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A Introduction

This supplementary document provides additional details and derivations that
complement the main paper. In particular, it presents the mathematical for-
mulation of the plenoptic camera model, the projection functions used in our
method, and the complete definition of the residuals and the Jacobian used in
the proposed photometric plenoptic bundle adjustment.

Section [B] introduces the plenoptic camera model. Section [C] derives the pro-
jection functions, including the direct and inverse mappings between camera
and virtual image coordinates, as well as projections between frames. Section
defines the photometric and inverse virtual depth residuals used in our optimiza-
tion. Section [E] presents the analytical Jacobian with respect to affine brightness
parameters, pose parameters, and inverse depth. Then, Section [F] describes the
generation of RGB images compatible with monocular camera pipelines used
to evaluate our method against monocular pipelines. Finally, Section [G] and
Section [H] present additional results, comparing our method first to an RGB-D
simultaneous localization and mapping (SLAM) algorithm and then to a monoc-
ular method using the original field of view of the images.

B Plenoptic Camera Model

The proposed pipeline is based on the plenoptic camera model introduced in |3],
which combines a thin lens model for the main lens with a pinhole model for
each micro-lens. In the model, we define the points in the following coordinate
systems:

— x¢ = [xc,yc, zc]T (or homogeneous coordinates X¢ = [z¢, yc, 2o, 1]7): 3D
point in the camera metric coordinate frame.

— xy = [rv,yv,2v]T (or homogeneous coordinates Xy = [zv,yv, zv, 1]7):
point in the metric virtual image space.

— xi, = [20,,9,2,]T (or homogeneous coordinates X, = [z}, 21, 1]T):
v = [Tv:Yvs 2y s v = vy v 2y :

point in the dimensionless virtual image space.
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Fig. 1: Representation of the model of the focused plenoptic camera in Galilean mode
inspired by the model in .

For simplicity, we do not distinguish between xy = [zv,yv, zv]|T and x{, =
[z, Y, 2{,]7 in the main paper. The plenoptic camera model relies on the in-
trinsic parameters depicted in Fig. [Il The intrinsic camera parameters of the

plenoptic model used are as follows:

— fr: focal length of the main lens, defining the thin-lens geometry.

— ¢, = [cz, ¢y]T: principal point offsets of the main lens.

— B: the distance between the micro-lens array (MLA) and the image sensor.
bro: the distance between the main lens and the MLA.

Using the camera parameters, the projection from x¢ to xy is defined as

Ty bLOOO el

e e = wv | _|006L00] |ye

Axy =K X, = A v =10 0bo0 2ol (1)
1 0 010 1

The parameters by, and b depend on the object point distance z¢. Using the thin
lens equation, the parameter by, is defined as

by = (i—i>_1:b+bm. (2)

The point xy is defined in metric coordinates. It can be converted to a
dimensionless point xj, with Eq. where the coordinates z7y, and y;, are in
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pixels and the coordinate z{, is defined by the virtual depth v introduced in [5]
and defined in Eq. . The projection from xy to x}, uses the pixel sizes s, and
sy to provide a metric reference for the parameters.

vy =2y -8, 4 e, y{/:yv-s;1+cy (3)
b by, —b
U:E:% = by =v-B+bg (4)

We rewrite this projection as a matrix Kg in Eq. .

/ -1
Ty s;0 0 0 ¢

Ty
/ —1

- = yw| | 0 s, 0 ¢ |uv
Xy =Ks-xv o5 0 0 B 10| |z (5)

1 0O 0 0 1 1
A virtual image point x{, is then projected to the raw sensor image xp =
[zr,yr]" through the corresponding micro-lens center carr, = [earpa, Carry)”
rr = (Y — cmra) v+ CrLas (6)
yr = (Yy — cmrLy) v+ Ly (7)

Micro-lens centers ¢z, are derived from micro-image centers c; = [cr4, cly]T
via
bro
Cyrp =Cp - ——. (8)
bro+ B
Lens distortion is applied directly to the raw image coordinates and micro-

lens centers. The model incorporates radially symmetric and tangential distor-
tion following |1], but can be replaced by any alternative distortion model.

C Plenoptic Camera Projection

The PRISM-VO pipeline uses a direct approach. Points present in keyframes
are projected into the new frame to define a photometric residual based on the
intensities of the points in the host frame and in the target frame. This section
explains how to derive the projection from one frame to another based on the
plenoptic camera model.

