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SENSOR NETWORK LOCALIZATION
ON THE GROUP OF THREE-DIMENSIONAL DISPLACEMENTS*

J. R. PETERST, D. BORRAf, B. E. PADENT, AND F. BULLOT

Abstract. We consider the problem of estimating relative configurations of nodes in a sensor
network based on noisy measurements. By exploiting the cyclic constraints induced by the sensing
topology to the network, we derive a constrained optimization on SE(3)™. For the case of a network
with a single cyclic constraint, we present a closed-form solution. We show that, in certain cases,
namely restriction to pure rotation and pure translation, this solution is independent of the particular
representation of the constraint function and is the unique, constrained minimizer of an appropriate
cost. For sensing topologies represented by a general, weakly connected digraph, we present a solution
method which is based on the limits of the solution curves of a continuous-time ordinary differential
equation. We show that solutions obtained by our method satisfy all semicycle (generalized cycle)
constraints induced by the sensing topology of the network. Further, we show through numerical
simulation that for “Gaussian-like” noise models with small variance, our solution achieves noise
reduction comparable to that of the least squares estimator for an analogous linear problem.
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1. Introduction.

1.1. Problem description. Sensor localization is an important component in
many network applications, as it provides the basis for more complex operations and
computation [39]. Problems that require localization include the hand-eye coordina-
tion problem in robotics [15], the structure from motion problem in computer vision
[22], and the camera calibration problem in visual sensing [18]. Accurate localization
is crucial, as errors in configuration measurements often get amplified during other
calculations. For example, in camera networks, small errors in calibration get ampli-
fied when imaging objects that are far from the camera’s physical location. In many
applications, it is only possible to obtain noisy, relative configuration measurements.
Therefore, it is necessary to develop a methodology for estimating true relative mea-
surements in order to guarantee a global configuration estimate that is both optimal
in some sense and consistent with constraints induced by the network topology.

We consider a three-dimensional sensor network whose sensing capabilities can be
represented by a directed graph. We assume that each sensor obtains noisy, relative
configuration measurements of its neighboring sensors, and thus we associate to each
edge in the sensing graph a displacement matrix, i.e., an element of SE(3). An
example of this type of sensor network and its associated sensing graph is shown
in Figure 1. The composition of the true displacement matrices associated to edges
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Fic. 1. An example of a sensor network and its associated sensing graph.

that form a semicycle (generalized cycle) must be equal to the identity, and thus for
each semicycle we have an induced constraint. We seek to find relative displacements
that minimize the least squares distance from the noisy measurements and satisfy all
induced semicycle constraints.

1.2. Related work. Of relevance to this work is research concerning network
localization in sensor networks, orientation and pose estimation in robotic sensor
networks, properties of matrix Lie groups, namely SO(3) and SFE(3), estimation and
optimization on manifolds, and properties of cycle spaces in graphs.

There has been significant research on estimating node positions based on noisy
angle of arrival, time of arrival, received signal strength, and distance-based measure-
ments [28, 31]. The relative position localization problem is studied in [16, 32, 29],
and the effect of network properties on the estimation error with extensive analytic
results is investigated in [8, 9]. Some works, such as [11, 14, 28, 7], seek to find global
position information through the use of anchor nodes with known locations. Other
works, such as [40, 29], explore anchor-free methods for position localization. There
has also been research which seeks to find global or relative configurations of sensor
nodes by assigning to each an element of SO(3) or SE(3). In [36, 25], the authors use
an unconstrained nonlinear optimization to derive a solution. In [8, 34], the authors
study the problem of pose estimation from relative measurements in a distributed
robotic sensor network. In [33] the authors consider the problem of orientation local-
ization on SO(2) under cyclic constraints induced by the network. We note that our
work is largely an extension of the work in [33] to SE(3).

There has been extensive research concerning matrix Lie groups and their prop-
erties, namely those properties relevant to estimation. A study of metrics on SO(3)
is presented in [26]. A survey of the state-of-the-art techniques used for rotation aver-
aging is provided in [24]. Metrics and geodesic curves on SE(3) are presented in [41].
Additional properties of SE(3) are presented in the context of rigid body control in
[13]. With regard to estimation on Riemannian manifolds, [19] studies the problem of
geodesic regression and unconstrained least squares. In [2, 4], the authors formulate
a nonlinear optimization and use a generalized line search technique in order to find
iterates which converge to a local minimum. In [3], the authors provide some tools
for constructing projection-like retractions on general manifolds.

There have also been authors who have studied the properties of cycle spaces on
graphs. In [27, 37], the authors provide an extensive survey of the properties of cycle
bases, including applications and algorithms for finding cycle bases. In [21, 6], the



3536 J. R. PETERS, D. BORRA, B. E. PADEN, AND F. BULLO

authors explore the problem of finding cycle bases with minimum total weight.

The problem considered in the present work is most closely related to those con-
sidered in [38, 35]. In [38], the authors seek to estimate absolute camera poses in
SE(3) based on noisy relative measurements. The authors construct a metric on the
product space SO(3) x R? and present a gradient descent algorithm, which they show
to converge on connected, symmetric sensing graphs. In [35], the authors present
a discrete-time, rotation averaging based algorithm for estimating relative poses in
the context of multiview image registration. The authors construct metrics based
on rotational error and the relative translational location of a point in an absolute
reference frame, explore optimality properties for a single cycle graph (focusing on
rotation), and prove convergence on undirected, connected sensing graphs. We also
note that our treatment of rotational components in the single cycle case is similar
in spirit to [17], although the solution in [17] relies primarily on absolute measure-
ments. Our work differs from that presented in [38, 35, 17] in the following ways:
(i) we work exclusively with relative measures and thus require no knowledge of an
absolute reference frame, (ii) we formulate our cost with respect to a left-invariant
metric, allowing us to retain the group structure of SE(3), (iii) we rigorously study
the single cycle case and present a closed-form solution which we prove to have certain
invariance and optimality properties with respect to both rotation and translation,
(iv) we formulate a continuous-time Lyapunov-based algorithm, which can be imple-
mented in a straightforward manner and treats both rotations and translations using
similar theoretical machinery, and (v) we prove convergence on any weakly connected
digraph and illustrate through simulation that we achieve noise reduction similar to
that of an analogous linear problem in the case of “Gaussian-like” noise with small
variance.

1.3. Contributions. We choose to work exclusively with relative measurements,
since input data in network applications is generally with respect to relative, rather
than absolute, reference frames. By doing so, we are forced to explicitly consider cyclic
constraints, but we require no knowledge of any global environment; thus, we avoid
other potential difficulties (initialization issues, ambiguities, etc.) that may arise due
to transformations to a global frame. In this setting, we adopt a dynamical systems
perspective on the general problem of sensor network localization by constructing a
continuous-time Lyapunov-based gradient flow algorithm. As such, our work provides
a novel and valuable contribution to the problem of sensor network localization in the
following ways: (i) we provide a unique approach to localizing both positions and
orientations in three dimensions, treating both constructs using similar theoretical
machinery, (ii) we formulate the problem with respect to only relative measurements
in SE(3) and thus require no knowledge of any absolute reference frame, (iii) we
rigorously study the single cycle case, providing a closed-form solution and proving
invariance and optimality properties with respect to both rotation and translation,
(iv) we provide an algorithm for general graphs which is cycle-distributed and can be
implemented in a straightforward way, providing rigorous convergence proofs which
require only weak connectivity of the sensing graph, and (v) we validate our algorithms
through comparison with an analogous linear problem.

Specifically, our contributions are as follows. First, we formulate the sensor net-
work localization problem for a single cycle of length n as a constrained least squares
optimization over SE(3)™. We present a feasible, closed-form solution which distrib-
utes the screw angle error equally among edges in the cycle. Further, we show that
when viewed as a parametric function, our solution is intimately related to the mini-
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mum length geodesic connecting the composition of displacements in the cycle to the
identity. We also show that, in certain cases, namely restriction to pure translation
or pure rotation, our solution is invariant to choice of representation of the constraint
function. We conclude our theoretical study of the single cycle case by showing that,
in some cases, our solution is the unique constrained minimizer of an appropriate cost.
Second, we study the localization problem on a general directed and weakly connected
sensing graph that contains many semicycles (generalized cycles) and present a solu-
tion methodology which is based on the limits of solution curves to a continuous-time
ordinary differential equation (ODE). Using Lyapunov-based arguments, we create an
algorithm which treats both rotations and translations in a way that is structurally
similar in both cases, and we show that solutions obtained using this method satisfy
all semicycle constraints. Finally, we present numerical simulations to verify our algo-
rithms and demonstrate their utility. For a single cycle, we compare our closed-form
solution to the solution produced by the continuous-time flow for general graphs and
show that the two methods produce feasible solutions with nearly identical costs (up
to numerical implementation) for the case of pure rotation and pure translation. For
general graphs, we demonstrate convergence of our continuous-time solution method
for a random geometric graph and show that although our general graph solution is
not optimal for general noise models, for “Gaussian-like” noise with small variance,
we achieve noise reduction comparable to that achieved by a classic least squares
estimator for an analogous linear problem.

1.4. Organization. This paper is organized as follows: section 2 gives back-
ground information about relevant topics. Sections 3 and 4 present the localization
problem and our proposed solution for a single cycle graph. Sections 5 and 6 present
the localization problem and our proposed solution for general sensing graphs. Nu-
merical simulations are in section 7, and proofs of Theorems 3, 4, and 8 are provided
in the appendices.

