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To: CSL, Learning Research Group 

From: (len ~/egbre it 

Subject: Alto Virtual f1emory Proposal 

Archivu category: Alto 

1) Summllrl 

Date: June 6, 1974 

Location: Polo Alto 

O'rnan 1 za t 1 on: PARC'/CSL 

I propose implementing a virtual address space of 2f24 \-/ords at the 
instruction level. All lun~llIage systems can usc this virtual address space. 
H il P pin n v i I~ L 1I a 1 tl d d res s e sin top h y sic a 1 add r' e sse sis don c' , i nth e rn 0 5 t f r e que n t 
Cilse, \'1iLh a small set of non-associative mapping registers. 

Pro G I~ il rn s run i n II 2 t 24 bit vir t u il 1 odd res ssp n c e . I I 1 1 d ; s c u s sad d res sin g 
tllis space in lerms of a Nova-like instruction sot not because this is optimal 
but because its a concrete placc to stnrt •. 

2.1 Instruction Format: 

An instruction which referencris memory has: 

I - nn indirect bit 
X - a base register field (2 bits) 
o - a displacement (8 oits) 

2.2 Registers: 

All rc,gistors dealing with addresses (o.g. PC nnd index registers) are at 
least 24 bits \"ide (32 if that proves useful for other reasons) .. 

2.3 Indirection: 

Indir(\ctcd instructions nre pre-indexed, not post .indexed and the address 
obtilinocJ at the 1st level is interpreted as the first word of a 2 word block 
contilinin~} a 24 bit virtual address. Hence, any word 1n memory can be 
ndclrflsscd. 
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2.4 Base Register Fieldlnterp~ 

00 - PC 01,10,11 - AC1,AC2,AC3 

;C( Xl. KJ 
2.5 Commcnt: 
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The proposed scheme works somewhat better if more base registers are used, 
c.g. 8 or 16. A modified instruction format is then necessary. 

3) ~tappin9. Virt.ua1 Addresses onto Physical Addresses 

3. 1 Obscl"va t i on: 

Tho only addresses that can be accessed arc those obtained by indirection 
or thru the bilse registers. Locality considerations argue that the lotter will 
be tho most prevolant mode. 

3.2 Tho Idea: 

When a pronram is ma king repeil ted references thru base reg i s ter X to a 
virtual page VP, it Hill get into SOr.le core page CPo We introduce hardware 
\'Ih i c h for c tl c h bas e r' e 9 i s t e r X 9 i ve s the c lJ r r e n t cor epa 9 c C P [ X ] • Ins t r u c t ion s 
which usc base register X are (generally) mapped into core pilge CP[X]. 

3.3 Details: 

Each of the. 4 base .registers ha~ associated with it two other registers: 
1 it S t. vir t 1I il 1 P c1 g e n tJ r:1 h 0 r (L V P) it n d cor epa 9 e (C P ). ~I hen eve r bas ere 9 ; s t e r Xis 
lIsod to form .all address. tho follO\·ling occurs: 

vir"tual address = 0 + contents of X 
virtuill page # = high-order 15 bits of virtual address 
displilccment = low-order 9 bits of virtual address 

if virtual paUG I! = LVP[X] 
then fllClnory addres5 = <CP[X], displacement> 
c-,-s.£ hase reg i s ter fau 1 t • 

. In the successful case. flltlpping requires one comparison and no associative 
°hilrcl\oJiwc. Indirection is treated as an implicit base registor; tho 24 b1t 
virtual lluckt'ss is compared against LVP[IJ. etc. 

3.4 [lase Register Filu1ts: 

f\ hClse reoister falllt is c()used either because (0 + contents of X) is on a 
d iff e r p n l p tl ~ J(~ t h ,tn can l (' n l s 0 f X 0 r be c cl u ~ e the con ten t S 0 r X has b c e n c han g c d 
sinc:(~-·t.rll~ lCl!)t fiwlIlory refcr('nc(' tliru X. When tl bllse rca1sler fault occurs, a 
hiiShillCJ sclwl,m like Puter's ("lho Lisp Alto ~lt1p", 5/30/70) is used to find the 
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pilon if it is in corc. (If u11 1anguugcs usc the hilSh mcchanism, there is 
economic incentive to shift more of the work into hardHure. e.g. put the hash 
tit b 1 c i n to f <l S t me 01 0 r' y - il ,. 0 u n d 2 t 1 3 bit s for a hal f - full tab 1 e . ) 1ft h epa g e 
i s not inc 0 r e. the pro c e s s 0 rue 1 i vcr san i n t err u ~ t~ ; '\ 1 tIs up tot he 1 an g u age to 
decide \·:hat page(s) should be shoved out. - ?~~~ ~ 1;-0 LA. ~ 

3.5 Page Size: v 0 
Displacement addressing (2tO) and page size need not be identical but 

should be compilrable. I suggest 219. 

3.6. Generillization 

'Tho puir LVP,CP provides a fast \'lay of mupping a single puge. If we arc 
\'1i 11 ing to comnl icato everyt.hing somm'l'hat,. this Ciln be general izod to a set of 
p age s • 0 e fin 0 a I?_~.QE. .~ r 0 l!..E t. 0 be it con t i 9 II 0 U sse t 0 f vir t u u 1 p iJ ~J e 5 r 0 sid i n gin 
a con t i ~JlI (I 1I S sot 0 r cor 0 P iHJ C S • J\ s soc i ate \'1 i the tl cit bas ere 9 i s t e r CPa s a b a v e 
un d 1 m'm r -ll P P e r~ vir t 1I d 1 b 0 un d 5 r e 9 i s t e r s LV Pan d U V P \.,rh i c h 5 pan a p age g r 0 up. 
CP[X] serves as a base. for the core address if tho LVP[X] < virtual page # < 
UVP[ X]. --

This hilS the advantage of allowing chunks of memory to be mapped directly, 
.lIp to ill1' of core. For example, a program which is prep1anned to run in no 
m.or~e than G4K 0 f the address space can 'se t up a sing 1 e page group 0 f tha t s 1 20. 

This has the following disadviintuges: 

(n) additional hardware, since testing virtu'al page # 
. against LVP,UVP requires 2 subtractions (in parallel) insteud of one 
comp(1l~ison and reQuiros forminn tho coro page /I by addition instead 
of ~oncatination. 

(b) a moro complicated core manager, sinco it is necessary 
to allocate variable size core chunks. 

(c) somewhat more complex communication between the program 
and tho swupper. since the program must be able to speci,fy segments." 

