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Introduction

TheCcompileronPlan9isawhollynewprogram;infactitwasthefirstpieceof
softwarewrittenforwhatwouldeventuallybecomePlan9fromBellLabs.Programmers
familiarwithexistingCcompilerswillfindanumberofdifferencesinboththelanguage
the Plan 9 compiler accepts and in how the compiler is used.

Thecompilerisreallyasetofcompilers,oneforeacharchitecture�MIPS,SPARC,
Intel386,PowerPC,ARM,etc.�thatacceptadialectofANSICandefficientlyproduce
fairlygoodcodeforthetargetmachine.Thereisapackagingofthecompilerthat
acceptsstrictANSICforaPOSIXenvironment,butthisdocumentfocusesonthenative
Plan9environment,thatinwhichallthesystemsourceandalmostalltheutilitiesare
written.

Source

Thelanguageacceptedbythecompilersisthecore1989ANSIClanguagewith
somemodestextensions,agreatlysimplifiedpreprocessor,asmallerlibrarythat
includessystemcallsandrelatedfacilities,andacompletelydifferentstructurefor
include files.

OfficialANSICacceptstheold(K&R)styleofdeclarationsforfunctions;thePlan9
compilersaremoredemanding.Withoutanexplicitrun-timeflag(-B) whose use is dis­
couraged, the compilersinsistonnew-stylefunctiondeclarations,thatis,prototypesfor
functionarguments.Thefunctiondeclarationsinthelibraries�includefilesareall in the
newstylesotheinterfacesarecheckedatcompiletime.ForCprogrammerswhohave
notyetswitchedtofunctionprototypestheclumsysyntaxmayseemrepellentbutthe
payoffinstrongertypingissubstantial.Thosewhowishtoimportexistingsoftwareto
Plan 9 are urged to use the opportunity to update their code.

Thecompilersincludeanintegratedpreprocessorthatacceptsthefamiliar
#include,#defineformacrosbothwithandwithoutarguments,#undef,#line,
#ifdef,#ifndef,and#endif.Itsupportsneither#ifnor##,althoughitdoes
honorafew#pragmas.The#ifdirectivewasomittedbecauseitgreatlycomplicates
thepreprocessor,isnevernecessary,andisusuallyabused.Conditionalcompilationin
generalmakescodehardtounderstand;thePlan9sourceusesitsparingly.Also,
becausethecompilersremovedeadcode,regularifstatementswithconstantcondi­
tionsaremorereadableequivalentstomany#ifs.Tocompileimportedcode
ineluctablyfouledby#ifthereisaseparatecommand,/bin/cpp,thatimplements
the complete ANSI C preprocessor specification.

Includefilesfallintotwogroups:machine-dependentandmachine-independent.
Themachine-independentfilesoccupythedirectory/sys/include;theothersare
placedinadirectoryappropriatetothemachine,suchas/mips/include.Thecom­
pilersearchesforincludefilesfirstinthemachine-dependentdirectoryandtheninthe
machine-independentdirectory.Atthetimeofwritingtherearethirty-onemachine-
independentincludefilesandtwo(permachine)machine-dependentones:<ureg.h>
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havelotsofoptions,bothfamiliarandnew;seethemanualfordetails.Thecompiler
doesnotgenerateanexecutableautomatically;theoutputofthecompilermustbe
given to the loader.Since most compilation is done under the control ofmk(seebelow),
this is rarely an inconvenience.

The distribution of work between the compiler andloaderisunusual.Thecompiler
integratespreprocessing,parsing,registerallocation,codegenerationandsomeassem­
bly.Combiningthesetasksinasingleprogramispartofthereasonforthecompiler�s
efficiency.Theloaderdoesinstructionselection,branchfolding,instructionscheduling,
andwritesthefinalexecutable.ThereisnoseparateCpreprocessorandnoassembler
intheusualpipeline.Insteadtheintermediateobjectfile(herea.8file)isatypeof
binaryassemblylanguage.Theinstructionsintheintermediateformatarenotexactly
thoseinthemachine.Forexample,onthe68020theobjectfilemayspecifyaMOVE
instruction buttheloaderwilldecidejustwhichvariantoftheMOVEinstruction�MOVE
immediate, MOVE quick, MOVE address, etc. �is most efficient.

Theassembler,8a,isjustatranslatorbetweenthetextualandbinaryrepresenta­
tionsoftheobjectfileformat.Itisnotanassemblerinthetraditionalsense.Ithaslim­
itedmacrocapabilities(thesameastheintegralCpreprocessorinthecompiler),clumsy
syntax,andminimalerrorchecking.Forinstance,theassemblerwillacceptaninstruc­
tion (such asmemory-to-memoryMOVEontheMIPS)thatthemachinedoesnotactually
support;onlywhentheoutputoftheassemblerispassedtotheloaderwilltheerrorbe
discovered.Theassemblerisintendedonlyforwritingthingsthatneedaccessto
instructionsinvisiblefromC,suchasthemachine-dependentpartofanoperatingsys­
tem; very little code in Plan 9 is in assembly language.

Thecompilerstakeanoption-Sthatcausesthemtoprintontheirstandardout­
putthegeneratedcodeinaformatacceptableasinputtotheassemblers.Thisisof
coursemerelyaformattingofthedataintheobjectfile;thereforetheassemblerisjust
anASCII-to-binaryconverterforthisformat.Otherthanthespecificinstructions,the
inputtotheassemblersislargelyarchitecture-independent;see��AManualforthePlan
9 Assembler��, by Rob Pike, for more information.

Theloaderisanintegralpartofthecompilationprocess.Eachlibraryheaderfile
containsa#pragmathattellstheloaderthenameoftheassociatedarchive;itisnot
necessarytotelltheloaderwhichlibrariesaprogramuses.TheCrun-timestartupis
found,bydefault,intheClibrary.Theloaderstartswithanundefinedsymbol,_main,
thatisresolvedbypullingintherun-timestartupcodefromthelibrary.(Theloader
undefines_mainpwhenprofilingisenabled,toforceloadingoftheprofilingstart-up
instead.)

Unlikeitscounterpartonothersystems,thePlan9loaderrearrangesdatatoopti­
mizeaccess.Thismeanstheorderofvariablesintheloadedprogramisunrelated to its
orderinthesource.Mostprogramsdon�tcare,butsomeassumethat,forexample,the
variables declared by

inta;
intb;

will appear at adjacent addresses in memory.On Plan 9, they won�t.

Heterogeneity

Whenthesystemstartsorauserlogsintheenvironmentisconfiguredsothe
appropriatebinariesareavailablein/bin.Theconfigurationprocessiscontrolledby
anenvironmentvariable,$cputype,withvaluesuchasmips,386,arm,orsparc.
Foreacharchitecturethereisadirectoryintheroot,withtheappropriatename,that
holdsthebinaryandlibraryfilesforthatarchitecture.Thus/mips/libcontainsthe
objectcodelibrariesforMIPSprograms,/mips/includeholdsMIPS-specificinclude
files,and/mips/binhastheMIPSbinaries.Thesebinariesareattachedto/binat
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and <u.h>. The first describes the layout of registers on the system stack, for use by
the debugger. The second defines some architecture-dependent types such as
jmp_buf for setjmp and the va_arg and va_list macros for handling arguments
to variadic functions, as well as a set of typedef abbreviations for unsigned short
and so on.

Here is an excerpt from /386/include/u.h:

#define nil ((void*)0)
typedef unsigned short ushort;
typedef unsigned char uchar;
typedef unsigned long ulong;
typedef unsigned int uint;
typedef signed char schar;
typedef long long vlong;

typedef long jmp_buf[2];
#define JMPBUFSP 0
#define JMPBUFPC 1
#define JMPBUFDPC 0

Plan 9 programs use nil for the name of the zero-valued pointer. The type vlong is
the largest integer type available; on most architectures it is a 64-bit value. A couple of
other types in <u.h> are u32int, which is guaranteed to have exactly 32 bits (a possi­
bility on all the supported architectures) and mpdigit, which is used by the multipreci­
sion math package <mp.h>. The #define constants permit an architecture-
independent (but compiler-dependent) implementation of stack-switching using
setjmp and longjmp.

Every Plan 9 C program begins

#include <u.h>

because all the other installed header files use the typedefs declared in <u.h>.

In strict ANSI C, include files are grouped to collect related functions in a single
file: one for string functions, one for memory functions, one for I/O, and none for sys­
tem calls. Each include file is protected by an #ifdef to guarantee its contents are
seen by the compiler only once. Plan 9 takes a different approach. Other than a few
include files that define external formats such as archives, the files in /sys/include
correspond to libraries. If a program is using a library, it includes the corresponding
header. The default C library comprises string functions, memory functions, and so on,
largely as in ANSI C, some formatted I/O routines, plus all the system calls and related
functions. To use these functions, one must #include the file <libc.h>, which in
turn must follow <u.h>, to define their prototypes for the compiler. Here is the com­
plete source to the traditional first C program:

#include <u.h>
#include <libc.h>

void
main(void)
{

print("hello world\n");
exits(0);

}

The print routine and its relatives fprint and sprint resemble the similarly-
named functions in Standard I/O but are not attached to a specific I/O library. In Plan 9
main is not integer-valued; it should call exits, which takes a string argument (or
null; here ANSI C promotes the 0 to a char*). All these functions are, of course,
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documented in the Programmer�s Manual.

To use printf, <stdio.h> must be included to define the function prototype
for printf:

#include <u.h>
#include <libc.h>
#include <stdio.h>

void
main(int argc, char *argv[])
{

printf("%s: hello world; argc = %d\n", argv[0], argc);
exits(0);

}

In practice, Standard I/O is not used much in Plan 9. I/O libraries are discussed in a
later section of this document.

There are libraries for handling regular expressions, raster graphics, windows, and
so on, and each has an associated include file. The manual for each library states which
include files are needed. The files are not protected against multiple inclusion and
themselves contain no nested #includes. Instead the programmer is expected to
sort out the requirements and to #include the necessary files once at the top of each
source file. In practice this is trivial: this way of handling include files is so straightfor­
ward that it is rare for a source file to contain more than half a dozen #includes.

The compilers do their own register allocation so the register keyword is
ignored. For different reasons, volatile and const are also ignored.

To make it easier to share code with other systems, Plan 9 has a version of the
compiler, pcc, that provides the standard ANSI C preprocessor, headers, and libraries
with POSIX extensions. Pcc is recommended only when broad external portability is
mandated. It compiles slower, produces slower code (it takes extra work to simulate
POSIX on Plan 9), eliminates those parts of the Plan 9 interface not related to POSIX, and
illustrates the clumsiness of an environment designed by committee. Pcc is described
in more detail in APE�The ANSI/PΧSIX Environment, by Howard Trickey.

Process

Each CPU architecture supported by Plan 9 is identified by a single, arbitrary,
alphanumeric character: k for SPARC, q for 32-bit Power PC, v for MIPS, 0 for little-
endian MIPS, 5 for ARM v5 and later 32-bit architectures, 6 for AMD64, 8 for Intel 386,
and 9 for 64-bit Power PC. The character labels the support tools and files for that
architecture. For instance, for the 386 the compiler is 8c, the assembler is 8a, the link
editor/loader is 8l, the object files are suffixed .8, and the default name for an exe­
cutable file is 8.out. Before we can use the compiler we therefore need to know which
machine we are compiling for. The next section explains how this decision is made; for
the moment assume we are building 386 binaries and make the mental substitution for
8 appropriate to the machine you are actually using.

To convert source to an executable binary is a two-step process. First run the
compiler, 8c, on the source, say file.c, to generate an object file file.8. Then
run the loader, 8l, to generate an executable 8.out that may be run (on a 386
machine):

8c file.c
8l file.8
8.out

The loader automatically links with whatever libraries the program needs, usually includ­
ing the standard C library as defined by <libc.h>. Of course the compiler and loader
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boottimebybinding/$cputype/binto/bin,so/binalwayscontainsthecorrect
files.

TheMIPScompiler,vc,bydefinitionproducesobjectfilesfortheMIPSarchitec­
ture,regardlessofthearchitectureofthemachineonwhichthecompilerisrunning.
Thereisaversionofvccompiledforeacharchitecture:/mips/bin/vc,
/arm/bin/vc,/sparc/bin/vc,andsoon,eachcapableofproducingMIPSobject
filesregardlessofthenativeinstructionset.IfoneisrunningonaSPARC,
/sparc/bin/vcwillcompileprogramsfortheMIPS;ifoneisrunningonmachine
$cputype,/$cputype/bin/vcwill compile programs for the MIPS.

Becauseofthebindingsthatassemble/bin,theshellalwayslooksforacom­
mand,saydate,in/binandautomaticallyfindsthefile/$cputype/bin/date.
ThereforetheMIPScompilerisknownasjustvc;theshellwillinvoke/bin/vcand
thatisguaranteedtobetheversionoftheMIPScompilerappropriateforthemachine
runningthecommand.Regardlessofthearchitectureofthecompilingmachine,
/bin/vcisalwaysthe MIPS compiler.

Also,theoutputofvcandvliscompletelyindependentofthemachinetypeon
whichtheyareexecuted:.vfilescompiled(withvc)onaSPARCmaybelinked(with
vl)ona386.(Theresultingv.outwillrun,ofcourse,onlyonaMIPS.)Similarly,the
MIPSlibrariesin/mips/libaresuitableforloadingwithvlonanymachine;thereis
onlyonesetofMIPSlibraries,notonesetforeacharchitecturethatsupportstheMIPS
compiler.

Heterogeneity andmk

MostsoftwareonPlan9iscompiledunderthecontrolofmk,adescendantof
makethatisdocumentedintheProgrammer�sManual.Aconventionusedthroughout
themkfilesmakesiteasytocompilethesourceintobinarysuitableforanyarchitec­
ture.

Thevariable$cputypeisadvisory:itreportsthearchitectureofthecurrentenvi­
ronment,andshouldnotbemodified.Asecondvariable,$objtype,isusedtoset
whicharchitectureisbeingcompiledfor.Thevalueof$objtypecanbeusedbya
mkfileto configure the compilation environment.

In each machine�s root directory there is ashortmkfilethatdefinesasetofmac­
ros for the compiler, loader, etc.Here is/mips/mkfile:

</sys/src/mkfile.proto

CC=vc
LD=vl
Χ=v
AS=va

The line

</sys/src/mkfile.proto

causesmktoincludethefile/sys/src/mkfile.proto,whichcontainsgeneral
definitions:
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ToportprogramsbeyondPlan9,wherethesysteminterfaceismorevariable,itis
probablynecessarytousepccandhopethatthetargetmachinesupportsANSICand
POSIX.

I/Χ

ThedefaultClibrary,definedbytheincludefile<libc.h>,containsnobuffered
I/Opackage.Itdoeshaveseveralentrypointsforprintingformattedtext:printout­
putstexttothestandardoutput,fprintoutputstexttoaspecifiedintegerfile
descriptor,andsprintplacestextinacharacterarray.Toaccesslibraryroutinesfor
buffered I/O, a program mustexplicitlyincludetheheaderfileassociatedwithanappro­
priate library.

TherecommendedI/Olibrary,usedbymostPlan9utilities,isbio(bufferedI/O),
definedby<bio.h>.TherealsoexistsanimplementationofANSIStandardI/O,
stdio.

Bioissmallandefficient,particularlyforbuffer-at-a-timeorline-at-a-timeI/O.
Evenforcharacter-at-a-timeI/O,however,itissignificantlyfasterthantheStandard
I/Olibrary,stdio.Itsinterfaceiscompactandregular,althoughitlacksafewconve­
niences.Themostnoticeableisthatonemustexplicitlydefinebuffersforstandard
inputandoutput;biodoesnotpredefinethem.Hereisaprogramtocopyinputto
output a byte at a time usingbio:

#include<u.h>
#include<libc.h>
#include<bio.h>

Biobufbin;
Biobufbout;

main(void)
{

intc;

Binit(&bin,0,ΧREAD);
Binit(&bout,1,ΧWRITE);

while((c=Bgetc(&bin))!=Beof)
Bputc(&bout,c);

exits(0);
}

Forpeakperformance,wecouldreplaceBgetcandBputcbytheirequivalentin-line
macrosBGETCandBPUTCbutthe performance gain would be modest.For more infor­
mation onbio, see the Programmer�s Manual.

PerhapsthemostdramaticdifferenceintheI/OinterfaceofPlan9fromothersys­
tems�isthattextisnotASCII.TheformatfortextinPlan9isabyte-streamencoding
of16-bitcharacters.ThecharactersetisbasedontheUnicodeStandardandisback­
wardcompatiblewithASCII:characterswithvalue0through127arethesameinboth
sets.The16-bitcharacters,calledrunesinPlan9,areencodedusingarepresentation
calledUTF,anencodingthatisbecomingacceptedasastandard.(ISOcallsitUTF-8;
throughoutPlan9it�sjustcalledUTF.)UTFdefinesmultibytesequencestorepresent
charactervaluesfrom0to65535.InUTF,charactervaluesupto127decimal,7Fhex­
adecimal,representthemselves,sostraightASCIIfilesarealsovalidUTF.Also,UTF
guaranteesthatbyteswithvalues0to127(NULtoDEL,inclusive)willappearonlywhen
theyrepresentthemselves,soprogramsthatreadbyteslookingforplainASCIIcharac­
terswillcontinuetowork.Anyprogramthatexpectsaone-to-onecorrespondence
betweenbytesandcharacterswill,however,needtobemodified.Anexampleis
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#
# common mkfile parameters shared by all architectures
#

ΧS=5689qv
CPUS=arm amd64 386 power mips
CFLAGS=-FTVw
LEX=lex
YACC=yacc
MK=/bin/mk

CC is obviously the compiler, AS the assembler, and LD the loader. Χ is the suffix for
the object files and CPUS and ΧS are used in special rules described below.

Here is a mkfile to build the installed source for sam:

</$objtype/mkfile
ΧBJ=sam.$Χ address.$Χ buffer.$Χ cmd.$Χ disc.$Χ error.$Χ \

file.$Χ io.$Χ list.$Χ mesg.$Χ moveto.$Χ multi.$Χ \
plan9.$Χ rasp.$Χ regexp.$Χ string.$Χ sys.$Χ xec.$Χ

$Χ.out: $ΧBJ
$LD $ΧBJ

install: $Χ.out
cp $Χ.out /$objtype/bin/sam

installall:
for(objtype in $CPUS) mk install

%.$Χ: %.c
$CC $CFLAGS $stem.c

$ΧBJ: sam.h errors.h mesg.h
address.$Χ cmd.$Χ parse.$Χ xec.$Χ unix.$Χ: parse.h

clean:V:
rm -f [$ΧS].out *.[$ΧS] y.tab.?

(The actual mkfile imports most of its rules from other secondary files, but this exam­
ple works and is not misleading.) The first line causes mk to include the contents of
/$objtype/mkfile in the current mkfile. If $objtype is mips, this inserts the
MIPS macro definitions into the mkfile. In this case the rule for $Χ.out uses the
MIPS tools to build v.out. The %.$Χ rule in the file uses mk�s pattern matching facili­
ties to convert the source files to the object files through the compiler. (The text of the
rules is passed directly to the shell, rc, without further translation. See the mk manual
if any of this is unfamiliar.) Because the default rule builds $Χ.out rather than sam, it
is possible to maintain binaries for multiple machines in the same source directory with­
out conflict. This is also, of course, why the output files from the various compilers and
loaders have distinct names.

The rest of the mkfile should be easy to follow; notice how the rules for clean
and installall (that is, install versions for all architectures) use other macros
defined in /$objtype/mkfile. In Plan 9, mkfiles for commands conventionally
contain rules to install (compile and install the version for $objtype),
installall (compile and install for all $objtypes), and clean (remove all object
files, binaries, etc.).

The mkfile is easy to use. To build a MIPS binary, v.out:
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% objtype=mips
% mk

To build and install a MIPS binary:

% objtype=mips
% mk install

To build and install all versions:

% mk installall

These conventions make cross-compilation as easy to manage as traditional native com­
pilation. Plan 9 programs compile and run without change on machines from large mul­
tiprocessors to laptops. For more information about this process, see ��Plan 9 Mkfiles��,
by Bob Flandrena.

Portability

Within Plan 9, it is painless to write portable programs, programs whose source is
independent of the machine on which they execute. The operating system is fixed and
the compiler, headers and libraries are constant so most of the stumbling blocks to
portability are removed. Attention to a few details can avoid those that remain.

Plan 9 is a heterogeneous environment, so programs must expect that external files
will be written by programs on machines of different architectures. The compilers, for
instance, must handle without confusion object files written by other machines. The tra­
ditional approach to this problem is to pepper the source with #ifdefs to turn byte-
swapping on and off. Plan 9 takes a different approach: of the handful of machine-
dependent #ifdefs in all the source, almost all are deep in the libraries. Instead pro­
grams read and write files in a defined format, either (for low volume applications) as
formatted text, or (for high volume applications) as binary in a known byte order. If the
external data were written with the most significant byte first, the following code reads a
4-byte integer correctly regardless of the architecture of the executing machine (assum­
ing an unsigned long holds 4 bytes):

ulong
getlong(void)
{

ulong l;

l = (getchar()&0xFF)<<24;
l |= (getchar()&0xFF)<<16;
l |= (getchar()&0xFF)<<8;
l |= (getchar()&0xFF)<<0;
return l;

}

Note that this code does not �swap� the bytes; instead it just reads them in the correct
order. Variations of this code will handle any binary format and also avoid problems
involving how structures are padded, how words are aligned, and other impediments to
portability. Be aware, though, that extra care is needed to handle floating point data.

Efficiency hounds will argue that this method is unnecessarily slow and clumsy
when the executing machine has the same byte order (and padding and alignment) as
the data. The CPU cost of I/O processing is rarely the bottleneck for an application,
however, and the gain in simplicity of porting and maintaining the code greatly out­
weighs the minor speed loss from handling data in this general way. This method is
how the Plan 9 compilers, the window system, and even the file servers transmit data
between programs.
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parsingfilenames.Filenames,likealltext,areinUTF,soitisincorrecttosearchfora
characterinastringbystrchr(filename,c)becausethecharactermighthavea
multi-byteencoding.Thecorrectmethodistocallutfrune(filename,c),
definedinrune(2),whichinterpretsthefilenameasasequenceofencodedcharacters
ratherthanbytes.Infact,evenwhenyouknowthecharacterisasinglebytethatcan
representonlyitself,itissafertouseutfrunebecausethatassumesnothingabout
the character set and its representation.

Thelibrarydefinesseveralsymbolsrelevanttotherepresentationofcharacters.
AnybytewithunsignedvaluelessthanRunesyncwillnotappearinanymulti-byte
encodingofacharacter.Utfrunecomparesthecharacterbeingsearchedagainst
Runesynctoseeifitissufficienttocallstrchrorifthebytestreammustbeinter­
preted.AnybytewithunsignedvaluelessthanRuneselfisrepresentedbyasingle
bytewiththesamevalue.Finally,whenerrorsareencounteredconvertingtorunes
fromabytestream,thelibraryreturnstherunevalueRuneerrorandadvancesasin­
gle byte.This permits programs to find runes embedded in binary data.

BioincludesroutinesBgetruneandBputrunetotransformtheexternalbyte
streamUTFformattoandfrominternal16-bitrunes.Also,the%sformattoprint
acceptsUTF;%cprintsacharacterafternarrowingitto8bits.The%Sformatprintsa
null-terminatedsequenceofrunes;%Cprintsacharacterafternarrowingitto16bits.
Formoreinformation,seetheProgrammer�sManual,inparticularutf(6)andrune(2),
andthepaper,��Helloworld,or�±»·¼­Á±ºÌÃ¼µ,or ��,byRobPikeand
Ken Thompson; there is not room for the full story here.

Theseissuesaffectthecompilerinseveralways.First,theCsourceisinUTF.
ANSIsaysCvariablesareformedfromASCIIalphanumerics,butcommentsandliteral
stringsmaycontainanycharactersencodedinthenativeencoding,hereUTF.Thedec­
laration

char*cp="abcÿ";

initializesthevariablecptopointtoanarrayofbytesholdingtheUTFrepresentationof
thecharactersabcÿ.ThetypeRuneisdefinedin<u.h>tobeushort,which is also
the�wide character�type in the compiler.Therefore the declaration

Rune*rp=L"abcÿ";

initializesthevariablerptopointtoanarrayofunsignedshortintegersholdingthe
16-bitvaluesofthecharactersabcÿ.Notethatinboththesedeclarationsthecharac­
tersinthesourcethatrepresentabcÿarethesame;whatchangesishowthosecharac­
ters are represented in memory in the program.The following two lines:

print("%s\n","abcÿ");
print("%S\n",L"abcÿ");

producethesameUTFstringontheiroutput,thefirstbycopyingthebytes,thesecond
by converting from runes to bytes.

InC,characterconstantsareintegersbutnarrowedthroughthechartype.The
Unicodecharacterÿhasvalue255,soifthechartypeissigned,theconstant'ÿ'has
value�1(whichisequaltoEOF).Ontheotherhand,L'ÿ'narrowsthroughthewide
character type,ushort, and therefore has value 255.

Finally,althoughit�snotANSIC,thePlan9Ccompilersassumeanycharacterwith
valueaboveRuneselfisanalphanumeric,so±isalegal,ifnon-portable,variable
name.
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Pointp=
{

.y100,

.x200
};

TheseinitializationsyntaxeswerelateraddedtoANSIC,withtheadditionofanequals
sign between the index or tag and the value.The Plan 9 compiler accepts either form.

Finally, the declaration

externregisterreg;

(thisappearanceoftheregisterkeywordisnotignored)allocatesaglobalregisterto
holdthevariablereg.Externalregistersmustbeusedcarefully:theyneedtobe
declaredinallsourcefilesandlibrariesintheprogramtoguaranteetheregisterisnot
allocatedtemporarilyforotherpurposes.Especiallyonmachineswithfewregisters,
suchasthei386,itiseasytolinkaccidentallywithcodethathasalreadyusurpedthe
globalregistersandthereisnodiagnosticwhenthishappens.Usedwisely,though,
externalregistersarepowerful.ThePlan9operatingsystemusesthemtoaccessper-
processandper-machinedatastructuresonamultiprocessor.Thestorageclassthey
provide is hard to create in other ways.

The compile-time environment

Thecodegeneratedbythecompilersis�optimized�bydefault:variablesareplaced
inregistersandpeepholeoptimizationsareperformed.Thecompilerflag-Ndisables
theseoptimizations.Registerizationisdonelocallyratherthanthroughoutafunction:
whetheravariableoccupiesaregisterorthememorylocationidentifiedinthesymbol
tabledependsontheactivityofthevariableandmaychangethroughoutthelifeofthe
variable.The-Nflagisrarelyneeded;itsmainuseistosimplifydebugging.Thereis
noinformationinthesymboltabletoidentifytheregisterizationofavariable,so-N
guarantees the variable is always where the symbol table says it is.

Anotherflag,-w,turnsonwarningsaboutportabilityandproblemsdetectedin
flowanalysis.MostcodeinPlan9iscompiledwithwarningsenabled;thesewarnings
plusthetypecheckingofferedbyfunctionprototypesprovidemostofthesupportof
theUnixtoollintmoreaccuratelyandwithlesschatter.Twoofthewarnings,�used
andnotset�and�setandnotused�,arealmostalwaysaccuratebutmaybetriggered
spuriouslybycodewithinvisiblecontrolflow,suchasinroutinesthatcalllongjmp.
The compiler statements

SET(v1);
USED(v2);

decoratetheflowgraphtosilencethecompiler.Eitherstatementacceptsacomma-
separatedlistofvariables.Usethemcarefully:theymaysilencerealerrors.Forthe
commoncaseofunusedparameterstoafunction,leavingthenameoffthedeclaration
silences the warnings.That is, listing the type of a parameter but giving it no associated
variable name does the trick.

