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Basic ART Architecture

Layer 1 Layer 2
Gain Control

Input ;\ /J\
Ot mvpectation YO
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> o% 0
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. ! ‘ Reset
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Subsystem
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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 W'? 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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Comparison of input pattem and expectation

L1-L2 Connections (Instars)
Perform clustering operation.
Each row of W' 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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Layer 1

Input Layer 1
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ednl/dt=-n+ (bl - n!) {p + W21a2} - (n! + "b))["W1]a2
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Layer 1 Operation

Shunting Model
1
eSO~ —n'+ (b - n'0){p+ W ak0) - (' + BHIW a0
W v
Excitatory Input Inhibitory Input
(Comparison with Expectation) (Gain Control)

al = hardlim+(n1)

1, n>0

hardlim+(n) =
0, n<0
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Excitatory Input to Layer 1

p+ WZ:IaZ(t)

Suppose that neuron j in Layer 2 has won the competition:

0

0
212 1 2 : : 2:1 _ _
W™ a® = [w;f'l walwo wz‘;] | =W (jth column of w21)

1

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

p+W a = p+w21
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EXCITATORY INPUT TO LAYER 1
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Suppose that neuron j in Layer 2 has won the competition:

0
2:1 2 21 21 2:1 2:1 0 2:1
W™a® = [Wlh Wy oW ws‘z] ] T W, (jth column of W21)
1

cass 2l s L2-L1 U5l 5 g0 s8Il g samo b il V 0¥ SrangS (su500 o
Therefore the excitatory input is the sum of the input pattern
and the L2-L1 expectation:

2:1 2 2:1
ptW a =ptw,
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Inhibitory Input to Layer 1

Gain Control

['W'la’ ()

The gain control will be one when Layer 2 is active (one
neuron has won the competition), and zero when Layer 2 1s
inactive (all neurons having zero output).

N .
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The gain control will be one when Layer 2 is active (one
neuron has won the competition), and zero when Layer 2 is
inactive (all neurons having zero output).
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Steady State Analysis: Case I

2

SZ
dn; 21 2 1 -1 2
Ed—t‘””b—M{Pﬁwa} n+ b 34

Jj=1 Jj=1

Case I: Layer 2 inactive (each a*;, = 0)

dn B . b
EE__" ( —n){p}

In steady state:

S 1+, 1 1
=-n, +(b —n)p, = -1 +pn + b p, |:> n, =

Therefore, if Layer 2 1s inactive:

a =p
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STEADY STATE ANALYSIS: CASE [

AAAL:L;A‘)JJU_)J.@M\GMYJ“J luJ‘)JGu-lLi

z']
EW——n+(b—n){p+2w”J} +b)2a

Jj=1 Jj=1
A:SL;A)f_..\AS(UJwa‘)JLa)QMJSL(SML;")‘)}&HJL_M(&J}@JP)QM&U§6@B<:M‘S<< 1<

cl Jlad 2 Y sy Case It Layer 2 inactive (each @, = 0) Ly o) 9

dn‘l

Sd—; = **‘?;l +(+bl *-’?,-l){[’i}

= giie |n steady state:
+blp
IS B 1+ 1 ;
0=-n+(b —n;)p,=—(1+p)n;+ b p, |::> n; = 1+pi
i
s aalsa ] =112 > 06Tl p, =1 & ge n! =06&5T0sl p, =0 &I L

Therefore, if Layer 2 is inactive:

al = P ol sas sl hardlim® o\ 0¥ JESI 0l & s
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Steady State Analysis: Case 11

Case II: Layer 2 active (one azj =1)

1
dn. 1 1 1 2:1 1 -1
e = nf+ (o D ip -l + Y

In steady state:
+bl(Pi n WIZJI) _ -bl
- 21

2+ p;t W'

0 = —nj + (b —n){p;+wi b= (n +B) !
= (L+p+wi + Dnp + (b (p+wi )~ b l
We want Layer 1 to combine the input vector with the expectation from
Layer 2, using a logical AND operation: o o
n' <0, %f either wllw. or p, is equal to zero. b (2)- b > 0} B2ys b s !
n'>0, if both w*!, or p; are equal to one. ~ *,1_ -1 _

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

1 2:1
a ZpﬁW]- I

.




