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ABSTRACT

This d i s s e r t a t i o n  outlines  the addition  of memory management f a c i l i t i e s  to the 

Standard  M ult itask ing  Operating  System (SMT)j  a real-time kernel which provides 

a m ult ita s k in g  environement for a p p l ic a t io n  tasks  written in the high-level 

language R T L / 2 U; ■ .... ■ ' ■ .  .. ' \ .......... :

The concepts  and design philosophy  used to achieve this o b jec t ive  as well as 

the u n d er ly in g  concepts o£ real-time programming are d isc uss ed .

An implementation for the standard memory management unit  of the D ig ita l  

Equipment Corporation  PDP-11 ser ies  is  described  and an evaluation  t£>5C in an 

on-line  process control a p p l ica t io n  is d is c u s s ed .
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PREFACE

During the period  1981-1982 the author was involved in the design and 

commissioning of the in strum entation  for . two large scale  chemical process  

p lants  belonging  to AECl L i m i t e d .  This  exper ien ce  was fol low ed  by a year  ( 1 9 8 3 )  

during  which the author carried  out extensive,  work on the SMT operating  system.

The f i r s t  two years  gave the author experience  in the area o£ process control; ,  

p rocess  ch a r a c t e r i s t i c s ,  the l i m i t a t i o n  of standard instrumentation  and the 

conceptual  necessity  for real-time process control computing.  I n s t a l l e d  as part 

of the  second instrumentation p r o j e c t ,  was a large supervisory computer which 

performed the control of a f l u i d i s e d  bed reactor as well as providing  the 

so p h ist ica ted  presentation  of process  data .  '

The author was subsequently involved  in the enhancement of an e x i s t i n g  computer 

system used to present  to an op erato r ,  the status and y ie ld  of mercury ce l l s  on 

a chlorine  p l a n t .  At the s t a r t  of the p r o jec t ,  it  was discovered that the 

operating  system (SMT) used to provide the multitasking  software  environement,  

had reached thf> limits of its  memory addressing  c a p a b i l i t y .  This  implied that 

the  necessary  m o d i f i ca t io n s  could not be implemented in the computer system. 

This  l im itation  had simultaneously  been reached on other computer systems us ing  

SMT with in  AEC1 Ltd ,  as w e l l  as at Imperial Chemical In d u s t r i e s  Ltd in the UK.  

The head of, the process computing group of AEC1 Ltd decided  that the project 

should be sp l i t  into two p a r ts ,  namely the  enhancement of SMT to include  memory 

management f a c i l i t i e s ,  to be c a r r ie d  out by the author and secondly the 

implementation  of the ap p l ica t io n  m o dif icat ion s  for chlorine  cell control by a 

second  engineer .

This d is s e r t a t io n  d escr ibes  the concepts  and design philosophy underlying  the 

addition of memory management f a c i l i t i e s  to SMT.

The work described in this d i s s e r t a t i o n  was presented as a paper at the R T L /2  

USERS GROUP of South A f r i c a  1983 co n fe r e nc e .
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CHAPTER 1

INTRODUCTION AND STATEMENT OF PROBLEM

INTRODUCTION

This  d i s s e r t a t i o n  outl ines  the ad d it io n  of memory management, f a c i l i t i e s  to 

the Standard  M ult ita sk ing  operating  system (SM T) .  SMT was designed  at 

Imperial  Chemical In d u s t r i e s  ( I C 1 )  Limited  in the United Kingdom in 197 7 . 

The o p e r a t in g  system was s p e c i f i c a l l y  designed  for real-time m ult ita sk ing  

process  control systems.

SMT was designed  so that s-t. & H  computer a p p l ica t io n s  can be implemented in 

a simple manner.  The operating  system is compact in that the complete 

operating  system occupies 4 k-words oE memory. A kernel of this s i z e  is 

ideal for s in gle  board computers where the complete syster may reside  in 

32k-words of memory. SMT is also e f f i c i e n t  in that it is written  in R T L / 2  

s p e c i f i c a l l y  to support multitasking  a p p l ica t io n  tasks written in R T L / 2 .  

This  feature  is extremely u s e f u l ,  e s p ec ia l ly  when considering  the 

in pu t /o u tp ut  method (streaming)  of transm itting  data in RTL /2  systems.  

R T L / 2  is a computer language designed  by 1G1 Ltd in the early 1970s ,  

s p e c i f i c a l l y  to cater for the needs of real-time programming in process 

control computing.  The language has a number of features wnich make it 

su itable  for this purpose.  The primary advantages of the language is that  

it  is secure at system generation  time as well as at run-time. Other  

important features of RTL /2  are its s im p l ic it y ,  the compact code produced 

by a v a i l a b l e  compilers and also  its  p o r t a b i l i t y .

SMT will  be described  as a kernel in the remainder of this d is s e r t a t i o n  

since  SMT comprises the basic  core of an operating  system. SMT does not ^n 

i t s  standard form, have f i l e  h a n d l in g  constructs  and does not in t er fa ce  

w ith  a d i s c  drive .  The SMT kernel and all  application  tasks reside  

permanently in memory.

The SMT kernel, is w ritten  predominanently in RTL /2  except for  one module ,  

written in macro-code, which contains a ll  the procedures which im .er fa ce  

w ith  the proces.sor. The advantage of having  SMT written in RTL /2  is that 

it is e a s i ly  transportable  between d i f f e r e n t  makes of processor .  This 

feature  also  makes the production of an R T L / 2  environement for  user tasks 

easy  to achieve,.

