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(Documen t 1 o f 4 o f Mead I n t e r v i ew)

GENE : The progr ess i on t owa rd a speed / powe r i nve r s i on has been happen i ng con t i nuous l y s i nce 1959 when
t he i n t egr a t ed c i r cu i t was i nven t ed and ye t t oday we s t i l l can ' t bu i l d a supe r compu t e r t ha t doesn ' t r equ i r e
ac r es o f f r eon t ubes f or coo l i ng .

CARVER : Oh yes you can . I t ' s j us t t hey ' r e no t do i ng i t . You see t he prob l em has been t wo f o l d . One , as t he
t echno l ogy deve l oped t he b i g compu t e r peop l e - - t he Amdhah l s and t he Cr ays - - s t ayed w i t h t he o l de r b i po l a r ga t e
a r r ay t echno l ogy . They haven ' t pa r t i c i pa t ed i n t he r evo l u t i on . Now t he sem i conduc t or guys don ' t know much abou t
compu t e r s so t hey ' ve cop i ed a bunch o f anc i en t a r ch i t ec t ur es . So wha t we have i n t he pe r sona l compu t e r s i s c r eaky
o l d a r ch i t ec t ur es w i t h t h i s wonde r f u l t echno l ogy . So t he peop l e dr i v i ng t he t echno l ogy don ' t know any t h i ng abou t
sys t ems and t he peop l e who have bu i l t t r ad i t i ona l l a rge compu t e r sys t ems haven ' t pa r t i c i pa t ed i n t he t echno l ogy
r evo l u t i on . Supe r compu t e r s a r e an ex t r eme l y i ne f f i c i en t use o f powe r and space . They j us t bru t e - f or ced i t . They sa i d
we ' r e no t go i ng t o use any c l eve rness a t a l l , we ' r e j us t go i ng t o pour t he coa l t o i t and see how f as t we can make i t
run . So t hey j us t t urn up t he knob and go f or i t . And you end up w i t h t hese g i an t s t eam eng i nes t ha t b l ow o f f a l l t h i s
hea t . I t doesn ' t make any sense a t a l l f rom any po i n t o f v i ew . Bu t , you see , t he s i t ua t i on i s ac t ua l l y much be t t e r t han
t ha t . And t ha t ' s t he pa r t nobody coun t s . I mean i f you t ake t oday ' s t echno - l ogy and use i t t o do a r ea l l y nove l
a r ch i t ec t ur e you can ge t a f ac t or o f 10 , 000 r i gh t now . Today . Bu t you don ' t do i t by runn i ng t he c l ock t ha t f as t . You
do i t t hrough pa r a l l e l i sm . The r e ' s a l o t mor e t o be ga i ned t hrough a r ch i t ec t ur e t han t he r e i s i n c l ock speed . You can
ge t 10 GHz ou t o f a pa r a l l e l a r r ay o f 10 MHz c l ocks .

GENE : Bu t a r en ' t t he r e se r i ous prob l ems w i t h so f t wa r e f or pa r a l l e l a r ch i t ec t ur es? The r e seems t o be
con t rove r sy whe t he r schemes l i ke da t a f l ow and f unc t i ona l progr amm i ng can ac t ua l l y ove r come t he
commun i ca t i on prob l ems .

CARVER : As l ong as you ' r e t a l k i ng so f t wa r e you ' r e m i ss i ng t he po i n t . Because you ' r e t h i nk i ng o f some t h i ng
progr ammab l e . And t hose schemes w i l l neve r wor k ou t i n t e rms o f enormous pa r a l l e l i sm . Tha t ' s why I t h i nk t h i s
supe r - compu t e r t h i ng w i l l t urn ou t t o be a ne t l oss t o our coun t r y . Because t hey ' r e s t i l l c l i ng i ng t o t he be l i e f t ha t
we ' r e go i ng t o make progr ammab l e h i gh l y pa r a l l e l mach i nes . I wor ked on t ha t f or a l ong t i me and f i na l l y came t o
t he conc l us i on t ha t i t j us t wasn ' t go i ng t o make i t . You we r e go i ng t o ge t f ac t or s o f t en or a hundr ed and t ha t was t he
end o f i t . We l l t ha t ' s no t enough . We need e i gh t or n i ne orde r s o f magn i t ude t o do t he k i nds o f t h i ngs we wan t t o do
w i t h compu t e r s t oday . The r e ' s f ac t or s o f a m i l l i on t he r e i f you do i t r i gh t . Bu t f or t ha t you can ' t sepa r a t e t he
a r ch i t ec t ur e f rom t he a l gor i t hm . You have t o bu i l d t ha t a l gor i t hm i n s i l i con , no t progr am i t somehow . I t h i nk t hey ' d
be t t e r be f ac i ng s t r a i gh t i n t o t he f ac t t ha t t he r e a r e ded i ca t ed a r ch i t ec t ur es f or t hese enormous t asks .

GENE : Wha t do you ca l l t he k i nd o f a r ch i t ec t ur e you ' r e t a l k i ng abou t ?

CARVER : I ca l l t hem s i l i con a l gor i t hms . You j us t map t he app l i ca t i on r i gh t i n t o s i l i con . And t he t echno l ogy f or
do i ng t ha t we unde r s t and pr e t t y we l l . I don ' t mean we ' ve wor k - ed i t a l l ou t . Bu t we ' ve deve l oped t he t echno l ogy f or
t ak i ng h i gh - l eve l desc r i p t i ons and pu t t i ng t hem on s i l i con . I t ' s ca l l ed s i l i con comp i l a t i on , wh i ch i s t he obv i ous nex t
s t ep . You need t o comp i l e t h i ngs r i gh t down i n t o t he ch i p i ns t ead o f comp i l i ng t hem i n t o some code t ha t you f eed t o
t h i s g i an t mass o f ch i ps t ha t gr i nds away on i t t r y i ng t o i n t e rpr e t i t .

GENE : So t he s i l i con comp i l e r so l ves no t on l y t he comp l ex i t y prob l em bu t a l so t he prob l em o f mass i ve l y
pa r a l l e l a r ch i t ec t ur es by a l l ow i ng us t o expe r i men t w i t h t he ded i ca t ed ha rdwa r e t ha t a l one can r ea l i ze t he f u l l
po t en t i a l o f t ha t a r ch i t ec t ur e .

CARVER : You be t . O t he rw i se t he r e ' s no hope . Because t hen you ' r e s t uck . I f i t t akes f i ve yea r s t o des i gn a ch i p
nobody ' s go i ng t o expe r i men t w i t h a l gor i t hms i n s i l i con , r i gh t ? Because i t t akes yea r s t o ge t anyp l ace . And t ha t ' s i n
se r i es w i t h your l ea rn i ng cur ve . So you have t o have a t echno l ogy f or expe r i men t i ng w i t h des i gns i n s i l i con mor e
r ap i d l y t han t ha t .
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GENE : Then mi c roe l ec t ron i cs and compu t e r sc i ence have become synonymous .

CARVER: They have t o . You see , t he t h i ng t ha t a l l owed peop l e t o sepa r a t e t he mach i ne r y o f compu t i ng f romt he
pr ac t i ce o f compu t i ng - - ha rdwa r e f romso f twa r e , i f you l i ke - - was t he i dea t ha t wha t compu t e r s d i d was a
sequen t i a l process . The o l d Tur i ng or Von Neumann i dea . Once you s t a r t t o do t h i ngs i n a h i gh l y concur r en t way
you can ' t sepa r a t e t he a l gor i t hm f romt he a r ch i t ec t ur e any mor e . You ' r e con f ron t ed wi t h t he necess i t y o f mapp i ng
c l asses o f app l i ca t i ons d i r ec t l y i n t o s i l i con . The r e ' s no such t h i ng any mor e as t he gene r a l purpose progr ammab l e
mach i ne when i t comes t o r ea l l y h i gh bandwi d t h compu t i ng - - wh i ch i s t he on l y r eason you need concur r en t
process i ng i n t he f i r s t p l ace . So t ha t doesn ' t mean Von Neumann mach i nes wi l l go away ; t hey ' l l be used as gene r a l
purpose con t ro l l e r s f or t hese spec i a l purpose i ns t rumen t s . The use r has t o t a l k t o some t h i ng t ha t ' s cohe r en t , t ha t has
a l anguage and an ope r a t i ng sys t emand so f or t h . Bu t i ns t ead o f t ha t poor l i t t l e t h i ng t r y i ng t o execu t e a l l t hose
i ns t ruc t i ons , you ' r e go i ng t o have spec i a l - purpose eng i nes i t ca l l s upon t o do t hese enormous t asks . So you can t h i nk
o f t he ded i ca t ed ch i ps as ex t r eme l y capab l e i ns t ruc t i ons t ha t you ca l l f romyour pe r sona l compu t e r .

GENE : Wou l d a pe r sona l compu t e r based on one o f t he new32 - b i t mi c roprocessor s be powe r f u l enough t o
con t ro l a such a h i gh speed eng i ne?

CARVER: Oh sur e . The ve r y f i r s t one o f t hose on t he ma r ke t i s t he S i l i con Gr aph i cs I r i s mach i ne wi t h t he
Geome t r y Eng i ne i n i t t ha t J i mC l a r k des i gned . I t ' s go t a 68000 t ha t con t ro l s an enormous gr aph i cs p i pe l i ne wi t h a t
l eas t 100 t i mes mor e compu t a t i on capab i l i t y , wh i ch neve r t he l ess i s a s l ave t o t he mi c roprocessor . The r eason , o f
cour se , i s t ha t one sma l l i ns t ruc t i on can cause an enormous amoun t o f wor k t o ge t done . So t he mi c roprocessor i s
used t o upda t e t he p i c t ur e .

GENE : Even wi t h ded i ca t ed ha rdwa r e t he r e ' s a commun i ca t i on prob l em i n any mass i ve l y pa r a l l e l
a r ch i t ec t ur e . So peop l e s t a r t t a l k i ng abou t wa f e r - sca l e i n t egr a t i on . I s wa f e r sca l e t echno l ogy necessa r y f or
h i gh l y concur r en t mach i nes?

CARVER: I t ' s no t essen t i a l bu t i t wou l d he l p a l o t . The r e a r e many d i mens i ons t o t he prob l em. Bu t essen t i a l l y
you ' r e r i gh t t ha t eve r y t i me you come o f f t he ch i p and have t o dr i ve a b i g wi r e i ns t ead o f t he k i nd o f wi r es you have
on t he ch i p , you pay f or t ha t i n speed . So t o t he ex t en t t ha t you can pu t t he wi r i ng on a wa f e r i ns t ead o f on a c i r cu i t
boa rd , t he t h i ng wi l l run t ha t much f as t e r and be t ha t much mor e cos t e f f ec t i ve . The prob l em i s nobody has ye t come
up wi t h a v i ab l e scheme f or t o l e r a t i ng t he f au l t s t ha t a l ways occur . None o f t he r edundancy schemes a r e v i ab l e ye t i n
t e rms o f e f f i c i en t use o f t he t echno l ogy . I t has no t a t t r ac t ed t he magn i t ude o f r esea r ch e f f or t t ha t i t ' s wor t h . I t h i nk
i t ' s a ve r y exc i t i ng a r ea . Bu t as an a l t e rna t i ve t o wa f e r - sca l e i n t egr a t i on you can a r r ange t he ch i ps as i s l ands o f
compu t a t i on whe r e t he l i nks be tween t hema r en ' t t oo huge . I t depends en t i r e l y on t he na t ur e o f t he a l gor i t hm. How
t i gh t l y connec t ed a r e t he c l umps o f compu t a t i on? You cou l d , f or examp l e , a r r ange t he i s l ands t o be synchronous and
whe r e t hey ' r e no t connec t ed t oo t i gh t l y use an asynchronous pro t oco l so you don ' t have t o l ock a l l t he c l ocks
t oge t he r . You ' d s t i l l have a f a i r l y sma l l box . So even i f you have t o go o f f ch i p you a r r ange i t so eve r y t h i ng t ha t ' s on
t he ch i p i s t i gh t l y connec t ed . Tha t ' s t he who l e game o f mak i ng concur r en t a r ch i t ec t ur es whe t he r you ' r e on a wa f e r or
no t . I t has t o be based on l oca l i t y . Ot he rwi se t he wi r i ng mess j us t ge t s comp l e t e l y ou t o f hand . I nc i den t a l l y , t he br a i n
has t he same prob l em. Your cor t ex i s bas i ca l l y two - d i mens i ona l . I t ' s on l y a mi l l i me t e r t h i ck . Tha t ' s a l o t t h i cke r t han
a ch i p bu t i t ' s by no means a f u l l y connec t ed t hr ee - d i mens i ona l vo l ume . Peop l e t h i nk t ha t because t he br a i n i s
encased i n t h i s l i t t l e round t h i ng i t ' s t hr ee - d i mens i ona l . I t ' s no t . I t ' s two - d i mens i ona l , and i t ' s wi r ed i n a two -
d i mens i ona l way . I n f ac t t he r e a r e two l aye r s . The r e ' s t he gr ay ma t t e r on t op o f t he cor t ex wh i ch i s whe r e t he
process i ng happens , and t he r e ' s t he wh i t e ma t t e r on t he bo t t omha l f o f t he cor t ex wh i ch i s whe r e t he wi r es a r e - - a
so l i d ma t o f wi r es abou t ha l f or one - t h i rd as t h i ck as t he cor t ex . Tha t ' s exac t l y wha t we have i n s i l i con excep t we
don ' t have qu i t e as many l aye r s o f t h i ckness . Bu t i t doesn ' t qua l i t a t i ve l y change t he na t ur e o f t he prob l em. And we ' r e
ge t t i ng mor e l aye r s f as t e r t han t he br a i n i s . So t he who l e i dea o f pu t t i ng pr i or i t y on l oca l i t y i s as t rue i n t he br a i n as
i n a ch i p .

GENE : Ar e s i l i con comp i l e r s based on a r t i f i c i a l i n t e l l i gence? Ar e t hey expe r t sys t ems?

CARVER: You cou l d t h i nk o f t hem as expe r t sys t ems , i f you l i ke , i n t he sense t ha t t hey cap t ur e t he expe r t i se o f t he
des i gne r s , bu t t hey don ' t do i t by be i ng a r t i f i c i a l i n t e l l i gens i a ; t hey do i t because some r ea l l y sma r t peop l e wor ked
t he prob l em. S i l i con comp i l e r s a r e based on ord i na r y , o l d - f ash i oned , good sys t ems des i gn . Tha t ' s a who l e d i f f e r en t
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game. In my opi ni on, ar t i f i c i al i nt el l i gence has done absol ut el y nothi ng that ever hel ped anyone to do a chi p des i gn .
They may hel p i n the future but so f ar they haven' t .

GENE: Wi l l the s i l i con compi l er become the uni versal method of chi p des i gn?

CARVER: Yes, for hi ghl y concur rent archi t ectures.

GENE: Regardl ess of the compl ex i t y of the chi p?

CARVER: Wel l you si mpl y can' t i mpl ement most of these al gor i thms wi thout the compl ex i t y . There has to be a
cer t ai n scal e of i nt egrat i on before i t makes sense. But yes, you' re goi ng to need a si l i con compi l er to des i gn even a
VonNeumann-st y l e chi p at the compl ex i t y l evel of VLSI But once you have VLSI what ' s to stop you f romdoi ng
somethi ng a whol e l ot more i nt erest i ng than a Von Neumann comput er? That ' s real l y the poi nt . Peopl e t al k about the
compl ex i t y as though i t were a probl em. I t ' s not ; i t ' s an oppor tuni t y . Wehave to thi nk about i t as an oppor tuni t y for
new i deas, not as aprobl emthat has to be overcome so we can make one more Von Neumann comput er . That ' s a
t er r i bl e wast e of a very beaut i ful t echnol ogy . And that ' s what we' re seei ng r i ght now. The si tuat i on i s anal ogous to
what happened i n ni net eenth century Engl and af t er Far raday demonst rat ed that you coul d make el ect r i c generators
and motors . The f actor i es of that day were l ong sheds wi th huge st eamengi nes that drove a rot at i ng shaf t that ran
al ong under the r i dge pol e of the roof wi th bi g pul l eys on i t and bel t s down to al l the machi nes. I f you want ed to stop
a l athe you sl i d the bel t f romthe dr i ve pul l ey onto an i dl er . Wel l , when they bui l t the f i rst el ect r i c motors they bui l t
enormous motors and used themi n pl ace of the st eamengi ne . You st i l l had the shaf t and pul l eys and bel t s . They
coul d not conceptual i ze that they real l y ought to have f ract i onal horsepower motors di st r i but ed around - - what we
nowcal l the paral l el process i ng approach. But the other thi ng was that of course they coul dn' t af ford to change
everythi ng . We l ook at that today and say wel l that was real l y dumb. But i f you were l i v i ng back then you' d
probabl y have a thousand arguments for why i t was the onl y sens i bl e thi ng to do . That ' s where we are today i n
comput er sc i ence. Wehave thi s wonder ful t echnol ogy and we' re bui l di ng one monol i thi c comput er . And i f that turns
out to be i nef f i c i ent we' l l make abi g one on a chi p . So they t al k about mi cromai nf rames . I t remi nds me of a car toon
of the board of di rectors i n Det roi t and one of the di rectors i s say i ng "Wel l , i f wehave to make a compact , we' l l
make the bi ggest compact i n the i ndust ry! "

CARVER: The reason I got i nto the whol e sordi d af f ai r f i f t een years ago i s that we as a cul ture were st al l ed . The
real l y smar t i nnovators, who are al ways the l i t t l e guys, wereunabl e to get at the t echnol ogy . And that ' s cr i mi nal .
And of course the bi g compani es l i ked i t that way . Because i t ' s f at l azy comfor t abl e, r i ght? Whi ch i s why they don' t
l i ke me. I ' mrock i ng the boat . But the i mpor t ant thi ng that has happened i s that the l i t t l e guy l i ke J i mCl ark, oneguy,
can get at i t and turn the whol e market ups i de down. That Geomet ry Engi ne that J i mCl ark bui l t i s a di f f erent
archi t ecture but the same i dea that I proposed to Dave Evans [ of Evans and Suther l and] i n 1975 as prec i sel y the
r i ght thi ng to do wi th the t echnol ogy, namel y to do the t ransformat i on and cl i ppi ng stuf f . Here was the company that
was supposed to be l eadi ng the way i n graphi cs unwi l l i ng to do anythi ng about i t . They coul d sel l t hese megabuck
boxes, why di d they need a cheap one that di d the same thi ng? Fi nal l y J i mCl ark di d i t , s i x years l at er .

