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Abstract Artificial intelligence technology is widely used in the field of wireless sensor networks (WSN).
Due to its inexplicability, the interference factors in the process of WSN object localization cannot be ef-
fectively eliminated. In this paper, an explainable-Al-based two-stage solution is proposed for WSN object
localization. In this solution, mobile transceivers are used to enlarge the positioning range and eliminate the
blind area for object localization. The motion parameters of transceivers are considered to be unavailable,
and the localization problem is highly nonlinear with respect to the unknown parameters. To address this,
an explainable AI model is proposed to solve the localization problem. Since the relationship among the
variables is difficult to fully include in the first-stage traditional model, we develop a two-stage explainable
AT solution for this localization problem. The two-stage solution is actually a comprehensive consideration
of the relationship between variables. The solution can continue to use the constraints unused in the first-
stage during the second-stage, thereby improving the performance of the solution. Therefore, the two-stage
solution has stronger robustness compared to the closed-form solution. Experimental results show that the
performance of both the two-stage solution and the traditional solution will be affected by numerical changes
in unknown parameters. However, the two-stage solution performs better than the traditional solution, espe-
cially with a small number of mobile transceivers and sensors or in the presence of high noise. Furthermore,
we have also verified the feasibility of the proposed explainable-Al-based two-stage solution.

Keywords explainable Al, object localization, semidefinite relaxation, mobile transceiver, two-stage solu-
tion, closed-form solution

1 Introduction

Localization is a fundamental problem for many applications, such as information monitoring in sensor
networks and object tracking in radar or sonar systems [1-5]. When two signal sources are very close,
some commonly used algorithms such as FOMP and 3D-FOMP can accurately detect them [6,7]. As
an important component for wireless signal radiation and reception, antennas play an important role in
wireless communications. The antenna system consists of one or more antennas, which are responsible
for converting electrical energy into electromagnetic waves and transmitting them into space, as well as
receiving electromagnetic wave signals from space [8,9]. The object lies in the region where a number of
sensors are deployed. Through the signals emitted or reflected, the object position is uniquely determined
by the sensors with known coordinations. The propagations of the signals result in all kinds of range-
based measurements, including time of arrival (TOA) [10], time difference of arrival (TDOA) [11], angle of
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arrival (AOA) [12,13], and received signal strength (RSS) [14,15]. Among them, the TOA-based ranging
measurement has become popular due to its low complexity and high efficiency.

From these range-based measurements, the object position is estimated by using various localization
methods [16-19]. The direct search of the object position is subject to the high complexity [20,21],
and the traditional numerical solutions may be trapped in local convergence. Hence, recent literature
focuses on the solution with the global optimum for the object position. The popular methods include
the closed-form solutions [22,23] and the convex relaxation techniques [24-27]. The closed-form solution
represents the unknown parameter as an algebraic solution form by applying the weighted least squares
(WLS) method [28-30]. Unfortunately, the constrained relationship among the variables is difficult to
be exploited in the WLS solution. As a result, the performance of the WLS solution is poor, and the
two-stage [31] and multi-stage WLS solutions [32] are proposed to improve the performance by availing
of the constrained relationships. However, the performance of the closed-form solution is still poor due
to its solution in multi-stages, especially at high noise levels.

Applying the convex relaxation process yields a semidefinite programming problem (SDP), the solution
of which does not depend on any initialization from the users and always converges global optimum [33,34].
Hence, semidefinite relaxation (SDR) has been a popular method for its excellent performance in terms
of localization accuracy. Different from the closed-form solutions, the constrained relationship can be
directly included in the SDP problem. As a result, the SDP performs better than the closed-form
solution due to its tight form. Recently, it has also been proven that the performance of the SDP solution
is able to sufficiently approach the Cramér-Rao lower bound (CRLB) accuracy for certain localization
problems [26,35,36], where the constrained relationships can be fully included by applying only one-stage
SDR process. Unfortunately, it is also verified that the form is too relaxed for some SDP problems [25,37],
where the object position is implicit in the constraints.

The minimum number of sensors needed for triangulation-based localization is two for the 2-D case
or three for the 3-D case. The study of observability with respect to the sensor geometry configuration
is a fundamental problem in localization systems [36]. Owing to the introduced auxiliary variables, the
minimum number of sensors needed for the WLS solution is always greater than that of observability.
Similar to the WLS solution, the performance of the SDP solution also highly depends on the sensor
geometry, and the minimum number of sensors needed for the SDP solution needs to be investigated to
ensure performance.

In this paper, we propose an explainable-Al-based two-stage solution for object localization using
mobile transceivers, which bridges the sensors and the object [3,38]. The signals emitted from the
sensors, amplified and relayed by the transceivers, arrive at the object. After reflecting by the object,
the signals are forwarded from the transceivers to the sensors. As a result, the observable range of the
localization system is enlarged, and the system does not depend on the line of sight (LOS) propagation
between the sensors and the object. Even if the object is blocked by obstacles, the mobile transceivers
can also assist in detecting the object position accurately. Another application is the recently popular
reconfigurable intelligent surface (RIS), which has been proposed to customize the radio environment
for providing great benefits of localization [39,40]. When the RISs are equipped with unmanned aerial
vehicles (UAVSs) [41] or autonomous underwater vehicles (AUVs), they can be dedicated to addressing
the traditional positioning blind area problem caused by the signal block.

Recently, the localization problem using mobile transceivers is proposed in [42]. Mobile transceiver-
based localization provides a scheme for object localization when the object lies in the blind area of
positioning. In addition, the localization approach is very attractive since the motion parameters of
the transceivers are considered to be unknown. The observability for this problem is provided in [42].
However, an efficient solution for this problem is not proposed. The localization problem using mobile
transceivers is also rather challenging due to a large number of variables. By introducing auxiliary
variables, we transform the nonlinear localization problem into a pseudo-linear form. However, the
constrained relationships among the variables are difficult to include in the one-stage process. To handle
the problem, we propose a two-stage solution for object localization using mobile transceivers. In addition,
we also provide detailed proof of the feasibility of the two-stage by applying the rank analysis. The
contributions of this work are summarized as follows.

