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Abstract: ~ We present a novel approach for evaluation of position and
orientation of geometric shapes from scattered time-resolved data. Tradi-
tionally, imaging systems treat scattering as unwanted and are designed to
mitigate the effects. Instead, we show here that scattering can be exploited
by implementing a system based on a femtosecond laser and a streak cam-
era. The result is accurate estimation of object pose, which is a fundamental
tool in analysis of complex scenarios and plays an important role in our
understanding of physical phenomena. Here, we experimentally show that
for a given geometry, a single incident illumination point yields enough
information for pose estimation and tracking after multiple scattering
events. Our technique can be used for single-shot imaging behind walls or
through turbid media.
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1. Introduction

Reconstruction of three-dimensional (3D) objects through scattering media is a long-sought
goal in many applications involving, e.g., long-range imaging through turbulence [1], deep-
tissue biological imaging [2], non-invasive inspection of artwork [3,4], and underwater detec-
tion [5]. In these cases, scattering corrupts an optical signal and precludes direct image forma-
tion. Consequently, several modalities, including coherent wavefront correction [6-8], adaptive
optics [9,10], terahertz imaging [11], and coherence- and time-gating [12—17], have been devel-
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Q> space

Fig. 1. Light propagation (left) and synthesized streak camera image (right). Coherent light
(A) hits the diffuser in one position, scattered behind the diffuser (B) hits the object, scat-
tered once again from many positions (C), hits the diffuser a second time, and reaches
the streak camera (D) which measures one spatial line over time, generating a 2D image.
Window: Ins x ()10 cm.

oped to mitigate scattering effects. Usually, for strong scattering or volumetric imaging, these
methods require multiple measurements, raster scanning, or time scanning. The consequent
increase in acquisition time is often impractical for dynamic scenes of interest.

On the other hand, scattering is a natural “information mixer,” with each scattered wave
containing information about the entire scene [18]. In this respect, scattering can be exploited
(rather than mitigated) for object estimation using far fewer measurements than needed in ex-
isting techniques. This intuition is especially useful when only recovery of low-dimensional
data is required. In such cases, the problem is simplified to estimation of several unknown pa-
rameters, such as position and orientation, and has many applications in pose estimation, 3D
tracking, and target recognition. However, relatively little work has studied pose estimation
through turbid layers.

Here, we demonstrate a computational method for estimating the six degrees of freedom
(DOF), the 3D location and the orientation, of rigid objects hidden behind a diffuse layer.
The method relies on non-invasive, time-resolved sensing of scattered light. We extend previ-
ous time-resolved imaging methods using diffuse reflections [19,20] or scattering [21] using a
streak camera. Coupling prior information about the object geometry with the inherent mixing
that scattering provides, we show that the acquisition ultimately requires only a single illumi-
nation point, rather than a raster scan. Our work here extends the technique by recognizing that
a full image reconstruction is often unnecessary, i.e., that recovery of fewer unknowns (e.g.,
location and orientation) in a low-dimensional data system is sufficient for many applications.
This allows for (1) a simplified image acquisition without raster scanning and (2) a different
numerical optimization algorithm for robust recovery.

This scenario is applicable in several areas where geometry either is captured through other
modalities or is known a priori. Therefore, one-shot localization has potential in locating in-
dividuals in hazardous environments (such as natural disasters or war zones), detecting ob-
jects remotely [22-26], tracking tumors or organs over time with with less radiation exposure,
or improving inversion in time-resolved diffuse optical tomography or fluorescence tomogra-
phy [27,28].

Schematically, the method is shown in Fig. 1. An ultrafast laser pulse (A) is directed toward a
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diffuse layer, which scatters light (B) toward an object (C). Subsequently, light is scattered from
the object back toward the diffuser, where it is then imaged (D) onto a time-resolved detector.
The orientation and location of the object determines the path length of the scattered light and
hence the intensity time profile of each sensor pixel. Therefore, as the object moves and rotates,
the time-resolved scattered light image will change accordingly. The question we answer is
the following: given a single illumination point, is it possible to recover the orientation of the
object and track its motion through space? By considering the six-dimensional space consisting
of 3D translations and 3D rotations, our problem thus changes from object reconstruction to
optimization over the space of possible transformations.