Based on Eq. , writing component-wise, we obtain Eq. @

)\'LZJV:Z)L~IC =4 IV:7~Z)L
Ayv =brye e yv = —-br (9)
zc

Azy =b-z¢o =4 zy =0
)\:ZC
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C.1 Direct Mapping from x¢ to x{,

The direct transformation from a point x¢ in the camera coordinate frame to a
point x{, in the dimensionless virtual image space can be expressed directly by
injecting Eq. @ in Eq. . The forward plenoptic projection is fully defined by
Eq. .

x’V:Z—C br-s; 4 ¢
c
yc _
y’vzg.bL s, + oy (10)
;b —bro
ZV: B

C.2 Inverse Mapping from x}, to x¢

The inverse mapping from a virtual image point x}, to a 3D point x¢ in camera
coordinates maps a point from the virtual image space of the camera to the
world coordinate system. As an intermediate step, by inverting Eq. we get

Eq. (L1).

zy = (Y — Cz) Sz
yv = (Y —¢y) sy (11)
2y =B-v=DB-2,
By rearranging Eq. , we obtain the expression for z¢ as a function of the
camera parameters fr, b, and byg. This new equation can be substituted into the
expression for z¢ in Eq. @ Furthermore, by substituting Eq. , we finally

obtain Eq. .

)\'.’I?V A
To = xo = — (2} — ¢x) Sz
bL bL
_ Ayv Ay
Yo & yo=—(Wv—c)sy  (12)
br br
( 1 1 )‘1 11 )‘1
zZ = _————— VA — _— —
“ fo b+bro “ fr br

C.3 Projection from One Frame to Another

Given the analytical expressions for (i) projecting a virtual point into a metric
point in the camera coordinate system (Sec. , and (ii) back-projecting a met-
ric point from the camera coordinate system into the virtual domain (Sec. ,
we can compose these mappings to formally define the transformation of a point
X/V’Z- from one reference host frame I; to a point X/V’ j from a target frame I;. The
projection is illustrated in Fig. [2]
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. o T

XC,i = [J(‘.l-l/('/« 2C,i)
e T 17
XC,j e ye,js zc,j)

Frame j
(target)

Frame 7
(host)

R,t € SE(3)

Fig. 2: Projection of a point xi; from the image of frame I; (host frame) to the
corresponding point le,]- in the image of frame I; (target frame) via the 3D point x¢.

First, we use Eq. to express the virtual point Xy ; from the frame I; as
a function of the 3D point X ; in the camera coordinate system. We denote by
K; the corresponding conversion camera matrix from X¢ ; to Xy ; for the frame
I;. The relation is given in Eq. .

1
ARy =K Xe; & vy = KjoXey (13)
J

Let Ks; denote the conversion matrix between the image point Xy ; in the
virtual image space and the image point i’vﬂ- in the dimensionless virtual image
space for the frame I;. So, from Eq. (), we have

i/V,j = KS,]’ . ivyj. (14)

We set R, t € SE(3) as the transformation between the poses of the host
frame I; and the target frame I;. We can establish a relationship between the
3D point x¢,; observed in frame I; and the point x¢ ; observed in frame I; with

Eq. .

Xc; =R -Xg; +t (15)
An equality can then be established between Eq. and Eq. . By also
substituting Eq. we get

1 _ 1 _ _
7, . Kj . XC,j = KS,E' . X/V,j = Aj . X/V,j = KS,j . Kj . (R XC,i +t)

)\J
(16)
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with
2¢,i
[ e
) 2C,i [,/
= Yc,i br i (yv,l Cy) Sy
XCi = = / -1 . (17)
’ 20,i 1 1
1 fr br,i
1
Finally, the projection of a point xi,;, = [x"/z,y{,z,z{,l]T in frame I; to a

: / _ / / / T : L
point xy, ; = [}, ;, Yy, 21,;]" in frame I; is defined as

XQ/J =11, (X"/J,zc,i;R,t,O) , (18)

where 0 = {fr,cr, B,bro} is the set of camera parameters and z¢ ; the depth
of the point along the optical axis. In a developed form, the projection ITp(-)
is given in Eq. . For ease of notation, the projection will be referred to as
I (xY,,;) subsequently.

z, e (T = Ca)se
Vi 28 (0
Yy b (yV,i = cy)sy
)‘j Z/ »J :KS,jKj R- 1 1 —1 +t (19)
‘{’j (fiL - bL,i)

D Residuals Definition

The PRISM-VO pipeline defines both photometric residuals and inverse virtual
depth residuals. The photometric residual compares intensity values in the host
frame and the target frame. The inverse virtual depth residual compares the
estimated depth data with the measured depth data.

