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ABSTRACT

ThePlan9windowsystem,8½,isamodest-sizedprogramofnovel
design.ItprovidestextualI/Oandbitmapgraphicservicestobothlocal
and remote client programsbyofferingamultiplexedfileservicetothose
clients.ItservestraditionalUNIXfileslike/dev/ttyaswellasmore
unusualonesthatprovideaccesstothemouseandtherawscreen.Bit­
mapgraphicsoperationsareprovidedbyservingafilecalled
/dev/bitbltthatinterpretsclientmessagestoperformrasteropera­
tions.Thefileservicethat8½offersitsclientsisidenticaltothatituses
foritsownimplementation,soitisfundamentallynomorethanamulti­
plexer.Thisarchitecturehassomerewardingsymmetriesandcanbe
implemented compactly.

Introduction

In1989Iconstructedatoywindowsystemfromonlyafewhundredlinesofsource
codeusingacustomlanguageandanunusualarchitectureinvolvingconcurrentpro­
cesses[Pike89].Althoughthatsystemwasrudimentaryatbest,itdemonstratedthat
windowsystemsarenotinherentlycomplicated.Thefollowingyear,forthenewPlan9
distributedsystem[Pike92],Iappliedsomeofthelessonsfromthattoyprojecttowrite,
inC,aproduction-qualitywindowsystemcalled8½.8½provides,onblack-and-white,
grey-scale,orcolordisplays,theservicesrequiredofamodernwindowsystem,includ­
ingprogrammabilityandsupportforremotegraphics.Theentiresystem,includingthe
defaultprogramthatrunsinthewindow�theequivalentofxterm[Far89]with�cut­
tingandpasting�betweenwindows�iswellunder90kilobytesoftextonaMotorola
68020 processor,abouthalfthesizeoftheoperatingsystemkernelthatsupportsitand
a tenth the size of the X server [Sche86]withoutxterm.

Whatmakes8½socompact?Muchofthesavingcomesfromoverallsimplicity:8½
haslittlegraphicalfanciness,aconciseprogramminginterface,andasimple,fixeduser
interface.8½alsomakessomedecisionsbyfiat�three-buttonmouse,overlapping
windows,built-interminalprogramandwindowmanager,etc.�ratherthantryingto
appealtoalltastes.Althoughcompact,8½isnotascetic.Itprovidesthefundamentals
andenoughextrastomakethemcomfortabletouse.Themostimportantcontributor
toitssmallsize,though,isitsoveralldesignasafileserver.Thisstructuremaybe
applicable to window systems on traditional UNIX-like operating systems.

Thesmallsizeof8½doesnotreflectreducedfunctionality:8½providesservice
roughlyequivalenttotheXwindowsystem.8½�sclientsmayofcoursebeascomplex
as they choose, although the tendency to mimic 8½�s design and the cleanprogramming
interface means they are not nearly as bloated as X applications.
__________________
Originallyappeared,inaslightlydifferentform,inProc.oftheSummer1991USENIXConf.,pp.

257-265,Nashville.Notethat8½hasbeenreplacedbyrio(seerio(1)).
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provides;8½�sresponseisauniqueidentifierkeptbytheoperatingsystemandpassed
inallmessagesgeneratedbyI/Oonthefilesderivedfromthatmount.Thisidentifier
isusedby8½todistinguishthevariousclientssoeachseesaunique/dev/cons;
most servers do not need to make this distinction.

Aprocessunrelatedto8½maycreatewindowsbyavariantofthismechanism.
When8½begins,itusesaPlan9serviceto�post�theclientendofthecommunication
pipeinapublicplace.Aprocessmayopenthatpipeandmountittoattachtothewin­
dowsystem,muchinthewayanXclientmayconnecttoaUNIXdomainsockettothe
serverboundtothefilesystem.Thefinalargumenttomountispassedthroughunin­
terpretedbytheoperatingsystem.Itprovidesawayfortheclientandserverto
exchangeinformationatthetimeofthemount.8½interpretsitasthedimensionsof
thewindowtobecreatedforthenewclient.(Inthecaseabove,thewindowhasbeen
createdbythetimethemountoccurs,andbufcarriesnoinformation.)Whenthe
mountreturns,theprocesscanopenthefilesofthenewwindowandbeginI/Otouse
it.

Because8½�sinterfaceisbasedonfiles,standardsystemutilitiescanbeusedto
controlitsservices.Forexample, its method of creating windows externally is packaged
ina16-lineshellscript,calledwindow,thecoreofwhichisjustamountoperation
that prefixes 8½�s directory to/devand runs a command passed on the argument line:

mount-b$'8½serv'/dev
$*</dev/cons>/dev/cons>[2]/dev/cons&

Thewindowprogramistypicallyemployedbyuserstocreatetheirinitialworkingenvi­
ronment when they boot the system, although it has more general possibilities.

Otherbasicfeaturesofthesystemfalloutnaturallyfromthefile-basedmodel.
Whentheuserdeletesawindow,8½sendstheequivalentofaUNIXsignaltothepro­
cessgroup�theclients�inthewindow,removesthewindowfromthescreen,and
poisonstheincomingconnectionstothefilesthatdriveit.Ifaclientignoresthesignal
andcontinuestowritetothewindow,itwillgetI/Oerrors.If,ontheotherhand,allthe
processesinawindowexitspontaneously,theywillautomaticallycloseallconnections
tothewindow.8½countsreferencestothewindow�sfiles;whennoneareleft,itshuts
downthewindowandremovesitfromthescreen.Asadifferentexample,whenthe
user hits the DEL key to generate an interrupt, 8½ writes a message to aspecialfile,pro­
videdbyPlan9�sprocesscontrolinterface,thatinterruptsalltheprocessesinthewin­
dow.In all these examples, the implementation works seamlessly across a network.

Therearetwovaluablesideeffectsofimplementingawindowsystembymultiplex­
ing/dev/consandothersuchfiles.First,theproblemofgivingameaningfulinter­
pretationtothefile/dev/cons(/dev/tty)ineachwindowissolvedautomatically.
Toprovide/dev/consisthefundamentaljobofthewindowsystem,ratherthanjust
anawkwardburden;othersystemsmustoftenmakespecialandotherwiseirrelevant
arrangementsfor/dev/ttytobehaveasexpectedinawindow.Second,anyprogram
that can access the server, including a process on a remote machine, can accessthefiles
usingstandardreadandwritesystemcallstocommunicatewiththewindowsystem,
and standard open and close calls to connect to it.Again, no special arrangements need
to be made for remote processes to use all the graphics facilities of 8½.

Graphical input

Ofcourse8½offersmorethanASCIII/Otoitsclients.Thestateofthemousemay
bediscoveredbyreadingthefile/dev/mouse,whichreturnsaten-bytemessage
encodingthestateofthebuttonsandthepositionofthecursor.Ifthemousehasnot
movedsincethelastreadof/dev/mouse,orifthewindowassociatedwiththe
instance of/dev/mouseis not the �input focus�, the read blocks.

The format of the message is:
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User's Model

8½ turns the single screen, mouse, and keyboard of the terminal (in Plan 9 termi­
nology) or workstation (in commercial terminology) into an array of independent virtual
terminals that may be textual terminals supporting a shell and the usual suite of tools or
graphical applications using the full power of the bitmap screen and mouse. Text is
represented in UTF, an encoding of the Unicode Standard [Pike93]. The entire program­
ming interface is provided through reading and writing files in /dev.

Primarily for reasons of history and familiarity, the general model and appearance
of 8½ are similar to those of mux [Pike88]. The right button has a short menu for con­
trolling window creation, destruction, and placement. When a window is created, it runs
the default shell, rc [Duff90], with standard input and output directed to the window
and accessible through the file /dev/cons (�console�), analogous to the /dev/tty
of UNIX. The name change represents a break with the past: Plan 9 does not provide a
Teletype-style model of terminals. 8½ provides the only way most users ever access
Plan 9.

Graphical applications, like ordinary programs, may be run by typing their names
to the shell running in a window. This runs the application in the same window; to run
the application in a new window one may use an external program, window, described
below. For graphical applications, the virtual terminal model is extended somewhat to
allow programs to perform graphical operations, access the mouse, and perform related
functions by reading and writing files with suggestive names such as /dev/mouse and
/dev/window multiplexed per-window much like /dev/cons. The implementation
and semantics of these files, described below, is central to the structure of 8½.

The default program that runs in a window is familiar to users of Blit terminals
[Pike83]. It is very similar to that of mux [Pike88], providing mouse-based editing of
input and output text, the ability to scroll back to see earlier output, and so on. It also
has a new feature, toggled by typing ESC, that enables the user to control when typed
characters may be read by the shell or application, instead of (for example) after each
newline. This feature makes the window program directly useful for many text-editing
tasks such as composing mail messages before sending them.

Plan 9 and 8½

Plan 9 is a distributed system that provides support for UNIX-like applications in an
environment built from distinct CPU servers, file servers, and terminals connected by a
variety of networks [Pike90]. The terminals are comparable to modest workstations
that, once connected to a file server over a medium-bandwidth network such as Ether­
net, are self-sufficient computers running a full operating system. Unlike workstations,
however, their role is just to provide an affordable multiplexed user interface to the rest
of the system: they run the window system and support simple interactive tasks such as
text editing. Thus they lie somewhere between workstations and X terminals in design,
cost, performance, and function. (The terminals can be used for general computing, but
in practice Plan 9 users do their computing on the CPU servers.) The Plan 9 terminal
software, including 8½, was developed on a 68020-based machine called a Gnot and
has been ported to the NeXTstation, the MIPS Magnum 3000, SGI Indigos, and Sun
SPARCstations�all small workstations that we use as terminals�as well as PCs.

Heavy computations such as compilation, text processing, or scientific calculation
are done on the CPU servers, which are connected to the file servers by high-bandwidth
networks. For interactive work, these computations can access the terminal that instan­
tiated them. The terminal and CPU server being used by a particular user are connected
to the same file server, although over different networks; Plan 9 provides a view of the
file server that is independent of location in the network.

The components of Plan 9 are connected by a common protocol based on the
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sharing of files. All resources in the network are implemented as file servers; programs
that wish to access them connect to them over the network and communicate using
ordinary file operations. An unusual aspect of Plan 9 is that the name space of a
process, the set of files that can be accessed by name (for example by an open system
call) is not global to all processes on a machine; distinct processes may have distinct
name spaces. The system provides methods by which processes may change their name
spaces, such as the ability to mount a service upon an existing directory, making the
files of the service visible in the directory. (This is a different operation from its UNIX
namesake.) Multiple services may be mounted upon the same directory, allowing the
files from multiple services to be accessed in the same directory. Options to the mount
system call control the order of searching for files in such a union directory.

The most obvious example of a network resource is a file server, where permanent
files reside. There are a number of unusual services, however, whose design in a differ­
ent environment would likely not be file-based. Many are described elsewhere [Pike92];
some examples are the representation of processes for debugging, much like Killian�s
process files for the 8th edition [Kill84], and the implementation of the name/value
pairs of the UNIX exec environment as files. User processes may also implement a file
service and make it available to clients in the network, much like the �mounted streams�
in the 9th Edition [Pres90]. A typical example is a program that interprets an
externally-defined file system such as that on a CD-ROM or a standard UNIX system and
makes the contents available to Plan 9 programs. This design is used by all distributed
applications in Plan 9, including 8½.

8½ serves a set of files in the conventional directory /dev with names like cons,
mouse, and screen. Clients of 8½ communicate with the window system by reading
and writing these files. For example, a client program, such as a shell, can print text by
writing its standard output, which is automatically connected to /dev/cons, or it may
open and write that file explicitly. Unlike files served by a traditional file server, how­
ever, the instance of /dev/cons served in each window by 8½ is a distinct file; the
per-process name spaces of Plan 9 allow 8½ to provide a unique /dev/cons to each
client. This mechanism is best illustrated by the creation of a new 8½ client.

When 8½ starts, it creates a full-duplex pipe to be the communication medium for
the messages that implement the file service it will provide. One end will be shared by
all the clients; the other end is held by 8½ to accept requests for I/O. When a user
makes a new window using the mouse, 8½ allocates the window data structures and
forks a child process. The child�s name space, initially shared with the parent, is then
duplicated so that changes the child makes to its name space will not affect the parent.
The child then attaches its end of the communication pipe, cfd, to the directory /dev
by doing a mount system call:

mount(cfd, "/dev", MBEFΧRE, buf)

This call attaches the service associated with the file descriptor cfd � the client end of
the pipe � to the beginning of /dev so that the files in the new service take priority
over existing files in the directory. This makes the new files cons, mouse, and so on,
available in /dev in a way that hides any files with the same names already in place.
The argument buf is a character string (null in this case), described below.

The client process then closes file descriptors 0, 1, and 2 and opens /dev/cons
repeatedly to connect the standard input, output, and error files to the window�s
/dev/cons. It then does an exec system call to begin executing the shell in the win­
dow. This entire sequence, complete with error handling, is 33 lines of C.

The view of these events from 8½�s end of the pipe is a sequence of file protocol
messages from the new client generated by the intervening operating system in
response to the mount and open system calls executed by the client. The message
generated by the mount informs 8½ that a new client has attached to the file service it
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'm'
1 byte of button state
4 bytes of x, low byte first
4 bytes of y, low byte first

AsinallshareddatastructuresinPlan9,theorderofeverybyteinthemessageis
definedsoallclientscanexecutethesame code to unpack the message into a local data
structure.

Forkeyboardinput,clientscanread/dev/consor,iftheyneedcharacter-at-a-
timeinput,/dev/rcons(�rawconsole�).Thereisnoexpliciteventmechanismtohelp
clientsthatneedtoreadfrommultiplesources.Instead,asmall(365line)externalsup­
portlibrarycanbeused.Itattachesaprocesstothevariousblockinginputsources�
mouse,keyboard,andperhapsathirduser-providedfiledescriptor�andfunnelstheir
inputintoasinglepipefromwhichmaybereadthevarioustypesofeventsinthetradi­
tionalstyle.Thispackageisacompromise.Asdiscussedinapreviouspaper[Pike89]I
prefertofreeapplicationsfrom event-based programming.Unfortunately, though, I see
noeasywaytoachievethisinsingle-threadedCprograms,andamunwillingtorequire
allprogrammerstomasterconcurrentprogramming.Itshouldbenoted,though,that
eventhiscompromiseresultsinasmallandeasilyunderstoodinterface.Anexample
program that uses it is given near the end of the paper.

Graphical output

Thefile/dev/screenmaybereadbyanyclienttorecoverthecontentsofthe
entirescreen,suchasforprinting(seeFigure1).Similarly,/dev/windowholdsthe
contents of the current window.These are read-only files.

Toperformgraphicsoperationsintheirwindows,clientprogramsaccess
/dev/bitblt.Itimplementsaprotocolthatencodesbitmapgraphicsoperations.
Mostofthemessagesintheprotocol(thereare23messagesinall,abouthalftoman­
agethemulti-levelfontsnecessaryforefficienthandlingofUnicodecharacters)are
transmissions(viaawrite)fromtheclienttothewindowsystemtoperformagraphical
operationsuchasabitblt[PLR85]orcharacter-drawingoperation;afewinclude
returninformation(recoveredviaaread)totheclient.Aswith/dev/mouse,the
/dev/bitbltprotocolisinadefinedbyteorder.Here,forexample,isthelayoutof
thebitbltmessage:

'b'
2 bytes of destination id
2x4 bytes of destination point
2 bytes of source id
4x4 bytes of source rectangle
2 bytes of boolean function code

Themessageistriviallyconstructedfromthebitbltsubroutineinthelibrary,
defined as

voidbitblt(Bitmap*dst,Pointdp,
Bitmap*src,Rectanglesr,Fcodec).

The�id�fieldsinthemessageindicateanotherpropertyof8½:theclientsdonot
storetheactualdataforanyoftheirbitmapslocally.Instead,theprotocolprovidesa
messagetoallocateabitmap,tobestoredintheserver,andreturnstotheclientan
integeridentifier,muchlikeaUNIXfiledescriptor,tobeusedinoperationsonthatbit­
map.Bitmapnumber0isconventionallytheclient�swindow,analogoustostandard
inputforfileI/O.In fact, no bitmap graphics operations are executed in the client at all;
theyareallperformedonitsbehalfbytheserver.Again,usingthestandardremotefile
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#include<u.h>
#include<libc.h>
#include<libg.h>

void
ereshaped(Rectangler)
{

Pointp;

screen.r=r;
bitblt(&screen,screen.r.min,&screen,r,Zero);/*clear*/
p.x=screen.r.min.x+Dx(screen.r)/2;
p.y=screen.r.min.y+Dy(screen.r)/2;
p=sub(p,div(strsize(font,"helloworld"),2));
string(&screen,p,font,"helloworld",S);

}

main(void)
{

Mousem;

binit(0,0,0);/*initializegraphicslibrary*/
einit(Emouse);/*initializeeventlibrary*/
ereshaped(screen.r);
for(;;){

m=emouse();
if(m.buttons&RIGHTB)

break;
if(m.buttons&LEFTB){

string(&screen,m.xy,font,"helloworld",S);
/*waitforreleaseofbutton*/
do;while(emouse().buttons&LEFTB);

}
}

}

Thecompleteloadedbinaryisalittleover26Kbytesona68020.Thisprogramshould
becomparedtothesimilaronesintheexcellentpaperbyRosenthal[Rose88].(Thecur­
rentprogramdoesmore:italsoemploysthemouse.)Theclumsiestpartis
ereshaped,afunctionwithaknownnamethatiscalledfromtheeventlibrarywhen­
everthewindowisreshapedormoved,asisdiscoveredinelegantlybutadequatelybya
specialcaseofamousemessage.(Simpleso-calledexposeeventsarenoteventsatall
in8½;thelayerlibrarytakescareofthemtransparently.)Thelessonofthisprogram,
withdeferencetoRosenthal,isthatifthewindowsystemiscleanlydesignedatoolkit
should be unnecessary for simple tasks.

Status

Asof1992,8½isinregulardailyusebyalmostallthe60peopleinourresearch
center.SomeofthosepeopleuseittoaccessPlan9itself;othersuseitasafrontend
to remote UNIX systems, much as one would use an X terminal.

Somethingsabout8½maychange.Itwouldbeniceifitscapabilitiesweremore
easilyaccessiblefromtheshell.Acompaniontothispaper[Pike91]proposesoneway
todothis,butthatdoesnotincludeanygraphicsfunctionality.Perhapsatextualver­
sionofthe/dev/bitbltfileisawaytoproceed;thatwouldallow,forexample,awk
programs to draw graphs directly.

Canthisstyleofwindowsystembebuiltonotheroperatingsystems?Amajorpart
ofthedesignof8½dependsonitsstructureasafileserver.Inprinciplethiscouldbe
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Figure 1. A representative 8½ screen, running on a NeXTstation under Plan 9 (with
no NeXT software). In the upper right, a program announces the arrival of mail. In
the top and left are a broswer for astronomical databases and an image of a galaxy
produced by the browser. In the lower left there is a screen editor, sam [Pike87],
editing Japanese text encoded in UTF, and in the lower right an 8½ running recur­
sively and, inside that instantiation, a previewer for troff output. Underneath
the faces is a small window running the command that prints the screen by passing
/dev/screen to the bitmap printing utility.

operations in Plan 9, this permits remote machines having no graphics capability, such
as the CPU server, to run graphics applications. Analogous features of the original
Andrew window system [Gos86] and of X [Sche86] require more complex mechanisms.

Nor does 8½ itself operate directly on bitmaps. Instead, it calls another server to
do its graphics operations for it, using an identical protocol. The operating system for
the Plan 9 terminals contains an internal server that implements that protocol, exactly as
does 8½, but for a single client. That server stores the actual bytes for the bitmaps and
implements the fundamental bitmap graphics operations. Thus the environment in
which 8½ runs has exactly the structure it provides for its clients; 8½ reproduces the
environment for its clients, multiplexing the interface to keep the clients separate.

This idea of multiplexing by simulation is applicable to more than window systems,
of course, and has some side effects. Since 8½ simulates its own environment for its
clients, it may run in one of its own windows (see Figure 1). A useful and common
application of this technique is to connect a window to a remote machine, such as a CPU
server, and run the window system there so that each subwindow is automatically on the
remote machine. It is also a handy way to debug a new version of the window system or
to create an environment with, for example, a different default font.
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Implementation

To provide graphics to its clients, 8½ mostly just multiplexes and passes through
to its own server the clients� requests, occasionally rearranging the messages to main­
tain the fiction that the clients have unique screens (windows). To manage the overlap­
ping windows it uses the layers model, which is handled by a separate library [Pike83a].
Thus it has little work to do and is a fairly simple program; it is dominated by a couple
of switch statements to interpret the bitmap and file server protocols. The built-in win­
dow program and its associated menus and text-management support are responsible
for most of the code.

The operating system�s server is also compact: the version for the 68020 proces­
sor, excluding the implementation of a half dozen bitmap graphics operations, is 2295
lines of C (again, about half dealing with fonts); the graphics operations are another
2214 lines.

8½ is structured as a set of communicating coroutines, much as discussed in a
1989 paper [Pike89]. One coroutine manages the mouse, another the keyboard, and
another is instantiated to manage the state of each window and associated client. When
no coroutine wishes to run, 8½ reads the next file I/O request from its clients, which
arrive serially on the full-duplex communication pipe. Thus 8½ is entirely synchronous.

The program source is small and compiles in about 10 seconds in our Plan 9 envi­
ronment. There are ten source files and one makefile totaling 5100 lines. This
includes the source for the window management process, the cut-and-paste terminal
program, the window/file server itself, and a small coroutine library (proc.c). It does
not include the layer library (another 1031 lines) or the library to handle the cutting and
pasting of text displayed in a window (960 lines), or the general graphics support library
that manages all the non-drawing aspects of graphics � arithmetic on points and rect­
angles, memory management, error handling, clipping, � plus fonts, events, and non-
primitive drawing operations such as circles and ellipses (a final 3051 lines). Not all the
pieces of these libraries are used by 8½ itself; a large part of the graphics library in par­
ticular is used only by clients. Thus it is somewhat unfair to 8½ just to sum these num­
bers, including the 4509 lines of support in the kernel, and arrive at a total implementa­
tion size of 14651 lines of source to implement all of 8½ from the lowest levels to the
highest. But that number gives a fair measure of the complexity of the overall system.

The implementation is also efficient. 8½�s performance is competitive to X win­
dows�. Compared using Dunwoody�s and Linton�s gbench benchmarks on the 68020,
distributed with the ��X Test Suite��, circles and arcs are drawn about half as fast in 8½
as in X11 release 4 compiled with gcc for equivalent hardware, probably because they
are currently implemented in a user library by calls to the point primitive. Line draw­
ing speed is about equal between the two systems. Unicode text is drawn about the
same speed by 8½ as ASCII text by X, and the bitblt test is runs four times faster for
8½. These numbers vary enough to caution against drawing sweeping conclusions, but
they suggest that 8½�s architecture does not penalize its performance. Finally, 8½ boots
in under a second and creates a new window apparently instantaneously.

An example

Here is a complete program that runs under 8½. It prints the string
"hello world" wherever the left mouse button is depressed, and exits when the
right mouse button is depressed. It also prints the string in the center of its window,
and maintains that string when the window is resized.
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doneforanysystemthatsupportsuserprocessesthatservefiles,suchasanysystem
runningNFSorAFS[Sun89,Kaza87].Onerequirement,however,is8½�sneedto
respondtoitsclients�requestsoutoforder:ifoneclientreads/dev/consinawin­
dowwithnocharacterstoberead,otherclientsshouldbeabletoperformI/Ointheir
windows,oreventhesamewindow.Anotherconstraintisthatthe8½filesarelike
devices,andmustnotbecachedbytheclient.NFScannothonortheserequirements;
AFSmaybeableto.Ofcourse,otherinterprocesscommunicationmechanismssuchas
socketscouldbeusedasabasisforawindowsystem.OnemayevenarguethatX�s
modelfitsintothisoverallscheme.Itmayproveeasyandworthwhiletowriteasmall
8½-likesystemforcommercialUNIXsystemstodemonstratethatitsmeritscanbewon
in systems other than Plan 9.

Conclusion

Inconclusion,8½usesanunusualarchitectureinconcertwiththefile-oriented
interprocesscommunicationofPlan9toprovidenetwork-basedinteractivegraphicsto
clientprograms.Itdemonstratesthatevenproduction-qualitywindowsystemsarenot
inherently large or complicated and may be simple to use and to program.
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echo$#empty

prints 0, whereas

echo$#null

prints 1.
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Rc � The Plan 9 Shell

Tom Duff
td@plan9.bell-labs.com

ABSTRACT

Rc is a command interpreter for Plan 9 that provides similar facilities
to UNIX�s Bourne shell, with some small additions and less idiosyncratic
syntax. This paper uses numerous examples to describe rc�s features,
and contrasts rc with the Bourne shell, a model that many readers will be
familiar with.

1. Introduction

Rc is similar in spirit but different in detail from UNIX�s Bourne shell. This paper
describes rc�s principal features with many small examples and a few larger ones. It
assumes familiarity with the Bourne shell.

2. Simple commands

For the simplest uses rc has syntax familiar to Bourne-shell users. All of the fol­
lowing behave as expected:

date
cat /lib/news/build
who >user.names
who >>user.names
wc <file
echo [a-f]*.c
who | wc
who; date
vc *.c &
mk && v.out /*/bin/fb/*
rm -r junk || echo rm failed!

3. Quotation

An argument that contains a space or one of rc�s other syntax characters must
be enclosed in apostrophes ('):

rm 'odd file name'

An apostrophe in a quoted argument must be doubled:

echo 'How''s your father?'

4. Patterns

An unquoted argument that contains any of the characters * ? [ is a pattern to
be matched against file names. A * character matches any sequence of characters,
? matches any single character, and [class] matches any character in the class,
unless the first character of class is ~, in which case the class is complemented.
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All variables that have never been set have the value().

Occasionally,itisconvenienttotreatavariable�svalueasasinglestring.The
elementsofastringareconcatenatedintoasinglestring,withspacesbetweenthe
elements, by the$"operator.Thus, if we set

list=(Hownowbrowncow)
string=$"list

then both

echo$list

and

echo$string

cause the same output, viz:

Hownowbrowncow

but

echo$#list$#string

will output

41

because$listhasfourmembers,but$stringhasasinglemember,withthree
spaces separating its words.

6.Arguments

Whenrcisreadingitsinputfromafile,thefilehasaccesstothearguments
suppliedonrc�scommandline.Thevariable$*initiallyhasthelistofarguments
assignedtoit.Thenames$1,$2,etc.aresynonymsfor$*(1),$*(2),etc.In
addition,$0is the name of the file from whichrc�s input is being read.

7.Concatenation

Rchasastringconcatenationoperator,thecaret^,tobuildargumentsoutof
pieces.

echohully^gully

is exactly equivalent to

echohullygully

Suppose variableicontains the name of a command.Then

vc$i^.c
vl-o$1$i^.v

might compile the command�s source code, leaving the result in the appropriate file.

