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Abstract

In this paper we propose a novel square root sliding-
window bundle adjustment suitable for real-time odometry
applications. The square root formulation pervades three
major aspects of our optimization-based sliding-window
estimator: for bundle adjustment we eliminate landmark
variables with nullspace projection; to store the marginal-
ization prior we employ a matrix square root of the Hes-
sian; and when marginalizing old poses we avoid form-
ing normal equations and update the square root prior di-
rectly with a specialized QR decomposition. We show that
the proposed square root marginalization is algebraically
equivalent to the conventional use of Schur complement
(SC) on the Hessian. Moreover, it elegantly deals with
rank-deficient Jacobians producing a prior equivalent to
SC with Moore—Penrose inverse. Our evaluation of visual
and visual-inertial odometry on real-world datasets demon-
strates that the proposed estimator is 36% faster than the
baseline. It furthermore shows that in single precision, con-
ventional Hessian-based marginalization leads to numeric
failures and reduced accuracy. We analyse numeric proper-
ties of the marginalization prior to explain why our square
root form does not suffer from the same effect and therefore
entails superior performance.

1. Introduction

Visual odometry has been a key component in environ-
ment mapping, robot navigation and autonomous systems
for a long time. With low-cost devices, such as smartphones
or robot vacuum cleaners becoming increasingly prevalent
in our daily lives, we see a growing need to solve odometry
problems in a fast and robust manner. In addition, scalable
solutions on specialized hardware require algorithms to run
with limited floating point precision.

To keep the system size bounded with a fixed number
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Figure 1. Top: estimated visual-inertial odometry trajectories on
the eurocMHOI sequence. The conventional baseline VIO-64
works well with double-precision floats, but fails in single pre-
cision (VIO-32). In contrast, the proposed square root estimator
v/ VIO-32 even in single precision retains the same accuracy. It
processes the whole sequence in 26s on a desktop CPU (7.1x
faster than real time). Botfom: smallest eigenvalue o,,;, of the
marginalization prior Hessian H,, evolving over time (linear y-
axis for |o i | < 1078, logarithmic elsewhere). We expect values
close to zero (positive semi-definite Hessian with gauge freedom).
While the conventional (squared) formulation in single precision
leads to negative eigenvalues with large magnitude, accumulating
error, and (ultimately) numerical failure, the proposed square root
approach has o,,;,, of bounded magnitude and remains stable.

of state variables over time, marginalization is a commonly
used technique, where the remaining sub-problem can be
interpreted in terms of a marginal distribution with the same
solution as before. However, for the implementation of
the marginalization prior as well as the solution of the as-
sociated optimization problem, there are multiple options.
The Schur complement technique is an easy-to-implement
choice that many state-of-the-art odometry and SLAM sys-
tems employ, but it relies on the Hessian matrix of the lin-
earized system. While this is not a problem in many ap-
plications, the fact that the square of the Jacobian and thus
a squared condition number are involved in SC may lead
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to numerical instabilities. In Kalman filter literature, this
has often been addressed by using a square root filter ap-
proach [29]. Moreover, it has recently been shown that
even in an optimization-based bundle adjustment setting,
matrix square roots can be exploited to increase numerical
stability [6]. Following up on these findings, we propose an
optimization-based formulation of visual (inertial) odome-
try that uses matrix square roots in the optimization stage
as well as to store and update the marginalization prior.
We dub the two flavors of our method v/VO and VIO
for purely visual and visual-inertial odometry, respectively.
The contributions of our paper are as follows:

e We propose a novel square root formulation for
optimization-based sliding-window estimators.

* One of the components of this square root formulation
is a specialized QR decomposition and we prove the
analytical equivalence with marginalization based on
SC and Cholesky decomposition.

* Our QR marginalization naturally includes the case of
rank-deficient Jacobians.

e The proposed square root formulation enables
optimization-based VO and VIO with single-precision
floating point computations without loss of accuracy.

* On several real-world datasets, we systematically ana-
lyze the effect of using nullspace projection combined
with our specialized QR decomposition on runtime
and accuracy. The proposed square root estimator is
23% faster than the baseline and 36% faster when ad-
ditionally switching to single precision.

* We release our implementation as open source:
https://go.vision.in.tum.de/rootvo.

