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,Thls d1bsertation outllnes tne addxtlon oﬁ memcry managemenL facilltles ‘to the
Standard Multltasking Operating System (SMT), a real-time kernel whick prOV1des
Y nultzaask:ng environement for applicatlon tasks wrltten 1n the h1gh—1evel .
: 1anguage RTL/Q» S S : L

The concépts and d?sign philosophy used to achieva th1s ObJECC1Ve as well as f;‘ ;

the uﬂderlylng cancepts of realutima programmlng are. di“Cd%Sed

::An implementaticn far the standard manmry kmanagement unlt of the Dl&ltalf

'f;Equlpment Corporation PDP-11 series is described and an evaluatlan teqt in. anf.ff

on-line process control applicatioh is discussed
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 PREFACE

'auring the period 1981~1982 the author ‘was involved in the design and
_commissioning of the instrumentation for. two large scale chemical process
~plants belonging to AECL Limited. This experience was followed by a year (1983)
v‘durzng whlch the authoz carrxed out . exrensive work on rhe;SMl opelatlng system.ﬁ

. The: Elrst two vears gave the authoz experlence in the area of process control,
‘process  characteristics, the limltatlon of standard instrumentation and’ theg
 conceptua1 necessity for real-time process control computing. Installed &s part

of the second instrumentation project, was a large supervisory computer which
performed  the control - of a fluidised bed reactor as well as provndlng tha ‘

: ,sophlsticated presentatlon o£ process data

‘. The author was subsaquently 1nv01ved in the enhancement of an ex1sting computer

tystem used to present to an operator, the status -and- y1eld of mercury cells on -
& chlorine plant. At the start of the project, it was discovered that the
operating system (SMT) used to prGV1d° the multxtaskxng software environement,

. had reached the limits of its memory addressing capability. This 1mp11ed that
the necessaty modifications could not be implemented in the computer system.

This 11nutat10n had 51nu1caneou51y been reached on other computer systen& using

L SHT within AECL Ltd ‘as well as at. lmperlal Chemlcal lndustrxes Ltd in the UK.
" The head of the process conmputing group of AECL Ltd decided that the project .
~should be split into two parts, namely the enbﬂncement of SMT to 1nc1ude momory;[f,

management facilities, to be carried out - by the authpr and secondly the

_ dimplemeutation of the appllcatxon modlficatlons for chlorine cell control by a
‘jsecond englneer. 8 : : ‘ : WA

: This dzssercatlon desarlbes che concepts and deS1gn phxlosophy underly:ng the
: addltion of memory managemenc facilitles to SMT

‘  'The work descrxbed in this dquert txon wa s prcsentad as a paper at the RTL/ N
’__;USFRS GROUP oE South.Aﬁrica 1983 conﬁerence. y
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CHAPTER 1

lNTRODUCTlON AND STATEMENL OF PROBLCM

1.1 LNTRODUGTION |

This dxssercatlon ouLlines Lhe add tion of memory management facilities to
the Standard Multitasking operating system (SMT). SMI was designed at
lmperial Chenﬁcal 1ndustrias (1C1) Limited in the United Kingdom in 1977.
‘The operating system was speciflcally designed ﬁor real ~time multltaskzng

5;process control systems.,,f~‘ , , e :

.. SMT wa's designed 50 tbat mall computer apwlications can be implemented in
a simple manner. The oueracing system 1s compact in that the complete
ke operating system occupies 4 k-words of memory. A kernel of this size is
~ideal for single board computers where the complete syster may reside in -
- 32k-words of memory. SMT is also efficient in that it is written in RTL/2
- specifically .to support ‘miltitasking application tasks written in RTL/2.
This  feature 1is extremely useful, especially when considering rhe',
~ input/output method (streaming) of transmitting data in RTL/2 systems. :
CRIL/2 is a romputer language designed by 1G1 Ltd in the early 1970q,[ e
"specifncally to cater for the needs of real~time programming in process
~ control computing. The language has a number of features wnich make it
“suitable for this purpose, The primary advantages of the lanpuage is that
it is  secure at system generatlcn S time ‘as well as at run-time. Other
. inportant features of RTL/2 are its simplicity, the compact code produced_
by availablp compil&ts and also its. pOICabxlity., L

SMT W111 be described as a kernel in the remalnder of thls diasertacxon'
- since SMT comprises the basic core of an aperating system. SMT does not <n
‘its standard form, have file handling constructs and does not interface
with a disc drive. The SMT kernel and all appllcatnon tasks reside
—permanently in memory. o g b L

V‘The SMT kernnl is wrxnten prednminanently in RTL/Q except for one module,~
written in macro-code, which containg all the procedures which  interface
with the processor. The advantage of having SMT written in RTL/Z is that
it is easily c.ansportable between different makes of processor, This

~feature also makes the producnion of an RTL/E environement for user tasks

fheasy to achieve ‘ el

A ~fgagure oﬁ SMT is its portability. SMT has been easily moved to a
variety of processors since the percentage of the kernel written in
machine dependent macro-code is small. The work in this thesis is coufined
to SMT running on the 16~bit PDP-11 range of processors manufactured by
the DIGITAL bQUlPMBNT CORPORATION, On these computers, SMT based systems
were confined to £it within a 32k-word mempry addressing range. With the
increassed ﬁunanional requirements of individual process control computers
based on SMT, it has been found that this addressing range is 1nsuf£icxent,
to EQULain all tha nﬂsks requixed ‘ o : e

This requiremant fﬁr 1nureased praaram siza prompted che iﬁitlatlon of Lhé

“project reported in this dissertation. The -aim of the project was to
enhance SMI to efficiently utilize the memory management unit on PDP
procesgor boards. By doing this, the addressing ranpe of the system
could be increased to 128k words or 2N ward% - deponding on whehhpr an 18
oY ?2 hiL addre&aing hus ﬂq uged, ‘

