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Relative Multiplicative Extended
Kalman Filter for Observable
GPS-Denied Navigation

Daniel P. Koch!, David O. Wheeler?,
Randal W. Beard?, Timothy W. McLain!,
and Kevin M. Brink3

Abstract

This work presents a multiplicative extended Kalman filter (MEKF) for estimating the relative state of a
multirotor vehicle operating in a GPS-denied environment. The filter fuses data from an inertial measurement
unit and altimeter with relative-pose updates from a keyframe-based visual odometry or laser scan-matching
algorithm. Because the global position and heading states of the vehicle are unobservable in the absence of global
measurements such as GPS, the filter in this paper estimates the state with respect to a local frame that is
colocated with the odometry keyframe. As a result, the odometry update provides nearly-direct measurements
of the relative vehicle pose, making those states observable. Recent publications have rigorously documented
the theoretical advantages of such an observable parameterization, including improved consistency, accuracy, and
system robustness, and have demonstrated the effectiveness of such an approach during prolonged multirotor flight
tests. This paper complements this prior work by providing a complete, self-contained, tutorial derivation of the
relative MEKF, which has been thoroughly motivated but only briefly described to date. This paper presents
several improvements and extensions to the filter while clearly defining all quaternion conventions and properties
used, including several new useful properties relating to error quaternions and their Euler-angle decomposition.
Finally, this paper derives the filter both for traditional dynamics defined with respect to an inertial frame, and
for robocentric dynamics defined with respect to the vehicle’s body frame, and provides insights into the subtle
differences that arise between the two formulations.

Keywords
Sensor fusion, vision-aided inertial navigation, multiplicative extended Kalman filter, aerial robotics

1 Introduction scans to compute reliable odometry measurements.
Keyframe-based approaches have the advantage of
reducing temporal drift in the odometry measurements
(Leutenegger et al., 2015).

Despite having only incremental measurements
available, the majority of GPS-denied navigation

approaches directly estimate the vehicle’s global pose

GPS-denied navigation for small unmanned aircraft
systems (UAS) is an active and rich field of research with
significant practical applications such as infrastructure
inspection and security. Most UAS fuse GPS with
accelerometer and rate-gyro data to provide accurate

global state estimates suitable for feedback control.
When GPS is not available, however, additional
sensors such as cameras or lidars are required.
Because of the size, weight, and power constraints
and fast vehicle dynamics associated with small
UAS, many such systems incorporate these additional
sensors using filter-based estimation techniques rather
than traditional full simultaneous localization and
mapping (SLAM) algorithms. Filter-based approaches
are computationally efficient and ensure smooth, timely
state estimates for control.

In the absence of GPS updates, many filtering
methods utilize incremental odometry measurements
from either visual odometry or laser scan matching.
These odometry measurements can be computed frame-
to-frame, or several measurements can be computed
with respect to the same keyframe image or scan.
The keyframe image or scan is updated when
there is insufficient overlap with current images or

with respect to some fixed origin. Without global
position measurements, however, the vehicle’s global
pose and heading are unobservable (Martinelli, 2012;
Weiss et al., 2012; Jones et al., 2007). As a result,
global filters can suffer from inconsistent and unbounded
state uncertainties, erratic state jumps when applying
relative measurements, and the inability to directly
apply intermittent global information without causing
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Fig. 1. Block diagram of the general relative navigation
system architecture. Flight critical estimation and control
is performed with respect to a local frame. The framework
is described in more detail by Wheeler et al. (2017).

large state jumps (Julier and Uhlmann, 2001; Bailey
and Durrant-Whyte, 2006; Kottas et al., 2013; Wheeler
et al, 2018). In contrast, the relative navigation
approach estimates only the relative state of the vehicle
with respect to the location of the most recent odometry
keyframe (Leishman et al., 2014b). As a result,
the odometry provides direct measurements of the
position and heading states, making them observable by
construction and thereby ensure consistent and bounded
state estimates. Each time a new keyframe is declared,
the current state and covariance estimates are passed
to a back-end map that concatenates them as edges
in a pose graph to reconstruct the global path of the
vehicle. The position and heading states in the filter
are then reset to zero and estimation continues. The
relative navigation architecture is illustrated graphically
in Figure 1, and parallels ideas found in the SLAM
literature (Chong and Kleeman, 1999; Kim et al., 2010).

Recent simulation results have shown that using the
relative navigation framework to ensure observability
provides significant advantages in terms of consistency
of the estimated relative and global states, as
well as some improvement in accuracy and system
robustness when incorporating intermittent global
information (Wheeler et al., 2018). Futhermore,
recent multirotor hardware flight test results have
demonstrated the effectiveness of relative navigation
for prolonged GPS-degraded navigation of small UAS
(Wheeler et al.,, 2017). This paper compliments
(Wheeler et al., 2018) and (Wheeler et al., 2017) by
providing a complete, self-contained, tutorial derivation
of the relative state-estimation filter used in those
papers to obtain hardware results. While those papers
provide thorough theoretical and practical motivation
for the relative navigation approach, the core relative
estimator component itself has only been briefly
described in the literature to date.

The purpose of this paper is to fill that gap.
The flight tests presented by Wheeler et al. (2018)
and Wheeler et al. (2017) successfully leveraged
the relative multiplicative extended Kalman filter
(RMEKF) presented in this paper. While that work
demonstrated the effectiveness of the relative navigation

framework and gave an overview of the various
components, it did not describe the RMEKF in
detail. The RMEKF builds upon the multiplicative
Kalman filter (MEKF), which uses a quaternion to
represent attitude and quaternion multiplication to
define attitude error. The RMEKF extends the MEKF
by defining the UAS state to be with respect to a local
coordinate frame associated with the current keyframe
image. To accommodate this relative state, the RMEKF
introduces an additional keyframe reset step that is
applied each time a new keyframe is declared.

This paper contributes to the literature in three
ways. First, the paper provides a tutorial derivation
of the MEKF for UAS state estimation given
Hamilton quaternions. Second, the paper presents a
complete derivation of the RMEKF for multirotor UAS,
including several important extensions to the original
presentation by Leishman and McLain (2014). Third,
the paper provides a thorough derivation of the RMEKF
for both inertial and body-fixed (robocentric) state
representations, highlighting the subtle but important
differences that exist between the two methods. The
following paragraphs describe these contributions in
further detail and relate how they compare to the
existing literature.

MEKF Tutorial. Significant portions of the paper are
tutorial in nature, clearly motivating why an indirect or
error state formulation is necessary when quaternions
are used to represent attitude, and providing complete
explanations of each step in the derivation of the
filter equations. The MEKF was first introduced by
Lefferts et al. (1982), and several in-depth discussions
and derivations of MEKF implementations have been
published (Trawny and Roumeliotis, 2005; Markley,
2003; Sola, 2016). Some of these valuable publications
are of similar scope to the current work, but this
paper provides several meaningful extensions. First, this
paper derives an estimator for the full state of a UAS
(position, velocity, attitude, accelerometer biases, and
gyroscope biases), while most previous MEKF papers
of similar scope focus only on the attitude and bias
estimation. Sola (2016) does derive a full-state MEKF,
but this paper provides the derivation for a unique set
of propagation and measurement models. Second, this
paper derives the MEKF using the Hamilton quaternion
convention as opposed to the JPL convention used
in some other works. While the choice of quaternion
convention does not fundamentally change the problem,
Hamilton quaternions are commonly used in the
robotics literature and subtle but important differences
arise. This paper provides a contrasting perspective to
help deepen understanding of quaternions, and aims
to clarify some of the confusion that can arise due to
the varying conventions used in different works that
are not always explicitly defined. Third, the tutorial
nature of this paper provides sufficient context for
the derivation of several new properties relating to
quaternions, their error representations, and their Euler-
angle decomposition. These properties play a key role in
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the derivation of the RMEKF to allow partial attitude
updates.

RMEKF Derivation.  Another purpose of this
paper is to provide a thorough derivation of the
RMEKEF estimator successfully used by Wheeler et al.
(2017) for prolonged UAS navigation in GPS-degraded
environments. The RMEKF presented in this paper
extends the original RMEKF derivation by Leishman
and McLain (2014) in several important ways that
have proven necessary for prolonged flight. First, this
paper presents a new visual odometry measurement
model, laser scan-matching measurement model, and
keyframe reset operation, that together ensure the
state remains observable in GPS-denied environments.
Second, several novel properties of error quaternions
are derived that enable partial updates to quaternion
states and their covariances. Third, new terms are added
to the state vector in this paper to correctly account
for uncertainty in the roll, pitch, and altitude of the
vehicle at the time a keyframe is declared. Finally,
smaller differences include reversing the direction of the
odometry measurement model to avoid unnecessarily
coupling heading uncertainty into the update, and
estimating the global height of the vehicle above ground
rather than treating altitude as a relative state.

Inertial and Body-Fixed Dynamics. Another
unique contribution of this paper is the derivation of
the RMEKF when the state is defined with respect
to either an inertial frame or a body-fixed robocentric
frame. Vehicle dynamics are traditionally expressed in
an inertially-fixed, gravity-aligned frame (see Leishman
et al. (2014b) and Leishman and McLain (2014)). This
makes sense especially when the sensors are inertial
sensors like GPS. However, expressing the dynamics
in a robocentric frame is often more natural when
using robocentric sensors like cameras and laser range
finders, and can help address some of the inconsistency
issues of EKF-SLAM (Castellanos et al. (2007); Bloesch
et al. (2015)) when only relative states are required.
A related contribution of this paper is a presentation
of the subtle differences that arise between using
an inertial and robocentric reference frame. These
differences can cause confusion in the literature where
a side-by-side comparison does not currently exist. For
example, in addition to the change in dynamics, subtle
changes appear in the quaternion integration, error state
definition, measurement models, and keyframe reset
operations. By presenting both formulations side-by-
side, these differences are clearly explained.

The final contribution of this paper is a complete,
self-contained derivation of the filter and all relevant
quaternion properties. The definitions of quaternions
and error states used across the current estimation
literature differ in subtle ways. When these definitions
are not thoroughly documented, it becomes difficult
to correctly leverage properties from multiple sources.
With its tutorial nature and step-by-step explanations,
this paper is designed to present a complete, self-
contained derivation with respect to a consistent,
explicitly stated definition. This allows the reader

to understand, implement, and potentially modify
the RMEKF for new vehicles or applications. Note
that while the keyframe reset step and several
measurement, models are specific to relative navigation,
the propagation equations and general filter structure
are equally relevant for other applications, such as
GPS/INS navigation.

Section 2 summarizes the notation used throughout
the paper. Section 3 provides an overview of the
quaternion definitions used in the paper. Specifically,
Section 3.8 derives several relevant, new properties
of error quaternions. Section 4 outlines the structure
of the MEKF. The keyframe reset step is described
in Section 5, and an overview of the complete
RMEKF algorithm is given. Section 6 derives the
specific filter equations for inertial relative navigation
(iRN), and Section 7 derives the equations for body-
fixed robocentric relative navigation (bRN). Finally,
Sections 8 and 9 respectively present results and
conclusions.

2 Nomenclature

The following variables, operators, and notation are
defined and motivated throughout the paper and are
summarized here for convenience. Let B denote the
vehicle’s body frame and Z denote an inertial frame.

State variables
b d state

X,  vector component of state

Xq quaternion component of state

p. position of b with respect to a, expressed in ¢

p2  position of b with respect to a, expressed in a

q?  quaternion that rotates from a to b

v velocity of B with respect to Z, expressed in B
(v 2 5yE)

w  angular velocity of B with respect to Z,
expressed in B (w = Bw?)

a  acceleration of B with respect to Z, expressed

in B (a £ Ba¥%)

rate gyro biases, expressed in B

accelerometer biases, expressed in B

1 specific linear drag coefficient

n  zero-mean Gaussian process noise

v zero-mean Gaussian input noise

Bo
B

[\

Error state variables
0x  error state

0X, vector component of error state

0xg attitude component of error state

0p  position error state

dq quaternion error state

00  attitude error state (minimal representation)



Filter variables
u input
measurement
measurement residual
state covariance
process noise covariance
measurement noise covariance
residual covariance
Kalman gain

RnHILOT= N

F,G propagation Jacobians

H measurement Jacobian

N  keyframe reset Jacobian

N, position reset Jacobian

Ny attitude reset Jacobian

Operators

® quaternion multiplication (Hamilton)
-]  skew-symmetric matrix

mapping from vector to quaternion
()Y mapping from quaternion to vector

E[]  expected value
R(q) rotation matrix associated with q
Other
¥ estimate (or expected value) of y
y measurement of y
y time derivative of y
vyt a posteriori value of y
k  unit vector [0 0 l]T
I,., identity matrix in R*?
IIx  Projection matrix Izxg — kk'

g gravity vector gk

3 Quaternion Properties

Quaternions are a common method for representing
attitude due to their improved computational efficiency
and accuracy compared to alternative approaches
(Casey et al., 2013). A variety of definitions exist for
quaternions and their associated operations, leading
to subtle discrepancies and potential confusion. The
various approaches, described in more detail by Sola
(2016), include left-handed vs. right-handed quaternion
multiplication, active vs. passive representations, local-
to-global vs. global-to-local attitude direction, and
quaternion ordering. This section explicitly establishes
the definitions and notation used throughout this paper
and additionally derives several properties required for
the filter’s derivation. This section is not intended as a
complete introduction to quaternions, but rather as a
summary of relevant points.

3.1  Quaternion Conventions

A quaternion q € H is a hyper-complex number of rank
four consisting of a scalar and vector portion as

q=qo+ gt +qyJ +q:k .

We use the Hamilton definition of the quaternion, with

ij=—ji=kFk,
jszkal,
. (1)

For notational convenience we define the vector portion
of the quaternion as

q:[QJJ Ay QZ]T7

and write the quaternion as

q
a=|d]. @)

Quaternion multiplication is denoted with the ®
operator, and is carried out according to the rules in
(1) and standard algebraic multiplication. Using the
notation in (2), quaternion multiplication can be written
as a matrix multiplication according to

p®q= [pOI_;TLﬁJ 5;] [2)] 7 (3a)
P A -

where the operator |-] is the skew-symmetric operator

0 —a; ay
la] = | a. 0 —ay
—ay ag 0

so that a x b = |a|b. The skew-symmetric operator
has the property that

la]b=—|b]a. (4)

The conjugate of a quaternion q is denoted by q*,
and is equal to q but with the elements of the vector
portion negated. The inverse of a quaternion is given by

*

-1 q

q =
al

The quaternions used in this paper all represent
rotations and so are wunit quaternions, meaning that
their norm is 1. Therefore, for unit quaternions we have

SR

q :q:(JO

Inverting the product of two quaternions results in the
product of the inverse of each quaternion in the opposite
order, as

(poq) ' =q'ep .

3.2  Vector Rotation

In this paper, quaternions are denoted passively,
meaning that they represent the rotation necessary to
express a vector in a different frame. Let quaternion qz
represent the rotation from frame a to frame b and let
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%y represent a vector expressed in frame a. As described
by Kuipers (1999), ®y can be expressed in frame b using
the quaternion conjugation operation as

b a
Y| _ b1 y b
HECARCIHEL? 0
The term [“yT O} T is referred to as the pure quaternion
constructed from %y.

It is convenient to define an equivalent rotation matrix

R(q) such that
Y —qm e 3 wa. @

An expression for R(q) can be derived by expanding the
right-hand side of (7) according to (5), (3a), and (3b)

as [R((;l)y] _ :qolc_;TLaJ ;;1] m 9 q
=" oy } o .
- qTL a) ;)] [qquT}LyﬁJ y]
_ [(aB1- 200 L) + 3" + 1a)?) y] |
i 0

which implies that

R(q) = ¢01 —2qo [a] +qq" + |a)® -

It can be shown, however, that

lal®=aq" - (1-4)1,
so that
R(a) = (295 —1)I-2q0 G] +2aa" . (9)
Rotation matrices exhibit the following properties:
R™'(q;) = R'(q;) = R(q})
R(q;) = R(q})R(qq) (10)

det(R(q))=1.