(1) We propose an explainable-Al-based two-stage solution for object localization using mobile
transceivers, and the relationships among the variables are included in the explainable AT model in
two stages.

(2) We prove that the performance of the two-stage solution is capable of approaching optimal accuracy
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Figure 1 (Color online) Application scenario of object localization using transceivers.

at small noise levels.
(3) We provide the feasibility of the two-stage solution by applying the rank analysis and require at

least (M = 2, N = 3) for the 2-D case and (M = 2, N = 4) for the 3-D case.

The rest of this paper is structured as follows. The problem formulation is described in Section 2.
Section 3 presents the explainable-Al-based two-stage solution. The feasibility is given in Section 4. The
performance analysis is provided in Section 5. The simulated results are evaluated in Section 6, and the
conclusion is in Section 7.

Following the convention, bold lowercase letters and bold uppercase letters represent column vectors
and matrices, respectively. The notations (*)~% and ()T represent matrix inverse and transpose oper-
ations. ||*|| denotes ¢; norm. [a]; and [a];;; are the i-th element and the sub-vector containing the i-th
to the j-th element of a. [A];; is the (7,7)-th element of matrix A. I and O are identities and zero
matrices, and O represents an all-zero vector. tr(A) and rank(A) stand for the trace and rank of A,

respectively. A > 0 indicates that A is positive semidefinite.

2 Problem formulation

Consider a ¢-dimensional space, in which the position u® € R? (¢ is 2 for 2-D or 3 for 3-D case) of an
object requires to be determined. A localization system composed of N sensors is deployed to locate the
object accurately. Each deployed sensor can both transmit and receive the signals, and the position of
i-th sensor is known and defined as s;, © = 1,2,..., N. Besides, M transceivers are used to relay the
signals from the sensors. These transceivers are attached to mobile equipment, such as UAVs or AUVs,
and they are moving in constant velocity v2,. As a result, the instant position of the m-th transceiver at
the time step k can be modeled as
t; =1ty o+ kvp, (1)

where 7, , is the starting position of the m-th transceiver, j = (k — 1)M +m, m = 1,2,..., M, k =
1,..., K.

Figure 1 shows a diagram of object localization using mobile transceivers. Both the sensors and the
target are fixed. The propagation paths between the sensors and the target are blocked by obstacles and
prevent direct communication. Hence, multiple mobile transceivers are introduced. The initial positions
of the transceivers are placed in the near-field range of the sensors, and their function is to amplify and
forward the signal. The transceivers can not only forward the incident waves from the sensors to the
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object but also reverse the echo from the object to the sensors. Thus, the range measurements of the
propagation paths are modeled as

dp = ||si = 7| + [lu® — E7]| + &, (2)

where ¢, is additional noise, p = (j —1)N+1¢, j=(k—-1)M+m, m=12,... M, k=1,... K,
i =1,...,N. For the signal reflected by the target or an obstacle in Figure 1, we can distinguish the
main path and the interference path by analyzing the spectral characteristics of the signal. Next, by
comparing the time of the sensor signal from transmission to reception, the propagation path of the
signal can be determined.

To simplify the description, we define the vectors by

d:[dlaan"'adLl]Ta E:[€1a527"'7€L1]T7 (3)

where Ly = KM N. Without loss of generality, € is assumed to obey a zero-mean Gaussian distribution
with covariance matrix 3.

Let the starting positions of all the transceivers be a vector form tj = [ti’};, tg:%, e ,tﬁO]T. Similarly,
the velocities of all the transceivers are defined as a vector v° = [v¢T, v§T ... v¢T]T. Using the measured

d, we aim at estimating the object position u°, even if the starting position t§ and the velocity v° of the
transceivers are unknown.

3 Two-stage solution

The range measurement is highly nonlinear with respect to the object position, and the numerical solution
to this problem may be trapped in the local optimum. In this section, we propose the two-stage SDR
solution that always converges to the global optimum. To conduct the SDR process, we first need to
establish the pseudo-linear equation.

By moving [[u® — t7|| to the left and squaring both sides, Eq. (2) becomes

5119 — dpad +0.587 — 0.5(s] sy — d2) ~ |[s; — 9]y, (4)

where af = lue — 153?||7 B7 = a?Q — t;?Ttg.
Inserting (1) into (4) results in

T4o0
S; tm7

o+ kslvl — dpa +0.587 — 0.5(s) 8; — di) =~ |8 — t]lep, (5)

wherep=(j—1)N+i,j=(k—-1)M+m, m=12... M, k=1,...,K,i=1,...,N.
Let us define an unknown vector y; by

yi = (85", 0 af g1, (6)
qM  aM KM gz

where a® = [a$,03, ..., a% )T, B =[85,8, .., Bon) ™, y1 € RE2 Ly = 2(q + K)M.
As a result, the pseudo-linear equation in matrix form is expressed as

Gy, — h1 = Bie. (7)

According to (5), G1, h1, and B; are defined as

[Gilpgm—1)+:q) = 81+ [G1lpgim+M—1)+(1:) = k8] »
(G1lp2qm+j = —dp, (G1lp, 2+ )45 = 0.5,
[hilp = 0.5(s; s — d2),  [Bilpp = llsi — t5]| ~ ||s; — t;], (8)

where ¢; is the estimate of ¢7.
From the definitions of af and 37, the variables defined in y; have the following constrained relation-
ships:

[W1l2gmr s = [ = [Y1]lmi+1:q) — kY1 mot(1:0) ] (9a)
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- [y]zzl-i-(l:q) [y]m1+(1:q) - 2k[y]311+(1:q) [y]mz+(1:q)
— K2 (Yt (1:0) Wlmat (i) + W30+ = [Wlasass (9b)
where my = qg(m — 1), ma = gm + M — 1), My = 2¢M, My = 2gM + KM, j = (k — 1)M + m,
m=1,2... .M, k=1,...,K.

