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1 | NTRODUCTI ON

For the 32 bit enbedded world there are a nunber of fine real-
time operating systens to use. This choice becones a | ot
smal | er when we enter the “deeply” enbedded environnent of 8 and
16 bit Mcroprocessors/controllers. This environment is stil
often inplenmented using an interrupt driven background with a

poll loop controlled foreground. THE Executive is intended to
provide a bare bones real-tine executive that fits well in this
environment. Its nore inportant characteristics are:

1. It has a small footprint (the core code takes approxi mately
4 Kbyt es).

2. It is provided open source.

3. It is cheap (and has no royalty fees).

4. It is primarily inplenented in C so it can be easily noved
to a vast mgjority of the 8/ 16 bit world.

5. It provides all the basic services expected of a real-tine
executive with little conplexity.

Thi s docunent provides a technical description of THE Executive
and how to use it. Before we get into the details we need to
understand three basic things tasks, interrupt handl ers and
events.

1.1 Tasks

There are many different ways to nodel application software.

One way often used in the devel opnent of enbedded applications
is to use the execution flow of the software. Wth THE
Executive there are two distinctly different types of software
execution entities, tasks and interrupt handlers. The primry
work of an application is done by a cooperating set of tasks. A
task is a schedul abl e sequence of code. Every application has
at | east one task and normally it has many. A task typically
perfornms sonme specific function (it has high functiona

cohesion) that requires a relatively “loose” coupling with other
tasks. Because a task’s “context” can be saved and restored, a
task can be stopped and restarted at any time. THE Executive is
a preenptive executive (it starts and stops tasks at its

pl easure) that assures that the highest priority task that is
ready to execute will execute. The life of a task is summari zed
in Figure 1.



StartTask

StopTask
Ready to run
service completion
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Interrupted -——interrupt
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WaitEvent
WaitTime
WaitEventTime
(event has not occured)

event occurance
(higher priority)

Figure 1, Task state diagram

1.2 Application interrupt handl er

The other type of software execution entity is the interrupt
handl er. THE Executive provides the base |evel interrupt
handl i ng (saving context, talking to interrupt hardware etc.).
This in turn executes the appropriate application |evel
interrupt handler. Unlike tasks, interrupts are not schedul ed.
When they physically happen and the interrupt is enabled, the
interrupt execution chain is started. This chain wll execute
to conpletion without other interruption unless the processor
and interrupt control hardware supports nesting interrupts. In
that case a higher priority interrupt can cause a anot her
interrupt chain to execute (Note: The reference inplenentation
supports nested interrupts). |In either case once an interrupt
occurs it wll execute to conpletion before any task are

execut ed.



1. 3Events

The binder that allows task to synchronize and interoperate with
each other or with application interrupt handlers is the event.
An event is any |ogical occurrence or physical resource that
requi res the cooperative behavior of nultiple tasks or
application interrupt handlers and tasks. It is inplenented as
a data structure that allows one task to “wait” on another task
or an application interrupt handler. THE Executive supports
three styles of events, binary, counting and gate. The binary
and counting styles work in the sane fashion as traditional
semaphores. The gate style works in a gate fashion. Either it
is closed and no one can “enter” or it is open and everyone can.
Typi cal uses are:

Style Use
Bi nary Mut ual excl usion
Cooperative use of a single resource
Count i ng Cooperative use of nmultiple resources
Gate Use of a resource is either enabl ed or disabled




2 APPLI CATI ON PROGRAM | NTERFACE

The application uses a couple of data structures and a nunber of
functions to interact wwth THE Executive. These are defined in
the file exec.h. An explanation of the principal data
structures and functions is provided in the follow ng sub-
sections.

2.1 System

These functions initialize and shutdown the real -tine kernel and
its application set:

KERNEL | NI TI ALI ZATI ON
Description: Initializes the kernel for use. Should be called only one tine.
Passed paraneter: none
Ret ur ned val ue: none

voi d Kinit(voi d)

SHUTDOWN

Description: Shuts down the kernel and its application system
Passed paraneters: none

Ret ur ned val ue: none

voi d Shut down(voi d)

2.2 Tasks

The application defines the set of tasks that make up the
application in the public “tasks” table:

struct process_def

{

void (*entry) (void);
unsi gned char priority;
unsi gned stack_si ze;

i
struct process_def tasks[ NO APPL_TASK] =

{

Appl I ni t, 200, 100,

Moni tor, 1, 100,

Seri al Li nk, 2, 128,
Machi neControl , 3, 128,
Conpl exMoveTask, 2, 128

}s

THE executive provides functions to start and stop task and
provi de sone useful task information

START A TASK



Description: Activates a newtask if it is not already active. New tasks are
al ways placed in the ready queue.

