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THE CONCEPT OF E-HACHINE :  ON BRAI N HARDWARE 
AND TH E ALGORITHMS OF THINKIN G 

Victor Eliashberg 

Varian Associates, Palo Alto 

The goal of this paper is to call in question 
th e popula r  thesi s tha t  th e proble m o f  th e algo -
rithm s performe d b y th e brai n (algorithm s o f  thin -
king )  ha s bu t  littl e t o d o wit h th e proble m o f 
brai n hardware .  Th e pape r  present s a  simpl e exam -
pl e o f  a  "brain-like "  universa l  associativ e pro -
cesso r  (referre d t o a s E-machine )  fo r  whic h suc h a 
thesi s woul d b e obviousl y inadequate .  Mor e sopliis -
ticate d example s o f  E-machine s wer e studie d i n Eli -
ashber g (1979) . 

1.  A  SIMPL E EXAMPLE OF E-MACHIN E 

Consider the "neural" network schematically 
shown i n Fig .  1 .  Th e bi g circle s wit h incomin g 
and outgoin g line s represen t  centers ,  element s 
whic h ar e assigne d certai n discret e coordinate s i n 
th e network .  Th e smal l  circle s denot e couplings , 
element s whos e plac e i n th e networ k i s determine d 
by a  pai r  o f  coordinate s o f  centers .  A  cente r  may 
be viewe d a s a  neuro n wit h it s dendrite s an d axo n 
or  a  neura l  subsyste m tha t  may b e treate d a s a 
"reduce d neuron" -  A  couplin g may b e interprete d 
as a  synaps e o r  a  "reduce d synapse" ,  th e whit e 
and th e blac k circle s correspondin g t o th e exci -
tator y an d inhibitor y synapse s respectively .  Usin g 
th e terminolog y o f  Naut a an d Feirta g (1979) ,  th e 
networ k o f  Fig .  1  may b e characterize d a s a  three -
neuro n nervou s syste m (i t  ha s thre e neuron s i n a 
pat h betwee n it s inpu t  an d output) .  Some simpl e 
animal s hav e two -  an d eve n one-neuro n nervou s sys -
tems ,  s o th e networ k o f  Fig .  1  may b e viewe d a s a 
morphologica l  mode l  correspondin g t o a  rathe r  ad -
vance d stag e o f  th e evolutio n o f  th e brain .  Accor -
dingly ,  on e may expec t  t o ge t  som e interestin g 
informatio n processin g characteristic s i n a  neuro -
biologicall y reasonabl e functiona l  model  o f  thi s 
network .  Tlierefor e t o reac h th e goa l  o f  thi s pa -
per  i t  seem s sufficien t  t o sho w wh y th e traditio -
nal  brain-hardware-independen t  approac h t o th e 
proble m o f  th e algorithm s o f  thinkin g woul d fai l 
t o adequatel y describ e th e psychologica l  proper -
tie s o f  a n anima l  wit h suc h a  simpl e nervou s sys -
tem.  S o muc h th e mor e may thi s approac h b e in -
adequat e i n th e cas e o f  huma n brain . 
NOTATION. 
Nj(i )  i s  th e i-t h cente r  fro m th e se t  N. . 
S^-(i,i' )  i s  th e (i,i')-t h couplin g fro m th e se t 

^k j  • 
V i s discret e tim e (th e numbe r  o f  cycle) . 
x(",v )  i s  th e inpu t  vecto r  o f  th e model .  (Th e do t 

substitute d fo r  a n inde x implie s tha t  th e 
whol e se t  o f  component s correspondin g t o 
thi s inde x i s assumed) . 

G''(",i )  i s  th e vecto r  o f  gain s o f  coupling s 
S2i(i,') .  Thi s vecto r  wil l  b e interprete a 
as th e symbo l  store d i n th e i-t h locatio n o f 
inpu t  long-ter m memor y (ILTM )  o f  th e model . 