GENE: As ear l y as 1972 you were say i ng we' d soon reach the l i mi t s of VonNeumann archi t ecture. And yet
even today several more orders of magni tude i n per formance can st i l l be got t en out of that archi t ecture
through submi cron scal i ng and i ncreased compact i on.

CARVER: But you see the Von Neumann machi ne doesn' t t ake very good advant age of that . For one thi ng i t t reat s
al l memory as i f i t were equi di st ant . I t makes everythi ng as hard to get to as everythi ng el se . They t ry to compensat e
wi th thi ngs l i ke caches, where they put some memory cl oser to the processor , but that ' s af t er the f act . I t ' s not bui l t
i nto the archi t ecture. So as a resul t VonNeumann archi t ecture actual l y works agai nst i ncreased compact i on at the
chi p l evel . I t doesn' t scal e wel l at al l . I t ' s not a way you' d ever des i gn a comput er i f you had VLSI t echnol ogy i n
mi nd. I f you want to get the ful l benef i t of thi s marvel ous new t echnol ogy - - thi s newmedi um, i f you wi l l - - you
need awhol e newway of thi nk i ng about comput er archi t ecture. Everybody v i ewed thi s t echnol ogy as a cost
reduct i on mechani smfor t radi t i onal des i gns i nst ead of as anewmedi umwi th whi ch to real i ze newcl asses of
archi t ecture. I ' ve spent the l ast f i f t een years of my l i f e t ry i ng to get peopl e to thi nk i n a f resh newway . And they
haven' t been doi ng that . The sol i d fundament al work that ' s necessary even to underst and what ' s sens i bl e to do i sn' t
bei ng pursued i n very many pl aces . I mean the fundament al l i mi t at i ons work f roman archi t ectural and al gor i thmi c
st andpoi nt , not f roma t echnol ogy poi nt of v i ew. We' re i n pret t y good shape t echnol ogi cal l y . There' s a l ot of depth
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there across the board. But i t ' s not paral l el ed by si mi l ar depth i n the l eadi ng-edge syst ems area. Wedon' t have good
peopl e i n every maj or depar tment at every maj or uni vers i t y doi ng excel l ent work on the cut t i ng edge of archi t ecture
as we do i n dev i ce phys i cs and mat er i al s research . Bas i cal l y that ' s j ust st ar t i ng to happen now. Therehave been
some si gns of l i f e recent l y , but that ' s af t er f i f t een years of beat i ng on i t .

GENE: You sai d i n 1977 that there was an ei ght -order -of -magni tude poss i bi l i t y i n compact i on of i nt egrat ed
ci rcui t s - - pot ent i al l y 100 mi l l i on t rans i stors on a chi p . Howdo those ear l y proj ect i ons l ook to you today?

CARVER: The or i gi nal anal ys i s we di d i n 1972 of howsmal l you coul d make devi ces - - one quar t er of ami cron - -
i s hol di ng up remarkabl y wel l . The chi p s i zes have al so been goi ng up, al though s l owl y . In that 1977 repor t we were
thi nk i ng of a chi p about a square cent i met er , approx i mat el y what they are today . So i f you scal e the dev i ces to a
quar t er -mi cron and enl arge the chi p area a l i t t l e more you can get a hundred-mi l l i on t rans i stors on a chi p . That ' s
wi th the t echnol ogy that ' s known today . There' s not a si ngl e st ep i n there that hasn' t been proven f eas i bl e . You' d use
i on-beamdry et chi ng and X- ray l i thography . That wi l l bedone i n the next decade. There shoul d bepeopl e doi ng i t
now.

GENE: Howmuch more comput i ng power i s avai l abl e beyond today' s t echnol ogy j ust by scal i ng everythi ng
to the l i mi t s?

CARVER: I t depends on what you count . You can count comput at i on per uni t power or uni t area. I thi nk the f ai rest
thi ng i s comput at i on per dol l ar . What are you goi ng to get for your money i n t erms of cyc l es per second of real
comput at i on? Fromnowon that number i s goi ng to go roughl y l i ke the square of the scal i ng . Ideal l y , when you
scal e everythi ng the speed/power product goes l i ke the cube: swi t chi ng speed i ncreases l i near l y as you scal e down
and dens i t y goes up as the square . I f i t ' s two to one i n di mens i on i t ' s four to one i n dens i t y - - i f you reduce a
t rans i stor by a f actor of two on each si de, four l i t t l e t rans i stors nowf i t where the bi g one used to be. But i n addi t i on
to that they ' re runni ng twi ce as f ast . So every t i me you godown a f actor of two i n s i ze you get a f actor of ei ght - - a
f actor of four i n the number of gat es and a f actor of two i n speed . That says gat e cyc l es per uni t area goes l i ke the
cube al so . But as you approach phys i cal l i mi t s you don' t qui t e get that ful l cube l awanymore, whi ch i s why I say
that f romnow on i t ' s goi ng to go l i ke the square. So i f we scal e f rom, say, 1 .25 down to .25 mi cron, that ' s f i ve to
one, whi ch i s 125 t i mes i n gat e cyc l es per uni t area and al so 125 t i mes i n howmuch comput at i on you get per uni t
power ; i t ' s probabl y not qui t e that good due to approachi ng phys i cal l i mi t s, but we' l l cer t ai nl y get a f actor of 100.
And remember we' re not real l y at 1 .25 mi cron yet . I t ' s real l y a 1 .5 process today, and that ' s onl y the l eadi ng edge;
three mi crons i s the st andard product i on process i n today ' s commerc i al wor l d . So that means we' re t al k i ng about
chi ps a thousand t i mes f ast er than the ones i n today ' s personal comput er once we reach al l those l i mi t s . And that ' s
not count i ng concur rent operat i on . Acomput er wi th a thousand of those chi ps runni ng concur rent l y woul d be a
mi l l i on t i mes f ast er than today ' s machi ne.

GENE: What about three-di mens i onal chi ps?

CARVER: These thi ngs are bui l t up i n l ayers and i n pr i nc i pl e you coul d keep goi ng. Everybody knows howto do
that . For exampl e, SOI - - s i l i con on i nsul ator - - i s probabl y the most promi s i ng way to st ar t st ack i ng thi ngs . But
there are other ways . The probl emi s that the y i el d - - the overal l probabi l i t y that the thi ng works - - goes down
exponent i al l y wi th the number of l ayers i n the process, even i f i t ' s j ust an i nsul at i on l ayer or a l ayer of wi r i ng . And
exponent i al s are deadl y thi ngs. Af t er a whi l e they real l y get you. And i t ' s not j ust the y i el d probl em. As you make
thi ngs smal l er they al so becomemuchmore suscept i bl e to thi ngs l i ke cosmi c rays and al l k i nds of other mechani sms
of f ai l ure .

GENE: Compound mat er i al s l i ke gal l i umarseni de are supposed to be l ess vul nerabl e to sof t er rors .

CARVER: Every t echnol ogy has i t s own hor r i bl e probl ems and that i nc l udes gal l i umarseni de . There' s no magi c.
The number of el ect rons creat ed by i oni zi ng par t i c l es i sn' t t remendous l y di f f erent between mat er i al s, not by huge
orders of magni tude. I t ' s real l y a s i ze quest i on, a st rai ght - forward scal i ng i ssue - - howmany el ect rons represent your
s i gnal versus howmany el ect rons are creat ed when you put an i oni zi ng par t i c l e through the mat er i al ? As you scal e
down there are f ewer el ect rons per dev i ce, so i t becomes easi er for a randompar t i c l e to swi t ch the t rans i stor for the
same reason i t ' s eas i er for you to swi t ch i t .
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CARVER : I be l i eve t ha t t he v i s i on o f t he or i g i na l f ounde r s o f A I - - t he M i nskys and McCa r t hys - - was ex t r eme l y
cor r ec t . Bu t when t hey go t i n t o i t t hey d i scove r ed t ha t wha t t hey we r e r ea l l y headed f or t ook e i gh t or n i ne orde r s o f
magn i t ude mor e compu t a t i on t han you cou l d ge t ou t o f a r egu l a r compu t e r . And so t he r e came t o be t wo groups : one
wen t l ook i ng f or t ha t e i gh t or n i ne orde r s o f magn i t ude ; t he o t he r j us t pun t ed and f aked i t - - and t ha t ' s t he vas t
ma j or i t y o f t he A I commun i t y t oday . I ' m one o f t he peop l e who ' s o f f t r y i ng t o f i nd t ha t e i gh t or n i ne orde r s o f
magn i t ude .

GENE : I ' ve hea rd ce l l u l a r au t oma t a used as a gene r a l t e rm f or mass i ve l y pa r a l l e l a r ch i t ec t ur es .

CARVER : Ce l l u l a r au t oma t a a r e an i nven t i on o f Von Neumann , s t r ange l y enough . He desc r i bed t hem back i n t he
f or t i es . I t was t he f i r s t u l t r a - concur r en t a r ch i t ec t ur e , a r ea l l y good f i r s t s t ep i n wha t ' s now become a l a rge c l ass o f
t h i ngs . For examp l e , you can v i ew Kung ' s sys t o l i c a l gor i t hms as an ex t ens i on o f ce l l u l a r au t oma t a . And i f you l ook
a t i t t ha t way , i t ' s a ve r y na t ur a l evo l u t i on . Bu t i n f ac t a ce l l u l a r au t oma t on i s an ex t r eme l y pr ec i se t h i ng - - an
i n t e r connec t ed se t o f f i n i t e au t oma t a . Tr ad i t i ona l ce l l u l a r au t oma t a have on l y been connec t ed t o ne i ghbor s , and as
such t hey r epr esen t on l y ve r y l oca l compu t a t i ons. Any such l oca l compu t a t i on can be expr essed as a ce l l u l a r
au t oma t on bu t i t ' s o f t en no t r e l evan t t o do so . Ve r y f ew a l gor i t hms map we l l i n t o t ha t doma i n . So t hey ' ve k i nd o f
boxed t hemse l ves ou t o f a l o t o f t he mor e i n t e r es t i ng v i ews o f compu t a t i on .

GENE : Wha t abou t t he dema r ca t i ons be t ween l eve l s o f i n t egr a t i on , l i ke SS I , MS I , and so f or t h?

CARVER : To me t he d i f f e r ences a r en ' t so much i n t r ans i s t or coun t as i n t he l eve l o f f unc t i ona l i t y , t ha t i s , how you
have t o t h i nk abou t i t i n t e rms o f wha t i t ' s do i ng . The f i r s t i n t egr a t ed c i r cu i t i n 1959 had one ga t e or one f l i p - f l op , so
you cou l d t h i nk o f t hem as e l emen t a r y l og i c e l emen t s . Med i um- sca l e ch i ps had t h i ngs l i ke coun t e r s and r eg i s t e r s .
Now peop l e cou l d s t a r t t h i nk i ng a t a h i ghe r l eve l t han j us t ga t es . Tha t was i n t he m i dd l e s i x t i es . The nex t r ea l s t ep
happened when memor i es and m i c roprocessor s we r e i n t egr a t ed on t he ch i p a round 1971 . Tha t ' s when LS I beg i ns f or
me , no t because o f t he numbe r o f t r ans i s t or s bu t because now i t was a comp l e t e sys t em- l eve l f unc t i on . Those ea r l y
m i c ros on l y had abou t t hr ee t housand t r ans i s t or s bu t t hey we r e a processor neve r t he l ess and t hey changed t he way
peop l e t hough t . Now ac t ua l l y i f you l ook a t t he I n t e l 286 t oday , i t i sn ' t r ea l l y mor e capab l e - - or no t ve r y much - -
t han t hose ea r l y ch i ps . I t ' s go t a l o t mor e t r ans i s t or s bu t t he a r ch i t ec t ur e ' s pr e t t y much t he same ; t he i ns t ruc t i on se t ' s
pr e t t y much t he same . So I don ' t pu t i t i n a d i f f e r en t c l ass f rom t he 8008 . A l so , accord i ng t o t h i s v i ew t he ga t e - a r r ay
bus i ness r epr esen t s a t hrowback : ga t e a r r ays a r e t he SS I l eve l and s t anda rd ce l l s a r e t he MS I l eve l .

GENE : I f 32 - b i t m i c roprocessor s a r en ' t qua l i t a t i ve l y d i f f e r en t f rom 8 - b i t ve r s i ons , t hen when does VLS I
beg i n?

CARVER : I ' m l ook i ng f orwa rd t o t he mach i ne t ha t ' l l do r ay - t r ac i ng i n r ea l t i me . I t ' s no t beyond our capab i l i t y r i gh t
now . Prov i ded you comp i l ed t he a l gor i t hms i n t o s i l i con i n a mass i ve a r r ay . I don ' t be l i eve t ha t po l ygona l
r epr esen t a t i on f or shapes i s t he r i gh t one . I t h i nk s t u f f l i ke supe rquadr i cs i s a who l e l o t mor e sens i b l e - - maybe no t
exac t l y t ha t r epr esen t a t i on , bu t some t h i ng t ha t has some n i ce ma t hema t i ca l prope r t i es when i t comes t o r ay - t r ac i ng .
So i f you ' r e go i ng t o use . CP10 a r ay - t r ac i ng a l gor i t hm you ' d be t t e r use some t h i ng o t he r t han po l ygons . I n f ac t , you
have t o i nven t t he r epr esen t a t i on and t he a l gor i t hm t oge t he r . Tha t ' s why nobody ' s go i ng t o do i t un l ess t hey ge t t he i r
head a round t he who l e prob l em .

CARVER : My own wor k i s conce rned w i t h mus i c . As you know , i f you t r y t o s i mu l a t e even one mus i ca l i ns t rumen t
you ' r e i n f or a t l eas t 10 M I Ps wor t h o f compu t a t i on f or a s i ng l e vo i ce - - one s t r i ng on a gu i t a r or wha t eve r . I n some
cases you ge t a who l e i ns t rumen t l i ke a f l u t e , bu t i f you t r y t o do a p i ano you ' ve go t t o have a huge numbe r o f
processor s . So you ge t i n t o t he g i gaops ve r y qu i ck l y t o s i mu l a t e any r easonab l e ensemb l e a t a l l . A who l e or ches t r a i s
a l o t o f g i gaops . And i t t urns ou t you can do t ha t . We ' r e r i gh t now l ook i ng a t abou t 10 M I PS pe r ch i p f or do i ng
mus i c . A spec i f i c a r ch i t ec t ur e f or do i ng mus i c , no t good f or any t h i ng e l se , and you can make some o f t he mos t
beau t i f u l vo i ces you ' ve eve r hea rd i n your l i f e . We ' l l be ab l e t o s i mu l a t e a ve r y conv i nc i ng or ches t r a . Now I ' m no t
say i ng we ' r e eve r go i ng t o r ep l ace a r ea l or ches t r a , bu t t he r e ' s a se t o f t h i ngs you can do i f you have t he ab i l i t y t o
c r ea t e your own or ches t r a . Th i s i s wha t t he syn t hes i ze r guys ough t t o be do i ng and can ' t ; and t he r eason t hey can ' t i s
t ha t you need f our or f i ve mor e orde r s o f compu t a t i on t han i s ava i l ab l e t oday . Tha t ' s wha t pr even t s t hem f rom t rue
or ches t r a l s i mu l a t i on . A s t anda rd syn t hes i ze r sounds l i ke he l l and i t doesn ' t have t o , bu t you ' ve go t t o f i nd t ha t f our
or f our or f i ve orde r s o f magn i t ude - - i n t h i s case i t i sn ' t e i gh t or n i ne , on l y f our or f i ve , bu t i t ' s s t i l l a l o t . And we can
pu t i t i n a pe r sona l wor ks t a t i on f or use by compose r s . I be l i eve t ha t ' s t he way compos i t i on w i l l be done . Compose r s
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s i mpl y cannot af ford to exper i ment . You can' t af ford to pay a hundred uni on musi c i ans to fool around. So
composers are real l y stuck, j ust be- cause they need that four or f i ve orders of magni tude. We' re st i l l i n the very
ear l y exper i ment al st ages but we can al ready mi x amazi ng voi ces . Most peopl e say i t sounds l i ke a real i nst rument ,
not l i ke a comput er . Except you can t ransform i t and move i t i nto di f f erent spaces . We can si mul at e a mar i mba bar
that woul d have to be 27 f eet l ong .