The rest of the paper is organized as follows. Section 2 describes the forward light transport
model, and Section 3 outlines the associated optimization method. The numerical algorithm is
detailed in Section 4, follows by a presentation of results in Section 5 . Features and extensions
of the method are discussed in Section 6. Section 7 concludes the paper.

2. Forward light model

We model scattering and propagation in the geometric approximation, assuming no occlusions,
with the geometric factors shown in Fig. 2 and outlined in Table 1. A pulsed laser (L) is focused
onto a thin diffuser (D) to a point d, scatters towards a given object point w and back towards
the diffuser at point d.. A one-dimensional, time-resolved sesnor observing the diffuser will
record an image [;(d,,t). For each laser position d;, we have [21]

Table 1. Symbols used in Fig. 2.
Symbol H Description

L Laser origin
C Streak camera
D Diffuser
w Object point
d; Incident laser position
d. Position on D where one ray from w strikes
1, Diffuser surface normal
1, Object surface normal at w
@ Light ray from L to d;
dw Light ray from d; tow
H .
wd, Light ray from w to d,
__)
cd, Light ray from C to d,
(04 Angle between Iz> and 1,
B Angle between wd, and 1,4
Y Angle between d;w andﬂ)
1) Angle between 1,, and wd,.
H 7
n Angle between d;_w> and Ld,
¢ Angle between wd, and cd,
7 Euclidean distance between d; and w
e Euclidean distance between d. and w
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g(dl,W,dc): 7.2 ( ) }"2}"2 )
I 'c

where ¢ is the speed of light, and g(d;,w,d.) is a physical factor that depends on only the
system geometry and the diffuser properties. f,(w) is the albedo of the object point w and Iy
is the the laser intensity. Angles (a,f,7,8,1, and {) and distances (r; and r,) are defined
by the coordinates w,d;, and d,, as shown in Fig. 2. N(-) = exp (- — u)?/o? is the Gaussian
scattering profile of the diffuser, for scattering angle and mean ¢ and y, respectively. The delta
function restricts all recorded light propagating along the path d; — w — d, to arrive at the
same instant. Note here that, although we treat scattering in a single layer, multiple scattering
primarily affects the signal-to-noise (SNR), rather than the time resolution, for the parameter
space considered here [21].

Fig. 2. Left: Pattern of light ray traveling from the laser L, through a diffuser D at point dj,
striking an object at point w, bouncing towards the diffuser at point d., and captured by the
camera. Right: Spatial orientation of objects for the three Euler’s angles.

3. Pose estimation

For a given experimental geometry, we model a rigid object M by a set of |M| uniformly spaced
points w € M C R3. The recorded image is determined by the location and orientation of M,
which can be parametrized by six unknowns, ®:

0= (tx,ty,tz,e,(f),llf), )

where ¢, is the relative translation in the * direction, and 8, ¢,y are the three Euler angles,

measured about the center of mass ¢ = \1‘]7\ Y w. We define the repositioning function Zp :

weM
R3 — R3 to be
Zo(w)=Rx (w—%)+% +7, 3)

where R is the rotation matrix constructed from the Euler angles, and 7 = (t,,1,,t;) is the trans-
lation vector. Similarly,

ZLo(M) ={Ze(W)}em- @)
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Because not all points w are illuminated, we define the frontal projection m (M) C M as the
points in space that are illuminated directly by diffuse light from laser position d;. Every point
p € m(M) generates a hyperbolic curve in the streak image, and their sum is the total expected
image, [;(d,,t). We define the image of a point w generated from laser position / as .7} (w).