Debugging

TherearetwodebuggersavailableonPlan9.Thefirst,andolder,isdb,arevision
ofUnixadb.Theother,acid,isasource-leveldebuggerwhosecommandsarestate­
mentsinatrueprogramminglanguage.Acidisthepreferreddebugger,butsinceit
borrowssomeelementsofdb,notablytheformatsfordisplayingvalues,itisworth
knowing a little bit aboutdb.
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Arguments

Some macros are defined in <libc.h> for parsing the arguments to main().
They are described in ARG(2) but are fairly self-explanatory. There are four macros:
ARGBEGIN and ARGEND are used to bracket a hidden switch statement within which
ARGC returns the current option character (rune) being processed and ARGF returns the
argument to the option, as in the loader option -o file. Here, for example, is the
code at the beginning of main() in ramfs.c (see ramfs(1)) that cracks its arguments:

void
main(int argc, char *argv[])
{

char *defmnt;
int p[2];
int mfd[2];
int stdio = 0;

defmnt = "/tmp";
ARGBEGIN{
case 'i':

defmnt = 0;
stdio = 1;
mfd[0] = 0;
mfd[1] = 1;
break;

case 's':
defmnt = 0;
break;

case 'm':
defmnt = ARGF();
break;

default:
usage();

}ARGEND

Extensions

The compiler has several extensions to 1989 ANSI C, all of which are used exten­
sively in the system source. Some of these have been adopted in later ANSI C standards.
First, structure displays permit struct expressions to be formed dynamically. Given
these declarations:

typedef struct Point Point;
typedef struct Rectangle Rectangle;

struct Point
{

int x, y;
};

struct Rectangle
{

Point min, max;
};

Point p, q, add(Point, Point);
Rectangle r;
int x, y;

this assignment may appear anywhere an assignment is legal:
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r = (Rectangle){add(p, q), (Point){x, y+3}};

The syntax is the same as for initializing a structure but with a leading cast.

If an anonymous structure or union is declared within another structure or union,
the members of the internal structure or union are addressable without prefix in the
outer structure. This feature eliminates the clumsy naming of nested structures and,
particularly, unions. For example, after these declarations,

struct Lock
{

int locked;
};

struct Node
{

int type;
union{

double dval;
double fval;
long lval;

}; /* anonymous union */
struct Lock; /* anonymous structure */

} *node;

void lock(struct Lock*);

one may refer to node->type, node->dval, node->fval, node->lval, and
node->locked. Moreover, the address of a struct Node may be used without a
cast anywhere that the address of a struct Lock is used, such as in argument lists.
The compiler automatically promotes the type and adjusts the address. Thus one may
invoke lock(node).

Anonymous structures and unions may be accessed by type name if (and only if)
they are declared using a typedef name. For example, using the above declaration
for Point, one may declare

struct
{

int type;
Point;

} p;

and refer to p.Point.

In the initialization of arrays, a number in square brackets before an element sets
the index for the initialization. For example, to initialize some elements in a table of
function pointers indexed by ASCII character,

void percent(void), slash(void);

void (*func[128])(void) =
{

['%'] percent,
['/'] slash,

};

A similar syntax allows one to initialize structure elements:
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Both debuggers support multiple architecturesinasingleprogram;thatis,thepro­
gramsaredbandacid,notforexamplevdbandvacid.Theyalsosupportcross-
architecture debugging comfortably: one may debug a 386 binary on a MIPS.

Imagine a program has crashed mysteriously:

%X11/X
Fatalserverbug!
failedtocreatedefaultstipple
X106:suicide:sys:trap:faultreadaddr=0x0pc=0x00105fb8
%

WhenaprocessdiesonPlan9ithangsinthe�broken�statefordebugging.Attacha
debugger to the process by naming its process id:

%acid106
/proc/106/text:mipsplan9executable

/sys/lib/acid/port
/sys/lib/acid/mips
acid:

Theacidfunctionstk()reports the stack traceback:

acid:stk()
Atpc:0x105fb8:abort+0x24/sys/src/ape/lib/ap/stdio/abort.c:6
abort()/sys/src/ape/lib/ap/stdio/abort.c:4

calledfromFatalError+#4e
/sys/src/X/mit/server/dix/misc.c:421

FatalError(s9=#e02,s8=#4901d200,s7=#2,s6=#72701,s5=#1,
s4=#7270d,s3=#6,s2=#12,s1=#ff37f1c,s0=#6,f=#7270f)
/sys/src/X/mit/server/dix/misc.c:416

calledfromgnotscreeninit+#4ce
/sys/src/X/mit/server/ddx/gnot/gnot.c:792

gnotscreeninit(snum=#0,sc=#80db0)
/sys/src/X/mit/server/ddx/gnot/gnot.c:766

calledfromAddScreen+#16e
/n/bootes/sys/src/X/mit/server/dix/main.c:610

AddScreen(pfnInit=0x0000129c,argc=0x00000001,argv=0x7fffffe4)
/sys/src/X/mit/server/dix/main.c:530

calledfromInitΧutput+0x80
/sys/src/X/mit/server/ddx/brazil/brddx.c:522

InitΧutput(argc=0x00000001,argv=0x7fffffe4)
/sys/src/X/mit/server/ddx/brazil/brddx.c:511

calledfrommain+0x294
/sys/src/X/mit/server/dix/main.c:225

main(argc=0x00000001,argv=0x7fffffe4)
/sys/src/X/mit/server/dix/main.c:136

calledfrom_main+0x24
/sys/src/ape/lib/ap/mips/main9.s:8

Thefunctionlstk()issimilarbutalsoreportsthevaluesoflocalvariables.Notethat
thetracebackincludesfullfilenames;thisisaboontodebugging,althoughitmakes
the output much noisier.

Touseacidwellyouwillneedtolearnitsinputlanguage;seethe��AcidManual��,
byPhilWinterbottom,fordetails.Forsimpledebugging,however,theinformationin
themanualpageissufficient.Inparticular,itdescribesthemostusefulfunctionsfor
examining a process.

Thecompilerdoesnotplaceinformationdescribingthetypesofvariablesinthe
executable,butacompile-timeflagprovidescrudesupportforsymbolicdebugging.
The-aflagtothecompilersuppressescodegenerationandinsteademitssourcetext
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longer assumes a buffer of lengthERRLENbut now requires a byte-count argument:

charbuf[...];

errstr(buf,sizeofbuf);

Thebuffercanbeanysizeyoulike.Forconvenience,thekernelstoreserrorstrings
internallyas256-bytearrays,soifyoulike�butit�snotrequired�youcanusethe
definedconstantERRMAX=256asagoodbuffersize.UnliketheoldERRLEN(which
hadvalue64),ERRMAXisadvisory,notmandatory,andisnotpartofthe9Pspecifica­
tion.

Withnames,statbuffers,anddirectories,thereisn�tevenanechoofafixed-size
array any more.

Directories and wait messages

Withstringsnowvariable-length,anumberofsystemcallsneededtochange:
errstr,stat,fstat,wstat,fwstat,andwaitareallaffected,asisread
when applied to directories.

Asfarasdirectoriesareconcerned,mostprogramsdon�tusethesystemcalls
directlyanyway,sincetheyoperateonthemachine-independentform,butinsteadcall
themachine-dependentDirroutinesdirstat,dirread,etc.Theseusedtofill
user-providedfixed-sizebuffers;nowtheyreturnobjectsallocatedbymalloc(which
must therefore be freed after use).To �stat�a file:

Dir*d;

d=dirstat(filename);
if(d==nil){

fprint(2,"can'tstat%s:%r\n",filename);
exits("stat");

}
use(d);
free(d);

A common new bug is to forget to free aDirreturned bydirstat.

DirfstatandDirfwstatwork pretty much as before, but changes to 9P make
itpossibletoexercisefiner-grainedcontrolonwhatfieldsoftheDiraretobe
changed; seestat(2) andstat(5) for details.

Readingadirectoryworksinasimilarwaytodirstat,withdirreadallocating
andfillinginanarrayofDirstructures.Thereturnvalueisthenumberofelementsof
thearray.TheargumentstodirreadnowincludeapointertoaDir*tobefilledin
with the address of the allocated array:

Dir*d;
inti,n;

while((n=dirread(fd,&d))>0){
for(i=0;i<n;i++)

use(&d[i]);
free(d);

}

Anewlibraryfunction,dirreadall,hasthesameformasdirreadbutreturnsthe
entire directory in one call:
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in the acid language to format and display data structure types defined in the pro­
gram. The easiest way to use this feature is to put a rule in the mkfile:

syms: main.$Χ
$CC -a main.c > syms

Then from within acid,

acid: include("sourcedirectory/syms")

to read in the relevant definitions. (For multi-file source, you need to be a little fancier;
see 8c(1)). This text includes, for each defined compound type, a function with that
name that may be called with the address of a structure of that type to display its con­
tents. For example, if rect is a global variable of type Rectangle, one may execute

Rectangle(*rect)

to display it. The * (indirection) operator is necessary because of the way acid works:
each global symbol in the program is defined as a variable by acid, with value equal to
the address of the symbol.

Another common technique is to write by hand special acid code to define func­
tions to aid debugging, initialize the debugger, and so on. Conventionally, this is
placed in a file called acid in the source directory; it has a line

include("sourcedirectory/syms");

to load the compiler-produced symbols. One may edit the compiler output directly but
it is wiser to keep the hand-generated acid separate from the machine-generated.

To make things simple, the default rules in the system mkfiles include entries to
make foo.acid from foo.c, so one may use mk to automate the production of
acid definitions for a given C source file.

There is much more to say here. See acid manual page, the reference manual, or
the paper ��Acid: A Debugger Built From A Language��, also by Phil Winterbottom.

Changes to the Programming Environment
in the

Fourth Release of Plan 9

Rob Pike

rob@plan9.bell-labs.com

Introduction

The fourth release of Plan 9 includes changes at many levels of the system, with
repercussions in the libraries and program interfaces. This document summarizes the
changes and describes how existing programs must be modified to run in the new
release. It is not exhaustive, of course; for further detail about any of the topics refer to
the manual pages, as always.

Programmers new to Plan 9 may find valuable tidbits here, but the real audience
for this paper is those with a need to update applications and servers written in C for
earlier releases of the Plan 9 operating system.

9P, NAMELEN, and strings

The underlying file service protocol for Plan 9, 9P, retains its basic form but has
had a number of adjustments to deal with longer file names and error strings, new
authentication mechanisms, and to make it more efficient at evaluating file names. The
change to file names affects a number of system interfaces; because file name elements
are no longer of fixed size, they can no longer be stored as arrays.

9P used to be a fixed-format protocol with NAMELEN-sized byte arrays represent­
ing file name elements. Now, it is a variable-format protocol, as described in intro(5),
in which strings are represented by a count followed by that many bytes. Thus, the
string ken would previously have occupied 28 (NAMELEN) bytes in the message; now it
occupies 5: a two-byte count followed by the three bytes of ken and no terminal zero.
(And of course, a name could now be much longer.) A similar format change has been
made to stat buffers: they are no longer DIRLEN bytes long but instead have variable
size prefixed by a two-byte count. And in fact the entire 9P message syntax has
changed: every message now begins with a message length field that makes it trivial to
break the string into messages without parsing them, so aux/fcall is gone. A new
library entry point, read9pmsg, makes it easy for user-level servers to break the client
data stream into 9P messages. All servers should switch from using read (or the now
gone getS) to using read9pmsg.

This change to 9P affects the way strings are handled by the kernel and throughout
the system. The consequences are primarily that fixed-size arrays have been replaced
by pointers and counts in a variety of system interfaces. Most programs will need at
least some adjustment to the new style. In summary: NAMELEN is gone, except as a
vestige in the authentication libraries, where it has been rechristened ANAMELEN.
DIRLEN and ERRLEN are also gone. All programs that mention these constants will
need to be fixed.

The simplest place to see this change is in the errstr system call, which no
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n=dirreadall(fd,&d)
for(i=0;i<n;i++)

use(&d[i]);
free(d);

Ifyourprograminsistsonusingtheunderlyingstatsystemcalloritsrelatives,or
wantstooperatedirectlyonthemachine-independentformatreturnedbystator
read, it will need to be modified.Such programs are rare enough thatwe�llnotdiscuss
themherebeyondreferringtothemanpagestat(2)fordetails.Beaware,though,that
itusedtobepossibletoregardthebufferreturnedbystatasabytearraythatbegan
withthezero-terminatednameofthefile;thisisnolongertrue.Withveryrareexcep­
tions,programsthatcallstatwouldbebetterrecasttousethedirroutinesor,if
their goal is just to test the existence of a file,access.

Similarchangeshaveaffectedthewaitsystemcall.Infact,waitisnolongera
systemcallbutalibraryroutinethatcallsthenewawaitsystemcallandreturnsa
newly allocated machine-dependentWaitmsgstructure:

Waitmsg*w;

w=wait();
if(w==nil)

error("wait:%r");
print("pidis%d;exitstring%s\n",w->pid,w->msg);
free(w);

Theexitstringw->msgmaybeemptybutitwillneverbeanilpointer.Again,don�t
forgettofreethestructurereturnedbywait.Ifallyouneedisthepid,youcancall
waitpid, which reports just the pid and doesn�t return an allocated structure:

intpid;

pid=waitpid();
if(pid<0)

error("wait:%r");
print("pidis%d\n",pid);

Quoted strings and tokenize

Waitgivesusagoodopportunitytodescribehowthesystemcopeswithallthis
free-formatdata.Considerthetextreturnedbytheawaitsystemcall,whichincludes
asetofintegers(pidsandtimes)andastring(theexitstatus).Thisinformationisfor­
matted free-form; here is the statement in the kernel that generates the message:

n=snprint(a,n,"%d%lud%lud%lud%q",
wq->w.pid,
wq->w.time[TUser],wq->w.time[TSys],wq->w.time[TReal],
wq->w.msg);

Notetheuseof%qtoproduceaquoted-stringrepresentationoftheexitstatus.The
%qformatislike%sbutwillwraprc-stylesinglequotesaroundthestringifitcontains
whitespaceorisotherwiseambiguous.Thelibraryroutinetokenizecanbeusedto
parsedataformattedthisway:itsplitswhite-space-separatedfieldsbutunderstands
the%qquotingconventions.HereishowthewaitlibraryroutinebuildsitsWaitmsg
from the data returned byawait:
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Binary compatibility

The discussion so farhasbeenaboutchangesatthesourcelevel.Existingbinaries
willprobablyrunwithoutchangeinthenewenvironment,sincethekernelprovides
backward-compatiblesystemcallsforerrstr,stat,wait,etc.Theonlyexceptions
areprogramsthatdoeitheramountsystemcall,becauseofthesecuritychangesand
because the file descriptor inmountmust point to anew9Pconnection;orareadsys­
temcallonadirectory,sincethereturneddatawillbeinthenewformat.Amoment�s
reflectionwilldiscoverthatthismeansolduser-levelfileserverswillneedtobefixedto
run on the new system.

File servers

Afulldescriptionofwhatuser-levelserversmustdotoprovideservicewiththe
new9Pisbeyondthescopeofthispaper.Yourbestsourceofinformationissection5
of the manual, combinedwithstudyofafewexamples./sys/src/cmd/ramfs.cis
asimpleexample;ithasacounterpart/sys/src/lib9p/ramfs.cthatimplements
the same service using the new9p(2) library.

Thatsaid,it�sworthsummarizingwhattowatchforwhenconvertingafileserver.
Thesessionmessageisgone,andthereisanowaversionmessagethatis
exchangedatthestartofaconnectiontoestablishtheversionoftheprotocoltouse
(there�sonlyoneatthemoment,identifiedbythestring9P2000)andwhatthemaxi­
mummessagesizewillbe.Thisnegotiationmakesiteasiertohandle9Pencapsulation,
such as withexportfs, and also permits larger message sizes when appropriate.

Ifyourserverwantstoauthenticate,itwillneedtoimplementanauthenticationfile
andimplementtheauthmessage;otherwiseitshouldreturnahelpfulerrorstringto
theTauthrequest to signal that authentication is not required.

Thehandlingofstatanddirectoryreadswillrequiresomechangesbutthey
shouldnotbefundamental.Beawarethatseekingondirectoriesisforbidden,soitis
fineifyoudisregardthefileoffsetwhenimplementingdirectoryreads;thismakesita
littleeasiertohandlethevariable-lengthentries.Youshouldstillneverreturnapartial
directoryentry;iftheI/Ocountistoosmalltoreturnevenoneentry,youshouldreturn
twobytescontainingthebytecountrequiredtorepresentthenextentryinthedirec­
tory.Usercodecanusethisvaluetoformulatearetryifitdesires.SeetheDIAGNOS­
TICS section ofstat(2) for a description of this process.

Thetrickiestpartofupdatingafileserveristhatthecloneandwalkmessages
havebeenmergedintoasinglemessage,asortof�clone-multiwalk�.Thenewmes­
sage,stillcalledwalk,proposesasequenceoffilenameelementstobeevaluated
usingapossiblyclonedfid.Thereturnmessagecontainstheqidsofthefilesreached
bywalkingtothesequentialelements.Ifalltheelementscanbewalked,thefidwillbe
clonedifrequested.Ifanon-zeronumberofelementsarerequested,butnonecanbe
walked,anerrorshouldbereturned.Ifonlysomecanbewalked,thefidisnotcloned,
theoriginalfidisleftwhereitwas,andthereturnedRwalkmessageshouldcontain
the partial list of successfully reached qids.Seewalk(5) for a full description.



­ 4 ­

Waitmsg*
wait(void)
{

int n, l;
char buf[512], *fld[5];
Waitmsg *w;

n = await(buf, sizeof buf-1);
if(n < 0)

return nil;
buf[n] = ' ';
if(tokenize(buf, fld, nelem(fld)) != nelem(fld)){

werrstr("couldn't parse wait message");
return nil;

}
l = strlen(fld[4])+1;
w = malloc(sizeof(Waitmsg)+l);
if(w == nil)

return nil;
w->pid = atoi(fld[0]);
w->time[0] = atoi(fld[1]);
w->time[1] = atoi(fld[2]);
w->time[2] = atoi(fld[3]);
w->msg = (char*)&w[1];
memmove(w->msg, fld[4], l);
return w;

}

This style of quoted-string and tokenize is used all through the system now. In
particular, devices now tokenize the messages written to their ctl files, which
means that you can send messages that contain white space, by quoting them, and that
you no longer need to worry about whether or not the device accepts a newline. In
other words, you can say

echo message > /dev/xx/ctl

instead of echo -n because tokenize treats the newline character as white space
and discards it.

While we�re on the subject of quotes and strings, note that the implementation of
await used snprint rather than sprint. We now deprecate sprint because it
has no protection against buffer overflow. We prefer snprint or seprint, to con­
strain the output. The %q format is cleverer than most in this regard: if the string is too
long to be represented in full, %q is smart enough to produce a truncated but correctly
quoted string within the available space.

Mount

Although strings in 9P are now variable-length and not zero-terminated, this has
little direct effect in most of the system interfaces. File and user names are still zero-
terminated strings as always; the kernel does the work of translating them as necessary
for transport. And of course, they are now free to be as long as you might want; the
only hard limit is that their length must be represented in 16 bits.

One example where this matters is that the file system specification in the mount
system call can now be much longer. Programs like rio that used the specification
string in creative ways were limited by the NAMELEN restriction; now they can use the
string more freely. Rio now accepts a simple but less cryptic specification language for
the window to be created by the mount call, e.g.:
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% mount $wsys /mnt/wsys 'new -dx 250 -dy 250 -pid 1234'

In the old system, this sort of control was impossible through the mount interface.

While we�re on the subject of mount, note that with the new security architecture
(see factotum(4)), 9P has moved its authentication outside the protocol proper. (For a
full description of this change to 9P, see fauth(2), attach(5), and the paper Security in
Plan 9.) The most explicit effect of this change is that mount now takes another argu­
ment, afd, a file descriptor for the authentication file through which the authentication
will be made. For most user-level file servers, which do not require authentication, it is
sufficient to provide -1 as the value of afd:

if(mount(fd, -1, "/mnt/wsys", MREPL,
"new -dx 250 -dy 250 -pid 1234") < 0)

error("mount failed: %r");

To connect to servers that require authentication, use the new fauth system call or the
reimplemented amount (authenticated mount) library call. In fact, since amount han­
dles both authenticating and non-authenticating servers, it is often easiest just to
replace calls to mount by calls to amount; see auth(2) for details.

Print

The C library has been heavily reworked in places. Besides the changes mentioned
above, it now has a much more complete set of routines for handling Rune strings (that
is, zero-terminated arrays of 16-bit character values). The most sweeping changes,
however, are in the way formatted I/O is performed.

The print routine and all its relatives have been reimplemented to offer a num­
ber of improvements:

(1) Better buffer management, including the provision of an internal flush routine,
makes it unnecessary to provide large buffers. For example, print uses a much
smaller buffer now (reducing stack load) while simultaneously removing the need
to truncate the output string if it doesn�t fit in the buffer.

(2) Global variables have been eliminated so no locking is necessary.

(3) The combination of (1) and (2) means that the standard implementation of print
now works fine in threaded programs, and threadprint is gone.

(4) The new routine smprint prints into, and returns, storage allocated on demand
by malloc.

(5) It is now possible to print into a Rune string; for instance, runesmprint is the
Rune analog of smprint.

(6) There is improved support for custom print verbs and custom output routines such
as error handlers. The routine doprint is gone, but vseprint can always be
used instead. However, the new routines fmtfdinit, fmtstrinit,
fmtprint, and friends are often a better replacement. The details are too long
for exposition here; fmtinstall(2) explains the new interface and provides exam­
ples.

(7) Two new format flags, space and comma, close somewhat the gap between Plan 9
and ANSI C.

Despite these changes, most programs will be unaffected; print is still print.
Don�t forget, though, that you should eliminate calls to sprint and use the %q format
when appropriate.
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Introduction

Whenalargeorfrequently-updatedprogrammustbeportedtoorfromPlan9,the
ANSI/POSIXenvironmentknownasAPEcanbeuseful.APEcombinesthesetofheaders
andobjectcodelibrariesspecifiedbytheANSICstandard(ANSIX3.159-1989)withthe
POSIXoperatingsysteminterfacestandard(IEEE1003.1-1990,ISO9945-1),thepartof
POSIXdefiningthebasicoperatingsystemfunctions.UsingAPEwillcauseslowercom­
pilationandmarginallyslowerexecutionspeeds,soiftheimportingorexportinghap­
pensonlyinfrequently,dueconsiderationshouldbegiventousingtheusualPlan9
compilationenvironmentinstead.AnotherfactortoconsideristhatthePlan9header
organization is much simpler to remember and use.

There are some aspects of required POSIX behavior that are impossible or very hard
tosimulateinPlan9.Theyaredescribedbelow.Experiencehasshown,however,that
thesimulationisadequateforthevastmajorityofprograms.Amuchmorecommon
problemisthatmanyprogramsusefunctionsorheadersnotdefinedbyPOSIX.APEhas
someextensionstoPOSIXtohelpinthisregard.Extensionsmustbeexplicitlyenabled
withanappropriate#define,inorderthattheAPEenvironment be a good aid for test­
ing ANSI/POSIX compliance of programs.

Pcc

ThepcccommandactsasafrontendtothePlan9Ccompilersandloaders.It
runsanANSICpreprocessoroversourcefiles,usingtheAPEheaderstosatisfy
#include<file>directives;thenitrunsaPlan9Ccompiler;finally,itmayloadwith
APElibrariestoproduceanexecutableprogram.ThedocumentHowtoUsethePlan9C
Compilerexplainshowenvironmentvariablesareusedbyconventiontohandlecompila­
tionfordifferingarchitectures.Theenvironmentvariable$objtypecontrolswhich
Plan9compilerandloaderareusedbypcc,aswellasthelocationofheaderand
libraryfiles.Forexample,if$objtypeismips,thenpcchascpplookforheaders
in/mips/include/apefollowedby/sys/include/ape;thenpccusesvcto
create.vobjectfiles;finally,vlisusedtocreateanexecutableusinglibrariesin
/mips/lib/ape.

Psh and Cc

ThepcccommandisintendedforuseswherethesourcecodeisANSI/POSIX,but
theprogramsarebuiltintheusualPlan9manner�withmkandproducingobjectfiles
withnamesendingin.v,etc.SometimesitisbesttousethestandardPOSIXmake
andcc(whichproducesobjectfileswithnamesendingin.o,andautomaticallycalls
the loader unless-cis specified).Under these circumstances, execute the command:

ape/psh

ThisstartsaPOSIXshell,withanenvironmentthatincludesthePOSIXcommandsar89,
c89,cc,basename,dirname,expr,false,grep,kill,make,rmdir,sed,
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excludingterminatingNUL,thatwouldhavebeenwrittenintothetargetstringifit
wereinfinitelylargeoranegativevalueifan�encodingerror�occurs,sooldpro­
gramscompiledunderC99ruleswillbepronetooverrunningtheirbuffers.This
extensionisawayfortheprogrammertodeclarethatheorsheunderstandsthe
situation and has adjusted the code being compiled to compensate.

Common Problems

Somelargesystems,includingX11,havebeenportedsuccessfullytoPlan9using
APE(theX11portisnotincludedinthedistribution,however,becausesupportingit
properlyistoobigajob).Theproblemsencounteredfallintothreecategories:(1)
non-ANSIC/POSIXfeaturesused;(2)inadequatesimulationofPOSIXfunctions;and(3)
compiler/loader bugs.By far the majority of problems are in the first category.

POSIXisjuststartingtobeatargetforprogrammers.Mostexistingcodeiswritten
toworkwithoneorbothofaBSDoraSystemVUnix.SystemVisfairlyclosetoPOSIX,
buttherearesomedifferences.Also,manySystemVsystemshaveimportedsomeBSD
featuresthatarenotpartofPOSIX.Agoodstrategyforportingexternalprogramsisto
firsttryusingCFLAGS=-D_PΧSIX_SΧURCE;ifthatdoesn�twork,tryadding
_D_BSD_EXTENSIΧNandperhapsinclude<bsd.h>insourcefiles.Herearesome
solutions to problems that might remain:

�Third (environment) argument tomain.Use theenvironglobal instead.

�ΧPEN_MAX,PATH_MAX,etc.,assumedin<limits.h>.Rewritetocall
sysconfor define_LIMITS_EXTENSIΧN.

�<varargs.h>.Rewrite to use<stdarg.h>.

ThesecondclassofproblemshastodowithinadequaciesinthePlan9simulation
ofPOSIXfunctions.Theseshortcomingshaverarelygottenintheway(except,perhaps,
for thelinkproblem).

�Functionsforsettingtheuserid,groupid,effectiveuseridandeffectivegroupiddo
notdoanythinguseful.TheconceptisimpossibletosimulateinPlan9.Chown
also does nothing.

�execlpandtherelatedfunctionsdonotlookatthePATHenvironmentvariable.
They just try the current directory and/binif the pathname is not absolute.

�Advisory locking viafcntlis not implemented.

�isattyishardtodocorrectly.Theapproximationusedisonlysometimescor­
rect.

�linkalways fails.

�Withopen,theΧ_NΧCTTYoptionhasnoeffect.Theconceptofacontrollingtty
is foreign to Plan 9.

�setsidforksthenamespaceandnotegroup,whichisonlyapproximatelythe
right behavior.

�Thefunctionsdealingwithstackingsignals,sigpending,sigprocmaskand
sigsuspend, do not work.

�umaskhas no effect, as there is no such concept in Plan 9.

�codethatdoesgetenv("HΧME")shouldbechangedtogetenv("home")on
Plan 9.
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sh, stty, true, uname, and yacc. There are also a few placeholders for commands
that cannot be implemented in Plan 9: chown, ln, and umask.

The cc command accepts the options mandated for the POSIX command c89, as
specified in the C-Language Development Utilities Option annex of the POSIX Shell and
Utilities standard. It also accepts the following nonstandard options: -v for echoing the
commands for each pass to stdout; -A to turn on ANSI prototype warnings; -S to leave
assembly language in file.s; -Wp,args to pass args to the cpp; -W0,args to pass args
to 2c, etc.; and -Wl,args to pass args to 2l, etc.

The sh command is pdksh, a mostly POSIX-compliant public domain Korn Shell.
The Plan 9 implementation does not include the emacs and vi editing modes.

The stty command only has effect if the ape/ptyfs command has been started
to interpose a pseudo-tty interface between /dev/cons and the running command.
None of the distributed commands do this automatically.

Symbols

The C and POSIX standards require that certain symbols be defined in headers.
They also require that certain other classes of symbols not be defined in the headers,
and specify certain other symbols that may be defined in headers at the discretion of the
implementation. POSIX defines feature test macros, which are preprocessor symbols
beginning with an underscore and then a capital letter; if the program #defines a
feature test macro before the inclusion of any headers, then it is requesting that certain
symbols be visible in the headers. The most important feature test macro is
_PΧSIX_SΧURCE: when it is defined, exactly the symbols required by POSIX are visible
in the appropriate headers. Consider <signal.h> for example: ANSI defines some
names that must be defined in <signal.h>, but POSIX defines others, such as
sigset_t, which are not allowed according to ANSI. The solution is to make the addi­
tional symbols visible only when _PΧSIX_SΧURCE is defined.