According to the established pseudo-linear equation of (7), the constrained weighted least squares
(CWLS) problem of the object position estimation can be formulated as

min  (Ghy; — h1)"Wi(G1y; — hy)

Yi,u

st. (9a), (9b), (10)

where the weighting matrix Wj is approximately equal to the inverse of the covariance matrix with
respect to the noise term Bie, and

W, ~ (B;ZB}) ' (11)

The CWLS problem (10) has two constraints (9a) and (9b). Note that the object position w° is implicit
in the constraint (9a) and not defined in y;. Accordingly, we first consider the CWLS problem that does
not include the constraint (9a) in the stage-one SDR process. As a result, the CWLS problem (10) is
reduced to

Hzl/iln (Giy1 — h1) " Wi (Giys — hy)
s.t. (9Db). (12)
3.1 Stage-one solution

To conduct the SDR process, we define an unknown matrix by

T
Y, = [y”{; yl] . (13)
yp 1
Obviously, the defined Y; satisfies
Y, =0, [le]L;;,L;, =1 (143‘)
rank(Yy) = 1, (14b)

where L3y = 2(¢+ K)M + 1. When Y} is defined, the cost function in (12) is also rewritten as
(G1yr — h1) " Wi (Grys — hy) = tr(C1 Y1), (15)
where

[ etwie: —GTwih,

C, = 16
YT SRTwaGe, RTWih, (16)
Besides, Eq. (9b) becomes
[K]M1+j7M1+j = tr(kQ [K]M2+(1:q),m2+(1:q)) + [}/I]M2+j,L3
+ tr([le]rmJr(lzq),rer(lzq) + 2k[yvl]mlJr(lzzz),7n24r(1:q))7 (17)

where Lz = 2(q+ K)M + 1, and the definitions of j, my, ma, My, and Mz are the same as those of (9b).
As a result, the CWLS problem (12) is equivalent to representing as

min tr(C1Y7)

1

st. (14a), (14b), (17). (18)
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Problem (18) is still non-convex due to the rank-one constraint (14b). Fortunately, dropping the rank-one
constraint (14b) yields the stage-one SDR problem:

min tr(C1Y7)

Y.

s.t. (14a), (17). (19)

The SDR problem (19) can be effectively solved using a convex optimization package such as SEDUMI
and SDPT3. Extracting from the estimated Y7, we can obtain the estimate of y; by

Y1 = Y1]1:1,,L,- (20)

The solution W requires B; that depends on the value of t7. Unfortunately, the true 7 is unknown
from (8). Initially, setting W7 to an identity yields a coarse estimate of t? since the solution is insensitive
to the weighting matrix Wj. Using the coarse estimate form W; will give a better solution.

The CWLS problem (12) is equivalent to representing the problem (18), which is further relaxed as the
stage-one SDR problem (19) by dropping the rank-one constraint (14b). It seems that the stage-one SDR
problem is a relaxed form of the CWLS problem (12). In practice, the stage-one SDR, problem (19) is
tight enough. In [35,43], it is proven that the SDR solution is rank-one over the small noise region when
G is full column rank. As a result, the performance of the stage-one SDR solution is also equivalent to
that of the CWLS problem (12). Hence, we derive the estimation error of y; from the CWLS problem
(12). Let us define a vector ¢ = [y1]1.2qm+Kxnm, and A¢ is the estimation error of ¢. In the CWLS
problem (12), the variable 3 is determined by ¢, and both of them are included in y;. Hence, A¢ is
given by

a(Glyl) oY1

— A¢ ~ Bie. 21
Let us define
oy1
H, = . 22
1 8¢T ( )
Applying the definition of y;, we have
(Hilvap i, =1, [H1l a4 j.my - (1:q) = =285,
[(Hi My jmat (1:q) = 2kt [Hi)agajan+5 = 205, (23)

where the definitions of j, my, ma, My, and My are also the same as those of (9b), t? and 043? can be
approximated by the estimates.
As a result, the WLS solution to (21) gives

A(ﬁi (AVITWlAl)ilA;rWlBlé‘, (24)

where A; = G1H;. At the low noise levels, the noise in A; can be insignificant. Thus, the covariance of
Ag is

cov(Ag) = (ATWA;)~ L (25)
3.2 Stage-two solution

The stage-one SDR is derived from the CWLS problem (12) that does not consider the constraint (9a).
In the stage-two SDR, we solve the object position by availing of the constraint (9a). The estimation
error gives

o0 — tmo = —Aty o, (26a)
Vo — Uy = —Avy,, m=1,2,... M. (26D)

Squaring both sides of af = [[u® — t?||, and applying the definition of ¢° and ¢° = ¢ — A¢ yield

tTu’ — 0.5uTu® — 0.5t 5, o, — 0.5kt v3, + [Bl3,00; = (u® — 0.582)TAL; + [Plogarrj [ABlagarts, (27)
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where tj = [¢]'frl1+(1:q) + k[¢]'mg—i—(1:q)~
Let the unknown vector be

Yo = [’U,OT, tSTa ’UOT, UOT’U,O]T c RL4, (28)
where Ly = g + 2¢gM + 1. From (26a), (26b), and (27), the pseudo-linear equation in matrix form is
G2y2 — hg = B2A¢ (29)

The detailed definitions of G, ho, and B, are provided in Appendix A.
From (29), the CWLS problem is formulated as

r%i;l (Goyz — hy) "W (Gays — hs)

st [y2]r, = [y2]1T:q[y2]1:q, (30)
where the weighting matrix W is approximated by
W, ~ (Bycov(A¢)By ). (31)
To convert problem (30) into a convex SDP form, we define a matrix by
Y, — lw%zT yzl . (32)
Yy 1
Y> needs to satisfy
Y2 =0, [Y2]r,.1; =1, (33a)
rank(Ys) = 1, (33b)
where L5 = ¢+ 2¢M + 2. When Y5 is defined, the constraint in problem (30) becomes
(Ya]1s. L5 = tr([Ya]iiq,1:q)- (34)

