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ABSTRACT  So far a variety of RAM-based approaches including the Filtering Method have been suggested to
shorten the rule selection time in production systems, but this paper presents a somewhat different approach based
on the use of CAM. This paper suggests a proper use of CAM bits respect to their characteristics and describes
data stsuctures for basic Artificial Intelligence symbolic list processing, and finally compares the simulation results
from the CAM-based approach to those from RAM-based approaches.
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2A A4S B3] Astel AEsIgTh

°] production A|£®-& thH el x4 £§
Aoz HAFE 47t A2 rued F7HY Al
A7 4z, ARHE A4 o] hE¥el Azl
N A FAG FEE AR, A4 o §H o
2 AodazA s T, AAE AEL A
9 Ay e 2AF 44 A9 4 e 2
$ Aaeh Aol FANAL NG HHE Aol

e 522 2457 o+ A5 Aol 3
o}, Foluch & TAAL Aaleol EFE
ruleg Ad szl A)7ke] gho] Aalche Holch,
wEe A8del F25 /b AW A4Sl

-8 7] ¢] production ruleg A WAl = o “H —r7l
ulch o] ©& ruleg-S A 7&53“‘47}"4 A 4
Aeol]l A3hat rule & Al siof dleg @2 *]
7bol A v Elch Rule Al®jol Avlsle AIbE 2
Alad o] Hobg 293 RuleAl® A17bE b
Z35l7] A ATFEE, rule T FHLoE FA4
71 hierachies &2 322 47 4] 7] transition
network, patri nets, meta rule 5% °|&3t= #
7} 7ol rule o A4S 2Astele W@ A I
¥ (filter) 52 ol-&3to] AAI = rules A A
e o] gl gy} olAEL TEAHS
# RAM(Random Access Memory) oll 75 & H
AloliL RAM & o1& 5ollA A5 Ha g sk
pattern matching ol §-& 33522 ¥} pattern
matching o] 33 F2] Aol A A =AU
o}, ulebd 2 dFo) 4 pattern matchingol #
33k CAM & o] £3}od architectures & T4 3},
ol & o] &3}od AlE(symbol) & T4 H BlAE(list)
o] ol g 7]& k& A4 3lo] production
Al Aol rule B o] E-&3E A E8lrh

ol % e 2& A= B dFol4 ALEE PS
o) med g AdAsta, 3ol e RAME &%
7122 rule &by & A5 CAMHA 7] vl
Agzal AA s, 4 2o e CAME o] &3
A e FAR YAES Heslr] A 3
S sqbglrh, olojA] 5 A= 4 A wE
o] 88 rule A ¥ HH &
shAl 2t RAMSAL S o] &-3ted 2 49| PS 2dl &
Agae F vlade

1,4

A st 6 Foll4l £ CAM

2. Production System2! ZEIAMA

Production A]A§ & dubA 02 g9 4|7t
S.424 FA = A}t Produection Memory (PM)
Working Memory (WM), 1] 3. Interpreter ©|c}.

Az olefdl 7|&Aql Al7kA] a4o] 4ol
thafe] S-BR-Fof ulz} chaof wshr}h Qe W e
o] HollAE pF2| =95 Hdjled i E‘~’1‘*°|Xl"P
B HAE A Production AlAH ] 7| 2el&
A A] ket

[ Production Memory]

Production rule 2 ¥ &% 4] & 1
ol PMolch, #HAl Al e 2ol
o3 Zol FA .

(1) Production memory + production & 9 2] £ E o]
}.

(2) Production > condition statement 2} action sta-
tement 2 TAH Y AEZ o]F & A%
of o] F&Hrt.

(3) Condition statement 9} action statement & 77
condition element (CE) 2} action element 5 ¢ 2]
£ Eo|th

(4) Condition element+ A& (M4 &2 A), =
£ AT} sublist E24 FAE 2AEo|e)

(5) Action element & Al &5 9| 2] £ E o|t} Action
element 9] *-& Al £-2 procedure °}&¢|v] o]
Holl A+ AEE-2 o] procedure 2] argument

A

Az Ao 29} 2E4)

o} & olz3 W o2 FAE production rule
9] djo)rf,
PRODUCTION # 1: ((start) — ((delete start)

(insert continue))

PRODUCTION # 2 : ((apple (banana cabbage))—
{( delete apple) (insert fish)

(insert egg))
PRODUCTION # 3: ((egg (banana cabbage) ) —
(( delete cabbage) (insert
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grape) ) )

(( grape ( ( doughunt egg) X)
X) — (( delete doughnut)
(insert end) ) )

PRODUCTION # 5: ((continue end)

PRODUCTION # 4.

