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AbstTact 
This pape r d e s c r i b e s a type of s w i t c h i n g n e t w o r k w h i c h c a n s imu l taneous l y c o n n e c t many i npu ts to 

m a n y o u t p u t s . S u c h n e t w o r k s are usefu l in c o m m u n i c a t i o n s , in d y n a m i c a l l y r e c o n f i g u r a b l e c o m p u t e r 

sys tems, and in bu i l d ing seman t i c n e t w o r k m e m o r i e s for ar t i f ic ia l i n te l l i gence and d a t a b a s e 

a p p l i c a t i o n s . 

A generalized connection network (GCN) is a s w i t c h i n g n e t w o r k in w h i c h e a c h of N i n p u t s c a n b e 

c o n n e c t e d to any of N o u t p u t s , many to o n e , w i t h all of t h e N c o n n e c t i o n s o p e r a t i n g s i m u l t a n e o u s l y . 

S u c h a n e t w o r k is sa id to be non blocking if t h e c o n n e c t i o n s c a n be es tab l i shed in any o rde r , w i t h o u t 

r e a r r a n g i n g ex is t ing c o n n e c t i o n s and w i t h o u t any poss ib i l i ty that the e s t a b l i s h m e n t of an a rb i t ra ry 

n e w c o n n e c t i o n wil l be b l o c k e d by ex is t i ng c o n n e c t i o n s in the n e t w o r k . In seldom-blocking networks, 

t he re is s o m e f ini te c h a n c e that a new c o n n e c t i o n wi l l be b l o c k e d , but this c h a n c e can be m a d e 

arb i t rar i ly smal l t h r o u g h p r o p e r d e s i g n of the n e t w o r k . 

Th is p a p e r wi l l e x a m i n e one c lass of s e l d o m - b l o c k i n g n e t w o r k s , w h i c h I ca l l h a s h n e t s , w i t h the 

e m p h a s i s on d e s i g n i n g s u c h n e t w o r k s for p rac t i ca l a p p l i c a t i o n s . T h e s e n e t w o r k s are bui l t f r om layers 

of s e l e c t o r s w i t c h e s , w i th r a n d o m h a r d - w i r e d c o n n e c t i o n s b e t w e e n the o u t p u t s of o n e layer a n d t h e 

inpu ts of the nex t . S u c h n e t w o r k s c a n g ive a c l os e a p p r o x i m a t i o n to n o n - b l o c k i n g b e h a v i o r , b u t w i t h 

m u c h less h a r d w a r e than the smal les t k n o w n n e t w o r k s that are s t r ic t ly n o n - b l o c k i n g : the n u m b e r of 

c o n t a c t - p a i r s is 0 ( N log N) ra ther t h a n 0 ( N l o g 2 N), a n d the c o n s t a n t fac to rs are sma l l . H a s h n e t s a re 

not an en t i re ly .new idea, but l i t t le has a p p e a r e d in the l i te ra tu re abou t h o w to d e s i g n a n d u s e 

n e t w o r k s of th is k i n d . 

Th is p a p e r wi l l e x p l o r e the issues that a r ise in the d e s i g n of p rac t i ca l h a s h n e t s , and wi l l d e s c r i b e 

h o w to d e s i g n a near -op t ima l h a s h n e t for any d e s i r e d c o m b i n a t i o n of size and b l o c k i n g p robab i l i t y . It 

wil l a lso p r e s e n t a s c h e m e for t ime-sha r ing s u c h n e t w o r k s , w h i c h great ly mu l t ip l ies the n u m b e r of 

(vir tual) c o n n e c t i o n s ava i lab le w i th a g i ven a m o u n t of h a r d w a r e . 
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1. In t roduc t ion 
A permutation network is a s w i t c h i n g n e t w o r k wi th N inpu ts and N o u t p u t s that is ab le to es tab l i sh 

o n e - t o - o n e c o n n e c t i o n s b e t w e e n inpu ts and o u t p u t s , w i th all N c o n n e c t i o n s o p e r a t i n g 

s imu l taneous l y . The inpu t - to -ou tpu t p e r m u t a t i o n thus es tab l i shed c a n be any m e m b e r of a u n i v e r s e 

of N! poss ib le p e r m u t a t i o n s . A generalized connection network (GCN) is m o r e g e n e r a l : it a l l o w s 

e a c h of N inpu ts to be c o n n e c t e d to any of N o u t p u t s , aga in w i th all c o n n e c t i o n s o p e r a t i n g 

s imu l taneous l y . In the G C N , a g iven input is c o n n e c t e d to only one o u t p u t at a t ime, but an o u t p u t 

may be c o n n e c t e d to many inpu ts at o n c e . A G C N , the re fo re , se lec ts one i n p u t - o u t p u t m a p p i n g f r o m 

a un ive rse of N N poss ib le m a p p i n g s . The te rms " i n p u t " and " o u t p u t " are used here mere ly to labe l 

the two s ides of the ne twork ; d e p e n d i n g on t h e a p p l i c a t i o n , the c o n n e c t i o n s may be b i d i r e c t i o n a l . 

S u c h s w i t c h i n g n e t w o r k s are usefu l in m a n y c o n t e x t s . T h e mos t o b v i o u s use, a n d t h e o n e that h a s 

s t imu la ted the most research in th is a rea , is in mee t i ng the s w i t c h i n g needs of t e l e p h o n e s y s t e m s 

[ B e n e s 6 5 ] . In th is a p p l i c a t i o n , the e m p h a s i s has natura l ly b e e n on n e t w o r k s in w h i c h all c o n n e c t i o n s 

are poss ib le but only a smal l f rac t ion of the c o n n e c t i o n s are in use at o n c e . In recen t years , s w i t c h i n g 

n e t w o r k s have been s t u d i e d as a way of c o n f i g u r i n g para l le l c o m p u t e r a r c h i t e c t u r e s to a l low mu l t i p l e 

p r o c e s s o r s to a c c e s s mu l t ip le m e m o r i e s , t e rm ina ls , and other r e s o u r c e s in a f lex ib le w a y w i th a 

m i n i m u m of c o n t e n t i o n over the c o m m u n i c a t i o n c h a n n e l s [ M a s s o n 79, G o k e 7 3 ] . For very sma l l 

n e t w o r k s o n e c a n use a c r o s s p o i n t s w i t c h to a c h i e v e th is i n t e r c o n n e c t i o n , but in s u c h n e t w o r k s the 

n u m b e r of c o n t a c t pai rs g r o w s as N 2 , t o o e x p e n s i v e for many la rge -ne twork a p p l i c a t i o n s . 

My o w n in terest in genera l i zed c o n n e c t i o n n e t w o r k s ar ises f rom my w o r k in s e m a n t i c n e t w o r k 

m e m o r i e s for ar t i f ic ia l in te l l igence a n d k n o w l e d g e base app l i ca t i ons [ F a h l m a n 79 ] . T h e p r e c i s e 

r e q u i r e m e n t s of s u c h seman t i c n e t w o r k m e m o r i e s , a l o n g w i th a p r o p o s e d d e s i g n , a re d e s c r i b e d in 

a n o t h e r paper [Fah lman 8 0 ] . For n o w it wi l l be su f f i c ien t to no te tha t a s e m a n t i c n e t w o r k m e m o r y 

c o n t a i n i n g 1 0 6 e lements ( c o n c e p t s and s imp le asser t ions ) , e n o u g h fo r m o d e r a t e expe r t i se in m a n y 

rea l -wor ld d o m a i n s , wi l l requ i re a G C N w i th 4 x 1 0 6 i npu ts a n d 1 0 6 o u t p u t s . S u c h a n e t w o r k w o u l d be 

qu i te cos t l y to bu i ld by c o n v e n t i o n a l t e c h n i q u e s . 

S w i t c h i n g n e t w o r k s c a n be d i v ided in to t h r e e c lasses a c c o r d i n g to h o w the c o n n e c t i o n s a re m a d e . 

