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1. SCOP E 

Date: Scptcmhcr 13, 1974 

Location: Palo Alto 

Organization:· PARC/CSL 

Thi s is an incrernentnl updnte o( "Alto Virtual tlcmory ProposnJ", 6/2'3/74, 
«nd should be read with thnl in ht1nd. It cljsc;usses refinemen ts to that design, 
gives addition«! dctt1il, i\nrl specifics harrh·tilrP. at th e rcuistcr-tran s fcr lev e l. 
J\ finill (draft) memo will be \-lritten s_hortly consolidating mate rial on 'the · 
virtual memory . Comments plec1se. 

2. EXPERHI EN TJ\L 01\TA ON ADLJRESS Tlli\NSLATION FAULT lli\TES 
/ 

(2.1) Sources: 

For BCPL, sec H. Sturgis, "Some Statistics for Vi rtu al tlcmory fnns (Par t 
• 3)" 7/3/74. For Mesa, sPc "The Implementation of Mesa on Alto" , 8/21/74. L.P. 

Deutsch is currently collecting compc1rable datn for l!ytelisp. 

(2.2) Summary: 

(a) BCPL 

(b) Nesa 

compiler 

compi ler 
f ormatter 

3. ADDRESSING MOOES /\ND THEIR Tlli\NSL/\TION 

(3.1) Definitions: 

VL = 16-bit pnge fl in vi rtuc1 l 
of th e ) 0\'<' pil(J e of a page 

CL = 0-bit page h in core, of 

f ault rate= 7.0¼ 

fn11lt r nte = 5.6¼ 
fault r ate= 3.0¼ 

acldr·e ss space , 
group . 

th e low page of a pago group. 

CII = 0-hit Pil!JC II in core, of the high Pil !JC of a page uroup . 

PJ\ = n 2'1-!Jit fu 11 virtuul ildrlrcss (1d th i 11 the paue group). 



Alo Virtual Memory Update 
ncn Weghrcit 

(3.2) Derived quantities: 
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P = PJ\ + CL'7.t8 
Q = CL - VI. 

VL'2t8 (1G-bit core address corresponding to PA) 
(16-bit page II) 

(3.3) Addressing modes (c.f. Figure 1.) 

(n) D supplies a 16-bit displacemen t from PA 

(b) E - supplies a 16-bit displacement from VL 

(c) F - supplies a 2~-bit ·virtual address purported 
to be within a page grpup. 

Note: all displacements arc positive · increments . 

(3.4) Translation: 

(Bit oumbcring is from left to right starting at O assuming 
24-bit Qll«ntities.) 

(a) the core address corresponding to O is Dc = D+P 
that CL<O [8:15]<CH and that Dc[0:7]=0 

- C -

provided 

(b) the core address corresponding to Eis Ec = E+CL'2t8 

/ (c) 
, 

~- DASE . REGISTERS 

(4.1) Number of: 

provided 

the core 
provided 

that E [8:15]<Cll 
C -

address corresponding to Fis F = 
that CL<F [8:15](CII and F [0:7]~0 

- C - C 

The choice is between 8 and 16. 

F+Q'2tll 

Mesa requires il m1n1mum of 6--using the 2-cachc scheme ( p_. 2 of "Mesa on 
Alto"). llytclisp probably requires fewer. Hence we could get by with 8. 

However, it. may eventu,,lly be possible for the ~lr.sa compiler to generate 
code which uses the base registers more cleverly for user-generated references 
(e.g. array processing). This 1~ould reQuire ~ to 6 rather than 2 registers for 
pointers to computed qu«ntities. This would 1·aise the total to around 8 or 10. 

Conclusion: 8 is enough for current needs. Plnnned improvements may be 
able to use more. Since it costs relnlively little hardware to do so, we 
should provide 16. 

( 4. 2) Structure: 

Each buse rcriister consists of a collection of 4 registers and 3 
protection hits. 

CL - il n 13-hit low core PilflC f 

CII - « n fl-hit hinh core J1ilfJ C II 
r - i\ 1G-bit core iHldress (PA+CL·2tD-VL'2tO) 

• 
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Q - u 16-bit pa~e' (CL·2t8-VL"2t8) 
R - rend permitted bit 
W - wrilC! permitted hit 
E - execute permitted bit 

Totnl I of bits per base rcgistor = 51, 

5. MANIPULATION OF BASE REGISTERS 

Pngo 3 

(This section merely specifics at the functional level operntions to be 
cnrricd out. Encollinn of these functions into .fields of the microinstructions 
hns not yet been worked out in dctt1il.) 