2. Mathematical preliminaries. In this section, we provide a brief review of
matrix Lie groups and graph theory. For more information, the reader is encouraged
to refer to [12, 30, 23, 33, 20].

2.1. Matrix Lie groups. Let 0,, € R™ denote a vector of zeros and I,, € R™"*"
denote the identity matrix. Let SE(3) and SO(3) denote the special Euclidean and
special orthogonal groups, respectively, and let se(3) and s0(3) denote their respective
matrix Lie algebras.

Let An(R) € [0, w] denote the rotation angle associated to a rotation matrix R €
SO(3). This angle obeys the relation tr(R) = 1 +2cos(An(R)). If 0 < An(R) < m, let
Ax(R) € R? denote the unique, unit-length rotation axis associated to R. If An(R) =
0, define Ax(R) := 03. For R € SO(3) with An(R) < 7, we have (i) R Ax(R) = Ax(R),
(ii) R = e><p(A11(R)§(R>))7 where * : R® — s0(3) is the isomorphism defined by
Dw = v x w for any v, w € R3, and (i) 2Ax(R) sin(An(R)) = R — RT (a consequence
of Rodrigues’ rotation formula). For R € SO(3) with An(R) < 7, the nth root of R

ist

(1) YR = exp (% An(R)m> € SO(3).

IThere are many natural ways to define the nth root of R € SO(3). Indeed, if ¥R were defined
by replacing the coefficient 1/n by (1 + 27k)/n for any k € Z, the resultant matrix would satisfy
(Y¥R)™ = R. However, the reader should be aware that the results contained herein are specific to
the particular definition of the nth root given in the text.
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Note that An({/R) = An(R)/n and Ax(X/R) = Ax(R). If R e SO(3) with An(R) =
7, there exist exactly two unit-length vectors wy,ws € R? that satisfy R = exp(n;) =
exp(nly). These vectors satisfy w; = —wq. For any R € SO(3), w € R?, we have the
identity R&ORT = Rw. Thus for any Ry, Ry € SO(3) (including those with rotation an-
gle 7), there exists a unit-length w € R3 such that Ry RoRT = exp(An(R2)RiwRT) =
exp(An(Rg)m) and thus An(R1R2RT) = An(Ry).

For a displacement matrix £ € SE(3), we write E = (R, p) to represent

(2) E:[&?].

If E = (I3,p) for some p € R3, we say that E represents pure translation. Similarly,
it E = (R,03) for some R # I3 € SO(3), we say that E represents pure rotation. For
any E = (R,p) € SE(3), we have tr(E) = 2 + 2cos (An(R)). Note that tr(E) = 0 if
and only if An(R) = 7. In addition to the map already defined for rotations, we use
the symbol * to denote the map * : RS — se(3) defined by

=[E]-[§ § e

where &1, & € R3. Define the screw angle? of E = (R,p) € SE(3) by

3) An(E) = An(R) ?f R # I,
bl ifR=1Is.
Simple calculation yields An(ElEgEl_l) = An(E,) for any Ey,E> € SE(3). For
E = (R,p) with tr(E) # 0, define the screw aris Ax(E) == Ax(R) € R3 and the
translational differential Tran(E) € R3 by
(4)
03 if £ =14,

Tran(E) := { /[Pl 1 if R=1I3,E + I,
2 -

[(13 — R)AX(E) + (13 + Ax(E) ) An(E)] p  otherwise.

The vectors Tran(E) and Ax(F) are well defined and satisfy £ = exp(An(E)g), where
¢ = [Ax(E)T Tran(E)T]T. This representation of the matrix E is unique.

Let & = [wl,of]T, & = [wl,v]]T € RS. Define the inner product {-,-);, :
se(3) x s¢(3) — R by (¢,,&,) = awlw; + BvT vy, where o, 3 € Rog. This inner
product induces a left-invariant Riemannian metric by associating the tangent space
of each F € SE(3) with the map (-, Y : TESE(3) x TgSE(3) — R, where

(5) <E217 Eg2>E = <21a22>14 = aw] wy + Bo] vs.

With this metric, SE(3) naturally carries the structure of a topological metric space
with distance function d : SE(3) x SE(3) — R>¢ defined as the arc length of a min-
imum length geodesic. Using the explicit definition of the minimum length geodesic

2The screw angle An(FE) of a displacement £ € SE(3) does not have a literal interpretation as an
angle in the general case, as does the rotation angle An(R) of a rotation matrix R € SO(3). However,
it is analogous in the following sense: If R € SO(3) and E € SE(3), then R = exp(An(R)®) for some
unit length w € R3, and E = exp(An(E)¢) for some & = (7,677 € RS, where at least one of
£1,&2 € R? is unit length.



NETWORK LOCALIZATION ON SE(3) 3539

with respect to (5) presented in [41], for By = (R1,p1), B2 = (Ra2,p2) we have

(6) d(Er, Ez) = \Jo An(RT Ry)? + Blpz — p1 |-

If E, B are two displacements both representing pure rotation or both representing
pure translation, then d(E;, Ey) = ¢ An(E[ ' Ey), where ¢ = y/a in the rotation case
and ¢ = /B in the translation case. The distance function d satisfies the triangle
inequality: d(E1, E3) < d(E1, Es) + d(Es, Es) for any Eq, Eo, E3 € SE(3).

Remark 1 (choice of metric). We make use of the left-invariant Riemannian
metric (5) and the associated distance function (6) because they are simple, well
characterized (e.g., [41]), and intuitive to most applications. Indeed, the distance (6)
is simply a weighted sum of the rotational and translational errors. A thorough
study of other metrics on SFE(3) is beyond the scope of this paper; however, a few
comments are in order. First, we could just as easily have chosen the right-invariant
Riemannian metric analogous to (5) and generated a set of results virtually identical
to those herein. Second, we note that some authors, e.g., [38], choose to discard the
group structure of SFE(3) and instead work with metrics defined on the product group
SO(3) x R3. If we take a = 3 = 1, then the distance (6) is equivalent to the double
geodesic distance [5], a commonly used metric defined on SO(3) x R3.

2.2. Elements of graph theory. Let G = (V,€) represent a digraph with
vertex set V = {1,...,m} and edge set £. Let (i,j) € £ denote a directed edge
starting from node i and terminating at node j. A cycle is an alternating se-
quence vy, (v1,v2), V2, (V2,03), ..., (Up, Upt1), Urs1y, in which (i) r > 3, (ii) for all
ke{l,...,r}, vp €V and (vg,vp41) € &, (iil) v.41 = v1, and (iv) all vertices besides
V1, Vp41 are pairwise distinct. A semicycle on the graph G is a generalized cycle, whose
definition arises by replacing condition (ii) with the following: for all k € {1,...,r},
vk € V, and either (vg,vk41) or (vg1,vk) € €. Every cycle on G is a semicycle, but
the converse does not hold. If ¢ is a semicycle on G, an edge (i,7) € £ is contained
in o if either (i,7) or (j,7) appears in the sequence. With slight abuse of notation,
we write (4,7) € o if o contains (4, 7). Define G, € G as the subgraph whose vertex
and edge sets are the sets of vertices and edges that are contained in the semicycle o.
Define an equivalence class by the rule o ~ & if the semicycles 0, contain the same
set of edges. Given a parametrization {1,...,n} of £, let &; denote the edge with index
1. We define the semicycle vector of a semicycle o as the vector ¢, € {—1,0,+1}"
for which (¢,), = +1 if & € o and has an orientation that is consistent with o, as
(¢5); = —1if edge & € o and has an orientation that is opposite of o, and as (¢,), =0
otherwise.

Given a digraph G, let Gup = (V,&up) be the undirected graph obtained by
ignoring edge orientations. If G is weakly connected, there exists a spanning tree
Tup € Gup. Let T' € G be the digraph obtained by replacing each edge in Typ by
one of its associated edges in €. If T is augmented by a single edge (¢,7) € €, (i,7) ¢ T,
the resulting graph contains at most one equivalence class of semicycles. A set of
fundamental semicycles is a set of distinct (nonequivalent) semicycles on G which can
be formed by the preceding process. Let £¢(G) denote a maximal set of fundamental
semicycles. Any set £;(G) is a basis for the semicycle space, and thus for any semicycle
o there exists a semicycle ¢ ~ o such that G5 = G, AGg2 A\ -+ AGyn, where A
denotes the symmetric difference operation, n € N, and o',0%,...,0" € Ly(G). If
Gup is connected, then any L;(G) has the property |L£¢(G)| = |Eup| — |V| + 1.
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E
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Fia. 2. The sensing topology for a ring graph G = (V,£). Note that G contains a single
equivalence class of cycles. In the left figure, we represent this equivalence class with the cycle o
while in the Tight figure, we represent this equivalence class with a different cycle . In this example,
we see that Eq; = E5, and Es, = E5, | for each i € {1,...,n —1}. The cycle constraint (7) is
equivalently represented by the two cycles o, .

3. Problem setup, single cycle case. Consider a network consisting of n
sensors, whose sensing capability is represented by a digraph G with edge set £ =
{(1,2),(2,3),...,(n—1,n),(n,1)}. Parametrize £ by assigning an index i € {1,...,n}
to each edge. Let o denote a cycle on G (note that all cycles on G are equivalent).
Let o; € {1,...,n} be the index of the edge in & associated with the ith edge in o.