4.1 Within a Module: 

Code and data can be acce~sed as ~ + contents of .PC and wi 11 
mapped directly.- r~ ~~ ~~ 

4.2 Cross-f'1odu1e Coue L inkilge: 

generally be 



A II 0 V i r~ III i1 1 Hem 0 r y 
Pr-opostll 
Ben Wcgbreit 

4.3 Local Var~ablcs: 

June 6, 1974 Page 4 

Using one of the base register's as a frume pointer, local variables can be 
. acccssed ilS 0 + contents of frurno register und \'1111 generally be mapped 
di,"ccl1y. 

4.4 Lisp CAR and CDR: 

Usc Oanny's hash-linking scheme, Local pointers (non-linked) arc converted 
i n lo vi,' t 1I a l' il d d res s C s \,1 h 0 n put i n t a a b i1 S ere 9 i s t e r by u d din g tot hem the 
con len t s 0 f the has 0 reg i s to,' \'1 hie h' bas cst h c i r p age. Lin ked poi n t e r s a r 0 

full virtun1·addresses liS in Danny's schemo. 

4.5 Array processing: 

SCQllontiu1 accesses to anything, arrays in particular, aro generally mapped 
d i ,'ect 1y. 

5) Drm'/bilcks 

5.1. Ind irect 1 on takes 2 wO"ds rather than 1 on the present address J~j-, 
structure. rr--'-..I 

5.2. Un 1 ass tho pll~Jn ~lrOLJP mochan i sm is imp 1 emented and emp 1 oyed, addresses 
gcncrratcd in n random pllttcrn within a core working .set (e.g. tree-sorting a 
32K \'Iord a,'ray) must go through the hash lookups' since the base register 
mllpping hardware will do little good. 

5.3. Since lhe displuY hardh'ure runs in the physical address space and the 
pr'ogrllln runs in tl virtual address space, it is necessary to be able to 
establish il c'orrespondonco bet,</een them. This is an understood problem (Tenex) 
with II rellsonuble solution (locked puges). Page groups (c.f. 3.6) help here. 
However, implementing locked pages is still a complication. 

5.4. BCPL is complicated since full addresses become 24 bits, while 
i n t eve r~ s pro h II h 1 y s h 0 lJ 1 d r e r.1lI i n 1 6 bit s • ,., u kin 9 the dis tin c t ion \,10 U 1 d , a t 
the lcast, inl,~oduce some complication with OCPL. 

6.1. Since the virtual memory is large, the operating system can 1 ivc in 
the same address splice • 

. G.2. Protection of tho operating system from the program or of the program 
fl'om rOf)ions of itself is a sopartlte -issuo. A write-pr'otect bit for' each of 
the cot~e P&lUP. reuisters (c.f., 3.3) cun be included, if memory protection secms 
neod('d. 
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I propose that a virtual addross space of 2t24 words be implomentod at tho 
instruction and micro-instruction level. All language systems can use this 
vir t u a 1 add res ssp tl c e • ~1 tl P pin 9 vir t u a 1 u d d r- e sse s 1 n top h y sic a 1 add res s e sis 
done, in the most froQuont case, Jl'lith a smull sot of non-associative mapping 
'reg i star's. . . 

2) Addressinq 

Programs run in a 2124 bit virtual uddress space. I'll discuss addressing 
th i s space in terms of a Nova .. li k.e i nstruc t i on sot because its a con ere to 
place to start. 

2.1 Instruction Format: 

An instruction which references memory has: 

I - an indirect bit 
X - a base register field (2 bits) 
o - a displacement (8 bits) 

2.2 Registers: 

All registers dealing with addresses (e.g. PC and index registers) are at 
least 24 bits wide. 

2.3 Indirection: 

Ind1rected instructions are pre-indexed, not post indexed and the address 
obtained at the 1st level is interpreted as the first word of a 2 word block. 
containing a 24 bit virtual address. Honce, any word in memory can be 
addressed. 



Alto Virtual Memory 
Proposal - Version 2 
~en \·/egbre i t 

June 18. 1974 

2.4 Base Register Fiold Interpretation: 

Pago 2 

00 - a special 24-b1t register GR which can bo loaded by special 
instructions. 
01 - PC 
10,11·- AC2,AC3 

2.5. Data width: 

Since addresses are 24 bits wide, this is the stllndard width of full 
pointers. Integers should probably remain 16 bits wide. Short pointers (o.g. 
f'elative to the first word of their page) should also bo suppor-tod. Rogistors 
dealing with addressing are 24 bits wide. Hence it is necessary to be able to 
load and store both 16 and 24 bit quantities into and from these rogisters. 

2.6: Non-Nova Instructions: 

f1esa and Altolisp will be programmed mainly by micro-interpreters for their 
specialized instruction set. Hence, the virtual address space must bo 
available at the microinstruction level. In that mode, it may bo possible to 
use more base registers, e.g. 8 or 16, which would make the schome work 
somewhat better. Tho number of registers 1s limited by bits to address them 1n 
micro-instructions and card capacity. 

3) Happing Virtual Addresses onto Physical Addressos 

3.1~ Observation 

Addresses typically arc not generated at random but rather ore obtained by 
relatively small changes to a prior address. Examples: 

(a) small change to current PC for next instruction and local Jumps, 

(b) accessing local variables as a small offset from a frame pointer, 

(c) i ncremen t i ng an index reg 1 s ter 1 n fotch 1 ng consecu t 1 va words of an 
array. 

(d) in lisp, car and cdr pointers local to a segment 

These prior addresses are often obtained from the registers: PC. and AC's. 

3.2. The Idea 

Supply with every memory request an indication (access code) of which 
register was used in generating the address. If the new address is close 
enough to the pr 10r address, then it wi 11 probab ly be in core a 1 ready.. We 
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introduce hardware which for each base register X gives tho current coro pago 
CL[X]. Addresses generated from base reg1;ter X ore generally mapped by CL[X). 

Generalize this as follows. Define a E!!2.£ group to be a continuous set of 
virtual pages residing in a contiguous sot of core pagos. Tho progrllm 
specifies II page group to the page manager by a JSYS-l1ke command. \.Jhenever 
any page in the group is subsequently referenced. the entire group is obtained. 
CL maps an entire page group. 

