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Novel Parameterization for Gauss—Newton Methods
in 3-D Pose Graph Optimization

Seyed-Mahdi Nasiri, Member, IEEE, Reshad Hosseini

Abstract—Pose graph optimization (PGO), or equivalently pose
synchronization, that is synchronizing rotations and positions, is
the state-of-the-art formulation for simultaneous localization and
mapping in robotics. In this article, we first present a new manifold
Gauss—Newton method for solving the rotation synchronization
problem. In this article, we derive an efficient implementation of
the method and develop a convergence theory thereof. A structural
parameter appears in the proof, which has a significant influence on
the convergence basin. In this article, we show that this structural
parameter is the norm of the inverse of the reduced graph Laplacian
and obtains the explicit relation of this parameter for special graph
structures. We also present another method that directly solves the
pose synchronization using both relative rotation and translation
observations. Experimental results show that our rotation syn-
chronization method can be successfully used to initialize iterative
PGO solvers. Furthermore, we show that our pose synchronization
algorithm outperforms state-of-the-art solvers in high-noise cases.

Index Terms—Gauss—-Newton, initialization, pose graph
optimization (PGO), 3-D simultaneous localization and mapping
(SLAM).

1. INTRODUCTION

OSE graph optimization (PGO) is the problem of esti-

mating a set of unknown poses' so that relative poses
best match a collection of pairwise relative measurements. It
is the most applied formulation of simultaneous localization
and mapping (SLAM) [1] in robotics and also known as SE(d)-
synchronization or pose synchronization (PS) in many other
fields. Similar formulations arise in sensor network localization
[2] and structure from motion [3].

The PGO problem is a nonconvex optimization problem and
hard to solve in general. Well-known iterative numerical meth-
ods were used to solve the PGO problem, such as Gauss—Newton
[4]-[6], Levenberg—Marquardt [7], and trust region [8], [9]. The
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nonconvexity of the PGO problem and the convergence behavior
of iterative methods were investigated in the literature [10]-[13],
and it was shown that depending on the pose graph structure and
the noise level of measurements, the problem may have different
local minima that are far from the global minimum. Grisetti et al.
[14] proposed a method that has larger basins of convergence.
But Carlone et al. [15], [16] and Rosen et al. [17] showed that
state-of-the-art algorithms are entangled in local minima and fail
to converge to the global optimum in some cases.

Various attempts have been made to solve this problem in the
literature. Convex relaxation was adopted by a line of research
[18], [19]. The main idea is to find the global optimum of a
semidefinite programming relaxation of the PGO (or its dual)
problem. It has been shown experimentally that the convex
relaxation, in many practical problems in which the amount of
noise is limited, is exact and the duality gap is zero [19]. Similar
ideas were used to verify the optimality of a given solution
[20]-[22].

Aloise and Grisetti [23] proposed an alternative error function
based on chordal distance introduced in [17] and [21] for the 3-D
PGO problem to reduce the nonlinearity of the problem. They
consequently obtained a larger basin of convergence and better
numerical stability for their proposed algorithm.

Another set of efforts aimed at finding good initial points
for iterative solvers for improving the convergence speed and
reducing the risk of convergence to a local minimum. Many
initialization methods took advantage of the fact that one part
of the PGO cost function related to rotation measurements is
independent of the positions, and can be solved separately [3],
[15], [16], [24]. Then, the orientations are fixed and the positions
are calculated from the other part of the cost function giving a
simple least squares problem for the positions. This solution is
then used as the initializer to bootstrap iterative methods.

In our earlier work [25], we proposed a method to find an
initial estimation of the rotations. In this article, it is referred to
as rotation synchronization (RS) algorithm. It was shown that
this method outperforms the well-known chordal initialization
method and can be successfully used to initialize iterative PGO
solvers. The current work goes beyond our previous work in
several important aspects. The major additions are as follows.

1) We give a convergence analysis of RS which was origi-

nally introduced in ICRA2018 [25]. We show that close
enough to the global optimum solution, our algorithm gets
closer to the optimum up to a certain bound.

2) We propose a more powerful method, PS, which takes into

account both rotations and positions.
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3) We introduce a structural parameter that affects the basin
of convergence. We give its analytical expression and its
relation to the reduced Laplacian matrix for complete pose
graphs.

The simulation results for evaluating the RS initialization
method go beyond those of our conference paper [25]. These
results reaffirm the convergence analysis and show that our RS
algorithm has a wider convergence basin in comparison to the
existing iterative solvers. We show in the experiments that by
using our RS algorithm as an initializer and our PS algorithm as
a solver, we obtain a method that outperforms the state-of-the-art
SE-Sync method in high-noise datasets.

In the following, we will first provide an overview of the
related literature in Section II. Then, we explain the basic
mathematic notations and preliminaries in Section III. The
method of our conference paper [25] is reviewed in Section V.
The convergence analysis is then given for noise-free (see
Section V-A) and noisy measurements (Section V-B). In Sec-
tion VI, the structural parameter is calculated for complete
graphs’ and the obtained convergence bound is compared to
an existing bound in the literature. The second algorithm, PS,
which uses both rotations and positions, is presented in Sec-
tion VII. Finally, in Section VIII, through several experiments
on a benchmark dataset and noisy versions of the same dataset,
the performance of the proposed algorithms against the current
state-of-the-art methods is investigated.

II. RELATED WORKS

In the efficient and robust implementations of Gauss—Newton
and Levenberg—Marquardt methods, available in G20 [26] and
GTSAM [27], a minimal representation for increments in lo-
cal Euclidean space was proposed and an update method was
defined that accumulates the increments in a non-Euclidean
manifold geometry. These methods can get stuck in the local
minima of the cost function, and it has been shown that a proper
initialization is important to obtain a good accuracy in these
methods [28].

Carlone et al. [28] reviewed and compared several initializa-
tion methods [3], [29]-[32] and showed that using the chordal
method as an initializer and GTSAM as a solver is the best
combination for iteratively solving the problem. All of these
initialization methods give a rough estimate for the rotation part
of the PGO problem. Nasiri et al. [25] showed that RS, which
solves the rotation part of the PGO problem, outperforms the
chordal initialization method and can help iterative solvers to
attain a more reliable solution.

In several recent works, convex relaxations of the PGO prob-
lem were proposed to overcome the nonconvexity of the problem
and dependence of available iterative solvers on the initialization
[17], [33], [34]. Some of these methods employ Lagrangian
duality to obtain and verify the global optimality of the solution
in planar [18], [21] and 3-D SLAM [19], [20], [22]. These
methods can retrieval the global optimal solution of the original
problem if the duality gap is zero. Rosen et al. [19] stated that

2 A graph in which every pair of distinct vertices is connected.
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there exists an upper bound for the noise level under which their
method, SE-Sync, guarantees the optimality of the solution. The
bound was not calculated theoretically, but the authors showed
empirically that the bound is greater than typical noise levels
encountered in robotic tasks. We show in the experiments that
for high-noise levels, our proposed algorithm, PS, outperforms
the SE-Sync method.

All of the abovementioned certifiable algorithms use a specific
form of the cost function in which the rotation and translation
measurements are considered to be independent and also have
the same uncertainty in all directions. However, in a recent
work [35], the planar PGO problem is formulated as a convex
polynomial optimization program for a more general form of
the measurement noise relaxing the assumption of the same
uncertainty in all directions. The method of [35] can find the
global optimal solution regardless of the noise level.

The rotation part of the PGO problem is known as rotation
averaging [30] or attitude synchronization [36] in computer
vision. Various algorithms were presented to solve this problem
in recent years [37]-[39]. In a recent work, Eriksson et al.
[40] utilized the spectral graph theory to present a theoretical
analysis of the Lagrangian duality in the rotation averaging. They
analytically specified an error bound for the noise levels that
ensures there is no duality gap, and consequently their proposed
algorithm converges to the optimal solution. Section VI gives a
comparison between the maximum error bound needed for the
convergence of our RS algorithm and the bound obtained in [40].
We see experimentally that the convergence behavior of other
solvers also depend on the pose graph structure.

The role of graph structure on the convergence of various
solvers and the number of local minima were investigated in the
literature [10], [41], [42]. Khosoussi et al. [43] investigated the
role of graph structure in the accuracy of maximum-likelihood
(ML) estimation in SLAM. They theoretically analyzed the
impact of average vertex degree® on the reliability of the ML
estimation, the impact that was observed experimentally in [41].
They also explored the relations between the Cramer—Rao lower
bound and some structural features of the pose graph for two
special classes of 2-D SLAM, that is compass-SLAM and linear
sensor network, and extended their analysis to planar SLAM in
[44] and [45].

III. NOTATIONS AND PRELIMINARIES
A. PGO and Graph Topology

A set of poses in 3-D space is denoted by n + 1 posi-
tions po, ..., pn € R® and n + 1 rotation matrices Ry, ..., R,, €
SO(3). The relative noisy displacement and rotation measure-
ments from pose i to pose j are denoted by d;; and Z7,
respectively. PGO is the problem of estimating poses, i.e., p;s
and R;s, from m relative noisy observations between poses. We
can consider poses and relative observations between poses as
a directed graph G = (V, E), where V = {vg, v1,...,v,} is a
set of n + 1 vertices representing poses and E = {eq, ..., e, }
is a set of edges representing relative measurements between

3The number of edges incident to the vertex.
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poses. The relative position and rotation measurements between
vertices ¢ and j are represented by

Zz] = RgRHOiSC = R?RiRnoise (1
dij = R] (p; — pi) + duoise- )

The direction of the edge e, = (¢,7), k € {1,...,m}, indicates
that the relative observation is from vertex ¢ to vertex j.

