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Preface

Thus report is a co llect ion of three papers that describe the design and implementation
of the mult i-microprocessor comp uter system (Cm*) currentl y under developement at
Carneg ie Mellon Umvers ity. The three papers are:

Cm.: A Modular Multi processor

The archi tecture of a new multiprocessor that support ’s a large number of
pr ocessors (on the order of 100) us descr ibed in th us paper . The system enables
very close c oope rat ion betwc’e n the large numbers of inexpens ive processors All
process ors share access to a single v i r tua l  memory address space. There are no
a rbi t r~iry limi ts on the number of process ors , amoun t of memory or communicat ion
bandwidth in the syste m. Cons iderable support is provided for low level
operating sys te m pr rut ’ i~s arid in ter -process communication.

The Im plem entation of the Cm. Multi-MIcroprocessor

The implenicntat ioi i of the C u .  u m ult iproces sor mu~luproces s or is presented. The
low est level of the t r u c t u r e , a Computer Module , is a processor-memory pair .
Computer Modules are grouped to form a cluster; communication within the
clus ter is vi .~ a paral lel  bus control led by a centra l ized address mapping
pr ocessor Clusters communicate via interc luste r busses. A memory reference by
a pr ogram may be routed , transparent l y, to any memory in the system. This
paper discusses the hardware used to implement the communication mechanis m.
The use of special d iagnostic hardware and perf orma nce models is also discussed.

Software Management of Cnn., a Oistribut~d Multiprocessor

This paper des ribvs the so f twa re  sys tem being developed for Cms , a
d i;t r ib ij ted mul t i—microprocess o r . This so f twa re  provides for f lex ible , yet
con trol led , charing of code and data via a cap ao ity addressed vir tual  memory,
cre a tion and manageme nt of groups of processes known as task forces , and
eff ic ien t interprocess co mmunication .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. , ..——— -.
~~~~-_- - -.— _ _ _  _ _ _ _
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1. introduction

Cm*: a Modular, Multi-Microprocessor inv~~~ ig~~ e ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
microprocessors. The irit ial impetus for the Cm project

R J. Swan was provided by the corit nuing advances In semiconductor

S. H Fiui ior t echnoiogy as exemplif ied by processors-on-a-Chip end

0. P. Slewiorek ia rge memory arrays. In the riser future processors of
moderate capabil i ty, such as a POP-i 1 , and severai
thousand wo rds of memory wili be placed on a single

Carnegic-McIlon University Int egrated circuit chip If large Computer systems are to be

Pitt sburgh, PA 15213 built ?wrn such chips , wh&t should be the structure of such
a ‘computer module ?

November 30. 1976 initIal vers ions of t u e  Cm’ archi tecture [Fuller . et ~~ 73)
grew in part as an extension to t u e  modular design of
Systems from r eg ister t ransfer  modules , or RTMs [Bell et al
72) In aud’t ’on ther” was Substant ia l  interes t  iii t i e
dcveioprri nt of Ia~~i,, rr ,t’proce sor system s such as
Pluribri’. [heart , at al 731 and c.mmp[wulf and B e l . 72)
Cm is intended to be ~ tes ibed for exploring a number of
research questions concern ing n it iprocessor systems , for

Abstract example potential for deadloc ks , structure of inter-
pro cessor control u, (-c lra , i ,5 , S, r rodu ia r ty ,  rellab.:iiy. ari d

This paper describes the archi tecture of a new large te chnique’. f i r  nrco rrpos.r: J a lgor i t h ms into parntir i

multiprocessor computer Systom being built at Carnegie- cOopernt i i i’J processes.

Mellon University. The sy stem a llows close cooperation
betwe en large numbers of l iexpensive processors. All The s t ructure of Cm~ is v ery bricf i y do sc rlbed in Sect ion

proces sors share access  to a single v irtua l memory address 2. Scc t ~~ir 3 Is a de~ cr~~tior, of tir e add- i’ss s t ruc t u ’ O  SnO

sp ace. There are no arbit rary h i n ts on the number of ~~~~~~~ t l?O SUI>PO’ ? u~’~ for t l e  operati n g sys tem Ti re

proce ssors , amount of memory or communication bandwidth use of tire a( idressic ,g S t ruc i u i r ~ for inter - process

iii the system. Considerable support is provided for low c orumunic irt lon end cont rol opO~ation s I~ d,s ctus sed in

level operating system primitives and inter-process Section 4. A com panion ~~~~~ [Swa m , et at. 77]  d .sc uss pr.

communication tI r e v e n o u s mocha nisms :.sed to liniplornerit the compic’,.

)- address mapping and r~~ut. r~ s t r i c t u r e  ni c m’ Some
re sults from t h e  pe r t o r i r a i c e  mode li ng of Cm ’ are also
pres onte( j  A ceco nd cornpan onu pa po r  [Jones , et ai 77]

CR Categ ories 0 20 . 4.30 , 4.32 describe s thu str i c t u r e  ‘if the bas c operat ing sys t ”~ nod
supp ort sof twa re.

Keyword s: Multiprocessor , nnic roprocoSsOr , comput er
ar chi tecture virtual memo. ”

2. The Structure of Cm

There is a su~ ’r :c nl d iv e rs i t y  of w ay s  to a r .pr : ’ac li t i ’

intercoir’ r ~~ct iOi i  of pro: t ’sso rs  i n to U (‘O’ i ‘ a ’i i n i  y y’ .u ’at

[A nrhert .o n and Jorrsen , 7in~ T i e  p oce ssors  Co :1 tI

inte rcoinniecter i  w i l l  ‘,,-vi” n: cq’r s~ i/C ’ ii~~r. f~ fc ’ ‘ ‘

computer nct .w r1 t I r e ,’ couid be r ’ e . : , n ’ n ’ to r i  ii’ A I II:’

syn chronou s far ,hi- n te b i b  5r’ i a r r . r y  rmocessor . or ii i.

work w as supported in part  by the Adva nced p ru -cosso r ru  could rC: c r 1 i ’r .’oO ic ‘..,nrrr p’ ,,iar ., mn- m y

Research , Proj ects Age rrcy under contract F44020-73-C- 1 his ln~~t approach , a mut i pro , e . s c r  organ : r i f io~’ - .~ ns

0074 . whiCh u s monu tor Od by tire Air Force Off ice of chosen ‘ri m C’-~’ because it of ir , :’ . A n t  c r  d e : ’ ”  ot

f i t  n o t  f :c  Res earch . and in pa rt  by the Mit lonel Science coup ln i ,  c r  rIom iri  c:: ’ :. hr I v’ : ’  i t i 0  proCos S ‘PS I” iii

Foundatio n Gra nt GJ 32?58x ‘The LSI.1 1~~ end re la te d  wOuli l a P r ,  t , co”e,.ifi’ r or ‘ne ’wcc~~ n ii’r ’u qurl lic r’

equipnr* ’flt were  su pp ed by Dur j ntaI  Eq uipment Corporat io i . M ,It e Oc ,’ ’ ,s. r’ i  ,ulso l ive 5 r .‘-  u i c r i  ri. i irfl i(’ of

applc ,.h i itv i : ,  ‘ 1’  e~ i’ • i i’ ”  1’r ,t :’ ’..’ ’ t t ’”r r.



Page 2 Cm’: a Modular , Irtuit i-Microproco ssor

2.1 Deadlock with References to Nonlocal Memory 

>_ Almost all computer systems Implement accesses from

A processor to prima ry memory w ith Ci rcu i t  Switch ing, that
V us , e complete path us established from a processor to the

memory being referenced. Circuit switchIng Is not feasible
for a structure lIke Cm ’ where local memory is also

K i accessible as shared memory. Figure 2.1 shows tire path

P ~°‘ ~~ M used for P1 to access M4 via K2 Consider a concurrent
1 ‘1 2 2 attempt by P4 to access M~ vie K2. With a circuit switch

implementation , a s ituation could arise where P1 held Its

[~~~~~~ 
Y local memory bus and t ie  bus connecting K2 , whIle P4 also

holds its own nremory bus plus tIne b us  connecting K4 to K?
I — <_ — Ncithcr memory re fe rence  could complete without one

K3 K4 ~ processor f i rs t  releasing tine buses it hoid8. There are

P k,4 p ,~ numerous situations wh ere deadlock over bus Sliocati on can
I I  4 ‘ ‘ 4 occur Resolving th us dead lock requires , at th~ very lesst , a

timeout ~nd ret ry  mechanism.

F 

Pie alternat ive to circui t  switching us Paciiel SwitcOunq
In a packet  switched irriplomontation , tine address from t l n i i
processor is latched at each level in the bus str uctu mo
Buses are not a l located for tho frill duration of a nieme -,

P hoi re ference , but Just fur t i re tu ne taken to pass a ‘ pa m t .
5 ‘ ‘5 containing an address s nO b , data , from one node err r i - i ’

bus to another. Th erefore packet switching allows
Figure 2.1 CanonIcal Computer Module Structure significantl y better b us  utili zat ion and siç Jruif l cant ly reduceul

bus contention iii Cm ’-like structures. TIne use of pan at
switching Cl’rninatc, the pos.sihil.ly of dpadl~ ck over b u s

During tine development of tire Cm ’ structure a wide allocation but introduces t h e  possibility of d pauh .tck Ove ’
va ruoty of multiprocessor switch structures were considered bu f fer  allocation. [Fuller , et el 73 , Swan , et at.  7 r A ]
[Swan , at si. 7GB]. Tine basic structu re selected is Buffers , or interunrc nc l iat c r eg i s te rs , ar e resources w lnicr i can
represented in Figure 2.1. The essential feature which be providcci very che a ply,  re~st ive to provioing additiona l
ch istimnçj ui shes it from oilier m ultiprocessor st ructures us that Inter-Cm buses , with present  technolog y.
shared memory is not separated from tire processing
elements , hut rather a unit of memory and a processor are
closely coupled inn ea ch module and a network of buses
gv o n  a processor ec cess to unoniocai memory T his 2.2 The Actual 3” - ‘ure of Cm’
s t r u c t u r e  allows n odular expansion of th~ number of
process ors and memory modules w :t lnouil a rapId increase in Design studios indicate d that s iery l n l t IP  pp’ u. mfl Oil( i’
t ire i n t e r connection costs. Memory can be shared even loss would rpsul t f r i  .~oml .ninng seve r a l  i’ndiviiuiai C o m p u t e ’
th oug h th ere is no direct physical co inunection between the Mod u les into a Cl ,us Or anti provud. ’i p A Shared ni-l:l’i’’. s
re~mu ues t i incj  processor and the required memory. For n app ing ar id r c ’ i i t u n r q  processor . Am ap, w e- h al nr’ n~ ed1
exa mple , consid er a request by proCessor , P1 , to tine communica t ion w :ll i o tuu i ’ cl ,c,tii ’s Boca. ,se tire c: st  I ti n e
rrromory, M4 , in FIgure 2.1. Tire address mapping element , x,mop is r i istr ui ,u ,te i i  across ma’n/ u r n  ossor s Il i ii’i i n ’
Ki  , d i rec ts  the ref eronce from Pt onto the irnterrrrodule bus. erolow u d wi t h  Conmsidr y u l e  fIns’ :: - my and power at
The nddren ;s is recog ni zed by Kr’ , which directs it ont o a re lat ive ly  i t t l , - i ic r i’ r i,” ,f al cos t  hn ’ause  i I its
second inter-module bus Tine re fe re nce  us fi n ally accepted  com ma nO ir i rm pos t er) in I . e  Clu st i r ’. tir e ‘map can 015 ::,,

by K4 , W hi ch accesses tire request m e m ory location and mutual e,.c?us,on on access to s hared d ir ra s t r .uc , un i ’ s  w i n
pa sses back an acknov liodc iernlent or da ta  icr the req uesti i rc l  very l i t t le  over i read
hrrorosso r. The need for high tr ier-medu lla commu nication
ra tes  will be minimi zed If a large fract Io n of each T h e  full ~ t r n i C t L u r , ’  f Cm ’ Is c ’ iowmn in I i~~ ur i~ 2:’
l) r,iC(’SSor ’s references to pri m ary memory ‘hut ’ the s~~c:f ,.o n l ndivu mhu ini  C :nn ~ iri,te r ‘.~‘ . i , i i& ’~ tim C’ ~s Cons i S t  ‘f a l IC  t..~,:-
of m emory local to the processor ( Pr o hirmn mna ry exper iments  i processo r . Inn S iocal mod ~ t r rn i r i’ : i  I S i -  I 1 hu~ r’r 0’

iii t h ur F ~hI of I ~ 76 indic ate that I: t rat ios of be t te r  tha n and iii’viCO~ Tin ’ ‘eu’ ,- 55  or V S p ru m m Y a am comp.. ‘ ‘no  ~~ U,
oo~ can he e r l m i ’ C t u ’ .j provelr ’ d t a t  lIme code execu f ” d  is r pp— i  is ,  f ir ’ s  e ‘ ri “ i n-n I: ’ “1 s ’r wa ,n us ‘ mm,n, h a r ,  is’

normall y hold local to the processor ) ~ v ,r iuuah ir ’  run e i’’ i’ f i . inc t m ’ . ‘ I l - r i  Sncc n l , or iocni ‘,~~~
.‘ ‘

to d ’ r i ’ t r n ’ f n ’ C n C i ’ s  Ir, rn I l ., ’ 1,rO,~e5,.(nr sr’ ’n ’ r t . i e~ y e t , r ’ r

- rI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - ‘  . . ..~~ ,,,, _,~~ _ . _ .=_ .._ . _.~~~ ‘~~~—‘~-.‘. - .~~ . . -. . -
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Intercluster Bus

H Ii 

—

Kmap Kmap
2 3

Map Bus Map Bus
1 I 1

P-S -M P-S-M P-S -- M P-S-M P-S-M

Interciuster Bus 
- LSI-1 ~ BUS

: [1si~i 1 Slocal

‘ Kma I I _ _ _ _  _ _ _ _

1 Memo~~~ [~ ev ices I
Map Bus 

P-S-M P-S-M P-S-M

- 
A Cluster of Computer Modrdes 

Figure 2.2 A Simple 3 Cluster Cm’ System

to local memory or to the Map Bus, and to accept
re fe ren ces from the Map Bus to the local memory.

Up to 16 Computer Modules and eri e Y,umnap form a aluster. 3. Architecture of the Address Translat ion Mechanisms

Ti re Knn~np, or slapping processor , consi sts of t irree major
components. Tine Kbus ari,itrurtes and controls tile Map bus. Many of tine s o n  nn conve nt iorn~~i a~ pect3 of t ime

Tire Pinm~ p is a inorizorntOlly microcodied 150 ns cycle time arc ln u toc ture  of t I re C n n ’ sys te ru ‘ire consequences of u . q l n n ,r

nr ut ’.Pssor The basic configuration has 1 K x 80 bits of LSI 1 1 s  fo r the ce rntra i  procecs ing alerr ments. T Im e

wru t u i ) l e  control store and 5K x 16 bitS of bipoi~ r RAM for organ zatuon ~nd encod uung of t I e uu r s t n-  o~ nO uus , i ur ter r um pt  a n d

imolchung nmapping tables et c. The third level of the Cm’ t rap sequenci ng, and tire 64K byte pro ces sc r  eml dr est .

s t r u c t u re is provided by tire lirtercluster buses whuc.’r allow sitia’ ” of a Cm ’ system are al a resi, h of tire PDP~ 1 I

corl rniu inicat uofl betw een clusters.  T Iro t.inc provides tire archi tecture as irrrh r m e r m t e J  on tine l.t~ - ‘Ii By SP ’ C Ct un r n m1

mul l  e r f ac e  to two u n t e r c h u s t e r  buses. the LS 1— 1 1 . b nowi’.vCr . ‘c nn do not Want to imp ly ( l u s t  t h i n ’  P t ’

I I architecturui 5 u nhen m , , , Siuiti’ i.l to n m i u . ( i ,nrott’ sso r sy s I n -n- ’ - .

f u m ero  o re no arbitrary limits to tine si?0 of a Cm ’ syste m. T Ine deca l solution would ir,ive beon f o r  us to irave dos ng inmn,i
Mn - u n :  uuc s . processors and K nnnaps can be Incre rnemr tol’ y our own processors. However , pract i ca l  cons iderat ion ’-
,,00cci to suit needs. Any processor c an access any memory time . rmn i ’ u rey .  and Ca c t i support S o f t  c a’ i ’  lee’i is in i’.i’ ,

lnc~~tu~~fl -i n the system . Thi n routing of a processor ’s 1 9C’5 to recoqnn .~e t i m a t  by cbn m us i -mn j  l im o LSI I I We Coulni

ro f n ’ r o n u c c ’  to a ta rget  memory is t ra nsparent  to the program , cou nce ntr a te on h l n c ’ ,O Inc ie Is of ti’a cm ’ ar c h i lec tu i ’ , ’
t lnus thu syst em can be rocon lugured dynamically urn uniq ue to mult~Inro~ i s s ’ nr syS lems i:~ 5 sect ion . and I l ’ r ’

response to hardwa re failures. foliowu iii j  sect ion on n n m i ’ t r i n  s f i . n c t i n i ’s w i V 1 n S C U S S  thu. C - m n ’

arch i tec t u re  as we e xte000’ i  t btyomnml t i - C  Stan da r d  PCP-
1 1 a rch itec t ure

Tine a P I- i ’s  Sn-v J  s t m r ,et .  ‘ ‘ ‘ us i n . ’ r,f f l u’ 1 m m ’ mo- . ’
urlnpor ’.ant unsini’~~Is Of S Y  c o n i ’ u t ’ n m  u i  - t O n I nn ’ .i , .1 ~ 0,- u - r I

_ _ _ _ _  ~~~~ ‘ - ~~.- - - - -.— ~~~~~~~~~~~~~ ‘.— - - -  ~~~~~~~ -~~~~~~~~~~~~~~ ‘— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



Page 4 Cm ’. a Modular , Muit I-Mlcroprocess~ r

n’ore significant wh en cooperation bet ween multiple
proce ssors is to be acl mue v e d by s har uu ug an address space.
Donning [1970] lists four objectives for a memory mapping Read Ourl y Map Physical Page
scheme: External Proccssor \

Status Word ‘,. i
(a ) Program nuothul aruty the abilIty to independently
change and recompile program nmodules Relocat ion

Table
(b) Variable size data structures.

(c ) Protection User /Kernel ~~~~ , —~~~~Space 
_______

(d) Data and prograni sharing. a i lowiu ng independent 
—

proçj ra nms to access tine same ph ysical memory 1
addre sses wut in d i f ferent  program lames. 

4 5 6

For C mn n ’, w inerO we are using processors w, th Only a 64K
Dyte adul res s space , we must add the following I Offset

I o’ —--requirornient; 12

(a) Expans ioun of a processor ’s add ress space. —
Process or generated Ph ysIcal Address

C u r ’ has a 228 by te  segm c mrte d vurluii i address space.  Address on LSI-1 1 Bus
br ’n t ’ -u ’n ts  are of va rma hle size rip to a tl n ,a x iiium of AK bytes.
T h ere us a capabi l i ty-based p r o t e c t o n  sc h eme enforced by FIgure 3.1
tire Knmnuu p. Tine odd ross imng st ruct u ru’  provides conside rable Addrcssumn.j Meclnaricam for Local Memory References
support for operat nuig sys te m p r i im mi tu ves such as contoxt
sw utcb ni i r g and Immt u3r Inrocess rmr essa gc ’ tr atus mm ssuon . Module is nut  invo lv ed. W lreri tire ref e rence  us com plete t Im , ’

h~l)uJ5 tr iun~ t mnrs (lie dat um read from (lie de5t in~ tion Slnscal
d i rcct l y b’ rk to time r eq ues t n nn g processor v ia the Map nit ,
arm ” its S on..Si

3.1 The PAth from Processor to Memory
if the orocessor ref eremrc es a segment in another

T i re Sloca l (see Figures 2 2 C u d  ~t 1) provides the f i rs t  c luster  then time Pimn a p will t ransmit a request to tine desi m’d
c - v O l of memory mapping. A r , h m n r e n c e  to local memory us Ch’ is le r via tire Luinc ari d tIme bnte rc l us t e r  buses. (See Fig

s i m i h u l y  re located ,  cur n 4K byte page bo umnder iCs by the 2 2.) It the d es t um natnon cluster is not direct ly o n r ’ : o r t e d  to

re locat io n table in tine Sloca l AS clnsc uisseti above, it us tine snu unur O cluster , Must is. If it rICes not share a conr unmui m

(i ’.’s: ir noi i  t h at rr e; t memory n m - t u c r r ’ r u r’ui s will be nm~ do by intorchuster bus , t lme r r time m ess age w i l  be a ut omatu ca niy

p rocessors  to limie r local rmn e rriory Pnnlocatio n of local routed via inter m ediate c n i u t , t a r s  When tine messar lo
r’-emnc ry refe rences can be uum:p io me nte d wut l r  no reaches tIme des t um natu o n c luster , l i e  memory rcr ’e ruc nce  5

per fo rmance ovo rh ieed because tIme synchronous processor PCrforrncdl similar to a request frogs in processor wl tb mum n tine

b ras s uf fae uc ’ f l t iy wide tinning mar m n rs at t ime points w inere Cluster . An acui nc-.wu i’rIiJor ent , or Returum , n’ne~ seqc ’
ad r t ru ’~~s rr’boccObon is p~~rfu ’ rnn ’c d.  F~ r secirinents wh ich ore (c c u nn taim n i i uçr ul untun mm t iunr  case n’f a read) is always se mut innn~~k

c nt in ii procC’ S~ er ’ S loca l memory t bn i ~ nrr Oca t ion  table has a to tire source c luster and subsequent l y to limo req ue s h imn g

t ui t ims bm~ w i n c h  causes time a ddress to be latched , the processor ,

processo r  fo rce d  of f  t i n ’ :  t, S l— I 1 hums , and a Service f l oqu uest
In n 110 SuiJ um i l i O n i  Ii’ time Xm ap .  A ll tnun misa ctu c nn s on tire Map bus
are con t r rn lloch by t ln~ Map bus cont ro ic , , or Khus , which Is a
CIinnt iO’n nnt of t h e  Knmcio . Tir e arlm iru’ss generated by t Ime 3.2 The Addrcssi n~ Environmcnt of a Process
pruii , u’sso r is t ran s ferr ed via t ire Map bus to th e Pmap, t ime

im r icr o p roui r um n’med processor wut ln unn (hi’ K mniap. If tir e Tine v i r hu i a l  an ld r i ’t,-, ‘ : n mmio i ’  of Cni ’ 5 S u i hn lO-nu ie( i  I n m t c u  uuu
rrt m m, r , ncn, us for memory wuthm umn the cluster than tire Punnap to .‘~~~~ Sungmnrmhs Each sc’jm ’ient is d e f i r c u t  by a i~u’ç”nrst

q C r n e rt l t o s  a phySica l addr ess and sends It to t ire Oes c r npt o r  T Ine tnt a m n c l n n n n  t ,i,ul of se r” n ’rn t i s c a r  i 5~ In ’

appr inu iri r ite  Slo col h I it us a w ’ i te  o pc ’ r a mi n l r r , data is p~ ss~ ti t , i ’ ( 1f l ’€ ’ O tc  ‘1 otbni? r Con’ ,n i l m . m ,nss ’. i ’ r ’ ns . it .5 S ’ i m i’Iy a v u r c ’. h n ’ ’  -

n i nr n ’ :.tiy f i r m a  t ime source Siocal to t i n , - drn ’ s tur rn tm o n Sloca i . memory lO: .n t i i n n n ’ , T . ; u n c .  - n - f  mii ’ ’;Cr I t  S p C . n t n .  ‘ ‘ t i m u ’

tine da ta  does nm ot have to be routed t h rough time Kmap Tine pIi’~ t; i c .e i  lm .rii.u’ nu i , i ’ n ’ ’ ;s  el t h in sC 1n ’ nn ’ nn t  and t I . t ’  i c - n ,  if
s e lec t e d  cics t i n ,atu Oui Siocal porf or nns t i re requested mcmcry tIre s eg ’ ’ u ’ . nt S ‘ : n u’ i ts a re ,,i m ni ‘ i n n a n ,’” fr om 2 ins Ii , to
ro f o ru :m i c e  and the processor i nn the d~ st in at uO n Computer 4 K, In- , ti’’i i’ .n’ ,. -v , ’ n  , n ’ ‘ iu.’ r ’ ,,. .,i ’n . , . n nt m , ~~‘. may i n n ’  e r r  0