3.3. Details: 

Each of the base registers has associated with it three other registers 

LVP - low virtual page 
HVP - high virtual page 
CL - low core page 

LVP[X] and HVP[XJ hold the page number of the low and high pages in 'the last 
page group accessed thru base register X. Uhenever base register X is usod to 
form an address, the following occurs: 

virtual address g 

virtual page # = 
D + contents of X 

high order 15 bits of virtual 'addross 

if LVP[X) < virtual page ~ < HVP[X] 
then memory address = CL[X] + virtual address 

. else base register fault 

Actually, (CL[X] + virtual address) is formed first, then memory fetch is 
initialized, then the comparison is carried out to soe if tho word which will 
be fetched is the right ono. Hence. in the succossful.~aso, mapping delays tho 
memory access by one add time. 

Indirection is treated as an implicit b\lse register: the 24 bit vit .. tual 
address is compared against LVP[I]. etc. 

3.4 Base Register Faults: 

A base register fault is caused either because (0 + contents of X) is in a 
different page group than contents of X or because tho contents of X has been 
changed since the last mernory reference thru X. \/hen £I base register fault 
occurs, a hashing scheme liko Peter's (liThe Lisp Alto Hap", 5/30/70) is used to' 
find the page if it is in core. (If all languages use the hash mechanism, there 
is econor.-dc incentive to shift more of the work into hardware, e.g. put the 
hash table into fast memory. If the page is not in core, the processor 
delivers an interrupt; it's up to the language to decide what page(s) should be 
shoved out. 

3.5 Page Size: 

Displacement addressing (2f8) and page size need not be identical but 
should be comparable. I suggest 2t9. 
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In non-Uova mode, the correspondence bet,.;een bnse register and 24-bit 
virtual address must be done at the micro-instruction loval, o.g. via some bits 
of the micro-instruction, or via the contents of some machine registor. 

3.7 Disk manngcment: 

It is desirable to have page groups be identical with partitions. That is. 
given the address of the first page in a 9fOUp. on tho disk, the addresses of 
the other pages be detef~r;)1ned by a sifilple computation and pages should bo 
placed so as to minimize time to read them all in. 

4) Some Usage Hodes 

4.1 Within a Module: 

Code and data can be accessed as 0 + contents of PC and will generally be 
mapped directly. 

4.2 Cross-Modulo Code Linkage: 

Indirect - requiring 48 bits in all. 

4.3 Local Variables: 

Using one of tho base registers as a framo pointer, local variables can be 
accessed as 0 + contents of framo register. and will gonerally be mappod 
directly. 

4.4 Lisp CAR and CDR: 

Use Oanny's hash-linking scheme. Local painters (non-linked) are converted 
into virtual addresses when put into a buse register by addi,~g to them tho 
con ten t s oft he bus ere 9 i s t e r- wh i c h bas est he i r p age. Lin ked po 1 n t e r S l\ r e 
full virtual addresses as in Oanny's scheme. 

4.5 Array processing: 

Sequential accesses to anything, arrays in particular, are gonorally mapped 
directly. 

4.6. Small programs: 

A program wh i ch is prep 1 anned to run 1 n no mora than 64K of the address 
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space can set up a singlo pago group of that sizo and have all rnemory accosses 
mapped directly. 

4.7. Bit map for tho display: 

A page group. 

5) Oril'tlb(lcks 

5.1. Indirection tal~es 2 Hords· rather than 1 on tho prosent address 
structure. 

5.2. BCPl is complicated since full 
integers probably should remain 16 bits. 
i n t t4 0 d u c e sub s t it n t i a 1 co In p 11 cat ion \1 i t h B C Pl. 

addresses becomo 24 bits, 
Making the distinction 
(c.f. 2.4) 

whilo 
would 

5.3. Additional hardwaro is roquired to make the mapping fast onough to be 
acceptable. 

5.4. ~Jhen a base register fllu1t occurs, tho mapping rogistors must bo 
loaded after hash-tablo lookup. Henco, in tho ",orst case, if overy referonce 
faulted, the proposod sciler:le would run slower than using hashing alone. 

6) Qpcrat1nQ System 

6.1. Since the virtual memory is lllrga, the oporating system can live in 
the same address space. 

6.2. Protection of the operating system from tho program or of tho program 
fro m reg ion s 0 fit s elf i s des ira b 1 e , but a 's epa r a b 1 e iss u 0 • Us i n g t his 
proposal. it suffices to add Tenex-style bits for read, ,,,rite, and executa 
access to the mapping registers (c.f. 3.3) and maintain them in the hash table 
(c.f. 3.4) to be loaded on bllse register fault. 

7) ~aration 

There are t'oughly six ideas combined here •. pulling them apart may bo 
helpful: 

1) large address space (greater than 2t16) 

2 ) acce ss code to spec i fy wh 1 ch mapp 1 ng reg is tar wi 11 probnb ly map the 
address. 

3) Peter's hash table when (2) gets a fault 
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4) pago groups to got: eilch mapping rogister to milp sevoral pagos, 
preloading and oscapo back to the baro addressing structuro. 

5) corresponden co between phys 1 ca 1 disk a 110ca t 1 on and pago groups to 
·speed up access to all of group 

6) access protoction 



To: ':SL. SSL OIlt.O: Juno 25. 1974 

C':n \I(:?t.r e I t. locllt.lon: Palo Alt.o 

SU~J~Ct.: Alto Vlrt.u.1 Menory PropOI.I - Verllon 3 Organlzat.lon: PARC/CSL 

fll~; !WALlO 
Archlvp. catc?ory: Alt.o 

1) Sur:-l.)f·/ 

1t. 1i proposcd that a vIrtual address spa co of 2124 words bo In"lenonted ill. 
thQ nlcr~·lnstructIQn l~v~l. All lan~ua~~ sy~tens can uso this vIrtual ~ddro~s 
S;>iJC"!. 1~')Dpln? vlrtu.l addrenes Into physical addresses Is dono, in t.ho /!lost 
rr~Quent ea~(:. with a $nall sot. or non-as$ocl~tlvu napping reglstors. 

~r01rans fun In I ZfZ4 word virtual address spaco, I'll ~Iscuss addressIng 
thiS 5g~Cq at the nlerO-lnstructlon levul. 

~(,:-.e nunher (8 or If) or 24'bH base regIsters lire added to t.he Alt.o (on 
the n"nory Interf.ce board). 

~.~. Address Fornatlon 

(a) norn.,1 ·n'=>r.le: Iii-bit. dhp\aC'!Mcnt. frOM t.he contents of ono of t.ho bilso 
n:'JI~ters. 