A feature  of SMT is its p o r t a b i l i t y .  SMT has been easily  moved to a 

var iety  of processors since  the percentage of the kernel written in 

machine dependent macro-code is small .  The work in this thesis  is confined  

to SMT running on the 16-bit PDP-11 range of processors manufactured by 

the DIGITAL EQUIPMENT CORPORATION. On these  computers, SMT based systems 

were co nfined  to f i t  within  a 32k-word memory addressing range .  With the 

increased functional  requirements of in dividual  process control computers 

based on SMT,  it has been found that this addressing range is i n s u f f i c i e n t  

to co ntain  a l l  the tasks required .

This requirement, for increased program si kc; prompted the i n i t i a t i o n  oC the 

project reported in this d i s s e r t a t i o n .  The aim of the project was to 

enhance SMT to e f f i c i e n t l y  u t i l i z e  the memory management unit on PDP 

processor boards .  By doing t h is ,  the addressing range of Lhe system 

could  be increased to ,128k words or 2M words - depending on whether on IB 

or 2.2 b i t  addressing  bus i s used .

The SMT kernel is extensively  used wit.lrin AL01  Limited «md the succefii- of 

the  work has opened up new p o s s i b i l i t i e s  for the use of SMT.



The rep'a indf r o£ this chapter lays down the spec i t ic? tions  tor the memory 

managed SMT.  The procedure used to reach a solution  and an o utl ine  of the 

d i s s e r t a t i o n  is  given in section 1 . 3 ,
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1 . 3 ; OUTLINE OF METHOD US ED TO REACH A m W 't m -

The project  was approached in a UiuthoUical i:i»uitifcr j>o chat, a final so lu t io n  

c o uld  be attained  in the minimum amount; of time: and a full, understanding  

of the problem and the SMT kernel  would be assured .  A bas ic  requirement 

for  the proposed solution  was that it should entail  an integrated  approach- 

to aspects  such as software  documentation ,  user f r ie n d l in e s s  and that an 

RSX11M development environement should be  used (s in ce  this is used w ith in  

AECI L t d ) ,  in addition to the real-time kernel enhancements ipecifieri ir. 

section  1 . 2 .

The major stages of the work were  as follows.:

1 .  A study was c a rr ied  out to determine the full implication,1 ol : 'i' 

requirements of th is  p r o jec t .

2.  A l i t e r a t u r e  survey was carried  out ,  that is a search waji maoe. iiff. 

all  a v a i la b le  books and computer journals  for a r t i c l e s  and pane.n 

relating  to the subject  (See  S e ct io n  1 * 4 ) .

3 .  The e x i s t i n g  kernel was then s tu died  to understand the modus opt?. au<' , 

of a ll  the procedures and a ls o  all  the data structures .

4.  A so lu t io n  was then proposed ,  implemented and tested ci. « h* < f 

machine.

5. An exist in g  system running under the original  SMT kerne-.! v-.a: 

modified  to operate on the new memory managed version of SMT. TVi- 

system was then in stalled  on a p lant  computer.

6 .  A technical  manual de scr ib in g  how to build systems to run unrtK t :* 

new kernel was written*

Tne t ir s t  4 parts  a. explo ,ied in  d e t a i l  in this d is s e r t a t io n ,  whereat " 

and 6 cover implementation deta i ls  and are not covered in this reoort . 

For further  information Reference  2 . 8  should be consulted .

Chapter 2 gives a brief  overv iew  of real-time systems, their philosophies." 

and implementations together with  an examination of the l i t e r a t u r e  on chi; 

su b ject .

In Chapter 3 ,  the exist in g  kernel (SMT) is examined to fully  under scam' 

i t s  mode o£ operation .  An overview  ot R T L / 2 based operating  system? is 

given  and the advantages of having  SMT written  in RTL /2  are d is c u s s ed .

In Chapter 4, the philosophy used to implement memory management re­

presented .  A detailed  explanatio n  ot the. implications of the proposed 

modifications  is made.

Chapter 5 presents a summary of the system with p articular  emphasis or,

user experience  in i n s t a l l i n g  -.ho. new kernel into an e x i s t i n g  process

control  system. This chapter  cH crti*- further  work thnt 

should  be done to SMT.

- 4 -
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A  L I TERATURE REVIEW : 1 v '

In  trying to find  information  on real-time operating  systems and real-time 

programming it was soon found that very few books on this subject  e x i s t .  

There  are  however many papers on the su bject ,  each d e t a i l i n g  a certain  

aspect  of real-time computing.

The paper by K y l s t r a  ( 1 . 1 )  presents  a c l e a r  model for  real-time sytems. 

His model ou tl in es  the transition  of a task  through the various  states 

that  it may occupy at any point in time. K y ls t r a  then outlines  how a 

real-time o p e r a t in g  system should be able to support m u lt it a s k in g  system. 

This paper gave the author the insight into real-time programming.

The paper by Anderson (?-?) , presents in a simple manner ,  the purpose of 

having  an operating  system, the concepts of tasks (or p r o c es s e s ) ,  the 

concepts of re-entrancy and the various  elements which together make up an 

operating system. This  paper is recommended to any person  who wishes  to 

understand an o p e r a t in g  system c o n c e p t i a l l y , without wishing  to know 

implementation d e t a i l s .

J . G . P .  Barnes ,  a leading  authority on real-time computing ,  has published a 

number of papers on the subject of real-tims computing, and on R T L /2 .  His 

paper  nThe use of RTL/2  for M u lt it a s k in g "  i s o l a t e s  the key concepts 

underlying  real-time software for  process c o n t r o l .  This paper also 

o u tl ine s  the  idea  of input/output data streaming and the problems 

ass ocia ted  with task  scheduling.  As the designer  of R T L / 2 ,  any user of 

R T L /2  should have  access to al l  of Barnes 's  papers, which  d e t a i l  the aims 

and objectives  of R T L /2  and the sublet :  es of real-time m ultita sk ing .

It is fe lt  that  the reference section of this report ,  summarizes the key 

references  concerning  the design and operation of practical real-time 

kernels .

