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Abstract: This paper reports on a technique used to simulate theibehaf module priorities, interrupts and con-

text switching within aMmodula2 runtime system. The technique presented here is highly portable as the complete
system is written irC andModula2. This implementation of th®odula2 runtime system supports processor con-
text switching, interrupt service routines without requiring assembly language source code. The runtime system

has been ported to th&es Opteron,Athlon 64, Alpha, Itanium processors runnir@NU/Linux, Sparc basedolaris,
PowerPC Maa0S, x86 QpenDarwin and the &6 processor runningreeBSD.
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INTRODUCTION

The motvation for producing amodula2 front end for
GCC includes both pnading a migration path for
legacy source code and providing a robust compiler
for production systemsCurrently there are only ave
commercialModula2 compilers being actely main-
tained. Code which as written ten or fifteen years
ago may still be compiled by older commercial (possi-
bly unmaintained) compilers, a number of these com-
pilers generata6 bit code. While thes2 bit x86 pro-
cessors remain, compilers dating these processors
may be run in compatibility modeHowever time is
running out as the computing industry is switching to
64 bit microprocessors [AMD, 2003a]. Whiles&
emulation or16 bit backwards compatibility or run-
ning 32 bit code on &4 bit platform is possible tlye

all have erious dravbacks. In order for the older
source to run nately the source code will either &

to be translated into another highvdelanguage or
alternatvely a Modula2 compiler which can tget
these ne& generation of microprocessors will\l&to

be acquired.GNU Modulaz? suits this purpose as it
has the adantage of being closely tied taCC. Not
only does this produce excellent code and good archi-
tectural and operating systemvemge but it also
utilises maw of the GCC features. Forxample GNU
Modula2 can irvoke the C preprocessor to manage
conditional compilation; in-lining of SYSTEM

procedures, intrinsic functions, memory gimg rou-
tines are alsoxploited; access to assembly language
using GCC syntax is also praded. GNU Modula2
also supports sets ofyaordinal type (memory permit-

ting).
HISTORY OF MODULA-2

The first implementation aflodula2 became opera-
tional on aPDP-11in 1979and the initial language def-
inition was published as a technical reportif¥\
1980]. ThelanguageModulaz2 is similar to that of
Pascal but extends maif its concepts by introducing
the module construct, access tavltevd program-
ming features and processe@ver subsequent years
four major revisions were madelhe first three by
Wirth and the last by thieternationalStandarddnsti-
tute. Ower the years these \&a become informally
known as PIM2, PIM3, PIM4 and ISO respec-
tively [Wirth, 1983; Wirth, 1985; Wth, 1989;
ISO/IEC, 1996].

MODULA-2 AND INTERRUPT PRIORITIES

One of the important features dfodulaz? is that it
provides all the necessary primigs to implement a
microkernel either in language constructs or system
procedures [Wirth, 1976]. The language allows for
modules specified to run with a specific interrupt
mask. This has thefett that ay procedure declared
within a module will also inherit this interrupt mask.
Thus when an>@orted procedure is \woked it will



automatically set the processor interrupt mask to that ervironment insecond and then context switches
of its parent module and restore thevimas processor back to the procesfrst . The LISTEN procedure
interrupt mask before returningror example in figure briefly remaes the processor interrupt mask.

1, it can be seen that proceddoe is declared in the

inner module which was specified to operate with an | PROCEDURE NEWPROCESS (p: PROC;
interrupt mask of7 whereas the outer moduleass a: ADDRESS;
e ) i n: CARDINAL;
specified to operate Wlth an interrupt mask 0of VAR new: PROCESS)
When the procedunfeo is called from the outer mod- PROCEDURE TRANSFER (VAR p1: PROCESS:
ule the current interrupt mask isved and set to7. p2: PROCESS)
After foc_J returns the interrupt mask is restored back | onocEDURE IOTRANSFER (VAR First,
to 0 again. Second: PROCESS;
InterruptNo: CARDINAL)
MODULE outer(0] ; PROCEDURE LISTEN
MODULE inner[7] ; Figure2: the SYSTEMprocedures which
EXPORT foo ; coordinate process activity
PROCEDURE foo ;
BEGIN RELATED WORK
END foo ;
END inner - In modern systems lightweight processes or threads
' are often used invent driven paradigms. Lightweight
BEGf'N processes or threads share the address space of the
ENDoc?uter. parent process and are created by allocatingwa ne

stack to a ne thread. Thethread libraries normally
fall into two categories: preempt-able and non pre-
empt-able thread libraries. Preempt-able thread

Figurel: example of a procedure associated
with an interrupt mask

MODULA-2 AND PROCESSES libraries nearly alays require assistance from therk
nel [Bernard, 2000] so that the thread scheduler can
The SYSTEMmodule as defined by Mh [Wirth, context switch avay from a processor bound thread.