 The SMT kernel is extensively isad thhun ALCL Ltmeed and the éuccean of" L
the work has cpened UP new possibnlities for the use of SMT,

= 1‘,*4,'
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The . rewaindcr of this cbapter 1ays ‘down the speciﬁxcetions f:or t:he memory
managed SMT. The procedura used to reach a solution and an outlme oﬁ c.he ‘
di ssartation is given in section 1.3, : e
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1.7 SPEULFIGATIONS

"ﬁna'mewmry;mauagem MU was dusagues with the P obgectave ol satislying
all the speeiffcations laid out belaw, ‘ ; ~

1.0 e presens  uestrictios of owsdog bAk Bybtes  of memory should be,
o eiiminated. T S : ' e o o e

CThu ey maT AR E me: snit o Ehe PDP. L1 mlﬁlbompuLer sysnem shou]d,
Che Bl lized to wanvidn eirhez 18 bit or 22 bit physical adfresa feace
',gﬁﬂﬁ‘ul‘innp, P o i i S R :

g%} A:"yxmﬁauy, mdividual Las%n canuol be ]inkvd without rebuilding the"
compieie avstem dmage.  This 1imiru ion Should be elimxnated.~ :

LBl s Lagls  canmol  be ,Icaded into'ﬁanmry f;om a mass storage
agdine Gike s magoetic Lape cartridge. This restriction should be
LT ST T T e o . SR

s ufa;eur7;3ﬂrmaaa{~auu “tu the additional nEema Ly managemenr facilities;
sheudd e ae o small  as possgible, so that  the overall system
.wﬁmwmamﬁw;mgvnm@“aigm3fiuannly degraded. S . :

P el CRGELDW WM URE xmﬂ pnwirmnement should not be jeopardxspd

et r AMM¥¢mﬁﬁa %MT vased system should remain ay imple

R S . L




1.3

~ of the problem and the SMT kernel would be assured. A basic requirement 4
 for the proposed solution was that it should entail an integrated approach

Er e et SURSRO RN y e AAEL rimirbnat et

Lot

OUTLINE OF METHOD USED 10 REAGH A SOIULINY

_The project was - approachpd iu a maLhcd1L¢] manner so that a final solution

could be attained in the minimum amount of time and a full understanding

to aspects such as sofnware documenaaticn, user friendllnes¢ and that an

RSX11M aevelopnenc environemenL shou;d be used (since this is used within =
AECL Ltd),‘ in addiCion to- the real time kernel enhancements apecafnea 1n‘ -

sect1on 1.2

f,;The major stages,of~théonrk wéfe'as Eolidﬁs: ]iu'

1o A study waé‘ carried out to decerm1ne the full imp;1cat1anu Gi Ihs 

requlremEnts of thls pro3ecn~

2. A 1icerature survey was'Carrieﬂ out, that is a search was made inb
: a1l avaliable books and computer journals for articles ghd paner%‘

rela“ing to the subject (See Section 1 4/.

B;f,‘The exxstlng kernal was theu 5tud1ed to understand rhe modus operandi

of a}l the procedures and aiso all’ the;data structures.

b A solut1on' was,fchen :praposed, inplemented;;andf‘tESted oo hnet

o mach1ne~

5;,‘ An existihg system tunhing ‘under the originél SMT kefnal w&a

- modified to operate on the new menmry managed vers*on of SMTy Fhiw
system was theﬁ inhta]led on a plant computer. B

6. A tachnzcal manual describing how to bulld systenﬁ to run under ere

‘new kernel was erften‘

The first 4 parts ai expla'\ed in detail in this disséxtation;kwhe1&aa 5
“and 6 cover implementaticn details aud are not covered in this renor
~For Eurther 1nformat10n Reference 2. 8 should be ccnsulted

Chapter 2 gives a br1ef overv1ew of real- time systems, Lheir ph1los0ph1e&
and 1mp1ementations :ogenher with an exam1nanlon of the lzte&ature on rbt -
‘sub;@ct. ,

lh:~Chaptér‘ Bg‘fthQVQXisting kerbél,(SMT)‘is examined‘toﬂfuliy underétah@

~its mede of operation. An overview of RTL/2 based operating systems isc
~given and the advantages of havxng SMT written in RTL/2 are discussed

ln;'Chapter 4, the phllosophy used to inrlement memory- management e
~presented. A detailed explanatxon ot the impllcatxond Qf the proposed

modifications is made.

Chapter 5 presents a summary of the system with particular emphasiy on

~ user experience in dmstalling the  new kernel into an existing process
Ccontrol syscem.  This chapter alam dwururavq ﬁwﬁﬁihjt further work that

should be dOna to SMT.
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‘ LlTERATURE m«‘m o

n trylﬂg Lo £ind informatiou on real time oparatlng syscems and real»tlme Sy

: “programming it was soon found that very few books on this subject exist,
" There are however many - papeks on the subJect, each detailing a aertaln'

',aspect of real tinﬁ conputing

~ The ‘paper by Ky}stra (1.1) presents a clear model for real-time sytems.
~ His model ~outlines Lhe “tremsition of a Cask Lhrough the various states
that it may occupy any  point in time. Kylstra then outlines how a

real-time operating sySCEm should be able to support multitasking system,

‘~~,%his paper gave the author che in51gbt 1nto real tlme programmlng.,

: The paper by Anderson 2.2y pre sents in a simplp manner, the purpose of
~haV1ng an operaL1ng ﬁystem, the concepts of tasks (or processes), the

concepts of te~ﬁvtrancy and the various elements which together make up an
operating . system. This ~paper. is rQCOmmended to any person who wishes to-