On the general p r in c ip l e s  of operating systems papers 1 . 1 ,  2 . 1  and 4 .3  

were of p a r t i c u l a r  i n t e r e s t .  These papers led the author to a deeper 

understanding  of operating systems, their  fu n c t io n s ,  o b jectives  and 

str ucture .

On the subject  of real-time programming techniques ,  r e feren ces  3 . 1  and 6 . 2  

ware nf p a r t i c u l a r  interest, and u s e f u l l n e s s .

- 5 -



CHAPTER ? 

■REAL-TIME. CONCEPTS

2 . 1  REAL-TIME ;COMPUTER SYSTEMS■. : . ; y :  r "  :

There  are many c lasses  of computer system- This report is s p e c i f i c a l l y  

concerned with real-tima conputer  systems as used in the process control  

in d u s t r y .  These computer systems are used Cor the gathering  of p lant  

information  and the control of plant  v a r i a b l e s .

Real-time computer control systems operate  in a time-dependent environment 

in which the co n t r o l l i n g  system should be s u f f i c i e n t l y  responsive  to 

changes that are occurring in  the. process that is being c o ntrolled  so that 

the  future behaviour of the process can be successfully  m o d if ied .

The computer system should appear to react instantaneously  to any stimulus 

from the environment.  This has to occur in order to avoid  the loss of 

in formation  concerning the changing environement.  I f  the computer does not 

accept  the process i n f o r m a t i o n ( d a c a ) fast enough, the data in the computer 

w i l l  be ouu of date  and therefore  useless .

The design of software to run on real-time systems requires an int im ate  

knowledge of the process being c o n t r o l l e d ,  the user requirements of the 

conputer and the mechanisms of real-time processing .

This  chapter w i l l  out l ine  the various accepted concepts relevant  to 

rea1-t ine computing.

2 .2  KERNELS AND OPERATING SYSTEMS.

Modern general purpose operating  ay.'••terns have many f a c i l i t i e s  which  ease 

the work of software engineers in atta in ing  th e ir  goals .  These operating  

systems,  co ntain  structures  which enable  tasks created to be incrementally  

added to the system as soon as the task image has been c r ea t ed .  Such 

operating  systems have structures  to hand1 e f i l e  manipulation on secondary 

storage  media such as d i s c s .  These operating  systems usually  communicate 

w i t h  the hardware via a layer of software d i f fe re nt  to the high level 

language b e in g  used .

In  contrast ,  kernels  such rs SMT operate  with a minimal set of features .  

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

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

is a subset of a larger o p e r a t in g  system. Kernels are often faster than 

larger, operating systems -ince they operate  ve.-y close  to the processor  

hardware and extra software layers are absent.

For this reason SMT wil l  be referred to as a kernel rather than an 

o p e r a t in g  system in the remainder of this  dissertation-

2.3 REAL-TIME PRIMITIVES . 7 \ ■

Creating  tasks to run in .i vh al-t ime en vironement requires certa in  speci.-.l 

features ,  of prime importance in real-time programming are the fo l lo w in g :

1 .  The ab i l ity  for  tasks to be able to communicate with  one another and 

to synchronize  with one another .

2.  The abil ity of tasks to communicate with 1 / 0  in ter face  hardware with

- 6 -
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the highest e f f ic ie n cy *

3 .  The ab i l i t y  o£ tasks to gain  exclusive* access to shared resources .

4. The a b i l i t y  to be time dependent/confcro 1 led ( t i m i n g ) ,

5.  Interrupt  handling mechanism to cuntro) the in t er a c t io n  with  the 1 / 0  

hardware .

6.  Error recovery and reporting  mechanisms used to protect  the system 

from errors  generated by user tasks.

A real-time prim itive  is an operating  system c a l l  that conceptually  

performs one i n d i v i s i b l e  operation  when seen from the point  of view  of the 

issuing  program. The real-time pr im itives  form an in t e r f a c e  between the 

user tasks and the e xecut iv e .

In the SMT kernel discussed  in this d iss er ta t io n ,  this  in t er fa ce  is formed 

by a combination of the executive  ca lls  such as WAIT,  DELAY, SET and 

others ,  together with the hardware (H )  - tasks. H-tasks are  tasks w r itte n  

to service  interrupts  from the hardware and which operate  in a non RTL /2  

environement.

This  software  layer enhances the  raw hardware,  by adding addit ional  

functions  needed for real-*time computing.

TASKS,  PROCEDURES AND MULTITASKING

This section  i d e n t i f i e s  the d i f f e r e n c e  between tasking ,  procedures and 

m u lt it a s k in g .  In many of the papers consulted  by the author,  the term task 

as used in R T L /2  based systems is used interchangeably  with  the term 

process .  In this  d iss er tat ion  the term task is  used ,

A t a sk is the conceptual thread of control defining  an a ct iv e  program in a 

computer system. It is the execution  of a sequential  program to perform 

one self  contained  fun ction .  The application  software  in a complex 

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

execute  " co n cu r ren tly "  and co-operate to re a l i z e  the overa ll  system 

function .  Apparent concurrency is provided by a multi-tasking executive  as 

descr ibed  below.

The cask is thus the highest  form of control in the hierachy of executable  

statements .  A task may call  procedures and a procedure may execute  a 

statement ,  but ehe reverse  is not true.

As an example,  in a process control appl ica tion ,  the computer system may 

contain  one task co ntrolling  i n p u t / o u t p u t , another task doing control and 

optimisation  ca lculations  and a third operator interface  ro u t in es .

Real-time tasks may be programmed in  a variety of ways.  The task may be 

dormant until  some s ig n if ic a nt  event restarts i t ,  or the task may execute 

in some cy cl ic  fashion ,  with a time delay between executions .  At any 

in s t a n t  of time a task may occupy one of the states  shoton in Figure 2 . 1 .  