(~) full ad"ress: I 24-blt full .ddross 

In r"irr,,;l nt, ij I) , a nlcrO'Instructlon referenClnu ncnory suppl1es ,) 1(;-hll 
dl~~l~c~n~nt dS the output of thc AlU and. 3 or 4 bit r1l'ld (spo:'clfylng bilSO 
f':·jl:ot.:r "I/t.!.':r) In tho nlcro-Inslructlon. The nlcro·lnslructlon flold Is Oltt'rI 
'rlltn th,,! CfJntl?nts of I speCial loadilble S rcrjlstcr to gel tho base rO{llstcr 
nu:-,I.tr. The dl~p1acenent II added t.o tho content.s or t.ho base roglster t.o gut. 
the Ylrtual addre!os. 

/\ lplw Jun~ :!>, 19~ol 

I)(!n \Jf'qhr(>lt. 

2.3. Manipulating Base R~Qtsters 

lIicrc'-lnstruct.lons ilre provided f(lr 1(I.ldlng tl.u(' f('llistefs "n(\ th(,lr 
".~5I)CI •• tf'd n.,pplng fl'<Jlsters (c.f. Sl'clh'n J.:). ';"JIlI(ln.lll),. th.' ((11 1." .. In", 
n~y Le uscful: Increnent.lnQ. addino 16-t>lt dl~pl~c('nrnls. ~nd slorlng. 

3.1 Thc Idca \lhcn iln ilddress Is f(\l'nl'd liS thl' dlsp1.'c{,n,'nl fr','n " 1'.ls., 
ro:'o)l5t'1I', If the n,"o/ .ldol .. I'sS Is ch,s{' {'n"lI'.lh t" th{' "rh'f e.'nt,·nls .,f lh('I'.I!'-,' 
r\'~lst"r' thcn It \·,ill proll"bly be In COf{' alr('.lJy. \.'e IntrolluC!! hilrd".lrc \o.h.ICII 
ro~ each bilse f{'Qlster X arc gen{'rally napp{'d by Cl(Xl· 

- V " . \ 
tl.~ ("Y,~".f ""'"(1'-;" (L[l(].A,/,I.·.-.J.·,J., .....• -J..I ;,,-.~.~ ... ") .•..• 

C,"llcraIIO:o thl~ ilS follo,'s. [lI'flnl''' r~'.~f' ~1:'(\I!i~ to l'e a C(lnllnlll'US set ~,( 
vIrtll." p.,'Il'S residIng In ~ contl(lll(\llS lo,'l (lf c<'re ".I\1I'!'. Ihl' IIr"·' .... ;,' 
spcclfles ,; P,'9C 9rouP to the page n.ln.lllcr l'y. a ,'5YS-II~0:' conn.lnll. \::,.:nl'\.'r 
.IIIY p.IIJl> In lhe Uroup is ~ul'scQuent ly rl'frl"l·ncrd. the {'ntlrc grl'lII' IS ,,1·l.lln.',I. 
CL n~p~ ~n entire paQe group. 

3.2. Dct.a\ls: 

E .. eh of tht' I,ast' ft'(l1Sll'rs has assoclall.'d wHh It • l,locI.. of t.hr ..... ' otho'r 
registers. ~:'~!!.'J !:.!:'Jist"rs. 

lVr - low vIrtual 1'0(11' 

IIvr - high VlftUill pago 
CL • low coro paql.' 

LVP(X) .,n" IIVI'(X) hoI" the p.,gl' nunhl'r of thl' lew j\nl1 hl\lh ".'.,,'s in llll' '.)~.l 
Pil':1C (JrOllp ilccf'sscd thru basI' r{,(llster X. \.'lIrn(t\'('r 1 •• 1S{' ri>Qlslrr X IS used l~' 
forn iln ",!rlrc!'>s, lho following occur~: 

virtuill .ludrl'ss 
virtu.)1 P.19C· 

~ • C(lntt'nls of X 
hi(lh order I!> bIts of vlrtUill ilddr(tSS 

If LVr( Xl < vlrtuill pat)c • ~ livr( Xl 
th,'n nrnL1ry .1dJ,·ess • CL[ xl • vlrtu~1 addr('ss 
pl-;;; bilse fl'ghtl'f fault 

,.cltlitlly. (Cl.[X] • virtual ilddl'(,ss) IS f(lrnf'l1 fIrst. lhen nr"C'r)' f ... lch ,~ 
Inll.l.ltcO. Ilence, In the successful casc. n.,,,pln\l d('l.l)'S lhe n(,I1,'ry .ICCf'~~ I'Y 
ono add tine. The conp.,rl!oon IS donI' 1.lSt i\nd 1s olC\U.Il1y "rrfl'rrcol n(",' 
~inply _ Chllc~ ThilC~l'r w(lr~ed out a n~thod thd\ r('~Ulrt'S only one c~r~ar'~0n 
ft,r loounds. . 