D.1 Photometric Residual

The photometric residual is defined as the difference between two image intensi-
ties. On the one hand, we take the intensity of a point xy; from a host frame I;.
This point is projected into a target frame I; by the projection denoted ITp(-)
and defined in Eq. . This allows, on the other hand, to consider the intensity
of the position reached after projection. The difference between both intensities
is minimized. The photometric residual P for a point Xy, in a reference
frame I; observed in a target frame I; is defined as

;i’: (Ii[XQ/’i] — bz) . (20)

edi

pphoto _ (I [ (xy,)] = bj) —

The residual is simplified and reformulated to reveal the affine brightness
parameters ¢ and b. The reformulation is given in Eq. .
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photo / e /
r = (I [xy;] = b)) - o (Li[xyq] — bi)
I [xy;] = by — e 7% (L[] — bi)

Ij [X/V,j] —etiT Ii [XQ/’Z‘] + e®i W bl‘ — bj

= I [xy;] — (ali[xy,] + b; — &lﬁ)
b
=1 [X/V,j] - (aIi[X/V,i] +b; —b) (21)

D.2 Inverse Virtual Depth Residual

The depth residual r4°P* is defined in a single frame in the inverse virtual depth

domain. It compares, on the one hand, the inverse virtual depth p}'** calculated

by a single camera view. On the other hand, we take the inverse virtual depth
pv estimated in the pipeline. The residual is set as in Eq. .

1 1
depth __ —
r epth __ - pfunes — ; _ e (22)

E Jacobian Definition

As explained in the main paper, the nonlinear formulation is optimized using a
Levenberg-Marquardt algorithm. The optimization jointly estimates the camera
poses &, € SE(3), the affine brightness parameters a; and b;, and the inverse
depth values pc;. Considering the photometric residuals (Sec. and inverse
virtual depth residuals (Sec. , the Jacobian is composed for each frame of
the partial derivatives given in Eq. .

87,photo . arphoto . a,rphoto . arphoto .
Oda; ’ ob; ’ 651 ' 8/)C,i '
ardepth 8rdepth ardepth ardepth
Oa; ' ab; ;€ Ipc,i 23)

This section explains how the different derivatives of the matrix are obtained.

E.1 Affine Parameter Derivatives

Affine Parameter Derivatives of the Photometric Residual. We calculate
the derivative of the residual in Eq. . Its derivative with respect to the
parameter a is:
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Hrphoto 9
raa = 9 (Ig [le,j] - (afi[x&i] +0b; — b))
0
= 3a (i [xv,] = (alibey ] +b; — abi))

We proceed similarly for the parameter b:

o photo o
rab = % (IJ [XQ/,j] — (a[i[X/V)Z-} + bj — b)) =1 (25)

Affine Parameter Derivatives of the Depth Residual. The parameters a

and b are specific to the photometric residual. Thus, we can directly establish
the relationships in Eq. (26]).

a,rdepth ardepth
ga o (26)

E.2 Pose Parameter Derivatives

The poses of the different camera views are denoted by &, for the pose of frame
I;. We represent the pose as the 6-dimensional vector described by Eq. .
t = [t1,12,t3]7 € R? denotes the linear component and w = [wy,ws,ws]? € R3
denotes the angular component of the pose. This vector representation corre-
sponds to an element of the Lie algebra se(3) associated with the Special Eu-
clidean group SE(3).

p— t — - T 6
& = |:w:| = [tl,tg,td,wl,w%wg} eR (27)

Pose Parameter Derivatives of the Photometric Residual. The deriva-
tive of the photometric residual as a function of camera poses §; can be decom-
posed using the chain rule. Thus, we can write:

!/
greboto gpphoto  Ix o Ixy i Oxo

0& 0K, Oy, Oxe, 06

(28)

Based on the decomposition in Eq. , we can first calculate the different
parts of the chain independently.

. photo
— Calculation of ag ;
Xv.j
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Using the definition in Eq. , we can establish the derivative of the pho-
tometric residual as a function of the virtual point x§/7 ;i

arphoto B ) , ,
oxi, . Oxi, (1 [xv3] = (aLilxy, ] + b; — b))
— 9 . /
oy, (4 [xv,])

T
dy

_ { dy] , (29)

Note that the equation Eq. actually represents the gradient of the image

at point xy ;.