YA

we

(5599 w3udiS (s s

(QEPER Y :JKJ.]LA [N J:‘l;'l

STEADY STATE ANALYSIS: CASE [

Prepared by Kazim Fouladi | Fall2017 |2nd Edition

P

1aal ¥ s (sosis alf Ga0b piS e 05

ol JLad ¥ gy Case II: Layer 2 active (one a?,= 1) Py 9,90
1
dn; : .
e—L = —m + (B —n)){ptwi ) (n + b))

(ol Olag s sy 2 on 5 L 098 S (2503
sie gias In steady state:
—n + (b = p +wEh = (n) + b L b ) B!
i .I i i, i . :> n; = i 1 J -
~ (Ut ppwi g+ C (pp+wi ) b 2+ p+w )
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We want Layer 1 to combine the input vector with the expectation from
Layer 2, using a logical AND operation: o .
n' <0, if either w1, or p; is equal to zero. 5 (2)~ b >0
n'>0, if both w*!, - or p; are equal to one. ~ +,1 -1 _

<
I

B2)sb' s

D'=1.5 37D =1:4u 1,8 5l 50« Jo (5l

Therefore, if Layer 2 is active, and the biases satisfy these conditions:
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Layer 1 Summary

If Layer 2 is inactive (each a* = 0)

a =p

If Layer 2 is active (one a? = 1)

1 2:1
a =pnw;
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If Layer 2 is inactive (each a?; = 0)

a =p

If Layer 2 is active (one a? = 1)

al = p W]
p J
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dn%
(O.I)E

1
dn,
(O'I)W

N

e=1,"A"=1 and H'=1.5

Layer 1 Example

W2:l _ [] 1]
01

1 1 2:1 1
*ﬂ1+(1*ﬂ1){p1+W1,2}*(ﬂ1+ 1.5)

—ny+(1=n){0+1}=(n;+1.5 = —3n,-0.5

1 1 2:1 1
—n, +(1 —nz){p2+w2,2}—(n2+ 1.5)

—ny+ (1 —n){1+ 1} = (ny+ 1.5) = —4n)+0.5

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

dn 1
W = —30}11—5
1
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e=1,"b'=1and b'=15 W= [(1) ﬂ p- [‘1’]
0o v sle E9509
Assume that Layer 2 is active, and neuron 2 won the competition.

radl s 1 enli, (T al=Y (a8 5 adl Jad ¥ (g0 aniS o o258
1

= (L=n) {1+ 1} —(ny+1.5) = —4n)+0.5

dn, | | 2:1 |
é (O.I)Tt = _n1+(l_nl){pl+wl’2}_(nl+1.5) dni ]
8 — = —30n,-5
2 | 1 1 1 dt
? ) oY Shlee o¥olas
% dnl
. (0.1)=2 = —ny+ (1 —n)){py+ Wi 5} — (ny + 1.5) |
5 dl‘ ’ dnz B 1
ig W = *40.’124'5
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Example Response
01+ né(l‘) = %[1 —9_40;:]
) ny (1) = é[l —e "]
ot el
/34
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Layer 2

Layer 2
' N
b On-Center
—p|Wi—pOd Ty d—
$2xs! é< +b2$: 252
q! +w t n2 n?
2 W /e
+
_bz
Reset Off-Surround W
N §%x 52

edn?/dt= -n2+ (*b2 - n2) {[*W2]f2(n2) + Wi2a!}

- (2B W2 ()

S2

40
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Layer 2 Operation

Shunting Model

2
dn (1) _ 2
ET n (s

On-Center Adaptive
Feedback Instars
—

[ ]+ (D7 =m0y (0 Wit m* @) + W'?a')
W

Excitatory

Input Off-Surround
Feedback
f_'J\‘—\

— (0 + DHIW I (1)
\__V_’___/

Inhibitory
Input

.
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1:2. T
e = 0.1 b’ = H b’ = H w!? = Gw )| _ [0.5 Oi
1 1 1:2.7 1 0

(,W

2 - 10(”)2, n=0 (Faster than linear,
1) = |
0, n<0 winner-take-all)

dn’(t)