A base rC(llst('r f.,U\t. Is Cilused eHh('r l><'CilU!o(' (tl • el'nt('nt.s (If \,) IS 
dlffl'rcnt paGe group than cont.ents of X or because tho c('nten\$ of X has 
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chiin,H·1j SInce the last n(!nory reference thru X. \lhen a b.1SC re{llstcr filult 
~~~ur~. ~ ha~hln? schene II~e Poter'~ ("Tho lisp Alto Hap·. 5/,)0170) Is used to 
fln,j thp. P;")" If It Is In coro. Cllll this a hllshed n.,p. (If 011 1.,n~lu"9I'S u:!.o 
thp. h~~h n~chanlsn. there Is econonlc IncentIve to shift noro of the wor~ Into 
to .. r,,:·, .. rc, c.,:/. hard-..aro hash. If the p.l'Jl' Is not In coro, tho proc[lssor 
dr.:ll'l,:r~ bn Interrupt; U·~ up to tho language to decide wh.lt p.lgo(s) should lIo 
sho'/cd out. 

:;.4 Pa,)e Size 

(llspl.)ean"nt atltlrcnlnlJ (218) and pag8 size nood not bo Idontlcal but 
~hould La c~nparable. I SUIJ?ost 219. 

It 1\ ,l'!Slrablo to havo p.l'JG ?rouPS bo Itl~nllcal with £I!'~~' Th.,l Is. 
? I 'I(:n tho arJdr,!,ss or tho r Irll p.1')O In a ')roup on tho d lsI.. , t.ho addrossos of 
tne oth(,r p.l'lIJS Le dotunlncd by a slnple conputatlon and pa90S should bo 
piuct;!tj so as to nlnlnlZO tlno to road then all In. 

3.6 full Addresses 

A full Z4-blt addresS can be delivered with a baso register nunbor X. to bo 
Intl!q;rr:tt:'J /IS: ndp the address with the boundS rrQlsters of X. This ·I!'. 
Intand~1 to provide a way or USln? a previously sot up baso register as a hint 
fer ' ....... l1n') Co full atldreu without affecting as cOlltonts. Its utilHy is 
s,_r,,;',·I ... t n"r'.llllal. 

ih'! n.)jlptn,) h.lrtl.r"re proPf)~p.tl here Horl..s ~Iell only Ir n(lst n('nory 
rt:f.:r,;r>r;., .. iJr', Iss'J",1 01\ t:ltspl.I~'!n"nts frf)n prf!vlf)usly IOillJIJd 1o.15IJ re~llstors 

Bntj n~~t of lhp'SQ arc n~pped directly. Th~ hash t~ble lookup t~~~s ~roun~ 2.6 
n~ In U''! Ilr:~t ell"'! (Hlth curr(;nt horrjo,!.lrf:'). A ratIo or around 10:1 r1cnory 
p:f(·rrr.(.,·., to t,;,st.rd nilf) r('fcrences is r(''Iulrt'rj If th1s 15 to bIJ prllctlCill. 
1\' .... liJrd ~,tllr:r)I\. r-"lcr [Jf!ut~ch. lind Jill Mitchell aro colloctlng stat.lstlcs for 
tho d/n~nlC b"novlor of CCPl. Cytollsp. and Mo~a. 

lh~~Q ~tatlstlcs provltlQ MUnOry referenc('s noro or less un~nhI9uously, but 
till) nUt .~.r,,. ,_ r ',i) ~hf.d nllp re fcronce) dep~nds on how t.ho lnn\JuD\.Io proces 50" S' U so 
U"'c t··.:;r, re'}lsters. In tha re~ilrd. t.huo lIro t.hroo Cl.lS~OS of n('nory 
r'; fl';r,=="c,";!.: 

(1) (a:;11y reprscntcd as ~ase rCQIster • dlsplacenent, slnca tho bllso reolstl'r 
c~nt~ln~ a rl~e~. Idrntlflahlc conponent of the pseudo-nachine supportIng tho 
ldn~ua~c. o.g. PC. stack polnter(s). global polntor(s). 

(~i pO~~lbly represented as base regIster + dlSpl4ccnent. dopondlng on tho 
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COMpilation of the lan9uage~ e.9. array accrss. accesses to several fieldS of a 
pOinter-based structure. cars and cdrs (ln lho sane page. 

(3) not reprf.'sl'nted as b.no r .. ·.llsll.'r .. dlsll1.Ic.'n.'nl. e.o. address of a 
procedure In another se9nent. a nrwly construcl~d polnler. 

Clilss (3) nust be hilsh no1l'l'l'd. cl.1ss (1) WIll ·I'e directly noll',"''' in n,'st 
!npl~n"nlatjons; class (:) presrnls an uncertaInty. ~sr l'f ~asc r~glsters herr 
I:; :;1I'111.,r to the technlc.11 prolllens of uSlno In,h', r"\llSters "ell \n n,'rn"l 
conpili.lion; the Incrntlvl) f(lr 1I,"nl,) 5" \5 !'1I1'H.,nll.lll,,· \1rc.lt.,,·. It .1;'.'.' ••• ·s 
lhi.t lhl:!. ~till be ea:!.ler to do ror .Irray pr(lC!'SSln\! (c.\!. In H!'$.1) lhan f,'r 
ll~t proccsslnQ (e.g. In Dytollsp) Since nQre IS ~onc In-llno (prcceQure c~lls 
ure usuully treated ftS destrOYIng statc ,nfornatlon). 

5.1 ~Ilhln a Module: 

C(,de and data Cftn bo accessed a~ D • conl(lnts or rc and WIll l'e n.,,,,,(',I 
dIrectly. 

5.2 Cross-Module Code lln"aQ~: 

P.equires a full 24-blt pointer and a hashed nap. 

5.3 local Variables: 

lJ!oln':1 ono of the base registers as a frant' pOInter, IQcal V<lI'I,ll-les can 01:' 
uccc:;:;ed as D • contents or frano reglsler and wIll ~c napped olrcct,ly. 

5.4 lisp CAR and C~R: 

Usc ['unny's h.uh-Iln~InlJ schrne. local pOlntHS (non-lln~('d) arl' C(ll'1v('rtl'i! 
IntI). virtu.11 "'l~resscs "'hen put Inlo .1 h.lSt' r(,'llSl('r 11)' ad.lln'l to lhl'" llll' 
contents of the base regIster ",hlch b.lS~S theIr' pago. llnl..eU p(llnlers arc 
full virluill addrl'sscs as 'n Danny's schene; 

5.5 Array processln9: 

. Sr:flll('ntl.;l .Iccessos to anything. arrays In pal't.lcular, can bo 
dlrcct.ly. Lut this depends on the language procpssor (c.f. SectIon 4). 

5.6. SnaIl prograns: 
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" prO'lri.n ~:h lch Is preplanned to run In no Morc thdn 64~ of tho dddross 
SP~C~ Cdn s~t up a sinole page group of that sIze and have all ~emory accossos 