~understand an operating aystem conceptially, without wishing to know

- 1mp1ementation deta:ls-

:J G.P. Barnes, a leadlng authot1ty on real—time ccmputxhg, has published a. .
number  of papers on the subject of real-time computing and on RTL/Z. His

paper "The wse of RTL/2 for Multitasking' isolates the key concepts
underlying real-time software for process control. This paper also

~outlines the 4dea of input/output data streaming and the problems

associated with task scheduling. As the de51gner of RTIL/2, any user of

 RTL/2 should have access to all of Barnas's ‘papers which detail the ame‘ 
“and objectlves ol RTL/2 and th° 5ublet1es of realwtlme multltasklng. ‘ ‘

1E is ﬁelt that the referance sectxon of this r°port, summarizes the key;’

references concerning the design and operatlon of practxcal real ~time

‘,kernalsy~

On. thé‘ genetal prlnclples ct operatin& sysLems papers 1.1, 2'1 énd 4.1

- swere  of particular“lnterest, These papers led the auchor to a deeper

‘understanding of operating systems, their functioms, objectives and
structute. : L R g S ; C i ‘

~On Lhe sub;eét ai realmtimg programming Lechnlgues, ﬁeferencas 3.1 and &
o were of particular intéréﬁt sud usafullnass :




2.3

REAL~-TLME CONCEPTS

2. 1 REALn&lME FOMPUTER SYSTEVS

‘There are maqy classes of aomputer system. This report is speclfically[

concerned thh real-time conputer systems as used in the process control

{ndustry.  These computer systems are used for the gatherlng of plant
Z;nformatlon and the conLrol of planc varlables., ‘ :

,iReal -t ime campuner control sysLems opera e in a timendEpendent envitonment
in which the controlling system should “be sufficiently responsive to
changes that are occurring in the process that is being controlled 80 that,

the future behaviour of the p rocess c¢an ba successfully modlfied.

,ffThe computer system shoulﬂ appear to react 1hstantaneously to any stlmulus
~from the enviromment. This has to otcur in order to avoid the loss of
1nformat10n concernlng the changing environement. 1f the computer does not
accept the process information(data) fast enough, the data in. the computerg‘V
,w111 be out of daLe and therefore useless.

‘ Thé design of software to run on rea1~Lime systens requ1res an 1ntimate
 knowledge of the process being controlled, the user requirements of the

'conputer and the mechanisns of realncime processmng

This ,ﬂhapter wxll outllne ,ﬁhe“varlous,‘accepted,c0ncept5wreievant ko

reéi-tlne computing.

:KERNELS AND OPERATth SYSTFMS.;

;Modern general purpose operating ay%tems have many fac111ties which ease
the work of software eng‘neers in attaining their goals. These operating
. systems, contain structures which enable tasks created to be incrementally
~added to the system as soon as the task image has been created. Such

operatlng systems have structures fo handle file manxpulat1on on secondary

“storage media such as  discs. Thesa operating systems usually communicate

with the hardware ‘vxa a layer of software d1ﬁferent to the hzgh level

'languagg belng ugseds

in contrast, Pernels such s SMT operate with a minimal set of features.

These kernels normally ‘occupy a small amount of memory. Kernels ave ideal

for single board computers or microprocessor based systems. Thus a kernel

is & 'subset of a larger operating system. Kernels are often faster than

latger operating systems ~ince they operate very close to the processor

‘ hardware and extra software layers are absent.

, ?orf,this reason sz Wlll be referfed to as a kernel rather than an
operating system in the remainder of this dissertation. o

| 'RE AL-TIHE PRIM’L’FIVLS

: j,CraaLing raqkb to run in a x&dlmﬁ1me EnVllonemEﬂt requires ¢erLain spe&&;)

features, of prmme inportance in 1eal~t3me prcgrammlng are Lhe followln

1. The abllity ﬁor tasks to bL ablc to communlcate wlth one another and'

to synchronize with one another.
2. - The ability of tasks to commun1cate with ]/0 1nterface hardware W1th

i 6 —
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the highest eﬁficieney‘u

3. 'The ability of tasks to gain exclu sive access to shared resources~ o

4. - The ability to be time dependent/controlled {riming).

5+ lntermupt handllng mechanism to contra‘ the interactlon with the 1/0

hardware.

6.  Error recovery and repurting mechanxsms used to pranect rhe svstem,ff'

, £rom errors. generated by user tasks.

A real~tnne prlmltive s an operating system call that soncepLually"

~ performs one indivisible operation when seen from the point of view of the

. 1p the SMT kexnel dlscussed in this diseertatlon; fhis interface is formed:~' '
by a Comblnatlon of the executive calls such as VAIT, DELAY, SET and
‘others, together with the hardware (H) — tasks. H-tasks are tasks written

issuing program. The regl-time Primicives form,an interface between the

usar tasks and the executlve.,

to service eenterrupts from the hazdware and whicb Operate ina non RTL/Ze“

sen v1ronement

This ~software layer'fnnhances the raw hardware,i by adding additienalb

‘,'Eunctlons needed for vealntxme computing

2.4

‘e‘A Laﬁk is che ccnceptual thread of - control definxng an active program ina

TASKS PROCEDURES AND MULTITASKlNG

Thxs :sectlon‘ 1dent1fies the dlfference bctwaen tasking, procedures and
nultltasking In many of the papers cornsulted by the author, the term task

as used in RIL/2 based systems is used 1nneruhaugeab1y w1th l’he term}’

prCESS« 1n this dlssertatimn the term Laslc is nsed

Lomputer ‘system. 1t is the execution of a sequentlal program to perform
one self cqnta1nedf‘£unetlpn. The app11catlon suftware in  a complex

real-time computer system 1is organized as a set of tasks. These tasks

execute ‘concurrently'" and co-operate to xeallze the overall system

;function.kApparevt caneurrency is provided by a multi- tasklng execut1ve as,,'
. described belowu , o , ,