/
oxy,
va,j

— Calculation of

The expression of X/V7 ; as a function of xy,; is given by reformulating Eq. .
We can then define the tull derivative matrix by Eq. (30).

oz, dxy ; Ty,

’ dzvy,; Oyy,; Ozv,;
8XVJ — 89{/,]‘ rayQ/,j C??/%/,j (30)

aTV,j ax/\/,j dyy,]’ @Z}/ﬁj

Ozy ; Ozy,; Oz

313\/“7‘ ayv‘j 6zv,j

We compute the individual components of the matrix in Eq. (30).

oz, 0 B B
323V:j - (9.%‘V,j (xVJ * Sy T+ Cx) =5z ! (31)
829(/]‘ 0 1
= = 8, +tcy)=s 32
3Z/V,] 3y ; (yVJ Y y) Y ( )
0z
2L —— (2, B7') =B (33)

! ! ! / ! /
Oy, Oxy,;  Oyy,; Oy, Oz, Oz,

= = = = = =0 34
ayVJ 32’\/7]' aTVJ 82\/73' aSEVJ ayvyj ( )
So, finally we get:
1
axl Sy 0 0
YI—lo st 0 | (35)
Oxvj | o B!
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— Calculation of %
XC,‘/]

The expression of xv,; as a function of x¢ ; is defined by Eq. by asso-
ciating the components of Eq. . To simplify notation, we define the inverse
metric depth pc ; of the image point in frame /;. Thus, we have the relation in

Eq. .

1 1

== 36
pC,j Zc,j )\j ( )

Using the relationship for bs from Eq. , we can write:

Ty, br,j - xc,; brj-zc,;
. by o yer s br - U s
Xy, = Yvi| _ pe. - Lj YCi| _ pe - Lj YC.j ) (37)
2v,j by - zc,; (br,j —bro) - zc,5

1 20, 20,

We can then simplify the expression of Eq. for bz, ; and inject it into
Eq. in order to describe xy; as a function of x¢ j, as shown in Eq. .

frzej | )
Zv,j zog—fr T
Yy frzoy ey
Yo, — Jl = . zc,j—fL 2]
Xv,j 2V PcC,j frze; _p o (38)
1 zc,j—fL Lo C.j
2C,j

Finally, the derivative matrix to be calculated is the one given in Eq. (39),
considering the expressions previously demonstrated and set out in Eq. (38]).

BIV,]‘ 31}\/7]' 81\/,]»
axcwj 8yc,j QZc,j

aXVJ' _ | %yvi Oyv; Oyv,j (39)
%+ Jdzc,; Oyc,; Ozc,j
C,j an,j 62‘/,]' azv,j
amc’j 6yc_’j BZCJ‘

From this, we calculate the different components of the matrix in Eq. .

al‘vvj - 0 <pc - fL <20, e > 0 < 1 . fL C 20 e >
3J 5J 3J

drc;  Oroy zoj — fL © dzoj \205 zoj—JL
_ 0 < fr 2o ) I I S i
Oxcj \zo5—fv ") zoi—fi -

(40)
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dryy _ 0 (pc--fL'ZCJ mc)— 0 (1fLZCJxC)
- ) »J - . P J

Ozcj  Ozc, zcj — I

_ 0 ( fr '»TC'):»TC" 0 ( fL )
8ZC,]‘ zZc,j — fr 4 J 8207]' zZo,j — fr
fr fr

R A A
(PO-J _fL)

=—zcy-

(zc,; — fr)

6yV,j - 6 fL T 20,5 3 1 fL T 2C,5
= \PCi ¢ YOy ’ oo —fr “Yo,j

dyci o, 205 — IL © Oy \zey 2o,
_ 9 ( fr e ) _ . f
dycj \zc;—fr 77 zcj — fL L —fr

pcC,j

oyv,; 0 fr-zc; 0 1 fo-z2c;
- = “\PCi o tYcy T s Yo

Ozc,j \zc,j zcj—[L

__0 < fr Ly > e 0 ( fL )
O0zc; \z2c; — ft @ @ O0zc; \zc; — fL
fr fr

= —Yc,; O B e—
ERE A ey
(43)
om0 (e () )
Ozc;  Ozc, C.d zc; — fi Lo | 2C.
__90 (1. (M—bL()) 2o )
dzcj \zc; \zcj—fu 7
_ 0 (fL.zc,j _bw> _ 0 (fL-zc,j> (44)
Ozcj \zc;— fL Ozcj \zc4— fr
o Ceey—fu)—froeey  fE _ /1
(205 — fr)° (20,5 — f1)° (- fL)2
Ovyy;  Oyvy;  Ozvy;  Ozy; ~0 (45)

dyc; Orc; Odxcy  Oyo,

As a result:
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oy It @ (Pcl“,j fL)2
Oxv,j 0 P e i —
J = I —— i — )2 46
0xc oI (;glj i) (46)
0 0 - L