—( stop) )

{ Working Memory]

A 43S vellE delelE & HAse £
o] WMelch, o] dlojelEol &Jal gb% 5|+ rule
o] delsln] AefH ruled) o3l N&E§ dlolel
F A7 A A AR olef &t dioletel +=
oAzl el = e 4 ol o714 A4 H
A 2ele] WM thg3t Zo| F4 5},

1) Working memory + memory element (ME) &2

ez FA=CH
(2) Memory element + At~ Al-8-( constant symbol),
wE A AT A wE A% sud-
list #2 TA% 2j=Eo|r
&€ working memory & & ol o]t}
WM (( (doughnut egg) fish) (banana cabbage)
apple start)

N

borle

[ Interpreter]

ol e] 2] e]( Interpreter) & WMW | dlolel&
£ o]l &4 PMoll & rule &0 il ‘select-
execute’ 7715 W% FY ke, o ol ab s
+ rule®] °47M ie FAH FazAol vE

n:} Ug

3. RAME2 0|2
A

& rule MEygbgg

7| 2F CAM S o| &3 wAzle] vl
g e, 71E2 RAME o438 ruleld®e] i &
Hel wh FohAE ZlEdeh

3 -1 Linear Searchingoll 2|&t
Type 1
o] ulalof A& BH ‘select’ F715 4L uf
vheh, WMW o] ME2} PM ol 20+ 28 pro-
duction ¥ CE£% &x2 27 3} patterr ma-

DHEQI g4

52

tching®l ¥} 2 ot of A (matching) 5= CE
74 9Qom o]z o] £+ productiong ot
o], 2% Ag¥" T8} =+ productionEE 2
o} %1 conflict setoll &gt o] Aol &
#2]4 %7} production 2] 4% memory element®]
Fofl wle et slmg £ ruled 7HA AR
4 Al 2d o4+ Rule AHAZEo] U ZA et

3-2 EE{E O|3% Rule2l MUY : Type2

utd WM | & &4 3t ME2} matching 5|+ CE7}
o1 productionl %312 E7HE vlel & St 2
t}ud B33 g 8 production = 7 E 35l gols SH=
2 'select’ 712 A|7ko] Aekd olct o]F
3 ARE Alado] FRE7] dol el A
A7l e 24 7} ‘gelect’ F7]1oll4] A eldokd pro-

. )
duction @ 4% 9 F Ar®.

o] He]o| A+ primary feature (PF)Y 2 N -&
o|-&3tct, PF= CE7F shvtef gj2Edl %<,
2 YAEY HF AEelsln, CEZl shté
atom? -9+ L atom¢| PF7} Hch ME oA
o] PFx vlsiA A=t o]z} 3t PF= Pre-
dicate Calculus & Logic o141 9] predicate & 2}
45l Ardolch 3] 1) of WAl o] Hefe}
production momory ol 3t ] oje} F+2E el

i odek

a8 1)olA 2okl dej PMHel e 7
zto] PFoll o8k filter branch5 sh4x w4,
ol& o3&t = 7 filter branch®tet o318 fil-
ter leaf 7} loj4}, o]Zlo] ‘ofwl production | fil-
ter branch®] PF &} §4% PF§ £ #ste7t &
oz Fob, webd WMol MEZF A ssd o] 9
PFoll 34 filter branch& #-& th-& o|A o
& filter leaf = %3, ©] PF& %33} pro-
ductions el 2-& 4 oUck o] e o sl A
2R production:a:-: p tsetol EolA =l d, o
> WMol 2ofsf d at5d 7h54 ol ele
production 5% E & sHA Fc} & p+set of 3l&
production & conflict setoll £3¥ F37l =&
7 o] o},

o] wial-e A =l WA Bt ruleAl® o] wE
AA o] glot, ohgo FAH el st
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PRODUCTION #3: (