The formula for vector rotation in equation (6) can
be used to derive the manner in which two rotations are
compounded together. If q° defines the rotation from
frame a to frame b, and qj the rotation from frame b to
frame ¢, then to take a vector expressed in frame a and
express it in frame ¢ we have

{Coy} =(ap)"'® [bﬂ ®q
=(@)"e <(012)1 ® [ag] ® qZ> ®q;
= (@ oq) @ {0} EICHETHE
We therefore conclude that

q;=q}®qj.

Comparing (10) and (11), we see that rotation matrices
and quaternions compound in the opposite order:

R(q, ® i) = R(qj)R(dy) - (12)

When the quaternion conjugation operation is applied

to a quaternion that is not a pure quaternion, the

analysis procedure in equation (8) can be repeated to

show that
R(q)p
Po

for the same rotation matrix R(q) defined by (9).
The result of this operation is that the basis of the
vector portion of p is rotated by the rotation defined
by q. This property is useful when the quaternion is
interpreted according to its axis-angle representation,
and it is desirable to express the axis vector in a different
coordinate frame. This arises in the derivation of some
of the measurement models and Jacobians in this paper.

q1®p®q:{ (13)

3.8 Unit Sphere Propagation

Attitude is represented using quaternions of unit length.
Unit quaternions do not form a vector space, but rather
form a group on the unit sphere S® C H. The group
operator is quaternion multiplication and the group of
unit quaternions gives a double cover parameterization
of the group of rotations SO(3).

Multiplying a unit quaternion by a non-unit
quaternion will cause the product to leave the unit
sphere. Normalizing the resulting quaternion according
to

q< 7
lal
returns the quaternion to the unit
linearization errors are introduced.

To properly rotate a quaternion along the manifold, it
is necessary to represent the rotation in terms of a unit
quaternion. A rotation can be represented using the unit

quaternion as
__|ésin g
d cos? |7

2

sphere, but

(14)

where € is a unit vector defining the axis of rotation
and @ is the angle of rotation about that axis. Let
0 £ 0é c R? define the magnitude and direction of
rotation. The mapping from this three-vector rotation
parameterization to a quaternion is denoted by the
operator " : R® — H and the inverse mapping by the
operator v : H — R3. The " operator is defined using
(14) as

n o [0 sin L0
6 [ Jo ol |- (15)
2

Rotating a quaternion q along the unit sphere by the
rotation 6 is accomplished as q ® 0”. This is analogous
to the notation qfB 6 and q® exp(4) found in the

estimation literature (Hertzberg et al., 2013). The V
operator is defined as
q
q" = 2 atan2 (||ql|, qO)IMTH (16)
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Fig. 2. Quaternion definitions used in the derivation of the
quaternion time derivative and integration. The same qa,
is used for both iRN and bRN because it corresponds to the
body-fixed angular velocity w measured by the rate gyros.

Extracting the underlying rotation between q, and q,
is accomplished as (q, ® (q,) ")¥. This is analogous
to the notation log(q, Hq,) found in the estimation
literature (Hertzberg et al., 2013). As inverse mappings,
it can be shown that 8 = (0/\)\/ and q = (q¥)".

Eqn. (15) is undefined when [@| equals zero,
and in practice becomes numerically unstable as | 0)||
approaches zero. There are a number of common
approximations of (15) for a small angle §0, such as the
second-order Gibbs vector parameterization (Markley,
2003)

50" ~ (17)

1 [50}
446607560 L2
The first-order approximation of both (15) and (17) is

1
560" ~ {2?"} , (18)
which is useful when deriving first-order Jacobians.
Eqgn. (16) can similarly be approximated for a small
quaternion dq as

5q" ~ 2sign (dqo) 0q - (19)

3.4 Time Integration

Several methods can be used to numerically integrate a
quaternion that represents the attitude of a rigid body.
Numerical integration is carried out over a finite time
step At, and is governed by the angular velocity of the
body with respect to an inertial frame as expressed in
the body frame, w £ Bw’. Let g, be an incremental
quaternion and wo be the nominal angular velocity.
Zero-order quaternion integration assumes that the
angular velocity is constant over the timestep, wg = wy,
while first-order integration uses linear interpolation,
wpo = %(wt + w;—1). From (15), we write qA, as

aa: = (""OAt)A

. At
wo_ gy ( llwoll
lwoll 2

= A
cos (Legfar)

The value of the quaternion q,, ; at time ¢ + At can
be expressed as the combination of the quaternion g, at
time ¢ and the incremental quaternion q,. The manner

(20)

in which these quaternions are combined depends on
whether the attitude quaternion represents the attitude
of the body with respect to an inertial frame (iRN),
or the attitude of an inertial frame with respect to the
body (bRN). As illustrated in Figure 2, the attitude at
time t + At for these cases is

IRN: aupar =9 ®day (21)
bRN:  qya; = (Aa) ' ®q;,

where the order of compounding follows equation (11).
Substituting (20) into (21) gives

wo i (lwolat
ol 2

IRN thrAt = qt ® HWOHAt 9 (223’)
COS <T>
— w0 _gin (HwozﬂAt
BRN: gy ap = | 1l ®q, . (22b)

At
cos (Hwo | )

Integrating according to (22) maintains unit norm,
allowing the attitude to propagate on the unit sphere
53 C H. In practice, however, this definition becomes
numerically unstable as |lwo| approaches zero. As
described by Trawny and Roumeliotis (2005), applying
L’Hospital’s rule to (22a) for iRN shows that

) B 1
||a.:1ﬁ|n—>0 Qpae = 9 + AL (29(“’0)%) ) (23)
where
—|lw| w
Qw) = [_(L‘JTJ 0] . (24)

Comparing (24) to (3b) shows that (23) can be written
as

1 [w
qt+At:qt+At <2Qt® 00]>-

For bRN, a similar analysis can be applied to (22b) to

show )
1 —Wo

qt+Atvaqt+At(2|: 0 | ®Qt) .

Note that for bRN both the order of the quaternion
multiplication and the sign of w( have been reversed.

In summary, the attitude quaternion is integrated
according to (22) when ||wg|| is sufficiently large to avoid
numerical issues. When ||wo|| is small, the integration is
approximated as

. 1 w
IRN: qupn; =aq; + At (2% ® [ 00}> ) (25a)

1 |—w
bRN: Qe = q; + At <2 { 00} ®qt> . (25b)

Integrating according to (25) causes the quaternion to
depart from the unit sphere S3; when this method is
used a normalization step therefore follows.

3.5 Attitude Kinematics

The attitude kinematics of a rigid body are described
by the time derivative of the attitude quaternion.
Some authors (Bloesch et al., 2016; Hertzberg et al.,
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5q? attitude error:
nominal body, b
Method 1: q £ §®dq, (28a)
true body, b Method 2: q = qeq, (28b)
Method 3: q2§®dq~ !,
Method 4: q246q7'®q.

node, n

Fig. 3. Error state definitions for inertial and body-fixed
relative navigation. To keep the same intermediate nominal
frame, and as a result have similar error dynamics, the
error state definitions are defined differently.

2013) emphasize the manifold structure of attitude
dynamics by defining ¢ € R® as a member of the
associated Lie algebra, while other authors (Trawny and
Roumeliotis, 2005; Markley, 2003) assume a first-order
approximation such that ¢ € R*. In this paper, while we
use (22) to propagate along the manifold S3, we use the
first-order approximation of the quaternion dynamics
over a finite timestep At for computing the first-order
Jacobian matrices required by the extended Kalman
filter.

The first-order Taylor series approximation of (22),
which assumes % [lwo|| At is small*, yields the same
result as (25). Using (25a), the quaternion time
derivative for iRN is computed as

QZAETLIOE (A nr —ar)

. . 1 1 Wy
= lim — At | = —

q A?BO Al <Qt+ (2‘%@ {0 :|> Qt>
_ 1 w
=3%u® o] -

A similar analysis follows for bRN using (25b).

In summary, attitude quaternion kinematics are
represented by
. .1 w
iRN: q= §q® [O} , (26)
. 1 |—w
bRN: q2{0]®q (27)

3.6 Error State

Because unit quaternions do not form a vector space,
quaternion error cannot be computed using vector
subtraction. Rather, a true quaternion state q is
represented as the quaternion multiplication of an
estimated quaternion ¢ and quaternion attitude error
dq. By varying the order and direction of the quaternion
multiplication, there are four possible methods to define

In this paper, we use (28a) for inertial relative
navigation (iRN) described in Section 6 and use (28b)
for body-fixed relative navigation (bRN) described in
Section 7:

iRN: q2q®dq,
bRN: q£6q®q.

(29a)
(29b)

While using different definitions requires additional
care when deriving the filter, ultimately this minimizes
differences between the dynamics, measurement models,
and keyframe reset steps of iRN and bRN. Figure 3
illustrates the choice of error state definitions and shows
how this selection allows both approaches to keep the
same intermediate nominal body frame b. Rearranging
(29), the quaternion error state is defined as

iRN: 6qg=¢ '®q, (30a)
bRN: dgq=q®§ . (30b)
Using (12), we can express (29) as
iRN: R(q) = R(6q)R(q) , (31a)
bRN: R(q) =R(q)R(dq) . (31b)

When representing the attitude uncertainty associ-
ated with a quaternion error, a minimal representation
is required. A quaternion is parameterized with four
numbers, but only three are required to fully param-
eterize an orientation since orientations are associated
with unit quaternions, elements of the three dimensional
group S3. Because the group is three dimensional, the
tangent space at the identity element, or Lie algebra,
will be isomorphic to R3, and error covariances can be
defined in this 3-dimensional vector space. Accordingly,
we represent the uncertainty in dq as the covariance of
the vector §6 € R3. The " and v operators of (18) and
(19) define the mapping between the error quaternion
dq and its minimal representation 60 as

80 = 6q" ~ 2sign(qo)q ,

1
5q = 56" ~ {259} .

| (32)

By substituting (32) into (9) and ignoring second-order
terms, it follows that

R(dq) ~I— |00] (33)
and

R(6q™ ') =R (0q) ~ I+ 06 . (34)

*Even for a large ||w|| = 27 rad/s and moderate At = 0.01 s, the
error introduced by linearizing the integration is only on the order
of 1076 rad.



3.7  Euler Decomposition

Aircraft attitude is commonly represented using three
angles: roll ¢, pitch 0, and yaw 1. Yaw represents
the rotation about the inertial z-axis (down). Pitch
represents the rotation about the resulting y-axis. Roll
represents the rotation about the z-axis formed after
pitching and yawing. This sequence of rotations, known
as 3-2-1 Euler angles, relates the vehicle’s body frame
to an inertial frame, and can be represented as the
multiplication of three rotation matrices

R(q) = RsRoRy , (35)
where
1 0 0
Ry 210 cos¢p sing|
|0 —sing cos¢
[cosf 0 —sind
Re2| 0 1 0 , (36)
[sinf 0 cos@
[ costp  siny 0
Rwé —siny cosv 0O
0 0 1

Because quaternions are generally less intuitive, they
are often mapped into roll, pitch, and yaw angles for
plotting, analysis, and control. Expanding (35) using (9)
and comparing terms, we obtain

2909z + 2qyq
¢atan<2_z_ 2y22 s

0 = asin (2qoqy — 2¢.9-) ,
QQOQZ + 2q€70qy )

1) = atan (
C-C-¢+aq

(37)

To map Euler angles into a quaternion, we compose
the attitude quaternion from the roll, pitch, and yaw
components using the order derived in (11) such that

4=9,2qy®q, . (38)

Note the order of composition is opposite of (35) as
described by (12). From (14), we get

sin % 0 0
a 0 sin g N 0
q¢ - 0 ) qG - 0 7q1/1 - sin % (39)
cos g cos g cos %

To show that (38) and (35) are consistent using the
definitions in (39), we need only apply (9) and double-
angle trigonometry identities to (39). For example,

letting k £ [0 0 1}T, we see that

R(qy) = (2 cosz(%) - 1) I- 2005(%)3111(%) | k|

+281n2(%)kkT
= cos T —sin® |k| + (1 — costp) kk '
~R,.

By substituting (39) into (38), a unit quaternion can be
constructed from roll, pitch, and yaw angles as

qw:cosgcosgsin?—sinysingcos?
2 2 2 2 2 27
q :cosgsingcos?—&—sinycosgsin?
Y 2 2 2 2 2 27
qz:sin%cosgcos?—cos%sinfsin?
2 2 2 2 2 27
qo:cosgcosgcos?+sin%sinesin?.
2 2 2 2 2 2

Appendix A derives the Jacobian that relates errors
in the Euler angle decomposition to the attitude error
state. Defining

6=
AL lo-0],
=1

the covariance of A is related to the covariance of 660 as
E {AAT} = NAE [5950T] NT

where Na = 0A /960 is given for the iRN case by (100)
in Appendix A.

3.8  Error Quaternion Properties

This section presents several properties of error
quaternions that are needed in the derivation of
the Jacobians used in the RMEKF. The first of
these properties relates to the product of two error
quaternions. Using (32) and (3a), and by dropping
second-order terms, we obtain

5qc = 5qa ® (qu
360.] _ [1+35106.) 5064] [36,
1 | —1s0] 1 1
(1660, + 1 [664] 56, + 166,
~156750, +1
1(60, + &9{,)}

%

1

from which we can conclude that

5qc = 5qa ® 5qb

40
= 0.~ 0, + 0, . (40)

It can be similarly shown that
6q, = (6q,) ' ® dq, = 0.~ —30, + 60, ,
6q, = 6q, ® (6q,)"! = 06.~ 60, — 56, .
For the next property, we recall from Section 3.2
that quaternion conjugation operating on an arbitrary

quaternion rotates the basis of the vector portion of that
quaternion. Using equation (13) with (32), we see that

sq,=q ' ®dq, ®q
= 60, ~ R(q)db, .

In addition, (40) and (41) can be combined to verify
that, for example,

(41)

éq, =69, ®q ' ®dq, ®q

= 0.~ 0, + R(q)oby, . (42)



Koch, Wheeler, Beard, McLain, and Brink

4 Multiplicative Extended Kalman
Filter

With the quaternion notation and properties estab-
lished, we are prepared to outline the proposed esti-
mation framework: a continuous-discrete, indirect, mul-
tiplicative extended Kalman filter (MEKF). For gen-
erality, in this section we derive the MEKF without
defining the specific state, input, and measurement
variables. This derivation will be made more concrete in
Sections 6 and 7, where the actual implementations with
specific variable definitions are presented. This section
is predominantly a review of techniques found in the
literature, but introduces notation that helps to clarify
the derivation.

A Kalman filter provides the optimal, maximum-
likelihood state estimate for a linear system under
Gaussian noise. It recursively estimates the evolution of
the system state x as a function of the current state
estimate X = E[x], input u, and measurement z. A
Kalman filter also maintains an estimate of the state
uncertainty, represented by the covariance matrix P,
typically defined as

P=F|(x-Ex)x-Ex) (43)

The extended Kalman filter (EKF) is an extension
of the Kalman filter for systems with nonlinear
dynamics and/or nonlinear measurement models.
The EKF linearizes the system about the current
maximum-likelihood state estimate. While optimality
and convergence are no longer guaranteed as opposed to
a linear Kalman filter, EKFs are widely used in practice
for their robust performance and straightforward
implementation. If the state x includes a quaternion,
however, (43) is fundamentally flawed. First, quaternion
subtraction is not well-defined as described in
Section 3.6, and second, (43) is never full rank because
quaternions are not a minimal representation. These
issues are addressed using an error-state, or indirect,
formulation of the Kalman filter.