2. Related work

In what follows, we review relevant literature in vi-
sual and visual-inertial odometry, discuss filter-based and
optimization-based techniques, and highlight works dealing
with rank-deficient Jacobians.

Filter-based state estimation for VIO More than 60
years ago, Kalman proposed a filter [12] that set the basis
for state estimation in many different applications, visual-
inertial odometry being one of them. Many variations of
the Kalman filter have been developed, introducing differ-
ent improvements to the original, where one prominent ex-
ample for VIO is the MSCKEF [19]. Square root filters are
able to improve numerical stability and let the system run
on single-precision hardware [16, 1, 5, 29] and in particu-
lar information filters are closely related to optimization-
based approaches [26]. As such, the proposed approach
shares many of these advantages with the square root in-
verse variant of the MSCKF [29], but ours can relinearize
residuals until they leave the sliding window and accommo-
date rank-deficient marginalization priors. Yang et al. were

the first to prove the equivalence of Schur complement and
nullspace marginalization (a technique using matrix square
roots) from a Kalman filter perspective [30].

Optimization-based visual (inertial) odometry systems
Optimization-based approaches have become the state-of-
the-art in visual and visual-inertal odometry. Usually, they
are implemented as a fixed-lag smoother, where old or re-
dundant state variables are removed from the optimiza-
tion window in order to keep the system real-time capa-
ble [25, 13, 7, 22, 28]. All mentioned approaches rely on
marginalization using the Schur complement, which means
the marginalization energy is stored as a quadratic func-
tion of the remaining variables. Recent work, however, has
shown that it can be beneficial to perform marginalization
in square root form [6], both numerically and in terms of
runtime. While [6] only shows this for batch optimization
with temporary landmark marginalization, we introduce an
efficient way to permanently marginalize frame variables.

Rank-deficient Jacobians Most works on bundle adjust-
ment and odometry systems tacitly assume full-rank Ja-
cobians and information matrices, but this may not al-
ways be the case. Generalized inverses, generalized Schur
complements and rank-deficient information matrices have
been analyzed for years outside the BA or SLAM con-
text [23, 15, 2, 4, 20, 21, 14]. Only few works propose
ways to deal with rank-deficiency in SLAM: Mazuran et
al. [18, 17] introduce an orthogonal projection of all in-
volved matrices that removes the Jacobian degeneracy and
Leutenegger et al. [13] use the pseudo-inverse for landmark
marginalization in case the Hessian is singular.

3. Sliding-window bundle adjustment
3.1. Problem statement
3.1.1 Batch optimization problem

The goal of odometry is to estimate the system state from
a set of visual, inertial, or other measurements. The state x
can consist of poses, velocities, biases at different moments
of time (all referred to as frame variables hereafter), and
landmark positions. In this paper we consider visual odom-
etry (VO) and visual-inertial odometry (VIO), but the theory
described here is general and can be applied to other sensors
(GPS, LIDAR). If visual measurements are involved, land-
mark positions are part of the optimization problem, and
eventually a bundle adjustment-type problem is solved.

To estimate the optimal state  we can solve the non-
linear least squares optimization problem

E(z) = |W'" #(2)|” = §lIr(x)|? (M

where 7(x) is a vector function of stacked residuals and
W is the weighting matrix related to the measurement
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uncertainty. To simplify notation we absorb W into the
weighted residual vector r(z). Our implementation is based
on Basalt [28] and we follow their residual formulation for
the vision and IMU terms. (1) is an incrementally evolving
batch optimization problem that grows in size and includes
measurements and variables up to the current time.

3.1.2 Sliding-window energy

To keep the system real-time capable, the optimization is
constrained to a small window of recent states and resid-
uals. When new states are added, old ones are removed
through marginalization, and we keep the information from
residuals that depend on removed variables in an additional
energy term FE, (). Together with the squared vector of
active residuals r,, this forms the sliding-window energy

Eyy (@) = 3lra(@)|* + En(x). 2)

From here on, x contains only those variables which are
active in the current window. By repeating this process of
marginalizing variables when new measurements and states
are added, we can keep the problem size fixed. We refer
to this type of marginalization, which allows for keeping
the problem size small, as permanent marginalization, since
the marginalized variables are not reintroduced to the prob-
lem. Using permanent marginalization, we describe how (2)
transforms from one point in time to the next in Sec. 3.2.