Passed parameter: task - task's ID

Ret ur ned val ue: task was started (TRUE) or not (FALSE)

BOOL Start Task(unsi gned char task)

DEACTI VATE THE RUNNI NG TASK

Description: Places the caller in the inactive state. The highest priority
task ready to run is given run.

Passed paraneter: none

Ret ur ned val ue: none

voi d StopTask(void)

TASK STATUS

Description: Returns the indicated task's status.
Passed parameter: taskid - task's ID

Ret ur ned val ue: task's status

unsi gned char TaskSt at us(unsi gned char taskid)

TASK I D

Description: Returns the task's id.
Passed paraneter: none

Returned value: task’s ID

unsi gned char Taskl d(voi d)

2.3Interrupt Control/Application Interrupt Handl er

There functions provide the neans to enabl e and di sable
interrupt(s) (all or specific ones) and to “attach” an
application interrupt handl er:

Dl SABLE | NTERRUPTS AT CPU

Description: Disables interrupts at CPU and returns state prior to |ock
Passed paraneters: none

Ret ur ned val ue: prior CPU state

unsi gned int Lock(void)

ENABLE | NTERRUPTS AT CPU

Description: Enables interrupts at CPU
Passed paraneter: none

Ret urned val ue: none

voi d Unl ock(voi d)

RESTORE | NTERRUPT AT CPU TO PRI OR STATE



Description: Restores interrupts to indicate state
Passed paraneter: old_state — CPU prior state from Lock
Ret ur ned val ue: none

voi d Restore(unsigned int old_sr)

ENABLE | NTERRUPTS

Description: Enables the indicated interrupt(s) at the interrupt controller
Passed paraneters: mask — interrupt enable bit map (1 = enable)

Ret ur ned val ue: none

voi d Enabl el nterrupt s(unsi gned char nask)

Dl SABLE | NTERRUPTS
Description: Disables the indicated interrupt(s) at the interrupt controller
Passed paraneters: mask — interrupt disable bit map (1 = disable)

voi d Di sabl el nterrupts(unsigned char mask)

SET UP AlH
Description: Allows user to set up an application interrupt handl er
Passed paraneters: intp_no - interrupt nunber

aih - application interrupt handl er
Ret ur ned val ue: none

voi d Set Ai h(unsi gned char intrp_no,void (*aih)(void))

2.4 Events

An event is a |logical conception inplenmented wth a very real
data structure:

enum event _type { COUNTI NG BI NARY, GATE}

struct event

{
struct tch *fwd _|ink;

struct tcb *back_link
i nt count;
enum event _type type;

}s

The forward and backward Iinks provide the neans for keeping a
double linked list in priority order. The count keeps track of
the event’s current state:

Count Bi nary/ counting type event Gate type event

0 Event has not occurred; no Gate i s cl osed
task waiting




N Event has occurred N tine Gate is open (N nust be 1)
(limted to 1 for binary)

-N N task are waiting NA

The event specific functions provide the ability to initialize
and mani pul ate events:

I NI TI ALI ZE AND EVENT
Description: Initializes and event for subsequent use.
Passed paraneters: evnt - pointer to event
count - initial event count
type - event type
Ret ur ned val ue: none

void Eventlnit(struct event *evnt,int count,enum event_type type)

WAI T FOR EVENT OCCURANCE

Description: Allows a task to wait for an event.
Passed paraneters: evnt - pointer to event
Ret ur ned val ue: none

voi d Wait Event (struct event *evnt)

VWAIT FOR TI ME

Description: Allows a task to wait for tine.

Passed paraneters: wtinme - nunber of ticks to wait
Ret ur ned val ue: none

voi d Wai t Ti me(unsi gned wti ne)

WAIT FOR AN EVENT W TH TI MEQUT
Description: Provides the ability for a task to wait on an event and

time.
Passed paraneters: evnt - pointer to event
winme - tinme to wait
Ret ur ned val ue: event occured (true) or not (false)

BOOL WitEventTi me(struct event *evnt, unsigned wine)

S| GNAL AN EVENT OCCURANCE

Description: Allows a task or AIHto indicate that an event has occured.
Passed paraneters: evnt - pointer to event

Ret ur ned val ue: none

voi d Signal Event (struct event *evnt)