1983; Wirth, 1985; Wirth, 1989] provides four proce-  This assistance although enhancing the fairness of the
dures which can be used to create a process,xtonte thread scheduler unfortunately is not yet portable
switch between tev processes and switch to another across operating systems.

process should an interrupt occliheseSYSTEMpro-

cedures are particularly glant as thg provide high The GNU Rhread library is a ery portable
level mechanisms from which the programmer can POSIXANSI-C based library foUNIX based platforms
coordinate process control. By using these four proce- which provides non-preempé iority-based sched-
dures and the module priority schema a complete uling for multiple threads ofecution. All threads in

microkernel eecutive @n be written without an this library use the same address space of the applica-
assembly language source codeirfily 1983]. This tion but each thread has its own program counter
makesModula2 an extremely déctive language for stack, signal mask anefrno variable. Thethread
teaching real-time systems or miceokel implemen- scheduling is achied through cooperation between

tation. Of course the module interrupt mask priority ~ the scheduler and the threads being managed.
mechanism and theYSTEMprocedures all form part i )
of the Modula2 runtime system and ceentionally Previous work has shown thaAda Tasking can be

these are implemented in assembly language and are/MPlemented through aPthread library [Giering,
provided by the compiler endor Nevetheless from 1993]. TheAda tasking semantics are fairly comgple

the compiler uses perspectie ro additional assembly na/ert_heless Pthrer?lds were sufficit_antly flexible to
language is required to implement a processieive. allow |mplementat|on oAAda task_s without users \ra
The prototypes for theseYSTEMmodule procedures N to directly call upon the servicesrifreads.

are gven in figure 2. The procedureNEWPROCESS
instantiates the procedure represented by parameter
into a procesaew. Whereas the proceduf®@ ANSFER
contet switches from procegsl to proces$2. The
procedure IOTRANSFER initially context switches
from processfirst  to second howerer when an
interrupt occurs it saes the current processoohatile

The Modula2 process primities ae completely dif-
ferent to theada task model and th@odula2 primi-
tives gperate at a lower Vel by dictating which con-
texts to switch and which interrupts to senNeither
do they define the method aPC.



DEFINITION OF THE PROBLEM

The problem facing th&eNU Modulaz2 project is hav

can module priorities and the process manipulation
facilities be re-implemented so that yhare portable
and eecute in user address space on a multiuser oper
ating system?

The requirement for portability between operating sys-
tems makes thesNU Pthread [Engelschall, 2005]
library seem attraate yet this also presents the prob-
lem of simulating interrupts as tihread library is
non-preemptie.

SIMULATION OF INTERRUPTS

This section describes Wanterrupts in user mode on
a multiuser operating system can be simulated and
coordinated with th&odula2 process primities.

Fortunately therthread library contains Vo levd con-
text switching primitves and these all for a
straightforvard implementation oNEWPROCES&Nd
TRANSFER The procedureNEWPROCES®% imple-
mented by calling pth_uctx_create and
pth_uctx_make . These tw Pthread primitves ae-
ate a process conte EachModula2 process is repre-
sented by a singlethread conte with an associated
interrupt priority mask. InGNU Modulaz2 the defini-
tion for the PROCESStype is shwn in figure 3
together with the interrupt priority range.

PROCESS =RECORD
context: ADDRESS ;
ints PRIORITY ;
END ;

PRIORITY =[0..7] ;
Figure3: definition of PROCES&ndPRIORITY

The implementation oNEWPROCESS$RANSFERand
IOTRANSFERare shown in figure4, 5 and7.

There are three caeries of interrupts currently simu-
lated in this runtime system: input, output and clock
interrupts. Thenput and output interrupts are simu-
lated by preiding a mapping to a file descriptor and
the clock interrupts are simulated through the use of a
relatve adered time ascending list. A module
SysVec provides procedures to map file descriptors
onto simulated interruptectors and it also imple-
ments an interrupt dispatcherThis dispatcher is
called wheneer the simulated interrupt mask is
altered and the duty of the dispatcher is to build the set
parameters and time parameters fah_select

The values to the set parameters arevdefirom the
active interrupt list which were populated by

successie a@lls to IncludeVector via the
IOTRANSFERprocedure. Theompiler was modified

to generate runtime procedure calls to this dispatcher
whene&er one procedure is about to call another pro-
cedure associated with a different interrupt mask (as in
figurel).