3.1.3 Hessian versus square root form

Most commonly, the marginalization energy is stored as a
quadratic form of the active optimization variables:

Ep(z) = 3@ — ") Hy(e — %) + b (z = 2"), 3)

1
2
where 2 is the linearization point. Note, that strictly speak-
ing x here only denotes a subset of the variables and H , and
b,, are of according size (see Sec. 3.2 for details).

It is also possible to store this energy in square root form:

Ep(@) = §llrm + Jn(z — )| )

Up to an additive constant, this is the same as (3) and we
can relate the two representations by
Hy=JnJw:  bu=JnTm- (5)
Note, that for a given H,, and b,,, J,, and r, are not unique.
Shifting the expansion point by dz away from 2" means
updating r,, by 7\, = r,, + J,0z, while J,, = J.,. The
equivalent shift in (3) can be done using

b, =b, + H,6x, H.=H,. (6)

3.1.4 Optimization
To obtain a state estimate, we minimize the energy in (2),

Z = argmin E, (x), @)

using Levenberg-Marquardt optimization. To do this effi-
ciently, we exploit the sparsity of the landmark Jacobian: as
is usual in bundle adjustment, we use temporary marginal-
ization of all landmarks to significantly reduce the problem
size, then solve the reduced camera system, and finally per-
form back substitution to recover the landmark positions.

3.2. Marginalization

Once the energy in (2) has been optimized for the cur-
rent window, and before a new frame is added, variables
are chosen for marginalization. We now derive how F, is
calculated for the upcoming window of the next time step
with the traditional Hessian-based approach, followed by
the proposed equivalent square root formulation in Sec. 4.

3.2.1 Linearization

Using linearized residuals, we can approximate the energy
in (2) in terms of a perturbation Ax from the current (opti-
mal) state estimate x as

Eyin(Az) = ||r + JAz|?, (8)

ol O B

where 2 is the linearization point of the old marginalization
prior. The residual vector r contains the active residuals r,
and old marginalization residuals shifted to the current state
estimate x. The Jacobian J contains the Jacobian of 7, and
the marginalization Jacobian J,. This constitutes a system
of linear equations, with corresponding normal equations

HAz = —b, (10)

where H = J'Jand b = J r. We now define a set of
variables x " that we want to marginalize out, i.e., we want
the energy (2) in the next window to not depend on z,, any-
more. Let z,; be the states which share residuals with states
in x,, (or have a prior), and x,, those that are not directly
connected to x - With that, we can rewrite H and b as

HMM H;m _ 0
H= HK,/L H55+Hgn Hﬁu ) (11)
O Hun H'M’U.
bu _
b= bl +bl | . (12)
by

The Hessian block H ., is split into one part H',,. containing
the Jacobians of residuals that depend on p-variables, and
HY_ that contains all others. The same holds for b,..
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Figure 2. QR marginalization of frame variables. Initially, Jacobian and residual vector (after landmark marginalization) consist of residuals
that depend on p-variables and were active up to now and a marginalization prior (/eft). By successively applying Householder transforma-
tions in-place, the matrix is transformed into an upper triangular matrix (flaz, semi-triangular in the rank-deficient case). Hereby, in each
iteration, all elements except for the topmost element of the Householder vector vanish. To marginalize out the p-variables, we drop the
corresponding columns and the rows where these columns are non-zero, as well as zero rows. This results in a compact new marginaliza-
tion prior (right). Note that the old marginalization prior on the left depicts the case where always the oldest variables are marginalized. In
practice, in order to have the p-columns on the left, variables may have to be reordered.

3.2.2 Schur complement

It can be shown by multiplication of the first line of (11)

with HWHW that solving (10) w.r.t. ,. and z,, is equiva-

lent to solving the reduced system

H+ H" ,w Az,.\ b+ b

with

H=H! —H,,H, H, (14)
b=0bl— H,,H,'b,. (15)

g H and b only in-
volve terms that depend on residuals containing p-variables.
Thus, they do not change if new residuals depending on x-
or u variables are added to the energy. In fact, even then,
the solution of the reduced system will still be the same as
if the full system including new residuals was solved.