The state  it occupies is dependent on the action of the task,  the priority  

of the task  and the stnte of the >'»;nput,er system.

A procedure; in a c o l lec t io n  of execuunbln stat ciint1 nts, with  the objective  

of performing one function .  A procedure  may for example add two numbers or 

c a lcu late  the elapsed time since  some event or :i.t may perform some 

algorithm for example,  a P1D c a l c u l a t i o n  for a process control loop.

A procedure is passive  and merely contains  a number of re lated  executable  

statements .  The procedure is an important tool for the structured design



of tasks and the management of complexity .

Multi  tasking r e fe r s  to the implementation of the concept of tasking ,  by 

m ultip lexin g  a s in g le  processor amongst multiple  tasks .  All  the tasks are  

apparently  running in paralle l  to one another ,  but only one is in the 

" r u n n in g "  state  as shown in Figure 2 . 1  while  the others occupy one of the 

other  s t a t e s .

M ult ita sk in g  enables the p art it io n in g  of the system funct ion  into a number 

of in d ividual  tasks ,  each responsible  for a single  fu n c t i o n ,  for example,  

one  task may do 1 / 0  opeirations only ,  another may be doing computations 

o n l y  while  a third may be communicating with an operator .

M ult ita sk ing  a lso  permits the resources to be used to their  f u l l e s t .  For 

example,  the processor may execute a second task while  the f i r s t  is busy 

communicating with  the in terface  hardware.

For  multitasking to be performed,  an executive  kernel must ex ist  to manage 

these  tasks .  Real-time operating systems are specia l  and these are 

discussed  in Section  2 . 9 .

INTERRUPTS

An interrupt  may be defined  as the suspension  of the running task due to a 

s i g n i f i c a n t  event occuring  in the hardware or in a task  elsewhere in the 

computer system. When an interrupt  o c c u r s , the context of the interrupted 

task  has to be saved and an interrupt handling  procedure is to be ca lled  

to service  the in terrupt .  There are three types of inter rupts ,  namely

1 .  Clock  In terr upts

2. Hardware Interrupts

3 .  Software In terrupts

In  time-critical s i t u a t io n s  it is imperative that the operating  system 

does not i n h ib it  interrupts  for long in t e r v a ls .  If  interrupts  are 

in h ib it  ted, an interrupt  from *he  system hardware timer used to update  the 

time parameters may be missed and thus the tables may fal l  out of step 

w i t h  the true time.  S imilarly  interrupts  from devices  requir ing  to be 

serv iced  by the processor may be missed,  re su lt ing  in the information 

(d a t a  or s t a t i i )  coming from the p lant ,  or environement,  being lost .

In a real-time corrputer system the updating  of the present time clock  in 

the  kernel is c r i t i c a l ,  since  in a real-time system it is the time 

dimension which controls  the state  of the processed ta sk s .  In most 

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

i n t e r v a l .  The time spent servicing  this interrupt should be as short as 

poss ible  since  the clock  interrupts  the processor frequently  and could 

consume a great deal of: processor time. The operating  system uses this 

time interrupt to update al l  the time-dependent system tables .  An example 

of; this could  be a table  of all the. tasks being delayed .

A hardware in terrupt  c.ould o r i g ina te  from any 1 / 0  interface,  device  

connected to the processor .  Any device  that' wishes to g ive  data or status 

information to the computer- system, f l t s t  flags  the processor  f o r  

attentio n ,  and then the kernel executes the " s e r v i c i n g  routine "  which 

controls  the protocol of the communication with the device .

A " software  in t er r up t "  , or " s ig n i  ficant  event"  is a term used when a task 

reaches a stage when it wishes to stop execution,  be delayed or iL is 

awaiting  to access  an input /output  f a c i l i t y .  In such a case  the task
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ca nno t  execute  further  and thus another task should run, i . e .  a task

change should occur .  This task  change is a form of an in t er r u p t  but is 

controlled  by task  communications and resource a l locat ion .

2.6 MEMORY MANAGBMEHT . ; , . ' . ;

2 . 6 . 1  Introduc ti. on

A problem encountered in many computers is that a fixed  

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

length .  That is for an 8 bi t computer system, a memory of: 0 - 256 

bytes can be addressed d irectly  or 65536  bytes £01: a 16 b it  

' ma chin e. . ■ , ■ ' : ■ . - ■ ■ -

To overcome this l im ita t io n ,  the concept of a v irtual  address  space 

was introduced .  A v i r t u a l  address space is that part of: the total 

physical  addressing  range which is in sc^pe ( i e  d ire c t ly  

addressable )  at any in s t a nt  of a t a s k ’ s execution .  The total  

physical  addressing  space can now be considerably larger but at any 

one i n s t a n t ,  a task  can only  access  a subset of the total  physical  

memory.

In the futu re ,  processors  with  larger word lengths w i l l  not have 

this problem, since  the v i r t u a l  address space will be so large that 

memory management f a c i l i t i e s  w i l l  not be neccesary .

2 . 6 . 2  Paging  System

A technique commonly used is memory paging.  The memory address ing  

area is segmented into a number of memory pages,  with each page 

having a ce r t a in  maximum l e n g t h .

2 . 6 . 3  Memory Management Hardware Support

The hardware device, used to implement paging is commonly called  a 

"memory management u n i t 11. The primary function of this device  is to 

transform the fixed v ir tu al  word-length of the processor to a 

larger  word-length used to address the physical memory.

2. ? STACK-BASED MICROCOMPUTER SYSTEMS

I n troduction

A real-timp. language, or system based on the stack method of: 

operation  offers  many advantages over other methods.

