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Abstract. Accurate camera motion estimation is a fundamental build-
ing block for many Computer Vision algorithms. For improved robust-
ness, temporal consistency of translational and rotational camera ve-
locity is often assumed by propagating motion information forward us-
ing stochastic filters. Classical stochastic filters, however, use linear ap-
proximations for the non-linear observer model and for the non-linear
structure of the underlying Lie Group SEs and have to approximate
the unknown posteriori distribution. In this paper we employ a non-
linear measurement model for the camera motion estimation problem
that incorporates multiple observation equations. We solve the underly-
ing filtering problem using a novel Minimum Energy Filter on SEz and
give explicit expressions for the optimal state variables. Experiments on
the challenging KITTI benchmark show that, although a simple motion
model is only employed, our approach improves rotational velocity esti-
mation and otherwise is on par with the state-of-the-art.

Keywords: Minimum Energy Filter, Lie Groups, Optimal Control, Vi-
sual Odometry

1 Introduction

Camera motion estimation is an important task in autonomous driving for
which the ego-motion of the camera is fully determined by images from cameras
mounted on the car. Most approaches require only temporal correpondences [4]
or additional depth information [8,12] e.g. obtained from stereo estimation.
Given two frames and a depth map, the underlying motion of the camera can
be determined uniquely. However, two-frame methods are sensitive to noise and
thus past information needs to be propagated with filtering approaches. Stochas-
tic filters require assumptions about the a posteriori distribution, which is often
unknown and thus can not be modeled adequately. Furthermore, an adaption
to Lie groups is unknown for almost all stochastic filters. Application of state-
of-the-art particle filters is limited due to the high amount of required particles.
Mortensen [16] derived a second order deterministic filter for the classical fil-
tering problem on R™ based on classical control theory. This result has been
generalized to Lie groups [17].
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In this article we present a filtering model with state and observation equa-
tions for the camera motion estimation problem. We adapt the approach [17]
to this model on SE3 and generalize it to incorporate multiple measurement
equations depending non-linearly on the camera motion. We also show how the
abstract exponential functor [17] can be computed explicitly and finally derive a
matrix representation of the inverse Hessian operator on ses using special Kro-
necker products. Numerical experiments show the fast convergence of the filter.

Related work. The task of estimating the current state of a dynamical system
only based on past observations of the system is known as filtering. In the last
century numerous stochastic filters have been developed starting from the semi-
nal work of Kalman [11]. See [3] for an overview and background. Since for non-
linear dynamical systems with non-Gaussian noise processes this problem cannot
be solved exactly, several approaches tried to cope with these non-linearities [6].
In general, as the a-posteriori distribution is unknown, most Gaussian filters
are doomed to fail. State-of-the-art particle filters [7] alleviate the problem of
not knowing the distribution. For large dimensions, however, generating enough
particles becomes infeasible. Brigo et al. [5] use exponential families to model
the a posteriori distribution, but the choice of an admissible sufficient statistic
is critical and too restricted for our multiple measurement model.

For the considered filtering problems on Lie groups we have to take into ac-
count the non-linear geometry of the manifold to find an optimal filter. Markley [15]
worked out a method for filtering problems on SO3 whereas [14] investigates par-
ticle filters on SE3. While the dimension of the embedding space is not excessively
large (e.g, 16 for SEj3), the generation of samples on the respective Lie group
is considerably more expensive. Mortensen [16] derived a deterministic and re-
cursive second order optimal filter based on results of control theory and the
dynamic principle. In the last years this approach was generalized to specific Lie
groups [20,17]. In various scenarios it has been shown that minimum energy fil-
ters have an exponential convergence rate [13] and perform superior to extended
Kalman filters [20].

Contributions.

— Formulation of filtering equations for the camera motion estimation problem
on rigid scenes with constant motion assumption;

— adaptation of the second order Minimum Energy Filter [17] such that it
incorporates multiple and non-linear measurement equations;

— derivation of explicit ordinary differential equations of the optimal state and
the inverse Hessian for which we derive a matrix representation;

— experiments that show the comparable performance in accuracy of the cam-
era motion against a state-of the art-method [8] on the challenging real-life
KITTI benchmark.

