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Feature extraction algorithm based on quaternion
common spatial pattern for banknote recognition

GAI Shan
School of Information Engineering, Nanchang Hangkong University, Nanchang 330063, China

Abstract: New feature extraction algorithm was proposed based on quaternion common spatial pattern in order to solve
the lack of effective description of phase information in the banknote feature extraction and analysis. Firstly, the quater-
nion matrix was utilized to describe the phase information of the banknote image, and made diagonalization of quaternion
composite Hermitian matrix. Secondly, the sample vector was input to the composite quaternion filter. The extracted fea-
ture vector was obtained by using the variance of the real part and imaginary part. Finally, the neural network was applied
as classifier and the reject class was introduced in the banknote recognition. The experimental results illustrate that the
proposed algorithm obtains high recognition rate and meets the real-time requirement of the banknote recognition system.
The proposed algorithm has already been applied in a resource-constrained embedded system at the same time.
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PR AR R e X TR N = A8 5 i N SRR AIE 1) 2 4 0
HIBENLAAE, I o SR HE R RS 2
FEAE ) 5, 1) R HE AT A 7 v R8T MASK
(mask feature) J5i%. 3¢ haar FFER 45 BRI
BIEAIR b an Ak G, SRS AEHIZE T Ada-Boosting
(adaptive boosting) 112 ] 5250 UG HFAIE ) e 2F
IPIEHE, 1520 A R 8% . X St
LR A% T B A% — 8 KNIy i HANE S
TE DRI, A5 AN R0 TR DX 31 A R S8 A R s
ik, & K-L (Karhunen-Loeve) 2855 5 ykHEHL
FEAA A AR T BEBRRIE R DX RS SRR Ik v B
it GRID J57% . Choi %5 VR Fl 24 #2840 (DWT,
discrete wavelet transform) FRIHHA LT K50
SR IR R A e, Rl 5 R TR B 4 Y
2 T R I w400 R R B A T i s Az )
KH contourlet AZ 4 SREL AR i G AN [F) J7 ) 55 RUBE
AT S, FEIERE E G ANBORTE SR HAR T
K 1% 1K 5 #5 4iE ( CFFE, contourlet-fuzzy feature
extraction) .

R Ty v AR AE AR TR TR U T — o IRK
F AR R AAAE— S0 o 0T G IR
PromaEs o, JURRFE A R 2 TR, 2R
ey 2815 28 (1 AR PE g . FEBUREAE EAR RERS v Ik 4R
FEAE ARG E T, F A R e 2 B W3 AT 3R A2
ANHARME R 2 REEAR R AR dl = %48 T EHGAH AL
5 S IPAE IR o 2 haar FFIETHST 2 B mr, A
DAY A AC T S PR SR o RS AR IE SR LD X A 2
AT 52 7 IV R RN A o DS e e 4 31— A
R UG o AT 7 VA B A R AR . 2 iRl
R T EIRAR . PYTeH R O b A 1
BlgRER X, TR S ARk E, Voo
FEFEEL R 2 AE VU oA S Hilbert AR #3811 3 Al
R JETIRI . VU TCAE FE RE S SRR BSR4
SUHRFEAS DRI RS AR ., JF H LR & A
2 ERE R

ASCIE I 5N DY T B AR T B R A A 0
15 SR BN SR B AT o BT A B, 42t
— 3T DY TR P R e ) A AR T R R AR B
54 (QCSP, quaternion-common spatial pattern),
F£KH BP (back propagation) fH1ZE M Z4AE 47545
SERCRIN o S 45 FRBH AR Y IR BRVE BRI HUAS
R, SR AR TR B AR v o
FH LRSI AL SRR AR TG 7> R LK

2 Mgttt
e SR, DY T HOR S8 U ) &
{Li, .k} MG, BV — AN 3 AR
J RH(1)E N
q=gq, +iq; + jq; + kq, (D
W, q,.q,,9,M g WSEEG 3 AN IEAT AL &R i
jv kiEE
{;j = —kji = kj jk :l—kj =i, ik=—ki=j @
2 q" =q, —ig; — jq;, — kg, KoRMITCEL g (HILHE,
WIDYTCHL g IIARARAR TGN g = |g|ee e o Horh,