Similar to the procedure of (18) and (19), the CWLS problem (30) can be relaxed as the stage-two SDR
problem:

min  tr(CyY3)
Y2

s.t. (33a), (34), (35)
where
c, — Gy W,Gy; —G3Wsh, (36)
—hIWyG2 hIWsh,
Solving the stage-two SDR. problem yields the estimates of u, ty, and v which are given by
u=[Y]iqLs to=[Y]gr:qm).L5> ¥ =[Y]grqrmrs(:qrn),Ls- (37)

The independent variable in the CWLS problem (30) is ¢° = [u®T, 3T, v°T|T. The estimated value of

o

@° is defined as ¢, and A is its estimation error. Similar to the procedure of (21)—(25), we can obtain
the covariance of estimation error A,
cov(Ap) = (A3 WaAy) ™, (38)
where Ay = GoHo,
Hy= 202 (39)
The definition of yy gives
[Ho)1.groqmgreqn = I, [Holgrognri11.q = 2u® ~ 2u™. (40)

The solution of W5 requires Bs that depends on the value of w°. Unfortunately, u° is unavailable at
the beginning. Initially, setting W5 to an identity gives a coarse estimate of u®, which is used to form
Bs and W,. The newly formed W5 produces a better solution. The performance degradation in this
procedure is negligible since the solution is insensitive to the weighting matrix.
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4 Feasibility of two-stage solution

The SDR problem is equivalent to its CWLS form if the SDR solution is rank-one and the SDR solution
is feasible. In this section, we perform the feasibility study by applying the rank analysis. The stage-one
SDR solution is rank-one at the small noise levels when G; is full column rank, i.e.,

rank(G1) = 2(q + K)M. (41)
4.1 Rank of G,

In order to fulfill G; to be full column rank, the number of rows in G; should be greater than that of
the columns, yielding

2q
K> . 42
N3 (42)

The column rank is determined by the maximum number of linearly independent columns in G;. Let

the p-th column of G be g%p ), and the rank of G; be P. As a result, there are P linearly independent

columns in G;. Thus, the equation

P
Zcpgy)) =0, (43)
p=1

can only be satisfied by having
ci=cy=---=cp=0. (44)

From (42), N needs to be greater than or equal to 3. Assuming sufficient K, we provide a detailed
analysis for the rank of G1 by considering varying (M, N) starting from their smallest value (1,3). In
the following, we first consider the 3-D case (¢ = 3), and the rank analysis for the 2-D case (¢ = 3) is
provided in Appendix B.

(1) (M =1, N = 3). The positions of three sensors are s1, Sz, and s3, and the size of G; is
3K x (2K +6). Let us define the vector by ¢ = [c1, ca, ..., cp]|T. Obviously, the length of vector ¢ is 3K.
The first three columns of G; give

K K K
Z C3k—281 + Z C3k—182 + Z c3ps3 = 0. (45)
k=1 k=1 k=1

If the positions of s, s2, and s3 are not coplanar, Eq. (45) implies

K K K
Z C3k—2 = Z C3k—1 = Z c3r = 0. (46)
k=1 k=1 k=1

Applying the 4th to the 6th columns to (43) yields

K K K
Z kCgk,Q = Z kCgkfl = Z kCgk =0. (47)
k=1 k=1 k=1

The subsequent K columns of G give

3
203k73+id3k73+i =0, k=12,...,K. (48)

=1

Applying the last K columns produces

3
> eanosri=0,k=12,... K (49)
=1
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There are 2K + 6 equations for (46)—(49). Unfortunately, they are not independent, and two correlated
equations can be found. The sum of all terms on the left sides of (46) is equal to the sum of all K terms
of (49). Hence, two sets of equations (46) and (49) are linearly dependent. Besides, the sum of the left
terms in (47) is equal to the sum of k times (49). As a result, the column rank of Gy is 2K + 4 for the
sufficient K.

(2) (M =1, N = 4). The positions of four antennas are s1, S2, S3, and s4, and the size of G; is
4K x (2K 4 6). If s1, s2, and s3 are not parallel to one another, they span the 3-D space. Thus, s4 can
be expressed as

S84 = [31,32783][>‘17>\27>‘3]Ta (50)

where A1, A2, A3 are not equal to zero.
As a result, the first three columns of G give

K
Z Cok—4+44S8: = 0. (51)
1 k=1

M-

3

Substituting (50) into (51) yields

3 K
Z Z Cak—a+i + )\ic4k)3i =0. (52)

i=1 k=1

Therefore, we have
K
Z(C4k,4+i + >\ic4k) =0,:=1,2,3. (53)
k=1

Similarly, applying the 4th to 6th columns to (43) produces

K

> k(car—ayi + Aicar) =0, i =1,2,3. (54)
k=1

Correspondingly, Eq. (47) becomes

Zc4k74+id4k74+i =0, k=12,...,K. (55)

=1

The last K columns give

> ear-ari=0,k=12,... K (56)

The number of equations (53)—(56) is 2K + 6, and they are linearly independent. Hence, there are totally
2K + 6 independent equations, indicating rank(G1) = 2K + 6 for the sufficient K > 3, obtained by (42).

(3) (M > 2, N = 3). The size of Gy is 3KM x 2(K + 3)M, and the length of vector ¢ is 3K M.
Although the number of the equations (46)—(49) are increased to 2(K + 3)M, 2M sets of equations are
linearly dependent. Therefore, the rank of G is 2(K + 2)M and never to be full column rank for the
sufficient K.

(4) (M > 2, N > 4). Although the size of G is increased to KM N x 2(q¢+ K)M, 2(q+ K)M sets of
equations are still linearly independent due to the sufficient sensors of N > 4. As a result, G is always
full column matrix.

The G is full column matrix for N > 4 regardless of the value of M. Thus, the stage-one SDR solution
is rank-one and feasible to provide an estimated value for the unknown. Similar to the analysis for the
rank of G, we conduct the feasibility analysis for the stage-two SDR by applying the rank of G5.
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4.2 Rank of G

The size of Ga is (2¢ + K)M X (2¢M + g+ 1). In order to satisfy rank(Gs) = 2¢M + ¢ + 1, the number
of rows in G5 needs to be larger than or equal to that of the columns, producing KM > 4 for ¢ = 3. For
the sufficient K, we derive the rank of G2 by considering varying M starting from one.