~~~~~~~~~~~~ 
—

~~~~~~~~~~~~~~
-

~~~~~~~~~
—‘ -

~~~~~~~~~~~~~
-—

~~~~~~~~~~~ 
--, -‘- —

~~~~~~~~~~~~~~~~~~~~~
..

Cnm * : a Modular , Muiti-’ Mlcroprocessor Page 5

(iran sinuple iim n~ ar vectors of nn . ” r mo t - , - re ferenc es to Capabi l i ty  Lust , CL[O] . The f Irst entry in CL[OJ is a

segments may invoke special operations. Segments may Capabil i ty for a State Vector , win ch h olds the process sta l e
m ayo tine properties of stacks , queues or other data wirulcn it m a not execu t ing on a processor. Entries CL[O)( 1)
st ructures.  Some segments omay u mo t m ove any memory to CL[O](7) in tIre Pru nma ry Capabuii(y list may Contain

associated with tirem, and a reference to the segnuent Capabilities for Secondary Capabil ity Ll~ts referred to as
would invoke a control operation. For each segment type, CLI1] t h rou gh CL[7) respectively. The remaining entries in
up to eight dIstinct operations can be defined. For normal (Ire Pnu mmi o ry Capability List and all the entries In the

ser imonts the Operations are Read and Write. Conceptually, Secondary Capabil i ty Lists contain Capabilities for segments

segments are never add ressed direct ly;  they are always WhIch can be macj O directly addressable by the process
ref erenceci indirectl y via a Capabi l i ty .  A capabil i ty is a two- wlnen it executes.  These may be code , (late or any other
word item contai mn ing tire name of a segm ent and a Rights tyi’e of segment. Tine provision of up to eight Capabilit y

field Eaclr but in tine rights fie ld indic ates whether tire Lists f incn lutate s tine stna runlg of segments ~nid sets of
corresponding operation us permitted on tine segment . segments by coo perati n g processes A soft ware module

con oniy access those seg ments for which It has
capabil i t ies and perform only those operations permit te d by

_______________ the ce pahu hutuos
User Envu monment iL Reg ister

Capability List Structure Segments 3.3 Virtual Address Generation

Primary Cap. List _ _ —‘ “
~
‘fl 1

Sta te  Vector  28

N,, L J 
2 Byte Vir tua l

Capability Lm .s t [0] Address Space

64 K Byte Processor 
_ _I Address Space ‘ _____

Page [15 ] ~~~~ S~~ ve,1~~ 
-
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1 Fmgurc 3.3
Code , Data or W idows from t ine °rcc ‘‘iscir ’ s lmmc’diato ( cld’c’ :,r. S p s c ’

I ot tner  Se n m m nen t ~ to the V irtual Ad~ rnas S~ ace

Fi cjurc 3.2 The i r ’ .v nr cnrr.cot of a User Software Module lime p r im m ’sr ,o r’n u Cm’ ’, i Si’ u s , c~~m dir ~n’ In ’.- n o r m  i ’ m’
oniy a 1’ m t  m i ’ h n n ’ i - ’,- . T i n , -, t’’~ P\ Irytur a Po’- .S Si n a i~ 5

divin ed unto 1( ’  p,u jm n , -I .; K. ‘ c ’ l ( S  puu n ; ’ m Linen m n’’ ,

To provide ph ’  - ‘ - ‘- ‘ m t  sui pm . r t  ‘in’ ,‘ ~~m ’ i ’ c t  sw unOpu ncj .  n r o n ’ ni ios A ‘.‘, i n m i i b i . s n u n  t n m n  ‘ nvs i ’ ’ w i n i n ’  2 28 by’uo 5/ iO n o h

nmes cun,j u’ _ S f m f l n i unl etc.,  it is in’ , n ’ s S , i m .  ~~ tile ~, nn i ,1I, uu u, lni rm ’ss s ; n ,i iO . C m ’ ’ ’ i . in i  I’ .‘i and e a rn lie utni ’ lm ” ~ c - - u - - I  y

m u m  r ,m ’:uuici to uumnule r St uind scn n’nu’ C ’ t InO Str u ct u re of r,rr bouunni IC 0 m i , ? i ’ : n  i ’,i I  ‘,,- n” n , ’ n t ur n ml in ~ n ’ ‘ ,;,, ill b n l ’ ’ ’ .l’

i ’ n ’ u r c , i t , m i m i m n  sof I ’ .’,a re .~r” I n ulcm ( va r i : nsly ~‘ ‘ i c ’I ii process.  Time t i - n ’  m na~~
,’ inn I n - .’ n r , n ( ’ i ’S s ’ ’  ‘ S il cn ir m i ’ ,,c span n’ 1,0 Ii” 5

inn t m~- h i .  amt u inn’qs S P i n n ( ’  e t C  ), Ei” i ’  i’ n pCu ( ui l ihmn ’  c. n f f - ,v f l ’ i -  r ii’,i_’ r ’ .’i’ I for ‘ l n - ’ . ~~t b) ’ i ’g nh nfl ’ m r m t O r a c t i O i m  w t b  t ’ n m ,  ‘. ‘ui~~’

‘ ‘ nrnnluuln ‘5 nm ’pr n’ r ie ’ n tp i by an -m ..i- ,” n n’i’”rmt , Figuirn ‘
~ 7 Ann : :nc ’ c : ImA ’ i  5 ”’ . ‘. (i r’ ’i.n ’,p i;S t . - ‘. 11’-’ /0 i n n ,” con- . i’m S n m

m , r u n . n n ’,lnaern t us a t h m r o o — l e v e i  s I r i c f i i r r m  co r” posenl of t , IGntuuiri t i’ ,~~’ ’ 1~~ r, nnm :r ,ni i ’ 15 tI n - n  n’ ’,’ ’ 1 f~i p- , n . n i . n .

S m’ i ’ n , rnt in T ir o f i r S t  Ieee 1 In f n n C s t r , n n  t i r O  is a Prim ary
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regi sters , called Window Reg is t e r s .  These defIne tine
binding between page frames in the processor ’s immediate
Addr ess space and seguineots in tIme virtual address space.  W indow Register Capabiilty
T l r n s  binding ma done indirectl y via capab il i t ies Eacin wm m rdow
register holds an inde x for a capabil i ty in tine currently o~ Cop l u , O C X  Rights Semlment Name
e~ ocut uung software module ’s capability lust structure. A 1—Df I ~~~~~~~~
Capa bi l i ty List imidoS consists of a three bit field to select 

4 /~ I
tine C List 

up to eight CapabIlity List s, plus an of fset  within 
R I ’  

~~~~~~~~~~~ 
‘16

To overlay the proce ssor s address space , a. to clnange 
~

‘—

~~~ Rights Check
tire mapping from page frame to serjmont in tire virtual 

—

address space , a progrdum simply wr i tO s a new capahi ’ ity
index into tire appropriate winrdow reg na ter Th is overlay 

/operation is completel y protected. tIre program can only — 
~~~~

—

ref o re m ice  segments for w luicln it inas a Capabi l i ty The act
of wri t i ng tIre Capabil i t y index unto t ine wi mndOw register
ac t i v a tes  the Kmm m~-up Tire Km rmo p re t r ieves  time se i~~c tod
C a p a b m i t y  from mourn tnnen rmory and places it in its “Capab i l i ty 16 Bit. Prnc ”ssn ’nr 28 Bit. Sys tem W n i,m .

c o o n n e ’ , ‘ Tire Knmma p adjust s its interna l tables so t h n et  Gc ’ no rat o mI A - J ’ lrc n ,s  Vu r tu~~l Address
subs equent r~~fere m nc es to tine page f r a me Will map to time 

-
segment spec if ied by the Capabil ity. if t ime segr mme nnt Is local Figure 3.4
to (lie processor then tlue Xm ap ntmay 8150 change (tie Conceptual V irtual Address Generat ion and Rights Che cki mnn5
rurlocu tt ion register in tIne Siocai so t i mat r e fe ren ces to tine
segnmcnt can be por~ormod at fu rll speed w it lmoru T tIne Figur e 3.4 also sl mow S t ine read/wr i te  i n ’ i n cmi t c ’ n’ fro nn u t l n ~
im nte rv entu o n of tine Km~ p. Tine S~c rca l , for cost arid proce ssor aci n g co unc atena led w it ir two bits urn t i re arm ’.irc’Ss
porfor nmanc e rea s o um s , doe s not have time hardware expansion reg isters to form a f lou t’  b t  opcocicr TI m ”
necess a ry for bouinds cir eckung on vuiri~~bie sized segments. correspo nnd nnrj bit lun t c i ’  Capabi l i ty rig irts f i~~;d IS S C , ’CC I(’- l
Linus only f Ixed s.ze 4 K byte segments can be a c c e s s e d  and teste d .  If tIme operat ion is net perm i t ted ( Iran urn e”nnr
w ;tl nm,nu mt Km m na p assistance , trap Is forced.

Tli~ Cut , ’ mt mc hno u m ,snm i for add r mns s space overlaying should
h o  contra s ted w. t in nncc nnan isms nm ot l me r computer systems.
~‘.,u~~ n m ex ec uu t im rg a large program on a processor wi th a sma ll 3 4  Virtual to Phys cal Addrc ss riap~ n~m n - n m n l n r , I n ,’i t e  adnir~~u.s space , tine t ,inc’ f u n  i_ n to over lay time
anidrn ss space co rn have a crucial e f ’~ ct On pc rfo rf lma nnCe 

Tine r r n u i i . p ’ n m i j  ir m.nmn n ~ . . l nnu l to i m : i y a n  ‘ un a ’jJ r u’SS depends n”n
MC i’niirei’ nnf l t s made of tIme Ox ecut iO n m of tine o l i L ’ ra t i  inn 

t f m e locat ion of t hno s’ i ” ’ c n ’I mm the net .~on, oru d, -i Co.
;v ’ nte nmn ‘ IY DRA [W i/ f  et al , 76} on tine C nimp n n t i n t mm, rn n cc ’ ssOr  

on tine t vc ’ n .  of  t ime a n uJnnnent We be ’ i ’ nm .s.h’ r I i i,’ CinSE’ ni
showed (m at re locat ion r” nj i S t i : r s  we re  be umng c lnan mged 

simple rem id /w m ’ in ’ .sc- ; n ’ mcn nt resld un m g w I n - - n  I C  s,,n” n ‘ n~~~’,
bi ’- pr o x mm m u ( i t e l y  every 12 m m ,  l m m i c t u o m n s ,  ( T h is does riot , 

a s tire proces sor  rof e r eni c mrm g t m nu-  sn ‘ ; n m  - nt  This m n ndi f l n
ite ’ ,’,ever , iur nply t lm at user prog ranrns perfor nn overlay slnowu r inn F i gu re 3 5 Tine segninent n s a - ” ”  c iisel t -  ‘ en “ m ’ s ’ .
oi,cn r atuon’n th us f requent ly ) W it I m (I i’ operat im ig sys tem the C o r r c S t m m n n m n n i  Sil 1 “cot descr mln t n”  in ,’ ml
f i n n s  (n’,’e r? ’ l v ope rmituon is a sm n ig lo P [ c ~_ 1  1 MOVE m m n s t r iu c t uo u r  prn,vIdCs a n - n ot  ‘,‘ i i mm i C w i  cm is c l roc~~rid e in -m t I ’ ’ -  ‘ - Li l
beca use no i ,rm nte ct onr s m nm v , n~~i’,l However for user 

of f r ’ net urn t 1ie v u  tm i ,u i r iddrens s if tIme ‘n’ im r , ’ n m C e  i~ ‘mi t
i,rocJ ranIs rum mni n ng umndc r HYl~ n ’~A , an overlay operat ion bouinds of th~ ~ ‘.) ., ,n, linen am c’ Icr t rap  o:c mn r  S ‘I nn ’
req uires lirvocat mon of t he orn c- - a f m ’ - -Tl syst r’ C i wi t h seve ra l  o f f se t  is ac id-w I to ti me I ’ . ny .n nc in i  hssn a’ ud r :’ ‘, I :”  t h n
Iruum n r i r i ’ d  i n m ; h r m i c t , m ) m r Of S i f t  v , in f,’ o o m . n i m i ’ ninl, Siibst’m’jIiennt 

descr ip to r .  liii ’ r m , - ’. u i l i i - i ’ l  t O  L’ it vir t nj c’ Is a m c m y n . n n - nn , imln i ’ i- -.
i n i m t m n n i . : i lhiomn , Ond pa r t i a l  Iniic . nn ’ic n ’m _ i m i J  li an.nu n n’eat l y reduucenl 

w i t h um m i t ine 2fl1’n K. Lm , Ii” t iu in l r  m ’ - , S ’ , l n m ’’ ’’  ih’ ’ Ci,’ i’~ ‘ni l ,
t h is over h ea d . nmod uhc also s p c c m t .~~d nm t ime ui ’~~c n . i ln nn

F’ m q m u r i n  3 . 4 ‘ mnrnv ,S f l u’ cnn  n . m h t m l  t r a n S l a t m o t m  f rom a 16 l b t o n -  ,‘ n  mi ,un  , i dc hr i ’  ,‘ t i’ ’ ,’’ i’’i, . - . a ‘ ‘ n ’  n i t  i - m i t ’  . r m ~ I -

l i n t  p rO t n ’ S so r— ’ ;  mn ’ r n i t o i i  nddrc~~s i - n  a vir t u al ,‘nc h~Irc ’s$ T i re  
s n . i m n m n n ’  n n i ’ . u n ’ n  t l n ’ n n  II’ ’’ ‘.‘‘ I’’ n’ it n . j  ‘ ‘ i ’ ’ . u’,c’ n.$ i m m ’ ,’ .s mu ’

f i r ur  inul l lu oru i n ’nr a d l re- r s huts f ’om I l L  n , m m ) m h n S S n r  SC1” ’1  one 
inrj i~~ ’m~ t fl ‘ - ‘ m i  (00, P~~n . -r  i’ ’im ’ i- s n t i n m - ’ t l ma n n t i n n- ,i’.’S ’  ‘

~f t ~: W mmndovi r e r j - s1o - n ’  T i p  Window re is tO r  m o l nOm A n 
m t s p i f T Ine i’ ‘i ‘ n n. ’ ‘I ‘ m’r i’f lc in S n n ’ m p i  . m i t . n  t ‘ i s m ’ ’, ~~~‘ ‘

m i m m i ’ ,nx fm ’.r a (“_ , ut ’n .u t nm n ’ t y  hr tine O x e n . , t , n I sn * 1,,~a r n~ ‘f O ’ lnu!m ” S 
cl n u rt u ” ’ t in , - ’,i’ i n’ ’’ ‘it n m - ’ , I’ ’’, f in’ “ m ’ ,i ’ f l ’n’’i m m . ’ Sec ? n i

.ui n ,h i l it ’y Lust ‘ n l r . n c t , . ’i’u T I m e  18 bnt s i  - ‘(‘‘it name trnnm the 
v i r l u u u l  ,‘m m i r l n , ’’ ,I, to l i m i t  ri ‘ - ‘ i ‘ v m A m md ’ i n t e r - c ,  1, -

se octe i l  Caoa in . l it y Is co mm cat i i nate n l w , t n i  time 1? low orrh~~ An inli ,‘‘ m m , i ticn mu n m - n m  ~ n’ .. ni or’ t -  i i n’  - r’ ‘ i mm
h u t S  from t in’ m r i x n S S O r  to ~inr m ’ 26 H I vi rt u~ t i n n h n l n m ’ S S  & Il~~ ~~~~~~~~~ ‘ ‘I  d - s  ~‘ ‘ t  ‘ ‘S ‘i e vu ’  r ‘ ‘ i ’ m i s

vir h u u . m l — I m n — u m I m ’ , ’,n n ’ ii’ ,m ugu nip. -i 4 COn I Unr I. n’ ’ i, ’ ‘ ‘  i -  so .i’
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m r panIc 15 ml t r i p  kernel address space One of these . (lie
Use, 1. - uk’ ’ G r in  nut  r e n h m  , t o m  - l id/ miS Ofl index for a Capabilit y ii

Segment Descriptor tine kerne l e n m v , i o n m , , , m - n mt  w h ic h points to a user environnmerrt
T h us regi5 tc r S pecm t i~~ time cu rre nt user environment for tit u s

T ype Limit Base Address CM# processor.  If t h e  kermre l wri tes a uuew index into t i m e

_________ ____________ • ,J , J register (tu e ad’ J r rsam nng s ta te  of (hue old miser process is
saved by tine Kn nma p rim t Ime s tate vector  part of the old user

OP Code I 
omivir onme nt . TIne addr mrnss ung state of tine new user us t l ’ e nm
loaded broom tIne su ec nh uod mew user environment T u e

3 \,~,.l 
addr rnssu img stdu e is tIne value of time wi mmcio w and ot h er

CM~ system reg is te ’ s  i n  punruc 15 of t u e  execut unng pr o rj r nmn n .
I” Sunipue ‘ 

IClCCiiy, ti n s O(i r ‘ n t ,,,r nr . w lr ciu per ?O r mm ms 8 cc mnntex t swap i,’i-
Read/W i- ite ‘4 saw ing one anid’o’ , r .  n i  s t a t e  and ioa u ii mr g anot h er , w ou ld a lso

Segment Name 
save tine i i m t C r ’  .ju processor  reg iat nr5 . Unfortun~ tc ly  t h en ’

— .,.Z, us no way for time K,’nn ,, p to access limo ui r tern al reg is ters  of
an (,Si-1  1 Ti ,u~ intern a l  reg i3t ors must be saved onch

+ 18 

restored under p’ op r nn n ’ control ,

O f f se t

12 
4. Control Operations

— 
TIne ptm m io scu pm my mu m Cur , ’ is to iinup lennnenm t all Sl,u&,Cnm, l c O m r t n m n l

22 Bit . Pim v s uc a h operat ionis , suci n as m rte r process o r  interrupts , by ro f emnu nc es
28 Bit , Vir tual Address Address Wut llun Cluster to time physical addr ess space.  Ties not only avo nds a

prolIferat ion of sp ec ra i  c o nmtr o l  slgirais , but also a,iowS t i n’

power c f  time s~~st i ” n’n ’ S aUd rOSS niappuiig and protect ion
Figure 3.5 Virtual to Physical Address Mapping mec l u a m m ms mni s to be ,n in i r :’ .’id to control opOIit(mo ns .

for a Variable Sized Segment
The Siocal pros - los a tn i rma e pr io r i ty  luvei n m m t e r r u i l m t

c luste r , w it h  i nm m ’ ;s . l m iy si’imn m~’ SElL ’  iijS  ii r -sv ~’r,’ icOd Hc m’ ,vever , 
scheme. An in let pt a umn voke c u by wrm t i m ig  i nto tine

any at tem pt  to change time vu t m uul - to - l nhyS i C Ol  bnnmdu ’ n uj of ~ 
appropr iate  p l u s - S c  a add cs s on the LS I- 11 bus of t i m e

segment (eg .  rt iov m mn g it to a d: f t ere nt mnme mory module or onto ta rget p r mr r , i ’ h ,S c r  I n,’ ,  aim u r m t p ’ r u i p t  can he requ es t unn i  Ii,’ n

backing store) would require an e f f e c t i v e l y  sumn iu ltaneo us rrr t ncoss ,1ii~ w m O re  . ‘~ II ‘ hO t  ,SL n, . - lw ,  m m u, ’nl tine process lies

change to all copies of the segment descr ip to r .  in a large ~ C a i n m i l n , h i t , for a se m i ’ n m t  ~/ n E I, nimnps to t ine run’  I

m rc tw o rk  t inu s operation would be s mn ’.’, arid c uunmberao me , if phy suc ai a m / In  in .,s 5mm . 1 .m er example .. t ine abort o iner  il,

mnot nmpossible . A f u urt i mer adv a nt a mjo to em nsur uing th nat ~~~ a If the in nu l r r ,  prm n n t n - .1 mn . ,sn m i t t  0~i, a “~h,M (Nor I xis tu ’ ’  I

snu ngie ctescr i i ,to r e xists for eacin su’ m l : ’ rCnt is that a LocA Bi t Mn ”mn n n,. y)  t r ,’ip m v t~ - ‘ Inn .0 p’ ,nc, n ’s -m r us f ” rc  eu T iii

can ce proc/led in tine descriptor Tim e bock bit can he used n m e c i i a m m i s m n m  W ’ m  IO n m m ’ , m - m i  w h i m ’  an error occurs mi i i n m i n i j  ‘~

to ensure mutual exc lus iomm for specia l se mj ’nuent operations , ‘1~~m 0 t 0  retn5 r t”m’ . O n r 5  P u -  “Ii ease ’

The fo l /r~n ,- n i~ e x a ” ,m u ’ s  show how r e f e r e n c e s  (i, a ’ . ’ ’ ”
ty inod sO C i” mcf l tS or spn r C . an  OpCr,lIionS oil a t e ” ’  - ,i-

3.5 The Kernel Address Space 
S en inn ’ i.~m m t S ,  a re Used to ‘ , nr p m ” iC rmr , rh/l u Ope r5 t u ’on r .  in f lue

