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ABSTRACT .

Fmulation of a conputér or process using a.
nicrop;oqrammable machine has widespread épplication, as has
the use of a co;buter to haané a nuaber  of tasks
tor:curront‘ﬁ. "his thesis seéks to combine these two concepts.
An  ervironment 'ié ﬁropbsed vhereby a control prograns (pot
unlike i multiprogramming supervisor, ‘ but entirely
ricroproqrammed) manages a number of processes, typically .
computer ulators. Principles inc;fporated in the de!;gn' and
implementayion of such a control program-are discusséd, ahd a

[y

description of the najér /éOIponents. of an actual .
' . . . - + .
implementation is given,
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CHAPTFR T

Introduction

' With the advent of writable control stores and user-
. .
microprograsmable coaputers, microproqramming is becoming more

-

and mof> 31 rasearch tool rather than simply a building. tool.

one of the fields of research in microprogramming fhich is

enfovirg prominence is the emulation of computers and of high

level lanquage processors. This thesis seeks to exiend the

co?cepts' involved 1in providing support for emulators by
: . . .. - ‘

considering = multiple concurrent ‘- computer emulation,
specifically, a compact set of principles governing wmulti-

emulator system desihn vill be presented, and components of an

actual implementation vill be ipscéibed.

A nuaber of parallels to the develoblent of multi-

emulation may be drawn in terms of user support, SW6érvisor

coaplexity, -and atchitectnrall complexity. Prom the point of
view of user support, consider the transition from single juser

stand-aiOne programaming to single user operating . sxsiels to

-~

aulti-user - operating -systess. . In terps of supervisor_x

coiplexitj,~éoh$ider-tﬁe 'eitension fro: support of sinqle

users to thq/’auppo:t of lany users to the support o& lany‘

. pppra)}nq systess. concurtently (e.g.~ see Rill Cotporntion/'

(1972) .. for. an introduction to theit nulti-operuting systen

L]
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1 Tntroduc*tion

facility ve /270y, Firally, from the . architectural point of

view, increasin; complexity is'evident in the dev&lopnentf?}tm
cingle processor machines to multi-processor machines -to
computer networks. Fach of these sequences .bears similarity tq
the \follovina transition seqﬁence: stand-alone ,coib%‘er
emulators to "inteqrated" emulators klll}ed, 1971) to nul!iple
€mulations. The increasing deqree of complexity and potential

is apparent in each. ‘

Although Tucker (1965) ‘%ntroduced' the term, 'Posin's

(1969) dafinition of epylator vill be uked: "a complete set of
. ’_ "

ricroprograms which, when esbedded in a, control store, definé

2 machine." (This "machine" is usually a computer or a high
leveal 'languaqe processbr.) Tucker's d4finition of egulation

refers prilariiy " to softwvare routines and | hardvare

modifications, .and is ihapptopriate in a microprograasing

context. A vigrtual_machipe is the wmachine reali;eﬂ by an

enulatof, and a nggi__ggghing is - one vhich supports these

.niéroproqnans. This work vill not deal -with nicrobroqralliné
 itse1f- .the reader’ lay refer, for exglple, to Husson (1970).

gnl;ig;g__g;ﬂlg;igg “or .gl;i_g;glg&jgl is the ’ concurrent
execution of a (uatally hetetooqeneou::/set ot euulato:s on a.

sinqle host: nachine under the. control of a lictOproqral.od

supervisor- each - e-ulator tn the set is rcfetred to as a

.g.pg;_g.];g;g; " teasonable qnaloqy 13 ‘a lultiptoqrat-tiq

_ environment vith a varied job nix. o R

In f!Cto l§ﬂY Ptincipléqupplied in meltiprograpming may

-

oD



1 Introduction

also be applied in wmulti-emulation. The basic co‘Eepts of

meROCY, processor, device,\and information managepent may be

g -
found in a text such as Madnick and Donovan (1974), -
® . -

It 1s important. to note that is thesii vill be”

concerned for the most part. with an environment in which the
aember~ emulators are computers ryther than language
tfanslafors. The resultant differences in the lulti-elulafor
supervisor are étpfouna: this is due primarily to_the great
difference in the"bevel of the corresponding inpht/output
interfaces. " The, specification’ that thg'syétel support exact
emulations of computers cannot Se’overétressed: it is easily
the most inpsrtant single factor )affectina aulti-emulator
superviéor design. A contélporany computer carries oué 1/0
operatigns at }a 19I level: it deals in status bitsf.tiling
considerations, ‘interrupts, and the 1like. Coniunication is
highly déviéé dependent, The simplest and perhaps only wvay for
the sﬁberviSor to provide this soft of comsunication ié to let
the emulators interface with I/0 devices direcily. On the
dther:hgnd, nos&’ high level lahguaqc processors are nat-
: éoné¢tned vith theso,littets at all: I/ﬁ is aqdonpli:h,d at a
'higﬁ level and is usually guite device ind;;endent. Rel@lnce

ik» piaced on the Qupeé;{sd. to hqﬁdrc the actﬁal 1q§ level -

' bounqnication.

- There are several ‘regsons  for the examination of a
. . s : /

sulti-esulator ’?nvitonlent’ consisting -of eamulators of
P i o L T T
traditional colpuggr£~tather than of lahghiqe_ptocessors:"'
. . . ' ' L | | -2 . ». '1 .

S
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e There is still much interest 1in supporting computer

emulators; 3 low level interface 1is therefore’
desirable.” o

e Provision of a high level device-independent interface
nevertheless requires actual communication with devices
at some point: it is realonable therefore to start by
providing this dow level support initially, working up
to the design and implementation of a high level
interface, Y] . '

L2y

’

The following chapter is an overview of multi~emulation,

presenting a fumber of poséible applications of multi-emulator

‘systems along with a look at related work in the field.

Chapter III is a consideration of ¢the design of a multi-
emulator supervisor, including requiree and desirable
supenvisor funé&ions,‘ a -smalle set of underlying design
principles, end a list of/ guidelines for the designer and

implementor. Chaoter JV applies these gquidelines in the

description of a partgoular multi-emulator supervisor .for a

¢¥-* computer:. Finally, résults and several suggestions for

Phrther research are stated in Chapter V. .
» . 4

14



CHAPTF® 11

. An Pverview of “ylti-Fmulation

> ) ) N
The .xrpoqe of this chapter is provide justification for
the study of multi-emulation in its own right. .A. number of

pocsitle applications of a multi-emulator environment are

given in the following section. These are inWQQGi}ion to “‘the

obvious arqument :hat) the oxténsion from a hultiprbqrauminq

environment to a multiple operatiﬁ% system environasent to a

multiple computer a2nvironsent is a worthwhile effort bécduse

it is the extension of a concept., Section 7.1 ‘presonts

descriptions of related wvork in this field. This review i§
,

necessarily short, as very little work has beepn done on multi-

emulation.

-
. 4 e

2.2 Applicatjons
Q

.Giyon a lultivé-ulator environnent, a wide range of
applications is possible. The appLicationsoSquéStéd belowv are
primarily directed tqwatdxéluittpt designer$ and ilpleleﬁtors;
hovever, °some. other rﬁbfe1 y§é§ S;e sentioned. Historically,,
there have,beehﬁirnulﬁer of ' reasons for writing “enulaibrsf
emulation of aniou€¢ated machine to retain the uS; of software.
on vhich a great dealfof money his been sﬁént:'élulation of an

& .

». .
e
»

"
L]
‘wn
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exporimental machine wher sufficient building funds are not
aiQilablP, final lesiar specifications have pnot been made, or
architectural flexibility is Adesired; and emuiation of
pfoccrsos,‘bsually high level machine-independent lanquage
processors. I'n adiition, Fesearch has heen carried out on high
level microprogramming lanquages for both vertical and
horLipntal control structures. For example, see Husson (1979),
Famamoorthy and ;Tsuchiya (%974), Fckhouse (197%), and Dasqupta
(*974), Lloyd &nd van Dam (1974) consider the probles as well
ar1 provide a good list of references, There is even interesf
in microprogrammed operating systems. See Huberman (197C) and
liskov (1§73) for 2 discussion of the Venus operating systes,
and’Werkheiser (197") for a more general discussion. All of

’ .
these capabilities ar¢ offcourse includad in a multi-emulator

environment. Here are some others:

e Providing that an inter-elulator communication wmechanisa
vere set up, a restricted form of netvork simulation could
be produced. Probably the most severe problea wvould be that
of svnchronizétion, as the use of a single proceééox does
not usually pernit e}gcugion of parallel events, at least
no* - on a macroscopic scalé. This idea gegerates twvo related
ideas which fbliov.

e Research could bé'petforned on cosputer inV¥erfacing prqblé:s
vhicﬁ'are not specifically netvork probleans. for exaaple, in

a simulated computer/front end environsent, protocol could
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b> ¢stablished ard software writter and tested at hoth ends,
Again, svnchronization problems would exist. As another
o
example, a special 1/0 or processing device could be

designed and debugged without actually existing. For

instance, Nalrvaple (1972) describes a microprograamed,

- y
virtual associative memory which was added to an IBM 1130

~mula*ion.
~ :
Another related possibility is actual interface of the host @
macktine to other real compugfrs by\&aving the real computer
communicate vith an emulator of the same type of computer. \
This would be done on the premise that it is easier for a
‘ :
computer to communicate th one of its own f&nd rather than
another. Design of t 'ctual.interface hardware =sight not

be any simpler, but the writing and testing of software to

support the link sight.