We can now calculate 8xv’j_ in Eq. (47) by multiplying Eq. (35)) and Eq. (46).
X e

fr 0 s fr
C,
fs=1 0 0 PCl‘,j —fr ! (,,Cl,,J *fL)z
aXQ/j x 1 0 fr —yc ;- fr
= 0 Sy_ 0 : pé L @i ( 1 —fL)2
cs | o 0 B ’ 5
L 0 0 _( - fo )2
- —JL
_ F (47)
fr 0 - fr
s ( L _g ) C.j | 2
="\ pc.; L sm'(pcfj _fL)
_ 0 <y,
Sy'(ﬂc,j _fL) Sy'(;c,j 7fL)
f
0 0 — L 7
L B (Pcl',j _fl‘>
Oxc,j

— Calculation of D€,

To exploit the Lie group structure in matrix form, we define the hat operator
*: RS — se(3), which maps the pose vector to its matrix representation. Here,
w € R3%3 is the skew-symmetric matrix associated with the angular vector w.
Thus, the full matrix representation of the pose becomes Eq. (48]).

0 —Ww3 W2 tl

s w v o W3 0 —Ww1 tz
éi o [0 0] o —Wy W1 0 t3 (48)
0O 0 0 1

For a small motion increment, we define the corresponding transformation
update using the exponential map of the Lie algebra element. Given a pertur-
bation 0&; € se(3), the incremental rigid-body transformation is

AT = % € SE(3). (49)
This formulation ensures that the update remains on the manifold SFE(3),

making it suitable for iterative optimization and state estimation on Lie groups.
We compute the Jacobian of x¢ ; with respect to the pose parameters §; using a
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first-order approximation of the exponential map on SE(3). For an infinitesimal
perturbation of &, the exponential map admits the first-order approximation

exp(&;) ~ I +&;. (50)
Thus, the derivative is obtained via the limit definition (see Eq. (51))).

Oxc.j i xcj—xc; . (1 + Si) X0~ X0,
— = lim ————= = lim
651- £;—0 & £—0 &

o] [

= lim L'Xc’j = lim
§&—-0 & §,—0 &
.1 Jwv] [xcs
= lim — - . |*C
i 0 —Ww3 Wa tl zc,j
o L ws 0wtz yey
£,—0 51’ —Wa W1 0 t3 20,
L0 0 01 1
[—ws - yo;+ w2 - z0; +
— lim i w3~mc,j—w1-zc,j+t2
£—0&, |—w2-c; Twiyc, s
1
Computing the matrix components yields:
100 O 29 —Y2
0xc 1010 —22 0 =z (52)

861 - 001 Yz —XT2 0
000 0 O O
Bx@,j
0¢;

Using the chain rule and the already calculated matrices, the Jacobian of the
point xQ/, ; with respect to the pose parameters §; is given by Eq. .

— Calculation of

XYy _ XYy, ; Oxc, (53)
¢, Oxcj 0§,

R ) A
G )T T100 0 2 -
_ — Yo, ——— | 010—20 0 1z
sy'(F,jifL) S’f(gc%j_fL> 001 Y2 —T2 0
0 0 S 000 0O 0O O

(54)
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We introduce the following substitutions:

1
205 =—),
! pcC.j
TC. i u’
==L & zoj;=u-zo,; = ,
zC,j pPC,j
Yyc,j v’
o= & yo,; =020, = .
Z0,j pC.j
Then, we calculate the different components.
oY ; B oxy B Xy ; _ XY _ XYy ; 0
Biloy PBiley %ilusy  %ilsy %ilsy
6x§/,j _ fr
%, Ly Sz <PCl,j N fL)
oxy _ /L
g, 2.2) Y (pcl,j _ fL)
2 Iz
¢, N 2
“iles B ( pei fL)
oxy,; fr u’ Ir
o€, - rer 1 27 pcy 1 2
BRICH) S - (pc’]. - fL) 7 sy (pc,j - fL)
- - /L
Pc,j'Sx'(pgj —2'%+ff>
— frosgt

=2 fr+pc;- fE

pPC,j

(57)