Blocking networks g u a r a n t e e that any s ing le c o n n e c t i o n c a n be m a d e , but do not g u a r a n t e e tha t all 

legal c o m b i n a t i o n s of c o n n e c t i o n s ( " l e g a l " a c c o r d i n g to the de f in i t i on of a G C N or p e r m u t a t i o n net ) 

can be m a d e at o n c e . In o ther w o r d s , s o m e legal c o n n e c t i o n s may b lock o the rs f r o m b e i n g p r e s e n t at 

the s a m e t ime. Rearrangcable networks g u a r a n t e e tha t any legal c o m b i n a t i o n of c o n n e c t i o n s c a n be 

set up in the n e t w o r k , but only if ex is t ing c o n n e c t i o n s c a n be r e a r r a n g e d to a c c o m m o d a t e any n e w 

reques t fo r a c o n n e c t i o n . Non-blocking networks are the mos t p o w e r f u l , g u a r a n t e e i n g that any n e w 

reques t c a n be sat is f ied w i t h o u t the n e e d for any r e a r r a n g e m e n t of ex is t ing c o n n e c t i o n s . 
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It is poss ib le to c o n s t r u c t n o n - b l o c k i n g G C N s , b u t they are e x p e n s i v e : the best k n o w n s o l u t i o n s fo r 

la rge N requ i re 0 ( N l o g 2 N) s w i t c h c o n t a c t pa i rs [ P i p p e n g e r 78a ] . F u r t h e r m o r e , in s u c h n e t w o r k s t h e 

de lay t h r o u g h the ne twork (that is, t he n u m b e r of s w i t c h e s t h r o u g h w h i c h a s igna l mus t pass) is 

O ( l o g 2 N) . It is k n o w n [ P i p p e n g e r 7 8 a ] that n o n - b l o c k i n g n e t w o r k s of 0 ( N log N) c o n t a c t s c a n b e 

bui l t , b u t the proof is n o n - c o n s t r u c t i v e a n d n o p rac t i ca l i m p l e m e n t a t i o n s t ra tegy is k n o w n . 

R e a r r a n g e a b l e n e t w o r k s w i th 0 ( N log N) c o n n e c t i o n s a n d 0 ( l o g N) de lay are k n o w n . O f m a n 

[ O f m a n 67 ] has d e m o n s t r a t e d that a G C N c a n be bui l t w i t h 8N l o g 2 N - 6N c o n t a c t pa i r s w i t h a d e l a y of 

4 l o g 2 N - 3. T h o m p s o n [ T h o m p s o n 78 ] has i m p r o v e d s l igh t ly o n these f igures to p r o d u c e a G C N w i t h 

less t h a n 7.6N l o g 2 N c o n t a c t pa i rs . S u c h n e t w o r k s c a n be c o n f i g u r e d for a g iven set of c o n n e c t i o n s 

by a p r o c e d u r e d u e to W a k s m a n [ W a k s m a n 68 ] w h i c h takes 0 ( N log N) t ime to c o n f i g u r e t h e n e t w o r k . 

Un fo r tuna te l y , th is se t -up p r o c e d u r e mus t b e repea ted w h e n e v e r a new c o n n e c t i o n is a d d e d to t h e 

n e t w o r k , and the se t -up d o e s not a p p e a r to be a m e n a b l e to paral le l s o l u t i o n . Th is cos t l y s e t - u p 

p r o c e d u r e is the p r inc ipa l reason w h y the r e a r r a n g e a b l e n e t w o r k s have no t b e e n u s e d in m a n y 

a p p l i c a t i o n s for w h i c h they w o u l d o t h e r w i s e be a p p r o p r i a t e . In m u l t i - p r o c e s s o r a r c h i t e c t u r e s , fo r 

e x a m p l e , the re has been m o r e in te res t in the s imp le r B a n y a n n e t w o r k s [ G o k e 7 3 ] , w h i c h c a n b e 

c o n f i g u r e d in 0 ( l o g N) t ime, bu t w h i c h b l o c k o n m a n y of the po ten t ia l m a p p i n g s . 

T h e above analys is assumes n e t w o r k s that are strictly n o n - b l o c k i n g or r e a r r a n g e a b l e . In m a n y 

a p p l i c a t i o n s , it is poss ib le to get the best of b o t h w o r l d s t h r o u g h the use of s e l d o m - b l o c k i n g n e t w o r k s 

[ P i p p e n g e r 78b, P i p p e n g e r 75 ] . T h e s e n e t w o r k s b e h a v e as n o n - b l o c k i n g n e t w o r k s in a lmos t all 

cases , bu t there is s o m e smal l bu t f in i te c h a n c e that a des i red c o n n e c t i o n c a n n o t be m a d e . By 

c h o o s i n g an a p p r o p r i a t e n e t w o r k c o n f i g u r a t i o n , it is poss ib le to m a k e the p robab i l i t y of f a i l u re 

arb i t ra r i l y smal l . O n e k i n d of s e l d o m - b l o c k i n g n e t w o r k , f irst d e s c r i b e d by M a r c u s [ M a r c u s 7 2 ] , is bu i l t 

f r o m se lec to r s w i t c h e s a r r a n g e d in layers , w i th a r a n d o m pat te rn of i n t e r c o n n e c t i o n s b e t w e e n 

s u c c e s s i v e layers. B e c a u s e th is s c h e m e is a n a l o g o u s in many ways to a h a s h - c o d e d d a t a s t r u c t u r e , I 

p r o p o s e the n a m e " h a s h n e t s " for n e t w o r k s of th is sor t . 

In s o m e app l i ca t i ons any c h a n c e of b l o c k i n g , h o w e v e r sma l l , may be u n a c c e p t a b l e . W h e r e 

s e l d o m - b l o c k i n g n e t w o r k s c a n be u s e d , h o w e v e r , the sav ings c a n be subs tan t ia l : M a r c u s [ M a r c u s 7 2 ] 

has s h o w n that a hashne t c a n be c o n s t r u c t e d w i th 0 ( N log N + log 1 / P B ) c o n t a c t pa i rs , w h e r e P B is 

the a l l owab le p robab i l i t y of b l o c k i n g in the a t t e m p t to estab l ish any s ing le c o n n e c t i o n . U s i n g a 

h a s h n e t w e can ob ta in near ly the e f fec t of a n o n - b l o c k i n g ne twork for r o u g h l y the c o s t a n d d e l a y of a 

r e a r r a n g e a b l e ne twork , a cos t w h i c h is c lose to the i n f o r m a t i o n - t h e o r e t i c m i n i m u m . As w e wi l l s e e , 

the d e c i s i o n to accep t s o m e very smal l risk of not f i nd ing a des i red c o n n e c t i o n a lso m a k e s it p o s s i b l e 

to e f fec t ive ly t ime-share these n e t w o r k s , d r a m a t i c a l l y i n c r e a s i n g t h e n u m b e r of v i r tua l c o n n e c t i o n s 

ava i lab le w i th a g iven a m o u n t of h a r d w a r e , at t h e cos t of r e d u c e d b a n d w i d t h in t h e i n d i v i d u a l 

c o n n e c t i o n s . 
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S u c h n e t w o r k s are not as we l l k n o w n in c o m p u t e r s c i e n c e c i rc les as they migh t be, p e r h a p s 

b e c a u s e the i r t rea tment in the l i te ra ture has b e e n pr imar i ly theore t i ca l and not o r i en ted t o w a r d 

p rac t i ca l app l i ca t i ons . Th is paper d e s c r i b e s the hashne t s c h e m e in deta i l , and e x p l o r e s h o w ce r ta in 

d e s i g n pa ramete rs c a n be var ied to ob ta in a n e t w o r k of any des i red size and p robab i l i t y of b l o c k i n g 

wh i le m in im iz ing cos t . 

Sec t ion 2 of th is paper wi l l d e v e l o p the bas ic h a s h n e t s c h e m e in deta i l , and wil l e x a m i n e t h e d e s i g n 

of a 1000 x 1000 G C N . Sec t ion 3 wi l l d e s c r i b e h o w new c o n n e c t i o n s are f o u n d w i th in s u c h a n e t w o r k . 