Concatenation distributes over lists. The following

echo(abc)^(123)
src=(mainsubrio)
cc$src^.c

are equivalent to

echoa1b2c3
ccmain.csubr.cio.c

Indetail,theruleis:ifbothoperandsof^arelistsofthesamenon-zeronumberof
strings,theyareconcatenatedpairwise.Otherwise,ifoneoftheoperandsisa
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16.Control flow �switch

Rcprovidesaswitchstatementtodopattern-matchingonarbitrarystrings.Its
general form is

switch(word){
casepattern...

commands
casepattern...

commands
...
}

Rcattemptstomatchthewordagainstthepatternsineachcasestatementinturn.
Patternsarethesameasforfilenamematching,exceptthat/and.and..need
not be matched explicitly.

Ifanypatternmatches,thecommandsfollowingthatcaseuptothenextcase
(ortheendoftheswitch)areexecuted,andexecutionoftheswitchiscomplete.
For example,

switch($#*){
case1

cat>>$1
case2

cat>>$2<$1
case*

echo'Usage:append[from]to'
}

isanappendcommand.Calledwithonefileargument,itappendsitsstandard
inputtothenamedfile.Withtwo,thefirstisappendedtothesecond.Anyother
number elicits an error message.

The built-in~commandalsomatchespatterns,andisoftenmoreconcisethan
aswitch.Itsargumentsareastringandalistofpatterns.Itsets$statustotrue
ifandonlyifanyofthepatternsmatchesthestring.Thefollowingexamplepro­
cesses option arguments for theman(1) command:

opt=()
while(~$1-*[1-9]10){

switch($1){
case[1-9]10

sec=$1secn=$1
case-f

c=fs=f
case-[qwnt]

cmd=$1
case-T*

T=$1
case-*

opt=($opt$1)
}
shift

}

17.Functions

Functions may be defined by typing

fnname{commands}

Subsequently,wheneveracommandnamednameisencountered,theremainderof
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single string, it is concatenated with each member of the other operand in turn.
Any other combination of operands is an error.

8. Free carets

User demand has dictated that rc insert carets in certain places, to make the
syntax look more like the Bourne shell. For example, this:

cc -$flags $stems.c

is equivalent to

cc -^$flags $stems^.c

In general, rc will insert ^ between two arguments that are not separated by white
space. Specifically, whenever one of $'` follows a quoted or unquoted word, or an
unquoted word follows a quoted word with no intervening blanks or tabs, an implicit
^ is inserted between the two. If an unquoted word immediately following a $ con­
tains a character other than an alphanumeric, underscore or *, a ^ is inserted
before the first such character.

9. Command substitution

It is often useful to build an argument list from the output of a command. Rc
allows a command, enclosed in braces and preceded by a left quote, `{...}, any­
where that an argument is required. The command is executed and its standard
output captured. The characters stored in the variable ifs are used to split the
output into arguments. For example,

cat `{ls -tr|sed 10q}

will concatenate the ten oldest files in the current directory in temporal order, given
the default ifs setting of space, tab, and newline.

10. Pipeline branching

The normal pipeline notation is general enough for almost all cases. Very
occasionally it is useful to have pipelines that are not linear. Pipeline topologies
more general than trees can require arbitrarily large pipe buffers, or worse, can
cause deadlock. Rc has syntax for some kinds of non-linear but treelike pipelines.
For example,

cmp <{old} <{new}

will regression-test a new version of a command. < or > followed by a command in
braces causes the command to be run with its standard output or input attached to
a pipe. The parent command (cmp in the example) is started with the other end of
the pipe attached to some file descriptor or other, and with an argument that will
connect to the pipe when opened (e.g., /dev/fd/6). Some commands are unpre­
pared to deal with input files that turn out not to be seekable. For example diff
needs to read its input twice.

11. Exit status

When a command exits it returns status to the program that executed it. On
Plan 9 status is a character string describing an error condition. On normal termina­
tion it is empty.

Rc captures command exit status in the variable $status. For a simple com­
mand the value of $status is just as described above. For a pipeline $status is
set to the concatenation of the statuses of the pipeline components with | charac­
ters for separators.
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Rc has a several kinds of control flow, many of them conditioned by the status
returned from previously executed commands. Any $status containing only 0�s
and |�s has boolean value true. Any other status is false.

12. Command grouping

A sequence of commands enclosed in {} may be used anywhere a command is
required. For example:

{sleep 3600;echo 'Time''s up!'}&

will wait an hour in the background, then print a message. Without the braces,

sleep 3600;echo 'Time''s up!'&

would lock up the terminal for an hour, then print the message in the background.

13. Control flow � for

A command may be executed once for each member of a list by typing, for
example:

for(i in printf scanf putchar) look $i /usr/td/lib/dw.dat

This looks for each of the words printf, scanf and putchar in the given file.
The general form is

for(name in list) command

or

for(name) command

In the first case command is executed once for each member of list with that mem­
ber assigned to variable name. If the clause ��in list�� is missing, ��in $*�� is
assumed.

14. Conditional execution � if

Rc also provides a general if-statement. For example:

for(i in *.c) if(cpp $i >/tmp/$i) vc /tmp/$i

runs the C compiler on each C source program that cpp processes without error. An
�if not� statement provides a two-tailed conditional. For example:

for(i){
if(test -f /tmp/$i) echo $i already in /tmp
if not cp $i /tmp

}

This loops over each file in $*, copying to /tmp those that do not already appear
there, and printing a message for those that do.

15. Control flow � while

Rc�s while statement looks like this:

while(newer subr.v subr.c) sleep 5

This waits until subr.v is newer than subr.c, presumably because the C com­
piler finished with it.

If the controlling command is empty, the loop will not terminate. Thus,

while() echo y

emulates the yes command.



­ 7 ­

thecommand�sargumentlistwillassigned to$*andrcwill execute thecommands.
The value of$*will be restored on completion.For example:

fng{
grep$1*.[hcyl]

}

definesgpatterntolookforoccurrencesofpatterninallprogramsourcefilesin
the current directory.

Function definitions are deleted by writing

fnname

with no function body.

18.Command execution

Rcdoesoneofseveralthingstoexecuteasimplecommand.Ifthecommand
nameisthenameofafunctiondefinedusingfn,thefunctionisexecuted.Other­
wise,ifitisthenameofabuilt-incommand,thebuilt-inisexecuteddirectlybyrc.
Otherwise,directoriesmentionedinthevariable$patharesearcheduntilanexe­
cutablefileisfound.Extensiveuseofthe$pathvariableisdiscouragedinPlan9.
Instead, use the default(./bin)and bind what you need into/bin.

19.Built-in commands

Severalcommandsareexecutedinternallybyrcbecausetheyaredifficultto
implement otherwise.

. [-i]file ...
Executecommandsfromfile.$*issetforthedurationtothereminderofthe
argumentlistfollowingfile.$pathisusedtosearchforfile.Option-iindicates
interactiveinput�aprompt(foundin$prompt)isprintedbeforeeachcommand
is read.

builtincommand ...
Executecommandasusualexceptthatanyfunctionnamedcommandisignored.
For example,

fncd{
builtincd$*&&pwd

}

definesareplacementforthecdbuilt-in(seebelow)thatannouncesthefullnameof
the new directory.

cd [dir]
Change the current directory todir.Thedefaultargumentis$home.$cdpathis
a list of places in which to search fordir.

eval [arg ...]
Theargumentsareconcatenated(separatedbyspaces)intoastring,readasinput
torc, and executed.For example,

x='$y'
y=Doody
evalechoHowdy,$x

would echo

Howdy,Doody

since the arguments ofevalwould be
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cmd1|[5=19]cmd2

creates a pipelinewithcmd1�sfiledescriptor5connectedthroughapipetocmd2�s
file descriptor 19.

21.Here documents

Rcproceduresmayincludedata,called��heredocuments��,tobeprovidedas
input to commands, as in this version of thetelcommand

for(i)grep$i<<!
...
tor2T-4022912
kevin2C-5142842
bill2C-5627214
...
!

Aheredocumentisintroducedbytheredirectionsymbol<<,followedbyanarbi­
traryEOFmarker(!intheexample).Linesfollowingthecommand,uptoaline
containingonlytheEOFmarkeraresavedinatemporaryfilethatisconnectedto
the command�s standard input when it is run.

Rcdoes variable substitution in here documents.The following command:

ed$3<<EΧF
g/$1/s//$2/g
w
EΧF

changes all occurrences of$1to$2in file$3.To include a literal$inaheredocu­
ment,type$$.Ifthenameofavariableisfollowedimmediatelyby^,thecaretis
deleted.

VariablesubstitutioncanbeentirelysuppressedbyenclosingtheEOFmarker
following<<in quotation marks, as in<<'EΧF'.

Heredocumentsmaybeprovidedonfiledescriptorsotherthan0bytyping,
for example,

cmd<<[4]End
...
End

Ifaheredocumentappearswithinacompoundblock,thecontentsofthedoc­
ument must be after the whole block:

for(iin$*){
mail$i<<EΧF

}
wordstoliveby
EΧF

22.Catching Notes

Rcscriptsnormallyterminatewhenaninterruptisreceivedfromtheterminal.
Afunctionwiththenameof a UNIX signal, in lower case, is defined in the usual way,
butcalledwhenrcreceivesthecorrespondingnote.Thenotify(2)sectionofthe
Programmer�s Manual discusses notes in some detail.Notes of interest are:

sighup
Thenotewas�hangup�.Plan9sendsthiswhentheterminalhasdisconnected
fromrc.
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echo Howdy, $y

after substituting for $x.

exec [command ...]
Rc replaces itself with the given command. This is like a goto � rc does not wait
for the command to exit, and does not return to read any more commands.

exit [status]
Rc exits immediately with the given status. If none is given, the current value of
$status is used.

flag f [+-]
This command manipulates and tests the command line flags (described below).

flag f +

sets flag f.

flag f -

clears flag f.

flag f

tests flag f, setting $status appropriately. Thus

if(flag x) flag v +

sets the -v flag if the -x flag is already set.

rfork [nNeEsfF]
This uses the Plan 9 rfork system entry to put rc into a new process group with the
following attributes:
_______________________________________________________________________
Flag Name Function_______________________________________________________________________
n RFNAMEG Make a copy of the parent�s name space
N RFCNAMEG Start with a new, empty name space
e RFENVG Make a copy of the parent�s environment
E RFCENVG Start with a new, empty environment
s RFNOTEG Make a new note group
f RFFDG Make a copy of the parent�s file descriptor space
F RFCFDG Make a new, empty file descriptor space_______________________________________________________________________






















Section fork(2) of the Programmer�s Manual describes these attributes in more
detail.

shift [n]
Delete the first n (default 1) elements of $*.

wait [pid]
Wait for the process with the given pid to exit. If no pid is given, all outstanding
processes are waited for.

whatis name ...
Print the value of each name in a form suitable for input to rc. The output is an
assignment to a variable, the definition of a function, a call to builtin for a
built-in command, or the path name of a binary program. For example,

whatis path g cd who

might print
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path=(. /bin)
fn g {gre -e $1 *.[hycl]}
builtin cd
/bin/who

~ subject pattern ...
The subject is matched against each pattern in turn. On a match, $status is set
to true. Otherwise, it is set to 'no match'. Patterns are the same as for file­
name matching. The patterns are not subjected to filename replacement before
the ~ command is executed, so they need not be enclosed in quotation marks,
unless of course, a literal match for * [ or ? is required. For example

~ $1 ?

matches any single character, whereas

~ $1 '?'

only matches a literal question mark.

20. Advanced I/Χ Redirection

Rc allows redirection of file descriptors other than 0 and 1 (standard input and
output) by specifying the file descriptor in square brackets [ ] after the < or >.
For example,

vc junk.c >[2]junk.diag

saves the compiler�s diagnostics from standard error in junk.diag.

File descriptors may be replaced by a copy, in the sense of dup(2), of an
already-open file by typing, for example

vc junk.c >[2=1]

This replaces file descriptor 2 with a copy of file descriptor 1. It is more useful in
conjunction with other redirections, like this

vc junk.c >junk.out >[2=1]

Redirections are evaluated from left to right, so this redirects file descriptor 1 to
junk.out, then points file descriptor 2 at the same file. By contrast,

vc junk.c >[2=1] >junk.out

redirects file descriptor 2 to a copy of file descriptor 1 (presumably the terminal),
and then directs file descriptor 1 to a file. In the first case, standard and diagnostic
output will be intermixed in junk.out. In the second, diagnostic output will
appear on the terminal, and standard output will be sent to the file.

File descriptors may be closed by using the duplication notation with an empty
right-hand side. For example,

vc junk.c >[2=]

will discard diagnostics from the compilation.

Arbitrary file descriptors may be sent through a pipe by typing, for example,

vc junk.c |[2] grep -v '^$'

This deletes blank lines from the C compiler�s error output. Note that the output of
grep still appears on file descriptor 1.

Occasionally you may wish to connect the input side of a pipe to some file
descriptor other than zero. The notation
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sigint
Thenotewas�interrupt�,usuallysentwhentheinterruptcharacter(ASCIIDEL)is
typed on the terminal.

sigterm
The note was �kill�, normally sent bykill(1).

sigexit
An artificial note sent whenrcis about to exit.

As an example,

fnsigint{
rm/tmp/junk
exit

}

sets a trap for the keyboard interrupt that removes a temporary file before exiting.

Noteswillbeignoredifthenoteroutineissetto{}.Signalsreverttotheir
default behavior when their handlers�definitions are deleted.

23.Environment

Theenvironmentisalistofname-valuepairsmadeavailabletoexecuting
binaries.OnPlan9,theenvironmentisstoredinafilesystemnamed#e,normally
mountedon/env.Thevalueofeachvariableisstoredinaseparatefile,withcom­
ponentsterminatedbyzerobytes.(Thefilesystemismaintainedentirelyincore,
sonodiskornetworkaccessisinvolved.)Thecontentsof/envaresharedona
per-processgroupbasis−whenanewprocessgroupiscreatediteffectively
attaches/envtoanewfilesysteminitializedwithacopyoftheoldone.Aconse­
quenceofthisorganizationisthatcommandscanchangeenvironmententriesand
see the changes reflected inrc.

Functionsalsoappearintheenvironment,namedbyprefixingfn#totheir
names, like/env/fn#roff.

24.Local Variables

Itisoftenusefultosetavariableforthedurationofasinglecommand.An
assignment followed by a command has this effect.For example

a=global
a=localecho$a
echo$a

will print

local
global

This works even for compound commands, like

f=/fairly/long/file/name{
{wc$f;spell$f;diff$f.old$f}|
pr-h'Factsabout'$f|lp-dfn

}

25.Examples �cd, pwd

Hereisapairoffunctionsthatprovideenhancedversionsofthestandardcd
andpwdcommands.(Thanks to Rob Pike for these.)
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t=/tmp/holmdel$pid
fnread{

$1=`{awk'{print;exit}'}
}
ifs='
'#justanewline
fnsigexitsigintsigquitsighup{

rm-f$t
exit

}
cat<<'!'>$t
Allentown
Atlanta
CedarCrest
Chester
Columbus
Elmhurst
Fullerton
Holmdel
IndianHill
MerrimackValley
Morristown
Neptune
Piscataway
Reading
ShortHills
SouthPlainfield
Summit
Whippany
WestLongBranch
!
while(){

lab=`{fortune$t}
echo$lab
if(~$labHolmdel){

echoYoulose.
exit

}
while(readlab;!grep-i-s$lab$t)echoNosuchlocation.
if(~$lab[hH]olmdel){

echoYouwin.
exit

}
}

sequence is checked.

Again, if the result isHolmdel,itprintsamessageandexits.Otherwiseitgoes
back to the top of the loop.

28.Design Principles

RcdrawsheavilyfromSteveBourne�s/bin/sh.AnysuccessoroftheBourne
shellisboundtosufferincomparison.Ihavetriedtofixitsbest-acknowledged
shortcomingsandtosimplifythingswhereverpossible,usuallybyomittinginessen­
tialfeatures.OnlywhenirresistiblytemptedhaveIintroducednovelideas.Obvi­
ously I have tinkered extensively with Bourne�s syntax.

Themostimportantprincipleinrc�sdesignisthatit�snotamacroprocessor.
Inputisneverscannedmorethanoncebythelexicalandsyntacticanalysiscode
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ps1='% ' # default prompt
tab=' ' # a tab character
fn cd{
builtin cd $1 &&
switch($#*){
case 0
dir=$home
prompt=($ps1 $tab)

case *
switch($1)
case /*
dir=$1
prompt=(`{basename `{pwd}}^$ps1 $tab)

case */* ..*
dir=()
prompt=(`{basename `{pwd}}^$ps1 $tab)

case *
dir=()
prompt=($1^$ps1 $tab)

}
}

}
fn pwd{
if(~ $#dir 0)
dir=`{/bin/pwd}

echo $dir
}

Function pwd is a version of the standard pwd that caches its value in variable
$dir, because the genuine pwd can be quite slow to execute. (Recent versions of
Plan 9 have very fast implementations of pwd, reducing the advantage of the pwd
function.)

Function cd calls the cd built-in, and checks that it was successful. If so, it
sets $dir and $prompt. The prompt will include the last component of the cur­
rent directory (except in the home directory, where it will be null), and $dir will be
reset either to the correct value or to (), so that the pwd function will work cor­
rectly.

26. Examples � man

The man command prints pages of the Programmer�s Manual. It is called, for
example, as

man 2 sinh
man rc
man -t cat

In the first case, the page for sinh in section 2 is printed. In the second case, the
manual page for rc is printed. Since no manual section is specified, all sections are
searched for the page, and it is found in section 1. In the third case, the page for
cat is typeset (the -t option).
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cd /sys/man || {
echo $0: No manual! >[1=2]
exit 1

}
NT=n # default nroff
s='*' # section, default try all
for(i) switch($i){
case -t
NT=t

case -n
NT=n

case -*
echo Usage: $0 '[-nt] [section] page ...' >[1=2]
exit 1

case [1-9] 10
s=$i

case *
eval 'pages='$s/$i
for(page in $pages){
if(test -f $page)
$NT^roff -man $page

if not
echo $0: $i not found >[1=2]

}
}

Note the use of eval to make a list of candidate manual pages. Without eval, the
* stored in $s would not trigger filename matching � it�s enclosed in quotation
marks, and even if it weren�t, it would be expanded when assigned to $s. Eval
causes its arguments to be re-processed by rc�s parser and interpreter, effectively
delaying evaluation of the * until the assignment to $pages.

27. Examples � holmdel

The following rc script plays the deceptively simple game holmdel, in which the
players alternately name Bell Labs locations, the winner being the first to mention
Holmdel.

This script is worth describing in detail (rather, it would be if it weren�t so
silly.)

Variable $t is an abbreviation for the name of a temporary file. Including
$pid, initialized by rc to its process-id, in the names of temporary files insures
that their names won�t collide, in case more than one instance of the script is run­
ning at a time.

Function read�s argument is the name of a variable into which a line gathered
from standard input is read. $ifs is set to just a newline. Thus read�s input is
not split apart at spaces, but the terminating newline is deleted.

A handler is set to catch sigint, sigquit, and sighup, and the artificial
sigexit signal. It just removes the temporary file and exits.

The temporary file is initialized from a here document containing a list of Bell
Labs locations, and the main loop starts.

First, the program guesses a location (in $lab) using the fortune program
to pick a random line from the location list. It prints the location, and if it guessed
Holmdel, prints a message and exits.

Then it uses the read function to get lines from standard input and validity-
check them until it gets a legal name. Note that the condition part of a while can
be a compound command. Only the exit status of the last command in the
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(except, of course, by theevalcommand, whoseraison d'êtreis to break the rule).

Bourneshellscriptscanoftenbemadetorunwildbypassingthemarguments
containingspaces.ThesewillbesplitintomultipleargumentsusingIFS,oftenat
inopportunetimes.Inrc,valuesofvariables,includingcommandlinearguments,
arenotre-readwhensubstitutedintoacommand.Argumentshavepresumably
been scanned in the parent process, and ought not to be re-read.

WhydoesBournere-scancommandsaftervariablesubstitution?Heneedsto
beabletostorelistsofargumentsinvariableswhosevaluesarecharacterstrings.
Ifweeliminatere-scanning,wemustchangethetypeofvariables,sothattheycan
explicitly carry lists of strings.

This introduces some conceptual complications.We need anotationforlistsof
words.Therearetwodifferentkindsofconcatenation,forstrings�$a^$b,and
lists�($a$b).Thedifferencebetween()and''isconfusingtonovices,
althoughthedistinctionisarguablysensible�anullargumentisnotthesameas
no argument.

Bournealsorescansinputwhendoingcommandsubstitution.Thisisbecause
thetextenclosedinback-quotesisnotastring,butacommand.Properly,itought
tobeparsedwhentheenclosingcommandis,butthismakesitdifficulttohandle
nested command substitutions, like this:

size=`wc-l\`ls-t|sed1q\``

Theinnerback-quotesmustbeescapedtoavoidterminatingtheoutercommand.
Thiscangetmuchworsethantheaboveexample;thenumberof\�srequiredis
exponentialinthenestingdepth.Rcfixesthisbymakingthebackquoteaunary
operator whose argument is a command, like this:

size=`{wc-l`{ls-t|sed1q}}

No escapes are ever required, and the whole thing is parsed in one pass.

Forsimilarreasonsrcdefinessignalhandlersasthoughtheywerefunctions,
insteadofassociatingastringwitheachsignal,asBournedoes,withtheattendant
possibilityofgettingasyntaxerrormessageinresponsetotypingtheinterrupt
character.Sincercparses input when typed, it reports errors when you make them.

Forallthistrouble,wegainsubstantialsemanticsimplifications.Thereisno
needforthedistinctionbetween$*and$@.Thereisnoneedforfourtypesof
quotation,northeextremelycomplicatedrulesthatgovernthem.Inrcyouuse
quotationmarkswhenyouwantasyntaxcharactertoappearinanargument,oran
argumentthatistheemptystring,andatnoothertime.IFSisnolongerused,
exceptintheonecasewhereitwasindispensable:convertingcommandoutputinto
argument lists during command substitution.

ThisalsoavoidsanimportantUNIXsecurityhole.InUNIX,thesystemand
popenfunctionscall/bin/shtoexecuteacommand.Itisimpossibletouse
eitheroftheseroutineswithanyassurancethatthespecifiedcommandwillbeexe­
cuted,evenifthecallerofsystemorpopenspecifiesafullpathnameforthecom­
mand.Thiscanbedevastatingifitoccursinaset-useridprogram.Theproblemis
thatIFSisusedtosplitthecommandintowords,soanattackercanjustset
IFS=/inhisenvironmentandleaveaTrojanhorsenamedusrorbininthecur­
rentworkingdirectory before running the privileged program.Rcfixes this by never
rescanning input for any reason.

MostoftheotherdifferencesbetweenrcandtheBourneshellarenotsoseri­
ous.I eliminated Bourne�s peculiar forms of variable substitution, like

echo${a=b}${c-d}${e?error}
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comfortablemouse-driveninterfacetoaprogramwithasolidcommandlanguage
drivenbyregularexpressions.Thecommandlanguagedevelopedmorethanthemouse
language,andacquiredanotationfordescribingthestructureoffilesmorerichlythan
as a sequence of lines, using a dataflow-like syntax for specifying changes.

Theinteractivestylewasinfluencedbyjim,
1

anearlycut-and-pasteeditorforthe
Blit,andbymux,

8
theBlitwindowsystem.MuxmergestheoriginalBlitwindowsystem,

mpx,
1

withcut-and-pasteediting,formingsomethinglikeamultiplexedversionofjim
that edits the output of (and input to) command sessions rather than files.

Thefirstpartofthispaperdescribesthecommandlanguage,thenthemouselan­
guage,andexplainshowtheyinteract.Thatisfollowedbyadescriptionoftheimple­
mentation,firstofthehostpart,thenoftheterminalpart.Aprinciplethatinfluenced
thedesignofsamisthatitshouldhavenoexplicitlimits,suchasupperlimitsonfile
sizeorlinelength.Asecondaryconsiderationisthatitbeefficient.Tohonorthesetwo
goalstogetherrequiresamethodforefficientlymanipulatinghugestrings(files)without
breakingthemintolines,perhapswhilemakingthousandsofchangesundercontrolof
thecommandlanguage.Sam�smethodistotreatthefileasatransactiondatabase,
implementingchangesasatomicupdates.Theseupdatesmaybeunwoundeasilyto
�undo�changes.Efficiencyisachievedthroughacollectionofcachesthatminimizes
disctrafficanddatamotion,bothwithinthetwopartsoftheprogramandbetween
them.

Theterminalpartofsamisfairlystraightforward.Moreinterestingishowthetwo
halvesoftheeditorstaysynchronizedwheneitherhalfmayinitiateachange.Thisis
achievedthroughadatastructurethatorganizesthecommunicationsandismaintained
in parallel by both halves.

Thelastpartofthepaperchroniclesthewritingofsamanddiscussesthelessons
that were learned through its development and use.

Thepaperislong,butiscomposedlargelyoftwopapersofreasonablelength:a
descriptionoftheuserinterfaceofsamandadiscussionofitsimplementation.They
arecombinedbecausetheimplementationisstronglyinfluencedbytheuserinterface,
and vice versa.

The Interface

Samis a text editor for multiple files.File names may be provided when it is invoked:

samfile1file2...

andtherearecommandstoaddnewfilesanddiscardunneededones.Filesarenot
readuntilnecessarytocompletesomecommand.Editingoperationsapplytoaninter­
nalcopymadewhenthefileisread;theUNIXfileassociatedwiththecopyischanged
onlybyanexplicitcommand.To simplify the discussion, the internal copy is here called
afile, while the disc-resident original is called adisc file.

Samisusuallyconnectedtoabitmapdisplaythatpresentsacut-and-pasteeditor
drivenbythemouse.Inthismode,thecommandlanguageisstillavailable:texttyped
inaspecialwindow,calledthesamwindow,isinterpretedascommandstobeexecuted
inthecurrentfile.Cut-and-pasteeditingmaybeusedinanywindow�eveninthe
samwindowtoconstructcommands.Theothermodeofoperation,invokedbystarting
samwiththeoption-d(for�nodownload�),doesnotusethemouseorbitmapdisplay,
butstillpermitseditingusingthetextualcommandlanguage,evenonanordinaryter­
minal, interactively or from a script.

Thefollowingsectionsdescribefirstthecommandlanguage(undersam -dand
inthesamwindow),andthenthemouseinterface.Thesetwolanguagesarenearly
independent, but connect through thecurrent text,described below.



­ 16 ­

because they are little used, redundant and easily expressed in less abstruse terms.
I deleted the builtins export, readonly, break, continue, read, return,
set, times and unset because they seem redundant or only marginally useful.

Where Bourne�s syntax draws from Algol 68, rc�s is based on C or Awk. This is
harder to defend. I believe that, for example

if(test -f junk) rm junk

is better syntax than

if test -f junk; then rm junk; fi

because it is less cluttered with keywords, it avoids the semicolons that Bourne
requires in odd places, and the syntax characters better set off the active parts of
the command.

The one bit of large-scale syntax that Bourne unquestionably does better than
rc is the if statement with else clause. Rc�s if has no terminating fi-like
bracket. As a result, the parser cannot tell whether or not to expect an else clause
without looking ahead in its input. The problem is that after reading, for example

if(test -f junk) echo junk found

in interactive mode, rc cannot decide whether to execute it immediately and print
$prompt(1), or to print $prompt(2) and wait for the else to be typed. In the
Bourne shell, this is not a problem, because the if command must end with fi,
regardless of whether it contains an else or not.

