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Adaptive Resonance Theory
(ART)




Basic ART Architecture
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ART Subsystems

Layer 1
Normalization
Comparison of input pattern and expectation

L1-L2 Connections (Instars)
Perform clustering operation.
Each row of W2 is a prototype pattern.

Layer 2
Competition, contrast enhancement

L2-L1 Connections (Outstars)
Expectation
Perform pattern recall.
Each column of \W! is a prototype pattern

Orienting Subsystem
Causes a reset when expectation does not match input
Disables current winning neuron
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16 Layer 1 Operation

Shunting Model

1
A0 = _n) + (b -n'm){p + W0} —(n') + DY W%
~— —
Excitatory Input Inhibitory Input

(Comparison with Expectation) (Gain Control)

a' = hardlim *(n%)

hardlim*(n) = 5 = 170
00, n<O0
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16 Excitatory Input to Layer 1

D+ W2:1a2(t)

Suppose that neurgnn Layer 2 has won the competition:

0
2:1.2 21 2:1 2: 2: 0 2:1
wZa? = [Wl- w5 ...Wj-l...wsf]; = W™ (jth column oW?2?)
1

Therefore the excitatory input is the sum of the input pattern
and the L2-L1 expectation:

2:1 2 2:1
p+W Ta = p+w,

!




16 Inhibitory Input to Layer 1

Gain Control

W a%(t)

11...1

The gain control will be one when Layer 2 is active (one

iInactive (all neurons having zero output).

N

~

neuron has won the competition), and zero when Layer 2 is

!
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Steady State Analysis: Case |

dn
dt

Sy
—ni1+(+bl—ni1)§pi zw,zjl JZD (ni + b)z a’

Case I: Layer 2 inactive (eaeq = 0)

dn b
e = - + (b =n){p}

In steady state:

1 1 1 1 +1 1 b™p
0=-n +(b —n)p; = —(1+p)n, +'b P — > Ny = I

Therefore, if Layer 2 is inactive:

G

~




16/ Steady State Analysis: Case ||

Case II: Layer 2 active (oreg, = 1)

dn + ("ot 2 +b
et = - + (b —n){p+ w3 —(nf + b)

In steady state:

~

2:1

:_(1+p|+W “+1)ng +(b(p,+W,J)—b) | 2% Pt W]

We want Layer 1 to combine the input vector with the expectation from
Layer 2, using a logical AND operation:
n%<0, if eitherw??;; or p; is equal to zero. bi(2)-b'>0) , ¥

! | > b (2) >
nt>0, if bothwz-li,j or p, are equal to one. B _pl<o /

L [ alzpmw?:l]

0=—n+(b —n){p.+w ~(nj +b") ;b (prw ) -
|:> n =

bl

Therefore, if Layer 2 is active, and the biases satisfy these cond

!

itions



Layer 1 Summary

If Layer 2 is inactive (eac#?; = 0)

a =p

If Layer 2 is active (one? = 1)

‘ alzpmwjz:JL I




T 16 Layer 1 Example |
e=1,*bl=1 andbl=1.5 W = [é ﬂ P = [(1)]

Assume that Layer 2 is active, and neuron 2 won the competition.

1
dny 1 1 2: 1
(O.l)a = —ny+(1-n){py+wy 4 —-(n;+1.9 \\ dni .
1 1 1 1 dt
= —nt+(1-nb){0+ 1 —(nt+1.9 = -3n-05 /
dn; 1 1 2:1 1
(O'l)ﬁ = =Ny +(1-ny){ p, + W53 —(n;+1.5) \\ dnk )
d_t2 = —40n,+5

= —ny+(1-mp){1+ 3 —(ny+15) = —4ny+05 J

N e




16

-0.2
0

Example Response

0.2

0.2




Layer 2
-
N * On-Center
—> W24 WA
Fx sl é{ +bzg<+ PxL
] o
al + + N2 N2
1/e
+

Reset

N

Off-Surround

W2 d—

e dnz/dt = - n2+ (*bz- n){[*W2f2(n2) + Wr2a)

- (02 + D)W ()

a2
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16 Layer 2 Operation

Shunting Model

2
2010 = n’y
On-Center  Adaptive
Feedback Instars

|+ (o -’} WA’ (m) + WAl
SN— -~

N

Excitatory
Input

Off-Surround
Feedback
N~

—(n?(t) + PHIWAF2 %)

~— I
N7

Inhibitory
Input

!
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16 Layer 2 Example
ccox vl wof] 0w @] fosod
1 1 (WIZZ)T 1 O
[\ 2 .
2, _ ho(n)?, n=0 (Faster than linear,
) = %1 0 n<o  Winner-take-all)
dni(t N 2T 10
=% = —niy + (1= @) () + (1w1'2)Ta1%—(ni(t) +1) £ (ng()
dng(t) 5 o o2 2 1:2.T ] 2 2, 2
(0.9—5 = = + (L=mE)TF50) + W) a G- (n + 1 (o)

!
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Example Response

-0.5F
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Layer 2 Summary

(W™ a' = max(w'™ a)

otherwise

o
1
-
o




16 Orienting Subsystem
Orienting Subsystem
( A
+b0 N
P —»[*wi—» \*34—
1xSt _
+ - Nno no — ao
1/8—>|]>—T—0—>_i_—>
Reset
—» 2<—+ 1
al 'WO-}
1xSt “ho +
g J

\LZ-Ll expectationd!) and the input patterm).

e dno/dt =- no+ (*ho - nO)[TWO]p - (no + “bo)["Wo] al

Purpose: Determine if there is a sufficient match between the

!
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/16 Orienting Subsystem Operation I

0
S = =0 + (- n’O) W - (00 + D) Woa)

f—/ f_/
Excitatory Input 7
+, ,,0 S 2
( » W= [ua...u]p:O(ij :0(||p||
j:

1

Inhibitory Input

S
C_. W' = [BB .. fla' =B Y ak() = pla'l’
| =1

J =

When the excitatory input is larger than the inhibitory input,

the Orienting Subsystem will be driven on.