Preliminaries. We use the notation SE3 to denote the special Euclidean group
equipped with its tangent space Tg SE3 and Lie algebra ses. Tangent vectors
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ET € Tg SE; are obtained as evaluations of left-invariant vector fields DL g (I)[I]
that one-to-one correspond to the tangent vector I' € se3. Here, LpF' = EF
denotes left-translation and DLg denotes the differential of Lg. SE3 can be
identified with a matrix Lie subgroup of GL(4). We adopt the Riemannian
metric (X,Y)g := (E7'X,E7YY),VX,Y € TrSEs, where (A, B) = tr(AT B)
denotes the canonical matrix inner product. The Riemannian gradient grad f
of a differentiable function f : SE3 — R is defined through the directional
derivative D f(E)[E2] =: (grad f(E), E2)g for all 2 € ses. The Riemannian
Hessian Hess f(E)[| : Te SEs — TgSEs; at E € SE;3 is defined through the
relation (Hess f(g)[ET),ER) := D(Df(E)EQ))ET] — Df(E)[VegrEQ) for all
I, 2 € se3. Here, V denotes the Riemannian (Levi-Civita) connection. The Lie
algebra ses can be associated with a 6-dimensional vector space and we define
the operation vec,, : se3 — RS given by

0 —(’)Ys Y2 Y4 -
VeCse ((_Vi2 o Zf})) = (71,72,73, 74, 15, %6) - (1)
000 0 0
We denote the inverse operation by mats. : R® — se3 and the projection onto
the Lie algebra by Pr : GL(4) — ses. The standard basis of ses is given by
{B; = matg.(b;)}, where b;,i = 1,...,6 is the standard basis of RS.

2 Minimum Energy Filtering Approach

The classical filtering problem consists of a state equation that describes the
dynamics of an unknown state E(t) and observation equations connecting mea-
surements to the state of the system. These real-valued equations are given by

E(t) = fi(B(t) + (1), E(0) = Ey, (state) (2)
y(t) = h(E(t)) + e(t), (observation) (3)

where the functions f; and h; describe the state and observation dynamics,
respectively, and §(t), €(t) are noise processes. Stochastic filters usually under-
stand these equations as stochastic differential equations and try to find for
each ¢ the maximum of the a posteriori distribution P(E(¢)|y(s),s < t). In con-
trast, Mortensen [16] investigated (2) and (3) from control theory point of view:
He considered the equation (2) as a dynamical system, controlled by a control
process d(t) such that the residual ||e(t)|| = ||y(¢) — ht(E(t))]| is minimized.

2.1 Measurement Model for Ego-Motions

Supported Models. In this section we derive an optical flow observer model
with corresponding state equation on the Lie group SEs. They support two
models that incorporate two different kinds of given data, i.e.

— temporal optical flow and stereo matches (stereo approach),
— temporal optical flow and depth map (monocular approach).

Since the proposed filter supports both models and shares the same derivation,
we only consider the monocular model in the following.
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Optical Flow Induced by Egomotion. In this work we denote the time space
by T := R>( and the image sequence recorded by a camera moving through a
static scene by f = {fi,t € T}. Let (R(t),v(t)) = E(t) € SE3 be the incremental
camera motion from frame f; to fi11. W.l.o.g. at time ¢ we set the coordinate
system to be identical to the one of the camera recording f;, i.e. the extrinsic
camera parameters are Cy = (I,0) and Cy1; = (R(t),v(t)). Let X € R3 be
a scene point and we denote its perspective projection into camera C; by z! =
(2}, 25,1)T = Po(X) where Po((z1, 29, 23) ") := 23 ' (21, 29, 23) 7. Furthermore,
we denote by d(z!) € R the depth of X in camera C; such that the scene point
can be reconstructed by X = xd(z?), see Fig. 1.