(0= =—n?(r)+(1—n?(:)){/2 (n?(r))+uwl:z)Ta‘}—(n?(ml)fz (n(0)

dn(r) :
(0.1)—2 ——ni(r)m—ni(r)){ﬁ(ni(r))ﬂzwl2)Ta1}—(n§(r>+1>f2(n?<r>).

dt
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LAYER 2 EXAMPLE
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1 1:2.7 1 0

(LW )
S I PO [ fz(n) _ 1O(n)2, n=0 (Faster than linear,
(caosi e 15 dan sl y <) ’ 0 n<0 winner-take-all)

Y oY Sllee aYalas

dn’(f) o T
0-D= :—n?(r)+(1—n’f(r)){/l (n:f(r))+(lw”)’a‘}—(n?(m1)‘f2 (n3(1)

S e L8 [F1, F1] sasb sony? s 02 <= ThP = 1 oSl bl Sl S i ¥ Y e ¥olas 4line

dn3()
t

d

u T o)
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Example Response

ny(1)

1
0.05

1
0.15

0.2
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Layer 2 Summary

: 127 1 127 1
a2 _ 1, if(Gw ) a =max[(;w ) al])
0, otherwise
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ORIENTING SUBSYSTEM
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Orienting Subsystem

Layer 1 Layer 2

Gain Control

S

ES

1T}
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j=

o
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& Input
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3 O

8 -0

X

z Reset
o

o

3

g-f Orienting e dnv/dt= -no+ (Tho - n:l)[*Wu] p - (n"+ b0 ["Wo]al
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Orienting Subsystem

Orienting Subsystem

' A\
Tho N
P — | Wi—> R 31
1xS!
+ + 7L no — a’
é_;g_p /e %__—}
- - Reset
+
al — [ -Wil—p X ¢ ;x 1
1)(Sl _bo +
. J

e dn/dt = -no+ ("ho - no)[TWo]p - (n° + “Ho)["W0]a!

Purpose: Determine if there 1s a sufficient match between the
L2-L1 expectation (a') and the input pattern (p).

.
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ORIENTING SUBSYSTEM

Prepared by Kazim Fouladi | Fall2017 |2nd Edition

-
’M’?b/

Orienting Subsystem

4 A
P P Wi—> X< -
1xS! )
+ + 7o 70 — a
é_pg_p /e —>|]>-T-.-> i I B
- - Reset
+
al — | " Wil—p X« ?4 1
1xS! ol T
. J

e dn/dt = -n°+ (Tho - no)[TWo]p - (n0 + ~ho)[Wo]a!

Purpose: Determine if there is a sufficient match between the
L.2-L1 expectation (a') and the input pattern (p).
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Orienting Subsystem Operation

0
e — %+ (5 - n’ ) WO - () + ) { Wia')y

dt
Excitatory Input T
C. S‘
2
‘Wp=[ea..op=alp = alpl

J=1

Inhibitory Input

Sl
(_. ‘Wa! = BB - B]al =B, ajl.(t) = [3||al||2

j=1

When the excitatory input is larger than the inhibitory input,
the Orienting Subsystem will be driven on.

N
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ORIENTING SUBSYSTEM OPERATION

&l Jae S

0
e 00+ (e Wp - (%0 + B W'

Se=e 905 Excitatory Input T
C. ;
+W0p - [oe o ... oc]p = o ij = 0L||p||2

j=1 7

':'*"""‘u—..'JJJJp)LJJ:‘;)J%

suislsbsesos  Inhibitory Input

Sl
L» Wa' = [B B ... B]al = ajl-(l‘) = BHaIHZ

ji=1

When the excitatory input is larger than the inhibitory input,
the Orienting Subsystem will be driven on.
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Steady State Operation

_ —n0+(+b0—n0){&||p||2}—(n0+'bo){f)"aluz}

— (1 +afpl?+la'l*)n®+ B0calpl® - 1°Bla'l )

O +bn(()t"p"z)—'bo(l.’)"alnz)

(1 +olpl® + pla'l

Vigilance

: 1 2:1 : .
Since a = pnw,", areset will occur when there is enough of a

. 2:1
mismatch between p and w" .
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STEADY STATE OPERATION
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(o) Him JBL

—(a+ralpl®+ Bla'Hn + 80alpl® - 50pla'l?)

