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ABSTRACT
Cooperative detection is the foundation for high-level mis-

sions in mobile multi-agent networks. Although extensive re-

search has focused on the design of detection schemes for

fixed networks, the position uncertainty induced by the mo-

bility of agents has not been fully investigated. In this paper,

we develop a generalized likelihood ratio test (GLRT) via di-

rect localization of target and mobile agents, where the joint

processing gain from direct localization is utilized to miti-

gate the influence of position uncertainty. Then we derive a

modified GLRT detector for theoretical performance analy-

sis and reveal the relationship between position uncertainty

and detection performance. Numerical results demonstrate

the superior performance of the proposed GLRT detector to

the conventional method using two-step localization.

Index Terms— Multi-agent networks, position uncertain-

ty, generalized likelihood ratio test (GLRT), direct localiza-

tion, cooperative detection

1. INTRODUCTION

Target detection based on multi-agent networks is playing a

fundamental role in a wide range of applications including

autonomous driving, environmental monitoring and geomet-

ric mapping [1–3]. Within the scope of fixed multi-agent net-

works, various schemes have been utilized to solve the target

detection problem with multiple agents. In [4], a geometry

perspective was proposed to detect an unknown signal based

on observations from multiple sensors. The detection system

consisting a surveillance array and a reference array was dis-

cussed for the detection of correlated subspace signals [5].

Compared with the fixed counterparts, mobile multi-agent

networks have the advantages of broader coverages on the re-

gions of interest and greater flexibility to changeable envi-

ronments [6]. However, mobile multi-agent networks suffers

from the inaccurate knowledge of agents’ positions, which

makes traditional detection schemes that require the exact po-

sition information of agents inapplicable to the mobile case.

Thus, we propose a generalized likelihood ratio test (GLRT)
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Fig. 1. Cooperative detection of a single target in a mobile

multi-agent network: all the agents, which only have access

to the nominal positions, transmit the received waveforms to

the FC to develop a composite hypothesis test.

for target detection in mobile networks by taking position un-

certainty into consideration.

Direct position determination is an effective algorithm for

estimating target positions [7]. Unlike the conventional two-

step localization method [8], direct localization exploits the

spatial constraint that received waveforms are emitted or re-

flected by the same target. Thus, the joint processing gain

provided by direct localization can be utilized to mitigate the

adverse impact of position uncertainty on position estimation.

Inspired by the remarkable performance of direct local-

ization, we develop a new GLRT for mobile multi-agent net-

works in this paper. Although our study is related to the co-

operative detection schemes for fixed multi-agent network-

s [4,5], it takes position uncertainty into consideration for the

first time and implements GLRT via direct localization in-

stead of conventional two-step methods. In this scheme, each

agent samples the reflected waveforms and transmits the dis-

crete signals to the fusion center (FC) for position estimation

in a collaborative manner. The estimated positions are utilized

to derive a GLRT to determine the existence of the target. Be-

sides, we propose a modified GLRT to illustrate the detection

performance degradation caused by position uncertainty.
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The notations of lowercase (uppercase) letters in bold de-

note vectors (matrices) variables; Ez{·} denotes the expecta-

tion with respect to the random variable z; superscripts (·)T
and (·)† denote the transpose and conjugate transpose of their

arguments, respectively; diag{·} denotes the diagonalization

of a vector; Re{·} extracts the real part of the argument while

Im{·} extracts the imaginary part; tr{·} denotes the trace of

the argument; ‖x‖2A denotes the quadratic form of the argu-

ment with respect to the inverse of matrix A, i.e., xTA−1x.

2. PROBLEM FORMULATION

2.1. System Model

Consider a 2-D network consisting of Na mobile agents that

perform a cooperative target detection task (see Fig. 1).1 The

position of each agent is assumed to be unchanged during

a detection interval and is determined through triangulation

with surrounding anchors. We denote the true position of the

k-th agent as pk = [xk, yk]
T, k = 1, 2, . . . , Na. zk is the

corresponding nominal position, which is corrupted by an ad-

ditive zero-mean Gaussian vector vk with covariance Rk, i.e.,

fp(zk|pk) =
1

2π
√
det{Rk}

exp
(
− ‖zk − pk‖2Rk

2

)
. (1)

In addition, the target position is denoted as pt = [xt, yt]
T.