To export a program, it helps to know whether it fits in one of the following cate­
gories:

1. Strictly conforming ANSI C program. It only uses features of the language, libraries,
and headers explicitly required by the C standard. It does not depend on unspeci­
fied, undefined, or implementation-dependent behavior, and does not exceed any
minimum implementation limit.

2. Strictly conforming POSIX program. Similar, but for the POSIX standard as well.

3. Some superset of POSIX, with extensions. Each extension is selected by a feature
test macro, so it is clear which extensions are being used.

With APE, if headers are always included to declare any library functions used, then
the set of feature test macros defined by a program will show which of the above cate­
gories the program is in. To accomplish this, no symbol is defined in a header if it is
not required by the C or POSIX standard, and those required by the POSIX standard are
protected by #ifdef _PΧSIX_SΧURCE. For example, <errno.h> defines EDΧM,
ERANGE, and errno, as required by the C standard. The C standard allows more
names beginning with E, but our header defines only those unless _PΧSIX_SΧURCE is
defined, in which case the symbols required by POSIX are also defined. This means that
a program that uses ENAMETΧΧLΧNG cannot masquerade as a strictly conforming ANSI
C program.

Pcc and cc do not predefine any preprocessor symbols except those required by
the ANSI C standard: __STDC__, __LINE__, __FILE__, __DATE__, and
__TIME__. Any others must be defined in the program itself or by using -D on the
command line.
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Extensions

The discipline enforced by putting only required names in the headers is useful for
exporting programs, but it gets in the way when importing programs. The compromise
is to allow additional symbols in headers, additional headers, and additional library func­
tions, but only under control of extension feature test macros. The following extensions
are provided; unless otherwise specified, the additional library functions are in the
default APE library.

� _LIBG_EXTENSIΧN. This allows the use of the Plan 9 graphics library. The
functions are as described in the Plan 9 manual (see graphics(2)) except that div
had to be renamed ptdiv. Include the <libg.h> header to declare the needed
types and functions.

� _LIMITS_EXTENSIΧN. POSIX does not require that names such as PATH_MAX
and ΧPEN_MAX be defined in <limits.h>, but many programs assume they are
defined there. If _LIMITS_EXTENSIΧN is defined, those names will all be
defined when <limits.h> is included.

� _BSD_EXTENSIΧN. This extension includes not only Berkeley Unix routines, but
also a grab bag of other miscellaneous routines often found in Unix implementa­
tions. The extension allows the inclusion of any of: <bsd.h> for bcopy(),
bcmp(), and similar Berkeley functions; <netdb.h> for gethostbyname(),
etc., and associated structures; <select.h> for the Berkeley select function
and associated types and macros for dealing with multiple input sources;
<sys/ioctl.h> for the ioctl function (minimally implemented);
<sys/param.h> for NΧFILES_MAX; <sys/pty.h> for pseudo-tty support
via the ptsname(int) and ptmname(int) functions; <sys/resource.h>;
<sys/socket.h> for socket structures, constants, and functions;
<sys/time.h> for definitions of the timeval and timezone structures; and
<sys/uio.h> for the iovec structure and the writev and readv functions
used for scatter/gather I/O. Defining _BSD_EXTENSIΧN also enables various
extra definitions in <ctype.h>, <signal.h>, <stdio.h>, <unistd.h>,
<sys/stat.h>, and <sys/times.h>.

� _NET_EXTENSIΧN. This extension allows inclusion of <libnet.h>, which
defines the networking functions described in the Plan 9 manual page dial(2).

� _PLAN9_EXTENSIΧN. This extension allows inclusion of <u.h>, <lock.h>,
<qlock.h>, <utf.h>, <fmt.h>, and <draw.h>. These are pieces of Plan 9
source code ported into APE, mostly from <libc.h>.

� _REGEXP_EXTENSIΧN. This extension allows inclusion of <regexp.h>, which
defines the regular expression matching functions described in the Plan 9 manual
page regexp(2).

� _RESEARCH_SΧURCE. This extension enables a small library of functions from
the Tenth Edition Unix Research System (V10). These functions and the types
needed to use them are all defined in the <libv.h> header. The provided func­
tions are: srand, rand, nrand, lrand, and frand (better random number
generators); getpass, tty_echoon, tty_echooff (for dealing with the com­
mon needs for mucking with terminal characteristics); min and max; nap; and
setfields, getfields, and getmfields (for parsing a line into fields). See
the Research Unix System Programmer�s Manual, Tenth Edition, for a description of
these functions.

� _C99_SNPRINTF_EXTENSIΧN. This extension permits the use of the return
values of snprintf and vsnprintf. Before C99, the 1999 C standard, these functions
usually returned the number of bytes, excluding terminating NUL, actually stored in
the target string. (GNU, as usual, had to be different and returned -1 if the target
string was too small.) C99 requires them to instead return the number of bytes,
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ABSTRACT

Acidisanunusualsource-levelsymbolicdebuggerforPlan9.Itis
implementedasalanguageinterpreterwithspecializedprimitivesthat
providedebuggersupport.Programswritteninthelanguagemanipulate
oneormoretargetprocesses;variablesinthelanguagerepresentthe
symbols,state,andresourcesofthoseprocesses.Thisstructureallows
complexinteractionbetweenthedebuggerandthetargetprogramand
providesaconvenientmethodofparameterizingdifferencesbetween
machinearchitectures.Althoughsomeeffortisrequiredtolearnthe
debugginglanguage,therichnessandflexibilityofthedebuggingenvi­
ronmentencouragesnewwaysofreasoningaboutthewayprogramsrun
and the conditions under which they fail.

1.Introduction

Thesizeandcomplexityofprogramshaveincreasedinproportiontoprocessor
speedandmemorybuttheinterfacebetweendebuggerandprogrammerhaschanged
little.Graphicaluserinterfaceshaveeasedsomeofthetediousaspectsoftheinterac­
tion.Agraphicalinterfaceisaconvenientmeansfornavigatingthroughsourceanddata
structuresbutprovideslittlebenefitforprocesscontrol.Theintroductionofanewcon­
currentlanguage,Alef[Win93],emphasizedtheinadequaciesoftheexistingPlan9
[Pike90]debuggerdb,adistantrelativeofadb,andmadeitclearthatanewdebugger
was required.

Currentdebuggerslikedbx,sdb,andgdbarelimitedtoansweringonlytheques­
tionstheirauthorsenvisage.Asaresult,theysupplyaplethoraofspecializedcom­
mands,eachattemptingtoanticipateaspecificquestionausermayask.Whena
debuggingsituationarisesthatisbeyondthescopeofthecommandset,thetoolisuse­
less.Further,itisoftentediousorimpossibletoreproduceananomalousstateofthe
program, especially when the state is embedded in the program�s data structures.

AcidappliessomeideasfoundinCADsoftwareusedforhardwaretestandsimula­
tion.Itisbasedonthenotionthatthestateandresourcesofaprogramarebestrepre­
sentedandmanipulatedbyalanguage.Thestateandresources,suchasmemory,regis­
ters,variables,typeinformationandsourcecodearerepresentedbyvariablesin the lan­
guage.Expressionsprovideacomputationmechanismandcontrolstatementsallow
repetitiveorselectiveinterpretationbasedontheresultofexpressionevaluation.The
heartoftheAciddebuggerisaninterpreterforasmalltypelesslanguagewhoseopera­
tors mirror the operations of C and Alef, which in turn correspond well to the basic oper­
ationsofthemachine.Theinterpreteritselfknowsnothingoftheunderlyinghardware;
itdealswiththeprogramstateandresourcesintheabstract.Fundamentalroutinesto
controlprocesses,readfiles,andinterfacetothesystemareimplementedasbuiltin
__________________
OriginallyappearedinProc.oftheWinter1994USENIXConf.,pp.211-222,SanFrancisco,CA
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5.Control Flow

Thewhileandloopstatementsimplementlooping.Theformerissimilartothe
samestatementinC.Thelatterevaluatesstartingandendingexpressionsyieldinginte­
gers and iterates while an incrementing loop index iswithintheboundsofthoseexpres­
sions.

acid:i=0;loop1,5doprint(i=i+1)
0x00000001
0x00000002
0x00000003
0x00000004
0x00000005
acid:

The traditionalif-then-elsestatement implements conditional execution.

6.Addressing

TwoindirectionoperatorsallowAcidtoaccessvaluesintheprogrambeing
debugged.The*operatorfetchesavaluefromthememoryimageofanexecutingpro­
cess;the@operatorfetchesavaluefromthetextfileoftheprocess.Wheneitheroper­
ator appears on the left side of an assignment, the value is written rather than read.

Theindirectionoperatormustknowthesizeoftheobjectreferencedbyavariable.
ThePlan9compilersneglecttoincludethisinformationin the program symbol table, so
Acidcannotderivethisinformationimplicitly.InsteadAcidvariableshaveformats.The
formatisacodeletterspecifyingtheprintingstyleandtheeffectofsomeoftheopera­
tors on that variable.The indirection operators look at the format code to determine the
numberofbytestoreadorwrite.Theformatcodesarederivedfromtheformatletters
usedbydb.Bydefault,symboltablevariablesandnumericconstantsareassignedthe
formatcode'X'whichspecifies32-bithexadecimal.Printingsuchavariableyields
outputoftheform0x00123456.Anindirectreferencethroughthevariablefetches
32bitsofdataattheaddressindicatedbythevariable.Otherformatsspecifyvarious
datatypes,forexampleianinstruction,Dasigned32bitdecimal,sanull-terminated
string.Thefmtfunction allows the user to change the format code of a variable to con­
troltheprintingformatandoperatorsideeffects.Thisfunctionevaluatestheexpres­
sionsuppliedasthefirstargument,attachestheformatcodesuppliedasthesecond
argumenttotheresultandreturnsthatvalue.Iftheresultisassignedtoavariable,the
newformatcodeappliestothatvariable.Forconvenience,Acidprovidesthe\operator
as a shorthand infix form offmt.For example:

acid:x=10
acid:x//printxinhex
0x0000000a
acid:x=fmt(x,'D')//makextypedecimal
acid:print(x,fmt(x,'X'),x\X)//printxindecimal&hex
100x0000000a0x0000000a
acid:x//printxindecimal
10
acid:x\o//printxinoctal
000000000012

The++and--operatorsincrementordecrementavariablebyanamountdetermined
byitsformatcode.Someformatsimplyanon-fixedsize.Forexample,theiformat
codedisassemblesaninstructionintoastring.Ona68020,whichhasvariablelength
instructions:
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functions available to the interpreter. The actual debugger functionality is coded in
Acid; commands are implemented as Acid functions.

This language-based approach has several advantages. Most importantly, pro­
grams written in Acid, including most of the debugger itself, are inherently portable.
Furthermore, Acid avoids the limitations other debuggers impose when debugging par­
allel programs. Instead of embedding a fixed process model in the debugger, Acid
allows the programmer to adapt the debugger to handle an arbitrary process partition­
ing or program structure. The ability to interact dynamically with an executing process
provides clear advantages over debuggers constrained to probe a static image. Finally,
the Acid language is a powerful vehicle for expressing assertions about logic, process
state, and the contents of data structures. When combined with dynamic interaction it
allows a limited form of automated program verification without requiring modification
or recompilation of the source code. The language is also an excellent vehicle for pre­
serving a test suite for later regression testing.

The debugger may be customized by its users; standard functions may be modified
or extended to suit a particular application or preference. For example, the kernel
developers in our group require a command set supporting assembler-level debugging
while the application programmers prefer source-level functionality. Although the
default library is biased toward assembler-level debugging, it is easily modified to pro­
vide a convenient source-level interface. The debugger itself does not change; the user
combines primitives and existing Acid functions in different ways to implement the
desired interface.

2. Related Work

DUEL [Gol93], an extension to gdb [Stal91], proposes using a high level expression
evaluator to solve some of these problems. The evaluator provides iterators to loop over
data structures and conditionals to control evaluation of expressions. The author shows
that complex state queries can be formulated by combining concise expressions but this
only addresses part of the problem. A program is a dynamic entity; questions asked
when the program is in a static state are meaningful only after the program has been
�caught� in that state. The framework for manipulating the program is still as primitive
as the underlying debugger. While DUEL provides a means to probe data structures it
entirely neglects the most beneficial aspect of debugging languages: the ability to con­
trol processes. Acid is structured around a thread of control that passes between the
interpreter and the target program.

The NeD debugger [May92] is a set of extensions to TCL [Ous90] that provide
debugging primitives. The resulting language, NeDtcl, is used to implement a portable
interface between a conventional debugger, pdb [May90], and a server that executes
NeDtcl programs operating on the target program. Execution of the NeDtcl programs
implements the debugging primitives that pdb expects. NeD is targeted at multi-
process debugging across a network, and proves the flexibility of a language as a means
of communication between debugging tools. Whereas NeD provides an interface
between a conventional debugger and the process it debugs, Acid is the debugger itself.
While NeD has some of the ideas found in Acid it is targeted toward a different purpose.
Acid seeks to integrate the manipulation of a program�s resources into the debugger
while NeD provides a flexible interconnect between components of the debugging envi­
ronment. The choice of TCL is appropriate for its use in NeD but is not suitable for Acid.
Acid relies on the coupling of the type system with expression evaluation, which are the
root of its design, to provide the debugging primitives.

Dalek [Ols90] is an event based language extension to gdb. State transitions in the
target program cause events to be queued for processing by the debugging language.

Acid has many of the advantages of same process or local agent debuggers, like
Parasight [Aral], without the need for dynamic linking or shared memory. Acid improves
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on the ideas of these other systems by completely integrating all aspects of the debug­
ging process into the language environment. Of particular importance is the relationship
between Acid variables, program symbols, source code, registers and type information.
This integration is made possible by the design of the Acid language.

Interpreted languages such as Lisp and Smalltalk are able to provide richer debug­
ging environments through more complete information than their compiled counter­
parts. Acid is a means to gather and represent similar information about compiled pro­
grams through cooperation with the compilation tools and library implementers.

3. Acid the Language

Acid is a small interpreted language targeted to its debugging task. It focuses on
representing program state and addressing data rather than expressing complex com­
putations. Program state is addressable from an Acid program. In addition to parsing
and executing expressions and providing an architecture-independent interface to the
target process, the interpreter supplies a mark-and-scan garbage collector to manage
storage.

Every Acid session begins with the loading of the Acid libraries. These libraries
contain functions, written in Acid, that provide a standard debugging environment
including breakpoint management, stepping by instruction or statement, stack tracing,
and access to variables, memory, and registers. The library contains 600 lines of Acid
code and provides functionality similar to dbx. Following the loading of the system
library, Acid loads user-specified libraries; this load sequence allows the user to aug­
ment or override the standard commands to customize the debugging environment.
When all libraries are loaded, Acid issues an interactive prompt and begins evaluating
expressions entered by the user. The Acid �commands� are actually invocations of buil­
tin primitives or previously defined Acid functions. Acid evaluates each expression as it
is entered and prints the result.

4. Types and Variables

Acid variables are of four basic types: integer, string, float, and list. The type of a
variable is inferred by the type of the right-hand side of an assignment expression.
Many of the operators can be applied to more than one type; for these operators the
action of the operator is determined by the type of its operands. For example, the +
operator adds integer and float operands, and concatenates string and list operands.
Lists are the only complex type in Acid; there are no arrays, structures or pointers. Oper­
ators provide head, tail, append and delete operations. Lists can also be
indexed like arrays.

Acid has two levels of scope: global and local. Function parameters and variables
declared in a function body using the local keyword are created at entry to the func­
tion and exist for the lifetime of a function. Global variables are created by assignment
and need not be declared. All variables and functions in the program being debugged
are entered in the Acid symbol table as global variables during Acid initialization. Con­
flicting variable names are resolved by prefixing enough �$� characters to make them
unique. Syntactically, Acid variables and target program symbols are referenced identi­
cally. However, the variables are managed differently in the Acid symbol table and the
user must be aware of this distinction. The value of an Acid variable is stored in the
symbol table; a reference returns the value. The symbol table entry for a variable or
function in the target program contains the address of that symbol in the image of the
program. Thus, the value of a program variable is accessed by indirect reference
through the Acid variable that has the same name; the value of an Acid variable is the
address of the corresponding program variable.
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acid:p=main\i//p=addr(main),typeINST
acid:loop1,5doprint(p\X,@p++)//disassemble5instr's
0x0000222eLEA0xffffe948(A7),A7
0x00002232MΧVLs+0x4(A7),A2
0x00002236PEA0x2f($0)
0x0000223aMΧVLA2,-(A7)
0x0000223cBSRutfrrune
acid:

Here,mainistheaddressofthefunctionofthesamenameintheprogramundertest.
Theloopretrievesthefiveinstructionsbeginningatthataddressandthenprintsthe
addressandtheassemblylanguagerepresentationofeach.Noticethatthestrideofthe
incrementoperatorvarieswiththesizeoftheinstruction:theMΧVLat0x0000223ais
a two byte instruction while all others are four bytes long.

Registersaretreatedasnormalprogramvariablesreferencedbytheirsymbolic
assemblerlanguagenames.Whenaprocessstops,theregistersetissavedbytheker­
nelataknownvirtualaddressintheprocessmemorymap.TheAcidvariablesassoci­
atedwiththeregisterspointtothesavedvaluesandthe*indirectionoperatorcanthen
be used to readandwritetheregisterset.SincetheregistersareaccessedviaAcidvari­
ables they may be used in arbitrary expressions.

acid:PC//addrofsavedPC
0xc0000f60
acid:*PC
0x0000623c//contentsofPC
acid:*PC\a
main
acid:*R1=10//modifyR1
acid:asm(*PC+4)//disassemble@PC+4
main+0x40x00006240MΧVWR31,0x0(R29)
main+0x80x00006244MΧVW$setR30(SB),R30
main+0x100x0000624cMΧVWR1,_clock(SB)

Here,thesavedPCisstoredataddress0xc0000f60;itscurrentcontentis
0x0000623c.The�a�formatcodeconvertsthisvaluetoastringspecifyingthe
addressasanoffsetbeyondthenearestsymbol.Aftersettingthevalueofregister1,
theexampleusestheasmcommandtodisassembleashortsectionofcodebeginning
at four bytes beyond the current value of thePC.

7.Process Interface

AprogramexecutingunderAcidismonitoredthroughtheprocfilesysteminter­
faceprovidedbyPlan9.Textualmessageswrittentothectlfilecontroltheexecution
oftheprocess.Forexamplewritingwaitstoptothecontrolfilecausesthewriteto
blockuntilthetargetprocessentersthekernelandisstopped.Whentheprocessis
stoppedthewritecompletes.Thestartstopmessagestartsthetargetprocessand
thendoesawaitstopaction.Synchronizationbetweenthedebuggerandthetarget
processisdeterminedbytheactionsofthevariousmessages.Someoperateasyn­
chronouslytothetargetprocessandalwayscompleteimmediately,othersblockuntil
theactioncompletes.TheasynchronousmessagesallowAcidtocontrolseveralpro­
cesses simultaneously.

Theinterpreterhasbuiltinfunctionsnamedaftereachofthecontrolmessages.
Thefunctionstakeaprocessidasargument.Anytimeacontrolmessagecausesthe
programtoexecuteinstructionstheinterpreterperformstwoactionswhenthecontrol
operationhascompleted.TheAcidvariablespointingattheregistersetarefixedupto
pointatthesavedregisters,andthentheuserdefinedfunctionstoppedisexecuted.
Thestoppedfunctionmayprintthecurrentaddress,lineofsourceorinstructionand
return to interactive mode. Alternativelyitmaytraverseacomplexdatastructure,gather
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textfile.Thestartstopbuiltinwritesthe�startstop�messagetotheproccontrolfile
fortheprocessnamedpid.Thetargetprocessexecutesuntilsomeconditioncausesit
toenterthekernel,inthiscase,theexecutionofabreakpoint.Whentheprocess
blocks,thedebuggerregainscontrolandinvokestheAcidlibraryfunctionstopped
whichreportstheaddressandcauseoftheblockage.Thestartstopfunctioncom­
pletesandreturnstothestepfunctionwherethefollow-setisusedtoreplacethe
breakpointsplacedearlier.Finally,iftheaddressoftheoriginalPCcontainedabreak­
point, it is replaced.

Noticethatthisapproachtoprocesscontrolisinherentlyportable;theAcidcodeis
sharedbythedebuggersforallarchitectures.Acidvariablesandbuiltinfunctionspro­
videatransparentinterfacetoarchitecture-dependentvaluesandfunctions.Herethe
breakpointvalueandformatarereferencedthroughAcidvariablesandthefollow
primitive masks the differences in the underlying instruction set.

Thenextfunction,similartothedbxcommandofthesamename,isasimpler
example.Thisfunctionstepsthroughasinglesourcestatementbutstepsoverfunction
calls.

defnnext()
{

localsp,bound;

sp=*SP;//savestartingSP
bound=fnbound(*PC);//begin&endoffn.
stmnt();//step1statement
pc=*PC;
ifpc>=bound[0]&&pc<bound[1]then

return{};

while(pc<bound[0]||pc>bound[1])&&sp>=*SPdo{
step();
pc=*PC;

}
src(*PC);

}

Thenextfunctionstartsbysavingthecurrentstackpointerinalocalvariable.Itthen
usestheAcidlibraryfunctionfnboundtoreturntheaddressesofthefirstandlast
instructionsinthecurrentfunctioninalist.Thestmntfunctionexecutesasingle
sourcestatementandthenusessrctoprintafewlinesofsourcearoundthenewPC.
IfthenewvalueofthePCremainsinthecurrentfunction,nextreturns.Whenthe
executedstatementisafunctioncallorareturnfromafunction,thenewvalueofthe
PCisoutsidetheboundscalculatedbyfnboundandthetestofthewhileloopis
evaluated.Ifthestatementwasareturn,thenewvalueofthestackpointerisgreater
thantheoriginalvalueandtheloopcompleteswithoutexecution.Otherwise,theloop
isenteredandinstructionsarecontinuallyexecuteduntilthevalueofthePCisbetween
theboundscalculatedearlier.Atthatpoint,executionceasesandafewlinesofsource
in the vicinity of thePCare printed.

Acidprovidesconciseandelegantexpressionforcontrolandmanipulationoftar­
getprograms.Theseexamplesdemonstratehowafewwell-chosenprimitivescanbe
combined to create a rich debugging environment.

10.Dealing With Multiple Architectures

AsinglebinaryofAcidmaybeusedtodebugaprogramrunningonanyofthefive
processorarchitecturessupportedbyPlan9.Forexample,Plan9allowsauserona
MIPStoimporttheprocfilesystemfromani486-basedPCandremotelydebugapro­
gram executing on that processor.
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statistics and then set the program running again.

Several Acid variables are maintained by the debugger rather than the programmer.
These variables allow generic Acid code to deal with the current process, architecture
specifics or the symbol table. The variable pid is the process id of the current process
Acid is debugging. The variable symbols contains a list of lists where each sublist
contains the symbol name, its type and the value of the symbol. The variable
registers contains a list of the machine-specific register names. Global symbols in
the target program can be referenced directly by name from Acid. Local variables are
referenced using the colon operator as function:variable.

8. Source Level Debugging

Acid provides several builtin functions to manipulate source code. The file func­
tion reads a text file, inserting each line into a list. The pcfile and pcline func­
tions each take an address as an argument. The first returns a string containing the
name of the source file and the second returns an integer containing the line number of
the source line containing the instruction at the address.

acid: pcfile(main) // file containing main
main.c
acid: pcline(main) // line # of main in source
11
acid: file(pcfile(main))[pcline(main)] // print that line
main(int argc, char *argv[])
acid: src(*PC) // print statements nearby
9
10 void
>11 main(int argc, char *argv[])
12 {
13 int a;

In this example, the three primitives are combined in an expression to print a line of
source code associated with an address. The src function prints a few lines of source
around the address supplied as its argument. A companion routine, Bsrc, communi­
cates with the external editor sam. Given an address, it loads the corresponding source
file into the editor and highlights the line containing the address. This simple interface
is easily extended to more complex functions. For example, the step function can
select the current file and line in the editor each time the target program stops, giving
the user a visual trace of the execution path of the program. A more complete interface
allowing two way communication between Acid and the acme user interface [Pike93] is
under construction. A filter between the debugger and the user interface provides inter­
pretation of results from both sides of the interface. This allows the programming envi­
ronment to interact with the debugger and vice-versa, a capability missing from the
sam interface. The src and Bsrc functions are both written in Acid code using the
file and line primitives. Acid provides library functions to step through source level
statements and functions. Furthermore, addresses in Acid expressions can be specified
by source file and line. Source code is manipulated in the Acid list data type.

9. The Acid Library

The following examples define some useful commands and illustrate the interac­
tion of the debugger and the interpreter.
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defn bpset(addr) // set breakpoint
{

if match(addr, bplist) >= 0 then
print("bkpoint already set:", addr\a, "\n");

else {
*fmt(addr, bpfmt) = bpinst; // plant it
bplist = append bplist, addr; // add to list

}
}

The bpset function plants a break point in memory. The function starts by using the
match builtin to search the breakpoint list to determine if a breakpoint is already set at
the address. The indirection operator, controlled by the format code returned by the
fmt primitive, is used to plant the breakpoint in memory. The variables bpfmt and
bpinst are Acid global variables containing the format code specifying the size of the
breakpoint instruction and the breakpoint instruction itself. These variables are set by
architecture-dependent library code when the debugger first attaches to the executing
image. Finally the address of the breakpoint is appended to the breakpoint list,
bplist.

defn step() // single step
{

local lst, lpl, addr, bput;

bput = 0; // sitting on bkpoint
if match(*PC, bplist) >= 0 then {

bput = fmt(*PC, bpfmt); // save current addr
*bput = @bput; // replace it

}

lst = follow(*PC); // get follow set

lpl = lst;
while lpl do { // place breakpoints

*(head lpl) = bpinst;
lpl = tail lpl;

}

startstop(pid); // do the step

while lst do { // remove breakpoints
addr = fmt(head lst, bpfmt);
*addr = @addr; // replace instr.
lst = tail lst;

}
if bput != 0 then

*bput = bpinst; // restore breakpoint
}

The step function executes a single assembler instruction. If the PC is sitting on a
breakpoint, the address and size of the breakpoint are saved. The breakpoint instruc­
tion is then removed using the @ operator to fetch bpfmt bytes from the text file and
to place it into the memory of the executing process using the * operator. The
follow function is an Acid builtin which returns a follow-set: a list of instruction
addresses which could be executed next. If the instruction stored at the PC is a branch
instruction, the list contains the addresses of the next instruction and the branch desti­
nation; otherwise, it contains only the address of the next instruction. The follow-set is
then used to replace each possible following instruction with a breakpoint instruction.
The original instructions need not be saved; they remain in their unaltered state in the
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Twolevelsofabstractionprovidethisarchitectureindependence.Onthelowest
level,aPlan9librarysuppliesfunctionstodecodethefileheaderoftheprogrambeing
debuggedandselectatableofsystemparametersandajumpvectorofarchitecture-
dependentfunctionsbasedonthemagicnumber.Amongthesefunctionsarebyte-
order-independentaccesstomemoryandtextfiles,stackmanipulation,disassembly,
andfloatingpointnumberinterpretation.Thesecondlevelofabstractionissuppliedby
Acid.Itconsistsofprimitivesandapproximately200linesofarchitecture-dependent
Acidlibrarycodethatinterfacetheinterpretertothearchitecture-dependentlibrary.
Thislayerperformsfunctionssuchasmappingregisternamestomemorylocations,
supplyingbreakpointvaluesandsizes,andconvertingprocessorspecificdatatoAcid
data types.An example of the latter is thestacktracefunctionstrace,whichusesthe
stacktraversalfunctionsinthearchitecture-dependentlibrarytoconstructalistoflists
describingthecontextofaprocess.Thefirstleveloflistselectseachfunctioninthe
trace;subordinatelistscontainthenamesandvaluesofparametersandlocalvariables
ofthefunctions.Acidcommandsandlibraryfunctionsthatmanipulateanddisplaypro­
cessstateinformationoperateonthelistrepresentationandareindependentofthe
underlying architecture.

11.Alef Runtime

Alefisaconcurrentprogramminglanguage,designedspecificallyforsystemspro­
gramming,whichsupportsbothsharedvariableandmessagepassingparadigms.Alef
borrowstheCexpressionsyntaxbutimplementsasubstantiallydifferenttypesystem.
Thelanguageprovidesarichsetofexceptionhandling,processmanagement,andsyn­
chronizationprimitives,whichrelyonaruntimesystem.Alefprogrambugsareoften
deadlocks,synchronizationfailures,ornon-terminationcausedbylocksbeingheld
incorrectly.Insuchcases,aprocessstallsdeepintheruntimecodeanditisclearly
unreasonabletoexpectaprogrammerusingthelanguagetounderstandthedetailed
internal semantics of the runtime support functions.