E(i,v )  i s  a  variabl e describin g a  hypothetica l 
stat e o f  "residua l  excitation "  (E-state ) 
associate d wit h cente r  N2(i) .  Suc h a  sta -
t e migh t  b e interprete d a s a  certai n phe -
nomenologica l  counterpar t  o f  th e concent -
ratio n o f  a  chemica l  participatin g i n a 
slo w reversibl e reaction .  Accordingly ,  i n 
d mor e sophisticate d mcwie l  on e may introdu -
ce severa l  type s o f  L-states .  Sucl i  state s 

wil l  b e viewe d a s th e state s o f  distribute d 
"non-symbolic "  short-ter m memor y o f  th e mo -
del . 

U„(i,v )  i s  th e (postsynaptic )  potentia l  o f  cente r 
N2(i) . 

J^U,^ )  i s th e outpu t  signa l  o f  N2(i) . 

Gy{",i )  i s  th e vecto r  o f  gain s o f  coupling s 
^ 3 2 ^ ' ^ ^  interprete d a s th e symbo l  store d i n 
th e i-t h locatio n o f  outpu t  long-ter m memo-
r y (OLTM )  o f  th e model .  Fo r  th e sak e o f 
simplicit y w e wil l  assum e tha t  th e stat e o f 
long-ter m memor y (ILT M an d OLTM)  i s forme d 
befor e th e firs t  moment  o f  observatio n an d 
doesn' t  chang e later ,  i.e .  w e wil l  avoi d th e 
proble m o f  learning . 

y(',v )  i s  th e outpu t  vecto r  o f  th e model . 
I n a  rathe r  genera l  for m a  functiona l  model 

of  th e networ k o f  Fig .  1  wit h th e abov e input ,  sta -
te ,  an d outpu t  variable s may b e describe d a s th e 
followin g machine . 

y(-,v )  -  Fy(x(-,v),E(-,v) ,  G"C,-) ) 

E(-,V+1 )  •« -  Fg(x(-,V),E(-,V) ,  G"(-,-)) ,  wher e 

Fy i s th e otpu t  procedure ,  F g i s th e nex t  E-stat e 
procedure ,  G"=G'',Gy .  A s i t  wa s mentione d abov e 
i n thi s pape r  w e ar e no t  concerne d wit h th e nex t 
G-stat e procedur e an d trea t  th e variabl e G"(',' ) 
as a  parameter . 

For  th e goa l  o f  thi s pape r  i t  i s  sufficien t 
t o mak e rathe r  simpl e assumption s abou t  F  an d Fg . 
What  i s importan t  fo r  thi s goa l  i s  th e presenc e o f 
E-state s rathe r  tha n th e detail s o f  thei r  interac -
tio n wit h th e inpu t  vecto r  an d th e G-stat e an d th e 
detail s o f  thei r  dynamics .  Wit h tha t  i n min d le t 
us introduc e th e followin g "quasi-neural "  descrip -
tio n o f  F  an d Fg .  (Th e reade r  wit h a n appropri -
at e backgroun d wil l  b e abl e t o fin d man y othe r 
description s o f  thes e procedure s satisfyin g th e re -
quirement s o f  thi s paper) . 

OUTPUT PROCEDURE,  F  : 

The potential U2(i,v) is the following func-
tio n o f  x(',v),E(i,v )  an d G'̂ (-,i ) 

(1) Ujd.v) S(i,v)-[1 + a-E(i,v)], where 

(2) S(i,v) I G''(j,i).x(j,v) , i=l,...no 
(J ) 

The layer of centers N„ with lateral inhibi-
tor y coupling s S2 2 perform s th e rando m equall y pr o 
babl e choic e o f  a  center ,  N j d g ) ,  fro m th e subse t 
of  center s wit h th e maximu m potentia l  (Eliashberg , 
1969 ,  1979) .  I t  i s  assume d tha t  ther e i s som e no -
ise . 
(3 )  J^( i '•»>'{ ;  ; l ' " °  , 2^  '  L  0  ,  wher e 

(4 )  î r e M(V) = {i/U2(i ,  )=max,^,U2(i,v )  >  O} 

We ar e usin g ALGOL-lik e notation,: ^  -.t o 
denot e th e operato r  o f  rando m equall y 
probabl e choic e o f  a n elemen t  fro m a 
set . 