S e c t i o n 4 wi l l d e s c r i b e h o w s u c h n e t w o r k s can be t ime-sha red to great ly i nc rease the n u m b e r of 

c o n n e c t i o n s for a g iven a m o u n t of log ic , at the e x p e n s e of b a n d w i d t h in the ind iv idua l c o n n e c t i o n s . 

S e c t i o n 5 wi l l con ta in s o m e m i s c e l l a n e o u s po in t s a n d obse rva t i ons that may be of use to po ten t ia l 

users of the hashne t s c h e m e . 

2. The Basic Hashnet Design 
T h e bas ic e lement in a hashne t is the selector cell s h o w n in f igure 1 .This is s imply a s e lec to r s w i t c h 

w h i c h can c o n n e c t its s ing le input to any o n e of F o u t p u t s . T h e parameter F is c o n s t a n t for all ce l l s in 

the n e t w o r k , and is re fe r red to as the fanout of the ce l l . F is usual ly c h o s e n to be one less than s o m e 

p o w e r of 2, so that the s ta te of the cel l c a n be c o m p a c t l y r e p r e s e n t e d in a few bi ts of m e m o r y , w i t h 

one va lue reserved to i nd i ca te that the cel l is cu r ren t l y u n u s e d . In mos t of the e x a m p l e s we wi l l see , F 

wi l l b e 7 or 15. 

W e wil l n o w c o n s i d e r h o w to bu i ld a h a s h n e t ou t of t hese ce l ls . We wil l beg in w i th t h e d e s i g n of an 

NxN p e r m u t a t i o n ne twork , and wi l l see later h o w the s a m e n e t w o r k c a n be set up as a G C N . F igu re 2 

s h o w s the ce l ls a r r a n g e d in to L layers w i th 2 N cel ls in e a c h . Each input te rmina l is w i red to t h e i n p u t s 

of t w o cel ls in the first layer. E a c h of the in te r io r ce l ls in the n e t w o r k has its F o u t p u t s w i r e d to F 

randomly-chosen ce l ls in the nex t layer. (No te that , on the average , F w i res wi l l be t ied to a ce l l ' s 

s ing le input terminal . ) T h e s e r a n d o m c o n n e c t i o n s are h a r d - w i r e d w h e n the n e t w o r k is bui l t ; all of t h e 

d y n a m i c c o n f i g u r a t i o n of the n e t w o r k is d o n e by set t ing the state of ind iv idua l ce l ls . Ea ch o u t p u t 

te rm ina l rece ives , on the average , 2F w i res f r o m the f inal layer of cel ls . 

Each cel l par t i c ipa tes in only one c o n n e c t i o n at a t ime. T h u s , in a p e r m u t a t i o n n e t w o r k w i th N 

c o n n e c t i o n s runn ing t h r o u g h it, half of t h e cel ls in e a c h layer wi l l still be u n u s e d . Th is e x c e s s 

c a p a c i t y is of c r i t i ca l i m p o r t a n c e in a n o n - b l o c k i n g n e t w o r k ; there must be s o m e s lack if t he last 

c o n n e c t i o n is to be m a d e w i thou t d i s t u r b i n g the N-1 c o n n e c t i o n s a l ready p resen t in the n e t w o r k . T h e 

fac to r of 2, wh i le c o n v e n i e n t in many cases , is jus t a n o t h e r p a r a m e t e r of the ne twork . In g e n e r a l , w e 

wil l use use layers of KN ce l ls e a c h , w h e r e K is g rea te r than 1 and se ldom m o r e than 2. W e wil l a l so 

use the symbo l U to represent the f rac t ion of cel ls in a layer that are unused af ter the last c o n n e c t i o n 



INPUT TERMINAL 

STATE BITS 

OUTPUT TERMINALS 

Figure 1: Selector Cell 

Figure 2: The Basic Hashnet Arrangement 

(Some wires omitted for visibility.) 
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is m a d e . Note that U = 1 - 1 / K , so if K is 2, U is 0.5; if K is 1.5, U is 1 / 3 . 

W e c a n n o w beg in to look at the s ta t is t ica l b e h a v i o r of these n e t w o r k s . Let us a s s u m e a n e t w o r k 

wi th 1000 input te rmina ls , 1000 o u t p u t te rm ina ls , 2000 ce l ls in e a c h in terna l layer, and a f a n o u t of 7. 

S u p p o s e w e beg in w i th an emp ty n e t w o r k and p ick an inpu t te rmina l and an o u t p u t te rm ina l at 

r a n d o m . H o w does the p robab i l i t y of f i nd ing a c o n n e c t i o n b e t w e e n these te rmina ls d e p e n d on t h e 

n u m b e r of layers and the o ther p a r a m e t e r s of the n e t w o r k ? W e beg in wi th c o n n e c t i o n s to t w o ce l ls in 

the f irst layer. Wi th a f a n o u t of 7, e a c h of t hese ce l ls has a po ten t ia l c o n n e c t i o n to 7 r a n d o m l y - c h o s e n 

cel ls in the next layer. Let us a s s u m e , for now, that the ce l ls to w h i c h these w i res c o n n e c t are all 

d is t inc t . In this over -s impl i f ied m o d e l , we have a c h o i c e of 14 des t i na t i on -ce l l s in the s e c o n d layer, 98 

in the th i rd , and so o n . Af ter l o g 7 N layers, w e r e a c h a layer in w h i c h every cel l has a po ten t i a l 

c o n n e c t i o n to the c h o s e n input . W e rep lace these ce l ls w i th o u t p u t te rm ina ls a n d , for w h i c h e v e r 

o u t p u t te rm ina l w e spec i fy , the c h a n c e of f i nd ing a pa th is 100%. 

Of c o u r s e , the a s s u m p t i o n that we m a d e above , that the b r a n c h e s in the t ree of r e a c h a b l e cel ls d o 

not in te rsec t o n e ano the r , is not t rue in the ac tua l n e t w o r k . T h e r e wi l l be few co l l i s i ons in the ear ly 

layers of the n e t w o r k , w h e n the set of r e a c h a b l e ce l ls is a smal l f rac t ion of the KN ce l ls in the layer , 

but as w e add m o r e layers the n u m b e r of r e a c h a b l e ce l ls a p p r o a c h e s sa tu ra t i on and c o l l i s i o n s 

b e c o m e s ign i f i cant . A m o r e a c c u r a t e m o d e l is o b t a i n e d by n o t i n g that if M cel ls are r e a c h a b l e in o n e 

layer of t he ne twork , the n u m b e r of w i res g o i n g f rom t h e m to the next layer is MF. T h e s e w i res a re 

d i s t r i bu ted r a n d o m l y over the KN poss ib le "dest inat ion ce l ls . If we represent the p robab i l i t y of a 

d e s t i n a t i o n cel l not be ing r e a c h a b l e as P B , w e ge t for la rge N: 

p _ 0 -MF/KN 
K b - e 

If M' is the e x p e c t e d n u m b e r of r e a c h a b l e ce l ls in t h e nex t layer, w e get : 

M' = K N ( 1 - P B ) 

W h e n M is smal l c o m p a r e d w i th K N , M' is c lose to MF. As M a p p r o a c h e s KN, the p robab i l i t y of no t 

be ing ab le to reach a g iven des t ina t i on ce l l a p p r o a c h e s t h e a s y m p t o t e of e* F , and a d d i n g a d d i t i o n a l 

layers d o e s no g o o d . T h u s , if there are " e n o u g h " layers in the n e t w o r k , the c h a n c e of be ing u n a b l e to 

m a k e a des i red c o n n e c t i o n is g o v e r n e d on ly by the fanou t of the se lec to r ce l ls a n d the n u m b e r of ce l l s 

to w h i c h the input a n d ou tpu t te rm ina ls a re c o n n e c t e d . By w o r k i n g ou t a few e x a m p l e s , w e c a n see 

that for f a n o u t s of 7 or m o r e , " e n o u g h " layers m e a n s o n e or t w o m o r e than the l o g F N layers that w e 

need in t h e ideal , non -co l l i d i ng m o d e l . The p rec ise n u m b e r is h a r d to c h a r a c t e r i z e ana ly t ica l ly ; it is a 

f u n c t i o n of the fanout . of h o w c los£ to the a s y m p t o t e w e w a n t to get , a n d of exac t l y w h e r e l o g r N fa l ls 

in t h e in terval b e t w e e n in tegers c o r r e s p o n d i n g to the layers of t h e n e t w o r k . 