Filter Rule #3

(egg (banana cabbage)) —> ((delete cabbage) (insert grape)))

w—ome

€gg
l | Filter Filter
Y b 1

nch
banans ranc eaf

PF :banana cabbage delete cabbage insert grape

O 1 Filtering W4 ol 41¢] Production Memory$} Filter ¢ 72

1) e 74 & A odv|dAbs oz 37 &
L2 B 2

2) Alag o] A= Fatol PM 9 WA o] o7
c},

3) El& 23 p+setutg Jded AR E et oz}
Al p +setol] £ production-> A A Q] wi4) o

2 499

oledl A M- RAM o] £ © g pattern
matching ol A 3§32 9 7] Wi, CAM S A}

&otmz4 agAal Mejr} sbs A gl

4. CAMEZ 0|
sing

&t Al Symbolic List Proces-

4-1 CAMS| 74

o]714 745, CAMd| 7|ube F F2E o
) el obed A6 HYS o] gafo] R Aa
Waby HeE @ Aelch

o] F2= t4s FRE sdelr)ut sk o
22 d@ul sk Aol olet AR A &
oli ofzbel V|wdql ol e Aoleh ol

gl CAM = 2 Al A{( processor) & &+ 118 2) o
2l dlolel &2 CAM arrayoll &5l o}
2 47}l access mode B t}Fo] At}

1) Multi-read : CAM ¢}
tch 2tis %2 ¢}
2 search argument register (SAR) ol ~%-5|o],
multi-read 5 #ro] -8 5wl SARe) Sl& &
} off A( matching) ¥+ ©lole}l dF2) CAM ollA]
2] 227} response store (RS)oll 7|&%c}, o

2] 3ol 4] s A o] aloji}ud multiple response

T8 access HE|E Ma-
Aozl gl dlolel &

resolver (MRR) ol 2] sle] o] F shlr} el 5]
t} =kl djolele} FH-#al vfalo) sl g at uy
+ mask register 5 ©|-&3lo], SARE U
% mask-out &Fch.

2) Multi-write . SARl| 4-& 5 d]o|e} GL—S— 0|
A ] multi-read & 2ol 2fsll w2 o] alojy}

< Axoet FAlo 27 33l *PS-E—’ 2

w] SAR 9 A H-H-2 24 mask register 5 ©|

23 mask-out Al 7} & & % maskZ ¢%]fbit

g wsrh oA "o

Single-read : ©| & #toll of&l (F-#4ql)

o| alojut 3ol &% word output port Z ¢}

otk CAM word(5-14 &)+ ozl 4

oz ¢8Rt Word 9 addressi} Z91E]( po-

inter) -2 permutation circuit®l &8 inter-

nal address port . Wl %t}

Adderss 5 A}-8-3lo] djole} &

w

4) Single~write :
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S 4 2o s 2 e sheh of S ot RAM Ol 45 Ao et deby
CAM array+= A% 42l =kalel address selec- A5 CAM 3 RAM ol 4 o] 74 7 vl 22 o) ace-
tor 2} decoder "i- S % access /b 7bsatel % ess 127k A 2| vl slek 7FA Bloll A o] o)A
single -read 2} single -write 7} v} % RAM & 4} & Aelrh,
gk w9} 7-2- & e 2| access mode ©1th, Address
selector = RAM ii*ﬂ"ii-rhl 2.4 external 4-2 CAMEZ 0O|83t 71282l Symbolic List
address port 2F CAM L2 4| 4]l 4} $.4 inter- Processing2| 119t
nal address port 2| Al®d& 3o} Fadk AL Alol 4= alubd o2 Fad eolel wohs A%
CAM 2 Aol A= obf-al W& glel RAM of 2ol elmn g AelebAl ®loh ohgel 5o 2
Aol ZE 75 g 4 ek Aelrl Multiple 25 Au B AEM X & A 245 = F
response resolver 9| 2|57} g7 g cfpa @ A5 AA7hslolw Al 7h Bl AE g adE vlFol
ol Bt o g4 FA1H Hr g whaokl’T CAM srof 4} glut,
READ/WRITE CONTROL AR TI(Y(XZ) W X (VW X) ) )
SEARCH ARGUMENT REGISTER
oo | || s 3 € olea HanE Agelsl H A
PORT I gAaal dlele} 25 Mol rrh 18lo4] ww,
L=t e vlol RAM 24 olefdh e 2= % #gaieichal,
e [ e ) [ESSEERIER top-down/left-to-right % 4.2.2 o|djo] Helg
thoo] A% 7 glare RE A8 wE wlB
F elofchiz A1 7b4 wbul & kAl gl el whaiol] CAM
gﬁggn & o] &bl vt bottom-up processing ! 7} 6}
of, H7tHdeog X% ’~| Welaeg s g Fopd