Our goal is to recover the pose that best agrees with the measured data. Hence, given a set of
streak images J; and an a prior on the geometry M we search for the unknown pose ©

O=agminYp ((d0). ¥ AlZow) |, 5)
1

wem (Lo(M))

where p(A,B) is the “stress,” a measure of agreement between two quantities A and B. Here,
we used the L; metric between images, i.e., p(A,B) = ||A —B||1.

4. Optimization scheme

Equation (5) resembles the Iterative Closest Points (ICP) paradigm [29,30], where rigid motion
is estimated in alternating steps of correspondence search and energy minimization to find the
optimal transformation of an estimated point set into a reference one. However, our system is
not amenable to the ICP algorithm because of the added complexity due to the time dimension:
each object point generates a space-time hyperbola (#(w) above) [19]. Thus, overlapping
space-time curves and noise pose new challenges than those encountered in ICP. Consequently,
we do not minimize the spatial location between matching points, but instead compare their
nonlinear space-time functions.

To solve the Eq. (5), we use a stochastic gradient descent numerical optimization approach
[31], in which each parameter is minimized separately. For each of the six parameters, we syn-
thesize, according to our forward model, the expected streak images for two optional positions:
one above and one below the current value. The step size is dynamic and is reduced for each
subsequent iteration. In each step, 13 images, two options per unknown plus the identity, are
synthesized, and the best option that reduces the stress is chosen. The procedure was termi-
nated when the stress reached a threshold, or when the change in parameters was infinitesimal.
In each iteration, 7; should be re-evaluated, but in our experiments there was no need due to the
narrow geometric structure of the objects in usage. The procedure is summarized in Alg. 1.

Algorithm 1: Localization algorithm

Input: Scene geomety. ( A model M / Laser point locations L / inner parameters of the diffuser,
camera, and laser )

Output: O = (tx,ty, t;,0,0, l[/). Position and orientation of the model in space.
1 Set ® = (0,0,0,0,0,0).
2 Set sT = 30. Set sA = 33%. (Chosen arbitrarily)

3 Calculate m;(-ZLgx (M) for every I € L by choosing only the visible points with relation to laser
position /.

4 Calculate p for 13 options: OF and @ + (&sT, +5T, £5T, -5A, £5A, £5A).

5 Choose @1 ag the minimiser of all p’s.

6 If O == @ ! then sT = T and sA = 4.

7 If p <€ orsT < & orsA < g for predetermined &,, set ® = OF! and exit.
8 Goto step 3
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5. Results

5.1
5.1.1.

Synthetic experiments
Pose estimation

We performed 2352 synthetic experiments for different spatial positions and orientations, and
we evaluated the success rate and convergence quality. For an object, we chose three characters,
“M,” “I,” and “T,” all lying in the same plane. See Fig. 1. For this object we generated 7 different
spatial translations and rotated each of the Euler angles 7 times in incremenets of 20°, for a
total of 49 poses. We evaluated each location and orientation using a single laser position, sets
of three positions (per row and per column), and all 9 positions together, as can be seen in
Table 2. The set of laser positions determines the summation over / in Eq. (5). We repeated
each experiment three times with different values of SNR (100, 75, 50 using awgn MATLAB
code), which corresponds to both spatial and temporal intensity noise.

Table 2. Depth (X), in planar (YZ), and angular convergence for the synthesized MIT ban-
ner given 2352 experiments. Each column in the table represent a different translation, and
each row a different orientation. In each cell, we averaged the mean error of 48 evaluated
distances or angles (16 different laser spots locations times 3 different SNR levels), and
the percentage of experiments that converged to a minima near the correct solution (right
member of each cell). Depth (X) can be recovered with high accuracy, and in-plane trans-
lations (YZ) can be recovered in most circumstances. Angular changes which have strong
spatial shift (y for the MIT banner) are found with high accuracy, while other rotations are
harder to evaluate.

