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3.2. Stage 2

We invert the role of the cameras w.r.t. to Stage 1. Now,
only the right camera emits a signal g,.(¢). To recover the
parameters of the received signals Sy2(t) and S,o(t):

Sia(t) = Al cos(w -t + # — ¢) + B,

Sra(t) = Al - cos(w -t + ¢,) + By,

we sample the correlations Cy2(7) and Cy2(7):

Ci2(7) = gi(t) ® Sia(t), (19)

= AZ2AT ccos(w T4 2T _|2— 2 i) + BBy
Cra(1) = g-(t) @ Sra(t), 20)

_ALA,

)

~cos(w - T+ @) + BrBi.

With these relations we compute:

Left camera: the values of §&, = “"l;“"* — ¢y, A, and By’
based on Cya(T).

Right camera: the values of A/, ¢, and B.. using Cjo(7).
From ¢, a first depth estimate A, = o - ¢, is computed.

3.3. Stage 3

In the third stage, the lights of the left and right cameras
emit simultaneously signals g;(t) and g, (¢), and both cam-
eras capture the total amount of reflected light. The received
signals in the left (S;3(t)) and right (S,3(t)) cameras are of
the form:

Si3(t) =A; - cos(w -t + 1) + B+
Al - cos(w - t + W — ¢ui) + B,
Srs(t) =A. - cos(w -t + ) + B+

L+ or
2

Al cos(w -t + + ¢1-) + By

Convolving the received signals with the reference signals
in each camera leads to:

AjA
ng(’i’) :gz(t)@)Szg(t) — ~COS(UJ~T—|—§01)—|—BzBlI—|—
14
AZQAT -cos(w - T + = _|2— £ bir) + B,B/,
AlA, y
Cr3(1) =g:1(t) @ Sr3(t) = 5 cos(w -7+ wr) + B-B+
14
% ~COS(U.)~T—|— #_F@T)_FBZB;’.

In stage 3, there is no closed form solution to find the val-
ues of ¢y, ¢, and ¢;,.. Instead we use directly the samples
of Cy3(7) and Cy3(7) as explained next.

3.4. Depth optimization

To optimize the depth images, we define a per-pixel cost
function that simultaneously considers the measurements
acquired during the three stages as well as the geometry of
the stereo setup. In the following we describe the cost for
optimizing the depth estimate of a pixel )y in the left camera
(the process is analogous for the right image).

Figure 3. The optimization relies on the stereo geometry.

First we consider the cost in each camera. In the left
image, the depth estimate A at pixel x;, is expected to lie
close to the measurement A; obtained in stage 1. The cost
penalizing this error is defined as:

B =[N -\

A similar error is calculated in the right image, where the
measured depth A, should agree with the current depth es-
timate after a geometric transformation 7" that converts it
to a valid depth in the right image T[’(jxl) (See Fig. 3). The
measurement 5\7, is taken at location X, in the right image,
where %,. is the projection of the 3D point A; obtained by
backprojecting ;. Thus, the cost in the right image is:

E.= [Tlr(j‘l) - 5‘7’]2

For the path traveled by the IR light from one camera to
the other, we considering phase sum (3 = &1 + & = ¢ +
o, from phases £ and &5 in stages 1 and 2. We define an
additional cost Fj,. which penalizes the difference between
the measured depth %‘“Cl and its equivalent estimate, i.e.:

En=[N+T7(\) - 2o y)?

Finally, we consider the following relations among the mea-
surements, which hold in the absence of noise:

Ci3(7)
Crg (T) =

Cn(r) + Cia(r), 2D
Crl (T) =+ CTQ(T). (22)

We use the current depth estimate M to compute estimates
of the measurements C’ll(T), C'ZQ(T), érl(T) and CTQ(T).
This is done by replacing ¢; and ¢, in Eqgs. 17-20, by
@1 = 22X and by ¢, = Z2T7(\)), for the 4 values of
7. The phase difference ¢; , is a fixed value calibrated in
advance or 0 if the cameras are synchronized. Once these