Since the detection performance in an environment with-

out interference serves as an upper bound for interference-

suppressing detectors, we consider a network where there ex-

ists no clutter interference. Each agent is equipped with a

M -element uniform linear array (ULA). As a general case

where each agent receives signals from all the agents can be

similarly analyzed, we investigate on a representative situa-

tion that agents only receive their own signals. The base-band

signal received at the m-th element of the k-th agent is

r
(m)
k =

1√
M

αk e
jφ

(m)
k Dksk + n

(m)
k

φ
(m)

k = 2π
d

λ
(m− 1) sinϑk (2)

where αk is the complex scaling factor that accounts for the

combining effect of channel attenuation and target reflection;

d is the element spacing; λ is the wavelength of the carri-

er; ϑk is the incident angle-of-arrival (AOA). The waveform-

known signal sk transmitted by the k-th agent contains Ns

snapshots with a total energy E. The additive noise n
(m)
k

is modeled as a complex circular Gaussian vector distribut-

ed as CN (0, σ2
nINs

), where the noise variance σ2
n is assumed

known and can be obtained from auxiliary data that only con-

tains observation noise [9].

1We first focus on the 2-D case and the proposed detection scheme can be

extended to the 3-D case.

The unitary delay operator Dk = W †TkW is introduced

where Tk = diag{e−jω1τk , e−jω2τk , . . . , e−jωNsτk}, W is

the Discrete Fourier Transform (DFT) matrix, wi = 2π(i −
1)fs/Ns and fs is the sampling frequency [10].

A concatenating form of the observation vector can be ex-

pressed as

rk = αk (ak ⊗Dk)sk + nk (3)

where

rk = [r
(1)T

k , r
(2)T

k , . . . , r
(M)T

k ]T

ak = [ejφ
(1)
k , ejφ

(2)
k , . . . , ejφ

(M)
k ]T/

√
M

nk = [n
(1)T

k ,n
(2)T

k , . . . ,n
(M)T

k ]T. (4)

Remark 1. As the location information resides in both prop-
agation delays and AOAs, the received waveforms can be ex-
pressed as functions of pt and {pk}Na

k=1 by variable substitu-
tion, which enables our proposed GLRT via direct localiza-
tion of target and agents.

2.2. Cooperative Detection Problem

We first denote the generalized steering vector related to the

positions of the k-th agent as hk = (ak ⊗Dk)sk . Then the

cooperative target detection problem can be converted into the

following composite hypothesis testing

H1 : rk = hkαk + nk, zk = pk + vk

H0 : rk = nk, zk = pk + vk (5)

for k = 1, 2, . . . , Na. In addition, the unknown parameters

under two hypotheses are listed below as

θ1 = [αT,pT
t ,p

T
1 ,p

T
2 , . . . ,p

T
Na

]T

θ0 = [pT
1 ,p

T
2 , . . . ,p

T
Na

]T (6)

where α = [α1, α2, . . . , αNa
]T. We further denote pa =

[pT
t ,p

T
1 ,p

T
2 , . . . ,p

T
Na

]T as the augmented position vector.

2.3. Generalized Likelihood Ratio Test

The log-likelihood function at the k-th agent under H1 after

omitting the normalization constant can be written as

ln f1(rk, zk|θ1) = − 1

σ2
n

‖rk − hkαk‖22 + ln fp(zk|pk) (7)

while the log-likelihood function under H0 is given by

ln f0(rk, zk|θ0) = − 1

σ2
n

‖rk‖22 + ln fp(zk|pk). (8)

Due to the independence of noise in received waveforms, the

GLRT at the FC can be expressed as

Λ � max
θ1

Na∑
k=1

q1,k(θ1)−max
θ0

Na∑
k=1

q0,k(θ0)
H1

≷
H0

ξ (9)
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where

q1,k(θ1) � − 2

σ2
n

‖rk − hkαk‖22 − ‖zk − pk‖2Rk
(10a)

q0,k(θ0) � − 2

σ2
n

‖rk‖22 − ‖zk − pk‖2Rk
(10b)

and ξ is the given threshold. Note that the maximum likeli-

hood estimation (MLE) of unknown parameters under each

hypothesis is required to establish the above GLRT.

