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Abstract

This paper presents a real time RBF training hardware architecture for texture
recognition which is based on recursive least mean square method and fuzzy c-means
algorithm. We use fuzzy c-means algorithm to calculate centers in the hidden layer and
use recursive least mean square method to estimate connecting weights in the output
layer. Experimental results show that the proposed architecture is a effective hardware
for real time training with low computational cost, low power consumption and high

performance.

Keywords: FPGA, data clustering, FCM algorithm, Recursive Least Mean Square,

texture recognition, system on programmable chip.
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3. B L Avirp e chf FHPRRIH L > WiT- BRFHh o drF

HoR AR 2 & £ A7build & se4 compile = A B2 (S E X EF T o

| Hardware Design |

Design Custom Logic

Create a new SOPC
project

Add the Custom Logic to

the SOPC project

Compile the SOPC
system

Program the FPGA in
the development board

| Software Design |

Use NIOS 1 IDE to
setup a software project

Write the C program
coordinated with the Custom
Logic

Compile the C program

Download the compiled
code to the SOPC system

Observe the execution
results from NIOS Il IDE

Bl 2.3 $cA R+ PR3 E
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N
TR
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TEILE dofe F PR FE 2 5] (O M TR 42 chp B B AR o

314

4@ 3.1'RBF "+ A 4 & < i :FCM Unit §e recursive LMS Unit-FCM

Unitsni@ g pIEEZ %S9 Re £ & XOo 3 EMATHFE P w8 v, i=1,..C
recursive LMS Unit i & p & R] £.02 FCM Unit 3+ § &t ke £ ¢ o Zh o e

THEXSA#A HIEL W, i=1..c-

- - RBF
______ Controller
g
Initial . v
To/From  centers FCM Vi, i=1,...,c> Relflli/rlssl.ve B
NIOS CPU - o — o
Xk, k ::I.,...,tl—> T
Yk k=1,...t
W;, i:].,...,C
-

R 3.1 RBF "3 48 T 5 78 - F)
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3.2 FCM unit

W 3.2 o FCM Unit 34 > ¢ 7 = B+ =~  pre-computation unit ~
membership coefficients updating unit~center updating unit~cost function computation

unit ~ FCM memory unit f= control unit - 37 k] & R-€ Fm i K& B~ 2D

MR BT o
Xk,k:l,...,t
Pre- C L uni
unit : T
. o
|
l
Membership ¢__i Cost Function
+—> Coefficient ——>» Computation ]
Updating unit > unit

Centers Center
. . &
Updating unit

New
Centers

On-Chip
Centroid RAM

!

v;, i=1,...,C
®3.2 FCM Unit & %8 7 £ % 5]

I
|
R g . R g

!
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3.2.1 Pre-computation unit

Pre-computation unit < p -8 % % * < membership coefficients updating 7+ &
AR o e N (A)FTT o Ui T O ECE A
-2/m-1) 1
u,, =[x v RS (20)

HY Rei

R, = Z @i, - v, [ (21)
j=1
e & X fof £ ¢ < 8k vy, Vo> membership coefficients uyy,...,Uck 7 48
F e Re o ] » #£d & Pre-computation unit 3+ &5 Ry £ @£ 1 membership
coefficients updating unit p¥+ 2 *% 4 4.3+ & membership coefficients p# eh4g e & o
2M o ARPERY A PR m=2> F R AR S 1/x, - v [ e o
P8 ReePZEHEAE T AR 33 M RY T A LA BIFE o % - B stage - B
e v, > %= B stage % — 2 x, — v [ emde s ¥ R R4 - 3w

[P N Y i-1 2
A R s M ' _ o
= £ L) =y

1-stage 2-stage

X—

Vi >®_'§ »| Inverse Register [+ 5¥fx. v/
| —

] 3.3 Pre-computation Unit £ §8 & & 7% 1 Bl
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3.2.2 Membership updating unit

245 2 74 (20) - Membership updating unit & * Pre-computation unit 73+ & &

% kR

-

membership coefficients- ] 3.4 & -+ Membership coefficients updating unit

AR o LRl 34 7 Mg s B e £ X 0 membership coefficients

computation unit 3+ & u’, Ci=1..C> - X H - B o BIMADTRET LA LA

s stage > % - 1 stage {r% = i stage FSE_E Mt hEHE - % - B stage

2L &
¥t
2 A4 2 2l & 2
”Xk _Vi” R, > % = I# stage 3~ 3 Ui °
1-stage 2-stage
> Register > X
2
X Xes=vi]
_::@_‘ Do »| Register >
Vi —
u 2
/'® > Inverse > x Register p1k-1
Ry

® 3.4 Membership updating unit 7 %8 & & 7% 1 Bl

v 7
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3.2.3 Center updating unit

Center updating unit i # 3+ 5 & B E D& ¥ S BE o B W E DB AT
£ ¢ BT E 3 F & 523 #7F 5 membership coefficients o 2 i & ¥ 0 B G
EHFE D X
K K
vik) = ulx )1 ul) (22)
1 1
B k=t vk R &g 20 (0)¢ dhvi EAple e
Center updating unit =17 f£4c® 35 #f7 > v ¢ - BRZE > - B
Intermediate on-chip RAM fe— i “ﬁ% = % o B 3.6 & 5+ Intermediate on-chip RAM
by

%143 % 2 ACC(Accumulator) frarray # <% — 2@ 2% i B ACCiRE 3 Y kJiX u’

i,j

g

4v e,

it

i.j V2R

50 %9 s i B ACC B Y ul Rcihd % o o) 3.6 fTF o

array = output * %3+ vi(k) °

| Intermediate
“| on-chip RAM | ~a

ot — O
N eo—

k

8 3.5 Center updating unit 47 48 T % HB(- )
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Decoder