The indirect Kalman filter tracks the error state dx
and its uncertainty. Unlike the state x, the error state
is defined as an element of a vector space by using a
minimal attitude representation. The error state is a
measure of the discrepancy between the true state x
and a nominal state X,om, where X,om can be defined
in a number of different ways, as described by Farrell
(2008). When the system dynamics are especially well-
modeled, such as for a spacecraft in orbit, X,,m may
be a predetermined feedforward state estimate. More
commonly, the nominal state is the maximum likelihood
state estimate Xpom = E [x]. In this case, measurements
provide feedback to update the nominal state, forcing
the expected value of the error state to zero. Some
indirect Kalman filter implementations differentiate
between fast and slow measurements, and only update
the nominal state for the slow measurements (Farrell,
2008; Maybeck, 1979). For such systems, Xpom 7# E [X]
at the fast rate, so that the expected error state is non-
zero and must be propagated. For the derivation in this
paper, the nominal state is updated equivalently for

every measurement, ensuring that X,om
any given time.

Let x, and xq represent vector and quaternion
portions of the state x, and Jdx, and dxg be the
corresponding elements of the error-state dx. We define
these error-state elements as

=% = FE[x] at

(1>

Xy — Xy , (44a)

2 5q", (44D)

0Xy

5X9

where dq is defined by (30) using xq and %Xq. This results
in the property

E5x] =0, (45)

as derived in Appendix B.1. Because the error state
is part of a vector space, and as a result of (45), the
indirect Kalman filter represents state uncertainty with
the well-defined covariance

P = B |(9x — E[6x]) (6x — E[3x))]

=E [0xéx'] . (46)

As a note on interpretation, in this formulation
the unknown true state is modeled as a random
variable centered around the current state estimate.
More specifically, the vector and quaternion portions of
the true state are modeled as random variables using
the inverse of (44) as

Xy = Xy + 0Xy )
iRN: x4 = %q ® (6x9)" |
bRN:  xq = (0%0)" ® %q ,

where dx, and dxg are elements of the Gaussian random
vector

ox ~N(0,P) .

Kalman filters are decomposed into two steps:
the propagation step and the wupdate step, which
are described in Sections 4.1 and 4.2. Section 4.3
discusses a method to handle delayed or out-of-order
measurements. In general, the MEKF can use either an
inertial or body-fixed coordinate frame. Several nuanced
differences exist, however, and are highlighted as iRN-
or bRN-specific.

4.1 Propagation

Consider the continuous-time system

% = f(x,u+v) 47, (47)

where v ~N(0,Q,) and 1~ N(0,Q,) are zero-
mean Gaussian random variables. More specifically, we
assume that 7 and v are uncorrelated,

Emv'] =0, (48)

and that the input and process noise are not correlated
in time:
E [n(t)n(r)'] = Qud(t — 1),

49
E[o(t)o(r)T] = Qualt— 7). (49)
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where §(t) is the Dirac delta function.

In the propagation step, the filter propagates the state
estimates forward according to the nominal propagation
dynamics as

% =f(%,u). (50)

When x is part of a vector space, the Jacobians needed
for propagating the covariance are obtained from the
first-order Taylor series expansion of the error-state
dynamics as

0x =f(x,u+v)+n—1f(%,u) (51a)
. of of N
~ f(x,u) + x *uéx—l— P *)uv—I—n—f(x,u)
of of
I . 0x + 7 ﬁ’uv—kn. (51b)

When the state x includes quaternion terms, however,
the error-state dynamics cannot be formed by simple
subtraction as in (5la). In fact, as described in
Section 3.6, the error state dx is of lower dimension than
x. Noting that x is a function of X and dx according to
(44), the dynamics of the error state can be expressed
generally as a single function

6% = f(6x,v,%,u) +n, (52)

where only 6x, v, and i are stochastic variables’. The
function f then handles the quaternion portions of the
state appropriately. We show in Appendix B.2 that
f(E[0x], E[v],%,u) = 0. The Jacobians for the covari-
ance propagation are computed from the first-order
Taylor series expansion of (52) about (E[d0x], E[v], %, u)
as

0% ~ f(E[6x], E[v],%,u) +n
+ F(ox — E[6x]) + G(v — E[v])

=Fix+Gv+n, (53)
where
P Of (6%, v,%, 1)
dox E[6x],E[v],%,u
and
G of (6%, v, %, 1) ’
v E[6x],E[v],%,u
with E[0x] = E[v] = 0. Note that (53) has the form of

(51b), but the Jacobian terms differentiate the error-
state dynamics with respect to the error state and input
noise, rather than with respect to the state and input.
The error-state covariance propagation is given by
differentiating (46) with respect to time and utilizing
the linearized error dynamics from (53) as
P = E [6%0x" + 6x0%"]
= E [Fox0x' + Guix' +nox" |
+ FE {(SX(SXTFT +oxv G + 6an}
—FP + PF' + B [Guix" + ixv" G|

+ E [néx" +dxn'] . (54)
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To simplify terms, we solve the differential equation in
(53) with initial conditions dxg to obtain

t t
x(t) = e"'6xo +/ ST Go(r)dr + / T n(r)dr
0 0

(55)
Using (55) and the properties (48) and (49), we see that

E [(SX’UTGT} =F [eFt(SxovTGT}

+E { / t eF(tT)Gv(T)'UT(t)GTdT]

0

|

d

%GQUGT

t FENn(r)oT ()G dr
/ |

t
/ FGQI(t — T)GTdT:|
0

(56)
where the % is because the bounds of integration only
use half of the area inside of the delta function. Similarly,

g

E [5an} 5

x - (57)
Because Q,, and Q, are symmetric, combining (54),
(56), and (57) we have that P evolves between

measurements as

P=FP+PF' +GQ,G' +Q,. (58)

In summary, during the propagation step, X is
propagated forward using (50) and the error covariance
is propagated forward using (58). Also, since the
evolution of dx is given by (53) and E[0x](0) = 0, we
have that F[6x](t) = 0 over the propagation window.

4.2 Measurement Update

For the update step, consider the measurement

z= h(Xﬂ"Iz) ) (59)

where 1, ~ N(0,R) represents measurement noise.
This measurement noise is usually additive if the
measurement is a vector quantity, but if the measured
quantity is a quaternion the noise is applied through
quaternion multiplication.

The residual r is the discrepancy between the true
measurement and the predicted measurement

2 = h(%,0) .

Conventionally a vector-space measurement is assumed,
such that (59) is simplified as

z=h(x)+n,.
In this case, the residual is found by subtraction,

r=z—h(x),

TNote our slight abuse of notation in that 7 in (52) is of the same
dimensionality as the error vector, while in (47) 7 is of the same
dimensionality as the state vector.
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and is modeled as
r = h(x) + 7, ~ h(%) .

Jacobians are then computed using the first-order
Taylor-series expansion as

e~ n(x) + ) dxm, b
| oh(x)
= x|, 0x+mn, . (60)

These measurement and residual models share similar
shortcomings with the conventional error-state dynam-
ics presented in (51), namely they do not hold for
quaternion measurements and (60) assumes the state
x is of the same dimensionality as dx.

These issues can be addressed by expressing the
residual model as a single function, paralleling the
approach taken for the propagation step in Section 4.1.
Again noting that x is a function of X and dx, the
residual is modeled as a function

r =h(0x,n,,%) ,

where only the first two variables are stochastic. For
measurements z, of vector values, the residual value is
computed by subtraction as

r =z, —h(%,0), (61)

and is modeled as

h((SX, Nz )A() = h(X, 77z> —h(x, 0) ) (62)
where x can be rewritten in terms of §x and X according
to (29) and by rearranging (44a). For measurements zq
of quaternion values, the residual value is computed
as the three-vector minimal representation of the
error between the observed and expected quaternions
according to (30) as

iRN: r= (h(x,0) ' ®2zq)",

bRN: v

63
(zq ®h(%,0)71) ", (63)

r

and is modeled as
iRN: h(éx,n,,%) = (h(fc, 0)'® h(x,nz))v 7(64)
bRN:  h(dx,n,,%) = (h(x,n,) ®h(%,0)7")",

where again x can be rewritten in terms of dx and %
according to (29) and (44a).

It follows from (62) and (64) that the residual
models have the property h(E[0x], E[n,],%) = 0. The
measurement models in this paper are chosen so that
the noise is additive in the residual space, implying that

881; = 1. The measurement Jacobians are computed

using the first-order Taylor-series expansion of h about
(E[0x], E[n,],%) as

r ~ h(E[6x], E[n,], %) + H (6x — E[6x])

+ I(nz - E[T’z])
=Hox+n,,
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where -
oh(dx, n,, %)

H =
00x

E[0x],E[n,].%

and E[0x] = E[n,] = 0.

Assuming the measurement noise, error state, and
input noise are uncorrelated, the residual uncertainty
is

S £ Err"]
= E[Hix0x H' +n,n)]

—HPH' +R. (65)
The Kalman gain uses the residual and state uncertainty
to find the extent to which the residual should be trusted
and applied. Using the residual covariance, the Kalman
gain is
K=PH'S™'. (66)
In fusing the information provided by the measure-
ment, the a posteriori estimate of the error state,
denoted with a T, is

oxT =6x +Kr,

implying that
E[6x"] = Kr.

With the additional information provided by the
measurement update, the error state is no longer zero-
mean, violating the property in (45). Let x, and xq
again be vector and quaternion states within x, and
let Av and A@ be the corresponding portions of the
Kalman update Kr. To ensure the error state remains
zero mean, the Kalman update Kr is used to adjust %
as

% =%, +Av
iRN: X} =%4 ® AG" (67a)
bRN: %} =A0"® %, . (67b)

where (67a) and (67b) are specific to the quaternion
error-state definition used.
Finally, the covariance is updated conventionally as

P"=1I-KH)P.
In practice we use the Joseph form Kalman update,

P"=I-KH)PI-KH) +KRK',  (68)
because it improves numerical stability and ensures that
the covariance matrix remains symmetric (Bar-Shalom
et al., 2002).

In summary, during the update step the measurement
residual (61) or (63) provides additional information
causing a non-zero E[0x]. Using the Kalman gain (66),
% is updated according to (67) to ensure E[0x] remains
zero mean. The error-state covariance is updated
according to (68).
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4.3  Delayed Out-of-Order Measurements

The Kalman filter assumes the state evolves according
to a Markov process. As such, state estimates for
all previous time steps are marginalized. This makes
it difficult to compute a residual for delayed or
out-of-order measurements when they finally arrive.
In practice, delayed measurements are common. For
example, visual odometry algorithms may require
hundreds of milliseconds to perform the computer vision
operations necessary to compute a measurement. Ideally
this measurement is used to constrain the state of the
vehicle when the image was taken, not to constrain the
state of the vehicle when the measurement arrives.

To address delayed measurements, we use priority
queues to save the last T seconds of inputs,
measurements, states, and error-state covariances
ordered by time. If a delayed measurement arrives
with a time stamp more than T seconds old, we
discard the measurement. Otherwise, we discard all
saved states and error-state covariances that have a
time stamp later than the time stamp of the incoming
delayed measurement. At this point, we are left with
the state and covariance estimate at the instant the
delayed measurement should have arrived. We apply
the measurement normally, and then use the input and
measurement queues to re-propagate the MEKF to the
current time instance. This approach provides the same
state estimate as if all measurements had arrived at the
correct time. Handling delayed messages in this way may
not be practical for all processors. Similar methods are
described by Bopardikar et al. (2013) and Shen et al.
(2014).

5 Relative Navigation

Section 4 provided a general overview of the indirect
MEKF. This section describes how the MEKF is
adapted to the relative navigation framework.

Conventional filtering approaches directly estimate
the vehicle’s global state with respect to some inertially-
fixed origin, such as the GPS origin or the vehicle’s
starting location; however, when only relative position
measurements such as those obtained from visual
odometry or laser scan matching are available, the
vehicle’s global position and heading are unobservable
(Martinelli, 2012; Weiss et al., 2012; Jones et al.,
2007). Over time, directly estimating these unobservable
states leads to inconsistent and unbounded state
uncertainties, which can degrade accuracy and cause
irregular state jumps in the filter (Julier and Uhlmann,
2001; Bailey and Durrant-Whyte, 2006; Kottas et al.,
2013). Methods for mitigating these issues have been
proposed (Bailey and Durrant-Whyte, 2006; Kottas
et al., 2013; Castellanos et al., 2007), but the core
underlying issue of unobservable states can be avoided
entirely by reformulating the problem in terms of
relative states (Wheeler et al., 2018).

The relative navigation approach maintains observ-
ability of the filter states by estimating the pose of the
vehicle with respect to a local coordinate frame referred
to as the node frame. This node frame is positioned at
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zero altitude directly below the most recent odometry
keyframe, but is gravity-aligned (i.e. the heading is
aligned with the vehicle’s heading when the keyframe
was declared, but there is no pitch or roll). As a result,
the odometry provides nearly-direct measurements of
the position and heading of the vehicle with respect to
the current node frame, making those states observable
by construction.

Because of the way the node frame is defined, the
roll and pitch components of the vehicle’s attitude (¢,
), as well as the vehicle’s altitude p,, are estimated
as if they were defined with respect to a global origin.
These states are not affected when transitioning from
one node frame to another and so are, in effect,
independent of the current node frame. On the other
hand, the horizontal position and heading states (p.,
py, and ) define how the vehicle has moved since
the last node frame, and are termed relative states.
Each time a new keyframe is declared, a new node
frame is also declared and the relative states (py, py,
and 1)) are reset to zero. The covariances associated
with the relative states are also reset to zero, since the
vehicle is, by definition, at the location of the node
frame and so there is no uncertainty in these states.
This is illustrated in Figure 4. The non-relative states
(roll, pitch, altitude, body-fixed velocities, and body-
fixed IMU biases) and their covariances are unchanged
by the keyframe reset operation. Note that resetting
the heading component of the state and covariance
is non-trivial when attitude is parameterized with a
quaternion. Prior to the reset, the vehicle’s current
relative pose estimate and covariance are passed to a
back-end pose-graph map that concatenates the relative
poses into an estimate of the vehicle’s global path and
current global pose (Wheeler et al., 2018).

We describe the keyframe reset operation mathemat-
ically as follows. Let n(x) define the keyframe reset
operation. The estimated state is reset as

}A(+

=n(x). (69)
The error state after the reset, dxT, is the difference
between x* and %7 as defined by (44). Again recalling
that since x is a function of dx and X, we can express

the error state after the reset as a single function

).

This allows the covariance to be updated as

oxT =n(dx, %

P = NPNT,

where
_0n(dx,X)

N = .
dox E[6x],%

The details of the reset operation n(x) and the Jacobian
N are presented in Section 6.3 for iRN and in Section
7.3 for bRN.

This formulation provides several advantages in terms
of estimator performance. One of these advantages is
that when the covariance associated with the relative
states is reset to zero, uncertainty is in essence removed
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(a) Before reset (b) After reset

Fig. 4. Illustration of the keyframe reset operation as
viewed from above. Before the reset (4a), there is some
error between the estimated pose (blue) and the true pose
(green), with the estimated uncertainty represented by the
blue covariance ellipse. When the reset occurs, the vehicle
is, by definition, at the location of the keyframe. As a
result, after the reset (4b), both the relative states and the
corresponding elements of the covariance matrix are set
identically to zero and there is no error.

from the filter and delegated to the back-end map,
which helps to maintain filter consistency (Barfoot and
Furgale, 2014). As a result, the covariance in the filter
also remains bounded. In addition, since the distances
between keyframes are relatively small, the state error
remains small, avoiding significant linearization errors
that can cause inconsistency in a global estimator
(Castellanos et al., 2007).