(1) M = 1. The size of Go is (6 + K) x 10. There is only one transceiver, and its starting position
and velocity are 7 ; and vf, respectively. Besides, j is equal to k for M = 1. Applying the first three
columns of G5 yields

K K
Z cerkti,0 + Z kceyrv1r = 0. (57)
k=1 k=1
Considering t;, not parallel to vy, we arrive at
K K
D o =0, Y kegir =0 (58)
k=1 k=1
By applying (58), the 4th-9th columns of G2 give
c1=cy=-=c¢g=0. (59)

Finally, the last column of G5 gives

K
> coin =0. (60)
k=1

Eqgs. (58)—(60) are not linearly independent since the left equation of (58) is the same as (60). As a
result, the maximum value of P can only be 8 to ensure Eq. (44) is the solution of (43). The rank of G,
is 8, which is less than the number of columns. Hence, the stage-two SDR is infeasible.

(2) M = 2. The size of Gy increases to (12 + 2K) x 16, and the starting positions and velocities of
two transceivers are t{ g, t3 , v{, and v3, respectively. Applying the last column of G2 yields

K K
Z Cli42k = — Z C124-2k- (61)
k=1 k=1

Substituting (1) and applying the first three columns to (43) give

K K K K
Z c11+2kt10 + Z c1242kt2,0 + Z kci14okv1 + Z kcioyorva = 0. (62)
k=1 k=1 k=1 k=1

Similar to (50), t20 is expressed by the form in term of ¢1 o, v1, and ve, yielding
tQaO = [t1,07v15v2] [71;727’73]11) (63)

where 71, v2, 73 are not equal to zero. Provided that t; o, vi, and vy are not parallel to each other.
Inserting (63) into (62) and applying (61) give

K K K
Z Cli42k = Z kcioyor = Z kciiyor = 0. (64)
k=1 k=1 k=1
From the 4th-15th columns of Ga, using (61) and (64), we arrive at
01202:-"201220. (65)

Eqgs. (61), (64), and (65) are linearly independent. Thus, the rank of G is 16, and G is full column
rank. The stage-two SDR solution is rank-one and feasible.

(3) M > 3. Each transceiver contributes K rows to G2. Two transceivers are sufficient to guarantee
G5 to be full column rank. Adding the new rows does not change the rank. As a result, the stage-two
SDR solution is still rank-one, and the solution is feasible.

In summary, the minimum N is 4 for the stage-one SDR, and the minimum M is 2 for the stage-two
SDR. Hence, the minimum value of (M, N) is (2, 4) for the two-stage SDR solution. In this situation,
both SDR solutions tend to be rank-one, and the localization result is guaranteed to be reliable.
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5 Performance analysis

In this section, the CRLB of this problem is derived. In addition, the performance of the two-stage SDR

solutions is proven to approach CRLB accuracy sufficiently. For notation simplicity, we shall use the

symbol V3 to denote the partial derivative, i.e., Vg p = 66TGT'

5.1 CRLB derivation

For the proposed localization problem, the independent variables are ¢° = [u®T, 3% v°T|T. According
to the measurement equation, the fisher information matrix (FIM) is given by

F = V37¢02_1Vd7¢o, (66)

where V g o € REMNX(a+2aM) i defined as

(Vaelprq = PZo,t;a (67a)
[Vd,tpo]p,mlJqur(l:q) = p;,l;’,uo + P;F;,si, (67b)
[Va,polpmatat(ig) = k(/’t;’,u“ + Ptj,Si)Ta (67c)

where my = gim —1), me =gm+M —-1),p=G—-1)N+4, j=(k-1)M+m, m=1,2,..., M,
k=1,....K.
As a result, the CRLB of this problem is

CRLB(¢°) = F ' = (V02 ' Vaee) " (68)
5.2 Performance of two-stage

The CWLS problem (12) is equivalent to the stage-one SDR problem (19) when its solution is rank-one.
Thus, the estimation error of the stage-one SDR solution is expressed by (24), and its covariance is
approximated by (25). Similar to the stage-one SDR, the stage-two SDR solution is also a solution to
the CWLS problem (35) if the SDR solution is rank-one. As s result, the covariance of the estimation
error in the stage-two SDR solution is obtained by (38).

Inserting (25) into (31) produces Wa, which is then applied to (38). As a result, the covariance of the
estimation error A is also given by

cov(Ap) ~ (KT 1K), (69)

where K = By 'A;B;'A;. The form of expression (69) is similar to that of (68). Obviously, the
covariance can approach the CRLB if satisfying K ~ V4 ,-. In Appendix C, we provide a detailed proof
for K ~ Vg ,0. Therefore, the MSE of the estimation error ¢ is able to approach its CRLB.

5.3 Closed-form solution

Similar to the two-stage SDR, the closed-form solution also avails the pseudo-linear equation (7). Thus,
the estimate of y; is obtained by applying the WLS method. Unfortunately, the constrained relationships
among the variables in y; are not considered, and the stage-one WLS solution performs poorly. A feasible
method to improve the performance is to apply the multi-stage WLS solution. Similar to the stage-two
SDR solution, the variable ys is defined, and the stage-two WLS solution is proposed by exploiting
the constrained relationships among the variables. In the stage-two WLS, the constrained relationship
between u° and u°Tu® fails to be established. Hence, the solution of the stage-two WLS needs to be
further refined by designing the stage-three WLS. In the following, we call it a multi-stage WLS for a
clear description. As a result, the multi-stage WLS solution performs well enough.