The incidence matrix A of the aforementioned directed graph
is an m x (n + 1) matrix in which the kth row is related to the
edge e, = (4, j). There are two nonzero entries in the kth row of
A,a“+1”inthe jthcolumn, and a “—1” in the ¢th column. Since
all measurements in PGO are relative, without loss of generality,
we can assume that vy is the origin, i.e., po = [0,0, 0] and
Ry = I3. This operation is usually known as anchoring in the
literature [20], [22]. Anchored reduced incidence matrix A is
formed by eliminating the first column of A [19], [40], [46].
A € R™*™ is a full column rank matrix for connected graphs
[47].

B. Operators

In this article, Sym(X) extracts the symmetric part of matrix
X € R®*3 and Skew(X) extracts the skew-symmetric part of
matrix X. Leta” = (a, a,, a.) be a 3-vector. [a] denotes the
skew-symmetric matrix generated by a

0 —a; ay
lalx=1]a. 0 —a.f-. 3)
—Qy Gy 0

Assume that vector a can represent the skew-symmetric part
of matrix A, i.e., Skew(A) = [a]. The operators : R3*3 — R3
receives matrix A and returns the 3-vector representing the skew-
symmetric part of the matrix

s(4) = a. (4)

C. Rodrigues’ Formula

Rodrigues’ rotation formula is a method for computing a
rotation matrix from a rotation axis and a rotation angle. Assume
that a is the normalized vector of the rotation axis and 6 is the
rotation angle. According to the Rodrigues’ rotation formula,
the rotation matrix is obtained by

R=1+Jsinf + J*(1 — cos0) (5)

where 7 is a 3 x 3 identity matrix and J = [a].
We define the rotation vector as

0 = asinf (6)

corresponding to the rotation matrix R, then the Rodrigues’
formula for the rotation matrix can be re-expressed by

R =1+ 18]+ B(5])[8]% ()

1 —cosf
:( sin? 6 ) ®

where

1— 1ol

0]

B(llsl) =

Since [8]  is a skew-symmetric matrix, [§]2 is symmetric and

therefore

R = R" =1 - [8]« + B(|l8I)[8]- ©)

D. Distance Metrics in SO(3)

Given two rotation matrices, R; and R, the following two
metrics are used in this article.
1) Chordal distance: The Frobenius norm of the matrix R, —
Ry, that is dchord(Rla Rg) = ||R1 — R2||F.
2) Angular distance: The rotation angle of RI R, that is
dang(R1, R2) = sin™ ! |||| = |0|, wherein § is the rotation
vector ()orresponding to the rotation matrix R2 R;.

E. PGO Formulation

Assume noisy measurements, d;; (2), and ZZ (1), of a di-
rected pose graph G(V, E), are given, PGO is the problem of
finding poses from these noisy measurements [5]. For some
measurement noises commonly assumed by various works in
the literature,* the ML estimation of the graph vertices, i.e.,
pi, Ri,i € {1,...,n}, becomes the solution of the following
optimization problem [19], [22]:

R Z he||dij — RY (p; — po)|”
picR3 ep={i,j}€FE

2

+wn |2 - RIR| . a0

Let R}, i ={1,...,n}, be the optimal rotations given by the

solution of (10). Then, the optimal positions are the solution of
the translation part of the problem (10) given by [15]

2

{pi} = argmin Z Ak Hdij — R (p; — pi) ’ - (1D

RS
picR er={i,j}eE

The second part of (10) as given below, called the RS problem,
isindependent of the positions, and can be minimized, separately

Y ow Hzg‘ ~ RTR,
r={i,j}€E

{R}} = argmin (12)

2
R;€80(3) F

It is clear that the solutions of (12) are not exactly the optimal
rotations of (10), but they can be used as initialization for gra-
dient solvers as is the case for the famous chordal initialization
method [3].

The problem (11) is a linear least squares problem and has
the following closed form solution:

P* = (ATAA)ATAD (13)

4The assumptions are the independence of the rotation and position measure-
ments, zero-mean isotropic Gaussian distributed noises for the positions, and
isotropic Langevin distributed noises with the identity mode for the rotations.
These assumptions are not essential for developing our methods, but we make
such assumptions in this article to simplify the formulas, to develop theoretical
convergence results, and to make it possible to compare our method with a
method, such as SE-Sync, which needs such assumptions. The development of
our method, which can be used with other cost functions with a relaxed isotropic
assumption, is briefly described in Appendix A.
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where P! o = [p}...p5]|T is the matrix of positions, A,y

is the reduced incidence matrix, Ay, ., = diag([A1 ... An]) is

the diagonal matrix of weights, and D, 3 is the matrix of all

relative displacement measurements in the reference coordinate

system, i.e., the kth row of D is dg;-Rl-T where e;, = (i,7) € E.
IV. RS ALGORITHM

In this section, we propose our RS algorithm for solving
the RS problem (12). The proposed algorithm is a manifold
Gauss—Newton method that starts from some initial rotations and
iteratively refines the estimates of rotations. Suppose Ri(t), 1€
{1,...,n}, are estimates for the rotations at time step ¢. Assume
the following change of variables for R;s in the RS problem (12):

(14)

R; = (1) Ri(t)
for ¥,(t), i € {1,...,n}. To avoid clutter, we omit the time step
t in the rest of this section. Using Rodrigues’ formula, ¥; can
be written as

Uy =T+ (8] + Bi([|8:]]) (]2 (15)

Substituting (14) and (15) in the RS problem (12), the ar-
guments of the cost function are changed to d;, i € {1,...,n}.
Thus, the problem can be rewritten as follows:

) 2
argmin Z Wi HZZ] — RIR; -
BiveBln o _tijYem
S .2
= argmin Z Wi HZZ — R;‘»F\IIJ»T\I/iRi
Uy ..., exmt{ig}eE F
L 2
= argmin Z Wi, HRjZfR;?F - \PfEIZ
Vir¥n o (i jleE "
= argmin Z wkH}A{jZZRzT — I+ [éj]x — [6i]><
Oty o fi j)eE
2
+ 52(8, )| (16)

where S5(d;,0;) contains all terms with multiplication of at
least two skew-symmetric terms, [;]« or [d,], which makes it
negligible compared to the other terms in (16) for small §; and
9
S2(8:,08;) = [0;]x[0:]x + [8;]xBi[0:]2 — B[0;12[8:]«
— B;10;1%Bil8:)% — B;18;1% — Bilda)%
By removing S>(8;,4;) from (16), the RS problem can be
approximated by
argmin
argmin )

T er={i,j}cE

a7

wi [[[8,]% — [8:]x — Bellz  (18)

where By, £ I — Rj Zf ]%ZT We use the following trivial propo-
sition to further simplify the cost function of (18).
Proposition 1: Let A, be an arbitrary squared matrix, then

|AlI% = [[Skew(A)|[% + [|Sym(A) %
(Proved in [25].)

IEEE TRANSACTIONS ON ROBOTICS

According to Proposition 1, we have

argmin Y wi[|[8;]x — [6:]. — Bil%
81l i hen
= argmin Z wy, ||Skew ([6;]x — [0:]« — Bk)Hi,
S1enln o —(ij)eB
+wi [ISym ([8;)« — [8:]« — Bu)l[3
=argmin Y wy |Skew ([6;] — [8:)« — Bi)|%
81,000y [ en={ij}€E
+ wi [|Sym (= By)||3
—argmin Y wy[Skew ([8;]« — [8:]« — Bi)|}
818, i en
= argmin Z wi [0 — 8; — S(Bk)||2 :
01500 er={i,j}cE

Therefore, we get the following optimization problem for each
time step t:

Nwzm%mﬁqu—B@fnmA—B@»}u%

where A,, ., is the reduced incidence matrix, €2 is a fixed matrix

Q= diag( [wl wm} ) and
S(B1 (1) 5, (1
B(t) = : , At) = (20)
s(B ()T o (1)
The problem (19) has the following closed-form solution:
A(t) = A'B(t) 1)
where
Al = (ATQA) T ATq. (22)

The ith row of A(t) is a rotation vector 8;(¢) and its corre-
sponding rotation matrix is 0, (t). According to (6), the 3-vector
6:(t) has the constraint ||d;(¢)]| < 1, so one way to fulfill this
condition is projecting b; (t) into the unit sphere if it violates the
constraint.