Endof document I
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CARVERMEADINTERVIEWPART TWO
Document 2 of 4 of Mead Int erv i ew
By: Gene Youngbl ood

CARVER: Ful l customhandcraf t ed chi ps t ypi cal l y t ake three years . What that means i s that
peopl e hand des i gn cer t ai n pi eces and then they use some ki nd of comput er ai d to hel p themput
the stuf f together . Nobody si t s down and draws the whol e chi p on one gi ant sheet of myl ar any
more l i ke they used to . That ' s i mposs i bl e. At l east t en years ago peopl e began us i ng s i mpl e CAD
syst ems to hel p pl ace the pi eces they ' d draf t ed by hand. That ' s j ust pl ai n common sense. Even the
ol d k i nd of des i gn ai ds hel ped. And there' s been thi s cont i nual evol ut i on of thi ngs that made that
eas i er to do. So any chi p done i n the l ast t en years, nobody sat down and drew the whol e thi ng on
one pi ece of paper . They drewpi eces of i t and then they pl ot t ed i t and then they drew some more,
and so on. You can get there that way but i t ' s an enormous amount of ef for t . I f you have agood
methodol ogy and good peopl e that underst and the des i gn you can do some pret t y ambi t i ous chi ps
us i ng not very advanced tool s, i f you' ve thought the thi ng through .

GENE: By what f actor does a si l i con compi l er reduce des i gn t i me?

CARVER: Maybe 75%or an order of magni tude. Fromseveral weeks to several months . I t
depends on what you count ; a l ot of des i gn goes i nto j ust conceptual i zi ng what you need. One
thi ng a s i l i con compi l er al l ows you to do whi ch wenever coul d do before i s expl oratory
archi t ecture, where you can actual l y t ry ades i gn and see how i t comes out ; i f i t doesn' t work you
t ry somethi ng el se . We coul d never that before because the amount of energy to i mpl ement a
des i gn i s so hi gh that once you get on an approach you force i t to f i ni sh, even i f i t ' s ahor r i bl e chi p
when you' re done. And there' s a l ot of exampl es on the market . They got f i ni shed because
economi cal l y i t ' s not f eas i bl e to scrap themand st ar t over .

GENE: Wi l l des i gn t i me ever be i ndependent of chi p compl ex i t y?

CARVER: I t depends on what you mean by compl ex i t y . I t ' s cer t ai nl y not a di rect funct i on of the
number of t rans i stors ; i t ' s a funct i on of howmuch the des i gner has to thi nk about the des i gn .
That ' s qui t e a di f f erent mat t er . That has not been a di mens i on al ong whi ch peopl e have measured
thi ngs very much . So des i gn t i me wi l l i ndeed become i ndependent of raw t rans i stor count , but
peopl e wi l l f i gure out conceptual l y more compl ex thi ngs and then i t ' l l t ake theml onger to get
those f i gured out . What a si l i con compi l er does i s make the i mpl ement at i on t r i v i al . I t doesn' t mean
get t i ng the i dea i s any eas i er .

GENE: Wi l l somethi ng equi val ent to supercomput er power be necessary for s i l i con
compi l at i on as we approach the mul t i mi l l i on- t rans i stor l evel of compl ex i t y? Even nowCray
i s al ready promot i ng i t s machi nes for VLSI des i gn.

CARVER: What peopl e thi nk of when they say supercomput er i s goi ng to change. I al ready
showed you a chi p that ' l l do about 600 VAXes wor th of comput at i on . The actual numbers of adds
and mul t i pl i es are onl y maybe f i ve or t en mi l l i on per second; that sounds l i ke maybe t en VAXes .
But by the t i me you get done shuf f l i ng al l the dat a around and get t i ng everythi ng i n the r i ght pl ace
and al l that , i t ends up bei ng a f ewhundreds t i mes real t i me i nst ead of a f ew t ens t i mes real t i me.
most of what goes on i n a st andard comput er i s j ust dat a shuf f l i ng . And that doesn' t change wi th a
supercomput er . I t ' s t he same probl em. So peopl e are goi ng to reconceptual i ze what they thi nk
about supercomput ers . I t ' s goi ng to be paral l el archi t ectures and a l ot of spec i al -purpose
archi t ecture. Sure, there' l l be some st andard "general -purpose" archi t ectures but the bi g
breakthroughs wi l l be i n speci al purpose archi t ectures . The whol enot i on of supercomput i ng i s
goi ng to change. The peopl e i n that bus i ness don' t want i t t o change, because they ' re i n that
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bus i ness .

GENE : We l l , l e t us say t hen , w i l l powe r i n t he supe r compu t e r r ange , no ma t t e r how i t ' s
ach i eved , be necessa r y f or VLS I des i gn?

CARVER : Sur e . Bu t wha t ' s r ea l l y go i ng t o happen i s t ha t i ns t ead o f do i ng a supe r compu t e r peop l e
w i l l bu i l d spec i a l l i t t l e acce l e r a t or s t o do p i eces o f t he prob l em . The r e ' l l be a l i t t l e s i mu l a t i on
eng i ne t ha t runs s i mu l a t i ons l i ke c r azy . These va r i ous t h i ngs t ha t do t he pa r t i cu l a r compu t a t i ons ,
and you ' l l p l ug t hose boa rds i n t o your wor ks t a t i on .

GENE : Why i s t he s i l i con comp i l e r d i e s i ze l a rge r t han hand - c r a f t ed ch i ps?

CARVER : The r e a r e a l o t o f approaches t o s i l i con comp i l a t i on t oday. The one I wor ked on , t he
ch i p s i ze f or a g i ven f unc t i on i s much sma l l e r t han ga t e a r r ays or s t anda rd ce l l s bu t s t i l l l a rge r t han
hand des i gn o f cour se , because t ha t ' s wha t hand des i gn does - - i f you see some space you pack
some s t u f f i n t o i t . I n a ve r y f unny way i t does ge t t o t he po i n t whe r e t ha t ' s compensa t ed . Wha t
r ea l l y happens i s peop l e r edo t he a r ch i t ec t ur e t o make t he ch i p mor e e f f i c i en t . So ac t ua l l y f or a
g i ven f unc t i on t hey can ge t t h i ngs t ha t a r e ac t ua l l y sma l l e r t han hand des i gns by exp l or i ng t he
a r ch i t ec t ur a l approaches . Bu t i f you t ook any one o f t hose once you ' r e f i n i shed and r edes i gned i t
by hand i t wou l d be sma l l e r . Bu t you can ' t a f f ord t o do t ha t i n VLS I . So t he who l e t h i ng i s r ea l l y
decep t i ve because wha t a s i l i con comp i l e r a l l ows you t o do i s expe r i men t w i t h t he a r ch i t ec t ur e
un t i l you f i nd t he mos t e f f i c i en t a r ch i t ec t ur e , and you can neve r do t ha t i n hand des i gn . Peop l e w i l l
l ook a t a g i ven ch i p and say " Oh , I cou l d make t ha t sma l l e r by hand , " bu t t hey neve r wou l d have
go t t en t he r e by hand . So you ' r e wor k i ng a d i f f e r en t end o f t he prob l em ; you ' r e l e t t i ng peop l e
expe r i men t on t he a r ch i t ec t ur a l end . Then o f cour se i f t hey wan t ed t o t ake t ha t pa r t i cu l a r
a r ch i t ec t ur e and r epack i t by hand you can a l ways ge t i t phys i ca l l y sma l l e r . I t ' s a l ways t rue t ha t
s t a r t i ng w i t h some t h i ng t ha t ex i s t s you can a l ways make i t be t t e r by wor k i ng on i t . Wha t t he
s i l i con comp i l e r does i s l e t you s t a r t f rom sc r a t ch and ge t t o some t h i ng t ha t ex i s t s t ha t ' s r ea l l y
qu i t e e f f i c i en t .

GENE : I s " f u l l cus t om " synonymous w i t h s i l i con a l gor i t hms?

CARVER : I t means hand c r a f t ed . I t ' s no t synonymous w i t h a ded i ca t ed a r ch i t ec t ur e . H i s t or i ca l l y ,
" f u l l cus t om " has mean t t ha t you g i ve t he t h i ng t o somebody i n a l i t t l e des i gn shop and t hey do a
hand - c r a f t ed des i gn f or t ha t purpose .

GENE : I n t he l i t e r a t ur e t hey on l y say t ha t s i l i con comp i l e r s a r e f or f u l l cus t om ch i ps ; t hey
don ' t spec i f i ca l l y t a l k abou t ded i ca t ed a r ch i t ec t ur es . Tha t ' s i nc r ed i b l e , g i ven t he f ac t t ha t
eve r yone wou l d acknow l edge t ha t ded i ca t ed a r ch i t ec t ur es a r e i nhe r en t l y f as t e r t han gene r a l
ones , and t he on l y h i s t or i ca l ba r r i e r t o do i ng t ha t has been t he des i gn t i me , and now you
have a t echno l ogy t ha t can do i t and t hey don ' t even r ema r k t ha t ach i evemen t .

CARVER : I t ' s a l ways t rue when you have a new t echno l ogy t ha t t he on l y t e rms i n wh i ch peop l e
can d i scuss i t a r e t he o l d t e rms . So i t ' s r ea l l y d i f f i cu l t t o exp l a i n t o peop l e how t h i ngs have t o wor k
when you have a new t echno l ogy . The on l y t h i ng peop l e can do i s compa r e w i t h wha t t hey know .
The on l y t h i ng t hey know i s t ha t h i s t or i ca l l y peop l e have hand - c r a f t ed some des i gns .

GENE : The r e ' s t he i ssue o f who spec i f i es t he a r ch i t ec t ur e , t he des i gne r s or t he comp i l e r .
Today we ' r e no t ye t a t t he po i n t whe r e t he compu t e r s i mp l y doesn ' t have t he i n t e l l i gence t o
do t ha t . So t he des i gne r spec i f i es t he a r ch i t ec t ur e and t hen expe r i men t s w i t h i t t hrough t he
s i l i con comp i l e r . Bu t appa r en t l y t he r e a r e peop l e pur su i ng t he A I approach or expe r t
sys t ems approach whe r e t he comp i l e r wou l d have su f f i c i en t i n t e l l i gence t o ac t ua l l y make
a r ch i t ec t ur a l dec i s i ons .

CARVER : We l l t he A I peop l e haven ' t done any t h i ng ye t so i t ' s ha rd t o make commen t s abou t i t .
Tha t doesn ' t mean t hey won ' t . The r e ' s ce r t a i n l y room f or heur i s t i cs i n he l p i ng w i t h t he process , t o
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t he ex t en t t ha t wha t we mean by A I i s a heur i s t i c approach t o op t i m i za t i on - - o f cour se t he r e ' s
room f or t ha t and eve r ybody ' s go i ng t o be do i ng t ha t . Bu t t he r e ' s ano t he r t h i ng go i ng on t ha t you
need t o know abou t . Wha t a l o t o f peop l e mean by au t oma t i c a r ch i t ec t ur e i s f i xed a r ch i t ec t ur e .
They have p i cked t he a r ch i t ec t ur e ahead o f t i me and t hey comp i l e a ch i p i n t ha t c l ass . And a l l t he
ea r l y s i l i con comp i l e r s we r e l i ke t ha t . I wro t e one myse l f i n 1971 t ha t was l i ke t ha t . i t on l y d i d one
l i t t l e a r ch i t ec t ur e . And i t d i d a l l t he s i l i con comp i l i ng t h i ngs - - i t t ook i n t he t h i ng and gene r a t ed
t he s i mu l a t i on f rom t he same sour ce t ha t gene r a t ed t he a r t wor k , bu t i t on l y d i d t h i s one l i t t l e t i ny
a r ch i t ec t ur e . And t hen when Dave Johannsen d i d h i s t h i ng he d i d a w i de r c l ass o f a r ch i t ec t ur e .
And a l o t o f peop l e now a r e do i ng an even w i de r c l ass o f a r ch i t ec t ur es , bu t t hey ' r e s t i l l w i t h i n
l i m i t s . The r e ' s no t h i ng wrong w i t h t ha t i f t ha t a r ch i t ec t ur e f i t s wha t you wan t t o do , bu t i t doesn ' t
a l l ow you t o do a r ch i t ec t ur a l exp l or a t i on , wh i ch i s one o f t he d i mens i ons o f s i l i con comp i l a t i on
t ha t ' s r ea l l y h i gh l y i mpor t an t . The approach t ha t t he S i l i con Comp i l e r I nc . peop l e t oo l - - wh i ch i s
Dave Johannsen and h i s peop l e - - i s t o bu i l d a t oo l f or peop l e t o do gene r a l a r ch i t ec t ur e wor k . So
t hey bu i l t a t oo l f or a r ch i t ec t s ; i t does i mp l emen t a t i ons o f sys t ems f or peop l e who wan t t o do
a r ch i t ec t ur e - - t o bu i l d a l gor i t hms i n s i l i con , i f you l i ke . t ha t i sn ' t t he on l y t h i ng t ha t needs t o be
done . A coup l e o f compan i es back eas t have bu i l t s i l i con comp i l e r s f or bu i l d i ng m i c rocode
eng i nes . Tha t ' s go i ng t o have an i mpac t on peop l e who wan t t o bu i l d m i c rocode eng i nes - - t ha t ' s a
da t a pa t h w i t h a se t o f f i n i t e - s t a t e mach i nes t ha t sequences i t . Our own ea r l y s i l i con comp i l e r s
we r e bas i ca l l y a i med a t t ha t t h i ng t oo . s i nce t hen t hey ' ve become gene r a l i zed . And o f cour se once
you have a gene r a l t oo l you can a l ways pu t a l aye r on t op o f i t t ha t has a h i ghe r l eve l
r epr esen t a t i on and a l l ows you t hen t o gene r a t e t he i npu t f or t he gene r a l ch i p comp i l e r . So t he way
I l ook a t t he ac t ua l evo l u t i on o f t he i ndus t r y i s t he r e w i l l be a f ew r ea l l y gene r a l ch i p comp i l e r s , a
bunch o f f ron t - ends f or t hose t ha t a l l ow peop l e t o t ake a spec i a l t h i nk i ng process or heur i s t i c
progr ams or wha t eve r and gene r a t e i npu t f or t ha t , t hen t he r e w i l l be some hones t - t o - god spec i a l -
purpose s i l i con comp i l e r s .

GENE : Can we ach i eve VLS I dens i t y w i t hou t sac r i f i c i ng c l ock speed? For examp l e , b i po l a r
and CMOS a r e conve rg i ng t oday and peop l e say CMOS w i l l ou t pe r f orm b i po l a r . So w i l l be
we ab l e t o ca r r y a 100 MHz c l ock i n t o VLS I ?

CARVER : Oh sur e . The prob l em w i t h t ha t i s no t t ha t you can ' t make dense t h i ngs t ha t run a t h i gh
c l ock r a t es , i t ' s t ha t you ' r e no t go i ng t o have t he en t i r e ch i p comp l e t e l y l ocks t ep a t t hose c l ock
r a t es . Because j us t d i s t r i bu t i ng a c l ock a t t hose f r equenc i es means t ha t you ' r e go i ng t o l ose t he
synchrony ove r t he ch i p . You shou l d ask Chuck Se i t z abou t t he f ac t t ha t d i f f e r en t p i eces o f t he
ch i p a r e go i ng t o have t o be ab l e t o ope r a t e au t onomous l y. And you coup l e t hem i n such a way
t ha t t he i r c l ocks don ' t have t o be abso l u t e l y i n phase . You run p i eces o f t he ch i p on ve r y f as t
c l ocks and you commun i ca t e be t ween t hem w i t h some o t he r f r equency .

GENE : I f you t h i nk o f any mach i ne as be i ng a c l ock , i n t he norma l human - sca l ed wor l d
t he r e seems t o be a cons t an t ru l e wh i ch says t he f as t es t c l ock has t o use t he mos t ene rgy , and
t he one uses t he mos t ene rgy usua l l y has some s i ze cons t r a i n t s on i t i n orde r t o d i ss i pa t e t ha t
hea t . The r e f or e , i n t he norma l phys i ca l human wor l d t he f as t es t c l ock t ha t wou l d a l so use
t he l eas t amoun t o f ene rgy i s an i mposs i b l e c l ock . Bu t when you ge t down t o t he subm i c ron
doma i n you have an i mposs i b l e c l ock , because i n orde r t o ach i eve bo t h h i gh speed and h i gh
dens i t y compac t i on , i t has t o use t he l eas t amoun t o f ene rgy compa r a t i ve l y speak i ng .