6 Evaluation

In this section, the performance of the two-stage SDR solution is examined by simulations. The positions
of sensors used in the simulations are randomly generated according to uniform distribution [—100, 100] m.
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Table 1 Positions of eight sensors in 2-D simulations (m)

1D 1 2 3 4 5 6 7 8
x —60 82 —10 39 59 5 —65 —46
Y 89 67 15 24 91 76 96 —49

Table 2 Positions of nine sensors in 3-D simulations (m)

ID 1 2 3 4 5 6 7 8 9

T —21 —58 34 —70 76 —70 65 50 —96
Y 65 —36 14 -5 54 58 75 33 95
z 35 —73 —66 82 —59 55 —-95 1 —70

Table 3 Positions of eight transceivers in 2-D simulations (m)

1D 1 2 3 4 5 6 7 8
x 135 145 51 132 72 102 121 95
Y 126 106 110 148 120 143 73 67

Table 4 Positions of eight transceivers in 3-D simulations (m)

1D 1 2 3 4 5 6 7 8

x 81 63 51 134 87 95 143 7
93 123 65 135 91 124 73 82
50 132 72 73 87 55 82 142

Owing to the high complexity of the SDP calculation, one of the random geometry configurations is used
for performance evaluation, and they are listed in Table 1 for the 2-D and Table 2 for the 3-D case. The
object position is set at (300, 300) m for the 2-D and (300, 300, 300) m for the 3-D case. To determine the
object position, the transceivers are moving at the region near the object position, and their velocities are
generated randomly according to the uniform distribution [—1,1] m/s. The starting positions of 9 mobile
transceivers are also randomly produced from the uniform distribution [50, 150] m, and one of the random
geometry configurations is used for evaluation and listed in Table 3 for the 2-D and Table 4 for the 3-D
case. The noise covariance is given by ¥ = ¢?I. The performance is evaluated using root mean square
error (RMSE), defined as

L

RMSE(u) = Z |l — ue2, (70a)
1 L

RMSE(ty) = ZZ L— 3|2, (70b)
1 L

RMSE(v) = — EZH”Z — |2, (70c)

where u!, ¢}, and v! are the estimates in the I-th ensemble run. L is the number of Monte Carlo (MC)
runs and L is adopted as 1000 in the simulations. The simulations are conducted by MATLAB, in which
the SDP solver is SeDuMi. For performance comparison, we also develop the two-stage WLS (TSWLS)
and the multi-stage WLS (MSWLS) solutions, which are described in Subsection 5.2. In addition, we
also designed the relaxed SDP (RSDP) solution [43], which is also included as a performance comparison.

6.1 Performance with varying noise level o

We first examine the performance with varying noise level o for two different cases.

Scenario 1. The performance of the 2-D case is examined. M and N are kept at 3 and 4, respectively,
and K is set at 10. The position parameters are the same as those of the first three transceivers in
Table 3 and the first four sensors in Table 1. The RMSE performance of object position estimation is
shown in Figure 2(a). Since the constrained relationships among the variables are not fully considered,
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Figure 2 (Color online) Performance of 2-D case with varying o when using M = 3 mobile transceivers, N = 4 sensors, K =
10 time steps. RMSE comparison for (a) object position estimation, (b) starting position estimation, and (c) velocity estimation.
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Figure 3 (Color online) Performance of 3-D case with varying o when using M = 3 mobile transceivers, N = 5 sensors, K =
10 time steps. RMSE comparison for (a) object position estimation, (b) starting position estimation, and (c) velocity estimation.

the TSWLS and RSDP solutions perform poorly at the entire noise levels tested. The RMSE of the
MSWLS approaches its CRLB at low noise levels, whereas it deviates from its CRLB at ¢ > 1.0 m.
In contrast, the RMSE curve of the two-stage SDR is closer to the CRLB than that of the MSWLS,
especially at the high noise levels of 1.0 m < 0 < 3.1 m.

Figures 2(b) and (c) show the RMSE performance in the estimation of starting positions and velocities,
respectively. The two-stage SDR solution only refines the estimate of object position by availing of the
constraint (34) and has no impact on the performance of the starting position and velocity estimation.
Hence, the performance of the two-stage SDR. in the estimation of starting positions and velocities is the
same as that of the stage-one SDR. In addition, the RMSE curve of the MSWLS also almost overlaps
with that of the TSWLS due to the same reason.

Scenario 2. The performance of the 3-D case is examined with varying noise levels. M and N are kept
at 3 and 5, respectively, and K is also set at 10. The position parameters are the same as those of the
first three transceivers in Table 4 and the first five sensors in Table 2. The RMSE performance of object
position estimation is shown in Figure 3(a). Most of the observations are almost similar to those of the
2-D case. The difference is that the RMSE of the TSWLS deviates from its CRLB at o > 0.1 m, which
is earlier than that of the 2-D case. In contrast, the two-stage SDR performs better, especially at high
noise levels.

The starting positions and velocities of the mobile transceivers are estimated together with the object
position. Figures 3(b) and (c) show their RMSEs as o increases. Except for the high noise level of
o = 10.0 m, all the solutions provide almost comparable CRLB accuracy. Hence, the performance for
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Figure 5 (Color online) Performance with varying N when using o = 0.1 m, M = 3 mobile transceivers, and K = 10 time steps,
for (a) 2-D case and (b) 3-D case.

the estimation of the starting positions and velocities is not evaluated in the following.

6.2 Performance with varying M

In this subsection, we investigate the performance with varying M, the number of mobile transceivers.

Scenario 3. The performance of the 2-D case is examined. N is set to be 4, and four sensor positions
are the same as those of scenario 1. M is varied from 2 to 8, and the positions of M mobile transceivers
are the same as those of Table 2. o is kept at 0.1 m, and K is set at 10. Figure 4(a) shows the RMSE
performance for the object position estimation. As shown in Figure 4(a), the RMSE performance of the
two-stage SDR approaches its CRLB even if there are only two mobile transceivers. The two-stage SDR
provides comparable CRLB accuracy when M is increased from 2 to 8. Although the MSTLS performs
well at N > 3, its performance has a small gap with the CRLB at N = 2.

