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Summary

The method eliminating the third term of computational energy of Hopfield
analog neural network has been proposed and the digital neural network is
designed by using an ASIC design technology.

The performance of neural network has been improved by eliminating the
third term of computational energy. An analytical method is used to improve
the performance of the neural network and this method is compared to the
previous heuristic methods.

VHDL is used to model the bidirectional associative memory and SYNOPSIS
CAD tool is used to synthesize logically. To implement the system by using

FPGA, the FLEX8000 library of ALTERA company is used.



A Mg g At 543 FAEHA HETA dte =8 o WY
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Circuit)ell digt d¥bA<] W& VHDLZ A% #d & FHsstdoh



II. Hopfield®] dly=A o] &

N

2
FAEG. &, #do] ARHAANE AU} BARY A
del @ 4 2l #eg st e duAdest B oz #d

ojgt AA% + vk 19 1L wEH AZAEY T4 RAE

/r// synopse

cell body

cell body

19843 9] Hopfielde oleidt @/dol HAtsteq 7E, dZ2Z= 2 grggdez
T ABEE Ze AFHELS $EHA Hopfield A1 3232 Alatoy

=



A5 7HAa oy, Ade gt Badte BFos £

t}. Hopfield A1 A s 2% o] Ad iAo 25L& 29 29 go] Ay AF 5

o2 olfo AFog Fd & Utk AAH VFE A AAAE ¢ 9P
AUz o 4o 39 H=e AR H e, Hopfield A3 2% 944

Ze R R dEEz e HAHgetde HEFdr R ARE A4 Aded o 2

e V3B 292 AQAUALFE FaA7e BFez A Jted, ol

o)
H

@ o)X WEol AAAUAsL R vtz Eeste 2% Ln, HAHLPe
#ystx Ran A4HLPoz FAANAE ASE Wl AU}

=
2 xo2 EFsigst A gge] e AlFd wAwE e A9 e Ao

a9 38 ABAEe Ze obdRa AP EYe WUH EdE HoFEh. oy

Feie] B3 EgEe ABAHS M 729 28] vl bdE &Y Yg¥e

2 Q2= (wy;)ES Tt dZdd A w89 () A w9
il

BRE(w)EL A71H RddMe PHEXEE ALR3)



o, 7Eo AL J&AGe gl uiF He FFEA opdrad B AR
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Fig. 3. (a) Electrical model of analog neural network with feedback. (b) Input

node of neuron I.
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4 Q3pAA A 3% AUAE v=1/291M 009, v7t 0 £E 12 Aol
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lim B = 2 -Sm2 (14)
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Fig. 4. Energy distribution chart of third term for
two-bit A/D converter, A=2, G,=2 8
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ANEHAE M AHEE AD ZHHEHE HAH3 T 5EF d2H4
Hopfield7} 9] =&oA ALg3 o]F 2, Hopfield A A3 229 XS 9
o] B =FoAM AHEsn ok B2 L] PP oldEa # xoly, &
e ozg golt F olg2a gt x& 7HF ST XY 2Hgor HHE
A1717] Y18t LMS(Least Mean Squared) 8422 FH ¥ 4| &% 9 Hopfield
NAZ 2R ANARGFE YXNAAA AlZro] Apgtol wet At
+2 Haislstel= Hopfield A 2329 42& ol&3tdq ddg xol 7M1 2
A3 gz 288 d& Alzdoltt. 1Y 5% AldE HYPoez duyx e
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ol o},
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e S
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Fig. 5. Electrical model of the eliminated third term for
Hopfield Analog Neural Network with feedback
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1.
0 2 4 8 2%
_ 120816 _ | 2-2
W==11 8 03 ! 8— dx (20c)
81632 0 32— 8x

g Hd37) 8 A4 2l g9 @ge e YHEE WE7I7F &l
A gong $o ¢g ZE wEHN Fo AYH2E AEFeEN S AZF