While reconstructing the global pose estimate
requires implementing a back-end pose-graph map, this
architecture has also been shown to improve consistency
and accuracy of the final global pose estimate over global
filter approaches, even in the absence of additional
pose-graph constraints such as loop closures (Wheeler
et al., 2018). It also has the advantage of avoiding large,
potentially destabilizing state jumps when new global
information becomes available. The requirement to
implement this pose-graph map is also not a particularly
onerous one, seeing as some global filter approaches
already use a back-end batch-processed map to provide
updates to their global filter (Shen et al., 2014; Weiss
and Siegwart, 2011).

The various steps for implementing an RMEKF are
summarized in Algorithm 1, along with references to the
key equations. The specific implementation equations
are derived in Section 6 for inertial relative navigation
and in Section 7 for body-fixed robocentric relative
navigation.

6 Inertial Relative Navigation (iRN)

Inertial relative navigation (iRN) estimates the vehicle’s
position and attitude with respect to the current node
frame. While the current node frame changes regularly,
each is gravity-aligned and inertially defined. For this
reason, typical UAS dynamics from the GPS/INS
literature are applicable. Section 6.1 outlines the input,
state, and dynamics for the system, including the error-
state dynamics. Section 6.2 defines the measurement
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Algorithm 1 Relative multiplicative extended Kalman
filter (RMEKF)

1: Initialize: x = xq
2: Initialize: P = Py
3: for Each new available input u do

4:  Propagate nominal state X using (50)

5. Propagate error-state covariance P using (58)
6:  for i in sensors do

7 if Measurement is available from sensor i then
8: Compute residual r using (61) or (63)

9: Compute residual uncertainty S using (65)
10: Compute Kalman gain K using (66)

11: Use Kr to update % using (67)

12: Update error-state covariance P using (68)
13:  if New keyframe is declared then

14: Save x and P as edge in pose-graph back end
15: Reset state using (69)

16: Reset uncertainty using (70)

models and Section 6.3 outlines the keyframe reset
step. In general, the derivations in this section improve
upon the mathematical rigor of the derivations in prior
work (Leishman and McLain, 2014) and provide some
corrections. New contributions that extend that work
are noted in their respective sections.

6.1 State Dynamics

This section derives the state propagation model used
in the filter. Section 6.1.1 defines the state vector.
Section 6.1.2 discusses how measurements from an
inertial measurement unit (IMU) are incorporated into
the propagation model, and Section 6.1.3 defines the
state propagation model and derives the associated
Jacobians.

6.1.1 State Vector. Vectors use a forward-right-down
coordinate frame, with axes labeled x, y, and z. In this
paper, the position vector °p® denotes the position of
frame b with respect to frame a, expressed in frame c.
Unless otherwise noted, position vectors are expressed in
the originating frame, i.e. frames a and ¢ are the same.
When this is the case the prescript is usually omitted
for brevity, so that p? £ *pt. However, the prescript is
occasionally included for clarity.

Inertial relative navigation estimates the position and
attitude of the vehicle’s body frame b with respect to
and expressed in the current node frame n, denoted by
the pose (p%,q%). Let frame k represent the vehicle’s
body frame at the instant in time that the current
keyframe image was taken. The estimator tracks the
pose of k with respect to and expressed in n, denoted as
(p¥,q¥), which is an extension to prior work (Leishman
and McLain, 2014). As illustrated in Figure 5a, the
keyframe states (p%,q”) include the altitude, roll, and
pitch of the vehicle at the moment a keyframe is
declared. Since the vehicle state is not a vector when
it contains quaternion elements, we define the state as
the tuple

x2 (p?, d%, v, By, Ba: PE. af, 1)
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(a) Before reset (b) After reset

Fig. 5. Illustration of the keyframe reset operation as
viewed from the side. (a) p’fL and q’fL encode the roll, pitch,
and altitude of the vehicle when the keyframe was declared.
(b) After a reset, the keyframe and body states are
identical.

with x € R® x H x R3 x R3 x R?® x R® x H x R, where
v € R? is the vehicle’s inertial velocity expressed in
the body frame (i.e. v£bvh where 7 is an inertial
frame), B, € R? and B, € R® are unknown biases for
the gyro and accelerometer, and o € R is the lateral drag
coefficient. The error-state vector dx € R?? is defined as

‘
ox = [opt " 50" ovT 68,7 68,7 opt” 065" o -

b, ,b b

6.1.2 Mechanization. Let w =°%wh% and a=’al
respectively define the true body-fixed angular rates
and accelerations as measured by an ideal IMU. For
brevity we omit specifying the frames and write w and
a throughout the paper.

An IMU provides measurements @ and a that are
corrupted by unknown biases B, and B, and zero-
mean Gaussian noise processes v, and v,, such that
the measured values could be modeled as

b

w=w+ P, + v,
a=a+p,+va. (71a)

Recognizing that the actual measured values @ and a
are fixed at a given timestep and that the noise terms
are considered to be uncorrelated in time, the unknown
true values are modeled as random variables as

(72a)
(72b)

w=&— B, Vs

a=a-—f,
where w, a, B, Ba, Vw, and v, are random variables
and @ and a are considered as constants. The nominal
value of the angular rate used for propagation is then
the expected value of the true angular rate

Elw]
= E[(:) _IBW —’Uw]

— Va,

A D
w =

—o- B, (73)

and the nominal value of the acceleration used
for propagation is the expected value of the true
acceleration

A A
a—=

(74)
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Fc

Fig. 6. Free body diagram describing the forces acting on
a multirotor. The principal forces are gravity F¢, thrust
Fr, and drag Fp. The vector v represents the velocity of
the vehicle, and g represents the gravity vector. The
gravity force acts in the direction of gravity, the thrust
force acts perpendicular to the plane of the rotors, and the
simplified drag force acts opposite the velocity vector.

IMU data can be treated either as a system input or
as a measurement, in a trade-off based on IMU quality
and model accuracy. When a reliable vehicle model is
available, the controller’s output (e.g. motor commands)
can be used as an input to the observer to propagate the
state forward. In this case, IMU data are incorporated
as measurement updates providing feedback. This
approach leverages the most information but requires
careful characterization of the vehicle’s dynamics.
Another common approach, known as mechanization,
treats the IMU measurements directly as inputs to
the filter dynamics, which replaces the vehicle-specific
dynamics with kinematic equations. This simplifies
the propagation dynamics and eliminates sensitivity to
modeling errors, but does not use any information about
how the vehicle behaves.

For the filter design in this paper, the angular
velocity measured by the rate gyros @ is treated as an
input to the propagation equations. Following Leishman
et al. (2014a), the z component of the accelerometer
measurement is also treated as an input, while the x
and y components are used as measurement updates.
The following paragraphs explain the derivation and
justification for this approach.

Using Newton’s second law, the velocity dynamics can
be modeled as

. 1 B
V—Lva—l—mZ F, (75)
where m is the mass of the vehicle and °F are the
forces acting on the vehicle expressed in the body frame.
As illustrated in Figure 6, the principal forces that act
on a multirotor are gravity *Fg = mR(q%)g, thrust
BF; = Tk, and the simplified drag force °Fp = — oV,
where k £ [O 0 1]T, T is the total rotor thrust, ug is
the nominal drag coeflicient, and g = gk with g being
the standard acceleration due to gravity. Substituting
these forces into (75) yields

1
v=|v]w+ ™ <BFGJrBFT+BFD)

Mo
- —V.
m

T
[v]w+R(ap)g + —k (76)
While technically correct, the dynamics in (76) are

challenging to use in practice because the thrust T
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is difficult to model and so is generally unknown.
This difficulty is addressed through mechanization by
utilizing the accelerometer measurements directly in the
propagation model. As explained by Leishman et al.
(2014a), accelerometers measure the specific force (not
including gravity) expressed in the body frame, so that

1 B B
— — N Bp _5F
a=_—>. ¢
1
= — (BFT + BFD)
T
= k- My (77)
m m
Substituting (77) into (76) yields the common
mechanization dynamics
v=|vlw+R(q®)g+a. (78)

Equation (78) eliminates the need for modeling
complicated vehicle dynamics, but ignores information
about the dynamics that might improve estimator
performance by building up cross-correlation terms in
the covariance matrix P.

In practice, we have found the most success using a
combination of (76) and (78). Noting that the unknown
thrust term in (76) appears only in the z component,
a hybrid propagation model is obtained by substituting
only the z component of (77) into (76) to obtain

V=|v]w+R(q))g+ak—pIhv, (79
where a, =k'a, p=po/m is the specific drag
coefficient, and

I 21— kk'

is a projection matrix that projects onto the plane
normal to the k axis.

As a result of this hybrid approach, we consider the
gyroscope and z-axis accelerometer measurements as
system inputs, while using the horizontal accelerometer
measurements as feedback in the update step. The
system input and input noise are therefore defined as

@

we o] =l

where a, = k'a and Va, = kT’Ua.
6.1.3 Propagation Model. The system dynamics are
modeled as

), =R'(a;)v (80a)
= gato |4 (50)
v=|v]w+R(q))g + a.k — uIlv +n, (80c)
Bw =g,
Ba = Mg,
Py, =0
q =0
fr=0,
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where w is given by (72a), a. is given by the z
component of (72b), and 7, ng,, and ng_ are zero-
mean Gaussian noise processes for the corresponding
states. The state p! is propagated according to a
standard kinematic model, q” is propagated according
to (26) and the discussion in Section 3.4, and v is
propagated according to (79). The dynamics for the bias
states B, and B, are modeled as random walks, while
the keyframe states pfl and qf; represent the relative
pose of static coordinate frames and therefore do not
change. The drag term p is constant and so has zero
dynamics, but uncertainty in this state is considered by
assigning it a non-zero initial covariance.

The state estimate is propagated by substituting the
expected values of the state, input, and process noise
terms into (80) as

Pl =RT(4))%
. 1 w
b Lab
v = [V] &+ R(a)g + a.k — pII¥
Bw*O
B.=0
pL=0
q, =0
=0,

where @ is given by (73) and a, is given by the z
component of (74).

The error-state dynamics are found by relating (80)
and (81) using the error-state definition (44). The first-
order approximation of the error-state dynamics are

op, ~ —RT(ay) [v] 66; + R (a;)dv
30" ~ — Lw - BwJ 30" — 6B, — ve
ov~ |R(ah)g| o6, + (— |@ - B, | - Tl ) ov
—|v] 68, —kk'68, — I ¥ipu
= [V]vew —kna, + 1,
0B =g,
5/Ba =MNg,
spF =0
30" =0
5j1=0

and are derived in Appendix C. Differentiating the error
state dynamics with respect to the error state and input
noise results in the following propagation Jacobians:

0 —RT(&},)[¥] RT(&)) 0 o0 00 0
0 —|a-A,] 0 -I 0 00 O
F—|© |R@%)e] —|@-B.]—ill —|¥] —kk' 00 —TI¥
0 0 0 0 0 00 O
0 0 0 0 0 00 O
0 0 0 0 0 00 O
0 0 0 0 0 00 O
0 0 0 0 0 00 O
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and

OOOOO? e

[
|
o0000 = oo

6.2 Measurement Models

The accelerometer, altimeter, and visual odometry or
laser scan matching algorithm provide measurements
to constrain state estimates. For each sensor, the
measurement model, residual model, and residual
Jacobians are defined.

6.2.1 Accelerometer. Because the z portion of the
accelerometer measurement is used as an input to the
propagation, the update step uses only the z and y
components of &, such that

Zace = 12><3 a.

The accelerometer measurement model can be derived
from (71a) and (77) as

hoce(x,u+v) =Ioys(a+ B, + vVa)
T
=Ioxs (k By B+ Ua)
m m
=Ioxs (_,UV + ﬂa + 'Ua) , (82)

where the thrust term %k drops out because Ioy3 %k =
0. We can expand this model in terms of dx and
% according to (44) and drop second-order termst to
obtain

Nace (%, u+v)=Ioxs (_([mm) (V46v)
+Bat0Ba+va)
~lys <fﬂ\7—ﬂ5v75m7

+Ba+0Batva).

From (82), the estimated measurement is
hacc(ﬁa u) =Iox3 (_/-A“Af + Ba) .

For a given acceleration measurement z,.., the residual
is

hacc (X7 ll) )

Tacc = Zace —
and is modeled as

Face = Dace (X, u-+ U) - haCC(Xa u)
=1Isy3 (—ﬂév - \75/14 + 5/8a + ’Ua) .

The measurement Jacobian is therefore

A

Hye =Ix3[0 0 —oI 0 I 0 0 —9].

The measurement noise is the z and y components of
the accelerometer noise,

Race = InxsE [UaUZ] I-2r><3 .
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ph.d)
current body, b

k k
P> dn

current camera, ¢

e
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keyframe camera, kc

Fig. 7. Transforms associated with the visual odometry
measurement model for iRN. The transform (pj..,q5.) is
the output of the visual odometry algorithm. The
transform (pg, q;) defines the pose of the camera frame
with respect to the vehicle’s center of mass, and is assumed
to be fixed and known. The frame k represents the pose of
the body at the time of the keyframe, and the frame kc
represents the pose of the camera at that time. As a result,

p;° = p; and q;° = qj.

6.2.2 Altimeter. The altimeter model is for an
ultrasonic range finder, which reports the nearest return
in its conical field of view. As a result, the sensor reports
height above ground regardless of the current attitude of
the vehicle, as long as roll and pitch angles are moderate.
The measurement model and its estimate are

Ralt (X) = —kTPEL + Nalt (83)

ha(X) = —k'pP .

For a given altimeter measurement z,1;, the residual is
Talt = Ralt — halt (X) 3

which is modeled as

halt (X) - halt ()A(>
—K'ph, + e + k' P,
_kTéply)L + Nalt

Talt

resulting in the measurement Jacobian

Hay=[-k" 0 0 0 0 0 0 0].
6.2.3 Visual Odometry Translation. Incorporating
measurements from visual odometry algorithms
is somewhat more involved than the previous

measurement models. Figure 7 outlines the relationship
between the visual odometry output and the state. The
visual odometry output (p%.,q$.) relates the current
camera frame to the keyframe camera frame. The
transform (pj, qf) express the pose of the camera frame
with respect to the vehicle’s center of mass. Commonly
the camera frame used in visual odometry algorithms
is derived from the image plane such that the camera

*Because the Jacobians are evaluated at dx = v = 0, any second-
order terms in these variables will vanish. We take advantage of
this fact to simplify the derivation by dropping these second-order
terms earlier.
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frame’s z-axis references forward motion (depth). In this
case, q; encodes the mapping from the body frame’s
forward-right-down coordinate frame to the coordinate
frame used by the camera. The transform (pj,qf)
can be found through offline calibration or online as
described by Leishman and McLain (2014). In this
paper we assume that the camera is rigidly mounted to
the body and (pj,qj) is static and known. In addition,
since (pﬁc,qﬁc) also represents the transform between
the body and Camera but at the time of the keyframe,
P = pj and q;° = qj.

Figure 7 can be used to informally understand how
defining a relative state improves observability. The
pose (pﬁ,q’fl) encodes the roll, pitch, and altitude of
the vehicle when the keyframe is declared, all of which
are observable using an altimeter and IMU. This fact,
in connection with assuming (pj,qg) is known, ensures
that the measurements (pf,., qf.) constrain the vehicle’s
current pose (p%,q?).