Scenario 4. The performance of the 3-D case is investigated. N is set to 5, and the five sensor
positions are the same as those of scenario 2. M is also varied from 2 to 8, and the positions of M
mobile transceivers are the same as those of Table 4. ¢ is also kept at 0.1 m, and K is also set at 10.
Figure 4(b) shows the RMSE performance for the object position estimation. The closed-form solutions
perform poorly, especially at a small number of mobile transceivers. For M = 2, the MSWLS fails to
provide a solution for the object position estimation. In contrast, the two-stage SDR gives a solution
for object position, although its performance is not close to the CRLB. When M is increased to 3, the
performance of the two-stage SDR can attain the CRLB.

6.3 Performance with varying N

The minimum N is 3 for the 2-D case and 4 for the 3-case. In this subsection, we also investigate the
performance with varying N, the number of sensors.

Scenario 5. The performance of the 2-D case is examined with varying N. o is kept at 0.1 m, and
K is set at 10. M is kept at 3, and the positions of three mobile transceivers are the same as those of
scenario 1. In addition, we apply the first IV sensors in Table 1 by considering varying N. The RMSE
performance in the estimation of object estimation is plotted in Figure 5(a). For N = 2, the RMSEs of
these solutions exceed the scope of the figure size and are not shown. The two-stage SDR can provide a
solution for the object position at N = 3, which is consistent with the result in Section 5. When N is
increased to 4, the RMSE of the MSWLS can approach the CRLB sufficiently.

Scenario 6. The performance of the 3-D case is examined. o and K are set at 0.1 m and 10, respectively.
M is also kept at 3, and the positions of three mobile transceivers are the same as those of scenario 2.
Similarly, we apply N varying sensors in Table 2. Figure 5(b) shows the RMSE performance of the 3-D
case. For the varying range of 4 < N < 9, the two-stage SDR always provides comparable CRLB accuracy
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Figure 6 (Color online) Performance with varying K when (a) using o = 1.0 m, M = 3 mobile transceivers, and N = 4 sensors,
for 2-D case and (b) using o = 1.0 m, M = 3 mobile transceivers, and N = 5 sensors, for 3-D case.

for its full exploitation of the constrained relationships. Unfortunately, the RSDP performs poorly due
to its relaxed SDP form. The performance of the MSWLS is also poor except for N > 7.

6.4 Performance with varying time steps

Scenario 7. The performance of the 2-D case is examined with varying K. The parameter setup of
sensors and mobile transceivers is the same as that of scenario 1. The noise level o is kept at 1.0 m,
and K is varied from 10 to 40 with an interval of 5. Figure 6(a) shows the RMSE performance in the
object position estimation. As shown in Figure 6(a), the performance becomes better as K increases.
The two-stage SDR performs well enough at the entire varying range of K. However, the RMSE of the
TSWLS has a small gap with the CRLB for K < 20, confirming the disadvantage of the closed-form
solution.

Scenario 8. The performance of the 3-D case is examined. The parameter setup of sensors and mobile
transceivers is the same as that of scenario 2. The noise level o is also kept at 1.0 m. Figure 6(b)
shows the RMSE performance as K varies. Different from the 2-D case, the performance of the MSWLS
has a large gap with the CRLB when K is varied from 10 to 40. The observations indicate that the
closed-form solution of the 3-D case performs worse than that of the 2-D case due to the increasing of
unknown parameters. In addition, the two-stage SDR solution performs best among these solutions, and
its performance always approaches the CRLB except for K = 10.

7 Conclusion and future work

The mobile transceivers are used to address the blind area problem of object localization. Considering the
motion parameters of the transceivers to be unavailable, we propose an explainable-Al-based two-stage
solution for this localization problem. The feasibility of the two-stage solution is derived, and we require
at least (M = 2, N = 3) for the 2-D case and (M = 2, N = 4) for the 3-D.

The relationships among the variables are difficult to include in the stage-one process, and the perfor-
mance of the one-stage is poor. Hence, the explainable-Al-based two-stage solution is proposed to fully
exploit the constrained relationships, and its performance is proven to approach the optimal accuracy
sufficiently. Compared with the multi-stage closed-form solution, the explainable-Al-based two-stage so-
lution performs better, especially at a small number of sensors and mobile transceivers, or in the presence
of high noise levels. The proposed explainable-Al-based two-stage solution can be extended to many
range-based localization problems where the object position is implicit in the constraints.

In real-world scenarios, for less open terrain, the transceiver needs to avoid obstacles. When K is
large, it may not be possible to ensure that the transceiver is always in uniform linear motion. In future
work, we will investigate the nonlinear motion of transceivers. There are many application scenarios
for transceiver-based localization methods, such as sensor networks that mix fixed and dynamic sensors,
underwater localization of AUVs, etc. In future research, the localization solution will be applied to a
wider range of scenarios.
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Appendix A Definitions of G2, Bs, and hy

G, c R(2aM+KM)x(q+2qM)

Obviously, , the nonzero elements of G2 are defined as

T
[Golimi+@g).amt ) =1, [G2lmit@a)amimyr ) = I, [G2lmy+j,1:4 = £,
T T
[G2]lMy +j.g+14am = —0.5, [G2]ar yj.gmi(1:q) = —0.5¢; , [G2lary 4j.q(mta)+(1:9) = —0.5kt;, (A1)
where t; = [@lm, 4+ (1:q) T E[@lmg+(1:9), m1 = g(m — 1), ma = g(m + M — 1), M1 =2qM, j = (k- 1)M +m, m = 1,2,..., M,

k=1,...,K

Besides, the vector hy € R2IM+EM

is defined as

[R2lmy +(1:9) = [@lmq+:0)s [P2lmgt:9) = [@lmot(1:0)s
T 2
[h2]M1+j = 0'5(tj t; — [¢]A11+j)' (A2)
In addition, By € REIMHEEM)x(2aM+KM) g oiven by
[Baling,1:my = =1, [B2lagy 4j.mq+(1:q) = (0 — 0.5t;)" ~ (u—0.5t;)"

T T
[B2lnty 4j,mot(1:q) = k(u” = 0.5¢5) " ~ k(u —0.5t5) ", [Balmy+j,My+5 = o5 = [@]my+5- (A3)

s

In (A2) and (A3), My = 2qM + KM, and the definitions of j, m, k, m1, ma, and M; are the same as those of (Al).