A system which m aintains  a .separate stuck for  each task enables 

re-entrancy of procedures to bo. achieved .  Re-entrancy is po s s ib le

when the local  v a r i a b l e s  of a procedure are not stored  in  the 

procedure code area but r»Lhiu in an orea associated  with the 

c a l l in g  task.  A method tor ^r hi evinp, this is hv the. use of s.

s t a c k .  ' ' .

2 . 7 St. ack:>

A stack  is an area in memory which is dynamically allocated  to 

store local var iables  and intermediate  results  of a procedure .  In 

R TL /2  the link  cell  which stores  the program counter of the c a l l i n g  

procedure is also stored on the stack.  To be fully  s p e c i f i e d  each 

task,  in R T L /2  has to have  i ts  own stack a w  i t s  own ' b a s e



pr o c ed u r e ' ,  . • .■ ■■ •.■■■■ ■■ - •' ■

In  fact Barnes in Ref 3 . 1  stated  that " i n  fact the, st.ackfcan be 

seen as the concrete  p e r s o n i f i c a t i o n  of the abstract t a s k " .  .’.Having  

a stack enables procedures to be re-entrant since  a l l  thp local

variables  are stored on the s t a c k .  , :- • ■ ' ' ' . . . .... . ■ ; . - - . ' . • • • ■ ■ •
■ ■ ■ : ■ ' . • ■ - ■ ' ■■■■'■ M. ■

2. 7.3- - Re-entrancy . . . . . . .  - . -

In a multitasking  environment re-entrancy is a desirable  -feature 

since  many tasks ,  each in a d i f f e r e n t  state  of execution ‘may use 

the same procedure s im ultaneously .  In fact ,  a procedure niay c a l l  

■■ i t s e l f , ■ — . ■ ■■ ■■ .. ■■ . ■ -  ■

• . ■ . ' ■ - • ■ ■(.-■■ ■
A re-entrant procedure co ntains  code that does not write  or a l te r  

data g lo b a l ly .  Such a procedure only  manipulates data that lias been 

passed to it by the ca l l ing  procedure  and/or data .declared®, by the 

procedure i t s e l f ,  both of which are  stored on the task stack!'.

Re-entrancy in a stack based language may be implemented; fai rly 

e a s i l y ,  but with certain  precautions .  All the data us^ed in a 

procedure should be stored on the stack.  In the R T L /2  language ,  

for reasons of execution time p r e d ic t a b i l i t y  only scalar  lo c # l  data 

can be stored on the stack .  This implies  that procedure's using 

arrays and accessing  them dir.ectly are not re-entrant.  \ If  the 

procedure is passed a p o in t er  to the array,  the procedure becomes 

re-entrant.  (The concepts of re-entrancy in RTL /2  is explained  

well  in Reference  3 . 1 ) .  fy*.

SCHEDULING OF TASKS f

The heart of a real-time kernel is the scheduler .  The scheduler  decides  

which task  should execute next .  In other words the scheduler bbeys a 

scheduling  algorithm which is a set oE rules that determine what task  is 

to be executed at a pa r t ic ula r  moment. The scheduler also controls  the 

saving  and swopping of Cask environments at task change time ( ie  

d e sp a tch ing ) .
- ■ ' . ■ .. " . - - . ■ ■ -■ ■ . ■ . . ' - - 

The scheduling of tasks by the operating  system may be done in a variety  

of ways.  Of importance are the fo llowing  methods: ^

2 . 8 . 1  Run to Complet ion Technique s |

Each task runs from start, to f in is h  where upon the fo llowing  task 

w i l l  run. In a real-time environment this is not acceptible  sinco 

tasks may be interdependent  and a task may never run to completion ,

due to intercommunication between tasks. ],. , ■ - . . . . . ........ : .. .

2 . 8 . 2  Time S l ic in g  on a Round Robin B a s i s
■' ■ ' • ' . - • ' • • ■ ' ' ' - • - • • . ■ ’

This method u t i l i z e s  the technique ol a llocating  a fixed time; sl ic e  

to each task .  Each tnfek created  is put into a circular  l i s t .  The 

execution of the tasks occur consecutively  as laid out in the: l i s t .  

The parameter used to determine when a task  swop is to occur ,  is

the elapsed time of execution .  ( See Figure 2 . 2 ) .  Is
.• . - . • ■ •• ' ‘ • . - . ' • • • -

This method does not take into account the relativ e  prior ity  |pf all 

the tasks.  Each task has the same priority  as all  the othe'ts and 

i ts  turn to execute is purely dependent on where the task  is fin the

' - -4iv. - ; ' . 

i|
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c irc u la r  l i s t .

If  a task is not in ar. executable  s tate ,  that is it is w a it in g  for 

a s i g n i f ic a n t  event to occur ,  it is still, c a l l e d ,  but returns 

control  to the scheduler  immediately.  This  us eless  ca l l  is waste 

fu l l  of CPU time and thus the CPU is not used optim ally .

A time s l ic e  task w i l l  execute un t i l  e ither ;

1 .  it is w a it in g  tor 1 / 0  or some significant;  event to occur or

2. i t ' s  time s l i c e  gets exhausted.

Another disadvantage  of the time s l i c i n g  technique is the waiting 

for  resources.  If a given task wishes  to access soma resource or 

event)  it has to wait its.  turn to execute .

2 . 8 . 3  Event  Driven Scheduling

' This form of scheduling is  also  commonly r e ferred  to as priority  

scheduling  or pre-emptive scheduling .

Using this technique ,  each task is assigned a r e l a t i v e  p r i o r i t y .  

The order of priority  is obviously  in urgency order ,  background 

tasks are normally assigned low p r io r it y  whereas foreground tasks 

are. ass igned  higher p r i o r i t i e s .  That i s ,  tasks that are time 

c r it ic a l  should have higher priorities-, so that they execute  more 

often than background ta sk s ,

The operating system employing this method w i l l  always try and 

execute tba highest pr ior ity  task.