Depth (X) convergence in mm / success rate

0 X+20 Y+20 Z+20 X-20 Y-20 Z-20
0 0.00 /100.00 0.00/85.42 0.00 / 100.00 0.00 /100.00 0.00/100.00  0.00/100.00  0.01/100.00
6420 0.00/100.00  2.49/100.00  2.49/100.00 0.84 /100.00 1.78 /91.67 1.94/93.75 2.36/97.92
¢ +20 0.00/100.00  0.00/100.00  0.00/100.00 10.00/100.00  0.00/100.00  0.00/100.00  9.94/100.00
v+20  0.00/100.00 0.00/77.08 0.00/100.00 0.00/100.00 0.00/100.00  0.01/100.00  0.00/100.00
6—-20 2.50/100.00  2.50/100.00  2.49/100.00 2.34/97.92 2.48/100.00  2.53/100.00 1.85/100.00
¢ —20 0.00/100.00 0.01/87.50 0.00 / 100.00 4.19/100.00 0.02/100.00  0.00/100.00  0.00/100.00
v —20  0.00/100.00 0.00/91.67 0.00 / 100.00 0.00/100.00 0.00/100.00  0.00/100.00  0.02/100.00
In-plane (YZ) norm (L;) convergence in mm / success rate
0 X+20 Y+20 Z+20 X-20 Y-20 Z-20
0 0.00 /100.00 0.89/93.75 0.00/100.00  0.02/100.00 0.00 /100.00 0.00/100.00  2.86/100.00
6420 0.00/100.00 1.82/83.33 3.56 /100.00 2.01/83.33 0.49/77.08 5.84/100.00 6.47/77.08
y—20 040/100.00 0.70/100.00  1.36/100.00 20.00/4.17 0.00/100.00 0.78/100.00  17.27/72.92
v+20  0.15/100.00 1.94/85.42 0.22/100.00  3.75/100.00 0.63 /100.00 6.58/100.00  6.24/100.00
6—20 3.22/100.00  3.22/100.00  3.28/100.00 3.99/75.00 3.81/100.00 8.26/97.92 4.99/58.33
¢ —20 6.74 / 87.50 2.34/93.75 9.48 /100.00 10.34/33.33 10.07/100.00  4.49/100.00 10.17/8.33
y—20 0.01/100.00 1.39/100.00  2.47/100.00 1.83/100.00 0.00/100.00 0.26 / 100.00 6.23/75.00
Angular norm (L, ) convergence in degrees / success rate
0 X+20 Y+20 Z+20 X-20 Y-20 Z-20
0 0.00/100.00  0.00/93.75  0.00/100.00  0.00/100.00  0.00/100.00  0.00/100.00  0.00/75.00
0+20 0.00/100.00  0.00/75.00 0.00/41.67 0.01/75.00 0.00/75.00 0.02/33.33 0.00/41.67
¢ +20 0.00/89.58 0.00/72.92 0.00/75.00 0.06/41.67 0.00/100.00 0.00/62.50 0.06/39.58
yv+20  0.00/100.00 0.00/60.42  0.01/100.00 0.00/66.67 0.01/89.58 0.00/31.25 0.00/50.00
6-—-20 0.00/75.00 0.00/75.00 0.01/72.92 0.00/58.33 0.00/75.00 0.05/31.25 0.00/33.33
¢ —20 0.00/18.75 0.00/37.50 —/0.00 —/0.00 —/0.00 0.00/39.58 —1/0.00
y—20 0.00/100.00 0.00/83.33 0.00/75.00 0.00/75.00 0.00/100.00 0.00/93.75 0.01/41.67

Table 2 shows the mean norm error between the correct data and the calculated one, after
removing outliers that converged to local minima far (5°, 1 cm in the X direction (depth), and 2
cm in YZ plane) from the real shift. Each column in the table represents a different translation,
and each row a different orientation. Each cell contains the averaged mean error of 48 instances
of the corresponding parameter estimate (the 16 different sets of laser positions times the 3
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different SNR levels above) and the percent of experiments that converged to a minima near
the correct solution. The table shows that depth (X) can be recovered with high accuracy, and
in-plane translations (YZ) can be recovered in most circumstances. Angular changes which
translates to a strong spatial shift (y for the MIT banner) are found with high accuracy, whereas
other rotations are harder to evaluate.