Equation (21) takes a Gauss—Newton step for the problem
(16). To update the estimated rotations, R;(t)s, a mapping is
needed to find the rotation matrices on the SO(3) manifold from
5 (t)s, which are on the tangent space. To this aim, we propose
to use (14) to implement the retraction’ as follows:

Ri(t+1) « U, (t)Ri(t)

= (T+ Bl + BUGODEWE ) Ri(1). @3

This gives an iterative algorithm for finding the vertices ro-
tations summarized in Algorithm 1. The algorithm needs initial

SRetraction is a mapping from the tangent space to the manifold space. See
[48] for more information.
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Algorithm 1: RS: Rotation Synchronization Algorithm. 0%
Input: edges of pose graph (Zg, d;, Ver = {i,j} € E), osr
stopping criteria dy, and itry,,x, and matrix of weights (2 0.25 1
from (20) 02k
Output: estimated poses of vertices e
(Ri,pi, i € {1,...,n}) e
Lt 1 011
2: R;(t) < chordal initialization 05 -
3: repeat '
. B (4 70 BT TR \ \ \ \ \
g' gk(tT S({bf R; (tg)Zl]YRl (1), Yer = {i,j} € B % 005 0.1 015 02 025 03 035
: B(t) < [b1,...,bp 16%(2)]|
6 A(t) « (ATQA)TATQB(t) '
7: forie{1,...,n}do Fig. 1. Value of ¢(t) (27) with respect to the norm of maximum optimal
g: SZ (t)T  ith row of A(t) rotation vector of the RS problem |67 ().
9:if[[0i(t)]| > 1 then 5;(t) < 6:(t)/[16:(t)]]

100 Wy(t) = I+ [0;(8)]x + Bi[l0:(®) ID[o: (D)%
11: Ri(t+1) < U, (t)Ry(t)

12:  end for

13: t+t+1;

14: until max; ||(§Z|| > O & T < itrpayx

15: R; « R;(t), Vie {1,...,n}

16: return R;, Vi € {1,...,n}

estimates of the rotations that is calculated by the chordal method
of Martinec and Pajdla [3]. It is worth mentioning that with our
proposed parameterization ¢ in (6), the problem (18) is more
tighter approximation of (16) in comparison to the common
method of using the canonical rotation angle vector, i.e., § = a#.
We observed experimentally that using the canonical rotation
angle vector has slower convergence and is more entangled in
local minima.

V. CONVERGENCE ANALYSIS

To make the convergence analysis more understandable, we
first analyze the noise-free cases and prove the optimality of the
solution. Then, the analysis is presented for noisy cases. Note
that, the convergence proof of the method in noise-free cases is
not important by itself. But, it can clarify the proof for noisy
cases and makes this article easy to follow.

A. Noise-Free Cases

Assume R,i € {1,...,n}, are the optimal solutions of RS
(12). Matrices W7 () align the estimated rotation matrices R;(t)
to the optimal solutions R}

R} = Wi(0)R(1). (24)

Suppose that §7(¢) is the rotation vector (6) corresponding
to the matrix W7 (¢). In order to prove the convergence of the
algorithm to the optimal solution, i.e., R;(t) — R}, i € 1,...,n,
it should be shown that in each step, U7 (¢) comes closer to the

identity matrix or equally |37 (¢)|| — 0. We define the following
key parameter appearing in the convergence proof.

Definition 1: The structural parameter & is the maximum
magnitude of a}i

(25)

in which ai represents the kth row of A given in (22).

It is worth noting that the magnitude of ai, kel, .. n,
depends on the pose graph topology and is usually small (less
than 2 for torus, sphere-a, and cube in [28] datasets).

The following lemma gives a bound between the rotation
vectors d7(¢) and rotation vectors that are the solutions of
the synchronization problem (18). This bound is used in the
convergence proof of Theorem 1.

Lemma 1: The magnitude of difference between the rotation
vector 07 (t), the optimal solution of (16) for the kth rotation,
and by (t), the kth row of A(t) in RS, is bounded by ac(t)

o(t) = [|s (=S2(05(t), =05 (1)) |
wherein k = argmax;, ||67(t)||. The value of &(t) with respect
to 07 is depicted in Fig. 1.

Proof: According to the definition, J;s are the minimizers of
the cost function (16)

{o1(®), ..., 05 ()}

= argmin
61,...,0,

(26)

(1) = 8u()| < ac(r)

where
27

Ry ZIRT (1) ~ T

>

ex={i,j}eE

2
F 1~ B+ 520085 . @9

Due to the noise-free assumption, ZZ = Rg, therefore, the
minimum value of the cost function is zero. So, a new relation
for 07 (t)s can be given by the following equation:

{61(8), ..., 0, (D)}

= argmin
61,..,00

>

ep={1i,j}€E

wkHRj(t)RgRiT(t) i

FL B+ @ @00 @)
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Fig.2. Magnitude of difference between the kth optimal rotation vector 67 (t)
and the solution of the approximated problem by removing higher order terms
6% (t) is smaller or equal to @z(t), where @ is the structural parameter and &(t)
is an upper bound of ||c (¢)|| described in (27).

Using the same strategy for deriving (19), the solution of (29)
can be obtained as follows:

A*(t) = arginin {tr (AA = (B(t) +C(t))TQ

x (AA —(B(t) +C(1))} (30)
where
AT =67 (1), ..., 05 (1)] 31)
Ct)T =[c1(t),...,cm(t)] (32)
and for each ey, = {i,j} € E
cu(t) =s (=2 (85 (1), 87 (1))) - (33)

Problems (19) and (30) are standard linear least squares
problems. Hence, their solutions are as follows:

At) = AN(B(t)) (34)
A*(t) = AY(B(t) + C(2)). (35)
Therefore, the difference between the solutions is
A*(t) — A(t) = AC(¢) (36)
and, therefore
Si(t) — on(t) =a,C(t), ke{l,...,n} (37)

where ai represents the kth row of A
It can be shown that the magnitude of c(t) is bounded to
(t). See Appendix B for more details. Therefore

len(®)] < &t) Yk e {1,...,n}. (38)

According to (37) and (38) and the definition of @ in (25), the
following bound can be obtained:

Fig. 2 gives a geometrical view of the bound given in (39). W

The following theorem proves a convergence basin of the RS
algorithm in terms of the structural parameter.

Theorem 1: If the maximum angular distance between the
initial and optimal rotations is less than a threshold for the given
structural parameter @ shown in Fig. 3, then RS converges to the
optimal solution.

01(t) = 0 (t)]| < ||at || max lew 9] < ac(o).

(39)
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Fig. 3. Convergence basin, i.e., the maximum angular distance between the
initial and optimal rotations, as a function of the structural parameter a.

Proof: We first investigate the convergence behavior for
a = 1. Then, the effect of a on the obtained convergence area is
investigated. By substituting (23) into (24), we obtain

i = UL ()Rt +1). (40)
Thus, based on (24) and (40), it is easy to see
i(t+1) = UL()TL (). (41)

Given b, (t) and 05 (), the vector 5 (¢ + 1) can be obtained by
(41). The maximum magnitude of §; (¢ + 1) occurs when §;(¢)
and 6y, (t) are in the same direction and O (t) takes its maximum
value in the bound of (39) (see Appendix C for detailed proof of
this). By increasing 65 (¢), the upper bound is increased, therefore
05 (t + 1) is bounded by

16+ DI = llog e+ DI VR e{l,...,n}  (42)
where k = argmax;, |67 (¢)|. Hence, the maximum bound of
|05 (¢t + 1)|| can be obtained as a function of the maximum value
of ||6%(¢)], which is shown in Fig. 4. The function is below the
bisector of the first quadrant up to a certain value. It means that,
if |65 (t)]| is less than a certain value, [|0} (¢ + 1)|| will always
be smaller than |65 (¢)||, and therefore the algorithm converges
to the optimal solution.

Different values of a change the radius of the red circle
in Fig. 2. The bigger a, the larger radius for the geometric
location of 4y (t), consequently results in a larger Sr(t+1).
Finally, it results in a smaller convergence area. Fig. 3 shows the
effect of a on the convergence area. In this figure, the vertical
axis is the maximum initial estimation error that ensures the
convergence. The estimation error is the angle of rotation in
degrees. Each point on this curve corresponds to a case in which
max |05 (t)|| = max ||65 (¢ + 1)]| for different values of @. Since
these points are calculated through (15), (17), (27), (39), and
(41), there is no clear closed-form solution. Thus, the analytical
expression is excluded and the relation is shown as a curve in
Fig. 3. |
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Fig. 4. Bound for the maximum magnitude of &} (¢ + 1) with respect to the
maximum magnitude of 67 () assuming @ = 1 (blue solid line), and the bisector
of the first quadrant (red dashed line). Being on the curve below the bisector
line means that the maximum bound of [|6; (£ + 1)|| will be smaller than the
maximum bound of [|6; (¢) || and the algorithm will converge. Therefore, the con-
vergence basin will be up to a point where max |67 (¢ + 1)|| = max |55 (¢)]].

B. Noisy Cases

Similar to the noiseless case, we assume that W () rotates
the current rotation estimation R, (t) to the real rotation matrix
Rj. Again, we first prove a lemma for bounding the difference
between the rotation vectors 0% () and 0 (t). Because of noise,
an extra term appears in the bound depending on the amount of
noise in the measurements.

Lemma 2: The magnitude of the difference between the ro-
tation vectors &7 (t) and 8y, (¢) is bounded by a((t) + )

|92(6) = 8u(0)|| < a(et) + o) 43)
where ¢ is defined in (27) and
5 J
e—ﬁ&%@ﬂ (44)

wherein ®7 is the difference between the real relative rotation
R? and the noisy measurement Z7, i.e.,

®! £ R - 7. (45)

The proof of Lemma 2 is similar to the proof of Lemma 1 and
is explained in Appendix D.

Equation (43) says that the geometric location of 5k(t) falls
within the circle with the radius of ac(t) 4+ aé as illustrated in
Fig. 5. Fig. 6 shows the magnitude of e, with respect to the rela-
tive rotation measurement noise. In this figure, the measurement
noise is represented by the angle of rotation in degrees. Now, we
are ready to prove the main convergence theorem below. The
proof obtains the convergence basin as a function of the key
parameter a and the rotation measurement noise. This theorem
also gives the least accuracy of RS in noisy cases.