EVENT' S STATUS

Description: Returns the indicated event's count.
Passed paraneters: evnt - pointer to event
Ret ur ned val ue: event's count




i nt Event Status(struct event *evnt)

CLEAR AN EVENT

Description: Sets the event to not having occured.
Passed paraneters: evnt - pointer to event
Ret ur ned val ue: none

void O earEvent (struct event *evnt)

GET SYSTEM TI ME

Description: Returns the current systemtime.
Passed paraneters: none

Ret ur ned val ue: nunber ticks since system start

unsi gned | ong SysTi nme()

2.5Drivers

A “driver” is the conbination of interrupt handlers and
interface functions that provide access to sone underlying
hardware or other resource that the user desires to encapsul ate.
THE Executive provides access to sonme hardware, interrupt
control and the systemtiner, but in general the application

sof tware engi neer needs to provide nost of the access. An
exanpl e serial port driver is provided in the reference

i npl enmentation. |t nmakes use of an application interrupt
handl er and application interface functions (that use events and
character queues provided in another nodule) to provide the
other parts of the application wwth a character oriented
interface to the serial port. 1In general the construction of a
driver is not formally specified. However, if you want the
driver to be stated as part of kernel initialization it nust be
part of the public table “drivers”

struct driver_table_entry

void (*InitRoutine)(void);

1
struct driver_table_entry drivers[] =
{
Seriallnit,
0
1

2.6 Configuration

Beyond the tasks and drivers tables, the application devel oper
must set a nunmber of constants used to size the underlying



kernel data structure. These are summarized in the follow ng

tabl e:

File Const ant

User. h NO APPL_TASK — the total nunber of application
t asks
INI T_TASK — the task ID (the index in the tasks
table) for the applications initialization task
that is started after kernel initialization

Kernel . h KERNEL SPACE — t he nunber of words (two bytes)

reserved for the dynam c construction of task
control blocks and the kernel’s own stack. This
nmust be greater then: ((NO_APPL_TASK x size of

TCB) + sumof task’s stack sizes + | DLE STACK SI ZE
+ M N_KERNEL_STACK) / 2




3 DESI GN

The design of the THE Executive is based around a coupl e of key
data structures and the code that operate on them The header
file kernel.h provides the definition of the data structures and
internal functions. Each of the principal itens wll be
examned in the follow ng sub-sections.

3.1 Task Control Bl ock

The task control block is the data structure that all ows the
executive to start and stop tasks. The structure itself is:

struct tcb

{

struct tchb *fwd _|ink;
struct tcb *back_link
struct tchb *tfwd _|ink;
struct tchb *tback |ink
unsi gned char st atus;
unsi gned char priority;
unsi gned char taskid;
unsi gned char wake_source;
unsi gned | ong wake_ti ne;
unsi gned int *ssp;

}s

The first set of forward and backward |inks provide the neans to
insert a TCBin a priority ordered double linked list. The
second set is used in tinme ordered double linked Iist. The
status byte reflects the task’s current state except for

“ready”. Limted know edge of the prior state (whether the task
was interrupted or not) is required to restore the task’s
context properly so when a task is inserted in the ready queue
its prior status, interrupted, waiting etc., is preserved. The
taskid byte hold’'s the task’s ID (the task’s index in the tasks
table). The wake_source byte indicated whether a task was woken
because of an event occurrence or because of a tineout (used
with WaitEventTinme). The wake_tine is used when waiting for

time (wth WaitTine of WaitEventTinme). It is set for the system
tick count when the task should be woken. The ssp is the saved
stack pointer. It preserves the task’s stack pointer when the

task i s suspended.

3. 2 Ker nel

The kernel data structure, k, is nothing nore then sone
pointers/linked list and the space to build task control bl ocks
(i ncluding the space for the task’s stack). It is defined as:

struct node

10



{
struct tchb *fwd _|ink;

struct tcb *back |ink;

}s

struct kernq

{

struct tcb *run;
struct node ready;
struct tcb *del ayq;

}s

struct ker nel

{

struct kernqg q;
struct tcb *tb[ NO APPL_TASK + 1];
unsi gned short int kstack[ KERNEL_SPACE] ;

}s

extern struct kernel Kk;

The run pointer points to the TCB that is currently executing.
The ready node is the head for the priority ordered doubl e
linked list used to hold task’s that are ready to run but are
not the highest priority. The delayq pointer is the forward
link for the time ordered double linked |list used to hold task’s
waiting for time. The kstack area is used to build the TCB for
each task, including the task’s header and actual stack area.