Krmiop

Each prmrcessor cam , ex ec Ute  in, m l  l ir ~r of t w o  m u m  i ’ m ’ ’ ,,’,

rn n ’oces ,  Omre us tIme Use’ n1-~ -~~’ - c c  ~i n , mn m ’ wIn m m i s i S

,ic’~~c mi ’ u’nd above. limo second 5 t i ’e m ’ - ’ m . ’i .‘ilprn’ iS ‘.p.rcn’ .

w lm ic fm is smm nm uhe r to a us e r  add ress coo i i. m~ tn m (inn’ ‘ id’ i t  ‘ ‘nt of 
4, 1 Pm mituve l,oci~ Cpcr ations

somntc mnmoch a nisms reser ved for tIne 0 mm ’ ’ ,~ t int S5 .tu ’r ’m 1mw!
c u irr tmmn t iy e xoc iut iung addl rm,ss s pac e ma s” ‘ -  ‘ nod by a m t  ~~~~ I. ’ u ’  m ’ SS Ot I ,  m m t i n ’  PDP-I  I br, m , nm i~~, most w - ’ t

(hip Procpssor Sta les  Word -n~ I I ’  I S 1 — I  I A ‘r . ~r ’ . ’I (ni n ’ ,u t , m r m . . ,l’o p,irt i f  ,m reilnI r w i - f ,  wm te s n’q u m ’ ’ ree  I i

~ ‘i vmro ’n m e Ot  i- s  s imilar to a l . s e r  [um-J ,n ” ’ n n ’ e ,n ’ 1 0  ~, ‘‘,‘er S t a o c i a r  I r r C ’ l l s  I m u  i . n . i  L S u ’ t  1 ’ S ’i t h is s r ’ m l n i e - n c ”  mc

Sen imc ’n ts  at time t h ird level of time m u, ’ ‘it ’ .t 5 I St s t r ’ m c t i u r u n  , n ’ n p n m ”n’ u i ’ n ’ t m ’  u ml - m u i m i m i ~ E. ’, m m ’ , 5 n , n i lm- hum s un ‘“ t i n i ’~~~ I’ m ’ ’ ,

(Fugure 3 2) can be User Fri nnn . j ry C S ’ n n h m n  b y  c m  - nit ~ , ~ 
m m n n p ’ m m ,  m ’s  i~ n’ ’ t m  u,’ ’ ,. i_ u’ m y m nr n ia , .mn u ,j  bus  us c m l  ‘ i - - u  I n,’

‘1 
Kc r nnn ,’i Capabi l i ty  list s t O i c / r u n  t h i n  i~ 5n~~ user ens n m m n n O C f l t S  

a i i o nv inu elm - . Il, ‘ n ‘nh li’m c ’ n m c m ’c to  r’r . - n - - n - ’

as sul,st ,uc(ures. 
u im - ’ . l n m i c t m v u ?  n m ’  iii i i i ’ ’  1 ’ nrc i - ‘ ~; core and dyn m~~mic ~~~ ‘~~

mem ory)  iii C mii” n ’ m l  v - ; n i , i’ ‘ i
~

’ u- f  Il - s u n  c m n r b r ,u ’ m , n ’ ’ c  m~
T h er e are Several  inulc l ut i o nimu m pc un uudo m m  i s ta rs  lm reLmi lc ’  I

_  _  —rn~~~~~~~~~~~~~~~ -~~~~~~~~~
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nr ’ u ’ i~t a m ’ u m ’ ’ h t lbro , mq l ,  tire swutc l m to sh ared mmrc ’ mery Thu s allows also reques t  t ime oinerhut u m g 15100 to wake up a suspendc’n i

I: time . m n p l o ’t m u’ mmti i t io f l  of Locks ~ nd Semaphores because a process w imen the o l io r m i i m  is complete.
I n i r m m o ’ ’ y  ioca t mon can be bottn tes t e d  arid set wit irout fou r of
,umu m m m l , ’ rc. ’ inu m i mn g a ccess  by some oIlier processor. Im ncim v usmblc
rr’ .l~~nn n o : im f y .w r it o  opra runtions to nonlocal nmemory wn hi not be
,nnrp lcs nm nernte d in Cm ’ because of increased bus and memory 5. Development A ids
coim ten t icn and f na rdwa re com plexi ty We wi ll provide an

equivalent function by making luse of tIne Kmn iap s ability to Time ci c.~~e.cpunn,’ r i t of ha rdware and sof tware  for a m e w
locbt a segment descr i tor wh i le it makes a se r Ies of c o mm mput e r s y s t e m  us a mmu aj or undertaking. We have
‘ofe rts nce s to t u e  seu,jrnent. To um nnpl c ment a basic lock at te m pted to pii s I’ Ii’ s burden by us m mn g a variety of aids
mm rec ha nism two special segment oporat ioni s are def i n ed . All t h i n mmnuu 1o r ha rdware ~ m. nn Ini- n i e n t s  were  d ra f ted  mu s imrn j  ,in

n u n t e r m r c t m v e  ui rur wium g pa - ’ kaqe (a version of t ime S tan fo rd
Inspect tine word add ressed.  if greater  than zero , D r a w i - r m m P , i c m  8n10 ),  T n  f , n cn ; ’ t e te  t ime development of
t lten decr enm unnt Pi.r t u r m l  t ime o ru ct n nm d i  value, s o f t w a r e , r u~’w to t ime usa - J u l  t y  of hardware,  a t inui ct iomn ol

si tn n iui s t , , i ’ u  of C ” ’ ’ v, ,, ’. un bo r n  a rmnme’i , w h ich execu tes  omu
I nm ore rn e n t  the w on -S addresse d .  P - - f .m t he  or iq.n lai  c n, ni, Du’~

,’. ~uur m cm ~iI I’ n ’  Knm ap i r a t ’ n w m re arid microcode
value. ma ’ ,  5 ’,’ ’ - ’ qr r a t !  1mm ’ ’ ’ - ’ 1 ’n” ’J by time h a m  0f the “hooks ”

- ‘ ni- n ‘ man - s  m n  t In e i~ “__~ n Tmmm s co m mnec tic.m n to tine n’ n ,np

in. ’ ’. ‘i’. a P’ n ‘ ‘ ‘ ‘  non m~ SE C ‘1 m -j  on arm LS I — 1 1 aI r ies t  complete
a r m  ~~55 ‘ - ‘ ,,r ‘m IE n’ ;,, m S t O ’ u ’  u ’~ time K - m O p

4.2 Ar t  rn ter-Prc cess ~~essa g-3 System
in , r nnO r  10 u ’ x o ’  I In’ - n m v ’, t snm ’c’ ’ lCEn ’,In nJ . ’ r g  and So u t ’ ..,n mn r m ’

Mn’~~Sin(,(’ 5- , s t e m S  c a m’  p n O v ,t n l  pCr ’ m ’ 0 ’~~1 G ’ C Cf l  i i - ’ ‘ ‘ np” - ’ ’  0 - 0 0  l’ ’ . m m ’n i”  do ve  ~ m n m m O f lt  Sy’ . t eC  ,S’iS

r,’ C ’ c h ’ n i m n m s ” ’ S  fo r r o ’ ’ r - n m u n n n c i ’ i t m O n  I n n - I s ’ .- ’ ‘m n- . c . ess e s  ~l.f - ’  nc ln— m - n - ’ ’ , n i jhJ’ - ’ i ‘f ir . ‘ ,t ‘ m h . ’ m n . ” n ’ J t e ’ m  to i rc u b.m n Cm u-u t Ine

I l ’ i n i s m n ’ i , 7.1 J 5 f# im’ noun - m’ lni tu ’ ’~~~ ‘nsf , 8 ‘/ ,. ~ ra c k  mc . s a t  m~” ‘ , in 5. ’’ i Line 1.’ ni t  (SLU) to ~~~~~ down li m e nmcnn’o ’ ‘~

‘ n ’ c -c s uu ’ n o av s t t ’ ’ - s  I ri s  bn’on ( ‘ i’  s m t : m r ,n5~, t 0  Cm r mc ’ mu ’,n m n - n ii i “ni  ‘I.On’’n n j  ‘ r u m tIme asso c .SU- ’J Cm. in o d d /f :  ‘n

r 5 s t o n ’ n  oson l i can i  i nn t m , i n m ’ ,f,’n’’ m u . ’, a nn . ‘‘iSii’tE’ in “‘ (‘ ‘10 ‘ - - i ’  ~ _ U  ir’ ’,~~’’ a co m nso c thC m n , t r o n  f i m n m ._ ’ : , ’ n ’ .~ I n n  eumcl m I S — i l

p’ m ’ o m ,’sc  t ’ . a r mih t lnn ’ m nm a t o y  p r o t p ct Cd  w ,’ T ’ m m a ve . . , - tn t u n u ,’ lucist co ’ ’n , m u”r [van Z c m~ mr ’1 , 75] True Ho-tnt m m

arc n . t u ’ : t n r , l  of Cu ” ’ n’’ u m vmh/ ” ’n an O;u ’En’t , .  ‘ m , to b. ti 8 I n .  t , , n nu  us C n . - r d  ii, ’ ~ POP 1 0 t n : - i u ’ s mne r mn ng s55/ ’ nm ,

p rmnln ” ’ . f e n i  “i ‘S s uin;c ’ s ’y t . t en  ,- ,ln th n n can be used W I : ,  . jp i ,’
lpj, m_ ’ ,u O u  n m m ~ amJ

A m’ic’ ,scr; i l  i m . .rI or sn ail box . w I  I’ m,’ a s pe cn - i  s”I”,- n u  6. Conic’~,mi m ’ ;~ Re n ’i’k S and rrojcct Status
‘y i P  M’:, ’n nt ’; ,,’’,, w’u  b ,. n n , , r  Un,’ cnn/ re sm- t r - ’ ’ u ’ n m t s , p i S s m ’ ’i m y

t r u u i ’ . m m m r u . u i l  0 5 1 m b .  ‘ t ieS , or w . ‘ be s mnuu’ t lo da ta  w- ’~~’1S cnn ’ ’ us pro le c ten l  t ,n ire couus t r i i c t cmi  in I /r i te  s t o p ’ s  T ime
r-ncodc’ nI as ~ ut uu cntumi ln i m .t -~ c. 1n-snu repri~s emm ta t l vO  f m r ,,t S t a n d,’ nt, a t c ’ u i - o r O ” e n n S J r , t h e n -  t~uriup s ,’s ten .  T , ,~
tn, ) ._h r , i f iOP., Ofl n,ia ‘ P O X  i l n b ~’”~C f l t S  d’O s u i b s u - - i . m m ’nit S t / H o ,. w, n .m m mhImiu lmh ’  3 0 - t n n d r c n r s s r . r s  S n L b  n ,nu f , ’.n

10 0 — p r o c c - n n s o n n m  C’.. t i n n r’O l n . m n m , -,s ;rr,t dCS ,u t n m 110/.ini i i n i t m _’

S’ ,’ rn .i l.’st n ’ nm s nipo . uP.pr m y u t m m . h 3 ~~n, , ~‘./u x )  Jul y, 1P7 5. As of mlu ’C s ’o nn ner , t P i ’b , e I’ m m u ~( ’ - i ’ n . ’ m m ’ s  -

o ne—K ’ tmmi p S y S t Osm m ’ s ’ , ( ‘ l mc ’ ’ ,i ’ ,Onnii l It us i,x , . , n t f e ’ I  li m i t  1 m m,

T u mi s t n , ’m m m s f u n m s  cnnemul ’ : - f n e s  for a r r .ossage and a recil y f u r ~~t s t a ge  Cr ’ ’ oic.:l ’. ,’ m m . . t . - n nn w . ’  Imp e:’.rr ,’i’ion . m/  m m  f l i t’

r’niul b box from tltc ce llo’ s C~ pnh’ ty  List t o tine M , m n n se cond quar te r  of 1 7 T he m n n n t . n i . op’ : ’ c . f n n nij s~ n f . ’ n

box if t ime n,naulbox us f~~- i Iti~~n tine cal ler  us dcscruUed n m u  [ . i000s , - ‘t  iii 7 ’  and us m m m l  du”~~m ’ ’ ’n I -

su isn )C rm u i in i  on f l u , ,- C’ ’ s u ’n’ ’ n n s t , ’ n i n n  runs on C err1- Cur l our ‘ mi ’

lnar ,uwunre w i th  t In e ~,,i, ’ 1 ,uu.t t  n,. ’ (i ’m’ l OS t  DC,u m’ ’ ”m E n ’ ’  m ‘ ‘-‘ s

l l n ‘c . O ’v ,’ I t,1 ,i,lll ox)

m m  e c s e n m h m ’ml 1,- m n ,  ‘ n ’ . of t i n ’ , ‘ umm c ’r r,  ‘ ‘ i n n ’  i -

If tine nnm e m i bnx comn t 0mm n s a m n m ’ ,- ’ nm ’,mi n mL’ lInen a Cn~~n u l u m  t ’ u’ been pr mb: , m ’ n u t e u i  d m 1 1  I n n , ’ u, S n i m i ul  m n - i  ~ t a m ’ ~(’ m,’’ ,’, m ’ n n  p -

-r  t Im e e moss ag e aria a iT~~n/~ ‘.f n u l I ’ mr,nX will be wi t h eac hr i nn- I  c ut  n , ! n , , n m n n l  un n( ’ ’nu r’m m y mu , n~ t Ie  e m ’ e  I m ’ mu , ’ n  - ‘

n~~, m m n s m n r r mr nl unto f l ’. ” c a i ’o r ’ m, C o p a t n n . m t y  L . s t ,  S t n u m u  t m u r , b  w i m ic i n m m n ,’ ,iu i,’s ui; n - m m ’ n c .mm ’, imc c e s n , ’ i r n m  ii’, n’ , ’ ,

m ’n t l i c r w m s c  tIne 0,1 or ‘u suspende d p rc c m ’ s : .Or  a r m m  I u n m m n k n n  v ‘u n n t u r o s  of t I - c  Cnn ’ s I n  ,n n I i’  in I.’ ii

of t im e  SC um ’. l n m ’ , i n C . n i t n u ) ’ u  ui l ine ,u r , m t i  , I n , ’ ’ - . in!,s” c . .’i’ ’’ ii ,‘, t m

Providcd t imn i t tine in n - n i n e n r ; n G n f l t u u ) : u S  a r m ’  s t : c c ’ o c S f i i l , t iney t ine adu l-  it’ll; t r n n nrn. ’ . i t  ‘ m m m i  : n a ’ nu sr uc  A cd/ S c r i ,’ I i omm in n ’ . hem ‘ m

arc pe r fm nr mcd m m ’ n ’ n n b n l . ’ t n ’’y mum K n it ’  r n-w . i c od r ’  ,‘nnd n mc ssa c me s gnve nn of Imp’,, t !uu ’~~.”- ‘ t m - n m ’ sr ,,-n nu , j n b ’ m ’ s c  s o n i c , ,
may he nu n s ‘- 0 . 1  W m t h i  lm’(nbainI V lm ” nmS I., mum 100 mmcrose conrds po P— 1 1 ,s ama, ’prbt l  m ute m l ”  nun ‘10r , , , ,I,,’m I r u n  t e al in ‘ n I t , ’ ’ ,

r iclay. It f i n ’ :  opc ’ , m ’m ’ m i m 0 - m m — I  be u n u ’ ’ n  no ‘I’,’d beca use tIne s m i n t h o  of t ime  :‘ n, .,’, tm ’ n ,’r, a n ni up’ s’, t In’ ,’  umuo bn l v i r tua l  u m i ’ i - p s c

NI ,r. I m n n s  s m m i i i  or e m pt y .  t l n u ,’n ‘ ‘ u , .‘npp’at i n ng  c yn i fCnnm iS 
~~~ u’ ‘u mn m , j p p n_’ n h Cu iI. t i n ,’ m n n s t n n . m . n ’.,’ mI n,~~ - , . ’ ni od.ur n ’ c . , t.

inrvokcd to sus p” ’m nl f r ,’ request ing p r m n ’ ( ’ s s  f Ine  K r - i m p ran a i n a ’ ,.u pp t i - e  m -- m,, ‘. 1 m m ’ ’

-~~ _____
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1 Introduction

Time compar mion pumper , [Swan et al 19 77],  InS’,
unitro cluced Cm ’ as a large , extensible multIprocesso r
architecture, It has an umiusually powerful and co mpexThe Implementation of the addressing st r u uc tur e  wIn ch allows close , prot ec ted

Cm* Multi—Microprocessor Cooperation between large numbers of inexpensive
processors , Timu s paper describes tIne combination of
hardware and fir i niwa rus which iuam plomer its the address spaceRi cinard J Swan 
s haring and u nte r p roces so r commu m nucatuon mechanisms .Andy Bocf itolsheim

Kwok-Woon Lau 
Cm ’ is a anultuproc essor system ,ns we def imme ut (r~ t fmc ’ r

I— John K. Ousterlnout 
tf nan a network of im mde pcr ndent cOmputers) because tine
processors share a commo n address space. All processors
have um mim e d ia te access to all nnemory . The structure of C mmm ’Carnegie-Mellon University 
Is shown in Figure 1 1. T h re pri m ary unit is the ComputerPittsburgh , PA 15213 
Mod~ Io or Cm. This consists of a processor , memory uun:1
perupt itirnis in terf aced to a local memory bus and a “ icr - l i
switch ” The local sw r t c i m , or Slocaf 1 , ,mn lerc o nnects t i m ’Dec ember , 1976
processor , its local  nuomory Irus and time M~~p Bus, Tine M i t ’
Bus provides communication between up to f o u r t e i - n m
C o m p ut e r  Modules wi th i n a c luster , and is c~ ntraII y
controi ic-J by tine Km ,tip, a high pe rfcrmn :anc nn
nui c ro preqramt mnm ned proces sor.  Each kn mnap in ter faces t~ twoAbs t r ac t  / rflorcluster busses , by umne nu ns of w inuc mn it communicutes wit ur
t ine oti ne’ clusters ‘n t i re  sy s te t tu .

T h u  uinpiom ontatuon of a hierarchical , packet sw itcf nemi
multiinri ,cessor us presented, The lowest level of tine T ine re us a system-wide 28 bIt virtual address spac i-
s t r u c ture , a Computer Module, is a pr oc essor-m em ory pair. linus atidrc~ s sp mmce is divudtmd into segments w it h S ‘n , i A i n n i im i u
Computer Motluule~ are grouu iu ed to form a cluster , si ze of ,:OCII by tes Progra ms re fer  to se mjme nts  i nmnImnin ~ I’ ,comn rmiuunlcat iOn wu t l m u un tIne cluster is v a  a parallel bus 

~~ Cap ui b n lu tues , win ch are two-word  i tems comnt auml imm g t im e
control led by a centralized address nnappun,3 processor. r miobun i nam m m r’ of a s ’q merm t and s pccn f y u iu~ access  rug m i ts to
C i i i n ;t e rs  comn mnru unic uito via n i n ter c iu is te r  buus ”s A nmc mmo ry limp se ’nmc nt Tire p rc mc c ’aso rn ; have a 10 but address spec pre fp rpnc ~ by a prngruimnn nntru y be r o u t e d , t ransparent ly ,  to wi m ici n is i u iv m c uecl  i i m tCn t i  pages A nm pc f nan ms m us ptov idi’ui
ani nmemory in tIne system. This pumpro discuu sses time W h ich tmi o,’i’; a profir u ,nu to assoc ia te  a nn / C d m u u n b . n it y it
in~ rdwarü used to uunup lo mm ne nt tIre corm nnn umn uc atuon mec h mm m m us m. 

posesses (and  hpmn cc ’ any segme nt  to w ln uctn ml us iuli~u ,mi, ’,lTi re uise of special  cl-agnostic hardware am rd pe rf or mnna nc o a c C e s s )  wi t h  any pa ui in n ‘Is imn mr- dn ate  cdd’ i’ss sp ar - cm A
nnodc u~ is also discussed, f ull c j m ’ s e r , i u t i o n n’ t I me mi d i lni’ ’ ,’, mapp uumg S c h e m e  is qivP mn inn

[Swan e m nI 19 7 7 ]

To demenstr r,to thuu vuruh ’ . ’ i ty of a s t r ucture it is
Coa nput iuug Reviews Category . 6.20 ‘necessary to Imuild a pm ic t  s y s t e m  ,‘. lit c u r ren t l y  8s ’Ci h n I l m m . ’

componne nts . To be a successfu l  dc m e um st ra f lon , t in e l m ll mm th(.eywor ds end Pinruises , nnu , ; tiu ,nroci .ssor , microprocessor , S y stuma m imes to bo a uuse f ,, i , economical co’ ’ p uut irm q r m ’ so : m rcn ’
packet  switch um mg , vi rtui~ i memory 

inn it S own r u m m l u t .  I m e r e  for , ’ , in the ‘n ’ n CIwum ’k dc’sc n mi nt- r i
Ine re . nn uam ny u iesm ~t u u t r ade o f ’s were m~ cfo on time bui~ us ‘ ‘ 1
Cuj r ri ’ n i t  tt .c u imnohn ’;-,u ; ml t im e r i ’ ao . : urces avnu ia ’ulo I l,u’ I ’ u n m ln ly
ex pcr i - nm u ’ rm t o l  fl~~t u re  of h o  tm’ O n CCI enc ouraged an onrpf m nn~~is

TIne mi Sc? ,”’, iisn’ ul f (‘r ’ m n m n n i m k , i n u ’ c’ O tt’, i ’ I nu i m ’ n ’ t s  i- f  Cmi ’ ’ sri’
d u’ m ivuo uj f rom PMS n o t a t u m n - u  1,- i l  and Now~ Ii . 71) ‘t ‘ mu.

In ’ , n u l u u n - i ,  iT l i r i teuh .  ‘u’ I ‘ ‘ h In’’ ’ m m d m n ’ a t e s  li i’ u ’ rm mnm ar y  f uum nc l i onn um ’liii’, work was supp uurf etj  in m a r t  t ry  nt ,’ A c uva nc pd  flu” s mnarcl i  l im O u n i t , eq Co’ ’m i’ - u t i ’,. P’ ,.~ m ’ s ’ .or , k,, uu n f , m  mm ’’ , i i  ik . Sw ,t t ’ i i
P,ojk’ t~, Age ncy unnd~ r cont r ac t  nu m- m bc r ~ 446 2 C - 7 3 — C -  lii,’ ‘,uuiu :,p ‘ i i i e n rt  e l f , ’’ ml , 021 m m ‘ nugi ;~ sf” p nin ni I m ’ m ’I wi t h n pe’uc’ ,i.0: 7,2 . w lm mu, us mrn Oi n,tomCcj im~~ tl ’tf Air Fcnrc i’ O f t u c e  of ç~iVO - , — -~- u i t h r i h ’ ’ i t p  m ’’ ‘‘ie a nnu l Fcm ’ m’ ni nim”p i’ t’iu,’cai m~ mm
S c i- ’ ’ m t i t m u  fl~~~m ’ rcli , arid ur n pa m ’ i’~ mu .’ f J . i t , ’rrnai ,,, ici loca l  c w . t c h  P un” S hi r n e m Iii unr l p r r mc i ’ ’ . so r  l h mü nani,c~ C n m ’
I’o uumclnl u on Gra nt  GJ ,u~’ (55~ The L SI- 1 l ’ s and , - ‘ a ted  ‘h, ’’i~’u’s f r m u m  (C c m ’n~n , i tp ’  ‘ion - a r ) ’  w I’c” o • is time r’ u - m ’ u ’
pum ,uuiunent were suptrhied b~ P c~nh a Eq um n” nent Cor rc ra tu u ’ rn  

‘,t ar 

.. ..~~~.. . _ . .  . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ._.
~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _
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Krnap 
~~ emory] 