roolpp'!,J dlr~ctly. 

&) ~Qv~ Enulatlon Hode 

It IS dQslrable to let exlstln~ nova MachIne language progrnns run 
unch,vI-;I:r:I "ntj alsl) to allow uso of the 2'Z4 word addross If wanted. lho 
(ollowin9 IS a conpronlse. 

~,1. Instruction Fornat 

An Instruction which references Mcnory has: 

I . an IndIrect bit 
Y. • a ba.s~ r('~lster field (2 bits) 
o • a dlsplacenent (8 bitS) 

6.Z P.I!'JIsters: 

All rC-'Juters dealIng with addreuU (e.g. PC and Index reglstors) oro 24 
bIts ""Itje. 

~.3 td~C Re?lstcr Field Interpretation: 

00 _ a special 24-blt regIster GR whIch can be lo~ded by special 
InstructIonS. 
01 • Pc. 
10.11 • ACZ.AC) 

G.4. Data width: 

::"nc"! {"JrJr"HIlS lire 24 blU wid'!, thIs IS th!! standard ~/ldth of (ull 
p~lnt.rs. lnt,,~~rs shQuld probdbly rcn~ln 16 bits wide. Short poInters (e.g. 
r,,1'J'.I'I<, to) thl.! first ~(I)rd of their p.l',/) should also bo supportod. Re'.llstors 
d~aljn? WIth atjdreSsln? lire 24 bits wIde. H('nce It IS necessary to be ablo ~o 
IQ~rJ dnd stDro both 16 and 24 bit QuantitieS Into and rron those roglstors.' 

&.S. Indirection 

InrJlrp.ct,!tj InHructlons are Interpreted as currently on tho Alto. lIonco, 
only 2'1G words can be accessed thIS way. 

1\ lphil June Z). 1974 
Ceo "'(''1bre i t 

1"·'.1 t.st~rs USl'd In Ilova enula.tlon node "h Ich ollcrf 10 ... • lu bits .... 111 bch,l\ (' 
dIfferently. Sorry. 

7.2. rrotectton of the operdttn9 systrn fron the pro~ran or of the pro~r~n 
(rc'n /,('qj(lns of Hsel( Is d('slrdhl('. r(>r th(, usu.ll r('.'5(>n5. l'Sln., l'1Is· 
IJI',)p n !oill", It SUrr,Cl'S to add T('n('x-styl(' hits f"r r,'ad, ",rite. ,lIH1 l',,·~,Jlc 
occ~ss to the nilppln~ registers (c.r. J.i) and nalntaln then In the hash til~lc 
(c.r. 3.3) to be 19aded on base register fault. 

lhere 
hul/Hul: 

,)1'0 rough ly six Ideas conhln('d h('re. pulllnQ th('n <"'hlrt 

1) large address space (greater than itl6) 

3) Peter's hash table "'hen (~) gets a fault 

4) page groups to Gl't: each n.lppln9 rl',)lSl('r to nolp 
Dreloo1dlng and escapo bac~ to the bare .ddr~SSln9 structure. 

5) corrcspond!!nce between physIcal dlS~ all(1c.tlon lind 
speed up access to all or group 

6) access protection 

9) Unr('s~lv('d Qu('stl(1ns 

9.1. US.:l'Jo 

$(lver011 po1\lL'S. 
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(il) 11(;'·, (orfectl'lely Celn the lelngUelge processors use the belsO re9tsters for 
class (Z) references? 

(~) Vhut ~~rcent o( ncnory rn(erence5 wIll be nopped dIrectly? 

9.2. D~510n Paranotor. 

(u) Is the (ull Z4-blt address worth provIdIng? 

(b) H(;~ eitenslve should the arlthnetlc operations on bose registers bo? 

(cl H(;~ nany ~a$e re?\sters should there be? 

(rJ) $hr,ulrJ the 1"-blt dhp\')ccnl)nt be treated as II slQned-tnte'Jer ($t~n btl 
e~tcnded) to gIve relatIve addressIng to elthor sldo o( tho belsO reglstor? 
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To: CSL/SSt. Date: October 4, 1974 

From: Ben \~e~lbrc i t Location: Palo Alto 

. Subject: N111tiplo Bilsn HOfJist.p.I~s for' tho Alto Organization: PARe/Cst 
Vir t \I (11 N e In OJ" Y . 

Fi 1 c: <VANdEI'NOND>m·INBR. PUB; 10 

1 • SCOPE _._.-.. -•.. 

. This j s all improvement· to the desion in "Alto Virtuai Nemory Update", 
Sept. 13, 1914. A suh!;equC!llt memo will consolidate the t\-IO previous memos with 

. this one. t.o pr'oduce il f il1al desj gn. 

2. SlINNARY -.. - .. --.. -.. ~ ._.-

. A pr'oposcd t~oonJill1izat.hlf) of t.he base rerdsters. illonn with a small amount 
of .i1ddttiollill hilnh."ttre, can he used to reduce the address translation fault 
~i1tc by approximdtely a facior of two. 

In tho· previolls d('si!)l1, il ~~jl1nlc base refJister \'IilS associated with each 
logjcal func:t.ioll. The nc\tJ propo5ed desi!JIl il110\'ls multiple (N=2) base registers 
to h 0 ass 0 C .i a t. e d \'1 i t h tl ] O!J i c ill f 1I net i 011 • 0 f the 11 air 0 f reg i s t e r ~ ,on e is 
C\lITcnt at (lilY ni.vcn time \·!hi 10 t.he ot.her sorves as iln alternate to bo t.ried, --.... _ ....... _. --,----
under nppl~(lpr'iilte cir·cm:1st,lnr.(~S, wllP.n the clIrnmt one 15 incorr~ect. State 
jnfot'mation jll the rIl l !l1lOJ·yjnl.erf(tce det.ermines ";hich one of il pair is doomod to 
be ClWI~ent und is knpt upilill.ed so tllilt slIccessivD references to the Si.1rne page 
gr'oup thr'olJ!Jh n pair try the cun"cnt one first. 

As nn exnmp 1 c, cons i £lor the pI anned des ign for ~lesa ("The Imp lementa tion 
of N Q S a on J\ 1 to", B /7. 1/74 ) . r: (1\11 t. s can be C i\ usc d by 

(1) lIser-computed ilddrr!ss(~s 
( 2) . nOll - 1 0 cal pro c e d II n~ c ~l 11 s 

Tho faults for each of these milY he decreased (IS follows: 

The p I~ l' V i 0 U s d Po S i !J It lJ s P son chits ere fJ i 5 tor for c a c h 0 f r e il d i1 n d \,1 r i t e • 
