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SCOPE

This {s the ca=plete doscription of the Alto virtual memory address
translatien design at the functiopal and registerstransfer leovel. It specifies
alersssing modos, hardware rewuired to nap them, and expected peformance as
ceternined by sinulaticas,

2. INTRODUCTION

2.1 ZRackground

The wvirtual rosery systes far the Alto provides an address space of 2124

ATt the niero-jnstruction level, A1) language systems can use this
address spage, vlatien of  wvirtual addresses  into  physical

nddrerses 15 cane WiLR A saa ot of non-assaciative mapping registers.

Five censtralnss ware considered prinary and quided the design;

(1) a larae linear aldress space - 2124 vords (primarily for Lisp)

(2) mnost aldresses 1ssucd fren the processor Lo the memory represented in 16~
bits, since the arithnatic unit and data paths on the Alto are only 16-
Bivs wide

(3) hard«are translation of full Z29-bit addresses when this addressing mode s
used

(1) snall overhead for adlress translation

(S) low cost » comparable t3 or less than the rest of Lthe processor

A nuesrer of alteveratives Lo the chosen desian were constdermd and rejected
as farling to neet, Or net cust eifective under these constrajnts:

(1) translation tol 18 hehesposd nemary Lo nap virtual  addresses  Inte
physical adadee fas an Mane) . prejected since the size of virtual
nenery nakes Lo oot ul steraae lor such o tablde prehbative,

(2) o set of associative reqisters for the naat recently uued pages (as in tho
PEN patger) = redeeted  sinee hardware  lor asseciative  reqglsters s
relatively onpensive wmel dyffgenlt to procure,
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(3) a scgmentation scheme with explicit overlays of file seqnents into =ha
address space (as In the PDP 11/45) - rejected since it reguires nore

preplanning by the programrer.
2.2 Main Idea

The basic addressing structure presented by the virtual nemary systes 16 a
large lincar space, of 2121 10-bit words, It is possitle, in principle, to
make all memory references via full 24-Lit addresses.

llowever, we may make the enpirical observation that for =sst o
memory references are not distributed at randonm fn the address spaca; t
they are relatively small displucements frem a small set of nfregu
changing, base points. Examples include:

(E1) procedure parameters and local variables, as displacements frea a frans
pointer

(E2) the transfer vector and other systen-wide data, as displacerents frea &
alobal base.

(E3) instance variables (i.c. own variables of Algol, local stat:ics of 3CPL.
and Mesa), as displacements fron an instance pointer.

(E4) elements of an array or record, as displacenents from the array or reccrd
base.

(E5) instructions of a procedure, as displaccments fron the procedure he:zd.

Measurements on Mesa and BCPL andicate that on the order of %i% cf romcry
references can he naturally described in this way.

With normal page sizes, the base points nesd not noce
bounilarins, Alsa, the set of words vhich rmay be logic
displacenents from sune given base may 111 several pazes.
thrs set of words, SI, may be part of a larger set, 52, w!
noand out of secomdary storege together, 1f the prefability
some stem in S1oas referenced then some iten in S2-81 will ke rofer
For example, (ES) has thas property §f procadures are grouped into r
related procedures.  Sindlarly, (E1) has this preperty af 4 stase ic
hold frames:  the stack top, oeastistling of end or rore pages, sh°
together,  In these coses, the hase point for relatise adtressing ro
the Jarger set, & A

s
a

Y bvie \ '

befine o page uroup to be this larger set, f.e. a greup of c-atisusus
virtual panes all of which are to be obtained when any 6f Lhes are rof poszed
Ve anpose the requirensat that the pages of a page group ¢ .
brought inte contiguons physical pages,  Hence, givin twe P
pane arenp, thearr differeace 35 1he same In physicel as )
paae gronp s deseribed by gts virtual o start eddress and 1ts
physteal memory, 1t also has o tenporary physical start address, (!
necessarily no Jarger than the size of physical nenory « 2115 wors,

A pane group dilffers feon o segrent as fellows:  As the tera 15 nermally
Uainl, a seement s o pely deqical entity: At nay be smaller than @& pane oF
Tatger than phivateal avnory,  In sone Sease, a page geoud )4 an anpleniptrtyans
consteained approxinatioig te the concept of segnent,

P winale fdea vhveh wtirlies the yartual poerory tenr 48 thase Fast
airen ey can beoespresased g displacenents withan o page groap freonoa base
painber PA g the virtual it ess space o) gapred s dasplac oty 0o 9
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corrasponding  base pointe” & in the physical address  space, For such
aJddreosses, the spocification 15 short (16 bits for the displacement) and
..m:u'.-..\on is _I'_to the displacenent). Ve refer Lo this as
Displacenent or(UnsAr ;

The \--'n..\l nemoary sss = providas hardware on the memory interface board
Specifically, there are 10 base registers, cach of
arcuer ocurrently  resident i ph"'.lcnl nemory and

for 1'-
wilgh
csntains:

CL = the low addross of the paje arcup in physical nepory ‘space
Ci = the hioh address of the pand qroup in physical nenory space

? = a base pointer :n phy-ical space, within the page group

a ropresentation of the cerrespandence between physical and virtual space. (It
proves convenicnt to store I'-PA)

£ee, 3n Sectien 5.0,

protection bits - disec

15 of the Virteal Menury Swstem

2.3 Other Funce

wilmesies pypressed as displacements from a baso
e provides far:

In additien tun
peanter, the virtual

(

) charszing PA, ang hoenoe §', «<ithin @ puq'-.\ uroup

an vn hl\cv—'-’aw fren the start of the page group

1

(3) loadirg a hase reyister

1) glrensas which rmust Le specified as full 24-hit virtual adrresses.