Fig. 1. Setup for temporal optical flow for either a given depth map or stereo matchings.
Correspondences are given by z'™! = 2! + u(z*!), and z**' = v(t) + R(t)z'*" denotes
the perspective projection of X to the camera plane of Cy1.

With this relation we obtain the optical flow induced by the camera mo-
tion (R(t),v(t)) and depth d(z?):

w(R(t), v(t),2',d(z")) + 2 =Po (R (2'd(z") - v())). )

We introduce index k to distinguish multiple observations and reformulate the
observer equations in terms of E(t) = (R(¢),v(t)) € SE3 yielding

w(E(t), k(1) + o = PoLE®) g(t)), T:= (§188) (5)

where gi,(t) = g(t; 2, d(2})) = (d(z})(2})",1)T € R* for a single measurement.

3 Minimum Energy Filter Derivation

State and observation equations. As we want to recover the camera motion
from the image data, we cannot incorporate any prior knowledge of the cameras’
kinematics such as data from external acceleration sensors. The only assumption
we make is to demand a constant camera motion E(t) € SE3 that is influenced
by a noise process 6(t) € sez, which also models accelerations. This kinematic
state equation on SE3 without dynamics f; (i.e. f =0) is given by

E(t) = E(t)0(t) € T SEs,  E(0) = Ey € SE;. (6)
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We incorporate multiple flow observations yi(t) = ur(E(t), gr(t),t) + z at
different image points xy, for k € {1,...,n} that depend on the ego-motion E(t)
and are corrupted by noise vectors e (t) € R3. This gives

ye(t) = hi(E(t)) +ex(t), ke{l,...,n}. (7)

Here we used the observation functions Ay : SE3 xR* — R3, ke {1,...,n} that
we define as is Eq. (5), i.e. hi(E(t)) = hi(E(t), gk (t)) :== Pc(IE(t)"tgx(t)).

Energy function. We want to find the camera motion that describes the ob-
servation process best up to a small error ¢, i.e. we want to minimize the resid-
ual [lex (013 (I3 = -TQ:) for all ¢ such that the dynamical system on E(t)
(6) is also fulfilled. The latter means that also the error term ||vecs,(5(¢))||% is
minimized. Here S € R%*6 and @ € R3*3 are symmetric and positive definite
weighting matrices. We define the following energy function

t
\7(67 67 tOy t) = mO(E07 tv tO) =+ / 6(57 €T, t) dT? (8)
to
where € := {ex,k=1,...,n}, 8 := (§(1), 7 <t),t €T, c:5e3 xR xTxT — R
is a quadratic penalty function for § and e given by

c(d,e,7,t) = %670‘(7:77—) (||Vccﬁe(6(7))||?g + Z”ﬂc(ﬂ”é) 9)
k=1

and mq : SE3 xT xT — Rzo, (Eo,to,tl) — %eia(tito) tI‘((EO — ]l)T(EO — ]l)),
with 1 being the identity matrix in R**4, is a penalty function for the initial
condition. Here we also used the idea of a decay rate o > 0 from [17] at which
old information is forgotten. To incorporate the observations (7) we substitute

the error term e (t) = ex(E(t),t) by yr(t) — hi(E(t)) in Eq. (9).

Optimal control problem. The optimal control theory allows us to determine
the optimal control input ¢ that minimize the energy J(e(E(t),t),d, to, t) for each
t € T subject to the state constraint (6). To be precise, we want to find d|, 4
for all t € T and fixed F € SE3 defining the value function

