Study on the Cone Programming Reformulation
of Active Noise Control Filter Design
in the Frequency Domain

Yongjie Zhuang, Yangfan Liu
Ray W. Herrick Laboratories, 177 S. Russell Street,
Purdue University, West Lafayette, IN 47907-2099

PURDUE Nl MECHANICAL RAY W. HERRICK=>"
\ ENGINEERING LABORATORIES
®

=
=
|
£
s
m

o
o

N NDISE CONTROL
ENGINEERING
g
~
a
SAN DIEGO, CA 8o

L
-
[
S
=}
s
L
s




Introduction

d Multichannel active noise control (ANC) systems

* Better performance when we need to create large-size quiet zone.
* Applications:

Interior of Vehicles Range Hood Infant Incubator Air Conditioner



Introduction

J Motivation of using frequency domain design

Easier to specify frequency dependent constraints.
Constraints in one frequency band will not affect performance of other bands.
Usually, better ANC performance.

Convenient to design sub-band filter structure

J Motivation of using cone programing

The computational complexity is usually significant for frequency domain design method.

In recent study of convex optimization, very efficient algorithms were developed for cone
programing.

Many optimization problems can be converted to cone programing.

Potential to perform adaptive control in frequency domain with multiple constraints.



Active Noise Control System

[ Cost function:

 ControllerH y d.f l
+ + 5 e
x 2/ r ! =® "'x"" : Wx 1 > Ge [
Noise | = : + Error
Signal Secondary Path Signal

...................................

* Minimizing the energy of
) error signal e

Exadback Bail [ Constraints:

* Disturbance enhancement
e Stability

* Robustness
(Non-adaptive control is considered in the current work) * Filter response



Overview of Reformulation

Apply Sequential Quadratic
Programming Method

(Commonly Used Method)

Original
Problem

(Proposed Method)

rCost function:

Energy of e Modified Convex Reformulate Cone Apply | Primal-dual
Constraints: e [— . [— ) )
Enhancement Optimization Programming Interior-Point
ztat?i“:iy Global minimum Possible to apply * Efficient
obustness

. usually guaranteed efficient algorithms * Upper-bound
 Filter response




Original Problem

Cost function:
ko

z tr[E(fi)E(f,, )] = Total energy of e cross all frequencies

k=k1
Constraints:

Enhancement: Normalized energy of e:
tr[E (i) E(fid)"1De (fi) < Ae
Stability: Use Nyquist criterion:
min (Re (A (Wy(fi)Gso () ) ) > —1
Robustness: M- A structure and small gain theory:
max (o (We(f)Gso(fi)) ) BCf) < 1
Filter response: The magnitude of frequency response:

|V|/x -(fk)| < C(fr)

i,j



Original Problem

Cost function: Total energy of e:
ko

> EEGIEGOM,

k:kl

Constraints:

Enhancement:
tr[E(f)E(fi)R]1D.(fi) < A, ™) Normalized energy of e at each frequency

Stability: Use Nyquist criterion:
min (Re (A (Wx(fi)Gso(fe)) ) ) > —1
Robustness: M- A structure and small gain theory:
max (o (We(fGao (i) ) BC) < 1

Filter response: The magnitude of frequency response:

|V|/x (fk)| < C(fr)

ij



Original Problem

Cost function: Total energy of e:
ko

> HEGIEGOM,

k:kl

Constraints:

Enhancement: Normalized energy of e:

tr[E(fi) E (i) 1De (fi) < Ae

Stability:
min (Re ( A (Wx(fk)ﬁso (fk)) ) ) > —1 m) Nyquist criterion, on the right of -1 point

Robustness: M- A structure and small gain theory:

max (o (We(f)Gso(fi)) ) BU) < 1
Filter response: The magnitude of frequency response:

W, (F0)| < cf)



Original Problem

Cost function: Total energy of e:
ko

> EEGIEGOM,

k:kl
Constraints:

Enhancement: Normalized energy of e:

tr[E(fk)E(fk)H]De (fk) < Ae

Stability: Use Nyquist criterion:
min (Re (A (W (fi)Gso(f2)) ) ) > —1
Robustness:

max (0 ( W, (fi)Gso (fk))) B(f;,) <1 =) M-A structure and small gain theory

Filter response: The magnitude of frequency response:

W, (F)| < € (i)



Original Problem

Cost function: Total energy of e:
k2

> rEGOEF,

k:kl
Constraints:

Enhancement: Normalized energy of e:

tr[E(fk)E(fk)H]De (fk) < Ae
Stability: Use Nyquist criterion:

min (Re (4 (Wx(f)Gso(fi)) ) ) > 1

Robustness: M- A structure and small gain theory:

max (o (We(fGao (i) ) BCf) < 1

Filter response:

We, ; (fk)| <C(,) ™ The magnitude of frequency response

10



Modification

Original Problem

Cost function: Total energy of e:
k2

> UIEFIEFM, rl)

k=k1

Standard General Convex Problem

Cost function: f(x)

Enhancement: Normalized energy of e:

Constraints: . l Constraints:  f;(x) < 0, i1=1,2,3 ..

tr[E(fi) E(fi)"1De (fi) < Ao Ax = b
Stability: Use Nyquist criterion: fo(x) to be a convex function
min (Re ( A (Wx(f")GSO(fk)) ) ) > 1 f:(x) to be a convex function

Robustness: M- A structure and small gain theory:
max (o ( We(f)Go(fi)) ) BUSO) < 1
Filter response: The magnitude of frequency response:

W, (F0)| < (o)

A, b to be a constant matrix and vector
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Modification