Theorem 2: If the initial error (the maximum angular distance
between the initial and optimal rotations) is less than a threshold
for a given structural parameter a and given measurement noise

Fig.5. Radius of geometric location of &y, (t) as in Fig. 2. Here, we have larger
radius because of noise manifested as extra aé term on the radius.

1.5
1k j
=
<
051 1
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 80 90
rotation angle of measurement noise (deg)
Fig. 6. Assuming rotation measurement noise of (1), the magnitude of ey, will

only be a function of noise rotation angle.

0 il il sl el sl s i i s ——
1 2 3 4 5 6 7 8 9 10
a
Fig. 7. Convergence basin (solid lines), i.e., the maximum initial rotation

estimation error, and the least accuracy of RS (dashed lines), as a function of €
(the maximum value of ||eg || shown in Fig. 6) and & (the structural parameter).

upper bound e, then each iteration of RS reduces the errors up
to the bound depicted in Fig. 7.

Proof: The magnitude of 0} (¢t + 1) is obtained by (41). Like
the noise-free condition, the largest value for the magnitude
of 07 (t + 1) is obtained when k = argmax; ||6; (¢)| and J5(¢)
and 6, (t) are in the same direction. In noisy cases, the radius
of geometric location of S (t) is larger by the extra value ae.
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max [|67 (¢ + 1)

0 005 01 015 02 025 03 035
max |05 (4)]]

Fig. 8.  Bound for the maximum magnitude of 67 (¢ + 1) with respect to the
maximum magnitude of 0} (t) (blue solid line), assuming @ = 1 and € = 0.05,
and the bisector of the first quadrant (red dashed line).

Therefore, ||, (¢)|| can take larger values, which results in larger
|05 (¢t + 1)||. Similar to noise-free condition, maxy, ||07 (¢ + 1)]|
is bounded by a function of maxy, ||07(¢)|| for a given @ and €. As
an example, see Fig. 8 for a value of e. Again, if maxy, |65 (¢)| is
less than a certain value, the function will be under the bisector
of the first quadrant and consequently max;, |0} (¢ + 1)|| will be
less than maxy, || (t)]].

The effect of € and @ on the maximum initial error and the
final solution accuracy, i.e., the difference between the estimated
values and true values, are shown in Fig. 7. [ |

VI. STRUCTURAL PARAMETER AND BOUNDS

In this section, we first show that the structural parameter is
actually the norm of the inverse reduced graph Laplacian. Inverse
reduced graph Laplacian is an important entity for the PGO
problem and was shown to be proportional to the Cramer—Rao
bound for 2-D SLAM [43]. Then, we give an explicit relation
for the convergence bound of complete graphs, the case where
the structural parameter can be computed analytically.

A. Structural Parameter and Graph Laplacian

According to Definition 1, the structural parameter a can be
equivalently defined as

a = |/ max [diag(AFAIT)]. (46)

Assuming equal noise variance for all measurements and sub-
sequently equal weights for all rotation measurements, i.e.,
) = wl, we have

APAT = (AT A) LT AT W2 A(ATwA)™T
(ATA)TATAATA) T
(ATA)71 _ ,C71

(47)

where L is the reduced graph Laplacian matrix [40], [46].
Remark 1: The [inverse] reduced Laplacian matrix of a con-
nected graph is a positive definite matrix.
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Fig.9. Convergence basin as a function of the maximum rotation angle of the

measurement noise, for a complete graph with n vertices.

Proof: Any connected graph has got at least one spanning
tree, and by Kirchhoff’s theorem [46], any cofactor of its Lapla-
cian matrix is positive. Therefore, det(£) > 0, and subsequently
det(£71) > 0. u

Proposition 2: The maximum value on the diagonal entries
of a positive definite matrix is also its max norm. (Proved in
Appendix E.)

According to the above-mentioned remarks, (46) and (47),
the structural parameter is the max norm of the inverse reduced
Laplacian matrix.

B. Structural Parameter of a Complete Graph

For a complete graph with n vertices, the reduced Laplacian
matrix has the following simple structure:

Loxn = nlpsn — Lyxn. (48)

Its inverse is
b
n+1
Therefore, for a complete graph and for the aforementioned
equal noise variance assumption, the structural parameter is
obtained by

(Znxn + Lnxn) - (49)

2

(n+1) 0)

a=

It is easy to show that removing an edge from the graph
increases the structural parameter. The mathematical develop-
ments and proofs are available in Appendix F.

Fig. 9 depicts the convergence basin obtained in Section V
for a complete graph with different number of vertices. As it
can be seen in the figure, for a complete graph with 40 vertices
and initial estimation error, i.e., angular distance between initial
estimations and real rotations, less than 35°, RS converges if the
maximum rotation angle of measurement noise is less than 40°.
The convergence basin is increased by increasing the number of
vertices.

In arecent related work Eriksson er al. [40], obtained a bound
for the maximum angular residual, i.e., angular distance between
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optimal relative rotations R/ and observations Z;, for which
there is no duality gap. No duality gap implies that the solution
of Lagrangian dual formulation is also an optimal solution of
the primal problem. According to their analysis, for a complete
graph with n vertices, the solution is optimal when the maximum
angular residual is less than auax, Which is given as follows:

This implies that the maximum angular residual for a com-
plete graph with n = 40 is about 43.8°. The maximum angular
residual is decreased by increasing the number of vertices.
Note that the maximum angular residual can be larger than the
measurement noise angle. For instance, in a complete graph with
n = 40 vertices and 40° rotation angle of the measurement noise,
the maximum angular residual can be more than 58°. We saw
experimentally (see Appendix G) that the convergence basin of
our method is not only much wider than what is suggested by the
theory, but it is also wider than the convergence basin obtained
by the Lagrange duality method [40] given in (51).

VII. PS ALGORITHM

The RS algorithm uses only relative rotation observations to
estimate vertices rotations. In this part, we propose the PS algo-
rithm that uses both relative rotation and position observations to
estimate the rotations. Similar to RS, Rodrigues rotation formula
is employed. Substituting (14) and (15) into the PGO problem
(10) and removing the second-order terms, we obtain

~ ~ 2
min Z )"ij )pj —Pi — dez] — [(SZ]XRld”
3;.pi
ex,€lR
~ A 2
+ wij ‘RjziRiT = I+ (5] = [oil« |,
~ ~ 2
= min Z kij P; —Pi — Ridij + [Ridij} 57,
0i,Pi enCE x

+ 2wy |6 — 8 — s (1= Ry 21 RY) H2 (52)

The optimization problem can be rewritten in the following
matrix form:

2
) (V2QA)® I 0] or Za
min - (53)
8i.pi M (VAA) @ I| |pr D,
in which ® represents the Kronecker product and
01 P1 z 5
6T = : , PT = : 9 ZQ = : 9 D}\. - (54)
6n Pn Zm lm
and foreach e, = {i,j} € F
Zp — QOJijS (I — R]ZZ]R?) 5 lk = \/kijéidij. (55)

Algorithm 2: PS: Pose Synchronization Algorithm.

Input: edges of pose graph (Z7, d;;, Ve, = {i,j} € E),
stopping criteria Jgy,, COSty,, and itry,x, and weights
O = diag([wy ... wp]) and Ay, = diag([Ar ... A])
Output: estimated poses of vertices
(Ri,pi, 1 € {17 . ,n})

0t 1
2: R;(t) + chordal initialization
3: repeat
4 fore, = {i,j} € Edo
ithcolumn-block
—_—
5: Mk < [03><3, A 703x37 [Ri(t)dij]xao?;x?n Cey 03><3]
6: zi < /2wijs(I — R;Z/RT)
7: I + ledzj
8: end for
9 M(t)« [MTE,...,MET
10: Zo « [2F,... 27T
11: Dy« [1F,... 10T
o |V T ©
M (VAA) @ T
13:  Solve for o7 (¢) and pr(t) in G or(t) _ | %o
pr(t) D;
2
VI e A
pr(t) D;
15:  forie {1,...,n} do
16: 5;(t) < (3i)th to (3i + 3)th row of 0 (t)
17: if [|6;(t)|| > 1 then &;(¢) < 6;()/]|6: (%)
18: Wi(t) < I+ [0:(t)]x + Blllo: () [0: (1)]%
19: Rl(t + 1) — \ifl(t)Rl(t)
20: end for
21: t—t+1

22: until max; ||(§Z|| > 0p &t < itrpmax & Af/f < costy
23: R, + Ry(t),Vie{1,...,n}

24: Calculate P from (13)

25: pl <« ithrowof P,Vi € {1,...,n}

26: returnp;, R;, Vi€ {1,...,n}

M is a matrix with m rows and n columns of 3 x 3 blocks in

which, foreach e, = {i,j} € E, theith column block in the kth

row block is equal to \/)Tj []A%ldZ j] « and other terms are zero.
The solution of (53) is obtained by

o
Pr

The matrix G is a sparse matrix, therefore, sparse solvers can
be used to solve (53). Equation (56) is computationally more
expensive than (21) but leads to more accurate results.

The PS algorithm, which is summarized in Algorithm 2, uses
just the expressed formulations iteratively to solve the PGO
problem.