We assume that each sensor is able to obtain a relative displacement measurement
of its neighbor, and thus we associate to each edge & € £ a displacement matrix
E; = (Ri,p;) € SE(3). A composition of true relative displacements around the
loop formed by ¢ must equal the identity matrix. However, we assume that our
measurements are corrupted by some noise such that E,, E,, - - E,, # I;. We aim
to find correction matrices Cy,Ca,...,C, € SE(3) which satisfy the cycle constraint

(7) Etn CUIE0'2 Caz T Eon Con =14

and are optimal in some way. Specifically, we consider the least squares optimization

minimize (Ci, Iy)
(8) ;
subject to FEy,Cy, Es,Co, - - By Cop = 1y,

where d : SE(3) x SE(3) — Rs( is defined in (6). Note that (7) is the con-
straint function of the optimization (8). The constraint (7) is satisfied if and only
if (E) ' Ey,Cy,EyyCy, -+ Ey, Cy, (E) = Iy for any E € SE(3). Thus, we can form
an alternative, equivalent representation of the constraint (7) by choosing a different
cycle & with @ ~ o, giving the constraint Es, C5, E5,Cs, -+ - E5, C5. = I, (see Fig-
ure 2). We seek to find a solution that is independent of how we choose to represent
the cycle constraint.

If Fh, Es, ..., E, all represent pure rotation, we could formulate a localization
problem on SO(3)™ by constraining all correction matrices to represent pure rotation.
In this case, the optimization analogous to (8) is

minimize Z An(C

subject to  E,, Cy, E(72 ng By Co, =14,
Ci = (R;,0,) forallie {1,...,n}.

Similarly, we can derive an optimization on R? if Fy,..., E, represent pure transla-
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tion:

minimize Z leHz
(10) =1
Subject to Eo-l CUl E<720<72 o 'EG'n CUn = I47

Ci = (I3,p;) forallie {1,...,n}.

We also seek to study the relationship of our proposed general solutions to the solu-
tions to these specific cases.

Remark 2 (noise model). Our formulation of the optimization (8) is indepen-
dent of the type of noise present. However, for illustrative purposes (particularly in
section 7), we sometimes refer to “Gaussian-like” noise, which we model as follows: as-
sume that the true displacements are given by E; = (R;,p;) € SE(3) forie {1,...,n}.
We assume the nominal measurements are given by

E; = (Rexp(7), p; + ),

where v, v! ~ N'(03,v2I3) are independent and identically distributed Gaussian ran-

dom variables. For an in-depth discussion of other possible noise models on SE(3),
we refer the reader to [10].

4. Solution to the single cycle case. To avoid tedious notation, from this
point forward we adopt the following convention for products of indexed matrices.
CONVENTION 1. Define By, Ey, -+ Fo, =14 and Ry, Rs, ., -+ Ro, = I3 when-
ever (i) b < a, (ii) b =0, or (ili) a > |o|, where |o| is the number of edges contained
in the cycle or semicycle under consideration. Whenever there is possibility of am-
biguity, we group compositions with parentheses. For example, if |o| = n, then, with
this convention, we have (Ey,Eq, -+ Ey, )(Eg, Eoy - Eoy) = EgyEyy -+ - Ey, .
Specific reasons for using this convention will become clear as the exposition
progresses. In short, Convention 1 permits concise, parametric presentations of results
containing compositions of displacements, and, therefore, allows us to avoid tedious
case-by-case treatments of individual edges based on their associated index.
Consider now the problem setup of section 3. For convenience, we define the set

SE(3)tzo = {(E1, B, ..., E,) € SE(3)" | tr (Ey, Es, - Ey,) # 0} .

Adopting Convention 1, we introduce the following definition.

DEFINITION 1 (equal angle solution). Given (E1, B, ..., E,) € SE(3)}_., define
the equal angle solution C° = (C{,CY,...,C%) e SE(3)" by
Ccy = (E

4 E<71'+2 e Ean) (CEA)z (E01+1E0i+2 T Effn)il )

Tit1
where

(CEn); = ( (BT, % ( r (R»T) p>

n

and R, € SO(3), py € R? are defined such that Ey, Ey, -+ Ey, = (Ry,Do)-
We present some key properties of the equal angle solution in Theorem 2.
THEOREM 2 (feasibility and relation to geodesics). Suppose (E1, Es, ..., E,) €
SE(3)%0- The equal angle solution C7 € SE(3)" has the following properties:
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(i) for eachi€ {1,...,n}, An(C?) = L An(E,, E,, - Es,);
(ii) Ey,C7E,,CS - E, C7 = IL; and
(iii) the curve defined by [0,1] 3t — E, C{(t)Es,CS(t)--- Es, CI(t) is a mini-
mum length geodesic between E, Es, -+ E,, and Iy with respect to the met-
ric (5), where C7 (t) is the parametrized matriz obtained by replacing (CF4),
in Definition 1 with (Cgy), (t) = ((REa)i(t), (pFa)i(t)) defined by

(Rg), () = exp (— An(R )RR )

08, () =~ exp ((F5 20— 1) An(r)AX(RD) ) oot

With this definition, CZ(1) = C? for all i€ {1,...,n}.

Proof. For statement (i), we note that for any i € {1,...,n} we have
AD(OZU) = An ((E01‘+1E<7i+2 e EUn) (OEA)Z' (E0i+1E0'i+2 T Edn)_l)
= An((Cga);)

1
=~ An(E,,E,, - E,,).
n

For statement (ii), we use direct substitution to show
Es, C‘ngQ Cg B, CZ =FEq Es, -+~ Eo, (CEA)l (CEA)Q T (CEA)n
(vOur)” (v’ |
0F 1
=EyEsy- By, (EgEyy -+ Ey) " =14

= ‘E‘[’_I‘E‘U2 "'Ean

To prove statement (iii), we use direct substitution once again to show
E<71 Cf (t) U Eon CZ (t)

= E‘71 EUz o 'Eon [ exp <_ AD(R;)AX(RU)t) _(RU)Tpot ] .
03 1

This is a minimum length geodesic between Ey, Ey, - - - E,, and I, [41]. Setting ¢ =1
and using the definition of C? (¢) easily proves the final statement. O

Roughly speaking, the solution C'? attempts to “distribute” a minimum length
geodesic between E,, E,, -+ E, and I, equally among the edges in the cycle through
conjugation. However, since there is no Riemannian metric on SF(3) that is both bi-
invariant and positive definite [41], the distance function d is not, in general, invariant
under coordinate changes, i.e., conjugation. As a result, in the general case, the
equal angle solution may be sensitive to the choice of representation of the constraint
function (7) and may not be optimal with respect to the optimization (8). In certain
cases, however, we can comment on these two properties, as we show with the following
theorems. For clarity, we postpone the proof of these results until Appendix A.

THEOREM 3 (invariance). Suppose (E1,Es, ..., E,) € SE(3){ .o, and let & be a
cycle on the graph G such that o0 ~ 6. If AX((Eg, Eg,,, - Eq,)(Eg, Loy -+ By, _,)) 18
aligned® with Tran((Eq, Eg,,, -+ Eq,)(Eo, Eq, -+ Eq,_,)) for all k € {1,...,n}, then
c? = Of(&,ai) forallie {1,...,n}, where j(7,0;) is the index such that 7 5,y = 0.

3We say that w,v € R? are aligned if Wv = 03.
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Fia. 3. Left: An illustration of a screw motion whose rotation axis intersects the origin of the
body reference frame. If E € SE(3) is associated with this screw motion, then Tran(E) is aligned
with Ax(E). The case of pure rotation or pure translation is a special case of this phenomena.
Right: An illustration of a screw motion for which the rotation azxis does not intersect the origin of
the body reference frame, in which case Tran(E) is not aligned with Ax(E).

THEOREM 4 (optimality). Suppose (E1, Ea, ..., E,) € SE(3){._.,. We have

(i) if E; represents pure rotation for each i € {1,...,n}, then the equal angle
solution C is the unique, global minimizer of the optimization (9), and
(ii) if E; represents pure translation for each i € {1,...,n}, then the equal angle

solution C is the unique, global minimizer of the optimization (10).

A few comments are in order. First, any displacement matrix E has an associated
rigid body screw motion, and Ax(FE) is aligned with Tran(E) if and only if the screw
motion associated with the displacement E has an axis of rotation that intersects
the origin of the body reference frame (see Figure 3) [30, Chapter 2]. Therefore,
Theorem 3 applies in the case where Fq, Fo, ..., E, either all represent pure rota-
tion, or all represent pure translation. Second, under the conditions of Theorem 3,
the equal angle solution is not sensitive to our choice of representation of the cycle
constraint (7). Third, for localization on SO(3) or R3, the solution C? provides the
unique, constrained, global minimizer of the appropriate cost function despite nonlin-
ear cost and constraints. Finally, we remark that in the case of localization on R?, the
optimization (10) has a quadratic cost and linear constraints. Therefore, it is possible
to use other tools to find a closed-form solution. Theorem 4 guarantees that the equal
angle solution is equivalent to any optimal solution derived using other means.

Remark 3 (relation to equation (8)). If (Ey, Es,...,E,) € SE(3){. o and E;
represents pure rotation for each ¢ € {1,...,n}, then the equal angle solution is also
the unique, global minimizer of the more general optimization (8). Indeed, it is easily
shown that the minimizer of (8), in this case, is given by a set of correction matrices
that each represent pure rotation, and thus optimality of C? follows. However, due
to the coupling between rotation and translation, as well as the lack of bi-invariance
of (5), the same cannot be said for the pure translation case. That is, for the pure
translation case, we do not rule out the existence of correction matrices with nontrivial
rotational components that produce a lower value of the cost function of (8).