PUTEHOR 270 g = g » BATH 3 AMHIREE Xl

$=q,tan(2(q,q, +4.9,))
0=gq, tan(2(qiqk +4.4, )) 3)
2(q,9, - 9.4;)
2
VY o H ke U7 s SHRE W Rk AL 0 M G HE
B AP cEC R A1 B RCRF S I E S, WA
q' =~iqi=q, +iq, ~ jq, ~ kg,
q' =-jqi=q, —iq, + jq; — kg, “4)
q" =—kqk =g, —iq, - jg; + kg,

MRAEX(4), &5 DY R X b

w = arcsin

q I I jI Kl || g,

. |4 i -l kI || g

q9=| ;|=V¥q = - . (5)
q I -1 I -kl| g,
q* I il —jI kI || q,

o, 1 RN, g, DU TR0 M. 1) 55 R
i,y RN S A S DU T EO A A
L neli,j.ky, N@TEA q" =—nqn » KGR
WhIr 2R C, =Elqq" 15 3 AN ERAKFH 7 2 R
C,, = Elqq™ PRAGE MU TCHUR S 55 1 2 ) By
A S gl fett . 4 T DDy oo
BERIR R, A ScoI N F e,

FE1 WO AT, A, KysEAEm
FEBE, WIXHTRPU e RE X, JLR SRR s A
X =04.0™ .
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VU o 4 E % 0f 4% T [ 45 S L DY e 2 1 I A
AGIRGARIE, AT LUR IS 10 52 PF B R s 2L
AT PRER A DUSCHIFE MR EAT 1 3 MARALAE R
HENE 3 2% 1T P (R 4 AT 10 T TE AT 1) B 1)
SRR . T, DUTCHIRE I AR AT R B RE
fig 45 7 AR T R ) RE B 0 AT T Do
3 Mmit=[ER e B

3.1 QCSP 7%
TR U 5, ARl 8T
HOL BT BTG, 4 x, (y =1,2,1n)
FoRIETHRION y MARTIREAS &, WS 8] By 224
B SCn(6) o
C7=E[xyx;1],7/=1,2,---,n (6)
Hortt, B[] 2 W T AR T2y 1
A AT REA S [ P 7 ZE R R SR ME, RS98I C .
N T BERS [N X X 2P Ty ZE R AT R AL, 4
Ramii i C, =377C, , RITA @R %
T ZER AT X Ak, BRI
C =UxU" 7
Hrp, € KRR, U FoRDUoorysisE, X &
AAHRERE,  H RR ORI B T R AME

HEBE M = UE 2U" M AIT 2R €, BT 1k, B

I=MCM" =% MCM" (®)

Wy 1, PCHR G, =MC,M™, JFHE
MEG, (y =1,2,--,m) BAT AR AL 1 B w7, RV A2
G, =wAW"
I=2,.4
gitrA(8) 5K (9), KHA0)HHF VY ek A
RSB, WA
r=w'm (10)
DRI, ARTIREA x, 280 DU O 22 ) e 2 11
MG, M2y =Ix, o W FUcHig=q +
q, (n=1,},k) , ##fi STU-CCSP(strong uncorrelating

)

transform complex common spatial pattern) ZR e
MR, KRHENINEE z =q, +ig, 5z, = q; +iq,
i VY TG 2 RO {g,,q,} 55 4g,0 0,3 ZTTITA

TR o RILJR K, AR e SO JE KA B
JiZERERE C (1 =1.%) RAZHEHERE p, o3 SR ELL W)

BATMINAEIRR . 45 oKk, SR A5 e KRy by
JiZSERE C , (n =1, 5.%) AT, WA

s =le,[rle, )=

(Cq -C, +C, —ch)u[cq,] (v
C, = R[qu } +1[qu ] =
(Cq, -Cc,-C,+C, ) + I[qu]
b, JEsKRe 7 2250 BT LLAr i n X Q2) B s
C,=0,40", nelijk| (12)

Her, @, AVUTCHIHIRE, A NSEX MR 4t
A A2), 4, 58 LK
4=C. +C,-C,-C,
4=C,-C,+C, -C, (13)
4,=C,-C,-C,+C,

W BTk, T ARTREA x, 2R T CIEBE
TEREAS 21U R ARE v, » KA DU CESE R i
HR IR 75 ZEAE R 2% T BRSO (S AL i) e, D
Var(R[yy])

var (R[] + var(R[y.]) +-+++ var(R[y, )
(14)

vr(1[y, ) ]