Group 1
>
> Acct >
. k-1 kL
2
N ) " 21
>l AccCi J=L | Mux =
1 Acce >
r 3
Group 2
>
" Acci >
. . k-1 )
. uiz,j - i
> ACCi = 5l Mux L
I Acce >
T

1 3.6 Center updating unit 7 &% 7 & % #-B(= )
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3.2.4 Cost function computation unit

3+ = ;% 4p v >t Center updating unit - Cost function computation unit 12 1% # 3+

¥ e 3% k2 & cost function J o 7_& % 4e ¢ cost function J(i, k) 5 -

2

x, - v, . (23)

k

J(i,k)=zzlluiz

z=1

4o 3.7 #77% » $ T ¥ j&_membership coefficients updating unit < #1u?, fefx, - v [
2 150 AR R3)Y T rae e ul o - v e R et B 3G K) -

% 1=cqr k:tB?«‘v’J(i,k)i&{& sty 2 %4 i&{f 2 74(3) ¥ #ncost function

IR R b e T e BOER R R T )

2
X, -Vj|

ui2,k k_ i
=0 O PRI
% =V o

] 3.7 Cost function computation unit 7 48 T § 7 H- #]
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3.2.5 FCM Memory Unit

TRE A ks FCM ¥ S £ ¢ 8L o & on-chip centroid memory unit
¢4 5 A B R T Memory Bank 1 4= Memory Bank 2 - Memory Bank 1 &% 75 P
w g PR P o Bl vy, Ve Memory Bank 2 %75 <& d  center updating unit £ *7
SFE P o B o LT3 d membership coefficients » F &% % & Memory Bank 1
SEE P o BE € AL B YR T pre-computation unit f= membership updating unit o % p
center updating unit { A7 P £ 7 o BL € #5732 Memory Bank 20 4 )73 R, D
Memory Bank 2 # éhf £ ¢ o BE A A e £ o k=1, @R gL w7

€ A A7P~ 1 3] Memory Bank 1 s0f7 & ¢ < B o

. enable
Index of new centroid Decod : (from control unit)
> :
(from control unit) ecoder : Indgé(nct)lfo%rirent
(from control unit)
New centroid ; - —
(from centroid | Reg 1 | ;l Reg 1 II »
computation unit)
N ) o 1
"] Reg2 Reg 2 »
" - | 141 - | Current centroid
. : V.
N — o — vV, |Muxf—— "'
"I Regi | ,_,I Reg i p
fi Reg ¢ | _;I Reg ¢ I >
Memory Bank 2 Memory Bank 1

® 3.8 FCM memory unit 4 #8 T & 7 15 B
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3.3 Recursive LMS Unit

Recursive LMS ~ i 7¢ 4 4-[§] 3.9> @ kernel Gaussian computation unit-memory

unit ~ matrix computation unit §= control unit = -

Xk,kzl,...,t Vi,i:].,...,C

b

Kernel G_aussmr! ______ Control Unit
Computation Unit

l v

Vio kK=1,...t pr——- Matrix
— Memory Unit Computation

Wi, i:].,...,C

Bl 3.9 Recursive LMS AT # T i % 4 ]

3.3.1 Kernel Gaussian Computation Unit

Kernel Gaussian computation unit s p s >3- 5 d o 5N(1) ¢ 2 &y (x) ° %
T XA V... Ve Kernel Gaussian 3+ & g (x, ). ¢.(x,)> &2 MUE R XA 4 e

] 3.10 &z kernel Gaussian computation unit 2§ 4o 2% 4. @ u,% 1Ak Boogk: B
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L7 B d Altera Floating

# e 7 7 3+ d4p fica fie(exponential  function) s &

=

Point Exponent (ALTFP_EXP) Megafunction % 3 -

Xy ==
n
Vi =

n

Exponent
a e Computation — ¢ (x,)

Unit

-206°

J

-©-0 Lﬁ)%)

® 3.10 kernel Gaussian computation unit 7 #8 T & 7 - ®]

3.3.2 Memory Unit

Memory unit * % &5 &2 338 (16)(17) ¢ % o7 «hrecursive LMS - & 427 #7 3
& hiE o 4B 3.17 #77+ » Memory unit 5 8 1 buffers(Buffers A, Y, P, W, D, G, H,
fe S) o Bk X¢ P W E ¢ e £ 0 Buffer A &5 % p kernel Gaussian
computation unit 72+ & % % a, > Buffer Y &7 yi o Buffer P - Buffer W ¢& 5 d £
T @?J e B et B 2 % P e Wi o Matrix computation unit 12 ay 0 yi 0 P e
Wi 5 @ 3B 3T Pfo wy o @ 328 A2 Y on? B8 % 275 & Buffers T,GH
FeSe 57 T BB B X 12 183k 1T > Pofo wy 75 & Buffer P {v Buffer W -

5 ¢t » Buffer T fv Buffer Y d - B #75 ®#7%2 > Buffer W, H, G &2 Buffer A 4p
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e

feod c B Ead o Buffer P 4o Buffer S o ¢ B 457 B o<
4= Buffer S # 1z

# ¢ » BufferH
AR AAELRZ B AR @ BufferPﬂ,%ﬂ ¥
we B ZFRLM S T e T RSN P TR

InpUt — Reg

__, Output

¥ 3.11 Buffer T {= Buffer Y &1 %4 % # &

Reg

Reg

Reg

—

Reg

-

B 3.12 Buffer W {= Buffer A # 44 7 15 ]