Remark 4 (other costs). The equal angle solution may have optimality properties
with respect to cost functions other than that of (8). Although exploring other costs
is not our main focus, we note that in the case of localization on SO(3)™ as in (9),
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C? is also the unique, global minimizer with respect to the optimization

minimize — Z tr(C
(11) =
subject to  Ey Cy EyyCo, --- By, Cp, = 14,
Ci = (Rl,([)n) for allz’e{l,...,n}.

5. Problem setup for general graphs. Consider a network whose sensing
topology is represented by a directed graph G = (V, &), where V = {1,...,m} and
|€] = n, and let L#(G) be a maximal set of fundamental semicycles. Once again,
parametrize the edge set by assigning an index ¢ € {l,...,n} to each edge in &,
and associate to each edge &; a displacement matrix F; = (R;,p;) € SE(3). For
consistency of measurements, assume that there is at most one directed edge between
any two nodes ¢, j € V. Recall that the semicycle vector associated with a semicycle o

is denoted ¢,. Given a semicycle o on G, we define the map = : SE(3) x {1,...,n} —
SE(3) by

FE if (fg)i = +1,
(12) (B, i) =4 B if (6,); = —1,

n otherwise.

A composition of true relative displacements around a set of edges forming a semicycle
(composed with proper orientation) must equal the identity matrix. We assume that
the measurements F; are corrupted by some noise such that for any semicycle o,

the constraint* E, UEU2 -+ Eg = I4 may not be satisfied. Analogously to the
single cycle case, we seek to find correction matrices C1, Cs, ..., C, to compose with
the nominal displacements F1, Es, ..., E,, which are optimal in some way and also

have the property that the composition of the resulting displacements around any
semicycle in the graph equals I,. That is, for any semicycle o, we wish to satisfy a
constraint analogous to the constraint (7), which can be written as

(13) Es,Cy, Eg,Co, ++ By Co, " =14,

where |o] is the number of edges contained in o. The following result shows that it is
sufficient to satisfy the constraint (13) only over semicycles contained in L¢(G).

LEMMA 5 (semicycle constraint). Suppose C1,Cls,...,C, € SE(3) are such that
for all semicycles o € L;(G), we have Ey, C'UIJEQC'@J . --EUMC'UlalJ = 1. Then,
for any other semicycle & defined on the graph G, we have

E5,Co, EyCoy - Bz, Ca|a|a =1Iy.

Proof. For the sake of brevity, we only sketch the proof. It is trivial to show that if
the semicycle constraint (13) holds for some semicycle on G, then it holds for any other
equivalent semicycle. If o', 02 € L(G), there exist semicycles ' ~ o!,5? ~ 0 such

that any shared edges between the two are consecutive, i.e., for some k € {0,1,...,n}

Es:

91

oz o2
=" B,y =Ey ...EB =Eg ,

4Note that the map - has an explicit dependence upon an index i € {1,...,n}. For ease of
notation, when the argument E € SE(3) has an implicit association with an index ¢, we drop this

explicit dependence from our notation; e.g., we write F; = (Ei, 7L)J7 F,C;° = (EiCi, i)g, etc.
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~ -1 _2
and there exists no k > k such that Eagg = Eagg . By assumption, we then have
k k

51 s\ 7! 52 52
(E(jl C&l A E&l Oa.l > <E02 052 L. E52 052 > - 14.
101 151 951 1701 |52

)
S

This is sufficient to prove that the semicycle constraint (13) is satisfied for a semicycle
o defined such that G, = G, AG,2, where A\ denotes the symmetric difference
operation. Since L£¢(G) is a basis for the semicycle space, we can assume without
loss of generality that the G5 is equal to the symmetric difference of the subgraphs
associated with a finite number of elements of the set L£¢(G). Using logic similar to
that above, the statement can be proved by induction. a

In light of Lemma 5, we can formally pose the problem for general graphs as a
constrained optimization:

minimize d(C;, 14)?
(14) ;

subject to Ey, C(,IJE@C@J e Eglang‘g‘J =1 for all o € L#(G),

where d is defined in (6). Note that by Lemma 5, the feasible set is the same regardless
of our choice of the set L;(G).

6. Solution for general graphs. In this section, we extend our analysis to a
larger class of graphs, and thus we consider the problem setup of section 5.

6.1. Incorporating edge orientations. Recalling Convention 1, we extend
our definition of the equal angle solution as follows.

DEFINITION 6 (equal angle solution (general)). Given o € L¢(G) and nominal
measurements (Eo,, Egy, ..., Eq, ) satisfying tr(Ey, By - ma) # 0, we define
Cce = (C7,C8,...,C2,) by

el

o V(BT FLT) (o), (E—E)1 if (o), = +1,
(B Bo) (o)t (B ) if (6o)o, = —1,

i

where

(CZ0); = < 9/ (R)T | —ﬁ( '“\'/(R»T)'”Hm-)

and E—oloE—agU e 'KMU = (Raapa')'
Notice that Definition 6 is equivalent to Definition 1 when ¢, € {+1}", i.e., when
o is a cycle of length n. Now consider an optimization problem associated to our
choice of o
|o]
minimize Z d(Cy,, 14)*
i=1

subject to Ey, C(,IJE@C(,—QJ S EUMC(,WJ = 1Iy.

(15)

Results analogous to those of Theorems 2—4 hold for the generalized solution C'? with
respect to (15). We omit explicit statements and proofs of these results.
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6.2. Continuous-time flow for general graphs. In this section, we develop
a continuous-time flow whose solution curves determine an appropriate localization
for the graph G. For the remainder of this section, we redefine the set

SE@3)fz0 = {(E17E27 o B | tr (E_gl"E_a;’ : --Ealal”) # 0 for all o € cf(G)}.

In what follows, we assume that the measurements F; are functions of a parameter,
t € R>p. Consider the following definition.

DEFINITION 7 (equal angle flow). We define the equal angle flow on the set
SE(3)%.o as the vector field defined by

(- An(R,)
i = I A o
" f Z lo| (72 — An(R,)?) * (OJ(W)>
{ 7€Ls (G) if Ry # I3 for some o € L;(G),
giEO'
{ pz = 03
R; = 03x3
= R-Z Ipo | Tran (C” ) therwi
{ bi =1 o] J(09) otherwise,
G'E[,f(G)
giEO'

—O0———0 -0
where Ey, Eg, -+ Es,,

[
Tj(oyi) = 2

For our purposes, we define a solution to the equal angle flow as a continuously
differentiable map (E1, Es,..., E,) : Rzg — SE(3){...o, whose domain can be ex-
tended to an open set R. s for some § > 0 in such a way that the extended map
obeys the dynamics defined by the equal angle flow for all t € R>y. We now char-
acterize the well-posedness and convergence of solutions to the equal angle flow. We
once again postpone proof of this result until Appendix B.

THEOREM 8 (solutions to the equal angle flow). Assume that G = (V, &) is weakly
connected. Given initial measurements (E1(0), E2(0),..., £,(0)) € SE(3){._.q, there
exists a unique solution [0,00) 3t — (Ey(t), E2(t), ..., En(t)) to the equal angle flow.
The solution has the properties

(i) Ef :=limy_,, E;(t) exists for each i€ {1,...,n}, and

(i) E;‘loE;fo e E(’fwg represents pure translation for all o € Lf(G).

If, in addition, the measurements E1(0), E2(0), ..., E,(0) are such that the composi-
tion Eq, (O)JE(,2 (0)J B (0)J represents pure translation for all o € Lf(G), then

(i) B3 "Ez" - Ez " =1 for all o € L;(G).

Theorem 8 motivates a natural method for finding feasible configurations given
nominal displacement measurements on any weakly connected digraph G. Indeed,
allowing the displacements to evolve according to the equal angle flow guarantees
convergence to a set of displacements whose compositions around the semicycles rep-
resent pure translation. If we then initialize a second instance of the equal angle
flow, using the limiting displacements from the first instance as initial points, we will
produce convergence to a set of displacements satisfying all semicycle constraints. We
refer to this method of finding a solution as the equal angle flow method.

If a semicycle o € L;(G) is disjoint from the rest of the semicycles in L5(G), we
can compare the configuration produced by the equal angle flow method to the equal
angle solution for a single cycle (Definition 6). If, for such a o, we have E,, = (R,,, 03)

= (R, po) and j(o,i) € {1,...,|o|} is the index such that
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for all i € {1,...,|o|}, then under the assumptions of Theorem 8, E¥ = E,,C7 for
each i € {1,...,|o]}, where E¥ is the displacement resulting from the equal angle
flow method. This is because the flow causes the solution curve to move along the
minimum length geodesic with respect to pure rotation. A similar result holds in the
case where each E,, = (I3,p,,). However, in the general case, we cannot guarantee
that the result of the equal angle flow method and the equal angle solution will
be equal, since the rotational and translational components of compositions around
semicycles may be “coupled”; i.e., altering the rotational component may affect the
translational component. We conclude this section with some remarks.