The executive is nothing nore then a state machi ne that keeps
track of tasks using its pointers/lists or the list associated
wth a event. Wen a task is suspended it’s TCB is placed in
the appropriate list and it’s context is saved. Wen the
current running task is suspended the highest priority task in
the ready list is renoved fromthe list and allowed to execute
by restoring its context.

3.3 Save Cont ext
A task’s context is conposed of the CPU general registers and

| ocal storage (i.e. its stack). 1In block structured | anguages
such as C, the stack includes nost of the information that
defines “scope” and “local variables” visible in that scope. 1In

addition it includes return addresses used to return from
function calls etc. THE Executive only saves a context if it
has to (i.e. on interruption, when a task nust wait etc.). It
al ways occurs (except with interrupts covered latter) with a
call to Block() in suspend.c. The generic operation is
diagraned in Figure 2. This preserves the task in a manner

whi ch causes it to resune execution at the return address from
the call to Block() when its context is restored. Actual code

11



execution is continued in the Block routine by swtching to the
kernel’s stack area. The last statenment in Block is a
restoration of the context of the task currently pointed to by
run.

Task's stack after call

to SaveContext() task parameter

call to
Block()
(©)

return address

Block() 's stack frame

)]

call to SaveContext()

O]

return address

Stack Pointer >
Task's stack after Kernel's stack
context saved task parameter task parameter
return address return address

status register/flags

Block()'s stack frame

®

CPU registers
@

return address

Saved Stack Pointer -t Stack Pointer

Notes:

1. CPU and compiler specfic

2. CPU specific, some registers must be perserved from the call to Block() [CPU and compiler specific]
3. Registers associated wht the stack frame must be perserved (CPU and compiler specific

4. Retrun address size may be CPU or "memory model" specific

Figure 2, Save context

3.4 Base Interrupt Handl er

THE Executive provides the |Iowest level interrupt handler. This
guarantees that all interrupts are handled correctly. The
execution in pseduo code is:

Save CPU registers
|F (interrupt depth is 0) THEN
Check task for stack overfl ow
| F (stack overflow) THEN
Ker nel Error

12



ELSE
Set task status to interrupted
Switch to kernel stack
ENDI F
ENDI F
| ncrenment interrupt depth
I nt r pHandl e()
Decrenment interrupt depth
|F (interrupt depth is 0) THEN
Rest or eCont ext ()
ELSE
Restore frominterrupt
ENDI F

The function IntrpHandl e uses a table of application interrupt
handlers to call the correct handler. The table is defined as:

struct intrp_entry

{
void (*aih) (void);

extern struct intrp_entry intrp_tabl e[ NO I NTRP];
If no handler is available then Kernel Error is invoked.

3. 5 Rest ore Cont ext

Restoring a task’s context is straight forward. The saved stack
pointer is restored, the CPU regi sters are popped, and then
either the status register/flags is popped and a return executed
or areturn frominterrupt is executed, depending on the task’s
prior status (interrupted or not).

13



APPENDI X A, FILE SET

The reference inplenentati on of THE Executive includes core

files,

support files and application user files.

The fil es that

make up the core portion of the executive are listed in the

foll ow ng tabl e:

File Descri ption Ext ernal dependency

Bool . h Bool ean definitions

Kernel . h Non- dependent i nterna
definitions

Hdwe. h Dependent i nternal Board hardware
definitions

Aih.c Application interrupt
handl i ng functionss

Event.c Event functions

Intrp.c | nterrupt control CPU & board hardware
functions

Kernel . c Space for kernel data

Queue. c Doubl e linked Iist queue

functi ons

Support.asm

Executive functions that
have to be inplenented in
assenbl y

CPU & conpi |l er

Suspend. ¢

Task suspension functions

Sys. c

Non- dependent system
functions

Syssupport.c

Dependent system
functions

CPU & board har dware

Task. ¢

Task functions

Timer.c

Systemtinmer driver

Board har dwar e

The files that provide support for the reference inplenentation
are listed in the follow ng tabl e:

File Descri ption Ext ernal dependency
Cqueue. h Definitions to use
character FI FO gueues
Portio. h Port based I/O function CPU
defintions
serial.h Serial driver public
definitions
Cqueue. c FI FO char acter queue
i npl enent ati on
Portio.c Port based I/0O CPU

14




i npl enment ati on

Serial.c

Serial port driver

Board har dwar e

The application user required files are:

File Descri ption Ext ernal dependency
Exec. h Definition of public
executive data structures
and functions
User. h Definition of application

set constants

15




APPENDI X B, PORTI NG CONSI DERATI ONS

As indicated in Appendix A a nunmber of the files that make up
THE Executive are CPU, conpiler or board hardware specific.