Tho .H~'" 1)J"oJlns(~d dw.;iqll lISn!i cl llil i r of hdse rcaistcrs for cilch of read and 
''1f"ite: it clitTent. n~!Ji:lt(~r ilnd iln alterrlflte. ConstrJp,r reads; writns are 
arwlouolls. ""\·Jh<,i.- '~I 1'('(\1:1 .·PqU('st (u.:cu·r'-s···Tn ·"Z4-bit. addressing mode, then the 
Cllrt~cnt I"pild r-cnist.er is tl·i.!d rjr'~t: if it maps SlJcC:E~ssflllly, \,/olre dono. If 
it..does Hot Ilhtp Sl\cce~sftllly, t.hen t.he al.ternitt.r. is tried. If it succoeds, 
the n j t h n c (1111 est hell f' \-/ c: II r,. e n t r l' cHI r (] fJ j s t e r: til i s r n ill i z e s N RUt r i ill 0 f the 
r e His t c r sin t. h 0 r' end p air. 1ft. h c ill t ern il t e fa i 1 s , t h on it fa u 1. t 0 c cur san d , 
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i 11 P .' 0 C (' 5 sill H t. h e f ill II t. , t. h (' (01 d) ill t (' r 11 n t n i s r c 1 0 t1 d n d ; t his imp 1 em e n t s L R U 
rcp]clcclIwnt. .. To cli~t.ill!Jlli!.1I this modf! of ildclrossing from tho 24-hit mode 
described in t.he pr"evio\ls memo, cull this u G-~2dc mp.m~r..y. rnfnrnnce. 

Tryjn~ the nlt.erllate hi1~(~ n~!listp.r tilkc5 ? minor cycles. Londing a base 
I'POist.OI' t<lkns (lbollt 25. 1i1'IlCP t.1"ylIlO the dlterrliltc is cost effoctive in time 
i f the cit illl C (! 0 f S 1I C c: e s son 1. h r. il 1 t. (~ r nil t. c (H i v n 11 t h n t t h U C LJ r r e nth il s fa i 1 e d ) 
is bett.er t.htlll 217.5 = .on. ~1'!(lSlIremel1ts for Nesa give prohilhilities of .47, 
.OB, ill HI .4'1 (t.hree djffr.rf~l1t. progrulOs); BerL. gives .63. That is, trying the 
a] t ern ale i. S H C 1 e il." \'l j n 11 e r j It t. i me. 

(3.2) Trilllsfers of Control 

Con s i dDI' t.."aIlS fm-ri nu r:on l."o 1 from procedure· ·l'to procedure Q. Three 
Ci1ses ariso: 

( 1 ) Q is known lo he .i 11 the sume pagn grou p: exmnp Ie : ~lesa intra -modu Ie 
CClll 

(2) Q is known to he in a differ·ent page ur'oup; exarnple: Ncsa inter-· 
module call. 

(3) . Ull cel' til in ty; eXillap 1 rf: Nnsa procedure-va lued parame tcr s ; a Iso: 
Byte 1 is p wi tholl t; h lock COIOP il it 1. ion. 

Consjdnl' imit,ut.inn (3.1) ,11111 always tl·yinu a current baso register for 
contr·ol and, fililinu that, tr"~·dIlU un ililernate. The results would be: 

( 1 ) stlcceeds on C1UT(!J1 t 
{2) fails 011 ClUT('lltj l:Jay slicceed on alternat.e 
( 3) may sllccr.r.d 011 P. i tlwr curren t or ill terl1u te 

Some mD(lSlll-elocnts of Nnsa pr"oqrilrl15 shO\'1 that \'lith this policy, for three 
djffcrenl pl"(lnr"ilnlS, t.he pnl·ccnt of control tl'ilns~ers milJlPed hy ctwrcnt are: 
40.9, 2fLIl, ·and 40.7 , ... IJile the percent mapped hy the alternate are: 40.0, 
Grl.l t ilIHI 3U.6 respectively. Note tllilt the slims of current plus alternate are 
somcwhat 11101"0 consist.mlt: nO.9, 97.!J; ilnd 80.3 r·espcctivcly. (It is 
conjp.ctured t.hat. thn S(ll!li'\<ihill. ilHOrIlil]OllS hehavior of the second prouram - a text 
fO"millter - is C,\lls(~d by V(~I"Y frequent culls out of "cun"ent" module to the 
stl"jng-l1lilnjJllllat~oll modllle). 

Th is d i r fOI' S 501Oe",h<l l f 1'0111 (i -mode in tha t to try the cllrren t base reg i s tor 
tl n d the 11 1. h e i1 I l c r' n il t. P. r (~ q tJ j n~ s . add t"(~ ~ s t r i1 n s 1 a t ion, but not il c t 1I ul 1 y U 0 in U to 
th 0 memor·y. J f il f illI] t doc s no t: occur, then the con t.en ts 0 f NI\R a ftcr 
tl·i1nsliltion is t.he nm'! val\Jn of P fOI· the (po~sihly ne\'l) current bilso register 
fOI' contl'ol. This should ho lOcH-led into P(control-current) to produce the new 
PC bilse. 

(3.3) Ot.her Applications of U!>jt1H Base Registel·s in J'airs 

The iI h (1 \' e t "I() P. X il m pIp. s hot h i 11 vol v P. t r il n 5 1 a t ion 0 f f u 11 7. 4 - h j t vir t u a 1 
tlddl"f'SSPS. SOPIO c\llv.dnt.;"J'~s "r lISill~) 1~1.'!Jist.nrs in Iwil's \'lith a Cllt-rent and 
alterllilt.e ilpply 'in I) ilnd L Inod(!, ill liHlflll(t~IC jmJll(~mentiltions othnr than ~lesa. 

III N(~s(l (lddr('s~) t.rill1~;]tILhlll frHllts <lI'H ilSSllliWd to occur only for the two 
reasons ni\,f~n ilhovp. hr.calJ~r. illl frcll'l(~:) fo,' ilctivilt.i.ons urn assumed to fit into 
tl p(l~Jn HI"PUP. In ,(;,ilid1 tilH; t.his· "'ill nnt he Ow· Cilse for in~t.ilnr.r.:;, since 
theso effl'ct.ivfdy forlll t.hn rr("~ SLO'"dqU pool. Considol· tr"an-si"p.,::r·iiln- control 
back ilnd f(ll"t.h hel, .. ·f!(~n t,\'IO il1~'LIIlC:P.S ,. iln<J Q. Thp. co do basos for P Clnd Q will 
be handlod PI'(lpprly <lilt.! pfficienlly, as disclIssed in (3.7.). The instance 
point.p.rs for I' cliHI Q C:ilfl lip hillHllcd clll.llo!/OtJ5]Y. Let J he a pair of base 
r(,~Jistel"s lI~d\d for inst.(llIcPs.· A micl'o-inst.r"tlctjon simply 5pp.cifip.5 D-mode-&p 
r: 1.IUCIt. 1~(~rn'·(!Ilc:e~ 1".!ldtjVO ttl I. Stich n~reronces nre mapped hy I-current. 
