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METHOD AND SYSTEM FOR
DETERMINING OPTIMAL EXPOSURE OF
STRUCTURED LIGHT BASED 3D CAMERA

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

The present application claims priority under 35 U.S.C.
119 to Korean Patent Application No. 10-2008-0007228

(filed on Jan. 23, 2008), which 1s hereby incorporated by
reference 1n its entirety.

TECHNICAL FIELD

Embodiments relates to a method and system for deter-
mimng an optimal exposure of a structured light based 3D
camera and, more particularly, to a method and system for
determining an optimal exposure level of a structured light
based 3D camera for improving reconstructable range and
reliability of 3D data by controlling camera exposure
according to diverse environmental variations based on an
automatically determined optimal exposure level.

BACKGROUND

3D cameras using structured light are a modified version
ol a stereo camera which uses two or more 1dentical cameras
to obtain 3D information. Unlike the stereo camera, the 3D
camera includes a camera and a projecting unit such as a
beam projector instead of having two identical cameras.
Such a structured light based camera system 1lluminates a
predetermined pattern on an object using the projecting unit,
captures an 1mage of the object with the pattern 1lluminated
thereon using an 1mage capturing unit such as a camera, and
obtains 3D mformation by analyzing the obtained pattern.

Although a stereo camera system passively uses features
of an 1mage, the structured light based camera system
actively uses the pattern 1lluminated from the projecting unit
as features. Therefore, the structured light based camera
system has advantages of a fast processing speed and a high
spatial resolution. Due to the advantages, the structured light
based camera system has been widely used for object
modeling/recognition, three dimensional (3D) ranging,
industrial 1nspection, and reverse engineering. Particularly,
in an 1intelligent robot engineering field, a home service
robot needs a structured light based camera system for the
large scale of 3D data for workspace modeling because an
ordinary stereo camera system cannot obtain 3D information
from a plain and simple environment which does not have
suilicient characteristic information or no background color
variation, that 1s, an environment with no feature point.

In the structured light camera system, the precision of 3D
data depends on discrimination of patterns, which are 1llu-
minated from a projector, from an 1mage. However, it 1s
dificult to discriminate patterns 1n a real environment that
dynamically varies in time or under various object condi-
tions.

For example, it 1s diflicult to 1dentily patterns illuminated
on an object having low reflectivity such as a black cloth
because a camera cannot accurately capture the patterns
illuminated on the black cloth. On the contrary, it 1s also
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2

difficult to 1dentify patterns i1lluminated on an object having
high reflectivity such as an opalescent white object because

the patterns show spread phenomenon (saturation) mn a
captured 1mage due to the opalescent characteristic.

In general, the structured light based camera controls a
camera 1ris to recerve more light for an object having low
reflectivity. On the contrary, the structured light based cam-
era controls a camera 1r1s to receive limited light 1n order to
prevent spread phenomenon (saturation) for an object hav-
ing high reflectivity.

Difficulty of pattern discrimination in real environment
divides into two kinds. First, 1t 1s difficult to control an
exposure level according to an object because a real envi-
ronment includes various objects each having different
reflectivity due to colors and textures of objects. Secondly,
different exposure levels are required according to the
illumination of a peripheral environment. For example, an
exposure level of a structured light based camera must be
differently controlled when the structured light based camera
operates 1 a bright environment from when the structured
light based camera operates 1n a dark environment.

Although it 1s required that an exposure level must be
adjusted properly in dynamically-varying environmental
factors 1n order to accurately identily patterns, most of
researches for structured light based camera systems have
been progressed under assumptions of fixed environmental
factors with constant surrounding light. Therefore, there 1s a
demand for developing a technology for dynamically con-
trolling an exposure level of a camera according to change
of various environmental factors, for example, whenever
time, position, and distance changes with respect to a service
robot’s mission.

SUMMARY

Embodiments have been proposed in order to provide a
method and system for determining an optimal exposure of
a structured light based 3D camera for improving recon-
structable range and reliability of 3D data by controlling
camera exposure according to diverse environmental varia-
tions based on an automatically determined optimal expo-
sure level.

Embodiments have been proposed in order to provide a
method for generating a characteristic curve to estimate
brightness variation of a pixel according to an exposure level
in order to determine an optimal exposure according to
various environmental factors.