Rc�s admittedly feeble solution is to declare that the else clause is a separate
statement, with the semantic proviso that it must immediately follow an if, and to
call it if not rather than else, as a reminder that something odd is going on.
The only noticeable consequence of this is that the braces are required in the con­
struction

for(i){
if(test -f $i) echo $i found
if not echo $i not found

}

and that rc resolves the ��dangling else�� ambiguity in opposition to most people�s
expectations.

It is remarkable that in the four most recent editions of the UNIX system
programmer�s manual the Bourne shell grammar described in the manual page does
not admit the command who|wc. This is surely an oversight, but it suggests some­
thing darker: nobody really knows what the Bourne shell�s grammar is. Even exami­
nation of the source code is little help. The parser is implemented by recursive
descent, but the routines corresponding to the syntactic categories all have a flag
argument that subtly changes their operation depending on the context. Rc�s parser
is implemented using yacc, so I can say precisely what the grammar is.
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ABSTRACT

Sam is an interactive multi-file text editor intended for bitmap displays.
A textual command language supplements the mouse-driven, cut-and-
paste interface to make complex or repetitive editing tasks easy to spec­
ify. The language is characterized by the composition of regular expres­
sions to describe the structure of the text being modified. The treatment
of files as a database, with changes logged as atomic transactions, guides
the implementation and makes a general �undo� mechanism straightfor­
ward.

Sam is implemented as two processes connected by a low-
bandwidth stream, one process handling the display and the other the
editing algorithms. Therefore it can run with the display process in a bit­
map terminal and the editor on a local host, with both processes on a
bitmap-equipped host, or with the display process in the terminal and
the editor in a remote host. By suppressing the display process, it can
even run without a bitmap terminal.

This paper is reprinted from Software�Practice and Experience, Vol
17, number 11, pp. 813-845, November 1987. The paper has not been
updated for the Plan 9 manuals. Although Sam has not changed much
since the paper was written, the system around it certainly has. Nonethe­
less, the description here still stands as the best introduction to the edi­
tor.

Introduction

Sam is an interactive text editor that combines cut-and-paste interactive editing with an
unusual command language based on the composition of regular expressions. It is writ­
ten as two programs: one, the �host part,� runs on a UNIX system and implements the
command language and provides file access; the other, the �terminal part,� runs asyn­
chronously on a machine with a mouse and bitmap display and supports the display and
interactive editing. The host part may be even run in isolation on an ordinary terminal
to edit text using the command language, much like a traditional line editor, without
assistance from a mouse or display. Most often, the terminal part runs on a Blit

1
termi­

nal (actually on a Teletype DMD 5620, the production version of the Blit), whose host
connection is an ordinary 9600 bps RS232 link; on the SUN computer the host and dis­
play processes run on a single machine, connected by a pipe.

Sam edits uninterpreted ASCII text. It has no facilities for multiple fonts, graphics
or tables, unlike MacWrite,

2
Bravo,

3
Tioga

4
or Lara.

5
Also unlike them, it has a rich com­

mand language. (Throughout this paper, the phrase command language refers to
textual commands; commands activated from the mouse form the mouse language.)
Sam developed as an editor for use by programmers, and tries to join the styles of the
UNIX text editor ed

6,7
with that of interactive cut-and-paste editors by providing a
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The Command Language

Afileconsistsofitscontents,whichareanarrayofcharacters(thatis,astring);the
nameoftheassociateddiscfile;themodifiedbitthatstateswhetherthecontentsmatch
thoseofthediscfile;andasubstringofthecontents,calledthecurrenttextordot(see
Figures1and2).Ifthecurrenttextisanullstring,dotfallsbetweencharacters.The
valueofdotisthelocationofthecurrenttext;thecontentsofdotarethecharactersit
contains.Samimpartstothetextnotwo-dimensionalinterpretationsuchascolumns
orfields;textisalwaysone-dimensional.Eventheideaofa�line�oftextasunderstood
bymostUNIXprograms�asequenceofcharactersterminatedbyanewlinecharacter
�is only weakly supported.

Thecurrentfileisthefiletowhicheditingcommandsrefer.Thecurrenttextis
thereforedotinthecurrentfile.Ifacommanddoesn�texplicitlynameaparticularfile
orpieceoftext,thecommandisassumedtoapplytothecurrenttext.Forthemoment,
ignore the presence of multiple files and consider editing a single file.

Figure1.Atypicalsamscreen,withtheeditingmenupresented.Thesam(commandlanguage)windowisin

themiddle,withfilewindowsaboveandbelow.(Theuserinterfacemakesiteasytocreatetheseabuttingwin­

dows.)Thepartiallyobscuredwindowisathirdfilewindow.Theuppermostwindowisthattowhichtyping

andmouseoperationsapply,asindicatedbyitsheavyborder.Eachwindowhasitscurrenttexthighlightedin

reversevideo.Thesamwindow'scurrenttextisthenullstringonthelastvisibleline,indicatedbyavertical

bar.SeealsoFigure2.

Commandshaveone-letternames.Exceptfornon-editingcommandssuchas
writingthefiletodisc,mostcommandsmakesomechangetothetextindotandleave
dotsettothetextresultingfromthechange.Forexample,thedeletecommand,d,
deletesthetextindot,replacingitbythenullstringandsettingdottotheresult.The
changecommand,c,replacesdotbytextdelimitedbyanarbitrarypunctuationcharac­
ter, conventionally a slash.Thus,

c/Peter/

replaces the text in dot by the stringPeter.Similarly,
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Line0isthenullstringatthebeginningofthefile.Ifacommandconsistsofonlyan
address,apcommandisassumed,sotypinganunadorned3printsline3onthetermi­
nal.Thereareacoupleofotherbasicaddresses:aperiodaddressesdotitself;anda
dollar sign ($) addresses the null string at the end of the file.

Anaddressisalwaysasinglesubstringofthefile.Thus,theaddress3addresses
thecharactersafterthesecondnewlineofthefilethroughthethirdnewlineofthefile.
Acompound addressis constructed by the comma operator

address1,address2

andaddressesthesubstringofthefilefromthebeginningofaddress1totheendof
address2.Forexample,thecommand3,5pprintsthethirdthroughfifthlinesofthe
file and.,$ddeletes the text from the beginning of dot to the end of the file.

Theseaddressesareallabsolutepositionsinthefile,butsamalsohasrelative
addresses, indicated by+or-.For example,

$-3

is the third line before the end of the file and

.+1

isthelineafterdot.Ifnoaddressappearstotheleftofthe+or-,dotisassumed;if
nothingappearstotheright,1isassumed.Therefore,.+1maybeabbreviatedtojust
a plus sign.

The+operatoractsrelativetotheendofitsfirstargument,whilethe-operator
actsrelativeto the beginning.Thus.+1addresses the first line after dot,.-addresses
thefirstlinebeforedot,and+-referstothelinecontainingtheendofdot.(Dotmay
spanmultiplelines,and+selectsthelineaftertheendofdot,then-backsupone
line.)

The final type of address is a regular expression, which addresses the text matched
by the expression.The expression is enclosed in slashes, as in

/expression/

TheexpressionsarethesameasthoseintheUNIXprogramegrep,
6,7

andincludeclo­
sures,alternations,andsoon.Theyfindtheleftmostlongeststringthatmatchesthe
expression,thatis,thefirstmatchafterthepointwherethesearchisstarted,andif
morethanonematchbeginsatthesamespot,thelongestsuchmatch.(Iassume
familiarity with the syntax for regular expressions in UNIX programs.

9
) For example,

/x/

matches the nextxcharacter in the file,

/xx*/

matches the next run of one or morex�s, and

/x|Peter/

matchesthenextxorPeter.ForcompatibilitywithotherUNIXprograms,the�any
character�operator, a period, does not match a newline, so

/.*/

matchesthetextfromdottotheendoftheline,butexcludesthenewlineandsowill
not match across the line boundary.

Regularexpressionsarealwaysrelativeaddresses.Thedirectionisforwardsby
default,so/Peter/isreallyanabbreviationfor+/Peter/.Thesearchcanbe
reversed with a minus sign, so
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a/Peter/

(append) adds the string after dot, and

i/Peter/

(insert) inserts before dot. All three leave dot set to the new text, Peter.

Newlines are part of the syntax of commands: the newline character lexically termi­
nates a command. Within the inserted text, however, newlines are never implicit. But
since it is often convenient to insert multiple lines of text, sam has a special syntax for
that case:

a
some lines of text
to be inserted in the file,
terminated by a period
on a line by itself
.

In the one-line syntax, a newline character may be specified by a C-like escape, so

c/\n/

replaces dot by a single newline character.

Sam also has a substitute command, s:

s/expression/replacement/

substitutes the replacement text for the first match, in dot, of the regular expression.
Thus, if dot is the string Peter, the command

s/t/st/

changes it to Pester. In general, s is unnecessary, but it was inherited from ed and it
has some convenient variations. For instance, the replacement text may include the
matched text, specified by &:

s/Peter/Χh, &, &, &, &!/

There are also three commands that apply programs to text:

< UNIX program

replaces dot by the output of the UNIX program. Similarly, the > command runs the pro­
gram with dot as its standard input, and | does both. For example,

| sort

replaces dot by the result of applying the standard sorting utility to it. Again, newlines
have no special significance for these sam commands. The text acted upon and result­
ing from these commands is not necessarily bounded by newlines, although for connec­
tion with UNIX programs, newlines may be necessary to obey conventions.

One more command: p prints the contents of dot. Table I summarizes sam�s com­
mands.

The value of dot may be changed by specifying an address for the command. The
simplest address is a line number:

3

refers to the third line of the file, so

3d

deletes the third line of the file, and implicitly renumbers the lines so the old line 4 is
now numbered 3. (This is one of the few places where sam deals with lines directly.)
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Table I. Sam commands
________________________________________________________________________________________

Text commands
________________________________________________________________________________________

a/text/ Append text after dot
c/text/ Change text in dot
i/text/ Insert text before dot
d Delete text in dot
s/regexp/text/ Substitute text for match of regular expression in dot
m address Move text in dot after address
t address Copy text in dot after address
________________________________________________________________________________________

Display commands
________________________________________________________________________________________
p Print contents of dot
= Print value (line numbers and character numbers) of dot
________________________________________________________________________________________

File commands
________________________________________________________________________________________
b file-list Set current file to first file in list that sam has in menu
B file-list Same as b, but load new files
n Print menu lines of all files
D file-list Delete named files from sam
________________________________________________________________________________________

I/O commands
________________________________________________________________________________________
e filename Replace file with named disc file
r filename Replace dot by contents of named disc file
w filename Write file to named disc file
f filename Set file name and print new menu line
< UNIX-command Replace dot by standard output of command
> UNIX-command Send dot to standard input of command
| UNIX-command Replace dot by result of command applied to dot
! UNIX-command Run the command
________________________________________________________________________________________

Loops and conditionals
________________________________________________________________________________________
x/regexp/ command For each match of regexp, set dot and run command
y/regexp/ command Between adjacent matches of regexp, set dot and run command
X/regexp/ command Run command in each file whose menu line matches regexp
Y/regexp/ command Run command in each file whose menu line does not match
g/regexp/ command If dot contains a match of regexp, run command
v/regexp/ command If dot does not contain a match of regexp, run command
________________________________________________________________________________________

Miscellany
________________________________________________________________________________________
k Set address mark to value of dot
q Quit
u n Undo last n (default 1) changes
{ } Braces group commands________________________________________________________________________________________
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-/Peter/

findsthefirstPeterbeforedot.Regularexpressionsmaybeusedwithotheraddress
forms,so0+/Peter/findsthefirstPeterinthefileand$-/Peter/findsthelast.
Table II summarizessam�s addresses.

Table II.Samaddresses
________________________________________________________________________________

Simple addresses
________________________________________________________________________________
#nThe empty string after charactern
nLinen.
/regexp/The first following match of the regular expression
-/regexp/The first previous match of the regular expression
$The null string at the end of the file
.Dot
'The address mark, set bykcommand
"regexp"Dot in the file whose menu line matches regexp
________________________________________________________________________________

Compound addresses
________________________________________________________________________________
a1+a2The addressa2evaluated starting at right ofa1
a1-a2a2evaluated in the reverse direction starting at left ofa1
a1,a2From the left ofa1to the right ofa2(default0,$)
a1;a2Like,but sets dot after evaluatinga1
________________________________________________________________________________

Theoperators+and-arehighprecedence,while,and;
arelowprecedence.Inboth+and-forms,a2defaultsto
1anda1defaultstodot.Ifbotha1anda2arepresent,+
may be elided.

________________________________________________________________________________

The language discussed so far will not seem novel to people who use UNIXtextedi­
torssuchasedorvi.

9
Moreover,thekindsofeditingoperationsthesecommands

allow,withtheexceptionofregularexpressionsandlinenumbers,areclearlymorecon­
venientlyhandledbyamouse-basedinterface.Indeed,sam�smouselanguage(dis­
cussedatlengthbelow)isthemeansbywhichsimplechangesareusuallymade.For
largeorrepetitivechanges,however,atextuallanguageoutperformsamanualinter­
face.

Imaginethat,insteadofdeletingjustoneoccurrenceofthestringPeter,we
wantedtoeliminateeveryPeter.What�sneededisaniteratorthatrunsacommand
for each occurrence of some text.Sam�s iterator is calledx, for extract:

x/expression/command

findsallmatchesindotofthespecifiedexpression,andforeachsuchmatch,setsdot
to the text matched and runs the command.So to delete all thePeters:

0,$x/Peter/d

(Blanksintheseexamplesaretoimprovereadability;samneitherrequiresnorinter­
pretsthem.)Thissearchestheentirefile(0,$)foroccurrencesofthestringPeter,
and runs thedcommand with dot set to each such occurrence.(Bycontrast,thecompa­
rableedcommandwoulddeletealllinescontainingPeter;samdeletesonlythe
Peters.)Theaddress0,$iscommonlyused,andmaybeabbreviatedtojusta
comma.As another example,
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commandisthesame,butwhichpiecesareselectedisrefinedstepbystepuntilthe
correctpieceisavailabletothefinalstepofthecommandline,whichultimatelymakes
the change.

InotherUNIXprograms,regularexpressionsareusedonlyforselection,asinthe
samgcommand,never for extraction as in thexorycommand.For example, patterns
inawk

7
areusedtoselectlinestobeoperatedon,butcannotbeusedtodescribethe

formatoftheinputtext,ortohandlenewline-freetext.Theuseofregularexpressions
todescribethestructureofapieceoftextratherthanitscontents,asinthexcom­
mand,hasbeengivenaname:structuralregularexpressions.Whentheyare
composed,asintheaboveexample,theyarepleasantlyexpressive.Theiruseis
discussed at greater length elsewhere.

10

Multiple files

Samhas a few other commands, mostly relating to input and output.

ediscfilename

replaces the contents and name of the current file with those of the named disc file;

wdiscfilename

writes the contents to the named disc file; and

rdiscfilename

replacesdotwiththecontentsofthenameddiscfile.Allthesecommandsusethecur­
rent file�s name if none is specified.Finally,

fdiscfilename

changes the name associated with the file and displays the result:

'-.discfilename

Thisoutputiscalledthefile�smenuline,becauseitisthecontentsofthefile�slinein
thebutton3menu(describedinthenextsection).Thefirstthreecharactersarea
concisenotationforthestateofthefile.Theapostrophesignifiesthatthefileis
modified.Theminussignindicatesthenumberofwindowsopenonthefile(seethe
nextsection):-meansnone,+meansone,and*meansmorethanone.Finally,the
periodindicatesthatthisisthecurrentfile.Thesecharactersareusefulforcontrolling
theXcommand, described shortly.

Sammay be started with a set of disc files (suchasallthesourceforaprogram)by
invokingitwithalistoffilenamesasarguments,andmoremaybeaddedordeletedon
demand.

Bdiscfile1discfile2...

adds the named files tosam�s list, and

Ddiscfile1discfile2...

removesthemfromsam�smemory(withouteffectonassociateddiscfiles).Boththese
commandshaveasyntaxforusingtheshell

7
(theUNIXcommandinterpreter)togener­

ate the lists:

B<echo*.c

will add all C source files, and

B<grep-lvariable*.c

willaddallCsourcefilesreferencingaparticularvariable(theUNIXcommand
grep -llistsallfilesinitsargumentsthatcontainmatchesofthespecifiedregular
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, x/Peter/ p

prints a list of Peters, one for each appearance in the file, with no intervening text
(not even newlines to separate the instances).

Of course, the text extracted by x may be selected by a regular expression, which
complicates deciding what set of matches is chosen � matches may overlap. This is
resolved by generating the matches starting from the beginning of dot using the
leftmost-longest rule, and searching for each match starting from the end of the previ­
ous one. Regular expressions may also match null strings, but a null match adjacent to
a non-null match is never selected; at least one character must intervene. For example,

, c/AAA/
x/B*/ c/-/
, p

produces as output

-A-A-A-

because the pattern B* matches the null strings separating the A�s.

The x command has a complement, y, with similar syntax, that executes the com­
mand with dot set to the text between the matches of the expression. For example,

, c/AAA/
y/A/ c/-/
, p

produces the same result as the example above.

The x and y commands are looping constructs, and sam has a pair of conditional
commands to go with them. They have similar syntax:

g/expression/ command

(guard) runs the command exactly once if dot contains a match of the expression. This
is different from x, which runs the command for each match: x loops; g merely tests,
without changing the value of dot. Thus,

, x/Peter/ d

deletes all occurrences of Peter, but

, g/Peter/ d

deletes the whole file (reduces it to a null string) if Peter occurs anywhere in the text.
The complementary conditional is v, which runs the command if there is no match of
the expression.

These control-structure-like commands may be composed to construct more
involved operations. For example, to print those lines of text that contain the string
Peter:

, x/.*\n/ g/Peter/ p

The x breaks the file into lines, the g selects those lines containing Peter, and the p
prints them. This command gives an address for the x command (the whole file), but
because g does not have an explicit address, it applies to the value of dot produced by
the x command, that is, to each line. All commands in sam except for the command to
write a file to disc use dot for the default address.

Composition may be continued indefinitely.

, x/.*\n/ g/Peter/ v/SaltPeter/ p

prints those lines containing Peter but not those containing SaltPeter.
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Structural Regular Expressions

Unlike other UNIX text editors, including the non-interactive ones such as sed and
awk,

7
sam is good for manipulating files with multi-line �records.� An example is an

on-line phone book composed of records, separated by blank lines, of the form

Herbert Tic
44 Turnip Ave., Endive, NJ
201-5555642

Norbert Twinge
16 Potato St., Cabbagetown, NJ
201-5553145

...

The format may be encoded as a regular expression:

(.+\n)+

that is, a sequence of one or more non-blank lines. The command to print Mr. Tic�s
entire record is then

, x/(.+\n)+/ g/^Herbert Tic$/ p

and that to extract just the phone number is

, x/(.+\n)+/ g/^Herbert Tic$/ x/^[0-9]*-[0-9]*\n/ p

The latter command breaks the file into records, chooses Mr. Tic�s record, extracts the
phone number from the record, and finally prints the number.

A more involved problem is that of renaming a particular variable, say n, to num in
a C program. The obvious first attempt,

, x/n/ c/num/

is badly flawed: it changes not only the variable n but any letter n that appears. We
need to extract all the variables, and select those that match n and only n:

, x/[A-Za-z_][A-Za-z_0-9]*/ g/n/ v/../ c/num/

The pattern [A-Za-z_][A-Za-z_0-9]* matches C identifiers. Next g/n/ selects
those containing an n. Then v/../ rejects those containing two (or more) characters,
and finally c/num/ changes the remainder (identifiers n) to num. This version clearly
works much better, but there may still be problems. For example, in C character and
string constants, the sequence \n is interpreted as a newline character, and we don�t
want to change it to \num. This problem can be forestalled with a y command:

, y/\\n/ x/[A-Za-z_][A-Za-z_0-9]*/ g/n/ v/../ c/num/

(the second \ is necessary because of lexical conventions in regular expressions), or we
could even reject character constants and strings outright:

,y/'[^']*'/ y/"[^"]*"/ x/[A-Za-z_][A-Za-z_0-9]*/ g/n/ v/../ c/num/

The y commands in this version exclude from consideration all character constants and
strings. The only remaining problem is to deal with the possible occurrence of \' or
\" within these sequences, but it�s easy to see how to resolve this difficulty.

The point of these composed commands is successive refinement. A simple ver­
sion of the command is tried, and if it�s not good enough, it can be honed by adding a
clause or two. (Mistakes can be undone; see below. Also, the mouse language makes it
unnecessary to retype the command each time.) The resulting chains of commands are
somewhat reminiscent of shell pipelines.

7
Unlike pipelines, though, which pass along

modified data, sam commands pass a view of the data. The text at each step of the
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expression).Finally,Dwithout arguments deletes the current file.

There are two ways to change which file is current:

bfilename

makesthenamedfilecurrent.TheBcommanddoesthesame,butalsoaddsanynew
filestosam�slist.(Inpractice,ofcourse,thecurrentfileisusuallychosenbymouse
actions,notbytextualcommands.)Theotherwayistouseaformofaddressthat
refers to files:

"expression"address

referstotheaddressevaluatedinthefilewhosemenulinematchestheexpression
(there must be exactly one match).For example,

"peter.c"3

refers to the third line of the file whose name matchespeter.c.This is most useful in
the move (m) and copy (t) commands:

0,$t"peter.c"0

makes a copy of the current file at the beginning ofpeter.c.

TheXcommand is a looping construct, likex, that refers to files instead of strings:

X/expression/command

runsthecommandinallfileswhosemenulinesmatchtheexpression.Thebestexam­
ple is

X/'/w

whichwritestodiscallmodifiedfiles.YisthecomplementofX:itrunsthecommand
on all files whose menu lines don�t match the expression:

Y/\.c/D

deletesallfilesthatdon�thave.cintheirnames,thatis,itkeepsallCsourcefilesand
deletes the rest.

Braces allow commands to be grouped, so

{
command1
command2

}

is syntactically a single command that runs two commands.Thus,

X/\.c/,g/variable/{
f
,x/.*\n/g/variable/p

}

findsalloccurrencesofvariableinCsourcefiles,andprintsoutthefilenamesand
linesofeachmatch.Theprecisesemanticsofcompoundoperationsisdiscussedinthe
implementation sections below.

Finally,theundocommand,u,undoesthelastcommand,nomatterhowmany
files were affected.Multiple undo operations move further back in time, so

u
u

(whichmaybeabbreviatedu2)undoesthelasttwocommands.Anundomaynotbe
undone,however,normayanycommandthataddsordeletesfiles.Everythingelseis
undoable, though, including for exampleecommands:
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Ifbutton1ispressedoutsidethecurrentwindow,itmakestheindicatedwindow
current.This is the easiest way to switch between windows and files.

Pressingbutton2bringsupamenuofeditingfunctions(seeFigure4).These
mostlyapplytotheselectedtext:cutdeletestheselectedtext,andremembersitina
hiddenbuffercalledthesnarfbuffer,pastereplacestheselectedtextbythecontents
ofthesnarfbuffer,snarfjustcopiestheselectedtexttothesnarfbuffer,look
searchesforwardforthenextliteraloccurrenceoftheselectedtext,and<mux>
exchangessnarfbufferswiththewindowsysteminwhichsamisrunning.Finally,the
lastregularexpressionusedappearsasamenuentrytosearchforwardforthenext
occurrence of a match for the expression.

Figure4.Themenuonbutton2.Thebottomentrytracksthemostrecentlyusedregularexpression,which

maybeliteraltext.

Therelationshipbetweenthecommandlanguageandthemouselanguageis
entirelyduetotheequalityofdotandtheselectedtextchosenwithbutton1onthe
mouse.For example, to make a set of changes in a C subroutine, dot can besetbydou­
bleclickingontheleftbracethatbeginsthesubroutine,whichsetsdotforthecom­
mandlanguage.Anaddress-freecommandthentypedinthesamwindowwillapply
onlytothetextbetweentheopeningandclosingbracesofthefunction.Theideaisto
selectwhatyouwant,andthensaywhatyouwanttodowithit,whetherinvokedbya
menuselectionorbyatypedcommand.Andofcourse,thevalueofdotishighlighted
onthedisplayafterthecommandcompletes.Thisrelationshipbetweenmouseinter­
faceandcommandlanguageisclumsytoexplain,butcomfortable,evennatural,in
practice.

The Implementation

Thenextfewsectionsdescribehowsamisputtogether,firstthehostpart,thenthe
inter-componentcommunication,thentheterminalpart.Afterexplaininghowthecom­
mandlanguageisimplemented,thediscussionfollows(roughly)thepathofacharacter
fromthetemporaryfileondisctothescreen.Thepresentationcentersonthedata
structures,becausethatishowtheprogramwasdesignedandbecausethealgorithms
are easy to provide, given the right data structures.

Parsing and execution

Thecommandlanguageisinterpretedbyparsingeachcommandwithatable-driven
recursivedescentparser,andwhenacompletecommandisassembled,invokingatop-
downexecutor.Mosteditorsinsteademployasimplecharacter-at-a-timelexicalscan­
ner.Useofaparsermakesiteasyand unambiguous to detect when a command is com­
plete,whichhastwoadvantages.First,escapeconventionssuchasbackslashesto
quotemultiple-linecommandsareunnecessary;ifthecommandisn�tfinished,the
parserkeepsreading.Forexample,amultiple-lineappenddrivenbyanxcommandis
straightforward:
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e filename
u

restores the state of the file completely, including its name, dot, and modified bit.
Because of the undo, potentially dangerous commands are not guarded by confirma­
tions. Only D, which destroys the information necessary to restore itself, is protected.
It will not delete a modified file, but a second D of the same file will succeed regardless.
The q command, which exits sam, is similarly guarded.

Mouse Interface

Sam is most commonly run connected to a bitmap display and mouse for interactive
editing. The only difference in the command language between regular, mouse-driven
sam and sam -d is that if an address is provided without a command, sam -d will
print the text referenced by the address, but regular sam will highlight it on the screen
� in fact, dot is always highlighted (see Figure 2).

Figure 2. A sam window. The scroll bar down the left represents the file, with the bubble showing the fraction

visible in the window. The scroll bar may be manipulated by the mouse for convenient browsing. The current

text, which is highlighted, need not fit on a line. Here it consists of one partial line, one complete line, and

final partial line.

Each file may have zero or more windows open on the display. At any time, only
one window in all of sam is the current window, that is, the window to which typing and
mouse actions refer; this may be the sam window (that in which commands may be
typed) or one of the file windows. When a file has multiple windows, the image of the
file in each window is always kept up to date. The current file is the last file affected by
a command, so if the sam window is current, the current window is not a window on the
current file. However, each window on a file has its own value of dot, and when
switching between windows on a single file, the file�s value of dot is changed to that of
the window. Thus, flipping between windows behaves in the obvious, convenient way.