PROCEDURE NEWPROCESS (p: PROC; a: ADDRESS;
n: CARDINAL;
VAR new: PROCESS) ;
TYPE
ThreadProcess = PROCEDURE (ADDRESS) ;
VAR
ctx: ADDRESS ;
tp : ThreadProcess ;
BEGIN
locallnit ;
tp := ThreadProcess(p) ;
IF pth_uctx_create(ADR(ctx))=0

THEN
Halt(_FILE_, LINE__, FUNCTION__,
‘'unable to create user context’)
END ;
IF pth_uctx_make(ctx, a, n, NIL, tp, NIL,
illegalFinish)=0
THEN
Halt(_FILE_, LINE__, FUNCTION__,
‘'unable to make user context’)
END ;
WITH new DO

context ;= ctx ;
ints =
END
END NEWPROCESS ;

Figure4: implementation oONEWPROCESS

currentintValue ;

PROCEDURE TRANSFER (VAR pl: PROCESS;
p2: PROCESS) ;

VAR

r INTEGER ;
BEGIN

localMain(pl) ;

pl.ints := currentintValue ;

currentintValue := p2.ints ;

IF pl.context=p2.context

THEN
Halt(_FILE_, LINE__, FUNCTION__,
'switching to the same process’)
END ;

currentContext := p2.context ;
IF pth_uctx_switch(pl.context,
p2.context)=0
THEN
Halt(__FILE_ , _ LINE__, __ FUNCTION__,
‘'unable to context switch’)
END
END TRANSFER ;

Figure5: implementation ofRANSFER



I0TransferState =
RECORD
ptrToFirst,
ptrToSecond: POINTER TO PROCESS ;
next: POINTER TO IOTransferState
END ;

Figure6: declaration ofiOTransferState

Every call tolOTRANSFERresults in a n@ I0Trans-
ferState  being constructed and this i on the
callers stack so that the contextfieft  process can
be restored when the interrupt is serviced. The proce-
durelOTRANSFERinitially saves the current processes
contet into first and then restores the coxtte
belonging to processecond . The IOTransfer-

State is constructed and initialised appropriatey
pointer to this record,g(in figure 8) is created when
calling AttachVector . The proceduréttachVec-

tor associateg with the particular interrupt number
When the interrupt is serviced the dispatcher cdnte
switches back to processcond by invoking TRANS-
FERand passing the relant fields ofq.

[ TRANSFER(q".ptrToSecond”, q".ptrToFirst) ]

The lastSYSTEMprocedureLISTEN simply listens to
all pending interrupts briefly before returnihdSTEN

is easily implemented by a call to the interrupt dis-
patcher after unmasking all interrupt§he simulated
system module also primles a non standard procedure
ListenLoop  which exhibits the same behaviour as:

LOOP
LISTEN
END

except that it allows the interrupt dispatcher to block
waiting for a simulated interrupt to occur thus respect-
ing the underlying operating system.

The implementation wrks surprisingly well, it only
amounts tdl600lines of code and it ales input, out-

put and time based interrupts to be simulated. These
modules nw form part of theGNU Modula2 runtime
system and theprovide a method whereby micrek

nel executives ariginally designed for stand alone sys-
tems can be simulated undégXIX like gperating sys-
tems.

PROCEDURE IOTRANSFER (VAR First,
Second: PROCESS;
InterruptNo: CARDINAL)

VAR
p: IOTransferState ;
BEGIN
localMain(First) ;
WITH p DO
ptrToFirst = ADR(First) ;
ptrToSecond := ADR(Second) ;
next := AttachVector(InterruptNo,
ADR(p))
END ;

IncludeVector(InterruptNo) ;
TRANSFER(First, Second)
END IOTRANSFER ;

Figure7: implementation ofOTRANSFER

GNU MODULA-2 SOURCE CODE

At the time of writingGNU Modula2 0.5 has been
released. This front end can be grafted dB@G-3.3
source tree. The code breaknsofor GNU Modula2
release.5 is shown in tabla and the line count for all
other languages is taken fromCC-3.3 [Weinberg,
2003].

Category
Core compiler 250,000
Back ends 410,000
rs6000 40,000
x86 42,000
Front ends 480,000
C 861,000
Ada 298,000
Java 127,000
C++ 105,000
Modula-2 124,000
Runtime libraries
Java 274,000
ObjC 8,200
f77 11,000
Modula-2 28,300
Modula-2 interrupt schema 4,200

Table 1: lines of code by category

The modules at the core of theodula2 process
implementation and interrupt simulation é8¥STEM
SysVec andpth . The later is only an interface file
which mapavodula? procedures and parameters onto
their C counterparts. Theource for these three mod-
ules amounts to approximately600 lines of code.
The total process runtime library code which includes
a higher level executive and timerhandler ig200lines.



CONCLUSIONSAND FURTHER WORK

In conclusion this technique has beamywsuccessful
as it has been widely ported to ngadifferent UNIX

like gperating systems and different processor archi-
tectures [AMD, 2003b; Intel, 2000]. This onk
demonstrates that theNU Rthread library is capable
of being used to implement thewldevd primitives:
NEWPROCESSRANSFERLISTEN and IOTRANSFER

In the future this technique will bextended to imple-
ment the SO Modula process model.

stack of first stack of second

ptrToFirst
ptrToSecond

first: PROCESS

g: POINTER D TransferState pthread context

interrupt no

second: PROCESS

pthread context

interrupt no

Figure8: data structure diagram showingykvalues
just before the call ttRANSFERN IOTRANSFER
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