The outpu t  vecto r  i s determine d a s follow s 
(5 )  y(-,V )  r  Gy(-,i)-.72(i,v ) 

(i ) 

NEXT E-STAT E PROCEDURE ,  F  : 
'  e 

The dynamic s o f  E-stat e i s describe d b y th e 
firs t  orde r  differenc e equation ,  th e tim e cons -
tant ,  T(i) ,  o f  thi s equatio n dependin g o n whethe r 
E(i,v )  increases ,  t(i)=T''' ,  o r  decreases ,  T(i)= T 
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(6 )  T(i)-[E(i,v)-E(i,v) ]  =  S(i,v)-E(i,v )  , 

where 

(7 )  T(i )  ^f"^ -  ^ ^  S(i,v)>E(i,v ) 

In what follows the system described by Exps 
(1 )  -  (7 )  wil l  b e referre d t o a s Mode l  1 . 

2. SOME GENERAL INFORMATION PROCESSING CHARACTE-
RISTIC S OF MODEL 1 

2.1. Universality with respect to the Class of 
Combinatoria l  Machine s 

Let x(-,V),G>^(-,i)€ X, where X is a finite 
set  o f  positiv e normalize d vectors .  Le t  y(-,V) , 
Gy(-,v) « Y ,  wher e Y  i s a  finit e se t  o f  positiv e 
vectors .  Le t  th e numbe r  o f  location s o f  LT M b e 
as bi g a s require d (n2-> "̂') ,  s o an y desire d soft -
war e ,  G^( -  ,-),G (̂. -  , - ) ,  may b e pu t  int o th e LT M 
of  Mode l  1  befor e th e beginnin g o f  observation . 
Let  o = 0  (th e mechanis m o f  ST M o f  Mode l  1  i s "tur -
ned off") . 

I t  ca n b e show n tha t  i n thi s cas e Mode l  1 
can b e programme d t o simulat e a n arbitrar y pro -
babilisti c  combinatoria l  machin e (wit h rationa l 
probabilities )  wit h th e inpu t  alphabe t  X  an d th e 
outpu t  alphabe t  Y . 
2.2 .  Universalit y wit h respec t  t o th e Clas s o f 

Finite-Stat e Machine s 

Let us split the input and output vectors 
of  Mode l  1  eac h int o tw o subvector s 

x(-,v )  =  (xĵ (-,v),x2 (  •  ,v)) ,  y(',v )  (yji(".v) , 
y(-,v)) ,  an d le t  u s introduc e th e delaye d feedbac k 

X2(*,v+1 )  y2(*>v) . 
Let  xi(-,v) e X ,  X2(-,v),y2(-,v) € 0 ,  y^{-,v)( :  Y , 
wher e X  an d Q  ar e finit e set s o f  positiv e norma -
lize d vectors ,  Y  i s a  finit e se t  o f  positiv e vec -
tors .  Le t  a s befor e a=0 . 

I t  ca n b e verifie d tha t  thi s modificatio n o f 
Model  1  ca n b e programme d t o simulat e an y proba -
bilisti c  finit e stat e machin e (wit h rationa l  pro -
babilities )  wit h inpu t  alphabe t  X ,  stat e se t  Q , 
and outpu t  alphabe t  Y . 

2.3. E-States as the Mechatiism of Mental Set 

Let a>0 (the mechanism of STM of Model 1 is 
"turne d on") .  Le t  u s assum e a t  firs t  tha t  th e ti -
me constant s ar e ver y bi g (t'*'-*"' ,  t-* •  «> )  s o th e 
E-stat e o f  Mode l  1  doe s no t  chang e considerabl y du -
rin g th e interva l  o f  observation.  Le t  othe r  con -
dition s b e a s i n sectio n 2.1 . 