A very interesting prospect is ‘the ilplelen‘etiou of “‘an
~emulator the purpose of which is to function as a ﬁebquing
and developmsental aid to- the enmulator ilplé;;ntor. (of
course, the multi-emulator supervisor sﬁould itself provide
rudimentary debugging and tracing facilities, ;See. section
31.2.) The debuqqinq elul&tor vould have a mechanisa to pass .
control to the unfinished emulator; t(e unfinished elulatot
vould be temporarily fitted with a sechanisa to return

control to the debugger, alonq' vith pertinent data in a

cospunications area. (Something along these lihes has heen



Avplications

don¢ hv Palrvaple ard Durakovich (1974). See section ,"°.)

3
The debugoer woull alco have the ability to examine aad
v : - N

nodifv the unfinished emulator's storage.

e The above application is ar important specgific instange of a
. more aeneral applicat{dn, that of machine hierarchies. This

c&ﬁbept involves tvo emulators operating in a master-slave

1
relationship so that the master can control the slave 1in_

~

order to debug 1t, monitor it, gather run-time statistics
. * -

about it, 4r whatever. Nf course, a signific;nt time
degradation would occur. If one chooses, one may regard this
as a special type of netw&rk. Inplelentation of such a -
(/” scheme involves fairly sophisticatéd cosmunication between

the tvwo emulators, and if the slav% is to- be igndrant'of the
ihéter's oxistence (so as ‘not to bias results) then the

-

supervisor should handle all of the communication. The idea
of supervisor interposition is important for other reasons,
as ve shall see later.

. | = | | .
¢ The existence of a multi-emulator system vould .make easier

the writing and implesenting of high level lanquaqé
machines. Many desigps for such machines call for a ti?-
phase process, the first phase translating input text into
som? sore - compressed Aiﬁterlediate fors and the sgecond
interpretipg..this internediite text; ror e:anple, Relbourae .
and Pugmire (1@!5)7&;s¢tibo a PORTRAW IlCﬁib;,»Uebtt i1967)

presents an 1|pléqentation.of‘an,!OLza_lachino; and_ﬂags;it;f
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P

Lageschulte, ani Ivon (1977) qgive details of an APl machine
implementation:on.an IRY *67/?5, Such a setup could fairly

©easilv be implemented, given a multi-emulator environment,

4

As well, the multi-emulator supervisdbr could include a set
of (firmware) _ routines to carry out high level 1I/0

frocessina for member emulators. The idea of high level 1I/0
. . *
at the microprogrdm level 1is very interesting and |is

o~

dicscuksed in more jetail in section 2.5,

<.? Related_¥Work

) : »
‘1ittle research has been done on multi-emulation. Rosin

-

(1969) speculates briefly on it, first in relation to a high

" level lanQuaqe environaent cdhsistinq of pairé of ewmulators,
one for compilation and one for interpretation of a given
language: .

The result,could indeed be, for example, .a FORTRAN
- machine having the potential advantages of both
cospilation and interpretation. The chief drawback is,
- that a ney epulator would have to be~built for. each
* language environment to. be eaulated. In a
multiprogramming environment this could lead to-
requirements for a very large control store or a wmost
efficient paging schese for swvapping emulators. A.
further disadvantage is that such eaulators vwould have
to be rewritten to take full advantage of the specific

internal organization pf all machines involved.

Another approach to high \Jlevel laﬁguaqé support he squeéts is.
f}he buildihg of general purpose ewmulators, implying the
| existence of one internediate farq§t language for all

translators. A similar approach 'has bcen’ t;kcn “in the
. . - . » ‘
Burroughs B1700 ‘system, to be discussed shortly.

¢
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&

. . . ) .
Posin .also raises: - come questions on system protection

and irteqgrity:

If a system is to support more than one emulator, ejither
simultaneously or using overlay techniques, questions of
the following sort arise: :

-Using an_ example,. vhen returning from SNOBOLUY
emulation to (say) €0 emulation, how does one asgsure
that he will get back? .

-Th the sanme situatfon, hov does one know there is
something to get back to (the 360, emulator roll=-out area
may have been accidentally destroyed)?

. -Does the system have to wait until all 1I/0
operations initiated under one emulator reach completion
before calling in another? . T

~How can information be passed between emulators?

-How are files to be formulated for emulator
independent Srocessinq? :

-How are 1nterrupt§ handled (or emulated) and by
-which emulator? '

The questions are not new, only the context has changed.

They are quite analagous to the problems which 1led to.

anad arose during the developaent of contemporary
« operating systeas. . '

-

/ 7

Rosin then goes on to mention the interesting tradeoff
of allowing an emulator to use the hardvare directly (ahd
relying on the emulator for gsysten inteatity) versus degradinq

system performance by appl}ing protectiod control (see section

2,3.1),

The re-aindei ofAthis'section gives shof; sussaties of
existing and proposed -ulti-e‘ﬁlatoi sj;téis,’aud ofsthe!s
vhich bear si;i;at{ty. to .lulti-eﬁulatlon.401598e _ summaries
provide a ;good -ov?tvieu of thsf?pte;Qnt ,gtate ';fvlﬂ;ti-
elulhtion.. | h | A o

o,



Felated Work 11

* Hopkins - bhatched multi-emulation

Hopkins (197") speculates about the design of a wmulti-
csulator operating svstem on a microprogrammable computer vith
a writ&ble control store, envisioning g single-thread
s;quential batch pfocessing environaent vith'only one emulator
resident in control store at one tinme, He identifies the very
difficult problea . of i‘"p1:<>vicling 'systgl I/0 interface’
fécilitiés that are qeneréfaenough;to éhpport a vide range of
enulg*ors", "and proposes a low level iﬁtérfACe' allovind

"relatively poverful I/0 reguests froam the eaulator". He -also

specifies the'follovinq-systen chatacteristics- }

L 4

1) Transparency* a Iin1l0l of systel intervention in:
the normal operations .in the eaulator and in the virtual
#¥achine programs; . _ ,

2) Generality of emulation: a -£ninul of
restrictions on the structure and operation of the
emulators; , o : '

) Size: a wainimum of regident systel functions
during processing of jobs. - )

Briefly stgted, the systea goal 1s the ability to
run a sequence of jobs, under arbitrarily wmany different ’
eaulators, vithout  nmanual intervention *to load
anulators, check timing, and so. on.

.Hopkins' I/O intertace is baséd on the specification that 1/0
need not be carried out directly* a lethod of stackinq and
pt0cessing 1/0 requests is sugqested. HQ also anqests a lpt

of priiitive* 1/0 ptocedures vhich any elulatot can call. ae

does not, hovevet, ‘address the probles of handlilq _jaﬁnrtdpts o

~in any qreat detail, and even hints thlt they may aovgt be‘_f

seen’ aboverthe 1ouoat level ot ptoqtal control. 1i1: 13'_

'qenerally uasatisfacto:y vhen attcnptilq to’ nchto~o IOIchilQ“"‘

approaching tenl tise tesponse, cspoclnlly vhon tho Olilltté :.-ﬂ 

[}



.7 rRelated dWork 7 12
L
machires themselves have an interrupt structure. The resident
package consists of the currently running e-ulator,‘ the 1/0
interface, an error recovery routine, an "end of task"
routine, and optional accounting routines. A number of
festrictions are outlined, 1including use of the system I/0
interface foutines, ptoté;tion of control store tables,
register restrictions ‘imposed by the systek, and clean-up by
the exiting emulator. He acknovledges thay 'enforc¢19nt. of
t;ese restriétions requires co-operation between emulator and
Syétpn,‘but.states that they do.not restrict the structure of
any particular emulation. Pesearch arégs listed are: provision
" of real-time comsunication, concurrent residence of sore than
one epulator, and inclusion of aicrodiagnostics. (pe#haps ;n

" the error recovery routine).