In embodiments, a method for determining an optimal
exposure level of a structured light based three dimensional
(3D) camera system, which includes a projecting means for
illuminating a predetermined pattern on a target object, an
image capturing means for capturing an image of the target
object with the pattern projected, and a processing means for
reconstructing 3D data based on captured image, automati-
cally determines an optimal exposure level of the structured
light based 3D camera system through analyzing the cap-
tured 1mage of the target object. The method includes the
steps of: a) obtaining an 1mage of a target object with a
predetermined pattern projected thereon, which 1s 1llumi-
nated from a projecting means, and an 1mage of the target
object without a predetermined pattern projected thereon; b)
dividing an intensity of a corresponding pixel into red
intensity, green intensity, and blue intensity of three chan-
nels (R, G, B) for one same pixel at each of the captured
images, and generating a characteristic curve for each of the
three channels for showing the intensity of a pixel for each
channel according to variation of exposure levels; ¢) esti-
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mating intensity I of the corresponding pixel according to
variation ol exposure levels using the generated character-
istic curves, and calculating an intensity difference Al or a
brightness ratio SNR between the image of the target object

with the predetermined pattern projected and the image of 5

the target object without the predetermined pattern for the
corresponding pixel using the estimated intensity; d) col-
lecting brightness data about intensity differences Al or
brightness ratios SNR according to variation of exposure
levels for all pixels by repeating the steps b) and ¢) for all
pixels of each image; ¢) discriminating pixels with spread
phenomenon (saturation) occurred or the pixels without the
predetermined pattern projected when the projecting means
projects the predetermined pattern from the collected bright-
ness data and excluding the brightness data of the discrimi-
nated pixels; and 1) calculating the number of pixels having
an mtensity difference Al and a brightness ratio SNR exceed-
ing a predetermined threshold Al,, or SNR,, at every expo-
sure levels using the brightness data filtered at the step ¢) and
deciding an exposure level having a largest calculated num-
ber of pixels as an optimal exposure level.

In another embodiments, a system for determining an
optimal exposure of a structured light based three dimen-
sional (3D) camera system includes: a projecting means for
illuminating a predetermined pattern on a target object; an
image capturing means for capturing an 1mage of the target
object with the pattern projected; and a processing means for
calculating 3D data for the target object by 1dentifying the
pattern of the captured images from the image capturing
means. The processing means sequentially performs opera-
tion including the steps of: a) obtaining an 1mage of a target
object with a predetermined pattern projected thereon,
which 1s 1lluminated from a projecting means, and an 1image
of the target object without a predetermined pattern pro-
jected thereon; b) dividing an intensity of a corresponding,
pixel into red intensity, green intensity, and blue intensity of
three channels (R, G, B) for one same pixel at each of the
captured 1mages, and generating a characteristic curve for
cach of the three channels for showing the intensity of a
pixel for each channel according to variation of exposure
levels; ¢) estimating intensity I of the corresponding pixel
according to variation of exposure levels using the generated
characteristic curves, and calculating an intensity difference
Al or a brightness ratio SNR between the 1mage of the target
object with the predetermined pattern projected and the
image of the target object without the predetermined pattern
for the corresponding pixel using the estimated intensity; d)
collecting brightness data about intensity diflerences Al or
brightness ratios SNR according to variation of exposure
levels for all pixels by repeating the steps b) and ¢) for all
pixels of each image; ¢) discriminating pixels with spread
phenomenon (saturation) occurred or the pixels without the
predetermined pattern projected when the projecting means
projects the predetermined pattern from the collected bright-
ness data and excluding the brightness date of the discrimi-
nated pixels; and 1) calculating the number of pixels having
an intensity difference Al and a brightness ratio SNR exceed-
ing a predetermined threshold Al,, or SNR , at every expo-
sure levels using the brightness data filtered at the step ¢) and
deciding an exposure level having a largest calculated num-
ber of pixels as an optimal exposure level.

In another embodiments, a method for generating a char-
acteristic curve of a structured light based three dimensional
(3D) camera system, which includes a projecting means for
illuminating a predetermined pattern on a target object, an
image capturing means for capturing an image of the target
object with the pattern projected, and a processing means for
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reconstructing 3D data using the captured image, includes
the steps of: a) capturing an 1image of a target object with a
predetermined pattern projected thereon from the projecting
means and another image of the target object without the
predetermined pattern projected thereon; b) calculating pro-
portional factors k, k., and k; by applying an exposure
applied for capturing the images 1n the step a) and red
intensity, green intensity, and blue intensity of a red channel,
a green channel, and a blue channel measured for one same
pixel in each of the captured images to an equation:
.=k *E, I.=k -*E, .=k ,*E, where I, I ., and I, denote the
intensities 1n R, G, and B channels, k,, k-, and k, denote a
proportional factor, and E denotes an exposure; ¢) calculat-
ing intensity of a corresponding pixel for an mput exposure
by applyving various exposure to the equation; and d) gen-
crating a graph by corresponding intensity to a varying
exposure using the data obtained 1n the step c¢).

