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STATISTICAL MODEL FOR LIDAR SIGNAL VALIDATION

V. Babin, M. Ciobanu, C. Talianu, D. N. Nicolae
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In this paper we build a statisticdl model for the LIDAR signal validation (estimation,
selection, statistical validation of the Mie backscattered optical field from pollutants at
medium and long range distances). The LIDAR backscattered optical signal is reaized viathe
operative characteristic. Defining Qo as the fase adarm probability and Qg the detection
probability, the operative characteristic is a curve in the plane defined by the indecision zone
of the LIDAR signd validation. The am of this paper is to propose some optimization
methods of the operative characteristic associated with the LIDAR signal validation.
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1. Theoretical considerations

We present a quantum detection model for the non-coherent optical radiation at the noise
limit. Using the coherent states representation of the density matrix operator ( ,0) and of the detection
operators (ﬁ) we estimate the detection probability (Q,) and the false alarm probability (Q,), the

signd - to - noise ratio (S/Z), as function of the number of degrees of freedom of both temporal
oscillation modes (M) and spatial oscillation modes (M ) . Using the Neyman-Pearson criterion

[1] we build an a gorithm for the vaidation of the statistica hypothesis in anal yzi ng the non-coherent
optical fidd.
We consider the optical fidd to be composed of a large number of oscillators, in thermal

equilibrium with the substance [2]. In this case, the generation and annihilation operators, (@+) and
(é_) will be ésm; é;;m , Where:
p = thespatia oscillation mode index;

m = thetemporal oscill ation mode index.
If afilter sdects a narrow band and a polarizer sdects the linear polarized radiation, the fidd

operator reads [2]:
R i ! ~_ q o)
b (r7t)—\/§hQZO Z Cpm D]\]p(r)@m(t)e 't @
where:

Q isthe central frequency of thefilter;
Z,= \/g is theimpedance of the medium;

Om (t),/7 D (F) are the wave functions associ ated with the temporal and spatial modes.

If (fJ) is the density matrix operator characterizing the optical fied, the quantum corrdation
function reads:
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r(a,fz;fl,f2)=ZZOTr[ds‘(fz,fz)ﬁqs*(a,fl)] @

Integrating on the aperture surface (A) and on the illumination time (O, T') it results:

b [ [ Gl g atr O
*hQZo 0 A

where: d?F =dx[dy .
From the thermal equilibrium condition we find the optica fidd (T, being the trace of the operator)

|66 (1) |=0 @
it results:
T|6Em |=0 ®
Following Helstrom [3] and Glauber [4] it results:
M(Fy sty tp) =Ty (Fy, Fosty tn) + To (P Fasty,to) ©)
where: (r,) = the correlation function of the detected optical field;

(ro ) = the background radiation correlation function.
We define the corrd ation matrix e ements, taking into account (6):
(0)

bpm,gn =Tr [ép_m FA)CJn =®pm,gn * Ppm,gn )

In the case of monochromatic radiation detection, it results:
F1,To; =0, (F: . T iQ(tq-t
r(rllr21t1:t2)—¢1(r1,rz)X(tl—tz)e (l 2) ©

where X(t;-t,) isthe eigen function (integral Kernel for the evolution equation).
The correlation matrix associated to the signa will be (f)l) :

TT
1
¢pmqn = EJ‘ J‘ g t1 tz)gn(tl)dtl Leit, O
(OJN0]
s ©)
_[ _['7 ) $1 (P17 )ng () d 27y L0127,
The background radiation correlation matrix will have the form ([30) :
©
(I)pm,qn =N [épq [Bmn (10)

Because the thermal radiation is accomplished at low leves, we search statistical strategies based on
the Neyman-Pearson criterion order to identify two statistical hypotheses: H,, H;, defined as follows
[S]:

(0)

Ho :®pm,gn =Ppm.gn (11)

(only the background is detected)
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0) 1)

( (
H1:®pm,gn = Ppm,gn * Ppm,gn (12

(both the background and the emitted radiation are detected).
We associate to the two hypotheses H,, Hj, the density matrix operators (f)o,ﬁl) and the detection

operator (ﬁ ) We define the detection probability [6]:
Def. .
Qi = K [Hl\Hl]:Tr [91”] (13
and the false darm probability [6]:

Def. .
Q = R [Hl\Ho]:Tr [po ”] (14)
From (10) we see the average number of emitted photons by the background radiation is (N).
The average number of photons emitted by the sourceis [6]:

T
=1 F ) E2F 15
Ns_m/{ { |(7,t) el r ot (15)

where: I(F,t)=T (F,;t,1)
Bz
T

(0)

- effective area of the optical fidd source

2. Contributions
2.1 Thedeedtion of apatial coherent dgnal in thepresance of thebadkground radiation

Conformal to the principles described in chapter 1, the empirical average of the measurements
number (n) is:

