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Abstract–An experimental structured light projection system
which includes a miniaturized projector is described. The system
has been designed to be integrated in a fluorescence molecular
tomography (FMT) prototype in order to reconstruct the surface
of mice and phantom studies. A high-accuracy phase map is
retrieved with phase-shifted sinusoidal fringes. Phase error due
to the nonlinear gamma function of the pico-projector is
calibrated and compensated. Robust phase unwrapping is
performed with an additional Gray-code projection sequence. An
automatic phase-to-height non-linear calibration scheme has
been applied using objects located in the extremes of the field of
view. The accuracy of the proposed method has been tested with
a realistic mouse model and ray-tracing software.

F

I. INTRODUCTION

molecular tomography (FMT) is a
biomedical imaging technique that quantifies the
distribution of fluorescent biomarkers in small animals (e.g.,
mice) [1]. Tomographic reconstruction of fluorophore
distribution at depths of several millimeters to centimeters has
been possible thanks to the emergence of mathematical
models that describe photon propagation in biological tissues
LUORESCENCE

of heights relative to the reference plane. The 3D surface can
then be reconstructed based on triangulation once the system
is properly calibrated.
In this paper, we propose the integration of a fringe pattern
projection system in a compact FMT prototype using
miniaturized digital projectors to acquire the 3D shape of mice
and phantom studies.
II. MATERIALS AND METHODS
The structured light projection system has been designed to
be integrated in a novel FMT CCD camera based system that
works in non-contact geometry [7]. The light emitted by the
fluorophore is captured with a CCD camera located on top of
the scanner and mechanically fixed to the system cabinet in
the way that the focal plane is parallel to the reference plane
where the mouse is placed.
An experimental setup was mounted to test the proposed
code light projection system (Fig. 1) prior to the integration
with the FMT prototype. The assembly consist of a low-cost
CCD camera (Sony DSC-W1) placed in the top of the device

Motivation
Fluorescence Molecular Tomography is an optical imaging
technique which aims at reconstructing the 3D distribution of
fluorescent markers in bio-tissues based on surface
measurements of emitted photons and a model of light
propagation.

[1] M. L. James and S. S. Gambhir, “A Molecular Imaging Primer: Modalities, Imaging Agents, and
Applications,” Physiological Reviews, vol. 92, no. 2, pp. 897–965, Apr. 2012.

Motivation
• FMT has poor spatial resolution.
• To improve resolution the 3D surface of the mouse is
acquired.
•

•

Sub-millimeter precision is desirable for accurate
quantitative measurements.

Authors propose integration of fringe projection
system with FMT prototype.

[1] M. L. James and S. S. Gambhir, “A Molecular Imaging Primer: Modalities, Imaging Agents, and
Applications,” Physiological Reviews, vol. 92, no. 2, pp. 897–965, Apr. 2012.
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Fig. 1. Experimental setup mounted to test the proposed coded light projection
system. The device is composed of a DLP pico-projector and a CCD camera
that collects deformed patterns reflected by the object.

Fig. 1. Experimental setup mounted to test the proposed coded light projection
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Fig. 2. Ray-tracing simulation of mouse model, showing the structured light
of the field of view. This method is denoted as calibration #3.
patterns.

Phase of reference plane in occluded areas (e.g., below the
mouse) is extrapolated from surrounding values using
polynomial splines, so there is no need to perform a dedicated
background acquisition to repeat background acquisitions.
Occluded and shaded zones can be reduced repeating the
sequence of structured pattern projections at two different
pico-projector
orientations.
not occluded or shadowed
Fig. 2. Ray-tracing simulation of mouse model,
showing the
structuredFor
light
pixels, the height is calculated as the mean value of the two
patterns.
results.

Key aspects
✓

Phase error due to gamma function of DLP is compensated with
calibration look-up table.

✓

Phase unwraping perfomed with additional Gray-code sequence
of 5 bits.

✓

Plane of reference in occluded areas (e.g. below mouse) is
extrapolated from surrounding values w/ splines.

✓

Occluded & shaded zones → 2 acquisitions (2 DLP orientations).

✓

Not occluded pixels → mean of 2 acquisitions.

✓

Accuracy tested with simulations (POV ray tracing.)
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Fig. 3. (a) Stepped pyramid-shaped calibration objects situated together with
the object to be measured; (b) detail of unwrapped phase of stepped pyramidal
objects and selected points used to non linear calibration marked in red color.
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matic diagram of the 3-D shape-measurement system
fringe-projection technique.