~~~Map Bus 
Detail of a Computer Module

P-S -M P-S-M P-S -- M

A Cluster of Computer Modules

Figure 1,1 A Simple 3 Cluster Cm’ System

ou m qenorui luty and ease  of de buppuing un t ime hnun rdwa r rm

corrr pom n rnm nts , ruit in~’r II’ an jus t , rm , urn n nr nz at uon of cos ts .  T iu p re
are many as pects of tfr e de ta nic ’ P ‘h’s uj ’ )  wbnu ,tti wou ld h ive
to be re-evaluated it t in e s t ruc tu re  w e ru ’ to be unn mp le u nuc ’ n ted 2 The Mechanism fer Local and Nonlocal References
inn ü t l i f fer emn t tec lnnoiogy or dui ’t mis a commercial product.
inn p a r t u r - m u l a r  tIne cl ,s tr ibu i tu o m n of f , m nn i  ( ‘ Jut s  bet - ,aeen time A d c l rm ’ r i t ,c ’ s  i m ’ ’ i n ,’ ’ r i’d l’y  ~~~~~~~~~~ in S u - ‘ s~~S t  u - ’-

i u r m u , : u ’ s s o m  and t i:~ l(~mniap svou mni be c um rm ’ h m i hh ’ y  rn” c u’ imrs nchm ’ red . n’ ,i~ n i h ’ ,  ‘in r’ m ’ u ’ . ’ m . ’ y  m um . m -~c h m n ’ n i !  \ ‘~ t ’ m m m m  t n , , ’  t’~ ‘In’’’ h,’nn : . l n i  mu m

T i ne rrno(lular nature of C mi ’ mm ’ ak ~~S it pa r t i .: u i i5r i y sm u i t a b lo  for of an intju i re s n S mn nl  n ,‘ m m t , ’ u ’  I ti’ t~’,~’ n i t , ’ - . ; ’ iu i hn f  r u - m n . ” , ’ , C ’ , ’
implementation un LS 1. per form ed i i  ~ W in ,’ ( l ist ,s tota l ly t r ans pa ren t  Ii’ h um ’

process im’ pm - m u ’ r u n t m ’ m m i  h i  ari rl ’m.’ss if mn ad zI rcmlml  i3 Ii.’ t i ’i t- t

Sectuon 2 iilti shra les hire n : ’ e ’ c i n a : mn s ’ m  for memory IC) t ime m” ,- ,m n ,mn ,’ m a n  to t ln u .t  l ’ m m ’ C i S S u ’t , h i - c cnn- i ’ m ’

r u t  f t i re mnce s .  Time v a r n m ,u us iuardv iaru n cu ,r’n l ,’ c ’ im n n nm: ts of Cm ’ ore ‘ n - f t - ’ ’  ii ,‘ us - ‘‘ ‘ eu m. ’(1 in, a co mpiet , -  y s t u i m u n l e m  d w i

uii ,’s cril,ed mum tIne fO hlowuuumj six -, r ’ c t m o n m s  Sect i on 3 dumsc - r m l m u,’S en, c c ’ r ’ t  t l n u i l  the ‘- : n ’ . i u m  u , - ‘ ,~~ Ii’ 11 mm m . r u n n _ o r m n i.r I, mu l u u ’~ .f

f lue pr o c asso r— rt me ’nor’/ pairs And t i ro . ’ u m n t u ’ r f a c C  to t h u  Map tine a d d m u ’ - ;~, S m ’  F i,~ .i r ’ n  ‘ I
Pius In Soctronn 4 o p p o r t i m m n u t u u  ‘ . f : n r  pt i t ,u l ln ’ i usm n in f l ue
atlu. l r n” ss ma l ’u ;ni:u ’J rnr,u chanusmmn ar ia  c~ , n r ’ , m d u ’ ’ i t uJ  Tm nr ee  i,’~ l m m ’ ’ n  t i . ’ p ’ m ’ ; i  i,’ , u u ‘ ‘ ‘ ‘ ‘ ‘ n , ’ ’  . ‘ : ‘n not ‘ ‘ ‘ m i ‘ • t m ’ ’
Cuulotno mc Us h i .m m c I . ~ i~ l u nit s of t i- r n ’ Keap ore proso ntc ’ n l  ,i~ 

‘ ‘ t ,i.1p ‘ l i - I  ‘n ’’ li’ ’ m , ’’ ‘ ‘ m m  n -m i  u’ ’ m ’ l i ’  ‘ ,m t inn I’ m , ’  5, -n ri m a
Si’~;hmons 5, 5 , on~j 7 5”- t m n ’mri 3 d t- ’,C,m n l m u ’ s  (hi’ ‘ , u , , ’ u ’ u m ’t .‘,.‘ ‘ uju ,’ r - ’~~’ m ’ ’ ’ is rm u ii ’ t ~~ IC t i m Km” ‘ , t ’  t m - , t i n- 5 m ; n_ rim 1.; ;u r m

n h i v u .’ nn to lna rciw uure du n ngm no sus 500 ml m m ’ ’ , ,  , m,  ii’ u’h c ’ v e nu i ’ n nmn. , ’ n i t  , . m  ‘ m ’c u ’ u ~~u ’ m t I m ’  5 ,‘‘ _ . , , — - m ’  i. m r ’ ’. t  m l ’ , ‘ ‘ “rip I”, ’ . , ‘ i’ . 5 “‘0’
tIne Knnna p For an e f fec t i v e  ‘ n ’  , m ’ u ’ n ’ u i . n u t r i t m : i m u  ml  A S S  (Iii’, m ‘, .,‘ l n ’  I ‘u’  m l  -

‘ ‘ ‘1’ i - m m m u ’’’ ,Snr’ n ‘ ., ‘‘ u n t u ’ .l S’ I i i ’ - ’’ . ’- ~ ‘ ‘ —

nu’ 1;em ssa ry to f l mm d 8 m n55l :m n ml t; ‘ - pe n  ‘ujr .’tancua ln ats nr’ n t i me .i. t i’(u i ui S ,‘~ u ’ ’ ’ n i’ n  n m m ~~ n;;,r’b’J’ i ’ i’ i’ ,, ~ u r’’,~ m : ‘ in”

l m m ’ t ’ ,vy’ n - m n  s y ’ , t n ’ rmm cnnponpnf~ So ’n ’ ,~ of t I n ’  p.’ - ’ - ’ n m ’  m u m ’ ’ - ’ m m ’ ’ ’.t , in m ’ ’I  ‘ ii,’ ’’ S t , —, ’ , .  -‘ I s  , ‘ mm u c’ ni ’ . m mg ,s - ‘n ni,ltl’ n ’ m l ’ m ‘~‘ u ,

u , n ’ m n i u m h m i , m t  ,n~ imuc i i  i j u m m m l O ’ I  our ju.’hm l o ’ ’  m m i t  i’, ‘r i’s ’ ’ - u t e r i  ‘n ~~~~~ m .r i  m ’ ’ ’ ’., ’ u ’ n n t  r’’n ‘ ‘ ‘i” , u’ ,’,., anrr ,~.‘ m u’’ t I n , ’ ‘ n ’ ’

Sect io n 9 ~,,,, ‘, . , , 5 n  i’m ’ i, ‘. ‘ m ’ “ i - i -  ‘ . J ’ PO  ‘ .‘ 1 t ; m - 5c r” n ’  I

i’’’ ‘n,~ r - - f  ‘~‘ ‘ ‘ ‘ m c c i  ns - u i ’ s ’  , thin m . , ;s ’i’ ’  m n ’ ~’ u’ ’ , m ’  W ’ n ’  i : 5 c?

, n o’r’ u m t - r ’ n  ‘ - i .  “ ‘‘ - n ’s IS su :’ n ’ i ’ ’ i, i’l ,~~‘ ‘‘ n’ c I  u’ , n - a ’ -’ “‘

_ _ _ _ _ _ _  

“-~~~~~~~~~~~~~~-~~~~~~~~~~~~~ -‘.~~~~ . . ~~~~~~~~~~~~~~~ ~~~ --~~~~~~~~~-~~~--
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Us 
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____
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Addressing Mechanism for Local Memory References Figure 2,2 The Mechanism for Cluster-local References

of the proce ssor- to-v i r t ual - to-physical  address mapping, via an lnterc luste r Bus to tile Kmnap of thre cluster co i r ta m m mm nn g

linus it can quucl;ly t ra nslate from tbn~ page mnumbor t ime segment (it t inero us no irmt e rc luster Bus d ; m m ’ c t i y

r cfo rc nced by tho processor to a pbnys m ca b address co mmnectummg time two Kmap s tIne mes5ago w,1 be s tee r ed  I n: ”

consisting of time number of tIm e Cm co mnta in iri g the physical Kumna p to Knnap unt i l  it reaches tine destination cluste r) .  Tim e

locur tiom u ~nd an c ’ muni nt e u ’n’h:l local ,iclulrcss A second Map dest m u m atuon Knmmn p wi ll t inen map tIne virtual address to a

Bums t r u~n~~ ctnomi us exo c u i tod  to Imas s (iris address , end ~ 
physi cal one wut i n uum ta d asher , Map thus t r e nsa dt uOns wi ll mu’

indicating whether a read or a w r t e  is to be performed , to e xecu ted  to pass tine pimysuc ah address (and d a t a  if

t im e cic’ &uti rmatio n Siocai it the operat i On ma a write , lim e cI~ ta 
needed) to ann Stocai  whmmch inn turmu pe rforms tire Opo r nm t io un

nuay ho passed d’ rec t l y from tinu Cm maki ng tf ie re ference and r et ur m ms ackunowio dge nmont (and , perh aps , data)  ba ck to

to t lm~ Cm co untau n uu ng tIme word to he wri t ten Tine tine des t urmat ion Kum i~ p A r e t u r n  message 15 used to pass

d’ st umnii t ,on Siocüi P e r f o r m s  t i re read or wri te vIa a Direct back a c kf l owie dgemmmt-rr h and data to tIne Kmop of t im e

Mc -.
~nrv Access W hen thi s is commn pic’ted it issues a return or lgnmm m n t m mm g c luster Fiuiri uly, t ln ms Kmap w ill relay (lie data anti

rc’qu mes f to the Kmt ua p to ackm now lerlnj e completion A t lm i rd ackm i ow leclgen mcnt back to time ln r t ha t u i ng Cm to Complete the

Mip Bums cycle is porfornuod to transfer tire data back to tIne re ference.

processor thnmi t made tbne re ference (lii tIne case of a read)
and to acknowledge completi on cml tim e re fere nce so final tIne Seve rni  pnn i ’ mt s nut- wcu r tln not ing w ut hm m s i - e r  t tnm liii ’

requesting proces sor may resu mi me act iv i ty  above sc inenne’ ; I s c u - m n t  at time local nuomory bus lu’ .”l.
wi mu’re c oun vem ntu n, rmm,i c u ’ n : ; u m t  swu tc i r uung iS u n _ i - u . u i ’

A second alter mnotive w lneri tIne Kmnnap receives an cor’ n nin u m u m u c a b u n mn Is pcr ’, r r m ’ - e n i  by pSch’,eb sw i t c hn n q  Thi ~ t is ,

tidcirt ’ss to map is that the physic al locat Ion t u . i m m g bni’ ’ces o re o i m u ,mc mut ed , - ‘ m m ~ for l i n e  ireruot i r eq; , ‘- 1 f, m m , , ’

r e fe renced is not local to the c lus ter  in t f n i~ curse tine 
d&tin , T ine tithe is la tched at euicin i n te r face , ra t b nt - r  ¶ 1

umr f o rm nm 3t io n cached iii tIme Kmm’a p fo r  time page bem n ng 
eS f ,n in l i .S lum u m, i  a coun tnum u uorus  circu i t Irt- ,’mn t i n e  souirco t,~ t n : i -

re ferenced will not inducutte a physical locOt ion direct l y; 
u i n ’ ;ut ’ nm, it i on ,  Ti n s ,mpprOach ch ives great e r  tr uiS , i t m i . : i n tmo r r  aund

instead it will give a s mx teen-h it  segment name , tine num nmb~ r (i’,’ i nu n i ’ ;  ulO o- i i c - ,. l, i v m ’ ’  laurs ui l io c i i tmn m mn All I r umnm ni .  tuo rn S a m u ’

of tine cluster containing tine phys ici t i  memory a l located to c oi’lpIC t p y  im m te r loc l i (’ui w i t i m  positive acknowledgement bm ’ ; ’ nn t

t ime ttegrnment , and two buts mused to ex tend  th e read /w r i t e  rn’ r~m i i r u ’ .l to sininlil l r n r - u ’ o ’ h n u n rm cml an c’perumtion ( m l  us r r m ’ , c . i , u r ’

bit to a th r ee—bi t  op code 7hn is iu i fon um ,at ,onr us combined w rt l n  to eiiovi mu t ’roc r’’ , su  r u m ; ’  m i t m n n i i  S m i m i - n e ’  iii w rmte  to u n u m ,

t ime tw ~ hve low — order bnts of tine o rn ’i n ’ m m n i  processcr mmii ’ I rn ’ -, s as 500n ums tin’ t ints I ,‘‘ t i m ’ w r ml e  iu~~S lanen n u ’ r n ’ m v u ’ nm by 1 1 m m ’

to form tIme h u h  virtual uidd rinss of tine ob jec t  brm nm ng 
kni at u”r d e stun matu e n In ’ ml iii . w ut i nom ut w a u t n u i g  ‘or com ’nplotiomn of

refe rence d . See Figu re 2 3. The vur t um ei  adnir enis , along W ilt 
f i re  eperatiomr . Ini)’,vu ’ ~‘e’ in lInu s ca se  t ine kumi~~p ~s m m exi ’mi ’ ct

the processor data (m l  ~ write us bem rs g performed) iS sent 
- r ’ ; i -m u u ’ ’ i b un in’s i’ of tlm ~ u’ r unc ~’s c m ‘ c n n

t i m s i  appropr i ate  mm- t m ’ ’ ’ , nay  Ire t a k i a n  uf inn’’ mm is mu’ ,m’ uvi ’ . l)

_ _  .~~~~~~~~~— ._ - .- . _—  
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Figure 2,3 The Mech-ar’iism for Interciuster References

Tine co mnmp lcte processor- to-vur tu mr l - to-  physical address
nmappung is pcr~orm mmo d Only fl the case of immte rc luust o r At t Ime so f twa re  level, t ine pr i mmu e d isadvantage of ( i n n ’

references , As tine locality of a refereunce Increases tIne 181” 1 1 unst rnict ion set is that Only 16 but addresses can be

amomn mt of Hmis mm m e ppmn mg t imat may be bypassed (and hence d irectly nm ur n mpu u la t ed .  T i re compa nmon arc in i tecture paper

the speed of ~he re ference)  increases , with local caches of d i s C u SS e s  in detai l  time mec hna nrs mm m used to expand a

cer te u u m niapping lm mfo rnmat ion used to e f f e c t  tine bypnss. An processor ’s address spnico from 16 h it s  to 28 bits

unmport ar t t character is t ic  of t i m e ati dress uing structu re us t h at
t h ere us exact ly  one i(niep t i nat may perform the v i r tua l - t o-
pinysuc al meppuing b r  a given segment Time requ iremm ient t lnat
all re fe rences  to a segment occu r wr t l n  tine cogmn nzance of a 3.1 The Components of a Computer Module
sirnçjl e Kmmup greatl y s inmp iufmes the nuov iung of segm oe n its and
time implementation at Operations roq uminm mmg mutual exclusion . A Conm m pm,te r Module , Figumme 3 1, can act as a stand al one

computer s~ s tem . T h m ~ s lend&rd com me n , i,ily m , ’ , a m l n m m ’ i’
components m un c iu d e t i m t -  DEC LSi - ’ 1 processor and i i , ‘ r u uu ”mc -

MOS r’t” ic’v A n y  LS l -1  peripinurQi may be usOu’f on t a
3 The Computer Module buis , u u r c l , , ’ i , n m n i  ‘,e n ,5’ and Ina ra lle l  . m n t , ’ ’ f u , , i ,  fir’ppy an- i ‘ u t ’ ’  I

head n i ’ ’ ,l-. ‘,. (‘IC Uui’ s t a m r d m i r d  I t’  bmt m mm i i,, - n’ inns bou’n

TIr e fir s t level of the Cm’ network lnie rus r r ’~hy is tire e x t , ’ i m n l n .’;i v~’ u t h m  Im y t e  m a n i t ’ , ‘,‘~ ‘m ’ n n ) ,  ,, r ( - ’ ne sfn Is nm c mrm u ’ , m ’-

Com’nputer /Vi od.j l e, or Ca m . T Ine Cnn ’s pruuvi n lO t~otb the memory pi tr dun u’ ,’ .1 by t r im, ‘,mcc,;l , ’ in n t ine LS I— I I h um ,wr’ ’, u’r , t ime  I n n’

and processing power for the m muit mproc c ’ssor s ys tem . tIm -s t a nm rn n c n ’ c s ’ ; n  “ ,,v be n_ u ’ ”,’  mii i n n , m i r f , ’ m ’ f u ,  r ~s’-

awe ii, r u m I Imp m u ’ ’ , . ’ u i . l - un u . . ii m u ’  i’ ‘ m u  ,‘ m u ’ ’ : .  mm ‘ ‘ l i - n , - -

T tmø d ecision to u s e  a s tandard , commercial ly ava ilabl e has i n - m m  ‘t nec i .’ : , ra ’ ’, I ,’ m u m  ‘, u ’ u m t  e a cm m , ‘nm w i 1 ’  S n_ u ’ i n r ti

m n m n n , ’ m ’ s ” r ; r  ( t he  DEC lSi-1 1) faa eat a considerable innpau ,,t bus dev ic e to e o n 1 inn:” ’ ,’

on tine design lIsp of 
~ st nu -m dninuh i n s t r uc t i o n  set ha~ made a

ll’’In” pool of so f twa re  mind so f t w a r e  du’veiopmmm rn t u i ,u is  Pin” “m 5 ’ i” ç ’ n’ ts i ’ t ‘ . ‘ ‘ ; “ “ ‘mt  w I n  ‘n ‘ i S  l~m’e”n , t - l . m .  ‘ ‘ I ’ , ’

t.’c ’ t t l ’~ svlni lahul m The not i ’ m c o , r s - d ’ ’ r , u t m l u ’  e f f c r r t  to design i’ S i l t  ( c m  ‘5 ‘ ‘ ‘ m ’ f’m nO l  ci n o, m u o ’ ,’ , .i,’’, Ii ‘ ‘ ‘ m m ( i ’  ‘‘ii’. p lm- ’~ ,~~n C -

flr’i b  implement 0 new p’or.c’ sc - ’tr l-n~~ heel nvo’d~ d tine p r c m c o s s c r  f i r  ‘.‘ u , ~l is n, ’n;- ‘“ mm f’, - 1 1 ~n ,,s ‘me i’’ ,

f u u r r : t , u , u m  m ‘ f . .’ ,” ’  .i~ 5 1 m m ” ,’ , ’ t m i  y m i S S  ,,‘ ‘ ,‘ r i’ . i m  i’s ! ,

________ - C- -‘ 
~

-
~
‘ -‘- 

~~~~~~~~~~~~~~~~~~~~~ ~~~ , ~~ . , .,~~~ — ., ——— —‘ --~~ —- — ‘ ‘



The Implementation of the Cm’ Multi-Microprocessor Page 5

i/O operation or enable circumvention of the system ’ s
protect ion sc h eme , T u e  Pmivih eged Instruction Mode but

Map Bus (XPSW < 13>) enables hoçj uc ru the Sloca l which detects the
fet chinrg of any “dangerous ” mnstructuon , An immediate error
trap us forced i f  an unprivilecje d program attempts to

1 1 execute a privileged instruction ,

~~~~~~~~~~~~ [sloc&] 
Several reg rsters in the Slocal are concerned wi th

providuuig diagnosis and recovery information af ter  a
sof tware or hardware error is detected - Almost all errors

_______ 
ore reported to tine processor by for cing a NXM (Non
eX mstent Memory) tim ip. T h us  includes errors detected by tinePc _________________________________

Kem p during reni mote re feren ces. Time Km~ p signals time error
LLSI_ ~~~~~~~~~~~~~~~ 