The mouse on the Blit has three buttons, numbered left to right. Button 3 has a list
of commands to manipulate windows, followed by a list of �menu lines� exactly as
printed by the f command, one per file (not one per window). These menu lines are
sorted by file name. If the list is long, the Blit menu software will make it more manage­
able by generating a scrolling menu instead of an unwieldy long list. Using the menu to
select a file from the list makes that file the current file, and the most recently current
window in that file the current window. But if that file is already current, selecting it in
the menu cycles through the windows on the file; this simple trick avoids a special menu
to choose windows on a file. If there is no window open on the file, sam changes the
mouse cursor to prompt the user to create one.
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The commands on the button 3 menu are straightforward (see Figure 3), and are
like the commands to manipulate windows in mux,

8
the Blit�s window system. New

makes a new file, and gives it one empty window, whose size is determined by a rectan­
gle swept by the mouse. Zerox prompts for a window to be selected, and makes a
clone of that window; this is how multiple windows are created on one file. Reshape
changes the size of the indicated window, and close deletes it. If that is the last win­
dow open on the file, close first does a D command on the file. Write is identical to
a w command on the file; it is in the menu purely for convenience. Finally, ~~sam~~ is
a menu item that appears between the commands and the file names. Selecting it
makes the sam window the current window, causing subsequent typing to be inter­
preted as commands.

Figure 3. The menu on button 3. The black rectangle on the left is a scroll bar; the menu is limited to the

length shown to prevent its becoming unwieldy. Above the ~~sam~~ line is a list of commands; beneath it is

a list of files, presented exactly as with the f command.

When sam requests that a window be swept, in response to new, zerox or
reshape, it changes the mouse cursor from the usual arrow to a box with a small
arrow. In this state, the mouse may be used to indicate an arbitrary rectangle by press­
ing button 3 at one corner and releasing it at the opposite corner. More conveniently,
button 3 may simply be clicked, whereupon sam creates the maximal rectangle that
contains the cursor and abuts the sam window. By placing the sam window in the mid­
dle of the screen, the user can define two regions (one above, one below) in which
stacked fully-overlapping windows can be created with minimal fuss (see Figure 1).
This simple user interface trick makes window creation noticeably easier.

The cut-and-paste editor is essentially the same as that in Smalltalk-80.
11

The text
in dot is always highlighted on the screen. When a character is typed it replaces dot,
and sets dot to the null string after the character. Thus, ordinary typing inserts text.
Button 1 is used for selection: pressing the button, moving the mouse, and lifting the
button selects (sets dot to) the text between the points where the button was pressed
and released. Pressing and releasing at the same point selects a null string; this is
called clicking. Clicking twice quickly, or double clicking, selects larger objects; for
example, double clicking in a word selects the word, double clicking just inside an
opening bracket selects the text contained in the brackets (handling nested brackets
correctly), and similarly for parentheses, quotes, and so on. The double-clicking rules
reflect a bias toward programmers. If sam were intended more for word processing,
double-clicks would probably select linguistic structures such as sentences.
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x/.*\n/g/Peter/a
onelineaboutPeter
anotherlineaboutPeter
.

Other UNIX editors would require a backslash after all but the last line.

The other advantage is specific to the two-processstructureofsam.Thehostpro­
cessmustdecidewhenacommandiscompletedsothecommandinterpretercanbe
called.Thisproblemiseasilyresolvedbyhavingthelexicalanalyzerreadthesingle
streamofeventsfromtheterminal,directlyexecutingalltypingandmousecommands,
butpassingtotheparsercharacterstypedtothesamcommandwindow.Thisscheme
isslightlycomplicatedbytheavailabilityofcut-and-pasteeditinginthesamwindow,
but that difficulty is resolved byapplyingtherulesusedinmux:whenanewlineistyped
tothesamwindow,alltextbetweenthenewlineandthepreviouslytypednewlineis
madeavailabletotheparser.Thispermitsarbitraryeditingtobedonetoacommand
before typing newline and thereby requesting execution.

Theparserisdrivenbyatablebecausethesyntaxofaddressesandcommandsis
regularenoughtobeencodedcompactly.Therearefewspecialcases,suchasthe
replacementtextinasubstitution,sothesyntaxofalmostallcommandscanbe
encodedwithafewflags.Theseincludewhetherthecommandallowsanaddress(for
example,edoesnot),whetherittakesaregularexpression(asinxands),whetherit
takesreplacementtext(asincori),whichmaybemulti-line,andsoon.Theinternal
syntaxofregularexpressionsishandledbyaseparateparser;aregularexpressionisa
leafofthecommand parse tree.Regular expressions are discussed fully in the next sec­
tion.

Theparsertablealsohasinformationaboutdefaults,sotheinterpreterisalways
calledwithacompletetree.Forexample,theparserfillsintheimplicit0and$inthe
abbreviatedaddress,(comma),insertsa+totheleftofanunadornedregularexpres­
sioninanaddress,andprovidestheusualdefaultaddress.(dot)forcommandsthat
expect an address but are not given one.

Onceacompletecommandisparsed,theevaluationiseasy.Theaddressisevalu­
atedleft-to-rightstartingfromthevalueofdot,withamostlyordinaryexpressioneval­
uator.Addresses,likemanyofthedatastructuresinsam,areheldinaCstructureand
passed around by value:

typedeflongPosn;/*Positioninafile*/
typedefstructRange{

Posnp1,p2;
}Range;
typedefstructAddress{

Ranger;
File*f;

}Address;

Anaddressisencodedasasubstring(characterpositionsp1top2)inafilef.(The
data typeFileis described in detail below.)

TheaddressinterpreterisanAddress-valuedfunctionthattraversestheparse
tree describing an address (the parse tree for the address has typeAddrtree):
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the previous match, rejects the match and advances the initial position one character.

Memory allocation

TheClanguagehasnomemoryallocationprimitives,althoughastandardlibraryrou­
tine,malloc,providesadequateserviceforsimpleprograms.Forspecificuses,how­
ever,itcanbebettertowriteacustomallocator.Theallocator(orrather,pairofalloca­
tors)describedhereworkinboththeterminalandhostpartsofsam.Theyare
designedforefficientmanipulationofstrings,whichareallocatedandfreedfrequently
andvaryinlengthfromessentiallyzeroto32Kbytes(verylargestringsarewrittento
disc).Moreimportant,stringsmaybelargeandchangesizeoften,sotominimize
memoryusageitishelpfultoreclaimandtocoalescetheunusedportionsofstrings
when they are truncated.

Objectstobeallocatedinsamareoftwoflavors:thefirstisCstructs,which
aresmallandoftenaddressedbypointervariables;thesecondisvariable-sizedarrays
ofcharactersorintegerswhosebasepointerisalwaysusedtoaccessthem.Themem­
oryallocatorinsamisthereforeintwoparts:first,atraditionalfirst-fitallocatorthat
providesfixedstorageforstructs;andsecond,agarbage-compactingallocatorthat
reducesstorageoverheadforvariable-sizedobjects,atthecostofsomebookkeeping.
Thetwotypesofobjectsareallocatedfromadjoiningarenas,withthegarbage-
compactingallocatorcontrollingthearenawithhigheraddresses.Separatingintotwo
arenassimplifiescompactionandpreventsfragmentationduetoimmovableobjects.
Theaccessrulesforgarbage-compactableobjects(discussedinthenextparagraph)
allowthemtoberelocated,sowhenthefirst-fitarenaneedsspace,itmovesthe
garbage-compactedarenatohigheraddressestomakeroom.Storageisthereforecre­
atedonlyatsuccessivelyhigheraddresses,eitherwhenmoregarbage-compactedspace
is needed or when the first-fit arena pushes up the other arena.

Objectsthatmaybecompacteddeclaretotheallocatoracellthatisguaranteedto
bethesolerepositoryoftheaddressoftheobjectwheneveracompactioncanoccur.
Thecompactorcanthenupdatetheaddresswhentheobjectismoved.Forexample,
the implementation of typeList(really a variable-length array) is:

typedefstructList{
intnused;
long*ptr;

}List;

Theptrcellmustalwaysbeuseddirectly,andnevercopied.WhenaLististobe
createdtheListstructureisallocatedintheordinaryfirst-fit arena and itsptris allo­
catedinthegarbage-compactedarena.Asimilardatatypeforstrings,calledString,
stores variable-length character arrays of up to 32767 elements.

Arelatedmatterofprogrammingstyle:samfrequentlypassesstructuresbyvalue,
whichsimplifiesthecode.Traditionally,Cprogramshavepassedstructuresbyrefer­
ence,butimplicitallocationonthestackiseasiertouse.Structurepassingisarela­
tivelynewfeatureofC(itisnotinthestandardreferencemanualforC
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),andispoorly

supported in mostcommercialCcompilers.It�sconvenientandexpressive,though,and
simplifiesmemorymanagementbyavoidingtheallocatoraltogetherandeliminating
pointer aliases.

Data structures for manipulating files

Experiencewithjimshowedthattherequirementsofthefiledatastructurewerefew,
butstrict.First,filesneedtobereadandwrittenquickly;addingafreshfilemustbe
painless.Second,theimplementationmustplacenoarbitraryupperlimitonthenum­
berorsizesoffiles.(Itshouldbepracticaltoeditmanyfiles,andfilesuptomegabytes
inlengthshouldbehandledgracefully.)Thisimpliesthatfilesbestoredondisc,notin
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Address
address(ap, a, sign)

Addrtree *ap;
Address a;
int sign;

{
Address a2;
do

switch(ap->type){
case '.':

a=a.f->dot;
break;

case '$':
a.r.p1=a.r.p2=a.f->nbytes;
break;

case '"':
a=matchfile(a, ap->aregexp)->dot;
break;

case ',':
a2=address(ap->right, a, 0);
a=address(ap->left, a, 0);
if(a.f!=a2.f || a2.r.p2<a.r.p1)

error(Eorder);
a.r.p2=a2.r.p2;
return a;

/* and so on */
}

while((ap=ap->right)!=0);
return a;

}

Throughout, errors are handled by a non-local goto (a setjmp/longjmp in C
terminology) hidden in a routine called error that immediately aborts the execution,
retracts any partially made changes (see the section below on �undoing�), and returns to
the top level of the parser. The argument to error is an enumeration type that is
translated to a terse but possibly helpful message such as �?addresses out of order.�
Very common messages are kept short; for example the message for a failed regular
expression search is �?search.�

Character addresses such as #3 are trivial to implement, as the File data struc­
ture is accessible by character number. However, sam keeps no information about the
position of newlines � it is too expensive to track dynamically � so line addresses are
computed by reading the file, counting newlines. Except in very large files, this has pro­
ven acceptable: file access is fast enough to make the technique practical, and lines are
not central to the structure of the command language.

The command interpreter, called cmdexec, is also straightforward. The parse
table includes a function to call to interpret a particular command. That function
receives as arguments the calculated address for the command and the command tree
(of type Cmdtree), which may contain information such as the subtree for compound
commands. Here, for example, is the function for the g and v commands:
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int
g_cmd(a, cp)

Address a;
Cmdtree *cp;

{
compile(cp->regexp);
if(execute(a.f, a.r.p1, a.r.p2)!=(cp->cmdchar=='v')){

a.f->dot=a;
return cmdexec(a, cp->subcmd);

}
return TRUE; /* cause execution to continue */

}

(Compile and execute are part of the regular expression code, described in the next
section.) Because the parser and the File data structure do most of the work, most
commands are similarly brief.

Regular expressions

The regular expression code in sam is an interpreted, rather than compiled on-the-fly,
implementation of Thompson�s non-deterministic finite automaton algorithm.

12
The

syntax and semantics of the expressions are as in the UNIX program egrep, including
alternation, closures, character classes, and so on. The only changes in the notation are
two additions: \n is translated to, and matches, a newline character, and @ matches any
character. In egrep, the character . matches any character except newline, and in
sam the same rule seemed safest, to prevent idioms like .* from spanning newlines.
Egrep expressions are arguably too complicated for an interactive editor � certainly it
would make sense if all the special characters were two-character sequences, so that
most of the punctuation characters wouldn�t have peculiar meanings � but for an inter­
esting command language, full regular expressions are necessary, and egrep defines
the full regular expression syntax for UNIX programs. Also, it seemed superfluous to
define a new syntax, since various UNIX programs (ed, egrep and vi) define too many
already.

The expressions are compiled by a routine, compile, that generates the descrip­
tion of the non-deterministic finite state machine. A second routine, execute, inter­
prets the machine to generate the leftmost-longest match of the expression in a sub­
string of the file. The algorithm is described elsewhere.

12,13
Execute reports whether

a match was found, and sets a global variable, of type Range, to the substring
matched.

A trick is required to evaluate the expression in reverse, such as when searching
backwards for an expression. For example,

-/P.*r/

looks backwards through the file for a match of the expression. The expression, how­
ever, is defined for a forward search. The solution is to construct a machine identical to
the machine for a forward search except for a reversal of all the concatenation operators
(the other operators are symmetric under direction reversal), to exchange the meaning
of the operators ^ and $, and then to read the file backwards, looking for the usual ear­
liest longest match.

Execute generates only one match each time it is called. To interpret looping
constructs such as the x command, sam must therefore synchronize between calls of
execute to avoid problems with null matches. For example, even given the leftmost-
longest rule, the expression a* matches three times in the string ab (the character a,
the null string between the a and b, and the final null string). After returning a match
for the a, sam must not match the null string before the b. The algorithm starts
execute at the end of its previous match, and if the match it returns is null and abuts
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mainmemory.(Aficionadosofvirtualmemorymayargueotherwise,buttheimplemen­
tationofvirtualmemoryinoursystemisnotsomethingtodependonforgoodperfor­
mance.)Third,changestofilesneedbemadebyonlytwoprimitives:deletionand
insertion.Theseareinversesofeachother,whichsimplifiestheimplementationofthe
undooperation.Finally,itmustbeeasyandefficienttoaccessthefile,eitherforwards
or backwards, a byte at a time.

TheFiledatatypeisconstructedfromthreesimplerdatastructuresthathold
arraysofcharacters.Eachofthesetypes has an insertion and deletion operator, and the
insertion and deletion operators of theFiletype itself are constructed from them.

ThesimplesttypeistheString,whichisusedtoholdstringsinmainmemory.
ThecodethatmanagesStringsguaranteesthattheywillneverbelongerthansome
moderatesize,andinpracticetheyarerarelylargerthan8Kbytes.Stringshavetwo
purposes:theyholdshortstringslikefilenameswithlittleoverhead,andbecausethey
aredeliberatelysmall,theyareefficienttomodify.Theyarethereforeusedasthedata
structure for in-memory caches.

ThedisccopyofthefileismanagedbyadatastructurecalledaDisc,whichcor­
respondstoatemporaryfile.ADischasnostorageinmainmemoryotherthanbook­
keeping information; the actual data being held is all on thedisc.Toreducethenumber
ofopenfilesneeded,samopensadozentemporaryUNIXfilesandmultiplexesthe
Discsuponthem.Thispermitsmanyfilestobeedited;theentiresamsource(48
files)maybeeditedcomfortablywithasingleinstanceofsam.Allocatingonetempo­
raryfileperDiscwouldstraintheoperatingsystem�slimitonthenumberofopen
files.Also,spreadingthetrafficamongtemporaryfileskeepsthefilesshorter,and
shorter files are more efficiently implemented by the UNIX I/O subsystem.

ADiscisanarrayoffixed-lengthblocks,eachofwhichcontainsbetween1and
4096charactersofactivedata.(TheblocksizeofourUNIXfilesystemis4096bytes.)
Theblockaddresseswithinthetemporaryfileandthelengthofeachblockarestoredin
aList.Whenchangesaremadethelivepartofblocksmaychangesize.Blocksare
createdandcoalescedwhennecessarytotrytokeepthesizesbetween2048and4096
bytes.AnactivelychangingpartoftheDiscthereforetypicallyhasaboutakilobyteof
slopthatcanbeinsertedordeletedwithoutchangingmorethanoneblockoraffecting
theblockorder.Whenaninsertionwouldoverflowablock,theblockissplit,anewone
isallocatedtoreceivetheoverflow,andthememory-residentlistofblocksisrear­
ranged to reflect the insertion of the new block.

Obviously, going to the disc for every modification to the file is prohibitivelyexpen­
sive.ThedatatypeBufferconsistsofaDisctoholdthedataandaStringthat
actsasacache.Thisisthefirstofaseriesofcachesthroughoutthedatastructuresin
sam.Thecachesnotonlyimproveperformance,theyprovideawaytoorganizethe
flowofdata,particularlyinthecommunicationbetweenthehostandterminal.This
idea is developed below, in the section on communications.

Toreducedisctraffic,changestoaBufferaremediatedbyavariable-length
string,inmemory,thatactsasacache.Whenaninsertionordeletionismadetoa
Buffer,ifthechangecanbeaccommodatedbythecache,itisdonethere.Ifthe
cachebecomesbiggerthanablockbecauseofaninsertion,someofitiswrittentothe
Discanddeletedfromthecache.Ifthechangedoesnotintersectthecache,thecache
isflushed.Thecacheisonlyloadedatthenewpositionifthechangeissmallerthana
block;otherwise,itissentdirectlytotheDisc.Thisisbecauselargechangesaretypi­
cally sequential, whereupon the next change is unlikely to overlap the current one.

AFilecomprisesaStringtoholdthefilenameandsomeancillarydatasuch
asdotandthemodifiedbit.Themostimportantcomponents,though,areapairof
Buffers,onecalledthetranscriptandtheotherthecontents.Theiruseisdescribed
in the next section.
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Berkeley,whichallowsonelevelofundoing,againtakes3seconds.Insummary,sam�s
performanceiscomparabletothatofotherUNIXeditors,althoughitsolvesaharder
problem.

Communications

Thediscussionsofarhasdescribedtheimplementationofthehostpartofsam;the
nextfewsectionsexplainhowamachinewithmouseandbitmapdisplaycanbe
engagedtoimproveinteraction.Samisnotthefirsteditortobewrittenastwopro­
cesses,

16
but its implementation has some unusual aspects.

Thereareseveralwayssam�shostandterminalpartsmaybeconnected.Thefirst
andsimplestistoforgotheterminalpartandusethehostpart�scommandlanguageto
edittextonanordinaryterminal.Thismodeisinvokedbystartingsamwiththe-d
option.Withnooptions,samrunsseparatehostandterminalprograms,communicat­
ingwithamessageprotocoloverthephysicalconnectionthatjoinsthem.Typically,the
connectionisanRS-232linkbetweenaBlit(theprototypicaldisplayforsam) and a host
runningtheNinthEditionoftheUNIXoperatingsystem.

8
(Thisistheversionofthesys­

temusedintheComputingSciencesResearchCenteratAT&TBellLaboratories[now
LucentTechnologies,BellLabs],whereIwork.Itsrelevantaspectsarediscussedinthe
Blitpaper.

1
)TheimplementationofsamfortheSUNcomputerrunsbothprocesseson

the same machine and connects them by a pipe.

ThelowbandwidthofanRS-232linknecessitatedthesplitbetweenthetwopro­
grams.Thedivisionisamixedblessing:aprogramintwopartsismuchhardertowrite
andtodebugthanaself-containedone,butthesplitmakesseveralunusualconfigura­
tionspossible.Theterminalmaybephysicallyseparatedfromthehost,allowingthe
conveniencesofamouseandbitmapdisplaytobetakenhomewhileleavingthefilesat
work.It is also possible to run the host part on a remote machine:

sam-rhost

connectstotheterminalintheusualway,andthenmakesacallacrossthenetworkto
establishthehostpartofsamonthenamedmachine.Finally,itcross-connectstheI/O
tojointhetwoparts.Thisallowssamtoberunonmachinesthatdonotsupportbit­
mapdisplays;forexample,samistheeditorofchoiceonourCrayX-MP/24.Sam-r
involvesthreemachines:theremotehost,theterminal,andthelocalhost.Thelocal
host�s job is simple but vital: it passes the data between the remote host and terminal.

Thehostandterminalexchangemessagesasynchronously(ratherthan,say,as
remoteprocedurecalls)butthereisnoerrordetectionorcorrectionbecause,whatever
theconfiguration,theconnectionisreliable.Becausetheterminalhandlesmundane
interactiontaskssuchaspoppingupmenusandinterpretingtheresponses,themes­
sagesareaboutdata,notactions.Forexample,thehostknowsnothingaboutwhatis
displayedonthescreen,andwhentheusertypesacharacter,themessagesenttothe
hostsays��insertaone-bytestringatlocation123infile7,��not��acharacterwastyped
atthecurrentpositioninthecurrentfile.��Inotherwords,themessageslookvery
much like the transaction records in the transcripts.

Eitherthehostorterminalpartofsammayinitiateachangetoafile.Thecom­
mandlanguageoperatesonthehost,whiletypingandsomemouseoperationsareexe­
cuteddirectlyintheterminaltooptimizeresponse.Changesinitiatedbythehostpro­
grammustbetransmittedtotheterminal,andviceversa.(Atokenisexchangedto
determinewhichendisincontrol,whichmeansthatcharacterstypedwhileatime-
consumingcommandrunsmustbebufferedanddonotappearuntilthecommandis
complete.)Tomaintainconsistentinformation,thehostandterminaltrackchanges
throughaper-filedatastructurethatrecordswhatportionsofthefiletheterminalhas
received.Thedatastructure,calledaRasp(aweakpun:it�safilewithholes)isheld
andupdatedbyboththe host and terminal.ARaspis a list ofStringsholding those
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The overall structure is shown in Figure 5. Although it may seem that the data is
touched many times on its way from the Disc, it is read (by one UNIX system call)
directly into the cache of the associated Buffer; no extra copy is done. Similarly,
when flushing the cache, the text is written directly from the cache to disc. Most opera­
tions act directly on the text in the cache. A principle applied throughout sam is that
the fewer times the data is copied, the faster the program will run (see also the paper by
Waite
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Disc

temp. file

Disc

temp. file

Buffer
(transcript)

String
(cache)

Buffer
(contents)

String
(cache)

File

Figure 5. File data structures. The temporary files are stored in the standard repository for such files on the

host system.

The contents of a File are accessed by a routine that copies to a buffer a sub­
string of a file starting at a specified offset. To read a byte at a time, a per-File array
is loaded starting from a specified initial position, and bytes may then be read from the
array. The implementation is done by a macro similar to the C standard I/O getc
macro.
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Because the reading may be done at any address, a minor change to the macro

allows the file to be read backwards. This array is read-only; there is no putc.

Doing and undoing

Sam has an unusual method for managing changes to files. The command language
makes it easy to specify multiple variable-length changes to a file millions of bytes long,
and such changes must be made efficiently if the editor is to be practical. The usual
techniques for inserting and deleting strings are inadequate under these conditions.
The Buffer and Disc data structures are designed for efficient random access to
long strings, but care must be taken to avoid super-linear behavior when making many
changes simultaneously.

Sam uses a two-pass algorithm for making changes, and treats each file as a data­
base against which transactions are registered. Changes are not made directly to the
contents. Instead, when a command is started, a �mark� containing a sequence number
is placed in the transcript Buffer, and each change made to the file, either an inser­
tion or deletion or a change to the file name, is appended to the end of the transcript.
When the command is complete, the transcript is rewound to the mark and applied to
the contents.

One reason for separating evaluation from application in this way is to simplify
tracking the addresses of changes made in the middle of a long sequence. The two-
pass algorithm also allows all changes to apply to the original data: no change can
affect another change made in the same command. This is particularly important when
evaluating an x command because it prevents regular expression matches from stum­
bling over changes made earlier in the execution. Also, the two-pass algorithm is
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cleaner than the way other UNIX editors allow changes to affect each other; for example,
ed�s idioms to do things like delete every other line depend critically on the implemen­
tation. Instead, sam�s simple model, in which all changes in a command occur effec­
tively simultaneously, is easy to explain and to understand.

The records in the transcript are of the form ��delete substring from locations 123
to 456�� and ��insert 11 characters �hello there� at location 789.�� (It is an error if the
changes are not at monotonically greater positions through the file.) While the update is
occurring, these numbers must be offset by earlier changes, but that is straightforward
and local to the update routine; moreover, all the numbers have been computed before
the first is examined.

Treating the file as a transaction system has another advantage: undo is trivial. All
it takes is to invert the transcript after it has been implemented, converting insertions
into deletions and vice versa, and saving them in a holding Buffer. The �do� tran­
script can then be deleted from the transcript Buffer and replaced by the �undo� tran­
script. If an undo is requested, the transcript is rewound and the undo transcript exe­
cuted. Because the transcript Buffer is not truncated after each command, it accumu­
lates successive changes. A sequence of undo commands can therefore back up the file
arbitrarily, which is more helpful than the more commonly implemented self-inverse
form of undo. (Sam provides no way to undo an undo, but if it were desired, it would
be easy to provide by re-interpreting the �do� transcript.) Each mark in the transcript
contains a sequence number and the offset into the transcript of the previous mark, to
aid in unwinding the transcript. Marks also contain the value of dot and the modified bit
so these can be restored easily. Undoing multiple files is easy; it merely demands undo­
ing all files whose latest change has the same sequence number as the current file.

Another benefit of having a transcript is that errors encountered in the middle of a
complicated command need not leave the files in an intermediate state. By rewinding
the transcript to the mark beginning the command, the partial command can be trivially
undone.

When the update algorithm was first implemented, it was unacceptably slow, so a
cache was added to coalesce nearby changes, replacing multiple small changes by a sin­
gle larger one. This reduced the number of insertions into the transaction Buffer,
and made a dramatic improvement in performance, but made it impossible to handle
changes in non-monotonic order in the file; the caching method only works if changes
don�t overlap. Before the cache was added, the transaction could in principle be sorted
if the changes were out of order, although this was never done. The current status is
therefore acceptable performance with a minor restriction on global changes, which is
sometimes, but rarely, an annoyance.

The update algorithm obviously paws the data more than simpler algorithms, but it
is not prohibitively expensive; the caches help. (The principle of avoiding copying the
data is still honored here, although not as piously: the data is moved from contents�
cache to the transcript�s all at once and through only one internal buffer.) Performance
figures confirm the efficiency. To read from a dead start a hundred kilobyte file on a
VAX-11/750 takes 1.4 seconds of user time, 2.5 seconds of system time, and 5 seconds
of real time. Reading the same file in ed takes 6.0 seconds of user time, 1.7 seconds of
system time, and 8 seconds of real time. Sam uses about half the CPU time. A more
interesting example is the one stated above: inserting a character between every pair of
characters in the file. The sam command is

,y/@/ a/x/

and takes 3 CPU seconds per kilobyte of input file, of which about a third is spent in the
regular expression code. This translates to about 500 changes per second. Ed takes
1.5 seconds per kilobyte to make a similar change (ignoring newlines), but cannot undo
it. The same example in ex,

9
a variant of ed done at the University of California at
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partsofthefileknowntotheterminal,separatedbycountsofthenumberofbytesin
theinterstices.Ofcourse,thehostdoesn�tkeepaseparatecopyofthedata(itonly
needs the lengths of the various pieces), but the structure is the same on both ends.

TheRaspin the terminal doublesasacache.Sincetheterminalkeepsthetextfor
portionsofthefileithasdisplayed,itneednotrequestdatafromthehostwhenrevisit­
ingoldpartsofthefileorredrawingobscuredwindows,whichspeedsthingsupconsid­
erably over low-speed links.