DRAWINGS

The patent or application file contains at least one draw-
ings executed in color. Copies of this patent or patent
application publication with color drawings will be provided
by the Oflice upon request and payment of the necessary fee.

FIGS. 1a and 1b are a table and a diagram showing
relation among an ir1s, a shutter speed, and exposure level.

FIG. 2 shows 1images captured with the same exposure
level under different condition sets of an 1ris and a shutter
speed.

FIG. 3 1s a tlowchart illustrating a method for determining,
an optimal exposure of a structured light based 3D camera
system 1n accordance with an embodiment.

FIG. 4 1s a flowchart 1llustrating a method for generating,
a characteristic curve for determining an optimal exposure 1n
accordance with an embodiment.

FIGS. 5ato 5c are graphs showing characteristic curves in
a red channel, a green channel, and a blue channel by
measuring brightness varnation of pixels according to
changes of an exposure.

FIGS. 6a to 6c are graphs generated by changing each step
of exposure in the characteristic curves of FIGS. 5a to 5¢ 1n
terms of linear istead of logarithm.

FIG. 7 shows 1images captured when a projecting means
1s turned on and off 1n accordance with an embodiment of
the present invention.

FIG. 8a 1s a graph illustrating a characteristic curve
generated for two pixels 1 an 1mage captured when a
projecting means 1s turned off, which i FIG. 7.

FIG. 8b 1s a graph illustrating a characteristic curve
generated for the same two pixels 1n an 1image captured when
a projecting means 1s turned on, which 1n FIG. 7.

FIG. 8c 1s a graph showing the characteristic curves of
FIGS. 8a and 8b at the same time.

FIGS. 9a and 9b are graphs showing intensity difference
values for two pixels using the characteristic curves of FIGS.
8a to 8c.

FIG. 10 1s a diagram for comparing a 3D data reconstruc-
tion range obtained using a method for determining an
optimal exposure according to the present mvention with
that obtained without using the same.

DESCRIPTION

Heremaiter, embodiments of the present invention will be
described 1n detail with reference to the accompanying
drawings.
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At first, a concept of camera exposure will be briefly
described before describing embodiments.

Exposure

Exposure means an amount of light used when a camera
captures an 1mage, and an exposure level 1s controlled by an
ir1s and a shutter speed.

An 1ris 1s metal plates disposed at a camera lens. An
amount of incoming light i1s controlled by opening and
closing the 1iris. The size of an 1ris 1s expressed as a
F-number. The smaller the F-number 1s, the wider an aper-
ture becomes, thereby receiving more light 1n a short time.
The shutter speed 1s an opening time of a lens. The shutter
speed 1s controlled by turning on/ofl a charge coupled device
(CCD) sensor at a designated time. An exposure level related
to an amount of light 1s expressed as STOP. One STOP
difference increases or decreases an amount of light two
times.

FIGS. 1a and 1b are a table and a diagram showing
relation among an 1ir1s, a shutter speed, and exposure level.

As shown 1n FIGS. 1a and 1b, an 1ris F-4 may receive two
times more light than an 1ris F-5.6. A shutter speed Y60 may
receive two times more light than a shutter speed Yi2s by
opening the 1ris for comparatively long time. A combination
of an 1ris F-4 and a shutter speed 15 has an exposure level
of +4 STOP which 1s the same exposure level of a combi-
nation of an 1ris F-2 and a shutter speed Vso0. Here, +4 STOP
means STOP 4-levels higher than 0 STOP which 1s a
reference STOP (F5.6 125). As described above, a prede-
termined exposure level may be made by various methods
through properly controlling combinations of an 1ris and a
shutter speed.

FIG. 2 shows images captured with the same exposure
level under different combination of an iris and a shutter
speed.

In FIG. 2, an 1image 1 1s captured under a setting of +4
STOP, F-2, and Y/60. An 1image 1I 1s captured under a setting
of +4 STOP, F-4, and V1s. As shown, images captured under
the same exposure level have the same brightness although
the combinations of an ir1s and a shutter speed are different.
Finally, the camera exposure may be expressed as Eq. 1.

E=ixt Eq. 1

In Eqg. 1, E denotes exposure, 1 denotes intensity of light,
and t denotes an exposure time.

A structured light based 3D camera system includes a
projecting means for illuminating a predetermined pattern
on a target object, an 1image capturing means for capturing
an 1mage with the pattern 1lluminated thereon, and a pro-
cessor for 1dentifying the pattern from the captured image
and calculating 3D data for the target object. For example,
the projecting unit may be a typical projector using a code
pattern, the 1mage capturing means may be a camera, and the
processor may be a computer.