V(E(t),t) := 5I‘nin T (e(E(t),1),0,t0,t) s.t. E(t) = E(t)5(t), E(0) = Ey. (10)
[to,t]
The optimal trajectory is E*(t) := argming)esg, V(E(t),t) for all ¢ € T' and
V(E,to) = mo(FEo, to,to). This problem is a classical optimal control problem, for
which the classical Hamilton-Jacobi theory [10, 2] gives the well known Hamilton-
Jacobi-Bellman equation. Pontryagin [2] proved that the minimization of the
Hamiltonian gives a solution of the corresponding optimal control problem (Pon-
tryagin’s Minimum Principle).
However, since SE3 is a non-compact Riemannian manifold we cannot apply
the classical Hamilton-Jacobi theory for real-valued problems (cf. [2]). Instead
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we follow the approach of Saccon et al. [17] which derive a left-trivialized optimal
Hamiltonian based on control theory on Lie groups [10], which is given by H ™ :
SE3 xse3 x se3 x T'— R,

H(E, p,0,t) = c(0,e(B, 1), to, t) — (u,0) . (11)
The minimization of (11) w.r.t. the variable § leads [17, Prop. 4.2] to the optimal
Hamiltonian H~ (E, 1, t) := H~(E, p, 6*,t), where vecg, (6*) = e**=t0) S~ vec (1).
‘H~ is given by

H (B, p,t) = %e_a(t_to) Z”yk —hi(E) Hg) - %ea(t_t[)) (1, matse (S vecse (1)) -
k=1

(12)
In the next section we compute explicit ordinary differential equations for the
optimal state E*(t) for each ¢ € T that consists of different derivatives of the
left trivialized Hamilton function (12).

3.1 Recursive Filtering Principle of Mortensen

In order to find a recursive filter we compute the total time derivative of the
optimality condition on the value function, which is

grad, V(E™,t) =0, (13)

for each ¢t € T. This equation must be fulfilled by an optimal solution of the
filtering problem E* € SEj3. Unfortunately, because the filtering problem is in
general infinite dimensional, this leads to an expression containing derivatives
of every order. In practice (cf. [20,17]) derivatives of third order and higher are
neglected, since they are complicated to compute. Omitting these leads to a
second order approximation of the optimal filter.

Theorem 1. The differential equations of the second order Minimum FEnergy
Filter for our state (6) and nonlinear observer (7) model is given by

E* = — E" matge (P vecee (Y Pr(Ax(E")))), E*(to) = Ey, (14)
k
P =—aP + Sil — PZ(FVeC“(Pr(Ak(E*))) —+ Dk(E*))P
k (15)

—I P+ P(I*

T p—
vecse (B*~1E*) Vecge(E**lE.*)) . Plto)=Fh,

where Ax(E) = Ak(E, gr) = (n;lf - H;QfE’legg,;rf)TQ(yk — hp(E))gl E~T,
ki = kp(E) == eJ IE" gy and Pr(A) := arg minge... (2, A). Dy(E) is derived
in the appendiz in Eq. (25) and the matriz valued functions I, I*: RS — R6x6
come from the vectorization of the connection functions. Their components are
given by (I.)i = 22:1 fjkzk and (I'*)g = Z?Zl ﬁ;kzj with z € R and
Christoffel-Symbols f;k = F,ij from [21].
The initial Py € R®*S is given by Py vecse(£2) = vecs. ((E Hessmo(Eo)[ES2])7!),

and Eqy is an initialization in SEs .
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The sketch of the proof is given at the end of this section. For the proof we need
some lemmas listed below, the proofs of which can be found in the appendix.

We adapt the minimum energy filter for general Lie groups derived in [17] to
our nonlinear measurement model on SE3. Following [17, Eq. (37)] the estimate
of the optimal state E* is given by

E* = —E*Z(E*, )" (grad, H™ (E*, 1, 1)), (16)

which contains the second order information matrix Z(E*,t) : ses — ses of the
value function V (cf. (10)), defined by Z(E*,t)(£2) — E*~* Hess; V(E*, t)[E*$2].
The gradient of the Hamiltonian in (16) is given in the following lemma.