Zo
D,

=Gt . (56)
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Comparison of RS with an iterative RS solver of GTSAM for different amounts of noise in the initial guess for complete graphs with (a) 60 and (b) 100

number of vertices. The measurements are contaminated by random rotation noises with random axes and random rotation angles up to (a) 50° and (b) 30°. The
figures show the median and positive and negative standard deviations of the final costs of RS and GTSAM (vertical axes) for 100 runs, starting from different

initial guess with different “maximum angular error” (horizontal axes).

VIII. EVALUATION

In this section, the performance of the proposed algorithms
is evaluated through several experiments. The simulations are
twofold. In the first part, the proposed RS algorithm is compared
to state-of-the-art RS solvers. In the next part, the PS algorithm
is compared to the state-of-the-art SE-Sync method for real and
synthetic datasets.

In all experiments, itry,, and &y, are 102 and 10~7, respec-
tively, for both RS and PS, and costy, is set to 1077, All exper-
iments are tested using MATLAB 9.1 on a computer with an
Intel Core i7-7700HQ at 2.8 GHz, with 12 GB of mernory.6

A. RS Problem

In this part, an experimental study is presented to support
our claim that the proposed RS method for RS has a large
convergence basin and is better than the Gauss—Newton method
of GTSAM. The algorithms are applied to a set of complete
graphs. RS convergence basin for complete graphs is obtained
in Section VI (see Fig. 9). Fig. 10 shows the costs obtained by RS
and GTSAM in complete graphs with (a) 60 and (b) 100 number
of vertices for different amounts of noise in initial guesses. As
it can be seen in Fig. 10, the RS convergence basin is larger
than the GTSAM convergence basin. It is also larger than what
is guaranteed by our theoretical analysis. More experiments are
presented in Appendix H, which compare RS and GTSAM on
different datasets and using Langevin distribution rotation noise.

B. PGO Problem

The evaluations of this part are performed on the common
benchmark datasets [28] and noisy versions of them. To generate
more realistic noises with relatively similar properties of the
noise in the original data, we try to keep original shapes of noise
histograms. This is simply done by multiplying the noise of
the original data by the factor > 1. To be more concrete, let
us assume that R;, p;,7 € {1,...,n}, are the optimal solutions

®Efficient implementation of the proposed algorithms in MATLAB is avail-
able via http://visionlab.ut.ac.ir/resources/pgorls.zip.

TABLE I
MEAN AND STANDARD DEVIATION OF OBSERVATION NOISE IN
DIFFERENT DATASETS

Dataset sphere-a torus cube garage cubicle rim
mean([[dnoise]]) | 0.906 0.105 0.125 0.011 0.015 0.035
std(||dnoisel|]) | 0.495 0.045 0.053 0.009 0.023 0.086
mean(0y) (deg) 15.51 3.087 3.692 0.084 0.365 1.084
std(0;.) (deg) 6.649 1.316 1.567 0.064 0.848 3.566

and dy, Zy forall e, = {4,j},k € {1,...,m}, are the original
observations of a dataset. Using Rodrigues’ formula for the noise
term in (1), we have

Zy = RJTRi (I+ Jesindy + J7 (1 — cosby)) . (57)
The noisy observations are generated as follows:

=R (p; —pi) +n(dx — R (p; — pi)) (58)

Zj = R]R; (I + Jpsinnby + J7 (1 —cosnby)) . (59)

Table I gives the mean and standard deviation of ||dyoise || and
0y, for all original datasets. This way of generating noise makes
the experiments and the results reproducible by potential readers.
It is worth mentioning that we tried other (nonmultiplicative)
types of noise and observed the same performance gains.

1) Comparing With SE-Sync on Original Datasets: Table 11
compares the results of RS+PS’ and the state-of-the-art method
SE-Sync [19] on the common datasets [28]. In this table, the
number of vertices (n), the number of edges (m), the odometry
cost (fodometry), the optimal cost (f*), the number of RS and
PS iterations (itrRS -+ itrPS), the number of outer and inner
SE-Sync iterations (outer(inner)), and the execution time of the
algorithms (time) and the chordal initialization are presented. As
shown in the table, in most experiments, RS+PS is faster than
SE-Sync. It is worth noting that for sphere-a, garage, cubicle,
and rim, the cost attained by RS+PS is slightly better than that
by SE-Sync (due to small tolerance chosen for RS+PS stopping

7In this article, the phrase method1 + method2 means using the method1 as
initializer and the method2 as the solver. The phrase “chord” means the chordal
initialization.
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TABLE II
COST, NUMBER OF ITERATIONS, AND CPU TIME OF RS+PS AND SE-SYNC METHODS ON DIFFERENT LOW-NOISE DATA
chord RS+PS SE-Sync
Dataset n m fodometry fr timels] itr RS—+itrPS [ timels] outer(inner) [ timels]
sphere_a 2200 8647 2.269 x 10 2.962 x 10° 0.14 1046 0.83 10(29) 1.66(3.2)
torus 5000 9047 1.345 x 107 | 2.423 x 107 0.24 8427 3.99 4(35) 2.26(5.15)
cube 8000 22236 | 1.705 x 10 8.432 x 107 0.92 7+5 9.17 4(36) 8.26(15.43)
garage 1661 6275 1.930 x 10° | 1.263 x 107 0.05 4+3 0.18 4(383) 3.84(4.03)
cubicle 5750 16869 | 5.041 x 10° | 7.171 x 102 0.26 6+15 3.05 4(82) 4.35(5.78)
rim 10195 | 29743 | 8.075 x 107 | 5.461 x 10° 0.50 20423 10.1 5(265) 25.88(26.16)

The CPU time of SE-Sync is computed without (with) the time spent for optimality check.

Fig. 11.
garage with noise factor n = 80.

TABLE III
RESULTS OF DIFFERENT METHODS IN DIFFERENT DATASETS WITH DIFFERENT
NOISE FACTORS

7 40 60 80
odometry 1.948 x 10° 1.972 x 10°  2.007 x 10°
garage chord 2.282 x 10 5.152 x 10> 9.189 x 10°
RS 2.268 x 10> 5.108 x 10°  9.082 x 10°
RS+PS 2.020 x 10°  4.542 x 10°  8.070 x 10°
chord+SE-Sync  2.020 x 10°  4.542 x 10°  8.982 x 10°

0 5 7 10
odometry 5.084 x 10°  5.093 x 10°  5.108 x 10°
cubicle chord 1.879 x 10*  3.643 x 10*  7.545 x 10"
RS 1.828 x 10*  3.521 x 10*  6.979 x 10*
RS+PS 1.618 x 10*  3.042 x 10*  5.679 x 10*
chord+SE-Sync  1.618 x 10*  3.212 x 10*  6.162 x 10*

n 5 7 10
odometry 8.122 x 107  8.122 x 107  8.122 x 10
fim chord 1.729 x 10°  3.072 x 10°  5.752 x 10°
RS 1.659 x 10°  2.968 x 10°  5.064 x 10°
RS+PS 8.525 x 10*  1.793 x 10°  2.314 x 10°
chord+SE-Sync  1.027 x 10°  1.927 x 10°  3.615 x 10°

7 5 7 10
odometry 2.458 x 10 2.558 x 10 2.622 x 10
sphere_a chord 6.696 x 10°  6.787 x 10°  6.843 x 10°
- RS 4.661 x 10°  4.814 x 10°  4.875 x 10°
RS+PS 4.658 x 10°  4.813 x 10°  4.873 x 10°
chord+SE-Sync  4.650 x 10°  4.821 x 10°  4.870 x 10°

7 5 7 10
odometry 1.370 x 107 1.405 x 107  1.469 x 107
torus chord 6.894 x 10°  1.480 x 105  3.470 x 108
RS 6.101 x 10°  1.211 x 105 2.497 x 108
RS+PS 6.015 x 10°  1.187 x 10%  2.430 x 10°
chord+SE-Sync  6.015 x 10°  1.248 x 10°  2.785 x 10°

7 5 10 15
odometry 1.713 X 10 1.744 X 10 1.797 x 10°
cube chord 2.276 x 10°  1.060 x 107 2.300 x 107
RS 2.152 x 10 8.404 x 10°  1.832 x 107
RS+PS 2.088 x 10 8.100 x 10  1.666 x 108
chord+SE-Sync  2.088 x 10°  8.100 x 10%  1.941 x 10°

criterion). The difference between the costs for torus and cube
is smaller than 1073,

2) Comparing With SE-Sync in Challenging Datasets: To
compare the methods in more challenging datasets, we added

Optimal solution of the garage original dataset (left), the result of RS+PS (center), and the result of SE-Sync initialized by the chordal method (right) in

noise to relative rotation and translation observations in all
benchmark datasets. Table IIT compares the results of different
methods for different noise factors. In almost all datasets, RS+PS
outperforms chord+SE-Sync when the noise factors increases.
Fig. 11 illustrates the results of RS+PS and chord+SE-Sync in
garage with the noise factor = 80. As it can be seen in Table I,
the garage original dataset has a very low observation noise and
the noise factor 7 = 80 gives an amount of noise almost equal to
the sphere-a original observation noise. More experiments can
be found in Appendixes I and J.