Instead,thereisanAlefsupportlibrary,codedinAcid,thatallowstheprogrammer
tointerprettheprogramstateintermsofAlefoperations.Considertheexampleofa
multi-processprogramstallingbecauseofimpropersynchronization.Astacktraceof
theprogramindicatesthatitiswaitingforaneventinsomeobscureAlefruntimesyn­
chronizationfunction.Thefunctionitselfisirrelevanttotheprogrammer;ofgreater
importanceistheidentityoftheunfulfilledevent.Commandsin the Alef support library
decodetheruntimedatastructuresandprogramstatetoreportthecauseoftheblock­
ageintermsofthehigh-leveloperationsavailabletotheAlefprogrammer.Here,the
AcidlanguageactsasacommunicationsmediumbetweenAlefimplementerandAlef
user.

12.Parallel Debugging

Thecentralissueinparalleldebuggingishowthedebuggerismultiplexed
betweentheprocessescomprisingtheprogram.Acidhasnointrinsicmodelofprocess
partitioning;itonlyassumesthatparallelprogramsshareasymboltable,thoughthey
neednotsharememory.Thesetprocprimitiveattachesthedebuggertoarunning
processassociatedwiththeprocessIDsuppliedasitsargumentandassignsthatvalue
totheglobalvariablepid,therebyallowingsimplerotationamongagroupofpro­
cesses.Further,thestacktraceprimitiveisdrivenbyparametersspecifyingaunique
processcontext,soitispossibletoexaminethestateofcooperatingprocesseswithout
switchingthedebuggerfocusfromtheprocessofinterest.SinceAcidisinherently
extensibleandcapableofdynamicinteractionwithsubordinateprocesses,theprogram­
mercandefineAcidcommandstodetectandcontrolcomplexinteractionsbetweenpro­
cesses.Inshort,theprogrammerisfreetospecifyhowthedebuggerreactstoevents
generated in specific threads of the program.
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removed from the return point, and the process is restarted.

Whentheprocessstopsatthebeginningoffree,thememoryaddresssupplied
astheargumentiscomparedtothelistof outstanding memory blocks.If it is not found
anerrormessageandastacktraceofthecallisreported;otherwise,theaddressis
deleted from the list.

Whentheprogramexits,thelistofoutstandingmemoryblockscontainsthe
addressesofallblocksthatwereallocatedbutneverfreed.Theleaklibraryfunction
traverses the list producing a report describing the allocated blocks.

acid:leak()
Lostatotalof524288bytesfrom:

malloc()malloc.c:32calledfromdofile+0xe8sort.c:217
dofile()sort.c:190calledfrommain+0xacsort.c:161
main()sort.c:128calledfrom_main+0x20main9.s:10

Lostatotalof64bytesfrom:
malloc()malloc.c:32calledfromnewline+0xfcsort.c:280
newline()sort.c:248calledfromdofile+0x110sort.c:222
dofile()sort.c:190calledfrommain+0xacsort.c:161
main()sort.c:128calledfrom_main+0x20main9.s:10

Lostatotalof64bytesfrom:
malloc()malloc.c:32calledfromrealloc+0x14malloc.c:129
realloc()malloc.c:123calledfrombldkey+0x358sort.c:1388
buildkey()sort.c:1345calledfromnewline+0x150sort.c:285
newline()sort.c:248calledfromdofile+0x110sort.c:222
dofile()sort.c:190calledfrommain+0xacsort.c:161
main()sort.c:128calledfrom_main+0x20main9.s:10

acid:refs()
data...bss...stack...
acid:leak()
acid:

Thepresenceofablockintheallocationlistdoesnotimplyitistherebecauseofaleak;
forinstance,itmayhavebeeninusewhentheprogramterminated.Therefs()
libraryfunctionscansthedata,bss,andstacksegmentsoftheprocesslookingfor
pointersintotheallocatedblocks.When one is found, the block is deleted from the out­
standingblocklist.Theleakfunctionisusedagaintoreporttheblocksremaining
allocatedandunreferenced.Thisstrategyproveseffectiveindetectingdisconnected
(but non-circular) data structures.

Theleakdetectionprocessisentirelypassive.Theprogramisnotspeciallycom­
piledandthesourcecodeisnotrequired.AswiththeAcidsupportfunctionsforthe
Alefruntimeenvironment,theauthorofthelibraryroutineshasencapsulatedthefunc­
tionalityofthelibraryinterfaceinAcidcode.Anyprogrammermaythenchecka
program�suseofthelibraryroutineswithoutknowledgeofeitherimplementation.The
performanceimpactofrunningleakdetectionisgreat(about10timesslower),butit
hasnotpreventedinteractiveprogramslikesamandthe8½windowsystemfrombeing
tested.

15.Code Coverage

Anothercommoncomponentofsoftwaretestusescoverageanalysis.Thepurpose
ofthetestistodeterminewhichpathsthroughthecodehavenotbeenexecutedwhile
runningthetestsuite.Thisisusuallyperformedbyacombinationofcompilersupport
andareportingtoolrunontheoutputgeneratedbystatementscompiledintothepro­
gram.Thecompileremitscodethatlogstheprogressoftheprogramasitexecutes
basicblocksandwritestheresultstoafile.Thefileisthenprocessedbythereporting
tool to determine which basic blocks have not been executed.

Acidcanperformthesamefunctioninalanguageindependentmannerwithout
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The support for parallel debugging in Acid depends on a crucial kernel modifica­
tion: when the text segment of a program is written (usually to place a breakpoint), the
segment is cloned to prevent other threads from encountering the breakpoint. Although
this incurs a slight performance penalty, it is of little importance while debugging.

13. Communication Between Tools

The Plan 9 Alef and C compilers do not embed detailed type information in the
symbol table of an executable file. However, they do accept a command line option
causing them to emit descriptions of complex data types (e.g., aggregates and abstract
data types) to an auxiliary file. The vehicle for expressing this information is Acid
source code. When an Acid debugging session is subsequently started, that file is
loaded with the other Acid libraries.

For each complex object in the program the compiler generates three pieces of
Acid code. The first is a table describing the size and offset of each member of the
complex data type. Following is an Acid function, named the same as the object, that
formats and prints each member. Finally, Acid declarations associate the Alef or C pro­
gram variables of a type with the functions to print them. The three forms of declara­
tion are shown in the following example:

struct Bitmap {
Rectangle 0 r;
Rectangle 16 clipr;
'D' 32 ldepth;
'D' 36 id;
'X' 40 cache;

};

defn
Bitmap(addr) {

complex Bitmap addr;
print("Rectangle r {\n");
Rectangle(addr.r);
print("}\n");
print("Rectangle clipr {\n");
Rectangle(addr.clipr);
print("}\n");
print(" ldepth ", addr.ldepth, "\n");
print(" id ", addr.id, "\n");
print(" cache ", addr.cache, "\n");

};

complex Bitmap darkgrey;
complex Bitmap Window_settag:b;

The struct declaration specifies decoding instructions for the complex type named
Bitmap. Although the syntax is superficially similar to a C structure declaration, the
semantics differ markedly: the C declaration specifies a layout, while the Acid declara­
tion tells how to decode it. The declaration specifies a type, an offset, and name for
each member of the complex object. The type is either the name of another complex
declaration, for example, Rectangle, or a format code. The offset is the number of
bytes from the start of the object to the member and the name is the member�s name in
the Alef or C declaration. This type description is a close match for C and Alef, but is
simple enough to be language independent.

The Bitmap function expects the address of a Bitmap as its only argument. It
uses the decoding information contained in the Bitmap structure declaration to
extract, format, and print the value of each member of the complex object pointed to by
the argument. The Alef compiler emits code to call other Acid functions where a
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member is another complex type; here, Bitmap calls Rectangle to print its con­
tents.

The complex declarations associate Alef variables with complex types. In the
example, darkgrey is the name of a global variable of type Bitmap in the program
being debugged. Whenever the name darkgrey is evaluated by Acid, it automatically
calls the Bitmap function with the address of darkgrey as the argument. The sec­
ond complex declaration associates a local variable or parameter named b in function
Window_settag with the Bitmap complex data type.

Acid borrows the C operators . and -> to access the decoding parameters of a
member of a complex type. Although this representation is sufficiently general for
describing the decoding of both C and Alef complex data types, it may prove too restric­
tive for target languages with more complicated type systems. Further, the assumption
that the compiler can select the proper Acid format code for each basic type in the lan­
guage is somewhat naive. For example, when a member of a complex type is a pointer,
it is assigned a hexadecimal type code; integer members are always assigned a decimal
type code. This heuristic proves inaccurate when an integer field is a bit mask or set of
bit flags which are more appropriately displayed in hexadecimal or octal.

14. Code Verification

Acid�s ability to interact dynamically with an executing program allows passive test
and verification of the target program. For example, a common concern is leak detec­
tion in programs using malloc. Of interest are two items: finding memory that was
allocated but never freed and detecting bad pointers passed to free. An auxiliary Acid
library contains Acid functions to monitor the execution of a program and detect these
faults, either as they happen or in the automated post-mortem analysis of the memory
arena. In the following example, the sort command is run under the control of the
Acid memory leak library.

helix% acid -l malloc /bin/sort
/bin/sort: mips plan 9 executable
/lib/acid/port
/lib/acid/mips
/lib/acid/malloc
acid: go()
now
is
the
time
<ctrl-d>
is
now
the
time
27680 : breakpoint _exits+0x4 MΧVW $0x8,R1
acid:

The go command creates a process and plants breakpoints at the entry to malloc and
free. The program is then started and continues until it exits or stops. If the reason
for stopping is anything other than the breakpoints in malloc and free, Acid prints
the usual status information and returns to the interactive prompt.

When the process stops on entering malloc, the debugger must capture and save
the address that malloc will return. After saving a stack trace so the calling routine
can be identified, it places a breakpoint at the return address and restarts the program.
When malloc returns, the breakpoint stops the program, allowing the debugger to
grab the address of the new memory block from the return register. The address and
stack trace are added to the list of outstanding memory blocks, the breakpoint is
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modifyingthesource,objectorbinaryoftheprogram.Thefollowingexampleshowsls
being run under the control of the Acid coverage library.

philw-helix%acid-lcoverage/bin/ls
/bin/ls:mipsplan9executable
/lib/acid/port
/lib/acid/mips
/lib/acid/coverage
acid:coverage()
acid
newstime
profile
tel
wintool
2:(error)msg:pid=11419startstop:processexited
acid:analyse(ls)
ls.c:102,105

102:return1;
103:}
104:if(db[0].qid.path&CHDIR&&dflag==0){
105:output();

ls.c:122,126
122:memmove(dirbuf+ndir,db,sizeof(Dir));
123:dirbuf[ndir].prefix=0;
124:p=utfrrune(s,'/');
125:if(p){
126:dirbuf[ndir].prefix=s;

Thecoveragefunctionbeginsbyloopingthroughthetextsegmentplacingbreak­
pointsattheentrytoeachbasicblock.Thestartofeachbasicblockisfoundusingthe
Acidbuiltinfunctionfollow.Ifthelistgeneratedbyfollowcontainsmorethanone
element,thentheaddressesmarkthestartofbasicblocks.Abreakpointisplacedat
eachaddresstodetectentryintotheblock.Iftheresultoffollowisasingleaddress
thennoactionistaken,andthenextaddressisconsidered.Acidmaintainsalistof
breakpointsalreadyinplaceandavoidsplacingduplicates(anaddressmaybethedesti­
nation of several branches).

Afterplacingthebreakpointstheprogramissetrunning.Eachtimeabreakpoint
isencounteredAciddeletestheaddressfromthebreakpointlist,removesthebreak­
pointfrommemoryandthenrestartstheprogram.Atanyinstantthebreakpointlist
containstheaddressesofbasicblockswhichhavenotbeenexecuted.Theanalyse
functionreportsthelinesofsourcecodeboundedbybasicblockswhoseaddressesare
havenotbeendeletedfromthebreakpointlist.Thesearethebasicblockswhichhave
notbeenexecuted.Programperformanceisalmostunaffectedsinceeachbreakpointis
executed only once and then removed.

Thelibrarycontainsatotalof128linesofAcidcode.Anobviousextensionofthis
algorithm could be used to provide basic block profiling.

16.Conclusion

Acidhastwoareasofweakness.Aswithotherlanguage-basedtoolslikeawk,a
programmermustlearnyetanotherlanguagetostepbeyondthenormaldebugging
functionsandusethefullpowerofthedebugger.Second,thecommandlineinterface
suppliedbytheyaccparserisinordinatelyclumsy.Partoftheproblemrelatesdirectly
totheuseofyaccandcouldbecircumventedwithacustomparser.However,structural
problemswouldremain:Acidoftenrequirestoomuchtypingtoexecuteasimplecom­
mand.Adebuggershouldprostituteitselftoitsusers,doingwhateveriswantedwitha
minimumofencouragement;commandsshouldbeconciseandobvious.Thelanguage
interfaceismoreconsistentthananadhoccommandinterfacebutisclumsytouse.
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when supplied with an identifier as an argumentitreportsanyvariable,function,ortype
definitionassociatedwiththeidentifier.Becauseofthewaytheinterpreterhandles
semicolons,theresultofawhatisstatementcanbereturneddirectlytoAcidwithout
addingsemicolons.AsyntaxerrororinterruptreturnsAcidtothenormalevaluation
mode; any partially evaluated definitions are lost.

Using the Library Functions

Afterloadingtheprogrambinary,Acidloadstheportableandarchitecture-specific
libraryfunctionsthatformthestandarddebuggingenvironment.ThesefilesareAcid
sourcecodeandarehuman-readable.Thefollowingexampleusesthestandarddebug­
ging library to show how language and program interact:

%acid/bin/ls
/bin/ls:mipsplan9executable

/sys/lib/acid/port
/sys/lib/acid/mips
acid:new()
75721:systemcall_mainADD$-0x14,R29
75721:breakpointmain+0x4MΧVWR31,0x0(R29)
acid:bpset(ls)
acid:cont()
75721:breakpointlsADD$-0x16c8,R29
acid:stk()
Atpc:0x0000141c:ls/sys/src/cmd/ls.c:87
ls(s=0x0000004d,multi=0x00000000)/sys/src/cmd/ls.c:87

calledfrommain+0xf4/sys/src/cmd/ls.c:79
main(argc=0x00000000,argv=0x7ffffff0)/sys/src/cmd/ls.c:48

calledfrom_main+0x20/sys/src/libc/mips/main9.s:10
acid:PC
0xc0000f60
acid:*PC
0x0000141c
acid:ls
0x0000141c

Thefunctionnew()createsanewprocessandstopsitatthefirstinstruction.This
changeinstateisreportedbyacalltotheAcidfunctionstopped,whichiscalledby
theinterpreterwheneverthedebuggedprogramstops.Stoppedprintsthestatusline
givingthepid,thereasontheprogramstoppedandtheaddressandinstructionatthe
currentPC.Thefunctionbpsetmakesanentryinthebreakpointtableandplantsa
breakpointinmemory.Thecontfunctioncontinuestheprocess,allowingittorun
untilsomeconditioncausesittostop.Inthiscasetheprogramhitsthebreakpoint
placedonthefunctionlsintheCprogram.Onceagainthestoppedroutineiscalled
toprintthestatusoftheprogram.ThefunctionstkprintsaCstacktraceofthecur­
rentprocess.ItisimplementedusingabuiltinAcidfunctionthatreturnsthestacktrace
asalist;thecodethatformatstheinformationisallwritteninAcid.TheAcidvariable
PCholdstheaddressofthecellwherethecurrentvalueoftheprocessorregisterPCis
stored.ByindirectingthroughthevalueofPCtheaddresswheretheprogramis
stoppedcanbefound.Alloftheprocessorregistersareavailablebythesamemecha­
nism.

Types

AnAcidvariablehasoneoffourtypes:integer,float,list,orstring.Thetypeofa
variableisinferredfromthetypeoftheright-handsideoftheassignmentexpression
whichlastsetitsvalue.Referencingavariablethathasnotyetbeenassigneddrawsa
"usedbutnotset"error.Manyoftheoperatorsmaybeappliedtomorethanonetype;
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Most of these problems are addressed by an Acme interface which is under construc­
tion. This should provide the best of both worlds: graphical debugging and access to the
underlying acid language when required.

The name space clash between Acid variables, keywords, program variables, and
functions is unavoidable. Although it rarely affects a debugging session, it is annoying
when it happens and is sometimes difficult to circumvent. The current renaming
scheme is too crude; the new names are too hard to remember.

Acid has proved to be a powerful tool whose applications have exceeded expecta­
tions. Of its strengths, portability, extensibility and parallel debugging support were by
design and provide the expected utility. In retrospect, its use as a tool for code test and
verification and as a medium for communicating type information and encapsulating
interfaces has provided unanticipated benefits and altered our view of the debugging
process.
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Introduction

Acid is a general purpose, source level symbolic debugger. The debugger is built
around a simple command language. The command language, distinct from the lan­
guage of the program being debugged, provides a flexible user interface that allows the
debugger interface to be customized for a specific application or architecture. More­
over, it provides an opportunity to write test and verification code independently of a
program�s source code. Acid is able to debug multiple processes provided they share a
common set of symbols, such as the processes in a threaded program.

Like other language-based solutions, Acid presents a poor user interface but pro­
vides a powerful debugging tool. Application of Acid to hard problems is best
approached by writing functions off-line (perhaps loading them with the include
function or using the support provided by acme(1)), rather than by trying to type intri­
cate Acid operations at the interactive prompt.

Acid allows the execution of a program to be controlled by operating on its state
while it is stopped and by monitoring and controlling its execution when it is running.
Each program action that causes a change of execution state is reflected by the execu­
tion of an Acid function, which may be user defined. A library of default functions pro­
vides the functionality of a normal debugger.

A Plan 9 process is controlled by writing messages to a control file in the proc(3)
file system. Each control message has a corresponding Acid function, which sends the
message to the process. These functions take a process id (pid) as an argument. The
memory and text file of the program may be manipulated using the indirection opera­
tors. The symbol table, including source cross reference, is available to an Acid pro­
gram. The combination allows complex operations to be performed both in terms of
control flow and data manipulation.

Input format and whatis

Comments start with // and continue to the end of the line. Input is a series of
statements and expressions separated by semicolons. At the top level of the inter­
preter, the builtin function print is called automatically to display the result of all
expressions except function calls. A unary + may be used as a shorthand to force the
result of a function call to be printed.

Also at the top level, newlines are treated as semicolons by the parser, so semi­
colons are unnecessary when evaluating expressions.

When Acid starts, it loads the default program modules, enters interactive mode,
and prints a prompt. In this state Acid accepts either function definitions or statements
to be evaluated. In this interactive mode statements are evaluated immediately, while
function definitions are stored for later invocation.

The whatis operator can be used to report the state of identifiers known to the
interpreter. With no argument, whatis reports the name of all defined Acid functions;
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fortheseoperatorstheactionoftheoperatorisdeterminedbythetypesofits
operands.TheactionofeachoperatorisdefinedintheExpressionssectionofthisman­
ual.

Variables

Acidhasthreekindsofvariables:variablesdefinedbythesymboltableofthe
debuggedprogram,variablesthataredefinedandmaintainedbytheinterpreterasthe
debugged program changes state, and variables defined and used by Acid programs.

Someexamplesofvariablesmaintainedbytheinterpreteraretheregisterpointers
listedbynameintheAcidlistvariableregisters,andthesymboltablelistedby
name and contents in the Acid variablesymbols.

Thevariablepidisupdatedbytheinterpretertoselectthemostrecentlycreated
process or the process selected by thesetprocbuiltin function.

Formats

Inadditiontoatype,variableshaveformats.Theformatisacodeletterthatdeter­
minestheprintingstyleandtheeffectofsomeoftheoperatorsonthatvariable.The
format codes are derived from the format letters used bydb(1).Bydefault,symboltable
variablesandnumericconstantsareassignedtheformatcodeX,whichspecifies32-bit
hexadecimal.Printingavariablewiththiscodeyieldstheoutput0x00123456.The
formatcodeofavariablemaybechangedfromthedefaultbyusingthebuiltinfunction
fmt.Thisfunctiontakestwoarguments,anexpressionandaformatcode.Afterthe
expressionisevaluatedthenewformatcodeisattachedtotheresultandformsthe
returnvaluefromfmt.Thebackslashoperatorisashortformoffmt.Theformat
suppliedbythebackslashoperatormustbetheformatcharacterratherthananexpres­
sion.Iftheresultisassignedtoavariablethenewformatcodeismaintainedinthe
variable. For example:

acid:x=10
acid:print(x)
0x0000000a
acid:x=fmt(x,'D')
acid:print(x,fmt(x,'X'))
100x0000000a
acid:x
10
acid:x\o
12

The supported format characters are:

oPrint two-byte integer in octal.

ΧPrint four-byte integer in octal.

qPrint two-byte integer in signed octal.

QPrint four-byte integer in signed octal.

BPrint four-byte integer in binary.

dPrint two-byte integer in signed decimal.

DPrint four-byte integer in signed decimal.

VPrint eight-byte integer in signed decimal.

ZPrint eight-byte integer in unsigned decimal.

xPrint two-byte integer in hexadecimal.

XPrint four-byte integer in hexadecimal.

YPrint eight-byte integer in hexadecimal.

­ 6 ­

primary-expression:
identifier
identifier:identifier
constant
(expression)
{elist}

elist:
expression
elist , expression

AnidentifiermaybeanylegalAcidvariable.Thecolonoperatorreturnstheaddressof
parameters or local variables in the current stack of a program.For example:

*main:argc

printsthenumberofargumentspassedintomain.Localvariablesandparameterscan
onlybereferencedaftertheframehasbeenestablished.Itmaybenecessarytostepa
programoverthefirstfewinstructionsofabreakpointedfunctiontoproperlysetthe
frame.

ConstantsfollowthesamelexicalrulesasC.Alistofexpressionsdelimitedby
bracesformsalistconstructor.Anewlistisproducedbyevaluatingeachexpression
when the constructor is executed.The empty list is formed from{}.

acid:x=10
acid:l={1,x,2\D}
acid:x=20
acid:l
{0x00000001,0x0000000a,2}

Lists

Several operators manipulate lists.

list-expression:
primary-expression
headprimary-expression
tailprimary-expression
appendexpression,primary-expression
deleteexpression,primary-expression

Theprimary-expressionforheadandtailmustyieldavalueoftypelist.Ifthereare
noelementsinthelistthevalueofheadortailwillbetheemptylist.Otherwise
headevaluates to the first element of the list andtailevaluates to the rest.

acid:head{}
{}
acid:head{1,2,3,4}
0x00000001
acid:tail{1,2,3,4}
{0x00000002,0x00000003,0x00000004}

Thefirstoperandofappendanddeletemustbeanexpressionthatyieldsalist.
Appendplacestheresultofevaluatingprimary-expressionattheendofthelist.The
primary-expressionsupplied todeletemust evaluate toaninteger;deleteremoves
then�thitemfromthelist,wherenisintegralvalueofprimary-expression.Listindices
are zero-based.
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u Print two-byte integer in unsigned decimal.

U Print four-byte integer in unsigned decimal.

f Print single-precision floating point number.

F Print double-precision floating point number.

g Print a single precision floating point number in string format.

G Print a double precision floating point number in string format.

b Print byte in hexadecimal.

c Print byte as an ASCII character.

C Like c, with printable ASCII characters represented normally and others
printed in the form \xnn.

s Interpret the addressed bytes as UTF characters and print successive charac­
ters until a zero byte is reached.

r Print a two-byte integer as a rune.

R Print successive two-byte integers as runes until a zero rune is reached.

i Print as machine instructions.

I As i above, but print the machine instructions in an alternate form if possi­
ble: sunsparc and mipsco reproduce the manufacturers� syntax.

a Print the value in symbolic form.

Complex types

Acid permits the definition of the layout of memory. The usual method is to use
the -a flag of the compilers to produce Acid-language descriptions of data structures
(see 2c(1)) although such definitions can be typed interactively. The keywords
complex, adt, aggr, and union are all equivalent; the compiler uses the synonyms
to document the declarations. A complex type is described as a set of members, each
containing a format letter, an offset in the structure, and a name. For example, the C
structure

struct List {
int type;
struct List *next;

};

is described by the Acid statement

complex List {
'D' 0 type;
'X' 4 next;

};

Scope

Variables are global unless they are either parameters to functions or are declared
as local in a function body. Parameters and local variables are available only in the
body of the function in which they are instantiated. Variables are dynamically bound: if
a function declares a local variable with the same name as a global variable, the global
variable will be hidden whenever the function is executing. For example, if a function f
has a local called main, any function called below f will see the local version of main,
not the external symbol.
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Addressing

Since the symbol table specifies addresses, to access the value of program vari­
ables an extra level of indirection is required relative to the source code. For consis­
tency, the registers are maintained as pointers as well; Acid variables with the names of
processor registers point to cells holding the saved registers.

The location in a file or memory image associated with an address is calculated
from a map associated with the file. Each map contains one or more quadruples (t, b, e,
f ), defining a segment named t (usually text, data, regs, or fpregs) mapping
addresses in the range b through e to the part of the file beginning at offset f. The
memory model of a Plan 9 process assumes that segments are disjoint. There can be
more than one segment of a given type (e.g., a process may have more than one text
segment) but segments may not overlap. An address a is translated to a file address by
finding a segment for which b + a < e; the location in the file is then address + f � b.

Usually, the text and initialized data of a program are mapped by segments called
text and data. Since a program file does not contain bss, stack, or register data,
these data are not mapped by the data segment. The text segment is mapped similarly
in the memory image of a normal (i.e., non-kernel) process. However, the segment
called *data maps memory from the beginning to the end of the program�s data
space. This region contains the program�s static data, the bss, the heap and the stack.
A segment called *regs maps the registers; *fpregs maps the floating point regis­
ters.

Sometimes it is useful to define a map with a single segment mapping the region
from 0 to 0xFFFFFFFF; such a map allows the entire file to be examined without address
translation. The builtin function map examines and modifies Acid�s map for a process.

Name Conflicts

Name conflicts between keywords in the Acid language, symbols in the program,
and previously defined functions are resolved when the interpreter starts up. Each name
is made unique by prefixing enough $ characters to the front of the name to make it
unique. Acid reports a list of each name change at startup. The report looks like this:

/bin/sam: mips plan 9 executable
/lib/acid/port
/lib/acid/mips
Symbol renames:

append=$append T/0xa4e40
acid:

The symbol append is both a keyword and a text symbol in the program. The message
reports that the text symbol is now named $append.

Expressions

Operators have the same binding and precedence as in C. For operators of equal
precedence, expressions are evaluated from left to right.

Boolean expressions

If an expression is evaluated for a boolean condition the test performed depends
on the type of the result. If the result is of integer or floating type the result is true if the
value is non-zero. If the expression is a list the result is true if there are any members
in the list. If the expression is a string the result is true if there are any characters in
the string.
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acid:append{1,2},3
{0x00000001,0x00000002,0x00000003}
acid:delete{1,2,3},1
{0x00000001,0x00000003}

Assigning a list to a variablecopiesareferencetothelist;ifalistvariableiscopied
itstillpointsatthesamelist.Tocopyalist,theelementsmustbecopiedpiecewise
usingheadandappend.

Χperators

postfix-expression:
list-expression
postfix-expression[expression]
postfix-expression(argument-list)
postfix-expression.tag
postfix-expression->tag
postfix-expression++
postfix-expression--

argument-list:
expression
argument-list , expression

The[expression]operator performs indexing.The indexingexpressionmustresultin
anexpressionofintegertype,sayn.Theoperationdependsonthetypeofpostfix-
expression.Ifthepostfix-expressionyieldsanintegeritisassumedtobethebase
addressofanarrayinthememoryimage.Theindexoffsetsintothisarray;thesizeof
thearraymembersisdeterminedbytheformatassociatedwiththepostfix-expression.
Ifthepostfix-expressionyieldsastringtheindexoperatorfetchesthen�thcharacterof
thestring.Iftheindexpointsbeyondtheendofthestring,azeroisreturned.Ifthe
postfix-expressionyieldsalistthentheindexingoperationreturnsthen�thitemofthe
list.If the list contains less thannitems the empty list{}is returned.