The task is thus the highesc form of control in nhe hierachy of executable,'
statements. A task may call procedures and a pxocedure may execute a

fsraﬁement, but the reverse ig not true.e

As[fan~~examp1e, in a process c0ntrol applxcation, the computer system may -

“contain one task controlling input]outpuL, another task doinp control and

optiuﬁsation caleulations and a chird operator interface rouc1nesh

‘ "Real~t1me tasks may be ptugrammed in a var1ety of ways.: The task may be;

dormant wuntil some sipgnificant event vestarts it, or the task may execite

in  some eyelic fashion, with ‘a2 time delay between executions. At any
~instant of time & task may 0ecu py one of the states shown in Figure 2.1.
‘The state it occupies is dependent on the action of the tas k,‘the;pricrity

oﬁ t be taek,and the state of the n“@puter &yeLam.

A procedure is & collchlan of execuhablv stutements, Wlth ﬁhe mbgeelee

of performing one function. A procedure may for example add two numbers or
calculate the elapsed time since . some event or it may pexfonn some‘;

‘algor1thm ﬁor example, a P1D calculation for a process contr01 loop..

‘A procedure ie passive and memely conLaine a numbet of related execunable‘“
statements. The procedure 15 an 1mportanL tool ﬁor the structured deslgn

Ve A
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3' of taskn and thﬁ management of complex1ty

' Mult1task1ng refers ,to ‘the implemenLation of the concept of Laskxng, by

~multiplexing a single processor amongst miltiple tasks. All the tasks are
apparently running in patallel to  one another, but only one is in the
“running" state as shown in Flgure 2, ] while the c*hers occupw one of the

fother statesy S : R

Multitasking eﬁabieé the partitioning of the system function into a number

 of indivzdual ‘tasks, each responsible for a single function, for example,
o one ;task ‘may do 1/0 ope”ations only, another ‘may be dozng computaL1onsp‘ ‘
‘only while a third may be commun1cat1ng with an operator. - i

 Mu1titasking ‘alsa permiCS the fasources‘to be used‘to their’fuliest For
~example, the processor may execute -a second rask while the first 1s busy**
“comnunlcatlng with the inherface hardware. ~
,For]ﬁnltitasking_tofbe performed an. executlve kernel must exist to mandge~f

© these tasks. Real-time operating systems are special and these are ..
';discusséd'in Section 2.9. : : T ‘ :

mTERRust

An interrupt may be deflned as the suspenflon of the runnlng ‘task due to a”k

szgnlfzcant ‘event occuring in the hardware or in a task elsewhere in the

computer system, When an 1nterrupt occurs, the context of the 1nLerrUpted‘

task  has to be saved and an interrupt handling procedure is to be called

 't0 SPlVlCe the inhurrupt. There are three Lypes of interrupts, namely

Ok I Clock 1nterrupts

2. Hardware Interrupts

3. Software lnterrupts

1n time—critical  situations it is 1mperat1ve that the operar1ng system

~does not inhibic 1ntefrupts for long dintervals.  1f 1nte1rupts are

‘inhibitted, an interrupt from : he system hardware timer used to update the
time parametars may be missed and thus the tables may fall out of step
with the true time. Similarly interrupts from devices requiring to be =
serviced by the processor way be missed, resulting in the information

- 5(data or statiz) CDﬂng from the plant, or environement, belng lost.~,'

‘ln a realutine conputer system th@ updat1ng of ‘the presﬂnt time clock in

the kernel is eritical, since in a real-time system it is the time

dimension which ‘controls the state of the processed tasks, In most

real-time systems ‘the clock interrupts the processor at a fixed time

dinterval.  The time spent servicing this interrupt should be as short as
‘possible since the clock interru:ts the processor frequently and cbuld,

consume ai‘great deal of processor time, -The operating system uses thisg
time dintermupt to update all the time-dependent system tables An example

“of this could be a table of all the. Lasks being delayed

A hardwafe interrupn could mzzginate from any I/O interface device

connected to the processor. Any device that wishes to give data or status

information to the computer system, first [lags the processor  for
attention, and  then the kernel executes the Y"servicing routine™ which

controls the protocol of the communication with the device.

A "software interrupt” , or "significant event" is a term used when a task
reaches a stage when it wishes to stop execution, be delayed or it is.

awaiting to access an input/output facility. 1n such a case the task

,’f a
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‘cshnop
~ change

execute further and thus anuther task should run,‘ime. a task
“should. oceur, This task change ig'a fom of an 1ntarrupL but 19g;g
controlled by task communications and resource. allocatxon. : :

2.6.1

2.6.2

- 2.6.3

2.6 MEMORY MANAGEMENT

ylntrcductiqn"'

A problem encountered in many 'compucﬁrs is that a fixed

word-length, limits the addressing range to 2, where n is the word

‘length. That is for an 8 bit computer system, a memory of 0 - 256
- bytes can be addressed directly o1 65536 bytes fom a 16 bit
~ machine, i . - : Sl e

. To overcome this limitation, thé‘éanaept of a viftﬁal address sbace -

was introduced. A virtual address space is that part of the total

‘physical = addressing range which is in scape (ie directly
addressable) at any dinstant of -a task's execution, The total
physical addressing space can now be cons;derably larger buL at any
one instanty a rask can only access a subset of ﬁhe total physscal~#~
 memory. ' : : « : :
1in  the future, processors with larger word lengths will not have
this problem, since the virtual address space will be so 1arge that
_nEﬁory management iacilities will ot be neccesary. ‘