H and b have been calculated using a linearization at
the current state estimate z. In order to keep the system
consistent, the linearization point x of the x-variables may
not be changed after computing H and b for a given 0.
These so-called first-estimates Jacobians [11] prevent the
destruction of nullspaces and are commonly used [13, 7,
28]. Thus, to write the new marginalization energy as in (3),
we use (6) to obtain H,, = H and by, = b — H(x,, — z3).

In practice, H, and b, are computed once after the opti-
mization of the old window has converged, using only those
energy terms that depend on p-variables (always including
the old prior). The result constitutes the marginalizaiton
prior used in the new window. To preserve sparsity in the
landmark-landmark Hessian block, we drop observations of
landmarks that will stay active in frames which are about to
be marginalized, before calculating H and b. This means
that landmarks are never part of the x-variables.

H is called the Schur complement of H

4. Square root marginalization

Marginalization as presented in Sec. 3.2 is a very ele-
gant way to keep the system size small while continuously
adding new residual terms. However, the implementation
using the Schur complement has some drawbacks when it
comes to numerical stability, e.g., the condition number of
the Hessian being squared compared to the Jacobian. In [6]
it was shown that a square root formulation for temporary
marginalization of variables can be beneficial for speed, ac-
curacy and numerical stability. We now apply similar ideas
to marginalization in sliding-window bundle adjustment.

4.1. Landmark marginalization

One option would be to permanently marginalize land-
mark and frame variables in one step. However, we know
from [6] that we can use nullspace projection to exploit
the special sparsity structure of the Jacobian for landmark
marginalization. On the other hand, nullspace projection
is not optimal for permanent marginalization of frame vari-
ables (see below). We therefore choose a two-step proce-
dure: first, we marginalize landmarks in x,, by projecting
the Jacobians onto the nullspace ), of the landmark Jaco-
bian using QR decomposition as in [6]. In a second step we
marginalize the frame variables in z,,, taking the projected

Jacobians Q; J and residuals Q;r as input.

4.2. Frame variable marginalization

In order to obtain a marginalization prior in square root
form, we could proceed similar to [6] and QR-decompose
the Jacobian J, .- However, we want to keep the size of the
marginalization prior as small as possible and we aim for
a more general solution including the case where J,, (or
J) does not have full rank. To achieve this, we decom-
pose the Jacobian (J# JH) = J = QR with a specialized
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Figure 3. Our specialized flat QR decomposition. Left: for a full-
rank matrix, QR decomposition results in an upper triangular ma-
trix R with non-zero elements on the diagonal. Middle: if the rank
r is smaller than the maximum possible rank n, standard House-
holder QR results in zero elements on the diagonal. Right: with
flat QR, when a zero diagonal element occurs, the Householder
element for the next column will be in the same row.

QR algorithm that uses Householder reflections and is rank-
revealing without any pivoting. Fig. 2 illustrates the whole
procedure in the full-rank case.

Standard Householder QR [9, p. 248] zeros the entries
below the Householder element on the diagonal, column by
column. This may lead to a “step” of height larger than
1 in the resulting R when that column is not linearly in-
dependent of the ones before and the Householder element
remains zero (illustrated in Fig. 3, middle). In our special-
ized QR, if this occurs at matrix element j,,, we proceed
to the next column k£ + 1 and instead of zeroing everything
below element j, 4 ;4 like in standard QR, we keep the
row index at ¢ and zero everything below j; 1 (see Fig. 3,
right). Thus, we never get “steps” higher than one row.

The result is a valid QR decomposition with two appeal-
ing properties: when J has full rank, it is equivalent to
standard Householder QR. In addition, our QR algorithm
is rank-revealing without any pivoting, the rank 7 of .J be-
ing the number of non-zero rows in R. The rank r,, of J,

is the number of non-zero rows in Q J,, i.e., the ﬁrst n,

columns in QTJ . Our R is in general more flat than that
obtained by other pivoting-free QR algorithms.

For marginalization, we take R and drop the first 7,
rows, the first n " columns, and all zero rows at the bottom.
The remaining matrix, which we call R in the following, is
a square root of the marginalization Hessian H, as will be
shown in the following subsections. It has the same num-
ber n,, of columns as H , while its number of rows may be
smaller and is equal to rank(H). Thus, we also fulfill the
need for small prior size, and can directly read off the rank
of the prior, which is not as easy for SC-based marginaliza-
tion. The definition of the new marginalization energy as in
(4) is now given by .J,, = R and r = 7— R(z—x"), where
7 contains those elements of Q r whose according rows

were not dropped in R and x and 2’ already have marginal-
ized variables removed.