The++and--operatorsincrementanddecrementintegervariables.Theamount
ofincrementordecrementdependsontheformatcode.Thesepostfixoperatorsreturn
the value of the variable before the increment or decrement has taken place.

unary-expression:
postfix-expression
++unary-expression
--unary-expression

unary-operator: one of
*@+-~!

Theoperators*and@aretheindirectionoperators.@referencesavaluefromthetext
fileoftheprogrambeingdebugged.Thesizeofthevaluedependsontheformatcode.
The*operatorfetchesavaluefromthememoryimageofaprocess.Ifeitheroperator
appearsontheleft-handsideofanassignmentstatement,eitherthefileormemorywill
bewritten.ThefilecanonlybemodifiedwhenAcidisinvokedwiththe-woption.The
prefix++and--operatorsperformthesameoperationastheirpostfixcounterparts
butreturnthevalueaftertheincrementordecrementhasbeenperformed.Sincethe++
and*operatorsfetchandincrementthecorrectamountforthespecifiedformat,the
followingfunctionprintscorrectmachineinstructionsonamachinewithvariablelength
instructions, such as the 68020 or 386:
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Statements

ifexpressionthenstatementelsestatement
ifexpressionthenstatement

Theexpressionisevaluatedasaboolean.Ifitsvalueistruethestatementafterthe
thenisexecuted,otherwisethestatementaftertheelseisexecuted.Theelsepor­
tion may be omitted.

whileexpressiondostatement

In a while loop, thestatementis executed while the booleanexpressionevaluates true.

loopstartexpr, endexprdostatement

The two expressionsstartexprandendexprareevaluatedpriortoloopentry.Statement
isevaluatedwhilethevalueofstartexprislessthanorequaltoendexpr.Bothexpres­
sionsmustyieldintegervalues.Thevalueofstartexprisincrementedbyoneforeach
loopiteration.Notethatthereisnoexplicitloopvariable;theexpressionsarejustval­
ues.

returnexpression

returnterminatesexecutionofthecurrentfunctionandreturnstoitscaller.The
valueofthefunctionisgivenbyexpression.Sincereturnrequiresanargument,nil-
valued functions should return the empty list{}.

localvariable

Thelocalstatementcreatesalocalinstanceofvariable,whichexistsfortheduration
oftheinstanceofthefunctioninwhichitisdeclared.Bindingisdynamic:thelocalvari­
able,ratherthanthepreviousvalueofvariable,isvisibletocalledfunctions.Aftera
return from the current function the previous value ofvariableis restored.

IfAcidisinterrupted,thevaluesofalllocalvariablesarelost,asifthefunction
returned.

defnfunction-name(parameter-list)body

parameter-list:
variable
parameter-list , variable

body:
{statement}

Functionsareintroducedbythedefnstatement.Thedefinitionofparameternames
suppressesanyvariablesofthesamenameuntilthefunctionreturns.Thebodyofa
function is a list of statements enclosed by braces.

Code variables

Acidpermitsthedelayedevaluationofaparametertoafunction.Theparameter
maythenbeevaluatedatanytimewiththeevaloperator.Suchparametersarecalled
codevariablesandaredefinedbyprefixingtheirnamewithanasteriskintheirdeclara­
tion.

For example, this function wraps up an expression for later evaluation:
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defn asm(addr)
{

addr = fmt(addr, 'i');
loop 1, 10 do

print(*addr++, "\n");
}

The operators ~ and ! perform bitwise and logical negation respectively. Their operands
must be of integer type.

cast-expression:
unary-expression
unary-expression \ format-char
( complex-name ) unary-expression

A unary expression may be preceded by a cast. The cast has the effect of associating the
value of unary-expression with a complex type structure. The result may then be deref­
erenced using the . and -> operators.

An Acid variable may be associated with a complex type to enable accessing the
type�s members:

acid: complex List {
'D' 0 type;
'X' 4 next;

};
acid: complex List lhead
acid: lhead.type
10
acid: lhead = ((List)lhead).next
acid: lhead.type
-46

Note that the next field cannot be given a complex type automatically.

When entered at the top level of the interpreter, an expression of complex type is
treated specially. If the type is called T and an Acid function also called T exists, then
that function will be called with the expression as its argument. The compiler options
-a and -aa will generate Acid source code defining such complex types and functions;
see 2c(1).

A unary-expression may be qualified with a format specifier using the \ operator.
This has the same effect as passing the expression to the fmt builtin function.

multiplicative-expression:
cast-expression
multiplicative-expression * multiplicative-expression
multiplicative-expression / multiplicative-expression
multiplicative-expression % multiplicative-expression

These operate on integer and float types and perform the expected operations: * multi­
plication, / division, % modulus.

additive-expression:
multiplicative-expression
additive-expression + multiplicative-expression
additive-expression - multiplicative-expression

These operators perform as expected for integer and float operands. Unlike in C, + and
- do not scale the addition based on the format of the expression. This means that
i=i+1 will always add 1 but i++ will add the size corresponding to the format stored
with i. If both operands are of either string or list type then addition is defined as
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concatenation. Adding a string and an integer is treated as concatenation with the Uni­
code character corresponding to the integer. Subtraction is undefined for strings and
lists.

shift-expression:
additive-expression
shift-expression << additive-expression
shift-expression >> additive-expression

The >> and << operators perform bitwise right and left shifts respectively. Both require
operands of integer type.

relational-expression:
relational-expression < shift-expression
relational-expression > shift-expression
relational-expression <= shift-expression
relational-expression >= shift-expression

equality-expression:
relational-expression
relational-expression == equality-expression
relational-expression != equality-expression

The comparison operators are < (less than), > (greater than), <= (less than or equal to),
>= (greater than or equal to), == (equal to) and != (not equal to). The result of a com­
parison is 0 if the condition is false, otherwise 1. The relational operators can only be
applied to operands of integer and float type. The equality operators apply to all types.
Comparing mixed types is legal. Mixed integer and float compare on the integral value.
Other mixtures are always unequal. Two lists are equal if they have the same number of
members and a pairwise comparison of the members results in equality.

AND-expression:
equality-expression
AND-expression & equality-expression

XΧR-expression:
AND-expression
XΧR-expression ^ AND-expression

ΧR-expression:
XΧR-expression
ΧR-expression | XΧR-expression

These operators perform bitwise logical operations and apply only to the integer type.
The operators are & (logical and), ^ (exclusive or) and | (inclusive or).

logical-AND-expression:
ΧR-expression
logical-AND-expression && ΧR-expression

logical-ΧR-expression:
logical-AND-expression
logical-ΧR-expression || logical-AND-expression

The && operator returns 1 if both of its operands evaluate to boolean true, otherwise 0.
The || operator returns 1 if either of its operands evaluates to boolean true, otherwise
0.
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acid:defncode(*e){returne;}
acid:x=code(v+atoi("100")\D)
acid:print(x)
(v+atoi("100"))\D;
acid:evalx
<stdin>:5:(error)vusedbutnotset
acid:v=5
acid:evalx
105

Source Code Management

Acidprovidesthemeanstoexaminesourcecode.Sourcecodeisrepresentedby
listsofstrings.Builtinfunctionsprovidemappingfromaddresstolinesandvice-versa.
The default debugging environment has the means to load and display source files.

Builtin Functions

TheAcidinterpreterhasanumberofbuiltinfunctions,whichcannotberedefined.
Thesefunctionsperformmachine-oroperatingsystem-specificfunctionssuchassym­
boltableandprocessmanagement.Thefollowingsectionpresentsadescriptionof
eachbuiltinfunction.Thenotation{}isusedtodenotetheemptylist,whichisthe
defaultvalueofafunctionthatdoesnotexecuteareturnstatement.Thetypeand
numberofparametersforeachfunctionarespecifiedinthedescription;whereaparam­
eter can be of any type it is specified as typeitem.

integeraccess(string)Check if a file can be read

Accessreturnstheinteger1ifthefilenameinstringcanbereadbythebuiltin
functionsfile,readfile,orinclude,otherwise0.Atypicaluseofthisfunc­
tion is to follow a search path looking for a source file; it is used byfindsrc.

if access("main.c") then
return file("main.c");

floatatof(string)Convert a string to float

atofconvertsthestringsuppliedasitsargumentintoafloatingpointnumber.
ThefunctionacceptsstringsinthesameformatastheCfunctionofthesame
name.Thevaluereturnedhastheformatcodef.atofreturnsthevalue0.0ifit
is unable to perform the conversion.

acid: +atof("10.4e6")
1.04e+07

integeratoi(string)Convert a string to an integer

atoiconvertstheargumenttoanintegervalue.Thefunctionacceptsstringsin
thesameformatastheCfunctionofthesamename.Thevaluereturnedhasthe
format codeD.atoireturns the integer 0 if it is unable to perform a conversion.

acid: +atoi("-1255")
-1255

{}error(string)Generate an interpreter error

errorgeneratesanerrormessageandreturnstheinterpretertointeractive
mode.IfanAcidprogramisrunning,itisaborted.Processesbeingdebuggedare
notaffected.Thevaluesofalllocalvariablesarelost.erroriscommonlyusedto
stopthedebuggerwhensomeinterestingconditionarisesinthedebuggedpro­
gram.
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{}kill(integer)Kill a process

killwritesakillcontrolmessageintothecontrolfileoftheprocessspecifiedby
theintegerpid.Iftheprocesswaspreviouslyinstalledbysetprocitwillbe
removedfromthelistofactiveprocesses.Iftheintegerhasthesamevalueas
pid,thenpidwillbesetto0.Tocontinuedebugging,anewprocessmustbe
selected usingsetproc.For example, to kill all the active processes:

while proclist do {
kill(head proclist);
proclist = tail proclist;

}

listmap(list)Set or retrieve process memory map

mapeitherretrievesallthemappingsassociatedwithaprocessorsetsasingle
mapentrytoanewvalue.Ifthelistargumentisomittedthenmapreturnsalistof
lists.Eachsublisthasfourvaluesanddescribesasingleregionofcontiguous
addressesinthememoryorfileimageofthedebuggedprogram.Thefirstentryis
thenameofthemapping.Ifthenamebeginswith*itdenotesamapintothe
memoryofanactiveprocess.Thesecondandthirdvaluesspecifythebaseand
end address oftheregionandthefourthnumberspecifiestheoffsetinthefilecor­
responding to the first location of the region.A map entry may be set by supplying
alistinthesameformatasthesublistdescribedabove.Thenameofthemapping
mustmatcharegionalreadydefinedbythecurrentmap.Mapsaresetautomati­
callyforPlan9processesandsomekernels;theymayneedtobesetbyhandfor
other kernels and programs that run on bare hardware.

acid: map({"text", _start, end, 0x30})

integermatch(item,list)Search list for matching value

matchcompareseachiteminlistusingtheequalityoperator==withitem.The
itemcanbeofanytype.Ifthematchsucceedstheresultistheintegerindexofthe
matching value, otherwise -1.

acid: list={8,9,10,11}
acid: print(list[match(10, list)]\D)
10

{}newproc(string)Create a new process

newprocstartsanewprocesswithanargumentvectorconstructedfromstring.
Theargumentvectorexcludesthenameoftheprogramtoexecuteandeachargu­
mentinstringmustbespaceseparated.Anewprocesscanacceptnomorethan
512arguments.Theinternalvariablepidissettothepidofthenewlycreated
process.Thenewpidisalsoappendedtothelistofactiveprocessesstoredinthe
variableproclist.Thenewprocessiscreatedthenhaltedatthefirstinstruc­
tion,causingthedebuggertocallstopped.Thelibraryfunctionsnewandwin
shouldbeusedtostartprocesseswhenusingthestandarddebuggingenviron­
ment.

acid: newproc("-l .")
56720: system call_mainADD$-0x14,R29

stringpcfile(integer)Convert text address to source file name

pcfileinterpretsitsintegerargumentasatextaddressinthedebuggedpro­
gram.Theaddressandsymboltableareusedtogenerateastringcontainingthe
nameofthesourcefilecorrespondingtothetextaddress.Iftheaddressdoesnot
lie within the program the string?file?is returned.
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while 1 do {
step();
if *main != @main then

error("memory corrupted");
}

list file(string) Read the contents of a file into a list

file reads the contents of the file specified by string into a list. Each element in
the list is a string corresponding to a line in the file. file breaks lines at the new­
line character, but the newline characters are not returned as part each string.
file returns the empty list if it encounters an error opening or reading the data.

acid: print(file("main.c")[0])
#include<u.h>

integer filepc(string) Convert source address to text address

filepc interprets its string argument as a source file address in the form of a file
name and line offset. filepc uses the symbol table to map the source address
into a text address in the debugged program. The integer return value has the for­
mat X. filepc returns an address of -1 if the source address is invalid. The
source file address uses the same format as acme(1). This function is commonly
used to set breakpoints from the source text.

acid: bpset(filepc("main:10"))
acid: bptab()

0x00001020 usage ADD $-0xc,R29

item fmt(item,fmt) Set print, @ and * formats

fmt evaluates the expression item and sets the format of the result to fmt. The
format of a value determines how it will be printed and what kind of object will be
fetched by the * and @ operators. The \ operator is a short-hand form of the fmt
builtin function. The fmt function leaves the format of the item unchanged.

acid: main=fmt(main, 'i') // as instructions
acid: print(main\X, "\t", *main)
0x00001020 ADD $-64,R29

fmt fmtof(item) Get format

fmtof evaluates the expression item and returns the format of the result.

acid: +fmtof(33)
W
acid: +fmtof("string")
s

integer fmtsize(item) Get format size

fmtsize evaluates the expression item and returns the size in bytes of a single
element of result�s format.

acid: +fmtsize('c')
8
acid: +fmtsize('c'\c)
1
acid: +fmtsize(0\X)
4
acid: +fmtsize('c'\3)
10
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list fnbound(integer) Find start and end address of a function

fnbound interprets its integer argument as an address in the text of the
debugged program. fnbound returns a list containing two integers correspond­
ing to the start and end addresses of the function containing the supplied address.
If the integer address is not in the text segment of the program then the empty list
is returned. fnbound is used by next to detect stepping into new functions.

acid: print(fnbound(main))
{0x00001050, 0x000014b8}

{} follow(integer) Compute follow set

The follow set is defined as the set of program counter values that could result
from executing an instruction. follow interprets its integer argument as a text
address, decodes the instruction at that address and, with the current register set,
builds a list of possible next program counter values. If the instruction at the speci­
fied address cannot be decoded follow raises an error. follow is used to plant
breakpoints on all potential paths of execution. The following code fragment plants
breakpoints on top of all potential following instructions.

lst = follow(*PC);
while lst do
{

*head lst = bpinst;
lst = tail lst;

}

{} include(string) Take input from a new file

include opens the file specified by string and uses its contents as command
input to the interpreter. The interpreter restores input to its previous source when
it encounters either an end of file or an error. include can be used to incremen­
tally load symbol table information without leaving the interpreter.

acid: include("/sys/src/cmd/acme/syms")

{} interpret(string) Take input from a string

interpret evaluates the string expression and uses its result as command input
for the interpreter. The interpreter restores input to its previous source when it
encounters either the end of string or an error. The interpret function allows
Acid programs to write Acid code for later evaluation.

acid: interpret("main+10;")
0x0000102a

string itoa(integer[,string]) Convert integer to string

itoa takes an integer argument and converts it into an ASCII string in the D for­
mat. an alternate format string may be provided in the % style of print(2). This
function is commonly used to build rc command lines.

acid: rc("cat /proc/"+itoa(pid)+"/segment")
Stack 7fc00000 80000000 1
Data 00001000 00009000 1
Data 00009000 0000a000 1
Bss 0000a000 0000c000 1



­ 15 ­

acid: print("Now at ", pcfile(*PC), ":", pcline(*PC))
Now at ls.c:46

integerpcline(integer)Convert text address to source line number

pclineinterpretsitsintegerargumentasatextaddressinthedebuggedpro­
gram.Theaddressandsymboltableareusedtogenerate an integer containing the
linenumberinthesourcefilecorrespondingtothetextaddress.Iftheaddress
does not lie within the program the integer 0 is returned.

acid: +file("main.c")[pcline(main)]
main(int argc, char *argv[])

{}print(item,item,...)Print expressions

printevaluateseachitemsuppliedinitsargumentlistandprintsittostandard
output.Eachargumentwillbeprintedaccordingtoitsassociatedformatcharacter.
Whentheinterpreterisexecuting,outputisbufferedandflushedevery5000state­
mentsorwhentheinterpreterreturnstointeractivemode.printacceptsamaxi­
mum of 512 arguments.

acid: print(10, "decimal ", 10\D, "octal ", 10\o)
0x0000000a decimal 10 octal 000000000012
acid: print({1, 2, 3})
{0x00000001 , 0x00000002 , 0x00000003 }
acid: print(main, main\a, "\t", @main\i)
0x00001020 mainADD$-64,R29

{}printto(string,item,item,...)Print expressions to file

printtooffersalimitedformofoutputredirection.Thefirststringargumentis
usedasthepathnameofanewfiletocreate.Eachitemisthenevaluatedand
printedtothenewlycreatedfile.Whenallitemshavebeenprintedthefileis
closed.printtoaccepts a maximum of 512 arguments.

acid: printto("/env/foo", "hello")
acid: rc("echo -n $foo")
hello

stringrc(string)Execute a shell command

rcevaluatesstringtoformashellcommand.Anewcommandinterpreteris
startedtoexecutethecommand.TheAcidinterpreterblocksuntilthecommand
completes.Thereturnvalueistheemptystringifthecommandsucceeds,other­
wise the exit status of the failed command.

acid: rc("B "+itoa(-pcline(addr))+" "+pcfile(addr));

stringreadfile(string)Read file contents into a string

readfiletakesthecontentsofthefilespecifiedbystringandreturnsitscon­
tentsasanewstring.Ifreadfileencountersazerobyteinthefile,ittermi­
nates.Ifreadfileencountersanerroropeningorreadingthefilethenthe
emptylistisreturned.readfilecanbeusedtoreadthecontentsofdevicefiles
whose lines are not terminated with newline characters.

acid: ""+readfile("/dev/label")
helix

stringreason(integer)Print cause of program stoppage

reasonusesmachine-dependentinformationtogenerateastringexplainingwhy
aprocesshasstopped.Theintegerargumentisthevalueofanarchitecturedepen­
dent status register, for exampleCAUSEon the MIPS.
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thewhatisoperator and then modified during debugging sessions.

{}Bsrc(integer)Load editor with source

Bsrcinterpretstheintegerargumentasatextaddress.Thetextaddressisused
toproduceapathnameandlinenumbersuitablefortheBcommandtosendtothe
texteditorsam(1)oracme(1).Bsrcbuildsanrc(1)commandtoinvokeB,which
eitherselectsanexistingsourcefileorloadsanewsourcefileintotheeditor.The
lineofsourcecorrespondingtothetextaddressisthenselected.Inthefollowing
examplestoppedisredefinedsothattheeditorfollowsanddisplaysthesource
line currently being executed.

defn stopped(pid) {
pstop(pid);
Bsrc(*PC);

}

{}Fpr()Display double precision floating registers

Formachinesequippedwithfloatingpoint,Fprdisplaysthecontentsofthefloat­
ing point registers as double precision values.

acid: Fpr()
F00.F20.
F40.F60.
F80.F100.
...

{}Ureg(integer)Display contents of Ureg structure

Ureginterpretstheintegerpassedasitsfirstargumentastheaddressofakernel
Uregstructure.Eachelementofthestructureisretrievedandprinted.Thesize
andcontentsoftheUregstructurearearchitecturedependent.Thisfunctioncan
beusedtodecodethefirstargumentpassedtoanotify(2)functionafteraprocess
has received a note.

acid: Ureg(*notehandler:ur)
status0x3000f000
pc0x1020
sp0x7ffffe00
cause0x00004002

...

{}acidinit()Interpreter startup

acidinitiscalledbytheinterpreterafterallmoduleshavebeenloadedatini­
tializationtime.Itisusedtosetupmachinespecificvariablesandthedefault
source path.acidinitshould not be called by user code.

{}addsrcdir(string)Add element to source search path

addsrcdirinterpretsitsstringargumentasanewdirectoryfindsrcshould
searchwhenlookingforsourcecodefiles.addsrcdirdrawsanerrorifthe
directory is already in the source search path. The search pathmaybeexaminedby
looking at the variablesrcpath.

acid: rc("9fs fornax")
acid: addsrcpath("/n/fornax/sys/src/cmd")
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acid: print(reason(*CAUSE))
system call

integer regexp(pattern,string) Regular expression match

regexp matches the pattern string supplied as its first argument with the string
supplied as its second. If the pattern matches the result is the value 1, otherwise
0.

acid: print(regexp(".*bar", "foobar"))
1

{} setproc(integer) Set debugger focus

setproc selects the default process used for memory and control operations. It
effectively shifts the focus of control between processes. The integer argument
specifies the pid of the process to look at. The variable pid is set to the pid of the
selected process. If the process is being selected for the first time its pid is added
to the list of active processes proclist.

acid: setproc(68382)
acid: procs()
>68382: Stopped at main+0x4 setproc(68382)

{} start(integer) Restart execution

start writes a start message to the control file of the process specified by the
pid supplied as its integer argument. start draws an error if the process is not
in the Stopped state.

acid: start(68382)
acid: procs()
>68382: Running at main+0x4 setproc(68382)

{} startstop(integer) Restart execution, block until stopped

startstop performs the same actions as a call to start followed by a call to
stop. The integer argument specifies the pid of the process to control. The pro­
cess must be in the Stopped state. Execution is restarted, the debugger then
waits for the process to return to the Stopped state. A process will stop if a start­
stop message has been written to its control file and any of the following condi­
tions becomes true: the process executes or returns from a system call, the pro­
cess generates a trap or the process receives a note. startstop is used to
implement single stepping.

acid: startstop(pid)
75374: breakpoint ls ADD $-0x16c8,R29

string status(integer) Return process state

status uses the pid supplied by its integer argument to generate a string
describing the state of the process. The string corresponds to the state returned
by the sixth column of the ps(1) command. A process must be in the Stopped
state to modify its memory or registers.

acid: ""+status(pid)
Stopped
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{} stop(integer) Wait for a process to stop

stop writes a stop message to the control file of the process specified by the pid
supplied as its integer argument. The interpreter blocks until the debugged pro­
cess enters the Stopped state. A process will stop if a stop message has been
written to its control file and any of the following conditions becomes true: the pro­
cess executes or returns from a system call, the process generates a trap, the pro­
cess is scheduled or the process receives a note. stop is used to wait for a pro­
cess to halt before planting a breakpoint since Plan 9 only allows a process�s mem­
ory to be written while it is in the Stopped state.

defn bpset(addr) {
if (status(pid)!="Stopped") then {

print("Waiting...\n");
stop(pid);

}
...

}

list strace(pc,sp,linkreg) Stack trace

strace generates a list of lists corresponding to procedures called by the
debugged program. Each sublist describes a single stack frame in the active pro­
cess. The first element is an integer of format X specifying the address of the
called function. The second element is the value of the program counter when the
function was called. The third and fourth elements contain lists of parameter and
automatic variables respectively. Each element of these lists contains a string with
the name of the variable and an integer value of format X containing the current
value of the variable. The arguments to strace are the current value of the pro­
gram counter, the current value of the stack pointer, and the address of the link
register. All three parameters must be integers. The setting of linkreg is architec­
ture dependent. On the MIPS linkreg is set to the address of saved R31, on the
SPARC to the address of saved R15. For the other architectures linkreg is not
used, but must point to valid memory.

acid: print(strace(*PC, *SP, linkreg))
{{0x0000141c, 0xc0000f74,
{{"s", 0x0000004d}, {"multi", 0x00000000}},
{{"db", 0x00000000}, {"fd", 0x000010a4},
{"n", 0x00000001}, {"i", 0x00009824}}}}

{} waitstop(integer) Wait for a process to stop

waitstop writes a waitstop message to the control file of the process specified
by the pid supplied as its integer argument. The interpreter will remain blocked
until the debugged process enters the Stopped state. A process will stop if a
waitstop message has been written to its control file and any of the following con­
ditions becomes true: the process generates a trap or receives a note. Unlike
stop, the waitstop function is passive; it does not itself cause the program to
stop.

acid: waitstop(pid)
75374: breakpoint ls ADD $-0x16c8,R29

Library Functions

A standard debugging environment is provided by modules automatically loaded
when Acid is started. These modules are located in the directory /sys/lib/acid.
These functions may be overridden, personalized, or added to by code defined in
$home/lib/acid. The implementation of these functions can be examined using
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{}asm(integer)Disassemble machine instructions

asminterpretsitsintegerargumentasatextaddressfromwhichtodisassemble
machineinstructions.asmprintstheinstructionaddressinsymbolicandhexadec­
imalform,thenprintstheinstructionswithaddressingmodes.Uptotwenty
instructionswillbedisassembled.asmstopsdisassemblingwhenitreachesthe
endofthecurrentfunction.Instructionsarereadfromthefileimageusingthe@
operator.

acid: asm(main)
main0x00001020 ADD$-0x64,R29
main+0x4 0x00001024 MΧVWR31,0x0(R29)
main+0x8 0x00001028 MΧVWR1,argc+4(FP)
main+0xc 0x0000102c MΧVW$bin(SB),R1

{}bpdel(integer)Delete breakpoint

bpdelremovesapreviouslysetbreakpointfrommemory.Theintegersupplied
asitsargumentmustbetheaddressofapreviouslysetbreakpoint.Thebreak­
pointaddressisdeletedfromtheactivebreakpointlistbplist,thentheoriginal
instructioniscopiedfromthefileimagetothememoryimagesothatthebreak­
point is removed.

acid: bpdel(main+4)

{}bpset(integer)Set a breakpoint

bpsetplacesabreakpointinstructionattheaddressspecifiedbyitsintegerargu­
ment,whichmustbeinthetextsegment.bpsetdrawsanerrorifabreakpoint
has already been set at the specified address.A listofcurrentbreakpointsismain­
tainedinthevariablebplist.Unlikeindb(1),breakpointsareleftinmemory
evenwhenaprocessisstopped,andtheprocessmustexist,perhapsbybeingcre­
atedbyeitherneworwin,inordertoplaceabreakpoint.(Dbacceptsbreakpoint
commandsbeforetheprocessisstarted.)OntheMIPSandSPARCarchitectures,
breakpointsatfunctionentrypointsshouldbeset4bytesintothefunction
becausetheinstructionschedulermayfillJALbranchdelayslotswiththefirst
instruction of the function.

acid: bpset(main+4)

{}bptab()List active breakpoints

bptabprintsalistofcurrentlyinstalledbreakpoints.Thelistcontainsthebreak­
pointaddressinsymbolicandhexadecimalformaswellastheinstructionthe
breakpointreplaced.Breakpointsarenotmaintainedacrossprocesscreationusing
newandwin.Theyaremaintainedacrossafork,butcaremustbetakentokeep
control of the child process.

acid: bpset(ls+4)
acid: bptab()

0x00001420 ls+0x4MΧVWR31,0x0(R29)

{}casm()Continue disassembly

casmcontinuestodisassembleinstructionsfromwherethelastasmorcasm
commandstopped.Likeasm,thiscommandstopsdisassemblingatfunction
boundaries.

acid: casm()
main+0x10 0x00001030MΧVW$0x1,R3
main+0x14 0x00001034MΧVWR3,0x8(R29)
main+0x18 0x00001038MΧVW$0x1,R5
main+0x1c 0x0000103cJALBinit(SB)
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acid: mem(bdata+0x326, "2c2Xb")
P = 0xa94bc464 0x3e5ae44d19

{}new()Create new process

newstartsanewcopyofthedebuggedprogram.Thenewprogramisstartedwith
theprogramargumentssetbythevariableprogargs.Thenewprogramis
stoppedinthesecondinstructionofmain.Thebreakpointlistisreinitialized.
newmaybeusedseveraltimestoinstantiateseveralcopiesofaprogramsimulta­
neously. The user can rotate between the copies usingsetproc.

acid: progargs="-l"
acid: new()
60: external interrupt_mainADD$-0x14,R29
60: breakpointmain+0x4MΧVWR31,0x0(R29)

{}next()Step through language statement

nextstepsthroughasinglelanguagelevelstatementwithouttracingdown
througheachstatementinacalledfunction.Foreachstatement,nextprintsthe
machineinstructionsexecutedaspartofthestatement.Afterthestatementhas
executed, source lines around the current program counter are displayed.

acid: next()
60: breakpointBinit+0x4 MΧVWR31,0x0(R29)
60: breakpointBinit+0x8 MΧVWf+8(FP),R4
binit.c:93
88
89int
90Binit(Biobuf *bp, int f, int mode)
91{
>92return Binits(bp, f, mode, bp->b, BSIZE);
93}

{}notestk(integer)Stack trace after receiving a note

notestkinterpretsitsintegerargumentastheaddressofaUregstructure
passedbythekerneltoanotify(2)functionduringnoteprocessing.notestk
usesthePC,SP,andlinkregisterfromtheUregtoprintastacktracecorre­
spondingtothepointintheprogramwherethenotewasreceived.Togetavalid
stacktraceontheMIPSandSPARCarchitecturesfromanotifyroutine,theprogram
muststopinanewfunctioncalledfromthenotifyroutinesothatthelinkregister
is valid and the notify routine�s parameters are addressable.

acid: notestk(*notify:ur)
Note pc:0x00001024:main+0x4 ls.c:48
main(argc=0x00000001,argv=0x7fffefec) ls.c:48

called from _main+0x20 main9.s:10
_argc=0x00000000
_args=0x00000000

{}pfl(integer)Print source file and line

pflinterpretsitsargumentasatextaddressandusesittoprintthesourcefile
andlinenumbercorrespondingtotheaddress.Theoutputhasthesameformatas
file addresses inacme(1).

acid: pfl(main)
ls.c:48
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{} cont() Continue program execution

cont restarts execution of the currently active process. If the process is stopped
on a breakpoint, the breakpoint is first removed, the program is single stepped,
the breakpoint is replaced and the program is then set executing. This may cause
stopped() to be called twice. cont causes the interpreter to block until the
process enters the Stopped state.

acid: cont()
95197: breakpoint ls+0x4 MΧVW R31,0x0(R29)

{} dump(integer,integer,string) Formatted memory dump

dump interprets its first argument as an address, its second argument as a count
and its third as a format string. dump fetches an object from memory at the cur­
rent address and prints it according to the format. The address is incremented by
the number of bytes specified by the format and the process is repeated count
times. The format string is any combination of format characters, each preceded by
an optional count. For each object, dump prints the address in hexadecimal, a
colon, the object and then a newline. dump uses mem to fetch each object.

acid: dump(main+35, 4, "X2bi")
0x00001043: 0x0c8fa700 108 143 lwc2 r0,0x528f(R4)
0x0000104d: 0xa9006811 0 0 swc3 r0,0x0(R24)
0x00001057: 0x2724e800 4 37 ADD $-0x51,R23,R31
0x00001061: 0xa200688d 6 0 NΧΧP
0x0000106b: 0x2710c000 7 0 BREAK

{} findsrc(string) Use source path to load source file

findsrc interprets its string argument as a source file. Each directory in the
source path is searched in turn for the file. If the file is found, the source text is
loaded using file and stored in the list of active source files called srctext.
The name of the file is added to the source file name list srcfiles. Users are
unlikely to call findsrc from the command line, but may use it from scripts to
preload source files for a debugging session. This function is used by src and
line to locate and load source code. The default search path for the MIPS is ./,
/sys/src/libc/port, /sys/src/libc/9sys, /sys/src/libc/mips.

acid: findsrc(pcfile(main));

{} fpr() Display single precision floating registers

For machines equipped with floating point, fpr displays the contents of the float­
ing point registers as single precision values. When the interpreter stores or manip­
ulates floating point values it converts into double precision values.

acid: fpr()
F0 0. F1 0.
F2 0. F3 0.
F4 0. F5 0.
...