5.1.2. Tracking

We synthesized 180 time-sequential frames of the MIT banner rotating in 2° increments of
¢ (out of plane angle). We used the same algorithm as before and initialized each step with
its predecessor outcome. In Fig. 3, we can see that the rotating banner has slight changes for
different angles, yet we were able to track the rotating with very high accuracy. Notice that
in several angles we encounter ambiguity in the streak images. Even though there is no true
symmetry with relation to the laser position, the images are numerically similar. We can see a
decrease in accuracy for those angles in Fig. 3. Notice that noise was added to the synthesized
data (35 SNR using awgn MATLAB code) in both space and time.

Generated e e o (dog) Recovered

Norm error

e 2~ ral
50 100 150 200 250 300 350 4 -
Rotating angle (Deg) ¢

Generated

Recovered

b
=
Y-

60.01° ' 90.03° 119.96° 150.02°

L~

f"
150°

Generated

Recovered

Fig. 3. Tracking of a rotating MIT banner from scattered light. Row 1: enlarged images.
Row 2: synthesized noisy data, Row 3: recovered images, Row 4: real orientation of the
banner, Row 5: calculated orientation. 180 images with 2 degrees change in y (in-plane
angle) are synthesized and tracked using the proposed algorithm. Even though, the synthe-
sized images have slight changes for different angles and high noise ratio (35 SNR), we
were able to track the rotation with very high accuracy. Notice the ambiguity in the current
setup which relates to higher error norm shown in the first row. The two graphs measure
different quantities in different units but overlaid for compactness. Errors appear when the
laser position does not hold enough meaningful information to infer the pose. Window: 1ns
X (~)10 cm.
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Table 3. Translation (in mm) and angular (in degrees) of real experiments. Distances and
angles are measured with reference to one spatial setup (R). While not mandatory, it pro-
vides an additional alignment. In the top table, we see that one laser position is sufficient
for angle evaluation to within 1-2°, and from the tables below, we learn that depth (X) can
evaluated with high accuracy, with in-plane movements (YZ) are harder to find.

Angles A and B with relation to the angle in position R
Real angle A: 16.84, Real angle B: 32.79 in degrees
Pos  Calc angle A /Diff Calc angle B / Diff

1 16.17/0.67 30.93/1.85
2 15.46/1.38 29.79/2.99
3 14.23/2.61 30.05/2.73
1,2 15.82/1.02 30.93/1.85
2,3 14.85/1.99 29.79/2.99
1,3 15.55/1.29 30.76 /2.03
1,2,3 15.64/1.20 30.32/2.47

Position C with relation to position R:
Real X -25.85/Y 0.697 /Z 0.733 in mm
Pos  Calc X/Diff Calc Y/Diff CalcZ/Diff

1 -24.68/1.16  3.35/2.266 -3.98/4.71
2 -2492/093  5.27/4.57 -8.51/9.24
3 -25.00/0.85  -0.07/0.77 -5.46/6.20

1,2 -2472/1.12  3.59/2.89 -5.93/6.67
23 -2492/093  2.38/1.68 -7.34/8.07
1,3 -2468/1.16  5.19/4.49  -10.27/11.00
1,23 -25.00/0.85 2.89/2.19 -4.68/5.42

Position D with relation to position R:
Real X 0.06/Y 25.23 /7 0.43 in mm

Pos Calc X /Diff Calc Y/Diff CalcZ/Diff

1 -0.39/0.45 18.75/6.48 1.56/1.12
2 -0.15/70.21 32.81/7.57 -25.54725.98
3 -1.25/1.31 27.34/2.10 -9.21/9.65

1,2 0.27/0.21 30.89/5.66 -23.04/23.48
23 -0.62/0.68  29.14/3.90 -16.71/17.15
1,3 -031/037  2792/2.69 -12.53/12.97
1,23 -0.07/0.14  2753/230 -15.85/16.29