IX. CONCLUSION

In this article, new manifold Gauss—Newton methods, RS and
PS, were introduced to solve the RS and PGO problems, respec-
tively. It was shown in the experiments that RS outperformed
the chordal initialization method and offered better starting point
for iterative techniques resulting in escaping from local minima.
We also compared our RS as an initializer and PS as a solver
to the state-of-the-art method that used a chordal initialization
and SE-Sync as a solver. The experiments showed that our
algorithm was faster than SE-Sync in low-noise datasets and
resulted in better solution in high-noise cases. A convergence
analysis was developed for RS and a bound was given in which
each iteration of our algorithm get closer to the global minimum.
It was observed in the experiments that the convergence area was
much larger than the area proved in Section V. A future direction
of research is proving a better basin of convergence.

It was displayed that the basin of convergence depended on
the structural parameter a. We showed its relation to the re-
duced Laplacian matrix and derived its analytical expression for
complete graphs. Khosoussi et al. [43] computed a closed-from
expression for Fisher information matrix (FIM) in 2-D SLAM.
Following their results, it is easy to see that FIM for a 2-D RS
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problem is equal to crgL, where O'g is an angular measurement
noise variance. Hence, the max norm of the Cramer—Rao lower
bound? is equal to

1Z lmax = o3a>. (60)

Equation (60) reveals the effect of the measurement noise and
the graph structure on the max norm of the covariance matrix
lower bound in 2-D SLAM. Our next step is to find such relations
for 3-D pose graphs.

In the experiments of Appendix I, our proposed method
attained lower costs in almost all datasets in comparison to
SE-Sync, and it also attained better or equal lower localization
error measured as ATE in the most of datasets. But, interestingly,
we observed that on few highly noisy datasets, SE-Sync attain
lower ATE in comparison with our proposed PS method. It is
remained for a future work to investigate the reason of this
behavior. We think that it is possible to combine the power of
SE-Sync and our proposed method, to reach a method with a
better localization accuracy than any of these methods.

APPENDIX A

PROPOSED METHODS FOR THE GENERAL CASE OF THE COST
FUNCTION

The general form of the 3-D PGO problem that covers colored
and nonisotropic measurements noise has the form

min E ez;-Iij €;j

where Z; ;s € R%%6 are information matrices and e; jS € RS are
the error vectors that measure how the graph parameters, i.e.,
position and rotation of the graph vertices, match the measure-
ments. Each e;; contains a 3-vector related to the position error
e;; and a 3-vector related to the rotation error €.

We define the error vectors as follows:

pi) — Ridyj

(61)

egj = (pj —
e, =s(R;Z/R]).

R;Z f R is arotation matrix and can be expressed in Rodregues
format (7)
Ry ZIRT = I+ [6:5)« + B(116551)[6:;1%-

It is easy to show that s(R; Z RT) is equal to d;;.

In order to obtain the least squares of the problem at each step
in the Gauss—Newton method, similar to what it can be seen in
this article, we substitute (14) and (15) in the error vectors and
remove the second-order terms. Thus, we have

el; ~p; — pi — Ridy; — [0i]« Ridy;
=p; — pi — Ridy; + {Ridij} O
e;j ~ 5j — (51 +(§” = 5j — 51 — 8 (I - R]ZfR;T>

=0, 6 —s(1- Rz RT).

8Well-known Cramer—Rao bound states that a covariance matrix of any
unbiased estimator of rotations satisfies, i.e., Covgy = 71, where Z is FIM.
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These error vectors are the same error vectors used in (52). The
error vectors can be reexpressed in a matrix form as follows:

Pi
1) T r - ’\ N
ij O O -1 I d; —0ij
Ly
(62)
Substituting (62) in (61), we obtain
A Pi
Y d. _
min Z Iilj/z {Rl ”} x 0 P;
iPi ercE O O -1 1 i
oy
gz | Budy |

)

ij

Solving the above-mentioned least squares problem, we ob-
tain the Gauss—Newton step. Now that we have the Gauss—
Newton step, we can update the parameters using the pro-
posed retraction (lines 15-20 of Algorithm 2). It is evi-
dent that (52) and (53) are special cases of (61) for Z;; =
diag([kij, )\ij; )\.ij7 Qwij, 2wij, 2&)1‘]‘]).

APPENDIX B
MAXIMUM MAGNITUDE OF ¢ ()

In this part, we obtain the maximum magnitude of ¢ (¢) and
prove the inequality (38). The magnitude of ¢y (¢) is obtained as

lex (Ol = lls (=52 (57 (1), 55(1))) |

where

S2(67,67) = (071 (071 + (051 Bilo; 1%

— Bi[6713167]x — B3 (8713 Bilor 1% — Bi[071% — Bilof]3
The following propositions reveal the fact that rotating the
vectors 6;(t) and J;(t) by equal amounts has no effect on the
magnitude of ¢ (t).
Proposition 3: Let a be an arbitrary 3-vector and R be an
arbitrary rotation matrix, then

[Ra]. = R[a],R".

Proposition 4: Let M be an arbitrary 3 x 3 matrix and R be
an arbitrary rotation matrix, then

Is(RMRT)|| = [|s(M)].
According to Propositions 3 and 4, for an arbitrary R, we have
lex ()] = lls (=82 (57 (2). 85 (1)) ) |l
= [Is (=52 (R0} (1), R} (1)) Il

The rotation matrix R is selected so that the vector ¢ is
aligned to the global z-axis and 6;-” is places in the global
xy-plane. Therefore

RS = [6;,0,0]"

R67 = [0 cos avij, 6 sin @ij, 0]7
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Fig.12. Magnitude of ¢ (¢) as afunctionof [|67 |, [|67 ||, and cv;;. Each surface
corresponds to a specific cvj; (the angle between 67 and 67). The lowest surface
corresponds to c;; = 0 and the highest surface corresponds to a;; = 7.

where 6; = |67, 6; = |67 |, and a; is the angle between &7
and 07. Hence, the magnitude of cj(?) is a function of three
scalars 0;, 0;, and oy, i.e., ||ck(t)|| = f(d;,0;, a;;5). Analytic
derivative of f with respect to these parameters reveals that the
maximum magnitude of ||c ()| for given [|07 || and |67 occurs
when a;; = m. Also, f(d;,d;, ) is an increasing function with
respect to 6; and ¢;. Therefore

e = lIs (—S2 (57 (), 65 (1)) |l
= |Is (=2 ([6:, 0, 01", [6; cos(cvij), & sin(aviz), 0" ) |
< Is (=82 ([6:,0,01", —[6;,0,0")) |
< HS (—Sg((%(t), —5£(t)))|

Fig. 12 illustrates the magnitude of ¢y () with respect to ||67]|,
67|, and cvi;.

= &(t). (63)

APPENDIX C
THEOREM 1 PROOF DETAILS

Equation (41) implies that
Wit +1) = (P ()
= (I + 5@« + B ODBOL2)
% (1= @]« + BrSROIDEROI)

According to Proposition 3, for an arbitrary rotation matrix
R, we have

RUL(t+ 1)RT = RUE ()W T (t)RT
= (I + R[5; (D))« R" + RBk (/|63 (8)[D[67 ()] 2 RT)

(1= RIOW®] BT + R0 0% (0)2 BT

zy-plane

Fig. 13. Vectors Rd; (t) and Ry, (t) in the global coordinate frame.

= (I + [REE(0)] + G| REEIDRS(D]2)
(1 = [ROK(0)]« + BilIRoW(B) D [ReR()]2 )

This indicates that equal rotation of 67 (¢) and 65 (¢) will not
change the magnitude of 6} (¢ + 1). The rotation matrix R can
be selected in a way that the vector 6} (t) is aligned to the global
z-axis and the vector 0;(¢) is placed in the global zy-plane.
Therefore, the vector (fa};C) = O (t) — 5 (t) also lies in the
global xy-plane (see Fig. 13). Therefore

R6; = [067,0,0]"
RS, = [ z,O,O]T + Ck[cos'yk,sin’yk,O]T

where 87 = ||05(¢)||, v is the angle between vectors 0} and
(—ach), and ¢, is the magnitude of (—a}iC), and 0 < (; < ac.
Therefore, the magnitude of 6} (¢ + 1) is a function of three
scalars d7, O, and 7y, i.e., lo7:(t + )|l = £(55, Cks V). Ana-
lytic derivative of f with respect to ~y; reveals that for given
5 and ¢y, the maximum magnitude of 0} (¢ + 1) occurs when
vk = 0. Also, f(J5, (x,0) is an increasing function with respect
to J; and (;. Hence, the maximum magnitude of §; (¢ + 1)
occurs when & (t) and o (t) are in the same direction and

o1 (t) takes its maximum value. It can be also concluded that
SF(t+1) > 05(t+1)Vk e {1,...,n}.