{} func() Step while in function

func single steps the active process until it leaves the current function by either
calling another function or returning to its caller. func will execute a single
instruction after leaving the current function.
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acid: func()
95197: breakpoint ls+0x8 MΧVW R1,R8
95197: breakpoint ls+0xc MΧVW R8,R1
95197: breakpoint ls+0x10 MΧVW R8,s+4(FP)
95197: breakpoint ls+0x14 MΧVW $0x2f,R5
95197: breakpoint ls+0x18 JAL utfrrune(SB)
95197: breakpoint utfrruneADD $-0x18,R29

{} gpr() Display general purpose registers

gpr prints the values of the general purpose processor registers.

acid: gpr()
R1 0x00009562 R2 0x000010a4 R3 0x00005d08
R4 0x0000000a R5 0x0000002f R6 0x00000008
...

{} labstk(integer) Print stack trace from label

labstk performs a stack trace from a Plan 9 label. The kernel, C compilers store
continuations in a common format. Since the compilers all use caller save conven­
tions a continuation may be saved by storing a PC and SP pair. This data structure
is called a label and is used by the the C function longjmp and the kernel to
schedule threads and processes. labstk interprets its integer argument as the
address of a label and produces a stack trace for the thread of execution. The value
of the function ALEF_tid is a suitable argument for labstk.

acid: labstk(*mousetid)
At pc:0x00021a70:Rendez_Sleep+0x178 rendez.l:44
Rendez_Sleep(r=0xcd7d8,bool=0xcd7e0,t=0x0) rendez.l:5

called from ALEF_rcvmem+0x198 recvmem.l:45
ALEF_rcvmem(c=0x000cd764,l=0x00000010) recvmem.l:6
...

{} lstk() Stack trace with local variables

lstk produces a long format stack trace. The stack trace includes each function
in the stack, where it was called from, and the value of the parameters and auto­
matic variables for each function. lstk displays the value rather than the address
of each variable and all variables are assumed to be an integer in format X. To
print a variable in its correct format use the : operator to find the address and
apply the appropriate format before indirection with the * operator. It may be nec­
essary to single step a couple of instructions into a function to get a correct stack
trace because the frame pointer adjustment instruction may get scheduled down
into the body of the function.

acid: lstk()
At pc:0x00001024:main+0x4 ls.c:48
main(argc=0x00000001,argv=0x7fffefec) ls.c:48

called from _main+0x20 main9.s:10
_argc=0x00000000
_args=0x00000000
fd=0x00000000
buf=0x00000000
i=0x00000000

{} mem(integer,string) Print memory object

mem interprets its first integer argument as the address of an object to be printed
according to the format supplied in its second string argument. The format string
can be any combination of format characters, each preceded by an optional count.
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{}procs()Print active process list

procsprintsalistofactiveprocessattachedtothedebugger.Eachprocesspro­
ducesasinglelineofoutputgivingthepid,processstate,theaddresstheprocess
iscurrentlyexecuting,andthesetproccommandrequiredtomakethatprocess
current.Thecurrentprocessismarkedinthefirstcolumnwitha>character.The
debugger maintains a list of processes in the variableproclist.

acid: procs()
>62: Stopped at main+0x4 setproc(62)
60: Stopped at Binit+0x8 setproc(60)

{}pstop(integer)Print reason process stopped

pstopprintsthestatusoftheprocessspecifiedbytheintegerpidsuppliedasits
argument.pstopisusuallycalledfromstoppedeverytimeaprocessenters
theStoppedstate.

acid: pstop(62)
0x0000003e: breakpointmain+0x4MΧVWR31,0x0(R29)

{}regs()Print registers

regsprintsthecontentsofboththegeneralandspecialpurposeregisters.regs
callssprthengprto display the contents of the registers.

{}source()Summarize source data base

sourceprintsthedirectorysearchpathfollowedbyalistofcurrentlyloaded
sourcefiles.Thesourcemanagementfunctionssrcandfindsrcusethesearch
pathtolocateandloadsourcefiles.Sourcefilesareloadedincrementallyintoa
sourcedatabaseduringdebugging.Alistofloadedfilesisstoredinthevariable
srcfilesand the contents of each source file in the variablesrctext.

acid: source()
/n/bootes/sys/src/libbio/
/sys/src/libc/port/
/sys/src/libc/9sys/
/sys/src/libc/mips/

binit.c

{}spr()Print special purpose registers

sprprintsthecontentsoftheprocessorcontrolandmemorymanagementregis­
ters.Wherepossible,thecontentsoftheregistersaredecodedtoprovideextra
information;forexampletheCAUSEregisterontheMIPSisprintedbothinhex­
adecimal and using thereasonfunction.

acid: spr()
PC0x00001024 main+0x4ls.c:48
SP0x7fffef68 LINK0x00006264 _main+0x28 main9.s:12
STATUS0x0000ff33 CAUSE0x00000024 breakpoint
TLBVIR0x000000d3 BADVADR0x00001020
HI0x00000004 LΧ0x00001ff7

{}src(integer)Print lines of source

srcinterpretsitsintegerargumentasatextaddressandusesthisaddressto
print5linesof source before and after the address. The current line is marked with
a>character.srcusesthesourcesearchpathmaintainedbysourceand
addsrcdirto locate the required source files.
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ABSTRACT

Mkisatoolfordescribingandmaintainingdependenciesbetween
files.ItissimilartotheUNIXprogrammake,butprovidesseveralexten­
sions.Mk�sflexiblerulespecifications,implieddependencyderivation,
andparallelexecutionofmaintenanceactionsarewell-suitedtothePlan
9environment.AlmostallPlan9maintenanceproceduresareautomated
usingmk.

1.Introduction

Thisdocumentdescribeshowmk,aprogramfunctionallysimilartomake[Feld79],
isusedtomaintaindependenciesbetweenfilesinPlan9.Mkprovidesseveralexten­
sionstothecapabilitiesofitspredecessorthatworkwellinPlan9�sdistributed,multi-
architectureenvironment.Itexploitsthepowerofmultiprocessorsbyexecutingmainte­
nanceactionsinparallelandinteractswiththePlan9commandinterpreterrctopro­
videapowerfulsetofmaintenancetools.Itacceptspattern-baseddependencyspecifi­
cationsthatarenotlimitedtodescribingrulesforprogramconstruction.Theresultisa
toolthatisflexibleenoughtoperformmanymaintenancetasksincludingdatabase
maintenance, hardware design, and document production.

Thisdocumentbeginsbydiscussingthesyntaxofthecontrolfile,thepattern
matchingcapabilities,andthespecialrulesformaintainingarchives.Abriefdescription
ofmk�salgorithmforderivingdependenciesisfollowedbyadiscussionoftheconven­
tionsusedtoresolveambiguousspecifications.Thefinalsectionsdescribeparallelexe­
cution and special features.

Anearlierpaper[Hume87]providesadetaileddiscussionofmk�sdesignandan
appendix summarizes the differences betweenmkandmake.

2.TheMkfile

Mkreadsafiledescribingrelationshipsamongfilesandexecutescommandsto
bringthefilesuptodate.Thespecificationfile,calledamkfile,containsthreetypes
ofstatements:assignments,includes,andrules.Assignmentandincludestatements
aresimilartothoseinC.Rulesspecifydependenciesbetweenatargetandits
prerequisites.Whenthetargetandprerequisitesarefiles,theirmodificationtimes
determineiftheyareoutofdate.Rulesoftencontainarecipe,anrc(1)scriptthatpro­
duces the target from the prerequisites.

This simplemkfileproduces an executable from a C source file:
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acid: src(*PC)
ls.c:47
42 Biobuf bin;
43
44 #define HUNK 50
45
46 void
>47 main(int argc, char *argv[])
48 {
49 int i, fd;
50 char buf[64];
51
52 Binit(&bin, 1, ΧWRITE);

{} step() Single step process

step causes the debugged process to execute a single machine level instruction.
If the program is stopped on a breakpoint set by bpset it is first removed, the sin­
gle step executed, and the breakpoint replaced. step uses follow to predict
the address of the program counter after the current instruction has been exe­
cuted. A breakpoint is placed at each of these predicted addresses and the process
is started. When the process stops the breakpoints are removed.

acid: step()
62: breakpoint main+0x8MΧVW R1,argc+4(FP)

{} stk() Stack trace

stk produces a short format stack trace. The stack trace includes each function in
the stack, where it was called from, and the value of the parameters. The short for­
mat omits the values of automatic variables. Parameters are assumed to be integer
values in the format X; to print a parameter in the correct format use the : to
obtain its address, apply the correct format, and use the * indirection operator to
find its value. It may be necessary to single step a couple of instructions into a
function to get a correct stack trace because the frame pointer adjustment instruc­
tion may get scheduled down into the body of the function.

acid: stk()
At pc:0x00001028:main+0x8 ls.c:48
main(argc=0x00000002,argv=0x7fffefe4) ls.c:48

called from _main+0x20 main9.s:10

{} stmnt() Execute a single statement

stmnt executes a single language level statement. stmnt displays each machine
level instruction as it is executed. When the executed statement is completed the
source for the next statement is displayed. Unlike next, the stmnt function will
trace down through function calls.

acid: stmnt()
62: breakpoint main+0x18 MΧVW R5,0xc(R29)
62: breakpoint main+0x1c JAL Binit(SB)
62: breakpoint Binit ADD $-0x18,R29
binit.c:91
89 int
90 Binit(Biobuf *bp, int f, int mode)
>91 {
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{} stopped(integer) Report status of stopped process

stopped is called automatically by the interpreter every time a process enters the
Stopped state, such as when it hits a breakpoint. The pid is passed as the
integer argument. The default implementation just calls pstop, but the function
may be changed to provide more information or perform fine control of execution.
Note that stopped should return; for example, calling step in stopped will
recur until the interpreter runs out of stack space.

acid: defn stopped(pid) {
if *lflag != 0 then error("lflag modified");
}

acid: progargs = "-l"
acid: new();
acid: while 1 do step();
<stdin>:7: (error) lflag modified
acid: stk()
At pc:0x00001220:main+0x200 ls.c:54
main(argc=0x00000001,argv=0x7fffffe8) ls.c:48

called from _main+0x20 main9.s:10

{} symbols(string) Search symbol table

symbols uses the regular expression supplied by string to search the symbol
table for symbols whose name matches the regular expression.

acid: symbols("main")
main T 0x00001020
_main T 0x0000623c

{} win() Start new process in a window

win performs exactly the same function as new but uses the window system to
create a new window for the debugged process. The variable progargs supplies
arguments to the new process. The environment variable $8½srv must be set to
allow the interpreter to locate the mount channel for the window system. The win­
dow is created in the top left corner of the screen and is 400x600 pixels in size.
The win function may be modified to alter the geometry. The window system will
not be able to deliver notes in the new window since the pid of the created process
is not passed when the server is mounted to create a new window.

acid: win()
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CC=pcc
f1:f1.c

$CC-of1f1.c

ThefirstlineassignsthenameoftheportableANSI/POSIXcompilertothemkvariable
CC;subsequentreferencesoftheform$CCselectthiscompiler.Theonlyrulespecifies
adependencebetweenthetargetfilef1andtheprerequisitefilef1.c.Ifthetarget
doesnotexist or if the prerequisite has been modified more recently than the target,mk
passestherecipetorcforexecution.Here,f1.ciscompiledandloadedtoproduce
f1.

ThenativePlan9environmentrequiresexecutablesforallarchitectures,notonly
the current one.The Plan 9 version of the samemkfilelooks like:

</$objtype/mkfile

f1:f1.$Χ
$LD$LDFLAGS-of1f1.$Χ

f1.$Χ:f1.c
$CC$CFLAGSf1.c

Thefirstlineisanincludestatementthatreplacesitselfwiththecontentsofthefile
/$objtype/mkfile.Thevariable$objtypeisinheritedfromtheenvironment
andcontainsthenameofthetargetarchitecture.Theprototypemkfileforthatarchi­
tecturedefinesarchitecture-specificvariables:CCandLDarethe names of the compiler
and loader,Χis thecodecharacterofthearchitecture.Therulescompilethesourcefile
into an object file and invoke the loader to producef1.Invokingmkfrom the command
line as follows

%objtype=mipsmk
vc-wf1.c
vl$LDFLAGS-of1f1.k
%

producesthemipsexecutableofprogramf1regardlessofthecurrentarchitecture
type.

We can extend themkfileto build two programs:

</$objtype/mkfile
ALL=f1f2

all:V:$ALL

f1:f1.$Χ
$LD$LDFLAGS-of1f1.$Χ

f1.$Χ:f1.c
$CC$CFLAGSf1.c

f2:f2.$Χ
$LD$LDFLAGS-of2f2.$Χ

f2.$Χ:f2.c
$CC$CFLAGSf2.c

Thetargetall,modifiedbytheattributeV,buildsbothprograms.Theattributeiden­
tifiesallasadummytargetthatisnotrelatedtoafileofthesamename;itsprecise
effectisexplainedlater.Thisexampledescribescascadingdependencies:thefirsttar­
getdependsonanotherwhichdependsonathirdandsoon.Here,individualrules
build each program; later we�ll see how to do this with a general rule.
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default:QV:
echo'Nodefaulttarget;usemkallormkinstall'

Therecipeisanrcscript.Itisoptionalbutwhenitismissing,theruleishandled
specially,asdescribedlater.Unlikemake,mkexecutesrecipeswithoutinterpretation.
Afterstrippingthefirstwhitespacecharacterfromeachlineitpassestheentirerecipe
torconstandardinput.Sincemkdoesnotinterpretarecipe,escapeconventionsare
exactlythoseofrc.Scriptsforawkandsedcommandscanbeembeddedexactlyas
theywouldbeenteredfromthecommandline.Mkinvokesrcwiththe-eflag,which
causesrctostopifanycommandintherecipeexitswithanon-zerostatus;theE
attributeoverridesthisbehaviorandallowsrctocontinueexecutinginthefaceof
errors.Beforearecipeisexecuted,variablesareexportedtotheenvironmentwhere
theyareavailabletorc.Commandsintherecipemaynotreadfromstandardinput
becausemkuses it internally.

Referencestoavariablecanyielddifferentvaluesdependingonthelocationofthe
referenceinthemkfile.Mkresolvesvariablereferencesinassignmentstatements
andruleheaderswhenthestatementisread.Variablereferencesinrecipesareevalu­
atedbyrcwhentherecipeisexecuted;thishappensaftertheentiremkfilehasbeen
read.Thevalueofavariableinarecipeisthelastvalueassignedinthefile.Forexam­
ple,

STRING=all

all:VQ:
echo$STRING

STRING=none

producesthemessagenone.Avariableassignmentinarecipedoesnotaffectthe
valueofthevariableinthemkfilefortworeasons.First,mkdoesnotimportvalues
fromtheenvironmentwhenarecipecompletes;onerecipecannotpassavaluethrough
theenvironmenttoanotherrecipe.Second,norecipeisexecuteduntilmkhascom­
pleteditsevaluation,soevenifavariablewerechanged,itwouldnotaffectthedepen­
dency evaluation.

6.Metarules

Ametaruleis a rule based onapattern.Thepatternselectsaclassoftarget(s)and
identifiesrelatedprerequisites.Mkmetarulesmayselecttargetsandprerequisites
based on any criterion thatcanbedescribedbyapattern,notjustthesuffixtransforma­
tions associated with program construction.

Metarulepatternsareeitherintrinsicorregularexpressionsconformingtothesyn­
taxofregexp(6).Theintrinsicpatternsareshorthandforcommonregularexpressions.
Theintrinsicpattern%matchesoneormoreofanything;itisequivalenttotheregular
expression`.+'.The other intrinsic pattern,&, matches one or more of any characters
except`/'and`.'.Itmatchesaportionofapathandisequivalenttotheregular
expression`[^./]+'.Anintrinsicpatterninaprerequisitereferencesthestring
matched by the same intrinsic pattern in the target.For example, the rule

%.v:%.c

saysthatafileendingin.vdependsonafileofthesamenamewitha.csuffix:
foo.vdependsonfoo.c,bar.vdependsonbar.c,andsoon.Thestring
matchedbyanintrinsicpatterninthetargetissuppliedtotherecipeinthevariable
$stem.Thus the rule

%.$Χ:%.c
$CC$CFLAGS$stem.c

createsanobjectfileforthetargetarchitecturefromasimilarlynamedCsourcefile.If
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3. Variables and the environment

Mk does not distinguish between its internal variables and rc variables in the envi­
ronment. When mk starts, it imports each environment variable into a mk variable of the
same name. Before executing a recipe, mk exports all variables, including those inher­
ited from the environment, to the environment in which rc executes the recipe.

There are several ways for a variable to take a value. It can be set with an assign­
ment statement, inherited from the environment, or specified on the command line. Mk
also maintains several special internal variables that are described in mk(1). Assign­
ments have the following decreasing order of precedence:

1) Command line assignment
2) Assignment statement
3) Imported from the environment
4) Implicitly set by mk

For example, a command line assignment overrides a value imported from the environ­
ment.

All variable values are strings. They can be used for pattern matching and compar­
ison but not for arithmetic. A list is a string containing several values separated by
white space. Each member is handled individually during pattern matching, target selec­
tion, and prerequisite evaluation.

A namelist is a list produced by transforming the members of an existing list. The
transform applies a pattern to each member, replacing each matched string with a new
string, much as in the substitute command in sam(1) or ed(1). The syntax is

${var:A%B=C%D}

where var is a variable. The pattern A%B matches a member beginning with the string
A and ending with the string B with any string in between; it behaves like the regular
expression A.*B. When a member of the var list matches this pattern, the string C
replaces A, D replaces B, and the matched string replaces itself. Any of A, B, C, or D
may be the empty string. In effect, a namelist is generated by applying the ed(1) substi­
tute command

s/A(.*)B/C\1D/

to each member of a variable list.

Namelists are useful for generating a list based on a predictable transformation.
For example,

SRC=a.c b.c c.c
ΧBJ=${SRC:%.c=%.v}

assigns the list (a.v b.v c.v) to ΧBJ. A namelist may be used anywhere a variable
is allowed except in a recipe.

Command output is assigned to a variable using the normal rc syntax:

var=`{rc command}

The command executes in an environment populated with previously assigned variables,
including those inherited from mk�s execution environment. The command may be
arbitrarily complex; for example,

TARG=`{ls -d *.[cy] | sed 's/..$//'}

assigns a list of the C and yacc source files in the current directory, stripped of their suf­
fix, to the variable TARG.
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4. The include statement

The include statement replaces itself with the contents of a file. It is functionally
similar to the C #include statement but uses a different syntax:

<filename

The contents of the file are evaluated as they are read. An include statement may be
used anywhere except in a recipe.

Unlike make, mk has no built-in rules. Instead, the include statement allows gen­
eric rules to be imported from a prototype mkfile; most Plan 9 mkfiles use this
approach [Flan95].

5. Rules

A rule has four elements: targets, prerequisites, attributes, and a recipe. It has the
form:

targets:attributes:prerequisites
recipe

The first line, containing the targets, attributes, and prerequisites is the rule header; it
must begin at the left margin. The recipe contains zero or more lines, each of which
begins with white space. One or more targets must be specified but the attributes, pre­
requisites, and recipe are optional. A rule specifies a dependency between the target(s)
and its prerequisite(s), the recipe brings the target(s) up to date with the prerequisite(s)
and attributes modify mk�s evaluation of the dependency.

Normally the target is a file that depends on one or more prerequisite files. Mk
compares the modification times of each target and each prerequisite; a target is consid­
ered out of date when it does not exist or when a prerequisite has been modified more
recently. When a target is out of date, mk executes the recipe to bring it up to date.
When the recipe completes, the modification time of the target is checked and used in
later dependency evaluations. If the recipe does not update the target, evaluation con­
tinues with the out of date target.

A prerequisite of one rule may be the target of another. When this happens, the
rules cascade to define a multi-step procedure. For example, an executable target
depends on prerequisite object files, each of which is a target in a rule with a C source
file as the prerequisite. Mk follows a chain of dependencies until it encounters a prereq­
uisite that is not a target of another rule or it finds a target that is up to date. It then
executes the recipes in reverse order to produce the desired target.

The rule header is evaluated when the rule is read. Variables are replaced by their
values, namelists are generated, and commands are replaced by their output at this
time.

Most attributes modify mk�s evaluation of a rule. An attribute is usually a single
letter but some are more complicated. This paper only discusses commonly used
attributes; see mk(1) for a complete list.

The V attribute identifies a virtual target; that is, a target that is not a file. For
example,

clean:V:
rm *.$Χ $Χ.out

removes executables and compiler intermediate files. The target is virtual because it
does not refer to a file named clean. Without the attribute, the recipe would not be
executed if a file named clean existed. The Q attribute silences the printing of a
recipe before execution. It is useful when the output of a recipe is similar to the recipe:
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severalobjectfilesareoutofdate,theruleisappliedrepeatedlyand$stemrefersto
eachfileinturn.Sincethereisonlyonestemvariable,therecanonlybeone%or&
pattern in a target; the pattern%-%.cis illegal.

Metarules simplify themkfilefor building programsf1andf2:

</$objtype/mkfile

ALL=f1f2

all:V:$ALL

%:%.$Χ
$LD-o$target$prereq

%.$Χ:%.c
$CC$CFLAGS$stem.c

clean:V:
rm-f$ALL*.[$ΧS]

(Thevariable$ΧSisalistofcodecharactersforallarchitectures.)Here,metarules
specifycompileandloadstepsforallCsourcefiles.Theloaderrulereliesontwointer­
nalvariablessetbymkduringevaluationoftherule:$targetisthenameofthe
target(s)and$prereqthenameofallprerequisite(s).Metarulesallowthismkfileto
be easily extended; a new program is supported by adding its name to the third line.

AregularexpressionmetarulemusthaveanRattribute.Prerequisitesmayrefer­
encematchingsubstringsinthetargetusingtheform\nwherenisadigitfrom1to9
specifyingthenthparenthesizedsub-expression.Inarecipe,$stemnistheequivalent
reference.For example, a compile rule could be specified using regular expressions:

(.+)\.$Χ:R:\1.c
$CC$CFLAGS$stem1.c

Here,\1and$stem1refer tothenameofthetargetobjectfilewithoutthesuffix.The
variable$stemassociatedwithanintrinsicpatternisundefinedinaregularexpression
metarule.

7.Archives

Mkprovidesaspecialmechanismformaintaininganarchive.Anarchivemember
isreferencedusingtheformlib(file)wherelibisthenameofthearchiveandfileisthe
nameofthemember.Tworulesdefinethedependencybetweenanobjectfileandits
membership in an archive:

$LIB(foo.8):N:foo.8
$LIB:$LIB(foo.8)

arrv$LIBfoo.8

Thefirstruleestablishesadependencybetweenthearchivememberandtheobjectfile.
Normally,mkdetectsanerrorwhenatargetdoesnotexistandtherulecontainsno
recipe;theNattributeoverridesthisbehaviorbecausethesubsequentruleupdatesthe
member.Thesecondruleestablishesthedependencybetweenthememberandthe
archive;itsrecipeinsertsthememberintothearchive.Thistwo-stepspecification
allowsthemodificationtimeofthearchivetorepresentthestateofitsmembers.Other
rules can then specify the archive as a prerequisite instead of listing each member.

A metarule generalizes library maintenance:
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all:V:prog

totheprecedingexamplebuildstheexecutablewheneitherprogorallisthespeci­
fied target.In effect, thealltarget is an alias forprog.

Whentworuleshaveidenticalruleheadersandbothhaverecipes,thelaterrule
replaces the former one.For example, if a file namedmkrulescontains

$Χ.out:$ΧFILES
$LD$LFLAGS$ΧFILES

%.$Χ:%.c
$CC$CFLAGS$stem.c

themkfile

ΧFILES=f1.$Χf2.$Χf3.$Χ

<mkrules

$Χ.out:$ΧFILES
$LD$LFLAGS-l$ΧFILES-lbio-lc

overridesthegeneralloaderrulewithaspecialruleusinganon-standardlibrarysearch
sequence.A rule is neutralized by overriding it with a rule with a null recipe:

<mkrules

$Χ.out:Q:$ΧFILES
;

TheQattribute suppresses the printing of the semicolon.

Whenarulehasnoprerequisites,therecipeisexecutedonlywhenthetargetdoes
not exist.For example,

marker:
touch$target

definesaruletomanageamarkerfile.Ifthefileexists,itisconsidereduptodate
regardlessofitsmodificationtime.Whenavirtual target has no prerequisites the recipe
is always executed.Thecleanrule is of this type:

clean:V:
rm-f[$ΧS].out*.[$ΧS]

Whenarulewithoutprerequisiteshasmultipletargets,theextratargetsarealiasesfor
the rule.For example, in

cleantidynuke:V:
rm-f[$ΧS].out*.[$ΧS]

therulecanbeinvokedbyanyofthreenames.Thefirstruleinamkfileishandled
specially:whenmkisinvokedwithoutacommandlinetargetalltargetsofthefirst
non-metarulearebuilt.Ifthatrulehasmultipletargets,therecipeisexecutedoncefor
each target; normally, the recipe of a rule with multiple targets is only executed once.

