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Abstract—This paper investigates the localization problem of
a network in 2-D and 3-D spaces given the positions of anchor
nodes in a global frame and inter-node relative measurements
in local coordinate frames. It is assumed that the local frames
of different nodes have different unknown orientations. First,
an angle-displacement rigidity theory is developed, which can
be used to localize all the free nodes by the known positions
of the anchor nodes and local relative measurements (local
relative position, distance, local relative bearing, angle, or ratio-
of-distance measurements). Then, necessary and sufficient con-
ditions for network localizability are given. Finally, a distributed
network localization protocol is proposed, which can globally
estimate the locations of all the free nodes of a network if
the network is infinitesimally angle-displacement rigid. The
proposed method unifies local-relative-position-based, distance-
based, local-relative-bearing-based, angle-based, and ratio-of-
distance-based distributed network localization approaches. The
novelty of this work is that the proposed method can be applied
in both generic and non-generic configurations with an unknown
global coordinate frame in both 2-D and 3-D spaces.

Index Terms—Angle-displacement rigidity theory, unknown
local frames, non-generic configuration, local relative measure-
ment, distributed localization, 2-D and 3-D spaces.

I. INTRODUCTION

OCALIZATION is a prerequisite for large range of

applications in target searching, obstacle avoidance, and
formation control [1], [2]. Network localization studies how
to localize a network given the positions of anchor nodes
and inter-node relative measurements. Compared with cen-
tralized network localization, distributed network localization
can reduce the network resource consumption. The existing
distributed network localization algorithms, based on differ-
ent kinds of measurements, can be divided into four cate-
gories: relative-position-based [3], [4], distance-based [5], [6],
bearing-based [7], [8], and angle-based [9].

There are two fundamental problems in network localiza-
tion: network localizability and distributed localization proto-
cols. The necessary and sufficient conditions for localizability
of a network have been studied by many researchers. For
the relative-position-based localization in 2-D space [4], a
network is localizable if and only if every free node is 2-
reachable from the set of anchor nodes. Similar results have
been shown in the distance-based localization [5], where a
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network expressed by the barycentric coordinate is localizable
if and only if every free node has at least three disjoint paths
in 2-D space from the set of anchor nodes. The localizability
of bearing-based localization depends on the bearing rigidity
theory [7]. A bearing-based network is localizable in arbitrary
dimensional spaces if and only if every infinitesimal bearing
motion involves at least one anchor node. For the angle-based
localization, a network is angle localizable in 2-D space if
and only if it is angle fixable and anchors are not colinear
[©]. It should be noted that different localizability conditions
are proposed for different relative measurements. A general
condition for 2-D and 3-D network localizability for different
local relative measurements is still lacking.

If a network is localizable, the corresponding relative-
position-based, distance-based, bearing-based, or angle-based
distributed protocols can globally estimate a network. How-
ever, there are limitations in the existing distributed protocols.
The disadvantage of relative-position-based and bearing-based
distributed localization is the requirement of the global coor-
dinate frame. To address this issue, the first way to recover the
true configuration is to construct a similar configuration [4],
[10], which is only applicable to 2-D space. The second way
is to align the orientations of each local frame with the global
frame by using local relative bearing measurements [ []-[13],
but the orientation alignment errors along the sequence of
propagation may be accumulated. The third way is to estimate
the orientation of each local frame, but it requires additional
relative orientation measurements [8].

Compared with relative-position-based and bearing-based
distributed localization, the distance-based and angle-based
distributed localization do not need the global coordinate
frame. But the distance-based distributed network localization
is only applicable to a generic configuration [5], [0], e.g., any
three nodes are not on the same line in 2-D space and any four
nodes are not on the same plane in 3-D space. For the angle-
based network localization [9], [14], [15], to the best of our
knowledge, there is no such known result for the localizability
and distributed protocols of angle-based networks in 3-D
space. The works in [9], [14], [15] are applied to a 2-D angle-
based network localization problem. In addition, the unknown
free nodes in [9] are localized one by one, i.e., the distributed
algorithm works in a step-by-step iterative way. Moreover, for
the recently developed ratio-of-distance rigidity theory [16],
there is no corresponding network localization method.

In this paper, we aim to propose a unified approach which
not only can be applied to distributed network localization with
local relative measurements (local relative position, distance,
local relative bearing, angle and ratio-of-distance measure-



TABLE I: Comparison with existing distributed network localization methods.

Approaches References Measurements Limitations Advantages of our method
Angle-based [9] Angle 2-D space 3-D space
Bearing-based [7] Relative bearing Known global coordinate frame Unknown global coordinate frame
Bearing-based [10] Local relative bearing 2-D space 3-D space

Distance-based [5], [6] Relative distance

Generic configuration Non-generic configuration

Relative-position-based [3], [17]
Relative-position-based [4]

Relative position
Local relative position

Known global coordinate frame
2-D space, generic configuration

Unknown global coordinate frame
3-D space, non-generic configuration

Ratio-of-distance-based — Ratio-of-distance

- Solved in our work

—: To the best of our knowledge, there exists no result for the localizability and distributed protocols of ratio-of-distance-based networks.

Compared with the distance-based localization protocol in [

ments), but also has advantages over the existing distributed
network localization methods. The novelty of this work is
that the proposed method can be applied in both generic and
non-generic configurations with an unknown global coordinate
frame in both 2-D and 3-D spaces. The comparison with
existing distributed network localization methods is given in
Table I. The main contributions of this work are summarized
below.

1) An angle-displacement rigidity theory is proposed to
determine whether a set of angle and displacement con-
straints can uniquely characterize a network in 3-D space
up to directly similar transformation, i.e., translation,
rotation, and scaling.

2) Based on the angle-displacement rigidity theory and an
angle-displacement information matrix, we provide nec-
essary and sufficient conditions for network localizability.

3) A distributed network localization protocol is proposed,
which can globally estimate the locations of all free
nodes of a network if the network is infinitesimally angle-
displacement rigid.

The remainder of this paper is organized as follows. Section
II provides preliminaries and introduces how to establish the
direct similarity of two networks by using angle and dis-
placement constraints. An angle-displacement rigidity theory
is presented in Section III. Section IV formulates the problem
of displacement-constraint-based network localization, where
the network localizability is analyzed. A distributed network
localization protocol is presented in Section V. Section VI
provides the details of simulation. Section VII ends this paper
with conclusions and recommendations for future work.

II. PRELIMINARIES
A. Notations

The set of real numbers and real matrices are denoted by
R and R™*", respectively. We use Null( - ), dim( - ), Span(-),
| - |, and Rank( - ) to represent the null space, dimension, span,
cardinality, and rank of a matrix. || - || is the Euclidean norm
of a vector or the spectral norm of a matrix. det(-) is the
determinant of a square matrix. Denote ® as the Kronecker
product. I stands for the identity matrix of dimension d x
d, and 1, and 04 the d-dimensional column vectors with all
entries equal to 1 and 0, respectively. An undirected graph
is denoted by G = {V, &} consisting of a non-empty node
set V = {1,--- ,n} and an undirected edge set £ C V x V.

], the proposed method requires fewer communication channels.
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Fig. 1: Illustration of the angle constraints in Lemma 1 and
Theorem 1.

(i,4) € € is an undirected edge. x is a complete graph with
n nodes.