A
TERAL ADDRESS PorT 4 olvh % CAM 22| SAR o X2 9 1 CAM
array & °|2} vl A gl3= 7o) 9l3=7FE multi-read
82 CAM Processor ¢ ®aaol Fz. o -
24 #olulo] address Al el X & # =zl g

RAM '% o] 8- Top-Down Processing list

. m e x-m

et hY
\ \\ \ \\ \
¥ < | < <
A5 A3 A7
list 1:
A2
Y w Al X
Ab
Al X z v Ad
P )
’ / W Al @ X
/ /
/ /, /4
e e e e e e e et e ——— - —— o
CAM & ] &% Bottom-up Processing
O83  #1E49) list traversing 3 2|8 ey
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o R AT

22 Ydopdlith = thA] Al-E SARel ¢ add-
ress A27F A1 7h27 3 g8 dohia, A2
5 SARel Yo A5 5 #oplich o] #A Fof
4| mask register 5 % & 3] Ab-&-slojof g} ol
23 walog 94 Yy WE AAA @3 add-
ress A33 A7 = w2 Ztopd 4 Qlch

AFAFAHdE A2 743 g2EeF ol
g il og wizA Melsiobd Yadol AF &
T3}, webi of 714} 3198} bottom-up proces-
sing W2 & o] g3lchd, PSolA rule AH 4]
7¥°| ttz s B oollel rued T TESHAYW A

&5E ruegg e ol £ o,

logxc, semantic net L2 3L frame 5ol #-&3}A
ol & 4 A& Aol

5. CAMZ 0|83} ruleME A ! Type 3

5-1 Production 288 I8t CAM-CELL®]
bl &

Production ¢ ¥ %% 3 CAM cell & CAM
array 1 word ol si=tdtel, CAM array+= 8t word
7} 64bit 2 ol Fo A 12K 9] word &S £5HE

F AEE A EdelMdslgdnt, 1word® &xol
w2 R 18l 4) o b Qe

ATOM CELL

o] ul&lol| A= CAM arrayoll 2+ momory cell
2 ZA atom cell & pointer cell & ‘Cell Type’ bit
of ofzted FE-5lcf,

Atom cell & atomS A Z3}7| HE Aoz
‘Atom Type' bit ol °}sl A4 Al (2ol 84bz
A3t wa AlE (2 520 2 2= el Variable
cell > o W49 gg 72y ZolHE 7HAlcl
%3 Pointer cell 2 * Pomter Cell Type’ bit ol &)}
primary cell #} ordinary cell 2 -F#%¥ v}, % pri-
mary cell = 37198 EZolel§ A=l 270+
ordinary c_ell*} alxb7} 2] & list structure 2} A3
2 ) 2oARA Ert, left-pointer &= 53] PF
(Primary Feature)5 7}2 74 ¥cf o]#]d PF
7} dA e} WMol 9fsto] mbfsli=xo]  offg
candidate bit (CN)7} “el A =l Primary cell
ollnt 2+ up-pointer+ production &} root -node &
k271 Hoh, WMell4 = PMoll 4] ¢} 2ol pri-
mary cello] #A 5 PF& 7}2714 =}, up-po-
BA 5 ME 9 root-node & 7h27|Al H el
ojgl Alog +Axl PM3 WMo| i) 5)of o]
# 2t 2¥boll discrimination bit (DB, ¥+ environ-
ment bit (EB)2} & glAe Ae|E flste]

ol 3. garbage bit += garbage collection-% %7 ghch,

inter

CONSTANT SYMBOL NAME
8 Characters, 56 bits

VARIABLE NAME

E
5 Characters XTRA

EXTRAL
| 3 bits H

GARBACE | ENVIRON-| CELL TYPE | ATOMTYPE | EXTRA
BIT |MENT
BITS

1 bit 3 bits 1 bit 1 bit 2 bits

1
'
!
'
1
I
]