Appendix B Rank of G; and G5 for 2-D case

The rank analysis for the 2-D case is relatively simple due to the reduction of the dimension, and the procedure is similar to that
of the 3-D case.

Appendix B.1 Rank of Gy

Obviously, two sensors (N = 2) are insufficient for the inequity of (42). Hence, the rank analysis of G is conducted by varying
(M, N) also starting from (1, 3).

(1) M =1, N = 3. The size of G1 is 3K X (2K + 4), and the length of vector ¢ is also 3K. The positions s; and s3 span the
2-D plane, and s3 can be expressed by

s3 = [s1,82][w1, wa] " (B1)
Equating the first two columns of (43) gives
K K K
D> esko2si+ D caro182+ Y carss = 0. (B2)
k=1 k=1 k=1
Inserting (B1) into (B2) results in
K K
> (esk—2 +wicak)si + » _(csk—1 + wacak)sz = 0. (B3)
k=1 k=1
Therefore, we have
K K
> (esk—n +wicar) = > (esp—1 + waca) = 0. (B4)
k=1 k=1

Similarly, applying the 3rd—4th columns to (43) yields

K K
D kleak—2 +wicar) = Y k(cap—1 + wacax) = 0. (B5)
k=1 k=1
In addition, the subsequent K columns give
3
ZCSk—3+id3k—3+i =0, k=1,2,..., K. (B6)

i=1
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Equating the last K columns produces

3
> eskosyi=0, k=1,2,..., K. (B7)

=1

As a result, the 2K + 4 equations of (B4)-(B7) are linearly independent, and G is full column rank for the sufficient K > 4.

(2) M > 2, N > 3. The number of columns in Gy is 4M + 2K M. Applying a similar method to (B1)-(B3), we can obtain
4M independent equations for N > 3. The last 2K M columns also give 2K M independent equations, and they are also linearly
independent with the front 4M equations. Hence, the rank of G; is also 4M + 2K M and equal to the number of columns. G; is
always full column rank for the sufficient K.

Appendix B.2 Rank of G

The size of G2 is (4M + KM) x (4M + 3), and KM > 3 needs to be satisfied to ensure G is full column rank. Similarly, let us
consider the case of M = 1.
(1) M = 1. The size of G2 is (4 + K) X 7, and j is equal to k for M = 1. Similar to (57), applying the first two columns yields

K K
Z caqrtio+ Z kcayrpvr = 0. (B8)
k=1 k=1
Provided that t; o is not parallel to v1, we have
K K
D cayr =0, > keayr =0. (B9)
k=1 k=1
Equating the 3rd—6th columns to (43) gives
61:(;2:-“264:0, (B10)
The last column of G2 gives
K
> eapr =0. (B11)
k=1

Obviously, the first expression of (B9) is also (B11). As a result, the rank of G2 is 7, which is less than the number of columns.
Hence, the stage-two SDR is also infeasible for M = 1.

(2) M = 2. The size of G2 is (8 + 2K ) x 11. The starting positions and velocities of two transceivers are t(f,ov v7, tg’o, and v3,
respectively. 7 ; and v{ span the 2-D plane, and t; , and v can be represented as

ta,0 = [tl,Oyvl][Vl,V2]Tyv2 = [tl,o,vl][ﬂl,ﬂz]T‘ (B12)

Equating the last column of G5 to (43) yields

K K
Z Crqop = — Z C842k- (B13)
k=1 k=1

Assuming t1,0 not parallel to v;. Inserting (B12) into (62) and applying (B13) give
K K
Z(l + kv — k}/.l,l)C7+2k = Z(l + kpo — kl/2)63+2k = 0. (B14)

k=1 k=1

From the 3rd-10th columns of G2, we can obtain 8 independent equations. As a result, these equations are linearly independent.
Thus, the rank of G is 11, and G is full column rank. The stage-two SDR solution is feasible.

(3) M > 3. Similar to the 3-D case, G2 is still a full column matrix when adding the new rows. Two transceivers are sufficient
to guarantee that the stage-two SDR solution is feasible.

For the 2-D case, the minimum N is 3 for the stage-one SDR, and the minimum M is also 2 for the stage-two SDR. Hence, the
minimum value of (M, N) is (2, 3) for the two-stage SDR solution.

Appendix C Proof for K ~ Vg ,o
Direct multiplication yields B;lAl, given by
1 T -1 T -1
[B, Al]p,m1+(1:LI) = psi,tj’ (B Al]pnnﬁ(luﬂ = kpsi,tj7 [By Ailp2qm+j = —1. (C1)
Similarly, B;lAg is defined as
1 T -1 T -1
[B2 A2]p,m1+(1:q) = psi,tjf [B2 A2]pym2+(1:q) = kpsi,tj7 [Bl AI]P12L1M+J‘ =1 (C2)
From Az = G2 Ho>, As is also defined as

[Az]12gar, gt (1:2g0) = T, [A2]2gm4j1:0 = 5 — 0,
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T T
[Az]2gn+j,qm+(1:q) = —0.585, [Azlagnmrj,q(m+m)+(1:q) = —0.5kt; . (C3)
Applying the inverse formula of the block matrix, we arrive at
-1 —1 -1
[By u2qm,1:2gm = =1, [By logMij,q(m—1)+(1:q) = (0.5t —u)a;
-1 -1 -1
[By l2gMyjia(mim—1)+(1:q) = k(0.5t; —uw)a; ", [B2lagmtj2qm+5 = @ - (C4)
Direct multiplication gives
-1 -1 T
[By  Azlizgm,qt(1:2am) = =1, [By Azl2gmtjnia = P us

—1 T —1 T
[By " A2lagntj.am+(1:a) = Puye;r [Bo Azlaghtj amtm)t(ig) = kPuye - (C5)

As a result, BflAl multiplying by B;lAg yields K, and K is approximately equal to Vg ,o.
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