=9t 22 ARE KN ANFH RLg FAEAY I¥ 62 59 &S #=

e 4
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-100nV -Som w 5o 100mU

Fig. 6. Input and output functions of neuron
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A7 mdolME AL AHgaAT adM, FHAFLEY o158 K9 @
A 1ol gasM K =5.6x10"% K,=4.4x107%  K;=2.6x1077%,
K,=1.4x107% olt}. &, A& gL Agdre A5E FAA 77 d2ol
Hopfield®] Q7oA Uehd dAZE golMd 958 Astn 10° F& dolh
Al g0l e PSpiced A1&3tAa, 18 Tat Al 3%o] AL A=A 4HA
Qtol 23V, A=2 222 g, = 100Y W A=Y A EHNH H}olxn, 129
Toe MZ ASGE BPolA Pdelo] ggHste] 23Veln A= 29 w HESH A
Boold ANE BAFY P9 AAREE ALY s SFRE RE ¥
22 AL, FESA A uol Z7IGEe) 0olnE =Y po| VPSS
~1/2e0 4 A FEE AlZte] AUEA Y- goz FPALS BAFD. A 33

o] e A (1Y Ta)elMe Vy(LSB)7t olge s YA Eatx, Atd

o

W2y Thl A E olAGe R FEs #FE & & Utk

Fig. 7a. Electrical model of Hopfield Analog Neural Network with feedback

where the third term exists. input voltage=2.3V, A=2, g,=10 0
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Fig. 7b. Electrical model of Hopfield Analog Neural Network with feedback

where the third term is eliminated. input voltage = 2.3V, A=2

AQke W A 39 AUz o) EABE wHzel Azne wuHurl 9
ez P x= [0, 15418 FS 018 Z7HSRA 4bit AD WBII) He
sol 1557kx9] 9ol HE BESE ABUME AU wES YAl
A9 g9 @ol 42 4P w7l Yoo FES o|SEAS 1002 RN,
gl e 1000, 100, 15, 001 52 ASHE Fo ABeold & 33 1557
Ao Aol oA 77t 40, 34, 20, 2009 @ FA LAKATG AHAA L
Eo] gakel 25 287 WASHE 47 ZAAROH, olRe g9 @ol
28 A 3% AU Zrhsmz dad Azoln 2y A 38 AU} &
Aete Rdold gol ol 1 5olstE BANAE o ool defE Folx %

&3 20709 g 72 135709 Aol AU FoT FIFS YEhA
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a2l Al 3%l EAEE A 49 @ol Bawd @t
£E 19 oMl FAEA R AF4rE BAste WY, Add RddAE
Aghel WEH2, 5 109 % 34 olxgte 2 sHEALT 155709 BF T 1456747
Hag oz FEFE A

¥ 1,205 A1=109 o Al gl ARE RAFH BN L7{F7 2
HEe 9o FASYG 2F7F 4T FEE #FH B H |, 2044 B
F Al ez ¢Ysts AL ¢ F AU F, F 194M 62, 63, 6494 2 F
7 AAGE 758 FAHCE 4HE Alagle] Aoz i 88, 87, 8694
SEZF A AALS BAE £ AU E 20ME HJA] 758 FAHeE 3§
o o] FAHAL, TWM FFH LFEE dAHoZ WHHUG

29 29 V,g°0

Hoz 4

O
off

Table 1. Electrical model of Hopfield Analog Neural Network with the third

term, g; = 018 A=10

4 25 ¥

(=% o | 01 | 02 | 03 | 04 08 | 09
0 0 0 0 0 0 1
1 1 1 1 1 1 2 |2
2 2 2 2 3 3
3 3 3 3 3 3 4 4
4 4 4 4 4 4 . 5 5
5 5 5 5 5 5 6 6 6 6
6 6 6 7 7 7 7 7
7 7 7 7 7 7 7 8 8 8 8
9 9 9 9 9 10 | 10| 10 | 10
10 10} 10 | 10 105 | 11 11 1 11
1 n | nu 1 11 12 | 12 12 | 12 | 12
12 12|12 | 12| 12| 12 | 124 13 | 13
13 134 13 | 13 13 | 13| 14 | 14 4 | 14 14
14 14 5|15 | 15 15 | 15 | 15
15 5 1515 15| 15
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Table 2. Electrical model of Hopfield neural network where the third term is