Lemma 1. The Riemannian gradient on T SE3 of the Hamiltonian H~ (E, , t)
with Ag(E) = Ag(E, gi) defined in Theorem 1 is given by

grad, H™(E, p,t) = e 071 N " EPr(A,(E)). (17)
k

In order to derive a second order filter, we also need a recursive expression of
the operator Z, that has been derived in [17, Eq. (51)] and is approximately

d * * * *

%Z(E (t)7t) ~ WE**lE;* o Z(E 7t) + Z(E Vt) o wE*’lE"* (18)
+ Z(E*,t) o Hessa H™(E*,0,t) 0 Z(E*,t) + E* " Hessy H™(E*,0,t) o E*,

where third order derivatives are neglected. For the computation of the Hes-
sian we need implicitly the Riemannian connection V with connection function
wpA = EVoA. The dual operator wj)- is given by(wH A, O) 1= (A, wpO).

Next, we derive a matrix representation for all terms in Eq. (18) provided by
the vecs, —operation defined in section 1 and the following lemmas.

Lemma 2 (Matrix representation of 7). Let Z(E*,t) : se3 — se3 be the op-
erator in equation (16). Then there exists a matriz K = K (t) € RS%® such that
we can vectorize Z(E*,t)(12) for each 2 € se3. Then it holds vecs.(Z(E*,1)(£2)) =

K (t) vecse(£2), and thus vecs.(d/dtZ(E*,t)(12)) = K(t) vecqse(§2), as well as
1. vecse(wh, s Z(E* 1) 0 £2) = (fjecm(E*,lE*))TK(t) vecs, (12)
2. veCso(Z(E*,t) o wpeo1p.2) = K()[* vecs. (§2)

vecgc(E*_lE*
3. vecs (Z(E*,t)(Hessg H™(E*,0,t)[Z(E*,1)(12)]))
= —e*(tt) K (1) S~ K (t) vecs. (£2)

with T and T'* from Thm. 1.

Finally we have to apply the vecs, —operation to the last remaining term in (18):
Lemma 3. It holds

vecse(E* " Hess; H™(E*,0,t)[E*2])
= e Y (e, (pr(an(ey) + Di(E")) vecse(2)
k

where Dy () : SE3 — R%%6 and I : RS — RS%6 gre given in the appendiz.
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Fig. 2. Comparison of the rotational error (top, in degree) and the translational (bot-
tom, in meters) of our approach and Geiger et al. [8] on the first 250 frames of se-
quence 0 of the Kitti odometry benchmark. We used the parameters (a« = 2, S =
diag((s1, s1, s1, S2, S2, $2)), $1 = 1073,5, =1075,Q = 0.021). The dotted lines indicate
the mean errors. In the translational part (bottom) both methods are competitive. In
the rotational part (top) we outperform [8].

Sketch of proof of Thm. 1. Insertion of (17) into (16) and vecq.(Z(E*,t)(£2)) =
K (t) vecs,(£2) (cf. Lem. 2) give

Ex = —e U= B mat,, (K_l VECse (Z E* Pr(Ak(E*)))) (19)
k

By evaluation of (18) at {2 € sez and application of the vecs, —operation to both
sides of (18) we obtain with Lemmas 2 and 3 the following dynamics of K:

Kveeo(2) = (P, pes o)) K+ KTl gy = KSR
+ (e_a(t_t‘)) D (Frec. (Pr(an(s-)) + Dk(E*)))> vecse(£2). (20)
k

Since {2 was chosen arbitrarily we can neglect vecs.({2) on both sides of (20).
A change of variables P(t) := e~ *(=%0) K (¢)~1 in (19) and (20) gives the ODEs
(14) and (15) in Theorem 1. For brevity we omit the computations here. O

3.2 Numerical Geometric Integration

In order to solve the differential equations (14) and (15) we use Crouch-Grossman
methods [9]. We adapt the version for right invariant Lie groups from the stan-
dard literature by permuting the order of the factors, i.e.