Under H1, the MLE of αk is firstly obtained as

α̂k = (h†
khk)

−1h†
krk =

1

E
h†
krk. (11)

Second, we calculate the MLE of pa embedded in {hk}Na

k=1.

In this phase, direct localization is employed to estimate the

positions of target and mobile agents instead of the conven-

tional two-step method. We denote the position estimation as

p̂a and ĥk = hk(p̂a). Thus the maximum of (10a) is given by

q1,k(θ̂1) = − 2

σ2
n

∥∥∥∥rk − 1

E
ĥkĥ

†
krk

∥∥∥∥
2

2

− ‖zk − p̂k‖2Rk
. (12)

Similarly, the maximum of (10b) can be achieved by set-

ting p̂k equal to zk under H0, i.e.,

q0,k(θ̂0) = − 2

σ2
n

‖rk‖22 . (13)

Combining (12) and (13) together, the test statistic of GLRT

is given by

Λ =

Na∑
k=1

( 2

σ2
nE

∣∣r†kĥk
∣∣2 − ‖zk − p̂k‖2Rk

) H1

≷
H0

ξ. (14)

Remark 2. In order to construct the above GLRT, we im-
plement direct localization to acquire the MLE of pa rather
than conventional two-step methods. A simulated annealing
method is first employed to find an initial point, followed by
Newton’s method to determine the high-precision solution.

The performance analysis of the GLRT in (14) is in-

tractable because its distribution under H0 is not a closed

form [11]. Besides, the threshold determination suffers from

low accuracy and heavy computation cost. Thus, we propose

a modified GLRT in the next section.

3. MODIFIED GLRT ANALYSIS

In this section we design a modified GLRT based on (14) to

evaluate the detection performance analytically. Following

the idea of cross validation [11], we divide the snapshots re-

ceived by agents in half and use superscripts (·)− and (·)+ to

distinguish waveforms sampled at odd and even time index-

es. The modified GLRT first obtains the direct localization

of pa according to (14) with position uncertainty, denoted by

p̂+a , from r+ = {r+k }Na

k=1. Then we substitute p̂+a into the test

statistic with r− = {r−k }Na

k=1 assuming all the position param-

eters are known and neglecting the terms regrading {zk}Na

k=1.

3.1. Threshold Determination under H0

After substituting p̂+a into the original test statistic Λ and

omitting the second part of (14), the modified test statistic

ΛM can be formulated as

ΛM =
2

σ2
nE

Na∑
k=1

∣∣∣(r−k
)†
ĥ
+

k

∣∣∣
2

(15)

where ĥ
+

k = hk(p̂
+
a ) and (ĥ

+

k )
†ĥ

+

k = E always holds. Note

that ΛM depends on r− as well as {zk}Na

k=1 through p̂+a . Un-

der H0, the conditional distribution of ΛM given p̂+a is a chi-

squared distribution with 2Na degrees of freedom [9], i.e.,

f(ΛM | p̂+a ,H0) = fχ2
2Na

(ΛM) (16)

where fχ2
2Na

(·) is the corresponding probability density func-

tion (PDF), independent of p̂+a . Therefore, the uncondition-

al distribution f(ΛM |H0) is the same as fχ2
2Na

(ΛM) and the

modified threshold ξM for a false alarm rate Pfa is determined

by ξM = Q−1
χ2
2Na

(Pfa) where Qχ2
2Na

(·) is its right-tail proba-

bility function.