ﬂ ﬁcbonneli Dodqlasvnstronantics Cbrporation - \\\'

A vety Specialized forn of lulti-nnulﬂtion has found
application in ‘the emulation of the aactc 152 conpntet (oelco
s Electronics. 197’) by Dalrylple and purakovich (i97l). rheits

is a dual elnlation, “an elulation .of tho nov couputer
.co-bined vith an euulntion of an- oxl:tinq co-pntor. 1n order"
“to ‘take advautago of the snppott lottvarc ‘already avatlable
.fat ~tbe cxistinq lachine.' !hc host-nacliuc 1: the nsc nzra
(Diqitll scfbntifiq corpotatioa, 1972), '-'-nicroptoqval'ablc
'nachinc vith 32-b1t road-onxy uclory and teo 6l vord (16-b1t)

4

L {
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<.? Related Work 1z

scratch-pad memories. The existing computer emulator is an IBM
1137, and the nevw emulator is the MAGIC 3_~.

A master-slave relationship vas established between the
IBM 1130 and the MAGIC 252 emulations by providing a new
11?0 instruction to "turn on" the 352, &hen it is
executed, the 1127 emulation stops and the 352 empulation
begins execution. Whenever an exceptional condition
occurs, control returns to the 1120 emulation and a flag ~
. is set which the 1%23C progras can use to determine the
nature of the condition. Communication between the two
epulations is accomplished via the scratch-pad mesories.

‘The system includes commands to.nodify and dusp MAGIC memory,

modify the MAGIC clock, and arm and disaram interrupts. Also

provided are  a checkpoint/restart facility, a breakpbint

capability, a tracing cap@bility, and a snapwﬁu-p facility.

A - .
¢ Wanodata Corporation

" Nanodata COﬁroration's. Qa-1 computer is a - sachine.

specially suited for cuulation. Of patticnl&t 1nterest are its

7

tvo le;pls of liﬁroptoqral control and large nulber, of

'independeng_data buses, &he'c0|papx, as pg:t of 'its firsvare

and~ softvare support, has provided & wsulti-emsylator

“,énviﬁotnént vith its 'Qn- ~cbaputér (Fanodata cdrporation,
1974 One of their fit-vare supetvisors, callod CO!T)OL.'
| supports cancutrent cxecntioa of nultiplc lO!l 1200 ClﬂlltOtl
-and provides firlvar. dcvice drivcrs for a vide rauqo of I/o .

{'.device-. nnch of the basic, dosign of the lulti-ocnlutor ‘
'envitonunt ' dncribod in chpto‘, IV cue froa :t?yinq'

'VCQQ!IOL. covraoz is eolplctcly vdrticnlly lictocodod and .

-

I L
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resides in an 18-bit control store. The definition of MULTI,
vhich is the microinstruction set in which CONTROL is written,
.requires approximately 128 6f-bjit words of nanostore. The

NOV2' emulator itself occupies about 6C words of nanostore. No

\

storage swapping (other thar~e€gister save and restore) is

req%ired on emulator switch, which occurs on a clock

-~

.interrupt. Fach emulator accesses its own disk pack, and has

access to all other devices. Although many design and

.

implementation considerations 'are sinplified because the
environment is homogeneous, CONTROL is a reasonable effort at

providing a computer emulator environment,

e IBM Corporation

" pape: by Allred (1971) concerns itself with "g&e
design and developaent of integrated emulators for the IBM

System/270," Yollowing are the design criteria used in these

-

emulators as presented by Allred:

1. Emulators must be fully integrated vith the operating
.- System and run as a problea proyraa., N : ‘
2. ' Complete sultiprogramaing facilities = aust  be
available including nultiprograsming of emulators.
3. Device ,&2:cponlénco,. with all device allocation -
_ performed by she operating systes. LT e :
- A 4. Data cospatibility wvith the operating systea, -
"~ 5. A -single jobstreas environsent. L ' S :
6. A coammon, sodular. architecture for iaproved

»

' maintenance and portability, . o e
7g'ln't-p:o706;hgrdrarol feature desi n vith “eavlator

: 80de restrictions elipinated and 411 feature operations

.+ interruptible, - A A A e

e

I

;iithpnqi iheép enﬁl&to;s‘tilljn\rén; nﬁih;“;gc; .IQtiin.,iaf‘,
e @"ﬁiéﬁ keep on using'jtofttitgz §§f“l§‘ 0ld machine while

SN

. 2
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"qro’Anq into® a newer one, they “are not multi-emulator
oni{ronments in the sense indicated 1in the first chapter.

N

Pirst, 1/0 is simulated by providing an "emulator access
method" to the =70 operating sy

tem. Second,'because the
enulaéor is running as a problem program, iV lﬁy not use
privilpqod opcodes and hence .is not a cosplete elulgtiont
Thxrd, althouqh sulti- elulatlon might be supportable, it vas
. apparnntly never done., The "integrated emulation® concept is
interestinq because the emulator does not run stand-alone; it
nust cosmunicate with the '370 operating syste;. This is

similar to communication between a multi-emulator supervisor

A ]

and member emulator, and could provide some valuable{i.ps to
I

t ulti-esulator system designer. &

£

e Burroughs Corporation

A report by Davis, Zucker, and Campbell (1972) describes
"a - structure ‘éér COnneCt;ng and controlling 4 multiprocessor
sy$teq ﬁsing a building bld@k techniqne;' .- e
The hardvare is‘lodular and includes liCtoprqaran-nble

processors called ‘“Interpreters”, aemory sodgles, and
devices. z;&ruerpretec is interconnected 1

aepory mod and every device via 2 d
notvork cal a "Svitch Interlock".

‘ ’V_Qteri aslso knova as "D-uchius" ‘hc @gnucu '

Th
iR hau a writablo control uuoty.. Sn nigcl,ghpo:. apd
‘.rislur (1972) for a dctancd ductlgyﬁa ot thc Intqrpfqtct.
In the nulti-xnurpntot Systu, T I/D controi; dnd
processing . functions ‘are all perforsed by identical

Intnptotots, -and__any Interpreter -can, perfors any
. function sinply by & ulé&dinq of itz lic:optoqtn“
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e

agmory. In. the ‘wylti-Jnterpreter Control Program Y/r
operations simply becose tasks vwhich are
indistinguishable tc fhe control’ program from data
processing tasks excepy that they require the possession
of one or two I{h “devices before they can begin to run.
(A task is defined as an independent microprogram and
its associated *"S" level program and data, which
performs explicit functions for ‘the solution of user
problems.) Whenever 'an Interpreter. is available it
queries the scheduling tables for the highest priority
ready-to-run task, vhich may be an- I/0 task, a
processing task, or a task vhich coabines both
processing and 1/0 functions. ’

Tt is claimed that the 1Interpreters have successfully
perfornéd the followvwing tasks: elulator, ( periphetal
.¢ontroller, ‘high 1evel languaqe executor, and special function
operator. This uor‘F is of interest becaqse it describes an
operating sys;el vhich ¢ontrols concurfenply running. emulators
(albeit in a multi- rather than_sinqle*p}ocesﬁbr environsent),
and because the Interpréfersc';an be made to change their
function. 'Thgs the intent ;of this systen (modular aulti-
emulator conérol) is basically the same as that of the systes
Eo be deséribed ‘hetein, ‘althouqh the actual sttucturé:is
vastly Hiffefen;. o |

. The‘ Butrougﬁs B170C conputet,. introduéed by wilher
(1975;)/ is a SIall‘SCAIC, bit-addressable, lictOproqrallable ‘
‘ coupntq:,LSysteq~4esiqn cqqters around a set of “s-languages”
each of “which is suited to ‘the* accolplish-ent of a fairl{
-_specific taak, usnally into:ptctation‘of sourc; codo for A‘j
, particnlat hiqh level lanquaqe.u o ;f: ;:WF'.}A

the B1700's objcctive,‘ conncqnantlf,- 1§H't$"eiulate'

. existing and future S-sachines, vhether these are 360's,

PORTRAN machines, or whatever. Rather than pretend to be
good at all lpplieqtions,r the 31100 st:ivos only to
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interpret .arbitrary' S-lanquaqge _superktly. The burden of
performing well in particular applications is shifted to
specific S-machittes,

The claim is made that the oprocess of the B1700 hardwvare

interrreting an S-machine, which in turn is interpreting an

applicatiom‘ptoqran, "is more efficient than a single systen
/ : \

uheh‘ more, than one application area is considered." The P*7C0

»

Haster';? ntrol Programe ° (MCP) hangles all wvirtual msemory
requiresents, and all sultiprogramsing functions (I1/0, storage

management, and peripheral assignment). All I/0 is done by

<4 X )

\ communicating descriptors; I/0 has its. own S-languaqge. NCP

' .

itselfr is writtem in a higher-level 5-language (SDL) and
< o

interpreted.; The systea appeats to be vwvery flexible in

switching between interpreters:
Intexpreter switching is independent of.any execution
considerations. It may be perforsed betveen any  two S-
instructions, even *+ withoaut svitching S=instruction

.- ‘streams. That is, an S=prograa may direct its

interpreter to susmon another interpreter ‘for itself.
This facility is useful for changing between tracing and
bnon-tracan interpreters during debugging.