Vo= 1ZH:VK (16)

Nk=1

The statistical hypothesisin the limit of which the test is performed has the form:

H0 Ve, =V, (lower limit of the signal) (17)
N 1 Nrrax
H1:VK1 =Vp=—=— YV,  (upperlimit of thesigna) (18)
Nmax n=1
— 1 Nmax
v TN ZVn (average limit of the signal) (19)
maxX np=1
1 Nmxo—
M=ot= oy (vnz Ry j (data dispersion) 20)
max  n=1

In the following, we choose the repartition functions- in our case, the Gauss functions [7]:
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P, =PV, V)s— = (V _Vo)z
W et
v -wf

R=PV,—2_V -
1 1(V m 1) \/_BT/\/_ \/—maxz

where: N represents the maximum number of data submitted to statistical validation;
The next step consists in computing the probability to detect a fase signal. This probability is
given by:

N N

P 1H

+o00

H !=[r vy —Z
0 V{:O * N

In the case of LIDAR detection, where the signal is low when compared with the noise, we
choose: a =0.1. From (21) we determine V., which indicates the best critical region.

The power fun ction of the test is the probability to detect a signa in the presence of the
target. This probability has the form:

L )av=a (22)

N N +00
- O
Pi{H IH i=| PV, )av=1-43 (23)
A=
where V. isthebest critica zonethat satisfies:
W™ iV, >V, (24)
With:
V-V,
= — (25
o/ \N, ..

From (21) we can explicitate V. :

V.=V, +—2 u_, (26)

where U represents the inverse error function:

®(x) = e jexp[ 22}1 27)

We next computethesignal - to - noiseratio SZ:

(s/z)=u., +u., (28)
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In order the dgorithm to be operative, we choose the lower limit (Vo) and the upper limit (V1)

V, -V, > 2 [fs/2) (29)

N

Fig. 1. Integration limits that defines o and B probabilities.

In the case of LIDAR-type data, the dispersion is large, which implies large limits for the
validation interval.
In the following, we explicitate the statistical significationof a and S

a="p {\/_n>vC

H O} =Qo (30)

so o isthe probability of vaidating a target when it does not exist, and o must be much lessar then
unity. Therefore, a is caled the false alarm probability: a << 1.
[ isdefined as follows:

B=F {v_n <Ve Hl} (31)

s0 B is the probability to invaidate a target when it exists, and, as well, and 3 must be much lessar
than unity: S <<1.Withtheaid of this, we define the detection probability (Q,) as:

(Q4)=1-p8 32

therefore Q, <1
Theidedl caseiswhen (Q,) equals unity, but typical valuesare (Q,) = 0.9.
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2.2. Softwar e development for experimental data

The code for the data is intended to optimize the number of measurements that, in the limits
of arisk, vaidate or not the existence of atarget - in our case a pollutant from the lower atmosphere, -
and to return, before validation, only those measurements that, with some probability, contain red
information.

The LIDAR data are not homogeneous, cover few orders of magnitude (from 10 for signa's
received from tens of meters to 10° for signals received from kilometers), and decrease cvasi-
exponentidly with distance. Therefore, the agorithm cannot be gpplied to the whole series of data,
but only to some 'regions of interest, which present rdativey low dispersion and which are suspected
to represent a target to be vaidated (hypothesis H;). For that, we choose the limits V, and V; as to
satisfy (29) for a mean dispersion of 0.01 and an average number of input data of 50 (representing
data from 90 m distance consecutive).

30
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Fig. 2. Backscattered signal (r.u.) function of distance— LIDAR data.
Inthe foll owing, we explicitate the algorithm, the organigram of which is presented in Fig. 3.

Each experimental result V,, is submitted to statistical validation using two loops, having the
foll owing signification:

1. if: V. >V, + [%] ., (33)
and: (VARIVAS [%) [y, (34)

then the |-| ) hypothesisis validated, meaning we have vaidated atarget when it exists.

2.if: V<V, +[%] w, (35)

<|

or:

g
>V, - [ﬁ] o, (39

then the | hypothesisis validated, namely we 'se€ thetarget when it does not exist.
H 0
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START
¢ LTI »| From experimental
’ measurements
a5 N, Voi{Vi }
O,
(s/z)=u, + Uy,
n=0
< A
\ 4
n=n+l1
<0
Nrnax = n >O
y
STOP _ n
Vn = EZVK
Nk=1
Statistical decision:
Ho
<0 v g >0 T
A Vn _VO _(ﬁ] Dul—c o
<0 >0
< = — g >
< Vv, -V, - (,_ >
' [Jﬁ ] g

Statistical decision:
H,

Print: n, V,

Fig. 3. The data vaidation organigram.