T a b l e 1 g ives s o m e va lues for a n e t w o r k w i th an N of 1000, a K of 2, a n d a fanou t of 7. T h e n u m b e r 

of ce l l s i nd i ca ted is the e x p e c t e d n u m b e r in e a c h layer that c a n be c o n n e c t e d to any p a r t i c u l a r i npu t . 
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The " p r o b a b i l i t y of l o s i n g " f igure g ives the c h a n c e of not b e i n g ab le to m a k e a d e s i r e d c o n n e c t i o n if 

the ne twork is t e rm ina ted af ter the spec i f i ed n u m b e r of layers . Th is n u m b e r takes in to a c c o u n t t h e 

fac t that there are tw i ce as m a n y cel ls in e a c h in ter io r layer as the re are o u t p u t t e r m i n a l s - tha t is, 

e a c h ou tpu t te rm ina l has 14 w i res c o m i n g in to it ra ther t h a n t h e usua l 7. Th is i m p r o v e s the o d d s of 

f i nd ing a path subs tan t ia l l y . For n o w , i g n o r e t h e r i g h t m o s t t w o c o l u m n s of the tab le . Tab le 2 g i ves t h e 

s a m e f igures for a fanou t of 15 in e a c h ce l l . 

U n d e r the c o n d i t i o n s d e s c r i b e d a b o v e , w e n o t e that w i th a fanou t of 7 w e n e e d 5 layers to get a l ow 

( 1 0 ' 6 ) p robab i l i t y of b l o c k i n g , and that a d d i n g m o r e layers d o e s not i m p r o v e t h i n g s subs tan t i a l l y ove r 

tha t f igure . W i t h a fanou t of 15, w e n e e d 3 layers to r e d u c e the c h a n c e of b l o c k i n g b e l o w 1 % , a n d 

a d d i n g a fou r th layer c a u s e s the c h a n c e of b l o c k i n g to d r o p b e l o w 1 0 ' 1 3 . 

All of the a b o v e f igures have a s s u m e d tha t the n e t w o r k is emp ty . If t h e n e t w o r k is i n d e e d 

n o n - b l o c k i n g , w e mus t have a h igh p robab i l i t y of f i nd ing the Nth (and f inal) pa th t h r o u g h the n e t w o r k 

even w h e n N - 1 pa ths a re a l ready in use . In th is case , t h e c a l c u l a t i o n s are iden t i ca l to t h o s e a b o v e , 

bu t at e a c h layer w e mus t mul t ip ly t h e n u m b e r of r e a c h a b l e ce l ls by U, the f r a c t i o n of ce l ls that a r e no t 

busy w h e n the n e t w o r k is a l ready h o l d i n g N - 1 c o n n e c t i o n s . Th is is r o u g h l y equ iva len t to r e d u c i n g 

the e f fec t ive fanou t of the ce l ls f r o m F to UF. 

T h e r i g h t m o s t t w o c o l u m n s of tab les 1 and 2 g ive the n u m b e r of r e a c h a b l e ce l ls a n d t h e c h a n c e of 

b l o c k i n g at e a c h s tage w h e n w e are a d d i n g the last of N c o n n e c t i o n s to t h e n e t w o r k s s tud ied a b o v e . 

T h i s assumes that the c o n n e c t i o n s a l ready in p lace are not to b e m o v e d . No te that w i th a f a n o u t of 7 

we now must g o to 6 layers to get the c h a n c e of fa i lure u n d e r 2 % , and that w i th a f a n o u t of 15 w e m u s t 

go to 4 layers t o get a .03% fa i lure ra te . D e p e n d i n g o n the s ize of t h e fa i lu re ra te that w e c a n t o l e r a t e , 

w e may have to inc rease the fanou t or the K fac to r , bu t the n e t w o r k sti l l g r o w s on ly as 0 ( N log N) a n d 

the de lay as 0 ( l o g N) . 

T h e r e is an add i t i ona l s o u r c e of poss ib le fa i lu re tha t is no t re f l ec ted in t h e m o d e l a b o v e . In t h e f i rs t 

and last layer of ce l ls , w h e r e the t ree of r e a c h a b l e c o n n e c t i o n s is st i l l ra ther n a r r o w , t h e r e is s o m e 

c h a n c e that all of the cel ls r e a c h a b l e f r o m a g iven inpu t or o u t p u t wi l l be busy c a r r y i n g o t h e r 

c o n n e c t i o n s . W i t h a fanou t of 7 a n d a K of 2, t h e c h a n c e s of s u c h an event a re a b o u t 214 or 10* 4 at 

e a c h e n d , a smal l n u m b e r c o m p a r e d to the a s y m p t o t i c c h a n c e of b l o c k i n g that w e c o m p u t e d a b o v e 

for the N t h c o n n e c t i o n . Wi th a fanou t of 15, w e get 2 3 0 or 10 9 . O n c e the t ree has s p r e a d to in te r io r 

layers, t h e n u m b e r of r e a c h a b l e ce l ls b e c o m e s so la rge tha t the c h a n c e they wi l l all b e b l o c k e d 

b e c o m e s neg l ig ib le . Note , however , that a dev ia t ion f r o m t rue r a n d o m n e s s in the n e t w o r k ' s 

in ter - layer c o n n e c t i o n s c o u l d c a u s e c o n g e s t i o n in c e r t a i n reg ions a n d i n c r e a s e th is f i g u r e 

subs tan t ia l l y . 

T o s u m m a r i z e , in d e s i g n i n g a h a s h n e t to serve as an N x N p e r m u t a t i o n n e t w o r k w e f i rst c h o o s e 



Table 1 

F a n o u t 7 

T e r m i n a l s 1000 

O u t p u t T e r m i n a l s 1000 

Cel ls / Layer 2 0 0 0 

F rac t i on of Ce l ls U s e d .5 

In E m p t y N e t w o r k : In F u l l N e t w o r k : 

Layer Cel ls R e a c h e d P r o b . of B l o c k i n g Cel ls R e a c h e d P r o b . of B l o c k i n g 

0 2 0 . 9 9 8 0 0 0 9 9 4 2 0 . 9 9 8 0 0 0 9 9 4 

1 14 0 .98609752 14 0 .98609752 

2 95 0 .90695908 48 0 .95234399 

3 565 0 .51315154 161 0 .71634594 

4 1723 0 . 0 1 8 8 5 1 6 1 9 2 491 0 .137301195 

5 1995 5 .68441296E-6 1153 2 .38419962E-3 

6 1998 8 .5974574E-7 1734 9 .2722844E-4 

7 1998 8 .4239745E-7 1903 9 .1781995E-4 

8 1998 8 .4228804E-7 1928 9 .1775945E-4 

Table 2 

F a n o u t 

Inpu t T e r m i n a l s 

O u t p u t T e r m i n a l s 

Cel ls / Laye r 

F rac t i on of Ce l l s U s e d 

15 

1000 

1000 

2 0 0 0 

.5 

In E m p t y N e t w o r k : 

Layer Ce l ls R e a c h e d 

0 2 

1 29 

2 391 

3 1893 

4 2 0 0 0 

5 2000 

6 2 0 0 0 

7 2000 

8 2000 

P r o b . of B l o c k i n g 

0 . 9 9 8 0 0 0 9 9 4 

0 . 9 7 0 4 4 5 5 3 

0 . 6 3 9 7 7 2 9 8 

2 .46822253E-3 

4 . 2 0 1 6 3 9 0 6 E - 1 3 

9 .3314245E-14 

9 .3314245E-14 

9 .3314245E-14 

9 .3314245E-14 

In F u l l N e t w o r k : 

Ce l l s R e a c h e d 

2 

29 

206 

1076 

1964 

1998 

1998 

1998 

1998 

P r o b . of B l o c k i n g 

0 . 9 9 8 0 0 0 9 9 4 

0 . 9 7 0 4 4 5 5 3 

0 .79985812 

0 . 0 4 9 6 8 1 2 0 9 5 

6 .44511867E-7 

3 . 0 5 9 0 4 5 6 7 E - 7 

3 . 0 5 9 0 4 5 6 7 E - 7 

3 . 0 5 9 0 4 5 6 7 E - 7 

3 . 0 5 9 0 4 5 6 7 E - 7 
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va lues of F and K that wi l l g ive an a s y m p t o t i c b l o c k i n g p robab i l i t y in the des i red r a n g e . T h e n w e 

c h o o s e the n u m b e r of layers to a p p r o a c h th is p robab i l i t y as c lose ly as is d e s i r e d . Usefu l va lues a r e 

K = 2, F = 7 or 15, a n d L = l o g U F N + c, w h e r e c is equa l to 1 or 2. 