The systen is claimed to be very efficient at énuiating ‘high.

level languaqe -achine;. lilner_ (19l2b) 1nc1udes soae vetyf

favoﬁfable statistics vhen describing the COBOL, RPG, and

FORTRAN S-machines on the B1700. As vell. S-sachines have been

dgsiqnqdf and isplenmented by ofhvrs' fdf gnalplé, see Belgard

(1974) and ritestoné (197?). Houever, it seess that the BT?OO

‘uoiid not be patticularly qood \} elulating sophisticatod

9
nuobgt xot gcneral pntpose Tegisters (fbut) and the tlct thnt

ra} Putposa co-pnters, patticilatly bccansc‘af the ~small

-~

conttol sstore can h.ld_ only . n#ctqlﬂstrnetion;, "A, nxraz

-
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) ' AN
Corporation }eport . hy FRurke, Gasser, and Schillr (1974),

describing a feasibility study of emulating the Honfywell

-

€*RD, supports this impression:

The benchmark emulation of the STA -instruction ...
" requires 76 microinstructions. Assuming 250 nanoseconds
... per wmicroinstruction, this is an execution time of
19 microseconds. Delays due main memory access could
easily increase sf ive 25 wmicroseconds. [ The
execution time gm a real Gtﬁﬁ is 1 microsecond. ] Several
other factor;‘lazlnish the 'feasibility of eaylating a
616C with a 7¢7. The eaximum size of control memory on
the B1778 is U499€¢ ‘microinstructions. Tt 1is highly
unlikely that this is large enough for a full esuldtion
- thus either microinstructions would have to be
executed out of main menory (vhich the B170C can do) - or
micro routines would have to be "demand paged" into
control memory. In either case performance would suffer.
Also, the maximum size of main memory - 256K bytgs for a
R1728 - is vory small compared to a "typicap"™ 618C
cOnfiguration. Fven the theoretical linmit 21 bpytes
of main memory (based on the size of the le-ory address
register) is on the small side .

A

This same repoct estimates a time degradation of a factor of

six to «wen using the QM-1 rather than the B17CC as the host

for a 6180 epdlation.
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“yl+i-Fmulator Supervisor Design \
e

.t 1:tseductior

Thix chapter deals with the design of a multi-emulator
supervisor. The following csection states'the _basic functions
of such a Vsupervisor. Nex€,‘ the general design principlas
enbodied in a sulti-emulator supervisor are presented. Tt
stould be noted that ¢the principles to be outlined are
pérticular to a multi-emulator eniironnent; principles drawn
from operating syéte;s tseory vill not explicitly be s&ated.
These principles are then expanded into a compact set of
fairlyf\bxplicit quidelines useful to the desiénpv’of a multi-
enulgtor'systel. Finélly, the possibility of ptovidiné a high
level I/0 interface to members af a lulti-elulétor environment
is'e}a-ihea.

3.2 Mmsﬂ-ﬂas&igu

t

A nmulti-emulator supervisor must have several 5asic
, , _ R

.functions in order to brovide the necessary . support fot and

exert t bie necessary control -over aesber enula@prs; These
fdnctions, including a task schedhling and svitc@{'CApability;
operator supervisory and control'fqutipns,wind a lov level

. ) R
1/0 ipterfacé, are described briefly in this sect&onz 'ﬂ§ more

19



2%

.0 fupervicor funrti;§s T oC

d>+a1led discussion of these matters is presented in the next
chapter, as the functions ere better und>rstood in the light
of ar actual implementation. Fiqure 3*.,1 shovs the logical

position of the supervisor ir a multi-emulator systenm.

B task évitch mechanisa must be provided,. its precise
form depending upon the decign philosophy. For example, in a
batch mode éf operation as suggested by Hopkins (7970), the
incoming emulator's =state may be.assumed to be uninitialized
(corrrsponding to a machine's state immediately after power-
up). HFowever, in a multi-tasking environmsent, emulator states
must he preserved acrossﬂ task switches, and the wechanise
hecomes: moré coaplex., Storage svapping may be required. Also,
as we shall see, the problems of device ov;ership and time-
sensitive operations becg:é thorny indeed. ?of flexibility, a

nuaber of types of events should have the patential to trigger

task switch: these should include timer interrupt, 1/0 dévice

.interrupt, instruction step, and perhaps explicit emulator

request. Also for flexibility, the event types which actually

are allowed at any one time to cause a svitch should be

operator-selectable.

[

. o |
The con.ttolA progtiu must have ﬁfeins of interacting
vith the system operator. Connands‘for storage display and
modifidation are necessary} as arg coamands to start.and stop
lenberf endiatofs.l The oplintot' nu;t have at least as such

control over a nenberrennlatér as he vould have if he vere

H

operating the real comsputer from its front panel. !xperiencé

N
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= — - 1 -
| | L\‘ | {
| | ——| supervisory | ——
| | t 1 and control | { {
{ - | | —| |
— 3 | —mm — § i s
- . | * |-— .
. b-—4 device drivers | .
to | ——1 .
— = [ S 4 | —
| | m————q | | ——— |
| | t——~| task switch [ | |
| | | | e
[ | L 4
| NSpRp———— |
Fmulators Supervisor 1/0 Devices

Fig. .1, Basic Multi-FEeulator System Structure

-

shovs that debug facilities such as register ‘tracing and
single step mode ape very desirable. Provision should be made
for the inclusion ofﬁﬂutontic 'systel logitoring facilities.
The operator should also be alloved to dynamically modify an
emulator's confiquration. (e.g. add a tape drive, reassign-’ the

card reader).

Since the systea will 1include e;ulators capable of
carrying out I/N operations at a .very low leyel, it nmust
provide support for‘ such operations. A _stgndafd set . of
firlvaré device‘drivers and a bi-level interrupt mechanisa are
necessnry.'rhése important concepts will be explained and
their inclusion justified in the following section.



Deciqn Principl. s ..

-7 Pesigr_Principles

i
Y

In order tn better arasp the concepts of aulti-
emulation, consideration of the principles involved is
varranted. This section presents two underlying principles of
‘nulti-emulation. It should ‘be stresggd again that il* is

computers being emulated, not simply processes.

3.7.% Architectural Interference

»

A wmulti-emulator environment will in general consist of
enulators with very differen‘ machine architectures. If the
supervisor imposes some basic architectural constraints that
do not already exisf in the host lachine'é architecture, then
the varieties of emulation possible may belgreatly reduced,
and emulator design to fit these additional constfaints may
become more difficult.FOne might argue that provi@iné cdlplgte
freedom to~ne|bet eaulators is asking for trouble with respect
to protecting one eaulator from another. This t;ue, but it
is more important to ninilize_iﬁtetference and assuse that the
emulators are well-behaved, than to festrict severely an
emulator's access tq'the machine for tﬁe sake of protection.
After in,ra lhlti-énulato% environlent is a very special one,
_not qont@ining users out to "broaﬁ" ihe systes. Something the
supervisor can do 1is provide safe fucilltié: tor~thq aeaber

enulators*to-use, especially in teras 6! I/o;~

0

k4
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*.7.7 Exact Fmulation

The supervisor (and the host machine) should have
facilities to provide exact esulation of computers. This
priﬁciple is wvisible primarily in the consideration of
communication between an emulator and the real world, i.e.
enulator/device interficing. Elulator/devicé tnterfacing js
the single most important consideratién to the luiti-élulator

supervisor designer.

Here 1is a sumaary pf' some of the specifications
ﬁfesented earlier 1in the light of providing exact emulation.
PiQ§t, the supervisor . will allov emulators to ‘communicate
directly with I/0 devices. When device numbers are limited, as
is often the case, Adevices aust be shared among esulators:
this service is'the responsibility of the supervisor, .meaning
the provision of both standard de(ice/elulator interfaces’ana
dyninically altetabierdeviée ovnetship. Second, the naember
emulators will be cosputers, and most computers deal vith 1/0
devices at a low 1eve1;~thefefore; the supervisor\lust provide
a suitably lov level interface to 'déviees;- " Thus, the
supervisor must combine a standard doviCe~inter£ice yitﬁ a lév
level device, intgrfacelj The folloving subsections consider

~ these points mgre ciosely.
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Clearly, more than one type of device ownership must be

pported. The types shall be cateqorized as follows:

absolute -
This tera is applied to devices which are owned solély by a
single ;nulator. For example, a conﬁuter's console would
probably be owned absolutely. This. type of ownérship is
casiest to support, requiring no special s@pervisor support
to route interrupt signals, status information, and the
like, . 2 '

sequenti

_ Thié_appziés to devices vhich need a long ters 6vnership‘but

vhich must be shared among esmulators. 'Bxinples are line

printers, ,magnetic tape drives,' card ‘readers, etc.