B. Sensor Measurements

The nodes in a network are divided into two categories: 1)
anchor nodes whose positions are known; 2) free nodes whose
positions need to be determined. Let X, be a common global
coordinate frame in R3. Bach node i (including both anchor
node and free node) holds an unknown fixed local coordinate
frame %;. Define Q € SO(3) as the 3-dimensional rotation
matrix, where SO(3) = {Q € R*3 : QTQ = QQT =
I3, det(Q) = 1}. Let @; be the unknown rotation matrix from
¥; to ;. Denote p;, p; € R? as the positions of node ¢ and
node j in X,. Define

€ij =Dj—Pi = Qie;‘j; 9ij = 7Tz = Qigﬁj, eij = dijg§j7
ij

| (1)

where e;; € R? is the relative position in %,. e;; is the local

relative position in ¥;. g;; € R? is the relative bearing of p;

with respect to p; in X,. g;; 1s the local version of relative

bearing in ¥;. d;; = ||p; — p;]| € R is the distance between
de i and node j. g7 gir, = gt gt is the angle b d

node 7 and node j. g;;9i = g;; ;). is the angle between edges

e;; and e;;,. Next, we will introduce two kinds of constraints
in a network: angle constraint and displacement constraint.

C. Angle Constraint

In this subsection, we will show that the angle constraints
can be described by a group of parameters.



Lemma 1. For any three different nodes p;, p;, pr in R3 shown
in Fig. 1, there exist parameters w;k, Wk;, Wij, Wji, Wik, Wkj €
R such that

T T

W;ik€;j1,€i5 + Wriekerj = 0, 2
T T

Wij€i;Cik + Wji€ €5k = 0, 3)
T T, _

Wjike i + Wijegeri =0, 4

with w3, + wy; # 0, wi; +w3; # 0, and w3, + wi,; # 0.

Proof. Denote the angles between e;; and e;;, ej; and eji,
er; and eg; by 6;,6;,0, € [0,7], respectively. Note that
eg;ceij = d;d;; cos 0; and e{iekj = d;d;y, cos . To ensure
wikeﬁeij +wkie£iekj =0 and wfk +w,€i # 0, the parameters
w;t and wy; can be designed as

-1

_ _ T T
Wik = —7—, Wki = =T €;1,€ijs €iChj 7 0,

eipeij’ €;Ckj’
wig = L wg; =0, 631;%‘ = angﬁk’j # 0,
wig = 0, wg; = 1, eﬂeij # 0, egiekj =0,
wir = 1, wg; = 1, ez;ceij = 0,e£iekj =0.
(5)
Similarly, the parameters w;;, w;;, W;x, Wk; in (3) and (4)
can also be designed. [

Definition 1. (Angle Constraint) Equations (2), (3), and (4)
are formally defined as angle constraints for the nodes 4, j, k
w.r.t. edges (i,7), (¢, k), (4, k).

Remark 1. In network localization, the angle constraints are
only constructed among the anchor nodes by the known anchor
positions. If there is an undirected edge between anchor node
1 and anchor node j, their known positions are shared by
communication, i.e., e;; = p; —p; is available for the anchor
nodes i, j. Hence, for the known anchor nodes ¢, 5, k w.r.t.
undirected edges (7,7), (3, k), (4, k), €ij, €k, ;5 are available
for the anchor nodes i,j,k and their corresponding angle
constraints (2)-(4) can be constructed by (5).

Theorem 1. (Property of Angle Constraint) For any three dif-
ferent nodes p;,p;, py, in R3 shown in Fig. 1, denote the angles
between e;; and e;y, ej; and ey, ey; and ey by 0;,0;,0) €
[0, 7], respectively. The angles 0;,0;,0, € [0,7] are deter-
mined uniquely by the parameters Wi, Wi, Wij, Wji, Wik, Wi
in the angle constraints (2)-(4).

The proof of Theorem 1 is given in [19]. Note that
Lemma 1 and Theorem 1 are also applicable to the case that
Di, Pj, Pk are on a line. Next, we will discuss the construction
of displacement constraint based on different local relative
measurements (local relative position, distance, local relative
bearing, angle, or ratio-of-distance measurements).

D. Displacement Constraint
Before exploring the displacement constraint, the following
assumption is given.

Assumption 1. No two nodes are collocated in R3. For the
five nodes i, j, k, h,l, node i is the common neighboring node

of nodes j, k,h,l.

For the node i and its neighbors j,k,h,l in R3, the
matrix E;, = (ei;, €k, €in,€i1) € R3** is a wide matrix.

Fig. 2: Two similar quadrilaterals. The network <;;xx(p) can
be obtained by rotating <>;;xx(q) around Y-axis by an angle

™
P

From the matrix theory, there exists a non-zero vector p; =
(Mij7ﬂiku ,uih,,uil)T € R* such that FEiu; =0, ie.,

Hij€ij + Mik€ik + Hin€in + i€y = 0, (6)
where pif; + p + pi, + pi # 0.

Definition 2. (Displacement Constraint) Equation (6) is
formally defined as a displacement constraint for node 7 w.r.t.

edges (i,7), (i, k), (¢, h), (i,1).

Next, we will obtain the parameters ji;;, fik, fin, [i 1D
(6) by using local relative position measurements. Denote
€ij» €k Cipy € AS the local relat1v¢ positions measured by
node i in 3. Slnce eij = Qiel e = Qiely,eimn =
Qiejy, ei = Qiejy, (6) becomes

Mg
ik
Hin
Hit

Note that Q7' Q; = I3. Although the rotation matrix Q; is
unknown, the non-zero vector (i, fhik, fin, ttir)~ in (7) can
be obtained by solving an equivalent equation of (7) shown as

Qilel; e e e =0. 7

[eéj ety el eﬁl] =0. (8)

In a local-relative-position-based network in R® under
Assumption 1, let Xg = {(i,5,k,h,l) € V° : (i,7), (i, k),
(i,h), (i,1) € €,j <k < h<l}. Each element of Xy can be
used to construct a local-relative-position-based displacement
constraint (6).

In addition, the displacement constraint (6) can also be
obtained by distance, local relative bearing, angle, or ratio-
of-distance measurements. The details are given in [19]. After
introducing the angle constraint and displacement constraint,
we are ready to establish the direct similarity of two networks
by using angle and displacement constraints.

E. Angle and Displacement Constraints based Similar Net-
works

Suppose that we aim to prove the direct similarity of two
quadrilaterals <;;xn(p) and <$ijkn(g) in R3 shown in Fig.



2, where p;,p;,pr,pr and ¢;,q;,qx,qn are on two different
planes, respectively. Denote by €},; = ¢i—qn, €}, = Gx—qn, €}, =
gj—qn. It is easy to prove that they are similar if the following
conditions (a)-(b) hold

@) phitingHink 7 0, phiehitiinjenjtinkent = 0, pniey;+
thelhj +pniey), =0;
(®) 0; = ¢4, 0 = 9j, Ok = i
From Theorem 1, we can know that the angles 0;, 8;, 0}, are
determined uniquely by the angle constraints (2)-(4). Hence,
two quadrilaterals <;;xn(p) and $ijkn(g) are similar if the
following conditions (a)-(e) hold

@) pni + png + prk # 0, Uni€ni + pnjen; + prkenk = 0,
Hhi€h; + Hnj€h; + Hnkely, = 03

(b) wireleij+wyiet en; =0, wikenge;j—l—wkie;ciTe%j:O;

(c) wije;fpjeik —l—wjieﬁejk =0, wije;»jTegk—&—wjie’jiTe;k =0;

(d) wjkekaeji—i—wkjef-eki:O, wjke;kTegi+wkje§€j e, =0;

(e) w? + w?, #0, wi; + w?i #0, w?k + wij # 0.

