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Figure 6: The time-of-flight camera setup involves a laser projector
via a Ti:Sapphire laser with steering mirrors and a pico-second ac-
curate camera. This setup corresponds to Figure 2-(b). Reflectance
of the “object” is recovered by aiming the camera and the laser
projector at the diffuse wall.

gorithmic aspects. Following experimental setup was used for our
proof-of-concept implementation.

Our light source is a mode-locked 795 nm Ti:Sapphire laser. The
camera is a Hamamatsu C5680 streak camera that captures a series
of 512 one-dimensional images, i.e., lines of 672 pixels in the scene,
with a time resolution of about 2 picoseconds. Figure 6 shows our
setup in the configuration corresponding to Figure 2-(b).

6 Results

We now present the results of our time-of-flight reflectance mea-
surement system. We first evaluate our results using a simulation
of the device, to focus on demonstrating its capabilities with a good
hardware implementation, and to validate against ground truth val-
ues. Finally we demonstrate acquisition using our hardware setup.

6.1 Simulation results and validation

In our simulation setup we simulated the working of a time-of-flight
camera in the indirect viewing configurations of Figures 2-(a) and
(b). The results are the same in both configurations, so we only
present our results for the (b) configuration.

6.1.1 Simulation setup

We simulate our physical setup from Figure 6. S, P, and R form
the left, back, and right planes of a box. S and R are of size
25 x 25¢m?, and are separated by a distance 15 cm. We consider
I = 15 laser positions on S, J = 25 receiver positions on R. We
specify the number of patches for each experiment as they arise.
We measure 7" = 512 time slots, where each time slot corresponds
to 1.6678 picoseconds. Both the source and receiver are assumed
to be Lambertian surfaces with known reflectance, kg = 0.97.

We simulate different measurement scenarios by introducing single
and multiple patches of different materials assuming a parametric
Ashikhmin BRDF model (see Section 4.3). Using the geometry in-
formation and the supplied BRDFs, we generate the streak images.
To simulate finite patch areas, we sample each patch at ten random
points on the surface and average them at different receiver points.

Our simulation provides us with the measurement vector B. We
further add random noise to these observations to simulate the noise
introduced by the camera and other external factors during the ac-
tual capture process. For this purpose, we employ a commonly
applied noise model [Hasinoff et al. 2010; Schechner et al. 2007]
consisting of a signal independent additive term, which includes
dark current and amplifier noise, plus a signal dependent photon
shot noise term.

The noise added to an observation B(i,j,m) is given by
Vp = UVfoor + Vphoton- HEre Vpoor is @ constant noise-floor given
by Voor = 0.01 - max(B) - £ where B is the observation vector,
and ¢ is arandom number in R(0; 1). Vphoton is the photon noise give
by Vphoton = 717+ B(1, 7, m) - £, where 7 is a noise-parameter defined
as a percentage.

6.1.2 Results

We simulate two scenarios using this setup: single patch and
multiple patch. We choose nine materials from the database by
Ngan et al [2005] to represent a wide variety of reflectances. We
simulate the three different channels separately using the corre-
sponding parameters. The first scenario contains a single unit-area
(1em?) patch placed on P. The second scenario simulates a two-
dimensional grid of nine patches arranged in a 3 X 3 configuration.

Single patch simulations: We recover parametric BRDFs, as de-
scribed in Section 4.3, for three different materials with different
percentage of additive noise: 7 = 0%, 1% and 10%. Table 1 shows
the ground truth results, and the recovered parameter values for two
materials (copper, and red plastic specular). For = 1% the recov-
ered parameters have very low error, and even for n = 10%, the
recovered parameter values are reasonable. The diffuse reflectances
are most affected by noise, since they are relatively low. The sup-
plementary material provides more comparisons.

Multi patch simulations: We use the same nine materials, now
arranged in a 3 x 3 2-D grid of patches of unit area to create a ‘mul-
tipatch’ at P (see Figure 1). Again for this case, we recover the pa-
rameters for three different percentages of additive noise: n = 0%,
1% and 10%. Figure 8 shows rendered spheres using the ground
truth, and the recovered BRDFs with = 1%, and n = 10%. Fig-
ure 8-(left) shows the streak image corresponding to the 9 materials.
We can see that there is mixing in the streak image that we are able
to separate out robustly using our reconstruction algorithm. See the
supplementary material for more comparisons.

Angular coverage of simulation setup: The angular coverage in
the simulated and physical setups is between 0° to 20° in terms
of half-angles. Both the incoming and outgoing angles are in the
range of 25° to 65° with respect to the patch normal. The setup
dimensions are selected such that grazing angles are avoided.

6.2 Results using our experimental device

We now evaluate our prototype experimental device for the “around
the corner” viewing mode using a high speed time-of-flight camera,
and a picosecond accurate laser. The setup as shown in Figure 2-(b)
is described in detail in Section 5.

