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Time of flight and photometric stereo are two threedimensional (3D) imaging techniques with complementary
properties, where the former can achieve depth accuracy
in discontinuous scenes, and the latter can reconstruct
surfaces of objects with fine depth details and high spatial
resolution. In this work, we demonstrate the surface reconstruction of complex 3D fields with discontinuity between
objects by combining the two imaging methods. Using
commercial LEDs, a single-photon avalanche diode camera, and a mobile phone device, high resolution of surface
reconstruction is achieved with a RMS error of 6% for an
object auto-selected from a scene imaged at a distance of
50 cm. © 2021 Optical Society of America
https://doi.org/10.1364/OL.424000

Three-dimensional (3D) imaging is of major interest, as the
need to reconstruct and analyze the surrounding environment has become important in different domains including
defense and security, robot navigation, autonomous vehicle
systems, facial recognition, and surveillance. 3D imaging is
becoming well established using a range of different techniques,
namely, time-of-flight (ToF) [1–4], light detection and ranging
(LiDAR) [5,6] and photometric stereo (PS) imaging [7–9]. A
trade-off is usually needed between some 3D imaging requirements such as depth accuracy, spatial resolution, capture speed,
or processing time. For high-fidelity results, several techniques
may be combined, and we note that two methods in particular,
ToF and PS, complement each other particularly well.
ToF relies on the time correlation of a reflected optical signal
with the outgoing pulse to obtain a range map of the illuminated
scene [1]. Laser-based ToF excels at long range target recognition, because the signal-to-noise ratio limited range can be
as much as 45 km [6], and the depth resolution is determined
by the timing accuracies of the output pulse and the detector,
allowing centimeter-scale depth resolution with light-emitting
0146-9592/21/153612-04 Journal © 2021 Optical Society of America