‘Superv1sog support for this type of ovnership becomes auch

be given ovae:ship of it antil it closed the dﬂicc. (£

more conplex than for absolnte ovnership becadse a4 nuaber Qf.

nev problems arise.
Pitst, & nmechanisa is.tequiti&'to cause'a'chango 6:

ownership from one emulator to}inqthef. It thb.f/o‘vctc done

at a high level-(i.e.’the‘opeu.'cIOsi.\taad. ititc.lévcl' 6ff"

- a nultiptoqrallinq operntinq systel). thqn tho problen vould

not be difticult' vhen an. e-nlttor opentd dcvicn. 1t volld  :

course, other ptoblat: such as vhat tc do uhcn a acvics 1‘ 
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required ry an emulator vhile in use by another, and what to
do about an emulator Jhich "forgets" to cloée a device would
.havé to be overcome.) However, since the aembers are
computers, and Y/0 is carriéd out at a low level{k the
'supcrvisor ‘cannot 1in «general know vwhen én emulator has

finished using a device; the virtual machine has no "close"

instruction to indicate this. Por example, consider the_

listing of a fiie on a line printer: hov is the sSupervisor
to know that the emulator is has conpl?ted the listing,,
unless the eamulator has some means of explicitly indicqting
this to the supervisor? The folloving simple seQuential
device switch mechanism is therefore proposed: an  operator

command wvould be provided. to allocate a device to a given

esulator, and the device vould, be made to appear not ‘reada.

to any -other eldlator. 0f course, the operator should
satisfy hiaself that the device 'is not in use bhefore

reallocatihg it. !

’A second najor problen not enconntetod in the absolutc

ovnership case is the p@ovision of q stlndntd firavare

device 1ntq:face,vh1ch can connnnicage vith lny esulator.

'TbisimuptPSIOI ‘Aqserves a soétiop .ot ;ts_-cynu (scction.‘

| 3f37232’4’ G e

Manual soqnonttal avulihhlp as docctibod nhovo aay h‘
',uusuitablo in - S08¢ rcal ti-o nppl!cctioﬁs. fo: ozanpli a
K lystel o! ptocos: conttol Oanlutot: attotptinq to shart ﬂltn

o acquuition dcvicci ror one tung, th. dellyn cnud by

L
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supervisor overhead and by the fact of emulation itself.

.

might be such that the eiulator could n&t handle interrqpts
- quickly enough, or that supervisor-imposed changg(::yﬁ
interrupt timing niqht render results invalid, Por an thér,
the act of manually switching device ownership would almost
.surely result in lost interrupts. (Such a system, hovever,

vould probably be usable .in a batch rather than concurrent

mode of operation.)

e shared -
Sequential ovne?ship, vith its clumsy method of device
ovnership allocation, 1is far too slov for some d%vices,

/

notably disk drives. Pspecially 'ih small configurations,

4

differént eamulators aay requite' the services of the same
diFk‘controllet in tapid sutcession: a type ovnetship of g"

g ;ery teipofgry‘natnre is iheretote.reqﬁifod.~" . |
Here ;éﬂa pbs#ible solht;on‘fo this o:nlfnhip problea.
Por eaci disk‘dtive,.t;e:sﬁpctvisdf vould rlelﬁdf‘tid‘lost'
'recent cylindet address sought to by oach elnlttor shnrinq
x"the aisk !he cutrently tunuinq elnlnto: vanld autonntically
‘bccone disk ovner. and ‘any di;k acceas lldt by it tonld be
' dolnyed nntil the snpa:vispt had donc a ':afoty tack' to
B cu:nre the» honds scre ptopetly positiouod. ot coursc, thn
'.supervisor vould hcve the rolponaibixity of ptotcctinq othc:
'f?-onulutors' ﬁnta"th vazavo ‘l1n1°dilk' ‘ conc-yt (xna fft

,Corporation.' 1912) 13 usotnl horo. A rclutod probl‘a is tlo

S x

AR S R
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possibility that task switch might occur while data is being
transferred to or from disk. To solve this problea, the
" supervisor could set a lock upon commencement of data

transfer and reset the lock when the transfer is complete;

while the 1lock was set, task switch would not be permitted

(see section U.3,7),

2.3.2.2 stapdard_Device Drivers

Fach device typg requires a standard firmvare device
handler which can conaunicate with any elulatPr; especially if
the device may be shared among member emulators. This
interfaée is necessary .for the routing of signals to and froa
the current hevﬁce ovner and to guarantee that only the
cu:renionnér Bay access the~éevice. Naturally, as asuch as
possible . of the 1I/0 processinq shonld be sdone by‘ the
| 1nterface, bnt unfortnnately interfucing cannot be provided at
a very high level .becanse- (once agaig) of the average'
'cbnph{er's ability to carfy out low lovél 1/0. Por exalple,
‘standard‘lultiptoqralninq fentntcs such as dcvice-indcpendent.
~ 1/0 and» spoolinq of data are silply ont of the qnostion,'"
',Ptovision of sttndard devico drivcrl is an 111nstration of an
1|portnnt priaciple o! -ulti-nnnlttion' the :npcrvi-or 8hould
. be 1utcrposed bcxvton dovict and clulator, ithont cxcoption.r

"Aaothet illnattttion ot this: ptinciplo follov:a ’

K [
,‘. :
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3.7%.2.7% Interrupt Pandling

The supervisor must include an interrupt handling
routine to iake interrupts directly fron the 1/0 devices.
Thus, when an interrupt occurs, the ;uperviSot'wi%l remeaber
it in its own queue, and will signai the appropriate nmember
esulator. The wmember €mulator viil in turn remeaber the
interrupt in its own fashion, and pass contfol baék to the
supervisor to dequeue the, device from the supervisor's
interrupt qu;ue. This method, called Dj-level interrupt
handling, has tvo veriﬁfavourable features. Pirst, no reliance
vhatever is placed on a lenber's-intetrhpt handling mechanisa.
In fact, it need not even be. resident vhen an interrupt
,octuts. sécqnd, each mesber's igtérrupt meGhanisa can resesber
the_}nrer:upg in any vay it sees fit. This could‘ranqejftOl a
ptioilty inxerrupt'schene (5s\1n a PDP-11) to Sipp;f setting a
flag and fotcingvconirbi in the eamulator to pass to a siandard

entry point (as in a PDP-B). nnxilun flcxibility 1: therefore

LN
.
'

»alloved.

g 'Aﬁ 4 ﬁzzsi:is.ﬁninglinsﬁ N
Basic dosign p:inciplbs tud their tnliticatioas hnving
 béeﬁ conside:ed tn ‘the provions soction. thoso critoria .‘,.

"uov be teforluléted 1nto a tot ct gli&tlincu for thc ‘lﬂlti'

-eou!ntor suporvisor dosigner., B Mv_';. S e '

i-A!h&ﬂsnpeﬁv}sor jus$.ilpd'd»ﬁfﬁil‘l‘tttiit.éflfil'ébhltt§£§t!",JA ;
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upon member emulators. See section 2.2.1,
e If possible, the microinstruction set used to implement the
supervisor should be tailored to wsaximize 'its efficient
coding. This is obvious, and at the sanme time very difficult

for most user-microprograasable sachines.

° Agtions by the supervisor not diréétly affecting the,actice
enulafor's storidge must be invisible to it, as nﬁst aciidns
carried out by other meaber eaulators. ‘Eppartiéﬁlar, task
switch must be unnoticed Sy an elulator; This .guideline is
easy to follow if constant attention is paid to ii during
design; it is nonetheless inpoftant, as it doesn'f permit
various sorts of painful interdependencies to build up. Of"
course, supbrvi#ot functions may exist to explicitly affect

" an énulator. for example in sqpervihoreCQntrolléd inter-
emulator communication.

. \

'ofDebuq'inq snpetvisogf chpabilities uﬁst be provided the
operator by the supéfvisot, ospccially for the enulntor~

' desiqner. These vete discussed in soction 3.2.

e 1§ere Shonld bc a . nhnben ot typet of task svitching‘

'V'availtble to -the opqrutor.. Also,.a 1ock tlcility nust bqﬁ

'p:ovidnd to. ddlay ttsk svitch dntiuq criticll oporltionu.

"~11h- bn:iness of tusk suitchinq vas tllo discusscd 1: section :

3.3, Ptoviliou of _many mm of triw-t- 1! 'm'ﬂchl
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especially in environments where it is not known which types
would provide the smoothest running system. Much work can be
““one concerning task switching, perhaps along the lines of

similar lultiprogranlinq concepts such as swapping and

_paqinq; This matter will not bhe examined further in this»

thesis.

e The supervisor must be interposed between emulators and the

physical devices theaselves, and, te the greatest extent
~possible, code should be‘shared betveen different eaulators!'

firmware de;ice 'driVerE"ffor the same device tybe.
Interp051t10n is an inportant concept because it aids both
in device sharing and in reducipq the chapce of pbssible
'intet-elulator interferenCe. |
Y ’ :

e A bi-level interrupt control lecﬁanISl sust. be provided by
the supervisor: intet;npts vill be handled by the supervisor
first, and :thep alloved to activate the owner's i :'erupt

‘néchanisl. This jarfee thoﬁght of as a spocific applicefion.