0
1

Reg

11
J J T

Output
Input ——p
C

DMux

1 3.13  Buffer G # 41 % 1 ]
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P
’ - 4 4 Output
[ [ I I Mux =—=—p
Input? Reg Reg — - — Reg Reg ¢
® 3.14 Buffer H # 44 % 1 ]
—| Re Reg (—> ---— Re Re 4
8 4" g g g
— Re Reg +—> -+ —3 Re Re >
8 ’{ g g g
Input - Output
— Re Reg (— - — Re Re >
8 4" g g g
::‘ Reg —b{ Reg —>4>{ Reg Reg >
® 3.15 Buffer S 4T % 2 1 F]
1) ) )
L 11 1 1L 1L
- Reg |- Reg —> —r Reg — Reg
L 1 1 1 1
9 Reg — Reg [—» —1t Reg [~ Reg
T3 T
Input ————&— 5 5 : : > Output
c L i l i i Mux
) Reg [ Reg —> — Reg | Reg »
L i T T 1
M Reg —| Reg — =+ —3 Reg ) Reg
T

® 3.16  Buffer P 4T % 2 £ F]
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FromNIOS . _| Buffer .
CPU 1 Y 1
Buffer|
Node | ——¢——» W ———p
c c
MUX ———» Node B
Buffer| ¢
.
Node J » Buffer|
G o > To Matrix
From Matrix Compu'Fatlon
. Unit
Computation Buffer
Unit Node K -
c S c
.
. Bu:|fer I
c
1 MUX ———» Node C
» Buffer| ¢
Node Lf; T 1
From Ke_rnel 1 Buffer |
Gasussion — > A .
Computation Unit ¢
B 3.17 Memory unit 7 48 % £ % 1 B
% 3.1 Buffer # it %
Input Ouput
Number of Input Number of Output Circuit
input ports | attributes output attributes | Architecture
ports
Buffer Y 1 Serial in 1 Serial out SISO
Buffer W C Parallel in C Parallel out PIPO
Buffer P c Parallel in c Parallel out PIPO
1 Serial in SIPO or
Buffer G - C Parallel out
c Parallel in PIPO
Buffer S c Parallel in c Parallel out PIPO
o 1 Serial out SISO or
Buffer H 1 Serial in
c Parallel out SIPO
Buffer T 1 Serial in 1 Serial out SISO
Buffer A 1 Serial in C Parallel out SIPO
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3.3.3 Matrix Computation Unit

Matrix computation unit # z ¢ i 2-input 3k ;= % > ¢ B 2-input 4cjz2 B > -
c-input 4 ;% % fo— i inverse operator > 4- ] 3.18 - F]* > matrix computation unit
FOEEP R C R B o g2 b R R v AE T > Mode 1
&% c i 2-input ez BT ¢ BT 7472 > 4R 3.19 - Mode 2 i€ * ¢ i 2-input
FEBHIEFCBTFRE 42 > 4B 3.20 - Mode 3 i * c i 2-input 3 ;x BT

FHFCBERZE > 4-B 321> Mode 4 P E 7 i HiF Y - 4ol 3.22 -

Node B ——
c
N
+ >
e
IRG .
— SE[RET f—————p> Node |
RO S c
HH
— Register
2 ;1—> Node J
Node C —— iﬂ
C X |
: eg:;s er ————p Node K
e
—»@—» Inverse > Register ;1—» Node L
1

] 3.18 Matrix computation 4 §8 & i 7 1 ]
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Node B ———
c T
()| Register | Node |
1 Cc
Node C ()
B 3.19 Mode 1 # §8 7 - 28 T?-h?l
Register Node J
2 1
B 3.20 Mode 2 # §8 7 & 2 T?-h?l
Node B :(:
;@—> Register
€gISte t——p Node K
3 c
Node CT —>:

Node C—»C?—»

B 3.21 Mode 3 # % T B 2 K

Inverse

Y

1

Register
4

T»Node L

®3.22 Mode 4 A 48 T B % H ]
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3.3.4 Control Unit

Recursive LMS unit =7 control unit 3% kernel gaussian computation unit ~
memory unit f= matrix computation unit =73:& i€ - ] 3.23 &2 -+ Control Unit 7% ik @] o
B 3.24 2 B 3.26 ~» B4 5§ I3 E Pufrachk gk F o

% recursive LMS unit B 4534 {7 B > ¢ i& BB control unit sk fi B 4538 1% o ﬂ% 3
Initial State {- State 0 =t » & i State ¥t ¢ 34 ¥ matrix computation unit s &%
TR H P - 8 > % Mode 1 ¥ Mode 4 © gt ¢h > AR AR Y o MEEF BK AL

ARt E R F 0 €47 ko Source Buffer BT R 0 g B 218 0 L B3t

X

¥ %% B v Destination Buffer- 12 = #-3%m 4 % State 1 3| State 3 =53+ & 1§ 47> State

o

S

4 % 31

42 (62 3B pET
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Initialization

1. Read Initial centers from FCM, v;,..., V.

2.Setk=

1.

3. Set Po= A1, A—0.
4. Set wy is a zero matrix.

State 0

Y

1. Read x, from external bus.
2. Compute a = [¢1(Xk)¢z(xk)---¢c (Xk)]T:

%) =P s v )

State 1

Y

Compute

P._.a, using Mode 2

State 2

/

Compute

a,P,, using Mode 2

State 3

!

Compute

P.,a,a; P,_, using Mode 3

State 4

!