eliminated, A =10

- x5y

BED 0 | o1 | oz | 03| 04| 05| 06| 07| 08| 09
0 0 0 0 0 1 1
1 1 1 1 1 2 2
2 2 2 2 2 3 3
3 3 3 3 3 4 4
4 4 4 4 4 5 5
5 5 5 5 5 6 6
6 6 6 6 6 7 7
7 7 7 7 7 7 7 8 8 8 8
8 8 8 8 8 8 | 85| 9 9 9 9
9 9 9 9 9 9 9 . 10| 10 10
10 1010 [1w0]110] 10105/ 1 |1 |1n/|1u
1 nm| | un 1212|1212
12 12 | 12 | 12 125 | 13 | 13 | 13| 13
13 13| 13| 13 14 | 14| 14| 14 14
14 14 | 14| 14| 14| 1415|1515 15115
15 15 | 15|15 15 15
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dwrH o ‘Asttete B Ao ALEoly AMUS F ALY oW 7
AES HEHAY FAF A2 MEE ¢EdUe S usted I8 719
FAe oleid AT AB715 S 2y Aok od AHYE JHAYS o A
¥ HhE FoA 4E€ Hdd 7 FARBHA §AY 84 de HdE Fohy

Aoz g9ttt 22l 71dFAEL uolER Y HHES A9 F
A8 Agsld RE2s OAE AFRHAMY AEFHA FE-FL 7]
(address-addressable memory)¢tE W2HE WE-F4 719X (content-
addressable memory)Z 71 AP B el AR EE o] &3 Hsle HR7E 719d A
Ho| HIZ3tEe Alz=go)rt

AA 71 AR o= 2AFEAA 719 AR (autoassociative memory) St o] A A A 7]

&} & X) (heteroassociative memory)7} 21t}

X9y s=1,2,,t (21)
A71A s& )RR e dEAL FE e

o)A Z1dFAE A @AM YP+XxY A$8 yuie Aoz AF
S} AG o) vhd XAEo] YAAUES o 19 AwE YHRARX FAlo 2o
Wol 7hg fakg Ay (XY, v9)e ags e Reldh

AsAd N9FAEe YO =xT A9z 249 /ide dREL nAFY

S W Axg HAE Adste FAZ XHdo] JHAYES o AFE AW

m

{(XV x? ..xPszrg 713 A8 XP2 agsis A3
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2. Yure o1y 7| F X (BAM: Bidirectional Associative Memory)

Fig. 8. Topology of BAM
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£
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4 @22 JYAY X= Yo 2dvdez Aann AgUr 47 A, a( - )=
2HYSIL NE WE Y = dAZE WE A 9% xFoz ny)
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Agdw AR" e FE 7 2o EZASE FE 4 Bt A weA,
p < min(z,m)olx, Fo FAAY AHEANS A AYsBe e 58
p < Vmin(n,m) 2 B8k Reol Fvbxm 22iA Aok (Kosko, 1988)

Hebbel 7Hdeld A=l gtol Uyslelst 22 ztel 4w (correlation)
ghol whel WEdn AAEAEY, o] oW U W HIFHYZ VSo|F
of AAZEE Tt Rol 4B IEs} AHLY

ng(S)TYs — X(I)TY(1)+X(2)TY(2)+ ee +X(D)Ty(p) (25)

d7], due XOTe gug X9 wegoln).

Wy Wi ot Wi
W = Wa wzz vt Wom (26)
wnl wn2  Wam

;E T x8 WA yAteldl M gAY AFFEE Y,

g a4 sloaxle] EWd A9: X235 Yo gm e X0 =y®
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she hAMel AFAY 71 gAst Aok
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Yo = xOw = X(;)ﬁ:X(s)TY(o
s=1 (27a)
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Fig. 1la. Symbol diagram of State generator
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B. YWY A4 J|HF X2 VHDOL &2 nigl
1) AEf487| #%(bam_st)
LIBRARY IEEE;
USE IEEE.std_logic_1164.ALL,;
USE IEEE.std_logic_arith. ALL;
USE IEEE.std_logic_unsigned. ALL;