,‘of 1nterpositiou, _pntA.1€\ is 1ppoftnnt-enouqh to vartqnt
special note. . | I

‘9 nore than one type ot device ovnership lnst be ptovided. The

.cqtggotization ptesented tn | sectioa 3y3;2;1-. included

(Y

absolnto, sequenti&l. and shatcd ovqigihipa o <;:‘
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The following chapter seeks to applv these guidelines to
A real wmulti-emulator system. Fmulator/device interfacing
forms a major part of the discussion, either directly or

indirectly. ,

.5 Note op_a High _Level 1/0_Interface ‘

s Although the provision by the supervisor of lov level,
[}
direct communication between emulator and device is a nmore

flexihle approach than any other, it has its drawbacks:
- \
e Any new enmulator type being added to the system must
have a complete set of device drivers written for 'it,
at best using existing drivers as models. This is a
time consuming process.

e While a lov level interface is extremely suitable for

.computer emulators, it 1is extremely unsuitable for
* language emulators.

A vorthvhile effeort would be the provxsion in a wmulti-

onlent of a high level I/0 interface. The reader
V.the references provided in 3ection 2,3 if he is
1ﬁ n this area. Here are some criteria for such an
’ - _i

“ust not 1|pose anchitoctutal constfzints 4upon' its
s. . _ :
EI/0>should be device indcbondent;
concopt of "openinq' ‘and 'clouiaq' devicos should

p elployed in order’ thlt thete be no aovice ovner:hip'
oblels. : S

-

'As " this thosis is concotucd lainly vith snppo:ting"

t:aéitional conpntcr enulato:s uhich taqnitc a lovr 1ev§1
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interface, this soétion is not meant to he a solution to the
problea ofl providing high level I/n at the microprogram level,
but' serely an outline of some of its aspects. many
capabilities must be provided: a file system, spooling
faciltties, the ability to handle variouss data formats, and
the handliﬁq and communication of error conditions, to name a
few. Fven with all these broblens, however, the elevation of

the T/n interface ¢to d high level should make design and

implementation of a system comprised of processes which use

the interface a much simpler task than that of providing an
environment for exact computer emulation. Opportunities for

both theoretical and practical research exist in abundance.

In 'additiog to providing hiqhklevel 1/0 for the purpose
of\ supporting laﬁquaqe processors, another interesting
dirﬁction for research would be thevinvéstiqation of coaputer
archikeétureﬁ vith an eye to 1l§rovinq the I1/0 ;tructute.
Traditionai cosputer order  codes, are unbalanced:

accomplishment of I/0 functions is an order of iaqnitude more

complex than accomplishment of any other 'function. The

.proqraller aust get ncloser to tg\ machine" than at any other

time; he must do sore bit manipulation and usnally has timing

“ptoble-s to worry about. The ptob;Q|8'are akin to those vhich

ve would have to suffer throuéh if -our ADD, and SUBTRACT

~.instructions were replaced by an EXCLUSIV¥E-OR capnbili{y in-

vhich 'ptopagaiion delay had . to be considered. It is no

' . surprise ilali that'opératiné ‘systels 'hideA.lov levél I/d
 surprise o _
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acéivities from the averace user: they are simply too much of
a headache! Work toward the provision of Qevice-independent,
high level T/" instructions for a contemporary computer's main
store instruction set, performing all the necessary low level
activities at the licroproqfal level, would certainly be

worthwhile,
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B Particular Multi-Fmulator Fnvironment

4.7 Irtroduction

Setting down a list of guidelines for the multi-emulator
dosi;ner to follow is all very well, but what of shouingtthat
they are actually wvorkable? This <chapter dives a brief
description of a multi-emulator svstea in'vhich the quidelines
suagested are applied, The'follovinq section is an overview of
the system: setting, mesber emulators, and léjor data
structures. The system's logical structure comprises the final

section. Illustrations of how the dﬁidelines have been applied

are interspersed throughout the chapter.

Y.L Bagic Strycture ’

In order to better understand the folloving sections,

st

the readérv may vwish to gqain sonme faliliarity.hvith the
architecture of the host machine for this systei; ‘£$é QH-1;.
Other  than the ﬂlxﬂ!lis..Ll!ll_-ﬂﬁ!ilﬁ__l;l!ll (Yanodata
Corporation, 1974), a number of art;clesylp sent short
descriptions of$ the Qﬂ-?.}rhese include: Roéin, &iieder, and
Eckhduse (1972):NLutz,aﬁd ranthey (1972);: Dorin (1972); Thomas
(1974) ; Petzold, Ricﬂter, @hd Rohrs (19145: qu _Agravala .and

4

Rauscher (1974). .
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4.7.% Setting

The  multi-emulator system ,to be described (Ofﬁf"
referred to 'in this chapter as the ‘"systea" and the
"supervisor") is for the Nanodata QM-1, closely modelled after
their system callel CONTROL (see section 2.7}, Tﬁe supervisor
is vritten in MULTI, an assembly-like vertical
microinstruction set defined by ,Nanodata Corporatiqp. A
favourable feature of HUiTI is that unlike most
microinstruction sets, tininqi probless do not occur: all
actions such;ii’arithnetic operationhs and memory accesses are
svnchronized. Thus, altHough no parallelism can be achieved,
cod; is relatively easy to write, understand, and debug.
Fxecution times of HULfI instructions averages Qpptoxinately
.5 nicfoseconds per instructiom. The supervisor resides

L3

completely in control store} thai is, the control store holds
both the code and th; data struciures vhich Jlake up the
‘svsfel. In the inplementation each member is a conputef
‘emulator, so the systep's basic functions are thesé: to
provide dov level 1/4 Qupbort to mesber esulators; to.ptovide

a task swvitch capability; and to provide the systesm operator

vith cbﬁtrol and supervisory functions.

It should be noted that although all of iha'cpﬁpohents
of the system have been written and tested, they have not been
asseabled into a ¢oip1ete system. This vas due in' part to a

lack of availability of certain periphersl devices, and also ‘



/
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to the lack of stability in the QM-1 hardware caused by break-

in troubles and by shipping damage.

4.2.7 The Nember Fmulators

As has been mentioned, the member eluiators making up
the system are computer emulators. One.is a Yova 1270 emulator
written by Nanodata Corporation; the other is.a PDP-11/1C
esulator (Demco and Marsland, 1975). Information regarding the
architectures and instruction sets of these computers amay be
found in reference manuals (Data‘ceneral Corporation, 1972;

Diqital&fquipnent Corporation, 1973),

Neither emulator was written vifh concurrent operation
in wind. This points éut _thé generality of .the des}qn
principles, especially that of ;inilization of architectural
interference. An glulator can, gnd in fact shoﬁld, be designed
,for stand-alone operation,Aand thg supervis%r vill allow for
its inclusion in the systea without modification to the

emulator or to any other member emulator.

e,

The emulators' structures are sisilar. They are not
vrittén‘in a vertical sicroinstruction set vhich ;ia in tnth
interpreted by nanocodey instead, -aihvstoti‘instrnctioné are’
intefprefed directl; by nanocode. Also,’all I/0 opc:&tldni are

-

hgndled'by firlﬁaré tdutigeg vhich Teside in- control store,

»

~ e

and ate coded in the vertical microinstruction set AULTI. The
; yert 4 : e N

enulatots'ite reentrant. Both have a sil£11r>1y3£;9étion fetch
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and decode routine:

»

e The program counter is used as pointer into main store,
from which the next instruction is fetched. \

e A flag is tested. If it is set, the emulator pasées
control .to a wmicroroutine instead of proceeding with
_the instruction execution. The act of diverting the

emulator to this routine is termed a logical_ipterrupt.
The reason for having this flag is explained belovw.

e The program counter is updated.

e Some number of bits of the instruction are used as an
index into a table in control store froam which is taken
the address of the appropriate nanoroutine to execute
the instruction. The size of this table for each

emulator is 342_vords.
i

e The nanoroutine is executed,. performing the required
function. Preliminary actions may occur, depending on
instruction type (e.g. effective address calculation).
AMso, side effects may occur, such as auto-incrementing
of a register or memory location.

e If the instruction perforas 1/0, control pesses to a
microroutine in control store to handle the request;
else control passes "back to the beginning of the
instruction fetch routine to execute the next wsain
store instruction. '

.