It�strivialfortheterminaltomaintainitsRasp,becauseallchangesmadeonthe
terminalapplytopartsofthefilealreadyloadedthere.Changesmadebythehostare
comparedagainsttheRaspduringtheupdatesequenceaftereachcommand.Small
changestopiecesofthefileloadedintheterminalaresentintheirentirety.Larger
changes,andchangesthatfallentirelyintheholes,aretransmittedasmessageswith­
outliteraldata:onlythelengthsofthedeletedandinsertedstringsaretransmitted.
Whenacommandiscompleted,theterminalexaminesitsvisiblewindowstoseeifany
holesintheirRaspsintersectthevisibleportionofthefile.Itthenrequeststhemiss­
ingdatafromthehost,alongwithupto512bytesofsurroundingdata,tominimizethe
numberofmessageswhenvisitinganewportionofthefile.Thistechniqueprovidesa
kindoftwo-levellazyevaluationfortheterminal.Thefirstlevelsendsaminimumof
informationaboutpartsofthefilenotbeingeditedinteractively;thesecondlevelwaits
untilachangeisdisplayedbeforetransmittingthenewdata.Ofcourse,performanceis
alsohelpedbyhavingtheterminalrespondimmediatelytotypingandsimplemouse
requests.Exceptforsmallchangestoactivepiecesofthefile,whicharetransmittedto
theterminalwithoutnegotiation,theterminaliswhollyresponsiblefordecidingwhatis
displayed; the host uses theRasponly to tell the terminal what might be relevant.

Whenachangeisinitiatedbythehost,themessagestotheterminaldescribingthe
changearegeneratedbytheroutinethatappliesthetranscriptofthechangestothe
contentsoftheFile.Sincechangesareundonebythesameupdateroutine,undoing
requiresnoextracodeinthecommunications;theusualmessagesdescribingchanges
to the file are sufficient to back up the screen image.

TheRaspisaparticularlygoodexampleofthewaycachesareusedinsam.First,
itfacilitatesaccesstotheactiveportionofthetextbyplacingthebusytextinmain
memory.Insodoing,itprovidesefficientaccesstoalargedatastructurethatdoesnot
fitinmemory.Sincetheformofdataistobeimposedbytheuser,notbytheprogram,
andbecausecharacterswillfrequentlybescannedsequentially,filesarestoredasflat
objects.Caches help keep performance good and linear when working with such data.

Second,theRaspandseveraloftheothercacheshavesomeread-ahead;thatis,
thecacheisloadedwithmoreinformationthanisneededforthejobimmediatelyat
hand.Whenmanipulatinglinearstructures,theaccessesareusuallysequential,and
read-aheadcansignificantlyreducetheaveragetimetoaccessthenextelementofthe
object.Sequentialaccessisacommonmodeforpeopleaswellasprograms;consider
scrolling through a document while looking for something.

Finally,likeanygooddatastructure,thecacheguidesthealgorithm,oratleastthe
implementation.TheRaspwasactuallyinventedtocontrolthecommunications
betweenthehostandterminalparts,butIrealizedveryearlythatitwasalsoaformof
cache.Othercachesweremoreexplicitlyintendedtoserveadoublepurpose: for exam­
ple,thecachesinFilesthatcoalesceupdatesnotonlyreducetraffictothetranscript
andcontentsBuffers,theyalsoclumpscreenupdatessothatcomplicated changes to
thescreenareachievedinjustafewmessagestotheterminal.Thissavedmeconsider­
ablework:Ididnotneedtowritespecialcodetooptimize the message traffic to the ter­
minal.Cachespayoffinsurprisingways.Also,theytendtobeindependent,sotheir
performance improvements are multiplicative.
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for(i=0;i<NL;i++){/*foreachelement*/

Figure7.AlineoftextshowingitsBoxes.ThefirsttwoblankBoxescontaintabs;thelastcontainsanew­

line.Spacesarehandledasordinarycharacters.

rearrangethetilesinplace,withoutbackupstorage.Thealgorithmsarenotstrictly
optimal�forexample,theycanclearapixelthatislatergoingtobewrittenupon�

buttheynevermoveatilethatdoesn�tneedtobemoved,andtheymoveeachtileat
mostonce.FrinsertonaBlitcanabsorboverathousandcharactersasecondifthe
strings being inserted are a few tens of characters long.

Considerfrdelete.ItsjobistodeleteasubstringfromaFrameandrestore
theimageoftheFrame.Theimageofasubstringhasapeculiarshape(seeFigure2)
comprisingpossiblyapartialline,zeroormorefulllines,andpossiblyafinalpartial
line.Forreference,callthistheZ-shape.Frdeletebeginsbysplitting,ifnecessary,
theBoxescontainingtheendsofthesubstringsothesubstringbeginsandendson
Boxboundaries.Becausethesubstringisbeingdeleted,itsimageisnotneeded,so
theZ-shapeisthencleared.Then,tiles(thatis,theimagesofBoxes)arecopied,
usingbitblt,fromimmediatelyaftertheZ-shapetothebeginningoftheZ-shape,
resultinginanewZ-shape.(Boxeswhosecontentswouldspantwolinesinthenew
position must first be split.)

Copying the remainder of theFrametile by tile this way willclearlyaccomplishthe
deletionbuteventually,typicallywhenthecopyingalgorithmencountersatabornew­
line,theoldandnewxcoordinatesofthetiletobecopiedarethesame.Thiscorre­
spondenceimpliesthattheZ-shapehasitsbeginningandendingedgesalignedverti­
cally,andasequenceofatmosttwobitbltscanbeusedtocopytheremainingtiles.
Thelaststepistoclearouttheresultingemptyspaceatthebottomofthewindow;the
numberoflinestobeclearedisthenumberofcompletelinesintheZ-shapeclosedby
thefinalbitblts.ThefinalstepistomergehorizontallyadjacentBoxesofplain
text.The complete source tofrdeleteis less than 100 lines of C.

frinsertismorecomplicatedbecauseitmustdofourpasses:onetoconstruct
theBoxlistfortheinsertedstring,onetoreconnoitre,onetocopy(in opposite order to
frdelete)theBoxestomaketheholeforthenewtext,andfinallyonetocopythe
newtextintoplace.Overall,though,frinserthasasimilarflavortofrdelete,
andneedn�tbedescribedfurther.Frinsertanditssubsidiaryroutinescomprise211
lines of C.

The terminal source code is 3024 lines of C, and the host source is 5797 lines.

Discussion

History

TheimmediateancestorofsamwastheoriginaltexteditorfortheBlit,calledjim.
Saminheritedjim�stwo-processstructure and mouse language almost unchanged, but
jimsufferedfromseveraldrawbacksthatwereaddressedinthedesignofsam.The
mostimportantofthesewasthelackofacommandlanguage.Althoughjimwaseasy
to use for simple editing,itprovidednodirecthelpwithlargeorrepetitiveeditingtasks.
Instead,itprovidedacommandtopassselectedtextthroughashellpipeline,butthis
was no more satisfactory than could be expected of a stopgap measure.

Jimwaswrittenprimarilyasavehicleforexperimentingwithamouse-based
interfacetotext,andtheexperimentwassuccessful.Jimhadsomespin-offs:mux,
thesecondwindowsystemfortheBlit,isessentiallyamultiplexedversionofthetermi­
nalpartofjim;andthedebuggerpi�suserinterface

20
wascloselymodeledonjim�s.

Butafteracoupleofyears,jimhadbecomedifficulttomaintainandlimitingtouse,
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Data structures in the terminal

The terminal�s job is to display and to maintain a consistent image of pieces of the files
being edited. Because the text is always in memory, the data structures are consider­
ably simpler than those in the host part.

Sam typically has far more windows than does mux, the window system within
which its Blit implementation runs. Mux has a fairly small number of asynchronously
updated windows; sam needs a large number of synchronously updated windows that
are usually static and often fully obscured. The different tradeoffs guided sam away
from the memory-intensive implementation of windows, called Layers,

17
used in

mux. Rather than depending on a complete bitmap image of the display for each win­
dow, sam regenerates the image from its in-memory text (stored in the Rasp) when
necessary, although it will use such an image if it is available. Like Layers, though,
sam uses the screen bitmap as active storage in which to update the image using
bitblt.

18,19
The resulting organization, pictured in Figure 6, has a global array of win­

dows, called Flayers, each of which holds an image of a piece of text held in a data
structure called a Frame, which in turn represents a rectangular window full of text dis­
played in some Bitmap. Each Flayer appears in a global list that orders them all
front-to-back on the display, and simultaneously as an element of a per-file array that
holds all the open windows for that file. The complement in the terminal of the File
on the host is called a Text; each connects its Flayers to the associated Rasp.

Text Rasp to host

Flayer ...

...Frame
Bitmap
(cache)

Box ...

Figure 6. Data structures in the terminal. Flayers are also linked together into a front-to-back list.

Boxes are discussed in the next section.

The Bitmap for a Frame contains the image of the text. For a fully visible win­
dow, the Bitmap will be the screen (or at least the Layer in which sam is being run),
while for partially obscured windows the Bitmap will be off-screen. If the window is
fully obscured, the Bitmap will be null.

The Bitmap is a kind of cache. When making changes to the display, most of the
original image will look the same in the final image, and the update algorithms exploit
this. The Frame software updates the image in the Bitmap incrementally; the
Bitmap is not just an image, it is a data structure.

18,19
The job of the software that

updates the display is therefore to use as much as possible of the existing image (con­
verting the text from ASCII characters to pixels is expensive) in a sort of two-
dimensional string insertion algorithm. The details of this process are described in the
next section.
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The Frame software has no code to support overlapping windows; its job is to
keep a single Bitmap up to date. It falls to the Flayer software to multiplex the vari­
ous Bitmaps onto the screen. The problem of maintaining overlapping Flayers is
easier than for Layers

17
because changes are made synchronously and because the

contents of the window can be reconstructed from the data stored in the Frame; the
Layers software makes no such assumptions. In sam, the window being changed is
almost always fully visible, because the current window is always fully visible, by con­
struction. However, when multi-file changes are being made, or when more than one
window is open on a file, it may be necessary to update partially obscured windows.

There are three cases: the window is fully visible, invisible (fully obscured), or par­
tially visible. If fully visible, the Bitmap is part of the screen, so when the Flayer
update routine calls the Frame update routine, the screen will be updated directly. If
the window is invisible, there is no associated Bitmap, and all that is necessary is to
update the Frame data structure, not the image. If the window is partially visible, the
Frame routine is called to update the image in the off-screen Bitmap, which may
require regenerating it from the text of the window. The Flayer code then clips this
Bitmap against the Bitmaps of all Frames in front of the Frame being modified,
and the remainder is copied to the display.

This is much faster than recreating the image off-screen for every change, or clip­
ping all the changes made to the image during its update. Unfortunately, these caches
can also consume prohibitive amounts of memory, so they are freed fairly liberally �

after every change to the front-to-back order of the Flayers. The result is that the
off-screen Bitmaps exist only while multi-window changes are occurring, which is the
only time the performance improvement they provide is needed. Also, the user interface
causes fully-obscured windows to be the easiest to make � creating a canonically sized
and placed window requires only a button click � which reduces the need for caching
still further.

Screen update

Only two low-level primitives are needed for incremental update: bitblt, which copies
rectangles of pixels, and string (which in turn calls bitblt), which draws a null-
terminated character string in a Bitmap. A Frame contains a list of Boxes, each of
which defines a horizontal strip of text in the window (see Figure 7). A Box has a char­
acter string str, and a Rectangle rect that defines the location of the strip in the
window. (The text in str is stored in the Box separately from the Rasp associated
with the window�s file, so Boxes are self-contained.) The invariant is that the image of
the Box can be reproduced by calling string with argument str to draw the string in
rect, and the resulting picture fits perfectly within rect. In other words, the Boxes
define the tiling of the window. The tiling may be complicated by long lines of text,
which are folded onto the next line. Some editors use horizontal scrolling to avoid this
complication, but to be comfortable this technique requires that lines not be too long;
sam has no such restriction. Also, and perhaps more importantly, UNIX programs and
terminals traditionally fold long lines to make their contents fully visible.

Two special kinds of Boxes contain a single character: either a newline or a tab.
Newlines and tabs are white space. A newline Box always extends to the right edge of
the window, forcing the following Box to the next line. The width of a tab depends on
where it is located: it forces the next Box to begin at a tab location. Tabs also have a
minimum width equivalent to a blank (blanks are drawn by string and are not treated
specially); newlines have a minimum width of zero.

The update algorithms always use the Bitmap image of the text (either the dis­
play or cache Bitmap); they never examine the characters within a Box except when
the Box needs to be split in two. Before a change, the window consists of a tiling of
Boxes; after the change the window is tiled differently. The update algorithms
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and its replacement was overdue.

Ibeganthedesignofsambyaskingjimcustomerswhattheywanted.Thiswas
probablyamistake;theanswerswereessentiallyalistoffeaturestobefoundinother
editors,whichdidnotprovideanyoftheguidingprinciplesIwasseeking.Forinstance,
onecommonrequestwasfora��globalsubstitute,��butnoonesuggestedhowtopro­
videitwithinacut-and-pasteeditor.Iwaslookingforaschemethatwouldsupport
suchspecializedfeaturescomfortablyinthecontextofsomegeneralcommandlan­
guage.Ideaswerenotforthcoming,though,particularlygivenmyinsistenceonremov­
ingalllimitsonfilesizes,linelengthsandsoon.Evenworse,Irecognizedthat,since
themousecouldeasilyindicatearegionofthescreenthatwasnotanintegralnumber
oflines,thecommandlanguagewouldbestforgetaboutnewlinesaltogether,andthat
meantthecommandlanguagehadtotreatthefileasasinglestring,notanarrayof
lines.

Eventually,Idecidedthatthinkingwasnotgettingmeveryfaranditwastimeto
trybuilding.Iknewthattheterminalpartcouldbebuilteasily�thatpartofjim
behavedacceptablywell�andthatmostofthehardworkwasgoingtobeinthehost
part:thefileinterface,commandinterpreterandsoon.Moreover,Ihadsomeideas
abouthowthearchitectureofjimcouldbeimprovedwithoutdestroyingitsbasicstruc­
ture,whichIlikedinprinciplebutwhichhadn�tworkedoutaswellasIhadhoped.SoI
beganbydesigningthefiledatastructure,startingwiththewayjimworked�compa­
rabletoasinglestructuremergingDiscandBuffer,whichIsplittomakethecache
moregeneral�andthinkingabouthowglobalsubstitutecouldbeimplemented.The
answerwasclearlythatithadtobedoneintwopasses,andthetranscript-oriented
implementation fell out naturally.

Samwaswrittenbottom-up,startingfromthedatastructuresandalgorithmsfor
manipulatingtext,throughthecommandlanguageanduptothecodeformaintaining
thedisplay.Inretrospect,itturnedoutwell,butthisimplementationmethodisnotrec­
ommendedingeneral.TherewereseveraltimeswhenIhadalargebodyofinteresting
code assembled and no clue how to proceed with it.The commandlanguage,inparticu­
lar,tookalmostayeartofigureout,butcanbeimplemented(givenwhatwasthereat
thebeginningofthatyear)inadayortwo.Similarly,inventingtheRaspdatastructure
delayedtheconnectionofthehostandterminalpiecesbyanotherfewmonths.Sam
tookabouttwoyearstowrite,althoughonlyaboutfourmonthswerespentactually
working on it.

Partofthedesignprocesswasunusual:thesubsetoftheprotocolthatmaintains
theRaspwassimulated,debuggedandverifiedbyanautomaticprotocolanalyzer,
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andwasbug-freefromthestart.Therestoftheprotocol,concernedmostlywithkeep­
ingmenusuptodate,wasunfortunatelytoounwieldyforsuchanalysis,andwas
debuggedbymoretraditionalmethods,primarilybylogginginafileallmessagesin
and out of the host.

Reflections

Samisessentiallytheonlyinteractiveeditorusedbythesixtyorsomembersofthe
computingscienceresearchcenterinwhichIwork.Thesamecouldnotbesaidofjim;
thelackofacommandlanguagekeptsomepeoplefromadoptingit.Theunionofa
userinterfaceascomfortableasjim�swithacommandlanguageaspowerfulased�s 
isessentialtosam�ssuccess.Whensamwasfirstmadeavailabletothejimcommu­
nity,almosteveryoneswitchedtoitwithintwoorthreedays.Inthemonthsthatfol­
lowed, even people who had never adoptedjimstarted usingsamexclusively.
__________________
 Thepeoplewhocriticizeedasaninteractiveprogramoftenforgetthatitanditscloserelative
sed

7
stillthriveasprogrammableeditors.Thestrengthoftheseprogramsisindependentoftheir

convenienceforinteractiveediting.
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To be honest, ed still gets occasional use, but usually when something quick
needs to be done and the overhead of downloading the terminal part of sam isn�t worth
the trouble. Also, as a �line� editor, sam -d is a bit odd; when using a good old ASCII
terminal, it�s comforting to have a true line editor. But it is fair to say that sam�s com­
mand language has displaced ed�s for most of the complicated editing that has kept
line editors (that is, command-driven editors) with us.

Sam�s command language is even fancier than ed�s, and most sam customers
don�t come near to using all its capabilities. Does it need to be so sophisticated? I think
the answer is yes, for two reasons.

First, the model for sam�s command language is really relatively simple, and cer­
tainly simpler than that of ed. For instance, there is only one kind of textual loop in
sam � the x command � while ed has three (the g command, the global flag on sub­
stitutions, and the implicit loop over lines in multi-line substitutions). Also, ed�s substi­
tute command is necessary to make changes within lines, but in sam the s command is
more of a familiar convenience than a necessity; c and t can do all the work.

Second, given a community that expects an editor to be about as powerful as ed,
it�s hard to see how sam could really be much simpler and still satisfy that expectation.
People want to do ��global substitutes,�� and most are content to have the recipe for that
and a few other fancy changes. The sophistication of the command language is really
just a veneer over a design that makes it possible to do global substitutes in a screen
editor. Some people will always want something more, however, and it�s gratifying to be
able to provide it. The real power of sam�s command language comes from compos­
ability of the operators, which is by nature orthogonal to the underlying model. In other
words, sam is not itself complex, but it makes complex things possible. If you don�t
want to do anything complex, you can ignore the complexity altogether, and many peo­
ple do so.

Sometimes I am asked the opposite question: why didn�t I just make sam a real
programmable editor, with macros and variables and so on? The main reason is a mat­
ter of taste: I like the editor to be the same every time I use it. There is one technical
reason, though: programmability in editors is largely a workaround for insufficient inter­
activity. Programmable editors are used to make particular, usually short-term, things
easy to do, such as by providing shorthands for common actions. If things are generally
easy to do in the first place, shorthands are not as helpful. Sam makes common editing
operations very easy, and the solutions to complex editing problems seem commensu­
rate with the problems themselves. Also, the ability to edit the sam window makes it
easy to repeat commands � it only takes a mouse button click to execute a command
again.

Pros and cons

Sam has several other good points, and its share of problems. Among the good things
is the idea of structural regular expressions, whose usefulness has only begun to be
explored. They were arrived at serendipitously when I attempted to distill the essence
of ed�s way of doing global substitution and recognized that the looping command in
ed was implicitly imposing a structure (an array of lines) on the file.

Another of sam�s good things is its undo capability. I had never before used an
editor with a true undo, but I would never go back now. Undo must be done well, but if
it is, it can be relied on. For example, it�s safe to experiment if you�re not sure how to
write some intricate command, because if you make a mistake, it can be fixed simply
and reliably. I learned two things about undo from writing sam: first, it�s easy to pro­
vide if you design it in from the beginning, and second, it�s necessary, particularly if the
system has some subtle properties that may be unfamiliar or error-prone for users.
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Sam�s lack of internal limits and sizes is a virtue. Because it avoids all fixed-size
tables and data structures, sam is able to make global changes to files that some of our
other tools cannot even read. Moreover, the design keeps the performance linear when
doing such operations, although I must admit sam does get slow when editing a huge
file.

Now, the problems. Externally, the most obvious is that it is poorly integrated into
the surrounding window system. By design, the user interface in sam feels almost iden­
tical to that of mux, but a thick wall separates text in sam from the programs running in
mux. For instance, the �snarf buffer� in sam must be maintained separately from that in
mux. This is regrettable, but probably necessary given the unusual configuration of the
system, with a programmable terminal on the far end of an RS-232 link.

Sam is reliable; otherwise, people wouldn�t use it. But it was written over such a
long time, and has so many new (to me) ideas in it, that I would like to see it done over
again to clean up the code and remove many of the lingering problems in the implemen­
tation. The worst part is in the interconnection of the host and terminal parts, which
might even be able to go away in a redesign for a more conventional window system.
The program must be split in two to use the terminal effectively, but the low bandwidth
of the connection forces the separation to occur in an inconvenient part of the design if
performance is to be acceptable. A simple remote procedure call protocol driven by the
host, emitting only graphics commands, would be easy to write but wouldn�t have nearly
the necessary responsiveness. On the other hand, if the terminal were in control and
requested much simpler file services from the host, regular expression searches would
require that the terminal read the entire file over its RS-232 link, which would be unrea­
sonably slow. A compromise in which either end can take control is necessary. In retro­
spect, the communications protocol should have been designed and verified formally,
although I do not know of any tool that can adequately relate the protocol to its imple­
mentation.

Not all of sam�s users are comfortable with its command language, and few are
adept. Some (venerable) people use a sort of ��ed subset�� of sam�s command lan­
guage, and even ask why sam�s command language is not exactly ed�s. (The reason, of
course, is that sam�s model for text does not include newlines, which are central to ed.
Making the text an array of newlines to the command language would be too much of a
break from the seamless model provided by the mouse. Some editors, such as vi, are
willing to make this break, though.) The difficulty is that sam�s syntax is so close to
ed�s that people believe it should be the same. I thought, with some justification in
hindsight, that making sam similar to ed would make it easier to learn and to accept.
But I may have overstepped and raised the users� expectations too much. It�s hard to
decide which way to resolve this problem.

Finally, there is a tradeoff in sam that was decided by the environment in which it
runs: sam is a multi-file editor, although in a different system there might instead be
multiple single-file editors. The decision was made primarily because starting a new
program in a Blit is time-consuming. If the choice could be made freely, however, I
would still choose the multi-file architecture, because it allows groups of files to be han­
dled as a unit; the usefulness of the multi-file commands is incontrovertible. It is
delightful to have the source to an entire program available at your fingertips.
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ABSTRACT

Ahybridofwindowsystem,shell,andeditor,Acmegivestext-oriented
applicationsaclean,expressive,andconsistentstyleofinteraction.Tra­
ditionalwindowsystemssupportinteractiveclientprogramsandoffer
librariesofpre-definedoperationssuchaspop-upmenusandbuttonsto
promoteaconsistentuserinterfaceamongtheclients.Acmeinstead
providesitsclientswithafixeduserinterfaceandsimpleconventionsto
encourageitsuniformuse.ClientsaccessthefacilitiesofAcmethrough
afilesysteminterface;Acmeisinpartafileserverthatexportsdevice-
likefilesthatmaybemanipulatedtoaccessandcontrolthecontentsof
itswindows.Writteninaconcurrentprogramminglanguage,Acmeis
structuredasasetofcommunicatingprocessesthatneatlysubdividethe
variousaspectsofitstasks:displaymanagement,input,fileserver,and
so on.

Acmeattachesdistinctfunctionstothethreemousebuttons:the
leftselectstext;themiddleexecutestextualcommands;andtheright
combinescontextsearchandfileopeningfunctionstointegratethevari­
ous applications and files in the system.

Acmeworkswellenoughtohavedevelopedacommunitythatuses
itexclusively.AlthoughAcmediscouragesthetraditionalstyleofinterac­
tionbasedontypescriptwindows�teletypes�itsusersfindAcme�sother
services render typescripts obsolete.

History and motivation

TheusualtypescriptstyleofinteractionwithUnixanditsrelativesisanoldone.
Thetypescript�aninterminglingoftextualcommandsandtheiroutput�originateswith
thescrollsofpaperonteletypes.Theadventofwindowedterminalshasgiveneach
userwhatamountstoanarrayofteletypes,alimitedandunimaginativeuseofthepow­
ersofbitmapdisplaysandmice.SystemsliketheMacintoshthatdoinvolvethemouse
asanintegralpartoftheinteractionaregearedtowardsgeneralusers,notexperts,and
certainly not programmers.Software developers, at least ontime-sharingsystems,have
been left behind.

Some programs have mouse-based editing of text filesandtypescripts;onesIhave
builtincludethewindowsystemsmux[Pike88]and8½[Pike91]andthetexteditorSam
[Pike87].Thesehaveputtheprogrammer�smousetosomeproductivework,butnot
wholeheartedly.Evenexperiencedusersoftheseprogramsoftenretypetextthatcould
begrabbedwiththemouse,partlybecausethemenu-driveninterfaceisimperfectand
partly because the various pieces are not well enough integrated.

__________________
OriginallyappearedinProc.oftheWinter1994USENIXConf.,pp.223-234,SanFrancisco,CA
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beingeditedortheeditableoutputofaprogram,analogoustoanEMACSshellwindow.
Thetagcontainsthenameofthewindow(usuallythenameoftheassociatedfileor
directory),somebuilt-incommands,andascratchareatoholdarbitrarytext.Ifawin­
dowrepresentsadirectory,thenameinthetagendswithaslashandthebodycontains
alistofthenamesofthefilesinthedirectory.Finally,eachnon-emptybodyholdsa
scroll bar at the left of the text.

Eachcolumnofwindowsalsohasalayoutboxandatag.Thetaghasnospecial
meaning,althoughAcmepre-loadsitwithafewbuilt-incommands.Thereisalsoatag
acrossthewholedisplay,alsoloadedwithhelpfulcommandsandalistofactivepro­
cesses started by Acme.

Typingwiththekeyboardandselectingwiththeleftbuttonareasinmanyother
systems,includingtheMacintosh,8½,andSam.Themiddleandrightbuttonsareused,
somewhatliketheleftbutton,to�sweep�text,buttheindicatedtextistreatedinaway
thatdependson the text�s location�context�as well as its content.This context, based
onthedirectoryofthefilecontainingthetext,isacentralcomponentofAcme�sstyleof
interaction.

Acmehasnosinglenotionof�currentdirectory�.Instead,everycommand,file
name,action,andsoonisinterpretedorexecutedinthedirectorynamedbythetagof
thewindowcontainingthecommand.Forexample,thestringmammalsinawindow
labeled/lib/or/lib/insectswillbeinterpretedasthefilename
/lib/mammalsif such a file exists.

ThroughoutAcme,themiddlemousebuttonisusedtoexecutecommandsandthe
rightmousebuttonisusedtolocateandselectfilesandtext.Evenwhenthereareno
truefilesonwhichtooperate�forexamplewheneditingmailmessages�Acmeandits
applicationsuseconsistentextensionsofthesebasicfunctions.Thisideaisasvitalto
Acme as icons are to the Macintosh.

Themiddlebuttonexecutescommands:textsweptwiththebuttonpressedis
underlined;whenthebuttonisreleased,theunderlineis removed and the indicated text
isexecuted.Amodestnumberofcommandsarerecognizedasbuilt-ins:wordslike
Cut,Paste,andNewnamefunctionsperformeddirectlybyAcme.Thesewordsoften
appearintagstomakethemalwaysavailable,butthetagsarenotmenus:anytextany­
whereinAcmemaybeacommand.Forexample,inthetagorbodyofanywindowone
maytypeCut,selectitwiththeleftbutton,usethemiddlebuttontoexecuteit,and
watch it disappear again.

