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Background

e We want to detect the pipe leakage or
blockage by measuring the frequency domain
pressure response at the receiver.

Sensor 1 Sensor 2

(1) I Surface of the Ground v, (7)
L ‘ Ceak P
d, d,
d
Position | Position 2
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Background

e We have a model which expresses the frequency
domain pressure response as a function of system
parameters such as the amplitudes and cut off
frequencies of different modes.

e These parameters depend on the location/size of the
leakage/blockage.

 Therefore, to detect pipe leakage/blockage, we first
estimate these parameters from the measured
frequency domain pressure response. Then we can
infer the location/size of leakage/blockage from the
estimated parameters.
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Basic Model

 The frequency domain pressure response at
the receiver can be expressed as

Zmax

Z a;¢(f, feut;)

exp (— 19222\ /(f? — feut?)
27r\/f2 feut?

f is frequency, z,c are recevier to projector distance, wavespeed

where

(;b(fa fCUtz) —

f

o = |a, fcut] is channel parameter vector. a is amplitude vector, fcut is
cut off frequency vector.

R(f) is the speaker’s frequency response function.
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Refined Model with Damping &
Reflection Term

v(f,a,) = R(f) f exp (— el ) (aido ([, feut:) + Qivin, @1(f, feut;))

P \/ (fcut )2
exp (—LiZZ= \/(f? — feut?)
n \/f2 feut?

exp (11222 \/(f? — feut?)
2/ 2 — feut?

where

do(f, feut;) = f

Cb]-(fﬂ fCUt?z) f

a = [a, feut,n]. a € C¥mx  fcut € R, n € Cimex

 The reflection term refers to the propagation change in direction of
frequency domain pressure response. It is caused by the signal hitting

the blockages and reflecting back.
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Problem Formulation for Parameter

Estimation

« Measurements m(f,): Measured frequency domain
pressure response in the open air channel
fn = 10hz : Af : 20khz

 The goal is to estimate the channel and speaker parameters
from the measurements m(f,) in the presence of model
mismatch and noise
* note that the 2 different models have different channel
parameters

. Objective function'

ZW frr @) —m(fa)]?

a* = arg min g(a)
(82
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Basic Idea of the Proposed Algorithm

 Generate the basis window sequence for a single mode with cut off
frequency 7:asequence of size Nw, startat 7 , stepsize Af ,
generated using the basic model

exp( 27Tz\/(f2 fC”UJt,?)
o(fr,7) = PR p—— J- fr=T7:Af: 7+ NAS,

« Shift the basis window sequence through the signal and calculate
the correlation coefficient sequentially. In order to separate two
modes, it is necessary for the window size Nw to be smaller than the
gap between two modes
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An Illustration of Correlation Calculation foa Signal with Two Modes
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Basic Idea of the Proposed Algorlthm

 The correlation coefficient for given 7 is:
| < o(fr,7),m(fr) > |
p(fz, T)m(fr)]]

« 7 is the translation parameter, determines the location of the
window. The window is shifted through the signal m(f)

p(T) =

7 -- correlation coefficient
T T T

 Fig.2 shows the correlation coefficient by 1

shifting the window through the signal in Fig.1. o

Two peaks in Fig.1 indicates two dominating 08
modes.

~
T T

n coefficient
o o
(o]

I
05 F \

« Two modes can be differentiate from each .
other since the window size Nw is smaller thango«} |

ati

the gap between two modes. 203t | \ "||

0.2 \

N / |
« Second mode’s peak is weaker than first mode o1} N/ \\“‘va ‘ \ -
due to interference. Therefore successive 0 S W Ve

interference cancellation is used to increase _
accuracy. Fig.2 11
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Basic Idea of the Proposed Algorithm

e Inthis case, Fig.2 can be used to determine a rough range of fcut;since
two peaks are separable and clear. Nevertheless, the accuracy of fcut;
is affected due to assumption of no reflection and damping.

e The empirical value of fcut;’s rough range is:

SNR eta=0.1 eta=0.3 eta=0.5
2dB P(Afeut < 5hz) = 0.95 P(Afcut < 10hz) =0.94 |P(Afcut < 20hz) = 0.93
10dB P(Afeut < 5hz) = 0.97 P(Afcut < 10hz) = 0.96 |P(Afeut < 20hz) = 0.96

e Therefore, we can search over the rough range of fcut; and 7}i, and for
each fixed fcut; and 7};, estimate direct path and reflection path’s
amplitude a; and Qa;4;maz by solving the following convex problem:

[af, a;'k—i—ima:c] — arg minai;ai—l—z’mam (ai¢0(f77 T) + a’i-l—%'mafcqbl (fTa T) - m(f‘r))

12



Department of

Electronic & Computer Engineering
BF R ER TR SR

* Interference from smaller mode also affects fcut’sy accuracy. Therefore, successive
cancellation is used to increase the accuracy of subsequent modes.

« Step1, shifting the window through the signal, stops when a peak is detected.

« Step2, search fcut;around ghe peak, and 771 over [0,1], generate a basis window
sequence (BWS) startat fcut, , and estimate a1 and @3 by minimizing the mismatch
between the BWS and the signal.

« Step3, regenerate the mode’s response, and subtract it from the signal to reduce the
influence to subsequent modes.

] T - p, Estimate kcut1 800 Estimate;’?l i i
5 _ Al (F a, Feut)) : Successive cancellation
: 6001 —real(P([rews, feut )N
08 [ correlation--peak detection for kcut1 ]7 4007 B 100°
‘UEJ 0.7 F R
o6l 122 | 50
8 Ef
505¢r 1 = or ] é
3 & Eo
B o4p 17 ook |
o
;0.3 1 -500
= -400 1 >
0.2 1
600 1 -100r
0.1F 1
ol -800 : ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14 16 18 20 22 0 5 10 15 20 25 30 35 15 0 5 10 15 20 25 30
7, translation f/ khz f/ khz
Fig.3 step 1 Fig.4 step 2 Fig.5 step 3
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- Repeat these steps on the resulting signal to estimate fcut, , 72, G2 and G4
+ Step1. Shift the window through the signal in Fig.4, stops when a peak is
detected . (Fig.6 shows the improvement by using successive cancellation) .

+ Step2, search fcuty around the peak, and 72 over [0,1], generate a BWS start
at fcut,, and estimate @ and G4 by minimizing the mismatch between the

BWS and the signal.
i i Estimate a2
] 7 -- correlation coefficient 800 , , , ,
— real(y(f, a, feut)
0.8 correlation--peak detection without SIC 600 - real(o(f Jeuty feuts)) |
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400
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Sos! y 2
S E
505 5 0
= €
© o4t <
S -200
[&]
<03
-400
0.2
0.1+F -600 [
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A
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Fig.6 Fig.7
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Proposed Algorithm'’s Procedure

fori=1: N
init p; = feut; 1+ N, Af (feuty =0), c =11,
while Pi < fmam

fida’: =Pi: Af 1D+ j\'rmAfa Seq1 = éﬁ(fid:r‘. 'pz')a seqy = 7“(ﬁ5dm)

¢ = [e, corr(seqy, seqa))

[flag, ] = peak(c)

if flag=——

/

Narrow fcut;s search space| ;= feutiy + NyAf + kAp

else

pi =pi+A4Ap

end if

end while

forl=1:1:2L
) ) T =p;+ ('E - L)Ap
Search fcut; and 77@< fidz = a1 0 Af tap+ NyAf,

g=1:1:0Q
eiq:%+€0

2el.q

EStiIIlate CLZ and az_l_@mag_f; ——’[Cﬂl q.0: Q] q, 1] = arg nllna itimaz (G'L@D(fzdm Iz)+az+1mar@1(fidx rz) eXp( \/—r; —m fzdm)
'm‘.::