Paging Systan  ,

A technique commonly used is'nﬁnbtykpagihg. The: memory addre551ng
~area is  segmented into a oumber of memary pages, thh each page

hauing a certain maximum 1ength.,‘

Memory Management Hardware Suppar

The ‘hardwar& device used to implement paging is commonly Lalled a;“‘
memory management unit'. The primary function of thig device is to
transform the fixed wirtval word-length of the processor “to a
k~1arger word~1enpth.usad to. addrqu ths phy51cal memory :

247472

2 '%TACK~BASED MLCROCOMPUTER SYSTEMS

Entroduatiqn

A veal-time language or system 'bésed “on the stack method of
“i cparation vlfers many advantagps over other method«,

A qystam which maimuaxu 8 awparate acgak Ecr each Lask enablea -

re-entrancy of procedures to be achieved. Re-entrancy is possible

© when the local varisbles of a procedure are not stored in the
procedure rode area Dbut rather in an srvea associated with the
calling task. A method  for achieving this is by the use of a

stack,

A stack is -an area in memory which is‘dynamically ailota:éd o
. store local variables and intermediate vesults of a procedure. In -
“RTL/2 the link cell which stores the program counter of the calling

procedure 1s also stored on the stack. To be fully spEC1£1ed each

task, inm RTL/2 has to have its own stack anc its own. ‘base
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,proceduré‘;'

_ fact Bannes jf Ref 3 1 staLed Lhar ”ln fact the stack can be
fseen as. Lhe concrete personification of the abstract task! :

~a stack enables procedures to be re~entrant since all
V“varlables are stored on the stack;y

"257;3\ Raeentranc2 :

eature

in a multlLasking environment re-entrancy is a desirable- s
a4 use"”

“gince many tasks, ~each in a different state of exeautlon
‘the same procedure simultaneous*y4 ln facL, a procedure
;1tselﬁ,i‘ e : : , .

Re—enurancy in‘ a stack baaed language may be imnlemente,
easily, but with certain precaunions. A1l the data

_procedure should be stored on the stack. 1In the RTL/2 la guage,tf"

“for reasons of executicn time predxctabllity nnly Sualar 10‘ e :

"~ can be stored on the .
- arrays and accessing them dlrectly are not re—entrant
'~‘ptoceduré is passed a pnznter to the array, the procedure; ; e
~ re-entrant.,  (The concepts of rewentrancy in RTL/2 is explained =
.,well in Reierence 3.1). : : : ; 3 '

2 8 SCHEDULlNG OF TASKS

« fThe haart of a real ~time ‘kernel is Lhe scheduler. 'The’schédﬂié:_
“which task should execute mext. In other words the scheduler p
jschedulang ~a1gor1thm which is a set of rules that determine what [

Lo be executed a partlcular moment. The scheduler also con
saving « and swopping Qf task environments at,;task‘wchange :
‘fdespatching) , - - L

i,kThe schadulxng of rasks by Lhe openatmng system nny be done in
. of ways. Oﬁ 1npoxtance ara the followLng me thods:

112;8@1 ~Run to Completlon Techniques

‘Each ‘task. runq ﬁrom start Lo iinish wnere upon the follox\
will run, 1n & real-time enviromment this is not acceptib:

~ tasks may be intevdependent and a task may never run to comp
due to intercunmunicauion batwaen Lasks‘ :

~‘f258,2 ,Time Sliclng on a Round Robin Ba51&

~This method utxlmzes the Lvahﬁ1QUe ol ﬂllccahing 8 ﬁixed tim%
to - each task. TEach task created is put dnto a circular lig
~execution of the tasks occur consecutively as laid out in th ;
“The parameter used Co determine when a taslk swop is to ofc ;f"

the Llapsed time of exacuﬁion. « See Figuxe 2. 2) : n

~This method do es not take into ‘account the relative priority
the tasks. Bach task has the same priority as all the othe
- its kurmn to execute is purely dependent on where the task is
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~Circuiat‘liét;~f

k;lf ‘8 task is not in an executable state, that is it is waitlhg for ~ ;
a sxgnmf1canL event to -occlr, it is stil) called, but returns

. eontrol  to the scheduler immediately, This useless call is waste
- full of OPU tina and thus ‘the CPU is not. uscd optimally :

kA time qlice Lask will execute until exther.':

Cd. it s wairlng for 1/0 or some ﬂigniflcant event to oceur or

',‘2.,' it's time slice geLs exhausted

- Another dlsadva“tage of the time sticing techniqua xs‘theiwaiting:'
for resources. 1f a given task wishes to access somz ‘resource or

‘eventiiit‘has £o wait its. tum to execute.

‘2§833  Event Driven Sch;dullng

.  fTh1s, form of scheduling is also commonly refgrred to as’@ribfity -

'«schedullng or pre»emptive scheduling‘,

"using this tuchnique, each cask is assigned a relative priorlty.
The  order of priority 1is obviously in urgency order, background

; tasks are mnormally assigned low priority whereas foreground tasks
e a:a a551gned higher prlorities.~ That 45, tasks that ave tlme;‘
‘critical should have higher priorities. 50 that they execute more

,ofnen than baakground tasks,

' The opetating ystem emplo)ing  hiS,fmeth6d‘will’alwa§s £ry and

,,execute thﬂ highést pxtarmty cask.;

 ;REAL TIME COMPUTER GPERATING SYSTEMS

,‘A realwixme kernel should provide: all the Eacilitues to control 5
nulLiLasking envlronemnn, Tha main purpan of any real~t1me kernel are Lhe
following: L i G , e

~ ig The alloaacxou oﬁ resources @ &, CPU, device dthEXs; memory euc.~

'Zi'k‘The acheduling Df tasks m&%ng o ne Qﬁ the methods outlined in- SBCCLOU -

(Task Nanagement)p

3. Prcvidlng the interwtask nommuniCazmon channels.‘

é,,‘fThe SUppoﬁL of multmtasking, thus maximirxng the usage of all system~:‘

TESOUTCR S

5, An mnterrUpn handljng machaniam.