L 
LSI-1 1 Bus

by writi ng to the “Force NXM” bit in an addressable regis ter
ut tIme Slocal . Time Local Error Register mumdmcates the nature

of tire error and w lnether the erroneous reference was

rMP 1 ~~~rit~~~ rtmappi-” l Time “Last retch Addr ess ” register  is updated to
4..124~~

j  L

t1e
~~~ [

TrY 

j  [
~o~~

J
hold tine address of tine f irst word of an mns tructio un every
ti nme tIre 151-11 fe tches a new instr muct ion If an error us
de tec ted , t l mus reg is ter  us fro zen u ntil the Local Error
Reg ister is ex piucut l y c leared Also fr ozen in time Local Error

FIgure 3.1 Details of a Computer Module Register us a Count of time number of memory references
pe rfo rnuod un ‘tine execution of time instructIon , In

tune processor to either the 151-11 Bums or t ime Map Bus and conju nct ion , t inesu ’ tw o  regis ters provide su f f i c ie nt
to accept references from tine Map Bums to tlne LS I— 1 1 I3us. im ifo nutnai non to res to rC t h m O s tate of tine 151-11 for r e t r y  of
Tine Slocal also provides simple add ress relocation for tine i’ ns t r u ic t io n during w m mu ci m tIme error was detected .
re fe rences  inmate by it s processor to local memory. Figure
2 1 shows now tIn s relocation is perf ormed; the “Map Bit” hiS T u e  Slocum l also prc rv i m ic c two mnt prr ,u pt request reg i s te rs
tIm e local relocation table us set for pages which are not lit Irntorr u u pt enable bits i i  the externa l  mnro P550’  s t a t u s  w ord
tine local memory of the processor a llow m~’nsin ’ um ng of tine m nnt p rnm i pt  requests ,  Provm dod referenc e

m a pe rmit t pd by tire memo ry protect ion sche m e , any
lii add i t i o n  to time Local ~li!. . ’c ,n on T,ihle time Shocal processor mm t ime networ k can in i term u upt amn y ot h er processor

umrov uiles mu nuiuuber of oth er co ntrol registers. Au t h ese snmp b y by wn ,t unr ~ t m ’ t im e co r rec t  Oddress
r eg i s t e r s  mire nmi u in i ’ ,salnlp as mo no’1 ocat uons on tine 151-
1 1 trims , however curly ml ’ ’  i(nmim p amid l n n . r n i t . ,’ u r iv lu ’  cii sy s t or n
comIc will ha ve ui u ’ec t access  to (l u-li Onne of time key
rm’ ;l: ’ut e rs  us tIme e~ f orn,i I Prt i i ’esso t  Std tm/s Word 3~2 Data Paths for Nonlocal References
(X l ’ SW ,, 158 ) )  t t o  LS I— 11 um, ’ ,r . c - n i p mm t s  only the low ordpr

of time sta nnda rd POP- l i  Processo r St~(us Word An i .ir- :ul- ~~eut fc n’ nu of line basic dim t ml pnthins am id mml i  I ’m’s
(pc’.r,n< 7 Ct > ) ,  Logic in the Shocc i (~m,u t im ass is ta nm c cn of wut i nun t  a Cur’ ’ Clu msIe r  S sIlOu’inm ,~ F m m ~,’ i T i ~ ~~~? tJ c’pn’n’muluu umj (‘nfl
st , unn ; lmn rd s ncjm nmuls f~ u:mfl tIre LSI - 1 1 )  utliows time XP SiN to be t h e  at ,lri’’u ’. (t u’ni’rate I a mn ’ r f e rer nce  f rom ( imu’ mien , m ’ Sso m is
Snuvet and restor ed nlu ru ’nuj irmt e rru, pt , t rap and other pa ssed t ’ mt ir er to tine local mnnc ’mory tit us or to time Mmmi ’ fluis A
operotsons iii uuu i m s i mu m wut in the inte rnal PSW The X PSW local nmennory re f e mm ’ ’ nc i ’  is ire’t o’~’ c u t  nun a co nveuntion a l wa y
e m i m m i w s  se lect ive e nab i mmu tl of va rious S u m u c a i  functions and For a no nlocal r k r ! p r C m m ’ ,  a , t ine achdcumss (and possibl y da ta ’ is
controls a simple t bm r ee level m n .t e r r u up t  sr,~memu ’ On pow e r— i mp l~ fcinu ’ ;i i,’ncl a S(’ ’ iu , u C’ ru’q, nes t iS ist , m (’iI fm ’ t ime K ‘m m mm p
tIn e X PSW ,- , ~ tt ’ ,’im i’d , w lm uci n ninstmhie s eli s pec rut i  operations 

brok cnn m im e mu m I’ igi m r u ’  ~i ~‘ slu ,),-I- . t I ne - s t  mn of a m e  in in t i m e

r i m f , - r eu mc cs . 1 m m t i n , : ,  nmno’ Ic ti n ’ p’ im, i’’ scm ac t s  as a h u m p , so mi rc a processor m r m , - m i  ‘y tine K u - r u m p w l m ’cln tr~ n~ l~ tes

by tIn e Siecal nnnc lud uum q time re mn:ntiofl of local mem ory memory of om rot h i e r  Cur’ i , n the c luster T i n u ’ at udi rOSs t ram Ili um

mu m nnm - - u hi t iocl  i S i — i  1 T Iup Lou: ,mi Run l~ u:, ntiinn Table can he unto a pin’, ‘ ,, m ”a i  m mn mul r . - ’ ,’, us ‘ m u m  t ie  nm em ’ m ’ /  of a ( onupiuti’ r
m u m , t u . mI u ’em l emi mn m m r  by cm nin so bo Oper ,ituons , “x ec ut io mn of loca l  Momiu m ie (I i i’ ;  p huvs i c . i n  m u i l ; I ’ ,’s q  ‘i pmmm ~ n h i nto t ine M~ p I f s
boot~ irap code or re motely by mu m m y processor inn t I re 

by tI me K m n, u m ’  anirl a t c u n , mu in ’ ‘he t t imi b ( ’ I Cm A co nmv u ’ m m t ion im l
mm u,’two rk ,  A f t e r  n , n i t u ,mm n ini tm o n , e ’ m m n r m . . n m q  Fleloc Mode 

O,re u  I Mm - m o m  , Ac,, m ’ ~~t, ‘‘~‘‘ii c y C ’ u ’ ‘, u i - u  ! ,u m n ’ m ech  by l i-p
XPSW < 1 I )) wi l l ,1i:m) ’ ,,~ local rei n ca ti mi m m n ~nd give access to 

( lest ’  ii t ion n Sioc iti . I!’, ’ r umm t, i  m t - m d  us ‘ i’ ,~inpti ant I i , , ’  l,’s e]p
t i te  r e s t  of th~ n e t w o r k ,

mun in i n i  f ’ ’ ’ l m i i ’ ’ m t ( ’ ’i . t i m - s  tn um ’ , ’  w i t h  a r C fm i r n  req u mesh Ti n

(‘Qr’ r ’ i”t e ti n ,’ o r -u ’ ’  i t i c ” - n , t ime K’ ’~.p r~~s;’pnnds by t r m i n , s fmmrn i ’ uu l
lunu ;o rr m ’ c t  u s ”  of l ’OP—l 1 i u m s t r m m c t  urn s Su mC h ins HAl T , lImp dal i  (‘- er t i ’  “ ‘ in’ lii’, ‘‘i- — m l ’ ,- tmmm ; J i I C nn ‘o t m -

RESI 1’, Møvp’T o-Pn ’ , i ,u ’ st , , nn~~ t n t muc  wm, ’ti, i-ietm ,rn from rpm 1ui~’ s t m n m , -m Cr , m m ’ ’ , ’ ; . ‘ i  ,y m , m u u i m i n u n s  t i , ’  ‘ill’ mm a t  t i m , ’  ta rn l i - t
imn t ~~rnu i pt ,  etc  can cause toss of mm p rocessor , garblIng of ~~ Ci~~ to  ‘,- pnfl ir i”d i i’,’ t r i m ’  M m . ’ I’ ,- ,mm m d t Ine I~~1, ” a t  l i m , ,

L . . . . ,~~. . .~~~~~ . _ _ _ _  _ _  _ _ _ __ _ _ _
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Page 8 flue lmpicmTnentat ion of the r u m  Mj l (u- Mnc ro pr ucp~ so m

exclusion (for example , cha ncj uung tIme v nr t u i a i - to - p hy s i c a i u m i t e r c i a s t o r  message ma received by one of the Lmn c ’ s
rtnapping of tho sy s te m mn) wm l b be impi~ mn nem nteuJ in Cm~ as hnnte rc lus te r Bus Ports , ,t us queued and a request us issued
nuem ory references to “ s peciS u ” seqrnen t s winich w i  t i ne n to time K lm ,i s to al l eca to a free cont ext  to tine request and
ceuse tire Kumm mi p to perform ti’u~~ c m cs ir p d o perat m omus ru a a c t m v a t e  i t  in t ime quit Queue.
protected way. in general these OpCra t IOf l S wi ll require
several  re fur rences by tine P~map t o main memory If the
Pm mn a p mn , to be used for otiner mappings wimile these main-
memory ref er ences are beIng made by the Kbus and Sloc als , 6 The Kbus and the Map Bus
tim e ro must be some means of sa v nmm g and restor u i ng its s ta te
so t h at procoss i mu g can be resuimnien i w lren tine memory Because of the groat va r ie ty of tasks It must perform
r eference ini~ been complete ’s , The solution adopted is to and tine necessity t h at it be able to rospond to errors in an
pr ovide regi s ters in time Kniop t o s av e and restore S ta t e  fo r iu tehhi cjcm nt way,  tine Kous was  des igned a s a
Lip to eight o v e r iam p mn mg operations. A map ped opera tion in n m rc r o pr oçj r ti m menj processor  controll ed by 256 40-bit words
s om e stage of proc ess ui ng by tine Kn uap us re fer red to as a of read  onl y me mory It lies a tr i crocych e time of 100
Conle ~ f .  Each counte x t has a l locat e d to i ts  exclusive use nan os ec o m t ds wi u ic h us syimchronm ze d wit h tine 150
eight gc mre rm li- pumrp ose r egisters and fou r s uibrout um ne him mka çj e nanosecond ciock of the Peep mind Lumm c at 50 nanosecon d
roc )ns t e r5 (one cI which us useti to save tine microprogram im it e rv.’uls Figure 5.1 sho ,w s tine mmi ajusr eiements of tine bums
ad i i rm ’is w b, i ’ f’ awaiting t r u e  completion of Map Bus controller
transactions ),

The Map Rio’, cont o nu ns 38 signals , of w mui ch 20 are
Ti iumm ((bus mm n am nta ui rs tIme sta(un, of tine eug iut Pmm,a p bid ircct i~ nal h in es  um semi to t ,um mn s mn m i t addresses and ulala

conn tcx t s  and allocates them to ru o .w ‘,er’imce requests .  Tin ’s betw een t h u.’ Sioczul s arid K h ’ .is of t I ,c cluster Time M> ru s us

cou ntext  nunuber mind ot tn e r s ta tus  a m ?  t hne.’n p la ced  in time Purr master of cIl t ransac t ions  on t : ,-3 bus , as such ‘I s m m m ” c h f m e 3  a
Qm,cue to sn qmral t Ime Pmmmu p Ib mat tine cou mt c x t  it, runnmre he The source ~nd des t ina t i on  f~~r each  c y c le  as ,wohh a n - s t a t u s  - n m ’ ,
nnappin çj processor ac t iva tes  t Ime con tex t  by rem’n ci u,’ nmq Its ,m id icatu ni i j  the use u I  t i ,~ d,nia (add ress , data , e tc  ) l ime
mr ummuber from tIm e Runt Queue and s t Q m ( . ’ n mj execut ion of bus us sym mc hmronou s , with time ichi us generat i n g ~hi o ’ t h e
nnicrococi e at err address det e r r i uned by tIne s ta tus  bits, Strobes used to t r a n s - n h  d um t a Each Si ec ah  is pro s ’ u : Im ’ rh  wn t h u
,‘JIten tIm e m ew com ntext a act ,v ,mt ed t h e  processor itu t m’lress pr ivate serv ice  inmud re turn  m r nq ’ .mes t ‘ nn n es to tine K u u n u S  “ ‘nil
is nmno ppod , and a requost for a mn ne nrm-nm er m n ery refe r ~~nco Is arbiter sn~ct uom n of t Ime s I m ’ mS scans t m ne s n,’ inn a pseu do ro,. ’ mrf
p lace d inn t im e Omit Quoue (d ur u um nt this tu n e the K’aus has been robmn prio r Ity  r, .nnIme ’ nne,

f ree to road in serv ice re q u m ests  or perform fum ict lons
r im ~~- t e d  by the Pumuu up)  A ccr rru,m .1 swap  is e x e c u m l e c i  inn t ine The K i mums  m,’m , nta , ’mc (I:, ’ qu eues arr d ru jn i u ’ut i ” mc used I’ ’’

P~’mii p t o do a ct iv a (e  t i ne cn ur m i n mn t co n(cx l  p i’n n c iun mj 11m m” co mn nu nm icn ( mo n l  is I,, l Ime ~ .
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Figure 6,1 Data Paths in the Pmap
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pr io ri ty m,cI’n e m m me, I Ire ç,iu r ru;n% bus nuu ,_,s ’,et arlmtt ruitps ftd uu , C
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su ih rou ut nn ia  i m , r k t u n u , m c ’ n l ’ S t e r S ,  a ‘ ‘ n .’,’ n .j ea ch con tex t
ex c lu sive muse of cc i  ml gene ral pum reoc c reg is t e rs  ant four 

l , i l , 2 ’ m- l  5(0’  n m n r ’ ’n’,inn’tr s c e n n ’ , - s (  of omie (a p n t ’ It 16 0 1
smi ! u ’ n m u i l , n n e  b n n k u m uje ro i s te r ’ ,  Tun e Cu,’ ’p ’ ~n Contest Nu,,nb~~r , 

W m ’u ’ u I ’ - ( im p n nm , n mn h cn , ” m um .~ - - m f o r .  ‘ nil’ ; 5r1’ ‘.i .Ow ,n i ’ m I n~u n . r p  7
sto rpd n m  t ine C o c t e m (  Ftpg mst e r , S i . - ’ Is tb i o u m n n m ’ n f  re t t n-;(e r 

Thm ~ i m i ’ I in iu ’ r  wu ”’u coui h,r ,ut ’ ,  a c x  hit d,, ‘ i t u l , ~~ m t~~m c~’ m n n ( ’e u m u m n r
bi’umnk Non uum s ’iy t lu,s Us,;’ ,Ie- r am ie’,uIu~cl f m i  no tine noun Cueue 

(Iur~~t n ’ nmmtun mn II ‘- ( o r  ‘ 1 , 2  “t- ’ l in rt’ c o n t e s t  nn, f l ut ter  ,sm ’ ,h hi u ’
is ’ n n - ’m 0 ~ n ! e x (  sw ap I’m pi’p’t - i b n t ’ i  For du aujnntst ic m ’ t m ’ m ’ m n s o s  ( ‘ ( umm, 1 -n n ’ x  bit A ‘‘‘ t u r i n  i ’.’;n m u ; i ~ Imas in u m  m ’ ,~ n,t ’  S our’  , In . - ’ I ‘‘
t ine P mm m. ’mp unn ay d um ” c thy  ‘I’ ,uu i Ii’’ ’ CcuuU ’ x l  f~P ’ j i -mtu ”r , fuu ,’ ’nn’e 

oh ecu’ s ( ‘ m m -  s e , i m u  n ’ C u m ’ u t o , I  mu ml  ‘‘ is c e c i l  mm, t i n  l ime
u ’ ’ m n n ’ ’ m - ’I a mnuc mo r’ roqrm n m’u “nay a c c e s s  t I me m e r j ns t e r s  of t iny 

rnr ’cslmnup ~,u ,i , - a~ a i n ’ ’ ’ . ‘ ‘,- ‘uu ’t ,v  t i, , ’ ,  ci t Ime sumspu ’rui ’ mm ’ d
o (mm m l , ,  x l  t unc in con tex t  mmm nn y un , ’ - ,m s, u u m r l m n m t  imp c i t hs imp to femur 

s ource ccr um !e x I T uti c ’ m m ” p  n” n- I’m .t prov uu me ’ u an cc r u n ) ”
h~~vr’I’~ deep By ttc mnm ’ ,’ Pim(m m ” 5 I t n m m  .tt’’n t i~ linkage reg usto r  i~ r u,m ~ ‘ m i n u s’s l u i ~ - ‘ n  n” ‘, ,,i~~u ’ lo r r ’ c mh s  p’j Icr u u ’ n m ’ r”  (‘S’ - ( m m t i ’S
a i s r m ,u ’ , t ’ n i  to s t a re  t tm o  rca c t , v um tuon  add resS 0~ fl Stm5pe f l te t i  

c nn ’ ‘ n n m l i i ’ ,  m m ’
c c-u unte ’x ( 11 m m’ status bits in the Bum 1

~m u p ; m o  u ’nciu Cate w b nethe r
in c r un le s t  u’ , to bu ac t i va ted  at its r o a c h i v a t u r m n atl thr m’,ss ( to
ce nt m mn i uo an rInçjouung o,-) r? rmm tr on) or to : a  e x p h ’ c m t i y s l i nr to d  at
one ~~ lIm p f i r st  s ux tCO n oca tu o m i s ur n limp ummicro s tor e (to bctqit i
mm mnew opum r lmtm on , or inundbo c o r t a m un i.’rror comn dn tmor ts ) ,
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7,2 Compomncmits of the Limlc (Figure 7,2) F r e t ’  C m n , . - u , e  keep’ ; t i re m u ’ i t t ’ r ’ ’ ,’,t’s of ~ Il f ume messt mqe Inuf’ ,’ n ’ ,
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hl um bf e r  space for mm ros sage s is prov ncied in t ime contro l  to ne tufy hhe KUmus lint Lim nc of tine a m l n i t n ’ 55 e5 Cu ’ umn c o n ” nn t

1 K. 1 8 Message PAM , divided Into 128 but l ers of eigh t fo r w u r u l  mc ’c s um cncs . a nd t i p  Ret urn Cuu ’ . c  to ro qmr m ’ s (  t i ’ ’ mt

w ’.n’ n it ,  cinch, T lr us is s uf tu c i c in t  to avoid any p o s s m l t , n ( V  of t h e  r-,m o is  r n t u m c t u v a l o  c o n m t e x t 5  w imen rei”ies to their f o rw O rd
cto ot i i o cht over bmmff e r  al location exce p t  in very binrqo mess uuge , are r, ’cc ums d All  of (lie qucm ues are um ’- tp ln ,- n mim ’-”,u

s’,’’n t ” m mm n s [Swain em ai . 197Gb] . flit’ Pum uop b n, ~s priority for as pa r tu tum su i s  of a surn(il e 1 ~~‘ 11 bupu n. ,’nr IIt.M

access to tI m e Message PAM , at t lnouigi n it us also tmr i rct i y
oco es s ub le  by time Ports, Severai  co m nt ex t s  mn may umse tine TIne L unc ,mse s tIre se me 1 50 naunosecond c lo t  k as Ii’ ’
Limnc mum an Uvor iSppod fashio n W i t h o u t  m ’ n l m j ’ ’erm ~mn cç sm’ n cp  Pmnn~~p. For dm ag rnost u c o , u m i u .n’ ,tn s lImo Pm n ma p Iras o c c n - s s  (‘ci
eucin conte xt im mi s p r ivate  f a c u i n l m n s c fo r ad cl res s i mng t mm e s sage abm mi o~ t ~~i, of t i m e h n’n(e rnnum l s t O t o  of the Lhunc and may ex ecu i tc ’
b u f f e r s ,  A COm n ( u~xt has two way s  to anidr ’ rmsS nme s smmge miii tine u n n t ” n u u ; u I  mnnu e ro, ’ ’, c ’ u i ’ ’. m ’ s , ’  m i m Ou l ‘ ‘ a i m y  tho Ports
hu ,f f , ’ ’ t ;  It may um se (5 com n h pxt m m u m u ”t ” - .tr tO an’: m”’ ,s a
r C S C u , ’Lnt ”ul bu f f e r  whrmctn  mc used for (I n~m c re atu omi of f,,nrw a r t
messag es  and to receive returu m nnc ’ss a g es .  T inere is nn ”,o a
Pnmr,ip ~n/drnsss Re i,ps(e r for eaci n co m ntu ’x t  to dea l w i t h  7.3 An hu n t ~~r c Ius ter Mness ,mmln” Tr ,~’s= , , tc (m c n ”n
u i r i : u , r m m i ’ n rj forward messa ge s.  W o’ds w - t i i u u n  a b u mf fu m r o re
s,’ l c m ”tnt  by a Pn ’ n n mp mmnucrocodp (meld. E u iu n ln  Port s e c t . , m n  imas A c o u m ’ m ’ l , .’t c  message t r t i r shu ~r us ,cIm ,’ .’.-In in n 1 r n ’  I ~~

an nnmi m i r i n ’.s rt’ m 5 n n’,tm 5 r ,unnmj a wom d couu,t rogIs(e r  ‘,nm m m cc e s s i nnq  1 m m  Pum ni up at ( i n , ’  SOo ’CO cl ,msl ’ r r e ra u ’ s (hip i ,
~ ‘ .‘,

11 mm Mu” n sage 11AM messag e mu m a n i ’ t m n ’ ’’,’ u ’ ’i mdom n (i ’’,( bmn ’’ m’ r lu - n t m l ’ ,  p p m - r I m ’ ’  ‘‘,
l umt iuit ni liii’ an~i ’ tm u ’ - n .  i t ” ' S” .’n,m n.~m um ’ ’ i m ’  I’ m -  line ,“m ’.,’ s ( m m ’

h i ve  quetm m” S are  i’mma nnta ,,med by II ’.,’ t u n i c  lw ’  ‘t mnln d pointer ‘nfl l i i i- S,’ -, n u ‘ , u m ’ . , , m  ,n m to t t ’ ,’ P , ‘~ ,l,n n r , - n  - .

Outmmios , one far  ea ch n Port , mi re ,is u” mi ,uy I’m,’ Pmm ,a p to request  ,i”.q uures m”,,’,I,’rt, m’ ,n a ’ ( i m - ’ : n m m ’ u m s i m o m l  n n t , Inn,’, and t m  ‘n’,I.”’
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I n u a m”,, ss,mm ~mn, ‘acr e word at a ( n , ’nC , l ion Ic Mes sage PAM pcrfor m nm ed tn i t f O m C  Pm ,’ ac tu o i  ha rdw mm r m ’  us miv anh ’n blo t in’S canm
a u t o  t Ime Inte rci uster Bus and unto t ime Message RAM of time provide a unnore co-”ntc ’ rta hde u n t t ’ ,’ ,n c ’ n ’ rm e nit iii wh ich to w a n ’,

,R’ t, l ’ ’ u : i f , ’ m n  Lunc However , s m nmu uir i to rs arm s expens ive  both him t e rm ’ s of

dev eiou u m”c mnt e f f n ’ r t  anmd (.,uu m’ in ,,tt ’t t i n ’ s ’ , f m m m m i u m - ’  r o m e  t i m ’  y

7.1 Ii’. ’.’ d e s t m m m a t m o n  sude t In ’ ’  n ina , - ’ ,,’ r ,; Port h a s  a l ready cannot I I ’ vm t d ’.i i’),liC( r m ’ i l ~~mn t , m , ’ u  of ( u p  bu uni iw un t m, Th uus m O n t ’

01St ‘n m-mu ,  1 a b , m f f e r  f rom t ine Free Quue ,uu,n it (lie ‘mess ag e IS umppr ucra chn l eaves  t h ur t m n m a l  biugs to ho fu,, mm ul ;ut, u ’mO t im e mu -mm ’
v ”t I  completely w t l n ’ .nu,t error , t i n ’ c  mts pointer is p lace d  h a r d w a r e , and us of no tail I’, d iarjn osm umq con ’npCrnent f~~u I m ,cn ’ , ,

un I t ,  t i re Service (, uu€ ” , mn ’  1,1 not , lim p mn n E’ s s i ’ i cJC is rc 1 m m mu r , , , l , ii (r iuh in e r  ml , , , ’ ,  i i i’ s , .  ‘ - i ’ ’  run’ ,i Time um l t e rmm at ive OI , in roli (hn
,“ n , ’ u m ;u(  wm i occur at time source).  Tim e Sa rvuce Queu e ( m n i m ’ i ’ t i ’ u i  tO’ C” ’ .‘ ,, m’, I ’ m  i, o n t m , n n , u ’,’ s p O C’ ’ i ’ u u i ’ , i m , , , ’ ’

rr ’q;mt ’sts t ime Ki~uus to mi i locmi l c a P p  P,”n usp con tex t  to cailc ; i  1/ ‘u ’ ‘, (I ‘. ‘ ‘ I  ,- ‘  .1, , t i , ’ xn’ u,u p t a m  u S a  nm i iard~~ urrc t i mid

serv ice m i m i ,’ mm’ s -s , m m c ; m ’  ( mO, ’ ,u Ia’, ‘n l , u ( m , ’ n  h,it s to S t a r t  isp mic ron m m m i ’,’ dc ’ , , ’ p ’ n .a n” ’ ’ n (  Id’,’ - ‘ i t , ’ ’ I nm c. nm g of t ime Hn.nc nk t , he a

sp. - . Inc mm m ic rm nao d e .  T ime c m - - u t ’ , ’  ml  - ‘ , V  t r , n r u s t m ’ ’ Iun, .~~ i mnmn m n ’, u ’ m  st mn ,nd,rrd L S I — 1  I cm . , ’ - , ; u m ’ m’n rs ,v u .m so 1t ~~ umn e S Lm ppO r l  t~~m

f , m m’mn h i n r -  t$ ’a r ’j , c m” O’je,u e unn(o t int ’  Pn’’~~p Am ni ’ m? sS Re g ms l e r  tinni i ,n mu l ’ ,’, , , irn ’  c I , ’ ’,’ n ’ n n ’m ui  ‘ n t  m i d  Uu nu j  t;’ n ,t i CS mml tn ’ nS (it min i ’  s imm ’ ( ‘
pnum cn ’’,s tine niessoge . m ” m m m u m m q  a r , n m n m p m u  it’-, Im m alm n _ mn - c. rv mor /  t m - u s ’  pr im ,, - ,,’ i l 0 c m - n ’ ~mn - ani t  c ’ n v ,n u ’ .mC ’ ,t for t ine (ir’Liui;i’,; m ,i

‘ C f ’ ’ t a m n ( - (’s ( ‘ u ‘ mm c r r a cs 0 r e t u rn “ ( ‘ 550C m ” mn I l - u ’  s inm ”P C f  um , ur ,’ m m u t u ’ u i u ’  ((‘t t l ’ m ’  r - ’j I  lna r u w u r r e