2 . 9  REAL-TIME COMPUTER OPERATING SYSTEMS

A real-time kernel should provide a l l  the f a c i l i t i e s  to control a 

nu It it ask ing env iron emnt . The main purpose of any real-time kernel are the 

f:o 1 lowing:  ....................

1 .  The a l lo c at io n  of. resources c-g. CPU, device  dr iv er s ,  memory etc .

2. The scheduling of tasks us ing  one of. the methods outlined  in Section

2 . 8  (Task Management)*

3 .  Providing the inter-task  communication channels.

4. The support of m ult ita sk ing ,  thus maximizing the usage of. a l l  system 

resources.

5.  An Interrupt  handling  mechanism.

6 .  Time keeping and updating tw-ehani sm to update time-dependent system

' ta ble s» ■ '  : . . '■ /  ■. .■ ' .

?. Error rttcovety mechanisms to avoid the total collapse  of the system.

The manner in which a kernel inplements these f a c i l i t i e s  gives an 

in d i c a t i o n  on i ts  power,  f l e x i b i l i t y  and e f f i c i e n c y .  Furthermore,  a ker- " 

should inplement these f a c i l i t i e s  without consuming too much cl une

- 11 -



processor:  time (processor  overhead ) .  I f  this is not the ca se ,  a great 

deal of time is spent s erv ic in g  all these f a c i l i t i e s  rather than 

processing  the; us er tasks* . .

2 . 1 0  THE R T L /2  LANGUAGE :

The  R T L /2  language was designed s p e c i f i c a l l y  to cater for the needs of 

real-time process control computing.

The 1 -nguage vns defined in 1972  within  Imperial Chemical In d u s t r i e s  Ltd 

in the UK to satisfy  the needs of real-time computing,  at a time when 

computer languages, such as FORTRAN v.'ere a va ilable  only.  R T L /2  provides 

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

be eas i ly  matched by many languages.  The language provides features  such 

as e f f i c i e n c y ,  s e cu r ity ,  p o r ta b i l i ty  f l e x i b i l i t y  and also p r o d u c t iv i t y .

The language is secure clue to the following reasons,

1 .  Secui'w compile time checks and compiler v ir tually  bug free ,

2.  Strong typing checks are  forced on the programmer.

3 v Run-time checks and error handling  mechanism is provided .

4.  Checks on the scope l im itation  of the GOTO statement at compile ti:ne.

The language forces the user to obey strong typing r u les .  Included  in 

t h i s ,  is the s p e c i f i c a t io n  and i n i t i a l i s a t i o n  of a l l  data at compile time, 

thus avo iding  tasks s t a r t i n g  up with unknown q u a n t it ie s  in data 

str uctures .  The scope l im itation  when using LABELS in source code is also 

rigorously  checked. The compiler i tse l f  is written in R T L / 2 .  The high 

quality  compiler executes rigorous compile time checks on the source 

program which results  in predictable  task execution at run-time.  The 

compiler  has been approved as a B r i t i s h  Standard ensuring uniform  code 

production  where ever R T L / 2  is used*

At run-time the language continuously executes stack and array bound 

checks,  trapping any unpredi -ible data structure access .  If an error is 

d etected ,  the error handling t^-chanisms ensure that the error is recorded 

for  later a n a l y s i s .

The language is portable ,  since  one of the language d e f i n i t i o n  o b jec tives  

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

R T L / 2  w i l l  run on a processor with  a minimum word length of 16 bi.ts* To 

daLe RTL/2  has been inp leuen ted on at least 30  d i f f e r e n t  types of 

processors .

The language is f lex ible  since  iL supports all the common pr im it i v e  data 

structures  namely bytes ,  f ra c t io n s ,  integers  and reals .  A ls o ,  the MODE 

d e c l a r a t io n  allows the user ,  to declare  hi s own data structure  in the farm 

of a record .

User  productivity  is in creased ,  btnce RT1./2 being a high lnvel language 

enables, the., use: b£. 'a-lV-afcru'eturedi - programming techniques ^Another point to 

note  is lIicil rhc: full language can he learnt, in 3-4 days.

Corrputer systems written in the high-level language R T L /2  are easy to 

m aintain .  The use of: machine s p e c i f i c  code,  which may obscure the logic 

of. a user task ,  is e l im in a ted .  This fact also protects system managers 

a g a in s t  sta f f  mobility etc .

- 12 -
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A f u l l  d e s c r ip t io n  fll the language cannot be given  itj a few pages* I f  any 

one wishes to delve  deaper into  the language,  R e fe r e n ce s  8 . 3 ,  8 . 5  and 8 . 6  

are  particular ly  recommended . :

A few leafcures ishie-h' should be mentioned. brief ly , are the following:

The language doe-; not cater  for dynamic data storage  a l l o c a t i o n .  The ma ir, 

reason tor doing this is for execution time p r e d i c t a b i l i t y  of the. 

executing, programs* ■:■■■.. .

The "GOTO" f,unction i s  provided but may only be used inter nal  to a block.  

This avoids unconditional  jumps among code which may corrupt the stack  

environment;. The language is amenable to the concept of structured 

programming In that. the language is block o r i en t a t ed .

The RTL./2 language itself: does not e x p l i c i t l y  d e f i n e  input/output  

mechanisms,  operating  system features and so on .  In ce rta in  areas , guide 

l i n e s  have been given ,  on how to stream data ,  to and from tasks written  in 

R T L / 2 .  (seR KEF 8 . 7 )  This has been done s p e c i f i c a l l y  to keep the language

portable*  ■ . .< - . : . . ' ; .......... \.

2 -M INTER TASK CO MMUN1CAT10N

Sig n a l l in g  between a hardware device  and the processor takes place via 

i n t e r r u p t s .  In a similar way in many operatin g  systems,  communication 

amongst tasks .ip supported by a resource called q software  event.