where: 1 —isthe subroutine for computing ¢ using eg. (19)
2 —isthe subroutine for computing p using eg. (21) and (22)

3 —isthe subroutine for computing the inverse functions u;., and uy..
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3. Results

Four distinct set of LIDAR data, were submitted to statistical validation, by extracting partia
subsets. The results presented be ow refers to three subsets extracted from a single set and represents three
interest zones. the near zone, characterized by alarge signal to noiseratio and alarge dispersion of data (Fig.
4), the far zone having asmall but supra-unitary signal to noiseratio (Fig. 5) and the incertitude zone, having

asignal to noiseratio | ess than unity (Fig. 6).
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Fig. 4. Results of validation program for the first subset data (Ho decision — white zone, H; decision —
grey zone).
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Fig. 5. Results of validation program for the second subset data (H, decision — white zones, H;
decision — grey zones).
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Distance [Backsc. sign.| Distance |Backsc. sign.| Distance |Backsc. sign.

12,382.100, 2.62432E-04 14,270.900 3.91212E-05 16,159.700| 3.76465E-05

12,472,100, 9.32470E-05 14,360.900 1.31563E-05 16,249.600 2.63138E-05

12,562.0000 7.90184E-05 14,450.800 7.67621E-06/ 16,339.600 2.66491E-05 310 4

12,651.900, 7.64818E-05 14,540.700 5.14443E-06) 16,429.500/ 8.25131E-05

12,741.900, 1.83941E-05 14,630.700 0.00000E+00 16,519.500 3.60204E-05

12,831.800, 4.80250E-05) 14,720.600 6.00963E-06/ 16,609.400, 0.00000E+00

220 ¢ -

12,921.800, 3.08797E-05 14,810.600 1.81827E-05 16,699.400 1.02249E-05|-

o

13,011.700, 5.17500E-05/ 14,900.500 1.86897E-05/ 16,789.300, 1.92280E-05

13,101.700, 5.21585E-05) 14,990.500 3.96854E-05/ 16,879.200 0.00000E+00

1010

backscattered signal [r.u.]

13,191.600 2.04085E-05 15,080.400 4.90035E-05 16,969.200, 0.00000E+00

13,281.500, 4.12841E-05 15,170.300 7.88042E-05 17,059.100 3.44315E-05 /\/‘/\A[\AA M
13,371.500, 1.53675E-05 15,260.300, 1.50541E-05 17,149.100 3.75209E-05 ‘ Mal) /

13,461.400, 8.88407E-05 15,350.200 5.07148E-05 17,239.000/ 0.00000E+00 1a0* . 1610*

13,551.400, 0.00000E+00| 15,440.200 5.12895E-05/ 17,329.000, 5.53651E-05 distance fml

13,641.300, 6.02922E-05 15,530.100 7.81705E-05/ 17,418.900, 2.91879E-05

13,731.300, 3.13705E-05/ 15,620.000, 0.00000E+00| 17,508.800, 4.39351E-05

13,821.200, 2.58303E-05/ 15,710.000, 4.70883E-05 17,598.800, 1.48188E-05

13,911.100, 6.99938E-05 15,799.900 9.58410E-06/ 17,688.700, 0.00000E+00

14,001.100, 2.64465E-05 15,889.900 6.56169E-05 17,778.700, 1.50585E-05

14,091.000 5.60019E-05 15,979.800 6.89908E-05/ 17,868.600, 0.00000E+00

14,181.000, 5.34033E-05 16,069.800 2.26338E-05 17,958.600, 4.16652E-05

Fig. 6. Results of validation program for the last subset data (Hy decision —white zones, H; decision —
grey zones).

4. Conclusions

1.8'104

Analyzing the results obtained from experi mental data from different sitesin Bucharest, we can draw

the following conclusions:

1

The representation of data at a large scale do not allow the direct identification of the targets, which
imposes the use of the statistica vaidation method as a supplementary filter in order to extract the useful
information.

The method returns only the data corresponding to a possible target, as we can see from Fig. 4 (which
shows the lack of thetarget) and from Fig. 5 (which evidences a doubl e target).

We observe a good agreement between the processed data and the measured data, in the range where
these observations are possible (suffid ently large signal -to-noiseratio)-Figs. 4,5

Vdidation of measurements was reali zed even when the signal was hidden by the noise.

In the conditions of system cdibration, the validation agorithm alows for pollutant density
measurements at large and very large distances.

For the detection of low amplitude signals a large humber of measurements are necessary (Fig. 6),
wheress for large amplitude signals alower number of measurements is necessary (Fig. 5).

The sendtivity of the method depends, in the case of these data with large dispersion, on an appropiate
choice of the subsets, which will bethe object of further studies.
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