] . . . j POINTER-

CELL
TYPE

35 bits 5 bits
CANDIDATE
BIT, 1 bi
POINTER CELL L kit
PRIMARY[
CELL t PiggINTER
s LEET |RIGHT [DISCRI-
POINTER | POINTER| MINATION
BITS
ORDINARY EXTRA
CELL 16 bits 16 bits {16 bits

EXTRA 1 bu

12l 4 Production System & $] g CAM-cell 2| ¥
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PRODUCTION # 3 : ((egg (banana cabbage)) - > ({delete cabbage) (insert grape))

Rule #, 3

l  ROOT-NODE

i Primary

PRIMARY
1

WM

Primary

banana cabbage

banana cabbage

delete cahbage insert grape

O8l5 CAM #h4lell 4 Production Memory2} Working Me-

mory

5-2 CAM ZA0lIAM 2] Rule ME4S| 2pY

CAM 44l oA interpreter ol 213} rule 9 ‘sel-
ect’cycle®- o} A2 FAE AP

(1) PMo 25 € ptsetd A

(2) P+set & 2 5B} conflict set 2 A&l

(3) Conflict set > 2 He] 8T ruleAld

P+SET 9 44

©} 7] 4= productionE #4225 PF& 713 A
v, WMell 2= ME9 PF& 593 44 PF&
741 production$ 2o}l p+tsetoll #Aghe} p+
set° A AL g 2o}

DCE7F 4% u, CN bit % 7‘% A3k cell 2] left

pointer 7} 7} 27|+ PF7} Abgolwd CN-&

‘false’ & set 5], PF7} # Tc"”j‘ "47‘ PF

= WMol ojaf &4 uh552 2) CN-2 ‘true’
Z set I vt EB<{environment bltS/'r: o] EB %

2 43k cello] PME T4 38l 0 o2 set 51,

WME 7435l 18 setslch 25 DBdis-
crimination bits)© 0 2.2 set gt}

2) 7} cvele 59

1) 3" PF X 7} working memoryoll 4F<]==d

(a) ubel olo] X 7} WMell PF 4] o]n] &)
shed, ob A e shx| vk (X9 Eajo
T+ CAM 9] multi-read & % 1clock of gkl
g 4 2rh)

(b) ¥l 2] gx ovd,

(i) X & 7F27] 3 CN=false{ PF7} Ab4) o]
v EB=0( 5 PMoll 3= cellFoll4] A19d)
ol cell & #+=ch (o] 214 1 clock ol 7} )

(i) Btob Al (F (b (i)5 9b#6k=) =& primary
cellol] ohe&l,
a. CNe—true # set(-F ©| cell & 233+

production ®| PF (44-)7F WM | PF s}
ZFov g o] production?: vFEoll WM
of olall <hd 8] qhFul olabzel iyt
53 Aot

b. ©l| primary cell-% #3%é}4= production
Woll 4 CN -~ false | primary cell ©] €|
4 glvked, CNeol truedl primary cell &

up-pointer 7} 7FE.7]+ root-node &l DB
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2 22 set¥rt webd DB=22l root-
node & 7zt production& ©|9] 2-E CE
o} PFE°] WMell 2l3le] ah5doke A
< 4 Froh

2) PF X7} WMolA AAH wl+e

(a) 3h} ojAel X /b ol x WMol 2o,

olf dx %+

(b ok 1) (b 2 23] & 35|, CN=

trueQl primary cell® #1315 #o}A], o]
3l cell®] CNZ false® 5, #AIE pro-
duction &} root node & DBE 0 2.2 3t}
(o} ol production & WMol &} ab=
g b5 A L glolAl)

(3) ‘Select’ cycle & Z7]ol+=,

DB=29] ZE root-node & %o} ptsetoll ¥

o} o] L ptsetel M A= production &5

2 Nojg}d, N#l e multi-read 2tS 8 51

slch webi ZE productiond ML ElE M

g AAZ & At

Conflict set & Al®}

P+setoll 1 AH production-& %2 PF ukoj
MEel 25"t webd o 7] = ptsetol U
£ production 2] CE7} WMol 2tH 3] abZ 5| =x]
o] -5 A Esfo} sfdl olu] Al ubyo
¥l 8% He7) el 4 AolA 7«“4 & bottom-
up processing & A8 4 Ak F 23 CE9
PF e} 598 PFE %& ME—' l WA 2
Ag AAsnz 4 olal FUZ PFE AR
£ primary cell & WMoll4 #2chs o] cell 9
up-pointer 5 wepzt o2 4 o} A 7“ e MESS
g Zohd 4 ot