Suppos e th e LT M o f  Mode l  1  contain s al l  pos -
sibl e input/outpu t  pair s (associations )  fro m X x Y , 

i.e. ,  fo r  al l  (a,b) 6 X x y ther e exist s i e {l,..n2 y 
suc h tha t  G''(-,i)= a an d Gy(-,i)= b .  I t  ca n b e 
shown tha t  fo r  an y (deterministic )  combinatoria l 
machin e wit h th e inpu t  alphabe t  X  an d th e outpu t 
alphabe t  Y  ther e exist s a n initia l  E-state ,  E(-,0) , 
of  Mode l  1  suc h tha t  thi s mode l  i n thi s stat e si -
mulate s th e abov e machine . 

Thus bein g observe d a s a  blac k box .  Mode l  1 
wit h a  fixe d stat e o f  it s  LT M may appea r  t o a n 
experimente r  a s an y o f  m^  deterministi c combinato -
ria l  machine s (1=|X| ,  m=|Yl )  dependin g o n th e "stat e 
of  mind "  ("menta l  state") ,  E (  •,•>>) ,  o f  thi s model . 
Thi s resul t  ca n b e naturall y extende d t o th e clas s 
of  (deterministic )  finite-stat e machine s i n th e 
cas e o f  th e Mode l  1  wit h th e feedbac k o f  sectio n 
2.1 . 

Let  u s remov e th e conditio n o f  infinit e tim e 
constant s bu t  stil l  assum e tha t  thes e constant s 
ar e rathe r  big .  I n thi s cas e th e E-stat e o f  Mo -
del  1  wil l  chang e slowl y ("adiabatically" )  s o thi s 

model  wil l  graduall y chang e int o differen t  combi -
natoria l  machines .  Thu s th e "non-symbolic "  expres -
sion s (6),(7),determine d a t  a  hardwar e level ,  con -
trol l  th e "personality "  o f  Mode l  1  a s a  symboli c 
machine . 

2.4. Why Model 1 Jeopardizes a Brain-Hardware-In-
dependen t  Approac h t o th e Proble m o f  th e Algo -
rithm s o f  Thinkin g 

Imagine a researcher trying to develop a the-
or y o f  th e behavio r  o f  Mode l  1  pe r  s e (Mode l  1  tre -
ate d a s a  blac k box )  withou t  bein g concerne d wit h 
th e hardwar e phenomen a i n thi s model .  Le t  u s as -
sume tha t  th e researche r  i s use d t o wor k wit h a 
hardware-independen t  highe r  leve l  language ,  sa y 
LISP ,  an d dea l  wit h traditiona l  symbo l  manipulati -
on concepts .  I t  i s  ver y likel y tha t  Mode l  1  woul d 
foo l  suc h a  researche r  b y pretendin g t o behav e a s 
a "classical "  symboli c machine .  Th e researche r 
wit h th e abov e mentione d methodologica l  menta l  se t 
and th e knowledg e bas e associate d wit h th e "clas -
sical "  symboli c informatio n processin g paradig m 
woul d hav e littl e chanc e t o thin k abou t  th e "non -
symbolic" '  E-state s o f  Mode l  1 ,  muc h les s t o fin d 
th e hardwar e expression s (6),(7 )  describin g th e 
transformation s o f  thes e states .  I t  i s  no t  diffi -
cul t  t o imagin e ho w a  sophisticate d chemistr y o f 
th e brai n (see ,  e.g. ,  Iversen ,  1979 ,  Kandel ,  1979 ) 
may lea d t o non-symboli c brai n hardwar e expressi -
ons muc h mor e comple x tha n Exp s (6),(7) .  Thu s th e 
abov e mentione d researche r  woul d hardl y hav e a 
bette r  chanc e t o com e u p wit h a n adequat e theor y 
of  huma n menta l  state s tha n h e (she )  doe s i n th e 
cas e o f  Mode l  1 . 

3. METHODOLOGICAL REMARKS 

3.1. On the Whole Brain and the Parts of its 
Behavio r 

Let (A,So) be a hypothetical machine corres-
pondin g t o th e huma n brain .  A ,  i n it s initia l  (ro -
ughl y newborn )  state ,  Sq -  Afte r  severa l  year s o f 
learnin g (A,So )  i s change d int o a n intelligen t  sys -
te m (A,Sĵ ) .  Mode l  1  an d th e mor e sophisticate d 
example s o f  E-machine s studie d i n th e Eliashber g 
(1979 )  manuscrip t  giv e reason s t o believ e i n 
th e followin g methodologica l  thesis . 