Compute

a P,_,a, using Mode 2

State 5

v

Compute

m using Mode 4

State 6

/

Compute

T
Pk—lakak Pk—l

11a7P. a using Mode 3
k~ k17K

State 7

\

Compute

-
PPy using Mode 1

P =P, —
M 14alP

To State 8

State 0

State 8 *

Compute aIWk_1 using Mode 2

State 9 *

Compute Y, —aIWk_1 using Mode 1

State 10 y

Compute P,a, using Mode 2

State 11 \

Compute Pkak(yk —aIWH) using Mode 3

State 12 A

Compute W, =W, , + Pkak(yk _a-lEWk—l)
using Mode 3

k <= k+1 |-=«=—No

Yes

Stop

B®] 3.23 Control Unit =3} s B8]
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1st row of Py, 1st element of
i P18k
Buffer i
P c
Mode 2 |- Buc‘;fer
Buffer | 1
A c
l
2th row of P 2th element
i of Py.1ax
Buffer
P c
Mode 2 > Buéfer
Buffer 1
A c
L
c-th rowof P,  Cth element
of Py1ax
Buffer i l
P c
Mode 2 | B“(‘;fer
Buffer | 1
A c T
ag
B 3.24 & Pyiag 2z iEA42

Complete
Pr-1ak

State 13+ 5 Priay o »S4p % 30— B A cxcespri sk F - B A oxl et

F] 2t i % Mode 2 i# & ;% - Matrix computation unit &_Buffer A 2~ % p kernel

Gaussian computation unit =73+ 8 % % » & » & B clock & P~ Buffer P — 5| 5L >

HECBTFRZo42 > P ERE&AEH » Buffer G- 536 ¢ B clock » Pygag

IR

%3 E 0 4ol 3.24
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1st column of Py Ist element
of ajp,,
Buffer
P ¢
Mode 2 | BUTfer
Buffer| 1| H
A c
|
2th column of
= 2th element
of a;P,,
Buffer
P ¢
Mode 2 | BUfTer
Buffer| 1| H
A C
|

c-th columnofp,,  C-th element
of a P,
BuFf)fer Complete
i Mode 2 o JBUAE —»al Pl
Buffer | 1 H

A CI
k

B 325 8alp, , 2 iz
State 23-% a, P, > faE - BAR Ixc cheeri gk  — B 4B hiE'E oxeo
F]pt i # Mode 2 i ¥ #5538 o Matrix computation unit j&_Buffer A # 2~ % p kernel
Gaussian computation unit 73~ % % % > & ® & i clock 3§ B Buffer P - 7 F 3L >
HEFCHTFREfobE 2 %% A [ » Buffer H. i ¢ B clock > a, P, ,

TRAFE o 4rF 325
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P..a, 1st element
of P_a,a[P,,

Buffer

G C

Mode 3 Bu;fer

Buffer | ¢

H |1

1st element of aP,

P4, 2th element
of P_a,a/P,_,
Buffer
G c
Mode 3 > Buffer
Buffer | ¢ S
H |1

2th element of ajP,_,

P2, c-th element
of P_aaP,,
Buffer
G c Complete
Mode 3 Buffer Pk—lakal Pes
Buffer | ¢ S
H |1

c-th element of a/P, ,

B 326 5P, a,a P, 2R

State3: & p,_.a,al

P, AR E - BAEAE Xl auEE k- AR SR

Ixc > F]:E % Mode 3 i & #i-;% - Matrix computation unit j&_Buffer G zf 2~ state 1

DG
Eﬂ“z ;hq‘

<5iE

%> %2 & B clock @2 BufferH - £ F4 > FRFchRiz 8%

2
5B 8~ BufferSe i ciBclock> p,_a,a’P

k-1 Ay k_1gp%$€l§ ’ '&f'%] 3.26 -
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432 Statel & State 12 2. 3+ 5 %
Mode of Destination
State Source Buffers Matrlx_ Buffer and its Number
and their contents Computation of Steps
Unit contents
State 1 Buffer P Buffer A Mode 2 Buffer G c
Pk A Py
State 2 Buffer P Buffer A Mode 2 Bqufer H .
Py-1 Ak a, Py,
State 3 Buffer G Bqufer H Mode 3 BuffeTr S .
Pk—1ak akpk—l Pkflakakpk—l
State 4 Buffer H Buffer A Mode 2 Buffer T i
a-l: Pk—l ak a.ll; Pk—lak
Buffer T Buffer T
State 5 a’P, a, Mode 4 1 1
l+a,P,_a,
Buffer T Buffer S Buffer S
State 6 T1 o aalp. . Mode 3 Pkila:alPkil c
l1+a,P, a4, 1+a,P, &,
Buffer P Buffer S Buffer P
State 7 P, .a,a,P, Mode 1 c
Pk-l T— Pk
1+ a, PHak
State 8 BuffTer A Buffer W Mode 2 Buffer T 1
a, Wi-1 Wy,
State 9 Buffer Y Buffer T Mode 1 Buff:er T 1
Yk W,y Y Wy
State 10 Buffer P Buffer A Mode 2 Buffer G .
Py Ak P.a,
State 11 Buffer G Buffer T Mode 3 Buffer G !
Pkak yk 7a-l[Wk—1 Pkak(ykialwk—l)
State 12 Buffer W BufferTG Mode 1 Buffer W N
Wi-1 Pkak(yk_akwk—1> Wy
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3.4 RBF Rl T B