Conflict resolution

£ 379 production A% R4 E con-
flict set 2] ZE production 5 7t 2*& WE
£ 7+ production®] 7HA m1A A= sl

6. 4E % N
o} 7)ol E 4 Aol =25 CAM processor &

Pascal programming language & A E&l| o] 4-& 3}
Atk CAM WAlol4& PM3 WM, 359 2%

>

od4l A3 CAMol A #sn e ZelHE
3+t 2=k 2l control program-& RAM ¢host & ™3
T2 gfebol AAEE Qo CAMY T2
7} oJulstsl control program 234] CAM ol # %
g 4 2ok, RAM =4l ol = CAM & single-read
/write2t& & &30 2 4 Az RAMS AH&she
A7 R E &9t

Ag e gtolA] AAEE 3 7kA] A(type 1,2,3)
of thal o3l c}E test case &% A A dhod A
stdch A 2E table 13 28 6)oll 2t 7]
A vl gzE o) 22| 9 access HFoltt. ‘select’
cycle & ptsetd & wi7kal o] o2 2] access
#47h A l%°‘—1—, conflict set& A& w7t

¥ 1 Production® Momory Elements 2 4ol w& 7 w44
o Hel4x wla

TYPE (RAM) (RAM) | CAM
CLASSICAL | FILTER

TEST % A 4 A
CASE (TYPE1) | (TYPE2)| (TYPE3)
1. BASIC CASE | FILTER - 126 81
5PRODUCTIONS | CONDITION 364 9 137
4MEMORY ELE-| ACTION 61 61 81
MENTS TOTAL 425 281 301
2. FILTER - 716 81
50 CONDITION 3414 94 137
MORE ACTION| ACTION 61 61 81
PRODUCTIONS | TOTAL U5 871 301
3. FILTER - 1216 81
100 CONDITION 6464 94 137
MORE ACTION 61 61 618
PRODUCTIONS | TOTAL 6525 1371 301
4. FILTER - 1716 81
150 CONDITION 9515 94 137
MORE ACTION 61 61 81
PRODUCTION | TOTAL 9575 1871 301
5. FILTER - 126 81
10 MORE CONDITION 968 260 137
MEMORY ACTION 81 81 81
ELEMENT TOTAL 1049 467 301
6. FILTER - 126 81
20 MORE CONDITION 1572 426 137
MEMORY ACTION 101 101 81
ELEMENTS | TOTAL 1673 653 301
7. FILTER - 126 81
30 MORE CONDITION 2176 592 137
MEMORY ACTION 121 121 81
ELEMENTS TOTAL 2297 839 301
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ol 2 2] access ¥

+
5600
4800 4
4000 4 ¥ 2g4q gy
{Type 1, RAM 4}g
320¢ 4
2400 4 +
e Ap-guk4
1600 (Type 2, RAM%‘
800 4 ¥ / CAM W4 (Type 3
5 1 e
0 30 60 90

production 2| 4

g6 o M Productionoll thgk el & (cost)
29l Production® 574e]3 % 7|2 memory
element 7ﬂ"'L 470

2|7} condition ®]-&-°l" action V| 8- ‘execute’
cycle Eatoll 275+ of| 28] access ¥ 4-°|c}
Table 1 oA} H.%o| 7|2 test case® A5+ 2
Zol| 4 ol & £ production 5 702} %7] memory
element 4 N2 FAS 74k o] 7 ZEtype
o] AdlofA AL 22 cost7} £t g WM}
F3 PF& %z ¢+ T8 productions PM
o] ié“’ gk 74 F-oll &= typel % type 2 ZFol 4 u]
F7h A 2k CAM WA el = 7] & test 9F
ubepd] Z Al ado e CAMo] &

4 ek %3} production & o1 CE
e}

155k 94§38 memory element & WM
of &gt Hfol= mpabsba AnE d5E &
4 Ak

o] ol PSollate] £ Aql 'E‘*ﬂ-rule
Al7kel A=ich -5 sl 37 Yl C
4 o] &35lod bottom-up list processing < 74]‘3}6}1_
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