Aruleappliestoatargetonlywhenitsprerequisitesexistorcanbederived.More
thanonerulemayhavethesametargetaslongasonlyonerulewithareciperemains
applicableafterthedependencyevaluationcompletes.Forexample,considerapro­
gram built from C and assembler source files.Two rules produce object files:

%.$Χ:%.c
$CC$CFLAGS$stem.c

%.$Χ:%.s
$AS$AFLAGS$stem.s
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LIB=lib.a
ΧBJS=etoa.$Χ atoe.$Χ ebcdic.$Χ

$LIB(%):N: %
$LIB: ${ΧBJS:%=$LIB(%)}

ar rv $LIB $ΧBJS

The namelist prerequisite of the $LIB target generates archive member names for each
object file name; for example, etoa.$Χ becomes lib.a(etoa.$Χ). This formula­
tion always updates all members. This is acceptable for a small archive, but may be
slow for a big one. The rule

$LIB: ${ΧBJS:%=$LIB(%)}
ar rv $LIB `{membername $newprereq}

only updates out of date object files. The internal variable $newprereq contains the
names of the out of date prerequisites. The rc script membername transforms an
archive member specification into a file name: it translates lib.a(etoa.$Χ) into
etoa.$Χ.

The mkfile

</$objtype/mkfile
LIB=lib.a
ΧBJS=etoa.$Χ atoe.$Χ ebcdic.$Χ

prog: main.$Χ $LIB
$LD -o $target $prereq

$LIB(%):N: %
$LIB: ${ΧBJS:%=$LIB(%)}

ar rv $LIB $ΧBJS

builds a program by loading it with a library.

8. Evaluation algorithm

For each target of interest, mk uses the rules in a mkfile to build a data structure
called a dependency graph. The nodes of the graph represent targets and prerequisites;
a directed arc from one node to another indicates that the file associated with the first
node depends on the file associated with the second. When the mkfile has been com­
pletely read, the graph is analyzed. In the first step, implied dependencies are resolved
by computing the transitive closure of the graph. This calculation extends the graph to
include all targets that are potentially derivable from the rules in the mkfile. Next the
graph is checked for cycles; make accepts cyclic dependencies, but mk does not allow
them. Subsequent steps prune subgraphs that are irrelevant for producing the desired
target and verify that there is only one way to build it. The recipes associated with the
nodes on the longest path between the target and an out of date prerequisite are then
executed in reverse order.

The transitive closure calculation is sensitive to metarules; the patterns often select
many potential targets and cause the graph to grow rapidly. Fortunately, dependencies
associated with the desired target usually form a small part of the graph, so, after prun­
ing, analysis is tractable. For example, the rules

%: x.%
recipe1

x.%: %.k
recipe2

%.k: %.f
recipe3
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produce a graph with four nodes for each file in the current directory. If the desired tar­
get is foo, mk detects the dependency between it and the original file foo.f through
intermediate dependencies on foo.k and x.foo. Nodes associated with other files
are deleted during pruning because they are irrelevant to the production of foo.

Mk avoids infinite cycles by evaluating each metarule once. Thus, the rule

%: %.z
cp $prereq $prereq.z

copies the prerequisite file once.

9. Conventions for evaluating rules

There must be only one way to build each target. However, during evaluation
metarule patterns often select potential targets that conflict with the targets of other
rules. Mk uses several conventions to resolve ambiguities and to select the proper
dependencies.

When a target selects more than one rule, mk chooses a regular rule over a
metarule. For example, the mkfile

</$objtype/mkfile

FILES=f1.$Χ f2.$Χ f3.$Χ

prog: $FILES
$LD -o $target $prereq

%.$Χ: %.c
$CC $CFLAGS $stem.c

f2.$Χ: f2.c
$CC f2.c

contains two rules that could build f2.$Χ. Mk selects the last rule because its target,
f2.$Χ, is explicitly specified, while the %.$Χ rule is a metarule. In effect, the explicit
rule for f2.$Χ overrides the general rule for building object files from C source files.

When a rule has a target and prerequisites but no recipe, those prerequisites are
added to all other rules with recipes that have the same target. All prerequisites,
regardless of where they were specified, are exported to the recipe in variable
$prereq. For example, in

</$objtype/mkfile

FILES=f1.$Χ f2.$Χ f3.$Χ

prog: $FILES
$LD -o $target $prereq

%.$Χ: hdr.h

%.$Χ: %.c
$CC $CFLAGS $stem.c

the second rule adds hdr.h as a prerequisite of the compile metarule; an object file
produced from a C source file depends on hdr.h as well as the source file. Notice that
the recipe of the compile rule uses $stem.c instead of $prereq because the latter
specification would attempt to compile hdr.h.

When a target is virtual and there is no other rule with the same target, mk evalu­
ates each prerequisite. For example, adding the rule
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Aslongastherearenottwosourcefileswithnameslikefoo.candfoo.s,mkcan
unambiguouslyselecttheproperrule.Ifbothfilesexist,therulesareambiguousand
mkexits with an error message.

InPlan9,manyprogramsconsistofportablecodestoredinonedirectoryand
architecture-specific source stored in another.For example, themkfile

</$objtype/mkfile

FILES=f1.$Χf2.$Χf3.$Χf3.$Χ

prog:$FILES
$LD-o$target$prereq

%.$Χ:%.$c
$CC$CFLAGS$stem.c

%.$Χ:../port/%.c
$CC$CFLAGS../port/$stem.c

buildstheprogramnamedprogusingportablecodeindirectory../portand
architecture-specificcodeinthecurrentdirectory.AslongasthenamesoftheC
sourcefilesin../portdonotconflictwiththenamesoffilesinthecurrentdirectory,
mkselectstheappropriateruletobuildtheobjectfile.Iflike-namedfilesexistinboth
directories,thespecificationisambiguousandanexplicittargetmustbespecifiedto
resolve the ambiguity.For example, adding the rule

f2.$Χ:f2.c
$CC$CFLAGS$f2.c

tothepreviousmkfileusesthearchitecture-specificversionoff2.cinsteadofthe
portableone.Here,theexplicitruleunambiguouslydocumentswhichofthelike-
named source files is used to build the program.

Mk�sheuristicscanproduceunintendedresultswhenrulesarenotcarefullyspeci­
fied.For example, the rules that build object files from C or assembler source files

%.$Χ:%.c
$CC$CFLAGS$stem.c

%.$Χ:%.s
$AS$AFLAGS$stem.s

illustrate a subtle pratfall.Adding a header file dependency to the compile rule

%.$Χ:%.chdr.h
$CC$CFLAGS$stem.c

produces the error message

don'tknowhowtomake'file.c'

whenfile.sisanassemblersourcefile.Thisoccursbecausefile.ssatisfiestheassem­
bleruleandhdr.hsatisfiesthecompilerule,soeitherrulecanpotentiallyproducethe
target.Whenaprerequisiteexistsorcanbederived,allotherprerequisitesinthatrule
headermustexistorbederivable;here,theexistenceofhdr.hforcestheevaluation
ofaCsourcefile.Specifyingthedependenciesindifferentrulesavoidsthisinterpreta­
tion:

%.$Χ:hdr.h
%.$Χ:%.c

$CC$CFLAGS$stem.c

Althoughhdr.his an additional prerequisite of the compile rule, the tworulesareeval­
uatedindependentlyandtheexistenceoftheCsourcefileisnotlinkedtotheexistence
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mk:picmk.ms|...:exitstatus=rc685:deleting'pic.out'

if any program in the recipe exits with an error status.

14.Unspecified dependencies

The-wcommandlineflagforcesthefilesfollowingtheflagtobetreatedasifthey
werejustmodified.Wecanusethisflagwithacommandthatselectsfilestoforcea
buildbasedontheselectioncriterion.Forexample,ifthedeclarationofaglobalvari­
ablenamedvarischangedinaheaderfile,allsourcefilesthatreferenceitcanbe
rebuilt with the command

$mk-w`{grep-lvar*.[cyl]}

15.Conclusion

Therearemanyprogramsrelatedtomake,eachchoosingadifferentbalance
betweenspecializationandgenerality.Mkemphasizesgeneralitybutallowscustomiza­
tion through its pattern specifications and include facilities.

Plan9presentsadifficultmaintenanceenvironmentwithitsheterogeneousarchi­
tecturesandlanguages.Mk�sflexiblespecificationlanguageandsimpleinteraction
withrcworkwellinthisenvironment.Asaresult,Plan9reliesonmktoautomate
almostallmaintenance.Tasksasdiverseasupdatingthenetworkdatabase,producing
the manual, or building a release are expressed asmkprocedures.
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17.Appendix: Differences betweenmakeandmk

The differences betweenmkandmakeare:

�Makebuildstargetswhenitneedsthem,allowingsystematicuseofsideeffects.Mk
constructs the entire dependency graph before building any target.

�Makesupportssuffixrulesand%metarules.Mksupports%andregularexpression
metarules.(Older versions ofmakesupport only suffix rules.)

�Mkperforms transitive closure on metarules,makedoes not.

�Makesupports cyclic dependencies,mkdoes not.

�Makeevaluatesrecipesonelineatatime,replacingvariablesbytheirvaluesand
executingsomecommandsinternally.Mkpassestheentirerecipetotheshellwith­
out interpretation or internal execution.

�Makesupportsparallelexecutionofsingle-linerecipeswhenbuildingtheprerequi­
sitesforspecifiedtargets.Mksupportsparallelexecutionofallrecipes.(Olderver­
sions ofmakedid not support parallel execution.)

�Makeusesspecialtargets(beginningwithaperiod)toindicatespecialprocessing.
Mkuses attributes to modify rule evaluation.

�Mksupports virtual targets that are independent of the file system.

�Mkallows non-standard out-of-date determination,makedoes not.
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of the header file. However, this specification describes a different dependency. Origi­
nally, only object files derived from C files depended on hdr.h; now all object files,
including those built from assembler source, depend on the header file.

Metarule patterns should be as restrictive as possible to prevent conflicts with
other rules. Consider the mkfile

</$objtype/mkfile
BIN=/$objtype/bin
PRΧG=foo

install:V: $BIN/$PRΧG

%: %.c
$CC $stem.c
$LD -o $target $stem.$Χ

$BIN/%: %
mv $stem $target

The first target builds an executable in the local directory; the second installs it in the
directory of executables for the architecture. Invoking mk with the install target
produces:

mk: ambiguous recipes for /mips/bin/foo:
/mips/bin/foo <-(mkfile:8)- /mips/bin/foo.c <-(mkfile:12)- foo.c
/mips/bin/foo <-(mkfile:12)- foo <-(mkfile:8)- foo.c

The prerequisite of the install rule, $BIN/$PRΧG, matches both metarules because
the % pattern matches everything. The & pattern restricts the compile rule to files in the
current directory and avoids the conflict:

&: &.c
$CC $stem.c
$LD -o $target $stem.$Χ

10. Missing intermediates

Mk does not build a missing intermediate file if a target is up to date with the pre­
requisites of the intermediate. For example, when an executable is up to date with its
source file, mk does not compile the source to create a missing object file. The evalua­
tion only applies when a target is considered up to date by pretending that the interme­
diate exists. Thus, it does not apply when the intermediate is a command line target or
when it has no prerequisites.

This capability is useful for maintaining archives. We can modify the archive
update recipe to remove object files after they are archived:

$LIB(%):N: %
$LIB: ${ΧBJS:%=$LIB(%)}

names=`{membername $newprereq}
ar rv $LIB $names
rm -f $names

A subsequent mk does not remake the object files as long as the members of the
archive remain up to date with the source files. The -i command line option overrides
this behavior and causes all intermediates to be built.

­ 12 ­

11. Alternative out-of-date determination

Sometimes the modification time is not useful for deciding when a target and pre­
requisite are out of date. The P attribute replaces the default mechanism with the result
of a command. The command immediately follows the attribute and is repeatedly exe­
cuted with each target and each prerequisite as its arguments; if its exit status is non-
zero, they are considered out of date and the recipe is executed. Consider the mkfile

foo.ref:Pcmp -s: foo
cp $prereq $target

The command

cmp -s foo.ref foo

is executed and if foo.ref differs from foo, the latter file is copied to the former.

12. Parallel processing

When possible, mk executes recipes in parallel. The variable $NPRΧC specifies the
maximum number of simultaneously executing recipes. Normally it is imported from
the environment, where the system has set it to the number of available processors. It
can be decreased by assigning a new value and can be set to 1 to force single-threaded
recipe execution. This is necessary when several targets access a common resource
such as a status file or data base. When there is no dependency between targets, mk
assumes the recipes can be executed concurrently. Normally, this allows multiple pre­
requisites to be built simultaneously; for example, the object file prerequisites of a load
rule can be produced by compiling the source files in parallel. Mk does not define the
order of execution of independent recipes. When the prerequisites of a rule are not
independent, the dependencies between them should be specified in a rule or the
mkfile should be single-threaded. For example, the archive update rules

$LIB(%):N: %
$LIB: ${ΧBJS:%=$LIB(%)}

ar rv $LIB `{membername $newprereq}

compile source files in parallel but update all members of the archive at once. It is a
mistake to merge the two rules

$LIB(%): %
ar rv $LIB $stem

because an ar command is executed for every member of the library. Not only is this
inefficient, but the archive is updated in parallel, making interference likely.

The $nproc environment variable contains a number associated with the proces­
sor executing a recipe. It can be used to create unique names when the recipe may be
executing simultaneously on several processors. Other maintenance tools provide
mechanisms to control recipe scheduling explicitly [Cmel86], but mk�s general rules are
sufficient for all but the most unusual cases.

13. Deleting target files on errors

The D attribute causes mk to remove the target file when a recipe terminates pre­
maturely. The error message describing the termination condition warns of the dele­
tion. A partially built file is doubly dangerous: it is not only wrong, but is also consid­
ered to be up to date so a subsequent mk will not rebuild it. For example,

pic.out:D: mk.ms
pic $prereq | tbl | troff -ms > $target

produces the message
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It is usually easy to convert amakefileto or from an equivalentmkfile.
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Note that the architecture-dependent mkfiles include file/sys/src/mkfile.proto
for system-wide variables that are common to all architectures.

Thevariablesdrivingtheexpansionofthegenericmkfilemaybespecifiedinanyorder
aslongastheyaredefinedbeforetheinclusionofthegenericmkfile.Thevalueofa
variablemaybechangedbyassigninganewvaluefollowingtheinclusionofthegeneric
mkfile,buttheeffectsaresometimescounter-intuitive.Suchvariableassignmentsdo
notapplytothetargetandprerequisiteportionsofanypreviouslydefinedrules;the
newvaluesonlyapplytotherecipesofrulesprecedingtheassignment statement and to
all parts of any rules following it.

Therulessuppliedbythegenericmkfilemaybeoverriddenoraugmented.Thenew
rulesmustbespecifiedaftertheinclusionofthegenericmkfile.Ifthetargetandpre­
requisiteportionoftheruleexactlymatchthetargetandprerequisiteportionofaprevi­
ouslydefinedruleandthenewrulecontainsarecipe,thenewrulereplacestheoldone.
Ifthetargetofanewruleexactlymatchesthetargetofapreviousruleandoneormore
newprerequisitesarespecifiedandthenewrulecontainsnorecipe,thenewprerequi­
sites are added to the prerequisites of the old rule.

Following sections discuss each generic mkfile in detail.

Mkone

Themkonegenericmkfilecontainsrulesforbuildingasingleexecutablefromoneor
morefilesinadirectory.ThevariableTARGspecifiesthenameoftheexecutableand
variablesΧFILESandYFILESspecifytheobjectfilesandyaccsourcefilesusedto
buildit.HFILEScontainsthenamesofthelocalheaderfilesincludedinallsource
files.BINisthenameofthedirectorywheretheexecutableisinstalled.LIBcontains
thenamesoflocallibrariesusedbythelinker.Thisvariableisrarelyneededaslibraries
referencedbya#pragmadirectiveinanassociatedheaderfile,includingallsystem
libraries, are automatically searched by the loader.

Ifmkisexecutedwithoutatarget,thealltargetisbuilt;itproducesanexecutablein
$Χ.out.VariableHFILESidentifiesthe header files that are included in all or most or
theCsourcefiles.Occasionally,aprogramhasotherheaderfilesthatareonlyusedin
somesourcefiles.Aheadercanbeaddedtotheprerequisitesforthoseobjectfilesby
adding a rule of the following form following the inclusion of generic mkfilemkone:

file.$Χ:header.h

Themkfileforadirectoryproducingasingleexecutableusingthenormalsetofrulesis
trivial:alistofsomefilesfollowedbytheinclusionofmkone.Forexample,
/sys/src/cmd/diff/mkfilecontains:

</$objtype/mkfile

TARG=diff
ΧFILES=\

diffdir.$Χ\
diffio.$Χ\
diffreg.$Χ\
main.$Χ\

HFILES=diff.h

BIN=/$objtype/bin
</sys/src/cmd/mkone

Themorecomplexmkfilein/sys/src/cmd/awkoverridescompilerandloadervari­
ablestoselecttheANSI/POSIXComputingEnvironmentwithappropriatelydefinedcom­
mandlinevariables.Italsooverridesthedefaultyaccruletoplacetheoutputsourein
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Introduction

Every Plan 9 source directory contains a file, called mkfile, specifying the rules for
building the executable or library that is the product of the directory. Mk(1) interprets
the rules in the file, calculates the dependencies, and executes an rc(1) script to con­
struct the product. If necessary components are supplied by neighboring directories or
sub-directories, the mkfiles in those directories are first executed to build the compo­
nents before the local construction proceeds.

Most application source directories produce one of four types of product: a single exe­
cutable, several executables, a local library, or a system library. Four generic mkfiles
define the normal rules for building each type of product. The simplest mkfiles need
only list the components and include the appropriate generic mkfile to do the work.
More complex mkfiles may supply additional rules to augment, modify, or override the
generic rules.

Using a Mkfile

To build a product, change to the directory containing its source and invoke mk with the
appropriate target as an argument. All mkfiles provide the following standard targets:

all Build a local version of the product or products for the current
architecture. If the product is a single program, the result is
stored in file $Χ.out. If the directory produces multiple exe­
cutables, they are stored in the files named $Χ.progname, where
progname is the name of each executable. A product may be
built for a different architecture by prefacing the mk command
with objtype=architecture, where architecture is the name of
the target architecture. Directories producing system libraries
always operate directly on the installed version of the library; in
this case the target all is equivalent to the target install.

install Build and install the product or products for the current architec­
ture.

installall Build and install the product or products for all architectures.
clean Rid the directory and its subdirectories of the by-products of the

build process. Intermediate files that are easily reproduced (e.g.,
object files, yacc intermediates, target executables) are always
removed. Complicated intermediates, such as local libraries, are
usually preserved.

nuke Remove all intermediates from the directory and any subdirecto­
ries. This target guarantees that a subsequent build for the archi­
tecture is performed from scratch.

If no target is specified on the mk command line, the all target is built by default. In a
directory producing multiple executables, there is no default target.
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In addition to the five standard targets, additional targets may be supplied by each gen­
eric mkfile or by the directory�s mkfile.

The environment variable NPRΧC is set by the system to the number of available pro­
cessors. Setting this variable, either in the environment or in a mkfile, controls the
amount of parallelism in the build. For example, the command

NPRΧC=1 mk

restricts a build to a single thread of execution.

Creating a Mkfile

The easiest way to build a new mkfile is to copy and modify an existing mkfile of the
same type. Failing that, it is usually possible to create a new mkfile with minimal effort,
since the appropriate generic mkfile predefines the rules that do all the work. In the
simplest and most common cases, the new mkfile need only define a couple of variables
and include the appropriate architecture-specific and generic mkfiles.

There are four generic mkfiles containing commonly used rules for building a product:
mkone, mkmany, mklib, and mksyslib. These rules perform such actions as com­
piling C source files, loading object files, archiving libraries, and installing executables
in the bin directory of the appropriate architecture. The generic mkfiles are stored in
directory /sys/src/cmd. Mkfile mkone builds a single executable, mkmany builds
several executables from the source in a single directory, and mklib and mksyslib,
maintain local and system libraries, respectively. The rules in the generic mkfiles are
driven by the values of variables, some of which must be set by the product mkfile and
some of which are supplied by the generic mkfile. Variables in the latter class include:

Variable Default Meaning

CFLAGS -FVw C compiler flags
LDFLAGS Loader flags
YFLAGS -d Yacc flags
AFLAGS Assembler flags

The following variables are set by the product mkfile and used by the generic mkfile.
Any may be empty depending on the specific product being made.

TARG Name(s) of the executable(s) to be built
LIB Library name(s)
ΧFILES Object files
HFILES Header files included by all source files
YFILES Yacc input files
BIN Directory where executables are installed

Mkfile Χrganization

All mkfiles share the following common structure:

</$objtype/mkfile # architecture-dependent definitions

variable definitions # TARG, ΧFILES, HFILES, etc.

</sys/src/cmd/generic # mkone, mkmany, mklib, or mksyslib

variable overrides # CFLAGS, objtype, etc.

extra rules # overrides, augmented rules, additional targets
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fileawkgram.candthecleanandnukerules,soitcanremovethenon-standard
intermediatefiles.Finally,thelastthreerulesbuildaversionofmaketabappropriate
forthearchitecturewherethemkisbeingrunandthenexecutesittocreatesourcefile
proctab.c:

</$objtype/mkfile

TARG=awk
ΧFILES=re.$Χ\

lex.$Χ\
main.$Χ\
parse.$Χ\
proctab.$Χ\
tran.$Χ\
lib.$Χ\
run.$Χ\
awkgram.$Χ\

HFILES=awk.h\
y.tab.h\
proto.h\

YFILES=awkgram.y

BIN=/$objtype/bin
</sys/src/cmd/mkone
CFLAGS=-c-D_REGEXP_EXTENSIΧN-D_RESEARCH_SΧURCE\

-D_BSD_EXTENSIΧN-DUTF
YFLAGS=-S-d-v
CC=pcc
LD=pcc
cpuobjtype=`{sed-n's/^Χ=//p'/$cputype/mkfile}

y.tab.hawkgram.c:$YFILES
$YACC-oawkgram.c$YFLAGS$prereq

clean:V:
rm-f*.[$ΧS][$ΧS].out[$ΧS].maketaby.tab.?y.debug\

y.output$TARG

nuke:V:
rm-f*.[$ΧS][$ΧS].out[$ΧS].maketaby.tab.?y.debug\

y.outputawkgram.c$TARG

proctab.c:$cpuobjtype.maketab
./$cpuobjtype.maketab>proctab.c

$cpuobjtype.maketab:y.tab.hmaketab.c
objtype=$cputype
mkmaketab.$cputype

maketab.$cputype:V:y.tab.hmaketab.$Χ
$LD-o$Χ.maketabmaketab.$Χ

Mkmany

Themkmanygenericmkfilebuildsseveralexecutablesfromthefilesinadirectory.It
differsfromtheoperationofmkoneinthreerespects:TARGspecifiesthenamesofall
executables, there is no default command-line target, and additionalrulesallowasingle
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exactly.Therecipeassociatedwiththenewrulethenreplacestherecipeoftheoriginal
rule.Forexample,/sys/src/cmd/lex/mkfileoverridesthedefault
installallruletoperformthenormallooponallarchitecturesandthencopyapro­
totype file to the system library directory.

</$objtype/mkfile

TARG=lex
ΧFILES=lmain.$Χ\

y.tab.$Χ\
sub1.$Χ\
sub2.$Χ\
header.$Χ\

HFILES=ldefs.h\

YFILES=parser.y\

BIN=/$objtype/bin
</sys/src/cmd/mkone

installall:V:
for(objtypein$CPUS)

mkinstall
cpncform/sys/lib/lex

Anotherwaytoperformthesameoverrideistoaddadependencytothedefault
installallrule that executes an additional rule to install the prototype file:

installall:V:ncform.install

ncform.install:V:
cpncform/sys/lib/lex

Special Tricks

Two special cases require extra deviousness.

Inthefirst,afileneededtobuildanexecutableisgeneratedbyaprogramthat,inturn,
isbuiltfromasourcefilethatisnotpartoftheproduct.Inthiscase,theexecutable
mustbebuiltforthetargetarchitecture,buttheintermediateexecutablemustbebuilt
forthearchitecturemkisexecutingon.Theintermediateexecutableisbuiltbyrecur­
sivelyinvokingmkwiththeappropriatetargetandtheexecutingarchitectureasthetar­
getarchitecture.Whenthatmkcompletes,theintermediateisexecutedtogeneratethe
sourcefiletocompletethebuildforthetargetarchitecture.Theearlierexampleof
/sys/src/cmd/awk/mkfileillustrates this technique.

Anotherawkwardsituationoccurswhenadirectorycontainssourcetobuildanexe­
cutableaswellassourceforauxiliaryexecutablesthatarenottobeinstalled.Inthis
casethemkmanygenericrulesareinappropriate,becauseallexecutableswouldbe
builtandinstalled.Instead,usethemkonegenericfiletobuildtheprimaryexecutable
andprovideextratargetstobuildtheauxiliaryfiles.Thisapproachisalsousefulwhen
theauxiliaryfilesarenotexecutables;/sys/src/cmd/spell/mkfileaugments
thedefaultrulestobuildandinstallthespellexecutablewithelaboraterulestogen­
erate and maintain the auxiliary spelling lists.
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executable to be built or installed.

The TARG variable specifies the names of all executables produced by the mkfile. The
rules assume the name of each executable is also the name of the file containing its
main function. ΧFILES specifies files containing common subroutines loaded with all
executables. Consider the mkfile:

</$objtype/mkfile

TARG=alpha beta
ΧFILES=common.$Χ
BIN=/$objtype/bin
</sys/src/cmd/mkmany

It assumes the main functions for executables alpha and beta are in files alpha.$Χ
and beta.$Χ and that both programs use the subroutines in file common.$Χ. The
all target builds all executables, leaving each in a file with a name of the form
$Χ.progname where progname is the name of the executable. In this example the all
target produces executables $Χ.alpha and $Χ.beta.

The mkmany rules provide additional targets for building a single executable:

$Χ.progname Builds executable $Χ.progname in the current direc­
tory. When the target architecture is not the current
architecture the mk command must be prefixed with
the customary objtype=architecture assignment to
select the proper compilers and loaders.

progname.install Installs executable progname for the target architec­
ture.

progname.installall Installs executable progname for all architectures.

Mklib

The mklib generic mkfile builds a local library. Since this form of mkfile constructs no
executable, the TARG and BIN variables are not needed. Instead, the LIB variable
specifies the library to be built or updated. Variable ΧFILES contains the names of the
object files to be archived in the library. The use of variables YFILES and HFILES
does not change. When possible, only the out-of-date members of the library are
updated.

The variable LIBDIR contains the name of the directory where the library is installed;
by default it selects the current directory. It can be overridden by assigning the new
directory name after the point where mklib is included.

The clean target removes object files and yacc intermediate files but does not touch
the library. The nuke target removes the library as well as the files removed by the
clean target. The command

mk -s clean all

causes the existing library to be updated, or created if it doesn�t already exist. The
command

mk -s nuke all

forces the library to be rebuilt from scratch.

The mkfile from /sys/src/cmd/upas/libString contains the following specifi­
cations to build the local library libString.a$Χ for the object architecture refer­
enced by $Χ:
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</$objtype/mkfile

LIB=libString.a$Χ
ΧFILES= s_alloc.$Χ\

s_append.$Χ\
s_array.$Χ\
s_copy.$Χ\
s_getline.$Χ\
s_grow.$Χ\
s_nappend.$Χ\
s_parse.$Χ\
s_read.$Χ\
s_read_line.$Χ\
s_tolower.$Χ\

</sys/src/cmd/mklib

nuke:V:
mk clean
rm -f libString.a[$ΧS]

The override of the rule for target nuke removes the libraries for all architectures as
opposed to the default recipe for this target which removes the library for the current
architecture.

Mksyslib

The mksyslib generic mkfile is similar to the mklib mkfile except that it operates on
a system library instead of a local library. The install and all targets are the same;
since there is no local copy of the library, all updates are performed on the installed
library. The rule for the nuke target is identical to that of the clean target; unlike the
nuke target for local libraries, the library is never removed.

No attempt is made to determine if individual library members are up-to-date; all mem­
bers of a library are always updated. Special targets support manipulation of a single
object file; the target objfile updates file objfile.$Χ in the library of the current
architecture and the target objfile.all updates objfile.$Χ in the libraries of all
architectures.

Χverrides

The rules provided by a generic mkfile or the variables used to control the evaluation of
those rules may be overridden in most circumstances. Overrides must be specified in
the product mkfile after the point where the generic mkfile is included; in general, vari­
able and rule overrides occupy the end of a product mkfile.