A software event is a f la g ,  but the mechanism used to set and reset this 

!':li>g, g ives  the event i ts  special  feature .  Each event is i d e n t i f i e d ,  by a 

ivamber and can occupy only one of two states ,  namely " S E T "  or "R ESET " .

*: V.TL/2 based systems,  an event may be SET by one task and received by

s m . of to  re other tasks .  The tasks "WAITING” for this  event f lag  are

renfc’- si from the WAITING l i s t .  These tasks then reset their copy of the 

lap ant. be?,in -execution*

ir- -i si'-mia" ■ servicing  routines ,  operating very c lo se  to the processor 

h ard w are , i';-c I'venf.s to communicate with tasks working in an RTL /2

en v n ’onemeo'. ■

A .software ever;' u. ;:ns executive  resource and therefore  their usage should 

be done with <;ai;o, s p e d  H e a l  ly ensuring that event numbers are not

. . duplicated-* . . . . . . . ■ .



CHAPTER 3

SMT OPERATING SYSTEM DESCRIPTION

3 * 1 INTRODUCTION

SMT is a small real-time kernel used to control the operation of a set of 

a ppl ica tion  tasks written in R T L /2 .

It is suitable  £or those  applications  which do not. requirp  the complexity 

of a larger operatin g  system. SMT provide :

- inter-task s i g n a l l i n g  v ia  event flags

- the scheduling  of access to shared resources v ia  fa c i l i t y  flags

- an interrupt handling  mechanism

- pr ior ity  scheduling amongst tasks

- Input/output  formattina procedures

-■ Error recovery  and reporting mechanism

P r io r  to the r o d i £icatiuns  carried out, SMT had several l i m i t a t i o n s , 

namely:

- the system was limited to 32k-words of memory

- individual  t a s k  images could not be .loaded seperately

- the memory management fac i l ity  on DEC PDP-11 computers could 

not be used

The need to ovetcome these limitations  resulted in the project  reported in 

this  d i s s e r t a t i o n .

3 . 2  REAL-TIME PRIMITIVES  , ' ' ' ■■' /

SMT implements the p rim itives  that l ie  at the heart of: any real-time 

kernel .  SMT c o n t a in s :

1 .  An interrupt handling system which enables 32 p r io r ity  levels  of 

interrupts  to be implemented.

2. Inter-task and de v i ce-dr i. ver to task communication is provided via 

’’EVENT" flags*'  Events are flags which occupy one of two states 

namely "SET "  or "R E S E T " ,

3 .  The scheduling of access to shared resources are controlled  by the 

use of " F A C IL IT Y "  f l a g s .

4.  Delayed scheduling of: tasks based on the real-time clock .

The task scheduling mechanism in SMT is based on the s tat ic  prioricv 

scheduling of tasks.

3 *3 R T L / 2  ENVIRONMENT CREATION

The method that is used by SMT to create  an RTL /2  environment: is desctibect 

In this s e c t i o n .  In SMT the tasks and procedures that form, the layer 

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

Tasks .  S—Tasks or Software tasks run in a pure R T L /2  environment created 

by the H-tasks.

14 -



These  two.:task  types, have  spec if  1c functions  to parf.orm and each: run s in  a 

d i f fe re n t  environment:.

3 .3 »1 U-tasks . ,

These tasks respond to hardware interrupts .  They are  interrupt  

handlers that are  used to service  the in terrupts  from hardware 

devices  or the system clock .  H-taslcs form a layer ,  with  the kernel 

that l ies  between the user software and the hardware ( s e e  Figure

. ■  3 * 1 ) .  • :  ■■.......■' .. : .. . ; ;  . ■ '  _... ■■■ . '

The scheduling  of H-tasks is performed by the  32 level  PDP-11 

interrupt  system. These tasks are a l l  mutually e x c lu s iv e  in that 

only one H-task can run ar a time.

In SMT, once  an interrupt  has been signalled to the processor via 

the hardware structures the S-task executing  is suspended.  The 

H-task used to service  the interrupt is then given the highest  

priority  the processor has ,  since one of the design features of 

SMT, is that  the H-task executing  w i l l  run to completion before  

another  H-task can  execute .  Thus once an H-task has been entered ,  

it has the same prior ity  as any other H-task.

3 . 3 . 2  S - t a s k s

These are  normal user written  tasks.  They are  written  completely 

in RTL /2  and run in a real-time environment.  The S-tasks are 

scheduled by the  kernel to run in priority  order .

Each t a s k  is self-contained and has its  own stack which is a 

p e r s o n i f i c a t i o n  rf the state  of the task.

S—tasks run in  an environment set up by the H-tasks and the kernel.  

TASK. CHANGING PHILOSOPHY 

3 . A . 1 Schedul ing of  S-tasks

The scheduling  of tasks running under SMT is done on a priority  

b a s i s .  The processor will  always be executing the task  with  the 

h ighest  p r i o r i t y .

Whenever an operation  occurs which may possibly  a lter  the state  of 

any task  e . g .  an "EVENT"  is set or the task delay l i s t  is updated ,  

a check is made whether the task running at the moment is the 

highest p r io r it y  task  in an executable  state  ( i . e .  it is not 

delayed or await ing  some resource ) .  I f  not,  the kernel w i l l  save 

the context oE the present task  and then wil l  select  which task  to 

puL in the run state  using the task changing mechanism described  in 

section 3 . A . 2 below.

3 . 4 . 2  The Task  C hanging Mechanism

A rode! for kernel operations  was shown in Figui e 2 . 1 .  The figure  

indicates  the tour states  that a given user task may occupy.  Onlv 

one task runs at. n given time while  the remaining tasks fal l  itiLo 

one of the other s t a t e s .  The task  to run next 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
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3 . 2 ) :

1 .  A task  control  procedure was c a l led .