Remark 2. From Theorem 1, the conditions (b)-(e) are equiv-

alent to the conditions ¢; = ¢;, 0; = ¢;, O, = ¢i.

Note that pn;en; + pnjenj + pakenr = 0 is a displacement
constraint. wixey.eijHwiel er; =0, wijel;eptw;ie] e, =0,
and wjkeJTkejierkjefjem = 0 are three angle constraints.
Therefore, two quadrilaterals <;;x(p) and <$ijkn(g) are simi-
lar if a displacement constraint jin;€n; + fihjen; + pakent = 0
with pin; + ping + pnk 7 0 and three angle constraints (2)-(4)
for the nodes 14, j, k, h w.r.t. p are equal to those w.r.t. q.

In this paper, we are interested in generalizing the above
mentioned angle and displacement constraints in quadrilaterals
to a set of angle and displacement constraints in more general
networks in R3. The immediate question is whether a set of
angle and displacement constraints can uniquely characterize a
network up to directly similar transformations, i.e., translation,
rotation, and scaling. The following sections provide some
insights into this question.

III. ANGLE-DISPLACEMENT RIGIDITY THEORY

A network in R? is denoted by (G, p), where G = {V, €&}
is an undirected graph and p = (p¥,---  pI)T € R3" is a
configuration in G. Denote by |Xg| = mg (Xg is defined
in Section II-D and [19]). Let Tg = {(i,j, k) € V3
(1,7), (4, k), (4, k) € &4 < j <k} with |[Yg] = m,. In
this section, we focus on when the angle and displacement
constraints can uniquely characterize a network in R3. The
following function is first introduced.

For the angle constraints, the angle function Bv,(p)
R3" — R™" is defined as

By, (p)=(" )

where (i,7,k) € Tg, and w;y, wg; are obtained by (5) which
satisfy the condition w;,e}, e;j+wyief;ex; =0 with w?+w?,; #
0.

For the displacement constraints, the displacement function
Ly, (p) : R3 — R3™d ig defined as

Lag(p)=(---

T T
» Wik € Cij + WkiCliChj, **

) uueZ; +pike iyt ines, + ey, )", (10)

where (1, j, kJL,l) € Xg and pgje;5 + Mik€ik + Min€in +
paeq = 0 with pZ; + pd + pdy, + pg # 0.

Let T¢ = Yg U Xg and m = 3mg + m,. Combining
angle constraints and displacement constraints, the angle-
displacement function f7,(p) : R3" — R™ is defined as

f15(0) = (B1,(p), Lk, (o))" (11)

We are now ready to define the fundamental concepts in
angle-displacement rigidity theory. These concepts are defined
analogously to those in the distance rigidity theory [I&],
bearing rigidity theory [20], and angle rigidity theory [21],
[22]. Our proposed angle constraint w;xeh e;j+wyielex; =0
with w? + w?, # 0 contains the relationship between 6; and
0, which is different from the angle constraint gz; Gix = cosb;
in [21] that only contains angle information 6;. An advantage
of the proposed angle constraint is that it can be used for
analyzing the network localizability in 3-D space shown in
Section IV.

Remark 3. For two different configurations p and p’, their
corresponding parameters w;y, Wy; in (9) and fii;, fluk, fin, il
in (10) may be different. If the function f7,(-) in (11) is
customized for the configuration p, we have fr,(p) = 0, but
f75(p") may not be a zero vector. It is easy to prove that if
the configuration p’ satisfies p’ = s(I,, ® Q)p+ 1, @ t,s €
R\{0},Q € SO(3),t € R?, we have fr,(p’) = 0. In addition,
the reflection ambiguity [23] can be avoided by combining the
angle constraint and displacement constraint.

The angle-displacement rigidity matrix is defined as

R(p) = 9f15(p) c R™MX3n
dp

An angle-displacement infinitesimal motion is a motion

preserving the invariance of f7;(p). In other words, an angle-

displacement infinitesimal motion Jp satisfies R(p)dp = O.

Since puje;j + pikeik + fin€in + paeq = 0 and wipele;; +

wyiek.ex; = 0, the angle-displacement infinitesimal motions

preserving the invariance of f7;(p) include translations, rota-
tions and scalings.

(12)

Definition 3. An angle-displacement infinitesimal motion is
called trivial if it corresponds to a translation, a rotation and
a scaling of the entire network.

Definition 4. (Angle-displacement Equivalency and Con-
gruency) Let (k, p) be the complete network, where x is
the complete graph and R"(p) is the corresponding angle-
displacement rigidity matrix. Two networks (G, p) and (G, p’)
are angle-displacement equivalent if R(p)p’ = 0, and angle-
displacement congruent if R*(p)p’ = 0.

Definition 5. (Angle-displacement Rigidity) A network (G,
p) is angle-displacement rigid if there exists a constant € > 0
such that any network (G, p’) that is angle-displacement
equivalent to it and satisfies ||p — p’|| < € is also angle-
displacement congruent to it.

Definition 6. (Globally Angle-displacement Rigidity) A
network (G, p) is globally angle-displacement rigid if it is
angle-displacement congruent to any of its angle-displacement
equivalent networks.



A. Properties of Angle-displacement Rigidity

We next explore some important properties of angle-
displacement rigidity.

Definition 7. A network (G, p) is infinitesimally angle-

displacement rigid in R? if all the angle-displacement in-
o . .o Ofrg(p)
finitesimal motions satisfying 5y

dim(Null(R(p))) = 7.

6p = 0 are trivial, i.e.,

Lemma 2. The trivial motion space for angle-displacement
rigidity in R is S = S, U S, U S, where S; = {1,, ® I3} is
the space including all infinitesimal motions that correspond
to translational motions, S, = {(I, ® A)p, A+ AT =0,A ¢
R3*31 is the space including all infinitesimal motions that
correspond to rotational motions, and Ss = Span(p) is the
space including all infinitesimal motions that correspond to
scaling motions.

Proof. Let
77T _ O(pijeijHrineirHiin€intitir€ir)
d — dp )
T _ a(wq‘,kez;cez‘j"”wkiegiekj) (13)
777- - op 9

where 12" and n! are the rows of R(p). Then, we have

Na = [0,~tij—ir—in—it; 0, 1135, 0, f1ik, 0, pin, 0, g, 0] 7 @1.
(14)

0
2wirpi + (Wri — wik)p; —
0
(Wri — wik)pi + (Wix — Wi )Pk
0
—(wir + wii)pi + (Wi — Wri)Pj + 2WkiDk
0

(wik + Wi )P

Nr . (15)

Since i;5€i;+ fik€ik+ pin€in+ ey = 0 and wipele;; +
wkiefiekj = 0, for the scaling space S, it is straightforward
that ngp = 0 and n%p = 0. For the translation space S;, we
have 77 (1,, ® I3) = 0 and 5! (1,, ® I3) = 0. For the rotation
space S, = {(I, ® A)p, A+ AT =0, A € R3*3}, it follows
that 03 (I, ® A)p = A(pijeij + pin€ir + pinein + pia€i) = 0
and

777?(]71 & A)p
= wirpf (A + AT)pi+(wri —wir)p] (A+AT)p;
— (Wi +wii)pf (A+AT)pi + (wir —wri)pf, (A+ AT )p;
+wiipk (A+AT)ps, = 0.