Seq1 = (aIsQ,quD(fidx-. 371’) —+ al,q,lél(fidr: xi))exp(fzeii,q%)
" Tidz
Complete parameter Oy = 014 corr(seqr, seqa)]
estimation of i;;, mode. end for
. \ end for _
Cancel its response from i g = mar ¢ j; = ep.g, feout; = 21,0 = a1.g.0:0isimae = 191
21j; )

the measurements. m = m = aigo(fn, Ti) + Gitimaz@1(fn, T:)) XP(——=—
1 cut

f“
end for

Do it iteratively ‘ 15
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Simulation Setup

e Speed: c=340m/s

e Piperadius: R =0.02m

e Pipelength: z =19m

e Number of Mode: N =4

e Window Length: Nw = 300

* Frequency: f,, =10:10:20e3 hz

e Damping: 7 around 0.5

e Assumption: min |fcut; — feut; + 1| < N,Af = 3k hz

16
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Baseline: Brute-force Algdrithm

e Brute-force Algorithm:

« Use matlab function “fmincon” to find N local optimums with N
random initial points

« The parameter is given by the best one of the N local
optimums
 Motivation of considering brute-force algorithm:

« The brute-force algorithm is expected to achieve a
performance close to the global minimum. Therefore, it can
serve as a baseline for the proposed algorithm later.

« The brute-force algorithm can be used as a benchmark to
study the impact of different factors, such as equalization
method, damping term, reflection term on the performance

21 June 2017 17
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Simulation Results

05
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SMD-PE brute force ——SMD-PE == Dbrute force
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4.00E-06
2.00E-06

0.00E+00
0 2 4 6 8 10

SNR/DB

4 6 8 10 12
SNR/DB

SMD-PE achieves similar performance as brute force method.

The deviations of fcut of both methods are very small

The SMD-PE has lower complexity than the brute-force (CPU time:
around 1 minute versus 30 minutes).

Conclusion: The SMD-PE is a reliable and low complexity method when
the model is accurate and the parameters are in the operating range.

21 June 2017 18
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iIMmuiation Resu
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Impact of Sampling Rate/ SNR

Af = 10hz,snr = 10dB,n = 0.5 2direct o5 (.3 Af = 100hz,snr = 10dB,n = 0.5 Sdirect =5 (),
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Impact of Damping term

Af = 10hz,snr = 10dB.n = 0.5 et ~ 0.3 Af = 10hz,snr = 10dB,n =0 et (.3

Qreflec Qreflec
) os}
O e Adirect g | B
AJ:?: 1‘0hzv,8n7" 10dB,n = 0.9 Gresico Remark:
Low sampling rate, low SNR, large
| damping term will deteriorate the
7 SMD-PE’s performance.
| Reflection term has little impact on
| SMD-PE’s performance.
“d“"‘fct represents the direct path and
| réfieclion path’s strength ratio
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Result (Air Channel Measurements)

e Theoretical value:
feut = [0,4981, 8263, 10367, 11366, 14387, 14424, 17358, 18144, 18981, 20295]

 Estimated value:
Corrtlalation ICoefficEent Grgph (M(Iadiate §tep) |

0.8

Method Estimated value NMSE 07T
Brute Force |[185,4993,10343,13610] 0.69 | _os|
otecton | [474,5022,10477, 14609] g 83 | +°°
S 04 r
« Speed: ¢ = 340m/s %;;m _
e Piperadius: R =0.02m 1
« Pipelength: z=19m l l
« Number of Mode: N =4 01} Mﬂ M/\mw
« Window Length: Nw = 300 0 . . . . . .
R Frequency: fn _ 10 : 10 : 2063 hz 0 2000 4000 6000freq32:2y/h210000 12000 14000 16000
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Result (Air Channel Measurements)

e The performance of both
algorithms degrades

significantly due to 08 Correlation Coefficient Graph (Mediate Step)
= Model mismatch 07t
= Inaccurate speaker 06 -
response

e |nthe SMD-PE, we can still
observe two clear peaks
corresponding to two
dominate modes

plcorrelation coefficient

by ..

0 2000 4000 6000 8000 10000 12000 14000 16000
frequency/hz
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Conclusion and Future PI;ns

Conclusion:

1. The SMD-PE is a reliable and low complexity method when
the model is accurate and the parameters (e.g., SNR and
sampling rate) are in the operating range.

2. Apply SMD-PE to air channel measurements, we can
observe two clear peaks corresponding to two dominate
modes

3. The results suggest that the model is not completely
consistent with the measurements and/or the speaker
response is inaccurate.

Future plans
« Explore
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