Meanwhile, the precision of the calculated 3D data
depends on how accurately the pattern 1s discriminated from
the captured image. In order to obtain optimal exposure for
pattern discrimination in the present embodiment, an 1image
captured from a projected pattern without spread phenom-
enon (saturation) 1s compared with an 1image captured from
a non-projected reference scene, and a pattern may be
optimally discriminated when the intensity diflerence ther-
cbetween becomes the maximum. As a scale for the intensity
difference, SNR and Al are used 1n the present embodiment.
SNR 1s a ratio of brightness of an 1image obtained from a
non-projected reference scene and brightness of an 1mage
obtained from a projected pattern. Al denotes difference
between brightness of an 1mage captured from a non-
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6

projected reference scene and brightness of an 1mage cap-
tured from a projected pattern. In order to determine an
optimal exposure level of a camera according to dynami-
cally changing environmental factors, the structured light
based camera system employs a method for automatically
determining an optimal exposure level by analyzing an
image captured at a predetermined exposure level.

FIG. 3 1s a flowchart illustrating a method for determining,
an optimal exposure of a structured light based 3D camera
system 1n accordance with an embodiment.

In order to determine an optimal exposure level, the
processor according to the present embodiment performs
operations as follows. At step S10, the processor obtains a
pattern illuminated image and a non pattern illuminated
image for a target object one by one. At step S20, the
processor generates a characteristic curve for the same
predetermined pixel 1n each of the captured images. At step
S30, the processor estimates an intensity of a pixel according
to an exposure level using the generated characteristic curve
and calculates an intensity difference Al or a brightness ratio
SNR for a corresponding pixel. Heremnafter, the intensity
denotes brightness of a pixel. At step S40, the processor
collects Al and SNR data according to exposure level
variation for all pixels of each image by repeating the steps
S20 and S30. At step S50, the processor excludes Al or SNR
data for an over exposed pixel or a non-pattern 1lluminated
pixel when the projecting means projects the predetermined
pattern. At step S60, the processor calculates the number of
pixels having the intensity difference and the brightness ratio
exceeding a predetermined threshold Al, or SNR , at every
exposure levels and determines an exposure level providing
the largest number of pixels as an optimal exposure level.

In the step S10, the processor obtains a non-pattern
illuminated 1mage and a pattern illuminated 1mage one by
one. The non-pattern 1lluminated 1mage 1s a color image
obtained with the projecting means turned oil, which will be
referred as a O state, heremaiter. The pattern illuminated
image 1s a color image obtained with the projecting means
turned on, which will be referred as a 1 state, hereinafter.
Here, the 1image of the 0 state and the 1image of the 1 state
are captured at an 1nitial exposure level.

In the step S20, the processor selects one pixel at the same
position from two obtained 1mages and generates character-
1stic curves showing intensity variation according to expo-
sure levels.

The characteristic curve 1s a graph showing intensity of a
pixel varying according to exposure using a principle that
Eqg. 1 and imtensity changes in proportion to an amount of
incoming light. The characteristic curve 1s used to determine
an optimal exposure level 1n the present embodiment. The
characteristic curve can be expressed as Eq. 2 1f color
intensity ol a corresponding pixel divides into three chan-
nels, red intensity (R), green intensity (), and blue intensity

(B).

Eqg. 2 is limited to when I, 1., 1.>2°-1 and I, I_.
[,=2b-1.

In Eq. 2, I, I, and I, denote the intensities in R, G, and
B channels, k,, k-, and k, denote a proportional factor, E
denotes exposure, and b denotes the number of bits express-
ing the brightness intensity at a camera.

Since the characteristic curve enables to the processor to
estimate the mtensity of a pixel for various exposure levels
although only one image 1s captured in a predetermined
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condition, 1t 1s not necessary to obtain a plurality of 1mages
with various exposures 1n order to obtain an optimal expo-
sure setting.

Hereinatter, ssmulations performed for deducing the char-
acteristic curve and confirming the reliability thereof will be
described.

Characteristic Curve

A scene 1mage has intensity values varying according to
exposure levels. If the scene 1image pixel 1s divided to the
same property of radiometry information, the pixel intensity
increased or decreased at the same proportion as exposure.

FIGS. 5a to 5¢ are graphs showing simulation results of
measuring intensity of a predetermined pixel according to
various exposure levels that change under a fluorescent
light. An object made of the same material was used to
perform the present simulation 1n order to make an assump-
tion of the same reflectivity. In the present simulation, color
1s divided into three channels Red, Green, and Blue because
the brightness of a gray level can express a plurality of
different colors for the same intensity in general. FIGS. 5a
to 5¢ show tensity variation of R, G, and B channels
according to exposure levels. As shown, generally, the
intensities of R, G, and B channels were about converged
although spread phenomenon was shown 1n pixel intensity
ol a predetermined exposure level due to the external light.