. A
(5) checking, on all resory references, that protection constraints are
chearvec,

Sectiens 6.3 and 5.6) {tems (3) and (5) are

atd (4).

precedure.  For sinple hierarehitcal contrel implenented on a stack, the new
value pay be expressod as o displacemont (usually known at compile time) from
value, Tan e value mavy be conputed by using a  Demade
to tesigat adidress of the new frane base.,  This
Lo luadad  inte  the base pointer I'(R). Mere
valee of o wvirtual base pointer after some change
Yeoehtained by using the viritua)l mennry
al wddrensy 1 FYoand nay be loaded into
rulin nors carryed out; thege is o no need Lo
Vo redfor to thes as Translate or 25280 (The
e standard protection classes;  Read, Welte, and

3 Lt s senetines uselnl o have a
1 1l vient of PA. Tor exanple, consider a
wowithin o padge group. The addresses of hlocks
el s -lum..c.-\- Hts relative to Lhe start of the
r, c-m e sappliod wo the menory
addressing,  In effect, k-

Jios w!

can e alared

I Tt

that forn.  »e reitr Lo

)
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mode provides a sccond base pointer for cach page group which is caastrained ta
refarence the first word of the group.

A virwial address which cannot be expressed as a 16-bit dis:
a previously set-up base pointer nust ba represanted as a fuil ¢
address.  Such addressos may be divided into funetinnal classes suzh

(1) the code base for a newly entered procedure which mey Le =
page group than jis caller

(2) the frame pointer for a newly entered procedure, when the total ster 23
for all active procedure frames is so large that it canaot ali be it inte
@ single page group,  (This may be the case for Sm2lltaik instances.)

(3) non-specific read accesses

(4) non-specific write accesses,

For each such functienal class, there itc a rcasorably hirh 3531y Eht

successive accesses are well-lotalized, for evarple, l. 1At Len cLnsargiit2 Ann-
specific reads will access the sane page group.

A single base reqiiter may be allocated Lo soch <l
e _addressingy a 20-bit virtual address cay then be oo
interface along with a base register necher B, If the
within the page group described by B, then 1t 1s transl,
nemory systen anto a3 physical address, Oiherwise a translat:

To handle translation faults of this sert, a hach
one entry for®ceach virtuial pane curreatly resident in
cach entry, the Key is the virtual page nunher: other
description of the pange group to which the virtual i,
since the hash key is o page nunber, there will bhe 2 dis .
for cach page in a pane aroup)., Mardsare In the virtual mo=ary v
the page nunber of the virtuel address which casged tnd translotio
an initial probe in the hash table, Chacring tre nitial ¢
reprobing  in the event of  hash-collicion 1s the respensit
processor,  Vhen the correct entry is feund, the infornation
sufficient to lowd sont base renister I to base that page gre
request can then be repeated through B and will be correctly tr

LT

-

PRSI LR

e

Happing a 21<biy virtual address by the base renstar Canans 4 3
funcuional class as sinply a guess that the page gteup for the ol rase | he
Sane as the page aroup for the previcus address of .that {unsiienal zlass. In
the event the quess 38 weong, a hash lorknp 18 reauired, whieh 1s o relatively
slow aperation,  To decrease the prebalnlity of requiring a hash itehur is
sonetines desirable Lo assocyate sultaple base roagisters with peoh n al

class,  The hardvare provides for nultiplicity of 2,

That is, the 16 base registers c.m ke used as & pairs. For rach pair, 2ay
A ond Z, state julornation an the nepary anterface treats ene ba<e registar o
the paar as corrent_and the otler as an alternate, Consider a state g
1s current ., @ 21-010 virtnal adetess 15 5o
PrOCOSAOr Lo alona with the nuesl
renery anterfoce traes farst e pep the varteal address sty the
the current register of that  pair, d.e. A, Failing that, 1%
turther, changes state 50 that 2-beconas current. Hence, in Genn
if o faulu does not occur then the new state of the rerory is
current  remster of the payr s the one which succeoedsd, o
references ta the sane page greup through a patr succved on the
Further, a fault ofcurs only when both registers of a pair fairl as.

¥ -

i
o
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case, the new curreat resister af the pair 1s the old alternate. If the new
current register is reloaied, then an LRU replacement algorithm will be

realized.

In su=mary, there are four nades DLELF and G which specify how address
¢rva suppliod by the precessor s interpreted by the virtual nemory system.
fach m~zmery request specifies a nnds, a usage class (Read, Wrlue, Execute, or
T), and address data. Tha vartual nemory systam either carries out the
specified request or reperts 3 fuult.

Tha absva reasening donends on two enpirical observations:

(01) that rost addrasses oo be evpressed as relatively small displacements
frem provisusly estallished base points, f.e., D and E nmodes suffice for
rost referonzes:

(02) that for cash functiceal class of addresses which cannot bn so exprussed,
czessive accesses are well-incal , i.e., that there 1s a high
tilaty

)

at i series of consventive accesses for a functional class
B¢ ont A the S0 2rdy or twa pPagse qroups.

thoese ehservations has been ceonllected by
g the three languages expected to make
Lisp, and Lepl. At the present Lime, Mesa

In Mesa, the 24-hit afdressing modes are used for three functional
P

nf contral susd that it i not quaranteed that the called
I the Lace santectie nodule as its caller

(E13 . Transier
procedas

an address  eonputed by  the user, e.q., Aarray
re Tatten  and  peinter  chasing,  but  excluding
tera, docal vartabiles, own vartables, and instruction

(C2) read angrsses
references, K
relorences tn
feteh.