3. F inding New Connect ion Paths 
So far. w e have on ly c o n s i d e r e d w h e t h e r a f ree p a t h ex is ts for a d e s i r e d c o n n e c t i o n a n d n o t 

w h e t h e r s u c h a pa th c a n easi ly be f o u n d . In fact , a ra ther s imp le para l le l p r o c e d u r e c a n be u s e d to 

f ind an ava i lab le pa th if t he re is o n e . W e have seen that e a c h cel l c o n t a i n s a few bi ts of m e m o r y in 

w h i c h it r e c o r d s w h e t h e r it is in use a n d , if so , w h i c h o u t p u t w i re is c o n n e c t e d to the inpu t . To th is w e 

wil l add ano the r bit tha t is u s e d for t empora r i l y m a r k i n g the ce l l in q u e s t i o n . 

N o w , s u p p o s e w e have b e e n g iven an i npu t a n d an o u t p u t that are to be c o n n e c t e d . W e b e g i n by 

pu t t i ng s o m e sort of s igna l on the spec i f i ed o u t p u t t e r m i n a l . Al l of the n o n - b u s y ce l ls in the last layer 

tha t c a n see this s igna l on any of the i r o u t p u t w i res are t h e n m a r k e d . T h e s e ce l ls t h e n s igna l to t h e 

ce l ls in the p rev ious layer tha t c a n see t h e m , and so o n . (See f igure 3.) Car r ied to c o m p l e t i o n , th i s 

p r o c e s s m a r k s all t he n o n - b u s y ce l ls in the n e t w o r k that c a n m a k e c o n n e c t i o n s to the des i red o u t p u t . 

As w e have s e e n , it is very p r o b a b l e that these m a r k e r s wi l l r each at least o n e of t he f i rs t - layer ce l l s 

c o n n e c t e d to the s p e c i f i e d input . (If th is is not the c a s e , the des i red c o n n e c t i o n c a n n o t be m a d e 

w i t h o u t r e a r r a n g i n g the ne twork . ) N o w we s imp ly b a c k t r a c k , m o v i n g f r o m the inpu t to the o u t p u t , at 

e a c h s tage se lec t ing o n e of the m a r k e d ce l ls in the nex t layer and se t t ing u p that c o n n e c t i o n . By 

f o l l o w i n g a pa th of m a r k e d ce l ls back to the o u t p u t s ide , w e a re s u r e of r e a c h i n g the d e s i r e d o u t p u t 

t e r m i n a l . If the w i res a re t ru ly s c r a m b l e d af ter leav ing e a c h ce l l , t he ce l l ' s in te rna l log ic c a n s i m p l y 

se lec t t h e ( in ternal ly) l o w e s t - n u m b e r e d o u t p u t w i re w h o s e d e s t i n a t i o n cel l is m a r k e d th is wi l l resu l t 

in a r a n d o m d i s t r i bu t i on of c o n n e c t i o n s g o i n g to the nex t layer. 

Su rp r i s ing ly , t he s a m e n e t w o r k that i m p l e m e n t s an N x N p e r m u t a t i o n net c a n , w i th m i n o r 

m o d i f i c a t i o n s to the c o n n e c t i o n - f i n d i n g p r o c e d u r e , b e used as an N x N g e n e r a l i z e d c o n n e c t i o n 

n e t w o r k as we l l . S u p p o s e tha t the n e t w o r k a l ready c o n t a i n s N i n p u t - t o - o u t p u t c o n n e c t i o n s . It d o e s 

not mat te r w h e t h e r t hese g o to d is t inc t o u t p u t s or are m a n y - t o - o n e ; the essent ia l po in t is that at m o s t 

N of the KN cel ls in any i n te rmed ia te layer are busy , just as be fo re . If w e se lec t an o u t p u t t e r m i n a l w i t h 

no p re -ex is t ing c o n n e c t i o n s , w e c a n mark a t ree of idle a n d r e a c h a b l e ce l ls b a c k to essent ia l l y all of 

the i npu t te rmina ls , just as be fo re . Now, ins tead of se lec t i ng just o n e inpu t t e rm ina l a n d o n e p a t h 

b a c k to the o u t p u t , w e c a n se lec t a n d c o n n e c t as m a n y inpu ts as w e l ike. The c o n n e c t i o n s m a y 

m e r g e at t h e input of s o m e in te rmed ia te ce l l in the t ree , or they may no t m e r g e unt i l the o u t p u t 

t e r m i n a l is r e a c h e d , but the e f fec t of w i r i ng t o g e t h e r all of the s p e c i f i e d inpu ts a n d the se lec ted o u t p u t 

is a c h i e v e d . Th is is a par ty - l ine c o n n e c t i o n ; it is up to the user of the n e t w o r k to es tab l i sh p r o t o c o l s t o 

p reven t c o n f u s i o n of s igna ls in th is c o n n e c t e d s u b s y s t e m . 



Figure 3B: Select One Marked Path 
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It is no t n e c e s s a r y to m a k e all of t he c o n n e c t i o n s to a g i v e n o u t p u t t e r m i n a l at o n c e . W e w a n t to b e 

ab le to c o n n e c t a n e w inpu t to an o u t p u t tha t a l ready h a s s o m e inpu t c o n n e c t i o n s . T h e p r o b l e m is 

tha t t h e p re -ex i s t i ng c o n n e c t i o n s to th is o u t p u t m igh t t ie u p mos t or all of t h e i n c o m i n g w i r e s a n d 

immed ia te l y a d j a c e n t ce l ls . T h e fix is s i m p l e , h o w e v e r : i n s t e a d of ins is t ing tha t the n e w c o n n e c t i o n 

use on ly f ree ce l ls , w e a l l ow it to jo in t h e t r e e of ex i s t i ng c o n n e c t i o n s to the s p e c i f i e d o u t p u t at a n y 

po in t . T o d o th is, w e mark b a c k f r o m t h e o u t p u t as b e f o r e , b u t th is t ime w e m a r k b o t h id le ce l l s tha t 

c a n f o r m c o n n e c t i o n s to the s p e c i f i e d o u t p u t a n d b u s y ce l l s tha t a re a l r e a d y t ied to th is o u t p u t . T h e n 

w e t r a c e a pa th b a c k f r o m t h e d e s i r e d inpu t a l o n g m a r k e d p a t h s , just as b e f o r e . T h i s wi l l no t b o t h e r 

n e i g h b o r i n g p a t h s at a l l ; in fac t , th is p r o c e d u r e wi l l resu l t in t h e use of f e w e r i n t e r m e d i a t e ce l l s t h a n 

are u s e d in the p e r m u t a t i o n n e t w o r k , s i n c e s o m e b r a n c h e s of the t ree wi l l c a r r y the c o n n e c t i o n s f r o m 

severa l i n p u t s . 