% & # ! ( $
$ J' & 32%33> ( " &
$ % # (%
$ E $
: $ & #
3E H P
$ " &G " I< "%
I " i 73 "
S $ 3% $ 3
H & # 7$ (
35 " 2F 0%
&G %
($ ! 7% " 7$ $ # &
! ( < 0%
&# | 2F 0 & # ! |
($ & $ " < 0 (&&&
! ' ! $ 0 & $
< $ ! $ 0
$3% < ! H %
& JO $  #%%B6
0 < < $ 3 E$ (&&&
< % ( 0 $ %
% $ ' &
&G % Lo $E $ &# E
/ 0 $ .
0 $ %
E H &
H G " %
! 7$ # $8A& 0
(&
10 7
<& ) ) 0 ( 70 7$ %
$ $ &
& H &
< $ 0 I< "o L L
& 0 $! %
2B 0 E& ( $
$ #
$7 ! (&& $ ! 1 %
$ & $ < 0 %
# | , & 582 $ | %
$ , & 58&3& < &
| |
<
! % #$5%: &
"# '$
& 1D4& 0 (
| $
$ (&& & 3 $ |
! % $ 8 &
$ I &
( < % % Ex $ %
$$ 1D4& ¥ &)



&

Y
b |
AN
Py Y
e
W
A \c;;.i
.
+ ! $
$ ( E
0
$
0
n I (
( %
<
%
$
( (&
#
( %
< $ &
(
/
(
& %
E $
(

$1&) $%



< $ ES (
0 $ $ " 7% & G
< 0 ( $ ! 3 &+ % /I $ %
$ $ "% < (/ %( (
$ ( ! " % & $
$ $ % % &
H $
$ &
! # 1E4&
0" ! ( < $
$! ( I
G H# ' " 1254 -
0 ! # E $
$ ( $ 12F 2A4& ! 0
% & E% $ % $ % ! $
$ $ ( $ $ &
$ < I ($
0 & < 0 Jo $
$ 3 " $! +)M
( (&* ) "

"o
%

<%

%

%

%

%



) ! +$ 3, $ E, $
3
X
#$ B& " $ : (
124 & : & </ *&K &
" $ " $
! $& ) +, $ 22N3F3FF@&
134 & : &K & " $ E
. $ "
H &- .- /! A>3CAN3DBFFC&
1E4 & : & ;/ & < J&: & , %
$ " 9%"%. $ %
& 01-2 22523 >FE3DN2EEA 3F2F&
154 V& &, & |/ & & & E
$ ( % "%. $ & 013 3F2F&
1A4,&8# &: <$ &0 "
"% & ) 013" 3FFC&
1B4,& ‘& &l & # "
% "%. $ $s " E %
& - . - N A>53ANSER-FC&
1046&; &l & & K/ +&9 %
/&) $
" & - .- /! A>EDENSRBEFC&
1C4& ; &, &9 / G&, & #
$ $ " $ %
( % 7 & 01-2 22523 >2EEBI
2E5A 3F2F&
1D4& K &K &* % % "%
.$ & . / 3 !
2@>DB@NBRED&
12F4MEK & 9& 9&K / & /
& & % (% " " "
E & ) - ,
- $ 2A53N23D 3FFD&

+$ < 3,%$ < E,.$ <
# &+ ! $ (&
1224*& K )&, & </ #K K&K &
0)E> E 0 P "% & ) !
- +, $4456 7 $ 23BN252BFFD&
1234& K J&: *& K &l & % "%. $
$ & O +
3D>252N2ATF2F&
12E4*&1 $ & *
0,8/900 1 &
", $ 3FFF&
1254 & | )&, & K &K & % "%
. $ " $ $& 01-2
225 23 >2E202E3C 3F2F&
12A4,& ! & H# & & ; < & &
* E% $ ( % "%# $ & ) -8l
$ 2B@EN2B@&C 3FFD&
12B4)&, &: *&K & " %
$ H $ ( %
&) -3 0 3FFC&
12@48&, $ O&# &G & " % "%
.$ $ $ 3 & ) -0-3 3FFC&
12C408M $ *&M$ 9& & &, %
" $ $& ) 013 3FF@&
12DMO&= &G $ R &M $& %
" "8 ! $ ! &
3,- E3>CDDNDBE2F&