In FIGS. 3a and 5c, each step of exposure of a horizontal
axis 1s expressed as an exposure level STOP. Since one
STOP difference increases or decreases an amount of 1ncom-
ing light (exposure) two times, the characteristic curves of
FIGS. 5a to 5¢ can be converted to simple linear curves of
FIGS. 6a and 6c by changing exposure levels in terms of
linear instead of logarithm. Therefore, the characteristic
curve can be expressed as a curve or a straight line according
to how each step of exposure 1s expressed, such as an
exposure level STOP or an exposure (amount of mncoming
light). However, the present invention 1s not limited thereto
because they can be easily converted by simple calculation.
Thus, exposure level STOP and exposure can be selectively
used as a term of denoting steps of exposure throughout the
specification for convenience.

Proportional factors k,, k., and k; are calculated by
selecting one 1mage from a plurality of obtained 1mages for
measuring itensity of a pixel according to an exposure level
in the simulation of FIGS. 5a and 5c¢ and applying the
measured intensities I, I -, and I; for the same pixel and the
applied exposure E to Eq. 2. Then, itensities 1, I, and 1,
ol a pixel are calculated by inputting various exposures to
the variable E of Eq. 2 after iputting the calculated values
instead of k,, k-, and k. Finally, a characteristic curve 1s
created using the calculated data as a graph showing pixel
intensities 1., I -, and 1, according to exposure E variation.
FIGS. 6a and 6c show the characteristic curve created based
on the estimated values calculated based on Eq. 2 as thick
dotted lines. As shown 1in FIGS. 6a and 6c¢, the estimated
values are in the range of measured values, which are
expressed as solid lines.

Therelore, the graphs clearly show that reliable estimation
values of pixel intensity according to exposure variation can
be obtained using only one image obtained from a prede-
termined exposure based on the method for generating the
characteristic curve according to the present embodiment
used 1in the simulations.

Based on the above described simulation, a method for
generating a characteristic curve according to an embodi-
ment will be described. In the step S20 shown in FIG. 4,
tollowing operations are performed to generate the charac-
teristics curve. At step S21, the exposure E used 1n the step
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S10 1s obtained, and intensities I, I, and 15 are calculated
by dividing measured intensity of the same pixel 1 each
obtained 1mage mto R, G, and B channels. Then, propor-
tional factors k, k., and k; are calculated by inputting the
obtained exposure E and the calculated 1, I -, and I to Eq.
2. At step S22, intensities I, I, and 1, of a corresponding
pixel are calculated according to exposure variation by
inputting various exposures E to Eq. 2. At step S23, a graph
1s created by corresponding calculated intensities with cor-
responding exposure using the calculated data. I character-
1stic curves are created for each of R, 3, and B channels,
three characteristic curves for each of a O state and a 1 state
are generated.

At the step S30, the processor estimates an intensity of a
corresponding pixel according to exposure level variation
for the O state and the 1 state using the created characteristic
curve and calculates the intensity difference Al or the
brightness ratio SNR for a corresponding pixel at the O state
and the 1 state using the estimated intensity. In the step S30,
the characteristic curves of R, (G, and B channels for the 0
state and the 1 state can be converted 1nto a characteristic
curve of a gray level for each state by adding them together.
In this case, the estimated intensity of the pixel 1s expressed
as a gray level.

At the step S40, the processor collects data of the intensity
difference Al or the brightness ratio SNR 1n the O state and
the 1 state according to the exposure level variation for all
pixels by repeating the steps S20 and S30 for all pixels in
cach 1mage.

At the step S50, the processor discriminates pixels having
spread phenomenon (saturation) and non-pattern projected
pixels from the 1image of the 1 state among the collected data
at the step S40 and excludes the data of intensity diflerence
Al or the brightness ratio SNR of the discriminated pixels
from the collected data. Here, the processor may set an
enable term as a factor for checking the collected data, check
the enable term as Disable for a pixel in which spread
phenomenon (saturation) occurs in 1 state and classity the
intensity difference Al or the brightness ratio SNR thereof as
unreliable data.