P g ¢ AR RBF e T B e ip R &0 0 S gk 0 RBF

2
SRR T 0 RIFR T EACH 327 -

Gi
1
Reg

“ Kernel Gaussian | | [

Vi —» Computation Unit :
W2 Yk
Reg

Reg W1

B 3.27 RBF B:# % KR

d A ME ARG L e AN PR3t kernel Gaussian computation unit & E AR
i* (Pipeline) ¢ . » F-wm e Sit JE HE i A2 4o ] 3.28 © & Ay » e RV R ¢
& Bh(Xg, V1),...,(Xk, V)2 kernel Gaussian computation unit > ¢ ** kernel Gaussian
computation unit 3+ & pF & § & 64 clocks » ]yt 53 64 clocks 2 {5 0 € & B A& 24 3+
B%% GG I BTG E -2 BHPBY BT HERE Zkw
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FZd ARTEERLS
NFE e ERRBRR OB 'ﬁiga]% Xk~ Vifew;, i=1,...c 2 RBF BI3#F 7 B>
Z i KR Py iE ﬁsa]%iﬂﬂ%é’féi“ fio ¥ LT B 2 RIR Bl g | o
Clock | 1 2 C eieean 64 65 ... b4+cC
Xk V1 | Xk Va Computational Time G
Xk, V2 Xk, V2 Computational Time G,
Xk, Ve Xk, Ve Computational Time
B 3.28 Kernel Gaussian computation unit g & it 7 15 Bl

i 3L RBF & 12 [§]

3y p
7 W:FE\' AN

<,Dm}k_ﬁ_)‘;_f‘i1t#t’ :H'—l—}gmﬁ‘ﬂ"@ ’F’r-él_t’,ulﬂ‘h'é;;
- B RBF it > F]pt a8 € " RPDBAAL > 75 INIERIZ L BRI - A
Ao FRY BB EC KRR DB P UG AR

oy
S

Bomt H AR A
U B2 -a"‘f“" o e R TR s PR AF o T s A

AL 3% g )
— |I§; RBF Jllﬁﬁ ‘&x "lpJ;,.&E #IHT@IB;E"J ,I'ﬁﬁ, ,I'ﬁﬁ é\l
R BB L i 4ol 3.29

x]} B e

RBF
, . — V;
V' — Training
.2 e W
y, —»| Circuit

®3.29 RBF 3"t
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Initial

Set initial value
1. Set X, Yi, V', f =1,....m
2. Set W4, Vi, f =1,...m

Stage 1 l

Input X¢, Ys, Vs to the RBF
training circuit

Stage 2 l

Get the training results W, Vs
from RBF training circuit.

— f<=f+1 |«—No

Yes

Y

Stop

B 3.30 RBF "3 T B2 i 42

Bk R mEREE o f =1, . ms B Xefo Vit & % f 3R R B a0 e
BHEEEA TR R E iR AR FRIERO Y EEE > Vifo Wia &
25 FERERIRANES > PLIPTEY RSB GBS o AR
AT o g F R PR IR kA X V'iZ RBE DR TR P » 203 &
fg o T B E B RIZBIZ Vife Wro> 4o B 3.30 42 RB #77F » B 3975 chR I
Bl'gse = o §eb o ary RIMEG Y P chiE yy PR AR Fe e lE 0 B s i=shy

R AR DY PR T o 3 e R R L e £ 0 K SR RILFF ¢
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'i;__
PRI F efEE Glico B 3.31 ot RBF 2T B R 4 0 Bk - ERILE

PIRPERF S ho d 3tiry WIEREE - BRBFRTE S FI§ 977 BRI 9'R=

= pF o B E & mxh pER oo

Time h 2h mxh
X,V Vi,
1 Vo,
Y1 » Wy
Xo V2, V,
5 V72,
Y2, » W

Xm, V’m Vi

" Yo ™ w,

B13.31 RBF 243 a2 P54

Vi Wi

'y

RBF
Xk———— Testing ———> U
Circuit

B 3.32 RBF %7 i
B 3.32 Bz RBFRIGARECH © @ >0 Vi~ Wy, f=1,..m * &5 mkRZRE -
Flot g RGE AR e & X ik A p ~ B RBF RSB 0 3 B Vis Wi & RBF 2153
t A FenEEST S 5 Ere

TRY EANIFOQGE T BEXI PO EE Y iEg

ApPEETE B f=1l...m? &K § T Re £ xkﬁr‘?@mxzﬁ ° bl4vE . &
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7% Ef ¥ o] BRI A PR e £ xkﬁfﬁﬁgz,%? % f 3% RXILE4oB 3.33 #roT o

RIFREALTD DTy RIFBIRIRs E = o Bl 3.34 &

0

~

7 RBF RIFFT B 4

B - Lte £ Xy~ RBEPIFR B AL qrenf 7 5w Rl- L9055

REERTERF S mxu e

Initial

Set initial value

1. Set x k=1,...,t

2. Obtain Wy, Vs, f=1,....m
from RBF training process

2 Compare

3.Set E, :qu _ny p
Stage 6

Stage 1 i Find the E,. =ming, ~y,[ from
the registers.

Read x, from the testing
texture. Stage 7 *
Stage 2 i ¢ belongs tothe f *_th class.

Load Wy, Viin the RBF
testing circuit.

Stage 3 ¢

Compute gsfrom RBF testing
circuit.