(62)
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Oxv,; =—Ycj- fr _ v . fr
Er3 = d 7= , 2
& Jas) 5y (pcl,,- _ fL) P (pcl,j _ fL)
= - I — (63)
.. . —_— . L
PC.3 Sy (pzc,j 2 G JrfL)
:—'U/o fL'S;l
1
E—Q'fL-FPCJ'f[%
oxy C ve e I W Jr
(9 ) - sJ »J 2 . ] 2
§i (1,4) P (péj - fL) pej PCi g . (pcl',j - fL>
:—U,/~1}I. fLsz_l
pQC,J' ' (péj -2 PJ::L,J‘ +f%)
= - fL'Sx_l
1=2-pc;- fr+pe; f7
(64)
XYy o fr Cg JL
a . - 2] 1 C,j 2
€i (2,4) Sy (pc'j - fL) Sy - (pclj - fL)
1 Jr v JL
-— ; - : S (65)
Yy (F’C-J' B fL) T sy (pc,j B fL)
_ fL'SJ1 2. fL"S;l
1—pc;-frL 172'pC,j'fL+p207j'f[2,
axlv,j — gy fi _ v ) /i
0¢; N 7 1 2 pPC,j 1 2
(3:4) B- (pcqj - fL) B- (,,CJ - fL)
- Jr (66)
o B (2 )
:—UI- fL'B_1

2 fi b o I

pc,j
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OXY,
ag-’] =20 {—L +aty . 2
tlas) S (Pc,f B fL) 8 - (pcl,j - fL)
_ Y S iz (67)
= _ 1 7 2
PCi g, - (Pc,j — fL) Pc.j Sy - (péj — fL)
_ _Jrst e fu sy
1—pc; - fr 1—=2-pc;-fu+pe; f7
Xy, e we Jr A fr
4(‘9 ] = 9C,j »J 2 = . ) 2
& (2,5) Sy - (,;cl,j - fL) pea P Sy (PCl‘,j B fL)
= ’Ul 'U// fL : 5,171
Pl <p2cl‘,j -2 pJ;L,j +f%)
:’UI-’LL/. fL.S;l
1=2pcj-fu+pg; 17
(68)
0xYy e I? o ' fr
a ] - 5J 2 A 2
& (3,5) B- <pcl)j - fL) Pci B. (péj - fL)
2
= - fL (69)
o5 (- )
Y S
1
E—ZfL"‘PC,j'f%
Xy — e e
O€, - J 1 n » 1
Si (1,6) Sa (pC,j n fL) PO 0 (Pc,j N fL) (70)
_ I fL 3;1
L—pc;j-fL
XY e, fr o Jr
=z —F—— = S
% (2,6) Sy (p% - fL) Ped sy (pcl,j h fL) (71)
o Jresy
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After substitution and simplification, the final Jacobian takes the compact
form

o’ - a, 0 —v'a, —uva, (1+u?)a, —va,
ag’J =0 ay, —vay, —(14+9?)a, vva, vy, |, (72)
i 00 g -’ u'B 0

where the scalar factors are

_ fr
v ) "
Qy = Sy(dlfoL>7 (74)
po—— L (75)

B 1)

Pose Parameter Derivatives of the Depth Residual. Since the depth
residual is defined in a single frame, it does not affect the camera pose. Thus,
the derivative components of the depth residual with respect to the pose are zero

(see Eq. (76)).

aTdepth 6Tdepth ardepth aTdepth 8Tdepth ardepth

v, Ovy ov, Owy, Owy ow,

=0  (76)

E.3 Inverse Depth Derivative

Inverse Depth Derivatives of the Photometric Residual. The derivative
of the photometric residual can be calculated as a function of the inverse metric
depth pc,; of the image point by decomposing the derivative using the chain
rule. It can therefore be expressed as follows:

grehete.  grehote Oxy; Oxv; 0xc,j. (77)
Opci oxy;  Oxv; Oxcj Opc,

Most of the components of Eq. have already been calculated. They can
be found in Eq. (image gradient at a given point), Eq. , and Eq. .
Furthermore, the derivative of the point in the dimensionless virtual domain as
a function of the inverse metric depth in the camera coordinate system has also
already been determined in Eq. . It remains to compute 3’;2’5.

The mathematical transformation to move from the point XCZ in camera
coordinate system of frame I; to the point x¢ ; in camera coordinate system of
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frame I is expressed in Eq. . We also use the relationship demonstrated in
Eq. (17). We define the components of R,t € SF(3) as follows:

711 712 713 2%
R = |ra1 roa mo3| t= |ty (78)
31 T'32 T33 12
As before, we define z¢; = — Comblmng Eq. ), Eq. , and Eq.
yields the following relatlonshlp
ZC,i !/
r - \T —Cg) Sy
T11 712 T13 be.i ( Vi ) (29
Xc,j = |[re1 Te2 To3| - | br.a (yvﬂ‘ o Cy)lsy + |ty
731 T32 T'33 1 1 t,
- (fL br i
~ 1 /o
To,j 711 T12 713 br.ipc.: (mV’i Cﬂ”) Sz ty
— 1 /
~ Xc,j = |Yc,j| = |T21 T22 T23 bapo. Wi~ Cy) Sy | + |ty
zo,j 731 732 733 L t,
L pc.i
B Sz / _ Sy / 1
o) "3 pos (ﬂfv,i CI) + ri2 bL,gPC, (yw cy) + rlg—pg + 1
_ __ Sz I y /
< Y| = |"21%; pon (JCVJ- Cm) + 22 br iPC.i (yV,i Cy) + a3 pc iy
. Sz r y /
#C.j _7“31 br,ipc,i (xVai Cm) + 32 bripc.i (yVﬂ Cy) + 733 P +i.