! _ln[Var(f[yl])+Var(I[J’z])+"'+Var(1[y7])

f=m

(15)
. Var(I[yy]) J

f h{var(f[y]])+Var(1[y2])+m+ var(f[yy])
(16)

. var(I[.Vy]) ]
1 ]n[var(j[yl])+Var(1[y2])+---+Var(1[yy])
(17)
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SRR (14)y~ (1 7) TS B T 10 4%

TR A AE )
£=(5.5.0.17) r=12m) (18)

s A, LTI R RSL
Fly LA B T

BT 5 ST 7 ) P 7 2R C

B2 LA C, I €T
*fi 1

B SO M SRy, = Mx
JERF €, AT LR

HIA WG TR AL, IFTHILAE RIS
(ADE &

WS LRI SR C, =E[ ]
(re{1,2,--,n},mef{ijk}):

B 6 M A B RS VT RN C, =
C, | IR C, TS C, =0, %, 0,

BT HERHEDU TR L =W M
GGV TR T, = 2,20, , neli,jk} .
TS Wiy, =I x5y =rx 54m
REARIEE I £, = (£, 7).,
3.2 QCSP HEERHH
A SCHREH ) QCSP 4 AE SR U AN B 5
IS ENE, [FIGE R BRI R R AR |
56, MBS AT I A B UE B A SRR B VA AR
JENE o S0 TR R AR I R 2 e RS TP AR T A
A T e L (19) TR
x =7, () alx,) 19
Horb, x) R MAEA, T, 2P ukFEA s, u
SEACTRAE X I B S S Tl ISR
Hh R AR S A B E R RS E PR BE &, LT AR ik
H£E50, HHEKMEuE X, Wa
Qq (X)) = max, o Q; (x)) (20)
KOV T H, R
mfgg(g)=WXTwa2=a;4X) @1

Horp, X RIRMTCHEE, 0, (X)) 52 MU e
KA. B, XX 17 FE L% K,
QCSP HILREMSIRAF LW RLE MIFFAIE 17 & . S h,

KRG THEA 2D T R R [ G = g,
FCRAIIE) I ZERE 2 N

El§ ¢"1=Elyq.qzv" 1=Elyqqw"] (22)

Hordr, yly =yyt =41, WK QIS
B ) LA B Dy

El§ §"1=T=yE[q.q; " =4E[q,q,] (23)

2 RS, IR (22) 5023), ITLAE
QUSP 5 ERHRFIVA 1IN T 1 A A3 T LML
VLSS SISV D 49 2 BRI, 35T QCSP
4 T AL 9 A2 5 46 T 9 4 TR 2 0
B PRI 3R

4 SKWERS5HR

4.1 KIGHIEEME

AR EAT R VTE 2 RGN B G AR 3T
“ A AL K % (CIS)-FPGA-DSP” (&5 fti =,
T S I S SR AR v 1) 38 i d SHUAE FPGA H 52 G,
4G T G AL L L R E SRS VU e DSP g
o R T BAEA SRR A A S, AT
ARG R RN R SRI0 5o
3 MM E G .

4% T BB FE A2 1 5 i o RS AR IR 215 21,
FARKIHEN 3 AL FEfiR W v 1) HdiE 1
(D1, database 1)1 20 000 5K A B MFEA B 4,
HA 100 6. 50 JG. 20 G+ 10 JG. 5 U055 5 N E
M, BASMEA 4 ANdn), 354 20 FrEE; 2) %
PEPE 2 (D2, database 2)H1 18 000 7K 3% JCFEA 15 41
B HAT 100 3676, 50 ot 20 £IG. 10 o, 2
FIo. 1Ko 6 FEm, AMEA 4 AN, Sk
A 24 % 3) Bl 3 (D3, database 3)Hi 15 000
SRMTCFEA MG %, HA 500 Bt 200 BRI,
100 BXJG+ 50 MG 20 Bkoc. 10 Bkoc. 5 BKJT 7 Ff
Fm, BATEA 4 e, A 28 FrEfg. H
W, AT AEAT 32 860 7K, LE 62%; & Fh
THIARTAEACY 15105 5K, 7Lt 28.5%; AL TE
HIE 5 4R T AEA R 5035 5K, 5 EE 9.5%.