At the step S60, the processor calculates the number
pixels having the intensity difference Al or the brightness
ratio SNR exceeding an mtensity difference threshold AL, or
a brightness ratio threshold SNR_, using the data of the
intensity diflerence Al or the brightness ratio SNR according
to exposure level variation per each pixel, and decides an
exposure level having the largest number of pixel exceeding
the threshold values as an optimal exposure level. Here, 1t 1s
preferable to use a minimum 1ntensity difference Al and a
minimum brightness ratio SNR that can discriminate a
pattern projected area and a no pattern projected area from
the obtained 1mage as the intensity difference threshold Al
or the brightness ratio threshold SNR,,. If the optimal
exposure level 1s decided using a SNR value, a threshold
SNR,, may be about 0.1 to 0.2 when the SNR value 1s
standardized to 256 gray levels.

FIGS. 7 to 9 are diagrams illustrating major steps of a
method for determining an optimal exposure 1n accordance
with an embodiment.

In FIG. 7, an 1image I shows an image obtained 1n a O state,
and an 1mage II shows an 1image obtained 1n 1 state. FIG. 8a
shows characteristic curves P,1 and P,2 generated using an
exposure level applied to obtain an 1mage and a measured
intensity after selecting two pixels P1 and P2 from the image
I and measuring the intensities thereof. FIG. 8b shows
characteristic curves P,;1, and P,2 generated by selecting
two same pixels P1 and P2 from the image II as the image
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I. FIG. 8¢ shows the characteristic curves of FIGS. 8a and
8b 1n one graph. Using the characteristic curves in FIGS. 8a
to 8c, FIG. 9a shows an intensity difference value of one
pixel P1 1n the O state and the 1 state, and FIG. 9b shows an
intensity difference value of the other pixel P2 1n the O state
and the 1 state.

As described above, the intensity diflerence or the bright-
ness ratio 1s calculated for all pixels in the images I and 11,
the number of pixels having the calculated intensity differ-
ence or the brightness ratio exceeding a predetermined
threshold at every exposure levels using the data of the
calculated intensity difference and brightness ratio, and an
optimal exposure level 1s determined by selecting an expo-
sure level having the largest number of pixels exceeding the
threshold value, thereby increasing 3D data reconstruction
range and 1mproving the reliability thereof

FIG. 10 1s a diagram for comparing a reconstructable
range of 3D data obtained using a method for determining an
optimal exposure according to the present invention with
that obtained without using the same.

Images in the first row 1 show images obtained by
photographing target objects. The best exposure level 1s
found by photographing the target objects with all of expo-
sure levels. Images 1n the second row 11 are images obtained
using the found best exposure level. The number of 3D data
obtained 1n each best exposure level 1s set to 100% so that
it can be used as reference for comparing the number of 3D
data obtained at different exposure levels. As shown, the best
exposure level 1s STOP 5-2-3-4. Images 1n the third row 111
are 1mages obtained using the method for determiming an
optimal exposure according to an embodiment of the present
invention. Images 1n the fourth row IV are images captured
with a fixed STOP 35, and images 1n the fifth row V are
images captured with a fixed STOP 4. Images 1n the sixth
row VI are images captured with a fixed STOP 3.

As shown 1n FIG. 10, the images in the third row 111 show
91.73% of a data recover rate comparing to the images 1n the
second row II by controlling the exposure level as STOP
5-2-2-3. Images 1n the fourth row IV to the sixth VI row
show 62%, 75.7%, and 75% of data recover rates, which the
method for determining an optimal exposure level 1s not
applied. Theretore, FIG. 10 clearly shows that a reliable data
recover rate can be achieved under various environmental
conditions 11 the optimal exposure level determined accord-
ing to the present embodiment 1s applied to recover 3D data.

As described above, the method and system for determin-
ing an optimal exposure level of a structured light based 3D
camera according to an embodiment can improve a recon-
structable range and reliability of 3D data in various appli-
cations which need to measure objects with different surface
properties and different illumination conditions. Therefore,
the method and system for determiming an optimal exposure
of a structured light based 3D camera according to an
embodiment can be applied to various industrial fields such
as inspection equipment using a 3D measuring method, 3D
image modeling/recognition, and robot vision.

It will be apparent to those skilled in the art that various
modifications and variations can be made to embodiments
without departing from the spirit or scope of the disclosed
embodiments. Thus, 1t 1s intended that the present invention
covers modifications and variations of this invention pro-
vided they come within the scope of the appended claims
and their equivalents.

The method and system for determining an optimal expo-
sure of a structured light based 3D camera according to an
embodiment can improve a reconstructable range and reli-
ability of 3D data by determining an optimal exposure level
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that can optimally discriminate patterns according to envi-
ronmental condition variation.

Also, 1t 1s not necessary to obtain a plurality of images for
determining an optimal exposure for various environment
factors by providing the method for creating a characteristic
curve to estimate variation of pixel intensity according to an
exposure level.