(C3) write access fres an yii=aus conputed by the uvser.

can be found in "The Implenentation of
al eoch o such functional class relative Lo
[ UE N rot, The sun of these frequencies
sota w1l wddresses amd o gives quantitotive data
1),

(Addaticnal discussinn of th:
Moan on AILe® BIFLSTE. Y Ty N
the total nusher of romery g
15 the ratio of Si-0da% at e
supprerting enpirical o

ot b el Zstat virtual adidress miaht or
e et e, depepditg on shet) or not tha
e the page group(s) of the bane register or
ctivaly,  For each functional ¢lass and each
i lea a orate iy defiped Lo b Lhe

i tedaching w bate reeprstor, This

g |

Trasurs PR R B | okt supparLanyg enp e wl whiservation
The weg ke N rets 1 the s over the thpee functional

i
6f Yhe produet: (fre peees 2 eomditional relonbing rate).  This |
et tnte anwt g teat wll o edelnt bt esnens wre Ferwnde anld o ong
ety Getigpde, Thre pe oo the weephegd cantaeed Ly the v bual o memory

o dud 1 hate o
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When using G-=moda, there is another averhead due to considiri=ng
base reqgisters sequentially (rather than in parzllel os wauld ba the 2
associative registers.) The effect of this
G=node reterence, either che or tvo hase res
Lthe current is correct and *wo otherwi
is’ referrod to as the cembiticnal probe
considered in Gemode §if and only of the correspensing Fero
fault, it follows that the comditional probe depth 1s Lhe Fensie
+« 1. The probe depth for 16-bit addresses 18, of ceurse, ale
over all memory accesses of the product (frequuncy * protc J :
woighted mean probe depth,  This neasures the overhead in Ge=nmod2 ¢
considering multiple bese regfsters sequentially.,

The above frequeacy, relnading rates, and probe depths arre poogurcd
during the executron of five Nesa programs:

(1) compiler = the standard Mesa conpiler for Maxe.

(2) analyzer = a program wreitten by E. Satterthuaise to staticeliy an
Mesa object code

(3) formatter - a text fornatter written by L. Saiterthoaste,

(4) scquentiallizer = @ progran written by J. Melvin for zeque
NLS-1ike structured rile

(5) debugging session = online, interactive debugging using the “rea debugzing
system

In each case, the prograns were run for severel million instruct.wnsg,
(1) compiler

Za-it di=bit
control wser

tranafer reads )
frequency 2.2% 'u.zx
F reloading rate 4 09.74 40.8% 35.7% (5.1%) ]
G roloading rate 31,34 21.,.5% 24,44 (2.3%)
G prohe depth 2.0 1.1 1.3 (31.99)
(2) analyzer
2=t 2-bit istnt total
contenl nLer uLer v
rransier read wete, L R R
frequency a 0.0% 3.1% 3.2% %
I' reloading rate 27.4% 39,99 0,%% (1.0%)
G reloading ratoe [ } 4 7.7% 0.4% {0.3%)
Goprebe depth Y ) 1.3¢6 1.01 (1.00)
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{3) fermatier
74-hit total
or
(weighted nean)
fragency B 2.4 i.3% H. 4%
F releading rate [ 3 25. 4% 2.0% (2.3%)
G reloeding rate B 5% 3.0v 0.4% (0.1%)
G prole depth 2.8 1.29 1.02 (1.02)
(4) sequentiallizer
*aet 2iebit tatal
user
r v iLe
fraguency ' 2.3 0.1%
F reloadiag raze ic REIRON 23, 1%
G reloading rate ' 9.3%
G preae cupth ¥ .2 A 1.24
(Z) dedugsing sessing
i 26-hit total
user or
Foenivy write  {weighted nean)
freozucncy i C.0% 7.9%
F reloading rate 144 35.7% 12.2% (3.92)
G reloading rate fof T8 13.8% a4.9% (1.4%)
G prode depth LD 1.4 1.12 (1.04)

In sumnary, note thas

Slressing mnde ranges fron 9,.5% Lo $.4%

anred for 24-bit addresses, the reloading rate

the werghed i Goerwade fs ententially 3, 1.0, the effect

registers 38 neqgliyible,

rean prede by
of Sequential evanination

-

AL‘N:.
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3.2 Lisp

Comparable data 1s being collected for RBytelisp., Prelininare reo:
generally tended to conform tn those of Mese. The moct frnortest oo
that the absence of nodules (or, cquivalently, a bLlozk corgpiler) '
fnplies that the probability of control transfer requiring the relosding of o
base register 15 higher than an Nesa,

3.3 lNep)

Gaven the current state of the Bepl simulator, U iy diffynels tn o
identical data for Bepl.  The difficuliy arises in transicrs of o )
the Repl simulator handles only sclezted nodules, dleivirn the
directly, Hence, there as no way of colleeting 4ata on tha fre;
addressing mode  for control transfers or of the ¢! fo
addressing on the reloading rate for control transfors.
heluw shows the froguency of anter-module contral transfer = o e
be  smaller than the freguency of 29-bit addressapy for grotes
Alno, 1L assunes that Ferode ablressing 1s used tor on tr
any anter-codule control trensfer 18 as.ited e ooy rele
regaster,