Remark 5 (weighting). Each summand in Definition 7 is weighted by the inverse
of its associated semicycle length. These weights can be replaced by any strictly
positive set of values, and the convergence properties of Theorem 8 still hold. The
reason for our particular choice of weights is twofold: first, our choice of weights helps
to enforce consistency between the definitions of the equal angle flow and the solution
to the single cycle case, the equal angle solution. Second, in light of Theorem 8, our
choice of weights helps to ensure that the errors due to each semicycle are treated
equally; that is, in general graphs our weights serve to balance the rate of error
convergence across semicycles. To see this, we note that if all semicycles were weighted
equally and the equal angle flow method were used to find a solution of two single
loop graphs individually, each with the same error, then the graph with more edges
would converge faster.

Remark 6 (choice of semicycle basis). If we replace the set £;(G) in Definition 7
with any other semicycle basis B whose elements each contain at least one edge that
is not contained in any other element of B (L¢(G) always has this property), then the
results of Theorem 8 still hold. That is, replacing £¢(G) with B, we can find feasible
configurations using a method analogous to the equal angle flow method.

Note, however, that limiting configurations produced in this way will, in the
general case, be affected by the particular choice of B. Indeed, it is straightforward to
construct examples in which two different choices of bases cause convergence to two
different configurations (e.g., consider a pure rotational planar graph whose semicycle
bases contain two semicycles). This is in contrast to the special case of a sensing
graph containing a single semicycle, in which choice of basis will not affect the final
result of the equal angle flow due to the invariance property of Theorem 3.

Remark 7 (alternative algorithms and distributed properties). If the composition
of nominal displacements around each semicycle represents pure translation and we
restrict our attention to purely translational corrections, then the optimization (14)
can be reformulated as a convex problem. This problem can be solved using stan-
dard optimization or linear algebra tools. Thus, an alternative solution approach for
general localization is to let displacements follow the equal angle flow until a configu-
ration is reached in which the rotational constraint around all semicycles is satisfied,
and subsequently solving the remaining translational optimization using alternative
means. Due to dependencies of translational components on rotational components,
however, it may be tedious to properly formulate such a standard translational opti-
mization, especially in the case of large graphs with many semicycles. In such cases,
the equal angle flow method may offer more straightforward implementation, since it
is semicycle distributed. That is, the flow at a given node only requires knowledge of
the displacements of other nodes with which it shares a cycle. In general, tractability
of any method with respect to a specific problem will need to be assessed by system
designers.
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7. Simulations. In this section, we present a series of simulation studies to illus-
trate our findings and the behavior of our solutions. For the simulations, it is necessary
to choose appropriate «, 5 values in the definition of the distance function (6). When
choosing these values, the larger the ratio a/8, the more penalty is assigned to errors
in rotation. Since the rotational and translational components are measured in differ-
ent units, choosing «, 8 will generally be application specific. However, we note that,
in general, the larger the average translational component present in the graph, the
larger the ratio a/§ that is necessary to achieve significant noise reduction using our
solution methods. Indeed, for larger translational distances, errors in rotation often
have a more significant impact on the configuration error than in the case where these
distances are small. For our simulations, we illustrate our results for « = 10,8 =1,
and average translational components between 5 and 10 units.

In order to simulate the continuous-time ODE in Definition 7, we discretize the
solution by making use of an Euler step. For an ODE defined on SO(3) of the form
R = RQ, the Euler step takes the form R(k + 1) = R(k)exp(eQ) for some e > 0.
Practical implementation of the equal angle flow method involves setting an error
threshold for convergence, and once the solution comes sufficiently close to satisfying
the constraints of the problem, we use the value of the displacements as the limit.

7.1. Single cycle case. In our first simulation study, we consider the case of a
“ring” graph as in section 3. We consider three types of displacement measurements:
pure rotation, pure translation, and general displacement. In each simulation, we
initialize the noisy displacement measurements so that they do not satisfy the cycle
constraint. We then find both the equal angle solution, as well as the solution resulting
from the equal angle flow method. Figure 4 shows the cost and constraint function
evaluated for both solution methods for varying numbers of nodes. In all cases, both
solutions are feasible, i.e., they satisfy the cycle constraint. Further, in the case of
pure translation and pure rotation, the equal angle flow method produces costs which
are very close to those produced by the equal angle solution, with only small errors due
to numerical implementation. In the case of general displacements, the two solutions
differ, which is a result of the fact that the equal angle flow method adjusts rotational
and translational components separately.

7.2. General graph case. In our second simulation study, we fix a random
digraph with 10 nodes. We associate to each edge a displacement matrix and use
the equal angle flow method to find new displacements. The left plot in Figure 5
illustrates a typical evolution of the constraint ¥ |Is — By, (k) -+ By, ° (k)| (note
that requiring this expression to equal 0 is equivalent to enforcing the constraint
in (14)), as well as a typical evolution of the cost function of (14) evaluated by let-
ting C;(k) = (E;(0)) 'E;(k) at each discrete time step. The plot clearly shows the
transition from the first implementation of the equal angle flow to the second imple-
mentation, which occurs at £ ~ 1200. Note that the cost increases monotonically,
while the constraint decreases monotonically only during the second implementation
of the flow. Since the translational components do not change during the first imple-
mentation of the flow, the constraint need not decrease during this phase.

It is clear that for general noise models our solutions for the localization problem
on SE(3) are not proven to be optimal. However, for measurements that are subject
to “Gaussian-like” noise models with zero mean and small standard deviation v « 7,
and when a » B in (6), we believe that our presented solution method (i) substantially
reduces the mean square error for graphs with large numbers of semicycles, and (ii) in
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Fic. 4. We consider the pure rotation case (top left), the pure translation case (top right),
and the general displacement case (bottom). For each case, we show the cost and the constraint
functions evaluated for the equal angle solution and the solution resulting from the equal angle flow
method. The constraint is computed as |Eg, Coy + -+ Eo,Cs,, — I4]|.
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FIG. 5. Left: The evolution of the constraint Y, |Is — Eqy (k) --~E'g|5|a(k)H, as well as the

evolution of the cost function of (14) evaluated by letting C;(k) = (F;(0))~'E;(k) at each discrete
time step k under the equal angle flow for a random, weakly connected graph with 10 nodes. We
assume the noise model described in Remark 2. Note the transition from the first implementation
of the equal angle flow to the second implementation, which occurs at k ~ 1200, and note that the
trajectory converges to a feasible point as k — 00. Right: An illustration of 1 minus the ratio of
the mean square error of the configuration resulting from the equal angle flow method to the value
of the mean square error of the initial noisy measurements as the number of semicycle constraints
enforced increases. For this study, we consider a complete graph with m = 10 nodes. The plot
shows results for v? = 0.05,0.1,0.3 (see Remark 2), as well as the expected noise reduction for the
analogous linear problem as predicted by (17).



3550 J. R. PETERS, D. BORRA, B. E. PADEN, AND F. BULLO

terms of noise reduction, is comparable to the classic least squares estimator for an
analogous linear problem. We make these statements precise in what follows. The
following analysis is analogous to that appearing in [33].

We first construct the linear analogue of problem (14). Since SE(3)" is a 6n-
dimensional manifold, we consider a problem in which we have noisy measurements
y = p + vilg,, where p € R5” is the nominal measurement vector and v € R is a zero
mean Gaussian random variable with variance 2. We consider additive semicycle
constraints, and thus we have a problem of the form

(16) minimize ly — p|?
subject to 17 p =2rk, forall o€ L;(G),
where k, € N6 and 1,, € R®"*C is a vector that is formed by replacing each +1 entry
in £, with Ig, each —1 entry in ¢, with —Ig, and each 0 entry with Ogxg. Suppose p is
the true solution. Let Cy € R67*%" be the matrix formed by stacking the matrices 1%;,
where 7 = |L(G)|. The true solution p satisfies p = po + Un, where Cypy = 2rky,
k; € NO is formed by stacking the vectors k,, U € R6"*(67=6") spang the null space
of C, and 1 € R®" 6" is computed accordingly. It follows that the constraint in (16)
can be written as Cyp = 2rky. We calculate the error covariance matrix @ € R6"*67:

Q=E[p-pp-p"]=rUUTU)U".

The matrix U(UTU)~1UT is an orthogonal projector onto the vector space that is
spanned by the columns of U. The trace of a projector is equal to the rank of the
projection, that is, tr(U(UTU)UT) = 6n—6r, and the expected value of the estimation
mean square error (MSE) is given by

tr(Q) an—r
(17) S (number of measurements) -

Since r is the number of independent semicycles, for a connected graph we have
r =n —m + 1, with n, m the number of edges and nodes, respectively. Thus MSE =
v22=1_ For a complete graph, n = m(m — 1)/2, and thus MSE = v*2 which is a
noise reduction of at least 80% when m > 10 nodes. Note that once the number of
nodes and edges, m,n, along with the noise covariance 12 are fixed, as the number of
semicycle constraints that we enforce increases, the redundancy of the available noisy
measurements is correctly exploited, and we get increased noise reduction.

The right-hand plot in Figure 5 illustrates that our nonlinear problem (14) ex-
hibits similar behavior to that of its linear analogue. Here we consider a complete
graph with m = 10 nodes and assume that v is fixed (see Remark 2). We plot 1 minus
the ratio of the mean square error of our estimate, which was found using the equal
angle flow method, to the value of the mean square error of the initial measurements
as we increase the number of semicycle constraints that we choose to enforce. We see
that the noise reduction obtained by the equal angle flow method is similar to that of
the linear analogue for small v.