5.2.  Laboratory experiments with streak camera

The experimental setup is photographed in Fig. 4 and sketched in Fig. 5. A mode-locked Tita-
nium:Sapphire laser emits pulses of duration 50 fs at a repetition rate of 80 MHz with average
power of 1 W. The pulse train is focused and directed via two computer-controlled galvo mir-
rors onto a 10 x 10 cm? holographic diffuser (Edmund Optics, 65-886), which has a scattering
angle of approximately o = 8.8°. The objects behind the diffuser are Lambertian. The front
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side of the diffuser is imaged onto a streak camera (Hamamatsu C5680), which records a hor-
izontal line view of the diffuser with a time resolution of 2 ps. The galvo mirrors relocate the
incident laser to different spatial positions, and a streak image is recorded for each one, though
for most experiments, we use only one laser position. To improve SNR, the exposure time for
each streak image is 10 s (so that each image averaged 10 s x 80 MHz = 8- 10® pulses). The
estimated pose is compared to the object’s ground truth pose, which is measured with a FARO
digitizer arm. We measure three points on the base of the shape and calculate the Euler angles
and positions accordingly. The object volume was approximately 10 x 5 x 1 cm?® (height width
depth) and was located 18 cm from the diffuse layer. The diffuser itself was placed about 0.5 m
from the streak camera. The space-time (x-t) pixel resolution of the streak camera is 672 x 512.
In addition to the galvo-controlled signal beam, a beamsplitter was used to create a separate
calibration beam, which was focused onto the diffuser in the field of view of the camera. This
allows a continual reference measurement to correct for any timing or intensity noise in the
laser itself. Because a first-principles calculation of the optimal point source location is beyond
the scope of the manuscript, we measure streak images from multiple incident laser spots. But,
we show that only using one in the algorithm allows for successful pose estimation.

Fig. 4. The human model behind the diffuser. A photograph of the experiment from the
model’s point of view.

We performed two separate experiments using a human-like figure. The first was dedicated to
estimating angular changes and the second for estimating translations. For the angle estimation,
we searched for 3 different angles rotating around the vertical axis, orthogonal to the table. We
used 3 different laser positions and evaluated the angle with 7 different sets of measurements (3
individual laser positions, all pairs of laser positions, and all three laser positions). We compared
our results with the object’s ground truth measurement, which has a precision of approximately
3 mm. We rotated the object clock-wise by 16 and 32 degrees and tried to recover those angles.

For translation measurements, we used a similar procedure for 3 different locations of the ob-
ject. We moved the object by 25 mm, both in-plane and out-of-plane. We searched for only the
unknown parameters (one rotating angle for the first experiment, and three translation vectors
(one for each location) for the second.

A summary of estimation of the angular parameter is shown in in Table 3. We used the
angle measured in one orientation as a reference (R) and measured the angles of the second
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Fig. 5. Scene setup for a human-like model. We used several laser spots for different po-
sitions and orientations of the model in space. Bottom row: raw images captured by the
streak camera (positions 1,2 and 3 from right to left). The top-left bright spot is a physical
reference beam used for spatio-temporal alignment. Window: Ins X (/)10 cm. The source
is split into two beams with a beamsplitter. The small focused spot in the upper-left corner
of each measurement is the calibration beam, used to normalize the global intensity of the
data and correct for any timing jitter. The second beam scatters through the diffuser toward
the object, and is scanned across the diffuser with a galvo mirror to generate multiple streak
images.

(= Space

and third orientations (A and B, respectively) relative to it. The reference orientation provides
a calibration measurement to compensate our light transport model for small changes (= 1°).