N /
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Steady State Operation

1%
[
= —(1+alp|®+ B"al" 2) n’ + "b°(alpl?) —'bO(B"al" 2)

0 = —r®+ (= n®%{alpl3 —(no+'bo)EB"a

o _ "o alpl A _elall?
(1+alpl?+plall?

Let b = b =1
B I
n >0 f 5 <E =P
Ipl ~_ .
— Vigilance
N RESET )

", areset will occur when there is enough of a

mismatch betweep and w;™ .

Sincea' = pnw

~
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(0.2)

Orienting Subsystem Example

£=0.1,0=3,=4 (= 0.75) p:[ﬂ alz[cll

0
00 = ) + (1-n°)3(py + Pl — (00 + {4(a + a3)}
dn’(t) _ 0
——d—jl_'— = —110n (t)+ 20
n°(t)

~
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Orienting Subsystem Summary.

it/ 1p1% <]
otherwise

0

Q
1
I I
o P

~




16| Learning Laws: L1-L2 and L2-L1

Layer 2

.

Layer 1
* Gain Control
Input

Q Expectation

O /
—» O

O

O

Reset

_ y(30680)

&

Orienting
Subsystem

~

The ART1 network has two

separate learning laws: one for the

L1-L2 connections (instars) and
one for the L2-L1 connections
(outstars).

Both sets of connections are

updated at the same time - when
the input and the expectation hav
an adequate match.

The process of matching, and
subsequent adaptation is referreg
as resonance.

e

| to

!
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16 Subset/Superset Dilemma
| S 1 1
Suppose that W** = E 1 ﬂ so the prototypes ar@™° = |1| w'° = |1
Q) 1]

We say thatw!? is a subset ofw'?, becausgw'? has a 1 wherevew'? has a 1.

1
If the output of layer 1 is a' = 1 then the input to Layer 2 will be
Q
1.2.1 1 2
A % g
11 0 2

Both prototype vectors have the same inner productakjttven though the
first prototype is identical ta* and the second prototype is not. This is calledl

Kthe Subset/Supersdilemma. /
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16 Subset/Superset Solution

Normalize the prototype patterns.

o

V\/1:2 —

Wik NI

Wik NI
1

1:2 1

Wik NI

(WI = (@)

O P
|

1 1

WIN

Wik NI~

Now we have the desired result; the first prototype has the largest inner

product with the input.

~

!
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16 L1-L2 Learning Law

Instar Learning with Competition

1:2
df;w(t)] ; 1 ; S
——= = g O b —w O CWIa (O —{w 1) + o} [Wla (1) .
where
-1- -O- -10--- O- -01--- 1-
| 1] | 0 | 00 1] 111 0_
K\r‘/ K\r‘/ \\/‘/ \\/
Upper Limit Lower Limit On-Center Off-Surround
Bias Bias Connections Connections

When neuron of Layer 2 is activew:?is moved in the direction e. The
elements ofw!? compete, and therefom:? is normalized.

26



16 Fast Learning

1:2
dw; ;(t) _
dt

= a7 (0] (L-w )28 0 -w s ()]
Forfast learningwe assume that the outputs of Layer 1 and Layer 2 remain
constant until the weights reach steady state.

Assume thad?(t) = 1, and solve for the steady state weight:
0= [(1—wﬁ:j2)Zaj1—wi:j2 a&]
KZ]
Case lal =1

N\
0= (1-w Z)Z i ("al —-1) ——(Z+Ia| —1) "‘Z Wil._zz ¢
W j W ]> v Z+"8.1|2—1
Case ll:a'y =0 Summary
A (" . )
0= —Wi:JZIalHZ pow =0 w2 ¢@
| 2+ |at?-1

_ ) A,
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16 Learning Law: L2-L1

Outstar

2:1
diw; (t :
- 2w + a'(o)

Fast Learning

Assume thad?(t) = 1, and solve for the steady state weight:
0=-w'+a or wi'=a'

|

modified to incorporate the current input pattem.

N

Columnj of W21 converges to the output of Layer 1, which is a combination of
the input pattern and the previous prototype pattern. The prototype pattern is

.
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ART1 Algorithm Summary

0)

1)

2)

3)

~

All elements of the initialv2-1 matrix are set to 1. All elements of the
initial W12 matrix are set t@/((+S-1).
Input pattern is presented. Since Layer 2 is not active,

al = p

The input to Layer 2 is computed, and the neuron with the largest inp
activated. 2T 1 2T 1
if((w"9 a' = ma{ (w3 a’)

otherwise

a2 _ |:| 1 y
[ % O ’
]
In case of a tie, the neuron with the smallest index is the winner.
The L2-L1 expectation is computed.

W2:1a2 — Wj2:1

ut Is

29



16

Summary Continued

4)

&)

6)

7)

8)

N

Layer 1 output is adjusted to include the L2-L1 expectation.

a' = pn WJ-Z:l

The orienting subsystem determines match between the expectation
the input pattern.

o1, itlalIpP<el
% 0, otherwise

If 2° = 1, then sed? = O, inhibit it until resonance, and return to Step 1.
a® = 0, then continue with Step 7.

Resonance has occured. UpdatejrofwW?12,

1

le:Z _ Z? :
¢+ [at?-1
Update columi of W24,
W2:1 — a1

and

Remove input, restore inhibited neurons, and return to Step 1. /

30
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