APPENDIX D
PROOF OF LEMMA 2

Proof: In each step of the RS algorithm, §,(¢)s are calculated
by the following optimization problem:

{61(t),...,0,(t)}

= argmin Z wkHRj(t)ZgR?(t)
8180 ¢\ (G j}eE
2
— L+ (5] = al| 6
According to (45), (64) can be written as follows:
{Sl (t)a aSn (t)}
= argmin Z Wi Rj(t)Rﬁ:?;‘F(t)
O10n o (i j}eE
. R 2
— Rj(O)®] R} () — I + [8;]x — (8]« RS
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The solution to (65) is

Alt) = AHB() + E (1)) (66)
where B(t) was given in (20) and
EM)T =Tlei(t),....em(t)] (67)
in which
er=s (Rj(t)ég' BT (t)) . (68)

It is easy to see that R;(t) and R;(t) do not change the
magnitude of ey, only relative rotation measurement noise, i.e.,
@7, affects its magnitude

el = = (24) -

According to (35) and (66), the difference between solutions
is obtained by

A*(t) = A(t) = ANC(1) - E(t))

(69)

(70)
and therefore
Si(t) — Ok(t) = &y, (H)(C(t) — E(t))

where ai(t) represents the kth row of Af,
Hence, the magnitude of the difference between solutions
satisfy the following inequality:

(71)

01(6) = 8e(0)]| < ||ai]| (max lex ()] + max lew (1))

<a(e(t) + e). (72)

APPENDIX E
PROOF OF PROPOSITION 2

Proof: Let ayy, be the largest diagonal element of a positive
definite matrix A. Every principal submatrix of A is also positive
definite. In particular, for arbitrary ¢ and j where ¢ # j, we have

Qii Qg
det 71 >0
Aji Ay
= Q55 — Aj;Q55 > 0
aij=aj; 2
= Q055 — Q55 >0

agp is the largest diagonal element o 2
= a’kk—aij >0:> |(lkk;| > |aw|

= HA”max = Q-

APPENDIX F
EFFECT OF REMOVING AN EDGE OF A GRAPH ON ITS
STRUCTURAL PARAMETER

The structural parameter is the maximum diagonal entries
of inverse reduced Laplacian matrix in equal noise variance
assumption. To show the effect of removing an edge of a graph
on its structural parameter, we investigate its effect on diagonal
entries of inverse reduced Laplacian matrix.

IEEE TRANSACTIONS ON ROBOTICS

Assume that £ is the reduced Laplacian matrix of a graph.
The diagonal entry £(i, 1) is equal to the degree of the ith vertex
of the graph, i.e., the number of edges incident with the ith
vertex. The nondiagonal entry £(4,7) is —1 if vertices ¢ and j
are adjacent and is O if they are not.

Suppose that £ is the reduced Laplacian matrix of a graph
in which vertices 1 and 2 are adjacent. Therefore, £ can be
partitioned as follows:

A B

Enxn - BT D

where A € R*2 B € R**("=2) D € R(=2x(n=2) and

d -1
-1 ds

A:

‘| ,d1 > 1,d2 > 1.

By eliminating the edge between the vertices 1 and 2, a new
graph is formed with a new reduced Laplacian matrix £’

A" B
L =
nxn BT D
where
dy —1 0
A = 10 p 1]7d1>1,d2>1.
5 —

The matrix £ can be inverted blockwise

s1_|A B o (A— BD'BT)"!
~|BT p| ~ |-D'BT(A-BD'BT)!
—(A—-BD 'BT)"1BD!
D'+ D 'BT(A— BD'BT)"'BD |
Assume that
Bp'BT =" 9|
9 f
Hence
A—ppipT—|h TH_|e 9
-1 ds g f
_|di—e —1-g
“l—g do—f
d2 — f g + 1
g+1 dy—e

= (A-BD'BT)! =

(i —e)(d2—f)—g*>—29—1

The matrix £’ can be also inverted blockwise

A Bl
BT D

(A/ _ BDleT)fl

ﬁ/*l _ _
= = | -D'BT(A'— BD'BT)!

—(A'— BD"'BT)"'BD!
D'+ D 1BT(A'— BD-'BT)"'BD! |’
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Hence TABLE IV
RESULTS OF RS AND SE-SYNC ON A COMPLETE GRAPH WITH
3 dy —1 0 e g n = {10, 20, 30} VERTICES
A'—BD'BT = p -
0 2—1 9 f rotation angle of maximum Number of experiments
n measurement angular inwhich fr<Of g
di—e—1 —g noise (deg) residual (deg) = < >
= 65 124 1000 0 0
-9 dy— f—1 1 70 149 1000 | 0 0
75 155 986 13 2
80 178 674 | 312 14
70 123 1000 0 0
A — BD 1T\ 75 145 1000 0 0
= ( ) 20 80 167 996 | 4 0
85 177 934 58 8
do—f—1 g 75 132 1000 | 0 0
80 149 1000 0 0
g dy —e—1 30 85 154 1000 | 0 0
= 90 174 921 67 12

S (di—e)(da—f)—(di—e) = (da— ) —g? + 1’

We first compare the first diagonal entries of £~! and £t
here. Let a = d; — e and b = dy — f, then’

L£7H1,1) < £71(1,1)

- b - b—1
ab—g?—2g—1 ab—a—b—g?>+1

ab®> —ab—b%> —bg® + b

determinants are positive

<ab® —g’b—2gb—b—ab+g* +2g+1
<0< —2gb+g*+29+1-2b—b% <=0 < (b—g— 1)%

Therefore, the first diagonal entry of reduced Laplacian
matrix is increased by removing the edge between vertices
1 and 2. The second diagonal entry is increased by the
same amount. For other diagonal entries, the diagonal en-
tries of D"'BT(A— BD'BT)"'BD! and D 'BT (A’ -
BD'BT)"'BD~! are compared. Let S = [s;;] = BD ..
Here, we compare the (k + 2)th elements of £ and £’

LYE+2,k+2) <L " k+2.k+2)

b3y, + 2g51k5ok + 251852k + a5,
ab—g%—2g—1

bS%k — s%k + 2981182k + GS%k - S%k delerminanés:are positive
ab—a—-b—g>+1

(V%83 — bstpa — b2s, — bsig” + bsiy, + 2gs1,s2ab
— 29518210 — 295155260 — 297 S1kS2k + 2951k S2k
+ 2811, 506ab — 281k S2,a — 251k S2kb — 281kS259” + 251552k
+a’®s2; b — a’s3;, — abs3, —asig® + as%k)
< (ab%%k — absi), + 2gsipsarab + a’bs3;, — abssy
— gzbs%k + gQS%k — 20351350k — gQasgk + gQggk — ngsfk
+ 2987y — 497 s1k50k — 29053, + 2953, — bsiy + sTy
—2951, 89k — as%k + s%k)
9To prove the inequality £~ (1,1) < £'~*(1, 1), we simplify the equations

and reach an obvious true inequality. It is clear that the correct way to prove the
inequality is to go backward, in accordance with the arrows direction.

The number of 1000 experiments were done for each measurement noise angle.
The maximum angular residuals are computed using verified optimal solutions.

TABLE V
RESULTS OF RS AND GTSAM FOR ISOTROPIC LANGEVIN DISTRIBUTION NOISE
IN ROTATION MEASUREMENTS OF TORUS AND CUBICLE DATASETS

RMSE of the
dataset K rotation noise chord GTSAM RS
(deg)

200 2.86 + 0.02 4049 + 78 4043+ 78 4043+ 78

50 5.73 £ 0.05 4082 + 69 4048+ 67 4048+ 67

20 9.05 + 0.06 4135+ 79 4040+ 74 4040+ 74

torus 5 18.6 + 0.08 4544 + 112 4178+ 80 4177+ 80
2 31.3 £ 0.29 6020 + 318 4829+371 4652+129

1.5 37.8 +0.38 7645 + 391 6631+436 5066+144
200 2.87 +£0.02 11157 + 106 11148+105 11148+105
50 5.73 £ 0.02 11158 + 103 111154103 111154103
20 9.06 + 0.06 11181 + 118 11075+116 11075+116
cubicle 5 18.6 + 0.09 12068 + 150 11588+130 11583+130
2 31.4 4+ 0.15 14133 + 243 129794495 12552+172
1.5 37.8 +0.24 16228 + 388 16186+403 13449+117

The table lists concentration parameter « of Langevin distribution, RMSE of the angle of
rotation noise, and the mean and std of the final RS costs (12) obtained by chord, RS, and
GTSAM in 20 runs.

<=0 < (81 — 8ok + S1k9 — S2xg + asax — bs1x)”.

This implies that all diagonal entries of inverse reduced Lapla-
cian matrix are increased by removing the edge between vertices
1 and 2. The same result is achieved by removing any edge using
a simple permutation.

APPENDIX G
CONVERGENCE BASIN FOR COMPLETE GRAPHS

To support our claim that “the convergence basin is more
wider than the bound obtained in this article” and also compare
our RS solution to the solution of the Lagrange dual problem, the
relative rotation observations of a set of complete graphs with
10, 20, and 30 vertices are contaminated by a random rotation
noise with random axes and different rotation angles. Then, the
solution of RS problem, using RS, and the solution of its dual
problem, using SE-Sync, are obtained. The initial rotations are
chosen randomly. The experiments were repeated 1000 times
for each noise angle and for each number of vertices.