The bottom row of laser positions (1,4,7 in Fig. 5) provided the best results, less than a 1°
error for the first comparison and less than a 2° error for the second. This is within the error
bounds of our true data measurements using the robotic arm. The top positions gave the worst
results but still less than a 3° error. Options 4 through 7 in the table show different variations
of laser positions and error values. Because we do not know a priori which location of laser
spot will provide the best results, we conclude that using all three is the best approach. Figure
6 shows the acquired streak images and steps 1, 5, 10, and the last step (from right to left) in
the optimization procedure. In the first row, we see the convergence for position A, and in the
second row for position B, both using only laser position 1 (see Fig. 5). We recorded 50 sample
points of the object with the robotic arm. Because it is a coarse, noisy version of the model, it
yields slight differences between the synthesized images and the measured ones.
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Fig. 6. Convergence of the algorithm for laser position 3 (see Fig. 5). First row: angle
A. Second row: angle B. From right to left: initial iteration, Sth iteration, 10th iteration,
final generated model, and real captured image. A threshold was added to remove noise.
Window: Ins x ()10 cm.
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Fig. 7. Convergence of the algorithm for laser position 1 (see Fig. 5). First row: translation
C. Second row: translation D. From right to left: initial iteration, 5th iteration, 10th iteration,
final generated model, and real captured image. A threshold was added to remove noise.
Window: Ins x ()10 cm.

The translation results are shown in Table 3. Once more, we used one location as a reference
R, and measured the other two (C and D) accordingly. The depth (X axis) is calculated with
high accuracy, below 1 mm, which is within the error bound of our ground truth data. Movement
parallel to the diffuser is harder to evaluate and differs for each laser position. With all three
positions used, we achieved approximately 2 mm accuracy along the Y axis (orthogonal to the
table) and between 0.5 cm and 1.5 cm along the Z axis (parallel to the table). In Fig. 7, we
present the corresponding convergence images.The first row corresponds to position C, and the
second row to position D, both given laser position 1 (see Fig. 5).

6. Discussion

Generally, our pose estimation method yields good results for a single incident laser posi-
tion, though more positions provide angular diversity and improves the result. Interestingly,
stronger/multiple scattering is a benefit, because the increasingly scattered light provides wider
and more uniform illumination compared to that from a diffuse layer. Nevertheless, a first-
principles derivation of the minimum number of streak images must be performed to under-
stand the role of noise in the optimization problem. The generalization to thick turbid media
is also possible, provided that time resolution of detector can overcome any resulting temporal
blurring. For biological samples of moderate thickness, the streak camera resolution will suf-
fice [21]. This can be useful for dynamic scenes, such as tracking the flow of blood cells [32],
and can be integrated with super-resolution fluorescence microscopy techniques in thick me-
dia [33], assuming the temporal profile still holds enough information.

Additionally, because no raster scanning is needed, the acquisition time is fast. Although we
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average over a pulse train for improved SNR, the method is amenable for a single incident pulse
if, for example, the laser source is amplified, or the camera sensitivity is increased. Coupled
with scaled versions of the method [35, 37], this technique is thus readily applicable for long-
range imaging after appropriate calibration [36].

Interestingly, recovery is unique up to certain ambiguous symmetries. In Fig. 3 we see de-
gragated accuracy near the symmetric axes (every 90 degrees). However, the symmetry can
be easily broken by adding a second illumination source. Moreover, note that for tracking, we
utilize prior information on the pose (calculated from the previous step) for convergence to the
correct solution (cf. the second column from the left versus the second column from the right
in Fig. 3).

7. Conclusions

In conclusion, the spatial location and angular orientation of objects hidden behind turbid layers
can be estimated given a known prior of the shape and a single illumination point, with accu-
racy below 3 degrees, about Imm in depth, and several millimeters in-plane, for the provided
setup. Unlike previous work in the time-resolved inversion, we consider here a small number of
incident illumination sources coupled to a mathematical optimization technique to retrieve the
low-dimensional structure such as location and orientation of objects. In practice, even a single
illumination point provides enough information, up to certain symmetries, for successful recov-
ery. The method relies on time-resolved sensing and treats scattering as a benefit, rather than as
a hindrance, and it can be integrated with other time-resolved methods of motion detection in
cluttered environments. Future work includes: improving robustness to handle larger displace-
ments, extending the method for integration in remote sensing applications, and considering
volumetric scattering for biological applications.
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