Using Figure 7, the relative translation measurement
is modeled as

hyot (%) = kcpic + Myot
= —Fepi —Fpy, +py, +pf + ey
= —R(q;°) "pi
—R(qi)R(ay) "pj + R(q;)R(ay) "p),
+ R(qQC)R(qﬁ)RT(qn) Pj, + Mot -
Dropping prescripts and recalling that p’,gc =p; and
q’,gc = qy, this becomes
hyot(x) = —R(q5)pj
+R(qj)R(ay)(p), — P))
+R(a5)R(ap)R(an)pf + Myor - (84)

We expand this model according to (44) and (31a), then
use (33) and (34) to obtain

hyot(x) = —R(ay)p;
+ R(q;)R(5a,)R(4)(P,, + op,, — b, — Ipy)
+R(a;)R(dq;,)R(a,) R (@) R (54,)P; + Moy
~ —R(q,)p;
+R(a;)(I-166,))R(ay) (Br,+0p, —b,,—Ip,)
+R(a;)(I-106,))R(a,)R " (4,,) (I+(567))p;
+ nvot
Expanding and removing second-order terms,
hvot(x) ~ _R(qlc))pg
(a5)R(ay) (B}, + Ipy, — Pr, — p})
(af) |d0% | (@) (8], — B})
R(q5)R(4})R"(4))p;
(a) [06% | R(af)RT ()5
R(qf)R(GRT(&)) |36 | P + ey -

The estimated measurement model is
hyot (%) = —R(qf)pj + R(a)R(a}) (P,
+R(qf)R(a,;)RT(a;)pf -

~k
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For a given relative position measurement z., the
residual is

hvot ()A() ’

Tyot = Zyot —

which is modeled as
Fyot = hyot(X) — hyot (%)
= R(af)R(ar) (6P}, — Ipy)
- Ro(a5) |00} | R(ah)(), - b))
R(q;) |90} | R(a})RT (@})p;
+R(qf)R(4;)R(ay) [59"J P§ + Mot
=R(q))R(q} )(5pn - 5pn)
+R(a5) | R(a}) (B}, — B | 90}
+R(af) [R(qn>RT<qz>ng 66}
— R(a5)R(a;)R"(ay) [P5] 667, + Moy -

Differentiating, we obtain the residual Jacobian

H.=[H H, 0 0 0 H; H; 0],

where
Hl = R(qg)R(qk) ;
~R(a;)R(a;)R"(ay) ;]
~R(aj)R(ar) ,
H, = R(q;) |R(a}) (B, - % + RT(a)pf) | -

6.2.4 Visual Odometry Rotation. The relative rota-
tion measurement model also follows from Figure 7.
Specifically,

hyor (x) = qie
=(ap) ' @ () @ a, ® a5 © (1) -
We expand this according to (30a) as

hyor (%)

= (ap) ™ @ (4, ®a,) " ©a, @ g, @ q; ® (1,,,)"
= (ap) 7 @ (6a,) "' ® (4,) 7' ® 4, © 4, ©q; @ (Ny,)"
The estimated measurement model is

hyor(%) = (af) ™' ® (4) ' @@, ® qj -
For a given relative attitude measurement z,., from
(64) the residual is modeled as
Tvor = (hyor(R) 7' @ 2Zvor)

which is modeled and then simplified using (41) and (42)
as

(85)

-1

(Byor (%) 1 @ hyor (%))
= (@) @ (@) e ) @ a5 @ (af) ' @ (oak) !

Iyor =

\4
® (ah) ! @ a) ©od), © o @ (n,e,)")
= ((a5) @ (@) @ (ak @ (9™
\
94, ©0d)) D d5) + Ny

— R(q;) (~R(ab)RT ()06} + 96}, ) + 1y

k
n

A

®(q )’1)®
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The measurement Jacobian is
Hvor = [07 R<ql§)a 07 Oa 0) 07 _R(QE)R(QQ)RT(Qﬁ)a 0] .

The derivation of this Jacobian is a new contribution
compared to prior work (Leishman and McLain, 2014).

6.2.5 Laser Scan Matcher. The laser scan matcher
measurement model is a novel contribution of this
work. Laser scan matching algorithms, such as the
iterative closest point (ICP) algorithm (Censi, 2008),
compute the planar translation and heading change
of a laser scanner between the keyframe and current
scans. Because the out-of-plane motion of UAVs (roll
and pitch) introduces distortions that are not modeled
by the scan-matching algorithm, in practice laser scans
are commonly tilt-compensated before they are passed
to the scan matcher (Shen et al., 2011; Tomic et al.,
2012). Tilt compensation orthorectifies the laser scan
by projecting it onto a level horizontal plane, using
the 2.5D-world assumption that all scanned surfaces
are vertically uniform. Scan returns from the floor or
ceiling are also often removed during this process. The
2.5D assumption is commonly violated in the real world,
but in urban environments this approach has been
demonstrated to provide acceptable performance (Shen
et al., 2011).

To perform tilt-compensation on a laser scan, we first
compute the quaternion q¢ that rotates points expressed
in the rolled and pitched laser frame ¢ (including any
roll or pitch in the body-to-sensor transform) to the
orthorectified frame o as

a? = (a5) " (ag @ ag) ",

where dov and qgp are computed from q° using
equations (37) and (39). Then for a laser scan S =
{(r,0)} represented as a set of range/bearing tuples
(r,0), the tilt-compensated scan S’ is computed as

rcosf
S = {x €R?|x =Iy,3R(q?) |rsind | V(r,0) € S} .
0

For the orthorectification of the keyframe scan, we note
that because q* = dgv @ dgp (as shown in Section 6.3)
and q’,ff = qj, the rotation q¢ is equivalent to

q?=(a5) '@ (ay)".

The associated rotation matrix is given by

R(q?) =R((af) " @ (q))™")
=R"(q})R"(qf) -

In the following discussion we derive the translation
and heading portions of the measurement model
independently, but they can be combined into a single
update by stacking the two measurement model vectors
and Jacobian matrices.

The translation measurement model is constructed
by expressing the visual odometry measurement model
of equation (84) in the orthorectified frame associated
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with the keyframe, and then extracting the z and y
components:

hyg(x) = LaxsR(ag)hyot (X) + 1y
= LR (af )R (af) hvot (%) + my
= LR (ah)R(a5) ( — R(a)p
+R(q5)R(a})(ph, — pl)
+ R(qi)R(qﬁ)RT(qZ)p@ + 1y
= L~ RT(d})pf

+pb —pl+ RT(qZ)pi) +my -

q (
q (

We expand using (44), (31a), and (34) then drop second-
order terms to obtain

i (x) = Toxa ( — RT(@5RT (5a})p; + B, + 69,
—pl —opl + RT(QZ)RT(qZ)pE) +
~Towa ( ~ R7(a5) (T+ |64]) pi + Bl + o,
— b~ opl, + RT(@)) (I +[38%]) p5) + s
= Lo~ RT(@)P +B) — Bl + R7(@))p})
+Loa (R7(@5) [pf ] 90) + op, — o}
~R'(@)) Lp;] 664 ) + s
The estimated measurement model is
hie(%) = Toxs ( — RT(af)pf + b, — b + R ()5

and the residual is

).

ry, = z1, — hy (%)
which is modeled as
rip = hyy(x) — hy (%)
=L (R(af) |p) 06} + op), — opl;
-R"(4)) [pf] 592) + e -
The measurement Jacobian is
Hi = s [IL -R'(q,) [p;],0,0,0,~L R(a,,) [p;] , 0] .

The derivation of the heading portion of the
measurement model follows a similar strategy. Recalling
from Section 3.2 that the quaternion conjugation
operation can be used to express the vector portion of
a quaternion in another coordinate frame, we construct
the heading measurement model by first rotating the
visual odometry rotation model from equation (85) into
the orthorectified frame:

a, = (@) 7" @ hyer(x) ® ¢

= Q) @4 @ hyor(x) ® (qf) ' @ (ah)~

=q,®q;®(q)) @ (qr) !
®aq,®q;®(q)) " @ (q))”

—q,®(qp) "

1

1
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The heading measurement model is then the yaw
component of qy,:

b (%) = P(ay) + e
é 1phr + Mr -
The estimated measurement model is

hie (%) = ()
/lﬁlr )

(1>

where
~ ~b Ak —
qlr:qn®(qn) ! .

The residual is given by
e = 21 — hie(%)
which is modeled as
rie = hp(x) — hip(X)
=1+ e — Ve

= kTAlr + M,
where R
¢lr - Q?lr
Alr = 911" - elr
wlr - ’lplr

as in Appendix A. We can then compute the Jacobian
of the residual using the chain rule as

a’l“lr

96x
8T1r aAlr 6(501r

~ AL, 000, 00x

le

(86)

where N4, is given by equation (100) in Appendix A.
We compute §6), using (30a), (29a), (40), and (41) as
Say, = (a,) ' @ ay
= (@@ (@) ) oa,® ()
=q, ®(q,)"
® 4, ®0d, © (5q;,) ' © (4
= q, ® 0q; ® (6ay;) " @ (4,) "
— 50, = RT() (30 06}

)—1

which we take the partial derivatives of and substitute
into (86) to obtain

H), = kTNAIr {07 RT(élfL)v 0,0,0,0, 7RT(61Z)7 0} .

6.3 Keyframe Reset

When a new keyframe is established, the relative part
of the state is reset, as described in Section 5. As
shown in Figure 5b, the new node frame is positioned
at zero altitude directly below the vehicle’s current true
position such that the position portions of the state are
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reset as
+ + 0
p, =p, = 0
pTLZ
and estimated as
0
Pt =pnt =10 (87)
Poe
As such, the error state reset is
+ + 0
oph, " =dpk = 0
ol
and N N
ddpy, _ 9dpy, — kKT .

dopt, 2opk,

The other vector portions of the state, including v, 8,,,
Ba, and p, do not change.

Resetting the yaw portion of the attitude states is
slightly more complicated. Each new node frame is
established such that the vehicle’s yaw is identically
zero. Setting ¢ = 0 in (39), we see that

~b ~k
a4, =4, " =q;®aq, (88)
6 i @
[¢0)S] ? Sin P
.0 &
Sin 5 COS 5
. 29 . 252) ) (89)
—sin 3 sin 5
COS 0 COS ¢

2 2

where ¢ and # are computed from q’; using (37).
The covariance update for the attitude error states is
governed by

_900%"  a56k"

°7 000 900"
1 sin g?) tan § cos gB tan f
= {0 cos2q3 —cosq@sinq@ ,
0 —cos gZA) sin g?) sin? ¢3

which is derived in Appendix E. When roll and pitch
are approximately zero, we note that

~
~

1 0 0
No 01 0
0 00
In summary, the keyframe reset requires updating the
state estimate according to (87) and (89) and updating
the covariance according to (70) where

'kk' 0 0 0 0 0 0 O
0 Np 00 O OO O
0 0 I 0O0OTO0O
N_|O 0 0TI 0000
0 0 0O0TIUO0OO0TO
kk" 0 0 0 0 0 0 O
0 No 00 0 OO O
L0 0 000 O0 O 1




20

7 Body-fixed Relative Navigation
(bRN)

While defining the vehicle’s pose with respect to an
inertially defined origin uses more conventional dynamic
equations and results in more intuitive state estimates,
an increasing number of estimators use body-fixed or
robocentric state definitions. In the body-fixed case,
the position and attitude of an inertially-fixed origin
is estimated with respect to the current vehicle’s
pose. Body-fixed state definitions have been shown to
improve filter consistency (Castellanos et al., 2007) and
facilitate local guidance and control algorithms (Yu and
Beard, 2013; Owen and Montano, 2006). For example,
the obstacle avoidance and visual-servoing problems
requires a vehicle to make navigation decisions after
estimating the pose of objects with respect to its current
pose. When an inertial representation of the state is
desired, the body-fixed state and its covariance can be
readily transformed into an inertial frame as described
in Appendix G.

The relative estimator in the relative navigation
architecture can be formulated using a body-fixed state
definition. In this case, body-fixed relative navigation
(bRN) estimates the state of the node frame with
respect to the current body. As before, when a
new keyframe is declared, the horizontal position and
heading states are reset. The principal difference is
that body-fixed dynamics are used and attitude error
is defined differently.

Unless explicitly specified, the equations and
definitions in Section 6 are also assumed for bRN.
This section follows the same outline as Section 6, first
describing the input, state, and dynamics for the system
in Section 7.1, and then defining the measurement
models and keyframe reset in Sections 7.2 and 7.3
respectively. The derivations in this section represent
a novel contribution not contained in prior work.

7.1 State Dynamics

Body-fixed relative navigation estimates the pose of
the node frame n with respect to and expressed in
the current body frame b, denoted as (bpfj,qg). The
states bp{j and ”pi’b represent the same displacement,
but are pointed in opposite directions and are expressed
in different frames. Specifically,

‘py = —R(a,)"p;, - (90)
The states qi and qi’1 are inverses of each other:
ap = (ab) - (91)

The estimator also tracks the pose of frame n with
respect to and expressed in frame k, denoted as
(*p?,q?) and shown in Figure 8. For bRN, the vehicle’s
state is the tuple

x £ (pZ, ay, v, By Bar Py Aks N) )
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while the input remains unchanged from Section 6.1.
The state dynamics are

Py, =—|wlpy —Vv
=T 1 w n
D© =5 {0} ®qy (92a)

v = [v]w+R(aqp)g + a:-k — pIlv + 71, (92b)

/Bw:n,@w
/Ba:nﬁa
p; =0
a; =0
=0,

where derivations for the position and attitude dynamics
are found in Appendix D, and where w is given by (72a)
and a, is given by the z component of (72b). Note that
(92b) only differs from (80c) by a single transpose.

For bRN, the error-state vector éx € R?? is defined as

ox = [oppT 66y ovT 9B, 08, oppT 6y ou ]’

The first-order approximation of the error-state
dynamics, also derived in Appendix D, is

5py ~ — @ — B, | opy —ov — By ] 6B, — [Bh] v
80, ~ — |@— B, | 505 + 5B, + v
ov~ — RN (a))g] 605 + (- |@ — B | — Al) 6v
— [v] 0B, — kk'6B, — Th¥du — | V] ve,

~
~

—kna, +n,
0. =mng,
3Ba = Mg,
Spp =0
50, =
Sjp =

Differentiating the error-state dynamics with respect to
the error state and input noise results in the following
propagation Jacobians:

@] 0 -1 —py] O 00 0O
0 —|&] 0 I 0 00 O
0 —|R'(q))g] — @]l —|¥] —kk' 00 —TI¥
F= 0 0 0 0 0 00 O
0 0 0 0 0 0 0
0 0 0 0 0 00 O
0 0 0 0 0 00 O
0 0 0 0 0 00 O
and .
—lpy] O
)
—¥] -k
G= 0o o |,
0 0
0 0
0 0
0 0

where @ is defined in (73).

7.2 Measurement Models

The measurement models differ when using a body-fixed
parameterization as outlined below.

7.2.1 Accelerometer. Because  the  accelerometer
model is independent of attitude and position, the
model remains unchanged for bRN. See Section 6.2.1.
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Dropping prescripts and recalling that p’,ﬁc = p; and
Py dp qk° = qf, this becomes
current body, b
o hyot(x) = R(ay) (Py — Pp)
node, n Py, dy . T n n . n
current camera, ¢ + R(qb)R (qb )R(qk) (pb - pk) + Mot -

keyframe camera, kc

Fig. 8. Transforms associated with the visual odometry
measurement model for bRN. Note that (p;,qy), (PL,dr)s
and (p¥©, q"°) are reversed from Figure 7. Again, pf¢ = p§
and q;° = qj.