Eny1 = E, Exp(2K{)Exp(2K}), (21)

with KE := ¢(E,) and K¥ = ¢(E, Exp(hK¥)) and step size h. We use the
method (21) to integrate equation (14), where E* ' ¢(E*) is defined by the right
hand side of (14). For the integration of equation (15) we used a standard 2-stage
Runge-Kutta schemes on R6%6, since P does not lie on a non-trivial manifold.
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sequence 0 1 2 3 4 5
Geiger [8] trans. err. (m) 0.023 0.050 0.027 0.017 0.017 0.017
ours trans. err. (m) 0.027 0.84 0.060 0.020 0.024 0.027
Geiger [8] rot. err. (deg) 0.27 0.15 0.26 0.25 0.10 0.22
ours rot. err. (deg) 0.19 0.17 0.28 0.22 0.10 0.22

Table 1. Comparison between our approach and Geiger et al. [8] on the first six
sequences of the KITTI visual odometry benchmark. Our approach is usually better
than [8] in the rotational part, since we model the Lie Group explicitly, but inferior in
the translation since our input data from [18] is often not correct, (cf. seq.1,2).

4 Experiments

Preprocessing. We computed the depth map from stereo images with [19] and
the temporal optical flow between left images by the method [18]. Both methods
are the top ranked on the Kitti Benchmark and the code is publicly available.
To remove outliers in the flow / depth map we computed for each image on 50
points = the energy E(z) := |ly(x) — h(z, E)||, and removed all points x with
E(z) < A, where we selected A as 80% quantile the energy of all points.

Evaluation on KITTI benchmark. We compare our approach with Geiger et
al. [8] on the challenging KITTI benchmark. We evaluated the first six sequences
of the KITTI benchmark. Both algorithms have as initialization the identity ma-
trix, i.e. Ey = 1 thus it takes some frames until the approaches converge. For
this reason, we omitted the first 10 frames in the evaluations. The translational
and rotational error of our approach and Geiger et al. [8] w.r.t. ground truth ego-
motion in depicted in Tab. 1. Usually, in the rotational component our approach
works better than [8], since we model rotations explicitly on a manifold, as de-
picted in Fig 2. However, our approach less exact in the translational component
because the optical flow estimation by [18] fails on some frames of sequences 1
and 2 yielding a high energy and error.

Synthetic Data. We evaluated our method on synthetic data with known depth
maps and optical flow. Fig. 3 (top) shows the convergence from a wrong initializa-
tion for different weights of the penalty term of 4, i.e. S; = \; diag(s1, $1, 81, S2, S2, S2)
with 51 = 1073, 5o =10%and \; = 10" fori =0,...,4,a =0 and Q = 0.11. In
frames 21 and 51 constant motion assumption is violated, leading to a high error.
However, for small weights of the penalty term of § the filter converges almost
immediately. Fig. 3 (bottom) shows the performance of the filter on data dis-
torted by multiplicative Gaussian noise. For high noise rates (¢ > 0.1) the filter
fails while for small noise rates (o < 0.05) filter results have an accuracy compa-
rable to state-of-the-art filters on real data. On the other hand this means that
the input data is allowed to be wrong up to 1% in order to reach state-of-the-art
results. For our evaluations on Tab. 1 this was not always the case.
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Fig. 3. Evaluation of our method on synthetic data. In the top row we observe the linear
convergence in the logarithmic scale, which means exponential convergence behavior. In
frames 21 and 31 there is an immediate change of direction which causes errors since the
motion-constancy assumption is violated. However, our method adapts to the change
in the subsequent steps. In the bottom row we consider multiplicative Gaussian noise
with mean 1 and standard deviation o to the input data (optical flow). For little noise
rates (o < 0.01) we obtain the accuracy required for practical applications (dotted
lines): (0.1 degree, 0.05 meters).

5 Conclusion

We presented a second order Minimum Energy Filter with non-linear observation
equations for the ego-motion estimation problem and derived explicit differential
equations for the optimal state. Our experiments showed that our approach is
comparable with the state-of-the-art approaches [8]: In the translational com-
ponent our method is inferior but it is superior in the rotational component.
The experiments also confirm the exponential convergence rate and robustness
against multiplicative noise.