&;'vkl1ma keepinf and updat:ng m:ﬁhanaqm Lg update Lxme~dependent system o

‘T hl& L

7. Error recovery mechanisms to avoeld the total collapse of the system.

The ‘manner in which a kernel ‘inplémehuS' these fEacilities gives an
“indication on its power, £lexibility and efficiency. Furthermore, a ker~ °
‘should dinplement these facilities without consuming too much c. whe

- 11‘u‘
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‘fﬁpfocéssor‘fcime 1(pxcce550f overhead) li this 15 not the gcase; a great"
o deal of  time is  spent ~servicing all - Lhesa £acijities‘ rather = than

2{10

processing the user tasks.

THE RTL/2 LANGUAGE

The RIL/2 1ahguége was. designed specifically to oater for the ne eds oE 
real time prouess control computing‘;‘

; The : ;mguage wag deﬁined in 1972 thhin lmpexial Chemical Inoustries Lnd
in the UK to sgatisfy the needs of real-time computing, at a time when

_vomputer lauguages such as FORTRAN were available only. RTL/2 provides

features for the design of real-time systems which even at present cannot

- be easily matched hy many languages. The language provides features such

. as eﬁﬁiciency, securiny, portabillty £lexibi11ty and also productivity. kVVf: o

, Tha language is secure due to the following reasonq,

15v  Secuak conpxle tivn checks and CQWPiler virtually bug Eree,

k‘2,f kStrcng typing checks are forced on che programmel.

3. ‘Run~nine checks and error hahdllng mechaniQm is provided.r

‘ ;4, Qhecks on the scopa Iimitation 0f the GOTG statement at complle tfne,

The languag forees the user Eo- obey struﬁg typing riles, Included in

this, is the specificatinn and initialisation of all data at compzle time,
thus av01d1hg ~tasks starting up with unknown quantities in data

~structures.  The scope limitcation when using LABELS in source code is also

rigorously ghecked, The compiler dtself is written in RTL/2. The high
qual ity compiler executes rigorous compile time checks on the source
program which results in predictable kask execution at run-time. The
compiler has been approved ‘as a British Standaxd ensuting uniform code
producLiOn where gver RTL/2 is used, : : : , :

A:; run-t ime che languagc contznumusly executes stack and array bound
checks, trapping any unpredx able data structure access. 1f an error is

~derected; the error handling wnchanisms ensure chat the error is renorded~‘

for latar analysis.

 The 1anauage is parﬁable; sirice one of the language definition objectives

~was  to make it progcessor independent. The only assumption made, is that

RTL/2 will rwun on a processor with a minimum word length of 16 bits. To
date RTL/2 has been, inple&nLad on ot least 30 different types of

Processors.

The 1anguage 1S flexible since it supports all the common pLimiLiv data
structures namely bytes, fractions, integers and reals. Also, the MODE

~decla?aﬁidﬁ gllows the user, to daclare his own data stluccuxe in the Eorm“

g of a reco1d.

Uger produetivicy 4y inereased, Qince RTL/2 bn1ng a high 1ﬁvvl 1anguagek

“enables the use of all structured programming techniques. Another polnt Lo

note dis. Lhﬂt the full language can be 1garnn in 3~4 days.

' Conpuuar“ systems written in Lhc high~level lﬁnguage RTL/z are easy to

maihtain.’ The use of machine specific code, which may obscure the logic
of ~a wuser task, is eliminated. This fact also prutects sysnem managers
against staff mobility ete.

R




T St Sewmmedms | edeen o L6 R TGRSR

A u1] descriptlon of Lhe 1aﬁguagg éannot bc given in a few pages. lf any"'

'mne wiches to delve deaper into Lha,languagc{ Referances 8.3y 8.5 and’B,é

dra partxcularly recommendcd

E A Few Luatuxas whigh should bc mpntioned bruefly, are- the ﬁollowlng

.,This ‘avoids unconditional  jumps among code which may corrupt the stack~' 
“enviromment, The language is amenable to the: concept of structured -
'pzogramming in that LhL 1anguag& is block Orientated.‘ i

‘ Tha language Joex nnt cater Fur dynamic data ﬂLarage ailocation. The main,k
reason foyr doing thi; is  for eA?nuonn “time predictabﬂliny,,of the

eaecutang progrems~~
i

Thy k“COTO“ functiuﬂ 15 provided buc may cnly be used internal to & block.