7.2.2  Altimeter. As described in Section 6.2.2, the
sonar altimeter measures height-above-ground. By
relating (90) and (83), the vehicle’s altitude is

hatt (X) = kTR(qg)Pg + Nalt ,

where the rotation expresses the height in an inertial
frame. The estimated measurement model is

hait (%) = K'R(a3)py, -
For a given altimeter measurement z.)¢, the residual is

Talt = Zalt — halt (f()

which is approximated using (31b), (44a), (33), and (4)
as

Tait = hait (X) — hait (X)
=k"R(q;)p; + nai — kK R(&;) Dy

= k'R(a;)R(5a;) (B} + 6pp) + mare — k' R(a;)Dy
~k'R(ap) (I - W‘J) (Dy + 0Py + nare — K R(&;) Dy
~k'R(4;)op; — k' R(&;) (665 ] By +
=k"R(q;)dp; + kT R(4;) [Py ] 965 + mare ,

resulting in the measurement Jacobian

n
b
n
qp
n
dp
n
Ay
n
b

H., = [K'R(@).K"R(§ )Lf)gj,o,o,o,o,o,o] .

7.2.8  Visual Odometry Translation. Figure 8 presents
the relative position and attitude measurement model
for bRN. Note that the direction of (py,q}), (py,q}),
and (pk¢, q*¢) are reversed when compared to Figure 7.
A relative measurement can generally be measured
either direction. Defining the measurement to point
in the same direction as the state estimate avoids
unnecessary coupling of the heading estimate into the
translation measurement model, which in practice has
shown to improve performance.
From Figure 8, the relative position update is

hvot ( )

c. ke

="Pc t Mot

= —°pj + Py — Pk + “Pi° + Mo

—R(a;) "pi + R(af) "pp
R(q;)R"(a;)R(a}) “p

R(a)R"(ap)R(a}) *Pre + myey -
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Expanding according to (44), (31b), (33), and (34) gives

hvot (%)

=R(ay) (b, +9P; —Py)
+R(q;)R" (6q;)RT (4
FMyot

=R(ay) (b, +9P; —Py)
+R(q;) (I+[667 ) RT
FMot-

» )R(ay)R(0ay) (P, —Pr—0pPr)

(a;)R(qy) I—[66x]) (P,—DPk —0Pk)

Expanding and removing higher-order terms,

heot(x) = R(qy) (B + 0Py, — Py)
+R(ap)R(a;)R(@}) (P — DY, — 0P})
+R(aq;) [067 | RT(47)R(a}) (P — D)
R(a;)R(a;)R(4}) (967 | (P — BF) + Mot -
The estimated measurement model is
hyot (%) = R(ay) (By — pp)
+R(qp)R"(a3)R(a}) (P} — DY) -

We then model the residual according to (62) as

Tvot = hvot(x) - hvot ()A()

= R(q;)dp; — R(q;)R'(4;)R(43)dpy
+R(q;) 1067 | R (a;)R(a}) (P; — DF)
— R(qp)R"(a;)R(4y) (63 ] (Pf — BF) + Mo
= R(q;)op; — R(q;) [R'(&;)R(a}) (p; — B})] 665
- R(q;)R"(a;)R(a})opy
+R(qp)R"(a;)R(a}) |p; — Pr] 607 + Ny »

resulting in the residual Jacobian
H.=[H; Hy 0 0 0 H; H; 0]
where
H: = R(qp) ,
» = —R(af) |R"(a})R(a}) (pf — B}
s = —R(q))RT(a})R(a}) .
H, = R(qj)R"(a;)R(a}) [P} — P}] -

)

I,

7.2.4  Visual Odometry Rotation. The relative rota-
tion measurement model also follows from Figure 8.
Specifically,

hvor(x):qlgc
= (Mo)' @ (af) '@ aqy © (af) ' @ q;
= (Myo)” @ (qf) ' ® g} @ Gy @
® (@) @ (6qp) @ qj .
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The estimated measurement model is
heo:(X) = (q) ' © Gy ® (a3) ' ®@q; .

For a given relative attitude measurement 2z, the
residual is

Iyor = (Zvor ® hvor(ﬁ)_l)v >

which is modeled and then simplified using (41) and (42)
as

hvor

=
=
S

(%) @ hyor(%)7)

)Y ® (a5) " @ dqy @ a4y ® (43) '@
(o) ©af e (af) @t @ (@) oaf)
Myor)” ® (af) ™
((a) ™" @ (o)~
R(qf) (90} — R (a})R(a})36} ) + 71,00

= R(a})00; — R(q§)R" (qp )R(a})I0} + Nyor »

resulting in the measurement Jacobian

T]vor

®oqy © (G ®

n

b

&
® toap) e (@) ) oa)

Hyo: = [0, R(d;). 0,0,0,0, ~R(q)R"(q)R(q}), 0] -

7.2.5 Laser Scan Matcher. As with the iRN case, laser
scans are orthorectified before being passed to the scan
matcher. The quaternion q2 that describes the rotation
from the laser frame c¢ to the orthorectified frame o is
given by

q;) !
q;) !

® (qg ©qg )"

=(
= ( ®aqp ,

where q%, = (q}) !, qey and qgy ate computed from q°
using equations (37), and qy is defined as
q; = ((lab ® Q¢b) !

The orthorectified laser scan S’ is then computed from
the original laser scan S = {(r,0)} as

7 cos 6
S = {x € R? |X:IQ><3R(qZ) rsinf | V(r,0) € S} .
0

We note that the rotation matrix associated with q2 can
be written as

R(q?) = R((q}) ' ® qp)

= R(af)R"(q5) -
The translation portion of the measurement is
modeled as the x and y component of visual odometry

translation model in Section 7.2.3, after it has been
rotated into the orthorectified frame:

hy¢ (x) = InxsR(qg)hyot (%) + my
= LR(a))R" (a5) (R(a5) (P} — Pf)
+ R(a5)R" (a)R(af) (pf — pf) ) +7mi
= Iox3R(qp) (p? )

+RT(a))R(a}) (0~ P}) ) +7m - (93)
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The estimated measurement model is

hie(%) = LxsR(a5) (7 b
+RT(a)R(a) (pf ~ B}) ) -

The residual Jacobian is derived in Appendix F, and is
given by

H;=[H H, 0 0 0 H; H; 0],
where

H,=I«sR(q;),

H>=-I>x3R(qy) LRT(Qb) (Py—Pr) J
+1xsR(47) By pb+RT( »R(ar) (pi—ph) |
e T
0 —singt 0 /
Hs=—IsR(q))R" (a7 )R(ay}),
H.i=L.sR(47)R(4;)R(a}) [p; D] -

For the rotation portion of the measurement model,
we first express the visual odometry rotation model in
the orthorectified frame:

(
(

1 ® hyor(x) ® Q2

1 ®qg)—1

c\—1 n ny—1 c cy—1
Dl oqro(qr) ! @q; @ ((g)
oq© () ' oq],

qQi; = q?)

= ((ap)”

® (q

(af)~"
which is estimated as

(a)~"

The measurement model is then the yaw portion of qy,,

®qp)

a, = ®a @Gy eq;.

hy (%) = Y(ay) +me
which is estimated as
hlr()/\() = w(QIr) .

The residual Jacobian is derived in Appendix F, and is
given by

H,=[0 HL 0 0 0 0 H, 0],

where

Hi=k'Na, R(q})

1 0 0
0 cosqb 0
0 sin <i5 0

ATL

<I+ (R"(&;)R(ay

H,=-k'Na,R(a)R" (4

1) [
.

Ay

)

n

b )R(

7.8 Keyframe Reset

The keyframe reset step for bRN is somewhat less
intuitive due to the body-centric representation of
position and orientation states, but can be derived by
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following the iRN reset step. Following (91) and (88),
at =@

-1
= (a594)

(4
2

%)

5 o8 7
in?sin 2

sin 3 sin 5

(4 [
COS 3 COS 3

— cos 5 sin

—sin

[SIISSISTICH

where ¢ and 6 are computed from ¢’ = (¢)')~! using
(37). Note that even though bRN expresses attitude
in the body frame, the angles ¢, 6, and 1 continue to
represent conventional roll, pitch, and yaw Euler angles
which express the orientation of a body with respect to
an inertial frame. The Jacobian for the attitude reset is
derived in Appendix E, and happens to be identical to
that for the iRN attitude reset:

050y 0508 "
956, 956"

= Np .

The derivation for the position reset is more involved,
and is given in Appendix E. The resulting reset
operation is

f>§}+ = pr)? )
where
Np =RT(q; " )kk'R(q;) .

Because frames b and k are at the same location when
the reset occurs, we also have

An+ _ aAan+4
P, =Py
A'n,+_/\n+
Q. =9 -

The total keyframe reset Jacobian, also derived in
Appendix E, is given by

Np (= |Npp?|+Np [p?/)Ne 0 0 0 0 0 O
0 N 000 O0O0O
0 0 I1 00 0O0O
Ne| © 0 0 I 00O0UO
0 0 0 0TI 00O
Np (= |[Nppy]+Np|py])Ne 0 0 0 0 0 O
0 Ny 000 O0O0O
| 0 0 00 0 0 0 1
8 Results

The RMEKF was implemented in C++ using the
ROS (Quigley et al., 2009) framework. The following
sections present simulation and hardware results for the
performance of the RMEKF on a multirotor vehicle.
The simulation results in Section 8.1 illustrate the
performance of the estimator under ideal conditions,
where all noise is Gaussian with known covariance and
all biases are known. The hardware results in Section 8.2
demonstrate the performance of the estimator in real-
world conditions, where the Gaussian noise assumption
is not necessarily met and where covariance and biases
are unknown.
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The results in this section illustrate the typical
accuracy of the relative state estimates produced by
the RMEKF. Since estimating relative states is a
unique approach, direct comparison to related global
estimation techniques in the literature cannot readily
be accomplished unless the estimator in this paper is
combined with a simple global back end. For those
comparisons, the reader is referred to the companion
work by Wheeler et al. (2018). The more extensive
flight-test results of Wheeler et al. (2017) additionally
demonstrate the practical performance of the RMEKF
for several extended flights of a multirotor platform,
including closing control loops around the estimates.

8.1 Simulation Results

The simulation provided accelerometer, gyro, altimeter,
and visual odometry measurements corrupted by
normally-distributed noise. Slowly-drifting biases were
also added to the simulated IMU data. Sensor
noise (U, Va, Myots Mvors and 7a11) was sampled
from normal distributions with the following standard
deviations that are typical of low-cost hardware
sensors: o, = 0.13rad/s, 0o = 1.15m/s?, 0oy = 0.02m,
Ovor = 0.01rad, and o,y = 0.01 m. New keyframes were
established when the vehicle moved more than 0.2 m
or yawed more than 20 degrees. The estimator was
evaluated during various maneuvers ranging from mild
to aggressive, where during the aggressive maneuvers
the vehicle’s speed exceeded 25 m/s and the bank angle
exceeded 45 degrees.

Figures 9 and 10 show a three-second snapshot of the
performance of the iRN and bRN estimator at tracking
the vehicle’s pose, where the small time window was
selected to make the relative state reset visible. During
these three seconds, the vehicle was moving forward at
nearly-constant velocity while maintaining a nominal
height above ground of 1.25 m, and while gradually
slowing its clockwise yaw motion. The vertical gray lines
indicate the time when a new keyframe is declared.
While the state is defined using quaternions, Figure 9b
uses (37) to plot roll, pitch, and yaw angles.

Figure 9 highlights several interesting practicalities of
relative navigation. As discussed in Section 5, Figure 9
illustrates how the forward, right, and yaw states are
reset to zero with each newly-declared keyframe, while
the altitude, roll, and pitch states remain continuous. It
should be noted that while roll and pitch are continuous,
discontinuities appear in each of the four quaternion
states. Because the discontinuities in the relative states
occur at known times, they are easily accounted for
and so in practice do not cause problems with control
stability. Figure 9 also illustrates that keyframes do not
reset at fixed intervals, but rather reset based on how
far the vehicle has traveled since the previous keyframe.
Certain sensors, such as a laser scanner with a long
range and wide field of view, facilitate longer distances
between keyframes.

The RMEKF performed very similarly when using the
body-fixed dynamics presented in Section 7. Figure 10
shows the performance of the bRN estimator for position
states over the same window of time as Figure 9. The
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Fig. 9. Simulation RMEKF estimation performance for
inertial relative navigation (iRN). The vertical gray lines
indicate when a new keyframe is declared.

attitude performance of bRN (not shown) is nearly
identical to the attitude performance of iRN with the
exception of a change in sign for the angles. Note in
Figure 10 that each of the position states experiences
slight discontinuities at the keyframe resets and that
the position estimates do not reset to zero. This is
because the keyframe reset step removes all horizontal
translation from the state but continues to track the
vehicle’s height above ground. Since the bRN position
state is expressed with respect to the rolled and pitched
body frame, some of the height above ground is mapped
into the forward and right components. When the bRN
state estimates are expressed with respect to the current
node frame using (90) and (91), they are nearly identical
to the estimates shown in Figure 9.

Hardware Results

8.2

The vehicle used for hardware results, a hexacopter in
a Y6 configuration, is shown in Figure 11. Attitude
control is performed by a Naze32 autopilot running the
ROSflight$ firmware. IMU data is streamed from the
low-cost MEMS IMU on the autopilot (an InvenSense
MPU-6050) at 500 Hz. Altimeter data is obtained from
a MaxBotix LV-MaxSonar-EZ3 ultrasonic range finder.

All estimation is performed in real-time on the
onboard computer with an Intel i7 processor. Visual
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Fig. 10. Simulation RMEKF position estimation
performance for body-fixed relative navigation (bRN). The
bRN attitude performance is nearly identical to the iRN
attitude performance but with the signs negated.

Fig. 11. The vehicle used for the hardware result flight
tests

odometry is also computed on the onboard computer
at 15 Hz from a forward-facing Asus Xtion Pro Live
RGB-D camera, using the depth-enhanced monocular
odometry algorithm (Zhang et al., 2014) modified to
output relative measurements. New keyframes were
established when the vehicle moved more than 0.5 m
or yawed more than 20 degrees, although more
sophisticated keyframe-selection algorithms could be
implemented. A constant, typical value was chosen for
the visual odometry measurement covariance, but future
implementations could take advantage of algorithms
that estimate the covariance from frame to frame
(e.g. Anderson et al. (2019)).

For the comparisons in this paper, truth reference was
provided by a motion capture system. The positioning
accuracy of the motion capture system is on the order
of 0.5 cm or better, and the attitude accuracy is on
the order of 0.1 degrees. A calibration routine was used
to register the quadrotor body frame to the motion-
capture frame. To compare the relative state estimates
with the global motion-capture data, the reference
frames were synchronized by applying the same position
and orientation reset steps described in Sections 6.3
and 7.3 to the motion-capture data each time a visual-
odometry keyframe reset occured. While there are small
timing delays and other error sources inherent in this

$nttp://rosflight.org


http://rosflight.org

Koch, Wheeler, Beard, McLain, and Brink

25

0.5 |
iy,
0 ki __,MH L _‘,MIMWW
— S il N\ AN
E forward truth QQQWNNNNNNRWWWNNWWNNNNA
§ -0.5 [ |— — —forward estimate ‘
% right truth
Q | |— — —right estimate
= ! down truth
down estimate
-1.5
2 L L L I |
60 62 64 66 68 70
time (s)
(a) Position
6 -
ST AN £\
VL N | T
2t \ / \
— J !
g AL ALASSARORAN | Cudinfle pd N W 2724 ) i d " RIBRANA Y
g/ 0 y 7 k‘ 7 \“ X
|
§ 2 , roll truth ‘:f
-*é H — — —roll estimate ’,&
© 4L I pitch truth \ /
k — — = pitch estimate \
6t .A yaw truth {
\5'// yaw estimate
-8 | | I I |
60 62 64 66 68 70
time (s)
(b) Attitude
3 -
forward truth
2+ "f‘“‘“ — — —forward estimate
Lt P o’ \ right truth
\ — — —right estimate
- T \b\ down truth s
= eonay, down estimate
£ o[> //{ ﬁ\\‘ /4
> :§§~‘ / A\ < - ’1/
3 \\_,_.‘_,ﬁ \\\ . | ’?/
% -1 \“M “I‘\'Aiﬁ"’f
>
“"”*M“W\ y dfr o
2+ N
-3 | | I I |
60 62 64 66 68 70
time (s)

(c) Velocity

Fig. 12. Hardware RMEKF estimation performance for
inertial relative navigation (iRN). The vertical gray lines
indicate when a new keyframe is declared.

approach, we believe this “truth” reference to be highly
representative of the true motion and an appropriate
reference source for system evaluation.