The followina data was obtaitned as the e6onposiie of 1.3 -
Lepl comprler working on one progran (experinnts o1 ard 82 of *5
forr Virtual Menory Fans® 7/73/74).  The nunber of instructicns
lhnse'qu nadules was 20,400,

anter-
nudiale 21-hit 21-mt
control  uyser uLer wotal or
tronsfer reods writes (xraohies rosand
frequency 3,04 u.0% 3.9% -
F relvading rave 100% 12.1% 35.2% (G.3%}
G reloading rate (note 1) L£.5% 2.1% (ﬁ.e:)
G probe depth (note 2) 1.12 $.33 (1.02) »

Note 1 - no data avatlable, treated as 100%

—

Note 2 = no data avarlable, treated as

ADLRESSING

(Y

A nomory request ds described by an 8-bit specifinr, constisting of:

A=bit € field = giving partial specification of the base reictar
2=t node field « Depode, Lenede, Feroade, or Gerode
2=t usaue class = Read, Srite, Execute, or Tracslate

Ve denate bits § through § of register R by RIi:)).
Jeft starting at 2oro,

Bits arc nurbarcd frea the
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1. Spccafigcation of a Rise i'-easter

On all romory rejuests, the C-field s comhined with state information in
the menmory anterfice to ¢biain a base reqaster nusher B, as follows: C is a 4-
Nit fiedd.  C[0:2) specifics ¢ne of 8 base register patrs. Let $(C(0:2]) be
the s2ate bit of that pair. Then

Bro:2) = cf9:2)
£(3) = C[3] xor S(C(0:2)])

Tais allows either patred cor nan-paired usaage of the base registers, as
fJ.!LHS?

(1) te obtain paired-add-essing == use G-pode and set the low order bit of C
19 zero when assertling the micro-instruction

(2)  to ohtain roa-narred allroasing == use Fepode and set the status bit of a
pair to z2ero when wher hase raqister of the paitr.

raly B 15 used in translation. Define B's

In rode G, & 13 tri
to 18 conplemant andt U

10 1L fa1ls, then B* as formed hy setting S(C[0:2])

4.2. Page Groups

Each basa rrqx"cr consral
Ne

a4 pane gqroup resident in physical nemory.
S.2h page grounps nay he deser 3!

YL o= 19ebit page ¢ oin owirtuai eddress space, of the low page of a page
group

Loe Bebit paae »an Lhe joowsteal aldress space, of the low page of a paye
5rous,

CH = Febit rate 4 oan the phvsical address space, of the high page of a
page aroup,

R, E 7 protection bats o Rewt, Write, Execute

Additicnally, wash btase rentater has a hase pointer PA which contains an
address 5‘:Znhnrr withan the g eesepr PA 18 o full 24-bit virtval addeess,
The physical addr corras, ;o #A 3s defined to be I, o Io-hit address,

Since PeCL'218 & PA-VL"Z2'",

Ps PA e CL*2°T « VL 200

The correspansonca prteoen phvaieal and virtual addresses In the page group is
Lapecified by the 1%-bis yu el e

Qs CL«VL=1i+<@a

4.3, Addrossing nedes (e.f, Tigere 1.)

fa) D - :Lppl:es A hebes daaplacenent fron PACE)

by E = alies g 1<l displacunent from VL(E)

; M,
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(c) F = supplies a 24-bit virtual address purported to be wit
group described by I

(d) G = supplies a 29-hit virtual address purported to be within eltner
the page group described by B or by B's alternate.

4.4. Translation

(Dc' Ec. and Fc below are 24-bit quantitics.)

(a) the core address corresponding to D {s Dc t De? provided thal
CLSDCLU:lslch.

(b)  the core address corresponding to E as C ® E+CL 218 providad thas
E [0 71 =0 and L [8 15)<CH

(c) the core address correspending to F ois r o FsQ 2l sravided shs
CLLF [D 15)<CIN and F Lo 7]=0

(d) ldentical to F except that B and then B alterpate are tricd in tura,

Nove: In Demoda, a negative displacereat n is e
corplenent of the absolue value of n.  (Negative dis
modes are neaningless,)

4.5 Usage Classes

There are four usage closses which specifly how the menory is to be run an<
the protection class to he seclected:

R = read nenory & read=protect selectod

W o= wrrite memory b write-protect selceted

E = read menory & executesprotect selecte)

T = form BAR in the norsal vay, Fut do not run the messry

The first three are standard, fhe fourth is used for twn rirproes:

(1) Ancrementally changing the value of o base pointer P(B) within the pe o
group described by b,

(Z2)  testang whether a base reaister oF a reqister padr fans @ A4-bat wirsual
atddress whiach fu to be used as @ nev base poynter PA.

5

HABDUALRE,

The mennry  Juterface board eontains the following compunents used in the
virtual pepory systoems )

S o= o Ux] nenery vhich holds the state bits for the base raginter paira
Moe o 10xS2 menory vhich holids the rest of the data for base regtsters

.
>

A=hit rogaster vaed in-forning B

d-bit Base nenber registor
IR = 16=hit Menary Interface Register
VNI = an B-Dit Woprd Nosher Register

a 10-bit adder
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SAR = a 16-LiL Menery derén: Logister

3 C-bit comparators

a PRCM hasher

H - a 10-bit road-out register

Data paths between these are shewn an Figure 2.
5.:. Base Regiszers

Each base register consists of 4 sub-registers, 3 protection bits, and one
dirty bas