(16)
Then, the conclusion follows. O

Theorem 2. (Property of Infinitesimally Angle-displacement
Rigid) Let v be a complete graph with n nodes. If a network
(k, p) is infinitesimally angle-displacement rigid in R®, then
F ) = {s(l ® Qp + 1, ® 5 € R\{0},Q €
SO(3),t € R3}, which is a T-dimensional manifold.

Proof. Forany q € ' (fu(p));q = s(I,@Q)p+1,®t,s €
R\{0},Q € SO(3),t € R3. From the chain rule, it yields

9fr(q) — Ofx(p) (ITL ® QT)

dq Osp (17)

Then, we have Rank(%{iq)) = Rank(%g’)(ln ®QT)) =
3n — 7. Since f. : R3 — RI7+l is a smooth mapping,
I (f<(p)) is a properly embedded manifold of dimension
3n—Bn—"T7)=T1. O

Lemma 3. A network (G, p) is globally angle-displacement
rigid if Null(R"(p)) = Null(R(p)).

Proof. From Definition 4, any network (G, p’) that is equiv-
alent to (G, p) satisfies R(p)p’ = 0. It then follows from
Null(R*(p)) = Null(R(p)) that R"(p)p’ = 0, which means
that (G, p) is also congruent to (G, p). From Definition 6, we
can know that (G, p) is globally angle-displacement rigid. [

Next, a relationship between infinitesimally angle-
displacement rigid and globally angle-displacement rigid is
given.

Theorem 3. If a network (G, p) is infinitesimally angle-
displacement rigid in R3, it is globally angle-displacement
rigid.

Proof. Similar to Lemma 2, it can be proved that Span{1,, ®
I3,p, (I, ® A)p, A + AT = 0,4 C R3*3} C Rank(R"(p)).
For any dp € Null(R"(p)), we have R"(p)(p + dp) =
0. Since graph 7Tg is a subgraph of graph 7, we have
R(p)(p + dp) = 0 and hence R(p)dp = 0. Then, we have
Null(R"®(p)) € Null(R(p)). Hence, Span{l,, ® Is,p, (I, ®
A)p, A+ AT =0, A CR3*3} C Null(R"(p)) C Null(R(p)).
If a network (G, p) is infinitesimally angle-displacement rigid,
we have Null(R(p)) = Span{1,, ® I3, p, (I, ® A)p, A+ AT =
0, A C R3*3}, which means that Null(R"(p)) = Null(R(p)).
From Lemma 3, we can know that (G, p) is globally angle-
displacement rigid. O

B. Analysis of Angle and Displacement Constraints from the
Angle-displacement Rigidity Theory

The angle-displacement rigidity matrix R(p) in (12) will
be used for analyzing the network localizability in Section
IV and designing distributed network localization protocols
in Section V. Hence, we need to construct an available
angle-displacement rigidity matrix R(p). For an angle con-
straint wikeg;ceij +wkie£iekj =0, its corresponding rows n?
of R(p) in (15) contain the position information p;, p;, p.
Since only the positions of the anchor nodes are known,
to obtain the angle-displacement rigidity matrix R(p), the
angle constraints can only be constructed among the anchor
nodes. The method to construct angle constraints among the
anchor nodes is shown in (5). For displacement constraint
Hij€ij + MikCik + Hin€in + paeq = 0, its corresponding row
n% of R(p) in (14) does not contain any position information.
Hence, the displacement constraints can be constructed among
all the nodes. As introduced in Section II-D and [19], the local
relative measurements (local relative position, distance, local
relative bearing, angle, or ratio-of-distance measurements) can
be used for constructing displacement constraints.

Remark 4. Note that there already exist some works on
rigidity theory with mixed types of geometric constraints [17],
[24]-[26]. The nonlinearity of the constraints in [24]-[26]



leads to relative-position-based distributed algorithms, which
are not applicable to bearing-only-based, angle-only-based,
distance-only-based, or ratio-of-distance-based distributed net-
work localization where the relative position measurements are
unavailable to each node. The rigidity theory in [17] can be
used for solving the relative-position-based distributed network
localization problem, but it needs global coordinate frame. The
local-relative-position-based distributed network localization
problem is not solved in [17].

IV. ANGLE-DISPLACEMENT RIGIDITY THEORY BASED
NETWORK LOCALIZABILITY

Denote V, = {1,---,n,} as the anchor nodes set with
[Va| = na, whose positions, denoted by p, = (p{,--- ,pL )T
are known. Denote Vi = {n,+1,--- ,n} as the free nodes
set with [Vy| = ny, whose positions, denoted by p; =
(pE 4,---,p)". need to be determined. Before presenting
the main results, the following assumption made which is
necessary for network localizability analysis.

>

Assumption 2. No two nodes are collocated in R3. Each
anchor node has at least two neighboring anchor nodes, and
each free node has at least four neighboring nodes in R3. For
local-relative-bearing-based and angle-based networks, each
free node and its neighbors are non-colinear.

Remark 5. Note that if local relative position measurements
are used to localize the network in the proposed method, the
condition in Assumption 2 can be relaxed as: for a free node
¢ with less than four neighboring nodes, there is at least one
neighboring node j € N; satisfying |[N;| > 4, i.e., the node j
has at least four neighboring nodes i, k, h, [ (refer to Section
II-D and Assumption 1). The assumption that each free node
has at least 4 neighboring nodes in R? can also be found
in the literature on network localization and formation control
[6], [27], [28]. In addition, compared with the works [6], [27],
[28] that require an additional generic assumption, e.g., any
three nodes are not on the same line and any four nodes are
not on the same plane, Assumption 2 is mild.

In this section, the network localization problem is for-
mulated under Assumption 2, and necessary and sufficient
conditions will be provided for network localizability based
on the proposed angle-displacement rigidity theory.

A. 3-D Network Localization

The angle constraints among the anchor nodes are only
used for analyzing the network localizability, while the dis-
placement constraints among all the nodes are not only used
for analyzing the network localizability, but also used for
estimating the locations of free nodes. The problem of network
localization is formally stated below.

Problem 1. (Network Localization Problem) Consider a
local-relative-measurement-based network (G, p) in R3 under
Assumption 2. The network localization is to determine the

positions of the free nodes py, given the positions of the anchor
nodes p, and displacement constraints in the graph Xg

Wij€i+ ik€ik+1inin+paéy =0, (4,5, k, h,1) € Ag,
Pi =pi, 1€V,

(18)
where ﬁiapjvpkaﬁhaﬁl are the estimates Of DisPj, Pk, Ph,Dl»
and €;; = pj—Di, €i. = Pk —Di, €inh = Pr—DPi, €il = P1—Di-
Remark 6. In our proposed localization approach, we only
consider the same type of local relative measurements for
all nodes. This same type of local relative measurements
can be angle, distance, local relative bearing, local relative
position, or ratio-of-distance measurements. As introduced
in Section II-D and [19], the displacement constraint can
be obtained by one same type local relative measurements.
Hence, the network localization is implemented based on the
known anchor positions and one same type of local relative
measurements.

Definition 8. A network (G, p) is called localizable if the
solution p to (18) is unique.