The value of a variable is overridden by assigning a new value to the variable. Most vari­
able overrides modify the values of flags or the names of commands executed in
recipes. For example, the default value of CFLAGS is often overridden or augmented
and the ANSI/POSIX Computing Environment is selected by setting the CC and LD vari­
ables to pcc.

Modifying rules is trickier than modifying variables. Additional constraints can be added
to a rule by specifying the target and the new prerequisite. For example,

%.$Χ: header.h

adds file header.h the set of prerequisites for all object files. There is no mechanism
for adding additional commands to an existing recipe; if a recipe is unsatisfactory, the
rule and its recipe must be completely overridden. A rule is overridden only when the
replacement rule matches the target and prerequisite portions of the original rule
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Machines

ThereisanassemblerforeachoftheMIPS,SPARC,Intel386,AMD64,PowerPC,
andARM.The68020assembler,2a,(nolongerdistributed)istheoldestandinmany
waystheprototype.Theassemblersarereallyjustvariationsofasingleprogram:they
sharemanypropertiessuchasleft-to-rightassignmentorderforinstructionoperands
andthesynthesisofmacroinstructionssuchasMΧVEtohidethepeculiaritiesofthe
loadandstorestructureofthemachines.Tokeepthingsconcrete,thefirstpartofthis
manualisspecificallyaboutthe68020.Attheendisadescriptionofthedifferences
among the other assemblers.

Thedocument,��HowtoUsethePlan9CCompiler��,byRobPike,isaprerequisite
for this manual.

Registers

Allpre-definedsymbolsintheassemblerareupper-case.DataregistersareR0
throughR7;addressregistersareA0throughA7;floating-pointregistersareF0
throughF7.

ApointerinA6isusedbytheCcompilertopointtodata,enablingshort
addressestobeusedmoreoften.ThevalueofA6isconstantandmustbesetduringC
program initialization to the address of the externally-defined symbola6base.

Thefollowinghardwareregistersaredefinedintheassembler;theirmeaning
shouldbeobviousgivena68020manual:CAAR,CACR,CCR,DFC,ISP,MSP,SFC,
SR,USP, andVBR.

Theassembleralsodefinesseveralpseudo-registersthatmanipulatethestack:
FP,SP,andTΧS.FPistheframepointer,so0(FP)isthefirstargument,4(FP)is
thesecond,andsoon.SPisthelocalstackpointer,whereautomaticvariablesareheld
(SPisapseudo-registeronlyonthe68020);0(SP)isthefirstautomatic,andsoonas
withFP.Finally,TΧSisthetop-of-stackregister,usedforpushingparameterstopro­
cedures, saving temporary values, and so on.

Theassemblerandloadertrackthesepseudo-registerssotheabovestatements
aretrueregardlessofwhathasbeenpushedonthehardwarestack,pointedtobyA7.
ThenameA7referstothehardwarestackpointer,butbewareofmixeduseofA7and
theabovestack-relatedpseudo-registers,whichwillcausetrouble.Note,too,thatthe
PEAinstructionisobservedbytheloadertoalterSPandthuswillinsertacorrespond­
ingpopbeforeallreturns.Theassembleracceptsalabel-likenametobeattachedto
FPandSPuses,suchasp+0(FP),tohelpdocumentthatpisthefirstargumenttoa
routine.Thenamegoesinthesymboltablebuthasnosignificancetotheresultofthe
program.
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arraycontaining the charactersabcand a terminating null:

DATAarray+0(SB)/1,$'a'
DATAarray+1(SB)/1,$'b'
DATAarray+2(SB)/1,$'c'
GLΧBLarray(SB),$4

or

DATAarray+0(SB)/4,$"abc\z"
GLΧBLarray(SB),$4

The/1definesthenumberofbytestodefine,GLΧBLmakesthesymbolglobal,and
the$4sayshowmanybytesthesymboloccupies.Uninitializeddataiszeroedautomat­
ically.Thecharacter\zisequivalenttotheC\0.ThestringinaDATAstatementmay
containamaximumofeightbytes;buildlargerstringspiecewise.Twopseudo-
instructions,DYNTandINIT,allowthe(obsolete)Alefcompilerstobuilddynamictype
information during the load phase.TheDYNTpseudo-instruction has two forms:

DYNT,ALEF_SI_5+0(SB)
DYNTALEF_AS+0(SB),ALEF_SI_5+0(SB)

Inthefirstform,DYNTdefinesthesymboltobeasmalluniqueintegerconstant,cho­
senbytheloader,whichissomemultipleofthewordsize.Inthesecondform,DYNT
definesthesecondsymbolinthesameway,placestheaddressofthemostrecently
definedtextsymbolinthearrayspecifiedbythefirst symbol at the index defined by the
value of the second symbol, and then adjusts the size of the array accordingly.

TheINITpseudo-instructiontakesthesameparametersasaDATAstatement.
Itssymbolisusedasthebaseofanarrayandthedataitemisinstalledinthearrayat
theoffsetspecifiedbythemostrecentDYNTpseudo-instruction.Thesizeofthearray
isadjustedaccordingly.TheDYNTandINITpseudo-instructionsarenotimplemented
on the 68020.

Defining a procedure

Entrypointsaredefinedbythepseudo-operationTEXT,whichtakesasarguments
thenameoftheprocedure(includingtheubiquitous(SB))andthenumberofbytesof
automaticstoragetopre-allocateonthestack,whichwillusuallybezerowhenwriting
assemblylanguageprograms.Onmachineswithalinkregister,suchastheMIPSand
SPARC,thespecialvalue-4instructstheloadertogeneratenoPCsaveandrestore
instructions,evenifthefunctionisnotaleaf.Here is a complete procedure that returns
the sum of its two arguments:

TEXTsum(SB),$0
MΧVLarg1+0(FP),R0
ADDLarg2+4(FP),R0
RTS

AnoptionalmiddleargumenttotheTEXTpseudo-opisabitfieldofoptionstothe
loader.Settingthe1bitsuspendsprofilingthefunctionwhenprofilingisenabledfor
the rest of the program.For example,

TEXTsum(SB),1,$0
MΧVLarg1+0(FP),R0
ADDLarg2+4(FP),R0
RTS

willnotbeprofiled;thefirstversionabovewouldbe.Subroutineswithpeculiarstate,
such as system call routines, should not be profiled.
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Referring to data

All external references must be made relative to some pseudo-register, either PC
(the virtual program counter) or SB (the ��static base�� register). PC counts instructions,
not bytes of data. For example, to branch to the second following instruction, that is, to
skip one instruction, one may write

BRA 2(PC)

Labels are also allowed, as in

BRA return
NΧP

return:
RTS

When using labels, there is no (PC) annotation.

The pseudo-register SB refers to the beginning of the address space of the pro­
gram. Thus, references to global data and procedures are written as offsets to SB, as in

MΧVL $array(SB), TΧS

to push the address of a global array on the stack, or

MΧVL array+4(SB), TΧS

to push the second (4-byte) element of the array. Note the use of an offset; the com­
plete list of addressing modes is given below. Similarly, subroutine calls must use SB:

BSR exit(SB)

File-static variables have syntax

local<>+4(SB)

The <> will be filled in at load time by a unique integer.

When a program starts, it must execute

MΧVL $a6base(SB), A6

before accessing any global data. (On machines such as the MIPS and SPARC that can­
not load a register in a single instruction, constants are loaded through the static base
register. The loader recognizes code that initializes the static base register and treats it
specially. You must be careful, however, not to load large constants on such machines
when the static base register is not set up, such as early in interrupt routines.)

Expressions

Expressions are mostly what one might expect. Where an offset or a constant is
expected, a primary expression with unary operators is allowed. A general C constant
expression is allowed in parentheses.

Source files are preprocessed exactly as in the C compiler, so #define and
#include work.

Addressing modes

The simple addressing modes are shared by all the assemblers. Here, for com­
pleteness, follows a table of all the 68020 addressing modes, since that machine has
the richest set. In the table, o is an offset, which if zero may be elided, and d is a dis­
placement, which is a constant between -128 and 127 inclusive. Many of the modes
listed have the same name; scrutiny of the format will show what default is being
applied. For instance, indexed mode with no address register supplied operates as
though a zero-valued register were used. For "offset" read "displacement." For ".s"
read one of .L, or .W followed by *1, *2, *4, or *8 to indicate the size and scaling of
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the data.

data register R0
address register A0
floating-point register F0
special names CAAR, CACR, etc.
constant $con
floating point constant $fcon
external symbol name+o(SB)
local symbol name<>+o(SB)
automatic symbol name+o(SP)
argument name+o(FP)
address of external $name+o(SB)
address of local $name<>+o(SB)
indirect post-increment (A0)+
indirect pre-decrement -(A0)
indirect with offset o(A0)
indexed with offset o()(R0.s)
indexed with offset o(A0)(R0.s)
external indexed name+o(SB)(R0.s)
local indexed name<>+o(SB)(R0.s)
automatic indexed name+o(SP)(R0.s)
parameter indexed name+o(FP)(R0.s)
offset indirect post-indexed d(o())(R0.s)
offset indirect post-indexed d(o(A0))(R0.s)
external indirect post-indexed d(name+o(SB))(R0.s)
local indirect post-indexed d(name<>+o(SB))(R0.s)
automatic indirect post-indexed d(name+o(SP))(R0.s)
parameter indirect post-indexed d(name+o(FP))(R0.s)
offset indirect pre-indexed d(o()(R0.s))
offset indirect pre-indexed d(o(A0))
offset indirect pre-indexed d(o(A0)(R0.s))
external indirect pre-indexed d(name+o(SB))
external indirect pre-indexed d(name+o(SB)(R0.s))
local indirect pre-indexed d(name<>+o(SB))
local indirect pre-indexed d(name<>+o(SB)(R0.s))
automatic indirect pre-indexed d(name+o(SP))
automatic indirect pre-indexed d(name+o(SP)(R0.s))
parameter indirect pre-indexed d(name+o(FP))
parameter indirect pre-indexed d(name+o(FP)(R0.s))

Laying down data

Placing data in the instruction stream, say for interrupt vectors, is easy: the
pseudo-instructions LΧNG and WΧRD (but not BYTE) lay down the value of their single
argument, of the appropriate size, as if it were an instruction:

LΧNG $12345

places the long 12345 (base 10) in the instruction stream. (On most machines, the only
such operator is WΧRD and it lays down 32-bit quantities. The 386 has all three: LΧNG,
WΧRD, and BYTE. The AMD64 adds QUAD to that for 64-bit values. The 960 has only
one, LΧNG.)

Placing information in the data section is more painful. The pseudo-instruction
DATA does the work, given two arguments: an address at which to place the item,
including its size, and the value to place there. For example, to define a character array
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Settingthe2bitallowsmultipledefinitionsofthesameTEXTsymbolinapro­
gram;theloaderwillplaceonlyonesuchfunctionintheimage.Itwasemittedonlyby
the Alef compilers.

SubroutinestobecalledfromCshouldplacetheirresultinR0,evenifitisan
address.FloatingpointvaluesarereturnedinF0.Functions that return a structure to a
Cprogramreceiveastheirfirstargumenttheaddressofthelocationtostoretheresult;
R0isunusedinthecallingprotocolforsuchprocedures.Asubroutineisresponsible
forsavingitsownregisters,andthereforeisfreetouseanyregisterswithoutsaving
them (��caller saves��).A6andA7are the exceptions as described above.

When in doubt

Ifyougetconfused,tryusingthe-Soptionto2candcompilingasamplepro­
gram.The standard output is valid input to the assembler.

Instructions

Theinstructionsetoftheassemblerisnotidenticaltothatofthemachine.Itis
chosentomatchwhatthecompilergenerates,augmentedslightlybyspecificneedsof
theoperatingsystem.Forexample,2adoesnotdistinguishbetweenthevariousforms
ofMΧVEinstruction:movequick,moveaddress,etc.Insteadthecontextdoesthejob.
For example,

MΧVL$1,R1
MΧVLA0,R2
MΧVWSR,R3

generatesofficialMΧVEQ,MΧVEA,andMΧVESRinstructions.Anumberofinstructions
donothavethesyntaxnecessarytospecifytheirentirecapabilities.Notableexamples
arethebitfieldinstructions,themultiplyanddivideinstructions,etc.Foracompleteset
ofgeneratedinstructionnames(in2anotation,notMotorola�s)seethefile
/sys/src/cmd/2c/2.out.h.Despiteitsname,thisfilecontainsanenumeration
oftheinstructionsthatappearintheintermediatefilesgeneratedbythecompiler,
which correspond exactly to lines of assembly language.

Laying down instructions

Theloadermodifiesthecodeproducedbytheassemblerandcompiler.Itfolds
branches,copiesshortsequencesofcodetoeliminatebranches,anddiscardsunreach­
ablecode.Thefirstinstructionofeveryfunctionisassumedtobereachable.The
pseudo-instructionNΧP,whichyoumayseeincompileroutput,meansnoinstruction at
all, rather than an instruction that does nothing.The loader discards allNΧP�s.

TogenerateatrueNΧPinstruction,oranyotherinstructionnotknowntothe
assembler,useaWΧRDpseudo-instruction.SuchinstructionsonRISCsarenotsched­
uled by the loader and must have their delay slots filled manually.

MIPS

Theregistersareonlyaddressedbynumber:R0throughR31.R29isthestack
pointer;R30isusedasthestaticbasepointer,theanalogueofA6onthe68020.Its
valueistheaddressoftheglobalsymbolsetR30(SB).Theregisterholdingreturned
valuesfromsubroutinesisR1.Whenafunctioniscalled,space for the first argument is
reserved at0(FP)but in C (not Alef) the value is passed inR1instead.

TheloaderusesR28asatemporary.ThesystemusesR26andR27as
interrupt-timetemporaries.Thereforenoneoftheseregistersshouldbeusedinuser
code.
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TheaddressingmodeshavesyntaxlikeAX,(AX),(AX)(BX*4),10(AX),and
10(AX)(BX*4).TheoffsetsfromAXcanbereplacedbyoffsetsfromFPorSBto
access names, for exampleextern+5(SB)(AX*2).

Othernotes:Non-relativeJMPandCALLhavea*addedtothesyntax.Only
LΧΧP,LΧΧPEQ,andLΧΧPNEarelegalloopinstructions.OnlyREPandREPNarerec­
ognized repeaters.These are not prefixes,butratherstand-aloneopcodesthatprecede
the strings, for example

CLD;REP;MΧVSL

Segment override prefixes inMΧD/RMfields are not supported.

AMD64

The assembler assumes 64-bit mode unless aMΧDEpseudo-operation is given:

MΧDE$32

tochangeto32-bitmode.Theeffectismainlytodiagnoseinstructionsthatareillegal
inthegivenmode,buttheloaderwillalsoassume32-bitoperandsandaddresses,and
32-bitPCvaluesforcallandreturn.Theassembler�sconventionsaresimilartothose
forthe386,above.Thearchitectureprovidesextrafixed-pointregistersR8toR15.
Allregistersare64bit,butinstructionsaccesslow-order8,16and32bitsasdescribed
intheprocessorhandbook.Forexample,MΧVLtoAXputsavalueinthelow-order32
bitsandclearsthetop32bitstozero.Literaloperandsarelimitedtosigned32bitval­
ues,whicharesign-extendedto64bitsin64bitoperations;theexceptionisMΧVQ,
whichallows64-bitliterals.TheexternalregistersinPlan9�sCareallocatedfromR15
down.

Therearemanynewinstructions,includingtheMMXandXMMmediainstructions,
andconditionalmoveinstructions.MMXregistersareM0toM7,andXMMregistersare
X0toX15.Aswiththe386instructionnames,allnew64-bitintegerinstructions,and
theMMXandXMMinstructionsuniformlyuseLfor�longword�(32bits)andQfor�quad
word�(64bits).SomeinstructionsuseΧ(�octword�)for128-bitvalues,wherethepro­
cessorhandbookvariouslyusesΧorDQ.TheassembleralsoconsistentlyusesPLfor
�packed long�in XMM instructions, instead ofQ,DQorPI.EitherMΧVLorMΧVQcan be
usedtomovevaluestoandfromcontrolregisters,evenwhentheregistersmightbe64
bits.Theassembleroftenacceptsthehandbook�snametoeaseconversionofexisting
code (but remember that the operand order is uniformly source then destination).

C�slonglongtypeis64bits,butpassedandreturnedbyvalue,notbyrefer­
ence.Morenotably,Cpointervaluesare64bits,andthuslonglongandunsigned
longlongare the only integer types wide enough to holdapointervalue.TheCcom­
pilerand library use the XMM floating-point instructions, not the old 387 ones, although
thelatterareimplementedbyassemblerandloader.Unlikethe386,thefirstintegeror
pointerargumentispassedinaregister,whichisBPforanintegerorpointer(itcanbe
referredtoinassemblycodebythepseudonymRARG).AXholdsthereturnvaluefrom
subroutinesasbefore.Floating-pointresultsarereturnedinX0,althoughcurrentlythe
firstfloating-pointparameterisnotpassedinaregister.Allparameterslessthan8
bytesinlengthhave8byteslotsreservedonthestacktopreservealignmentandsim­
plifyvariable-lengthargumentlistaccess,includingthefirstparameterwhenpassedin
a register, even though bytes 4 to 7 are not initialized.

Power PC

ThePowerPCfollowsthePlan9modelsetbytheMIPSandSPARC,nottheelabo­
rateABIs.The32-bitinstructionsofthe60xand8xxPowerPCarchitecturesaresup­
ported;thereisnosupportfortheolderPOWERinstructions.RegistersareR0through
R31.R0isinitializedtozero;thisisdonebyCstartupcodeandassumedbythe
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The control registers are not known to the assembler. Instead they are numbered
registers M0, M1, etc. Use this trick to access, say, STATUS:

#define STATUS 12
MΧVW M(STATUS), R1

Floating point registers are called F0 through F31. By convention, F24 must be
initialized to the value 0.0, F26 to 0.5, F28 to 1.0, and F30 to 2.0; this is done by the
operating system.

The instructions and their syntax are different from those of the manufacturer�s
manual. There are no lui and kin; instead there are MΧVW (move word), MΧVH (move
halfword), and MΧVB (move byte) pseudo-instructions. If the operand is unsigned, the
instructions are MΧVHU and MΧVBU. The order of operands is from left to right in
dataflow order, just as on the 68020 but not as in MIPS documentation. This means that
the Bcond instructions are reversed with respect to the book; for example, a va BGTZ
generates a MIPS bltz instruction.

The assembler is for the R2000, R3000, and most of the R4000 and R6000 archi­
tectures. It understands the 64-bit instructions MΧVV, MΧVVL, ADDV, ADDVU, SUBV,
SUBVU, MULV, MULVU, DIVV, DIVVU, SLLV, SRLV, and SRAV. The assembler does
not have any cache, load-linked, or store-conditional instructions.

Some assembler instructions are expanded into multiple instructions by the loader.
For example the loader may convert the load of a 32 bit constant into an lui followed
by an ori.

Assembler instructions should be laid out as if there were no load, branch, or float­
ing point compare delay slots; the loader will rearrange�schedule�the instructions to
guarantee correctness and improve performance. The only exception is that the correct
scheduling of instructions that use control registers varies from model to model of
machine (and is often undocumented) so you should schedule such instructions by hand
to guarantee correct behavior. The loader generates

NΧR R0, R0, R0

when it needs a true no-op instruction. Use exactly this instruction when scheduling
code manually; the loader recognizes it and schedules the code before it and after it
independently. Also, WΧRD pseudo-ops are scheduled like no-ops.

The NΧSCHED pseudo-op disables instruction scheduling (scheduling is enabled
by default); SCHED re-enables it. Branch folding, code copying, and dead code elimina­
tion are disabled for instructions that are not scheduled.

SPARC

Once you understand the Plan 9 model for the MIPS, the SPARC is familiar. Regis­
ters have numerical names only: R0 through R31. Forget about register windows: Plan
9 doesn�t use them at all. The machine has 32 global registers, period. R1 [sic] is the
stack pointer. R2 is the static base register, with value the address of setSB(SB).
R7 is the return register and also the register holding the first argument to a C (not
Alef) function, again with space reserved at 0(FP). R14 is the loader temporary.

Floating-point registers are exactly as on the MIPS.

The control registers are known by names such as FSR. The instructions to access
these registers are MΧVW instructions, for example

MΧVW Y, R8

for the SPARC instruction

rdy %r8
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Move instructions are similar to those on the MIPS: pseudo-operations that turn
into appropriate sequences of sethi instructions, adds, etc. Instructions read from
left to right. Because the arguments are flipped to SUBCC, the condition codes are not
inverted as on the MIPS.

The syntax for the ASI stuff is, for example to move a word from ASI 2:

MΧVW (R7, 2), R8

The syntax for double indexing is

MΧVW (R7+R8), R9

The SPARC�s instruction scheduling is similar to the MIPS�s. The official no-op
instruction is:

ΧRN R0, R0, R0

i960

Registers are numbered R0 through R31. Stack pointer is R29; return register is
R4; static base is R28; it is initialized to the address of setSB(SB). R3 must be zero;
this should be done manually early in execution by

SUBΧ R3, R3

R27 is the loader temporary.

There is no support for floating point.

The Intel calling convention is not supported and cannot be used; use BAL instead.
Instructions are mostly as in the book. The major change is that LΧAD and STΧRE are
both called MΧV. The extension character for MΧV is as in the manual: Χ for ordinal, W
for signed, etc.

i386

The assembler assumes 32-bit protected mode. The register names are SP, AX,
BX, CX, DX, BP, DI, and SI. The stack pointer (not a pseudo-register) is SP and the
return register is AX. There is no physical frame pointer but, as for the MIPS, FP is a
pseudo-register that acts as a frame pointer.

Opcode names are mostly the same as those listed in the Intel manual with an L, W,
or B appended to identify 32-bit, 16-bit, and 8-bit operations. The exceptions are
loads, stores, and conditionals. All load and store opcodes to and from general regis­
ters, special registers (such as CR0, CR3, GDTR, IDTR, SS, CS, DS, ES, FS,
and GS) or memory are written as

MΧVx src,dst

where x is L, W, or B. Thus to get AL use a MΧVB instruction. If you need to access AH,
you must mention it explicitly in a MΧVB:

MΧVB AH, BX

There are many examples of illegal moves, for example,

MΧVB BP, DI

that the loader actually implements as pseudo-operations.

The names of conditions in all conditional instructions (J, SET) follow the conven­
tions of the 68020 instead of those of the Intel assembler: JΧS, JΧC, JCS, JCC, JEQ,
JNE, JLS, JHI, JMI, JPL, JPS, JPC, JLT, JGE, JLE, and JGT instead of JΧ, JNΧ,
JB, JNB, JZ, JNZ, JBE, JNBE, JS, JNS, JP, JNP, JL, JNL, JLE, and JNLE.



­ 9 ­

compilerandloader.R1isthestackpointer.R2isthestaticbaseregister,withvalue
theaddressofsetSB(SB).R3isthereturnregisterandalsotheregisterholdingthe
firstargumenttoaCfunction,withspacereservedat0(FP)asontheMIPS.R31is
the loader temporary.The external registers in Plan 9�s C are allocated fromR30down.

FloatingpointregistersarecalledF0throughF31.Byconvention,severalregis­
tersareinitializedtospecificvalues;thisis done by the operating system.F27must be
initialized to the value0x4330000080000000(usedbyfloat-to-intconversion),F28
to the value 0.0,F29to 0.5,F30to 1.0, andF31to 2.0.

AsontheMIPSandSPARC,theassembleracceptsarbitraryliteralsasoperandsto
MΧVW,andalsotoADDandothers where �immediate�variants exist, and the loader gen­
eratessequencesofaddi,addis,oris,etc.asrequired.Theregisterindirect
addressingmodesusethesamesyntaxastheSPARC,includingdoubleindexingwhen
allowed.

TheinstructionnamesaregenerallyderivedfromtheMotorolaones,subjectto
slighttransformation:the�.�markingthesettingofconditioncodesisreplacedbyCC,
andwhentheletter�o�represents�OE=1�itisreplacedbyV.Thusadd,addo.and
subfzeo.becomeADD,ADDVCCandSUBFZEVCC.Aswellasthethree-operand
conditionalbranchinstructionBC,theassemblerprovidespseudo-instructionsforthe
commoncases:BEQ,BNE,BGT,BGE,BLT,BLE,BVC,andBVS.Theunconditional
branch instruction isBR.Indirect branches use(CTR)or(LR)as target.

LoadorstoreoperationsarereplacedbyMΧVvariantsintheusualway:MΧVW
(moveword),MΧVH(movehalfwordwithsignextension),andMΧVB(movebytewith
signextension,apseudo-instruction),withunsignedvariantsMΧVHZandMΧVBZ,and
byte-reversingMΧVWBRandMΧVHBR.�Loadorstorewithupdate�versionsareMΧVWU,
MΧVHU,andMΧVBZU.LoadorstoremultipleisMΧVMW.Theexceptionsarethestring
instructions,whichareLSWandSTSW,andthereservationinstructionslwarxand
stwcx.,whichareLWARandSTWCCC,allwithoperandsintheusualdata-floworder.
Floating-pointloadorstoreinstructionsareFMΧVD,FMΧVDU,FMΧVS,andFMΧVSU.
Theregistertoregistermoveinstructionsfmrandfmr.arewrittenFMΧVDand
FMΧVDCC.

Theassemblerknowsthecommonlyusedspecialpurposeregisters:CR,CTR,
DEC,LR,MSR,andXER.Therest,whichareoftenarchitecture-dependent,arerefer­
encedasSPR(n).Thesegmentregistersofthe60xseriesaresimilarlySEG(n),but
ncanalsobearegistername,asinSEG(R3).Movesbetweenspecialpurposeregis­
tersandgeneralpurposeones,whenallowedbythearchitecture,arewrittenasMΧVW,
replacingmfcr,mtcr,mfmsr,mtmsr,mtspr,mfspr,mftb, and many others.

ThefieldsoftheconditionregisterCRarereferencedasCR(0)throughCR(7).
TheyareusedbytheMΧVFL(movefield)pseudo-instruction,whichproducesmcrfor
mtcrf.For example:

MΧVFLCR(3),CR(0)
MΧVFLR3,CR(1)
MΧVFLR3,$7,CR

They are also accepted in the conditional branch instruction, for example

BEQCR(7),label

Fields of theFPSCRare accessed usingMΧVFLin a similar way:

MΧVFLFPSCR,F0
MΧVFLF0,FPSCR
MΧVFLF0,$7,FPSCR
MΧVFL$0,FPSCR(3)

producingmffs,mtfsformtfsfi, as appropriate.
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ARM

The assembler provides access to R0 through R14 and the PC. The stack pointer
is R13, the link register is R14, and the static base register is R12. R0 is the return
register and also the register holding the first argument to a subroutine. The external
registers in Plan 9�s C are allocated from R10 down. R11 is used by the loader as a
temporary register. The assembler supports the CPSR and SPSR registers. It also
knows about coprocessor registers C0 through C15. Floating registers are F0 through
F7, FPSR and FPCR.

As with the other architectures, loads and stores are called MΧV, e.g. MΧVW for
load word or store word, and MΧVM for load or store multiple, depending on the
operands.

Addressing modes are supported by suffixes to the instructions: .IA (increment
after), .IB (increment before), .DA (decrement after), and .DB (decrement before).
These can only be used with the MΧV instructions. The move multiple instruction,
MΧVM, defines a range of registers using brackets, e.g. [R0-R12]. The special MΧVM
addressing mode bits W, U, and P are written in the same manner, for example,
MΧVM.DB.W. A .S suffix allows a MΧVM instruction to access user R13 and R14 when
in another processor mode. Shifts and rotates in addressing modes are supported by
binary operators << (logical left shift), >> (logical right shift), -> (arithmetic right shift),
and @> (rotate right); for example R7>>R2or R2@>2. The assembler does not support
indexing by a shifted expression; only names can be doubly indexed.

Any instruction can be followed by a suffix that makes the instruction conditional:
.EQ, .NE, and so on, as in the ARM manual, with synonyms .HS (for .CS) and .LΧ
(for .CC), for example ADD.NE. Arithmetic and logical instructions can have a .S suf­
fix, as ARM allows, to set condition codes.

The syntax of the MCR and MRC coprocessor instructions is largely as in the man­
ual, with the usual adjustments. The assembler directly supports only the ARM
floating-point coprocessor operations used by the compiler: CMP, ADD, SUB, MUL, and
DIV, all with F or D suffix selecting single or double precision. Floating-point load or
store become MΧVF and MΧVD. Conversion instructions are also specified by moves:
MΧVWD, MΧVWF, MΧVDW, MΧVWD, MΧVFD, and MΧVDF.