In future work, we will generalize our model by allowing an acceleration of
the camera. We expect this generalization to reduce the error in the translational
part. Moreover, we plan to design a filter for monocular depth map estimation.

Acknowledgments.This work was supported by the DFG, grant GRK 1653.
The final publication is available at link.springer.com

A Proofs of Lemmas 1-3

Proof (of Lem. 1). We begin with the directional derivative of hj which is
Dhi(E)EQ] = —k; ' IRE g, + k% (eg INE ' gi)IE g, (22)

where K = ki (E) = e;)rfE_lgk. Then the following holds:

DyH (B, 1, t)[EQ] = —e~ 070> "t (Dhy(B) [EQ) (y — hi(E)) ' Q)
k=1

—alt— s 13 _or AT _
= e N (k' =k, PTIE  esgl 1) Qyr — hi(E))g E-T,92). (23)
k=1
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We obtain the Riemannian gradient on SE3 by projecting (cf. [1, Sec. 3.6.1]) the
left hand side of the Riemannian metric in (23) onto Tx SE3, which is

grad, H™(E, i, t) =e~ =) N " EPr(A(E)).

with Ag(F) = (K,I;lf — H;2fE €sgx I) Q(yx — hi(E))g] E~T and Pr is this
mentioned projection. O

Proof (of Lem. 2). The existence of a matrix K such that K vecg(2) = Z(E*,t)[(2]
follows from considering the basis of ses (cf. Sec. 1) and also its inverse repre-
sentation. The Hessian of the Hamiltonian w.r.t. the second argument evaluated
at zero is vecge (Hessy 1~ (E*,0,)[2]) = —e(t—t0) S~ vec, (£2), thus

vecs (Z(E*, t)(Hesso H™(E*,0,8)[Z(E*,1)(2)])) = —e* O K (£) ST K (1) vecs. (£2).

For left-invariant Lie groups the vectorized representation of affine connection
holds (cf. [1]), i.e.

vecse (woA) = fvecu(A) vecs (£2) + vecg. (DA[(2]), (24)

where matrix fvecse(A) has the components (Fvecﬁt(A )i Zk 1 F;kAk Note
that we yield the definition in [1] by exchanging ¢ and j. In the case of a constant
function A we have DA[f2] = 0. For the dual expression it holds for all 2, A €

se3: VeCqe (WhHA) = f*ecge(A) vecs, (§2) with ( Vecﬂ(m)zk = Z] 1 F;kAJ O

v

Proof (of Lem. 3). For any matrices A, B € R** and 2 € se3 let ®s,, @,
denote the operators which extract the vector form of {2 and are defined as
vecse (ANB) =: (A ®s, B)vecs (£2) and vecs (AN B) =: (A ®/, B)vecs. (),
respectively, for which explicit expressions exist. By definition of the Hessian,
Lemma 1 and with Eq. (24) we obtain

vecse (B Hess) 1™ (E*,0,1)[E*02]) = vecse(E* ' Vg-q grad, H™ (E*,0,t))
=e 71 37 (Fuces, (Pran (7)) VeCoe(2) + veeoe(Dip- Pr(A(E"))[12)))
k

It can be shown that we can omit the projection Pr, i.e. vecs, (D Pr(Ax(E))[{2]) =
vecs, (D(Ag(E))[£2]) for all 2 € ses. After computing the directional derivative
of Ax(E) in direction {2 we apply the vecs, — operation and extract with the
Rge—, ®;'—e— operations the direction 2. This gives

vecse (DAL (E)[02]) = (n*2fTQ(yk — h(E))ed TE! @5 B grgl B~
— 2k, 3T Tegeq IE™! ®4e B grgl B TITQ(yk—hk( Ngr E~T
+ T eagl BT @l BT Qyy — hi(E))gl BT
— (k" — w21 esgl BT TIT)Q(yk—hk(E>)9kE ®4 BT
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— (KJ;?’IAT — fﬁ];‘lIATegg,jE_TIAT)IAE_lgkegQIAE_l Rsge E_lgkg,jE_T
+ (ng_f‘r — /f,;3fTegg,1—E_TfT)QIAE_1 Pse E_lgkgl;rE_T) vecge (§2)
=:Dy(E) vecs(12) . (25)
References
1. P.-A. Absil, R. Mahony, and R. Sepulchre. Optimization Algorithms on Matrix

2.