‘ui i l i m r , s m t m l n m m m; limit ‘ , r , u m , t u ., 1, ’ ’ u to pr,.’ , to n m n - i m ’ , n m t i ’  I m m m ’ ,  Omn

.m Ii’ ” ’ * n h . ( in”  data .v’,n n m l  ~,.i, be a m m o ‘ ‘ u n , .  I 11,0 b u f f e r  pomu n t e r  ,m ’ n ’ ’ - m ’ s  s n i .‘ n .n m n air i_ SI’ ( 1 , m c t , ’ n ryuI to Ins m m ~,. i/ ,’ ,m ~

‘m u m ’ cmn — i-m~’ ted  r ’ n t , u r m n  m( ’ ’ .S , ’m m u m m  ‘S  .o ’~-”~’~ a q m m u ’ u  in t lnu” Prøc , ’c s r n . ’ - Po’ o imu .  I, I , . ‘ u ’mnr O t , - .y m S ’ , n n n n u m n C  Ond ‘ mi t t - n  I n n ’

‘ m l  “i’ u , ’m ia m V n n u - t ,  t i n e  ms - - m au i ” '  ‘,u uc in , i ’ m  sent , the 1u,,, m , t c r  n m t e ’ n u ,il t i ,  m u ll 5, “‘ ,ua l uc y  Ormn, , -mcnO I ’ m , ’  C nmt ’ m i ii , ‘ I n ~
ni ” l” .~’,cnh ‘ito ~~~ 

m rep n~~~, - _ - ,Sm t : u ’ ’ n r ’ c i ’ ’ i t u l s~~’ m r ,  u ’ t ine (m u ’  i i  ,u~ . ’m ‘ ‘ m~~~ ’ ’ , ‘, , r ( u ” m m i i  run , ,  n n u r ’ a ,iC u ’ n t ( m  I I,  m~ ’ n m n i t . t ’

‘ u n ’ ,  mcia ’.’ mumm m , ’  , ‘, ~m l n m ” m ” i  ‘n It  u ’ ’ ,’’ ,m - m ’ _u , ’ m I  b u i t fe r  ‘nun Ii’ ,- ( m u - i ’ m - u ‘,~ ‘m ’  in ’ i’ ’’ I ii’ rc in ’ i  ( l u n .’ s ,n ’, i i n ’ ’ ., (a m t i n ,  A am n is

‘ - ‘ .0 m u r  ,c j r i toX ( 1’ . t i m : ’ ’ o t  m m m , r - , .an un _ m i s  s l mi l ur ’ ,  us I imu s ’ - ’’, f i r m .  I ‘ i ’ m m m m, ,m  t ’  ‘ , m , i .’ t iu ’ u i m  i - u t , , ‘ , t , , m t  ( m u m ’

p - u s - m e t 1,’ 11 m m ’ Ilm”'( ..u , m n t .. ’ u ’ ii, ‘u ’ ’ ’  1’ u - m m c l  us ‘ m ’ m i c l u ’,u ,n t u ” mI  n, m ’ ~~’ , ., , n .~ • n ,
~ 

p - m um— i _ n - u — ’ un - n i  ~~, m . , ’ , ‘ ‘ n ‘. ‘, A ’, nd,  r ’ , u l ’ t  ml.

Ii) ‘ ‘ ‘‘ill ,hatmr or an oc~~m , n u w n n - _ i  m (‘ ‘~~~~‘n ( t ’ uu , , If ¶~ t u e  mu ’, ’ i _ i i ’ - .n, u nn r  m u m - - u i’ ’ u t - u  ‘ m : n i _” n - n ’ ’ ’. u ’’ , , , n . ’ s ,  ,n ,5n u ’ ’ ., u’~~m ’ n lii,’ u ’ - u n ’

d o , . ’, ‘ m , . . - I n ‘ m u . , ’ he ’ mm “ m u m - ’ ; ’ - ‘“ ‘ ‘lii.- u ,’ , , i ’ ,  ‘ uni t m ‘ in

m’ - m ’ r n ’ ’ m , b u m ’ ( ‘ ‘ ‘ m m ’  On i ’ m- n ‘,m u t m ,  i ,nm m , u t , , ’.I’ ’ n ’ ’,h

I ii’ I i i ’’’ .’, P 1 — ’,’’ ,, ‘ I n m ~~~n , ’ ,’ ’,,,,, m u ’  ‘ . t  ‘ n t ,. s n’ lii,, ‘‘ ‘ -

‘‘1 m m  r , .’ i ’ , I . . m ,’’ ,,- . ‘, . , S t . ” ml ‘ m m ’ u t h u ’ - ~~m m i n  m m m’’ay m m m i , —

8 Dan n i ’  h s ’ m ’ ,am ’it 1m m-I ~
‘ ,_ m ’ ; n u . n n m l m c  “ -  be l , n . m ’ t , ’  I bc t in - n ’  - ‘ “‘ i ,m -n’,t’ ,

.,
~ l imi t- p mat ,‘ ‘ n u m i . ’

mu m ’; mO” ’ ’  m’ t i’i’ hi’ i’” ,lt’ ‘ ‘i  ‘. 0  t i ’ u ’  lI” i)~~S l u  n . m ’ ’’ i’-

mS m t m n - ’ n u . m n ’ t ’ i ’ ’ ’ ’ ’, -c ,u ’,i’ t It, ‘ n i h  mm , ‘ ‘ ,m ’ ’ t ,a mmmi ’  ,‘ n m m n i / ’ ,m rm ,C rC ip l ’ i ’i’ ,’m ’’ ’ , n n - m ( n , , i , ç  I ,,,! a ’ , I -u” t ’ m ’ ’ ’ m ’’ ’ ‘C i ’  m ’ l t ’ i ’ ’ ’ ” ’-

n c r  ‘ - n ’ ’ i i ’  u lp j i’ , im mn , ’ ’ u t  I,’ n ,r ,nu~~t ’  . ‘ ‘ u s e ( d ’ .m , im n ’  ‘ ; , m , m , , , t , m m  i i , n n i m ’ u i  ii t - r ,x t n t , 0 - m u  L m m ’ m t ,  I t I p  m a t  . ‘ I- ~‘ P ’ n n m ,

u ’ i ’ ’ d ,~ .u~~’ ‘~ u ,5 nu t - / s  m i n t  ~m n ‘ m p u nu i ;nJ n ’ m ’ )  ho be ‘, m , , n ’ . m ’  i’ m  nm ’ ’  s m - , ‘ ‘ ‘ I ’ , ‘n - i ” , - n’” ‘I - ,m- . ‘, ‘‘ m u , ‘it Imnu  u’
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Robert J. Chansier , Jr. usefu l only if a sumubat ,in f,ai_ tmo,i 0? tIre processing c y u ,u u ’S

C ivor Durham can actuall y be used for applications
Peter Feller
Karsten Schwans T ime sof tware ( mc ’ , m i n t  to manaqe a computer niodimlp
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A bs t r ac t
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comic and data  via a capabil i ty min ld ucsse d v irtua l niemory, addrcss  Space;  any fmni rc esso r can d i rect l y access  nnenne” ,’
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Keywords :  modular decomposit ion , cum pabu l ity er ld rc?s sumn g ,  ro u i tunn g  u nnum i ’ i’’ ,su ,r . r- n u t - m m t ine i’.f luap Time c,r’i ’ m , t m ” m

computer rmnod m ul nm s , virt ual memory, multiprocessor Kmmmnp , and M-m p Bus to: i c ’ t m m er  comprise a ch,sle; A C
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n r w 8 r p  Manm ag e mm ’en mt of (c ’

(wh iP, w i  A n  r ,~~i, to as a user hereaf ter )  Is conf iden t
t l m t m t nil his c o - i a  us cm ’ ’ : , .u i m “ ‘u s u ’ n c ~ Imu w ’ n ro ut nu ne ly o ’ l m m r

lnterclu3ter Bus p0r,i un u” ii . rS ami i p .‘ , ‘ - ,  Iii,’ ,,u ,ujm_n f u n  his t as k  f a rces  mm

Su hsla nluam w a y s  m,~ ,- a ,,,o m ’ n i u , m c m  users to un ucrem e nta ln y
COf lS t ruuc t  e,,pcr ,imut ’nts In 6dduti On win expect users to
reconfigure uruv t .m inan ,  (of so f tware)  combummu n~ them to form

I a new exp e ru me rnt

P— S— M P— 5— M P— S- M  Such a y ew of (lie miser has led us to believe t ln8t it is
as important for t ime ke rne h (or lowest level) so f tware  to

lnterc lust er Bus support t ime u Ser ’s ‘. 91 y, mre eomn st rucfuon activit ies as If ma

I to provide t ime pr - .u ’ .t iv e runtnumr e facil i t i es requIred for

Kmap Kmap multupic users to s h are tIne conuputer resources In a
dusc lp ium me d coopera mve f~ slm ,omn Consequentl y, tim e so ltwa rp

Map Bus I I ( ies ugm m r e f l e c t s  thus co m nce rn , Vse v iew users as

P—S—M P— 5— M P— S—M P—S-M P—S—M construct ing ( l i e - n  e m u - e m ’  ‘,n’nIS by iumcr emn me nt ai b y bt ml bdu mng
mod u,Im ” 's~ E a c h  mm uodu le n i mip -u  ‘rr i jn ts  n.~’n’me abstract ion usefulh
to DIlner r’t”im mlc’ s t im a t  w I  c r rme to depend upon It A module
t imen us a ‘ m m , n , t  ‘it tu b’,’ m , u m  I - ,- ’’ ’ it us n m  u - u ’ ’  - ‘ nm m’ nIe ’ J  as

- -c ode OCU C u t a  p r iv a t e  to (hu e ,ru” ,l,iip ,

LSI— 1 1 Bu?. i — — a  se t  of e x t e r t u d ’  ‘nc ’. nn f, — ’  ‘ p u s  th at can U”
m LS I—1 1 — Slocal uu ic ’ m ’ , ku m,i  lry om u m i ’ n  icctmuu - ’,’S fl ni. n i
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.~ t m e

Memory Devices I tm t. ’, m ’ m m ’ m n .  mt ’ .  ui ,u ’ h
— —ii set  of ri m e, , ‘ ‘ ‘ u ’ s  t ’ ’  i-~~I i ’ ’ nu i mu ’ , . n - ’’ in n ’ ’ ,
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I Detail of a Computer Module
L I abstra t , Iurn in
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Figure 1. A Simple 3 Cluster Cm~ System p’~~_n i h  u ;  i ’ m ’ ’  ‘ l.a . Ii” ‘m ”a ’u i i i ’ ’ , afl:l 0 ‘ - u -
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coop e ra t m m m g to ac i muove a goal f3~ p a n e  the nnuu m’ ml ,mcr of 
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processes mm a task for ce nuay va ry  w m l m u  t Im e as , nu ip , m u m any ii’ r mu ‘ m o m ’ ’. s p ’ ”  ‘ ‘ ‘ :‘ • ‘ - e - n pu pr ‘ ‘ i s
resources mind task pmm um nmo t e m s , am - u t hm”causnn u n m , , . u - c ’ . , ’S - , . n ‘ ..~~,,‘, ‘ u’ . , ’ ’’ - m m - u ’  u , ,  ‘ ,~

- -  mm ’ m. “ “ ‘ i  u , m ’  I . . m ’ r m , s  , , m. - n
tend to be small (dime to tire ru , t i i t n ’_ i ’d.m s n , ’ ’,w p rocessors  on 

~ , ‘ . , .  m m - ’ - ‘ u  In, ,’  ‘ i ’ m  ‘ u ‘ s ,  , ‘u e . , - u r . .,u n ’ m . n u . ’  mm ‘ n m.-
hnnm mi t a t ion s on time tmmmrouu nt of bo~al nmmm ’ ,”cpr ~ ’l .  a ui:.n’r ,~ , ‘ n ‘‘ ‘ ‘  ,~ - c . , t .  ~~ iii - ~~~~~ 

- .
~ 

- 
‘

be um uncou ncern ed w ,t lu mun div ic lum a l p r m m t ’ m ’ r ~Sec , ccm mym n Tm ; i ,mm cu mli  u I ‘ , ‘ n ’ . , m m ’ ’ uu ’ u’ o’ , n mum ’ s ii ‘ u ’ ’  - m i I’ m u ’ ’ ‘ - u n
only w m t h m  the task to ni_p i tse lf .

I ‘ n’ s  mi ‘ ‘ ~~~ - ‘ f i j i  mu ’’ ‘ ‘. t ,fl’.u ’ m m On i~
,, nh ’’ i . ii

T i re  Cnn ’ uirc bn it oc tu ro  of l i - r ’ , Ii in i ’.n’ r t Ine cn; ’ I  ‘ ‘ ‘ ‘ . ,m ’ ‘ m u ’ ’ ’ 1 - ‘ . ‘ ‘ u I i ‘ ‘ n m _t m,’’,’ , ‘ ri

emn ploymnncj t uql mt l y on loosely c i _ u n n u m d ’  c m I’’,)’ ‘ ‘ “ S E’ S i C’’’” ’ ’  ~‘ u r s a , , ’ .  ,‘ ‘ i m ’ n P , i m m ’ u i ’ .  , ‘ ( and - ‘ - ‘ ‘ E n ’ ’ ui’ ’ mn t i m ’ ’ ’
cou uphn ’ d processes comm m i’micatC n i m o y  m i ’ .’ i t~~ hi ‘-I as m n ’ .”ui ‘ n m~ i , ; ’ , , .  m m ’ n
con vc mnt iofln l w ays  v a  A n~’i_ ’ ’~’. 010 t m m u m n s ” , S S ’ ” ,  miii ’: ’ m a n ’ s ”

Tu ’ ibt ly  couipln d processes cc ’ ’ ’ - -- “ ‘ 1”  r 1’ r’n . 5 ’ ’ ’ . 1” ’ m ’ ,  ~ ‘ , ,, . , i,o~
,, I ,~ ‘ 

- . ,~ i_ ,u’ ., ..i f c ’ ’ ’ ’ u ’ ’ i’’ I t”  - , n , ‘i mm ’
uusi nq t im e ’  i ’ I f , u n  ‘-‘‘it iumu c: c , m i c ( n i m i m u i , ’ u  mi . u r n’’ s l ’ m , i s m  ‘ ‘ I  ii, ’ ‘ ‘ m m i i ’  ‘ i  I’ ’ ,  r i Ii ,, ‘ n ‘ nfl , ‘. u ’ ’ ,  ‘ Ii , ,‘, I . m  mu , . ,‘‘,‘. n” ’ : ,

i’ m m n . u , n y  Cnn ’ p m ’ r , ’ m 1’. “t i, (‘,‘~ m , n I so ‘ ‘ ‘ m m m i ’ ’ u i t m , , m n  s ’ m n m  U ‘~ m u i r . , ’  u , m , , , ’ . ‘t us Im , m ’’ m ,~ ‘ . ;, - ‘, 1 m m m l — - ., ‘ t i m  I n .  i.e’,’ -

pnunv ,r les mm m’m n’ Ssnmn m n ” t r i m n s m l m i s s , r m u  1 . n Cu ’i ly (is ‘.m m ’ t ’  Er’ ii, ’’ ‘ ,, . .  , ,,. .. , . , ,  , , ,  ‘ ,_n 5 ( t m ,’,l ‘, ‘ ‘ I . ‘ - . ‘u . m u m ’ ’ .

, mc i t l nu -s ’ ;m m nr j  of sha red n n n’mOrj ‘ ‘‘‘  ‘ n ,’.’ ‘.m S ,‘ ‘ ,“r iS ‘m U”  ‘i” - n u l l - ,’’ i_ u ” ’, ’ ‘ n . t ’ ,. ’ ( non ’ s  ‘ n i t  ,i ii , s m - ’ ,

vum ”u~.n Cii,’ as e ’t I m er mm r n m, ’ f - l u - ,n .. c’s .s_ n ’  or a ~uim” t ’ . m t i ’ ’  mr - n  -~ - i .  mm r t u .u ‘ m m ” ‘ m ’  . u , . : i ’ c ” ’ ‘ c ~ t ’  m i ’ s , ~ p’o o

(in ’ s On ii i ’ ‘ l , , , i .t i, t m  ‘ s u m u ’ ’  - n ’ ,,’ ’ re ’ s’ ~ mi ml

S “‘i’ t , ’’ ‘ ‘ ‘ ‘ ‘  in ’ i ‘ ,i, ’’,’. c ’ m  — , 0’ “ “‘.‘u i , i l ’ ’  n’’ ,,. l

Softw4 re De s mg c n ~,1n_ntlP) ~utiu ,T’ u( ’ ,m
‘~~~~‘ h S ‘ i .  ‘ ‘‘ ‘ ‘ . ‘ - a .  . ‘ ‘ “‘  I. ‘ . i ’  ,i. , n I ’  ‘‘ n’ c’ ,m ‘ n ’ ’ I n ,

C mli ’ is mm vii i 010 t m ’  . mu~~.’r m. ’ u ’ . ‘ ‘ n ’ ’ . . ‘ i ’ . i’n I ‘ i ’  r - ~~~’ ’ ’ ’  ‘ ‘ ‘ m m~~ n u ’ ‘ ‘ ‘ ..  ‘- m m ’ ’’ 0 m m .s m u- ’  ‘ m m ’ - ;

oreni of i r i’R i’ , ’ n  ml ’ ’ ‘i~.r’ .” ’ u ’ P ‘ ‘ - ‘~ ‘n - n ’ ’ ’  t im” ’. m u-n u ’ ’ ’  l ’ , ’~~~~~ , i~ ’ ’ i ’ ’ ’~~ ’ .  mi ’ : u — m m t ” mlb S l u m ’ .Ym ), mI  ‘ n ’ i ’ m ’ ’ ’ I’ ’  re ’ ’’ t O .i

, ‘ ? l u u : , , ’ m n (  i , m , m ’ n C ~Cm € ~mn lcul u ”icn O n nm cu’u”’O 0- ’’ cm’ ’) i ’ ’  i’n - 9 55 ’ ’ ’  1 m ’ ’ u ’  i ’ . i ” ’ ’ ’ ’ i ’ ’ ‘‘  ‘ m Oni ‘ ‘5 ’ 5 . O i - I  r i’s’ ’  a m ’ ’ ’ ’ I,

ni r , u m u m m m ’ i. ‘t/e m i x i~ r u ’,t  1 t,i t , e ’fl’.’ ‘n nit n m ’ ’’ m ‘ u m m , , ’’ ‘ ‘ ‘ ,- i,~ n - .u ‘ , ., “‘‘~~~, ‘,
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i’a r t mtuom ned unto a str ict ly orde red s u m  of /, ‘u’i ’ tm s as described O lmject s are mi , mn m u i ’ ’  i I ai lmlnm ’ ssemI)  using ca pmm bul itne s
mu m [H msbe rm ui a mm n et al. 76]. [hue purpose of dmvudim ng a [D in un nm is f inn Von Horn 68 , Lampson (59] A cap ability may
nnorlule ’s design u mmt o levels ‘u to pe r m i t  eut imer um ncrontn ent al only be c re a t e d  anti mn u,umm i i’ uui ated mum con trolled w ay s  (by
introdu ction of time d lff o rreni t parts of one abstraction or ke rrmeb provided c impa b ru uty f t unctuo m ns) .  Smunce users cannot
increasingly more c omplex (and powe rfum l) versions of the c reate  or forge cap a bm i utme s . possession of a capab il ity Is

entire abstraction. The introduction of complexity is evidence that (lie user can reference thu object whose
postponed untIl it Is truly required. Muitlplo levels of one uniqu e name appears withi n tIm e ca pa hui nty A capabIlIty not
module share data structures and even code. only md en nluf me s a unique ob1ect , it records a sat of rughf s

mndicat umig w hu icl m of t ime nl e fu mm e d operation s (access es )  arm’
TIme f i rst  lev el wi t ln umi a multi-level n odule may defI n e permitted to be porforu mued onm the Object , Controlled use of

only a subset of tine functions of t h e  complete abstraction , obj ects is enforced because an Obj ect can be accessed
but t inat subset of fu nctions us a useful self-contained , but only if a program p resen ts  a capa b m hlty naming t h at ob ject
minuted version of time abstraction. Subsequent levels are wIn ch c om mt au ims a rn ’ j n u t  for tine desired access S uumce

im ntro ui u ced u n to  time hierarchy as needed, Additional levels possessio mm of a cam )abiu uty endows time possessor witim tIme
of a nuoclule may Introduce entirely new data structures or ability to per 9 ornm accesses , c a pa bu m ut i e s also record those
extend exmstumm g ones, No protection boummdaries exist rIghts wh Ich a possessor m a y  exerci se wmt h n respect to tIme
between levels so (m a t  hmghrer level code may manmpulnte capabil i t ies t inemse ives (ror example , copyimig a par t icu lar
data strmmctur es introduced in lower levels , Consequently , capa hihmty may not be pec mulled.)
II ,c m: i( n im unnoduile bouum ndar ics are t rans lated immto rimntl nme

— 
pro te :t mon boumudan ue s. tIme boumn m iar ,cs between ‘level s of Based on tire above d i sc uss ion , we next describe t in ’ . ’
uos içjnm ’ are not dotoctab lo In tine num nt mmm ne mnphc ’mrentation Cm ’ kernel so f twa r e  Time puri-ose e ’ tine u nt ie  i u  - v m ’ l s  of

a mruu c tuu r e s ,  We will i l lustrate t inus d i f ference between Softm ,’ ,a re us to provmnic ’ I., , u ’’  m ‘ i rs n l m , n . n u u  a :1 for s imarod usage
“c: iumicm S and iei,eis hater w lne rn we discuss the Cm m message of resources inn an ‘ enn it i m c,ih,~’ coo pe r um tmv e ’ w a y  Inn addition,
t rm m rn s ’ ’ m , s s ion i  m odule we wish to ass us t  u u s c r s  u i mrn Jr , i rm n muu i g  mmmlii n ’ x ( ’ u : m u I m mj l ime ’ . ’

expo rmn ’nents by p n u u v , u u , n  n j  m c t v i ” m m ’ m 2 m i t  s t r uc t u r e s  60d
Levels wut i m i um a nmo~iimI o are s t r i c t l y  ordered, We can functions for c ree l -nj  anut exoc ni l unr u j  moduio~ T uno

‘ i n ’ ? : , , ?  a level A to 1)~ ‘h glmer ’ (Ir an Icvel B mum another module ope ru i t unmg System sottv.’ a r r m Its e l f  us compos ed of a pim nI mu ’

‘n case A In voke s a f uimnct ion dc f im m c d mum B. The Set of all ordered set  of levels, rn sa y er G i  ium s tanc e s  two ~‘ m eclmuur ~s umre
n r - v ” : ’  (of elm rmnodu ih~~S) ms partially Ordered by dependency d ivin ed u nto mm pmm r of n u ”v m ’ l ’ . For c ’ m m u n ,’m ’ m, m u ’ - n I n u ” f u ’ ’ u ’ n m  “
in time ’ mIc ’ ’.i’m im of 000 r mm t ui mg systenli so f tware  t lnere us not level’s are lah,’heul ~ I n , a t ag  inn t i n e ’  ! - r u ’ .n’l ‘ mcdule- ien,,ei’
m n eces s a r mi y a cleanly udemi t m fu ablc dmv ’si on of a luic rarchy of Moulumies a re g ive r  miu i u n u u , I m m ” r u n ’ names , .evel s are mmu mho ned i nn

‘ , ‘ uim ’ i unto snu u’ i ’ r v m ’~ ” mm y antI miser so f tware ,  Tin e oper a t u img imncr oas un, i Order as Il’ , ’ , a m ’ p n ’ n m ’ in Il - c s- , s te m ”  cOmu s t r u i m  “i

‘,Iem rm f t u c i l n t u u ’ s  n n n c i m u . ncn l by oun e user d i f fe r  f r om thnoso hme rni rc lr y Time k u - m i m i ’ ’  u , , i’ ‘. to ho d,~~u:u u ’ ,’so’J in I Inns  paper

n - ’  ‘ ‘ad by a nnot h mer , particularly nun an exp or i imuanta i sett l ing . are
pu u m I i r t n , u l ’ y  ondernd sys t em ’ ,  s t r u nc t tm re  us mum 8 fo rm Sumc i n t lnat

i t  i - u  r m ’ . , - i  ‘ y possni ~ie to re;> lacc _ n ‘ iup mm c r ’ port Ions of tIr e C A P — i  C m i ; i u i i m ‘Iy n mr ’ ,’ m - ’ ,’ m c ui n ’u I’ ’ m ’ ’p ’ ’ s  r ” n Ammu ” u ’ n t
. um ’ i , r ’ n im lm, ’ mn r ’ i ‘iui ” nm m rm ;h my sun cdm level bo,umm d m ,c ~ are clear and from n cu n m m i n ’  - I ’ ,. yn ni a - n’ i ’ ’ ’ ’  ml mu m ” ., c ’ m u , ili’’ I,n

t n : , ’ uu i ’ t i e f l u i i ’nCy rd ituons between i_’v i_’,~ are knowum. pim’,’snc a i  m u r n ’ ’ ’ ’  m m ’ lIP,’ m” I Sr .’ , ‘~~, “1 ( m ’rc ’ n i ’ l” n~
access cC’ cn ’,r m, ’ a” ,’ ’ km m ’ ~ ’

CAl’ — .’’ Cn m’ . m : . . - I v  i,’l, m m i ’ ’ ,’. ’ m mi;  i’ ’ ’ ,i

Cm’ Softwa re System Design nuiocm ’iI,nn ‘‘ in- i , ’ ’, inn i_u i i ’ ’ u  I 8 , I ’ u ih ’SS
and u m i t i ’ ’ i m ’ ,  I u i t -O f l  of mu ’ - se n ’ - ’ ’ ,’ ,‘ u ” ’ Io r ’m ’s

i f ’ ’’u ,‘‘‘ ‘Ic~~a r , u i ’ m ;  (i,,’ kernel  su,n ’’’ ,,i,ro des ign , we iyj il r i  nnu ’n r ’, ,‘ii u , ’ ~, _ n ’ m m - i  u- ’ m ’ n u u ’ ’ ’u g Ii .~I f l ue s~~’ ,’ ’’ m ’ i t ” ,

, i m ’ I. ’ , ’ -  I ’ ’ , ’ ’  ‘ n u t , ’ ’ ,,, t h m , m t  ‘ c i’. u,n ‘- ‘‘p c-m nt lm nt part in t fmmil um ’ ’’’ I I ’ m  i a n - n - I  ‘ ‘ I’ ’ ’ ’  . l tm  . nmn ” ~‘mm sm’ , ’’

‘ ‘ I ’ ~~ , m m i ’ I  , ni l m .lPm ’ nt y um , u i m , - ’ , ’. : ’l’i of ob jec ts  Time i ’ x m - it ,s, ’ .’ i’

I ’ m ’ ,’ ’ ru n t w In -u  ‘ u ‘i” be miameu l , s imn re ui  arid lndivhdn,a ll y
n” I a n u m  for  w i n - c l ,  mu i nn, , .’y u s a l located for ~~~~ - I I ‘n’ ,’ ,m i”, ‘ ‘ u -  ‘. cm ’ c m ‘,‘‘ ‘ml  n , ’  • i r n l m m r ” m , ’ n u ’  s t ine

‘ - ‘ i ’ ’ ’ ’ , i’ ’ i tmnl , , in i  pu mm m m m u ’ .,’% 5 (I mp c(,, m m ’’ ’ I Eunci m i’)hlm’mc t hmi~ ~ 
c r e f t t ’ u ’ m nn ,‘m’’ m u t i _ ’ ’ - ’ t ’  ‘ ‘ m p 9 - ‘ i i i’S  mum — mi

mm . n m n imn m im’n j  S (m n_n e i - b y e  u J e S c r u c , I u r m mn us ed by tin e o x O C i ,it ,on , u - m n ’ ., mm -

S ‘ ‘A ’,, “ , - I,’’’ F vm ’ r~ on,11’ rc ’ ‘ - s  a tm ’.u’ n’ ‘,Imri t ile termnnfls

‘ m m m l ‘ Is r u ’ ’ m n ” s u ’ f l m m ’ u l , ’ ’ l  annul tIre opi? r rilmonS or MSC, 1 C ’  m m i  I ‘ u , t l  u ’ m i ’ s ’ m f , ’ ;m ” ? ‘ nu c c” . ’ s c  - ‘ n  t c m . f , m t , ’ . ,

‘1 , “. m ’s ’ . s ’ n ’ ~ 
m m can be Iun ’r ’or” ’ i’ ’ i  “in ml Cnurre m nt  du~s uc lnr I’ m , c  In ,,, In , ’ . ’ , ‘‘‘ ‘ ‘‘.‘... ,m’ ann mr .,, ’ ’, ’ m,m u i’m ’ ’ ” ’  IS

• l ’ n u ~~c ‘ ,~~,,- ,‘, u5f ob je Cts  ( l i _ n  ,s - - ;’n”'rul.i wh n: ’ r t i re  S m ’ n n n h  nn ; in’ . ‘ m i ’ c . .” .u.’ i ’ ; u,’f  r’ni’’ , ’.uic, m ’s W ’npn

m , r ’ m m ’ ,’m of wc , m nl a linmi t “‘riy bc r’ ’q ’ I  anni w rilip,n , “ 1 m m r ’cs s u, s , ’ u’’n s m n n m - s  :mI m e ;  ‘ ‘mi ni
. ‘ , i m m . m f ’ ’ l , I ’ ,’ ,u:,l.5 ,‘,‘ i m , ’ ’n i ’ m ’ ,’ ’ ,, . ‘, , , m i ’ ’, , , , , n t ,  m ’ ’ n ’ m m u j  c a u m u n t ’ u  I ’ m - ’.
( m u ’, I,,’ ‘ i ’ S ’~u isS. ’ ml ‘ ‘ ‘ ‘ m w ) ,  ammO “.m m f l ’ o m n ’ s , w hich urn,’ m~ p r i ’ - ‘ - ;  n - s  ‘ ‘ , ‘ c . , ~n m m ’ ~~‘t  n’m’ , i” ’ nO~ mi

- ‘ n ,, ‘ uur i” s c m m m n t a : ’ u n u u ’ )  messages ( la t h  ‘ , I n u u .  ‘ ‘ m ’ s  5 ’ ’ ! ‘ - ‘ - r i  -u ‘ ‘ n , ,. ‘- “ (‘ n ’
O mi t ,’ l i- i ’ m’ u , i .c . r ~~~ c m ’ inm’l,’nn, .E. , , m ’ _ , , I , n ’ m f l