. (5.1) _ Loud lJnsc register from nrithmctic unit: 

Load P([1): 
Loud Q( n): 
Land Oounds( 8): 
Load Protection(Il): 

(5.2) Recover computed address: 

Recover 

P(ll)--J\LU output 
Q( ll)+-ALU output 
CH(D),CL(O)+-ALU output 
R,W,E--J\LU output[ 12:1~] 

ous .. ~JAR 

(5.3) StorC! base rC?gister (unalog ous to 5.1): 

Store! P(B): 
Store Q(B): 
Store Uounds(n): 
Store Protection(O): 

nus--r(O) 
BUS--Q(f1) 
ous--Cll(O),Cl.(8) 
BUS[12:11] ►R,W,E and clear OUS[0:11] 

and BUS[ 1 !J] 

Note: /\s the bnsc registers cun be ch anucd only by loading, these last 
four instructions arc for hardware debugging only. 

(5.4) Selecting a Base Rcuister: 

/\11 the nbove opcrntions act on a b«sc register B. This is specified as 
the logicul OR of tv10 qunntities: 

n set of fields of the microinstruction 
the cont ents of a special loud,1blc SB register if sn is selected; 

othcn1i sc 0 

. 
Loading und storing SB requires two r.iorc opcrutions: 

Load SB: 
Store SU: 

6. llJ\SE REGISTER Of'ERflTION 

("G.1) Address Trunslut.ion llarcll-:urc 

sn--ALU 011tp11t[12:15] • 
OUS[ 12: 15]--S[l 

---
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Tho memory interface board contuins the following ~omponents used 
in ndclrnss translaUon (c.f. Figure 2): 

(n) « 1GX52 memory (1•:hich holds P,Q,Cll,CL,R,\.l,E) 
(h) n ~-bit 8r1:;c number realsler - 8 
(c) a 16-liit tl cmory Interf«ce Re11ister - MIR 
(cl) «n 8-llit \.lord Nu rahcr Register - \.INR 
(e) « 16-bit split nclder 
(f) n 16-bit Mcraory Address Register - HAR 
(g) 3 8-hit comparitors 
( h) a PROi1 hnsher 
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The ndder is spljt in that it will either (1) cnrry O into bit 15 and carry 
out of hit U into bit 7 or (2) it will carry 0 into hit 8 or carry out of bit 0 
into bit 15. llence, it cnn either (1) perform normal nddition or (2) add two 
numbers with their halves swapped, producin11 n nu rnuer with its halves swapped. 
The second option is useful in F-mode. We denote this form of addition as A $ 
B. 

(G.2) Address Input format: 

Addresses arc supplied to the memory interface hoard from the ALU output . 
as follows: 

·(a) D-mode - one word· 

(b) E-mocle - one word 

(c) F-modc - word numher 1 whose hinh byte is i11norcd uncl whose low byte 
is the first byte of the page numher, follol':ed by 1·✓0rd rrnmher 2 whose high byte 
is the secon<I byte of the page number· and .,.,hose lo"' IJyte is the word number in 
the pngc. These two words arc supplied on two consecutive minor cycles. 

(6.3) Trnnslation in each nddressing mode: 

(_a) D-modc 

MJR ... /\1.U output 
M/\Jl ... f'IIR+P(l1) & fault if overflow 
stnrt memory; test CL([3).$_tl/\R[0:7]s_Cll[U] and fault if not 

(b) E-moclc 

snmc ns D-moclc except thnt 
is used in plnco of P(B) 

( c) F-moclc 

MIR[l.l:15]+-ALUout[O : 15] (first llytc of pa!] c fl ) 

MI RL 0: 7 ]+-ALUou t[ 0:,]; \!NH ... J\l.Uou t[ U: 15] 

M/\R ... {Q[U:15),Q[0:7]} S MIR illlc.l fault if ov crrlO\ol out of bit 0 

test Cl.(IJ)s_MAR[0:7]~Cl1(13) illlcl M/\R[il:15] =0 illld fuult if not 

f" • 
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MAR[0:15J~WNR and start memory 

(G.4) Fault Processing: 

Faults nre of two types: 

(i) lor,icnl errors in attempting to ,Hlclress outside n pngc group; e.g. 
faults on u fr«mc pointer will be loriic.:tl errors in most implementations. Such 
errors should simply be reported l>«ck to the processor. 

(ii) tr;insl«tion f«ilure, in thc1t the base register used was a ouess at 
the correct Cllle and if the full virtual «clclre:;s f«lls outside of the specified 
p_age group, thC>n (some) ba se register should be loaded by consulting the hash 
table. · We a s sume that ~ F-modc acces:;es can cause translation failure. 
Please note this. 