Ifthemiddlebuttonindicatesacommandthatisnotrecognizedasabuilt-in,itis
executedinthedirectorynamedbythetagofthewindowholdingthetext.Also,the
filetobeexecutedissearchedforfirstinthatdirectory.Standardinputisconnectedto
/dev/null,butstandardanderroroutputsareconnectedtoanAcmewindow,cre­
atedifneeded,calleddir/+Errorswherediristhedirectoryofthewindow.(Pro­
gramsthatneedinteractiveinputuseadifferentinterface,describedbelow.)Atypical
useofthisistotypemk(Plan9�smake)inthescratchareainthetagofaCsourcewin­
dow,say/sys/src/cmd/sam/regexp.c,andexecuteit.Output,includingcom­
pilererrors,appearsinthewindowlabeled/sys/src/cmd/sam/+Errors,sofile
namesintheoutputareassociatedwiththewindowsanddirectoryholdingthesource.
Themkcommandremainsinthetag,servingasasortofmenuitemfortheassociated
window.

Likethemiddlebutton,therightbuttonisusedtoindicatetextbysweepingitout.
Theindicatedtextisnotacommand,however,buttheargumentofageneralized
searchoperator.Ifthetext,perhapsafterappendingittothedirectoryofthewindow
containingit,isthenameofanexistingfile,Acmecreatesanewwindowtoholdthefile
andreadsitin.Itthenmovesthemousecursortothatwindow.Ifthefileisalready
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Figure 1. A small Acme screen�normally it runs on a larger display�demonstrating some of the
details discussed in the text. The right column contains some guide files, a mailbox presented by
Acme�s mail program, the columnated display of files in Acme�s own source directory, a couple of
windows from the OED browser, a debugger window, and an error window showing diagnostics
from a compilation. The left column holds a couple of source files (dat.h and acme.l),
another debugger window displaying a stack trace, and a third source file (time.l). Time.l
was opened from the debugger by clicking the right mouse button on a line in the stack window;

the mouse cursor landed on the offending line of acme.l after a click on the compiler message.

_______________

Other programs�EMACS [Stal93] is the prime example�offer a high degree of
integration but with a user interface built around the ideas of cursor-addressed termi­
nals that date from the 1970�s. They are still keyboard-intensive and dauntingly com­
plex.

The most ambitious attempt to face these issues was the Cedar system, developed
at Xerox [Swei86]. It combined a new programming language, compilers, window sys­
tem, even microcode�a complete system�to construct a productive, highly integrated
and interactive environment for experienced users of compiled languages. Although
successful internally, the system was so large and so tied to specific hardware that it
never fledged.
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Figure 2. An Acme window showing a section of code. The upper line of text is the tag contain­
ing the file name, relevant commands, and a scratch area (right of the vertical bar); the lower por­
tion of the window is the body, or contents, of the file. Here the scratch area contains a command
for the middle button (mk) and a word to search for with the right button (cxfidalloc). The
user has just clicked the right button on cxfidalloc and Acme has searched for the word,
highlighted it, and moved the mouse cursor there. The file has been modified: the center of the

layout box is black and the command Put appears in the tag.

_______________

Cedar was, however, the major inspiration for Oberon [Wirt89], a system of similar
scope but much smaller scale. Through careful selection of Cedar�s ideas, Oberon
shows that its lessons can be applied to a small, coherent system that can run efficiently
on modest hardware. In fact, Oberon probably errs too far towards simplicity: a single-
process system with weak networking, it seems an architectural throwback.

Acme is a new program, a combined window system, editor, and shell, that applies
some of the ideas distilled by Oberon. Where Oberon uses objects and modules within a
programming language (also called Oberon), Acme uses files and commands within an
existing operating system (Plan 9). Unlike Oberon, Acme does not yet have support for
graphical output, just text. At least for now, the work on Acme has concentrated on
producing the smoothest user interface possible for a programmer at work.

The rest of this paper describes Acme�s interface, explains how programs can
access it, compares it to existing systems, and finally presents some unusual aspects of
its implementation.

User interface

Acme windows are arrayed in columns (Figure 1) and are used more dynamically
than in an environment like X Windows or 8½ [Sche86, Pike91]. The system frequently
creates them automatically and the user can order a new one with a single mouse button
click. The initial placement of a new window is determined automatically, but the user
may move an existing window anywhere by clicking or dragging a layout box in the
upper left corner of the window.

Acme windows have two parts: a tag holding a single line of text, above a body
holding zero or more lines (Figure 2). The body typically contains an image of a file
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loadedintoAcme,themousemotionhappensbutnonewwindowismade.Forexam­
ple, indicating the stringsam.hin

#include"sam.h"

inawindowonthefile/sys/src/cmd/sam/regexp.cwillopenthefile
/sys/src/cmd/sam/sam.h.

If the filenameisfollowedimmediatelybyacolonandalegaladdressinSamnota­
tion(forexamplealinenumberoraregularexpressiondelimitedinslashesora
comma-separatedcompoundofsuchaddresses),Acmehighlightsthetargetofthat
addressinthefileandplacesthemousethere.Onemayjumptoline27ofdat.hby
indicatingwiththerightbuttonthetextdat.h:27.Ifthefileisnotalreadyopen,
Acmeloadsit.Ifthefilenameisnull,forexampleiftheindicatedstringis:/^main/,
thefileisassumedtobethatofthewindowcontainingthestring.Suchstrings,when
typed and evaluated in the tag of a window, amount to context searches.

Iftheindicatedtextisnotthenameofanexistingfile,itistakentobeliteraltext
andissearchedforinthebodyofthewindowcontainingthetext,highlightingthe
result as if it were the result of a context search.

Fortherareoccasionwhenafilenameisjusttexttosearchfor,itcanbeselected
withtheleftbuttonandusedastheargumenttoabuilt-inLookcommandthatalways
searches for literal text.

Nuances and heuristics

A user interface should notonlyprovidethenecessaryfunctions,itshouldalsofeel
right.Infact,itshouldalmostnotbefeltatall;whenonenoticesauserinterface,one
isdistractedfromthejobathand[Pike88].Toapproachthisinvisibility,someof
Acme�spropertiesandfeaturesaretherejusttomaketheotherseasytouse.Manyare
based on a fundamental principle of good design: let the machine do the work.

Acmetriestoavoidneedlessclickingandtyping.Thereisno�click-to-type�,elimi­
natingabuttonclick.Therearenopop-uporpull-downmenus,eliminatingthemouse
actionneededtomakeamenuappear.Theoveralldesignisintendedtomaketexton
thescreenusefulwithoutcopyingorretyping;thewaysinwhichthishappensinvolve
the combination of many aspects of the interface.

Acmetilesitswindowsandplacesthemautomaticallytoavoidaskingtheuserto
placeandarrangethem.Forthispolicytosucceed,theautomaticplacementmust
behavewellenoughthattheuserisusuallycontentwiththelocationofanewwindow.
Thesystemwillnevergetitrightallthetime,butinpracticemostwindowsareusedat
leastforawhilewhereAcmefirstplacesthem.Therehavebeenseveralcomplete
rewritesoftheheuristicsforplacinganewwindow,andwitheachrewritethesystem
becamenoticeablymorecomfortable.Therulesareasfollows,althoughtheyarestill
subjecttoimprovement.Thewindowappearsinthe�active�column,thatmostrecently
usedfortypingorselecting.Executingandsearchingdonotaffectthechoiceofactive
column,sowindowsofcommandsandsuchdonotdrawnewwindowstowardsthem,
butratherletthemformnearthetargetsoftheiractions.Output(error)windows
alwaysappeartowardstheright,awayfromeditedtext,whichistypicallykepttowards
the left.Within the column, several competing desires are balanced to decide whereand
howlargethewindowshouldbe:largeblankspacesshouldbeconsumed;existingtext
shouldremainvisible;existinglargewindowsshouldbedividedbeforesmallones;and
the window should appear near the one containing the action that caused its creation.

Acmebindssomeactionstochordsofmousebuttons.TheseincludeCutand
Pastesothesecommonoperationscanbedonewithoutmovingthemouse.Another
isawaytoapplyacommandinonewindowtotext(oftenafilename)inanother,avoid­
ing the actions needed to assemble the command textually.
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providerandomaccesstothecontentsofthebody.Theaddrfileiswrittentoseta
characterpositionwithinthebody;thedatafilemaythenbereadtorecoverthecon­
tentsatthatposition,orwrittentochangethem.(Thetagisassumedsmalland
special-purposeenoughnottoneedspecialtreatment.Also,addrindexesbycharac­
terposition,whichisnotthesameasbyteoffsetinPlan9�smulti-bytecharacterset
[Pike93]).Theformatacceptedbytheaddrfileisexactlythesyntaxofaddresses
withintheuserinterface,permittingregularexpressions,linenumbers,andcompound
addressestobespecified.Forexample,toreplacethecontentsoflines3through7,
write the text

3,7

totheaddrfile,thenwritethereplacementtexttothedatafile.Azero-lengthwrite
deletes the addressed text; further writes extend the replacement.

Thecontrolfile,ctl,maybewrittenwithcommandstoeffectactionsonthewin­
dow; for example the command

name/adm/users

setsthenameinthetagofthewindowto/adm/users.Othercommandsallowdelet­
ingthewindow,writingittoafile,andsoon.Readingthectlfilerecoversafixed-
formatstringcontaining5textualnumbers�thewindowidentifier,thenumberofchar­
actersinthetag,thenumberinthebody,andsomestatusinformation�followedbythe
text of the tag, up to a newline.

Thelastfile,event,isthemostunusual.Aprogramreadingawindow�sevent
fileisnotifiedofallchangestothetextofthewindow,andisaskedtointerpretall
middle-andright-buttonactions.Thedatapassedtotheprogramisfixed-formatand
reportsthesourceoftheaction(keyboard,mouse,externalprogram,etc.),itslocation
(whatwaspointedatormodified),anditsnature(change,search,execution,etc.).This
message, for example,

MI151904time

reportsthatactionsofthemouse(M)insertedinthebody(capitalI)the4charactersof
timeatcharacterpositions15through19;thezeroisaflagword.Programsmay
applytheirowninterpretationsofsearchingandexecution,ormaysimplyreflectthe
eventsbacktoAcme,bywritingthembacktotheeventfile,tohavethedefaultinter­
pretation applied.Some examples of these ideas in action are presented below.

Noticethatchangestothewindowarereportedafterthefact;theprogramistold
aboutthembutisnotrequiredtoactonthem.Comparethistoamoretraditionalinter­
face in which a program is told, for example, that a character has been typed on the key­
boardandmustthendisplayandinterpretit.Acme�sstylestemsfromthebasicmodel
ofthesystem,inwhichanynumberofagents�thekeyboard,mouse,externalprograms
writingtodataorbody,andsoon�maychangethecontentsofawindow.Thestyle
isefficient:manyprogramsarecontenttohaveAcmedomostoftheworkandactonly
whentheeditingiscompleted.Anexampleis the Acme mail program, which can ignore
thechangesmadetoamessagebeingcomposedandjustreaditsbodywhenaskedto
sendit.Adisadvantageisthatsometraditionalwaysofworkingareimpossible.For
example,thereisnoway�toturnoffecho�:charactersappearonthescreenandare
read from there; no agent or buffer stands between the keyboard and the display.

ThereareacoupleofotherfilesmadeavailablebyAcmeinitsrootdirectoryrather
thaninthedirectoryofeachwindow.Thetextfile/mnt/acme/indexholdsalistof
allwindownamesandnumericalidentifiers,somewhatanalogoustotheoutputofthe
pscommandforprocesses.Themostimportant,though,is/mnt/acme/new,a
directorythatmakesnewwindows,similartotheclonedirectoryinthePlan9network
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Another way Acme avoids the need to move the mouse is instead to move the cur­
sor to where it is likely to be used next. When a new window is made, Acme moves the
cursor to the new window; in fact, to the selected text in that window. When the user
deletes a newly made window, the cursor is returned to the point it was before the win­
dow was made, reducing the irritation of windows that pop up to report annoying errors.

When a window is moved, Acme moves the cursor to the layout box in its new
place, to permit further adjustment without moving the mouse. For example, when a
click of the left mouse button on the layout box grows the window, the cursor moves to
the new location of the box so repeated clicks, without moving the mouse, continue to
grow it.

Another form of assistance the system can offer is to supply precision in pointing
the mouse. The best-known form of this is �double-clicking� to select a word rather
than carefully sweeping out the entire word. Acme provides this feature, using context
to decide whether to select a word, line, quoted string, parenthesized expression, and
so on. But Acme takes the idea much further by applying it to execution and searching.
A single click, that is, a null selection, with either the middle or right buttons, is
expanded automatically to indicate the appropriate text containing the click. What is
appropriate depends on the context.

For example, to execute a single-word command such as Cut, it is not necessary
to sweep the entire word; just clicking the button once with the mouse pointing at the
word is sufficient. �Word� means the largest string of likely file name characters sur­
rounding the location of the click: click on a file name, run that program. On the right
button, the rules are more complicated because the target of the click might be a file
name, file name with address, or just plain text. Acme examines the text near the click
to find a likely file name; if it finds one, it checks that it names an existing file (in the
directory named in the tag, if the name is relative) and if so, takes that as the result,
after extending it with any address that may be present. If there is no file with that
name, Acme just takes the largest alphanumeric string under the click. The effect is a
natural overloading of the button to refer to plain text as well as file names.

First, though, if the click occurs over the left-button-selected text in the window,
that text is taken to be what is selected. This makes it easy to skip through the occur­
rences of a string in a file: just click the right button on some occurrence of the text in
the window (perhaps after typing it in the tag) and click once for each subsequent occur­
rence. It isn�t even necessary to move the mouse between clicks; Acme does that. To
turn a complicated command into a sort of menu item, select it: thereafter, clicking the
middle button on it will execute the full command.

As an extra feature, Acme recognizes file names in angle brackets <> as names of
files in standard directories of include files, making it possible for instance to look at
<stdio.h> with a single click.

Here�s an example to demonstrate how the actions and defaults work together.
Assume /sys/src/cmd/sam/regexp.c is open and has been edited. We write it
(execute Put in the tag; once the file is written, Acme removes the word from the tag)
and type mk in the tag. We execute mk and get some errors, which appear in a new win­
dow labeled /sys/src/cmd/sam/+Errors. The cursor moves automatically to
that window. Say the error is

main.c:112: incompatible types on assignment to `pattern'

We move the mouse slightly and click the right button at the left of the error message;
Acme makes a new window, reads /sys/src/cmd/main.c into it, selects line 112
and places the mouse there, right on the offending line.
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Coupling to existing programs

Acme�s syntax for file names and addresses makes it easy for other programs to
connect automatically to Acme�s capabilities. For example, the output of

grep -n variable *.[ch]

can be used to help Acme step through the occurrences of a variable in a program;
every line of output is potentially a command to open a file. The file names need not be
absolute, either: the output appears in a window labeled with the directory in which
grep was run, from which Acme can derive the full path names.

When necessary, we have changed the output of some programs, such as compiler
error messages, to match Acme�s syntax. Some might argue that it shouldn�t be neces­
sary to change old programs, but sometimes programs need to be updated when sys­
tems change, and consistent output benefits people as well as programs. A historical
example is the retrofitting of standard error output to the early Unix programs when
pipes were invented.

Another change was to record full path names in the symbol table of executables,
so line numbers reported by the debugger are absolute names that may be used directly
by Acme; it�s not necessary to run the debugger in the source directory. (This aids
debugging even without Acme.)

A related change was to add lines of the form

#pragma src "/sys/src/libregexp"

to header files; coupled with Acme�s ability to locate a header file, this provides a fast,
keyboardless way to get the source associated with a library.

Finally, Acme directs the standard output of programs it runs to windows labeled
by the directory in which the program is run. Acme�s splitting of the output into
directory-labeled windows is a small feature that has a major effect: local file names
printed by programs can be interpreted directly by Acme. By indirectly coupling the out­
put of programs to the input, it also simplifies the management of software that occu­
pies multiple directories.

Coupling to new programs

Like many Plan 9 programs, Acme offers a programmable interface to other pro­
grams by acting as a file server. The best example of such a file server is the window
system 8½ [Pike91], which exports files with names such as screen, cons, and
mouse through which applications may access the I/O capabilities of the windows. 8½
provides a distinct set of files for each window and builds a private file name space for
the clients running �in� each window; clients in separate windows see distinct files with
the same names (for example /dev/mouse). Acme, like the process file system
[PPTTW93], instead associates each window with a directory of files; the files of each
window are visible to any application. This difference reflects a difference in how the
systems are used: 8½ tells a client what keyboard and mouse activity has happened in
its window; Acme tells a client what changes that activity wrought on any window it asks
about. Putting it another way, 8½ enables the construction of interactive applications;
Acme provides the interaction for applications.

The root of Acme�s file system is mounted using Plan 9 operations on the directory
/mnt/acme. In that root directory appears a directory for each window, numbered
with the window�s identifier, analogous to a process identifier, for example
/mnt/acme/27. The window�s directory contains 6 files: /mnt/acme/27/addr,
body, ctl, data, event, and tag. The body and tag files contain the text of the
respective parts of the window; they may be read to recover the contents. Data written
to these files is appended to the text; seeks are ignored. The addr and data files
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devices[Pres93].TheactofopeninganyfileinnewcreatesanewAcmewindow;thus
the shell command

grep-nvar*.c>/mnt/acme/new/body

placesitsoutputinthebodyofafreshwindow.Moresophisticatedapplicationsmay
opennew/ctl,readittodiscoverthenewwindow�sidentifier,andthenopenthe
window�s other files in the numbered directory.

Acme-specific programs

Although Acme is in part an attempt to move beyond typescripts, they willprobably
alwayshaveutility.ThefirstprogramwrittenforAcmewasthereforeonetorunashell
orothertraditionalinteractiveapplicationinawindow,theAcmeanalogofxterm.
Thisprogram,win,hasasimplestructure:itactsasatwo-wayintermediarybetween
Acmeandtheshell,cross-connectingthestandardinputandoutputoftheshelltothe
textofthewindow.Thestyleofinteractionismodeledaftermux[Pike88]:standard
outputisaddedtothewindowattheoutputpoint;texttypedaftertheoutputpointis
madeavailableonstandardinputwhenanewlineistyped.Aftereitheroftheseactions,
theoutputpointisadvanced.Thisisdifferentfromtheworkingofaregularterminal,
permittingcut-and-pasteeditingofaninputlineuntilthenewlineistyped.Arbitrary
editingmaybedonetoanytextinthewindow.Theimplementationofwin,usingthe
event,addr,anddatafiles,isstraightforward.Winneedsnocodeforhandlingthe
keyboardandmouse;itjustmonitorsthecontentsofthewindow.Nonetheless,it
allowsAcme�sfulleditingtobeappliedtoshellcommands.Thedivisionoflabor
betweenwinandAcmecontrastedwithxtermandtheXserverdemonstrateshow
muchworkAcmehandlesautomatically.Winisimplementedbyasinglesourcefile
560 lines long and has no graphics code.

Winusesthemiddleandrightbuttonstoconnectitselfinaconsistentwaywith
therestofAcme.Themiddlebuttonstillexecutescommands,butinastylemore
suitedtotypescripts.Textselectedwiththemiddlebuttonistreatedasifithadbeen
typedaftertheoutputpoint,muchasasimilarfeatureinxtermor8½,andtherefore
causesittobe�executed�bytheapplicationrunninginthewindow.Rightbutton
actionsarereflectedbacktoAcmebutrefertotheappropriatefilesbecausewinplaces
the name of the current directory in the tag of the window.If the shell is running,asim­
pleshellfunctionreplacingthecdcommandcanmaintainthetagastheshellnavigates
the file system.This means, for example, that a right button click onafilementionedin
anlslisting opens the file within Acme.

AnotherAcme-specificprogramisamailreaderthatbeginsbypresenting,ina
window,alistingofthemessagesintheuser�smailbox,oneperline.Herethemiddle
andrightbuttonactionsaremodifiedtorefertomailcommandsandmessages,butthe
changefeelsnatural.Clickingtherightbuttononalinecreatesanewwindowanddis­
playsthemessagethere,or,ifit�salreadydisplayed,movesthemousetothatwindow.
Themetaphoristhatthemailboxisadirectorywhoseconstituentfilesaremessages.
Themailprogramalsoplacessomerelevantcommandsinthetaglinesofthewindows;
forexample,executingthewordReplyinamessage�stagcreatesanewwindowin
whichtocomposeamessagetothesenderoftheoriginal;Postthendispatchesit.In
suchwindows,theaddresseeisjustalistofnamesonthefirstlineofthebody,which
maybeeditedtoaddorchangerecipients.Theprogramalsomonitorsthemailbox,
updating the �directory�as new messages arrive.

Themailprogramisassimpleasitsounds;alltheworkofinteraction,editing,and
managementofthedisplayisdonebyAcme.Theonlydifficultsectionsofthe1200
linesofcodeconcernhonoringtheexternalprotocolsformanagingthemailboxand
connecting tosendmail.
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Concurrency in the implementation

Acmeisabout8,000linesofcodeinAlef,aconcurrentobject-orientedlanguage
syntacticallysimilartoC[Alef].Acme�sstructureisasetofcommunicatingprocessesin
asingleaddressspace.Onesubsetoftheprocessesdrivesthedisplayanduserinter­
face,maintainingthewindows;otherprocessesforwardmouseandkeyboardactivity
andimplementthefileserverinterfaceforexternalprograms.Thelanguageanddesign
workedoutwell;asexplainedelsewhere[Pike89,Gans93,Reppy93],userinterfaces
builtwithconcurrentsystemscanavoidtheclumsytop-leveleventlooptypicaloftradi­
tional interactive systems.

Anexampleofthebenefitsofthemulti-processstyleisthemanagementofthe
stateofopenfilesheldbyclientsofthefilesysteminterface.Theproblemisthatsome
I/Orequests,suchasreadingtheeventfile,mayblockifnodataisavailable,andthe
servermustmaintainthestateof(possiblymany)requestsuntildataappears.For
example,in8½,asingle-processwindowsystemwritteninC,pendingrequestswere
queuedinadatastructureassociatedwitheachwindow.Afteractivityinthewindow
thatmightcompletependingI/O,thedatastructurewasscannedforrequeststhat
couldnowfinish.Thisstructuredidnotfitwellwiththerestof the program and, worse,
requiredmeticulousefforttoguaranteecorrectbehaviorunderallconditions(consider
raw mode, reads of partial lines, deleting a window, multibyte characters, etc.).

AcmeinsteadcreatesanewdedicatedprocessforeachI/Orequest.Thisprocess
coordinateswiththerestofthesystemusingAlef�ssynchronouscommunication;its
stateimplicitlyencodesthestateoftheI/Orequestandobviatestheneedforqueuing.
The passage of the request through Acme proceeds as follows.

Acmecontainsafileserverprocess,F,thatexecutesareadsystemcalltoreceive
aPlan9fileprotocol(9P)messagefromtheclient[AT&T92].Theclientblocksuntil
Acmeanswerstherequest.Fcommunicateswithanallocationprocess,M,toacquirean
objectoftypeXfid(�executingfid�;fidisa9Pterm)toholdtherequest.Msitsina
loop(reproducedinFigure2)waitingforeitherarequestforanewXfidornotification
thatanexistingonehasfinisheditstask.WhenanXfidiscreated,anassociatedpro­
cess,X,isalsomade.MqueuesidleXfids,allocatingnewonesonlywhenthelistis
empty.Thus, there is always a pool ofXfids, some executing, some idle.

TheXfidobject contains a channel,Xfid.c, for communication withitsprocess;
theunpackedmessage;andsomeassociatedfunctions,mostlycorrespondingto9P
messages such asXfid.writeto handle a 9P write request.

ThefileserverprocessFparsesthemessagetoseeitsnature�open,close,read,
write,etc.Manymessages,suchasdirectorylookups,canbehandledimmediately;
thesearerespondedtodirectlyandefficientlybyFwithoutinvokingtheXfid,whichis
thereforemaintaineduntilthenextmessage.Whenamessage,suchasawritetothe
display,requirestheattentionofthemaindisplayprocessandinterlockedaccesstoits
datastructures,FenablesXbysendingafunctionpointeronXfid.c.Forexample,if
the message is a write, F executes

x->c<-=Xfid.write;

which sends the address ofXfid.writeonXfid.c, waking up X.

TheXfidprocess, X, executes a simple loop:



­ 10 ­

One of the things Acme does not provide directly is a facility like Sam�s command
language to enable actions such as global substitution; within Acme, all editing is done
manually. It is easy, though, to write external programs for such tasks. In this, Acme
comes closer to the original intent of Oberon: a directory, /acme/edit, contains a set
of tools for repetitive editing and a template or �guide� file that gives examples of its
use. Acme�s editing guide, /acme/edit/guide, looks like this:

e file | x '/regexp/' | c 'replacement'
e file:'0,$' | x '/.*word.*\n/' | p -n
e file | pipe command args ...

The syntax is reminiscent of Sam�s command language, but here the individual one-
letter commands are all stand-alone programs connected by pipes. Passed along the
pipes are addresses, analogous to structural expressions in Sam terminology. The e
command, unlike that of Sam, starts the process by generating the address (default dot,
the highlighted selection) in the named files. The other commands are as in Sam: p
prints the addressed text on standard output (the -n option is analogous to that of
grep, useful in combination with the right mouse button); x matches a regular expres­
sion to the addressed (incoming) text, subdividing the text; c replaces the text; and so
on. Thus, global substitution throughout a file, which would be expressed in Sam as

0,$ x/regexp/ c/replacement/

in Acme�s editor becomes

e 'file:0,$' | x '/regexp/' | c 'replacement'

To use the Acme editing commands, open /acme/edit/guide, use the mouse
and keyboard to edit one of the commands to the right form, and execute it with the
middle button. Acme�s context rules find the appropriate binaries in /acme/edit
rather than /bin; the effect is to turn /acme/edit into a toolbox containing tools
and instructions (the guide file) for their use. In fact, the source for these tools is also
there, in the directory /acme/edit/src. This setup allows some control of the file
name space for binary programs; not only does it group related programs, it permits the
use of common names for uncommon jobs. For example, the single-letter names would
be unwise in a directory in everyone�s search path; here they are only visible when run­
ning editing commands.

In Oberon, such a collection would be called a tool and would consist of a set of
entry points in a module and a menu-like piece of text containing representative com­
mands that may be edited to suit and executed. There is, in fact, a tool called Edit in
Oberon. To provide related functionality, Acme exploits the directory and file structure
of the underlying system, rather than the module structure of the language; this fits well
with Plan 9�s file-oriented philosophy. Such tools are central to the working of Oberon
but they are less used in Acme, at least so far. The main reason is probably that Acme�s
program interface permits an external program to remain executing in the background,
providing its own commands as needed (for example, the Reply command in the mail
program); Oberon uses tools to implement such services because its must invoke a fresh
program for each command. Also, Acme�s better integration allows more basic func­
tions to be handled internally; the right mouse button covers a lot of the basic utility of
the editing tools in Oberon. Nonetheless, as more applications are written for Acme,
many are sure to take this Oberon tool-like form.

Comparison with other systems

Acme�s immediate ancestor is Help [Pike92], an experimental system written a few
years ago as a first try at exploring some of Oberon�s ideas in an existing operating sys­
tem. Besides much better engineering, Acme�s advances over Help include the actions
of the right button (Help had nothing comparable), the ability to connect long-running
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programs to the user interface (Help had no analog of the event file), and the small
but important change to split command output into windows labeled with the directory
in which the commands run.