Table IV illustrates the number of experiments in which the
RS solutions are the same as, better than, or worse than the
solutions of the dual problems. The tolerance for accepting
the costs to be equal is 1073, As it is shown in the table, RS
and SE-Sync attained the same solution in all experiments with
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TABLE VI
FINAL COST VALUES OF DIFFERENT METHODS IN DIFFERENT DATASETS WITH DIFFERENT NOISE LEVELS

RMSE of the
’ Dataset | oot o (deq) 10 20 30 40 50 60 70
e RS+PS 257761235 | 250101227 | 262851200 | 266571240 | 26958L217 | 26702213 | 25506L188
s chord+SE-Sync | 25776+235 | 259104227 | 262854209 | 266574240 | 269834220 | 273014360 | 288614424
orus RS+PS TRO76E153 | 15810E104 | 15680E168 | 15789E205 | 156255150 | 14280E117 | 12204%85
chord+SE-Sync | 15976+153 | 158194194 | 156804162 | 167274421 | 193454385 | 185664212 | 164904180
cubo RS+PS 558221327 | 558821326 | 558891300 | 56301327 | 57055314 | 57381E357 | H5780E326
chord+SE-Sync | 558224327 | 55882326 | 558804309 | 563014327 | 570554316 | 577764360 | 597871645
qarage RS+PS 16000179 | 16920£175 | 16822E187 | 16534E178 | 160755176 | 15618E357 | 15375£221
chord+SE-Sync | 16990+179 | 16920+175 | 16822+187 | 16534+178 | 160754176 | 1645243871 | 1678541649
ubicle RS+PS 13280£278 | 43651E310 | 442525293 | 45117E308 | 449685303 | 434081264 | 405271253
chord+SE-Sync | 43280+278 | 436514310 | 442524204 | 451174308 | 449654302 | 434084264 | 41387+584
. RS+PS T6653E344 | 777121403 | 78645E365 | 78992E360 | 78036E366 | 75617E320 | GO310E342
chord+SE-Sync | 76653+344 | 777124403 | 78645+366 | 78992+359 | 780364366 | 756144320 | 693234361
TABLE VII
ATE VALUES OF DIFFERENT METHODS IN DIFFERENT DATASETS WITH DIFFERENT NOISE LEVELS
’ Dataset RMSE of the ‘ 10 ‘ 20 ‘ 30 ‘ 40 ‘ 50 ‘ 60 ‘ 70 ‘
rotation noise (deg)
o RS+PS I85121 | 1000540 | 1477566 | 1794184 | 2243E114 | 2800L£203 | 39555438
= chord+SE-Sync | 485421 | 1010449 | 1479467 | 1797485 | 22484117 | 28354154 | 45184458
orus RS+PS 13E1 8713 131410 | 191428 | 301E38 10123 T45E21
chord+SE-Sync 4311 8743 13146 | 184+11 | 310+31 405423 462426
ube RS+PS 3110 57E1 631 9612 12053 T69£41 319153
chord+SE-Sync 3140 5741 63+1 9642 120+3 159+5 20146
qarage RS+PS 5E1 E 719 T04£26 | 225E51 | 1223£476 | 2470£207
chord+SE-Sync 541 1944 4749 104425 | 215446 | 11454452 | 23654207
ubiole RS+PS T4£2 28+4 3845 50%6 6120 R0E16 124£50
chord+SE-Sync 1442 2844 3845 5046 6148 80+16 121429
. RS+PS PIED) I 5316 71E6 94E12 126£20 203L27
chord+SE-Sync 2142 4244 5346 7147 96+13 130424 227441

up to 70° measurement noise angle. The optimality of these
solutions are certified by the optimality verification of SE-Sync.
This implies that the algorithm converges in datasets with much
more rotation measurement noise than the bound obtained in
this article. Also, the proposed algorithm usually gives a better
solution for high-noise datasets in which SE-Sync does not give
an optimal solution. The maximum angular residual is also given
in the table, which shows that it can be much larger than the
maximum rotation angle of measurement noise.

APPENDIX H
RS VERSUS GTSAM (LANGEVIN DISTRIBUTION NOISE)

Table V depicts the mean and std of the final RS costs attained
by chord, RS, and GTSAM for the torus and the cubicle datasets
at different amounts of Langevin noise. RS and GTSAM show
equal performance for up to about 19° RMSE of the angle of
rotation noise (concentration parameter of 5). For higher amount
of noise, RS outperforms GTSAM.

APPENDIX |
RS+PS VERSUS CHORD+SE-SYNC (LANGEVIN DISTRIBUTION
ROTATION NOISE AND GAUSSIAN TRANSLATION NOISE)

In this part, the performance of RS+PS and chord+SE-Sync
are evaluated on datasets with different noise levels. The rotation
observations were contaminated by random rotations with ran-
dom axes and Langevin distributed random angles. The transla-
tion observations were also contaminated by a random Gaussian
noise. The standard deviations of translation noises were chosen
proportional to the concentration parameters of rotation noises.

The weights, i.e., Axs and wys, were chosen according to the
noise levels, i.e., proportional to the concentration parameters
of rotation noise and the standard deviations of translation noise.

Each experiment was repeated 100 times. Table VI shows
the mean and standard deviation of cost attained by RS+PS and
chord+SE-Sync in different datasets with different amounts of
noise. In almost all scenarios, RS+PS attains equal or better
cost than that by chord+SE-Sync. The absolute trajectory errors
(ATEs) are also reported in Table VII. This localization error
metrics measures the distance between all nodes and their ground
truth trajectory. In all the experiments, the solution of noiseless
data is assumed as the ground truth. In most of the experiments,
RS+PS converged to a solution with lower ATE. There are
few cases where ATEs attained by chord+SE-Sync are better
than those by RS+PS, although their cost function are worse.
We observed that in these cases, the added amount of noise
is so high such that it deforms the trajectory and therefore
the optimal solution of the noisy data takes distance from the
noiseless trajectory. In these cases, the optimal minimum of the
cost function may have more ATE in comparison to suboptimal
solutions.

APPENDIX J
COMPARING RS+PS WITH CHORD+GTSAM

Carlone et al. [28] compared different initializers and solvers
for the PGO problem and showed that chord+GTSAM has
the best performance among gradient-based methods. In this
section, we see how our proposed methods can improve this
baseline solver.
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1 x10* garage 3 %108 torus [10] L. Carlone, “A convergence analysis for pose graph optimization via
Gauss—Newton methods,” in Proc. IEEE Int. Conf. Robot. Autom., 2013,
12l [~e—RssPs n —o—RS+PS pp. 965-972.
—*— RS+gtsam 2.5 —%— RS+gtsam [11] S.Huang, Y. Lai, U. Frese, and G. Dissanayake, “How far is slam from a
10 chord+PS f chord+PS linear least squares problem?,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots
—5— chordrgtsam 2 |8 chordgisam Syst., 2010, pp. 3011-3016.
_ 8 N [12] S. Huang, H. Wang, U. Frese, and G. Dissanayake, “On the number of
3 815 local minima to the point feature based slam problem,” in Proc. IEEE Int.
® 6 ° Conf. Robot. Autom., 2012, pp. 2074-2079.
1 [13] H. Wang, S. Huang, U. Frese, and G. Dissanayake, “The nonlinearity
4 structure of point feature SLAM problems with spherical covariance
05 matrices,” Automatica, vol. 49, no. 10, pp. 3112-3119, 2013.
2 ’ [14] G. Grisetti, C. Stachniss, and W. Burgard, “Nonlinear constraint network
P! P! optimization for efficient map learning,” IEEE Trans. Intell. Transp. Syst.,
O 0 15 20 25 30 5 10 15 20 25 30 vol. 10, no. 3, pp. 428-439, Sep. 2009.
mean angle of rotation noise (deg) mean angle of rotation noise (deg) (15] L. Carl(_)ne,R. Aragues, J. A. Castellanos, a1_1d_B. B.(mé,l,’ A fastand accurate
approximation for planar pose graph optimization,” Int. J. Robot. Res.,
. . . . vol. 33, no. 7, pp. 965-987, 2014.
Fig. li' Comp e;lrlg_ofrfl of R?’ and PS, fwm_l chord and GTSAM in garage and [16] L. Carlone and A. Censi, “From angular manifolds to the integer
torus datasets with different amounts of noise. lattice: Guaranteed orientation estimation with application to pose
graph optimization,” IEEE Trans. Robot., vol. 30, no. 2, pp. 475-492,
Apr. 2014.
. . . . [17] D. M. Rosen, C. DuHadway, and J. J. Leonard, “A convex relaxation
Fig. 14 compares the cost (10) attained by four combinations for approximate global optimization in simultaneous localization and
of initializers and solvers, initializers being RS and chord and mapping,” in Proc. IEEE Int. Conf. Robot. Autom., 2015, pp. 5822-5829.
solvers being PS and GTSAM. for garage and torus datasets [18] L. Carlone, G. C. Calafiore, C. Tommolillo, and F. Dellaert, “Planar pose
ith diff f 10 ’ Th e d simil graph optimization: Duality, optimal solutions, and verification,” /EEE
with different amounts of noise. € noise 1S created similar to Trans. Robot., vol. 32, no. 3, pp. 545-565, Jun. 2016.
what we explained in Section VIII-B. As it can be seen in the [19] D. M. Rosen, L. Carlone, A. S. Bandeira, and J. J. Leonard, “SE-Sync: A
figure, the methods RS+PS and chord+PS$ attain the best results certifiably correct algorithm for synchronization over the special Euclidean
K ’ K K group,” Int. J. Robot. Res., vol. 38, no. 2/3, pp. 95-125, 2019.
inall experiments. We can see that our RS algorithm outperforms 20 J. Briales and J. Gonzalez-Jimenez, “Fast global optimality verification
the chord initialization method and can help GTSAM to reach in 3D SLAM,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2016,
more accurate solutions. It is clear from the figure that our PS pp. 4630-4636. o~ e .

. X h R K [21] L. Carlone and F. Dellaert, “Duality-based verification techniques
algorithm outperforms the GTSAM algorithm in the high-noise for 2D SLAM,” in Proc. IEEE Int. Conf. Robot. Autom., 2015,
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