7 mm

Focal length for A, =550 nm, f(550 nm) =

75 mm

Image distance d, =0.15 m

Object distance d, =0.15 m

Material ; glass N-BK7.

n(A) is acquired from Ref. [22]. Radius of a

Dispersion formula
biconvex lens A,,, =550 nm is computed as'"’
Rysy =2f550(nssy — 1) =0.077 778 4 m. Focal
length as a function of wavelength computed
as'™ f(A) = Rys,/2[n(A) —1] is then substi-
tuted into Eq. (12).

(¢)achromatic optical system

Diameter of lens( doublet) D =12.7 mm

Focal length for A, =550 nm, (550 nm) =
75 mm

Image distance d, =0.15 m

Object distance d, =0.15 m

Material : mounted achromatic doublets N-BK7/

SF2. Focal length increments Af as a function
of wavelength ( acquired from Thorlabs cata-
logue, item AC127-075-A-ML'>") are added
to the focal length (550 nm) =75 mm and
substituted into Eq. (12).

The object movement along the optical axis is
simulated by changing the object distance d,. The
object distance of the j-th level is d, =d, +§,,,
where d, is object distance for £ =0(level is imaged
sharply) and 8, , = (A -j) - ¢,,;(j=1,2,3, 4,
5), where A represents the sequence number j of the
sharply imaged level. The change of A(A=1, 2, 3,
4, 5) corresponds to the simulated object move-
ment. If the level is in focus, then j =4, §;, =0
and the object distance d; =d, =0. 15 m.

The obtained sequences of images for various d,
are processed by the Sum-Modified Laplacian( SML)
operator according to relations Eq. (13) and Eq.
(14). The parameter step is set as step =1 accord-
ing to Ref. [1]. In the method , in contrast to au-
to-focusing methods, a small window of size(3 x3)
is typically used. Therefore, we choose the same
window size, i.e. , M =1.

3.2 Results of simulation

Figs.5 =7 show the results of simulation of de-
termination of depth maps z(x,y) of the object by
means of the shape from focus method for three ca-
ses: aberration-free (ideal ) optical system (Fig.5) ,
optical system with chromatic aberration ( Fig. 6) ,
achromatic optical system(Fig. 7). Moreover, for il-
lustration, Fig. 8 shows the sum of modified Lapla-
cian function F'(i, j) computed by Eq. (14) fori =
225, j =125(the point on the third level of the py-
ramidal object) as a function of d, for all three dif-
ferent cases of the optical system.

As is shown in Fig. 5, for the aberration-free
optical system the acquired depth map (Fig.5(c),
5(d)) is almost the same as the ideal case of the
depth map(Fig.5(a), 5(b)) except the boundary

artifacts between adjacent object levels. As men-
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tioned in section 1, the artifacts appear in the resul-
ting image due to rendering of individual sections of

the image """,

Good agreement between original
and acquired topography of the object is caused by
the fact that the ideal system does not count with in-
herent lens aberration. These aberrations negatively

influence the evaluation of the resulting depth maps,

(a)

y/px

z(x,y)/um

o

N 147
B 294
B x/px
[ 1588
L1735

0 100 200 300 400
x/px

as is depicted in Fig. 6. In the case of the optical
system with chromatic aberration, the distorted re-
sulting depth map is obtained. One can conclude
that due to the longitudinal lens aberration, the sin-
gle lens system is not appropriate for the shape from

focus method.

800
(®)

600

g
= 400
N

200

1 1 1
0 100 200 300 400
x/px

800
(d) C
600

£
= 400F

[N

200

1 1 1
0 100 200 300 400
x/px

Fig.5 (a)An ideal case of the depth map z(x,y) (matrix of 451 x 451 pixels) of the object represented by the pyramid

with 5 levels with total height 735 wm, and height of the individual level of the pyramid is 147 pm (b) a cross sec-

tion of the depth map z(x,y) from (a) at a position y =225, (¢ )the depth map z(x,y) of the object acquired via

simulation of the shape from focus method using the aberration-free optical system (d) a cross section of the depth