CARVER : We l l , r emembe r t ha t wha t you sa i d i n t he beg i nn i ng i s r ea l l y t rue : i f you t r y t o t ake a
who l e VLS I ch i p and c l ock i t a t 100 MHz i t w i l l i ndeed d i ss i pa t e an i mposs i b l e amoun t o f ene rgy .
Bu t you don ' t have t o run t he who l e ch i p a t t he same c l ock r a t e and you don ' t have t o c l ock eve r y
e l emen t eve r y t i me - - t he r e a r e a l o t o f ways you can ge t t he e f f ec t o f t ha t speed w i t hou t hav i ng
t h i s g l oba l t h i ng t ha t ' s j us t pump i ng a l l t ha t cha rge a l l t he t i me . Tha t ' s j us t phys i cs . I f you have
eve r y e l emen t i n t he r e sw i t ch i ng eve r y t i me , t hen t he r e ' s j us t t he amoun t o f s t or ed ene rgy t i mes
t he f r equency , and t ha t doesn ' t change depend i ng upon how many e l emen t s . You make t he
e l emen t s sma l l e r , t he r e a r e mor e o f t hem , so i n t ha t sense you can run mor e t h i ngs f as t e r w i t h t he
same powe r ; bu t t he bas i c phys i cs doesn ' t change . Pump i ng t h i ngs up and down a t a f as t r a t e t akes
a huge amoun t o f ene rgy and t he f as t e r t he r a t e and t he mor e t h i ngs , t he mor e ene rgy . Tha t pa r t
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doesn ' t change . I t ' s r ea l l y t he a r ea : how much a r ea do you pump? Th i nk o f t he ch i p as a b i g
capac i t or and you ' r e j us t pump i ng cha rge i n and ou t o f i t , and eve r y t i me you pump i t i t ' s one - ha l f
CV squa r ed t ha t you l ose i n ene rgy ; so t he powe r i s one - ha l f CV squa r ed t i mes t he f r equency .
Pe r i od . Capac i t ance t i mes V- squa r ed hasn ' t been chang i ng a l o t w i t h ch i p evo l u t i on ; capac i t ance
has been ge t t i ng a l i t t l e b i gge r , t he vo l t age a l i t t l e l owe r ; i t ' s ge t t i ng a l i t t l e be t t e r bu t bas i ca l l y
t ha t ' s one o f t hose t h i ngs t ha t doesn ' t change much . Wha t ' s r ea l l y go i ng on i s t ha t we can make
i nd i v i dua l p i eces o f t he c i r cu i t ex t r eme l y f as t and t hen you do some t h i ng t o no t have t o run t he
who l e c i r cu i t t ha t f as t . For examp l e , commun i ca t i ons con t ro l l e r s have t o decode s t u f f com i ng i n
o f f o f , say , a l oca l - a r ea ne t wor k a t 10 MHz ; t ha t means you ' ve go t t o have some mu l t i p l e o f t ha t i n
your r eso l u t i on o f t h i ngs , so t ha t ' s go t t o be f as t on t he f ron t - end and f or e r ror - cor r ec t i ng , bu t t hen
you ge t i t i n and you go i n t o some pa r a l l e l t h i ng t ha t can run a l o t s l owe r , so you do mos t o f your
process i ng a t a l o t s l owe r r a t e , bu t i n pa r a l l e l . So your h i gh c l ock r a t es a r e pr i ma r i l y f or
i n t e r f ac i ng t he ch i p w i t h t he ou t s i de wor l d . I f you ' r e i n t e r f ac i ng w i t h an op t i ca l f i be r you ' ve go t t o
be runn i ng i n t he g i gahe r t z r ange . Bu t somehow t he r e ' s a way o f no t hav i ng t o sw i t ch eve r y
e l emen t eve r y t i me . (Chuck can t e l l you some n i ce t h i ngs abou t t he who l e se l f - t i m i ng t h i ng whe r e
you on l y do sw i t ch i ng i f you need i t . Th i ngs don ' t sw i t ch un l ess t hey change ) .

GENE : Geo f f r ey Fox c l a i ms t he speedup t hrough concur r ency i s a l i nea r f unc t i on o f t he
numbe r o f PE ' s , pe r i od .

CARVER: I have gone on r ecord as say i ng t ha t t he spec i a l - purpose a r ch i t ec t ur es a r e go i ng t o be
t he way t o approach h i gh l y concur r en t a r ch i t ec t ur es . The r eason f or t ha t i sn ' t t ha t i sn ' t t ha t - - yeah ,
f or Geo f f r ey ' s pa r t i cu l a r prob l em , he can a r r ange t h i ngs i n such a way t ha t you on l y have nea r es t
ne i ghbor commun i ca t i ons and t hen you can ge t a l i nea r i nc r ease i n compu t a t i on w i t h t he numbe r
o f e l emen t s . And t ha t ' l l wor k un t i l he wan t s t o do some t h i ng a l i t t l e mor e soph i s t i ca t ed . The
compu t a t i ons t hey ' r e do i ng i sn ' t ve r y d i f f e r en t f rom t he one you have t o do i n mus i c , and t hey ' r e
ge t t i ng abou t one VAX pe r c i r cu i t boa rd wor t h o f compu t a t i on and we ' r e ge t t i ng abou t 600
VAXes pe r ch i p . Tha t shou l d ca l i br a t e you a l i t t l e b i t .

GENE : Wha t ' s t he prob l em w i t h do i ng f l oa t i ng - po i n t i n s i l i con?

CARVER: We chose t o do 64 - b i t f i xed po i n t i ns t ead o f 16 - b i t f l oa t i ng po i n t i n our mus i c ch i ps
because i t ' s much c l eane r and f or a l o t o f app l i ca t i ons i f you go t o a r ea l l y l ong word you can use a
f i xed po i n t numbe r eve r y b i t as e f f ec t i ve l y as you can use a shor t e r f l oa t i ng po i n t numbe r , and t he
compu t a t i on does ge t enormous l y s i mp l i f i ed . I mean , do i ng f l oa t i ng po i n t i s a b i t ch . The r e ' s no
ques t i on abou t t ha t . Because you have a l l t he i n t e r ac t i on be t ween t he exponen t and t he man t i ssa ' s .
I n pa r t i cu l a r , adds a r e hor r i b l e .

GENE : The r e ' s a l o t o f f l oa t i ng po i n t i n gr aph i cs .

CARVER: We l l nobody ' s eve r t hough t t hrough i f you r ea l l y need t o do t ha t or no t . I t ' s j us t t ha t ,
t hey l ook a t t he dynam i c r ange t hey have , wh i ch i s huge , and t hey say gee we ' ve go t t o do f l oa t i ng
po i n t . On t he o t he r hand t hey ' ve on l y go t a 1000 by 1000 ma t r i x , so i t ' s ce r t a i n l y a f i n i t e r eso l u t i on
o f t h i ngs . So I be l i eve nobody ' s r ea l l y t hough t t hrough whe t he r you can do t ha t w i t h a l ong - word
f i xed po i n t a r i t hme t i c . Nobody has a l ong - word , f i xed po i n t eng i ne , i t ' s a l l 16 - b i t or 32 - b i t .
A l gor i t hms i n s i l i con wou l d f ac i l i t a t e t ha t . Bu t I ' m r ea l l y no t sur e whe t he r i t wou l d be mor e
e f f ec t i ve t o buy a bunch o f f l oa t i ng po i n t eng i nes t o do i t or whe t he r i t wou l d be mor e e f f ec t i ve t o
j us t have some l ong - word f i xed - po i n t eng i nes - - o f wh i ch you cou l d have a l o t mor e on t he same
s i l i con . And t hen you ask your se l f wha t t he t r adeo f f i s . And i t ' s j us t an eng i nee r i ng t r adeo f f , i t ' s
no t a r e l i g i ous i ssue .

GENE : Geo f f r ey Fox sa i d t ha t f or h i s pa r t i cu l a r sc i en t i f i c prob l ems , t he l a rge r t he prob l em
t he l ess v i ab l e i t i s t o bu i l d i t i n t o ha rdwa r e . The mor e pa r t s you have w i t h gr ea t e r degr ees
o f f r eedom , t he mor e gene r a l t he prob l em and you need a gene r a l purpose compu t e r .

CARVER: Tha t ' s t he o l d l or e o f t he progr ammab l e mach i ne peop l e . They know how t o progr am ;
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they don' t knowhowto des i gn chi ps . So they assume i ts eas i er to wr i t e aprogram. They can' t
concei ve that wi th a chi p compi l er you coul d compi l e a speci al -purpose archi t ecture for a probl em
easi er than you can f i gure out howto use one of those stupi d programmabl e hi ghl y concur rent
machi nes . Ri ght now i f you l ook at the amount of programmi ng t i me i t t akes use an ar ray
processor , you coul d eas i l y have a speci al -purpose archi t ecture up and runni ng before you coul d
have the same al gor i thms runni ng on an ar ray machi ne. I ' mnot say i ng that ' s al ways t rue; there i s a
l ot of mer i t to programmabl e thi ngs you can change i n some way ; but i t ' s abi g mi st ake to thi nk
that sequent i al programmi ng l anguages are goi ng to work on concur rent machi nes for anythi ng
except the most s i mpl e probl ems . I t ' s real easy when everythi ng' s doi ng the same thi ng, to wr i t e
down what i t does and you have abunch of Von Neumann machi nes work i ng on i t and i t s
st rai ght forward . But when i t ' s more compl i cat ed than that i t ' s not so t r i v i al any more. I ' l l once
agai n ref er to the musi c probl em, where the i nst ruments are separabl e i n the sense that a voi ce i s
separat e f romother voi ces, but then they have to get choreograph- ed together wi th some ki nd of
conductor k i nd of thi ng, and each one' s a l i t t l e di f f erent , and nowi t i sn' t qui t e so t r i v i al anymore.

GENE: I t ' s probabl y the same thi ng i n graphi cs i f you want to do photoreal s i mul at i ons of
natural phenomena. That ' s very i nt erest i ng. The phys i c i st s wi l l say they ' re doi ng the real
ser i ous work, model i ng the uni verse, and i f you want to pl ay wi th the bi g boys and model the
uni verse, then you need a general purpose supercomput er . But i t seems to me that model i ng
natural phenomena for v i sual s i mul at i on i s at l east as compl ex i f not more so i n t erms of the
dynami c compl ex i t y of the probl em.

CARVER: I t has one other advant age: you can t el l i f you' ve done i t . Awhol e l ot of phys i cs these
days has the probl emof howmany angel s are danci ng on the head of api n .

GENE: So coul d i t be that model i ng the uni verse i s a s i mpl er probl emthan model i ng an
orchest ra or a smal l ensembl e?

CARVER: Yes, i t ' s more real . Phys i cs has got t en i t sel f of f i n l ef t f i el d . I don' t want to get my
phys i cs f r i ends mad at me. I do a l ot of phys i cs mysel f . But the phys i cs communi t y i s i n a bi t of
t roubl e nowadays and the reason i s i t has l ost a l ot of cont act wi th real i t y. I mean the k i nds of
exper i ment s where they l ook for these par t i c l es at some enormous energi es and they have some
symmet ry groups whi ch they thi nk expl ai n the par t i c l es, whi ch are real l y j ust a way of cat al ogi ng .
Asymmet ry group doesn' t expl ai n anythi ng. I t ' s l i ke Mendel ev before we understood what made
the per i odi c t abl e; you coul d see there was per i odi c i t y i n i t and you coul d make somepredi ct i ons
f romthat . Wel l that ' s ni ce but i t doesn' t say why i t ' s there. My percept i on i s that they ' ve got a very
pecul i ar v i ewgoi ng i n phys i cs and they cover that up wi th a l ot of ego. I t ' s very, very f ar f rom
anythi ng di rect and exper i encabl e by real humanbei ngs or even measurabl eby real human bei ngs .
I f you l ook at the exper i ment s that are done by cast s of thousands on bi l l i on-dol l ar f ac i l i t i es, the
whol e thi ng has t aken on an ai r of unreal i t y that ' s j ust monument al .

GENE: I f the 286 i sn' t s i gni f i cant l y di f f erent f romthe 8008 i n the sense that i t ' s a
mi croprocessor , then at what l evel of thi nk i ng does VLSI begi n for you?

CARVER: I t ' s cer t ai nl y t rue that the mi croprocessor st ar t ed an era where comput at i on and si l i con
weren' t separat e any more. In other words the real s i gni f i cance of the mi cro- processor was that
peopl e coul d no l onger thi nk of comput at i on as goi ng separat e f romi ts t echnol ogy base. In f act i t
never had been separat e. I t ' s j ust that peopl e thought of i t that way . There was the comput er
i ndust ry and there was some other pl ace where they bought thei r par t s, and those were j ust par t s
and they di dn' t real l y mat t er . Wel l the compl ex i t y of thi ngs cont i nued to growbecause the bas i c
f ab process al l owed you to put more and more t rans i stors down ; but bui l di ng abi g memory i s no
di f f erent than bui l di ng a l i t t l e memory. So i n t erms of the way the f ab guys have to thi nk, i t ' s VLSI
al l r i ght because they ' ve got to make the thi ng y i el d . So f romthei r poi nt of v i ew i t ' s VLSI the
moment i t get s to 100,000 t rans i stors . But f romthe poi nt of v i ewof the des i gner those memor i es
are no di f f erent than they ever were. They ' re j ust l i t t l e wi zened ci rcui t s . And the memory
desi gner ' s j ob i s no harder , i nvol ves no more i nt el l ectual cont ent , than i t di d before VLSI . Have
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you heard the t erm"al gor i thmi c compl ex i t y?" The i dea i s, howwoul d you charact er i ze the
compl ex i t y of amachi ne? Wel l , i f you l ook at a cryst al , for exampl e, i t can have t en to the twent y-
four th atoms i n i t . But you can speci f y i t by the shape of auni t cel l and the way the uni t cel l s are
st acked together . So there' s real l y onl y two pi eces of i nformat i on . So i n a f ew t ens of bi t s you can
speci f y a cryst al . So i t ' s not anywhere the t en to the twent y- four th k i nd of compl ex i t y because of
the very regul ar nature of i t . Programs are the same way. You wr i t e a l oop and the l oop can go and
creat e a god-awful amount of stuf f , but i f i t ' s one s i mpl e l i t t l e thi ng, no mat t er howmuch i t ' s
repeat ed i t ' s not compl ex somehow. So i f you l ook at i t f romthat poi nt of v i ewand say wel l how
can we t al k about the compl ex i t y of s i l i con al gor i thms, i t ' s real l y the sor t of uni que funct i on and
the amount of uni que i nt erconnect i on that have to be speci f i ed, that aren' t j ust repeat ed regul ar l y ,
that gi ves you the nature of the compl ex i t y of the thi ng. So l et ' s l ook at Geof f rey Fox ' s machi ne.
I t ' s a cryst al . He' s al ready tol d you that . Nomat t er howbi g i t i s i t ' s a cryst al . I t has one ki nd of uni t
cel l that ' s hooked up i n some way to i t s nei ghbors . so you have to speci f y exact l y what you have
to speci f y i n a cryst al : i t ' s no more compl ex than the descr i pt i on of i t s uni t cel l and of i t s
connect i ons . And the f act that i t mi ght have a l onger -word ALUdoesn' t make i t more
compl i cat ed . But i f i t has amore compl i cat edALU- - i f i t does f l oat i ng-poi nt , that ' s a l ot more
compl i cat ed than a f i xed-poi nt ALU. But i f you go f roma 16-bi t ALUto a64-bi t ALUthat
doesn' t make i t more compl i cat ed, al gor i thmi cal l y . I t ' s harder for the f ab guy to get y i el d out of i t ,
so f romhi s poi nt of v i ewi t may be qual i t at i vel y di f f erent . So the way I l ook at i t i s that the f ab
guys have creat ed a t echnol ogy that ' s i ndependent of what peopl e use i t for : a syst ems des i gner
can sue i t for ei ther a sophi st i cat ed purpose or a dead si mpl e purpose . I f peopl e deci de to j ust
make cryst al s out of i t - - make a memory - - whi ch doesn' t have any more conceptual cont ent than
memor i es ever di d, then i t ' s j ust a cost - reduct i on mechani sm. That ' s al l i t i s . I t hasn' t added any
real val ue except that you get more memory i n a box of the same si ze for the same pr i ce. And
that ' s ni ce. But the real val ue of i t added by what you put i nto the memory. And that ' s why
memor i es are cheap: there' s no conceptual cont ent i n them. But nowyou t ake somethi ng l i ke a 32-
bi t mi croprocessor - - and I was a l i t t l e f acet i ous : the 286 i s real l y qui t e a bi t more sophi st i cat ed
than the 8080 - - so i n f act they ' ve added more val ue there than you woul d i f i t had been amemory,
because i t does a l ot of thi ngs bet t er ; on the other hand, i f you t ake that another l evel and ask i f
there' s any newconceptual cont ent i n i t , wel l no, i t ' s doi ng what mi ni comput ers al ways di d . So i t ' s
new to s i l i con i n some way maybebut i t adds nothi ng newto the theory of comput i ng .
Inc i dent al l y , thi s i s why there' s al ways what peopl e cal l the hardware/sof tware t radeof f . I t means
where i s the val ue? Is the val ue i n the pat t erns on the s i l i con or i s the val ue i n the l i t t l e bi t -pat t erns
i n the memory af t er you' ve made the si l i con? And you can al ways t rade that of f . The i nformat i on' s
al ways goi ng to be on the si l i con, but i t may be i n l i t t l e el ect r i cal charges on the memory
l ocat i ons; i n whi ch case i t was the val ue added by the guy that wrot e the sof tware. Or i t may be
that someone actual l y creat ed a st ructure that embodi ed that al gor i thm, i n whi ch case heput i t
di rect l y on the s i l i con - - i n the wi r i ng, i n the cont ent of those pi eces of s i l i con . So for me, VLSI
begi ns when you can st ar t thi nk i ng about al gor i thmi c compl ex i t y. That ' s when i t get s i nt erest i ng .
And I ' ve al ways thought of i t that way, ever s i nce i t was j ust LSI . Because the pot ent i al was there
to bui l d real l y compl ex thi ngs .

GENE: The si l i con al gor i thmi s a photograph that does what i t represent s.

CARVER: Fur thermore they ' re beaut i ful . As forms, they ' re beaut i ful . I f you' ve l i ved wi th themfor
awhi l e you can apprec i at e themas an ar t form. You can t el l a beaut i ful des i gn f roman ugl y des i gn
that does the same thi ng very eas i l y.