CL = an B8-bhit low core npana &

CH - as B-h1t hish crre ¢
- a2 15-hit & actde. eCL"218-VL"218)
- %=t 7 (i

M NOS

Total ¢ of bits pur pase remsier = 52,

5.2. State tats

S, used in forming

worpirod o wa the porgry o gntarface board from the ALU output

vard nu=ter 1 owhose high byte is fgnored and
cof the pans purber, followed by word nunber 2
s bewts of the page ausher amd whose low hyte 1S the
e tua werda are supplied on twe consecutive minor

Tha $10=Dit eodder 48 Spift wa that ot vill pithor:
{3) carry 0 inte bit {9 and carry out uf LIt 8 into hit 72, or
() carry ¢ 1a%9 Mt 7 and carrv cutl of Lit 0 into bit 15,

Henee, it can eithir:

(3) prerforn noreal 149<B1t acatim, P i o
(2) add tvn aushe torse Melven swapied ta proaduee o nuntber with fts
kol =t pacts nureers are adligned an wneds, this

ves Swephed, £
%

n 48 wsafu) in ¥ e, Ve denote thas forn of additicn as A S B,

A

I

e
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5.5, Translation
The following register transfer operations are perfernes:
" (a) UD-mode

MIR=ALU output
MAR=MIR+I' (D)
start nemory; test CL(B)CMAR[0:7])<CI[8]) and fault if ne:

(b) E-mode
same as D-mode except that (CL(B),zeros) is used in plaze of P(E)
(¢) F-node

MIR[O:15)=ALlout[B:15] (first byte of page ¢)

MIR[O:7 1=ALUout[ 0:7); WAi=ALUsut{8:15)
MAR={Q(B)[8:15).Q(L)[0:7)) S MIR and fault If carrey cut 2f b1t 3
test CLUB)CMAR[O0:7 JSCI(R) and NAR[6:15]:0 and fault & nne
HAKLG:15 )=WAR and sturt nenory

(d) G-mode

MIR[O:1S J=ALLout[N:15] (Mirst byte of page *)
MIR[O:7 J=ALUwL[C:7]): VAR-ALUOuL([B:1%]
MAR={Q(B)[£:157.Q(R)0:7]) 8 MNIF and rcet for no carry ¢ut 2
tost CLOM)SHMARI0:7)4CN(E) and NAR(B:15])=0
AL the tests are suecesaful

Lhen MAF[G:15]=4L00 and start renory

elae conplencnt S(E[(0:2]), forn the new B,

and coatinue with:

"
o
P
P
¥

MAR={Q(E)[8:1L],Q(B)[0:7)) S MIR and fault 3f carry out of b1t 8
test CLOB)MAREO:7 JZCI{E) and MAR[8:16)20 ard fault 1f n:s
MAR[L:1S J=VRiL and start nensry

5.6, Protection

The three protection bits associated with a pase 4roup wian uxsenshle
Readable, Writable, and Lxecutalile, on a pase greup lasisz, (6 o Yo »3
nean a fetch [ron penory other than anstruction feteh,) Lazh
selechs a base reqister and supplies a usage class:

01° = anstructiren futeh; snlaects E

10 = Giher read; selects B

Il < wiite; selecty W

00 = wranslate only but no actual nepary reference; no select

é; a protecuion Mt fs celected 1y the nenary request and 15 off for that pere
roup, then a protection feuwil occurs., .

5.7, Fault Prucessing
There are three poasons vhy @ renory request may farl ta cunpinte:
< (i) proteetion violation, 1 that an ctherwine lewgl =

apecifics o nsaae class Read, Wrate, or Execute which 48 nos per=itts
Page grotge, i

(ii) logical errors in attenpting to address cutside a P arouy; 2.2,
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sunds  vielatiens o1 & frare pointer will be Jogical errors in most
slementatizns.,  Suzh errers should simnly he reported hack to the processor.

v
ve

(111) translovisn fauls, ey that the base reqister used was a gquess at
Lnegarrect ane and :f tha vartual address falls outside of the specified page
n.othen (€ome) base regrster should be loaded by consulting the hash table.
v F and Gerdde accesscs can cause transiation fault. .

p 2R

the haesh tabhle vhoen a wranslation fault ocecurs, it proves

de the pr g hotieen Lthe virtual nenory system and the

iy, tha amatial probe jnto the hash table is conputed hy

om0 sl reaquest shere 1s inttiated; all subsequent
: e

r (T Thas chtains the first probe entry
v oan the nare conplex gol of  testing for
1S R Iesnary.

ined Ly transforming the contents of MIR (a
in the hash teble,  The tahle consists of
v, aied ostarts onoa pade boundory whose page
1nitial prohe 15 obtained as fullows:

1) srone{0:5) = g0 viq 08 whe tabis start addeess

{2)

#r2] xar MIE[4)

31

V) o MIR(74E) sor MIR(1141)
13

v panas of the address space hash
Lo 3 entries are gunarantecd not to
sope pmbeer enter into the hash,  The
! 3 ‘ adatees ol the anttial probe and 3s put
14 LL TS0, Ches i miter eyele, Traasferring the probe
worotanar excle,  he word selaected by
ippear on the bus 4 amd % cycles later,

ploreres oo ether cpertal previsions for hash
stor the [arst (e I Corregt, q subinequent
o reloading of sone Lase pister, and
e 3 ey request again are all  the
Nate  that  these activities requice  the
, 1L 1y neea ry Lo store the full 24-
ing Foor Gerunle adidressing,

bl b

iy €
it v : :
Bt adidress In R renisters vi g

5.8 Darty bhat

which payges to renave from the

At the pans peayier in
poet have beet oida L ded while an

IR

Cnoevery nonsfanlting viate request
1. In all wther cases, Y(U) 1s

threush

ol and rmst be veatten back Lo

[}
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5.9 Read-out reqgister - H