3.2. Distribution Approximation under H1

Under H1, the modified test statistic in (15) follows a non-

central chi-squared distribution conditioned on the direct lo-

calization p̂+a with a noncentrality parameter λM

f(ΛM | p̂+a ,H1) = fχ′ 2
2Na

(λM(p̂+a ))(ΛM) (17)

λM(p̂+a ) =
2

σ2
nE

Na∑
k=1

∣∣∣αkh
†
kĥ

+

k

∣∣∣
2

. (18)

We further approximate the distribution of ΛM under H1 fol-

lowing the concept in [12], given by

f(ΛM |H1) = fχ′ 2
2Na

(λ̄M)(ΛM) (19)

in which λ̄M = Ep̂+a
{λM(p̂+a )} is the expected noncentral-

ity parameter over p̂+a . Next, we define effective deflection

coefficient γk = Ep̂+a

{|h†
kĥ

+

k |2
}

and have

λ̄M =
2

σ2
nE

Na∑
k=1

|αk|2γk. (20)

Furthermore, the upper bound λ̄∗
M can be achieved when γk

equals γ̃k as

λ̄∗
M =

2

σ2
nE

Na∑
k=1

|αk|2γ̃k (21)

where γ̃k is the optimal effective deflection coefficient cor-

responding to the case in which p̂+a reaches its Cramér-Rao

lower bound (CRLB), illustrated in the following proposition.
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Proposition 1. Given that position uncertainty is much small-
er than the distance between the target and the agent, i.e.,√

trace{Rk} � cτk, the optimal effective deflection coeffi-
cient γ̃k is given by

γ̃k =

Ns∑
i=1

Ns∑
j=1

|s̄k,i|2|s̄k,j |2 exp
(
− 1

2
ρ2iju

T
k J

−1
e (pa)uk

)

where s̄k,i is the signal in frequency domain; ρij = ωi − ωj;
uk = ∂τk/∂p

T
a ; Je(pa) is the equivalent Fisher information

matrix (EFIM) of pa.

Proof. The proof is omitted due to limited space. The results

can be obtained following the Taylor expansion of τk and ex-

pressing the deviation as a zero-mean Gaussian random vari-

able with the EFIM as its covariance [12].

4. NUMERICAL RESULTS

In this section, we demonstrate our proposed cooperative

GLRT detection scheme in a scenario where four agents co-

operatively detect an unknown target. The four agents locate

at the corners of a 1.2 km × 1.2 km square area while the

target is randomly generated within a 60 m × 60 m square

area. The number of snapshots Ns and elements of a array

M are set to be 32 and 10, respectively. The array element

spacing is set to be half of the wavelength. The standard

deviations of position uncertainties for four agents are set to

be [3 m, 3 m, 5 m, 5 m]. The signal-to-noise ratio (SNR) is

defined as the ratio of the signal energy to the noise variance.

A conventional detection scheme that employs a two-step

estimation method is compared with the proposed scheme.

4.1. Evaluation of Target Localization Accuracy

With respect to the two-step method, we estimate the param-

eters of delays and AOAs and then locate the target based on

the estimated intermediate parameters [8]. The CRLB of the

target position is also calculated for comparison. Fig. 2 shows

the CRLB and the root mean squared errors (RMSEs) of the

target position estimation. It can be observed that the pro-

posed method has a superior localization performance to the

two-step method, which can be interpreted as the joint pro-

cessing gain from direct localization.

4.2. Cooperative Detection Performance

We compare the performance of the modified GLRT based on

direct localization with its competitor based on the two-step

estimation [8]. The false alarm rate is set as Pfa = 10−3.

Fig. 3 depicts the probability of detection (PD) as a function

of SNR. Both curves are plotted based on 105 Monte Carlo

experiments. In addition, the analytical curve of the optimal

detector determined by λ̄∗
M is also depicted as an upper bound
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Fig. 2. CRLB and RMSEs of target localization
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Fig. 3. Detection performance comparison

of the detection performance. As expected, the proposed co-

operative detection scheme using direct localization outper-

forms the conventional scheme and mitigates the influence of

position uncertainty by narrowing the SNR gap between the

curves of upper bound and two-step for more than 50% when

PD equals 0.5.

5. CONCLUSION

In this paper, we proposed a cooperative detection scheme

for mobile multi-agent networks. Direct localization was u-

tilized to enhance the detection performance by jointly esti-

mating target and agent positions. The influence of position

uncertainty on the detection performance was also explained

through the modified GLRT. Numerical results illustrate that

the proposed scheme outperforms the conventional method

when considering position uncertainty.
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