ENTITY bam_st IS

PORT( clr, clk o IN std_logic;
en_x, en._y, en_c, en_r : OUT std_logic);
END bam_st;
ARCHITECTURE a_bam_st OF bam_st IS
BEGIN
PROCESS(clrclk)

variable cnt : std_logic_vector(6 downto 0);
begin
if clr="1" then
en_x<='0"; en_y<='0"; en_r<='0"; en_c<=0";
cnt:="0000000";
else
if clk’event and clk="1" then
cnt:=cnt+"0000001";
if cnt="0000001" then
en_x<='1"; en_y<='0"; en_c<='0";
end if;
if cnt="0100010"then
en_x<='0"; en_y<='l"; en_c<='0";
end if;
if cnt="1000011"then
cnt:="0000000";
en_x<='0"; en_y<='0’; en_r<='l en_c<='1";
end if;
end if;
end if;
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end process;
end a_bam_st;

CONFIGURATION cfg_bam_st of bam_st is
for a_bam_st
end for;

end cfg_bam_st;

% 002 A2 gAY RE = library %3 configuration Tt Eo] A& o},

2) 2l MR/ (in_reg, b_input)

ENTITY in_reg IS

PORT ( clr, en_c, en_r, ren_¢ : IN std_logic;
X, out_x © IN  std_logic_vector(7 downto 0);
y, out_y : IN  std_logic_vector(3 downto 0).
in_x : OUT std_logic_vector(7 downto 0);
in_y © OUT std_logic_vector(3 downto Q) );
END in_reg;
ARCHITECTURE a_in_reg OF in_reg IS
BEGIN
PROCESS(clr, en_c, en_r, ren_c, X, v, out_y, out_x)
begin
IF cir="1" then
in_x <= "00000000";
in_y <= "0000";
ELSE
IF en_r="0" THEN
inx <= x, iny <=y
elsif en_c’event and en_c='0" then
IF ren_c='1" THEN
in_x <= out_x; in_y <= out_y;
END IF;
END IF;
END IF;
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END PROCESS;
END a_in_reg;

ENTITY b_input IS
PORT( clr, clk, en_x, en_y : IN std_logic;
in_x © IN  std_logic_vector(7 downto 0);
in_y : IN  std_logic_vector(3 downto 0);
X_t, y_t, o_X, o_y : out std_logic );
END b_input;
ARCHITECTURE a_b_input OF b_input IS
BEGIN
PROCESS(cIr.en_x,clk,en_y,in_x,in_y)
variable c¢'std_logic_vector(2 downto 0);
variable t:std_logic_vector(l downto 0);

BEGIN
if clr = "1’ then
c:="000";
t:="00";
x_t <=0 y_t <=0 ox <=0, oy <="'0,
else

if clk’event and clk='1" then
if en_x="0" then
c:="000";
x_t<="0"; o_x<="0";
else
if ¢="000" then
x_t<='0"  o_x<=in_x(7);
end if;
if c="001" then
x_t<="0";  o_x<=in_x(6);
end if;
if ¢="010" then
x_t<='0",  o_x<=in_x(5);
end if;
if c="011" then
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x_t<="0"; o_x<=in_x(4),
end if;
if ¢="100" then
x_t<="0", o_x<=in_x(3);
end if;
if ¢="101" then
x_t<='0", o_x<=in_x(2);
end if;
if ¢="110" then
x_t<='0",  o_x<=in_x(1);
end if;
if ¢="111" then
x_t<="1", o_x<=in_x(0);
end if;
ci=c+"001";
end if;
if en_y='0" then
t:="00";
y_t<='0"; o_y<='0" ;
else
if t="00" then
y_t<='0" . o_y<=in_y(3);
end if;
if t="01" then
y_t<="0"; o_y<=in_y(2);
end if;
if t="10" then
y_t<='0"; o_y<=in_y(1);
end if;
if t="11" then
y_t<='1"; o_y<=in_y(0)
end if;
t:=t+"01";
end if;
end if;
end if;



end process;
end a_b_input;

3) 71 % (b_rom, b_ad)