Bxc K

— Calculation of

From Eq. , we can now calculate the derlvatlve gxc,?- (see Eq. ) We
use also again the substitutions in Eq. (55)), Eq. and Eq. ( .

Ozc,

pc,i
Oxcj 8583‘ (80)

opc,i
dpci o0

dpc,i

The different components of Eq. are then calculated independently be-
low.

al’c,j 0 ( Sy
= T11
Opci  Opc, bripc,i

1 S Sy
= —E . (7’11 . ff . (‘I/V,i — ) —+ 7192 * fL (yV’L Cy) —+ 7’13)

5 1
(= ) g 2 =) i)

(81)
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8yc7j o 0 < Sz

= r21 (95% - Cz) + T2257y (y{/z - Cy) + 723 ! +ty>
Opci Opc,i bripc,i ’ bripc,i pC,i

1
. <7"21 S ( /V,i - C:c) + 722 L. (y(/ﬂ - Cy) + 7"23)

P IL fr
(82)
Oz¢,j 0 ( Sz / Sy , 1
= r31 Ty — Cp) +T39——— (Yy; — Cy) + 733 +1
Opci  Opc,i br.ipc,i ( vi ) br.ipc,i (i = ) pci
1 S s
= _E <7"31 : ff : ( /VJ-—C:,:) + 732 f% : (y(/,i—cy) +7“33>
(83)

. ox’, .
— Calculation of a—"’]
PC,i

Using the chain rule, we can now calculate g’;g’? from Eq. and Eq. :

/ !
Oxy,; _ OXy; 9xc,
Ipci  Oxcj Ipc

(84)

Inverse Depth Derivatives of the Depth Residual. To calculate the deriva-
tive of the inverse virtual depth p,; as a function of the inverse metric depth
pc,:; of the image point, we must first express the relationship between these two
quantities. Eq. provides an initial expression for the inverse metric depth
pc.i- This gives the relationship Eq. .

T T S T S S S
pc’l_zc_fL b W w-B+bo  f. -~ -B+bpg

Pu,i
(85)

In the Eq. , we isolate p, ;, the inverse virtual depth of the point, to get

Eq. .

o 1 1
pcﬂiJTLi p%i-B-l-bLo
1
Pv,i =
%' (&jpc,i bLO>
B—B-pci- L

Pui = pc,i - fr-bro+ fr —bro
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Eq. is the expression for the inverse virtual depth estimated by the
pipeline. We can now calculate the derivative of r9°Pth using the expression in
Eq. . The measured value p}*** do not depend on p¢ ;. So, the result is given

in Eq. .

orderth 9 B—B-pc;- [
dpci  Opcyipci fr-bro+ fr —bro
—B - fr,-(pc,i-bro + fr —bro) — (B—B - pc,i- fr) - fr - bro
(pci- fr-bro+ fr —bro)?
B f}

T (fL ~bro - PC,i + fL - bLO)2 (87)

F RGB Image Generation for Monocular Camera
Pipelines

We evaluate our pipeline on the dataset LIFMCR introduced in |4], which con-
tains only plenoptic data. In order to compare our approach with existing monoc-
ular pipelines, we generate images compatible with a pinhole camera model fol-
lowing a procedure similar to the one described in [3].

In a plenoptic representation, virtual points xy; = [Ty, Yy, z{/ﬂ-}T are
formed at a distance from the MLA that depends on the depth of the observed
scene point x¢o = [Ic, Yo, zC]T relative to the camera. As a consequence, these
virtual points do not lie on a common image plane, which contradicts the as-
sumptions of the pinhole camera model where all image points are projected
onto a single plane.

To address this discrepancy, instead of horizontally projecting the plenoptic
virtual points to generate the totally focused image, we reproject them along
rays passing through the center of the main lens onto a common projection
plane. This operation enforces a central perspective projection consistent with a
pinhole camera model. The projection principle is illustrated in Fig. [3]

The projection plane is placed at a distance 2B from the MLA. This distance
corresponds to the maximum measurable depth while preserving the largest
possible depth of field. Projecting all virtual points onto this plane therefore
produces image coordinates consistent with a conventional perspective camera
model.