-
~~~~~~~~~ ~-
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MPX: Muul tup iex uu ug Selects tIm e ‘nr’ ’,t environmem mt
to execut e on a processor

Il
ME-2 

which environments are re atod; p ejes UnCOfldi~ Ornal Traps &
for nest ed and parallel execution of
environments

MSG-2: Uuncond,tuon ah message trans mission 
Env ronment

Provides for send iumg, receuv iu ug , and r eplylmig
to messages even If envi ronments involved I
are forced to wait for en iumd e t e r mm m ina t o t ime to
complete niessaga transmission <

TI: Trum p and interr u pt in8urd ’ im ng Providmi s rouut hung of 
Multiplex ing

control wimen eit h er interrupts on t raps occur

t h ese cve ls appca~s n s  
the depeni ncy re laCon: among 

~~~~~~P t1”irg
level B m u mdmc a t e s t h a t  a limntuom m mum lmivel B n’s iumvolm pcj m m hovel
A . In midd ufuon , ml is possibic t iriit level A invokes fu nnctions inn
any of tine levels ‘bcho’j, ’ B mm t ime dependency graph.

~~~~~~~~~~~~~~ ~~~~~~~~ /
Capab~hity Addre~ smng ( M~~~~p 5  ~c 

‘i
’)

L u . ’ ,roc ’ inreuilo ,~
Manlumi e CAP provides Cumn ,’i iu ’ ..I’~ ,ud’ i’ ‘“n s u , r g  Les ci CAP—

1 , w lmuc l i  ‘u mnmnpleme mited mum m’. ”’ ui , m m m ,croc O nle , rumt c rp rmt t s
cIirm n m i ’ -~m t v ref ere m nces to ob jec ts , u e ‘I maps a cap a bu l uty  to —,