Stage 4 i

Compute E; =|q; -y, HZ

Stage 5 i

Store Es to the registers.

f<=f+1

t—No

Yes

y

To Stage 6

No—»|

k <= k+1

Stage 1

Yes

Stop
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Ttk RBF 3" i #2.7 RBF plRiE Azt © 7| B gk

1 #Bgdr @ BB A RBF RIZ Bl 7 & S0t o g BdF apeah oo % Pz
b A R AR T Mg IT B AR GHA FEB L Sape gk o

2. MBEMR L F T EFMAROREREELN I T U T EAFVRE DGR
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3. MM TR 4LM 1 d 3 B eh RBF RIL R FE f adir) "R FEY ©
BLAR T3 &30 - B RBF et > &5 3 recursive LMS AL 48 7 4575 » % 5 i S A
WERPFE S o FI o Ry b e JUBAE > FER F £ 3 - B RBF

TB o dep T SH TR R -
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3.5 FPGA-Based RBF 2" 3t )k

A F R A& B SOPC gk g B B 4B T B (custom user
logic) » B] 3.35 & * % %2 SOPC T /2 B 4Bl 4 5% & 5 1 NIOS CPU-~DMA
controller £ on-chip RAM- 4] * DMA #-#7% 733> DDRI 3" 5 £ X = {Xy,.... X}
3% 3 on-chipmemory ¢ » £ d NIOS CPU #"ier & {oig i P4 iE i~ 4o H £ ¥

s d Avalon bus #:i¥ 3 RBF 8" cvFCM T o ¥ FCM T a2+ 5 = 2 pF >
NIOSCPU £ #= 2%+ & #i%¥ T RBF 7 B ¥ ¢recursive LMS 7 # - fiz4 NIOS
CPU 44 {7 f§ ¥ «hdy £ 234 FCM 7 142 recursive LMS ¢ i > @ NIOS CPU # &
I % 422 FCM £ recursive LMS 3t & - § #75 2'%s £ @ = £ {2 > NIOS CPU

FEEEUT TR BT RS vy, Ve 8 W, We o 358 0m e 3R A7 Bl 4o i) 3.36 -

Altera FPGA
S
Nios Il
DMA
Processor Controller UART
M M S
A A A
\ Y \

Avalon Switch Fabric (Avalon Bus)
A A4 A

A A A

S S S
. RBF DDRII
?A”'Ch'p Training SERAM
emory Circuit Controller

B 3.35 SOPC i sL7E H Rl
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Stage 1

F1* DMA# e £ 33X
2 on-chip memory

Stage 2 *

1§33 4 4 E e 4 B
AN FCM?&%

Stage 3 ¢

d on-chip memory & 4. &
Ee £ 2 FCMR B

Stage 4 i

BFCMT B L ATHF £ 7
RS- 17 R recurswe LMS

Stage 5 l

£ ¢ on-chip memory & 4
B e £ 3 recurswe
LMS#

Stage 6 ¢

d recurswe LMS# i rrr\;J-

;'L N \‘ %Vl,... g IF%I

y
Stop
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AT RIE 0 1R

AR A iR T A R 2 T %R

' v“p

A1RET cARREE

Am v bz 3 & £ Altera sh Cyclone 111 EP3C120 FPGA B 3 4+ 5 §
(System On a Programmable Chip,

(gl N e |

_ L 1
\ L ,,‘ %»uHBH ]

'5%_1‘_: 9-&\7?}41”’1"‘]’ ° rﬂT-\ ¥ %E
SOPC)¥ 14 #-rl REK 32 AR & e & 1 o E Pl

o 9T1E ) FPGA B8 k9 M S%E ~ %

MR R - A AN

Altera Cyclone 111 EP3C120 FPGA B 3 {5 ciii-m e 3 3 o

B 4.1 Altera Cyclone Il EP3C120 FPGA § & B % =
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#4.1 Altera Cyclone Ill EP3C120 FPGAR % & A1 %

Feature Cyclone 111
Device EP3C120F780C8
Total Logic Elements 119,088
Number of M9K Blocks 432
Total Memory bits 3,981,312
DSP Block 9-bit elements 576
Total PLLs 4
Total Pins 532

AdkitiEfed o A # * Altera Quartus 11 10.1 3% ~ 5 #£ % Verilog 425V 3% 2

T L s # ¥ Quartus I EF2 ek E AR AT R ERRE S BRG H L

TELE A SR DT A 4o 42 S o

% Quartus I £ 8 = E @it AT 81 > 21 * Altera SOPC Builder 2 =
dtp e e SOPC i % » # 7 CPU -~ DMA ~ On-chip RAM ~ RBF & #2233 ¥ ~

R EAM S > 4oF 43
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B 4.4 NIOSII ## 4 o

% 42 HARE RLES

L
FRER
2L E Intel Core i5-2467TM @ 1.6GHz
=2 DDR3 4.0G
Compiler : Dev-C++4.9.9.2
A
FRER
B Altera Cyclone 111 EP3C120
Jed2E NIOS I
=2 256-Mbyte DDR Il SDRAM
Flash Memory : 64-Mbyte flash memory
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AR FIRRBFYRTBR AT R A AR FFRF 2 AT RT

= F R erTay R o AigAm At g * Altera Cyclone 111 EP3C120 FPGA B % 4 &

It £ S E R
Fho REEAR R HOE R S

Vi - BufferY ¢ &5 enig > figdan?
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o : Gaussian kernel function = /& » A ig4@2%k T 5 150 -

APPIRE B e R kR B TR AR F - ERE Y

FTIE

320x320pixels » & 12 & n=16 pixels = & = » 16 pixels 3 - B s & > #&
& 3E Bl 3] & 6400 1 % #i(blocks) - ] 4.5 - Bl 4.6 2 Bl 4.7 & S| E 7 k#H2 S
* 3 P R > & 4 w02 Training Set A ~ Training Set B 2 Training Set C %
2 0 2@ Training Set A 3 » %12 > Training SetB 7 = &% 12 » @ Training Set