’Thﬁ Rru/E lﬁnguage itseli dies mot explicitly define inpuL/output
mechanisms, ocperating system features and 50 on. 1n cersdln areas , gulde
Clines have been givani Qn how to stream data, to and from tasks written in

RTL/2. (sep REF 8. n & has been dome specifically to keep the language
narf\ble, . B NI n G ‘ e

mmﬁmsz{"wmunzcmmm

Signalling between a %ardware device anﬁ the proce¢sor takas placa via

Cintermipts. In @ similar way in many operating systems, communication

: amongst tasks is ﬁupparLed by a r&saurﬁe calied 2 software event.,

A‘ Snitware event 1is a Ela:;3 bUL the mechanism,used to set and reset this
fleg, gives the event its special feature. Bach event is 1dant1£led by a
nvmber and can occupv only one af twa states, namely “SET" or ”RE&ET“ N

‘%a: le!Q based systems, dﬁ event may be SET by one task and rece;ved by

sue ov more other tasks. The tasks "WALTING" for this event flag are

vemy el Yrom the WALTING list. These tasks then reset their Copy of the
*‘lag 4nc %avin exeautmon.k L ,

i a‘sim;xar Ay s vviumng raunines, nperatmng Very alase Lo che procPSSQr,;;‘
‘hardware, ge pvenks Lo communicate with tasks working in an RTL/2

snvivonement

A soltware even if an *xaautive resource and therefore nhair usage should -

he  done with ware;  spect ivnlly ansurlng that event numbcrq are nﬁt

Coduplicated.

e 13*
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1. An inhérruPt“Bandlmng system Whlch enablesf32'priority ieyéls of

3.3
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. GHAPTER 3

© SMT OPERATING SYSTEM DESCRIPTION.

iNTRODUCTlONT

SMT is a small real time kernel used to connlo¢ the operat:on oﬁ a 5et of
appllcation tasks written in RTL/Z :

‘It ig su1table for those appllcacions which do not requmre rhe comp]ex1ty
'of a larger operat*ng system,k SMT provlde,» ,

- 1nter~task 51gnalling via event Elags o : <

= the scheduling of access to shared resources via Eacmlity flags
= an interrupt bandling mechanism - ‘
~ priority brheduling amongst tasks: :

= lInput/output formatting procedures

= Error Tecovery and rcporting mechanusm ,

“Prior to - the nnditicaciuns ‘¢afried’“out, SMT'had“séveraly1imitaticn$3i
namely: I g : SR : o

 _ the sﬁstem was Limiteu to 32k-words of memory
~ individual task images could uot be loaded 5eperater

"é'ythe memoTy management Eac111£y on. DEC PDP 11 computers cuuld
nor be uJed : - :

“The need to ovexcome tbese lbnmtatxons resulted in the prOJeCt répDTLed in
,thls dis:ertaLlon.;

REAL—TIME PRIMlTlVES

"SMT implemenﬁs the primitives that lie at che‘heaft offany‘rééI~tiﬁé
“kernel. SMT contains: =% TR o S

"interrupts to- be implemented.

sl 'lncer-task~:and device-driver to task cownunication is provaded via

DEVENT" Flags: Events are flags which occupy one of two states
namely "SET" or ”RESET” : :

: ,use of ”“AClLITY“ Elags,

4. Delayed schedullng of tasks based on the real time cloak,

3. The SdhedULlng of access to sharcd resources are controlled by the

The task schadulmng~ mechanism  in SMT is based o the sLanxc pl1crac\/

: scheduliﬁg of tasks.

RTL/Z ENVIRQNMENT CREATION

The mcthad thaL is. nsed by bMT Lo crnate an RrL/E auvmmonmvut 15 described

between RTL/2 tasks and the hardware are known as H-tasks or Hardware

Tasks. S-Tasks or Sof twa re Lasks run in a pu1e RTL/2 env1ronment created,
by the H~tasks. o :

5‘14 ~

~in this section. 1n SMT Lhe Lbasks and procedures that form the layer
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These two task types have specific functicn% to perform and eavh runs in a
dxfferent environnent.,; S

3.3.1 H-tasks

These tasks respond ~coj hardware interruptsn They are Interrupt =
“handlers that  are used to service the interrupts from hardware
‘devices or the gystem clock. H-tasks form a layer, with the kernel
~that lies,;between the user software and the hardware (see Flgure"“
,3‘1).,7 , ,

The ,schedullng Gf' Hitasks is performed by the 32 level PDP-11
_interrupt . system. These tasks are all mutually exclusiva in that ;
’only one H- task can run st a time.  , S .

Sin SNT _once an 1ntetrUpt has been signalled to the processor via
“the hardware struccure,~ the S-task executing is suspended. The
‘H-task used to service the ylnterrupt is then given the highest

~ priority the processor has, since one of the desipn features of

' SMT, is that the H-task execufing will Tun to completlon before
‘another H-task can execute. Thus once an H-task has been enrered
e has the same priormty as any othex H~task. :

3.3.2 §:£asksk'

| These are normal user written tasks.. They are written completelyk‘
in RTL/2 avd run in a real-time enviromnmeat. The S—tasks are.
scheduled by the kernel to run in priority order.

Each task 1is self-contained and has its own stack which i§~a‘
Parsonlflcation of che state of the task T A o

‘VS-ta¢ks run 1n an enviranmenr set up by the H-tasks and the kernel

3. A TASK CHANGING PHILDSOPHX

3 4 1 Schedullng of S«task%

The” schedulxng of tasks 'runnlng under SMT is done on a priority
~ basis.  The processot will always be executlng the task with the
“highest prkority. , o , =

k‘WhEnever ar operarmon occurs whxch may . 90551b1y alter the state of
L.any. task e 8 an “EVENTY is set or the task delay llst is updated,
a check is made whether the task running at the moment is the !
thhest prioyity ~task in an executable state (i.e. it is not
~de1ayed or awaiting some resource). 1f not, the kernel will save
the context of the present task and then will select which task to
. put in the run state using Lhe task changing mechan1sm~deqcribed in
‘section 3.4.2 below.

‘Bﬁé;z ‘The Task Changxng vuhaniSm '

'A model for kernal operat1ons wa s shcwn in Flgure 2 1. The figure
indicates the four states that a given user task may occupy. Only
~ one task runs at a given time while the remaining tasks fall into
one of the ,chew states. The task to run mnext is the highest
priority whose status is OK that is not suspended or stopped etc.