Most of these are relatively straight forward to port.
Support.asmincludes these routines that nust be inplenented in
assenbly. This is also relatively straight forward except for
the function SaveContext. The “splitting” of a task’s stack
during the saving of a context is both CPU and conpil er
specific. The reference inplenentation used:

CPU - x86, real node

Menory nodel — smal

Assenbler - Mcrosoft 7.10 (Visual Studio .NET 2003)
Compiler - Mcrosoft C/ C++ version 8.0C (M crosoft Visual
C++ version 1.52c) restricted to 8086 instructions

bR

In this case the specific split is diagramin Figure 3. After
maki ng a port the generic test files provide a relatively quick
means to check that the port is “stable” (see Appendi x C

16



Task's stack after call
to SaveContext() task parameter
call to
Block()
return address
)
BP
BP -
Local varialbe Block()
> s stack
frame
SI
DI
_/
return address call to SaveContext()
SP »
Task's stack after
context saved task parameter task parameter
return address return address
flags BP
BP >
Local varialbe
CPU registers
(1) |
DI
Saved Stack Pointer
return address
SP
Notes:
1. All "general purpose" registers (PUSHA), BP, Sl and DI must be the same as after the call to Block

Kernel's stack

Figure 3, Referenceimplementation save context stack split
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APPENDI X C, GENERI C TEST SET

The reference inplenentation includes five test files used to
check for the correct generic operation of THE Executive (NOTE
In addition usage profile testing and error insertion has been
used). The functions tested by these files is summari zed bel ow.

Functionality Used 1 2 3 4 5
Ki ni t X X X X X
Start Task X X X X X
St opTask X X X X X
St art Task, StopTask, X X
TaskSt at us X
Taskl d X X
Wai t Ti me X X X X X
Wai t Event/ Si gnal Event, binary, task X
si gnal
Wai t Event Ti ne/ Si gnal Event, binary, task X
si gnal
Wai t Event / Si gnal Event, counting, AH X X X X X
si gnal
Wai t Event Ti ne/ Si gnal Event, counti ng, X
task signa
Wai t Event/ Si gnal Event/ C ear Event, gate, X
task signal/clear
Wai t Event Ti ne/ Si gnal Event/ Cl ear Event X
gate, task signal/clear
Wai t Event Ti ne, binary, timeout X
Wai t Event Ti ne, counting, tinmeout X
Wai t Event Ti ne, gate, tinmeout X
EvenSt at us X X X
SysTi nme X
Lock X X X X X
Restore X X X X X
Enabl el nterrupts X X X X X
Di sabl el nterrupts X X X X X
Set Al H X X X X X

The tests use a serial port, COML configured at 57.6 kbps, no
parity, 8 bits/character, 1 stop bit and no flow control, to
provi de basic user I/O  The inplenentation of the serial
“driver” provides a good exanple of concurrent progranm ng using
THE Executive. The key points are:

18




1. Al the key data structures and code are encapsulated in a
si ngl e nodul e (What was known in the concurrent programm ng
world of the late 50's as a nonitor, now commonly called an
obj ect) .

2. The task side interface functions use Lock and Restore for
mut ual exclusion (fromother tasks and the serial AlH) and
counting style events for resource (characters) access.

3. The serial AIH disables the serial interrupt during
processi ng for mutual exclusion from another seri al
interrupt (NOTE: The interrupt controller is signaled with
the end of interrupt and interrupts are enabled prior to
calling an AIH so it is possible depending on the UART).

It only signal’s events if never waits on them |Interrupt
handl ers can not be stopped and restarted by the executi ve.

19



APPENDI X D, KERNEL ERRORS

THE Executive traps errors that are unrecoverable and calls the
function Kernel Error.
di sables interrupts and attenpts to enter a debugger (if

active).

The errors are:

In the reference inplenentation this

Upon return fromthe debugger it executes Shut down.

Error

Descri ption

Ker nel

dunmp

Used for debugging

Bad run pointer

The task pointer set to be run is
illegal (i.e. does not point to a task).
The pointer is saved in the gl obal

vari able error_task_ptr.

Unhandl ed i nt errupt

A physically received interrupt does not
have an associ ated application interrupt
handl er .

Ker nel

stack too snal

The size of the kernel stack after
dynam cal ly building the kernel data
structure is too small.

Task stack overfl ow

During a context save the running task’s
stack area was found to have overf| owed.
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