CARVER: There are two t rans i stors per memory l ocat i on i n aDRAMand si x i n a SRAM. And
three or four t rans i stors per gat e, i f you' re bui l di ng gat es. But the par t they don' t t el l you - - these
peopl e that l i ke to count gat es - - i s that i f you t ake agood wel l -des i gned si l i con chi p that ' s doneby
exper t s and you make a gat e di agramfor what i t does - - see, the thi ng i t sel f can' t be represent ed by
gat es, because they don' t represent a l ot of the funct i onal i t y you can get wi th t rans i stors . Bi t i f you
make agat e di agramof the thi ng i t turns out that we get about one equi val ent gat e for every one
and ahal f t rans i stors . Because you use t rans i stors not for maki ng gat es but for maki ng thi ngs
much more cl ever than gat es . Li ke you use a si ngl e-pass t rans i stor as amemory l ocat i on . I f you
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had to bui l d that wi th gat es you' d have to make two cross- coupl ed ANDgat es and some other
stuf f and i t ' d t ake at l east four gat es to make what one si ngl e-pass t rans i stor does . So gat es aren' t
an appropr i at e descr i pt i on for what happens i n VLSI . and there' s thi s enormous argument about
wel l , that ' s 30,000 t rans i stors that ' s onl y 8000 gat es . No 30,000 t rans i stors i s probabl y l i ke 20,000
gat es - - i f you di d i t wi th gat es, l i ke i n agat e-ar ray . That par t doesn' t get tol d . But i t means you' re
us i ng the s i l i con i n amuch more ef f ect i ve way than maki ng gat es out of i t . So to summar i ze, i f i t ' s
done wel l the number of t rans i stors per gat e-equi val ent i s between one and two. That ' s because
you don' t use themto make gat es ; i f you used themto make gat es i t ' d be three or four . So you' re
al ready us i ng themtwi ce as ef f ect i vel y as you woul d i f you madegat es, j ust by bei ng the sl i ght est
bi t i nt el l i gent .

GENE: What i s meant by "dev i ces per chi p" andhowmuch of the chi p area i s devot ed to
"gat es" and howmuch to wi res?

CARVER: Devi ces usual l y ref ers to t rans i stors, and that ' s mi s l eadi ng because wi res t ake up about
95 percent of the chi p area. Let me say i t another way : i f you put the wi res down that have to be
there you can usual l y s l i p the t rans i stors underneath and not not i ce. I t ' s down on the bot toml evel s
and the wi res go over the top, and usual l y the wi res you can work i n wi th pi eces of the t rans i stor
and i t turns out that i f t hey were shrunk to zero area for the actual t rans i stors themsel ves you
woul dn' t save more than f i ve or t en percent of chi p area.

GENE: So when you say 100 mi l l i on t rans i stors per chi p you' re onl y t al k i ng about t en
percent of the chi p area?

CARVER: Yeah, but you see, i f i t were j ust the t rans i stors there they woul dn' t do anythi ng . What
they do i s det ermi ned by howthey' re i nt erconnect ed . So actual l y i t ' s not a bad measure, because
when peopl e have a work i ng chi p they t el l you howmany t rans i stors they were abl e to
i nt erconnect const ruct i vel y . And that ' s an i mpor t ant number . That number i s one di mens i on of thi s
compl ex i t y i ssue: i t doesn' t t el l you i f they ' re ext remel y regul ar or i f t hey havemore i nformat i on
than that i n them. And j ust because a thi ng appears regul ar doesn' t mean there i sn' t i nformat i on i n
i t t hat makes thi ngs not equi val ent to other thi ngs . Li ke aROMl ooks ext remel y regul ar but i t may
have a l ot of i nformat i on i n i t because of the pat t erns i n ROMs . Li ke Geof f rey Fox ' s comput er : i f
you were to put a di f f erent programi n every machi ne, i t woul d be a much more compl ex thi ng
than i f you haveoneprogrami n al l the machi nes . That ' s what I meant by al gor i thmi c compl ex i t y .
Of course, f i gur i ng out howto use i t woul d al so be that much more compl ex .

GENE: Is there a rul e of thumb by whi ch you can rel at e the mi ni mumf eature s i ze or des i gn
rul e to the tot al area of a t rans i stor i n t erms of square mi crons?

CARVER: Atypi cal t rans i stor i n today ' s wor l d i s of the order of one des i gn rul e by one des i gn
rul e . Three by three i s the most common t rans i stor .

GENE: I read somethi ng that sai d 480 square mi crons.

CARVER: That ' s the amount of chi p per dev i ce. I f you t ake the tot al number of dev i ces and di v i de
by chi p area that ' s what you get . So then i mmedi at el y you can t ake those two numbers and f i gure
out what the f ract i on of ut i l i zat i on i s .

GENE: What i s the comput er revol ut i on?

CARVER: There are anumber of l evel s . The most obv i ous l evel i s that s i nce anybody can own an
ordi nary Von Neumann-st y l e comput er , peopl e are nowdi scover i ng that they can do a l ot of
thi ngs, so everybody ' s got aPCat home. They wr i t e programs to do al l k i nds of thi ngs . That ' s
become a thi ng you can t al k about whi ch you coul d never t al k about before . I t ' s l i ke the car .
Enough peopl e own cars that you can t al k about themas a met aphor for expl ai ni ng other thi ngs .
Tome that ' s been the val ue of the mi crocomput er phenomenon : not so much what they do but the
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f ac t t ha t t hey ' r e obv i ous enough and use f u l enough and ub i qu i t ous enough t ha t eve r ybody knows
a t l eas t some t h i ng abou t t hem . They ' r e no t gr ea t b i g t h i ngs t ha t gobb l e you up anymor e . So t ha t ' s
been a b i g he l p . Bu t much mor e i mpor t an t t han t ha t i n t e rms o f m i c rocompu t e r s a r e t he
m i c rocompu t e r s t ha t ge t bu i l t i n t o t h i ngs - - t e l ephones and t ypewr i t e r s and VCRs and a l l t he
ord i na r y eve r yday l i f e app l i ances and t oo l s . E l ec t r i c dr i l l s . A l o t o f peop l e don ' t unde r s t and t ha t
t he r eason e l ec t r i c dr i l l s don ' t ge t s t uck as much as t hey used t o i s t ha t t hey have a m i c roprocessor
i n t hem t ha t l ooks a t how f as t t he chuck ' s go i ng a round and whe r e your f i nge r i s on t he t r i gge r and
f i gur es ou t wha t t hey ough t t o do . Those a r e r ea l l y much mor e powe r f u l i n t he r evo l u t i on t hey
c r ea t e because t hey so l ve r ea l prob l ems i ns t ead o f be i ng some t h i ng t ha t you have t o progr am t o
so l ve a r ea l prob l em . They ac t ua l l y j us t do i t . Somebody wor ked t he who l e t h i ng ou t i ns t ead o f
j us t say i ng we l l he r e , now i t ' s your t urn . A l l o f t h i s i s i n t he con t ex t o f wha t peop l e t h i nk o f as
compu t e r s . The f ac t t ha t t he r e has occur r ed a v i ab l e t h i rd - pa r t y so f t wa r e i ndus t r y whe r e i t ' s now
cons i de r ed OK t o wr i t e so f t wa r e , you can ac t ua l l y make money do i ng t ha t . Tha t ' s no t some t h i ng
t ha t was pe r ce i ved a f ew yea r s ago . Tha t ' s whe r e mos t o f t he ac t ua l va l ue i s added i n t e rms o f
a l gor i t hm i c comp l ex i t y . The va l ue i s added i n t he progr ams , no t t he ha rdwa r e i t se l f . The ha rdwa r e
i s t r i v i a l . Mos t compu t e r s don ' t have much i n t hem . They ' r e r ea l l y j us t a r ecep t ac l e f or so f t wa r e .
So o f cour se t he r ea l l y i mpor t an t t h i ng t ha t ' s com i ng up - - and we haven ' t r ea l l y begun t o see i t - -
i s t he r evo l u t i on o f a l gor i t hms i n s i l i con , whe r e a l l t he t h i ngs you cou l d neve r do w i t h compu t e r s -
- wh i ch we r e t he t h i ngs you r ea l l y wan t ed t o do - - l i ke make p i c t ur es and mus i c and a l l o f t he
t h i ngs t ha t r e l a t e t o peop l e and t o wha t peop l e r ea l l y wan t t o do - - ord i na r y compu t e r s can ' t t ouch
t ha t . They ' r e o f f by a t l eas t f i ve orde r s o f magn i t ude i n compu t a t i ona l powe r . Tha t t o me i s t he
r ea l l y exc i t i ng t h i ng and i t ' s t he t h i ng t ha t hasn ' t been t ouched ye t by wha t peop l e a r e t a l k i ng abou t
as t he compu t e r r evo l u t i on . Bu t I t h i nk i f you d i g unde rnea t h a l l t ha t , peop l e ' s no t i on o f va l ue i s
chang i ng . I t used t o be t ha t peop l e t hough t o f ma t e r i a l as va l ue , so t hey ' d t h i nk abou t s t ee l or
a l um i num or go l d or d i amonds . I t was t h i ngs t ha t we r e va l uab l e . A f t e r a wh i l e i t became c l ea r t ha t
i t was a l so ene rgy t ha t was va l uab l e : ene rgy a l l owed you t o t r ans f orm t h i ngs i n t o o t he r t h i ngs . Up
un t i l ve r y r ecen t l y t ha t ' s been peop l e ' s i mage o f va l ue : t h i ngs he l d va l ue . And t he f ac t t ha t i t ' s
ac t ua l l y i n f orma t i on t ha t ' s t he t h i ng t ha t ' s va l uab l e r a t he r t han t he subs t ance , i s some t h i ng t ha t ' s a
new i dea . Tha t ' s why nobody wou l d g i ve you a d i me f or so f t wa r e . Because wha t t he he l l i t ' s j us t a
t ape you can copy so why i s t he r e any va l ue i n i t . You cou l d have sa i d t he same f or mo t i on
p i c t ur es excep t t ha t was i n a d i f f e r en t doma i n so i t had d i f f e r en t l aws and i t gr ew up unde r s t and i ng
t ha t t he va l ue wasn ' t i n t he ce l l u l o i d . Bu t eve r yp l ace e l se , espec i a l l y i n t echno l ogy , peop l e had t h i s
ve r y we i rd v i ew o f whe r e t he va l ue r ea l l y was . To me t he mos t f undamen t a l r evo l u t i on t ha t ' s
go i ng on i s peop l e a r e now beg i nn i ng t o pe r ce i ve t ha t no t j us t i n en t e r t a i nmen t i s t he i n f orma t i on
t he i mpor t an t t h i ng . And t ha t ' s a l ways been t rue i n en t e r t a i nmen t , i n mus i c and mo t i on p i c t ur es
and pa i n t i ngs . I t wasn ' t t hose l i t t l e t ubes o f pa i n t and a p i ece o f canvas , i t was t he i n f orma t i on t ha t
was t he r e . So i t ' s a l ways been t rue i n t he a r t s bu t i t has t aken a l ong t i me t o dawn i n o t he r a r eas .
And now i t ' s happen i ng i n mach i nes and bus i nesses . Peop l e a r e beg i nn i ng t o see t ha t t he
i n f orma t i on i s t he va l uab l e t h i ng . I t br i ngs t hese c l ose r t o t he f i ne a r t s and t he human pur su i t s , no t
f a r t he r away . Tha t ' s no t gene r a l l y pe r ce i ved bu t i t ' s ve r y t rue .

GENE : I s i t f a i r t o say t ha t h i gh l y concur r en t s i l i con a l gor i t hms pu t many orde r s o f
magn i t ude mor e compu t i ng powe r i n t he hands o f ave r age peop l e? I s t ha t pa r t o f t he
r evo l u t i on?

CARVER : Oh yeah . Th i ngs t ha t t he ord i na r y compu t e r cou l d neve r do . V i s i on . Speech
unde r s t and i ng . Mus i c . V i sua l s i mu l a t i on .

End o f Ca r ve r
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Ca r ve r Mead I n t e r v i ew Pa r t I I I
(W i t h D i ck Lyon , Sch l umbe rge r A I r esea r che r )
By : Gene Youngb l ood
Documen t 3 o f 4 o f Mead I n t e r v i ew

CARVER : When I say t ha t one o f our mus i c ch i ps i s equa l t o 600 VAXes , we l l , " equa l " i s a f unny word . Wha t I
mean i s t ha t i f you do t he same ca l cu l a t i ons on a VAX i t t akes abou t t en m i nu t es t o do one second o f sound . So one
o f t hose ch i ps does as much compu t a t i on o f t ha t pa r t i cu l a r sor t as 600 VAXes cou l d do . Now VAXes a r e ve r y
poor l y se t up f or do i ng compu t a t i ons o f t ha t sor t , bu t so i s eve r y o t he r gene r a l purpose compu t e r . Now t he r e a r e
spec i a l - purpose eng i nes t ha t can do compa r ab l e t h i ngs ; so m i ne i sn ' t t he on l y way t o do i t .

GENE : Wha t d i d you mean by " by t he t i me you ge t done shu f f l i ng a l l t he da t a a round , you w i nd up w i t h
some t h i ng t ha t ' s a f ew hundr ed t i mes r ea l t i me i ns t ead o f a f ew t ens t i mes r ea l t i me? " Wha t do you mean by
r ea l t i me?

CARVER : You ough t t o be ab l e t o gene r a t e t he sound as f as t as you need t he samp l es . To compu t e t he samp l es as
f as t as t hey ' r e needed f or you t o hea r t he sound . You can t do t ha t on a r egu l a r compu t e r . I f you l ook a t how many
mu l t i p l i es and adds i t t akes pe r second t o do t hese k i nds o f compu t a t i ons , i t ' s on l y f i ve or t en m i l l i on pe r second .
Tha t sounds l i ke f i ve or t en t i mes as many as a VAX can do . Bu t i t t urns ou t t ha t ' s no t a l l t he VAX i s do i ng . I t ends
up shu f f l i ng a l l t he da t a a round t o be i n t he r i gh t p l ace - - you f e t ch i t and you ge t i t i n t he mach i ne and you
mu l t i p l y i ng i t and t hen you ge t i t back ou t aga i n . And a l l t hose how many mu l t i p l i es you can do pe r second don ' t
coun t i f you ' r e on l y ge t t i ng t he da t a t o mu l t i p l y , you see . We we r e ve r y surpr i sed . Peop l e had t o l d me t h i s f or
yea r s , and I a l ways t hough t we l l yeah , i t ' s t rue f or gene r a l progr ams , bu t I neve r t hough t t ha t f or a progr am l i ke t h i s
i t wou l d be t rue t ha t da t a shu f f l i ng t ook mos t o f t he t i me . Bu t i t t urns ou t t ha t t he r e ' s enough p i eces o f da t a t ha t you
have t o gr i nd on and pu t i n t o o t he r p l aces t ha t t ha t ends up t ak i ng mor e t i me t han a l l t he mu l t i p l i es . Eve r y t i me you
wan t a p i ece o f da t a you ' ve go t t o compu t e i t ' s addr ess , t hen do a pa r t i a l ca l cu l a t i on , t hen f i gur e ou t whe r e t o pu t
t he answe r , and t hen pu t i t back , and so on . A l l t hose t h i ngs ea t you a l i ve . So on l y abou t one - t en t h o f t he
i ns t ruc t i ons ac t ua l l y end up mu l t i p l y i ng any t h i ng . So you cou l d do t he ac t ua l mu l t i p l i es i n ze ro t i me and i t doesn ' t
speed t h i ngs up ve r y much . Whe r eas w i t h spec i a l - purpose a r ch i t ec t ur e you a r r ange i t so t he da t a au t oma t i ca l l y
f l ows t o t he r i gh t p l ace a t t he r i gh t t i me . I n f ac t i n our ch i p and o t he r s t ha t was t he key t o t he who l e des i gn - - t o
make sur e t ha t t ha t ' s wha t happened .

GENE : I s t he r e a ru l e o f t humb f or t he amoun t o f speedup you ge t f rom a ded i ca t ed a r ch i t ec t ur e . A l l e l se
be i ng equa l , i f you ' r e go i ng t o pu t t he same a l gor i t hm i n s i l i con as opposed t o runn i ng i t on a VAX . Wha t
k i nd o f speedup i n pr i nc i p l e , j us t by do i ng t ha t ?

CARVER : For a l o t o f t he app l i ca t i ons we ' ve l ooked a t i t ' s mor e t han t wo orde r s o f magn i t ude . One way t o l ook a t
i t i s t ha t you ge t one f ac t or o f t en f rom wha t was j us t be i ng d i scussed - - f rom t he f ac t t ha t i t ' s spec i a l i zed - - and
t hen as many mor e f ac t or s o f t en as you l i ke f rom t he f ac t t ha t you ' r e pu t t i ng mor e o f t he spec i a l i zed ha rd - wa r e i n
t ha t - - you ge t a f ac t or o f t en or 100 because you used 10 or 100 mu l t i p l i e r s and ano t he r f ac t or o f t en because i t ' s
no t gene r a l purpose . So t ha t ' s a hundr ed or a t housand r i gh t t he r e . So t ha t ' s why we ' r e a t a f ac t or o f t he orde r o f
1000 - - because you ' ve go t t h i ngs wor k i ng i n pa r a l l e l and t hen you ' r e no t do i ng any da t a - shu f f l i ng . So t ha t ' s
ano t he r f ac t or o f t en .

D I CK : My speech r ecogn i t i on mach i ne ' s ge t t i ng t he same f ac t or w i t h r espec t t o our gene r a l - purpose compu t e r ; I
ge t somewhe r e be t ween a f ac t or o f 1000 and 5 000 speedup . I ' m do i ng speech r ecogn i t i on by i mp l emen t i ng a mode l
o f how t he ea r processes sounds . Sounds o f a l l sor t s i nc l ud i ng mus i c .

CARVER : So my mach i ne does t h i s pa r t i cu l a r c l ass o f compu t a t i ons abou t 600 t i mes f as t e r t han a VAX . Bu t i t
won ' t run a PASCAL progr am and i t doesn ' t run UN I X and i t doesn ' t ma i n t a i n a f i l e sys t em . The way I t h i nk o f
gene r a l purpose compu t e r s i s t hey ' r e t he l i t t l e env i ronmen t t ha t does a l l t hose s t up i d t h i ngs - - hooks up t o
E t he rne t s , hooks up t o t e l ephone l i nes , hooks up t o keyboa rds , hooks up t o humans , comp i l es l anguages , accesses
f i l e sys t ems - - does a l l t hose t h i ngs AND i ssues commands t o t he spec i a l - purpose eng i nes t ha t do t he r ea l l y ha rd
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grun t - wor k a t housand or mor e t i mes f as t e r t han i t cou l d .