The cost function of network localization is designed as

min J(p)= >
PER3™ (3,4, k. b, 1) EXg
1 € Vg,

| 1435€35 + Hin€in + fin€in+ paréa || *,

subject to p; = p;,
(19)
where p = (p7,- -+, pL)7 is the estimate of p. The immediate
question is when the true location p is the unique global
minimizer of (19). Based on (14) and (15), we have

R(p)p = (2B%,(p), L%, (p))" € R™. (20)
Then, we get
p"R(p)" R(p)p = 4| Br, (0)|I*> + J (p), 1)

where J(p) = ||Lx,(p)||* according to (10). As analyzed in
Section III-B, the angle-displacement rigidity matrix R(p) can
be obtained by the known anchor positions and local relative
measurements (local relative position, distance, local relative
bearing, angle, or ratio-of-distance measurements), and R(p)
does not contain position information of the free nodes, i.e.,

R(p) = R(| Pa 1) = R(p). From (21), we have

0
4B (D) 1>+ (8) = p" R(6)" R(p)D = p" R(p)" R(p)p.
(22)
Since the angle constraints are only constructed among the
known anchor nodes, we have By, (p) = Bry,([ Pa D) =

0
By, (p) = 0 from (9). Then, based on (22), (19) can be
rewritten as an angle and displacement constraints based cost
function
min J(9) = 4By ()| +7(5) = 5" Rp)" R(p)p,
subject to p; =p;, 1 € V,.
(23)
Let D = R(p)TR(p) be angle-displacement information
matrix. Since the nodes are divided into anchor nodes p, and
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@ Anchor Node @ Free Node

Fig. 3: Examples of 3-D networks. The blue dots are the an-
chor nodes and the red dots are the free nodes. The network in
(a) is neither localizable nor infinitesimally angle-displacement
rigid. The network in (b) is localizable and infinitesimally
angle-displacement rigid. The networks in (c) and (d) are
localizable and have the same angle-displacement function,
but they are not infinitesimally angle-displacement rigid.

free nodes py, the angle-displacement information matrix D
can be partitioned as

|

where D,, € R3na><3na’ D}“a — Daf c R:}nax:’mf’ and
fo c RSTLfX?)nf.
Remark 7. The angle function By, (p) in (9) only contains

the angle constraints among the anchor nodes, i.e., the angle
function By (p) only influences Dgq.

D(l(l

Dgy
Do } : (24)

Dy

Inspired by the work [7], the unique global minimizer of
(23), algebraic condition, rigidity condition, and topological
condition for localizability are given below.

Lemma 4. For the cost function (23), any minimizer [f} is also
a global minimizer and satisfies

foﬁjc + Dfapa =0. (25)

Proof. The cost function (23) can be rewritten as

win J(ps) = Py DysPs + 2pu Dagbs + Pa Daaba- (26)
preR™

Any minimizer p} must satisfy . J(p}) = Dyspy +
Dyap, = 0. Since p € Null(R(p)), we have p € Null(D),
i.e.,, Dyipr + Dyopo = 0. Denote ;6;2 = py + = where
& € Null(Dyy). Let p* = [ps,(p5)"]". Then, we have
J(p*) = T Dy gz = 0. Hence, the cost function .J(p*) equals
0. O

Theorem 4. (Algebraic Condition for Localizability) Under
Assumption 2, a local-relative-measurement-based network (G,
p) in R? is localizable if and only if the matrix Dy¢ is
nonsingular. In this situation, the true positions of the free
nodes can be obtained by py = —D;lefapa.

Proof. From Lemma 4, any minimizer p; must satisfy
Dyps+Dfapa = 0. Hence, it is clear that the minimizer p7 is
unique if and only if Dy ¢ is nonsigular. When D is nonsigu-
lar, we have p} = —D;]}Dfapa. Since Dyspy + Dyap, = 0,
P} equals the true location py. [

Remark 8. The rank condition in Theorem 4 basically implies
that a network is localizable if the positions of unknown free
nodes can be obtained by the known anchor nodes. Note
that a node in R? or R? can be represented by its three
or four neighboring nodes, and the displacement constraint
can be used to describe the relationship among the node
and its neighboring nodes. Hence, a node with a known
displacement constraint involving its neighboring nodes and
itself can determine its own position given the positions of
its neighboring nodes. In other words, the free nodes may be
determined based on known anchor positions and displacement
constraints.

Motivated by the above fact, based on the displacement
constraints and known anchor positions, we have Dysps +
Dyopo = 0. It is clear that py is localizable if the matrix Dy
is full rank, i.e., the positions of free nodes py = —Djﬁfl Diapa
can be obtained by those of anchor nodes.

Remark 9. Since the angle-displacement information matrix
D = R(p)T R(p) is a symmetric positive semi-definite matrix,
we can know that the matrix Dy is also a symmetric positive
semi-definite matrix. If Dy; is nonsigular, it must be a
symmetric positive definite matrix.

Theorem 5. (Rigidity Condition for Localizability) Under
Assumption 2, a local-relative-measurement-based network (G,
p) in R3 is localizable if and only if every angle-displacement
infinitesimal motion involves at least one anchor node; that

is, for any nonzero angle-displacement infinitesimal motion
p = [0ps , 0p}]" € Null(D), dpa # 0.

Proof. From Theorem 4, a network is localizable if and only
if Dy is nonsigular. We only need to prove that Dy is
singular if and only if there exists a nonzero dp € Null(D)
with dp, = 0. (Sufficiency) If dp € Null(D) with dp, = 0
and dpy # 0, we have 6p} Dypdp; = dp” Dép = 0. Hence,
Dy is singular. (Necessity) If Dy is singular, there exists a
nonzero dpy satisfying Dy ops = 0. Let 5p = (dp., op)”
with dp, = 0. We have 6p” Ddp = 6p} Dyydps = 0. Hence,
there exists a nonzero dp € Null(D) with dp, = 0. O

Before exploring the topological condition for network lo-
calizability, we introduce two kinds of networks: non-coplanar
network and coplanar network. A network (G, p) is called
a non-coplanar network (n > 4) in R3 if its nodes are
non-coplanar. A network (G, p) is called a coplanar network
(n > 3) if its nodes are coplanar but non-colinear.
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@ Anchor Node @ Free Node

Fig. 4: Examples of coplanar networks. The blue dots are
anchor nodes and the red dots are free nodes. The network in
(a) is neither localizable nor infinitesimally angle-displacement
rigid. The network in (b) is localizable and infinitesimally
angle-displacement rigid. The networks in (c) and (d) are
localizable and have the same angle-displacement function,
but they are not infinitesimally angle-displacement rigid.

Lemma 5. If there are only four coplanar anchor nodes
(n,=4) in a non-coplanar network (G, p), (G, p) must not be
localizable.

The proof of Lemma 5 is give in the Appendix-A. Based on
Lemma 5, it is easy to prove that there must be at least four
non-coplanar anchor nodes (n, >4) if a non-coplanar network
(G, p) is localizable.

Theorem 6. (Topological Condition for Localizability of
Non-coplanar Network) Under Assumption 2, a non-coplanar
network (G, p) with at least four non-coplanar anchor nodes
ng > 4 in R3 is localizable if it is infinitesimally angle-
displacement rigid.