Ther e may exis t  a  relativel y simpl e descrip -
tio n o f  (A,Sq )  i n term s o f  a  machin e wit h th e sta -
t e se t  simila r  t o tha t  o f  th e brain .  Ther e may b e 
a goo d possibilit y  t o fin d thi s descriptio n b y 
tryin g t o answe r  i n a  singl e contex t  a  larg e 
enoug h se t  o f  speciall y selecte d basi c neurobiolo -
gica l  an d psychologica l  questions .  A t  th e sam e 
tim e i t  may b e hopeles s a  strateg y t o tr y t o fin d 
adequat e description s o f  som e nontrivia l  "parts " 
of  th e behavio r  o f  (A,Sn )  withou t  lookin g fo r  a 
descriptio n o f  th e "whole "  syste m (A.Sq) . 

3.2. On the General Relation between the Theory 
of  th e Brai n an d th e Informatio n Processin g 
Psycholog y 

To clearl y understan d th e implie d methodologi -
ca l  meanin g o f  th e abov e mentione d thesi s i t  i s  use -
fu l  t o compar e th e genera l  relatio n betwee n (A,So ) 
and th e informatio n processin g psycholog y wit h th e 
genera l  relatio n betwee n th e basi c equation s o f  a 
traditiona l  physica l  theor y an d thi s theory .  A s 
an exampl e o f  th e latte r  relatio n le t  u s tak e th e 
Maxwel l  equation s an d th e classica l  electrodyna -
mics .  (Don' t  tak e thi s metapho r  to o literally!) . 

The relativel y simpl e Maxwel l  equation s allo w 
one t o describ e al l  variet y o f  arbitrar y comple x 
classica l  electromagneti c phenomen a a s a  resul t  o f 
interactio n o f  thes e equation s wit h th e correspon -

29 0 



din g variet y o f  "externa l  worlds "  represente d i n 
th e for m o f  variou s boundar y conditions ,  media , 
and sources .  T o fin d th e Maxwel l  equation s di d 
not  mea n t o solv e al l  th e problem s o f  classica l 
electrodynamics ,  th e latte r  havin g develope d (an d 
continuin g t o d o so )  a  numbe r  o f  specifi c  pmlilpm -
oriente d model s an d concepts .  I t  woul d hardl y b e 
possible ,  however ,  t o adequatel y formulat e al l  thes e 
specifi c  problems ,  le t  alon e solv e them ,  withou t 
th e Maxwel l  equations . 

3,3. On Skipping "Simple" Problems in order to 
Solv e Comple x One s Faste r 

For the goal of this paper it is especially 
importan t  t o emphasiz e tha t  th e Maxwel l  equation s 
wer e foun d i n a n attemp t  t o adequatel y formaliz e 
and extrapolat e som e "simple "  basi c knowledg e 
abou t  electromagneti c phenomen a (Farade y law,etc.) . 
Thi s formalizatio n an d extrapolatio n create d a  po -
werfu l  mathematica l  too l  allowin g t o adequatel y 
approac h comple x problems  o f  classica l  electrody -
namics . 

Imagin e a  physicis t  tryin g t o develo p a  com -
pute r  progra m fo r  simulatin g th e behavio r  o f  elec -
tromagneti c fiel d i n a  comple x microwav e devic e 
withou t  bein g concerne d wit h th e equation s desc -
ribin g th e fundamenta l  propertie s o f  thi s field . 
A researche r  tryin g t o ski p "simple "  basi c neuro -
biologica l  an d psychologica l  questions ,  i n orde r 
t o solv e comple x problem s o f  huma n informatio n 
processin g faster ,  may wel l  b e i n a  situatio n 
simila r  t o tha t  o f  suc h a  physicist . 

Nl 
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