l'r'yinn I-illlenwle is mCiUljllqless in t.his casu. How(!vnr, ~/hen channing to a 
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nflw inst.ilnce, it. is IlPcpssary to Chilllf}P. the inter'pretCltion of I. Proceeding as 
in (3.7.), cOllsider t.('stil1~1 l-itlt.t!rllilt,(! 1.0 see jf it docs, in fact, map the new 
instilnce hils(~ Cllld challoinf) t.he state of the I-pair if it docs, so that the 
fonnel' I-i\l(.()l"Ildt." h\.~C(l(l)r_'S t.he 111'\'1 I-curTent. In this way, tho micro
ins t r 1I C t. ion s t. ill 5 P n r: i fin s 011 1 Y I, \': h i 1 n s tilt n i n for mat. jon il s soc i ate d wit h I -
pHil- dist.ill!Juishcs \'/hich of t.llf' t.wo l-renistcrs is intended. 

(3.4) Fa II hack to Non - Pili red Or'fJiln i Zil t ion 

For maximum flexi"il ity in hilse renister tisane, i.t seems desirable to 
allow optional tisane of the 16 llilse registers individually. 

A rnemory t'cquest is 5pocifiod by an a-bit specifinr. - broken down as 
follows: 

4 - hi t. c ric] d - n 1 VI n!J 11iI1't j a 1 spec i fie a l ion' 0 f tho base reg is t e r 
2-hi t. mo(lr~ field - [l-modc~. E-mode, etc. 
2 - bit 1I S «n eel «s s - Red tI , \·1 r j t. (l , e l c • 

('1 .1) Addres~;ing ~t(1dcs 

Tho memory interface Cil" he'used i.n 4-modes: 

D displil~cmnnt fr~m r(n) 
E - displtlc('IIWIl t. fr'olll C1.( B) 
F - 24 - hi. t v j I· t\l ill il ddr'(? ss to he fOllnd in the pune groLJ Jl doscribed by n 

· G - 24-bit vir't.unl ildul'ess 1.0 he found in the pilne group described by B or Bls . 
· alt.cl'nate. 

('1.2) Specificat.ion of BllSO R('Histcr Number 

I n 0 it C h c « s e, 13 iss pee i fie cl in' the f 0 11 o\'Ii n ~J \oJ a y • The m i c r 0 - ins t r u c t ion' 
S \I PI)] i C s it J1 -IJ i t C fie 1 d . Cl 0 : 2] s p c c i fie son C 0 f 8 b (\ S ere 9 i s t c r p air s • Let 
S(C[0.:2]) he tho stnt.e hit of t.hat pair. Then 

B[O:?] = C[0:2] 
D[3] = C[3] ~or S(C[0:2J) 

This nl10\'I5 either Iwired OJ' non-paired usage of the base registers, as 
follo\'ls: 

(1) to obt.tlin paircd-nddr(!ssi.n~J -- set the low order bit of C to zoro when 
it!'!'emhl inn t.hp. II1jcl~o-jll~t.rllcti(l1l 

( ? ) too b t. it i n Il 011 - P (1 i J'(~ d iI d d n~ s sill fl - set the s tat II S bit 0 f a p air to Z e r 0 

\'Jhen loadin!.l eith(n' hdSf~ n!~J.isl.l'r of t.he'pair". 

I n In III I (' ~; n , E t il n d F, lIn1 y B i s II sed i It l r Cl n s 1 a t ion • I n mod c G, B i s 
tr·jecl illld if it rilil~ t.1I('1I nis illl.nrllilte is formed by cOlnplmo(!Iltillu S(13[0:2J) 

· nnd tr'yinu the (11('\'1) r'Po!,u] t.illl\. B. IJence, jn G-modc., the mmoory interface 
r (' pOI' t. 5 II r ilU 1 tOil 1 Y i. f n illl d n I s it 1 t n rJ Ii1 t. c hot h fit i 1 . f 1I r the r , in (i - In (] dc, i f 
n f ,HI ) t d (1 e ~ 11 0 t. () cell r t. h c~ n t. 11 Po 11 f!l'l ~. t. iI teo f the m mil 0 r y j n t e r f n c e iss lJ C h t hat 
t.1l0 c:ur'I'PI1t. ('If.!IIH~Ilt. of t.ho Jlilir' is the olle \'/hich SlICCC(Hi(!d. The state hits to 
keep tl"ilck of the curt~cnl .(!lplJlent of each pair arc stored in a spocial lx8 
memory. 

(4.3) USilge Clilssns: 

Orthonnnill to thn four modes (Ire four USilUe classes: 
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R - 'reClcl JIlPlilory fi rOIHI-prot.pet. snl('cU~d 
H - \~Tit.c nH~Jll(lr"y & \<I1~Jtc~-JlI·Ot:(~Ct. s(']cct.cd 
E - ,'eCld IlH'11H1ry & execlIl.e-pl'lIl.('ct. selected 
T - form tlAI{ hut do not run t.llp memory 

The first thrf!C ilrn ohviolls. The fourth is lIsed fOI' two put'posos: 
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( 1 ) j rn l,j (II 11 t' 11 till fJ (3. 2) (111 rI ( J . .3) II b 0 V 0 \" i tho tJ t· i nit i a tin gun d hen cow a i tin 9 
for t.h e Ull 11 P.(~ de d mC!l1lory eyr.] n 

(7.) chilnnjl1!l t.he Villtln of il hase pointer P \'/ithin u Pil!JC group, o.g. in moving 
tho fl'Clnw jH)jntel' clown 011 tho ~t.ilck for a simplc hierarchical procedure call. 

Simulations of ~Iesa have hnen nm under' the previous and the (new) propose(J use 
of Jlajr'e"-hil~(~ n~ni~t.eJ·~. ·111 the pflircd.simlllatiolls, pairs "Jere used for road, 
''Iritc, Cllld cod(~. The restlltinq filult Tate·s arc uS f0110"/5 for threo programs 
(several mil] ion inst,'lIctioll ill oHeh cilse): 

compiler: 
tcx t. fonlla t tor': 
a n ill y 7. n I' / com p i 1 or' : 

4.6% 
2.3% 
!Ll % 

2. 1 Y-
0.1% 
2.3% 

F I' 0 m ~ t Cl 1. i s t i Co S P I' (1 v i. n tI ~ 1 y i!--!' l W cI (I nne r I. , . i. t j 5 po S 5 i 11 lot 0 c om P 1I t c tho a f fee t 
in one expcrjment of llsillfl paired hilse rcnistcrs for user-computed addresses 
2!l.1.~ , \'I i t h i\ sill n 1 0 It it S ere U .i s t. e I' f (I r COl) t,' 01 . 

new 

expol' imcn t # 1 3.1% 

(The effect. of pair'cHI hClSO ,,"cnister!; for control ilnd tllC cffect on the other 
~\'IO expol:' imcn ts call't ho COIIlJltl ted fl·om the previously issuod data.) 