Figure 12 shows the estimator performance for the
RMEKF wusing inertial dynamics (iRN). A typical
10-second window of the flight is shown to make
the relative state reset visible. The estimates track
the truth well. Again, note that the forward and
right position estimates in Figure 12a reset with each
new keyframe, while the down position estimate is
continuous. Similarly, the yaw estimate in Figure 12b
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Table 1. RMS error for the hardware results

State Axis RMS error
iRN bRN
forward  0.0306 m 0.0318 m
Position  right 0.0439 m 0.0436 m
down 0.0648 m 0.0414 m
roll 0.7983 deg  1.6259 deg
Attitude pitch 0.3785 deg  0.5714 deg
yaw 0.2933 deg  0.3422 deg
forward 0.1313 m/s 0.1481 m/s
Velocity  right 0.1483 m/s 0.1784 m/s
down 0.0702 m/s  0.0806 m/s
previous new
keyframe keyframe
relative
state re-propagation
estimate
-
reset .
N time
image odometry
capture message

Fig. 13. Keyframe reset with delayed visual odometry
measurements. The relative state may appear to not reset
all the way to zero as a result of the handling of the
delayed measurements as described in Section 4.3. Only the
solid portions of the estimate line are published.

resets with each keyframe, but roll and pitch are
continuous. The velocity estimates in Figure 12c are
continuous. The RMS errors in each of the state
estimates over the duration of the 90-second flight are
summarized in Table 1.

The performance of the estimator using body-fixed
dynamics (bRN) was very similar to the inertial
dynamics. Plots are not shown for the bRN results,
but the RMS errors for a comparable flight test are
summarized in Table 1.

Looking more closely at Figures 12a and 12b, it
appears as if the relative states do not reset all the way
to zero. The reason for this is the delay in the visual
odometry processing, and is illustrated in Figure 13. On
average, it takes approximately 115 ms from the time an
image is captured (the dashed vertical line in Figure 13)
to the time the visual odometry message is published
(the solid vertical line). However, the estimator uses
the timestamp for when the image was captured when
applying the odometry measurement, as described in
Section 4.3. When a new keyframe image is captured,
during the time window between the image capture and
odometry message the estimator continues operating
with respect to the previous keyframe. Once the
new keyframe odometry message arrives, the estimator
rewinds to the time of the image capture, resets the
state to zero, then re-propagates the IMU and altimeter
messages that were queued up to the visual odometry
message time. As a result, the first message that the
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estimator publishes with respect to the new keyframe
includes the 115 ms of IMU re-propagation and is non-
zero. However, the relative state was actually reset to
zero at the time of the image capture.

9 Conclusions

While the global state of a UAS is not observable
when navigating through GPS-denied environments,
it is possible to maintain observability by subtly
restructuring the problem using the relative navigation
framework. Previous simulation studies show strong
theoretical motivations for the relative navigation
framework, including improved consistency, bounded
covariance, and improved accuracy (Wheeler et al.,
2018). In addition, significant hardware results have
demonstrated the efficacy and practicality of relative
navigation for small UAS when using a relative MEKF
for state estimation (Wheeler et al., 2017). This paper
rigorously derives the RMEKF used in (Wheeler et al.,
2018) and (Wheeler et al., 2017), presenting the
mathematics necessary to apply relative navigation to
the UAS state estimation problem. Its tutorial nature
and step-by-step derivations make this paper a self-
contained resource for extending the approach to other
applications.

By defining the state with respect to a local
coordinate frame, this paper demonstrates how to
leverage relative measurements from a visual odometry
algorithm to ensure an observable state. New visual
odometry and laser scan-matching measurement models
are proposed, and a unique keyframe reset step is
presented to ensure filter states are fully observable even
when global information is not available.

The RMEKF is demonstrated in simulation and
hardware to work effectively for both inertially-
defined and body-fixed vehicle dynamics to produce
accurate state estimates with bounded uncertainty.
While the inertial and body-fixed definitions yield
similar results, this paper explicitly outlines the
differences that arise in the state estimator, including
differences in the error state definition, measurement
models, quaternion integration procedure, and keyframe
reset step. Additional contributions of this paper
include a tutorial introduction to indirect multiplicative
extended Kalman filtering, an exposition of Hamilton
quaternions, and the derivation of several novel
properties of error quaternions necessary for partially
updating a quaternion and its covariance.
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Appendix A Euler Decomposition
Jacobians

In this section we explore the relationship between errors
in the Euler-angle decomposition of a quaternion (¢ —
¥, 0 —0, and ¢ — $) and the minimal representation for
the error in that quaternion, 66. Specifically, defining

0=
A2 00| .
=1

we wish to derive an expression for the Jacobian

L 0A

Na =556

The derivation and expressions that follow show some
similarity to those presented by Barfoot et al. (2011),
but are derived in the context of an error-state
formulation.

We begin by deriving expressions for the error
quaternions for the yaw, pitch, and roll quaternions of
equations (38) and (39). For example, with the iRN
definition of the error quaternion, we can compute dqy,
from (30a) and (39) as

da, =a, ' ®ay,

0 0
oo 0
= |—sin(i)| @ sin 31/
cos(bd) | Leostlu)
[ 0
B 0
~ |sin(3¢) cos(%z/z) — cos(31) sin(%z/})
cos(%q/)) COS(%’L/J) + sin(%@b) sin(%w)
i 0
0
= |sin(3 v—1))] (94)
cos(3 (v — 1))

where the final step uses the standard angle-difference
trigonometric identities. Following a similar analysis, we
see that (94) also holds for bRN using (30b). We likewise
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see that as ) A . R
) . 1 singtanf cos¢tanf
sin(5(¢ — ¢)) o A=10 cos ¢ —sing |00 (99)
0 sin(%(0 —0)) 2 ’
bq, = 0 , 0qy = 2 0 0 sin¢gsect cosgbsec@
cos(3(¢ — ) cos(3(60 - 0)) from which we obtain
(95) OA 1 sin qg tanf cos <ZA) tan §
for both the iRN and bRN attitude error definitions. Na = 950 0 Ctzsd) ) *S}néﬁ . (100)
Because these errors are all expressed in different 0 singsec cos¢psect

intermediate frames of the Euler rotation sequence,
dq # 6q,, ® 6qy ® g in general.

Assuming small attitude errors, we approximate (94)
and (95) with the first-order Taylor series as

o= 0

0—0
dq, =~ dqy ~ (2) , 0qy ~
1

0

0
0
P—
2
1

2

0

0 3
1
These error states are represented minimally according
o (19) as

0
0—0
0

0
0 A
Y=
(96)

¢— o
0
0

60¢ = 00y = 6011’ =

) )

We then define

A £604+ 6609+ 060,

09
=100
Y—1

Again, it should be noted that 60 # A in general.

We now wish to solve for 60 in terms 66, 00y, and
004. For the iRN case, starting with (30a) and using
(38), we see that

da=q4"'®q
[P R . |
=qy ®qy ®qy ®
®qy ® 09, ® 4y ® gy ® 4, @ 0qy

= (q;l ® (610_1 ®5qqp ®€19) ® dqy ®Q¢) ®5CI¢ )
which from (42) implies
00 = R(&Rééew + R(z;(sgg +00, . (97)

We can expand (97) using (36) and (96) to express 66
in terms of A as

(06— ) - - )sind
0= | (6-0) Cosq5+( 1[)) sin ¢ cos 0
| —(0 — ) sin ¢ + (¢p — 1)) cos g cos
1 0 —sind
=10 cosp singcosf|A. (98)
|10 —sin (]B cos é cosf

The determinant of the matrix in (98) equals cos 0.
Therefore, assuming that § # +7 5, we solve (98) for A
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A similar procedure could be used to derive the
Jacobian N A for the bRN case. However, the definition
and interpretation of roll, pitch, and yaw are less obvious
for the bRN case, so we will omit the derivation of Na
here and instead derive the relevant expressions in the
text as they arise.

Appendix B Zero-Mean Error State

In this appendix we show that the expected error
state remains zero mean. Specifically, we show that the
expected value of the error state is zero, as indicated in
(45), and that the error-state dynamics are trivial when
the estimation error and input noise are both zero.

B.1  FExpected Value of Error State

Property (45) stems from the linearity of the
expectation and quaternion multiplication, inverse, and
v operations. For the following derivations, recall that x
is modeled as a random variable, while X is a constant
value for a given timestep. Given (44a) and % = E' [x],
for vector portions of the state we have

E[0xy] = E [xy — Xv]
= E[xy] — %y
=0

Using (30a) as the attitude error definition for (44b), for
quaternion portions of the state we have

Eléxe] = E [(’A‘q ® Xq_l)v}
% ® E [xq) )"
= (X ®)A(q71)

1

:

A similar derivation is also possible for the attitude error
definition in (30b).

O,—|/-\/\
. o

B.2  Error-State Dynamics

For vector portions of the state, from (44a), (47), and
(50) we have
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We note that x can be rewritten in terms of éx and
X using (29) and by rearranging (44a), and that x =

% when 0x = 0. Evaluating f, at (E[6x], E[v],%,u),
where E[6x] = E[v] = 0, then gives
fo(E[0x], E[v], %,u) = fy(%,u) — fy (%, u)

For quaternion portions of the state, for iRN we start
with (29a):
Xq = Xq ® (0xg)"

— Xq = Xq ® (0%9)" + Xq @ (6%p)"

gives

(6x0)" +
(%q) ™!

q(x,u+v)

® (6%0)")"

Multiplying on the left by (%¢)~*

(%q) ™ )

— 5X9

+ (0%q)"
& )l(q & ((5)(9)/\)\/

®xq

®xq

(%
(%q
((

)2
- (fiq)_1 ® fq

é f"Zl(éxa 'U, )A(a ll) )

(%,u)

where again x can be rewritten in terms of dx and
X using (29a) and (44a). Note that we have omitted
the process noise 1 since the quaternion propagation
dynamics in this paper are exact kinematic expressions.

Evaluating fq at (E[6x], E[v], %, u) gives
f'q(E[éx],E[v],f(,u) = ((’A(q)_l ® fq(%,u)
— (%q) ! @ fq(k,u) ©07)
=0.

A similar analysis can be carried out with the bRN
attitude error definition in (29b).

Appendix C Inertial Dynamics

This appendix derives the error-state dynamics for an
inertially-defined state.

C.1 Position
We begin from (44a):

5pl = ph — Pl
=R'(d})v

We then use (31a), (34

~RT(q,)¥

), (44a), and (4) to obtain

p,=R'(4,)R" (bq;) (¥+6v)-R'(q4,)¥
~R'(q,) (I+]465, J) (V+6v)-RT(§2)v
R'(q,)v+R"(q,) [067 | v+RT(4)0v
+RT( v) 060 ] ov—RT(al)v
») 106 | v+RT(4;,)0v+RT(4y) 667, ] ov
) [V] 60, +RT(4))ov+RT(4)) | 065, | ov
)] 60%+RT(&])dv,

~b

n

~b
q,

__RT(
~—R'(q

where the second-order terms have been dropped.
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C.2 Attitude

We begin with (29a) and differentiate with respect to
time:

q) =&, ®oq’,
= ¢ =4 ®id +4a, @i .
Multiplying on the left by (¢%)~! gives
(@) 'ed = () ' ®&, ®id + 4l
= 6q) =(a0)'ed) — (@) e d ®id.

Using (80b), (81a), (30a) and simplifying yields

R DA w| 1
ddn=75(ay) 1®q§1®[0]—2( ") ®4q ®[ ]®5qn

o ]. b w ]. C:J b
25qn®{0}2 {0}8501"' (101)
Using (72a) and (73), let
SwEw—w (102a)
( /8 ) - ((:) - Bw)
=68, — (102b)
Applying (3) and (102a) to (101) yields
. 1 - |w] w 1w @
b L bt b
which implies that
ob
1567 | _ 1 [[—2+ 5wJ Sw] [166°,
1 2 —dw’ 0 1 ‘

Dropping the scalar equation and second-order terms
yields

b

80, = % | —20 + 6w | 66", + dw

~
~

— | @] 06" + dw
~—|@- 8,08 -8, -
C.3 Velocity
We begin by applying (44a) to the dynamics:
0V = [v]w+R(a})g + a-k — pullev + 1,
- (M @+ R(q))g + ak — ,mkv)

=|v]jw—|¥]|®w (103a)
+R(a))g — R(a))g (103b)
— pIIyv + A0V (103c¢)
tak—ak (103d)
+1ny-
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We will simplify (103) one term at a time. We expand
term (103a) using (44a) and (102a), drop second-order
terms, then use (4), (73), and (102b) to obtain

WV]w=v]ox [V+v] (@ +0w) - [V] (@)
= [0v]w+ [V] dw
=—|@|ov+ V] dw
=& - BMJ ov+ [ v] (=08, — vw)

For term (103b) we use (31a) and (33) to obtain

R(q’)g—R(&))g = R(0d’)R(4))g — R(4))g
~ (1 |06}]) R(a})e — R(@))e
- |96} | R(a

|[R(a})g] 06!, .

b

n

)8

We use (44a) and drop second-order terms to simplify
term (103c) as

—pILev + (T4 = — (B + 6p) Iy (¥ + 6v) + oL ©
= — I ov — SpuII v — S Il ov
—ﬂHk(5V - (Sp,Hk\A’ .

Finally term (103d) is simplified using (72b), (74
(44a) as

), and

azk - &zk = (dz - Baz - naz) k- (dz

= (—6Ba. —7a.) k
= —kk'68, — ka. .

)

Substituting all of these results into (103) and gathering
terms gives

5v = |R(4))g| 00, + (- |@ — B, | — pdLi) 6v — kk 68,

— V] B8, — ¥op — V] ve — kna, + 1, -

Appendix D Body-Fixed Dynamics

This appendix derives the body-fixed state dynamics
from their inertial counterparts, and then derives the
body-fixed error-state dynamics.