4. T ime-Shared Hashnets 
Us ing the i n t e r n a l - m e r g e t e c h n i q u e tha t wi l l be d e s c r i b e d in the next s e c t i o n , it is poss ib le to p a c k 

15 of t he 15-way s e l e c t o r ce l l s o n t o a s ing le IC c h i p . ( T h e l im i t i ng f ac to r is no t t h e c a p a c i t y of the 

s i l i con c h i p i tself, bu t ra the r the l im i ted n u m b e r of w i res that c a n b e a t t a c h e d to a ch ip . ) T h i s m e a n s 

that a 1000 x 1000 G C N c a n be bui l t w i t h a b o u t 550 c h i p s - a ra the r sma l l s y s t e m by c u r r e n t 

s t a n d a r d s . But t h e m i l l i o n - c o n n e c t i o n n e t w o r k s tha t w e n e e d for s e m a n t i c n e t w o r k m e m o r i e s ( a n d 

m a n y o the r uses) w o u l d requ i re a b o u t a mi l l ion IC 's . A s y s t e m of th is s ize is ou t of the q u e s t i o n fo r 

m o s t a p p l i c a t i o n s ; in fac t , it w o u l d p r o b a b l y b e i m p o s s i b l e to m a i n t a i n e v e n if c o s t w e r e n o o b j e c t . 

A m i l l i o n - c o n n e c t i o n n e t w o r k c a n be bu i l t , h o w e v e r , by us ing a 1000 x 1000 n e t w o r k a n d 

t i m e - s h a r i n g it 1000 w a y s . T h e p r i c e pa id for th is , of c o u r s e , is that e a c h v i r tua l c o n n e c t i o n h a s o n l y 

1 / 1 0 0 0 the b a n d w i d t h of t h e n e t w o r k ' s reai c o n n e c t i o n s . If 1000 one-b i t s i g n a l s c a n be m o v e d 

t h r o u g h the t h o u s a n d - c o n n e c t i o n n e t w o r k in a m i c r o s e c o n d , it wi l l t a k e r o u g h l y a m i l l i s e c o n d to m o v e 

o n e mi l l ion one-b i t s igna ls t h r o u g h the m i l l i o n - c o n n e c t i o n t i m e - s h a r e d n e t w o r k . It h a p p e n s tha t th i s 

r e d u c e d b a n d w i d t h is a c c e p t a b l e for s e m a n t i c n e t w o r k m e m o r i e s a n d p r o b a b l y a lso in m a n y 

a p p l i c a t i o n s invo lv ing a u d i o - f r e q u e n c y t r a n s m i s s i o n . 

T o see h o w the t i m e - s h a r i n g w o r k s , w e mus t f i rst n o t e that e a c h of the 1000 i n p u t s a n d o u t p u t s of 

t h e n e t w o r k is n o w t i m e - m u l t i p l e x e d 1000 w a y s . Ins tead of h a v i n g a t e r m i n a l ail to i tself , a use r of t he 

n e t w o r k is a s s i g n e d to a pa r t i cu la r te rm ina l a n d to a p a r t i c u l a r t ime-s l i ce f r o m the set of 1000. W e 

a s s u m e that all n e t w o r k use rs ( s e n d e r s a n d rece ive rs ) have a c c e s s to t h e s a m e c l o c k s i g n a l , s o t h e y 

a l w a y s k n o w w h e n it is the i r tu rn to talk or l i s ten . T h e a s s i g n m e n t of t i m e - s l i c e s is p e r m a n e n t , jus t l ike 

t h e c o n n e c t i o n of use rs to p h y s i c a l t e r m i n a l s . T h e t ime s l i ces rol l by in a c i r c u l a r f a s h i o n , 0 to 9 9 9 , 

t h e n b a c k to 0 a n d a r o u n d a g a i n . 
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Dur ing e a c h of the 1000 t ime-s l i ces , the phys ica l hashne t is set up d i f fe rent ly . The r a n d o m w i r i n g 

is, of c o u r s e , c o n s t a n t over all t ime s l ices , but the se lec t ion m a d e w i th in e a c h cel l is d i f fe ren t for e a c h 

t ime-s l ice . W h a t th is m e a n s is that ins tead of hav ing just four bi ts of in terna l s ta te in e a c h ce l l , w e 

have a 4 x 1000 c i r cu la r sh i f t reg is ter . Du r ing e a c h t ime-s l ice , a new 4-bi t va lue is sh i f ted in to the ce l l , 

and is used d u r i n g that t ime to ga te s igna ls t h r o u g h the cel l to o n e of t h e 15 poss ib le o u t p u t s . A va lue 

of 0 m a r k s the cel l as u n u s e d d u r i n g tha t t ime-s l i ce . 

Wi th these c h a n g e s , we have m a d e it poss ib le for a rb i t ra ry i npu ts a n d o u t p u t s to c o m m u n i c a t e w i th 

one ano the r , bu t on ly if they are ass igned to the same t ime s l ice. To ge t to a m i l l i o n - c o n n e c t i o n G C N , 

we also need s o m e m e c h a n i s m for m o v i n g s igna ls f rom one t ime-s l ice to ano ther . For s ing le -b i t 

s ignals , s u c h a t ime-sh i f te r is easy to bu i l d . (See f igure 4.) Du r ing e a c h t ime s l ice, we a c c e p t an i n p u t 

bit and a ten-bi t add ress g iv ing the t ime-s l ice that this bit is s u p p o s e d to be m o v e d to. Th is a d d r e s s is 

used to s to re the bit in to the a p p r o p r i a t e l oca t ion of a 1000 bit r a n d o m - a c c e s s m e m o r y . Af ter all 1000 

s l ices have ro l led by, this m e m o r y is fully l o a d e d . Dur ing the nex t c y c l e of 1000 t ime-s l i ces , we s tep 

t h r o u g h sequen t ia l l o c a t i o n s in th is m e m o r y and send out the s to red b i ts in thei r n e w order . By us ing 

two 1000-bi t m e m o r i e s , w e can p ipe l ine th is sys tem, l oad ing o n e m e m o r y wh i le u n l o a d i n g the o ther . 

Each of these t ime-sh i f te r e lemen ts , t h e n , c o n t a i n s a 10 x 1000 bit shi f t reg is ter a n d 1000 or 2000 b i ts 

of r a n d o m - a c c e s s m e m o r y . 

S ince e a c h t ime-sh i f te r that a s igna l g o e s t h r o u g h i n t r o d u c e s a de lay , it is des i rab le to use on ly a 

s ing le layer of sh i f te rs . T h e probab i l i t y of b l o c k i n g is m in im ized if w e put this layer of sh i f te rs in the 

m idd le of the n e t w o r k . W e wil l need 2000 sh i f te rs , one at the input of e a c h of the 2000 ce l l s in the 

th i rd layer. (See f igure 5.) Note that w i th 2000 ce l ls a n d 1000-way t ime s l i c ing , w e have t w o mi l l ion 

v i r tual sh i f ter inpu ts and an equa l n u m b e r of o u t p u t s . Even w i th one mi l l ion c o n n e c t i o n s a l r e a d y in 

p lace , on ly half of these inpu ts and half of the o u t p u t s ( randomly d i s t r i bu ted ) wi l l be busy . A b u s y 

input , for a g iven t ime s l ice, is i nd ica ted by a va lue of 0 in the c o r r e s p o n d i n g s lot of the 10-bi t sh i f t 

register ; an ou tpu t is busy if the th i rd - layer se lec to r cel l to w h i c h it is a t t a c h e d is busy d u r i n g tha t 

t ime-s l i ce . 

Now, wha t are the o d d s of be ing ab le to f ind a c o n n e c t i o n f r o m o n e input on o n e t ime s l ice to o n e 

o u t p u t on a d i f fe ren t t ime-s l ice? If w e consu l t tab le 2 for t h e n e t w o r k wi th fanou t of 15 a n d 4 layers , 

we see that af ter t w o layers of ce l ls w i th the ne twork fu l l , the typ ica l input te rmina l c a n see 206 of t h e 

2000 sh i f te rs . O n the average , half of these wil l be busy d u r i n g the t ime s l ice of t h e inpu t in q u e s t i o n . 