We note that we do not achieve noise reduction comparable to the linear case when
a/f is small compared to the average translational component length of the graph.
In such cases, other methods, e.g., similar to those presented in [38, 35], may be more
appropriate. However, such methods bring about a different set of computational
challenges, and thus tractability will need to be assessed by system designers.
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8. Conclusion. We have presented a rigorous discussion of the sensor network
localization problem on SE(3)™. We started by generating a closed form solution for
the case of a graph containing a single cycle of length n. We showed that our solution
satisfies the cycle constraint induced by the network sensing topology and distributes
the screw angle error equally among the edges. Moreover, in certain cases, namely
pure rotation and pure translation, our solution does not depend on the particular
representation of the cycle constraint function and is the unique minimizer of an
appropriate cost. We then considered the case of a general, weakly connected graph.
We showed that our single cycle solution can be adapted to take into account arbitrary
edge orientations on any given semicycle, and used this result to generate a continuous-
time ODE, for which we can use solution curves to find a feasible localization on the
entire graph. We presented a series of simulation studies to verify our results, including
a study which shows that for certain noise models, our solution obtains noise reduction
comparable to that of the classic least squares for the analogous linear problem.

A variety of future problems are of interest. One possible problem is the issue of
implementing these procedures in conjunction with standard robotic operations, such
as camera network calibration. In addition, it would also be of interest to explore
other cost functions and see how these alternative formulations affect aspects like noise
reduction. It would also be useful to find other statistical measures of uncertainty in
SE(3) and incorporate these measures into our algorithms. Finally, deriving a flow
that alters both the rotational and translational components simultaneously and is
guaranteed to converge for general graphs is an open problem that could potentially
improve performance.

Appendix A. Proof of Theorems 3 and 4. For this appendix, assume the
problem setup and notation of sections 3 and 4. In addition, we introduce the following
shorthand: C7 = (RY,p?), and

(Eq, E
E, E

0i+1"'Edn)(E01E02"'EUj) ifj<n,

oip1 " Fo, otherwise,

B, = (R, p0,) = {

where ¢ € {1,...,n+ 1} and j € {0,1,...,n} (recall Convention 1 for products of
indexed matrices). Direct calculation yields

(RgiRng "'Ran)(RmRaz "'Rtfj) ifj <n
Ry Ry, -+ Ry, otherwise,

(18) R7; = {

n J
Z RUiRUiJrl T Rak—lpak + Z RZkflpdk 1f] <n,
k=1

(19) ij = = k=1
Z RU«; R01‘+1 T Rok,lpok Otherwise,
k=i
where empty summations in (19) are understood to equal zero, i.e., ZZ() = 03

whenever b < a. We will need the following lemma.
LEMMA 9 (conjugation of tangent vectors). If (Eu, ..., Ey,) € SE(3){_.o, then
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Proof. Simple algebra yields

(20) E‘“[Tran(Eg,1> (Be)
_ [ Role@T:g,l)RZl R, Tran(ES ;) — Ry, Ax(EJ ) RE p,,
0} 0

Recall that An(R3 ;) = An(R{,,) and An(E7 ;) = An(E7 ), since both rotation and
screw angles are invariant under conjugation (see section 2.1). There are two possible
cases.

Case 1 (An(R3 ;) = An(RY7,) = 0). In this case, Ax(EJ ;) = Ax(E],) = 03. If

EJ | = I4, then Tran(EJ ;) = Tran(E7,,) = 03, and the statement holds trivially. If
E3 ; # Iy, from (4) and (19) we have

o pgl 1 o — o
21 o T E = o . = o R —1Fog
(2L R Tran(B5.) = Hos gy An(Ei’,n)< 1’”p1+,;2 R )
1 n
22 = — RY -
( ) AD(ET,n) ];1 1,k—1p k
P
23 =———— =T E7
( ) An( (]in) ran( 1,77,)?

where we have used (i) the invariance of screw angles under conjugation, and (ii) the
fact that An(RY,,) = 0 and thus Ry, = I3 by assumption. From (20), it follows that

. W(E [ 0y Ro, Tran(Eg) T AEL) T
71| Tran(E3 ) oL 0F 0 Tran(EJ ) |’

1,n

Case 11 (An(R3 ;) = An(R{,) # 0). In this case, we examine the entries of
the matrix in (20) separately. Regarding the top left entry of the matrix in (20),
Rodrigues’ rotation formula (see section 2.1) implies

R, —-(R3,)" , R7,—-(R],)"

T 1,n 1,n

Ao o YT _ — D7
R Ax(B5 ) Ro, = Rovg G (Ru(RE,) o ~ 2sin(An(RS,)

= Ax(E7,),

where we once again have used the invariance of rotation angles under conjugation. It

remains to show that the top right term of the matrix in (20) is equal to Tran(E{ ).

— 2
Recall (4), and let £ := (I3 — Ry, )Ax(E] ) + (I3 + Ax(E{ ) ) An(E{ ). We have

R,, Tran(ES,) — Ry, Ax(E3 ) RY, p,,
= Ro,[(Is — RS ) AX(E3 ) + (s + Ax(B3,) ) An(E,)]~'pg, — AX(ET,)ps,
— Ro,[RY, (s — RY )AX(ET,) R, + R, (s + AX(ET ) )Ro, An(E7,)]”'p5.
— Ax(E{ ,,)po,
= Ry, [Is + (RT,6 — RT) R,,] ™' g, — Ax(E],)po,
— [Is + R, (RT,E = BT )| ™" RovpS, — Ax(EL ) p0,
=€¢'R,, (Rgopal + 3 Ro,Ro, Rp> — Ax(E],)po,

k=2
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= §_1 <R(177np<71 + Z RU1 RU2 T R0k1p0k> - AX(E(ly7n)p<71
k=2

=& ' (RY,po, + DT, — Poy) — AX(ET ) Do,
= Tran( (lT,n) +5_1( (lT,n - I3)p<71 - AX(E(lj7n)pU17

where the fourth equality follows from the fact that P(I3 + QP)~! = (I3 + PQ)~'P
for any P,Q € R3*3 such that (I3 + PQ), (I3 + QP) are invertible. Invertibility of the
appropriate matrices follows from well-posedness of (4) [30]. To conclude, we show

that £ '(RY,, — I3)ps, — mpgl = 03. We utilize the following identities [30,
Lemma 2.3 for any w € R3, we have ©° = ww” — |w|Is and ©° = —|w|?*®. By
assumption, An(R7,,) # 0, and thus Ax(E7, ) has unit norm. We have

(Rflf,n - 13)p01 - §AX(E(1T,n)p01

2 3

= RT,, — B)po, — [(Is —R7,)AX(ET ) + (Ax(ET,) + Ax(E7,,) ) An(ET,)]po,

= (R(]in - I3)p01 - [('[3 - in)(AX( (IT,n) AX( (]in)T - I3)]pl71

= (R(lT,n - 13)p01 - (R(lT,n - 13)p01 = 03,

where the last equality follows from the identity RY ,, Ax(E] ) = Ax(E{ ). O
Proof of Theorem 3. For any cycle & on the graph G with ¢ ~ o, either EJ | =
E7 ., or there exist k € {1,...,n—2} and a sequence of cycles o', 0%, ..., o such that

(24) o~ct~0?~. i ~oF~s,

E3, = Efm Egﬁ =E],, and Eg]1 = E‘fj,:l for all j € {1,...,k—1}. Thus, it suffices
to show that for any i € {1,...,n}, CY = (CZ.);, where

n—i+2
. /(RS .\T _l(n RS T) p3 . _ o
i+1,1 ((D;’l) " ( 211) R (YD R 2
(Clew)i = ’
A (Rg,l)T _%" (R2.1)TP3 4 ——
ifi=1.
of 1

We remark that the expression for (CZ,,); is analogous to Definition 1, with the
quantities associated with EJ ; substituted for those of E7, . If this relation holds,
then an induction step using the sequence of cycles in (24) proves the theorem.

If An(ET,)) =0, then C7 = I = (CY,,)i for all i € {1,...,n}, and the statement
is trivial. Assume An(E7,) # 0. Define (C%.)i = ((R%uy)is (PTew)i), and assume
the conditions of the theorem. Recall that the action of a rotation matrix on a vector
which is aligned with its axis of rotation is trivial. Since Ax(E;,_;) Tran(E{, ;) = 03
for alli e {1,...,n} by assumption, we have / /

V(R )T Tran(EJ, ;) = Tran(E{, ;) for any i€ {1,...,n}.

ii—1 ii—1 ii—1

Further, results from [30, Chapters 2-3] state the following: if £ = (R,p) € SE(3)

—

such that Ax(F) Tran(E) = 03, then p = An(F) Tran(F), and thus

b ([ T ]) <[ & Ao |
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It follows that

n—i+1

o o A gy 1 ( s RU T) g o —

Oi = Ei—f—lm l (Ojl,m) n ( 1’n:3 Pin ] (Ei—f—lm) !
3

n—i+1
_mr | BT —E(YRE)T) T An(BT,) Tran(E],) | (e )
i+1,n ®T i+1n

3
n g T _l [ea o
=E? l (RLn) nAn(El,n) Tra’n(El,n) ] ( o ),1

i+1,n Ogﬂ i+1n
_ o 1 o Im o —1
= Ei+1,n eXp <_; An( 17n)|: Tran(Ein) ( z‘+1,n) .