What 1s claimed 1s:

1. A method for determining an optimal exposure of a
structured light based three dimensional (3D) camera system
including a projecting means for illuminating a predeter-
mined pattern on a target object, an 1mage capturing means
for capturing an 1mage of the target object with the pattern
projected thereon, and a processing means for reconstructing
3D data based on the captured image, wherein the method
comprises the steps of:

obtaining an 1image of a target object with a predetermined
pattern projected thereon, which is i1lluminated from a
projecting means, and an 1mage of the target object
without a predetermined pattern projected thereon;
[and]

determining automatically an optimal exposure level of
the structured light based 3D camera system using [said
two kinds of images,] said image of the target object
with the predetermined pattern projected therveon and
said image of the target object without the predeter-
mined pattern projected theveon; and

controlling an exposure level of the structured light based
3D camera system based on the determined optimal
exposure level,

wherein the determining automatically the optimal expo-
sure level of the structured light based 3D camera
system using said image of the target object with the
predetermined pattern projected thereon and said
image of the target object without the predetermined
pattern projected thereon includes processing data
from at least one characteristic curve associated with
the image of the target object with the predetermined
pattern projected thereon and processing data from at
least one characteristic curve associated with the
image of the target object without the predetermined
pattern projected therveon to determine the optimal
exposure level.

2. The method of claim 1, wherein the step of determining,

automatically an optimal exposure level comprises

a) dividing an intensity of a corresponding pixel into red
intensity, green intensity, and blue intensity of three
channels (R, G, B) for one same pixel at each of the
captured 1images, and generating a characteristic curve
for each of the three channels for showing the intensity
of a pixel for each channel according to varnation of
exposure levels;

b) estimating intensity I of the corresponding pixel
according to vanation of exposure levels using the
generated characteristic curves, and calculating an
intensity difference Al or a brightness ratio SNR
between the 1mage of the target object with the prede-
termined pattern projected and the image of the target
object without the predetermined pattern for the corre-
sponding pixel using the estimated intensity;

¢) collecting brightness data about intensity differences Al
or brightness ratios SNR according to variation of
exposure levels for all pixels by repeating the steps a)
and b) for all pixels of each 1mage;

d) discriminating pixels with spread phenomenon (satu-
ration) occurred or the pixels without the predeter-
mined pattern projected when the projecting means
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projects the predetermined pattern from the collected
brightness data and excluding the brightness data of the
discriminated pixels; and

¢) calculating the number of pixels having an intensity

difference Al and a brightness ratio SNR exceeding a
predetermined threshold Al, or SNR , at every expo-
sure levels using the brightness data filtered at the step
d) and deciding an exposure level having a largest
calculated number of pixels as an optimal exposure
level.

3. The method of claim 2, wherein the characteristic
curves are created based on proportional relation between an
intensity and an exposure, where the intensity denotes
brightness of a pixel and the exposure 1s an amount of
incoming light.

4. The method of claim 3, wherein 1n the step a), propor-
tional factors k,, k., and k, are calculated by applying an
exposure applied for capturing the images 1n the image
obtaining step and red intensity, green intensity, and blue
intensity for one same pixel 1n each of the obtained images
to an equation: 1,=k,*E, I.=k*E, 1,.=k,*E, itensities of a
corresponding pixel are calculated for mput exposures by
inputting various exposures to the equation, and the char-
acteristic curve 1s created by corresponding the calculated
intensities of a corresponding pixel with the mput exposures,
where I, and I ; and I, denote the mtensities in R, G, and B
channels, k,, k-, and k; denote a proportional factor, and E
denotes an exposure 1n the equation.

5. The method of claim 4, wherein 1n the step b), intensity
of a gray level of a corresponding pixel 1s estimated accord-
ing to variation ol exposure levels by transforming the
created characteristic curves for red, green, and blue chan-
nels to a characteristic curve of a gray level.

6. The method of claim 5, wherein in the step d), an

enable term 1s set as a factor for checking the collected

brightness data, 1s checked as Disable for a pixel in
which spread phenomenon (saturation) occurs when
the projecting means illuminates the predetermined
pattern and an intensity difference Al or a brightness
ratio SNR of the pixel 1s classified as unreliable data.

7. The method of claim 6, wherein in the step e), the
brightness threshold Al, or SNR,, for the intensity differ-
ence or the brightness ratio 1s set as mimimum intensity
difference or mimimum brightness ratio for discriminating an
area with the predetermined pattern illuminated from an area
without the predetermined pattern i1lluminated.