3.
4.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Manifolds. Princeton University Press, 2008.

M. Athans and P. Falb. Optimal Control. An Introduction to the Theory and Its
Applications. McGraw-Hill, 1966.

A. Bain and D. Crisan. Fundamentals of Stochastic Filtering. Springer, 2009.

F. Becker, F. Lenzen, J. H. Kappes, and C. Schnorr. Variational Recursive Joint
Estimation of Dense Scene Structure and Camera Motion from Monocular High
Speed Traffic Sequences. IJCV, 105:269-297, 2013.

. D. Brigo, B. Hanzon, and F. Le Gland. Approximate Nonlinear Filtering by Pro-

jection on Exponential Manifolds of Densities. Bernoulli, 5(3):495-534, 1999.

. F. Daum. Nonlinear Filters: Beyond the Kalman Filter. [IEEE A&E Systems

Magazin, 20(8, Part 2):57-69, 2005.

. F. Daum and J. Huang. Curse of Dimensionality and Particle Filters. In Aerospace

Conference, 2003.

. A. Geiger, J. Ziegler, and C. Stiller. Stereoscan: Dense 3D Reconstruction in Real-

Time. In Intelligent Vehicles Symposium (IV), IEEE, 2011.

. E. Hairer, C. Lubich, and G. Wanner. Geometric Numerical Integration: Structure-

Preserving Algorithms for Ordinary Differential Equations. Springer, 2006.

V. Jurdjevic. Geometric control theory. Cambridge university press, 1997.

R. E. Kalman. A New Approach to Linear Filtering and Prediction Problems.
Journal of Fluids Engineering, 82(1):35-45, 1960.

B. Kitt, A. Geiger, and H. Lategahn. Visual Odometry based on Stereo Image
Sequences with RANSAC-Based Outlier Rejection Scheme. In IV, 2010.

A. J. Krener. The Convergence of the Minimum Energy Estimator. In New Trends
in Nonlinear Dynamics and Control and their Applications. Springer, 2003.

J. Kwon, M. Choi, Frank C. Park, and C. Chun. Particle Filtering on the Euclidean
Group: Framework and Applications. Robotica, 25(6):725-737, 2007.

F. L. Markley. Attitude Error Representations for Kalman Filtering. Journal of
guidance, control, and dynamics, 26(2):311-317, 2003.

R. E. Mortensen. Maximum-Likelihood Recursive Nonlinear Filtering. J. Opt. The-
ory Appl., 2(6):386-394, 1968.

A. Saccon, J. Trumpf, R. Mahony, and A P. Aguiar. Second-Order-Optimal Filters
on Lie groups. In CDC, 2013.

D. Sun, S. Roth, and M. J. Black. A Quantitative Analysis of Current Practices in
Optical Flow Estimation and the Principles Behind them. IJCV, 106(2):115-137,
2014.

K. Yamaguchi, D. McAllester, and R. Urtasun. Efficient Joint Segmentation, Oc-
clusion Labeling, Stereo and Flow Estimation. In ECCYV. Springer, 2014.

M. Zamani, J. Trumpf, and M. Mahoney. A Second Order Minimum-Energy Filter
on the Special Orthogonal Group. In Proc. ACC, 2012.

M. Zefran, V. Kumar, and C. Croke. Metrics and Connections for Rigid-Body
Kinematics. The International Journal of Robotics Research, 18(2):242-1, 1999.