Proof. Since (G, p) is infinitesimally angle-displacement rigid,
we have Null(D) = Span{1,, ® I3,p, (I, @ A)p, A + AT =
0, A € R®*3}. Hence, any angle-displacement infinitesimal
motion dp can be expressed as dp = sp+ ([, @ A)p+1, ®
t,s,r € R,t € R>. Since there are at least four non-coplanar
anchor nodes and no two anchor nodes collocate, there does
not exist a nonzero dp satisfying dp, = 0. From Theorem 5,
we can know that (G, p) is localizable. O

Remark 10. If a network is not infinitesimally angle-
displacement rigid, it may be localizable. For example, for
the networks in Fig. 3c and Fig. 3d, they are localizable but
not infinitesimally angle-displacement rigid because there is
not enough number of edges among the anchor nodes that can
be used for constructing the angle constraints. The networks in
Fig. 3c and 3d have the same angle-displacement function, but
they are not infinitesimally angle-displacement rigid because
there is a nontrivial infinitesimal angle-displacement motion dp
moving the network in Fig. 3c to the network in Fig. 3d, which
is not in Span{1,,®1I3, p, (I, ® A)p, A+ AT =0, A € R¥3}.

B. Application to 2-D Network Localization

Assumption 3. No two nodes are collocated. Each anchor
node has at least two neighboring anchor nodes, and each

@ Anchor Node

@ FreeNode

Fig. 5: Construction of 2-D localizable network.

free node has at least three neighboring nodes. For the local-
relative-bearing-based and angle-based networks, the free
node and its neighbors are non-colinear.

Remark 11. A node p; = (z,y)7 in R? can be represented
by a node p; = (x,y,0)7 in R®. Hence, 2-D network
can be regraded as a special coplanar network in R3. It is
shown in Fig. 2, if quadrilateral <;;in(p) is obtained by
rotating the quadrilateral <;;x(g) about Y'-axis by an angle
7, quadrilaterals ;;xn(p) and 4, (g) will be on the same
plane and have the same angle-displacement function f7(p).
Note that this rotation can only be completed in R? rather than
in R?. Hence, the rigidity of the coplanar network should be
studied in R? rather than in R2.

Next, we will show the relaxed displacement constraint in
a coplanar network in R3. In a coplanar network, for the free
node p; and its neighbors p;, px, pp, in R3, we can know that
there exists a non-zero vector (it;;, fik, fih )T € R3 (refer to
Appendix-B) such that

Hij€ij + MikCik + pinein = 0. 27

Using the methods presented in Section II-D and [19], the
parameters [i;;, [ik, fsn 10 (27) can also be obtained by local
relative position, distance, local relative bearing, angle, or
ratio-of-distance measurements. Compared with the displace-
ment constraint in (6), the displacement constraint in (27)
involves fewer nodes. Hence, the corresponding assumption
for constructing displacement constraint (27) can be relaxed
as Assumption 3.

Lemma 6. If there are only three colinear anchor nodes (n,=
3) in a coplanar network (G, p), (G, p) must not be localizable.

The proof of Lemma 6 is give in the Appendix-C. Based on
Lemma 6, it is easy to prove that there must be at least three
non-colinear anchor nodes (n, > 3) if a coplanar network (G,
p) is localizable.

Theorem 7. (Topological Condition for Localizability of
Coplanar Network) Under Assumption 3, a coplanar network
(G, p) with at least three non-colinear anchor nodes n, > 3
in R3 is localizable if it is infinitesimally angle-displacement
rigid.

The proof of Theorem 7 follows from that of Theorem 6.
Examples of coplanar networks are given in Fig. 4. Theorem 7
is applicable to 2-D network localization because 2-D network
can be regraded as a coplanar network in R3. Since four



nodes in 2-D or five nodes in 3-D can form a displacement
constraint, inspired by [18], a simple sufficient graph condition
is trilateration ordering for a 2-D localizable network or
quadrilateral ordering for a 3-D localizable network.

Next, an example of how to construct a 2-D localizable
network is given in Fig. 5, where the positions of anchor nodes
are p; = (1,0)7, p; = (3,0)T, pr = (2, 1)7T.

(1) For the free node py,, the displacement constraint among

DisDj, Dk, Ph 18 set as e;n, — 3e;n — 2exp, = 0, which can
be rewritten as

1 3 1
—Zpi+ Spi + =pg. 28
P +4pg+2pk (28)

(ii) For the free node p;, the displacement constraint among
DisDj, Ph, D1 18 set as Se; — 13¢5, — 2ep; = 0, which can
be rewritten as

Ph =

13 1
2
TP+ gPn (29)

(iii) For the free node py, the displacement constraint among
Dj,Dh, DL, Pg 18 Set as ejqg — 2epy — 44 = 0, which can
be rewritten as

1
b :_*pi —p; +

1 . 2 n 4
5}7] 5ph 5pl~

Since the positions of anchor nodes p;,p;, pr are known,
the positions of free nodes p, = (3,3)", ;i = (4, 15)7,py =
(L2, Z)7 can be obtained by (28)-(30). Hence, the 2-D
network in Fig. 5 is localizable. Similarly, we can build a
3-D localizable network based on the known anchor nodes

and displacement constraints.

Pg = (30)

V. DISTRIBUTED NETWORK LOCALIZATION PROTOCOL
A. Distributed Protocol

Based on the cost function (23), the distributed localization
algorithm is designed as

pr=—p, (0" Dp) = —Dypps — Dapa- (1)
The algorithm (31) is distributed because each free node

1 € Vy only uses local information of D that is related to it.
Remark 12. The angle-displacement information matrix is
obtained by D = R(p)T R(p), where R(p) can be obtained by
the known anchor positions and local relative measurements
(local relative position, distance, local relative bearing, angle,
or ratio-of-distance measurements.)

Based on (31), the control protocol of node i € Vy is
expressed as

]575: Z M(Z7jak7h7l)+
(2,5,k,h,1)EXg

> M(ji ki h),
(4,,k,h,1)EXg
(32)

where
M(i,j,k, h,1) = (pij + pir + pin + pear) - [ (Dj
tik (P — Di)+ pin(Br — Di) +pa (D — Di)],

— Pt

(33)
and

M(j77;7k7 h>l) = :u’?z(pj pz)+ﬂgzﬂgk( pk)’*’

. . 34
tjitbin(Dj — Pn)+itjitgi(Dy — Pr)- 6

Theorem 8. (Convergence of the Distributed Protocol) Under
Assumption 2, if a local-relative-measurement-based network
(G, p) with at least three non-colinear anchor nodes n, >3 is
infinitesimally angle-displacement rigid in R3, given arbitrary
initial estimates p;(0),i € Vy, p;(t) converges to p; globally
and exponentially fast for all the free nodes i € V; under the
distributed localization protocol (31).

Proof. From Theorem 4, Theorem 6 and Remark 9, we can
know that the network (G, p) is localizable and Dy is a
positive definite matrix with p; = D Dfapa Consider

a Lyapunov function V = %(|p; — py|?, we have
Vo= (P — ) Dy A
:(sz_pf) ( ffpf_Dfapa) (35)
= (b =p9)" (=Dgbr+ Dygps)
=—(pr —pp) " Dys(ps —ps) <O, if p # py.
Then, the conclusion follows. O

Theorem 9. (Relationship between Distributed Protocol and
Network Localizability) The distributed localization protocol
(31) can globally localize the network (G, p) if and only if the
network is localizable.