8. The method of claim 1, further comprising adjusting an
exposure level of the image capturing means by adjusting at

least one of an aperture of an ivis and a shutter speed.
9. The method of claim I, wherein the data from the at

least one characteristic curve associated with the image of

the target object with the predetermined pattern projected
thereon and the data from the at least one characteristic
curve associated with the image of the target object without
the predetermined pattern projected theveon includes at
least one of pixel intensity data and exposure level data.

10. The method of claim 1, wherein the processing data
from the at least one characteristic curve associated with the
image of the target object with the predetermined pattern
projected theveon includes identifving pixels of the image
having an intensity difference exceeding a threshold differ-
ence.

11. The method of claim 1, wherein the processing data
from the at least one characteristic curve associated with the
image of the target object without the predetermined pattern

12

projected thereon includes identifving pixels of the image
having an intensity difference exceeding a threshold differ-
ence.

12. The method of claim 1, wherein the processing data

> from the at least one characteristic curve associated with the
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image of the target object with the predetermined pattern
projected theveon includes identifving pixels of the image
having a signal to brightness ratio exceeding a threshold
brightness ratio.

13. The method of claim I, wherein the processing data

from the at least one characteristic curve associated with the

image of the target object without the predetermined pattern
projected theveon includes identifving pixels of the image
having a brightness ratio exceeding a threshold brightness
ratio.

14. The method of claim 1, wherein the projecting means
comprises a beam projector.

15. The method of claim I, wherein the image capturing
means comprises a camera.

16. The method of claim 1, wherein the processing means
comprises a computer.

17. A method comprising:

projecting, via a projecting means of a structuved light

based 3D camera system, a predetermined pattern on a
tavget object;
obtaining, via an image capturing means of the structured
light based three dimensional (3D) camera system, a
first image of the target object without the predeter-
mined pattern projected thereon, the first image includ-
ing a first pixel and a second pixel;
obtaining, via the image capturing means, a second image
of the target object with the predetermined pattern
projected theveon, the second image including a third
pixel corresponding to the first pixel of the first image
and a fourth pixel corresponding to the second pixel of
the first image, the structurved light based 3D camera
system including a processing means for reconstructing
3D data based on the first and second images;

determining automatically an optimal exposuve level of
the structuved light based 3D camera system using the
first image and the second image; and

controlling an exposure level of the structured light based

3D camera system based on the determined optimal
exposure level,

wherein the determining automatically the optimal expo-

sure level of the structured light based 3D camera

system using the first image and the second image

includes

determining, for each of a plurality of exposure levels,
a difference between an intensity of the first pixel and
an intensity of the second pixel,

determining, for each of the plurality of exposure
levels, a difference between an intensity of the thivd
pixel and an intensity of the fourth pixel, and

determining one of the plurality of exposure levels as
the optimal exposure level based on the determined
differences.

18. The method of claim 17, whevrein the processing means
comprises a computer.

19. The method of claim 17, further comprising adjusting
an exposure level of the image capturing means by adjusting
at least one of an aperture of an iris and a shutter speed.

20. The method of claim 17, wherein the projecting means
comprises a beam projector.

21. The method of claim 17, wherein the image capturing
means comprises a camera.
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22. A method comprising:

projecting, via a projecting means of a structured light
based 3D camera system, a predetermined pattern on a
target object;

obtaining, via an image capturing means of the structurved
light based three dimensional (3D) camera system, a
first image of the target object without the predeter-
mined pattern projected thereon, the first image includ-
ing a first pixel and a second pixel;

obtaining, via the image capturing means, a second image
of the target object with the predetermined pattern
projected thereon, the second image including a third
pixel corresponding to the first pixel of the first image

14

controlling an exposure level of the structured light based
3D camera system based on the determined optimal
exposure level,
wherein the determining automatically the optimal expo-
5 sure level of the structured light base 3D camera system
using the first image and the second image includes
determining, from the first image and the second image,
estimated values of pixel intensities for a plurality of
exposure levels, and
determining one of the plurality of exposure levels as
the optimal exposure level based on the estimated
values of pixel intensities.
23. The method of claim 22, wherein the image capturing
means comprises a camera.
24. The method of claim 22, wherein the processing means

10

and a fourth pixel corresponding to the second pixel of 15 comprises a computer.

the first image, the structurved light based 3D camera
system including a processing means for reconstructing
3D data based on the first and second images;

determining automatically an optimal exposurve level of

the structured light based 3D camera system using the
first image and the second image; and

25. The method of claim 22, further comprising adjusting
an exposure level of the image capturing means by adjusting
at least one of an aperture of an iris and a shutter speed.

26. The method of claim 22, wherein the projecting means

20 comprises a beam projector.
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