20— +b0(06||p||2) —~ 'bO(B"alﬂz)
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Vigilance
soledi g el

. 1 2:1 . .
Since a° = pnw;", areset will occur when there is enough of a

. 2:1
mismatch between p and w" .
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Orienting Subsystem Example

e=0.1,0=3,p=4(p=075 p- H

1
0
ONEED = %0+ (1= n’ O3, + p)} - 'O + DI4(a) +ab))
dn’(ty 0
7
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ORIENTING SUBSYSTEM EXAMPLE

e=0.1,0=3,p=4(p=075 p- H

o

|
0 U::L:.LA.C csddl.a.a
dn’(1) 0 0 0 1 1
(0.D)—= = =n O+ (1 =nO){3(p; + py)} = (n () + 1)i4(a; +ay)}
dn’ (1) 0
= —110n (1) + 20
7 (1)
0.2
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Orienting Subsystem Summary

n | o ttla P 1pl <

0, otherwise
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0, otherwise
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Layer 1

/
Learning Laws: L1-L2 and L2-L1

Layer 2

Input

Gain Control

Expectation

0 0 Q0 Q)4

Orienting
Subsystem

30066 0)-

Reset

The ART1 network has two
separate learning laws: one for the
L1-L2 connections (instars) and
one for the L2-L.1 connections
(outstars).

Both sets of connections are
updated at the same time - when
the input and the expectation have
an adequate match.

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

.
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LEARNING LAWS: L1-L2 AND [.2-L1

el yae 65800 (souel8 40 ILI0 ART] gaoin
L2-L1 o¥las!l sl s S0 9 LI-L2 &¥las! gl SO

Layer 1 Layer 2 it Sl sl L1-L2 cylail (5 8ol
X Gain Conitrol /]\ LA%BJ:J e ol e gana (instars)
R (Bl el SO (Gosbts 5)alsisb sl | L2 eyl (s als
O = 74 rd LO Lol 55 500 Ol (sl4e gonse (outstars)
—» O O
O O Both sets of connecti?ns are SYladl 5l de gane g 58
updated at the same time - when lasot Hleyan b
O O the input and the expectation have 5(599,8 3By 15 g e
an adequate match. VI R S VS B T
Reset (3352318 w05 Ly (SIS Lkl (S
The process of matching, and

subsequent adaptation is referred to

Orienting as resonance.

Subsystem
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Suppose that W'? = [1 i (il so the prototypes are W'~
111

Subset/Superset Dilemma

We say that ,w'? is a subset of ,w!2, because ,w!? has a 1 wherever ;w'? has a 1.

1
— |1
0

|
w2yl [1 10]1 ) H
111 2

0

Both prototype vectors have the same inner product with a', even though the
first prototype is identical to a' and the second prototype is not. This is called
the Subset/Superset dilemma.

If the output of layer 1 is a' then the input to Layer 2 will be

N

/ 59
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SUBSET/SUPERSET DILEMMA

Suppose that w'? = [1 IO:I so the prototypes are IWI:2 =11 W =1
111

We say that ;w'2 is a subset of ,w!2, because ,w'2 has a 1 wherever ;w!2 hasa 1.

1
If the output of layer 1 is a' = || then the input to Layer 2 will be

(0
1:2 1 110] 2
111 2
0

Both prototype vectors have the same inner product with a', even though the
first prototype is identical to a' and the second prototype is not. This is called
the Subset/Superset dilemma.

il 00 B3 5 il 8l s slie Jol B SI Sa il AT L Sl A b i B0 Sl 59
L3 o G (AS gas yil [ds gans 4y (slaren S (pl
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N

Subset/Superset Solution

Normalize the prototype patterns.

11
w2 _ 550
Il
333
11
W1:231: 550 : _ ;
111 =
§§§_O 3

Now we have the desired result; the first prototype has the largest inner
product with the input.

.
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SUBSET/SUPERSET SOLUTION

ral b 5 s slaslss olwdless Jael, S5

Normalize the prototype patterns.

=

W1:2 _

I P =
L= P

| =

sl p)ose 4V Y sy el nb

i
b=
I
] — I —
W= -

Now we have the desired result; the first prototype has the largest inner
product with the input.