diode (LED) sources [3] and sub- centimeter accuracy at kilometer ranges with laser sources [2]. Recent advances in ToF were
enabled by single-photon avalanche diode (SPAD) detectors
fabricated in a complementary metal oxide semiconductor
(CMOS) process with on-chip digital logic [4,10,11]. Each
pixel of a SPAD array can extract a distance measurement from
a light pulse emitted on a scene and reflected back on the sensor
[3,4]. LED-based ToF imaging can achieve high depth accuracy of discontinuous scenes but is limited by the resolution of
current single-photon camera systems, or acquisition time of
scanning systems [3].
On the other hand, PS imaging is a 3D imaging method that
relies on having one fixed camera perspective and different illumination directions [7]. This technique determines the surface
normal vectors and surface albedo at each pixel of the captured
images assuming a perfectly diffuse (Lambertian) surface of the
imaged objects [7]. PS uses conventional imagers and therefore
has high spatial resolution in all three dimensions [8]. Although
this technique does not deal well with discontinuities or give
absolute range, it can easily be applied to moving objects and to
real-time imaging [12,13].
We therefore propose and investigate here a hybrid technique
of ToF for absolute range and discontinuity in object sets and
PS for local details and spatial resolution. Previous work on
sensor fusion includes a fusing technique where high-intensity
images can be used to improve a ToF camera’s low-resolution
depth [14] and 3D mapping procedures [15,16] or perform
segmentation and tracking [17]. However, our hybrid method
focuses on improving our recent work on PS imaging [13] using
eye-safe, compact, power-efficient LED emitters and a commercial mobile camera along with a SPAD array for meter-range
applications with all the benefits noted previously.
Here we report the 3D reconstruction of different objects
placed at different depths within the image scene using a combination of ToF and PS imaging, where ToF enables detection
of the boundaries and absolute depth of each object, while
PS imaging yields a high resolution surface profile within
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these boundaries. A time-correlated single photon-counting
(TCSPC) SPAD camera [18] is used with pulsed blue LEDs to
obtain a range map of the scene. For PS imaging, four modulated white LEDs illuminate the object while a mobile phone
captures frames at 960 fps. The LEDs are modulated at 960 Hz
with an orthogonal multiple access carrier scheme such that
visible flicker is minimal, and no electronic synchronization is
needed between the LEDs and the phone [13]. Our results of the
surface reconstruction show a root mean square error (RMSE)
of 6.2%.
Time-of-flight and PS imaging. LED illumination for ToF
is provided by a blue commercial LED operated in a pulsed
manner with respect to a trigger signal from the SPAD sensor.
To perform a distance measurement of the scene, the reflected
pulses are captured by the SPAD camera. The timing functionality is performed on the SPAD sensor, producing a single
time-of-arrival value per frame for each pixel. The TCSPC
histogram is constructed and analyzed off-line on the laptop.
By taking a reference histogram at a known distance, subnanosecond-scale resolution of the time delay can be achieved,
resulting in ∼3.4 cm depth resolution. The histogram build-up
program and cross-correlation work are fully explained in our
previous work on ToF imaging [3].
The surface reconstruction pipeline of the PS imaging
remains the same as in our previous work [13]. Four white LEDs
illuminate the scene from four distinct illumination directions
and a mobile phone records the frame in a super slow-motion
mode. The LEDs are electronically interfaced with a distinct
modulation fingerprint for each, so the camera can readily determine which LED generated which image, thus facilitating the
3D reconstruction. Our modulation scheme is self-clocking so
the camera operation can be self-synchronized with the LEDs.
The recorded stack of frames is demodulated off-line on a laptop
and generates four distinct images, one for each LED. The
obtained images are processed by a PS algorithm to determine
the surface normal components and the albedo. The surface
normal components are then integrated within the corresponding mask, previously determined using the range map, which
speeds up the surface reconstruction [13,19].
Experimental setup. As illustrated in Fig. 1, our ToF system
consists of a 192 × 128 pixels SPAD sensor, of which we used
167 × 128 pixels, placed at 80 cm from the sphere. Each pixel
is 18.4 × 9.2 µm2 in area and can be operated with TCSPC
functionality (see [3,18]). The camera is fitted with a set of
optics with a focal length of 8 mm, providing a field of view
(FOV) of 16 deg. Upon a trigger signal from the SPAD camera,
the blue LED array emits a train of 10 pulses with 11.3 ns pulse

Fig. 1.
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width and a pulse spacing of 30 ns. Both the LED array and
SPAD camera are controlled with field-programmable gate
array modules.
The PS experimental setup consists of a mobile phone device
(Samsung Galaxy 9) mounted on a tripod at a distance of 50 cm
with a FOV of 32 deg. Four commercial white LEDs were
placed 25 cm away from the object in an X shape and connected
to a controller board for LED modulation. A series of geometric
solids was 3D printed, namely, a sphere with a 48 mm diameter,
a cube 75 mm wide, and a complex shape of a monkey head
130 × 94.5 mm2 wide and 79 mm deep. On the setup, the
geometric center of the scene is the reference (0,0,0), and the
location of the LEDs is determined from this reference point.
The LEDs are located at (x , y , z): LED1 (−14.5, 9, 25), LED2
(−14.5, −5, 25), LED3 (14.5, 9, 25), and LED4 (14.5, −5,
25), all in centimeters. Each LED was modulated with an individual Manchester encoded binary frequency division multiple
access carrier signal [13] at an on–off keying rate of 960 b/s,
which is above visual flicker recognition. The phone captured
frames at a rate of 960 fps for 0.2 s, where the focal distance
remains constant. The exposure time is limited by the image
memory of the phone; however, a fast frame acquisition means a
higher effective frame rate of the 3D image.
One-time calibration. The SPAD camera and the mobile
phone have different resolutions and pixel sizes. In this experiment, we proceed via a one-time calibration of the image depth
using a screen with a checkerboard pattern at each object location. In real life application, the ToF range map will be used to
select the correct calibration from a pre-determined calibration
table. The checkerboard pattern can be identified automatically from images taken with both the SPAD camera and the
mobile phone to then determine the relative pixel scales and
frame alignment. Parameters from this calibration are saved and
applied to the mask obtained in the imaging process described
below.
Object masks. The processed range map of the scene is
shown in Fig. 2(a) where depth ranges from 0 m to 0.7 m.
The available size array of the SPAD is 167 × 128 pixels. The
absolute range of the sphere, monkey head, and cube are equal
to 20 cm, 30 cm, and 40 cm, respectively. Figure 2(b) shows a
cropped image of the scene obtained with the mobile phone.
By selecting the distance of each object with the range map,
a mask can be created on the mobile phone images to select
within which PS imaging can be performed. The corresponding
masks of the sphere, the monkey head, and the cube are shown
in Figs. 2(c), 2(d), and 2(e), respectively. A centimeter-scale