Applying Lemma 9, we have
o 1 o l_*A’X‘(—iT o —1
Ei+1,n eXp <_ﬁ An(El,n)[ Tran(E‘in) (Ei+l,77,)

_ o 1 o m —1 o —1
= Ez‘+1,n exXp <_E An(El,n)Em |: Tran(E;l) Eol (Ei+1,n)

— E° A/ (R31)T  —An(ES,) Tran(ES ;) o -1
1,1 . (Efi11)

3

i 1 oo AXESD) TN e
= Ei+l,1 exXp <__AD(E2.1)[ Trarg(]iziglz) ]) (Ei+1,1) !

T
3
o 1 o o2
— E° A (RQ,l)T ~n ( (R2,1)T) P31 (E7 )—1
i+1,1 T i+1,1
03 1

:( gcw)i'
To see the last equality for the case when ¢ = 1, we simply note that
o 1 o 12
=EJ, l Y (R271)T —n (" (R2,1)T> P31 ] (Egl)*l
. T 1 .
3
P 1 p n—i+2
_ l \ (RQ,l)T —n (" (R2,1)T) P31 ]’
1

03

since Ax(E7 ;) is aligned with pg; = An(EJ ;) Tran(EJ ;) by assumption. 0

We will need the following result for the proof of Theorem 4.

LEMMA 10 (rotational optimality). Let R € SO(3). A global minimizer of the
optimization problem

minimize  An(R;)? + An(Rs)?
subject to Ri1Rs = R,
Ry, Rs € SO(?)),

is given by Ry = Ry = R, where R is such that RR = R and An(R) = 1 An(R).
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Similarly, if p € R3, then a global minimizer of the optimization problem
I + [lp2?
subject to  p; +p2 =D,

minimize |p1

P1,P2 ER37

is given by p1 = p2 = p/2.

Proof. Let Ri, Ry € SO(3) such that RiRy = R. It is trivial to show that if
both An(Ry) > An(R) and An(R3) > An(R), then Ry, Ry are not optimal (compare
this to the case where Ry = Ry = 1:2) Therefore, assume without loss of generality
that An(R;) < An(R). A consequence of the triangle inequality for the distance (6)
implies that An(R;) + An(R3) > An(R) = An(R;) + (An(R) — An(Ry)), and thus
An(R3) = (An(R) — An(R;)). We then have

An(R;)? + An(R2)? = An(R;)? + (An(R) — An(R,))?

_ G An(R) - 5)2 + (% An(R) + 5)2
> 5 (An(m)*,

where § = 3 An(R) — An(R;). Notice that 2An(R)? = 2 An(R)?. Therefore, Ry =
R, = R is a global minimizer of the specified optimization.

The proof of the translational case is analogous. a

Proof of Theorem 4. Both optimizations (9) and (10) are feasible, as C7 is a
feasible solution (Theorem 2).

Case 1 (rotation). Assume FE; = (R;,03) for all i € {1,...,n}, and suppose that
C1,Cs,...,C, is a global minimizer of (9) (such a global minimizer exists by com-
pactness of SO(3)™). We prove the statement by showing that C; must be equal
to C7 for all ¢ € {1,...,n}. We can apply a similarity transformation to each C;
for i € {1,...,n} to obtain a new set of matrices (Cy, )snit; (Coy )shifts - - - s (Cor,, )shift
that satisty E,, Co, Es,Co, - Ey, Cy, = Eg)n(cgl )Shift(CO-Z )Shift S (an )Shift. The
value of the cost function of (9) with respect to (C1)shift, (C2)shitt, - - -, (Cn)shie 18
the same as the cost function with respect to C1,Cs,...,Cp; ie., D7, d(Ci, I4)? =
S d(Ci)shite, 14)?. Indeed, if C = (R¢,03),E = (R,03) € SE(3) are arbi-
trary matrices of pure rotation, then EC;E~! = (RRcRT,03) and thus d(C;, I;) =
d(EC; E~1, I,) since rotation angles are invariant under conjugation.

By assumption of feasibility, (Co, Jenite(Cor, )atite - -+ (Cor Jeite = (ES,.) ", which
is a matrix of pure rotation. We deduce that for the solution Ci,Cs,...,C), to be
optirnal, An ((Cl)shift) = An((C’z)Shi&) = s = An((C’n)Shi&). Indeed, if this were
not so, there would exist indices 4,7 + 1 such that An ((Cy, )snire) # An((Co,,, )shitt )
and according to Lemma 10 we could lower the cost function by finding a matrix C'
that satisfies the equation CC = (Cy, )shitt (Co,, , )shire and redefining our corrections
accordingly. Further, a consequence of the triangle inequality tells us that in order
to satisfy (Coy,)snift (Coy )shift - - - (Co,, )shitt = (E‘in)fl, where all of our corrections
are pure rotations, we must have Y. ; An((C;)shire) = An(E7,). These properties
allow us to deduce (Cy, )shire = (C%,): for all i € {1,...,n}, as this is the only choice
such that An((cl)shift) = An((CQ)Shift) = = An((Cn)Shift) = (1/7’L) An(Ein) (the
invariance property of Theorem 3 holds in this setting). It follows that C; = C? for
all i e {1,...,n} as desired.
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Case 11 (translation). Now assume E; = (I3,p;) for all i € {1,...,n}. A global
minimizer of (10) exists by the following logic: if Cost(C?) denotes the cost of C7, then
the minimizer of (10) over the compact set consisting of pure translational correction
matrices with translational components having norm less than or equal to Cost(C7)
is a global minimizer, since any solution outside of this set has a cost larger than
Cost(C7). Suppose that Cy,Cs, ..., C, is such a minimizer. We prove the statement
by showing that C; must be equal to C¢ for all i € {1,...,n}. Notice that any C;
remains unchanged under similarity transformation by any composition of E;’s:

-l tho(we a4 7]

Therefore, we have E,, Cy, E;,Cy, -+ Ey, Co, = E‘inCQ71 Cy, -+ Cy,, . By assumption
of optimality, we deduce that An(Cy) = An(Cs) = --- = An(C),). Indeed, if this were
not the case, then there would exist indices #,% 4 1 such that An(Cy,) # An(Cs,,, ),
and thus by Lemma 10 we could lower the cost function by replacing p,, and po,,,
with (po, +Po,,,)/2. Further, by the triangle inequality, we must have Y, ; An(C;) >
An(ET ). It follows that choosing C,, = (Cg, )i for alli € {1,...,n} is optimal, since
this is the only choice such that ||p1| = [lp2| = - -+ = ||pn| = =|P{,,[ (the invariance
property of Theorem 3 holds). It follows that C; = C? for all i € {1,...,n}. 0

Appendix B. Proof of Theorem 8. In this appendix, we assume the prob-
lem setup and notation of sections 5 and 6. We also make use of the bi-invariant
Riemannian metric on SO(3) obtained by projection of the metric (5); i.e., at any
R € SO(3), we adopt® the inner product (-, ->g : TrSO(3) x TrRSO(3) — R defined by
(Rb, R)r = vTw and the associated geodesic distance function d : SO(3) x SO(3) —
[0,7] defined by d(Ri, R2) = An(RTR). This metric extends to SO(3)" in a
natural way: for each R = (Ry,Ra,...,R,) € SO(3)", define the inner product
(yor : TRSO(B)™ x TRrSO(3)™ — R with the rule

((RiB1, RaDa, ..., RpDy), (Ra1, Ry, ..., Rnn)yr = ) [(Ridi, Rii),

=1

In accordance with notation of section 6, given a semicycle o, a vector R := (R, Ra,
...,Ry) € SO(3)", and a vector p = (p1,p2,...,pn) € R3", let Ry = Ry, Roy -+
ma and p, be defined as the translational component of B, E,,  -- -EU, where
E; = (R;,p;) for each i € {1,...,n}. For convenience, we also define the set U :=
{Re SO(3)" | An(R,) = 7 for some o € L#(G)}. Since |L¢(G)] is finite, it is trivial
to show that the set U is closed in SO(3)™: if R ¢ U, then there exists a neighborhood
that is not contained in U. Therefore, the notion of a derivative is well defined at
points in the open set SO(3)"\U.

For a semicycle o, define the map €X' : SO(3)"\U — [0, ) by the rule eX**(R) =
An(R,). Further, given a vector R € SO(3)", we define the map e/4 : R*" — R by
the rule e (p) = |po|. We write (e;°*)?, (e2%}')? to denote the maps R — (e)**(R))?
and p — (eff)“ﬁ (p))?, respectively. We proceed with a few useful results.

LemMA 11 (differentiability). The maps (e;**)* and (eff3)* are differentiable.

o

Proof. The mapping ey is linear, and thus it is clear that (eff3')? is differentia-

ble. Let R = (R, Ra, ..., R,) € SO(3)"\U. Since (e:°")?(R) is the squared rotation

5Without loss of generality we take o = 1.
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angle of a composition of rotations, differentiability is clear at any point such that
R, # I3. Suppose R, = I3, and let w = (w1,ws,...,w,) € R3. Let § > 0 be small
and define a curve v : (—=4,0) — SO(3)" b

~(t) = (Ry exp(t1), Ra exp(tW2), . .., Ry exp(tly,)).