Fig. 2 Relationship between the phase of the projected fringe pattern and the height of the object.
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Fig. 5. Upper plot: Root mean square error (RMSE) in four pico-projector
locations with nonlinear calibration #3; lower plot: RMSE mean of four picoprojector locations using calibrations #1, #2 and #3.

According to plot of Fig. 5, error with calibration #1 is
negligible in the range of 0-20 mm height, so the differences
of height obtained with this method with respect calibrations
#2 and #3 can be considered as an indicator or accuracy of the
Fig 4. (a) PovRay Rendering of mouse model and stepped pyramid-shapped
former methods. Root mean squared difference of measured
calibration objects; (b) phantom usedIII.
to test
the accuracy of algorithms,
RESULTS
heights in the mouse surface model between calibration #1 and
composed of steps of 1 mm height.
#3 and between calibration #1 and #2 can be observed in Fig.
A. Ray-tracing models
Four different
acquisitions
were
done changing
polar
Accuracy
of the proposed
methodology
has been tested
with 6a-b. The mean values are 58 $m and 192 $m, respectively.
acquisitions
of a" phantom
shown infringes:
Fig. 4b,
deflectionsimulated
! and azimuthal
angle
of the projected
of 19"=#25º;
steps withprojection
height ranges
1 to 19
mm.
Projectioncomposed
#a: !=30º,
#b:from
!=30º,
"=165º;
projection #c: !=15º, "=30º; and projection #d: !=25º, "=195º.
Fig. 5. Upper plot: Root mean square error (RMSE) in four pico-projector
Root mean squared error (RMSE) of average measured
locations with nonlinear calibration #3; lower plot: RMSE mean of four picoheights in each step is shown in Fig. 5. The upper plot shows
projector locations using calibrations #1, #2 and #3.
results for each pico-projector position using calibration #3,
According to plot of Fig. 5, error with calibration #1 is
while the lower plot shows the mean value of RMSE over the
negligible in the range of 0-20 mm height, so the differences
four projections with calibrations #1, #2 and #3. Three slabs of

epped pyramid-shapped
ccuracy of algorithms,

e changing polar
projected fringes:
#b: !=30º, "=165º;
#d: !=25º, "=195º.
average measured
e upper plot shows
ing calibration #3,
of RMSE over the
d #3. Three slabs of
calibrations #1 and

alibration #1 in the
for calibration #2,
mum RMSE with
height but linear
of 0.44 mm at 19

g. 4a was obtained
The voxellized data
. The external 3D

projector locations using calibrations #1, #2 and #3.

According to plot of Fig. 5, error with calibration #1 is
negligible in the range of 0-20 mm height, so the differences
of height obtained with this method with respect calibrations
#2 and #3 can be considered as an indicator or accuracy of the
former methods. Root mean squared difference of measured
heights in the mouse surface model between calibration #1 and
#3 and between calibration #1 and #2 can be observed in Fig.
6a-b. The mean values are 58 $m and 192 $m, respectively.

Results

Fig. 6. Mouse surface model: (a) Height difference of calibration #3 with
respect to calibration #1; (b) height difference of calibration #2 with respect to
calibration #1; (c) rendering of result using calibration #3.

B. Experimental setup
Slabs 4, 8, 12 and 16 mm height were used to calibrate the
experimental setup for methods #1 and #2. The acquisitions of
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Results

Fig. 6. Mouse surface model: (a) Height difference of calibration #3 with
respect to calibration #1; (b) height difference of calibration #2 with respect to
calibration #1; (c) rendering of result using calibration #3.

Fig.7 shows the reconstructed 3D shape of an agar mouse
phantom and a computer adapter. One pico-projector was used
in these cases so there are shadowed zones. Problematic shiny
surfaces were eliminated in this result.

TABLE 1. HEIGHT ERRORS IN SLABS OF CONSTANT HEIGHT
Height

4 mm

8 mm

12 mm

16 mm

RMSE (!m), method #2

256

215

48

193

RMSE (!m), method #3

76

128

113

99

Fig.7 shows the reconstructed 3D shape of an agar mouse
phantom and a computer adapter. One pico-projector was used
in these cases so there are shadowed zones. Problematic shiny
surfaces were eliminated in this result.
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B. Experimental setup
Slabs 4, 8, 12 and 16 mm height were used to calibrate the
experimental setup for methods #1 and #2. The acquisitions of

these slabs were also employed to evaluate the accuracy of
calibration method #3. Table 1 compares the RMSE using
4011calibration #2 and #3.
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Fig. 7. (a) Full illuminated scene of computer adapter and agar mouse
phantom; (b) height map with one projection set. Shaded surfaces are not
detected and metallic parts have been eliminated to avoid errors; (c) 3D
rendering of reconstructed shapes. REFERENCES
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