Most of Acme�s style, however, derives from the user interface and window system
of Oberon [Wirt89, Reis91]. Oberon includes a programming language and operating
system, which Acme instead borrows from an existing system, Plan 9. When I first saw
Oberon, in 1988, I was struck by the simplicity of its user interface, particularly its lack
of menus and its elegant use of multiple mouse buttons. The system seemed restric­
tive, though�single process, single language, no networking, event-driven
programming�and failed to follow through on some of its own ideas. For example, the
middle mouse button had to be pointed accurately and the right button was essentially
unused. Acme does follow through: to the basic idea planted by Oberon, it adds the
ability to run on different operating systems and hardware, connection to existing appli­
cations including interactive ones such as shells and debuggers, support for multiple
processes, the right mouse button�s features, the default actions and context-
dependent properties of execution and searching, and a host of little touches such as
moving the mouse cursor that make the system more pleasant. At the moment, though,
Oberon does have one distinct advantage: it incorporates graphical programs well into
its model, an issue Acme has not yet faced.

Acme shares with the Macintosh a desire to use the mouse well and it is worth
comparing the results. The mouse on the Macintosh has a single button, so menus are
essential and the mouse must frequently move a long way to reach the appropriate func­
tion. An indication that this style has trouble is that applications provide keyboard
sequences to invoke menu selections and users often prefer them. A deeper compari­
son is that the Macintosh uses pictures where Acme uses text. In contrast to pictures,
text can be edited quickly, created on demand, and fine-tuned to the job at hand; con­
sider adding an option to a command. It is also self-referential; Acme doesn�t need
menus because any text can be in effect a menu item. The result is that, although a
Macintosh screen is certainly prettier and probably more attractive, especially to begin­
ners, an Acme screen is more dynamic and expressive, at least for programmers and
experienced users.

For its role in the overall system, Acme most resembles EMACS [Stal93]. It is tricky
to compare Acme to EMACS, though, because there are many versions of EMACS and,
since it is fully programmable, EMACS can in principle do anything Acme does. Also,
Acme is much younger and therefore has not had the time to acquire as many features.
The issue therefore is less what the systems can be programmed to do than how they
are used. The EMACS versions that come closest to Acme�s style are those that have
been extended to provide a programming environment, usually for a language such as
LISP [Alle92, Lucid92]. For richness of the existing interface, these EMACS versions are
certainly superior to Acme. On the other hand, Acme�s interface works equally well
already for a variety of languages; for example, one of its most enthusiastic users works
almost exclusively in Standard ML, a language nothing like C.

Where Acme excels is in the smoothness of its interface. Until recently, EMACS did
not support the mouse especially well, and even with the latest version providing fea­
tures such as �extents� that can be programmed to behave much like Acme commands,
many users don�t bother to upgrade. Moreover, in the versions that provide extents,
most EMACS packages don�t take advantage of them.

The most important distinction is just that EMACS is fundamentally keyboard-
based, while Acme is mouse-based.

People who try Acme find it hard to go back to their previous environment. Acme
automates so much that to return to a traditional interface is to draw attention to the
extra work it requires.
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void
Xfid.ctl(Xfid*x)
{

for(;;){
(*<-x->c)(x);/*receiveandexecutemessage*/
bflush();/*synchronizebitmapdisplay*/
cxfidfree<-=x;/*returntofreelist*/

}
}

ThusXwillwakeupwiththeaddressofafunctiontocall(hereXfid.write)andexe­
cuteit;oncethatcompletes,itreturnsitselftothepooloffreeprocessesbysendingits
address back to the allocator.

Althoughthissequencemayseemcomplicated,itisjustafewlinesofcodeandis
infactfarsimplerthanthemanagementoftheI/Oqueuesin8½.The hard work of syn­
chronizationisdonebytheAlefruntimesystem.Moreover,thecodeworkedthefirst
time, which cannot be said for the code in8½.

Undo

AcmeprovidesageneralundofacilitylikethatofSam,permittingtextualchanges
tobeunwoundarbitrarily.TheimplementationissuperiortoSam�s,though,withmuch
higher performance and the ability to �redo�changes.

Samusesamulti-passalgorithmthatbuildsatranscriptofchangestobemade
simultaneouslyand then executes them atomically.This was thought necessary because
the elements of a repetitive command such as a globalsubstitutionshouldallbeapplied
tothesameinitialfileandimplementedsimultaneously;forming the complete transcript
beforeexecutinganyofthechangesavoidsthecumbersomemanagementofaddresses
inachangingfile.Acme,however,doesn�thavethisproblem;globalsubstitutionis
controlled externally and may bemadeincrementallybyexploitinganobservation:ifthe
changesaresortedinaddressorderandexecutedinreverse,changeswillnotinvalidate
the addresses of pending changes.

Acmethereforeavoidstheinitialtranscript.Instead,changesareapplieddirectly
tothefile,withan undo transcript recorded in a separate list.For example, when text is
addedtoawindow,itisaddeddirectlyandarecordofwhattodeletetorestorethe
stateisappendedtotheundolist.Eachundoactionandthefilearemarkedwitha
sequencenumber;actionswiththesamesequencenumberareconsideredaunittobe
undonetogether.Theinvariantstateofthestructureisthatthelastactionintheundo
list applies to the current state of the file, evenifthatactionisoneofarelatedsetfrom,
forexample,aglobalsubstitute.(InSam,arelatedsetofactionsneededtobeundone
simultaneously.)Toundoanaction,popthelastitemontheundolist,applyittothe
file,revertit,andappendittoasecond,redolist.Toredoanaction,dotheidentical
operationwiththelistsinterchanged.Theexpensiveoperationsoccuronlywhenactu­
allyundoing;innormaleditingtheoverheadisminor.Forexample,Acmereadsfiles
aboutseventimesfasterthanSam,partlybecauseofthisimprovementandpartly
because of a cleaner implementation.

Acmeusesatemporaryfiletoholdthetext,keepinginmemoryonlythevisible
portion,andthereforecaneditlargefilescomfortablyevenonsmall-memorymachines
such as laptops.

Future

Acmeisstillunderdevelopment.Somethingsaresimplymissing.Forexample,
Acmeshouldsupportnon-textualgraphics,butthisisbeingdeferreduntilitcanbe
doneusinganewgraphicsmodelbeingdevelopedforPlan9.Also,itisundecidedhow
Acme�sstyleofinteractionshouldbestbeextendedtographicalapplications.Ona
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ABSTRACT

Plumbingisanewmechanismforinter-processcommunicationinPlan9,
specificallythepassingofmessagesbetweeninteractiveprogramsas
partoftheuserinterface.Althoughplumbingsharessomeproperties
withfamiliarnotionssuchascutandpaste,itoffersamoregeneraldata
exchange mechanism without imposing a particular user interface.

Thecoreoftheplumbingsystemisaprogramcalledtheplumber,which
handlesallmessagesanddispatchesandreformatsthemaccordingto
configurationruleswritteninaspecial-purposelanguage.Thisapproach
allowsthecontentsandcontextofapieceofdatatodefinehowitishan­
dled.Unlikewithdraganddroporcutandpaste,theuserdoesn�tneed
todeliverthedata;thecontentsofaplumbingmessage,asinterpreted
by the plumbing rules, determine its destination.

Theplumberhasanunusualarchitecture:itisalanguage-drivenfile
server.Thisdesignhasdistinctadvantages.Itmakesplumbingeasyto
addtoanexisting,Unix-likecommandenvironment;itguaranteesuni­
formhandlingofinter-applicationmessages;itoff-loadsfromthose
applicationsmostoftheworkofextractinganddispatchingmessages;
and it works transparently across a network.

Introduction

Datamovesfromprogramtoprograminmyriadways.Command-linearguments,shell
pipelines,cutandpaste,draganddrop,andotheruserinterfacetechniquesallprovide
some form of interprocess communication.Thentherearetricksassociatedwithspecial
domains,suchasHTMLhyperlinksortheheuristicsmailreadersusetohighlightURLs
embeddedinmailmessages.Somesystemsprovideimplicitwaystoautomatethe
attachmentofprogramtodata�thebestknownexamplesareprobablytheresource
forksinMacOSandthefilenameextension�associations�inMicrosoftWindows�butin
practice humans must too often carry their data from program to program.

Whyshouldahumandothework?Usuallythereisoneobviousthingtodowithapiece
ofdata,andthedataitselfsuggestswhatthisis.Resourceforksandassociationsspeak
to this issue directly, but statically and narrowly andwithlittleopportunitytocontrolthe
behavior.Mechanismswithmoregenerality,suchascutandpasteordraganddrop,
demand too much manipulation by the user and are (therefore) too error-prone.

Wewantasystemthat,givenapieceofdata,handsittotheappropriateapplicationby
defaultwithlittleornohumanintervention,whilestillpermittingtheusertooverride
the defaults if desired.

Theplumbingsystemisanattempttoaddresssomeoftheseissuesinasingle,coher­
ent,centralway.Itprovidesamechanismforformattingandsendingarbitrary



­ 14 ­

smaller scale, although the system feels smooth and comfortable, work continues to
tune the heuristics and try new ideas for the user interface.

There need to be more programs that use Acme. Browsers for Usenet and AP News
articles, the Oxford English Dictionary, and other such text sources exist, but more
imaginative applications will be necessary to prove that Acme�s approach is viable. One
that has recently been started is an interface to the debugger Acid [Wint94], although it
is still unclear what form it will ultimately take.

Acme shows that it is possible to make a user interface a stand-alone component
of an interactive environment. By absorbing more of the interactive functionality than a
simple window system, Acme off-loads much of the computation from its applications,
which helps keep them small and consistent in their interface. Acme can afford to dedi­
cate considerable effort to making that interface as good as possible; the result will ben­
efit the entire system.

Acme is complete and useful enough to attract users. Its comfortable user inter­
face, the ease with which it handles multiple tasks and programs in multiple directories,
and its high level of integration make it addictive. Perhaps most telling, Acme shows
that typescripts may not be the most productive interface to a time-sharing system.

Acknowledgements

Howard Trickey, Acme�s first user, suffered buggy versions gracefully and made
many helpful suggestions. Chris Fraser provided the necessary insight for the Acme
editing commands.

References

[Alef] P. Winterbottom, ��Alef Language Reference Manual��, Plan 9 Programmer's Man­
ual, AT&T Bell Laboratories, Murray Hill, NJ, 1992; revised in this volume.
[Alle92] Allegro Common Lisp user Guide, Vol 2, Chapter 14, "The Emacs-Lisp Interface".
March 1992.
[AT&T92] Plan 9 Programmer�s manual, Murray Hill, New Jersey, 1992.
[Far89] Far too many people, XTERM(1), Massachusetts Institute of Technology, 1989.
[Gans93] Emden R. Gansner and John H. Reppy, ��A Multi-threaded Higher-order User
Interface Toolkit��, in Software Trends, Volume 1, User Interface Software, Bass and
Dewan (Eds.), John Wiley & Sons 1993, pp. 61-80.
[Lucid92] Richard Stallman and Lucid, Inc., Lucid GNU EMACS Manual, March 1992.
[Pike87] Rob Pike, ��The Text Editor sam��, Softw. - Pract. and Exp., Nov 1987, Vol 17
#11, pp. 813-845; reprinted in this volume.
[Pike88] Rob Pike, ��Window Systems Should Be Transparent��, Comp. Sys., Summer
1988, Vol 1 #3, pp. 279-296.
[Pike89] Rob Pike, ��A Concurrent Window System��, Comp. Sys., Spring 1989, Vol 2 #2,
pp. 133-153.
[PPTTW93] Rob Pike, Dave Presotto, Ken Thompson, Howard Trickey, and Phil Winterbot­
tom, ��The Use of Name Spaces in Plan 9��, Op. Sys. Rev., Vol. 27, No. 2, April 1993, pp.
72-76, reprinted in this volume.
[Pike91] Rob Pike, ��8½, the Plan 9 Window System��, USENIX Summer Conf. Proc., Nash­
ville, June, 1991, pp. 257-265, reprinted in this volume.
[Pike92] Rob Pike, ��A Minimalist Global User Interface��, Graphics Interface �92 Proc.,
Vancouver, 1992, pp. 282-293. An earlier version appeared under the same title in
USENIX Summer Conf. Proc., Nashville, June, 1991, pp. 267-279.
[Pike93] Rob Pike and Ken Thompson, ��Hello World or �±»·¼­Á± ºÌÃ¼µ or

��, USENIX Winter Conf. Proc., San Diego, 1993, pp. 43-50, reprinted in this volume.
[Pres93] Dave Presotto and Phil Winterbottom, ��The Organization of Networks in Plan
9��, Proc. Usenix Winter 1993, pp. 271-287, San Diego, CA, reprinted in this volume.

­ 15 ­

[Reis91] Martin Reiser, The Χberon System, Addison Wesley, New York, 1991.
[Reppy93] John H. Reppy, ��CML: A higher-order concurrent language��, Proc. SIG­
PLAN�91 Conf. on Programming, Lang. Design and Impl., June, 1991, pp. 293-305.
[Sche86] Robert W. Scheifler and Jim Gettys, ��The X Window System��, ACM Trans. on
Graph., Vol 5 #2, pp. 79-109.
[Stal93] Richard Stallman, Gnu Emacs Manual, 9th edition, Emacs version 19.19, MIT.
[Swei86] Daniel Sweinhart, Polle Zellweger, Richard Beach, and Robert Hagmann, ��A
Structural View of the Cedar Programming Environment��, ACM Trans. Prog. Lang. and
Sys., Vol. 8, No. 4, pp. 419-490, Oct. 1986.
[Wint94], Philip Winterbottom, ��Acid: A Debugger based on a Language��, USENIX Winter
Conf. Proc., San Francisco, CA, 1993, reprinted in this volume.
[Wirt89] N. Wirth and J. Gutknecht, ��The Oberon System��, Softw. - Prac. and Exp., Sep
1989, Vol 19 #9, pp 857-894.



­ 2 ­

messagesbetweenapplications,typicallyinteractiveprogramssuchastexteditors,web
browsers,andthewindowsystem,underthecontrolofacentralmessage-handling
servercalledtheplumber.Interactiveprogramsprovideapplication-specificconnec­
tionstotheplumber,triggeringwithminimaluseractionthetransferofdataorcontrol
tootherprograms.Theresultissimilartoahypertextsysteminwhichallthelinksare
implicit,extractedautomaticallybyexaminingthedataandtheuser�sactions.Itobvi­
atescutandpasteandothersuchhand-driveninterprocesscommunicationmecha­
nisms.Plumbing delivers the goods to the right place automatically.

Χverview

TheplumberisimplementedasaPlan9fileserver[Pike93];programssendmessages
bywritingthemtotheplumber�sfile/mnt/plumb/send,andreceivemessagesby
readingthemfromports,whichareotherplumberfilesin/mnt/plumb.Forexample,
/mnt/plumb/editisbyconventionthefilefromwhichatexteditorreadsmessages
requesting it to open and display a file for editing.(See Figure 1.)

ProgramA

ProgramB

ProgramC

send
plumber

image
Viewer

Browser

Editor

Faces

...

edit

web

newmail

...

Figure1.Theplumbercontrolstheflowofmessagesbetweenapplications.Programswrite

tothefilesendandreceiveon�ports�ofvariousnamesrepresentingservicessuchas

editorweb.Althoughthefiguredoesn�tillustrateit,someprogramsmaybothsendand

receivemessages,andsomeportsarereadbymultipleapplications.

Theplumbertakesmessagesfromthesendfileandinterpretstheircontentsusing
rulesdefinedbyaspecial-purposepattern-actionlanguage.Thelanguagespecifies any
rewritingofthemessagethatistobedonebytheplumberanddefineshowtodispose
of a message, such as by sending it to a port or starting a new process to handle it.

Thebehaviorisbestdescribedbyexample.Imaginethattheuserhas,inaterminal
emulator window, just run a compilation that has failed:

%make
cc-crmstar.c
rmstar.c:32:syntaxerror
...

Theuserpointsthetypingcursorsomewhereinthestringrmstar.c:32:andexe­
cutestheplumbmenuentry.Thiscausestheterminalemulatortoformataplumbing
messagecontainingtheentirestringsurroundingthecursor,rmstar:32:,andto
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srcplumbtest
dst
wdir/usr/rob/pics
typetext
attr
ndata9
datahorse.gif

Theisverbspecifiesaprecisematch,andthetypefieldofthemessageisthestring
text,sothefirstpatternsucceeds.Thematchesverbinvokesaregularexpression
patternmatchoftheobject(heredata)againsttheargumentpattern.Bothmatches
patternsinthisrulesetwillsucceed,andintheprocesssetthevariables$0tothe
matchedstring,$1tothefirstparenthesizedsubmatch,andsoon(analogousto&,\1,
etc.ined�sregularexpressions).Thepatternargisfile$0verifiesthatthenamed
file,horse.gif,isanactualfileinthedirectory/usr/rob/pics.Ifallthepat­
terns succeed, one of the actions will be executed.

There are two actions in this rule set.Theplumbtorulespecifiesimageasthedesti­
nationportofthemessage.Byconvention,theplumbermountsitsservicesinthe
directory/mnt/plumb,sointhiscaseifthefile/mnt/plumb/imagehasbeen
opened,themessagewillbemadeavailabletotheprogramreadingfromit.Notethat
themessagedoesnotnameaport,buttherulesetthatmatchesthemessagedoes,and
thatissufficienttodispatchthemessage.Ifontheotherhandamessagematchesno
rule but has an explicit port mentioned, that too is sufficient.

Ifnoclienthasopenedtheimageport,thatis,iftheprogrampageisnotalreadyrun­
ning,theplumbclientactiongivestheexecutionscripttostarttheapplicationand
sendthemessageonitsway;the-wiargumentstellpagetocreateawindowandto
receiveitsinitialargumentsfromtheplumbingport.Theprocessbywhichtheplumber
starts a program is described in more detail in the next section.

Itmayseemoddthattherearetwomatchesrulesinthisexample.Thereasonis
relatedtothewaytheplumbercanusetherulesthemselvestorefinethedatainthe
message,somewhatinthemannerofStructuralRegularExpressions[Pike87a].For
example, consider what happens if the cursor is at the last character of

%makenightmare>horse.gif

andtheuseraskstoplumbwhatthecursorispointingat.Theprogramcreatingthe
plumbingmessage�inthiscasetheterminalemulatorrunningthewindow�cansend
theentirewhite-space-delimitedstringnightmare>horse.giforeventheentire
line,andthecombinationofmatchesrulescandeterminethattheuserwasreferring
tothestringhorse.gif.Theusercouldofcourseselecttheentirestring
horse.gif,butit�smoreconvenientjusttopointinthegenerallocationandletthe
machine figure out what should be done.The process is as follows.

Theapplicationgeneratingthemessageaddsaspecialattributetothemessage,named
click,whosenumericalvalueistheoffsetofthecursor�theselectionpoint�within
thedatastring.Thisattributetellstheplumbertwothings:first,thattheregular
expressionsinmatchesrulesshouldbe used to identify the relevant data; and second,
approximatelywheretherelevantdatalies.Theplumberwillthenusethefirst
matchespatterntoidentifythelongestleftmostmatchthattouchesthecursor,which
willextractthestringhorse.gif,andthesecondpatternwillthenverifythatthat
namesapicturefile.Therulesetsucceedsandthedataiswinnowedtothematching
substring before being sent to its destination.

Eachmatchespatternwithinagivenrulesetmustmatchthesameportionofthe
string,whichguaranteesthattherulesetfailstomatchastringforwhichthesecond
pattern matches only a portion.For instance, our examplerulesetshouldnotexecuteif
thedataisthestringhorse.gift,andalthoughthefirstpatternwillmatch



­ 3 ­

write it to /mnt/plumb/send. The plumber receives this message and compares it
sequentially to the various patterns in its configuration. Eventually, it will find one that
breaks the string into pieces, rmstar.c, a colon, 32, and the final colon. Other asso­
ciated patterns verify that rmstar.c is a file in the current directory of the program
generating the message, and that 32 looks like a line number within it. The plumber
rewrites the message, setting the data to the string rmstar.c and attaching an indica­
tion that 32 is a line number to display. Finally, it sends the resulting message to the
edit port. The text editor picks up the message, opens rmstar.c (if it�s not already
open) and highlights line 32, the location of the syntax error.

From the user�s point of view, this process is simple: the error message appears, it is
�plumbed�, and the editor jumps to the problem.

Of course, there are many different ways to cause compiler messages to pop up the
source of an error, but the design of the plumber addresses more general issues than
the specific goal of shortening the compile/debug/edit cycle. It facilitates the general
exchange of data among programs, interactive or otherwise, throughout the environ­
ment, and its architecture�a central, language-driven file server�although unusual,
has distinct advantages. It makes plumbing easy to add to an existing, Unix-like com­
mand environment; it guarantees uniform handling of inter-application messages; it
off-loads from those applications most of the work of extracting and dispatching mes­
sages; and it works transparently and effortlessly across a network.

This paper is organized bottom-up, beginning with the format of the messages and pro­
ceeding through the plumbing language, the handling of messages, and the interactive
user interface. The last sections discuss the implications of the design and compare the
plumbing system to other environments that provide similar services.

Format of messages

Since the language that controls the plumber is defined in terms of the contents of
plumbing messages, we begin by describing their layout.

Plumbing messages have a fixed-format textual header followed by a free-format data
section. The header consists of six lines of text, in set order, each specifying a property
of the message. Any line may be blank except the last, which is the length of the data
portion of the message, as a decimal string. The lines are, in order:

The source application, the name of the program generating the message.

The destination port, the name of the port to which the messages should be sent.

The working directory in which the message was generated.

The type of the data, analogous to a MIME type, such as text or image/gif.

Attributes of the message, given as blank-separated name=value pairs. The values
may be quoted to protect blanks or quotes; values may not contain newlines.

The length of the data section, in bytes.

Here is a sample message, one that (conventionally) tells the editor to open the file
/usr/rob/src/mem.c and display line 27 within it:

plumbtest
edit
/usr/rob/src
text
addr=27
5
mem.c

Because in general it need not be text, the data section of the message has no terminat­
ing newline.
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A library interface simplifies the processing of messages by translating them to and
from a data structure, Plumbmsg, defined like this:

typedef struct Plumbattr Plumbattr;
typedef struct Plumbmsg Plumbmsg;

struct Plumbmsg
{

char *src; /* source application */
char *dst; /* destination port */
char *wdir; /* working directory */
char *type; /* type of data */
Plumbattr *attr; /* attribute list */
int ndata; /* #bytes of data */
char *data;

};

struct Plumbattr
{

char *name;
char *value;
Plumbattr *next;

};

The library also includes routines to send a message, receive a message, manipulate the
attribute list, and so on.

The Language

An instance of the plumber runs for each user on each terminal or workstation. It
begins by reading its rules from the file lib/plumbing in the user�s home directory,
which in turn may use include statements to interpolate macro definitions and rules
from standard plumbing rule libraries stored in /sys/lib/plumb.

The rules control the processing of messages. They are written in a pattern-action lan­
guage comprising a sequence of blank-line-separated rule sets, each of which contains
one or more patterns followed by one or more actions. Each incoming message is com­
pared against the rule sets in order. If all the patterns within a rule set succeed, one of
the associated actions is taken and processing completes.

The syntax of the language is straightforward. Each rule (pattern or action) has three
components, separated by white space: an object, a verb, and optional arguments. The
object identifies a part of the message, such as the source application (src), or the data
portion of the message (data), or the rule�s own arguments (arg); or it is the keyword
plumb, which introduces an action. The verb specifies an operation to perform on the
object, such as the word �is� to require precise equality between the object and the
argument, or �isdir� to require that the object be the name of a directory.

For instance, this rule set sends messages containing the names of files ending in
.gif, .jpg, etc. to a program, page, to display them; it is analogous to a Windows
association rule:

# image files go to page
type is text
data matches '[a-zA-Z0-9_\-./]+'
data matches '([a-zA-Z0-9_\-./]+)\.(jpe?g|gif|bit|tiff|ppm)'
arg isfile $0
plumb to image
plumb client page -wi

(Lines beginning with # are commentary.) Consider how this rule handles the following
message, annotated down the left column for clarity:
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horse.gift, the second will match onlyhorse.gifand the rule set will fail.

Thesameapproachofmultiplematchesrulescanbeusedtoexclude,forinstance,a
terminalperiodfromafilenameorURL,soafilenameorURLattheendofasentence
is recognized properly.

Ifaclickattributeisnotspecified,allpatternsmustmatchtheentirestring,sothe
userhasanoption:heorshemayselectexactlywhatdatatosend,ormayinsteadindi­
catewherethedataisbyclickingtheselectionbuttononthemouseandlettingthe
machinelocatetheURLorimagefilenamewithinthetext.Inotherwords,theusercan
controlthecontentsofthemessagepreciselywhenrequired,butthedefault,simplest
action in the user interface does the right thing most of the time.

How Messages are Handled in the Plumber

Anapplicationcreatesamessageheader,fillsinwhateverfieldsitwishestodefine,
attachesthedata,andwritestheresulttothefilesendintheplumber�sservicedirec­
tory,/mnt/plumb.Theplumberreceivesthemessageandappliestheplumbingrules
successivelytoit.Whenarulesetmatches,themessageisdispatchedasindicatedby
thatrulesetandprocessingcontinueswiththenextmessage.Ifnorulesetmatches
themessage,theplumberindicatesthisbyreturningawriteerrortotheapplication,
that is, the writeto/mnt/plumb/sendfails,withtheresultingerrorstringdescribing
thefailure.(Plan9usesstringsratherthanpre-definednumberstodescribeerrorcon­
ditions.)Thusaprogramcandiscoverwhetheraplumbingmessagehasbeensentsuc­
cessfully.

Afteramatchingrulesethasbeenidentified,theplumberappliesaseriesofrewriting
stepstothemessage.Somerewritingsaredefinedbytheruleset;othersareimplicit.
Forexample,ifthemessagedoesnotspecifyadestinationport,theoutgoingmessage
willberewrittentoidentifyit.If the message does specify the port, the rule set will only
matchifanyplumbtoactionintherulesetnamesthesameport.(Ifitmatchesno
rule sets, but mentions a port, it will be sent there unmodified.)

Therulesetmaycontainactionsthatexplicitlyrewritecomponentsofthemessage.
Thesemaymodifytheattributelistorreplacethedatasectionofthemessage.Hereis
asamplerulesetthatdoesboth.Itmatchesstringsoftheformplumb.hor
plumb.h:27.IfthatstringidentifiesafileinthestandardCincludedirectory,
/sys/include,perhapswithanoptionallinenumber,theoutgoingmessageis
rewritten to contain the full path name and an attribute,addr, to hold the line number:

#.hfilesarelookedupin/sys/includeandpassedtoedit
typeistext
datamatches'([a-zA-Z0-9]+\.h)(:([0-9]+))?'
argisfile/sys/include/$1
dataset/sys/include/$1
attraddaddr=$3
plumbtoedit

Thedatasetrulereplacesthecontentsofthedata,andtheattraddruleaddsa
newattributetothemessage.Theintentofthisruleistopermitonetoplumban
includefilenameinaCprogramtotriggertheopeningofthatfile,perhapsataspeci­
fiedline,inthetexteditor.Avariantofthisrule,discussedbelow,tellstheeditorhow
tointerpretsyntaxerrorsfromthecompiler,ortheoutputofgrep-n,bothofwhich
use a fixed syntaxfile:lineto identify a line of source.