4.3. Equivalence to SC-based marginalization

We will only show the equivalence of our flat QR de-
composition for permanent marginalization to that of Schur
complement, since a proof for the equivalence of nullspace
marginalization for temporary marginalization can be found
in [6]. We concentrate on the equivalence of R, 7" in square
root form and H, b in Hessian form. The shifts on 7 and b
in order to obtain r,, and b, are then equivalent by (6).

4.3.1 Full-rank Jacobian

Since @ in J = QR is an orthogonal matrix, H = J'J =
R' R, and R is a square root of the full Hessian. We can
write R as a block matrix and define an orthogonally trans-
formed residual vector 1’ = QTr such thatb = R r':

/
(o) () oo

When J is a full-rank matrix, R, and R,,, are upper trian-
gular matrices of sizes n,, x n, and (N —n,) x n,, witha
number N of residuals (after landmark nullspace marginal-
ization). The upper triangular property implies that the bot-
tom N — n, rows of RR,,, are all zero, so

Ry, = <§) . (17)

Note, that a matrix R with the same properties (but in gen-
eral not equal) can also be obtained by LLT or LDLT de-
composition of the Hessian sub-blocks related to {, k}, by

setting R=1L"or R=D?L". So we can even store the
marginalization prior in square root form after computing
the Hessian, without performing any QR decomposition.
We now show that marginalization with Schur complement
is equivalent to keeping R;N and 75, and dropping the re-
maining components of R and ’. Using (16), we obtain

H, w = RlT[LRl;L ’ HI{I{ = RI}{le + R;FI{RQK ’
H, Kk RIT,LLlem H w = RIan,uv (18)
bu=Riyrt, by =Rir|+ Rayr,

where from now, H,,. and b, denote HY, and b.. Using
these expressions and the assumption that R, is invertible,
(14) and (15) can be transformed as

H = RIHR:UQ + R;HR2K

- RIRRIM(RIHRI;L)ilRIMRln (19)
= RI}@RL% + R;@RZ% - RIHlei

= R;R% = RTR7
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and

b= Rirnrll + R;{Té - RIan/A(RIuRlp,)il

R (20)

T 7
Rl;ﬂ"l
T 7 T 7
= Ry.r1 + Royery —
T 7 5T ~

= RQKT‘Q = R T.

The last equality in both equations is due to the fact that
R,,. is empty in the lower part, see (17).

4.3.2 Rank-deficient Jacobian

Let us now assume that the Jacobian J of our problem, and
thus the Hessian H, are rank-deficient, i.e., their rank is
smaller than the total number of parameters we optimize.
This can, for example, happen when the system is not prop-
erly constrained by an initial prior or when the prior be-
comes smaller than the numeric noise during operation.

We perform our rank-revealing, pivoting-free QR de-
composition to compute an orthogonal @ = (Q; Q»)
with Q, € RV*", Qy € RN*V=7w) ang r, = rank(.J,)
such that the matrix

Ry, Ri. !
R= < 1 R;) - (%) (J, J) @D

has a zero block on the lower left and R;, € R"™™ ",
Marginalization is done in the same way as for the full-rank
case, i.e., we drop R, and R, and only keep R,,, mi-
nus all zero rows at the bottom, ending up with a matrlx R.
The marginalization Hessian obtained this way, R" R is the
same as a pseudo-Schur complement, where in (14), (15),
the inverse is replaced by a pseudo-inverse:

3 +
H=H,, —H,HH,, (22)
b=b,, — H., Hb,. (23)

To show this equivalence, we first rewrite

R'R =Ry Ry = J0 Q2Q2
= JJ = I @1, (24)
= Hyp = J QuQ1
On the other hand, for the pseudo-Schur complement, we

can use the compact SVD decomposition J,, = Uy D, VlT
(i.e., Dy is of size 7, X r,,, see Appendix) to obtain

Heo—Ho H Hy=He, —J. J,(7, T,

= Hy = I (U:DI) (VDT V) (iDL UY ),
= Hy = JLUUY Ty = Hy = 1. Q1Q1J
3 (25)
and similarly for b. The last equality is due to the fact that
(1 and U; span the same r,,-dimensional subspace of RY,

namely the space spanned by the columns of J,, (see Ap-
pendix). Thus, using our flat QR decomposition, we obtain
the same solution as by using pseudo-SC, but without the
need for computing the pseudo-inverse.