map z(x,y) from (c) at a position y =225

(@ 400
z(x,y)/um
o 300
7 oz
W24 = 200
B 441
[ ]ss8s
[ l7ss 100

0 100 200 300 400
x/px

1 1 1 1
0 100 200 300 400
x/px

Fig.6 (a)A depth map z(x,y) of the object under test acquired via simulation of the shape from focus method using the

optical system with chromatic aberration (b) a cross section of the depth map z(x,y) at a position y =225
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o
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D44] = 200
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Fig.7 (a)A depth map z(x,y) of the object under test acquired via simulation of the shape from focus method using the

achromatic optical system (b) a cross section of the depth map z(x,y) at a position y =225
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Fig.8 Sum of modified Laplacian function F (i, j)
computed by Eq. (14) for i =225, j =125(the
point on the third level of the pyramidal object)
as a function of d, for aberration-free (ideal )
optical system, optical system with chromatic
aberration and achromatic optical system. The

total object height is 735 pum

In the case of achromatic optical system, the
distortion in the resulting depth map is inhibited and
the pyramidal shape of the object is maintained, as
is shown in Fig. 7. However, in contrast with the i-
deal aberration-free optical system, worse agreement
between the original and the acquired depth map
z(x,y) of the object is achieved. The height of the
whole object is 588 um according to the results, in-
stead of 735 wm. Further, except the first level, the
positions of the individual levels in the original and
acquired depth maps can not match. This can be
caused by the limited resolution of the shape from fo-

cus method, which is defined by the depth of focus

D, of the lens'™

. Depth of focus D can be derived
as D, = 1.22A0/(NA)* = 1.221/(sinf)*,

NA is the numerical aperture of the optical system

where

and @ represents the half-angle subtended by the exit
pupil when viewed from the image plane'**'. In
this case(for A =550 nm) D, =1.221/(sinf)’ =
1.22A(2d,/D)? =374 pm. In our case, the step
between two successive images is the same as the
height of the individual level ¢, ; =147 pum. There-
fore, in order to approach to the resolution limit of
the method, let us increase the distance ¢, to ¢, =
294 pum. The object’ s height is now v, + N =
1 470 pm. The result of the simulation for this case
is shown in Fig. 9. Fig. 10 shows the corresponding
sum of modified Laplacian function F (i, j) compu-
ted by Eq. (14) for i =225, j =125 (the point on
the third level of the pyramidal object) as a function
of d,.

In comparison with Fig. 7, better results are
achieved. The acquired total height of the object as
well as height of the individual levels of object under
investigation corresponds to the object height profile
in Fig. 9(a). However, due to bigger blur disconti-
nuity between two adjacent levels the more signifi-
cant artifacts mentioned in section 1 appear. To sup-
press the artifacts, the median filter on the acquired

depth map can be applied'"™
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Fig.9 (a) A one-dimensional profile z(x) of the object under test, (b) a depth map z(x,y) of the object under test ac-

quired via simulation of the shape from focus method using the achromatic optical system (c) a cross section of the

depth map z(x,y) at a position y =225. The total object’s height is 1470 pum
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Fig. 10 Sum of modified Laplacian function F (i, j)
computed by Eq. (14) for i =225, j =125
(the point on the third level of the pyramidal
object) as a function of d, for achromatic opti-
cal system. The total object height is 1470 pm
Conclusion

The presented results show that the real sensor

based on the shape from focus method requires the
achromatic optical system. Next the results show that
the step of object displacement and the depth of fo-
cus of the optical system influence reliability of the
method. The model approaches the reality, and uses
imaging of the 3D object in polychromatic light, the
Standard illuminant D65 as a source of light, a real
CMOS camera and dispersion functions of optical
systems with chromatic and minimized chromatic ab-
errations. Presented model can be used for the study
of an effect of the experimental parameters on the ac-
curacy and reliability of the object’s depth map de-
termination. One can conclude the model allows to
increase effectivity of the experimental work, to de-
crease time lag and to reduce the operating expenses
caused by selection of unsuitable sensor’s compo-

nents.
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