T h e r e f o r e , abou t 100 n o n - b u s y sh i f te rs are ava i lab le for f o r m i n g the c o n n e c t i o n . By t h e s a m e 

r e a s o n i n g , e a c h o u t p u t te rm ina l can see a b o u t 100 sh i f te rs on its t ime-s l i ce . If t hese t w o se ts of 100 

sh i f ters ( c h o s e n f rom a un ive rse of 2000) have a non-nu l l i n t e r s e c t i o n , t hen a pa th can be f o u n d . For 

any s ing le sh i f ter in the inpu t set , the c h a n c e of b e i n g in the o u t p u t set is 1 0 0 / 2 0 0 0 = .05 and the 

c h a n c e of los ing is .95. But w i th 100 c h a n c e s to w i n , the p robab i l i t y that they wi l l all lose is . 9 5 1 0 0 = 
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.006 - less t h a n 1 % . If th is f i gu re is too h i g h , it is poss ib le to add one ex t ra layer of ce l ls to the 

ne twork r e d u c i n g the p robab i l i t y of b l o c k i n g to a b o u t 1 0 * 1 2 . W e c a n p l a c e this n e w layer on e i ther 

s ide of the sh i f te r layer t h e e f fec t is the s a m e . 

T h e pa th - f i nd ing a l g o r i t h m is essent ia l ly the same as in the n o n - t i m e s h a r e d n e t w o r k s . W e b e g i n 

wi th the d e s i r e d o u t p u t te rm ina l and t ime-s l i ce , and w e mark b a c k w a r d s t h r o u g h the n e t w o r k on tha t 

t ime-s l ice unt i l w e reach t h e layer of sh i f te rs . W e mark all t hose sh i f ters w h o s e o u p u t is no t busy on 

this t ime-s l i ce a n d w h o c a n es tab l i sh a c o n n e c t i o n to the d e s i r e d o u t p u t t e r m i n a l . W e then c o n s i d e r 

the t ime-s l i ce of the des i red input . If the sh i f ter is busy on that s l ice, the mark is r e m o v e d ; o t h e r w i s e , it 

is p r o p a g a t e d b a c k t o w a r d the inpu ts on t h e input t ime-s l ice . W h e n t h e p r o p e r inpu t is r e a c h e d (on 

the p r o p e r t ime-s l ice) , a s ing le trail of m a r k e d cel ls is f o l l owed back to the o u t p u t and the p r o p e r 

se t t ings are wr i t ten in to the shi f t reg is ter m e m o r i e s of these ce l ls . In e f fec t , the t ime-sh i f te r c a n be 

t reated as a se lec to r cel l w h o s e fanou t is 1000 ra ther than 15. 

Wh i le I have b e e n us ing a f i gu re of 1000 t ime-s l ices for the p u r p o s e s of i l l us t ra t ion , t he re is 

cer ta in ly n o t h i n g mag ic a b o u t th is n u m b e r , in gene ra l , any n u m b e r of t ime-s l i ces c a n be u s e d . The 

b a n d w i d t h of the resu l t ing c o n n e c t i o n s is r e d u c e d p ropor t i ona te l y , and the leng th of all the sh i f t 

reg is ters g r o w s l inear ly w i th the n u m b e r of s l ices. This k ind of g r o w t h c a n be t r a d e d off aga ins t the 

N log N g r o w t h in ce l ls a n d w i res that o c c u r s w h e n the size of the phys ica l h a s h n e t is i n c r e a s e d . Th i s 

f lexibi l i ty is usefu l in d e s i g n i n g a sys tem to fit ex is t ing m e m o r y par ts and o ther e n g i n e e r i n g 

res t r i c t ions . 

5. Conc lud ing Remarks 

Note tha t in the heavi ly t i m e - s h a r e d n e t w o r k s , mos t of the cos t is in the va r ious shi f t reg is ter 

m e m o r i e s . In the four - layer m i l l i o n - c o n n e c t i o n d e s i g n , the n e t w o r k requ i res 54 mi l l ion bi ts of s t o r a g e : 

8000 se lec to r e lemen ts , e a c h w i th 4 0 0 0 b i ts of shi f t reg is ter , p lus 2000 t ime sh i f te rs , e a c h w i th 10000 

bits of sh i f t reg is ter and 1000 bi ts of R A M . (Several se lec to rs or sh i f te rs c a n be p a c k e d on to a s ing le 

IC ch ip . ) Note that the i n f o r m a t i o n - t h e o r e t i c lower b o u n d o n the a m o u n t of s tate in s u c h a n e t w o r k is 

20 mi l l ion bi ts: 1 0 6 c o n n e c t i o n s , e a c h of w h i c h requ i res 20 bi ts to spec i fy w h i c h of the 1 0 6 poss ib le 

des t i na t i ons it g o e s to . T h e r e f o r e , w e are w i th in a fac to r of t h r e e of the s imp les t poss ib le d e s i g n , a n d 

we get 1000-way para l le l i sm f rom the hashne t . 

No te t o o tha t in m a n y t e c h n o l o g i e s , shi f t reg is ter m e m o r i e s a re t h e c h e a p e s t k ind t o bu i l d . S i n c e 

the t ime-s l i ces rol l by s teadi ly , it is poss ib le to use d y n a m i c m e m o r y c h i p s ra ther than t h e m o r e 

expens i ve s tat ic m e m o r i e s . C h a r g e c o u p l e d d e v i c e s or m a g n e t i c b u b b l e m e m o r i e s may be a t t rac t i ve 

for very la rge sca le (but ra ther s low) h a s h n e t s . 

My most recent d e s i g n for the mi l l i on -e lement seman t i c n e t w o r k m e m o r y , w h i c h conxains a G C N of 
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4 mi l l ion c o n n e c t i o n s , uses a 1000 x 1000 h a s h n e t t ime-sha red 4 0 0 0 ways . T h e n e t w o r k po r t i on of 

th is m a c h i n e c o n t a i n s a b o u t 4 8 0 0 c h i p s . 4 0 0 0 of these are c o m m e r c i a l 64K R A M c h i p s , a n d t h e 

r e m a i n d e r a re c u s t o m - d e s i g n e d s e l e c t o r a n d t ime-sh i f te r c h i p s . A g a i n w e are a b o u t a fac to r of 3 f r o m 

the i n f o r m a t i o n - t h e o r e t i c m i n i m u m of 80 mi l l ion b i ts . Detai ls of th is d e s i g n c a n be f o u n d in [ F a h l m a n 

8 0 ] . 

T w o d e s i g n t r i cks are u s e d in the a b o v e d e s i g n to r e d u c e the n u m b e r of IC p a c k a g e s . S i n c e t h e s e 

a p p e a r to be genera l l y use fu l in h a s h n e t d e s i g n s , I wi l l d e s c r i b e t h e m here . T h e f irst of t h e s e t r i c k s 

d e p e n d s u p o n the o b s e r v a t i o n that the r a n d o m pat te rn of i n t e r c o n n e c t i o n b e t w e e n layers of t h e 

h a s h n e t c a n be the s a m e for e a c h pair of layers . I have no t b e e n ab le to p r o v e that th is is t r ue , bu t in a 

n u m b e r of n e t w o r k s i m u l a t i o n s th is c h a n g e has m a d e no m e a s u r a b l e d i f f e r e n c e in the p robab i l i t y of 

b l o c k i n g . Th is p r o p e r t y m a k e s it poss ib le to use only o n e layer of se lec to r ce l ls , w i th the o u t p u t s t ied 

t h r o u g h a r a n d o m pa t te rn of w i res back to the inpu ts . First the s igna l bi ts are sh i f ted into th is layer of 

ce l ls . T h e n the s e l e c t i o n b i ts for the first layer are sh i f ted in, a n d the s igna l b i ts are sent t h r o u g h t h e 

se lec ted o u t p u t w i res a n d b a c k to the i n p u t s w h e r e they are l a t c h e d . Next , t he se lec t i on b i ts for the 

s e c o n d layer are sh i f t ed in , a n d the p r o c e s s is r e p e a t e d ; th is c o n t i n u e s for the des i red n u m b e r of 

" l a y e r s " . Th is t e c h n i q u e d o e s no t r e d u c e the n u m b e r of bi ts of m e m o r y in t h e m a c h i n e , bu t it d o e s 

r e d u c e the n u m b e r of s e l e c t o r ce l ls a n d the a m o u n t of r a n d o m w i r i ng by a fac to r of L, the n u m b e r of 

layers of se lec to r ce l ls . Obv ious l y , th is is s o m e w h a t s lower t h a n the n o r m a l s t r a i g h t - t h r o u g h s c h e m e , 

a n d it p r e v e n t s any p ipe l i n ing of s igna ls . 