ENTITY b_rom IS
PORT( cIr : IN std_logic;
addr o IN  std_logic_vector(4 downto 0);
data : OUT std_logic_vector(3 downto 0 ));
END b_rom;
ARCHITECTURE a_b_rom OF b_rom IS
- BEGIN
PROCESS(clr, addr)
begin
if (clr="0") then
case addr is
when "00000” => data <="0011";
when "00001” => data <="0001";
when "00010" => data <="1111";
when "00011" => data <="0001";
when "00100” => data <="0011";
when "00101" => data <="1111"
when "00110” => data <="1111";
when "00111” => data <="1111";
when "01000” => data <="0001";
when "01001” => data <="0011";
when “01010" => data <="0001";
when "01011” => data <="1111";
when "01100” => data <="0001";
when "01101” => data <="1101";
when "01110” => data <="1101";
when "01111" => data <="0001";
when "10000” => data <="1111";
when “10001" => data <="1101";
when "10010” => data <="1111%;



when "10011” => data <="0001";
when “10100” => data <="1111";
when "10101” => data <="0011";
when "10110" => data <="0011";
when "10111" => data <="1111";
when "11000" => data <="1101";
when “11001" => data <="1111";
when “11010" => data <="0001";
when “11011” => data <="1111";
when "11100" => data <="1101";
when “11101" => data <="0001";
when "11110” => data <="0001";
when "11111” => data <="0001";
when others => data <="0000";
end case;
end if;
end process;
end a_b_rom;

ENTITY b_ad IS ‘
PORTY( clr, clk, en_x, en.y 1IN -std_logic;

addr : OUT std_logic_vector(4 downto 0));
END b_ad; :
ARCHITECTURE a_b_ad OF b_ad IS
BEGIN

PROCESS(clk, clr, en_x, en_y)
VARIABLE temp_x:std_logic_vector(4 downto 0);
VARIABLE temp_y:std_logic_vector(4 downto 0);
BEGIN
IF clr =1’ then
temp_x:="00000";
temp_y:="00000";
addr<="00000";
ELSE
IF clk’event AND clk="1" then



IF en_x='1" THEN
addr <=temp_x;
temp_x:=temp_x+"00001";

ELSE
temp_x:="00000";

END IF;

IF en_y='1" THEN
addr<=temp_y;
IF temp_y<”11000” then

temp_y:=temp_y+"01000";
ELSE
temp_y:=temp_y-"10111";

END IF;

ELSE
temp_y:="00000";

END IF;

end if;
end if;
END PROCESS;
END a_b_ad;

4) 91itg R (bam_alu)

ENTITY bam_alu IS
PORT ( clr, clk, en_x, en_y, x_t, y_t, o_x, o_y - IN std_logic;
in_x : in std_logic_vector(7 downto 0);
in_y : in std_logic_vector(3 downto 0);
data : IN std_logic_vector(3 downto 0);
out_x : OUT std_logic_vector(7 downto 0);
out_y : OUT std_logic_vector(3 downto 0) )
END bam_alu;
ARCHITECTURE a_bam_alu OF bam_alu IS
BEGIN
PROCESS(clr, clk, en_x, en_y, x_t, y_t, o_X, o_y, data, in_x, in_y)
variable st, mt, x_st, T_st:std_logic_vector(3 downto 0);
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variable m_c:std_logic_vector(2 downto 0);
variable n_c:!std_logic_vector(l downto 0);
variable y_st, V_st:std_logic_vector(7 downto 0);
begin

if clr = 1’ then

out_x <="00000000";

out_y <="0000";
else

if clk’event and clk="1’ then

if en_x="0" then
n_c:="11", st:="0000"; x_st:="0000"; T_st:="0000";

else
if o_x="1" then
st 1= st + data;
else
st = st;
end if;

if x_t="1" then
if n_c="11" then
if st(3)="0" then
if st(2 downto 0)="000" then
x_st(3):=in_y(3);
else
x_st:="1000";
end if;
else
x_st:="0000";
end if;
T_st:=T_st or x_st;
end if;
if n_c="10" then
if st(3)="0" then
if st(2 downto 0)="000" then
x_st(2):=in_y(2);
else
x_st:="0100";



end if;

else
x_st:="0000";
end if;
T_st:i=T_st or x_st;
end if;

if n_c="01" then
if st(3)="0" then
if st(2 downto 0)="000" then
x_st(1):=in_y(1);
else
x_st:="0010";
end if;
else
x_st:="0000";
end if;
T_st:=T_st or x_st;
end if;
if n_c="00" then
if st(3)='0" then
if st(2 downto 0)="000" then
x_st(0):=in_y(0);

else
x_st:="0001";
end if;
else
x_st:="0000";
end if;
T_st:=T_st or x_st,
out_y<=T_st;
end if;
st:="0000";
n_c:=n_c-"01";
end if;