:C.uu‘b..\.ﬁats‘);g‘)).\‘)‘.\lo‘le)walL]LAA‘J;’;J.‘A‘)JQJJ|)‘JJJJw‘a&&ahuﬂogg:a)bu:\‘
s JLd Y 0¥ 51 sl st o



Prepared by Kazim Fouladi | Fall2017 | 2nd Edition

\a1 I Gl pas slaa Sl
(389 el eyl
NORMALIZATION
ART Grossberg
Layer 1 Layer 2 Layer 1 Layer 2
A Gain Control /J\ (Retina) (Visual Cortex)
Input Input () )
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O/ O O (Adaptive Weights) \O
\_/ —/
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L1-L2 Learning Law

Instar Learning with Competition

1:2
d[W I‘] + . 1 . _ _ 1
— dr( I a,-z(l‘)[{ b*iwl'z(l‘)}CﬂW]a (t)—{iwl'z(t)Jr b}[Wla (1],
where
-1- -0- -1 0 - 0- -0 1 - 1-

Upper Limit Lower Limit On-Center Off-Surround
Bias Bias Connections Connections

When neuron i of Layer 2 is active, .w'? is moved in the direction of a!. The
elements of ;w'? compete, and therefore ;w'? is normalized.

N

.




e

LG gl SLOAS

33 9 sl (gea Hia)

L1-L2 ¢ €0k o508

L1-L2 LEARNING LAW
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Instar Learning with Competition /
1:2
dl-w ~(t . 1 . _ . 1
O = b w012 Wia 0 (w0 - B Wa o)
where
1 0 10--0 01 -1
+b:1 -bZO +W:010 W = 101
1 0 00 -1 11--0
Upper Limit Lower Limit On-Center Off-Surround
Bias Bias Connections Connections

When neuron i of Layer 2 is active, ,w'? is moved in the direction of a'. The
elements of ,w!* compete, and therefore ;w'*? is normalized.
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Fast Learning

1:2
d i it : :
10 (L DY OB O WO

k#j

For fast learning we assume that the outputs of Layer 1 and Layer 2 remain
constant until the weights reach steady state.

Assume that a?(7) = 1, and solve for the steady state weight:

0 - [(1 —wy DCay—w, a}{]
' k#j
Case I: alj =1

0= (-wihg-wiAla -1 = P w2 } Wit =

g+l -1
Casell: @', =0 Summary
R N B TR W
¢+ fa'l® -

N
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FAST LEARNING

2w Sl = aiile oo (B ol OBk alla 4 lag s G, B Y 5 ) g0 slaa s oa auiS oo 0258

1:2
dw; (1) _

L = aiofa -t -win Y aio]

k#j

Casell: @', = 0 Summary

For fast learning we assume that the outputs of Layer 1 and Layer 2 remain g
constant until the weights reach steady state. 7
Assume that @’ (¢) = 1, and solve for the steady state weight: ijg

. : . B 12, 1 12 T ossdus oassb 5
Bl alla o i sl Fiie 0 = [(1 -wy I,,-)Ca.,- — W “k] S BPTR N SN 3
k#j %

Case l:a';= 1 2
_ 1:2 1:2 | 1|2 B 12 12 1:2 'j)
0—(1—w,‘,j)C—wU("a| —1)——(C+Ia| —l)wi‘jﬂ; Wi = 1 .1
R}

Il
<

B 1:2| |||2 )
0= —w.,.‘j a W,-,J,-

(5,18 it sin e slacl € W2 51 el o€ col ol slate <L
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Learning Law: L2-L1

Outstar

diw; (0]

2 2:1 1
77 a;(H[=w; (H+a (1]

Fast Learning

Assume that a*(7) = 1, and solve for the steady state weight:

2:1 1 2:1 1
O:—WJ. +a or WwW,. =a

Column j of W%! converges to the output of Layer 1, which is a combination of
the input pattern and the previous prototype pattern. The prototype pattern is
modified to incorporate the current input pattem.