The s e c o n d t r ick invo lves the p a c k i n g of 15-way se lec to r ce l l s o n t o IC c h i p s . T h e l imi t ing fac to r is 

no t the s i l i con c h i p i tself, bu t the n u m b e r of ex te rna l c o n n e c t i o n s that c a n b e m a d e to a c h i p w i t h 

c u r r e n t p a c k a g i n g t e c h n o l o g y . At p resen t , 64 -p in p a c k a g e s a re the largest tha t are readi ly ava i lab le , 

a n d smal le r p a c k a g e s a re c o n s i d e r a b l y less expens ive . S i n c e e a c h se lec to r ce l l has one inpu t a n d 15 

o u t p u t s , and s ince 6 or so w i r e s a re n e e d e d fo r power , c l o c k , a n d c o n t r o l s igna ls , it w o u l d a p p e a r tha t 

on ly t w o or th ree se lec to r ce l ls c a n be p l a c e d in a s ing le p a c k a g e . 

The t r ick is to p lace 15 ce l ls in a s ing le p a c k a g e and to tie t o g e t h e r the i r o u t p u t s w i t h in the c h i p , as 

s h o w n in f igure 6. N o w e a c h inpu t pin is w i red to exac t ly o n e o u t p u t p in f r o m the p r e v i o u s layer; in 

e f fec t , w e are m o v i n g the m e r g e r that used to o c c u r at the se l ec to r cel l i npu t p ins back in to the cei l 

p a c k a g e s in the p r e v i o u s layer. This a l ters our o r ig ina l a s s u m p t i o n that t h e i n t e r c o n n e c t i o n s a re 

total ly i n d e p e n d e n t of o n e a n o t h e r , s i n c e n o w if n o n e of t h e o u t p u t s of a g iven cel l c a n see t h e 

d e s i r e d o u t p u t t e rm ina l , t he re are 14 o the r ce l ls in the same layer w i th the s a m e p r o b l e m . O n t h e 

o ther h a n d , th is s c h e m e e l im ina tes the p r o b l e m of s o m e ce l ls ge t t i ng m o r e t h a n 15 i n c o m i n g w i r e s 

w h i l e o t h e r ce l ls ge t less t h a n the i r s h a r e . I have no t b e e n ab le to d e t e r m i n e ana ly t i ca l l y w h a t 

d i f f e r e n c e th is c h a n g e m a k e s in the p robab i l i t y of b l o c k i n g , bu t w e have s i m u l a t e d the n e t w o r k b o t h 

w a y s a n d the 1 5 x 1 5 p a c k i n g s c h e m e m a k e s no m e a s u r a b l e d i f f e r e n c e . W i t h th is s c h e m e , a 15 x 15 
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Figure 6: Selector Cells with Internal Merge 
(Drawn as 4x4 instead of 15x15) 

s e l e c t o r f i ts easi ly in to a 4 0 p in p a c k a g e . T h e r e s e e m s to b e n o p r o b l e m w i t h u s i n g b o t h of t h e a b o v e 

t r i cks at the s a m e t ime. 

H a s h n e t s have s o m e c u r i o u s a n d p o s s i b l y u s e f u l re l iab i l i t y p r o p e r t i e s . If a few d o z e n s e l e c t o r c e l l s 

in in te r io r layers of t h e n e t w o r k a r e d e s t r o y e d , th i s w i l l a l ter t h e p robab i l i t y of b l o c k i n g very l i t t le. Of 

c o u r s e , if t h e s e ce l ls are a l r e a d y c a r r y i n g n e t w o r k c o n n e c t i o n s , these c o n n e c t i o n s wi l l b e b r o k e n 

( fo rgo t ten ) a n d wi l l have to be re -bu i l t . It is i m p o r t a n t tha t t h e d a m a g e d ce l l s fai l in t h e p r o p e r w a y , 

re fus ing to m a k e c o n n e c t i o n s r a t h e r t h a n m a k i n g s p u r i o u s o n e s . If th is fa i lu re m o d e c a n be e n f o r c e d , 

it may po in t the way t o w a r d fu l l -wa fe r i n t e g r a t i o n , in w h i c h an en t i re h a s h n e t is p l a c e d on a l a r g e 

s i l i con wa fe r . S u c h w a f e r s a l w a y s h a v e a n u m b e r of l o c a l i z e d fau l ts , bu t in a h a s h n e t t h e s e m i g h t n o t 

mat te r . 

T h e r e s e m b l a n c e of n o n - t i m e s h a r e d h a s h n e t s to t h e l a y e r e d s t r u c t u r e of t h e n e o c o r t e x of t h e b r a i n 

is not a l t o g e t h e r c o i n c i d e n t a l . T h e h a s h n e t i d e a c a m e t o m e w h i l e I w a s t h i n k i n g a b o u t s o m e 

d i a g r a m s of neura l t i ssue. H e r e w e r e r e g u l a r layers of s w i t c h i n g d e v i c e s c o n n e c t e d by s e e m i n g l y 

r a n d o m w i r i ng b e t w e e n t h e l aye rs , w i t h m a n y m i l l i ons of c e l l s in e a c h layer a n d a f a n o u t of p e r h a p s 

1000 o r m o r e . W h a t w e r e t h e o d d s of f i n d i n g a s p e c i f i c c o n n e c t i o n t h r o u g h s u c h a mess? O r a f e w 

mi l l ion c o n n e c t i o n s s i m u l t a n e o u s l y ? T h e t i m e - s h a r i n g i d e a o c c u r r e d later , a n d I f o u n d t h e ea r l i e r 

w o r k of M a r c u s a n d P i p p e n g e r la ter s t i l l . I a m no t p r e p a r e d to c l a i m that a n y par t of t h e b r a i n is, in 

fac t , a hashne t - I have n e i t h e r t h e t r a i n i n g no r the fac i l i t i es to i nves t iga te s u c h a h y p o t h e s i s - b u t 
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hashne ts may serve as an in te res t ing if over -s imp l i f i ed m o d e l . T h e re l iabi l i ty p r o p e r t i e s n o t e d a b o v e 

w o u l d cer ta in ly be use fu l in a m a c h i n e m a d e of n e u r o n s . 

O n e in te res t ing q u e s t i o n is w h e t h e r the r a n d o m n e s s of the w i r i n g in a h a s h n e t is real ly essen t ia l or 

even bene f i c ia l . C o u l d not s o m e m o r e o rde r l y s c h e m e d o just as wel l a n d p e r h a p s be less e x p e n s i v e 

to bu i ld? I d o no t k n o w the a n s w e r to th is . T h e r a n d o m n e s s in a h a s h n e t p lays r o u g h l y t h e s a m e ro le 

as the r a n d o m n e s s in a hash tab le : it s c a t t e r s the pa t te rn of u s a g e m o r e or less even ly t h r o u g h t h e 

n e t w o r k , even if the inpu t has s o m e very regu la r p a t t e r n . In th is way , it p r e v e n t s u n f o r s e e n c o n g e s t i o n 

in par ts of the net . For any g i ven pa t te rn of inpu ts , a s t r u c t u r e d s c h e m e c o u l d d o bet ter , bu t t h i s 

s c h e m e migh t d o m u c h w o r s e for s o m e o the r set of i npu ts . In any even t , if w e a b a n d o n t h e 

a s s u m p t i o n of r a n d o m n e s s a n d i n d e p e n d e n c e of t h e c o n n e c t i o n s , the p r e d i c t i o n of n e t w o r k 

p e r f o r m a n c e b e c o m e s very m u c h m o r e d i f f i cu l t . Th i s q u e s t i o n d e s e r v e s a d d i t i o n a l s tudy . 
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