The Wova instruction set is,nbte suited to this sort of
decodinq technique, as a quick look at the formats of the twvo
1nstruction - sets vill show. The elulators .-are startod by
spe&ialr licroinstructions 'added to - HULTI' these
nxcroinstrnctions silply cause céntrol in the ou-1 to pass to
S a particular ncnoaddtess (the start of the enulatot's fetch
and decode rontinc) tnther than coatinuinq with th‘ cxtcution

of the‘next«nic;otnsttuction.

The f3§ica1 interrnpt flag is usunlly set by an

interrupt hagdlor, indigatinq that one of tho caulatot':'

\
3 LI
oA

y

\
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devices requires service., If this is the case, the
microroutine invoked causes the enmulator to recoqnize‘{he
interrupt in vhatever fashion the emulator's architectﬁre
demands. For example, the Nova's routine merely forces a
subroutine call to wmain store location Q0. The logical
interrupt flag may also bé set by the command handler (this is

explained in section 4.3.4),

The. Nova emulator funs at betveen .3 and 1,25 times the
speed of a real Nova 1206, and the PDP-f1 enulator runs at .S’
to 1 times the speed of its target machine. Unfortunately, :
aétual couputets vere not readily‘:vailable for conparison of
execution times of sample prograas. aoquet; a benchsark
standalone BASIC pr&qtai took about' 4.4 times as lonq. to
execute on the PDP-1‘ emulator as it did on a real PDP-11/65

~ 2 machine considnrably more povetfnl than the PDP-}1/10.

‘ The control store. on the QN=1 acting as the host lachino
for the systen is larqe enough (SK 18-bit notds) to hold the
supervisor and device drivets for both enulators at once. the-‘
subervisor requires approxilatcly 1600 vo:ds\A,(ot ' task

.'svitchinq, coniand bandlinq.. and task conttol hlockl (soe

section u 2 3. 1). The lova, vhich snpports a tnll conplololt

'_. of I/o dovicns (t.lttpr,ACItﬂ rcudct. linn ptintcr, novinq‘

head disk drive, and cntttidqo tapn unit), occnpies about 1500
vords. rhe 909011 pronontly support- only a tclitypo aud a B
:~hiqh speoa papet riadot. nnd :cqnito- approxllttoly 500 uords. ’

;H(Inciﬁcntqlly. the papcr tapo :caact_dcvico driv.: actnnlly

R R T - : -
L. . . L C . . .o .
) ' . . A .. C o ) . et

I
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reads cards; this was done because of the ready availability
of paper tp //ngtvare.) Total contral store utilizat?gn;
including 1024 (vords for emulator instruction d?code tab{es,
is approxipately 460C vords. The nanpcode for the definition
-of NULTI and for both emulators also may reside in nanost§te
concurrently: MULTI occupies about.125 36C-bit vords, the Nova
about 67, and the PDP-11 about 125. The host has 512
nanowords. In addiiion, main store is larqé) enough for one
copy of each emulator's mpin store: each emulator can address
12K words of main store, and the hdstfpresently has 64K words.
(The QB8=-1 is'eqﬁiﬁped yifh a simple option for iqéping‘ main
'store addresses 'which persits more than one élnlatpt‘é address
.space t6 be resident canutrently;-aovevét,vthe'option‘ié not
Qophisticated enodqﬁ to - provide an efficign? " paging
sechanise.) Thug,‘ for a ‘silplev systea - coppkisé& ‘of” oné
‘elulat?é of each type, no vsﬁo:lgt‘:svappinq V(bthet than

registers) fs required vhén task SUigqh_occn;S.;

.~‘§:.233 g;;;_ﬁ;;gg;;;g§. 
._Thc.'supérvisot manages 'tvq llgjér diia sttnétgréslih

: §ontt611in§ ‘devices. ahd'f»-e-b.t, _b-ulniérs.; .:gcsc_. data.
;st;gcgntqs" tiaidiuiin 3¢ou§r§iﬁ;;t6t§, ~llf fnst_:qpﬁ.ig '13;-

- _required, The gb;xoviag'ss g’ai-q:;pggbp"otlcach.{



. 4.2.2.1 Task Control Block : uf

4.2.3.% Tagk Control Block

-

L

For each'nenber emuvlator, there is one TCB gontainihq
data used to control and determine the state of the member. It
is COlptiSed» of . both ehulator-independentA and emulator-
d;pendent information. The eaulator-independent information
includes a save area for local Store,féxtetnal store, and P-
stofe;'a logical halt 1ndicatqr (set vﬁen the elﬁla%or is
halted ;r | inactive); a single step indicato;; a vbtd
indicatinq-vhich.console cblland.fif any, is pending for the”
‘enulatof:‘ a wvord indicatinq how many more clock interrupts
must occur before this | task vill be ‘deactivated; and a
constant to vhich -the clo;k’countet is sci"hch the task is
activated ror a PDP-11 e-ulator, the dependent infotlation is.
.a copy ot the suitch register, a flag to 1ndicate vbethet .or
not this euulgtot is executing a WAIT instruction, and.a

pointer to a priotity¥btdoreq linked 1list pf"nnit' control

blocks whibh theA onulito:' ovns tnd vhichk lti doiiuding .

interrnpt 5or01cinq Thc lova's dep.ndcat 1nfotiution consitts,;
: of its. 1oqica1 -onse svitches and a tlug tc 1adicntc vhothor ’

or not {t nay be 1ntc:rnptcd by its dnvicos. znch !cn :0quircs“

.

| ‘apptoxillttly 50 coattol storo vordl. ;:‘
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4.2.3.2 Unit_Coptrol_plock

The U0CB is used by tﬁe supervisor to control the device
it represents. Device indebendent‘inforlaﬁion is comprised of
a link field for queuing the UCB on'fhe lovwer level interrupt
queue, ‘an entry point addrgés into the ﬁpper level interrupt
handler, the current ovner 1udentification, 'the physical
Qevicé”iddress, and status information. The device4depeqdent
information for devices currently belonging to PDP=11
é-uiators ihclndes a link}field for the glnlator's priority
interrupt queue, the ¢trap vector address, thé bus requeht
priority, and copies of tbe~'devicé' reqistets. .lova device
information is a 1list of handler ‘entry‘ §d1nt ‘dddresses

(correépondinq; to {input, oufpui, test, and null  I/0

operations), a done flaq, and busy/inact1VQ fﬂng. UCBs

occupy. approxilately 15 control stote votdl cach.‘

\

4.3 Wnu

zach of the lajot conpoatnts of the nnlti-onulatott_

systes is doscribod in’ this stctiol. The colponeutt ‘are: task‘f 

' sv&tch. I/D 1n1tlltioa, intettnpt ptﬁcossing. gnd' connnnd¥
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6.2.1 22&5_§!;;;£f7\\\\\~\--__\\\\\

Because in the implementation of this system the storage

—

réquirenents for both emulators do not exceed that available
on the Qm-1, tas* svitchlnis easy to accomplish. Tt is
tridqereé by timer interrupt only, although other svitcﬁ
signals (see section 3.2) may easily be added  at some later

time.

Upon receipt of - a timer interrupt, the task lock is
tested. If set, the ibakfin&icates that a céitical ppetatioﬁ
is lundet Vvdy (e.g.” DMA transfer)- and tdék svitch must be
:delayed antil the active enulator resets it, If the lock is
not set, the supervisot saves the curtently active ennlator's )
‘register contents in the desiqnated TCB save~a:ea, chooses the
;neit emulator tb7bg§ole active (a 'simple ';;tation,'suffices
" here), _;est¢r;;, its tegisterg ‘fros its TCs, and passes it
, control, Tﬁese actiéns réqdhre7a§p:0xgngt911 '20f microsecands.

in total. . o

. szsx_xmxmu

- !hen au onulator ﬂocidon to p,tfott an I/o.opa:ntto;,'

,5*.1croroueia¢ 1s ealloa to. &cco-plith the f'=°t1°'- ""‘ are s

L

uuub-r ot ronsons fot haadli:q -o:t 110 rtqtn ': xn cictoendc:'i,-”

; "ﬂxaehtr thtl dtroetly in ‘aaocoao. nost 1|po ' ?y. tho tponatﬂff’




'”i~_nunh¢t ot loctl stoto roqisto:o,nnd r-reqittorn a:o :;voa. 1&1..