D.1 Position
We represent (90) as

n b
Py _ (b1 Py b

Left-multiplying by q’, taking the time derivative,
and left-multiplying by (q%)~! results in the following

29

sequence of equations:

b
b — Pn b
q,® 0= 0 ®q,
n . n] .5
b Py b Py |__ |Pa b P,
9, { 0 :|+qn® 0 o0 |®9n— { ]@)Qn
n [n] [-b]
L b w Py b Py — Pn b_l p" w
1w ® Py _’_-pg- =—( b)*1® pl’r)L ®q’
210 0 0 q, 0 9,
1 P, w
it ectefs]

Rearranging and using (90), (7), (80a), (3), and (4)
gives

[%}——(qi)l@@{%ﬁ] <§é>qil—%(<:1ﬁ)f1 Pﬂ ®qi®[°{)’]
-3 i]°[1]
e
e )4
lw] Py lw] Py

2

55

] )

Dropping the scalar equation we see that

P, w ‘-‘-’Pb

Py =—v—|w|py -
Letting dw = w — w, the error-state position dynamics

when using the body frame are

5Py = Pi — by
=(—v—|wlpy) — (-¥ L Jf)?)
=—V—0v—|®+dw]| Py — |&+ dw]py
+V+ (@] by
.= —0v— [dw] Py — @] opy
——5V+Lpr5w—LwJ opy
=0 LBy (9 ~va) — |@ - B, | ipp

o | 9D = 6v — B} 3B,y — 1B} v

=-|o-

D.2 Attitude

The body-fixed attitude dynamics are defined by (27).
They can alternately be derived from (91) and (26) as

D

ap = (a5) "

L[
qn O

2
1
2

Using (29b), the body-fixed attitude is decomposed into
an estimate and error state as

ay =0q; ®4qy -
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Differentiating with respect to time gives
4 =04y ® 4y + gy © q -

Solving for the attitude error dynamics and using (92a)
(29b), and (3) results in

sqy = (ap —dap ©@ a;) @ (a) "

1/ S 7] R oy —
=—( O]®qb oqy @ [0]®qb>®(qb) '
1/ 5 sqn [A)
3 _0 ®oqy —day @ |
1 ([ |w —|w] @],
5 <_LwJT } oqy — [_LLDTJ 0] 5%)
120+ dw] dw sqn
2 —(5(.0 0 qQp
which given (32) implies that
300, _ L[[20+éw| dw] [506;

1 2| —dw' 0 I

Multiplying both sides by two, dropping the scalar term,
and ignoring higher order terms yields

(120 + ] dw] [é‘gfﬂ

56,

1
5 126+ 0 607 — b
— @] d0y

{aj —BwJ 307 + 6B, + v -

— dw

D.3  Velocity

The only change in the velocity error dynamics is the
gravity term, so that

v =RT(qp)g—R"(4})g
=R (6q;)RT(a7)g —

~ I+ (66 )RT(q

166} | RT(a})g
[RT(a7)e | 96}

R'(a))g

Neg-R(ap)g

Appendix E Keyframe-Reset
Derivation

During the keyframe reset step, introduced in Section 5
and detailed in Sections 6.3 and 7.3, the relative states
and their associated covariance are reset to zero. For the
position states, only the altitude of the vehicle is kept,
while for the attitude states the uncertainty associated
with yaw is removed from the filter while the uncertainty
associated with roll and pitch is maintained. Sections
E.1 and E.2 show that

50+ 1 sin (;Aﬂtan 0 cos gﬁ tan §

N B o 4 PO

0= 50 0 cos” ¢ — cos ¢ sin ¢
0 —cos¢sing sin? ¢

(104)
for both iRN and bRN attitude definitions. Section E.3
derives the position reset and its Jacobian for bRN.
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E.1 RN Attitude Reset

Recall from (99) in Appendix A that the Euler angle
errors A are related to the attitude error state 60 as

1 sin (]3 tanf cos é tan 0
Al = |0 cos ¢ — sm¢ 60" . (105)
0 sin é secd  cos qb secf

The true and estimated attitude states after the
keyframe reset step consist of the roll and pitch
components of the attitude prior to the reset,

bt
q,

b+
q,

=qy®qy,
=qy®4q, -
The resulting attitude error is obtained from (30a) and

(29a) as

Ab 4y — b
(@) 'edlt

=4, ©4, ®qy,®q,
=d, ®4;' ®a®iq,® 4, iq,
~ (45" @ day© a,) @ da,

+
gt

which, similar to (42), implies that
36°" = Ry60y + 06, .

Expanding and factoring out the Euler angle errors, this
becomes

10 0
502" =0 cosd 0| AL, (106)
0 —sing O

which differs from (98) by removing the yaw and its
uncertainty. Substituting (105) into (106) we see that

cos q§ tan
— cos ¢sin ¢ 50% ,
sin? ¢

sin qAS tan f
cos? ¢
— cos ¢sin ¢

1
50. " = |o (107)
0

verifying (104) for iRN.

E.2 bRN Attitude Reset

Continuing the notation presented in Section 7, we
describe bRN attitude error with dq; and 66;. The
typical 3-2-1 Euler angles assume an inertial attitude.
To express a body-fixed attitude while still maintaining
the intuitive roll, pitch, and yaw rotations, the order
and sign of the rotation sequence must be flipped as

ap = (ap) !

~1
= (ay ®ay ® qy)
= qdfl ®qy ' ® qqpil .
Expanding using the error state definition (30b),
® 5q'¢)71 )
(108)

A —

q, =4y '® 5q<¢>71 ®a, ' ®ig, ' ® q@b71
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which is approximated as
QG =4, ' ®a, '®q, " (109)
Combining (108) and (109) using (30b) gives
dap =ay ® (a;) "
=4, '®oq, 04y @iq, e
®4, ' ®iq, ' ©4, 04 @4,
= 61?[1 ® (5q¢71 ® 61971 ® (5q9*1®
®q, ' ©iq, ' ©q,)® é19) ®qy ,
which implies that
00, = —R400, — RyRpd0g — RyRgR 00, . (110)
Note that

1 0 0 b—¢
Ry00, = [0 cos¢ sing 0
0 —sing cos¢ 0

=00, .
Similarly, Rg00y = 08¢, and R,00,, = §6,. Using these
results to simplify (110) and comparing the resulting
equation to (97) for iRN, we obtain

50 = —6045 — R400 — RyR00,,
= 06" . (111)

Again, the reset step keeps only roll and pitch, giving

507" = —604 — R,00
= 500" (112)

Substituting (112) and (111) into (107), we see that

1 sinqgtané Cosqgtané

(7502"*_) =10 cos® ¢ —cospsing | (—46})
0 —cos (bsm qb sin2<2>
— 007" = Ngd6y | (113)

which confirms (104) for bRN. Note that the values of ¢
and 6 used to evaluate Ny are obtained from the Euler
decomposition of (¢;)~*.

E.83 bRN Position Reset

Following (90) we can write

p; " = -R(d’,pL"
= -R"(qf")pL ",
where
p," =kk'p,
= —kk'R'(a},)p}
= —kk'R(a})py (114)

by rearranging (90). We note from (91) and (38) that

n —1

a =9, '®q, ' ®aq,
= R(q}) =R"(q,)R"(qy)R"(qy) ,

o (114) becomes

+ n
p, =-kk'R"(q,)R"(qs)R"(q,)p}
We next observe that
0 0 0] [cosyp —siny O
kkTRT(qw) =10 0 0| [sinyy cosyp O
0 0 1 0 0 1

so that

Noting that

@ =q, ' ®qy”
= R(qp") =R'(qp)R7(qy) ,

we have N
p,, = -kk'R(q;")p;

and so
T =R"(qp")kk"R(q;")p;' - (115)

We then expand and simplify according to (31b), (33),
and (34) while dropping second-order terms as

PR (6q) R (@) kKR (a) R (0a) )by
(00 )R TR (108 ) (5 40
~R"(q;")kk'R(q; )by
+R7(q; " )kk R(q; ")ép;
+[665 " | RT(ay ")kk R(ay )by
—-R7(q; " )kk'R(a; ") |067 | py-
From (115) the estimated reset is
pi* = RT(a} Kk R(a )py

Using (4) and (113), the error state reset is then
spp T =pp T —ppt
=R'(q")kk'R(G1)opy
[50”+J RT(q])kk R ()P
~RT(a; ")k R(a; ) |007 | b}
=R'(q;")kk"R(4; *)opj
{RT(A“)kkTR(““) J5on+
+RT(qHkk"R(q}Y) by 007"
=R"(a;")kk R(4; 7)Ipy
[RT(”““)kkTR(A"*) JNgae"
+R'(a;")kk R(q; ") (b Nodby
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and the non-zero Jacobian terms are

85p§+_ T/an+ T AT A+

851)? T T/ an+

sopr =~ [RT@ KRG )5} |
+RT(a; KK R(a; ") b7 ] )No -

Appendix F Body-Fixed Laser Scan
Measurement Model

In this section we derive the residual Jacobians
for the body-fixed laser scan measurement model
presented in Section 7.2.5. For the translation portion
of the measurement model, we begin by expanding
equation (93) according to (31b), (33), and (34) then
drop second-order terms and use (4) to obtain

b (0 =TexaR(a) (P} —pi+ R (a )R (a) (b5 P
~LaR(&)R(0a;) (B} +6p7 —p;
RT(0q;)R () R(a)R (9a})

X (p,—DPr —py)

%) ) M

154
=Ix3R(qy) (I-]663])
+(I+665 ) R (ay

P, +0p, —p;
R(qy) (I-[96%])

X(pi—f)”—5p2))+mt

N

~L.sR(a}) (B] -pi +R (6} )R(a}) (p-5) )
+I2x3R(qy)op, —I2x3R(Qb)RT(An) (ax)opy,
~LxsR(47) [RT(a7)R(@;) (P;—Pr) | 667
+12aR(a)R(a;))R(ay) [p; J59n
+I2x3R(q Z)L b Pb"‘RT(fl JR(4 )(pb_f)Z)J 56y.

Recalling that

b (%) =Texa R (@) (B} —p{+ R (6 )R(G) (9—51) ).

the residual is given by
hy; = 2y, — hy (%) ,
which is modeled as

ri=hy; (x) —hye (%)
=L, sR(45)0p; —L2x3R(4))R (47 )R (4})py,
—T..3R(47) |R'(a;)R(4y) (Ps—Dr) | 66
+12.3R(a5)R(4;)R(4r) [p—bi] 6%

+LxsR(ap) | pr—Pi+R (&) R(4}) (p5—Dr) | 665

Noting that qj is a function of q;' only, we take partial
derivatives and apply the chain rule to obtain the

following non-zero Jacobian terms:

or
8511:2_ 2sR(G),
81’1'5 _ A O T/an AT c amn
860’{:7 I2><3R(qb) LR (qb)R(qk)(pb pk:)J
A~ O AT c AT AT c 8600
+123R(47) [ By —Pp+R (@) R(a}) (Py—P1) | 350,
Or o
sy~ T R(GDRT(@)R(E),
8[‘ A O N AT PN
©=L.sR(&)R (a))R(4}) [ps—pr] -
D607

To derive an expression for 960y /060, we follow
a process similar to that used for the attitude reset
derivation in Sections E.1 and E.2. We expand the
definition of qf according to (29b) as

ay = (dgr @ qg )"
= (él¢>g)_1 ® (5%;2)_

Noting that @y = (Ggr ® Q)"
is computed according to (30b) as

® (6qgn) "

, the error quaternion

'@ (qp) !

oqy =qp ® (4;)” !
= (Qgp, )le (5qq>b)
® (Goe )t ® (0ags )~ '® Gy ® Qg

from which we use (42) to obtain
505 = R(dys) (fao% - R(qggaogz) .

Noting, as shown in Section E.2, that R(q,, )00 =
6604, and R(Ggp )60g, = 065, this becomes

R(qyy )04 -

Expanding R(q ) according to (36) and combining
terms, this can be written as

567 = 6,4 —

-1 0 0
607 =10 —cosg® 0| AL,
0 sing? 0
where R
o -
A=|oh -
v =,

as in Appendix A. We then use the chain rule to obtain

2505
280y

605 DAY 266"

DAY 956" 060,

—1 0 0

=10 —cosgl 0 Nav (-1)
| 0 sing? 0

1 0 0

=10 cos¢? 0 Nav ,

0 —sing? 0

where N 5» is given by equation (100) in Appendix A.
We then substitute this result above to obtain the
complete expression for dry /900 .
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For the rotation portion of the measurement model,
we begin by expanding the expression for q;, according

o (29b) as
a, = (a5) "' @ aj @ (a)”
= (&) ® (6qf) "
®qy ® (a;) !

'®q)
® oqy
® (0qy)

Recalling that ¢, = (§)) '@ 4, @ (4})" ' ®4q), the
error quaternion is computed according to (30b) as

®iq)®q;

5qlr = qlr & (QIr)il
=(a7)"' ® (6qp) ' @ dap @ Gy ® (ap)
® (6ap) ' ®@dq) @ Gp ® (a;) " @ ap

from which we use (42) to obtain

36y, = R(qg)( — 505 + 007+

RT(a)R(a}) (067 +667) )
= R(a5)96; — R(a5)R" (a;)R(a7)06}
+R(a;) (RT(@))R(ar) - T) 065

The measurement model is the yaw portion of q,,

hie (%) = ¥ (ay) + M

é wlr + Mr
and the estimated measurement is
P (%) = (@)
’lZ)Ir

(1>

The residual is given by
e = 21 — hie(%)

which is modeled as
e = hir(x) —

- wlr - /lﬁlr
=k'A, .

hir (X)

We then use the chain rule to compute the Jacobian of
T as

8T1r o 6T1r 8A1r 8(501r
d6x A 066, Dox
0460
_ T Ir
= (k) (Na,) 9%

which has non-zero terms

3T1r

1T A O
5007 k'Na, R(qp)
066°
« (14 (RT@)R(@) -1 )
( ( b k )aaeb
O\ TNAR(G)RT(G)R(Q)
3592 Ir b k/ >

into which we substitute the expression for 966y /950;
derived above.

Appendix G Converting from bRN to
iRN
When estimating in the body frame (bRN), it is
often useful to transform the estimated state into an
inertial frame (iRN) for visualization or path planning
and control. This section describes how to accomplish
this transformation, and derives the Jacobians for
transforming the bRN covariance into the iRN frame.
The velocity and bias states (v, B, and 8,) are
expressed in the body frame for both iRN and bRN, and
so require no transformation. The drag coefficient term
w likewise requires no transformation since it is a scalar
term. The states that require transformation are the
relative pose of the vehicle (py,qy) and the keyframe
pose (Py,dy)-
The vehicle position p} is transformed using (90) as
p, = —R(a})p} -
Expanding according to (31b), (44a), and (33), and then
using (4), this becomes

p, = R(&4;)R(éay) (py + dpy)

~R(ay) (I-[66y]) (by + opy)

~ R(qy)py + R(ay)opy — R(ay) |60y | by

=R(4;)py + R(ay)dpy + R(ay) [Py ] 59? ~
The estimated state is transformed as

p, = —R(a;)p} ,

and the resulting error state is

opy, = Py, — B,

=R(aqy)dp; + R(ay) by ] 60y, -

The non-zero Jacobian terms are then

op?

n_ R(§"
aépg (qb) )
9P}, _ oy an

The vehicle attitude qj is transformed as

q, = (a)"",

which is expanded according to (29b) as

q, = (bqp @ a;)~"
= (q;) ' ® (dqp) "
The estimated attitude is transformed as
~b ATy —
a, = (a;) ",

and from (30a) the resulting error state is

o (0qp)
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which implies that

56" = —50; .
The non-zero Jacobian term is
b
8602 _ 1
060,

The keyframe pose (pj,qj) is transformed similarly,
yielding

f)fz = _R(AZ)ISZ )
a, = ()"
and
dopi n
06p*
n — R AT AN
2007 (ar) [Pkl
L
260y

The covariance is transformed as

Pirn = JPprad ",

where
3 — 99%irN
O0dxpRN
"R(ap) R(ap) [p;] 000 0 0 0]
0 -1 000 O 0 0
0 0 100 O 0 0
_ 0 0 010 0 0 0
0 0 00I 0 0 0
0 0 000 R(qy) R(ay) [p] O
0 0 000 O - 0
L o 0 000 O 0 14
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