Original Problem m) General Convex Problem

ko ko ° i
w0 wrare(Y " B0 Jws Y o0 Quadratic

ks
Cost function: wT (Z : " e
k=K Hessian 4;(f;) positive semidefinite

1

Constraints:

. %P * Quadratic Convex

Enhancement: wT 4 + 2Re(b} + — <0 #

WA w (b (i Jw + & f) D, (fx) * Hessian 4,(f;) positive semidefinite

Robustness: ~ max (6( M/x(fk)éso(fk))) B(fi) —1<0 m) Matrix norm Convexs,/

Filter response: I1Ez(fi) we,; ll2 = C(fi) <0 # Vector norm Convexs,/
A YT T e
| Stability: min(Re (2 (Wa(fi)Gso(fi)) ) ) > —1 =) NOT Convex X |

|

I |-> Replace by its upper-bound: |
: W) + (W ))H Convexs/ :
: max A( <UiGsoUlk - J)GsoUk ) — (1—¢,) < 0 EE) Easy to prove convexity by max(1(4)) = sup xTAx |
x|l2= |

L ]




Reformulation

Convex Problem

Cost function:

k, k>
wT <Zk=k1A](fk)> w + 2Re <Zk )

=K1

Constraints:

A,
wT 4;(fi) w + 2Re(b] (fi) )w + ¢;(fir) —

( (—Wfk)éso(fk) " (—m<fk>éso(fk))H)>
max |\ 1 —(1-€)<0

2

max (o ( Wx(fk)(?so(fk))) B(fi) —1 <0 MaxSingular Value

IE(fi) wr llz = C(fi) <O Vector Norm

k>
bj (fi) )w + zk:k ¢(fi) Quadratic

<0 i
D, < 0 Quadratic

Max Eigenvalue

Standard Cone Programming

Cost function: ¢lx

Constraints: x € K;, i=1,2,3 ..

Ax =D>b
C to be a constant vector

K;  tobe aconvex cone

A, b to be a constant matrix and vector
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Reformulation

Convex Problem ®  Cone Programming

» Reformulate quadratic cost function

Cost function: xTAx+bTx +c¢

=

Cost function: to + bTx Linear cost function

Constraints: VA x|l < to o Rotated second-order cone
EO - 1
* Reformulate quadratic constraints

Constraints: xTAx+bTx +¢ <0

=

143

Linear constraint

Constraints: t; + bT™x +c=0 - Linear constraint
IVAxll, < Vt; & =) Rotated second-order cone
t; =1 # Linear constraint

* The vector norm itself meets second-order cone requirement
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Reformulation

Convex Problem m) Cone Programming

» Reformulate eigenvalue constraints

A(x) + A(x)H
2

|

Constraints:  —A(x) — A(x)" +2el = 0

Constraints : max (A( )) —e<0 ™) Each A; j is the linearly related to x

- Positive semidefinite cone
Each 4; ; is the linearly related to x

» Reformulate singular value constraints

Constraints: max(c(A(x))) —e <0 =) Each A; ; is the linearly related to x

|

Constraints: el . A(x) =0 Positive semidefinite cone
A(x) el Each 4; ; is the linearly related to x
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Reformulation

Convex Problem

Cost function:

ks k> kz
wT (Zkzklmfk)) W + 2Re (Zkzkl b (f) >w + Zk:kﬁ (fo)

Cone Programming

ko

Cost function: ¢ty + 2Re 2 b]T(fk) w

k=k1

Constraints: |Myw||, < Vto &y th=1

Constraints:

wT A (f)w+ 2Re(b (fx) )W + ¢ (fx) — D (fk,) < ‘

( (—wx(fk)éso(fk) + (—M(fk)éso(fk))ﬂ))
max \ 4 —(1-€)<0

2

max (o (We(f)Gso(f) ) BUi) =1 < 0

| Fz (fx) Wr, ; I, —C(fi) <0

A

|My g Wil < /tl,k tik tir=1

We(F)Gao () + (WalFdGo () +2(1 = &) = 0

0) Iy, W, (k)G (k) .
~ H 1 ~
(Wx(k)Gso(k)) %INS
IE(fi) wr, |2 < tak ts = C(fx)
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Results

Off-line Simulation based on experimental data

Experiment description:

» 2 reference microphones
e 2 control loudspeakers

e 2 error microphones

* sampling frequency is 8000 Hz

Red: Noise source
Yellow: Reference Microphones
Blue: Dummy, place for error microphone
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Results

Table: Computation time for two problem sizes using different formulation-algorithm combinations

cone programming + original formulation + cone programming +
FIR length . : : : : . ! :
primal-dual interior-point sequential quadratic sequential quadratic
64 8.0s 1790.4 s 1943.2 s
128 28.4 s 7504.9 s 5980.7 s

It is more efficient, if the filter design problem is reformulated to cone
programming and solved by the primal-dual interior-point method (although
the scale of the problem is much larger).



Results

Simulation of the attenuation performance for FIR length 128 using experimental data

——cone programming + primal-dual interior-point

RN
o
I

Normalized SPL (dB)

o
I

fffff original formulation + sequential quadratic
cone programming + sequential quadratic
—ANC OFF

500

1000

1500 2000 2500 3000 3500 4000
Frequency (Hz)
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Conclusions

* The ANC filter design problem can be modified and reformulated to a cone
programming problem.

* The calculation using the primal-dual interior-point method for cone
programming can be faster, compared with that using the commonly used
sequential quadratic programming method.

* In the future, if the efficiency of this method can be further improved, it is
possible to consider making this filter design problem adaptive.

20
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