I l mu ’, phys ica l  rep rm ,,’ lentalmon of II., ’ ,,l’ ;m ’c t  named by time 
~~~~~~~~~~~~ 2”~ ”~c npabul ity  Because the s t a te  of , u ’ m ubinmct ummay cha m nje ami d 

(~
‘p i’..ic c~~~ar ’- ’\

i ts l mh ’,’ c n m : a i  n u i ; u r i - : m m m n t a l ’ c m r l  m m ’~ m y m acu, , lure s~ sIc’ u’m n nna ’ mmI , lnn S  ,~ C~up~.ou , , )v  2
,i sm um çj i rm uc e 1 m n n u t u v e  u i e ’ s e r u l , l , n ’ n m u  of e m a c i n ob lect ca ’l m’ ’i a

fl. ,,‘r .’ [mm, ’r or 1, - 1 ’ , m , - ’-t d’ ’s ’ ’p t n ’ ‘ m  ‘u ’ ’-  .n’~~s t In e ’  ‘,,~~‘‘ ‘  of

l i i ,’ (‘ii , ’’ . ,I , tr im ” mb, ’, ’ , !  uI , ’’,i ;1,1i Im ,)ui - m l  m l ;
( ‘ m ”  l ,m, l , ’ iu~ Cin i ’, In ’r ‘ n ’ , u. , ,’ , ‘ m t i u n u ’ u m  u ‘ in u ’ n ; ’ - ’ ’ ,s . ,u’i,I si :e), , m , im ,”

n m u i u n r i n , , u l u u m m n  i n ’  p w ’ , , ’t !,,’n lIp ’ r n n i m r m ’ s e ’ m flI . .u is inn core . n i - n  1 j  ( Cacsb ’ : ity
or i, ’,, ’i ,t’ m l  f u r  Knimn p u u s , ’u ’ie l, annul t Im e ( l i - I ,”, ‘nfl, ,”)  cOiin nt of t I re Referenci ng
mm , u ’,’i’P’ m l  ‘. ‘ m , l S l , u i n , l  :.) cj u o n ui m , l u ., I,’’ l In e’ n un ; ’ ’ — t

I’ ‘~- u ’ry ex ns ’’ - m i m n ’ n in ’ct has a m m  ., :ue u ’, , im r ’ t n ’ - I luc mm1 e ’mnc ’ r~
, u , j c I r m ’ iS of i t’s (mu” ’. c r ’ , ’ l m r To p~~n!,,rni i a m m m ap pu m mq f rom a

,uii , u i m . ’ u t ~ to a obje ct , tIne u, le ’ , I ,t  i n_ ni ‘in” Ob Iect ’s FIgure 2. Levels and Modu-cs of Cm. Sof tv. - v’c
l’’ ’.n ’. m , i n t e ’ r IS (b~~toni ’ ’ , , uui jJ f~~ ’r l ine u,u nuic .  1 It , ni 11m m . IS

n,’ ’m ’ ’ ’ c ’ i c i .? i I  to u i c ’ I e ’ ’ m m , m u e ’  II,,’ ;-i i~ . . . u n,’ , , m m ’ ’ , u ’ ’ n I a I , ,mmm of Il’i’ u n l m j ” c l c  t o pci  m i ‘ ; u I : u  c m i  ma , i,i,l’L’c ,Si’’ I fl’, um, m ” n ’  C : u u ’  mc  C ,
m m l i I m ’ c t  A m u m j m n i l n . ’ I’, m m l i ’ , ’ ’,, u’ f u .  ‘ ‘ ( ‘ ml i i ’  m ’  u ?  m,. . . 1 ,u , . m

~ m.I t o hi’s t  m n n m l e x u m i c j  us p 0 , 1 m m . ’’ ‘ mu i i ,  i , : u , ’ r . m n _ n m ’  95 ~~, - l l  cc i ’ m
u , ’ b ri m l ! m n -  Opd’a t i (u fl ‘1,’ ’.’ - u i’~ t i m  im n i ’ n i ’ i ’ c s c . i ’ mç ;  s t if t ’,v.u ni’ , t im e , n n C l n - I , ’ —  I ’ m ’  nn ’ s l , .u ’ l’, m m c l , ’  c . ,  It .1’ ’ ’ ‘ In • ‘ m m

u.’mr v , m ’ u i m i r ’ u ’ ’ u t  o m m , i u m i , u l m u m n i  t Ine n, ’ f - .’’ . - - ’ . m,  ns not u i  t ime mini ’? S’ ’ i’ u i n ” o I mc ’c ’ ,’u ’ ’ , n m m c ;  ‘ “ a r c  I -i l ‘ i i  mm s ’ ’ m ’ ~ u” i m ’ i m m ’ n ’ ’ .

co I~f l l n l i u t y  ope ratuour  t : um r  pa t h  Icc a t 5 r uj 0 t  Ouuj ’ ’ _;I u ’ n mu y ‘ l ’ m ,I u r c c c I

at r m m c m I  twO ~‘ti , ’ n i n n  ‘ :1 ’ , ‘ “ ‘ S I’ f m” , ,, ’ m i.,i ’) ,I I m ’ ( n i n . ’ , n n
1 , - v . a  m Al ’ ’.’ i’~~ Ie ’ i m ’ i s  I n ’ ,,,’ : CA l’ — 1 t m n  u ’ ’ ’ -  mi ” I m u r  l i n e ’  Iiu r m ; e t  , a l n ’ , ’ , t  ~‘. . u m ’ u m n ’’,’ ’ ’’ a i ’ rO C O ’ - cO r  ‘5  n i ,  ‘ m u ,

‘1’’ ’ m u ’ ’ . m l n m n n i  of c u e m - n l n m n ’ t y  r , m f m ’ m ’ - ’ u , u m - (- ‘i . mu ’ ’- u m tO 1 i ’ m S  ~ ‘s , u n ” ’ , u ’ nun ’m ’ uu l  cm , m ’ ’ i ! ’  ‘ ‘ I’ , a nl;r’”~~’”s cii’ c a n  m u m ‘ I .  I sr  mm,
c i i i!,. ‘iv  , m m i ’ n i r u ’ ’.’~’ m m i j ) ,  anti for  ‘ i ’ m  m c ’  ly rmn ,’m u u a u i i l n i ’ifl 

~ ,I,’ m u l u m ’ c . c m m n ’ l  ins Ia ’  p’ , ”u, u’ 1 u m n p , m b ’I ’ t ; ’ j i m ?  ( ‘ mm ’  I - f  ‘ ‘ m m l ’ s
I , i mn i  u I m i ’ s u m s u ’ n ui n m .  , u u u u  i ’ m ’ ’ , ‘ ‘‘.i ;‘ c i ’, ’ m i ’.u’ ,s a r m _ n ~~~~~~ mn o ’ a c ,’ mr ’.l b’ ’ ly ~ ‘Jci r u ’~~’u .s an c’t ’ . m’I u ’i ? f l  Ib m ’ ’ ,  m m
c m ’  ‘ ‘ u ; ’ ’  I , : , m n m i y  (m lnje cl ’s , mu ! ‘ ‘ m l  n _ n :  , t , ’ l . m ,’ i , m I ’. Guven a C, iu ’ nuu ‘ ‘l y
c,m p [ f l u u u I Y  , u ’,m CL mind .m ’ n ‘ ‘ mc I  ‘ - , ‘ ‘, ‘mi’ pu,, ‘ m u ’ I , ’ n i m r , m m i ,’ t im e

II’ Cn i i , , h j , , ’ ’ ? v  in ‘m m i i . ‘ 1 .  1 s t  (,, n ‘ , “ mv OP 8 e’ m;’ ,l:m ‘ ‘ t y  ‘ A i ’ -’ ,’ (i ’ ’ , m ,  ‘ l i - I  u . ‘ ‘ “ • cu n c’ n~m ’ u J ’ ~ . ‘ ‘ ‘  ‘ - n ’  r u ’ ’’
f m _ nm ’  ~n r ’ :m 1 m ’ c ’ n t of _ n ’ . m ’ n’ ’nrv IV i’ m ’ ‘“ “n ‘ ( I n t l mm ru mp iuti  ‘ l y  lust n u m i ’ s ’  r - ~ , rm ,ii ’ ’ m 1. mnn.I n m o u , ’ l  m m  C a n ’  ‘ . ‘ ‘. •i, us , ’ in’. ‘ -

m .m h 1 m ’’ I By m m i i m , ’n i Ic ’ .I a i m ’  m n ~l ,n , ’  ‘‘I m’ uu lm n u rr ‘ - ly  m ’ m ’ I P x i ’ m ’ i ,  n, ,‘ n. ~ m i, , m ’ u ’ m m l ,  r 1 ~~’. ’ u ’ ’ , ’ .1’ .1 ‘~ ‘ ‘ u s  m’,’ i’a( m~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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A Cnn’ processor (~ n LSI- l  1 Ina’s a word size of only 16 --the module cmipah ility list w lmucn defines tIme module
but’s. To permIt 16 bit acidresn , -’s !o be mapped to tIme cont am nmu nmg (lie invoked function,
ar b itr mm rm ly sized Cm ’ mem ory, tIm e nr otm o un of a wiflt ioiv was --a s tat e vector (i,rri’ate to tIne environment) w lnuch
introduced, It consists of 15 wl,mdow registers , each of contains tIne processor and ad d ressu nm g st ate w lm en

w lmic it can be tlnouglmt of as holdlmig a Capabil ity. (Actually, the environmeumt is not executmung on a processor
m m tin e c r m rr em mt design , each window register Imolds an index (The state vector includes processor registers ,
to a capah ul uty wlmi cbi can be indexed via tIme current prium mory processor status word , sclnedulhng data , trap and
ca pa l m uh i ty lu st.) CAP-2 provides two (microcode error masks fer communicating w it im tIme Kmap, and
umm mp iemnnented) functions Seg/oad and Unload to assocl et e i nduces of the cap a bm iuti es Seg/oaaed Into the wuurdow
and de-assoclate , a wuundow register and a capability. To registers dur l ummj  tIne environments execution,)
read or write a data segment , a capab uluty for the segment --parameter objects sp ecifIed by the invoker
must be Segloaded im uto a w idow register ,

The module C mm pahih uty list com ntam ns ca pabil i t ies for t inose
A 16 hit macinline addre ss m’s I nterpreted to select a objects shared by ~ ll wIno invoke a f iunctuon inn the mod u le,

wi ndow register (and thus a cap a bm i uty ) and possibly to The primary capabil i ty list contains Capabi lities w lnich are
specify an of fse t  unto a segnne nrt of memory For enlnanccm d local to a particular invocation of a f u nction
perfo rnnnan’u ce of ca pab nlmt y ref er e nmcu nn g, ttn e descr im,to nur for
the obiects un5mod iii t ime Capabil i t ies associated w ut lm tIme Level ME-i pnou,’ icles functions for time creat Io n
wumn d ow remj m ’,.t ers are car.lned no tIme Ki rma p. T lmus mechanism iim it lmulizn t non and dele imo n of modules and envmronumlent ,,
prove nles virtual addressing and allows for conventional These , mm t u , rm n , are mus ed by le.’e’l ME-2 mum provlni uung funct mo ’ u s
reiocat iom i  of pinysuc~~l umnemor y . It us suff iciently general to re la tmm mg the execut ion of u l i f f e re nt  envmuo m nment s .  Funct ioius
st ip~nort tIn e def inri tuoun of K mmnap mmcrocoded operations on Call and ,qn3tor n ailOii nested execution , I e the Ca l l ’  mg
capabi l i ty lusts a n d  nimi,iI,oxos. envimonment is suspenulocl for lime duration of tine execu t moum

of time mnew l y c rea ted  ( C a l l e d )  Pfl’.m,r(’u mm u ’,(’n’u t w In _n m m

T i io last faci l i ty  i’mt roml uced inn CAP-2 us (Inst of mem ory to rnm mnates wh en tIre Cjlled env umo rm unmei nt Returo~ I ! , m m
allo cu itmom u. Plmys mc ai memory m ’s al!ocatod to hold segments function For/s pe rmits en e nv u uorm mnent to request  tinat a
so thm~ t no two se omvn ts overlap, function be u nyoked to execu te  - n p a m , r L i m !  w Iii uI ’_n inmn , ’c’ker

until tIme funct ion Jo;rm m ’s pc r fo m n ’ed
Moduics and Environments

KIE —2 u-n- I , , ,  ‘ ,‘ n_ n s mm n u n - w i n c r u ’ u’. ’m ’ ’ !  u m ’ ’ j ,m u ,m , ’ ” u ’ mmI  to r ’ ’c i ind

I n _ e l  ‘,lL —1 pru. ’,nj c ,s f~ r tIr e cni’ .u’ui’in and deletlon of priori ty u m fn i mr p s t u~~n for ~u :urec j ,u i  mg p i u n i m os m ’ s antI to m m - min i

n’ I n i l m ’ S  (em s dm s cu s se d  earl ier)  and for executing invoked (Imp m ’ x i s ( m ’ m u _ n e  of a n w ,  c m , ’a l ( ’ , u  e n s  nm ’”  C ’ , ?  urn m l , ,’
f , i n m m n t n u u i m ’, A mmnodu u:u’ u’ , u nnnphcmentcd by in module capability / i n e ,ige ) I , , , ’ m ,I  - In ’s’ ) ml ‘ mm. m’ni ’ im l,’’ 1 is m u m ’ , I, ’ i u ’ n l ’ iO  ,ciu r i m

i i’ :? n’ o i m t t m m n u i u m n j  us usc’ r l  by . 5 c m ! ,  b” ’ ’nj ’ mu ’n i~~~’’ ’ . to icei m;’ I ra n of a task to ,,’ ,’ ,
the set 01 e ’ r m vi , or m nm m e’ rmt s w i im c! r  ar m’ c ..uu,u m ’ ’ m i ’nmn g to a ”i u’ .’ ’

- - c a p a h i u n l m e ’ s  f~~r t l m~ code mind d ata segments Some’ gold
rum i ‘ ‘ ‘ ‘ m l to Im C rbO rrlm tIme f um mc t uo ns def um med in t lmu s
n m ’ m n ini l c ’, Messag e T r , m ’ i s n n , m m m . u u.c n u
- -a  data sc ’ r uu” e ’ nI co umt o ,n ,un, l mm v .’c lor  of t~ n~ t io~
nl’ ’s ’ cnmp to r s  w i m m p ’ m  spe~ mfy tIme code to be e x e c u t e d  Time meml ,I,c’r’ , (ml ii t mim.um f l ’ ’c i ’  ‘ ‘ m ’m’j  I,’ - u -  ,u i ’  ,

w bn im n a partucular fmin ct i omm is unyOk ed (e g the Im nmnl ox syimc hronuze I l e ’ : m  acm c -mm.  am id to u a” ‘m’ , , ’ u , u  ru •

m mn to tine um ucr lu le ca pabil ity I,~ ’ Icr tin e segment snottier To t h i s  u’” ui n ’n ; .n l,,li’ L’ ,~ dpI m m i i ’ ’ . ann ,j ’m m i r ’ m n  I m r ’ mn
cmin t ,’. mn m ’ ’ n m ~ conic for lInus im u r ,c tu n ’,n), t lmo mnumbcr of a rm’minulhoe ~‘i’

,, ’ ‘m co n c. , ‘ m I , m , ’’, m’ ’ s s m u g m’’ . A nm’ ,i’ . u , s m ’ us

pma rnmetc ’ r m; e xpcc tc n l  and li i.. smi i ’  o stack requ ired capa im lo Of c o i l  ‘ ‘ ‘ ‘ ‘ ‘ i t  - - - n - - u ’ I’. ,‘u m i u i n m  t m ’  n ,n ’ m i , u ’ ’ , mm ’ ’ ’.’. . mnjn”r-
to perform 11 m m? f m , , m c ? u , , m u  ma ucntamnmeml m m 1110 oruu ,_ n n To i ‘ ‘ n m , ,  m u ‘ m ’ s  In cm ’””
— — a  in’ut of oIlier ‘km mov ,mn ’ ruodumi es co ’ nt i mm un u mng functIons ar b i t rary  m ’ i r l u ,’ u,. t s  It c’ ’ uui ,i’’ m” I’ i’ ’ ’ , n u m l ’ n n ’ ’  t i ,t i- ’  mt ( ntü mmmii ,- .
t l mim l can be unmv(-kenl  imy II;’’, n’ Oci.m C me sumem c le’. arc u - u i ’ ’ ?  ‘ ‘I cur ‘‘ ,, . l ii’s (T o  tn um , ’ c r  I 13 t ’ m - ‘ ‘, ‘

u u m f o r r m r i t m . ’ ’ u  in mu st ’  r _ n’ i ’ . n i  - n h  n i n a  i,.1p,nti l i n b~ m (‘ n - m I ,, ’ ’

ML, - 1  also d i ’ t n m m , ’ ’ , an tm nm yu. ’o ’m u’n ,’’iI. time s t r uc t u r e  c rea ted  t in ’s  user mm, ’ ’ c I ‘ ‘ ,u , ml , . ’ ” ,, m , .  -mu
a nm m s iu l t  of a ? i , u u ; t m on u’ i’jt ’ c’ msi iomi , An environment Is

clr ’finiod by sm ’ ve r ,u , dim mn c’ l s , nnp us t Ine pm nuum a ry c apabulhiy l u ’ u t  i i ’ m _ n a n ’ s  ‘11,3’ 1 ~ ‘u,i V ‘ ‘ a I’ ,’ ’ , ,  m ’ ~ m ‘1’ , I ‘ ‘ “v u ’s
wim u m ,’nh m’ s p r iva te  to a f u n c t i on ,‘ rv cc a lm nn and acts as t Ime Dumb, l imp f m m m c - I n m ”’ uT ‘ . ,, ‘ .S,’n I m m n mcl ( c m - r I P ,  “ e (0 I nn ’ c ’  I

‘u ul’it a u m u m u l u - i m l y  ‘s t  for all sd d nmu s s nun g of obiects during un m e s sage ”. wl u ’’ri Ii ’s ’ ’  ‘ ui’, 1. - 5  can pm , . .  .~ n,  $ m ’ ,  m u ’

Cx u-’ ”’, i u l m ’ n m i  of limo f u m , m c t i ~~n s u m s l m u ’ n m ’ ,n m r n m , ‘l li - i- ,.m ’ ,’ ’  ~~~ n i ç, ,, ’ ’~ ‘‘ ‘I

d a p o s i f m ’ u ’ j  a mm” ’,’ , i ’ , ’ ’ ’ i ’.h mm mu, , ‘ ‘ ‘ n i ’ n .y ‘ ‘I m’ mn- ui .’ ’ . “ “no”
m m ’ ‘ r m ’ ’ u mry  u ’ap,i m m u n u  ly l ist  ,, “ ‘ n m a ’  n ’ . Cum ,ma I ’ ’  Im ps for r u ’ cm m’m fo r  ml , , u ’i,I/l, ’ ,,,’ .P 5 mm t i u ’ nc t m on us ’,,,’ ’ ‘ ‘ ‘l iu ’ni m. m u ’ ,’

oluIm - ’ ’.l m’ ’ n ’ sSim , J i n n ,’ mi sm ’  Iii,’ irm ,, . i u ’ , . S n u t  ‘‘“ ‘ u’ I y ‘‘ ‘ i n

— — th I n ’  p~~micuut I0fl 51,1 , ,‘‘ ,v ,ut p to the Ce.mflHa’ ’ ,u ‘ .‘‘n cmu mn a ’’ ‘s i ’  i ‘a ’ ‘p. un r , A m e ” m ’  • mm i r-u ’u ‘,inu’ ‘5
i - n  ,,n , n , imnr l ( ’ nnl  I

_______
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ur iac ed i ’ m th e r i ’ Com v uu m g emnvm rom u nr ’ Emn t’ S A messmige pOtiCh , a t Ine m m r m,n ~~~,se r s t a t u s word  values ii’ t im e s t a t e  vector  emid
desig nated pair of positions in tine envimo nmm mont’ s prinmiary load tImer , , m ’ mt o lIme imI m ysuc a l  processor registers Time
cap ui bmiuty lust. Corum ’j Su_nnd and Condftecemve will retur mm an so f twa re  t imen s tores Ilium mmm dcx of its capability for t ime
error code if the mailbox overflo ws (is f im i . )  or und erf iows (Is environment in a spo c a ’ location w lnmcii alert ’s the Knuap t h at
em nrpty ) , _n . ’upect ive l y. an E,mvloaul is in proçj r ms z us , Tune Kum mop portion of this function

loads appropriate va- ,ue s found mm tIme s tate vector unto tIne

TIne second level , MSG-2 , extends t Ire set of message window registers and various Sioca l registers.
tr ,-mnsm issuon fuinctmons to provide a synchronization as well
as a cor mnm uumucatuon nnechanns lmn , MSG-2 is relnes on the Fumictuons in DSP are used exclus ivel y by t im e
hue ra rch y abov e tine MPX level wime r~ tIne notion of blocked nm u itm piox ru ng module (l , lPX) w lu m c h us responsible for s e lo c tm i m g
t ’ m m ’,’ n u , m un;’nt.s w as inntro duced , MSG-2 provides time tIne next envmro rnmn nenl to be Ermuulo aaed Module MP~- d e fu m n es
uurLo uni l i tuo rual nness ay e fuin ct i o n ’ s n Send , Recei ve , and Reply.  a set of Ruruq ueues , eaci n of wl mic in is a mailbox , If er r
Send pc rform um s tIne same tnsks as CondSend; exce pt wlnen env mre ,nmc mnl is ‘_ n”cl ’ I) le ~~ esm ) ,,JI ,m, nm u p it Is not I) lDcked
tIme target mailbox Is full , Send w m il  cause tire sending nor a lready oxecutm i rg  on sommu e processor , lInen there us a
cnn v mr onrmment to be blocked awa ut i ut g an opportunity to deliver flnes saçj e c o n t a i n  a c a p5 buui *y for it ri one of tine
‘ t i n  nue sso n ic’  Likewus e , the Receive funct ion ca u ses thin rumnqueues
,“ n m m n m m ’ ni m mu c ’ unt a t t e mn mptn r m g to Receive a message from an

~ ‘m n ptv mm ia,l box to beco me blocked Sendunig a mess age to As s o ’ - n :u lc ’m I n~~u I ! m  Puich u m r , m n- i’sso r in ‘sri onde red list of at
‘ in n c r - i t ) ,  um ’~~miIi ox on w lmn ch an environment us w mm ut m mng will Ipmist some’ of time r , u c n m i u ’ ’ ’ u m .’s T i re o nmie r umag se lect ’s  m im e
c m m u u’ mm ’ t l n ui t  ermvu ue rnment to Recun ’~” th e message ond priori ty w ch lm w i m ’ C ! n  t i m a t  ,i,u m r u ’ ’mse r  serv ices  tIme nia,lb~~x n’’s

I’m ’ mcmi ” ,’ umn hloc lmcd. Snmm m n l a ’ i y ,  if P i’. ,’-v , ’, causes a full T ime sam’ln e ~~ ‘ m n’q u io uie m ’ cJ ’, um pp u’ in ’ in v ma nn ’ ms pos it iOm is nm II., ’
n”~ l imo s to rio romi ge r be f m u l i , - I  w I  aw a k e n  tIre oldest ordered I ‘dl of r u , , , 1 , ~~ m ’ s  of ii II,’ ‘ ‘ ml  p rocossers i’ m , -

c — m m ’ , , , , m ’ m m m ’ , ’ n i l  awai t ing to itC ’ p _nmc , n t a messag e I ’ 14uJ / ( fp ( t ’ c.’ f , , u n , , t m , ’m, , un m s m - n , ’’ I I’’, i p sn, ’ ,’’ ; i c_ c  5 M, ‘,“ ~ n m:l
TI , cycles oo,,i,i I l- i  ‘ . ,1 ef r m m n i Q , u imm m m .  ( I n r u v a t e  to l u m p

‘.~~“‘~~~~ “ also ni,’ f u ’ mi ” s a Pm’ ;riy f , , n p l u r - n i  (Dr nmam!bo x cS . Ttr ,s processor 050C m ’,’ m~ ‘‘ m i n i m - ’ , ’ , )  ‘n ‘ l,,m . ”..inq Lc ’mu ’J i lm ,u  m m. ~~,.- ’  or,

‘m u  ‘ I o n  - I  f i e ’ r ’ u  fu m , c mn S, ’’mn7 mm ( l imit a f t e r  m_n xecutum i g tIn e f leply tIme ru i nu l m ue mi es  m l  1 m m ’  iT m , ’ - m n i i m ’ n ’ ’ ~~r ’. m.m,  ( . c - s c t m m n , I i, , ’ , ,  t lm i’
n m  1 m m  cm’, a r ,, c un ! b m’ m um as perunnutted Ii ,’ a c mm pa bu ’ ’ t ) ,  (cn n fbnui t rc ’c ,m m ul u .s a o h m ’  ii ‘ I , lu-i I ‘‘p ut ’ s t  i’’ ,,,’,,-n , m m ’ e ’ ’ n h  to l,i

n ’ ’ , L u us , I n ne r u ; J ’ uh  to P0; ’ y t o (limit n n ,u n ’ c_n , , ’ s  us re”c’,,i’;I from Eovlo , idn”d ( ‘ m m U i  ,,‘~~ : ‘ C , i I ’  ‘ ‘ I

l i n t ’ a m m o m m
Trap and Iu ’rte rrupt Ha’~ lu eg

7 nu n? t wo ic ve!s of Il-c nuos ’sa~~ m lr , n mm m. ’ nmu s innc ,’ m n mu a ’ l uu l e

;nrovmcic’ an exce l l ent  ex a ” m p! — ’  0’ in n - u  “ ‘ n ” ’:’ ~ m I n  ‘ ‘n of in su m ’ m hua t , ’mf ’ c ’ i f l m n I’ m i ’ in m m’ I ‘ ‘ m l  u ’ n , . , n ’ ’ ’s S m g n m i n !  C x ,  , - l m m , m , ’ n , u n

nnn ’i;l’ ilu’m MiT ’~;- 1 u lp f  ‘ i - ’’, both mm ‘s n ’ ;”  anti ‘ri nn”box m ie t a  co ndutu o nm. ,’mr ’ , s m ’ c u  I’ ~
- - a n u ’ n u ”  in,’ ’ . m m and e xt u ” nm mn u

s l r u u c t u r c s . b u t  prev urIcs In m m ’  m ’ s  w ’ m ’ . .’m mi re of . ‘ u ’ I p m I  u’ ,..,, ‘, ‘ u, ’ , ’. u ’ u . ’ , c ’ . ~~~~~~~~~~~~~ ‘b’,- ’, ’ ~~ ‘ , ~
n m’ u ’ ’ ’ n  1Li ’~’ Iy in c a m ,’ ‘,.l ,u,m l u , n n ’ s  Iii’ ? , ‘ ‘ ‘. , lmp n5 ‘u m m i  n ’  l , m r u i ~’ uq m ’ s c u  n m u m ’ n ’ . ( , ‘  n) n nc ’ s i ’ rm  nc- i l,’ a m:i ;’ _~ ‘ ‘ n I ” ’ ’ n m ,  I or 1’ a im .u tm n

mn n m ’~m , , - r  conIc ‘ ‘ n m n n i n l , , u m m i u i  t m , ,m ‘. ,m’ ’ 5 ‘ i ’m ’ u s e d  to ( r i mn s ,nmmt  sp r_ nc ’ i  dcuimc ” m u m , ’!’ c m ) ,  ! u , m ’ ’,;.~~m uiu ’ t i l L ’ s  ml i i i  , u m I I ? ’ m u m c ’ I ’ , mm ’”
- i ’ m ’s mu a ‘‘‘‘ m i m I u ’ m , ’’ u I,, n .. , , ,  m ’ ,,l ,IO not i’’ . ’ m’ ’ ’ ’ ’  t r am n s l n ml f ’ m I  mml i i  m . ’ ’ t ’ ,’,m uu m ’  I i ’ , m mi ,, m m l  & ‘ m ’ m m i ’ t s . ’ s ’ m ’ ’ ’ u

s i m i ” ’ n r , ’ ’ i , ,’ m m, , , ,  n~m u - i n , ~ ,’ ’, rui n u ’ m ; l ’ C n m l m -  w . ’” ’ mm, l u mm us 1(1 bc h i m , - ”  w ,’ um ’ ’, I l n m ~~
occur

- ‘ px ’u’’id’i liii’ ,l, ’f  ‘ n ’ Imi ) mn n i  tli(! n’-’i,lbo* ‘I,’mI ,u

‘ s l n , n n ’ ’,, ’ m ’  cnn t in n u l w n . m ’ m m m j  en ,, ,m e nm mmc ’- I s  can be reco rnied Drf mn -n 1 ‘i new (n, ’5 1 , n , ., ’m ’ ’ n , , i l l  ,‘ ‘ ,  . u ’ , ’m u1” i . ’ u ’
.

’ u m ~ em ‘ m m ’ .v

‘5 m m - - u  r’m n’’ ’ m ’ - .’u,, r j  it a lso pro c ’ uu mm ’s nn, ’ n im m m c ? ,, ’,5c u”x I , ’ , m c i ’ m m u m  t , ,ui’  ( u m u t ~ -n - m m ,! I u . c ( , .~ ‘ ‘ 1’ , m~
l. h ’ u ’ u r I u m m m i  ~,lumil fu im , I i o m m  m m ‘,s ’ ’

.1.,. s, ’~~, ,, ,~ ‘f n .nm ’ l , , , s m ’ ’ , L I  ‘ . . . ‘ ‘ c a , C m m n mq up ’ or nmnduili’ , Ii’ I”’ ~~~~ , ,, , r , ’ ., - I r n I m (, ,,I,’ r m m m p t )  o rc u mc, c. - ‘ i

‘, u m i m ’ ~ n ‘ ‘ ‘ ‘ m g  11 m m ’  cond I - i l  f m . m; ’ ;tuon s mu ,’ ‘ ‘n f l cc  Lu se l n , I  w I , ’’, a In n ’ occm uns , ut was  _nu m ’ S t ’  i mu S I n ’ ,u ’ n’ . m .  ,. , , l ’ ’ u , b  ( ‘ m u , . ’ ’

pOI!’’i’t is tI n’s . !” ’  u I’ m , ’ u, ,, I ,. , . .,‘~ mm ‘ m u m ”  r • n’ , ‘ m m tIll’ scm a ,, ‘ - - . i - ’ ’’ ’ - ‘r , ‘ ‘ , ‘. , c m u m ’ i ’  I t i n i-  m ‘ ‘ ‘ , - - i t  ( - n m . . , , ’ ’ u ’ r r t

‘ ‘ ‘ 1 , - m m , , ’ nmessaq i’n l , ,n mc ln Orm s of ‘‘‘ . 7 1  imnmd ump ic_ ’n’uj nts iu,i,i m m m i ’ ,’ ’ t n , ’  f , , ,, 
~~~~~~~~~ ‘ , n ’ n  i i i’  im - ; - ’ ,u p’  ‘il,, mm _ - i  s i m m _ Inn ’

In n u n I . i ’ m i j  onid t m nn l .ulo mmi , u uuj 0mm w ln uc r m 1. - i’ s ’ ’ m . cun i, i  level of f,153 i ’ m m l n ’ ,’ I I m ’  n ’  •

l n t m ’ ’ r ’ m p t s  s r i”  ii” m m ’  ‘ ‘i  “ ‘ , uS  0 ’ . n l  nrc! “ ‘I Ocr’.,’ ‘c i ’ ’
Oicp~~t c ) m n n m n j  i n , -  j~~’ iT u um I’p c ’ ’ smIn g i n ’ ’  m u d  m ‘ t huc, a i i m ’ ’ ’ ’ ’. m ’mD ’ ’’ m.ssm r C. , ‘ t n - u m u ,

c ’ u n l , ’ m mi s P’ ’ a ru ’ s , -  1 r a n - i l , ’ ’ ’ , ‘I a fm . ’ k  m.d’sn b c ! ’ ’ - ”
C m . i m . m ’,’ im , . um m ‘f l I uP )  110,1 •,T ~~‘ 

j

’

. ’ ’ ~~~~~~ 
‘
~~~

“‘
~~) ‘ i r u ’  l ’ n u ’ !u t .’ ‘l!~ ’ ~ ‘ ‘ “ ‘  ‘“ m c i - n ’ ’ ’  m m c c ’ ’ ‘n- nm , , m t p r r , m ; ’ l ,‘ m ’ ’

mr ~V c ’ n I a’,,i , ‘ i ? , ’ i’ ” u ’ ’  im i  ‘‘‘, (“1’ m I t  u i ’s  t i m ,  1 i , m n . i ’ ,u u n ’ m ’  T i m ’ s  ,‘,‘il ( ‘a - , —,,’ Ii ui ’ ’ , u ! , ’ ’ ’  . 1 1. u - s ’ ’ ’ u -  c u  ‘n ‘ a r m ’ ’ ,

n - m m , ’ ’ ,  la~~ ‘,Ini!i m _ m ’ . ‘0’ ,uuid I’, i n . ’,,’ ’ ‘i’m - I  L m ’ ,’ im’m , , ’ i  u ’ s .  . i , , , ‘ 0 ’ n . , r , ’ ’ ,’,’ , , m m . ” , ’ ’” IS ,‘,‘l i ’ ’ ’ i ! m s ’ m ’ ’ , ‘ n u n , ,
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