end if;

if en_y="'0" then
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m_c:="111";  mt:="0000";
y_st:="00000000"; V_st:="00000000";
else
if o_y="1" then
mt = mt + data;
else
mt = mt;
end if;
if y_t="1" then
if m_c="111" then
if mt(3)="0" then
if mt(2 downto 0)="000" then
y_st(7):=in_x(7);
else
y_st:="10000000";
end if;
else
y_st:="00000000";
end if;
V_st:=V_st or y_st;
end if;
if m_c="110" then
if mt(3)='0’ then
if mt(2 downto 0)="000" then
y_st(6):=in_x(6);
else
y_st:="01000000";
end if;
else
y_st:="00000000";
end if;
V_st:=V_st or y_st;
end if;
if m_c="101" then
if mt(3)='0" then
if mt(2 downto 0)="000" then
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y_st(5):=in_x(5);
else
y_st:="00100000",
end if;
else
y_st:="00000000";
end if;
V_st:i=V_st or y_st;
end if;
if m_c="100" then
if mt(3)="0" then
if mt(2 downto 0)="000" then
y_st(4):=in_x(4);
else
y_st:="00010000";
end if;
else
y_st:="00000000";
end if;
V_st:i=V_st or y_st;
end if;
if m_c="011" then
if mt(3)="0" then
if mt(2 downto 0)="000" then
y_st(3):=in_x(3),
else
y_st:="00001000";
end if;
else
y_st:="00000000";
end if;
V_st:=V_st or y_st;
end if;
if m_c="010" then
if mt(3)="0" then
if mt(2 downto 0)="000" then
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y_st(2):=in_x(2);
else
y_st:="00000100";
end if;
else
y_st:="00000000";
end if;
V_st:=V_st or y_st;
end if;
if m_c="001" then
if mt(3)="0" then
if mt(2 downto 0)="000" then
y_st(1):=in_x(1);
else
y_st:="00000010";
end if;
else
y_st:="00000000";
end if;
V_st:=V_st or y_st;
end if;
if m_c="000" then
"if mt(3)="0" then
if mt(2 downto 0)="000" then
y_st(0):=in_x(0);

else
y_st:="00000001";
end if;
else
y_st:="00000000";
end if;
V_st:=V_st or y_st;
out_x<=V_st;
end if;
mt:="0000";

m_c:=m_c-"001";
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end if;
end if;
end if;
end if;
END PROCESS;
END a_bam_alu;

5) &% ¥ % (b_comp, out_reg)

ENTITY b_comp IS

PORTY( clr, en_c Sin std_logic;
out_x, in_x : IN std_logic_vector(7 downto 0);
out_y, in_y . INstd_logic_vector(3 downto 0);
ren_c > out std_logic );
END b_comp;
ARCHITECTURE a_b_comp OF b_comp IS

BEGIN
PROCESS(clr,en_c,in_x,in_y,out_x,out_y)
VARIABLE u_x, tin_x : std_logic_vector(7 downto 0);
VARIABLE u_y, tin_y : std_logic_vector(3 downto 0);

begin
if clr ='0’ then
tin_x'=in_x;  tin_y'=in_y;
if en_c="1" and en_c’event then

u_x = tin_X Xxor out_X;
u_y = tin_y xor out_y;
IF u_x="0000000" THEN
IF u_y="0000" THEN
ren_c <='0';
ELSE
ren_c <='1';
END IF;
ELSE
ren_c <='1";
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END IF;
end if;
end if;
END PROCESS;
END a_b_comp;

ENTITY out_reg IS

PORT ( clr, ren_c, en_c

:IN  std_logic;
out_x - IN  std_logic_vector(7 downto 0);
out_y - IN std_logic_vector(3 downto 0);
A : OUT std_logic_vector(7 downto 0);
B : OUT std_logic_vector(3 downto 0));
END out_reg;
ARCHITECTURE a_out_reg OF out_reg IS
BEGIN

process(clr, ren_c, out_x, out_y, en_c)
begin

if clr = "0’ then

if en_c’event and en_c='0’ then

if ren_c =’0’ then

A <= out_x;
B <= out_y;
end if;
end if;
end if;

end process;
end a_out_reg;
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