Crrfawmo
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Bk 3 RBF 2R B pF > d >0 recursive LMS 7 4F fechdic® 3-8 0 2 dRiw iF
B o F)pt e I recursive LMS A 88 T gL PF > 2 i+ floating point st 5 % % T
AMAFR LA T LR R o 5T F UGB RCHMT IR AP
# FCM i¢ * fixed point et ;% ¢ * floating point st ;8 2. 2 $g I FE S o 4ok
4.3 #r77 > % recursive LMS #8 & i¢ * floating point > @ FCM # * fixed point {r i
* floating point p+ » &  c4 3 & F FEF AT Bl ARk REF 0 FCM

i * fixed point 4% ;% @ recursive LMS i * floating point et 3k 2+ 3 B > ¢ ¥

% 4.3 RBF 23T B A 8 Fr v ik

Classification

Recursive
FCM Correct
LMS
Rate

Training Floating Floating 100%
Set A 8 bits Floating 100%
Training Floating Floating 99%
SetB 8 bits Floating 98%
Training Floating Floating 97%
SetC 8 bits Floating 96%

FAABTHMT RYFEERE -nZPRTZAE CEFTE Y © Bk
P e FCM T Ea? » 4uj2 Biek 2 B * jJ 4= nfiin kR O(n)enhd % >k F14_
PEFERT S EIE R G B o @ recursive LMS 4oz BAvgki: B ¥ 4L en
B & I O(c + n)enhd o B F] A3t B Gaussian kernel function pF F T {735 B BB
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oo Fpl g H G R 2 TR i OB o & Memory Bits * 6 o d 3%
FCM % & 2-port RAM ki 53t 542y cnf &9 w2 { AT Er <o
FIL PR R ¢ s Bhendic P fra R gk fE 5 BE 0 5 O(ne) o @ recursive LMS B E_%]
% Buffer P - Buffer S & k3 F 483 ¥ iz chig » FIR £ ¢ o ondiep
TS 4B 5 OC) -

# 44 RBF'REBEFBHAME R4

FCM Recursive LMS RBF
Adders 0O(n) O(c+n) O(c+n)
Multipliers O(n) O(c+n) O(c+n)
Memory Bits O(nc) 0(c?) O(c*+nc)
Latency O(ct) O(ct) O(ct)

% 45 %7 RBFP'RTBEDHMT R 4L o 2 FCM R BINA » d 303 B &%
B EEARY AT E Y s L ATE S DFE Y e F] Total Memory bits ¢ %
&5 HF R o terecursive LMS 3R 4 > d 3t3- 8 Gaussian kernel function p¥ 3
£ T EFhE R T o F) ¢ 7 & #0$ o Total Logic Elements o @ %5 i SOPC
Sl M F R 45 & Total Logic Elements 5] = 84% » Embedded Multiplier % =

60% - Total Memory bits % 5 39% -
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# 45 RBF 'R BEAWME R~ 4
Recursive Cyclonelll
FCM RBF SOPC e
LMS R
Total
) 25,541 57,987 88,413 99,817
Logic 119,088
(21%) (49%) (74%) (84%)
Elements
Embeded
o 79 200 342 346
Multiplier 576
. (14%) (35%) (59%) (60%)
9-bits elements
Total
132,864 9,799 142,913 1,558,177
Memory 3,981,312
bits (3%) (<1%) (4%) (39%)

% 4.6 B recursive LMS 2" T4 B #cr A ST FES o d £ T Aog v B
BHcA > 1005 3 400 £ pF  AsE R FESIEF 2 o B P25 E B 500 &
E T B T o s B B B00 2 15 0 AR AES E U RS
® 1 %c 500 L pF A Ap e 0 Fl kR % B 7 RBF 2 > recursive LMS &7
B B#E 500 £ > & FCM et £ 5 3200 £ -

# 4.6 RBF ' T k&2 recursive LMS 3" 4L B #ic2 2 s & /g (FCM PR F
#L i B i 3200 1)

Training data of

recursive LMS 100 200 300 400 500 600 700

Classification 95%  96%  96%  97%  98%  98%  97.6%
Correct Rate

Trainingdataof g0, g0 1000 2000 3200 6400
recursive LMS
Classification 98%  98%  98%  98%  97%  97%

Correct Rate
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BT RBF 2B & o A P B R R E Y 93200 53R £ (T 3200
BwRA)EAEE > RBFPIRTEY HFCM R R ERERSFE Y < o § FCM
TR ERIF R{ AT LY w{oR RRILE Y H500 4" e £ (7 500
B % H)iE » RBF 237 B 7 aorecursive LMS 7§ 0 3 % i%i%ﬁi%] Mk e £ o
EFIEE B recursive LMS 38 == > R AP BGEARLS R o (T - R RXITRFE
TER? AR & 47 TIRY RBF 'RETBIRRE DL GEI S » I g

GHA T Bt #i2

% 4.7 RBF "33 EE GHA 'R T B2 550 FE S
RBF GHA RBF
Hardware Hardware Software

Classification
Correct Rate of 100% 100% 100%
Training Set A

Classification
Correct Rate of 98% 99% 99%
Training Set B

Classification
Correct Rate of 96% 98% 97%
Training Set C

§ A AT g S AL HIMD $ 5P AWDAES gh 5 T T
d BB etk R R MK SRR B RBF DS WA R AR €%
%> RBF 3" 5udic 49 cre 5 o 82 GHA "R T Bt 0 d Y GHA A 183

R BB RE 0 77 RBF 2V T B A S FE S0 M3t GHA 2V T
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XL