\.Jhcn i\ tronslal.ion fuilure occurs, the contents of MIR (a sw«pped page If) 
nrc t.rilnsforrnecl into an ini ti,11 probe urlrJrnss in the hash table. The table 
consists of 2-word entries, is '1 pages lonQ, and st,1rts on a pa 9e boundary 
whose page nu mlwr is n multiple of '1. The tr;insformation is carried out by a 
PROM \'Illich ( 1) h.:tshes the swuppcd page number contained in MIR producing a 9-
bi t • numller - hit s l'1:1'1] of the pr-olie, (2) fills bit 15 of the probe with zero, 
nncl (3) fills hits [0:5] of the probe with (p ,,ge 11 /'1) of the t«ble start 
nclclr-c•ss. The resultill!l 16-l>iL nu1;i1Jer is the core .idclress of the initial probe 

. and is put b<1c:k into MIR. Transform;ition ta!,es 0110 minor cycle. Transferring 
the probe to M/\R c1nd st.irting the memory takes nnother minor cycle. The word 
selected by the probe a11d the word follo1ving that appec1r on ihe bus 4 and 5 
cycles later, respectively. 

The memory interface bo.ird milkes no other speciill provisions for hash 
table lookup. Checkino whether· the first prolle is correct, maki11g subsequent 
probes if it js 11ot, iniU.iting the relo<1ding of some base register, and 
fi11i1lly performi ng the F-mocle memory r·equest • <1!)t1-in ;ire all the responsibility 
of the processor. Note that these activities require the orininal 24-bit 
virtual address. Note c1lso, th.it the memory interf;ice bo.:trd makes provision 
for recovcrillfl 9}~ tho word nu mbe r. llence, it is desfrable to store the page 
number (or ih c full 2'1-bit ,Hldrcss) in some R register 'r1honevcr using F-mode 
addr·essing.. Plcnsc note this. 

(G.5) Protection: 

The thr ee protection hi ts 1°1 hen on e nabl e , respectively Readab le, Writable, 
and Exccutilhlc, on .i l"'!JC group hi1sis. (Uy Re,Hl ahle, we menn a fetch from 
memory oth er- tht111 instruction fetch.) E.:ich mcmor·y reque st selects a baso 
re gister and supplies a usage code: 

01 - instruction fetch; selects E 
10 - other read; selc!cts R 
11 write; select s W 
00 circumvent protection; sel cict 110 one 

If n Jl I' 0 t C C t i Un h i t i S .:' C ~.!_!-~ -~ ~-~ i1 ll cl i '.", 0 f f , th C 11 il p r O t C C: ti On 

0 CC ll rs . CO cl C O O C: i r C ll r.w ell ts p r O Le C L i O II e II t i r C 1 y i1 I. t fl e m 1 C r O CO cl e 1 C V C 1 . 

\. 

fault 
This 
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cl c b n t ab 1 c f c n tu re j s prov i d c d s o th a t th e h ash t il b 1 c c an be 1-ir it e p r o t e c t e d an d 
yet be written into by the tt1ble manuger. 

7. HJ\SII TJ\llLE 

(7.1) Structure: 

(n) Each entry in the hnsh toble consists of 

PN - 16-bit page ff in virtual space 

CP - 8-hit page number, in core of the core page which 
corresponds to f'N 

CL - 8-bit core page I of the low page of the pnge group. 

Cit - 8-bit. core page -/I of the high pnoe of the paoe group. 

R,W,E,Rcf Bits for Readable, Writable, Executable, 
and Referenced. 

(b) The table is org«nizcd ns two arrays 
/ 

one of 2-word entries, holdino PN and CP,R,W,E 

one of 1-word entries, holding Cll,CL 

(c) llash table is 1/2 full; hence, it requires 2·3·z55 = 1.5K words. 

(7.2) Looking up a page in the hnsh table: 

The initinl probe is computed in the memory interface board nncl is used to 
stc1rt a memory fetch from t.hc probeLI cntr·y (c.f. Section 6.'1) of the first 
nrrny. Four c111e.l five cycles .1fter the initial probe fetch is initic1ted, words 
contc1ining f'N and {CP,zeros,R ,\l , E,Ref} «ppc,1r on the bus, respectively. The 
initinl probe is correct iff l'N=page nUJ;1ber of the origin«! memory referen ce . 
If not, reprobing is necessary. 