CARVER : S i x hundr ed t i mes a VAX wou l d be abou t t en t i mes as f as t as a Cr ay . I haven ' t progr ammed t h i s on a
Cr ay so I wou l dn ' t say t ha t ; i n f ac t a Cr ay i s se t up t o do t h i s k i nd o f ca l cu l a t i on r easonab l y we l l a l so , so t ha t f or
t h i s pa r t i cu l a r t ask t he Cr ay m i gh t be mor e t han 60 t i mes a VAX . I wan t t o be ve r y ca r e f u l no t t o m i s l ead peop l e
abou t t h i s . One way o f t h i nk i ng abou t i t i s t ha t you ' r e no t j us t t ak i ng t he VAX and mak i ng a spec i a l purpose t h i ng ;
you ' r e t ak i ng t he who l e progr am t ha t does a spec i a l t h i ng on t he VAX and you ' r e say i ng t ha t I ' m go i ng t o t ake t ha t
ve r y spec i a l app l i ca t i on and i ns t ead o f a gene r a l purpose progr amm i ng l anguage on a gene r a l purpose compu t e r ,
I ' m go i ng t o pu t t he who l e t h i ng - - app l i ca t i on and a l l - - r i gh t down i n t o s i l i con .

GENE : Who i nven t ed t he s i l i con comp i l e r?

CARVER : I t evo l ved gr adua l l y ove r a pe r i od o f abou t e i gh t yea r s . Bu t t he f i r s t one t ha t was r ecogn i zab l e as a
comp i l e r i ns t ead o f some t h i ng l ess gene r a l was done by Dave Johannsen i n 1977 . I d i d a ve r y spec i a l purpose one
i n 1971 f or f i n i t e - s t a t e mach i nes , bu t i t wasn ' t a s i l i con comp i l e r i n t he sense t ha t we t a l k abou t t hem t oday .

GENE : The appea r ance o f s i l i con comp i l e r s i s a s i gn i f i can t h i s t or i ca l even t ; does wha t makes t hem poss i b l e
come ou t o f your s t ruc t ur ed approach t o VLS I des i gn?

CARVER : I t had been poss i b l e f or a l ong t i me . I t i sn ' t a ma t t e r o f mak i ng i t poss i b l e ; i t ' s t ha t peop l e had been
t h i nk i ng o f hand - c r a f t i ng eve r y t h i ng because i n t he ea r l y days you neve r had enough s i l i con t o was t e any a t a l l .
And any s t ruc t ur ed approach t o des i gn i s i n some sense s l i gh t l y i ne f f i c i en t a t t he bo t t om l eve l . You can a l ways f i nd
l i t t l e p l aces t ha t a r en ' t a l l f i l l ed up w i t h t r ans i s t or s . Exac t l y t he same h i s t or y happened i n code . Back when
mach i nes on l y had a 4K memor y , peop l e wro t e eve r y mach i ne i ns t ruc t i on because you cou l dn ' t a f f ord any was t e a t
a l l . Bu t when you have a megaby t e o f memor y you can l e t a comp i l e r a l l oca t e va r i ab l es because i f you was t e t en
pe r cen t i t doesn ' t ma t t e r any mor e . The same t h i ng i s t rue o f s i l i con comp i l a t i on : peop l e d i d no t f or esee t he f ac t
t ha t we wou l d have so much r ea l es t a t e ava i l ab l e ; t ha t t he r ea l prob l em was t he des i gn cos t , no t t he cos t o f t he r ea l
es t a t e . When I t r i ed t o t e l l peop l e t ha t i n t he ea r l y days t hey l aughed a t me . Tha t was w i t h i n f i ve yea r s o f t he t i me
t hey we r e s t and i ng up and say i ng i t ' s t he mos t i mpor t an t prob l em f or t he sem i conduc t or i ndus t r y . They we r e
l augh i ng when you wou l d say t ha t t he des i gn cos t was go i ng t o be l a rge r t han t he produc t i on cos t f or comp l i ca t ed
pa r t s . Now t ha t i t ' s t rue i t ' s t hem t ha t i nven t ed i t . Bu t a t t he t i me I r emembe r t r y i ng t o ge t t he I n t e l peop l e i n t e r es t ed
- - t h i s was i n 1973 - - and Gordon Moor e sa i d i t was an academ i c prob l em , and by t he l a t e 1970s he was pub l i sh i ng
h i s cur ve o f t he des i gn cos t s go i ng up t o t he moon . The comp i l e r v i ewpo i n t comes f rom say i ng we ' r e go i ng t o have
enough r ea l es t a t e and we ' r e no t go i ng t o have enough eng i nee r i ng man - hour s , so wha t you ough t t o be wor k i ng on
i s t he des i gn prob l em , no t how dense i s t he s i l i con .

D I CK : Bu t i t ' s s t i l l f a i r t o say t ha t t h i s approach o f do i ng t h i ngs i n a mor e s t ruc t ur ed way i s wha t made s i l i con
comp i l e r s poss i b l e , by se t t i ng up t ha t way o f t h i nk i ng . To go f rom hand - c r a f t i ng t o s t ruc t ur a l bu i l d i ng b l ocks se t s
t he s t age f or t he nex t t h i ng , wh i ch i s comp i l a t i on . So i t ' s f a i r t o say t ha t t he Mead - Conway approach made s i l i con
comp i l e r s poss i b l e .

CARVER : And Dave Johannsen was t he one who f i r s t r ea l l y saw how t o pu l l t he who l e t h i ng t oge t he r i n a much
mor e gene r a l way t han peop l e had done be f or e .

GENE : So i t ' s a k i nd o f syne rgy be t ween VLS I , wh i ch makes poss i b l e a mor e s i mp l i f i ed s t ruc t ur ed
approach , p l us t ha t mak i ng poss i b l e t he s i l i con comp i l e r - - a l l o f t ha t t oge t he r r esu l t s i n t he ab i l i t y t o pu t
a l gor i t hms i n s i l i con w i t h a f as t t urna round t i me . You can ' t sepa r a t e t he comp i l e r f rom t he s t ruc t ur ed
approach and you can ' t sepa r a t e t he s t ruc t ur ed approach f rom VLS I .

CARVER : The r e a r e a l o t o f t h i ngs t ha t can ' t be sepa r a t ed . Hav i ng peop l e i n bus i ness who a r e w i l l i ng t o f ab ch i ps
t ha t you des i gn . I n f ac t we had t o s t a r t a who l e new se t o f compan i es t o do t ha t because t he t r ad i t i ona l
sem i conduc t or peop l e d i dn ' t wan t t o do i t . They s t i l l don ' t wan t t o do i t . They ' l l do i t f or t he i r l a rge cus t ome r s who
wan t t o make a m i l l i on pa r t s . So t h i s t h i ng cou l dn ' t happen un t i l we had access t o f abr i ca t i on . And t he r e was a
ma j or amoun t o f ene rgy wen t i n t o ge t t i ng peop l e t o unde r s t and t ha t t he r e was a good bus i ness i n t ha t ; and r i gh t
now t ha t ' s t he on l y pa r t o f t he sem i conduc t or bus i ness t ha t ' s mak i ng money . I t ' s happen i ng i n a b i g way now .
DARPA prov i des f ab se r v i ces a t a ve r y l ow cos t t o r esea r ch pro j ec t s i n a f ew hundr ed un i ve r s i t i es . Bu t t he r e a r e
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a l so a numbe r o f comme r c i a l p l aces t ha t w i l l do t ha t k i nd o f t h i ng now f or l ow- vo l ume eng i nee r i ng pro t o t ypes .

GENE : How do you t a l k abou t wha t i s ac t ua l l y on a ded i ca t ed ch i p? Wha t makes t he adde r s and mu l t i p l i e r s
i n your ch i p ded i ca t ed?

CARVER : We l l , on one o f our ch i ps we ' r e ap t t o have f i f t y mu l t i p l i e r s a l l wor k i ng a t t he same t i me ; on a
m i c roprocessor you have t o have one - - or ze ro , mor e l i ke l y , because t hey use adde r s i ns t ead and make up t he
mu l t i p l y ou t o f add i t i ons . A l mos t a l l m i c roprocessor s i nc l ud i ng t he MC68000 have ze ro mu l t i p l i e r s . Bo t h i n D i ck ' s
speech ch i p and t he ch i p we use f or mus i c , t he key i s t he r e ' s a way t o se t i t up so t ha t whe r e t he da t a comes f rom
and whe r e i t goes t o i s some t h i ng t ha t can be se t up and j us t run and no t t ake a bunch o f i ns t ruc t i ons t o f i gur e ou t
eve r y t h i ng .

GENE : Because t he i ns t ruc t i ons a r e t he ch i p?

CARVER : The ch i p has a spec i a l i zed way o f se t t i ng up whe r e t he da t a shou l d come f rom and whe r e i t shou l d go ,
so t ha t t he f ac i l i t i es f or mov i ng da t a e f f i c i en t l y f rom eve r y p l ace i t m i gh t wan t t o come f rom t o eve r y p l ace i t m i gh t
wan t t o go t o a r e a b i g pa r t o f t he ch i p . And i t ' s no t ha rdw i r ed t o a pa r t i cu l a r a l gor i t hm ; i t ' s go t enough f l ex i b i l i t y t o
be ab l e t o run a r easonab l e numbe r o f a l gor i t hms w i t h i n a c l ass . L i ke d i f f e r en t mus i c i ns t rumen t mode l s can be pu t
on our ch i p . D i f f e r en t k i nds o f d i g i t a l f i l t e r i ng s t ruc t ur es can be pu t on D i ck ' s speech ch i p .

GENE : So i t ' s no t accur a t e t o say t ha t t h i s ch i p i s a ce l l o?

CARVER : I t can be con f i gur ed t o be any k i nd o f i ns t rumen t , bu t i t ' s ded i ca t ed i n t he sense t ha t i t pe r f orms t ha t
l i m i t ed c l ass o f ca l cu l a t i ons wh i ch a r e r e l evan t t o t hose phys i cs f ormu l as . The b i g cha l l enge i n t h i s spec i a l i zed
ha rdwa r e game i s t o make a p i ece o f ha rdwa r e t ha t ' s no t so spec i a l i zed t ha t i t ' s on l y good f or one t h i ng . You wan t
t o l eave a ce r t a i n amoun t o f progr ammab i l i t y o f some sor t . Th i s r esu l t s i n a good chunk o f your s i l i con a r ea - -
maybe as much as ha l f - - be i ng ded i ca t ed t o t he j ob o f ge t t i ng da t a f rom whe r e i t ' s com i ng f rom t o whe r e i t ' s go i ng .
I n a gene r a l purpose compu t e r t ha t t akes n i ne t y pe r cen t o f your r esour ces ; i n our ch i ps i t ' s probab l y l ess t han 20
pe r cen t , i n D i ck ' s speech ch i p i t ' s f i f t y pe r cen t . You ge t d i f f e r en t amoun t s o f gene r a l i t y f or t he d i f f e r en t amoun t s o f
ove rhead .

GENE : How many t r ans i s t or s i s on your ch i p?

CARVER : I t has 64 mu l t i p l i e r s , each g i v i ng a 32 by 32 mu l t i p l y w i t h a 64 - b i t produc t . The r e a r e 32 s t ages o f t he
mu l t i p l y . I t has abou t 200 , 000 t r ans i s t or s . Tha t ' s a l o t l ess t han t he Hew l e t t - Packa rd ch i p t ha t has 450 , 000 . Bu t f or
t h i s pa r t i cu l a r app l i ca t i on our ch i p i s abou t 1000 t i mes f as t e r . The t i me - honor ed way o f ge t t i ng a h i gh t r ans i s t or
coun t i s t o pu t a l o t o f memor y on t he ch i p . Our ch i p has a l o t o f memor y wh i ch i s m i xed i n w i t h t he processor s ,
and t he ve r y t h i ng t ha t makes i t e f f i c i en t i s t ha t you m i x t he process i ng i n w i t h t he memor y so you don ' t have t o
move t h i ngs f rom t he memor y t o a process i ng e l emen t and back . You m i x t hem t oge t he r so process i ng i s go i ng on
a l l t he t i me . Le t me say wh i l e we ' r e a t i t t ha t t he 600 VAXes es t i ma t e i s ex t r eme l y conse r va t i ve because t he c l ock
f or our ch i p i s s l owed down so t ha t i t ma t ches t he samp l e r a t e wh i ch i s t he s t anda rd t ha t a l l D t o A conve r t e r s use .
The r e ' d be no t h i ng t o pr even t us f rom runn i ng t he ch i p f i ve t i mes f as t e r i f you wan t ed t o do gr aph i cs i ns t ead o f
sound . Bu t i n a sense t ha t ' s no t f a i r because we ' r e compu t i ng t hese samp l es ; and t he f ac t t ha t you cou l d compu t e
t hem f as t e r t han r ea l t i me doesn ' t he l p . On t he o t he r hand , because a VAX compu t es t hem s l owe r t han r ea l t i me we
ough t t o be ab l e t o a t l eas t coun t t ha t somehow . Bu t essen t i a l l y once you ' r e a t r ea l t i me a t a g i ven samp l i ng
r eso l u t i on you don ' t need t o go any f as t e r . Your ea r cou l dn ' t hea r i t anyway . Now i f we we r e wor k i ng on ba t s
i ns t ead o f humans , we l l ba t s can hea r a t 200 KHz i ns t ead o f 20 - - t hey ' r e 10 t i mes f as t e r t han peop l e - - so t hen we ' d
have t o run t he c l ock 10 t i mes as f as t . We cou l d do t ha t , t oo , i n wh i ch case i t ' d be t he equ i va l en t o f 6000 VAXes .
Now t he o t he r t h i ng i s t ha t you may have t he need t o gene r a t e 10 mus i ca l i ns t rumen t s a t once , and w i t h our ch i p i f
you run i t 10 t i mes f as t e r i t s t i l l can t qu i t e do t ha t - - i t can gene r a t e one ve r y f as t i ns t rumen t bu t no t t en a t once .
D i ck ' s speech ch i p has an ex t r a degr ee o f f l ex i b i l i t y t ha t l e t s you be t en t h i ngs a t once i ns t ead o f one t h i ng ve r y
f as t . I n f ac t h i s ch i p i s no t ve r y good a t do i ng one t h i ng ve r y f as t , so he cou l dn ' t make ve r y good mus i c f or ba t s bu t
he cou l d maybe ana l yze sounds f rom seve r a l m i c rophones a t once . Tha t cos t s h i m a l o t ; he has ha l f h i s ch i p
ded i ca t ed t o ge t t i ng da t a f rom whe r e i t ' s com i ng f rom t o whe r e i t ' s go i ng and by t he way s t or i ng i t t empor a r i l y i n
be t ween . Tha t ' s t he ex t r a cos t o f t ha t ex t r a gene r a l i t y . And t ha t ' s t he t r adeo f f you make depend i ng on wha t you
wan t t o do . The d i scuss i on among peop l e who do t hese spec i a l i zed a r ch i t ec t ur es i s ano t he r l eve l up f rom a l l t h i s ,
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name l y , now t ha t you ' ve go t t h i ngs t ha t run 1000 t i mes as f as t as a gene r a l purpose compu t e r wou l d on t he same
prob l em , can you make i t 10 , 000 t i mes or 100 , 000 t i mes f as t e r - - can you ge t an even be t t e r ma t ch t o t he prob l em
wh i ch uses t he s i l i con i n even a be t t e r way? I t ' s j us t amaz i ng when peop l e s t a r t p l ay i ng t h i s game . I t ' s no t j us t mor e
concur r ency , i t ' s a l gor i t hms t ha t a r e mor e t hough t - t hrough , t i gh t e r . I n f ac t bo t h D i ck and I have t r aded o f f f or
gene r a l i t y t he u l t i ma t e i n pe r f ormance . The r e wou l d have been ways f or each o f us i f we ' d wan t ed t o be r ea l l y
spec i a l i zed t o make t he t h i ngs ano t he r orde r o f magn i t ude f as t e r . We chose t o have some gene r a l i t y i ns t ead . For
examp l e we bo t h use a l o t mor e b i t s o f accur acy t han a r e needed f or mos t o f t he prob l ems we ' r e a t t ack i ng , because
occas i ona l l y you sudden l y need mor e b i t s , so you spend t he b i t s a l ways and pay a b i g cos t , bu t t h i s means you
don ' t o f t en run i n t o a prob l em whe r e you don ' t have enough b i t s . Tha t ' s one o f t he d i mens i ons o f va r i ab i l i t y , how
many b i t s you choose t o pu t i n . We use 64 - b i t accumu l a t or s . Mos t peop l e who do mus i c syn t hes i s wou l d say t ha t ' s
ou t r ageous , we ' r e t hrow i ng away r esour ces .

GENE : Today t o ge t an upda t ed ve r s i on o f a so f t wa r e package I buy a f l oppy d i sk . How wou l d I upda t e my
compu t e r i f eve r y t h i ng ' s i n ha rdwa r e? Buy a new boa rd?