Single patch data: For a single material, we image a small ma-
terial patch (of size 1.5 x 1.5cm?) using our acquisition setup.
Figure 9-(1a) and (1b) show the streak images for two very dif-
ferent measured materials: copper and red plastic. 1(c) shows the
rendered spheres using an environment map with the recovered pa-
rameters for the two materials, with the error plots (1d) and (le).
The results are taken at the wavelength of our laser at a wavelength
band from 770 nm to 820 nm and centered at about 795 nm. In
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Figure 7: In single-patch settings, our approach can achieve near-perfect reconstruction with relatively low noise-levels. Two BRDFs were
picked from Ngan et al.[2005]: (1) copper, (2) red plastic. Column (a) shows streak images; (b) shows rendered spheres under environment
lighting using the ground truth (top) and the recovered BRDFs (middle with 1% of noise and bottom with 10%), respectively; (c) shows plots
of the BRDFs in log-scale: the dotted red curve indicates the ground truth BRDE, the green curve represents the BRDF recovered with 1% of

noise, and the blue curve shows that with 10%. See Table 1 for BRDF parameter values.

Material Ground Truth Recovered (1% noise) Error Recovered (10% noise) Error
ka ks n ka ks n (log10) ka ks n (log10)

0.076  1.040 0.076  1.040 0.267 | 0.077 1.053 2.263

Copper 0.041 0.609 40800 | 0.041 0.609 40800 | -0.632 | 0.044 0.660 40800 | 2.871
0.029 0.266 0.029 0.266 -0.702 | 0.027 0.252 2.298

Red plastic 0.242  0.058 0.242  0.058 -1.398 | 0.228  0.055 1.179
specufar 0.031 0.045 8320 | 0.031 0.045 8320 -1.825 | 0.030 0.045 8320 0.170
0.009  0.030 0.009 0.030 -1.880 | 0.009 0.032 0.845

Table 1: Single patch simulated reconstruction: ground truth used to generate streak images, recovered values with 1% noise, and with 10%
noise. The three rows per material are the RGB values. Our approach recovers the BRDF parameters accurately with 1% of noise. With
10% of noise added to the input, recovered BRDFs are still reasonable, although there were larger offsets on the diffuse components, which

normally contain small values and are more sensitive to noise.

principle RGB color channels could be realized, for example by
using an optical parametric oscillator [Dudley et al. 1994] as light
source or converting light from multiple laser sources into the visi-
ble. The angular coverage is usually between 0° to 15° in terms of
half-angles.

The parameters fitted for red plastic are kg = 0.2175, ks = 0.0508
and n = 7.448-10%, and for copper are kq = 0.1010, ks = 0.9472,
n = 2.83-10*. These values are in rough agreement with numbers
cited by Ngan et al. [2005].

Multi patch data: We place two patches of copper and red plas-
tic side-by-side and measure them using our experimental device.
Figure 9-(2a) shows the streak image for both simultaneously. We
recover the parametric BRDFs for them simultaneously, shown as
rendered spheres in Figure 9-(2b), with error plots in 2(c) and 2(d).
The parameters reconstructed for red plastic are kg = 0.3105,
ks = 0.0433 and n = 6.321- 102, and for copper are k4 = 0.1320,
ks = 0.8365, n = 3.120 - 10*. Again, these values roughly agree
with Ngan et al. [2005].

Validation using published gonioreflectometer data: We fur-
ther evaluate our proposed method for the “around the corner”
viewing mode using published gonioreflectometer data from the
Cornell Reflectance Database [2001]. We employ a simulation
setup with the geometry from Figure 2-(b). A single patch with
the tabulated BRDF from the House Paint data is used as the input
to generate the streak images. We then recover the parametric fit for
the material using our algorithm. The recovered parameter values
are: kq = (0.268, 0.431, 0.602), ks = (0.038, 0.041, 0.080),
and n = 11.6. Renderings of spheres using the measured data and
the recovered parameters match each other visually (see Figure 10).

7 Discussion

Our single-view point approach exploits the temporal dimension,
but it introduces traditional problems of time-of-flight cameras in
space-time resolution, signal to noise ratio and dynamic range.

Limited angular sampling: In a closed room, one can theoreti-
cally sample all the pairs of incoming and outgoing directions from
an object point. In practice, we can sample only a subset of all
half angles as the coverage is dependent on the field of view of the
camera. Despite these limited angles, a 3-parameter BRDF model
can be estimated. We also rely on the friendly reflectances of the
sources and receivers, though this is not a fundamental limitation.

Space-time resolution: Our at-a-distance capture mechanism
means that we cannot resolve small features with varying BRDF
or surface normals. So our approach is suitable for coarsely seg-
mented reflectance patches. Surfaces with rich surface details can
be acquired accurately to the limit of the spatio-temporal resolution
of the ToF device.