I suggest linear-reprolJing since it is far.test to compute and with the 
tilhlc 50% louclccl, the mean number of probes rc'luired 1·iith lineur rcrirobing 
(c1hout 1.~) is not much \'/O1·s0 tliiln the mean 1111nli c r of probes r cquirf'd with 
clouhlc hushin~J (c1bout 1.3). , oLe, however, that the mer.wry interface hardware 
mc1kcs no committment «s to whc1t reprobing technique is used. 

In any ,-c rirob i ng me tho ct, it is n e ces Sil ry to recover the in it ia 1 probe. 
This may he clone by Recovnr (1.H lS•-M/\ll); c.f. Section 5.2. 

( 7 . 3 ) I. o" cl inn t Ii c base ,. c fl is t c rs fr om the h n sh t ii IJ 1 e : 

(n) Rel.itions 

CP-CL = PN-VI. 
Q = Cl.-VL = CP-PN -
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(b) Dntn To Do Moved 

September- 13, 197'1 

(i) 
(ii) 
(iii) 
(iv) 

extract R,W,E & put into PD(R) 
form cp·zw &. put into P(IJ) 
compute CP-l'N & put 1nto Q(O) 

got Cll,CL & put into Cll,CL(£l) 

(c) Computation 

Pago 7 

At the start, PN is irt some R-registor, say Rl, and {CP,zcros, R,W,E,Rcf} is in 
some other register, say RZ. 

1) MJR .... rcl adr in 2nd array 

2) T._Rz 
P13(8) ... R2[ 12: 1'1] loads PB(O) 

3) " P(D) ... L ... 377,000 and T louds p ( 13 ) with CP"2t8 
MAR .... tablc sturt+ MIR MAR= core adr in 2nd tublc 

4) R2 .... L cycle R2 = CP 

5) T .... R1 T = NJ ,• 

6) Q(B) .... RZ-T loads Q ( 13) with CP-PN 

7) CII, CL ( IJ) ... tlD loads Cll,CL(ll) 

(7.'1) Referenced bit: 

The Ref bit in the hnsh tnhle is tnken over directly from Peter's memo . 
Its purpose is to «ssist the PilHe mana~Jer in deciding whut pugcs huve been 
recently rofcrenced t1IHl \•1hich (therefore other) p,1ues should be tossed out. In 
brief, a qu eue of recently rcfcrcncccl pages is kept, Every some-milliseconds, 
all the Ref bits arc turned off. \./hencvcr the hilsc-rcgistcr fault mnnagcr 
lauds a base renister \vi th il pilflC nroup for wldch L110. Ref hit is off, it turns 
the bit on. llencc, recently referenced p«ne nroups huve their Ref bit on. 
When the some-mi 11 i second m«ss turnoff is carried out, paae groups discovered 
to lwvc their Ref hits on t1rc mover! to the front of the queue. llcncc, the most 
recently r-efcr·e11ccd paaes nre in the front of the queue nncl older references 
trail off to the encl. 

8. INTENDED MOnES OF USAGE 

This sP.ction is a collection of sumiesti ons t111<J intcnUons as to how the 
virtunl rne1110I·y hardw«rc should lie used by thC! ]i111au«ue implementors. 

( U. 1) Frame Pain tcrs: 
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J\ frilme , e.g. f o r procedure «c tiv«tion ,d ll resjdc somewhere in a page 
group for that frame type. A li,1sc rc']ist cr nF l'lill control the page group and 
P(BF) will PC1i11L to the cor·c il clclrcss of th e head or L11e fr ame . Local v ariables 
will lJo oxprcssecl a s positi ve displilccmcnts from P(OF) using 0-mode addressing . 
Often, these displacements will only be 'I-hits. 

Consider transferring control ton new p1·oced11re (instance) activa tion i n 
a co-routine environment suc h r1s Mesa (Smalltalk). The storilgc m,inilger for the 
pilge group proclu c:cs th e itdclr-c'ss of ii nnw fr ilme ilS a 16-IJit displacement 
relative to the start of Lile lJil!Je group ( IJlocl;s arc linked that wt1y). The 
t1clclr·css is suppli ed to the inter f ace l10ilrd as i\I1 E-rnocle reference. Tho core 
address E corr<?spond ing to Eis computed ns E = E+CL'7.t8(S ec tion 3.'1) then E 

• is put into P(IJF) using Recover (Sec tion 5.2) followed by Load P(UF) . • c 

(8.2) Code Pointers: 

The pilge group holds <111 cod e bclonni11 ~1 to ii module. Let PC be tho base 
register for code. P(PC) poj11ts to th e hend of a local procedure. 
Jnstnrctions arc ildcl1·essed usin o D- rnode «s l>+P( PC ). If i1 tr«nsfcr v ector for · 
the module i s const ructed , it c il n be plnced jn a fixed pl c1ce «ncl reference 
loc«l procedures in E-mode. Assuminn less lh«n 7.tU loca l procedures in a 
module , thi s «l lows 8-lii t «dclrcssi nrJ of procedures . The ne1~ value of P( PC) for 
n local procedure called in thi s way is computed u.s for frame pointers. (Sec 
above.) 