CARVER : The r e ' s a l i t t l e company i n t he bay a r ea ca l l ed S i l i con So l u t i ons , I nc . You shou l d t a l k t o t hem because
t hey make an a l gor i t hm i n s i l i con . They f ounded t h i s company on t he pr em i se t ha t a l gor i t hms i n s i l i con a r e go i ng
t o be t he f u t ur e . The i r f i r s t produc t checks des i gn ru l es on i n t egr a t ed c i r cu i t s . So i t ' s an i n t egr a t ed c i r cu i t t ha t
checks f or e r ror s i n t he nex t i n t egr a t ed c i r cu i t . The nex t t h i ng t hey ' r e bu i l d i ng i s a ch i p s i mu l a t or . Wha t t hey d i d i s
make an add - on f or a s t anda rd wor ks t a t i on . So you can p l ug t he ca rd i n t o your wor ks t a t i on ' s mu l t i bus s l o t . And
t he r e ' s a l i t t l e so f t wa r e package t ha t goes w i t h your s t anda rd UN I X ope r a t i ng sys t em - - wor ks t a t i ons a r e a l l UN I X
based - - and now you can be up and runn i ng w i t h t he i r des i gn - ru l e - checke r i n your wor ks t a t i on . So i ns t ead o f a
d i sk t ha t you p l ug i n t o your d i sk s l o t t he r e ' s a boa rd you p l ug i n t o t he boa rd s l o t . The r e ' s a ch i p t ha t i mp l emen t ed
t he E t he rne t pro t oco l . I t go t bu i l t on a l i t t l e boa rd t ha t p l ugs i n t o t he PC . So t ha t ' s an examp l e o f an a l r eady ex i s t i ng
approach . When you buy so f t wa r e on a d i sk you pay f i ve do l l a r s f or t he f l oppy and t hr ee - hundr ed do l l a r s f or t he
i deas i n i t . A boa rd cos t s abou t t he same , maybe t en or t wen t y do l l a r s f or a cheap boa rd i ns t ead o f f i ve do l l a r s f or a
f l oppy d i sk . Or even i f i t was $100 f or t he boa rd you ' r e ge t t i ng i ns t ead o f some t h i ng new bu t j us t as s l ow as eve r ,
i t does some t h i ng new bu t 1000 t i mes f as t e r . So t ha t f ac t or o f 1000 cos t s you a hundr ed bucks ove r wha t i t wou l d
be i f i t was a so f t wa r e package . And you ge t a f ac t or o f 1000 . Tha t ' s a pr e t t y good pr i ce . Tha t ' s a f ac t or o f t en pe r
do l l a r .

End o f Ca r ve r 3
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Carver Mead Int erv i ewPar t IV
(Wi th Di ck Lyon, Schl umberger AI researcher )
By : Gene Youngbl ood
(Document 4 of 4 of Mead Int erv i ew)

DICK: You asked about what i t ' s l i ke to des i gn al gor i thms when i t ' s not j ust Pascal programs or somethi ng . I t ' s a
di f f erent game, but peopl e who desi gn al gor i thms al ways do i t wi th some t arget comput i ng t echnol ogy i n mi nd,
whether i t ' s a general purpose comput er or ful l customsi l i con or maybeyou' re des i gni ng the i nt erconnect pat t ern for
Carver ' s chi p to make anew i nst rument model . What ever your t arget t echnol ogy i s, that def i nes the game you' re
pl ay i ng when you des i gn al gor i thms . The neat thi ng about customsi l i con i s that you' ve got a l ot of newki nds of
games other than j ust t ry i ng newprograms . So des i gni ng musi cal i nst ruments i s a newki nd of game. You comeup
wi th al gor i thms that you coul d have wr i t t en i n a general purpose programmi ng l anguage but you probabl y woul dn' t
have, because i f you had a general purpose comput er to pl ay wi th, you woul d have done somethi ng di f f erent - - more
compl i cat ed, probabl y ; more ef f i c i ent maybe. I f you' re des i gni ng f rombare s i l i con and you have to make a new
al gor i thm, the game i s wi deopen . Al l you know i s you' re maki ng i t out of submi croscopi c t rans i stors . I f you' re
des i gni ng wi thi n the cont ext of somebody' s s i l i con compi l er , you' re a l i t t l e more rest r i ct ed than that - - you knowyou
can make i t out of predef i ned modul e t ypes and regi st er t ypes and bus st ructures and so on. so that def i nes the rul es
of the game. Aprogrammi ng l anguage put s a l ot of preconcept i ons i n your head about what you shoul d do wi th a
comput er .

CARVER: In f act you do thi ngs very di f f erent l y i n di f f erent programmi ng l anguages. Not because you coul dn' t do
the same thi ng i n two di f f erent l anguages but because the way you thi nk i n one l anguage l eads to away of doi ng i t
whi ch i s natural i n that l anguage. Even though you coul d have thought i n another way i t ' s not as natural . So the
l anguage of s i l i con has cer t ai n thi ngs that are ext remel y natural to i t . The i dea of regul ar i t y mat ches very wel l the
i dea that communi cat i on i s very expens i ve. I f you thi nk of thi ngs l ocal l y and have themcommuni cat e not too
gl obal l y wi th too many other thi ngs, a) : i t hel ps you to thi nk about i t and make regul ar st ructures, and b) : i t al so
makes thi ngs that are very hi gh per formance . That was the par t that the ol d s i l i con hackers mi ssed. They di dn' t
underst and that a regul ar des i gn can produce bet t er per formance than some i r regul ar way . Because you force your
thought processes to encompass the overal l way that the thi ng works.

DICK: You st i l l get quest i ons f rompeopl e who don' t knowenough about i t who are st eeped i n the ol d l ore but don' t
underst and very much. They ask thi ngs l i ke " I f you des i gn a chi p i n the Mead-Conway st ructured st y l e, howmuch
per formance do you have to gi ve up: 20 percent , 30 percent ?" I say that ' s a si l l y quest i on . The quest i on i s howmuch
per formance can you gai n. They thi nk of the st ructure as bei ng an ar t i f i c i al l i mi t at i on, whi ch i t i s , but i t al l ows you
to do thi ngs you coul dn' t or woul dn' t do otherwi se . And you get to i nvent the st ructure, whi ch means you make your
probl emeasi er not onl y at the bot toml evel of hack i ng t rans i stors but at the next l evel up - - you can do creat i ve
des i gn and al gor i thmpl anni ng at ahi gher l evel and make i t easy to bui l d the whol e thi ng and make i t ef f i c i ent .
Inst ead of doi ng i t the ol d way where you drawmany pages of schemat i cs and then have somebody t ry to force i t
i nto the chi p .

GENE: Why can' t we get bothVLSI and hi gh speed at the same t i me?

CARVER: In 1956 when I was a student i t was thought that i f you makea bi gger t rans i stor i t al ways got s l ower .
That was the common exper i ence of the day . So thi s one company sai d i f I make a t i ny t rans i stor I can make i t
f ast er , and i f I make abunch of these l i t t l e t rans i stors and put themal l i n paral l el , why i sn' t that f ast er? Wel l i t i s
f ast er . Because al l the paras i t i cs that l oaded down the bi g t rans i stors aren' t aproper t y of the i ndi v i dual t rans i stor ; the
real probl emwas that peopl e were scal i ng thi ngs wrong to make the bi g t rans i stors . They were thi nk i ng about i t
wrong. And these guys had f i gured i t out . They askedme to prove sci ent i f i cal l y that you don' t have to get somethi ng
that goes s l ower and t akes more power i f you make i t bi gger . So I anal yzed what was actual l y goi ng on there and
that ' s actual l y what got me st ar t ed thi nk i ng on thi s whol e t rai n of scal e - - the very f i rst consul t i ng j ob I ever had. I t
t urns out that i t ' s the same ki nd of mi sconcept i on when peopl e assume somethi ng i s const ant that i sn' t when you
scal e .
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GENE: I f that ' s the case, then, can we put a number on the speed l i mi t of the VonNeumanncomput er?

CARVER: Wecan do that very wel l . Let ' s do a one-chi p machi ne. Thi ngs are scal i ng i n such a way that the
power /del ay product i s get t i ng bet t er by somethi ng between the square and the cube of the scal i ng f actor . As you get
c l ose to the l i mi t s you don' t get the whol e cube l awany more. So i f you t ake the mi ni mum-s i ze t rans i stors - - quar t er -
mi cron - - you have gat e del ay t i mes i n the 10 pi cosecond range. Peopl e have al ready made ci rcui t s wi th 30
pi coseconds and the l at est I heard was 18 pi coseconds i n submi cron CMOS. And i t ' s goi ng to get bet t er . So the
speed l i mi t of one i sol at ed gat e not dr i v i ng anythi ng wi l l be i n the 10 pi cosecond range; see, the probl emwi th the
VonNeumann archi t ecture i s they have these damn l ong wi res you have to dr i ve, whi ch i s i nherent i n the l arge
RAMconf i gurat i on - - so you need ei ther l ong wi res or many st ages of del ays . So you can say, wel l , what do I have
to do to dr i ve that thi ng? Wel l , the wi res i n t erms of the t echnol ogy underneath, are get t i ng l onger because you st i l l
want the wi re to go cl ear across the chi p because you' re bui l di ng a bi gger machi ne; on the other hand the t rans i stor
i t sel f i s get t i ng bet t er abl e to dr i ve, because the channel l engths are shor t er and the submi cron t rans i stors are
st ronger for agi ven l ength . So when you add i t al l up, the actual speed get s bet t er about l i near l y wi th the scal i ng . So
f romwhere we are now i n dev i ce s i ze - - say 1 .25 mi cron - - that ' s a f actor of f i ve f romthe .25-mi cron t echnol ogy,
and i t runs at about 20 MHz. So you can l ook forward - - i f you' re goi ng to bui l d ami crocomput er that f i l l s a chi p at
a quar t er -mi cron and you have good process i ng and you' ve done thi ngs sens i bl y, you can l ook forward to i n excess
of 100 MHz cl ock rat es for those thi ngs . That ' s al ready respect abl e by the st andards of peopl e l i ke Cray . And you
can l ook forward to the same ki nd of compl ex i t i es you have on those k i nds of machi nes . Ri ght nowyou have
compl ex i t i es l i ke you have on VAXes on one chi p, there' s no reason you can' t have a compl ex i t y on the order of a
Cray on one chi p by that t i me. And the power per uni t area woul d be about the same as i t i s today.

GENE: So the ul t i mat e speed of the VonNeumann machi ne i s about t en t i mes what i t i s today, that i s, t en
t i mes a Cray?

CARVER: No. You' d be j ust about get t i ng i n the range on one chi p whereCray i s today by the t i me you do al l that .
The speed l i mi t on a si ngl e chi p i s about a Cray . That ' s a good number to keep i n your head: you' l l get about one
Cray on a chi p, i nc l udi ng the c l ock rat e and everythi ng, by the t i me you push ordi nary MOS devi ces as f ar as they ' re
goi ng to go. That i s, i f you choose to make aCray . Whi ch i s an el aborat ed or ext ended vers i on of the VonNeumann
archi t ecture wi th vector process i ng. So we' re t al k i ng between 50 and 100 megaf l ops dependi ng on how wel l i t s
done.

GENE: And howmuch speedup wi l l we get f romnewmat er i al s l i ke gal l i umarseni de? A f actor of t en more?

CARVER: I doubt i t . Fi rst , fundament al l y you can' t make i t as smal l as s i l i con . The reason gal l i umarseni de i s f ast i s
because the el ect ron mobi l i t y i s hi gh . The reason the mobi l i t y i s hi gh i s because the ef f ect i ve mass i s l ow. Thi s
means the tunnel i ng di st ances are l onger . There' s a di rect rel at i onshi p between ef f ect i ve mass andhow f ar you can
tunnel . Si nce tunnel i ng i s one of the thi ngs that rest r i ct s howsmal l you can make devi ces, to the ext ent that that ' s the
l i mi t i ng f actor - - and i t does ent er i n submi cron dev i ces - - you' l l bump agai nst i t sooner wi th gal l i umarseni de than
you wi l l wi th s i l i con . Exact l y howal l that comes out i s not known r i ght now. Nobody has yet done i t . Meanwhi l e
peopl e are work i ng on some very f ancy thi ngs cal l ed super l at t i ce st ructures whi ch gi ve ext remel y hi gh mobi l i t i es .
But exact l y howthe dev i ce st ructures are goi ng to scal e i s somethi ng weneed to know. These are compound l ayers
whose l at t i ces mat ch and you can make the bandgap go up and down by a sor t of st ai rst ep thi ng . That makes a
quantumef f ect on the el ect rons . I t bas i cal l y shapes the bandgap i n ani ce way and al ready McGi l l has worked out a
theory for that and the measured shi f t i n the photo-emi ss i on has turned out to agree exact l y wi th hi s theory . That
woul d be the HEMTdevi ce . That may get you the f actor of t en or even more i n t erms of raw speed. But you can' t
t ake the numbers for i ndi v i dual dev i ces and appl y themto l arge-scal e c i rcui t s because. For i nst ance what ' s wrong
wi th gal l i umarseni de t echnol ogy r i ght now i s not the i ndi v i dual dev i ces . They work bet t er than you woul d have
thought . They ' re bet t er than my f i rst predi ct i ons, because there' s a f l uke, there' s a v i ol at i on of Murphy ' s Lawthat
happens . When an el ect ron goes i n under the gat e you' d thi nk i t woul d comeup to saturat ed vel oc i t y - - whi ch i s onl y
a l i t t l e bet t er i n gal l i umarseni de than i n s i l i con - - but i t t urns out they do a bal l i st i c overshoot , so they actual l y , for
shor t channel i ngs, go f ast er than the saturat ed vel oc i t y because they haven' t st ar t ed to have enough col l i s i ons yet .
That was a vi ol at i on of Murphy ' s Lawof the f i rst order . I t was wonder ful . The real probl emwi th that k i nd of
t echnol ogy i s that there' s onl y one ki nd of dev i ce - - adepl et i on mode devi ce. So you have to have the gat e vol t age
of oppos i t e pol ar i t y f romthe drai n vol t age, whi ch means you have to l evel shi f t between every st age. I t ' s hor r i bl e,
j ust l i ke the ol d vacuumtube thi ngs . And i t turns out that ends up t ak i ng more space than the ci rcui t by a l ot . So i t
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i sn' t at al l c l ear that the dens i t i es wi l l ever be compet i t i ve wi th what you can do i n s i l i con .

DICK: But for that same reason i t woul d probabl y make poss i bl e very hi gh dens i t y, very f ast memor i es. And you
mi ght st i l l be abl e to get aCray-s i ze Von Neumannmachi neon a chi p because the memory i s where most of i t goes .
In f act as you everythi ng up and the amount of gl obal wi r i ng get s more and moredomi nant , the amount of memory
gets bi gger and bi gger , the power of the ar i thmet i c processor goes up a l i t t l e bi t and that ' s i t . So the bi ggest thi ng
goes i nto morewi re, the next bi ggest thi ng goes i nto more memory, and the l east gai n i s i n the processor . Thi s i s
what peopl e have been doi ng. When you grow a VonNeumann machi ne i n any t echnol ogy that ' s what happens
whether i t ' s on a chi p or not . Cray i s a depar ture f romthat because they f i gured out howto put a l ot more i n the
process i ng ; but i t ' s l ess Von Neumann- l i ke than other machi nes .

CARVER: Cray i s one of the peopl e who f romday one real i zed that , wel l , he sai d two thi ngs . He sai d comput er
des i gn has two probl ems . One i s howyou get the heat out . The second i s howyou keep the thi ckness of the wi r i ng
mat wi thi n bounds . He thought the key to hi s des i gn was get t i ng the heat out . Wel l wecan t ake care of maki ng more
compl ex thi ngs wi th l ess heat by j ust scal i ng down the si l i con . So that par t i sn' t t he key ; but the other par t i s, t he
wi r i ng management . Andhewas the onl y maj or comput er des i gner that I knowof who speci f i cal l y twent y years ago
i dent i f i ed the thi ckness of the wi r i ng mat as the domi nant thi ng about comput er des i gn. Everybody el se was say i ng
wel l you have to have the x-y-z i nst ruct i on and there' s thi s and that , and he was say i ng no, i t ' s the thi ckness of that
wi r i ng mat .

GENE: Wi l l there ever be a Von Neumannmachi ne wi th a one nanosecond cl ock.

CARVER: There mi ght be. We al ready got you to under t en nano-seconds wi th our l i t t l e chi p at a quar t er -mi cron .
You coul d do i t today wi th a smal l enough Von Neumann machi ne. Areal s i mpl e machi ne. You' d come cl ose to that
today us i ng submi cron CMOS. They' ve al ready demonst rat ed .8-mi cron CMOSwi th 35-pi cosecond gat es. You
coul d no doubt make a credi bl e one-nanosecond smal l Von Neumann machi ne. I f i t was onl y ei ght bi t s wi de and
had onl y three regi st ers . Or i f you bui l t i t l i ke Cray di d and pi pel i ne the hel l out of i t . And wecoul d cer t ai nl y make
these bi t -ser i al thi ngs to run that f ast . That ' s our mus i c chi ps and Di ck ' s speech chi p, where you do one bi t at a t i me.
Because the s i gnal s onl y have to go to the next st age i nst ead of goi ng cl ear across the chi p .

GENE: Is RISCarchi t ecture rel evant onl y to VonNeumann archi t ecture?

CARVER: Yes, and what i t real l y means i s somethi ng they di d ear l y on and forgot about l at er . Peopl e used to bui l d
al l machi nes as reduced i nst ruct i on set s because they coul dn' t af ford anythi ng el se. Thebest exampl e of that was the
ol d Dat a General Nova, whi ch had a real s i mpl e i nst ruct i on set . Ever s i nce then they bui l t i n ever more el aborat e
i nst ruct i on set s, bel i ev i ng that i t was goi ng to make thei r comput ers run f ast er . And i t turns out that what l i mi t s your
comput er i s the l oad i nst ruct i on and the store i nst ruct i on and the i ndex cal cul at i ons . I f you do those f ast i t doesn' t
much mat t er what el se you do. And i t doesn' t at al l mat t er how f ast you do ar i thmet i c . So peopl e f i nal l y went back
and redi scovered the f act that had been known for a l ong t i meby good comput er des i gners : that i t doesn' t real l y
much mat t er what you do wi th i nst ruct i ons i f you get the bas i c ones real f ast . So they sai d why put i n al l t he others,
why not j ust make themup out of these pr i mi t i ves? You have to have a compi l er that ' s smar t enough to do adecent
j ob of that .