4.3.3 Interpreting the generalized Schur complement

We adopt the commonly used generalization of the Schur
complement technique that simply replaces matrix inverses
by pseudo-inverses in the case where the Jacobian is not
of full rank [13, 17]. In the following, we argue why this
is a good idea: first, we define Az, as the solution we
get by computing —H™b, and let Az,q be the solution that
we obtain by using generalized H and b as in (22), (23)
and solving the reduced system (13) with pseudo-inverse,
(possibly) followed by back substitution for Ax,. Then we
can use Lemma 2.3 from [14] to find that if

rank(J,) 4+ rank (J, J,) =rank(J),  (26)

e., if the Jacobian sub-blocks corresponding to p and
{K,u} are not coupled by linearly dependent columns, the
two solutions are the same, see Appendix for a proof.

Of all possible Az that satisfy HAxz = —b, the solution
A, obtained via H " is the one with smallest norm || Az||.
In practice, this is usually the preferred solution, as we don’t
want the system to drift in unobservable directions.

In case (26) does not hold, e.g. in the presence of ab-
solute pose ambiguity, additional residuals may remove the
coupled rank deficiency, and the pseudo-Schur complement
approach yields the same solution for the reduced system as
if a minimum-norm solution for the whole system including
the new energy terms was calculated.

Note that while the property of a minimum-norm solu-
tion is very appealing, the computation of pseudo-inverses
often uses SVD decomposition, which may be slow. Faster
matrix decomposition techniques that can deal with singular
matrices, e.g. LU or LDLT, may output solutions Az with
[Az|| > [|Azyl|. Our flat QR combines the advantages
of both: it produces the same minimum-norm solution as
generalized SC and can be efficiently implemented.

5. Evaluation

We base our implementation on the open-source odom-
etry Basalt, which is a highly efficient state-of-the-art
marginalizing sliding-window odometry with KLT fea-
ture tracking as frontend and SC-based optimization and
marginalization in the backend [28]. In a minor adaptation
for slightly increased performance, we marginalize a feature
whose track has been lost right away, and not only together
with its host frame. The NS-projection for eliminating land-
marks is inspired by [6], but since during optimization we
solve a small system with only up to 7 keyframes and a few
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Figure 4. In visual-inertial odometry we expect 4 degrees of gauge freedom. To confirm this for the marginalized residuals, we investigate
the marginalization prior cost change when perturbing the linearization point by a global translation in x, y, or z, by a global (linearized)
rotation roll, pitch, or yaw, or by a random unit norm vector. While our square root marginalization leads to a consistent prior with expected
nullspaces for both single and double precision, in the conventional squared form accumulating error leads to inconsistency. At around
frame 2000 it appears that yaw is erroneously as observable as roll and pitch for VIO-32.

Vv VIO-64 /VIO-32 VIO-64 VIO-32

eurocMHO1 0.093 0.093 0.093 0991
eurocMHO02 0.048 0.048 0.048 0.048
eurocMHO03 0.051 0.051 0.051 X
eurocMHO04 0.109 0.109 0.109 X
eurocMHO05 0.137 0.137 0.137 X
eurocV101 0.043 0.043 0.043  0.043
eurocV102 0.048 0.048 0.048 0.048
eurocV103 0.058 0.058 0.058 X
eurocV201 0.037 0.037 0.037  0.037
eurocV202 0.053 0.053 0.053
tumvi-corrl 0.300 0.300 0.300
tumvi-corr2 0.426 0.426 0.426
tumvi-mag1 1.456 1.457 1.456
tumvi-mag2 0.908 0.920  0.908
tumvi-rooml  0.102 0.102 0.102 0.
tumvi-room2  0.071 0.071 0.071
tumvi-slides]  0.310 0.310 0.310
tumvi-slides2  0.759 0.759 0.759
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Table 1. Absolute trajectory error (in meters) for VIO shows that
in contrast to the baseline, the proposed approach also works with
floating point precision providing essentially the same accuracy.