4.2 KMHEGLE

AT I A BE ) AR T S AEACSR B T a4 4
BE, AUMAE A UINEIE P mEOE AT, RS
T HAHTHH, RGBS R T 4umAsmiE
DG LLIEAT, IXRERAN ] Tk S s AR T R R R
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Rk MR AEIG . P EREA T AR T MG
IR =S U N U (5 UK s vl RS T SE Y Sk~ 3
N ELIRE R, SRR A R R A EA I 2 (1)
T3k, AERE—4510 PRSI — A0 % mP 81, ARG XS
1% BRI/ — e & 15 218 M R 04k
43 QCSP BEEAXWER

N T AR SCRE A A M, K QCSP &
ENH T ARHIRAT, PR QCSP Hik s L
(14T TR AIF BB v DW T 30 . MASK P35
GRIDPS: M1 CFFEV LTI, Wb, % T
BP 125 W 4% BEf% 3 W b & D4R T REAS B 2 T8)
IR, T HEARERN A5 ARG ), A
SCF BP AR 254 AR T iR B B 4y 2R As . AT
H BP e (9 25 2544 R4 N J2 19 RN O PR IR T
BRI R e, B b 209 N0 & A A 1)
S, 2 NS R RS AN 18 5 32,
AR R FL KN 0.1, H/MRER 10°, K
HARRECH 9X10° k. HdE)ZE D1~D3 A A
PR 2] 3~ 5 Firos, SIie 4 SRR IR H
A SCHE ) QCSP HE P RAF 1~ 00 2 B i T
ot 4 FREE, 3 ANEE IR 2R 0 0l i 3
98.86%, 99.18%55 93.68%.

SEHITRGI R

—— DWTH. %
—— MASK &
—6— GRIDH#&.3%:
—8— CFFE&.3:
—A— QCSPH.y%:

1.8 20

03 06 09 12 1.5
AR 10°
Bl 1 AR DL PR

—— DWTH.%:
—¥— MASKZ#y%:
—o— GRIDH&.j%
—&— CFFE&H:
—A— QCSPH.:
09 1.2 1.5 1.8
ARTREAR SR %L/10°

K2 SeonHul i D2 P A

J T it B0 UE AR SCHR AR TR AE BT T
P, X 15105 sk BA A EVG HRE B4t mAEA

0.3 0.6

AT . R DWT &3k, MASK Hik. GRID
k. CFFE SR QCSP Sk 48 Mk i &2 5l
) 82.31%, 88.54%, 92.57%, 96.89%7F1 98.24%,
XA K QCSP Sy AR M HE SR B LA L T
LAV 6 0% B0 A7 0 5 By 1500 4R 1 G e AE
RN o T34, EREE K EARMAEA R,
AN R G 2 IR AS UG AR AN 4 L 20 A
5304 T G e A AN HER DL A AR T G AR i K
DL, R BRSO, ARSCEEARTRBIET B T TN
FEUEI SN, A I T BE R e . % 1~
% 3 WoR TRAASCHEH K QCSP #3:5 DWT &
5. MASK %L, GRID #.%. CFFE k143
(1SR e 4R R . S0 25 AR W SR A SO
H 1) QCSP ki oAt 4 Fh 7 vEEAS T 58 w1
NI ANE{ERTE

100%

=

% 30% q
=
& 70%
B —o- DWTHRE
60% —4— MASK
—o— GRIDEJ:
50% —8— CFFE&.3:
w0 —A— QCSPHL%:
°03 06 0.9 12 s

YERAEATKS/10¢
K13 BRICEME B D3 PR %

£ Intel Core 17 2.4 GHz CPU 1 8 GB RAM [/
FE g MARTRHE SR S R S AT I R SR 4
PR o S &5 R B AR SRR A A R L B TR
TR AR 4, ARMiE 7 R —Frandiz
ITHERE, IS RI4C T BRI R B S E
IVERFIA],  ASSCHE H A SR LA AR T e s 2
TG RGN PEZR