N .
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EARNING LAW: L.2-L1
L0 g e 00la (5 seTOutstar o 8ol (gaaels 5 suldiwl L L2-L1 &¥lasl (ARTT (g lazs o
Outstar
diw; (0] 2 1
— g a;(n[-w; (1)+a (1)]

S e oS 5a A (5 oS ety WAl o g slS0T (0l o) sl JLad ¥ (0¥ 53 0555 € (S5

Fast Learning
OBk alls G lag sy O, BY o) glagg¥ (oo s0a aile o) m s 5580k sl o258 L
Assume that ¢?(¢) = 1, and solve for the steady state weight:

2:1 1

R . 2:1 1
DRk ella Ho i (s sl Gl 0=—w;, +a or ;o= a

Column j of W?! converges to the output of Layer 1, which is a combination of
the input pattern and the previous prototype pattemn. The prototype pattern is
modified to incorporate the current input pattem.
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ART1 Algorithm Summary

0) All elements of the initial W2! matrix are set to 1. All elements of the
initial W12 matrix are set to {/({+S!-1).
1) Input pattern is presented. Since Layer 2 is not active,

al - p
2) The input to Layer 2 is computed, and the neuron with the largest input is
activated. T o T
az _ 1, if((w ™) a =max[(;w ") a’])
i 0, otherwise

In case of a tie, the neuron with the smallest index 1s the winner.

3) The L2-L1 expectation is computed.

2:1 2 2:1
W™ a =W,
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ARTI1 ALGORITHM SUMMARY

0) All elements of the initial W2! matrix are set to 1. All elements of the
initial W12 matrix are set to {/({+S!-1).
1) Input pattern is presented. Since Layer 2 is not active,

ci e I
s S ol a = p

2) The input to Layer 2 is computed, and the neuron with the largest input is
activated.
. 4 . 1:2.7 1 1:2.7 1
VoY oy stmlbe: 1, if((w ™) a =max[(;w ") a’])

09 O Jlad ai = .
$3305 (RS sl > otherwise

In case of a tie, the neuron with the smallest index 1s the winner.
.J)‘J‘Jﬂ&‘bf)lﬁ?\gg<LSC:,\.A.u‘U.STQ.L)..'QJJJ(JSJJf&JLumLAGJJJJQSGS)H)J
3) The L2-L1 expectation is computed.
2:1 2 2:1
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)

6)

7)

8)

9)

Summary Continued

Layer 1 output is adjusted to include the L2-L1 expectation.
a' = pn w?zl

The orienting subsystem determines match between the expectation and

the input pattern.

0 1, iﬂﬂaqP/"pH2<Fﬂ

0, otherwise

If a® = 1, then set a2j = 0, inhibit it until resonance, and return to Step 1. If
a’ = 0, then continue with Step 7.

Resonance has occured. Update row j of W12,

1:2 f;al

W= —
g+ la'l® 1

J

Update column j of W21,

Remove input, restore inhibited neurons, and return to Step 1.
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ARTI1 ALGORITHM SUMMARY

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

S Ga S wols sl V Y (o il al =pn W?zl

5) The orienting subsystem determines match between the expectation and
the input pattern.

Sl gkl e s s 0 | 1, if[||al||2/||p”2<p]

s s SIL .
0100l £ o st 0, otherwise
6) Ifa®=1, then set a2j = 0, inhibit it until resonance, and return to Step 1. If
a’ = 0, then continue with Step 7. SIS Ghks!
7) Resonance has occured. Update row j of W!2,
1

§ LaES 98y W1:2 _ (;a

. Lag sy olwalliag <= J || 1" 2

5 C+la| -1

L 8) Update column j of W21,

j‘; WZI _ al GAJJdgLéﬂndLu‘.‘
3 / e
g L o, B
5 9) Remove input, restore inhibited neurons, and return to Step 1. SEule slagyys
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ARTI1 ALGORITHM CONVERGENCE
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Neural Network Design,
2nd Edition, Martin Hagan, 2014.
Chapter 19
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19 Adaptive Resonance Theory

gectnes 191

Theory and Exsmplos 192
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Algorithm 19:21
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Further Reading 1a-45
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Objectives

1n Chapter 18 and Chaptes 18 we learned that oo key problem of compet-

Online version can be downloaded from: http://hagan.okstate.edu/nnd.html