hundred landmarks, we make several adjustments that im-
prove runtime: instead of conjugate gradient to solve the
reduced camera system (RCS), we explicitly form normal
equations and solve with LDLT, and we skip Jacobian scal-
ing and landmark damping. Another alternative for solv-
ing the RCS that avoids normal equations would be QR de-
composition, which we found to have higher runtime. We
implement everything in one codebase, ensuring maximum
comparability: the only difference between compared vari-
ants is the choice of prior storage (squared vs square root),
and the algorithm for optimization and marginalization.
All variants make good use of multi-threading and use
a state-of-the-art dense linear algebra library [10]. Floating
point precision is indicated by suffixes, such as v/ VIO-64
or VO-32. The experiments are run on an Ubuntu 18.04

VvV0-64 /VO-32 VO-64 VO-32

kittio0  3.92 3.92 3.92 X
kitti02 ~ 9.72 9.72 9.72 X
kittio3  1.34 1.34 1.34  1.34
kittio4  1.22 1.22 1.22 1.22
kitti0s ~ 2.75 2.75 2.75 X
kitti0o6 ~ 2.61 2.61 2,61 2.61
kitti07  1.52 1.53 1.52 144
kittio8 ~ 3.85 3.85 3.85 X
kitti09  4.13 4.13 4.13 X
kittil0  1.11 111 111 26.12

Table 2. Absolute trajectory error (in meters) for VO shows the
same tendency as VIO in Tab. 1.

desktop with 64GB RAM and an Intel Xeon W-2133 with
12 virtual cores at 3.60GHz. VIO is evaluated on the Eu-
RoC MAYV dataset [3] and a subset of TUMVI [24]. For the
KITTI odometry benchmark (training set) [8] we evaluate
VO, since it does not have synchronized IMU data (kitti01
is excluded since the optical flow of [28] fails). Additional
results can be found in the Appendix.

5.1. Accuracy and runtime

We evaluate the accuracy of pose estimation with the
Absolute Trajectory Error (ATE), the translational RMSE
of camera positions after SE(3) alignment to the ground
truth [27]. Tab. 1 and Tab. 2 show the ATE for VIO and VO,
respectively, both for the square root and the squared imple-
mentation. It can be seen, that in double precision both vari-
ants result in the same accuracy, as does v/ VIO-32, while
VIO-32 often fails numerically or results in very high ATE
(same for VO). Qualitatively, the SC-based single-precision
estimators perform fine initially, but usually diverge soon
(see Fig. 1 top).

The biggest portion of total runtime is spent on optimiza-
tion. There, using NS-projection is 22% faster in single
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VVIO-64  /VIO-32 VIO-64 VIO-32
eurocMHO1 234/25 18.6/23 359/1.8 334/1.7
eurocMH02 20.0/2.1 15.6/19 31.7/1.5 29.0/14
eurocMHO03 176/18 139/1.6 263/1.3 X
eurocMHO04 13.1/13 103/1.2 19.5/0.9 X
eurocMHO05 150715 11.6/1.3 226/1.1 X
eurocV101 15.0/22 12.0/20 236/15 224/15
eurocV102 83/1.0 6.8/0.9 11.5/0.7 10.6/0.7
eurocV103 83/1.0 6.7/0.9 11.1/70.7 X
eurocV201 121114 95/14 208/1.0 19.2/1.0
eurocV202 114713 93/1.2 15.5/0.9 X
tumvi-corrl 244/32 187/2.6 36.7/2.2 X
tumvi-corr2 29.4/38 220/3.1 422/2.6 X
tumvi-mag1 78.1/10.5 574/84 112.5/17.0 X
tumvi-mag2 59.6/77 422/63 88.2/5.1 X
tumvi-rooml  73.2/17 10.0/14 21.6/13 19.6/13
tumvi-room2  12.2/1.8 94/1.5 20.2/1.3 X
tumvi-slidesl  28.6/3.6 20.9/3.0 44.1/2.5 X
tumvi-slides2 24.8/3.1 18.5/2.5 38.8/2.1 X

Table 3. Total runtime in seconds spent on ‘“optimization /
marginalization” in VIO. Optimization: with NS-projection for
landmarks (v/VIO-32) is almost twice as fast as the baseline using
SC (VIO-64). Marginalization: Conventional SC is a bit faster,
but this step only takes a small fraction of the overall runtime.

precision compared to double, while for SC the speedup
is only 8%. This is because for NS-projection we can do
dense linear algebra operations on larger matrices, while an
efficient SC implementation needs to exploit sparsity and
operate explicitly on small matrix blocks. The larger matrix
operations benefit more from SIMD instructions of mod-
ern CPUs. In total runtime, the proposed v/ VIO-32 is 36%
faster than the baseline VIO-64 (see Tab. 3).