A task change can occur due to three possi.le reasons (See Figure

15 -
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‘:1QkkkA task conLrol procedure wa s called

2. A £ac111ty control procedure was called.

3. A clock innerrupt occurred which fcrcel the processor ‘to

‘execute the CLOCK task and Lhen procedes to the SVC proceduref’

CH ANGE .
(see blgure 3.2, 3.3 and 3 4)

After Lhe execut ion of any  one of these procedures, the kernel
then exe, utes the SVC procedure called CHANGE which executes as an

,THuLask The procedure CHANGE merely selects which task to run after
having first checked that the event queue is empty. 1f the event

queue is not empty it calls the procedure RETEV which empties the

_event queue. 1f the event gueue is empty it checks the status word

called STAT  of the highest priority task to see if all the
conditions are oK  to run: it i.e." STAT~O +ves nNOL stopped, or
delayeé or WﬂLLlﬂg £or an event. . '

GHANGE continues down an array'called"STATADS whiéh wag set up in
_the starrup task, SETFMQ, priority order until it finds the
highest pricrity task with it s STATUS word OK. CHANGE then saves
 the task spumber in ‘a variable called CURTEX and then calls the
precedure  RETFIN which sets ;up the task eﬂvironment to run the
~task‘, Sl : ~

A task may also be interrupted. When this occurs thé task state is

‘saved by a call of procedure PTORTL, which uses the hardware stack

- while executing the serviciog routine.  After the interrupt
_gervicing twoutine has been completed; the routine may either

- terminate by putting an EVENT in the queue which effectively calls -
" CHANGE or a call may be made of RETFIN which continues the

execution of the intemrupued task Csee Flguxe 3. 4)

‘fComing out. of CHANGE the next. task te run has been selected afterf
~,look1ng ac the status and prlO“ity oﬁ all the tasks.

On exxLlng from QHANGE the next procedure to execute will be RETFIh :
whiieh “sets up Lhe RTL/2 enviropment to run the selected task i.2.
moving all the task registers which were saved on the stack 1ntof

the machlne ragistersQ 7

: Once all the rcgisters have been Ieplaced the selected task may

conLinue from where it left cff

CONCLUS TONS -

. The‘,aboveu:nanaépts<have been implemented in 8MT and great deal of

attention has been devoted to optimizing the efficienvy of the

{mplementation, This takva the form of various queuing mechanisms

to minimize the amount of searching that must be done to find the
nexL highest task which can be put in the “FO“ 3tate. :

The result of chese features is that SMT pr001ded a well Lthen set
of ~ programming paimitivcs for use by application tasks. A further

',Eeature of SMT is that it has heen oiflvlently 1mplemented

w16 -
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MBMORY MANAGQME&T PﬂlLQSOPHY 1MPLENENIED B

4.1 LNTRODUCTION

-~ To achieve the objective of. 1ntroducing memory msnagement inco SMT'
o two areas had to be Sﬁudxed in detail namely!

,fl;f ‘the DEC PDP»ll menbry management unit (mmu) harawarg;,‘
'2.~ the SM? oparating system method of operation.
~W1th ‘a full understandxng of these WO aieas;~memory mahagemen¢:

could be" introduced w;&haut'innreasingfﬂhekkernel,,nverhead'(see,
Figure 4 1) : L s , S , P

4.2 ‘DﬁC PDP 11 HEMORY MANAGEMENT HAQDWARE PHlLOSOPHY

The DEC menmry‘,maﬂagﬁmenL unin Crmmu ') employa the technique of

. memory ~ segmentation and relocation.  The 32k word virtual
- gddressing area is segmentad into 8 pages. Two regxsters per page
exigt in the mmy to fully speclﬁy each page,. nam°ly S :

1. Page Addréss' Re&;ster CPAR) ‘which contains the relocation
- constant of the page.  This constant maps the v;rtual page to
the physlcal page in menbry.

R Page Dpscrlptgr Register (PDR) spec1£1es the atcrlbutes of che,"
. page &.8s tha pags sxze, whethar it is read only or veadIerte '
gLc. (e : :

The DE& addression  bus has two options, namely 18 bit or 22 bit
addrassinga Either option may be used with the memory managed
~version of SMT. The wmu takes the 16 bit virtual address and adds
“to it a further 2 (or 6) bits, whose value is dependent on the
- g¢onstant in  the cnrresponding page PAR register, to produce an 18
- (or 22) bit phy&icai memcry addrass ward (sae Figure 4.2

~ For the modlflcatlcﬂq to SMT, it was deCmded to swop the PAR
constants only and wot the PDR constantsy Thus the PDR's are
fixed at startup time, with all the papes having read/write
capability. The reason [or not swopping the PDR constants, was to
minimise the increase din overhead due to the memory management
facilities, 1f the PDR constants were also swopped at task change
time, the overhead would have been daubled This ean be carried out
without jeopardising the security of the system, When installing
the  PAR - constants of a task in Lna mmu, part of the adjacent task
will also be in scope. Because of the security of RIL/2, the user
need not worry about the task executing LﬁSLlUQLJOﬁ&k‘QE the
adjacent  task. Furthermorn, any o user of SMI has to have a full
~understanding of the kernel and its mode of operation and thareﬁere
t he hardwave prozec;man vffered hy ¢ he monois ﬂf little use.

The now Vhas 2 mdes of apevation namely "kernel mudo” and “wser
mode', -~ In kernel mode all the instyuctions available are allowed
whereas in user mode the goftware operates in the restricted modef
and certain functions such as the HALT and RESET instruction cannot
“be used. 1t was decided that the processor should always operate
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