Proof. (Sufficiency) If the network (G, p) is localizable, Dy is
nonsigular. From Theorem 8, we can know that the distributed
localization protocol (31) can globally localize the network.
(Necessity) If the distributed localization protocol (31) can
globally localize the network, the true positions of free nodes
py is the unique solution to the cost function (18). From
Lemma 4, we can know that py is the unique solution to
Dysps + Dyapa = 0. Hence, Dyy must be nonsigular. From
Theorem 4, we can know that the network is localizable. [

B. Position Estimation Error Under Noisy Measurements

Considering the measurement noises in the position estima-
tion, denote ADyy and ADy, as the error matrices due to
the measurement noise and write D tf = Dy +ADyy and
D ta = Dyq+ADy,. The distributed algorithm (31) becomes

ps =—=Dssps = Dapa- (36)
If Dy is nonsingular, the final estimate is given by
P} = —D;}Dysapa (37)

Theorem 10. (Nonsingular Condition of Matrix Dy with
Noise) Given a localizable network with Dy nonsingular, the
matrix Dy is nonsingular if the error matrix ADyy satisfies

|ADs¢]| < Amin(Dyy), (38)

where Amin(Dyy) is the smallest eigenvalue of Dy;.

Proof. Dy is a symmetric positive definite matrix. Since
||Afo|| < Amln(fo) HD H we have HD_lAfoH <

(P2 IIADss|| < 1. Hence, the matrix Dy; = Djs+
Afo = Dys(I+D;} ADyy) is nonsingular.
O
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Fig. 6: The 3-D network to be localized.

Since py = =D Dyapa and (Dyp+ADysp)™" = Dyf —
DJTJ}ADU(I—I- foflAfo)*lD;f1 [29], the position estima-
tion error is

155 — sl )
= - (fo+%fo)71(DfalJFADfa)pa+D;f D fapall
= | —_(1]+fo ADfJ:)l_lD;f A.lDfapa-i-
foAlef(Hfo Al?ff)_ prl
[ (I+1D]7f Afo)71€;f ADjqpal+
ID;;ADss(I+D ADgy) ™ pyl|
IADsallllpall+I1ADss ([l

I4+D; f ADg¢ || Dy |

IN

IA

(39)

C. Comparison with the Existing Distributed Network Local-
ization Methods

Definition 9. A configuration p = (p?---  pI)7T is said to be
generic if the coordinates pq, - -- , p, do not satisfy any non-
trivial algebraic equation with integer coefficients. Intuitively
speaking, a generic configuration has no degeneracy, e.g., any
three nodes are not on the same line in R? and any four nodes
are not on the same plane in R3 [41-[6].

The comparison with the existing distributed network lo-
calization methods is shown in Table I. The existing methods
in relative-position-based, distance-based, and bearing-based
network localization require the generic configuration (refer
to Definition 9) or the known global coordinate frame.

The generic configuration is a quite strict configuration,
i.e., the parameters fi;;, (i, [hin, g i (6) and (27) in a
generic configuration must be irrational numbers such as
V2. Compared with the existing 2-D local-relative-position-
based [4], 2-D and 3-D distance-based [5], [6] which re-
quire the generic configuration, our proposed method can be
applied in both non-generic and generic configuration, i.e.,
the fi55, Wik, fin, i in (6) and (27) can be either rational
number or irrational number. In addition, compared with the
existing 3-D global-relative-position-based [3] and 3-D global-
relative-bearing-based network localization [7] which require
the global coordinate frame, our proposed method can be
applied in a network with unknown global coordinate frame.

To our knowledge, there exists no such known results
for the localizability and distributed protocols of angle-based
networks in R? and ratio-of-distance-based networks in R? and
R3. Our proposed method solves angle-based distributed net-

work localization in R3 and ratio-of-distance-based distributed
network localization in R2 and R3.

VI. SIMULATION

A non-generic configuration with an unknown global coor-
dinate frame in R? is shown in Fig. 6. This network consists
of four anchor nodes and four free nodes. The positions of
anchor nodes are p; = (20, —20, —20)7, p, = (20, 20, —20)T,
p3 = (—20,20,-20)7 and p; = (20,20,20)7, respectively.
The positions of free nodes are ps = (—20,—20,—20)T,
ps = (20,-20,20)7, p;r = (-20,20,20)7 and ps =
(—20, —20,20)7, respectively. Since there are four coplanar
nodes p4, ps, P7, ps and their coordinates satisfies py — pg —
p7 + pgs = 0, according to Definition 9, the configuration
p = (pF,--- ,pf)7T is non-generic. The red-green-blue lines
represent the unknown local frame of each free node shown in
Fig. 6. The initial estimate of the position of each free node is
randomly generated. The angle and displacement constraints
are obtained by the known anchor positions and local relative
measurements (local relative position, distance, local relative
bearing, angle, or ratio-of-distance measurements). When there
is no measurement noise, it is shown in Fig. 7 that the
position error of each free node converges to 0. To simulate the
noisy environment, each element of the error matrices AD
and ADy, is generated by using a white noise. Different
measurement noises will result in different final estimates of
the free nodes. We conduct 10 simulations. The position errors
of the free nodes are shown in Fig. 8(a)-(d). The problem of
how to evaluate the error matrices ADs¢, ADy, given the
noise statistics of various types of local relative measurements
is beyond the scope of this paper, which will be considered in
our future work.

VII. CONCLUSION

This paper introduced a novel angle-displacement rigidity
theory to investigate whether a set of displacement constraints
and angle constraints can uniquely characterize a network up
to directly similar transformations, i.e., translation, rotation,
and scaling. Based on the proposed angle-displacement rigidity
theory, a unified local-relative-measurement-based distributed
network localization method is proposed, which can be used
in local-relative-position-based, distance-based, local-relative-
bearing-based, angle-based, and ratio-of-distance-based dis-
tributed network localization. We provide necessary and suffi-
cient conditions for network localizability. In addition, a dis-
tributed network localization protocol is proposed to globally
estimate a network if the network is infinitesimally angle-
displacement rigid.

The future work will be on network localization and forma-
tion control with mixed measurements based on the proposed
angle-displacement rigidity theory.

APPENDIX
A. Proof of Lemma 5

For a non-coplanar network (G, p), if there are only four
anchor nodes p;, px, pn, p; which are on a plane S in R3 shown
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Fig. 8: Network localization with measurement noise.

nodes and two free nodes; (iii) Two anchor nodes and three
free nodes; (iv) One anchor node and four free nodes; (v) Five
free nodes. The above five cases are analyzed below.

in Fig. 9, p;, p,, are free nodes that are not on the plane S.
pl, pl, are the symmetry nodes of p;, p,, with respect to the
plane S. pr, pasr are the projections of p;, p,,, on the plane S.
The displacement constraint (6), based on different number of
anchor nodes and free nodes, can be divided into five cases:
(i) Four anchor nodes and one free node; (ii) Three anchor

Case (i): Without loss of generality, the displacement con-
straint pi;;€;; + pik ik + finein + ey = 0, involving one free
node p; and four anchor nodes p;, p, pr, pi, can be rewritten
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Fig. 9: An illustration of Lemma 5.

as

wij(eirter;)+pin(eirt+ery)+uin(eirters)+pa(eir+ern) =0.
(40)
From (40), we have

(pij+ i+ pin+pa)eir+ijer+pikere+pinern+uien =0.
41

Since e;g is perpendicular to e, €1k, €7n, €17, we have p;;+
Wik + tin + pig = 0. Then, the following equation must hold

— (pijtinHpvintHpar) eirHigerjFvikerkHine rntien =0.