%4 48 RBF 3T B2 GHAP R T B

B3 /E’I/ﬂ Py r'*irrﬂ?ﬁ'.‘*kbﬁ{ s

K#gam Sl 2t &9 ol U a K 2
RBF GHA RBF
Hardware Hardware Software
CPU
Time for Single 31.67 ms 1310.2305 ms 157.26 ms
Class
recursive recursive
FCM FCM
_— . LMS
Number of circuit . 400 blocks circuit .
. circuit . . circuit
Training Data (dimension :16x16)
3200 500 3200 500
blocks blocks blocks blocks
General Purpose
Platform Cyclone Il Cyclone 111 3.4-GHz Intel
i7-2600
Total Logic
99,817 57,943 0
Elements
Embeded
Multiplier 9-bits 346 576 0
elements
Total
. 1,558,177 1,443,204 0
Memory bits

dod 4.8 #7782 2% RBF 3 U 48 chyh 508 1430 RBF 9 Ui sy 5

it RBF 2" U 48 34 (7 pF A 47t RBF "Rk e ARV -5 5 12 Quf oo th

B2 2% RBF 2T B cha 87 1 FE S vk 030 GHA VR T Beena 87 1 FE s o e B4y

R pE R e R BT R B G GHA 3 RT B2

L GHA 3 3 R B fiE

+ -]- % 320x320 pixels » i 5 16x16 » 7

’F‘;F?, y ‘/j it GHA 3”'.397.?“&%.'}# 41 %

* 8bits » 3=t dcE 1800 =)
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% 4.9 i+ RBF 2/ Ul #4c RBF 2/ Ut a7 o 0 it B e P P53 e
H R o8¢ RBF 2/ Ut A % & i7 CPU - i5CPU + #417 « d £ 7 o 21 4%
P RHE R IE O VR A G RPBRE ] 5 £H & i5 CPU » HF
POAL o B RE AP R BE AL 102 0 R H g B PR FRER A e £k

PORAR B o S UBCAR ST & AT PR LR AR AR

# 4.9 RBF ?"3grt8{c RBF 2" 'R #82 H (FpF F ¥+ :ms

Number of
. 6400x1 6400x2 6400x3 6400x4 6400x5 6400x6 6400x7 6400x8
Training Data

Proposed 31.67 6334 9175 12410 15578 187.63 219.98 251.66
Architecture

General purpose
3.4-GHz i7 CPU 157.26 31452 47196 660.26 818.24 979.20 1111.85 1267.73

General purpose
16 —GHz i5 CPU 719.81 1439.62 2074.03 2972.38 3642.17 4299.93 5079.12 5814.99
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P B (Ms)

7000 ) = proposed architecture
general purpose 3.4-GHz Intel i7-2600
6000 - —=general purpose 1.6-GHz Intel i5-2467M 5814.99

5000
4000
3000
2000

1267.73
2

251.66

1000

0 6400 12800 19200 25600 32000 38200 44800 51200
P £ R

B 48 RBF '3dic 48 {c RBF 2/ A 482 34 {7 p* 7 [§]

% 4.10 RBF "3 7T .2 RBF 3"tz ) 420
(“3 B 405" )
RBF RBF
Hardware Software

General Purpose

Platform Cyclone I11 3.4 GHz Intel
17-2600
Power
. 1.59 W 17.32 W
Consumption

% 410 o7 RBF "3 T B2 RBF "= 3 oo d 4 18~ RBF A %8 &
Cyclone I en74 Z ) 42 5 1.59 W > m RBF #it 48 & General Purpose 3.4 GHz Intel
17-2600 s S 42 5 17.32 W o F|pt » h3h = #7 J e RBF 2R T FL i 7] i #

Fif g aipe
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%411 RBFRIHRTHZAMWT R EERFET
K %R 2 cnp F 5 K X 62.16ms

Cyclonelll
2 Classes 3 Classes 4 Classes =
LY
CPU Time
9.70 ms 14.38 ms 19.01 ms
(500 blocks)
CPU Time
(6400 blocks) 124.32 ms  183.08ms 243.09ms
Total
. 60,508 64,805 69,575
Logic 119,088
(51%) (54%) (58%)
Elements
Embeded
Multiplier 226 226 226 576
UItp (39%) (39%) (39%)
9-bits elements
Total
597,071 597,071 597,071
Memory 3,981,312
bits (15%) (15%) (15%)

% 411 %7 RBEPIFTRZAMET R 42 o d W3 23T TER S D
R EBiosod B o Tt AR A TR LAT (EF Ara gty o p gt 2
Gl AR §EEIRSHMTRETTEY ol L i o
By A~ s P % 5 pF o logicelements s 420 g o ¥ b HFEREL ¢

TN E R
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A B RBF 2 AMEH IR ERE S BT AT A MEERD 2 A M
LFES o d A M B R PF o T D B0 BRgw S PR AP ROt iliE
PR M T MR TR R g S o T g
GHA A 8 % I B35 5 S JUE € ikpd 3 8 € B i Pl e acsdm %
@ RBF Al R IR 4 ser AR F- I PP 22 € hlkc > 7ot RBF A 4
RHIDEDIR kAR T A GHA AR R TR E Pk Sl o R R B
RBF %L Flysd A 8%+ B § A2 O 3 chA s R AES o h ot 2 7o H Hs
B AT T b g S L EHE-5 R 7 GHA ARt g £ 4t GHA
AHTRE 4L B FRNEEF Bk I 7 AL AS P e ar @
TR B GHA TS o Fpb > A ardh O ol B 28 f#" 2hF s 5E S S 1Y

EREoRA o LY R PR R PR Y o
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