Given a virtual point x}, = [z}, y{, 2{,]T, the coordinates of the projected
point on the common plane x, = [zp, yp]T are obtained by intersecting the ray
connecting the virtual point to the center of the main lens with the projection
plane. The resulting coordinates are computed using Eq. and Eq. (89)).

xh —cg
_ W% 9.B4yp . 88
Tp U'B+bLO ( +L0)+C ( )
Yy — ¢y

Yp = . (2'B+bL0)+Cy (89)

v-B+brg
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Projection

plane  Sensor ppA Main lens

______ I
/ | | omen

axis

v

B B bro

Fig. 3: Projection of the virtual image points onto an image plane at a distance 2B
from the MLA (inspired by [3]|). The points are projected from a central perspective
projection through the center of the main lens (in blue) instead of a horizontal pro-
jection (in orange) in order to generate data according to a pinhole model compatible
with mono camera pipelines.

G RGB-D Comparison

Our primary comparison focuses on monocular visual odometry (VO)/SLAM, as
PRISM-VO operates using a single passive imaging sensor, namely a plenoptic
camera. In contrast, RGB-D methods rely on active depth sensing and therefore
do not constitute a strictly equivalent comparison. Nevertheless, RGB-D systems
provide a valuable reference point and serve as relevant baseline methods.

To this end, we evaluated ORB-SLAM3 [2] in RGB-D mode on the reference
dataset [6], using depth maps generated from the synchronized stereo image
pairs provided in the dataset. The field of view of the virtual RGB-D camera
was adjusted to closely match that of the plenoptic camera while preserving the
validity of the pinhole camera model. The resulting cumulative error plots for this
evaluation, together with those of PRISM-VO, are shown in Fig.[dl ORB-SLAM3
in RGB-D mode achieves slightly better scale accuracy, which can be attributed
to the larger stereo baseline available for depth estimation compared to the
much smaller micro-image baselines of a plenoptic camera. However, PRISM-
VO demonstrates greater robustness, successfully processing a larger number of
sequences.

H Monocular Comparison with Original Field of View

The performance of monocular systems depends on the available field of view.
In our evaluations, we aimed to compare under identical sensor observations, as
the plenoptic setup is limited in field of view (expandable via other lenses). To



22 A. Fleith et al.

== PRISM-VO (ours) == ORB-SLAM3 RGB-D with crop

100 100 100
80| 1 sof | 80
60 |- 1 60f | 60
40 f= 77T 1 4ofpfermmmo {40

Percentage of sequences
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d, (factor) e’ (factor) €align (%)

Fig. 4: Cumulative plots obtained on the dataset [@ for PRISM-VO and ORB-SLAM3
in RGB-D mode with cropped images to match the field of view of the plenoptic camera.

p I AR + N o AP
(a) Plenoptic (b) Monocular (c) Monocular

focus image original image cropped image
Fig. 5: Field of view comparison between the plenoptic camera and the stereo cameras
used in the dataset @ In the experiments where this is specified, the field of view of
the monocular camera is cropped as shown in Fig. [5c| (without violating the plenoptic
model).

ensure a fair comparison based on equivalent sensor observations, we matched
the field of view of the monocular baseline to that of the plenoptic camera
by cropping the images. Note that this procedure preserves the validity of the
pinhole camera model through the corresponding adjustment of the intrinsic
calibration parameters.

Fig. [9] illustrates the field of view difference between the plenoptic camera
and the monocular camera of the reference dataset [6], together with an example
of the cropped monocular image used in our evaluation. For completeness, Fig. [0]
additionally reports ORB-SLLAMS3 results obtained in monocular mode using the
original, uncropped field of view, since it is consitently failing on the cropped
images. Despite operating with a narrower field of view, PRISM-VO achieves
slightly lower scale drift, comparable alignment accuracy, and greater robustness
across the evaluated sequences of the reference dataset @I
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== PRISM-VO (ours) == ORB-SLAM3 mono no crop [2]
&
€ 100 100 100
(]
% 80 | 1 80| | 80F - ]
< 60| R |60
5 40 1o 1 a0 [ .
g 20 | 20} | 20[ a
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o 0 | | 0 | | | 0 ! L L
£ "1 12 14 16 1 11 12 13 14 0 2 4 6 8
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Fig. 6: Cumulative plots obtained on the dataset [6] for PRISM-VO and ORB-SLAM3

in monocular mode with full size images.
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