(a) Top-down schematic of the experimental setup; (b) picture of the experimental setup.
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Fig. 2. (a) Range map obtained with the SPAD camera; (b) picture
of the scene from the mobile phone; (c)–(e) respective masks of the
sphere, monkey, and cube from the range map superimposed on the
mobile phone frame.

resolution from ToF imaging is good enough to mask each
object.
Surface normal vectors and 3D reconstruction. Figure 3
displays the surface normal components (Nx , Ny , Nz ) and the
albedo, obtained after PS processing, of the sphere, the monkey
head, and the cube. Nx correctly distinguishes left and right
facing surfaces, Ny indicates up and down facing surfaces, and
Nz shows depth variations as the camera is facing the objects.
The albedo is normalized and is useful in understanding imperfections in the reconstruction, especially on the border of the
object.
Figures 4 and 5 plot the 2.5D reconstruction of the sphere,
the monkey head, and the cube in a perspective view, a top
view, and a rendered view obtained with Blender, a 3D creation
open source software. The shapes of all three objects are well
reconstructed, and millimeter-range eye details of the monkey
head are visible on the rendered view. The standard deviation
of the surface reconstruction is determined by the RMSE and
normalized RMSE (NRMSE) [9]. According to the RMSE
error map in Fig. 4(d), the error is minimal across the center of
the sphere and ranges up to 10 mm in the bottom, which is due
to the base that creates a shadow in this area. Nonetheless, most
of the error remains under 4 mm, and the calculated RMSE over
the sphere is equal to 3 mm, which corresponds to a NRMSE of
6.2%. This reconstruction error is comparable to our standalone
PS work [13], which means that the auto-ToF masking does not
introduce any additional error and handles the discontinuity
issue well. However, we can notice some difficulty for the algorithm to properly reconstruct the boundary area that is affected
by discontinuities and shadows.
The results demonstrate that ToF can be used as a masking
tool to overcome discontinuous issues of the PS method, using
illumination with LEDs and CMOS-based image detectors in
both cameras. The experimental work focused on demonstrating a simple combination technique that works well without
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Fig. 3. Surface normal components and albedo, obtained after
running the photometric stereo algorithm, respectively, Nx , Ny , Nz ,
and albedo: (a)–(d) for the sphere, (e)–(h) for the monkey head, and
(i)–(l) for the cube corner.

Fig. 4. 2.5D reconstruction of the sphere: (a) perspective view,
(b) rendered view, (c) top view, and (d) RMSE error map.

having to change the PS imaging process. Similarly, PS can be
used to improve the resolution of LED-based ToF where depth
resolution is limited by the characteristic nanosecond pulse
duration, as compared with laser-based ToF that can achieve
millimeter-range resolution. With some development, this
technique could be used to correct for significant discontinuity
errors in PS imaging internal to complex, single objects. In other
words, ToF ranging would set the coarse topology of objects,
including areas of high gradient in the z direction, and PS could
be used to give local detail, with a full image stitched together
from these sub-regions. However, for real-life applications,
shadows affecting different objects within the scene will affect
the determination of the surface normal components, hence the
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