2. A f a c i l i t y  control procedure was c a l l e d .

3 .  A clock  interrupt  occurred which f o r c e i  the processor to 

execute  the CLOCK task  and then procedes to the SVC procedure

CHANGE .

( s e e  F igure  3 . 2 ,  3 . 3  and 3 . 4 )

A fter  the execution  of any one of: these procedures,  the kernel 

then executes  the SVC procedure ca l led  CHANGE which executes as an 

H-task. The procedure CHANGE merely selects  which task to run after  

hav in g  f i r s t  checked that, the event queue is empty. If  the event 

queue is not empty it ca l l s  the procedure RETEV which empties the 

event q ueue .  If the event queue is empty it checks the status  word 

called  STAT of the highest  p r io r ity  task to see it al 1 the 

co n d it io n s  ore OK to run it i . e .  STAT=Q . . . .  not stopped,  or 

delayed or w ait in g  for  an event.

CHANGE continues  down an array called  STATADS which was sen up in 

the startup  task ,  SETFMQ, in priority  order until it finds the 

h ighest  priority  task with  i t ' s  STATUS word OK .  CHANGE then saves 

the task  number in a variable  c a l l e d  GURTEX and then ca lls  the 

procedure KETF1N which sets up the task environment to run the 

task .

A task  may a l s o  be Interrupted.  When this occurs t h e  task state  is 

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

while  executing  the servicing  routine .  After  the interrupt 

S e rv ic in g  routine  has been corrpleted, L he routine may either  

terminate  by putting  an EVENT in the queue which e f fec t iv e ly  ca l ls  

CHANGE or a call may be made of RETF1N which continues the 

execution  of the Interrupted task  ( se e  Figure  3 . 4 ) .

Coming out of CHANGE the next task to run has been selected  after  

looking at the status and priority  of a ll  the tasks .

On e x i t i n g  from CHANGE the next procedure to execute  w i l l  be RETF1N 

which sets  up the RTL /2  environment to run the selected task i . e .  

moving al l  the task  reg isters  which were saved on the stack into 

the machine  reg isters .

Once a l l  the registers  have been replaced the  selected task may 

co nt in ue  from where it left o f f .

3 . 5  CONCLUSIONS

The above concepts have been implemented in SMT and great  deal of 

attentio n  has been devoted to opti.mi.xing the e ff ic iency  of the 

implementation.  This  takes the form of var io u s  queuing mechanisms 

: to' tninimxKe chfr amount of searching  that must be, done to f in d  the 

next h i g h e s t  task which can be put In the. "G O "  state .

The result  of these  features is that; SMT provided  a well chosen set 

of programming prim itives  for use by ap p l ic a t io n  tasks .  A further 

feature of SMT is that it has been e f f i c i e n t l y  imp lemented.
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MEMORY. MANAGEMENT PHILOSOPHY IMPLEMENTED

i n t r o d u c t i o n  . ... . : ,

To achieve  the o b ject iv e  of: introducing memory management into SMT 

two areas had to be studied  in  detail  namely:

1.  the DEC PDP-11 memory management unit (mmu) hardwar?..

2. the SMT operating  system method of operation .

With a fu l l  understanding  of these two areas,  memory management 

could be introduced  without increasing  Lhe kernel overhead ( see  

Figur e 4 . 1 ) .

DEC PDP-11 MEMORY MANAGEMENT HARDWARE PHILOSOPHY

The DEC memory management unit  (mmu) employs the technique of 

memory segmentation and r e l o c a t i o n .  The 32k word virtual, 

addressing  area is segmented in t o  8 pages. Two reg isters  per page 

exist in t: lie mmu to fu l ly  s p e c i fy  each page, namely

1.  Page Address R e g is te r  (PAR) which contains the relocation  

constant of the page.  This constant maps the v ir tual  page to 

the physical page in memory.

2. Page Descriptor  R e g is t e r  (PDR) s p e c i f i e s  the attributes  ot the 

page e .g .  the page, s i s e ,  whether it is read only or re a d /w r ite  

etc.

The DEC addressing bus has two options:, namely 18 biL or 22 bit  

addressing .  Either option  may be used with the memory managed 

vers ion  of SMT. The mmu takes  the 16 bit virtual address and adds 

to it a further 2 (or 6) b i t s ,  whose value is dependent on the 

constant in the, corresponding  page PAR r e g i s t e r ,  to produce an 18 

(or 22)  bit physical memory address word (see  Figure 4 . 2 ) .

For the m odifications  to SMT, it was decided to swop the PAR 

constants only and not the PDR constants .  Thus the PDR's  are 

fixed at., startup time,  w ith  all  the pages having r e a d /w r i t e  

c a p a b i l i t y .  The reason for not swopping the PDR constants ,  was to 

minimise the increase  in overhead due to the memory management 

f a c i l i t i e s .  If the PDR co nstants  were also swooped at task  change 

time, the overhead would  have teen doubled.  This can be carried  out 

without jeopardising  the secu r ity  of the system* When i n s t a l l i n g  

the PAR constants of a task in the nmu, part of the adjacent, task 

wi l.'j al so be in scope.  Because of the security  of: R T L /2 ,  the user 

need not worry about the task executing instructions of the 

adjacent task .  Furthermore,  any user of SMT has to have a full  

understanding of the kernel and i ts  mode of opar at .i an and therefore  

the hardware protect!on . o f f e r e d  by l he mmu is of l i t t l e  use .

Tiie n.idu has 2 modes of operation  namely "kernel mmU\" and "user  

mode", In kernel mode all the instructions available  are allowed 

whereas in user mode the software  operates in the restricted  mode 

and certain  functions such as the HALT and RESET instruction cannot 

be used .  It was decided that  the processor should always operate
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