- ;:1oue:t 1.*01 1nt¢:ttgt rantiao ;1;c¢; tho tntor:upti;;~‘

4,%.7 1/5 Initiation ' 4

Also, the wrifinq of efficient nanocode is difficult and

requires experience, demanding more time than should be spent
]

on anything except very critical system components,

v

Before the I/b operation proceeds any further, the
supervisor interpoges itself, ensuring th&tbthe emulator is
current owner of the device it is attelptinq to access (by
checking the owner field in the device's UCB). If the
identification matches, the emulator may proceed, having full’
access to the device; (Disk accés§ is an excepfion if aini-
disking is enployedy-SQe section 3,3.2.1.) If not; the dey;ce pw
is Silply ) made to .appear not. ready to the emulator. The ' ‘
unexpected apﬁeafance‘df an unready device conld. conceivably‘
¢QUSe‘ ptobleis in some -operating syéfels. so the operator -

should exercise care when feassiqning devices. In  this .

|

anle-entatibn, thié is the extent of the “standard device ‘
‘dtiv'er"“ concept .explained in - section 3.3, 2. 1.  The
'identification check is silple, c:catinq very little ovethead i
yet qivinq enulators direct access, to devices in ordot to

carry‘ou; low level operations vlth qfftcioncy._~

6.3.3 um:n&.nnsmiu

Tha nost iipettant !eatn:o of thc .ygt.. s 10t0r:upt,;:'“
' sttucturc 1: its bi-lcv.l unturc (ooo IICtiQD 3 3 2. ). !htn;

‘fan I/o intottupt occuri, the snpcr'isot q.ill control. A :lallfﬁ'

AN

X

. ot Q- v s PR ot ‘. . ‘ . - '\‘ v Lo
. . . , [ L : .- AT RSO I
i R B ] o oL PR ‘
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&
device's UOCB on a queue (NULTI has a special microinstruction,
ENQUE, for this purpose), determines the device's status, and
invokes the upper level inferrupt handler for the device
(using the entry point address found ' in the U0CB). 1In this
i-pleléntation, this routine is guaranteed to be resident. The
. upper leﬁel foutine determines which. emulator is dévice ovner
and pasges control to the appropriate subtoutine, in which the
interrupt is fecorded %p vhatever manner the emulator chooses.
For example, the PDP-11 emulator deyice driver does vhatever
action is illediatgly‘ required (usually merely getting
detailed status information m the interrupting deyiéejﬁ :
places .the UCB on its own priorify-ord;red (ntertupt queue, |
and sets a flag to logically intetrupt,iain" étore broceséinq
(see’ section 4.2, 2)' The subroutine then retutns ponttol'to

the supertisor vhzch dequeues the UCB fro- the lover level

queue (a ’%EQUE nxcroiasttnction is provided), rcstores the .

_Swall nusber ‘of local stote ‘registers and sr-:eqisters. and

L]

resu’es “the intetrupted task.

' Intetrnpﬂs are disahled 1n supetvisor codo only during
_qnouinq and dequeninq of ucas. in o-ulator cho thoy arc”

¢disah1ed vhenever tho ennlator chocscl. alually durinq its oun'*
A-quoniag proccs:. Intcttupts ntn stickod at thc lovest Iovcl.z_

Qhooovt:, a sccond 1ntorrupt fton L doviccv 64:0:0 the tirst'”

 21ntertnpt has bcon andlod and lts ucn aoquoa.d rtlnits in tholf;;}

secon& 1ntertnpt bcinq 1ost. !tc lovtst lavcl 1atornuptf7

=
.

«[h hlnﬂ10r n--llly reqnirot lcss thnn 7 nlctnaeconls tnoa "0~l5'7*

e
-



4.7, Interrupt Processing ' 45

moment the (QM-1 CPU takes the interrupt until the moment the

upper level interrupt handler is entered; typical tot

ros interrupt until the restart of the actf

handlinq'
enulator: order of 25 to 20 amicroseconds for a devicé

belongin eaulator.

.3

1ed in section 3.2, the sulti-eamulator systes
“the operator supervisory, control{ and debug
8 éoniands are provided to display and wmodify an
‘élulatxr ltoraqe flain store, control store, and registers),

-

Jear single step mode, to cause selected registers

to set
to be tr i_té ihitiaiize and reassign devices, and to start
and'stop 1: eaulators. -

The ianisl used to etfect an deratot conlanﬁ 1s
straiqhtf" V‘hen the intettupt handlet for the opetator's'
console ‘ “zis a counandtfor a plttiéulat aember e.ulator, A

1t_teco:q;;'he couland in that nelbet's' TCB - and siqnals it

with a logical 1ntertupt. The ncxt tise the esulator begius )

o executidh of a wmain store.»tnstrnc;ion, it viil tast its

loQicQI iinf}ftupt tlaq vadd' 1nvoke 1ts loqical‘ intortnpt _
.iicroroutino (s.ction 4.2.2), vhich in tutn will 1nvoho theé
A{coulaud hanalot. the connand htadlet vill chcnto apd. t‘tﬂtn«
N conttcl to the 1oqtc«1 ilt.tt!pt toutilc, vhieh vill rcsttrt‘.}
;‘the elllatOt. In tht& u‘y, connands 1&:30& by thc opotntor lt! :
| 1nw;g&b1¢- ~£of_,;bg‘ ;zpnnigg clulntot fxcopt tor tini;q;‘

: e T
EER A
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considerations, unless of course the command was intended to

affect it.

In a system with a small hardvare configuration, it may
be necessary to have one of the emulator consoles double as
the syst "coperator's console. This 1is easily done by
'proyidigg song simple mechanisia to "point" keyboard interrupts
at the appropriate handler, either the enmulator's or the
system's, Similarly, wmore thgn.one emulator may use the same

console device.
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CHAPTER V

Cornclusion

5.1 Pesults

v | ,
The purpose of this thesis was to éonsider‘ aspects of
multiple concurrent coupﬁter emulation. As was expected,'
experienée in the design and iamplementation of a real aulti-
emulator system has shown that most pfoblels encountered are
associated uith providing arn environment for exact coaputer
emulation. The task  swvitch ledhanis; is straightfgruard, as
are the control functions. Minimization of architectural
‘;hterference by the control program turned out to be a'éilple
matter for vell-behaved emulators. The interposition f the
firmvare support system between each emulator and eich device
has proved to be both practical and beneficial. However,
euul#to:/device interfacing is a serious problea. Due to the
ability of a cbnpnter to carry out I/0 at ab véry low level, -
the en;isioned standard interfage between a pagticdlar deiice
‘and any emulator occurs at a nuch'lover ;&;gl than originally
expected.
The conplexion_pf/Lhe !evice/einlgtgr ingerfhée chanqes
S e . » ~
drastically when the esuldtor is a high level lamguage
l;chine.;,'rgflectinq the .much higher ley:i of ‘I/O. . The
inﬁlénehiai§0n<qf aviﬁiti-éq?lator ;ys&el'vheréinilill ueibcf;u
| ' %’.*i{x. e '

.. i
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Ll .

emula‘*ore perform bigh level 1/0 exclusively is expected to be
a %uch simpler task than that of providing an environment for
exact computer emulation., In fact, I believe that 1in the

(perhaps distani) future only device-independent I/0 will be
‘ .

[
available to the main store programmer of a large &3enpral-

purpose computer. This is an intriquing pros

-

The principles and the gquidelines which have been
developed are sound. Their applicability has been desmonstrated
in the design of a real multi-emulator sySten, and I expect

that results’ vwill be equally favourable in implementations on

-

other user-micrqprogrammable computers.
v

" 5.7 3uqgestions for Further Research
» .

Design and implesentation of a sechanisa for providing
lpchine hiefarchies (section 2.2) would cértainly prove
fruoitful. In particular, the design ot' a.'general putposé,

microprograssed,. sysbolic debugger would be a great asset to

Zny multi-emulator systes, especially if the member esulators

had-.heeh designed to indicate the complete state of their

eﬁ'itdnlentS’“to_ the debuqqet, QPutghetnoro._ dcsiguiag an
esulator .v;th'fthe question’ "Hov can i‘lgko this easily run
‘ undet &"~Sygbolic debugger?” is kyre» to sake for _ sore

stfectured design, and hence lead to better strigtlt. in user

ProqralsQ . " e o : T -
| . . | . . [N . . ...
L o S . : ' . ) .
The idea of placing lov level 1I1/0 functions in the

e ' , . _ .
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firmware and- leaviﬁu the main store order code with only
fairly high level I/N capabilities has cnly been touched on in

ttis *thesis (section *.5). It is certainly worthy of “further

research,

Very little attention vas given herein to task
switching. True, mere accomplishment 1is simple onouqh, but
providing efficwncv/-/(lsonethin,g else again. Several aspects
could be investigated, applying results fros operating systeas
theorv:

e the examination of task scheduling, which types of
events should trigger task switch, and hov the opetator
could "tune" the systen' and

e the possibility of partitioning storgge amd of
employing paging hardware for main store gpd control

- store, and the application of various paging

algorithas. .

Protection in a multi-emulator system is a valid
research topic. "How can one compromise betveen providing
protection and minimizing interference? Can the supervisor
-akg'it easier for the meaber esglators to be well-behaved? is

in the previous suggestion, ideas may be taken from operating

"'gystems theory, where protection is a major concern.

» These suéqestions indicate,;niy a small number of the
" possible avenues 6f research, and vere provided only to spur

tnrthet vork in multi-emulation. I hope they will.
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