Time resolution limits our ability to perform linear inversion. Cur-
rently our camera only captures one spatial dimension, however, we
can scan the laser in two dimensions over the scene to increase the
sampling range of angles, and further sweep the camera.

Color: Since the laser operates at a single wavelength our images
are monochrome and taken in the near infrared. Colored images
could be taken with a white light supercontinuum source, a set of 3
lasers at different colors, or a tunable optical parametric oscillator.

Signal to noise ratio and capture time: The theoretical signal to
noise ratio (SNR) of the combined streak camera system is about
1000:1. A common way to improve the SNR by several orders of
magnitude is to bundle the same laser power into fewer pulses at a
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Figure 8: With nine patches with different BRDFs picked from Ngan et al.[2005], our approach is able to obtain high-quality reconstructions:
(left) the streak image; (right) rendered spheres under environment lighting using the ground truth (top) and the recovered BRDFs (middle
with 1% of noise and bottom with 10%), respectively. See the supplementary material for BRDF parameter values.
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Figure 9: For data using our experimental device our method obtains good results. Top row: single patch; Bottom row: two patches.
(1a)Actual patches of copper and plastic used for acquisition; (1b) and (I1c) Streak images taken by our ToF camera: a — copper, b — plastic;
(1d) Spheres using the recovered BRDFs (copper — top, plastic — bottom), (1e) and (1f) Plots for the BRDF's: red dots indicate measured data
points and blue curves are the recovered BRDF's. Bottom row: two patch results. (2a) Streak image for both materials together. (2b) Spheres
rendered using recovered BRDF's (copper on left, plastic on right). (2¢) and (2d): Error plots for the BRDFs.

lower repetition rate but with the same pulse length.

Our acquisition time of 10-15 seconds per streak camera image is a
result of our current hardware, which averages over a large number
of frames to improve SNR. A commercially available laser with
pulse energy of about 1 mJ could reduce the acquisition time to
nanoseconds, while offering better SNR as well.

Dynamic range: Capturing specular peaks and weak diffuse reflec-
tions in a single photo is limited due to the camera dynamic range.
We partially overcome this by using two different exposure photos.

Acquisition in the presence of ambient light: The time-of-flight
cameras are well suited for “in-the-wild” acquisition in the presence
of ambient light. Most ambient light is never detected by the sensor
because of the short capture window. Even highly sensitive photon
counting systems use these techniques to operate in daylight and
over hundreds of thousands of kilometers; for example, laser links
from Earth to the Moon and Mars, and commercial airborne LIDAR
systems [Degnan 2002; Warburton et al. 2007].

Portability: While ultra-fast lasers have not yet reached a state of

maturity to make them portable, this approach shows promise in
creating portable and compact devices in the future. Our system
can be extended for usage in unstructured environments with arbi-
trary geometry and lighting. Moreover, our algorithm in itself is not
limited to a particular geometric configuration.

Laser speckle: Imaging devices using coherent light often suffer
from laser specle noise. The laser coherence is, however, not main-
tained in multiple diffuse bounces. When the laser light returns to
the camera after two or three bounces, it is no longer coherent and
laser speckle is not observed.

Our work uniquely combines cutting edge research in ultra-fast op-
tics with emerging topics in computer graphics. Our computational
approach has been validated, but our physical prototype is a modifi-
cation of electro-optic hardware which is expensive, currently non-
portable, and may take years to become practical. But there are no
specific fundamental challenges to improve these systems.
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Figure 10: Validation using published gonioreflectometer data
from the Cornell Reflectance Database[2001]: (left) measured
data, (right) the recovered BRDF.

8 Conclusion

In this work, we have demonstrated a high speed photography de-
vice to acquire segmented scene reflectances using indirect reflec-
tions. We have identified the underlying constraints in using time-
of-flight capture, including entanglement of light paths with the
same path length. We demonstrate disentanglement for several
patches, on the order of tens, by fitting to low dimensional para-
metric models.

While fast and smaller solid state lasers are coming, merging them
with fast imaging devices is a clear logical step. We believe that
this approach acquisition has potential to enable fast, portable, and
remote BRDF capture devices. Without the need to instrument a
scene, our work may spur applications like real-world material clas-
sification, real-time material editing, and relighting. Our approach
can also be used when capturing complete BRDFs is not the ulti-
mate goal but sampling a part of it for material detection and clas-
sification can suffice. In addition, around the corner recovery of
material properties can enable radical applications, e.g., recovering
malignant growth in endoscopy beyond the reach of a camera. Our
approach also fits in the general spririt of computational photog-
raphy to allow one to capture meaningful properties from a single
camera viewpoint and then allow powerful post-capture operations,
in this case to relight or edit materials.
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