Notice that Cfi—z li—o= (R101, RoWo, ..., R,W,), and thus it suffices to show that
a

L (e")2(v(:)) |¢=0 is well defined for any choice of the vector w. We have

2
N a N a 2N a
(e;()t)z(W(t)) = An (Rm eXp(twm) R<72 exp(thz) T RU\G\ exp(twalal) ) :
By appropriate conjugations of the exponential terms, one obtains

(€°9)2(4(£)) = An (Ry exp(tD,) exp(tia,) - - - exp(tDs,))” s

where v,, € R3, |vy, | = |wo,| for all i € {1,...,|o|} (by invariance of rotation angles
under conjugation). For ¢ > 0 sufficiently small, by the triangle inequality we have

(€°1)2(4()) = An (Ry exp(tD,) exp(tia,) - - - exp(tDs, )
< (An(R,) +to])? = O(t?)  ast — 0,

since An(R,) = 0 by assumption. It follows that 4 (e2°*)2(y(+)) |i=o= limy—,0 TO(t?) =
0. The statement of Lemma 11 follows. O

LEMMA 12 (gradient behavior). Let R = (Ry,Ra,...,R,) € SO3)"\U and
p = (p1,p2,...,pn) € R3". The gradient

V(e ) (R) = (V(ex" ) (R)1, (Ve ) (R))z2. - ... (V(e")*(R))n) € TRSO(3)"

g
is given by

(Ve () = {: 2RANRAN ) W EiE o

04 otherwise,

where j(o,i) is the inder such that o, = 4. If, in addition, R, = I3, then
Vieg#)?(p) = ((V(e ?%])2(29))17---7(V(€2%‘)Q(P)) ) € R3" is given by

ran —2R;|ps|| Tran(C’UU a) if & € o,
(Ve o) = { > |
03 otherwise.

Proof. The vectors V(e,*")*(R) and V(el'%')?(p) exist by Lemma 11. Let i €
{1,...,n}. If&; ¢ o, it is trivial to show that (V(e ff‘}{‘)2( )i = 03 and (V(el°*)%(R)); =
63 Thus, in what follows assume that & € 0. We break the proof into two parts.

Part 1 (gradient of (e:°*)?). If An(R,) = 0, then R is a local minimizer of et
and thus the statement about V(eX*)? is clear. Assume An(R,) # 0, let § > 0 be
small, and define v : (=4,8) — SO(3)l?! by

y(t) = (RU1 exp (—t|a|_%m> sy Rop, €xp ( tlo|” 2@)) .

It is easily verified that 9% =0 = (o~ 2R01AX(C‘7) S —lo|~ 2Rg| lAT\ and
has unit magnitude Wlth respect to the natural metrlc associated with tLe inner
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product defined on TrSO(3)I?l. We now calculate the derivative in the direction of
ili_z|t=0- For ¢t > 0 small we have

() (v(1)

= An (Rgl exp (—t|0|_%m>

(e

o\ 2
Ry, exp (—t|a|—%Ax(—tq<;|)) )

— An (Ryexp (—tlo| S ((CEnI0 ) exp (~tlol 4 Ax (Cga) ) -

By construction, Ax ((C’EA)Z) = — Ax(R,) for every i such that & € o, and thus for t >
0 sufficiently small, (eX°%)?(v(t )) (A ( o)+ ty/|o])? and thus E(e“’t)2( (D=0 =
limy0 1 (An(R,) + ty/]o])? — 2«/|0 | An(R,). From the manipulations

above, it is also clear that for any other curve 7 (— 5 §) — SO(3)l°l with a de-
rivative of unit magnitude at ¢ = 0, if & T li=0 # dt L |,_o, then £ (e2°)2(5(")) |¢—o <

4 (er°%)2(7(-)) [1—o. Indeed, using similar manipulations and letting ¢ > 0 be small, we

find (eX*)%(3(t)) = An(Rg]:Z)2 for some R € SO(3) with an axis of rotation that does
not point in the same direction as Ax(R,), and thus An(R,R)? < (An(R,) + t</o)?.
By definition of the gradient we have (V(eI°*)?(R)); = —2R; An(R, )AX(C (o 1))

Part 11 (gradient of (e trE’”“) ). For this part of the proof, we assume that R, = I3.
If |po| = 0, then Tran(CY) = 03, and since p is a local minimizer of the function
ey, the statement about V(ef%')? holds. Assume |po| # 0. Then, Cf represents
pure translation for each 4, and thus by (4) the vector Tran(CY) is a unit vector that
points in the direction of the translational component of C'Y. Similarly to the rotation
case, for some small § > 0 we define a curve v : (—6,6) — R3% by v(t) = (ps, —
t|lo| "2 Ry, Tran(CY), ... s Do) — t|cr|*%ng Tran(C" )). We now find the derivative

lo]
of (ef3)? in the direction ‘;—’t’ lt=0. Let ¢t > 0 be small. Note that for any choice of i
such that &; € o, we have

(25)
Ry, po, —tlo| 2Ry, Tran(CY) | _ [ Roi po, Iy —tlo| 2 Tran(C?)
of 1 ol 1 0T 1 ’

and thus finding the value of (e trE"’“)z(’y(t)) is equivalent to finding the squared norm
of the translational component of the composition

Edléf EU2OQU o 'Ed\g\éﬁq = E01E<72J o 0\ | (OEA) (CEA)Q e (é}%A)ld\v

where C7 := (I3, —t|o| 2 Tran(C?)), (CG )i := (Is, —t|o| 2 Tran((Cg,)i)) € SE(3).
By construction, Tran((Cg,)i) = —pe/||Ps]l; thus

2
p 1
po +14/|o] = (Ipo| +tlo|2)?,

g
Ipo|

(egi)*(v(1) =

and

4
dt

ran 1
(eo®)* ()| = lim —(Ipo |l + ¢/ ]o])* = lIpo[* = 2v/]ollpo

t=0

By arguments similar to those in the rotation case, we can argue that for any other
curve 7 : (=4,6) — RI°I" with a derivative of unit magnitude at t = 0, if 2 |,_o#
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4 |,2o, then L (e am)2(3(4) li=o < #(e4)2(v(+)) li=o- Thus we have deduced that

(V(ez®)*(p))i = —2Ri|lps | Tran(CF, ;). O

We are now poised to complete the proof of Theorem 8.

Proof of Theorem 8. We consider two cases.

Cuse 1 (there exists o € L¢(G) such that R, # I3). In this setting, any solution
to the equal angle flow with given initial measurements will not reach a configuration
in which R, = I3 for all 0 € £4(G) in finite time, since the derivatives of all R;
asymptotically approach 0 as the system approaches any such configuration. As such,
the translational component of any solution will be constant, and thus we need only
study the evolution of the rotational components for a complete understanding of the
solution curves. Consider the candidate Lyapunov function V' : SO(3)"\U — Rx¢
given by

V(R) =) — (In(z?) — In (7* — (eX’")*(R))) .

Note that this function is differentiable as it is the composition of differentiable func-
tions (Lemma 11) and that V(R) — o0 as R — U. Differentiating termwise and using
Lemma 12,

and thus we have

An(R,)
o1 = An(R, P)

(VV(R)i = —2R; ). Ax(C9, ),

O'GL‘,f (G
5i€0'

where i € {1,...,n}. It follows that under the equal angle flow, Rl, e R, is always
in the direction of the negative gradient of the function V. Thus, if a solution exists,
it would have the property that (VV(R), R)r < 0 for all time ¢t > 0. Since V — o as
R — U, it follows that any solution lies entirely in a compact set which is disjoint from
U. The vector field in Definition 7 is easily shown to be locally Lipschitz continuous,
as it is the composition of locally Lipschitz continuous mappings, and thus existence
and uniqueness of solutions to the equal angle flow follow immediately (see, e.g., [1,
Chapter 4]). Invoking Lasalle’s invariance principle (see, e.g., [12, Chapter 6]), we
conclude that solution curves will converge to a set such that (VV(R), R)r = 0 (or,
equivalently, the set where VV (R) vanishes).

To complete the proof, we note that, through our construction of the set £;(G),
each semicycle o contains at least one edge that is not contained in any of the other
semicycles. It follows that VV(R) does not vanish unless An (R,) = 0 for all o €
L(G). We conclude that under the equal angle flow, we obtain convergence to a set
of rotations such that R, = I3 for all 0 € L¢(G).

Case I1 (R, # I3 for allo € L;(G)). We now assume that the nominal mea-

g

surements have the additional property that E,, (O)JEU2 0) - Eq, (0)J represents
pure translation for all o € L;(G). In this setting, the rotational component of any
solution to the equal angle flow will remain constant for all time, and thus R remains
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fixed. Assume p(t) == (p1(¢),...,pn(t)), where p(0) is equal to our nominal translation
measurements, and define the candidate Lyapunov function V : R3" — R~ by

Vip) =Y ﬁ(e:%)%p).

O'E[,f (G)

Note that V is differentiable (Lemma 11). From Lemma 12, we have

1 ran Po P
V= ¥ e - -2k Y Pty ,),
o€l (G) o€l (G)
Ei€o Ei€o

where i € {1,...,n}. Under the equal angle flow, p is in the direction of —VV(p).
Thus, we have (VV(p))Tp(t) < 0 for all time ¢ > 0. Using the same argument as
in the rotational case, we conclude that there exists a well-defined, unique solution
R>o 3 t = (Ei(t), Ex(t),..., En(t)). Since VV(p) # 03, unless p, = 03 for all
o € L#(G), the statement follows once again by Lasalle’s invariance principle. d
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