More or less as an accident of the design, there are 7 fuantis
cannot be convensently read out of the merory interface: (OH{E,
E(RY, V(B), SC(B), and the usage class of an initiating miere:nstruss’
farst 4 of these are needed for hardwiare debugqing; the viage close
Lo determing the request Lype when o protection fault grcurs. I

the cheapest neans for reading out these 7 quantities: con cvery L%
I 1s loaded with (CH(B), R(B), W{B), L(B), Y(&), S5(2), and usags eliss! - 15
bits in all. (Note that R, W, E are the protectiocn Lits fir the ;s gresy ¢f
B while usage class 1s part of the norory reguest spacificaticng  shetr
conpatibility, while necessary for a request Lo suecemd, 15 ret re.c.ens oo

Forming H.) I may be read out onto the BUS as discusse ! an Seectysn 7.3,

T

vilya

The hash table contains an entry for cach’ paje currently r
physical menory,  The table key is the™page nunber; data ba the enis
the page group Lo which the paye belongs.

6.1. Structure
(a) Lach entry in the hash table consiste of
PN = 106-Lit page ¢ in virtual space

CP = B-bit page nuubier in physical pemory of the physical page woizh
corresponds to PN

ClL = 8-bit phvsical page ¢ of the low page of the page group
Clt = Q<bit physical page 4 of the high page of the pigr grous

RME, Y, Ref « Bits for Readable, !-'rll.«l-l'«. Executable, Dirsty and
Keleovencod,

(b) The table {5 organized as two arrays:

one of 2-word entries, holding PN and CP,R, W, E, V., Fn?
one of 1=word entrics, holding CH,CL

() The hash tabile 1% 172 tull; hence, it requires 2°3°255 = 1,50 wards.

G.2, Looking up a page 1n the hash table

start a menory feteh fron the probed eotry (¢.f. Ssction 5.7) of tne (3
array,  Lour and fave eycles after the inityal prabe fetel 15 jniriatad, w
contaaning PN oand {(CF,zeron, BV LY Rel) apprar on the bdas, respent,vnly,
imrLral probn Js corvect 3fF Ilspage nusher of the erigiral = ury refeson
LE not, reprolang 18 necestary,

The fmitaal probe (s computed in the memory 1nterface hoard und 14 uzcd t

I osuonest linear-reproling since it 18 fastest te cemrute nd with tha
tabile 505 Toaded, the pean amder of probes required with lieoar ras=-.
(about 1.5) tx not nuch werse than the aean nurher of protes roguired witl
double hashang {about 1.3).  Nate, however, that the rep ry 1onterlacs Narde ire
futhes DO conRitnent as Lo what reprobing technique 15 used,

ey reprobinmg pwethond, 10 48 mecassary ta recover the tuttial provos,
s sy be done by Recoser (BU5-NAR); ¢.(. Section 7.3,
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¢.3. Loading the base registers fron the hash tahle

(a) Feiations

(b) Daza

(1)
(13)
(f:1)
(1v)

{c)

A% the start, PN ts 1a sc=¢ d-rovister, say Ri, and (CP,zeros,R,W, E,Y,Ref) is
in Leme cther regastor, say fé

1) MIReplysical address of entry in 2nd array

o1

2) T-R2Z

R{E}.W(B) EIR). V(R)eIL 11204) 1nads protection and dirty bits

J) Joads F(B) with Cr* 218
; MAR = physical address in 2nd table
4) i R? =GP
£) T=R’1 T=0PN
) Q{bi-r2-7 v Yoads QUE) with CPePN

7) CR,CLIR)=D loatds O, CLLR)

.4, PRelercnged Uit

The Ref bat
*Tha Altve Lisp @
greiding wha
s 8h
pt.  (EA
faer=renns Cual Rl
Enf biy s aff, fc w
uds have 3err Pl L

1 oul, pan
{rens of the ¢
friot of Lhv Qurur amsd oides

1 the harr table 1s taken over dircctly fron Peter's meno

TR

aneed and which (therefore other)
of regently referanced pages 1s
woare tarned ol Wiasmever Lhe
er ovith g pane arenp for which
lienee, recently teferenced page
the  suaesollisecond mass turnoff ia
1o have theyr Pof hits on are moved te the
st pecently refereonced pages are Jn the
vn tratd off Lo the end,

9.5 Hash Tadie Loc:itinn

fecause of the w Sowboh the nsmary aterface conputes the initlal
gredhe iatos the X A
ta £y

Lot Lab)e arrav o the onn which
Pogatine 08 the way an which the

nee oy

huans

translation farlure occurs, 1L is

,‘k\«n:,.
}
.
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7. INTEGRATION INT

THE ALTO

Three currently unused functjon combinatiens are uv<ed to csntrol and
interrogate the menmory interfuce hardware:

(1) menref - memory reference

(2) testfanlt - Lest for bounds or protection fault

(3) mnmiscmem - miscellancous virtual mermary systen ;operntiens
7.1 Memory References

When nenref 3s selected, the following fields of the racroirtitruzticn are
interpreted specially:

0:3 C-field
1,9 mode - D, E, F, or G
10:11 usage class - R, \, E, or T

That is, the normal functivas of the R and [US fieids are supereaded
outpul of the ALU 1s taken as the first word of adidress heang sonsises e
nenory. (Note that since the R and LIS fiolds LT > :
interpretation, the BUS-input Lo the ALU §is specificd
1y those ALU eperations vhich are independent of IUS

' Don't use the others. In F and G nede, the outpy
3 ycle will Le taken as the sccend word of atfiress to
menory.