ThePlan9texteditorsinterprettheaddrattributeasthedefinitionofwhichportionof
thefiletodisplay.Infact,therealruleincludesaricherdefinitionoftheaddresssyn­
tax,soonemayplumbstringssuchasplumb.h:/plumbsend(usingaregular
expression after the/) to pop up the declaration of a function in a C header file.

Anotherformofrewritingisthattheplumbermaymodifytheattributelistofthe
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/mnt/plumb/rules.

Thissimplewayofmaintaininganactiveservicecouldprofitablybeadoptedbyother
systems.Itavoidstheneedtoreboot,toupdateregistrieswithspecialtools,ortosend
asynchronous signals to critical programs.

The User Interface

Oneunusualpropertyoftheplumbingsystemisthattheuserinterfacethatprograms
providetoaccessitcanvaryconsiderably,yettheresultisnonethelessaunifyingforce
intheenvironment.Shellstalktoeditors,imageviewers,andwebbrowsers;debuggers
talk to editors; editors talk to themselves; and the window system talks to everybody.

TheplumbergrewoutofsomeoftheideasoftheAcmeeditor/window-system/user
interface[Pike94],inparticularits�acquisition�feature.Withathree-buttonmouse,
clickingtherightbuttoninAcmeonapieceoftexttellsAcmetogetthethingbeing
pointedto.Ifitisafilename,openthefile;ifitisadirectory,openaviewer for its con­
tents;ifalinenumber,gotothatline;ifaregularexpression,searchforit.Thisone-
clickaccesstoanythingdescribabletextuallywasverypowerfulbuthadseverallimita­
tions,ofwhichthemostimportantwerethatAcme�srulesforinterpretingthetext(that
is,theimplicithyperlinks)werehard-wiredandinflexible,andthattheyonlyappliedto
andwithinAcmeitself.Onecouldnot,forexample,useAcme�spowertoopenan
image file, since Acme is a text-only system.

Theplumberaddressestheselimitations,evenwithAcmeitself:Acmenowusesthe
plumbertointerprettherightbuttonclicksforit.Whentherightbuttonisclickedon
sometext,Acmeconstructsaplumbingmessagemuchasdescribedabove,usingthe
clickattributeandthewhite-space-delimitedtextsurroundingtheclick.Itthen
writesthemessagetotheplumber;ifthewritesucceeds,alliswell.Ifnot,itfallsback
toitsoriginal,internalrules,whichwillresultinacontextsearchforthewordwithinthe
current document.

Ifthemessageissentsuccessfully,therecipientislikelytobeAcmeitself,ofcourse:
therequestmaybetoopenafile,forexample.ThusAcmehasturnedtheplumberinto
anexternalcomponentofitsownoperation,whileexpandingthepossibilities;theoper­
ationmightbetostartanimageviewertoopenapicturefile,somethingAcmecannot
do itself.The plumber expands the power of Acme�s original user interface.

Traditionalmenu-drivenprogramssuchasthetexteditorSam[Pike87b]andthedefault
shellwindowofthewindowsystem8½[Pike91]cannotdedicateamousebuttonsolely
toplumbing,buttheycancertainlydedicateamenuentry.Theeditingmenuforsuch
programsnowcontainsanentry,plumb,thatcreatesaplumbingmessageusingthe
currentselection.(Acmemanagestosendamessagebyclickingonthetextwithone
button;otherprogramsrequireaclickwiththeselectbuttonandthenamenuopera­
tion.)For example, after this happens in a shell window:

%make
cc-cshaney.c
shaney.c:232:iundefined
...

one can click anywhere on thestringshaney.c:232,executetheplumbmenuentry,
andhaveline232appearinthetexteditor,beitSamorAcme�whicheverhasthe
editportopen.(IfthiswereanAcmeshellwindow,itwouldbesufficienttoright-
click on the string.)

[An interesting side line is how the window system knows what directorytheshellisrun­
ningin;inotherwords,whatvaluetoplaceinthewdirfieldoftheplumbmessage.
Recallthat8½is,likemanyPlan9programs,afileserver.Itnowservesanewfile,
/dev/wdir,thatisprivatetoeachwindow.Programs,inparticularthePlan9shell,
rc,canwritethatfiletoinformthewindowsystemofitscurrentdirectory.Whenacd
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message to clarify how to handle the message. The primary example of this involves
the treatment of the click attribute, described in the previous section. If the message
contains a click attribute and the matching rule set uses it to extract the matching
substring from the data, the plumber deletes the click attribute and replaces the data
with the matching substring.

Once the message is rewritten, the actions of the matching rule set are examined. If the
rule set contains a plumb to action and the corresponding port is open�that is, if a
program is already reading from that port�the message is delivered to the port. The
application will receive the message and handle it as it sees fit. If the port is not open, a
plumb start or plumb client action will start a new program to handle the mes­
sage.

The plumb start action is the simpler: its argument specifies a command to run
instead of passing on the message; the message is discarded. Here for instance is a
rule that, given the process id (pid) of an existing process, starts the acid debugger
[Wint94] in a new window to examine that process:

# processes go to acid (assuming strlen(pid) >= 2)
type is text
data matches '[a-zA-Z0-9.:_\-/]+'
data matches '[0-9][0-9]+'
arg isdir /proc/$0
plumb start window acid $0

(Note the use of multiple matches rules to avoid misfires from strings like
party.1999.) The arg isdir rule checks that the pid represents a running process
(or broken one; Plan 9 does not create core files but leaves broken processes around
for debugging) by checking that the process file system has a directory for that pid
[Kill84]. Using this rule, one may plumb the pid string printed by the ps command or
by the operating system when the program breaks; the debugger will then start auto­
matically.

The other startup action, plumb client, is used when a program will read messages
from the plumbing port. For example, text editors can read files specified as command
arguments, so one could use a plumb start rule to begin editing a file. If, however,
the editor will read messages from the edit plumbing port, letting it read the message
from the port insures that it uses other information in the message, such as the line
number to display. The plumb client action is therefore like plumb start, but
keeps the message around for delivery when the application opens the port. Here is the
full rule set to pass a regular file to the text editor:

# existing files, possibly tagged by address, go to editor
type is text
data matches '([.a-zA-Z0-9_/\-]*[a-zA-Z0-9_/\-])('$addr')?'
arg isfile $1
data set $1
attr add addr=$3
plumb to edit
plumb client window $editor

If the editor is already running, the plumb to rule causes it to receive the message on
the port. If not, the command �window $editor� will create a new window (using the
Plan 9 program window) to run the editor, and once that starts it will open the edit
plumbing port as usual and discover this first message already waiting.

The variables $editor and $addr in this rule set are macros defined in the plumbing
rules file; they specify the name of the user�s favorite text editor and a regular expres­
sion that matches that editor�s address syntax, such as line numbers and patterns. This
rule set lives in a library of shared plumbing rules that users� private rules can build on,
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so the rule set needs to be adaptable to different editors and their address syntax. The
macro definitions for Acme and Sam [Pike94,Pike87b] look like this:

editor=acme
# or editor=sam
addrelem='((#?[0-9]+)|(/[A-Za-z0-9_\^]+/?)|[.$])'
addr=:($addrelem([,;+\-]$addrelem)*)

Finally, the application reads the message from the appropriate port, such as
/mnt/plumb/edit, unpacks it, and goes to work.

Message Delivery

In summary, a message is delivered by writing it to the send file and having the
plumber, perhaps after some rewriting, send it to the destination port or start a new
application to handle it. If no destination can be found by the plumber, the original
write to the send file will fail, and the application will know the message could not be
delivered.

If multiple applications are reading from the destination port, each will receive an identi­
cal copy of the message; that is, the plumber implements fan-out. The number of mes­
sages delivered is equal to the number of clients that have opened the destination port.
The plumber queues the messages and makes sure that each application that opened
the port before the message was written gets exactly one copy.

This design minimizes blocking in the sending applications, since the write to the send
file can complete as soon as the message has been queued for the appropriate port. If
the plumber waited for the message to be read by the recipient, the sender could block
unnecessarily. Unfortunately, this design also means that there is no way for a sender
to know when the message has been handled; in fact, there are cases when the message
will not be delivered at all, such as if the recipient exits while there are still messages in
the queue. Since the plumber is part of a user interface, and not an autonomous mes­
sage delivery system, the decision was made to give the non-blocking property priority
over reliability of message delivery. In practice, this tradeoff has worked out well: appli­
cations almost always know when a message has failed to be delivered (the write fails
because no destination could be found), and those occasions when the sender believes
incorrectly that the message has been delivered are both extremely rare and easily rec­
ognized by the user�usually because the recipient application has exited.

The Rules File

The plumber begins execution by reading the user�s startup plumbing rules file,
lib/plumbing. Since the plumber is implemented as a file server, it can also present
its current rules as a dynamic file, a design that provides an easily understood way to
maintain the rules.

The file /mnt/plumb/rules is the text of the rule set the plumber is currently using,
and it may be edited like a regular file to update those rules. To clear the rules, trun­
cate that file; to add a new rule set, append to it:

% echo 'type is text
data is self-destruct
plumb start rm -rf $HΧME' >> /mnt/plumb/rules

This rule set will take effect immediately. If it has a syntax error, the write will fail with
an error message from the plumber, such as �malformed rule� or �undefined verb�.

To restore the plumber to its startup configuration,

% cp /usr/$user/lib/plumbing /mnt/plumb/rules

For more sophisticated changes, one can of course use a regular text editor to modify
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commandisexecutedinaninteractiveshell,rcupdatesthecontentsof/dev/wdir
and plumbing can proceed with local file names.]

Ofcourse,userscanplumbimagefilenames,processids,URLs,andotheritems�any
stringwhosesyntaxanddispositionaredefinedintheplumbingrulesfile.Anexample
ofhowthepiecesfittogetheristhewayPlan9nowhandlesmail,particularlyMIME-
encoded messages.

Whenanewmailmessagearrives,themailreceiverprocesssendsaplumbingmessage
tothenewmailport,whichnotifiesanyinterestedprocessthatnewmailishere.The
plumbingmessagecontainsinformationaboutthemail,includingitssender,date,and
currentlocationinthe file system.The interested processes include a program,faces,
thatgivesagraphicaldisplayofthemailboxusingfacestorepresentthesendersof
messages[PiPr85],aswellasinteractivemailprogramssuchastheAcmemailviewer
[Pike94].Theusercanthenclickonthefacethatappears,andthefacesprogramwill
sendanotherplumbingmessage,thistimetotheshowmailport.Hereistherulefor
that port:

#faces->newmailwindowformessage
typeistext
datamatches'[a-zA-Z0-9_\-./]+'
datamatches'/mail/fs/[a-zA-Z0-9/]+/[0-9]+'
plumbtoshowmail
plumbstartwindowedmail-s$0

Ifaprogram,suchastheAcmemailreader,isreadingthatport,itwillopenanewwin­
dowinwhichtodisplaythemessage.Ifnot,theplumbstartrulewillcreateanew
windowandrunedmail,aconventionalmailreadingprocess,toexamineit.Notice
howtheplumbingconnectsthecomponentsoftheinterfacetogetherthesameway
regardless of which components are actually being used to view mail.

Thereismoretothemailstory.Naturally,mailboxesinPlan9aretreatedaslittlefile
systems,whicharesynthesizedondemandbyaspecial-purposefileserverthattakesa
flatmailboxfileandconvertsitintoasetofdirectories,onepermessage,withcompo­
nentfilescontainingtheheader,body,MIMEinformation,andsoon.Multi-partMIME
messages are unpacked into multi-level directories, like this:

%ls-l/mail/fs/mbox/25
d-r-xr-xr-xM20robrob0Nov2113:06/mail/fs/mbox/25/1
d-r-xr-xr-xM20robrob0Nov2113:06/mail/fs/mbox/25/2
--r--r--r--M20robrob28678Nov2113:06/mail/fs/mbox/25/body
--r--r--r--M20robrob0Nov2113:06/mail/fs/mbox/25/cc
...
%mail
25messages
:25
From:presotto
Date:SunNov2113:05:51EST1999
To:rob

Checkthisout.

===>2/(image/jpeg)[inline]
/mail/fs/mbox/25/2/fabio.jpg

:

Sincethecomponentsareall(synthetic)files,theusercanplumbthepiecestoview
embeddedpictures,URLs,andsoon.Notethatthemailprogramcanplumbthecon­
tentsofinlineattachmentsautomatically,withoutuserinteraction;inotherwords,
plumbing lets the mailer handle multimedia data without itself interpreting it.
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Comparison with Χther Systems

TheideasoftheplumbingsystemgrewfromanattempttogeneralizethewayAcme
acquiresfilesanddata.Systemsfurtherfromthatlineagealsosharesomeproperties
withplumbing.Most,however,requireexplicitlinkingormessagepassingratherthan
plumbing�simplicit,context-basedpatternmatching,andnonehastheplumber�s
design of a language-based file server.

Reiss�sFIELDsystem[Reis95]probablycomestheclosesttoprovidingthefacilitiesof
theplumber.Ithasacentralmessage-passingmechanismthatconnectsapplications
togetherthroughacombinationofalibraryandapattern-matchingcentralmessage
dispatcherthathandlesmessagesendandreply.ThemaindifferencesbetweenFIELD�s
messagedispatcherandtheplumberarefirstthattheplumberisbasedonaspecial-
purposelanguagewhiletheFIELDsystemusesanobject-orientedlibrary,secondthat
theplumberhasnoconceptofareplytoamessage,andfinallythattheFIELDsystem
hasnoconceptofport.Butthekeydistinctionisprobablyinthelevelofuse.InFIELD,
themessagedispatcherisacriticalintegratingforceoftheunderlyingprogramming
environment,handlingeverythingfromdebuggingeventstochangingtheworking
directoryofaprogram.Plumbing,bycontrast,isintendedprimarilyforintegratingthe
userinterfaceofexistingtools;itismoremodestandverymuchsimpler.Thecentral
advantageoftheplumberisitsconvenienceanddynamism;theFIELDsystemdoesnot
share the ease with which message dispatch rules can be added or modified.

TheinspirationforAcmewastheuserinterfacetotheobject-orientedOberonsystem
[WiGu92].Oberon�suserinterfaceinterpretsmouseclicksonstringssuchas
Χbj.methtoinvokecallstothemethodmethoftheobjectΧbj.Thiswasthestart­
ingpointforAcme�smiddle-buttonexecution[Pike94],butnothinginOberonismuch
likeAcme�sright-button�acquisition�,whichwasthestartingpointfortheplumber.
Oberon�simplicitmethod-basedlinkingisnotnearlyasgeneralasthepattern-matched
linkingoftheplumber,nordoesitsstyleofuser-triggeredmethodcallcorrespondwell
to the more general idea of inter-application communication of plumbing messages.

Microsoft�sOLEinterfaceisanotherrelative.Itallowsoneapplicationtoembeditsown
datawithinanother�s,forexampletoplaceanExcelspreadsheetwithinaFramedocu­
ment;whenFrameneedstoformatthepage,itwillstartExcelitself,oratleastsomeof
itsDLLs,toformatthespreadsheet.OLEdatacanonlybeunderstoodby the application
thatcreatedit;plumbingmessages,bycontrast,containarbitrarydatawitharigidlyfor­
mattedheaderthatwillbeinterpretedbythepatternmatcherandthedestinationappli­
cation.Theplumber�ssimplifiedmessageformatmaylimititsflexibilitybutmakes
messageseasyandefficienttodispatchandtointerpret.Atleastforthecut-and-paste
styleofexchangeOLEencourages,plumbinggivesupsomepowerinreturnforsimplic­
ity,whileavoidingtheneedtoinvokeavestigialprogram(ifExcelcanbecalledaves­
tige)everytimethepasteddataisexamined.Plumbingisalsobettersuitedtoother
styles of data exchange, such as connecting compiler errors to the text editor.

TheHyperbole[Wein]packageforEmacsaddshypertextfacilitiestoexistingdocu­
ments.Itincludesexplicitlinksand,likeplumbing,arule-drivenwaytoformimplicit
links.SinceEmacsispurelytextual,likeAcme,Hyperboledoesnoteasilyextendto
drivinggraphicalapplications,nordoesitprovideageneralinterprocesscommunication
method.Forinstance,althoughHyperboleprovidessomeintegrationformailapplica­
tions,itcannotprovidethegluethatallowsaclickonafaceiconin an external program
toopenamailmessagewithintheviewer.Moreover,sinceitisnotimplementedasa
file server, Hyperbole does not share the advantages of that architecture.

Henry�serrorprogramin4BSDechoesasmallbutcommonuseofplumbing.Ittakes
theerrormessagesproducedbyacompileranddrivesatexteditorthroughthesteps of
lookingateachoneinturn;thenotionistoquickenthecompile/edit/debugcycle.Sim­
ilarresultsareachievedinEMACSbywritingspecialM-LISPmacrostoparsetheerror
messagesfromvariouscompilers.Althoughforthisparticularpurposetheymaybe
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At a more mundane level, a shell command, plumb, can be used to send messages:

% cd /usr/rob/src
% plumb mem.c

will send the appropriate message to the edit port. A surprising use of the plumb
command is in actions within the plumbing rules file. In our lab, we commonly receive
Microsoft Word documents by mail, but we do not run Microsoft operating systems on
our machines so we cannot view them without at least rebooting. Therefore, when a
Word document arrives in mail, we could plumb the .doc file but the text editor could
not decode it. However, we have a program, doc2txt, that decodes the Word file for­
mat to extract and format the embedded text. The solution is to use plumb in a
plumb start action to invoke doc2txt on .doc files and synthesize a plain text
file:

# rule set for microsoft word documents
type is text
data matches '[a-zA-Z0-9_\-./]+'
data matches '([a-zA-Z0-9_\-./]+)\.doc'
arg isfile $0
plumb start doc2txt $data | \

plumb -i -d edit -a action=showdata -a filename=$0

The arguments to plumb tell it to take standard input as its data rather than the text of
the arguments (-i), define the destination port (-d edit), and set a conventional
attribute so the editor knows to show the message data itself rather than interpret it as
a file name (-a action=showdata) and provide the original file name (-a
filename=$0). Now when a user plumbs a .doc file the plumbing rules run a pro­
cess to extract the text and send it as a temporary file to the editor for viewing. It�s
imperfect, but it�s easy and it beats rebooting.

Another simple example is a rule that turns man pages into hypertext. Manual page
entries of the form plumber(1) can be clicked on to pop up a window containing the
formatted �man page�. That man page will in turn contain more such citations, which
will also be clickable. The rule is a little like that for Word documents:

# man index entries are synthesized
type is text
data matches '([a-zA-Z0-9_\-./]+)\(([0-9])\)'
plumb start man $2 $1 | \

plumb -i -d edit -a action=showdata -a filename=/man/$1($2)

There are many other inventive uses of plumbing. One more should give some of the
flavor. We have a shell script, src, that takes as argument the name of an executable
binary file. It examines the symbol table of the binary to find the source file from which
it was compiled. Since the Plan 9 compilers place full source path names in the symbol
table, src can discover the complete file name. That is then passed to plumb, com­
plete with the line number to find the symbol main. For example,

% src plumb

is all it takes to pop up an editor window on the main routine of the plumb command,
beginning at line 39 of /sys/src/cmd/plumb/plumb.c. Like most uses of
plumbing, this is not a breakthrough in functionality, but it is a great convenience.

Why This Architecture?

The design of the plumbing system is peculiar: a centralized language-based file server
does most of the work, while compared to other systems the applications themselves
contribute relatively little. This architecture is deliberate, of course.

That the plumber�s behavior is derived from a linguistic description gives the system
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great flexibility and dynamism�rules can be added and changed at will, without
rebooting�but the existence of a central library of rules ensures that, for most users,
the environment behaves in well-established ways.

That the plumber is a file server is perhaps the most unusual aspect of its design, but is
also one of the most important. Messages are passed by regular I/O operations on files,
so no extra technology such as remote procedure call or request brokers needs to be
provided; messages are transmitted by familiar means. Almost every service in Plan 9 is
a file server, so services can be exported trivially using the system�s remote file system
operations [Pike93]. The plumber is no exception; plumbing messages pass routinely
across the network to remote applications without any special provision, in contrast to
some commercial IPC mechanisms that become significantly more complex when they
involve multiple machines. As I write this, my window system is talking to applications
running on three different machines, but they all share a single instance of the plumber
and so can interoperate to integrate my environment. Plan 9 uses a shared file name
space to combine multiple networked machines�compute servers, file servers, and
interactive workstations�into a single computing environment; plumbing�s design as a
file server is a natural by-product of, and contributor to, the overall system architecture
[Pike92].

The centrality of the plumber is also unusual. Other systems tend to let the applications
determine where messages will go; consider mail readers that recognize and highlight
URLs in the messages. Why should just the mail readers do this, and why should they
just do it for URLs? (Acme was guilty of similar crimes.) The plumber, by removing such
decisions to a central authority, guarantees that all applications behave the same and
simultaneously frees them all from figuring out what�s important. The ability for the
plumber to excerpt useful data from within a message is critical to the success of this
model.

The entire system is remarkably small. The plumber itself is only about two thousand
lines of C code. Most applications work fine in a plumbing environment without know­
ing about it at all; some need trivial changes such as to standardize their error output; a
few need to generate and receive plumbing messages. But even to add the ability to
send and receive messages in a program such as text editor is short work, involving typ­
ically a few dozen lines of code. Plumbing fits well into the existing environment.

But plumbing is new and it hasn�t been pushed far enough yet. Most of the work so far
has been with textual messages, although the underlying system is capable of handling
general data. We plan to reimplement some of the existing data movement operations,
such as cut and paste or drag and drop, to use plumbing as their exchange mechanism.
Since the plumber is a central message handler, it is an obvious place to store the �clip­
board�. The clipboard could be built as a special port that holds onto messages rather
than deleting them after delivery. Since the clipboard would then be holding a plumbing
message rather than plain text, as in the current Plan 9 environment, it would become
possible to cut and paste arbitrary data without providing new mechanism. In effect, we
would be providing a new user interface to the existing plumbing facilities.

Another possible extension is the ability to override plumbing operations interactively.
Originally, the plan was to provide a mechanism, perhaps a pop-up menu, that one
could use to direct messages, for example to send a PostScript file to the editor rather
than the PostScript viewer by naming an explicit destination in the message. Although
this deficiency should one day be addressed, it should be done without complicating the
interface for invoking the default behavior. Meanwhile, in practice the default behavior
seems to work very well in practice�as it must if plumbing is to be successful�so the
lack of overrides is not keenly felt.
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moreconvenientthanplumbing,thesearespecificsolutionstoaspecificproblemand
lack plumbing�s generality.

Ofcourse,theresourceforksinMacOSandtheassociationrulesforfilenameexten­
sionsinWindowsalsoprovidesomeofthefunctionalityoftheplumber,althoughagain
without the generality or dynamic nature.

Closertohome,Ousterhout�sTcl(ToolCommandLanguage)[Oust90]wasoriginally
designedtoembedalittlecommandinterpreterineachapplicationtocontrolinterpro­
cesscommunicationandprovidealevelofintegration.Plumbing,ontheotherhand,
providesminimalsupportwithintheapplication,offloadingmostofthemessagehan­
dling and all the command execution to the central plumber.

Themostobviousrelativetoplumbingisperhapsthehypertextlinksofawebbrowser.
Plumbingdiffersbysynthesizingthelinksondemand.Ratherthanconstructinglinks
withinadocumentasinHTML,plumbingusesthecontextofabuttonclicktoderive
whatitshouldlinkto.Thatthe rules for this decision can be modified dynamically gives
itamorefluidfeelthanastandardwebbrowsingworld.Onepossibilityforfuturework
istoadaptawebbrowsertouseplumbingasitslink-followingengine,muchasAcme
usedplumbingtooffloaditsacquisitionrules.Thiswouldconnectthewebbrowserto
theexistingtools,ratherthanthecurrenttrendinmostsystemsofreplacingthetools
by a browser.

Eachofthesepriorsystems�andthereareothers,e.g.[Pasa93,Free93]�addressesa
particularneedorsubsetoftheissuesofsystemintegration.Plumbingdiffersbecause
itsparticularchoicesweredifferent.Itfocusesontwokeyissues:centralizingand
automatingthehandlingofinterprocesscommunicationamonginteractiveprograms,
andmaximizingtheconvenience(orminimizingthetrouble)forthehumanuserofits
services.Moreover,theplumber�simplementationasafileserver,withmessages
passedoverfilesitcontrols,permitsthearchitecturetoworktransparentlyacrossanet­
work.Noneoftheothersystemsdiscussedhereintegratesdistributedsystemsas
smoothly as local ones without the addition of significant extra technology.

Discussion

Therewereafewsurprisesduringthedevelopmentofplumbing.Thefirstversionof
plumbingwasdonefortheInfernosystem[Dorw97a,Dorw97b],usingitsfile-to-
channelmechanismtomediatetheIPC.Althoughitwasverysimpletobuild,itencoun­
tereddifficultiesbecausetheplumberwastoodisconnectedfromitsclients;inparticu­
lar,therewasnowaytodiscoverwhetheraportwasinuse.Whenplumbingwasimple­
mentedafreshforPlan9,itwasprovidedthroughatruefileserver.Althoughthiswas
muchmorework,itpaidoffhandsomely.Theplumbernowknowswhetheraportis
open,whichmakesiteasyto decide whether a new program must be started to handle a
message,andtheabilitytoedittherulesfiledynamicallyisamajoradvantage.Other
advantagesarisefromthefile-serverdesign,suchastheeaseofexportingplumbing
portsacrossthenetworktoremotemachinesandtheimplicitsecuritymodelafile-
based interface provides: no one has permission to open my private plumbing files.

Ontheotherhand,Infernowasanall-newenvironmentandtheuserinterfacefor
plumbingwasabletobemadeuniformforallapplications.Thiswasimpracticalfor
Plan9,somoreadhocinterfaceshadtobeprovidedforthatenvironment.Yetevenin
Plan9theadvantagesofefficient,convenient, dynamic interprocess communication out­
weighthevariabilityoftheuserinterface.Infact,itisperhapsatellingpointthatthe
systemworkswellforavarietyofinterfaces;theprovisionofacentral,convenient
message-passing service is a good idea regardless of how the programs use it.

Plumbing�srulelanguageusesonlyregularexpressionsandafewspecialrulessuchas
isfileformatchingtext.Thereismuchmorethatcouldbedone.Forexample,in
thecurrentsystemaJPEGfilecanberecognizedbya.jpgsuffixbutnotbyits
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contents, since the plumbing language has no facility for examining the contents of files
named in its messages. To address this issue without adding more special rules
requires rethinking the language itself. Although the current system seems a good bal­
ance of complexity and functionality, perhaps a richer, more general-purpose language
would permit more exotic applications of the plumbing model.

In conclusion, plumbing adds an effective, easy-to-use inter-application communication
mechanism to the Plan 9 user interface. Its unusual design as a language-driven file
server makes it easy to add context-dependent, dynamically interpreted, general-
purpose hyperlinks to the desktop, for both existing tools and new ones.
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