DICK: The other argument i s that the machi nes wi th compl i cat ed i nst ruct i on set s don' t real l y get any advant age
f romthemunl ess you have a compi l er that ' s smar t enough to f i gure out when to use compl i cat ed i nst ruct i ons . Wi th
the RISC you may get bet t er per formance even wi th a very s i mpl e compi l er .

CARVER: But i n f act nobody has yet done the real exper i ment of actual l y maki ng a compl et e syst emwi th a
compl et e operat i ng syst emand everythi ng on one of these RISC thi ngs and actual l y honest - to-god put t i ng i t s i de by
si de wi th some other comput er and gi ven i t the smoke t est . That ' l l no doubt happen but i t ' s i ncredi bl y l at e i n comi ng,
because the f i gures peopl e quot e are concoct ed exampl es rather than real honest - to-god thi ngs happeni ng .

GENE: Surel y there wi l l al ways be a supercomput er , because there' l l al ways be the t en-mi l l i on-dol l ar
machi ne.

CARVER: Oh but you knowwhat i t ' s goi ng to be? I t ' s goi ng to be one of these chi ps that has the Cray on i t and a
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bunch of memory and di scs and al l that , whi ch wi l l eat up a whol e l ot of money, and then i t ' s goi ng to be abox that
has one ki nd of speci al purpose chi p on i t whi ch does the s i gnal process i ng thi ngs, and another card that has another
k i nd of chi p whi ch does the geomet ry cal cul at i ons, and another card wi th chi ps that do what ever el se . When you t al k
about ext endi ng the i nst ruct i on set . . . i t ' s l i ke r i ght nowwhen you buy a machi ne you get an ar i thmet i c accel erator
and you pl ug i t i n and i t runs t en t i mes as f ast doi ng f l oat i ng-poi nt . So you' l l have somethi ng that runs t en- thousand
t i mes as f ast doi ng s i gnal process i ng . And somethi ng that runs ami l l i on t i mes as f ast doi ng graphi cs render i ng . And
somethi ng that runs ahundred- thousand t i mes as f ast doi ng what ever el se you' re doi ng. There' l l be these cards
whi ch are these accel erators for speci al c l asses of probl ems . And they' l l pl ug i nto thi s thi ng . There wi l l al ways be
card cages and power suppl i es and f ans (or cryogeni c cool i ng syst ems) but the thi ng you pl ug i n there i s goi ng to
have a god-awful amount of capabi l i t y compared wi th the l i t t l e poor wi zened Cray that ' s s i t t i ng on that one chi p.

DICK: The i nt erest i ng probl emi s to f i gure out howthere wi l l be t en-mi l l i on-dol l ar machi nes . I mean, what par t of
that are goi ng to spend your money on. I bel i eve there wi l l st i l l be such machi nes but they ' l l probabl y be domi nat ed
by head-per - t rack di scs or somethi ng l i ke that . You' l l spend ni ne out of the t en mi l l i on dol l ars get t i ng enough
secondary storage and i /o bandwi dth that ' s f ast enough to keep up wi th the thi ng . Any one of our l i t t l e chi ps can
generat e dat a a god-awful amount f ast er than any di sc can soak i t up. We sol ve the probl emby j ust put t i ng i t out on
a l oudspeaker . We never store sampl es at al l , ever ; and i t may be that for some appl i cat i ons you never woul d need to
store al l that dat a.

DICK: In the speech anal ys i s probl em, you come i n wi th some sampl ed speech, whi ch may be at a reasonabl y l ow
rat e l i ke you get of f a t el ephone syst em, maybe bet t er qual i t y. In the i nt ermedi at e cal cul at i ons you end up wi th
pl aces i n your bl ock di agrambetween the f i rst bl ock and the second bl ock where the dat a rat e may be 100 t i mes
hi gher than what you st ar t ed out wi th. There' s no way you' re goi ng to f eed that back i nto your general purpose
comput er or put i t on di sc or anythi ng el se. But i f you put speci al i zed stuf f out there to keep deal i ng wi th i t unt i l
you' ve got t en c l ose to an answer , unt i l you' ve nar rowed i t down to what word was sai d, then you can throwaway al l
that i nt ermedi at e dat a. i t ' s a t remendous amount of dat a but you don' t need to keep i t . You j ust l ook at i t to ext ract
the next stuf f f romi t and you throw i t away . Put i t i n the bi t -bucket .

GENE: What you guys are doi ng i s amazi ng.

DICK: I t ' s happeni ng so f ast that even newengi neer i ng graduat es aren' t aware of the hal f of i t .

GENE: Any gi ven appl i cat i on al ways has a l i mi t i ng case. In i magi ng, you don' t need to comput e more than
what your di spl ay dev i ce can show.

CARVER: There' s no poi nt i n maki ng a pi cture f ast er than real t i me, any more than there i s i n me maki ng sampl es
f ast er than real t i me.

GENE: Al vy Ray Smi th thi nks you need a compl ex i t y of 80 mi l l i on pol ygons per f rame for photoreal natural
phenomena.

CARVER: That ' s aJ i mKaj i ya measure: a compl ex scene has more than one pol ygon per pi xel . Actual l y i t t urns out
there are some very i nt erest i ng probl ems associ at ed wi th scenes that are muchmore compl ex than onepol ygon per
pi xel . Whi ch i s the k i nd our guys deal wi th.

GENE: So l et ' s say we reach some arbi t rary poi nt beyond whi ch no more comput at i on power i s needed, then
you' re say i ng that i t ' s probabl y goi ng to be poss i bl e to put that k i nd of power on a board and that ' s that .

CARVER: You j ust use i t unt i l you get a bet t er i dea of how to do i t , bet t er al gor i thms . The real i nt erest i ng probl em
nowi s the or i gi n of l i f e probl em, r i ght? I t ' s the thi ng I t al ked about wi th the "Newmath" company . They ' re work i ng
the or i gi n of l i f e probl em. They want to des i gn si l i con al gor i thms so they ' re bui l di ng thi ngs that ' l l hel p themdo that
- - and by the way they can sel l that too, because other peopl e wi l l want to make si l i con al gor i thms too - - peopl e who
want to make bet t er graphi cs al gor i thms, who' s goi ng to hel p them? Because you' ve got to f i gure out i f your i deas
are r i ght before you go and make the bet t er graphi cs al gor i thm. So there' s al ways goi ng to be roomfor a thi ng that ' s
more general than the speci f i c thi ng because somebody has to i nvent the next one. So you' l l need a devel opment
syst emthat ' s an engi neer i ng work- st at i on for peopl e doi ng comput er graphi cs, or speech or mus i c - - whi ch i s not
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real l y a general purpose comput er but i t more general than the f i nal s i l i con al gor i thms i t wi l l produce.

DICK: Thi s i s exact l y the i dea that mot i vat ed my archi t ecture: make amachi ne much more general than what I
want ed to do. So that I coul d exper i ment wi th al gor i thms on that machi ne. So that the next t i me around I ' l l know
what I want to do and I can put i t i n s i l i con .

GENE: So say we' ve got the l i mi t s of what we need to do on one card of speci al i zed chi ps, and I ' ve got my
general purpose comput er cont rol l i ng i t . So you' re say i ng that at that poi nt a supercomput er woul d be a
syst eml i ke that but one whi ch woul d do al l these thi ngs .

CARVER: And a l ot of them. So that your i nst ruct i ons, i nst ead of bei ng a l oad i nst ruct i on or a store i nst ruct i on - -
you st i l l have those - - but what you real l y do i s you say go Four r i er - t ransform thi s, go render thi s di spl ay l i st on the
screen wi th the ray- t rac i ng board, go anal yze thi s speech wi th thi s other board.

GENE: But i n f act a network i n whi ch those funct i ons are di st r i but ed, each node wi th a par t i cul ar speci al t y ,
woul d be equi val ent to the supercomput er . You coul d synthes i ze a supercomput er by hav i ng smal l processors
on a network.

CARVER: I thi nk that thi ng you j ust sai d i s goi ng to repl ace the supercomput er as a concept : you have servers on a
network . You have a server that does the Four i er anal ys i s and a server that does the graphi cs render i ng and so on,
i nst ead of thi nk i ng of i t as bei ng i n one box . Because then i t ' s j ust a much more conveni ent setup . So i n f act I don' t
see any great bi g bl ue boxes wi th gi ant power suppl i es wi thi n a f ewyears . I j ust don' t see themat al l . Because you
can buy somethi ng that ' s got a thousand t i mes the capabi l i t y i n one of these l i t t l e boxes you hook on a network . That
makes so much more sense.

GENE: So bandwi dth i s emergi ng as the maj or bot t l eneck.

CARVER: I t al ways has been. I t ' s amaj or oppor tuni t y that bi gger bandwi dths are avai l abl e now. Fi bers not onl y
car ry more, they go l onger di st ances . The networks you' re l i kel y to f i nd i n a medi um-s i zed company or research l ab
i s the network that runs down the hal l to the roomwhere you' ve got al l your speci al i zed machi nes . So you can use
thi s power ful machi ne f romyour own of f i ce . That k i nd of net - work i s prov i di ng a l ot of power to the peopl e and
you don' t have to go out over the phone company to do any of that . That ' s adeci s i on that can be made by a smal l
company, not a bi g company . So what we' re f i ndi ng i s that al l of the def i ni t i ons of these thi ngs are bei ng doneby the
peopl e who are bui l di ng the stuf f . And the government agenci es andAT&Tcome al ong l at er and say, "Oh, gee! We
di dn' t say i t was OK. " Wel l you di dn' t have to say i t was OK, thank god; somebody got a chance to do i t anyway . I f
we were wai t i ng around for anetwork st andard to emerge nobody woul d have any networks r i ght now. In f act we' ve
had networks s i nce the mi d-70s because peopl e j ust went of f and di d them. When you l eave the bui l di ng, that ' s
when the pol i t i cs st ar t . I t ' s hor r i bl e .

GENE: Where are we nowi n speech recogni t i on i n rel at i on to somethi ng that coul d be put i nto most user
i nt er f aces? Is thi s t echnol ogy we' ve j ust been t al k i ng about l eadi ng to a sol ut i on of the user - i ndependent
recogni t i on dev i ce wi thi n t en years .

DICK: Cer t ai nl y wi thi n t en years there' s goi ng to be a l ot happeni ng . I t ' s a dangerous f i el d to makepredi ct i ons
about . I f you l ook t en or twent y years ago peopl e were maki ng very opt i mi st i c predi ct i ons and not doi ng the r i ght
thi ngs . What ' s happened dur i ng that t i me i s that , i n many cases peopl e have pret ended that the probl emi s
t echnol ogy l i mi t ed . So every t i me there' s an advance i n IC t echnol ogy they make the next bet t er thi ng, but i t ' s st i l l
no good.

CARVER: I t ' s j ust l i ke mi crocomput ers. The i dea st reamhas not got t en bet t er as f ast as the t echnol ogy has . So they
makea much f ast er thi ng that ' s st i l l l ousy because i t doesn' t have any new i deas i n i t . That has happened a l ot . Just
l i ke the mi croprocessor i s an i mage of the ugl y ol d comput ers of yest eryear .

DICK: Whenyou record wi th j ust one mi crophone you l ose a l ot of i nformat i on . So whi l e your two ears don' t have
any t roubl e hear i ng me, thi s one mi crophone may have more di f f i cul t y . Thi s i s one area where there' s a c l ear
di rect i on that ' s needed i n the speech recogni t i on bus i ness - - thi ngs that l i st en to peopl e t al k i ng need to have two
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mi c rophones a t l east . They don ' t . None o f t hemdo . Because peop l e haven ' t f i gur ed ou t howt o t ake advan t age o f
t ha t . Tha t ' s one o f t he t h i ngs I ' mwor k i ng on .

CARVER: Tha t ' s t he st up i dest most ze ro-orde r t h i ng you can i mag i ne , bu t i t st i l l hasn ' t been done t o t h i s day .

DICK: And one excuse t hey make i s t ha t i t wou l d cost twi ce as much s i l i con t o ana l yze s i gna l s f romtwo
mi c rophones. Tha t ' s a t o t a l l y l ame excuse , because i f you can make t he prob l emwor k by t hrowi ng s i l i con a t i t you
ough t t o . Because no t h i ng e l se i s wor k i ng . Bu t i t ' s no t t ha t s i mp l e . You ' ve go t t o have t he i deas o f wha t t o do wi t h
t he s i l i con o t he r t han pu t mor e memory i n i t and r ecogn i ze mor e words poor l y - - wh i ch i s wha t peop l e a r e do i ng .

The key t h i ng t ha t ' s mo t i va t i ng my own r esea r ch i s t o f i gur e ou t howpeop l e do i t and mode l t he human hea r i ng
syst em. Tha t approach i s no t f a r enough a l ong ye t t o showdemonst r a t ed good r esu l t s , bu t i t i s f a r enough a l ong t o
be ext r eme l y op t i mi st i c abou t i t .

GENE : No t f a r enough on t he b i o l ogy s i de?

DICK: No , i n my ac t ua l i mp l emen t a t i on o f i deas . I can ' t ye t showyou a syst emt ha t ach i eves spec t acu l a r
pe r f ormance . Bu t I can showpr e l i mi na ry r esu l t s t ha t l ook encour ag i ng .

GENE : Do we knowhowpeop l e do i t ?

DICK: We know a l o t abou t howpeop l e do i t , bu t t he r e a r e st i l l some open quest i ons . The r e ' s an a r ea t ha t ' s no t
r ece i v i ng enough r esea r ch a t t en t i on . The r e ' s a l o t o f r esea r ch i n t he phys i o l ogy o f t he hea r i ng syst emand
psychophys i cs, t ha t k i nd o f t h i ng , bu t no t enough on t he compu t a t i ona l approach - - t ry i ng t o f i gur e ou t wha t a r e t he
a l gor i t hms t ha t t he human i s do i ng .

CARVER: I n f ac t , wor k l i ke t he peop l e he r e a r e do i ng i s ve ry much i n t he ve ry nea r f u t ur e , i t wi l l st i mu l a t e a l o t o f
b i o l ogy wor k because i t wi l l r a i se quest i ons t ha t have no t been addr essed by t he b i o l ogy commun i t y . Because
t hey ' r e no t t ry i ng t o bu i l d a syst emand un l ess you t ry t o bu i l d i t you s i mp l y don ' t ge t f aced wi t h t hose quest i ons . So
I t h i nk t he r e ' s go i ng t o be a syne rgy be tween peop l e l i ke Di ck and t he b i o l og i st s and t he psycho-acoust i c and
psycho-v i s i on peop l e t ha t i s go i ng t o r ea l l y . . . i n f ac t bo t h o f us a r e spend i ng a l o t o f our t i me do i ng t ha t nowbecause
i t ' s j ust a ve ry gorgeous a r ea t ha t ' s a l most un t apped .

DICK: The b i o l og i st s a r e st a r t i ng t o unde rst and how i mpor t an t i t i s t o l ook a t t he compu t a t i ona l aspec t s , so we ' ve
f ormed some beg i nn i ngs o f some i mpor t an t co l l abor a t i ons wi t h a coup l e o f b i o l og i st s .

CARVER: Af t e r a l l , t he r e ' s t h i s wor k i ng compu t e r t ha t does t h i s wonde r f u l t h i ng , t ha t peop l e haven ' t ana l yzed as a
compu t e r .

DICK: Howdo you compa r e howa mi c roprocessor i s pu t t oge t he r t o t he way Ca rve r ' s ch i p i s pu t t oge t he r . The best
t h i ng t ha t wor ks r ea l l y we l l i s a ch i p pho t o . Just showa p i c t ur e o f t he ch i ps. The d i f f e r ence be tween a r egu l a r des i gn
and a non- r egu l a r des i gn doesn ' t need t o be exp l a i ned . I t ' s j ust t he r e , and st r i k i ng l y obv i ous . Ca rve r ' s ch i p i s s i mp l e
enough , t ha t i n add i t i on t o t ha t you cou l d ac t ua l l y wr i t e down t he en t i r e t y o f i n f orma t i on t ha t i t con t a i ns. You cou l d
wr i t e t he CI F -code (Ca l t ech I n t e rmed i a t e Form) f or t he l ayou t i n f i ve pages . I t ' s a r epr esen t a t i on o f geome t ry . You
cou l d have bas i ca l l y a pr i n t ou t o f t he compu t e r t ext f i l e f romwh i ch t he ch i p i s c r ea t ed . i t wou l d be i n t e r est i ng t o
show t he ch i p , t he code t ha t c r ea t ed t he ch i p , and con t r ast t ha t wi t h t he quan t i t i es o f i n f orma t i on t ha t t he ch i p
produces. The l eve r age i s t he f ac t t ha t you pu t a l i t t l e b i t o f i n f orma t i on i n t o i t t o make t he ch i p , and t he ch i p i s ab l e
t o produce back huge quan t i t i es o f i n f orma t i on eve ry second , wh i ch sound l i ke mus i c . I t ' s an i n f orma t i on amp l i f i e r .
So t he p i c t ur es and t he l i st i ng , even t hough i t ' s en t i r e l y un i n t e l l i g i b l e , wou l d be i n t e r est i ng t o see t ha t t he r e a r en ' t t oo
many b i t s t he r e .
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