7.2 Fault Testing
There are threa reasons why a nenory reguast nay fatl to co late:
(1) protection violation
(2) bounds violation in D or E pode
(3) translatien failura sn F or G pode

Vo dastinquish (2) fron (3) since in case (3) 1t 1%
POOIALer(s) 1n quastion was sicply o wrony nguess sntd ih
s required,  Vhen () oezurs, o protection vielation o
meanieglens, 1.e., (3) superseces (1) should they both o
request,  Por consisteniy, we wlopt the conventton that (2
A Z2-bat fuult status register, Fi, 1s set to one of feur st
the meacel functinn:

00 - protection violatinn

01 = hounds violatioen (0 or E nade)

10 = vranslaovien fasdure i F or G rode

11 = no tault

Vhen testlantt as celectad, the contents of IS 15 arcd 1ata tha NICT el sl

of the Ialtoving ocrmnstegction,  Thay prevades o d=voy a0 oy n “ Iedick%
th ol s 1 Beands vaodateen o Doaad Eonode 38 o, Fret ooty
violatoon spanais ondy that e protection fault has oroore.d, Yo toteregs

whaoh of Read, Vrite, or Lswecule oceurrcd, 1t 18 Koot ty L G (s
usageeclass fiedd of the 0 oragister, which ney e read out wsiv ) roneo=,
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s transdation Caalure fn F oer G pode, the initial
E the = int ace, placed in the NAR, and a
o intt 4. The resulting word and the word
£ v oana minoer eyzie later than data would have
rod boen requested dn the imtiating memory

7.3 Miscellanaous Menory Oporations
Vhen micemiem 15 selested, the R oand BUS fields are interpreted speclally,
24 follows:

A LS “aarin

0 2

1 2

¢ Q

0 1

C-f101d 1

. 2

. 4

» 5 \

ot ver  ru

a) d 4

2 Ctwodntrrfane  beard  data which  Is  otherwise
we Lo V. o4, usane class) of the previnus memory

L3 venee « Once amtiated, the sequence

cory  interface  side, as
siraing the precessor aide
v there iy ne other cenirol

an the

probe correspemnding Lo a page

S oan In Secetgen 5.7, then MAR=MIR, then
feotare dn o pranartly antembad Lo be used
ot bing the hash table,  To be
e, the 36 bt paege number 18

Y e places 1, G, oor Q anta MAR when At
Haras e delapgagang,

33, (4) et {6), deal with data four zone B
O, ke gasne whers Coand Bonay differ and
14 herer e firat read S00) which i3S
Sy ol ahen, using b, select o € which wil)
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. INTENDED US

GE

This section is a collection of sugyestions and intant:icns os Lo how %ha2
virtual memory hardware should be used by language inplenastars.

4.1 Vrame Pointers

A frane, c.9. for procedure activation, will reside sesowhere in oa g3
aroup for that frane type., A base register LF v1ll zoniral the .
P(RF) will point to the core aduress of the head of the fru-a.
will be expressed as pasitive displacenents (ren F(LF) using N-n
Often, these displacenents will only be 4 bats., Me<a stvics
A hits suffice in about 45% of the cases (neasured staticaliy).

Consiter transferring control o a new proced:re anifsatica in a2 =2e
routine environment such as MNesa.  The storaje na 3
produces the adress of o new frare as a 16-bat digplose=ent ped
start of the page group (blocks are linked that way). Thr address
Lo the nenory anterface board as an E-novde refercace,  The cere
corresponding to E 14 conputed as E, = FeCL 218 (Section 4.3) thar
into I'(BF) using Recover (Sectinn 7.f) followed Ly Load P(LF).

e for A8

0.2 Code Pornvers

A page qgroup holds all code belonging to a pedule.
reafster pavr fur coda. P(rS) points to the Lead of
Instrictions are addressed usang D-rnde as Bei(PS), If a
the module is constructed, 1t can he placed 1a a fined place
lecal procedures o Lepode, Assamang less thon 238 leeal !
podule, this allews 8-b1t addressing of procedures.  The novw wales of
a local procedure called an this way 18 crmputed as for freame |ointd
above, )

0.3 User-Computed 24-bit Addresses

Consfder reads, writes are anileqous., Lae G-rade a diro=s
pair of bhase registers o the leogical function of user
such an address s issuad, then the virtual nepery syst
read remster; 30 (U paps seccesfully, we're d
suceesfully, then the alternste )4 teaed,  3F iU saser
new current read regqaster; thes realises N8 trial of the read
pase, IF the alternate fasrls, then a fault cerurs and,
fault, the (old) edtecaate 1o rodomded; thas irplesenpte L0 £ nd

Trying the aliernate base regiater takes 2 ninor crcles
registaer Lakes abont 2%, Hence Lteving the altercate 3y cust
I the ehanee of swrcess on Lhe alteronate (given that the oo
e better than 27725 = (CGR,  Measarenents for Nesa give pred
A and B (three s fierent proagrans )y BCEL o gives (68, Tra
Lees unang Goanstead of Fepiodn, 15 4 clear winner, T

e . e e

8.4 Contrel Tronafer

Connider o Fl-bit contre! transtor from procsedura P to jrose‘urs Q. 4.o.,
Wy et e on vl gt g Loaaraatesd during cempletion 1 F saz € e
e Send penge arnap, Sl d fennde T usage class fomoey reoLo5% 18 Laed