(42)

Denote by egj = pj — pg = erj — eu,eék = Pk — Pg =

€Ik — €il, €§h = Ph —p§ = €1h — €I, 6;1 =Dl —p§ = e — €.
From (42), we obtain

Hij€ij + fik€iy + fin€iy, + paey = 0. (43)

Hence, p;,p;, Pk, Ph, i and p}, p;, Pk, Pr, pr have the same
displacement constraint.

Case (ii): Without loss of generality, the displacement
constraint fi;;e;; + fik€ik + [inein + Mime€im = 0, involving
two free node p;,p,, and three anchor nodes p;, pr,pn, can
be rewritten as

fij(eir+erj)+iix(eir+erk)+in(eir+ern H
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fim(eir+ern+earm)=0. (44)

Since e, 1s parallel to e;;, we have epr,, = Aejr, A € R.
(44) becomes

(Rt R+ fin+ (1 + X ftim ) €31+ [lij €15+ Rik€rit
finern+pimern =0.
(45)
Since e;; is perpendicular to ey;,erk,ern,era, We have
fij+ fik + fin + (14+X) flim = 0. Then, the following equation
must hold
—(fij +fig+fin+ (1 + X) flim ) €ir +fijer; + ket
Hinern+pimerm =0.

(46)

Denote by e’ij = pj — D = erj — €,y = Pk — P =

€Ik — €I, €y, = Ph — Pj = €Ih — €[, €y = Dy — Pj =
—eir + erpm — enrm. From (46), we obtain

fiijeij + fiik€iy + fliniy, + fim€im, = 0. 47)

Hence, pi,pj, ks Ph,Pm and pl,pj, Pk, P, Py, have the
same displacement constraint. Similarly, for the cases (iii)-(v),

we can also prove that a displacement constraint (6) will
remain unchanged by replacing the free nodes with the sym-
metry nodes of the free nodes with respect to the plane S.

Denote p, and ps as the anchor nodes set and free nodes
set, respectively. Denote p’f as the symmetry nodes of the free
nodes py with respect to the plane S. Denote by (G, p) with
p = (p%,pF)T. Denote by (G,p') with p' = (pZ,p},")T.
Since (G,p) and (G,p’) have the same anchor nodes, i.e.,
the angle constraints among the anchor nodes are the same.
From the cases (i)-(v) analyzed above, (G, p) and (G, p’) have
the same displacement constraints. Then, we can know that
(G,p) and (G, p’) have the same angle-displacement function.
Hence, there is an angle-displacement infinitesimal motion
moving from (G,p) to (G,p’) that involves no anchor node.
From Theorem 5, we can know that (G, p) is not localizable.
Similarly, we can prove that a non-coplanar network (G, r) is
not localizable if there are less than four anchor nodes.

B. Displacement Constraint in a Plane
Definition 10. A plane in 3-D space is described with a single
linear equation of the following form

oTb=c, (48)

where b € R? is a non-zero vector and ¢ € R is a constant.
¢ € R3 is any point on the plane (48).

If p;,pj, i, pr are on a plane ©T'b = c in 3-D space, we
have

plb=c, p?b =c¢, plb=c, plb=c (49)
Equation (49) can be rewritten as
ETb=0 (50)

where E; = (eij,eik,e;n) € R3*3. From Definition 10, we
can know that b is a non-zero vector. Hence, the matrix EI
is not full rank. Since Rank(E;) = Rank(EY]), the matrix E;
is also not full rank. From the matrix theory, there exists a
non-zero vector ;= (fij, fhik, fin)” € R such that

Eipi = pijesj + pikeik + Hin€in- (5D

C. Proof of Lemma 6

For a coplanar network (G, p) in R3, if there are only three
anchor nodes p;, py,p;, that are on a line L shown in Fig.
10, p;, p:m are free nodes that are not on the line L. py,pys
are the projections of p;, p,, on the line L, and p}, p/,, are the
symmetry nodes of p;, p,, with respect to the line L on the
plane S. The displacement constraint (27), based on different
number of anchor nodes and free nodes, can be divided into
four cases: (i) Three anchor nodes and one free node; (ii) Two
anchor nodes and two free nodes; (iii) One anchor node and
three free nodes; (iv) Four free nodes. The above four cases
are analyzed below.

Case (i): Without loss of generality, the displacement con-
straint pi;;€;5 + [ik€sk + pinein = 0, involving one free node
p; and three anchor nodes p;, px, pr, can be rewritten as

wij(eirt+erj)+pik(eir+erk)+pin(eir+ern)=0.  (52)
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Fig. 10: An illustration of Lemma 6.

From (52), we have

(g =+ peik + phin ) €ir +pijer; + pivere +pinern =0.  (53)

Since e;r is perpendicular to eyj, €1, ern, We have pi;; +
ik + i = 0. Then, the following equation must hold

— (pij+pir+pin)eir+pijerj+pivere + pinern =0.  (54)

/ / / /
Denote by €}, = p; — p; = erj — €ir, €, = P — P; =
erk — €I, €, = Py, — P} = ern, — e;7. From (54), we obtain

pij€i; + pireiy + pineiy, = 0. (59)

Hence, p;,p;,pk,pr and pj,pj, pk, pr, have the same dis-
placement constraint.

Case (ii): Without loss of generality, the displacement
constraint fi;;€;; + fiik€ik + flim€im = 0, involving two free
node p;, py, and two anchor nodes p;, py, can be rewritten as

fiij(eirter; )tk (€irterk)+iim (eirterv+earm) =0. (56)

Since ey, is parallel to e;;, we have epr, = Aejr, A € R.
(56) becomes

(fij Rkt (14N B ) e e 1 ik erktfimerns =0. (57)

Since e;; is perpendicular to eg;, ey, erpr, we have ji;; +
ik + (L4 X) fiim = 0. Then, the following equation must hold

— (i H ) flim ) €31+ je i Hike riHbimer = 0. (58)

!/ / ! /
Denote by €;; = pj —p; = e1; —€ir, €, = Pk —D; = €1k —
/ / /
€il,€im = P —P; = €IMtepMmtve;r = —€ir+ern —€enm-
From (54), we obtain

Hij€ij + [ik€ig + fim€ip = 0. (59

Hence, p;,pj, Pk, Pm and p}, p;, pi,p,, have the same dis-
placement constraint. Similarly, for the cases (iii)-(iv), we can
also prove that a displacement constraint (27) will remain
unchanged by replacing the free nodes with the symmetry
nodes of the free nodes with respect to the line L on the
plane S.

Denote p, and py as the anchor nodes set and free nodes
set, respectively. Denote p} as the symmetry nodes of the
free nodes py with respect to the line L on the plane S.
Denote by (G, p) with p = (p?;,p?)T. Denote by (G, p’) with
p = (paT,p’fT)T. Since (G,p) and (G,p’) have the same
anchor nodes, i.e., the angle constraints among the anchor

nodes are the same. From the cases (i)-(iv) analyzed above,
(G,p) and (G,p’) have the same displacement constraints.
Then, we can know that (G, p) and (G, p’) have the same angle-
displacement function. Hence, there is an angle-displacement
infinitesimal motion moving from (G, p) to (G,p’) that in-
volves no anchor node. From Theorem 5, we can know that (G,
p) is not localizable. Similarly, we can prove that a coplanar
network (G, r) is not localizable if there are less than three
anchor nodes.
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