.-' 

(8 . 3) F-modc ilddrcssing: 

F-modc nclclr·c ssinri al101•:s a full 2'1-bit vi rtual itdrlrcss to be supplied to 
the memory illlerfacc IJourd iltHI lrea ted as j f it were gcncrilted via some base 
rogjstcr IJ. This is only way to mil (1 i1 full 7.'1-liit ntldress, e.g. found in a 
table. Becnuse of the way F- rnode addre sses arc surplied to the memory 
interface, it is desirable t.o store full 211-!Jit addres ses in the right three 
bytes of a 32-bit word. 

9. MULTIPLE BASE REGISTERS 

It is possihlc to cl ecreilse t he f ault rilte by assign1n!) mu lt1plc base 
registers ton sjnr1le fu11ctio11 . \·/ith 16 bil '.iC registers , ther e are enough 
spares to rnuke th is rcilsonabl c. 111 th e p] aI111 ccl tle:;a implerne nt.i tio11, faults arc 
caus ed by two purposes: (l) c ont ext clt,111r,cs, j_,c. call s to non - local 
procedures ,ind (2) us er -c o1;iputccl itddresses (not 011 th e stack). For eac h of 
these there is a sepilrate t echnique : 

(9.1) Multiple res 

Use '1 hu se regl:,lcrs ns l'Cs. The r.dcro-i11stn1ction field me rc1y speci f ics 
l'C - a s xyOO . The particult1r l 'C to lie used is se]ecLecl by the co11t c11ts o f th e 
[-;ii r<'riister, ,~ho'.ic c:011Lr! nt.:; uI ·c Oll-ed in t. o 1"011:1 t.trc full B fl<!l d. Since 
memory t1cccssc.s oth er titan ft,r i11st.ruclio11s rln not 1•1,111L sn slt1l'lmi11f1 in, it is 
n cccssil r· y t o he nlil c to dis<1hlc ,111cl c11ullle this OR-in(J . To control this, we 
u se t1 nothcr h1t. in til t! micro i11sl.r11cLion. Al:,o , thcr ·c rnIst be some policy for 
milllu!Jillfl the pool of l'C's. Round robin !>ccIns Lile llc s L choice. 
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(9.2) Multiple bilse registers for User-Co1~putell Pointers: 

Pago 9 

It is c111·rent]y planned to i\ssign two hase registers to user-computed 
pointers: onn for rc ,1d ilnLI one for write; the fault rate for this class of 
references is ilboul 20-J0Y.. Secti on '1.1 discusses u helter oraunjzation which 
might be adoptccl by the ~lesa cor.ipiler at sOJ:ie pnjnt. /\ thirrl org.injzation 
\'Illich m.iy be effective even in the ,11>se11ce of illlY cor:iµilcr knowlccJ~Jc, is to use 
a block of 2 huse n~nistcrs for eilch of rciH.l or write, und check Cuch of these. 
This is useful only in F-mode . In that mode, H is possjble to decide \•1hethcr 
or· not a fuult is occuring «fter the first 3 minor cycles; s11hscriue11tly, trying 
nclclitional hilse registers tnkes 2 minor cycle5. A ft111lt requires between 8 and 
30 minor cycles to h«sh, check, «ricl relo iHI lwsc reaisters. llencc, we guess 
tlrnt 7. hnse registers would l>e effective, in thilt the savings in reloading 
would outwcinl1 tho time to check both. Some initial data has tended to con firm 
this. More cilreful moasuremo 11ts «re now being roar.le. 

It is possible, of course, to go to more than 2 bt1se registers, but then 
t1<lditio11t1l harcl1-1are is required. Consider, for ex ur.ip le, usino 4 - buse 
registers. \./lien il f;rnlt throur,h illl '1 occurs, it is necessary to reloild one. 
Suppose it round-robin policy is us ed. Then, on sullscq11cnt searches through the 
set or '1, we want to start with the new one. This requir es a rcoistcr to hold 
the number of the new one and counter to cycle throu gh the set of four . 
Finally, we need instructions to lo«d and store tho counter. 

Conclusion: 
/ 

We need rncasu remcn ls of the effec t of multi ple ( 1, 2, 4) PC I s and multiple 
(1,2,4) base registers for uscr-coMputcd pointers. 

C • 
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