Lo tap the whdress of R, Thore are three satually exclusive euts =05
() succend on current registor of the paar

() far} on current bat succeed on alternate reqister of the poar
.
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pabreit

(c) fail en both

The statistics in Socticn 3 aive the relative frequencies of outcomes for
the [ive Mesa preogrons sirulatoed:

Curreng Al Fauly
conpiler S 66.4Y 33.3%
analyvzer 2245 [0 $4 8.3%
fornatser 3% 05%.0% 31.0%
sequentiallizer Vf.'-. g .09 4.2%
Relanging session 390 29.5%

ster s weblidon corract:  this can occur only for
3 preccdue paraneter.  However, the alternate
of tre time or better.  In cither cas:, the
15 the rew value of P for the (pussibly new)

current base regusiar

S.0. Other Applicesisns of Jsing Base Beqgistars in Pairs

aslatien of full 23-bit virtual
ivs of utang registers in pairs
trons other than Nesa,  In Hesa,
recur only  [or  user-compuled
{or activations are ass d to
not be the caue lor fnutances,
;o). Consuder transferring
il @, The ende basns for P and
matance pointers for P and Q can

TrRe altave w
s

rvaters uaed Tor anstances, A nicrosinstruction
oo ta L Such pelerences are mapped
mginss in this case,  Movever, when
tv ot chanoe thi interpretation of 1,
cenede, Tensage-c Yans request Lo Lest
$ soan e pew s batite bane, AW with all
aee tle o atpt of the leparr wo that the former
A9 In thry way, the micro=instruction
reation  pssoctated  with  the 1 pair
iniers g intended,

Pote process Q0 having  a different
e arteetpen pete) on the order ol that
Pt e, et pravate Lo precest can only be
e ueed wn tollows: An part of process
cn o teln el Lo establish Q' state. Only
ot by the e hate 1eqiater canbents cap be
ety 1 1o 6 ande, Lhe h.l'.u-
Lo ansure

Cunsi

rrotectyce
faund In

wearsned by

e :.l. 4

1 T '.'--! with -n ..n.-.alum-nl theeks

precoss.

LT Weghreat
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0.7 Statically Nested Scope Rules

In Tanauages with a statically nested scepe rule (o.g.
their derivatives) the set of jrnediately acerssible ramed
distributed  between  the  procelure heang the
iically encloses it, cte. recursively. Staticaily
procedure levels as, in practice, typically | or 2. The sct of
various base points a4 usually terned  the dyapla Fuur
allocated Lo serve os the display shoudd suffice for
cumprler can determine the static level punter and crdinal
for cach varyable. Static level nuiber as reflected an tha o;
A mieroinstruction  containing  the corrcet  base  regrstor  pus
variabla nunber s used as o displacenent for De-rods adurvssing

8.0 Page’ Groups Snaller than a Logtcal Unit

NMoat of this description hias presupposed that a a3
conplete Jogical wnit, v ae posuable, b
nenory will be such that ecaplete legical waits .
translavion hardware con be used under such censtreints = at 1o
higher translation fault rate,

Specifically, one can distingaish batwern a sec=rent

former Deina a relativels large logical wnat le
staller wiandow of conciguoun pages into the oo
then necesnary:
(1) “In D-pode, iU 48 possible for an address toe fall
and yet be within the seqaent . rat §8, atdlress trang
in Penode.  lence, when o bounds violation nzeurs in S-role
obtain the page runber of the virteal aldross sou
within=seygnent wbiress can he nade and o hosh proba
page nunber, iU suffiees to: recover MR (vhach centains
act Q(R), and forn the differcnce,
(7)) Lenode addressing relative to the head of the goo=e
Hence, erther Eemode addressing §8 page group relative, or Eer
unused,

0. EXTENSIONS

0.1 Larger Physieal Address Space

Becatae tye disk aceeas Lina 16 asee than four orders of ras=i%
Lhan tatn menot Y, there s o 10 waPry Wal the syuten ryy e
(eage. el the ctndy of whe ¢ e ler, tion Vo oof L -
Mo on Alwe®, SZ21/60) . dhere Gare Wwo curas:  ware man roe
seappang daviee (e, o CCo drun),  More nain nenary has o =g
Lisp sance the telatively large anount of fixed code {6 reqeire,
avatt bald e syvapping St e,

Conntdor anpleoent i o phesteal addross space of 10 biss, while xeer
the  varteal  addieasing ivchanrsns unchaatied,  Thus, lor c.'"'.". « TONr &
grenps ol Mly verds cach cwubl sinultanecasly restde IR roan cumcry. o
wothd reaquare ehanming 1e ol lusing Guantities;
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Unechanged would be €, R, MIT, AR, Q0), S(0), R(D), W(B) and ECU)

Hamdlone  thene  daseor owentitien  would  slow  down  and/or introduce (B) E-MODE
g T Lhee ke < eading seqaence aml the recover
e ey §f ently used operations = menrel and CcL VL
' el is poasible to consider

vith  the intention of

lq-——m.____
-—— T ———
(2]

il
-

cH 7 | ] < cH

(C) F-MODE, G-MODE
cL . VL

Fl | 1 i

1.‘_. O i
—
—
L J

-
o
r— e

Fel N | =
= L . Y
CH cve [ J<en

Figure 1, Addressing Modes
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Figurn 2, Address Translation Hardware Data Paths
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