5 #HFRiE

BTG G B A T E AN, S5 MRS S
S VU TCRE P 5 e, A SCER S — 2L T DY T
LA TR R 206 0 MR E S IR o X B R
A2 T R AR I 1R AN RS 1k DA R A% SRR IR 5
HME D7 WA AT AR T R I HMERT . T34k, ASCHEH
(M EEIE BRI AN N AL 4 5 contourlet AR Hdif =
PR T B A LA B AR B G . O T SR 5
FEAA M, ASCRILN B4R R,
S 8 AR AR SCH H IR SRR AN e A8 AR B 1)
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5123 2 s POCIE e RIE SR IRTR AR AR T U T <45
*1 R D1 KPRREEE GRAIF/ABIRE)
B T3 (T /7T) DWT i+ MASK Hik+ GRID $ik+ CFFE &%+ QCSP Hik+
BP f#4 b 4% BP fi# b 4% BP fifi 28 b 4% BP #4444 BP ff p 4%
100 78.56%/2.97% 86.24%/2.08 94.57%/1.64% 97.24%/1.26% 98.75%/0.95%
50 82.49%/1.65% 88.17%/1.27% 92.56%/0.92% 98.04%/0.83% 99.15%/0.74%
20 80.57%/2.47% 89.24%/2.28% 93.17%/1.75% 97.06%/1.19% 98.85%/0.97%
10 85.24%/3.06% 89.07%/2.72% 93.26%/2.18% 98.18%/1.65% 99.24%/1.08%
5 88.56%/2.04% 92.17%/1.62% 95.64%/1.18% 98.84%/0.86% 99.49%/0.72%
2 R D2 LRI GRAVFARIRE)
% E(USD) DWT 535+ MASK S35+ GRID %+ CFFE §ii+ QCSP 5+
BP i k4% BP fifiZ p 4% BP ffiZ 2% BP iz 2% BP i k4%
100 68.29%/2.24% 74.15%/2.07% 80.26%/1.82% 86.54%/1.37% 93.27%/0.86%
50 72.13%/2.95% 78.54%/2.53% 89.25%/1.62% 95.64%/1.08% 98.32%/0.75%
20 80.06%/3.05% 86.49%/2.84% 92.16%/2.16% 97.45%/1.75% 99.05%/1.08%
10 83.14%/1.96% 87.63%/1.37% 94.28%/1.05% 96.57%/0.84% 98.45%/0.57%
2 76.29%/2.05% 79.57%/1.84% 82.15%/1.49% 88.47%/0.97% 94.52%/0.78%
1 80.06%/1.82% 86.27%/1.37% 90.29%/0.92% 95.78%/0.83% 98.42%/0.47%
3 HUREE D3 KBRMREEE GRAFABIRE)
K IE(EUD) DWT 5%+ MASK $fik+ GRID #.i%+ CFFE §iF+ QCSP Hig:+
BP #4244 BP #1128 [ %4 BP #1284 BP #4244 BP #1244
500 71.28%/2.45% 75.19%/2.07% 78.24%/1.68% 84.59%/1.05% 89.27%/0.87%
200 80.45%/1.92% 84.27%/1.47% 88.19%/0.95% 92.57%/0.74% 94.85%/0.53%
100 86.94%/2.17% 88.27%/2.05% 94.19%/1.72% 97.28%/1.38% 99.05%/0.96%
50 78.25%/1.82% 84.17%/1.73% 89.26%/1.29% 92.87%/1.05% 95.46%/0.84%
20 68.29%/2.95% 73.84%/2.62% 78.75%/1.84% 86.27%/1.49% 92.19%/0.98%
10 81.57%/1.34% 84.89%/1.18% 88.27%/0.87% 93.59%/0.64% 97.42%/0.45%
5 79.06%/1.45% 86.27%/1.19% 90.15%/0.86% 95.72%/0.73% 98.85%/0.62%
*4 4K MR A B [8]/ms
T e DWT 5%+ MASK #ik+ GRID 51+ CFFE §fik+ QCSP §Tiki+
) . BP 25 4% BP 25 4% BP 2t 4% BP #2844t BP 128 4%
D1 96.28 35.74 2731 25.19 18.64
D2 124.38 53.87 39.27 30.42 25.16
D3 78.84 53.69 28.42 2237 19.82
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