In an ablation study, we combine the square root
prior form (4) with different optimization (NS+LDLT
and SC+LDLT) and marginalization variants (NS+QOR and
SC+SC). Here, SC-marginalization is always immediately
followed by factorizing the prior into square root form with
LDLT decomposition. We can see that this factorization
alone is not enough to prevent the severe degradation of ac-
curacy in single precision. Only the combination of all pro-
posed improvements leads to the best accuracy and runtime
(see Tab. 4).

5.2. Numerical properties of marginalization prior

Analytically, H,, is positive semi-definite and has a
nullspace equivalent to the non-linear system (which is
one of the reasons we use first-estimates Jacobians, see
Sec. 3.2.2). This nullspace contains (at least) the dimen-
sions corresponding to the global gauge freedom of the sys-
tem: global translation and yaw for VIO, and additionally
roll and pitch for VO. Note, that while for optimzation we
add an absolute pose prior to fix the gauge, here we consider
H_, without such additional prior. We analyse H,, numer-
ically by looking at its smallest eigenvalue o,,;, and at the

proposed ablation study
opt. NS+LDLT SC+LDLT NS+LDLT SC+LDLT
marg. NS+QR NS+QR SC+SC SC+SC

precision 64 32 64 32 64 32 64 32

ATE [m] 0.068 0.068 0.068 0.068 0.068 0.232 0.068 0.211
real-time 6.9x 8.2x 5.0x 5.6x 7.x 79x 52x 5.5x
ttotal [s] 179 149 244 218 174 155 237 222
topt [s] 144 114 222 203 144 115 221 204
tmarg [s] 1.6 1.5 1.6 13 1.4 14 1.3 1.2

Table 4. Different combinations of optimization and marginaliza-
tion techniques, and floating-point precision for v/ VIO on EuRoC.
All variants store the marginalization prior in square root form (4).
The shown metrics (ATE, runtime: total / optimization / marginal-
ization) are averages over all sequences, and the real-time factor
indicates how much faster the processing is compared to sequence
duration. The proposed square root marginalization NS+QOR is de-
ciding for good accuracy in single precision, while the square root
optimization NS+LDLT leads to best runtime.

change in prior cost AFE,, for a state perturbation ¢ around
the linearization point in the direction of the expected gauge
freedom, with ||¢|| = 1:

AEy, = Ep(2° +€) — By(2?) = Le" Hpe+ ¢ by . (27)

Note, that eigenvalues and cost change are always computed
after converting the prior to double, and for the square root
estimator we compute H, = Jr;r Jm- Fig. 1 (bottom) shows
that with a squared formulation in single precision we get
either negative eigenvalues with large magnitude (indefinite
prior) or a large positive minimum eigenvalue (vanishing
nullspace). Similarly, we observe in Fig. 4 that the gauge
freedom appears to vanish. The proposed +/VIO-32 and
\/VO-32 suffer from neither of these problems and are nu-
merically stable and thus retain full accuracy.

6. Conclusion

We introduced a square root sliding-window bundle ad-
justment approach that is well suited for real-time visual and
visual-inertial odometry applications. The method com-
bines elimination of landmark variables using nullspace
projection with a matrix square root of the Hessian for stor-
ing the maginalization prior which is in turn directly up-
dated using a specialized QR decomposition. We proved
that the specialized QR decomposition is (analytically)
equivalent to Schur complement. Yet, experimental eval-
uation on a range of real-world datasets reveals that the pro-
posed approach is 23% faster than the baseline. Moreover,
in contrast to the baseline approach, the proposed method
remains numerically stable when run in single floating point
precision, leading to a combined speedup of 36% while pre-
serving the same accuracy and robustness.
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