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Abstract

This reportdescribeghe detaileddesignand codeof the control programfor the isocentrictreat-
mentunit of the Clinical NeutronTheragy System(CNTS). It is primarily intendedfor software
developers.It describeglesignfeatureswhich shouldbe presered whenthe programis modified,
andexplainssomeunolvious implementatiordetails. The control programwasdevelopedfrom a
detaileddesignexpressedn the Z notation. It is codedin C. We usedonly the ANSI StandardC
library anda few librariesneededo usethereal-timeoperatingsystemandthe X window system
(Xlib only, notMotif or ary othertoolkits). Theprogramtext (C dataandfunctions)is partitioned
into modulesthatmale it easyfor usto producedifferentprogramversionghatrunin differenten-
vironments.Theexecutingprogramcomprisesereralconcurrentasks coordinatedy appropriate
communicatiorandsynchronizatiormethods.The behaior of the userinterfaceis determinecby
atable. Thegraphicaluserinterfaceis separablethe programcanalsoreadtext commandgrom a
keyboardor scriptfile (for testautomation).Most of the codewasdevelopedon a general-purpose
workstation simulatingtaskingin a singleprocessvhile readingandwriting simulateddevice con-
troller commandsanddatafrom files. Many of the programsourcecodefiles arere-usedwithout
changes)n utility programghatrun on aworkstation.
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Intr oduction

This reportdescribeghe detaileddesignand codeof the control programfor the isocentrictreat-
mentunit of the Clinical NeutronTherapy System(CNTS). It is primarily intendedfor software
developers.It describeglesignfeatureswhich shouldbe presered whenthe programis modified,
andexplainssomeunolvious implementatiordetails. The control programwasdevelopedfrom a
detaileddesignexpressedn the Z notation. It is codedin C. We usedonly the ANSI StandardC
library anda few librariesneededo usethe real-timeoperatingsystemandthe X window system
(Xlib only, notMotif or ary othertoolkits). Theprogramtext (C dataandfunctions)is partitioned
into moduleghatmale it easyfor usto producedifferentprogramversionghatrunin differenten-
vironments.The executingprogramcompriseseveral concurrentasks,coordinatecy appropriate
communicatiorandsynchronizatiormethods.The behaior of the userinterfaceis determinedoy
atable. Thegraphicaluserinterfaceis separablethe programcanalsoreadtext commandgrom a
keyboardor scriptfile (for testautomation).Most of the codewasdevelopedon a general-purpose
workstation simulatingtaskingin a singleprocessvhile readingandwriting simulateddevice con-
troller commandsanddatafrom files. Many of the programsourcecodefiles arere-usedwithout
changesjn utility programghatrun on aworkstation.

This reportfrequentlyrefersto particularprogramsourceprogramfiles (C .h and.c files) and
otherprojectfiles suchasMakefile . Thisreportprovidesanoverview, rationale,andhigh-level
explanationof the sourcecodebut doesnot containthe codeitself. Much detaileddescriptionthat
appearsn the headergo the programsourcefiles is not repeatedhere. Readeravho planto revise
the programor performdetailedanalysesnustalsohave accesgo the code,of course.

We chosethe C programmindanguageor this projectbecausét is the native languageof thereal-
time operatingsystemandthe X window system.Thesetwo systemsaredistributed (in part)asC
headeffiles, andall their documentatiorshavs examplesin C. Basedon our experiencewith other
projects,we expectthat the practicaldifficulties of mating codewritten in ary otherlanguageto
thesetwo systemswould far outweighary putative advantagestherlanguagesnight provide. We
understandhe limitations and pitfalls of C very well andthey have not causedlifficulties for us.
Programmingerrorsdiscoveredduring developmentandusewerenot language-relatedndwould
have occurredf we hadusedanothedanguage.

We limited oursehesto C, the ANSI StandardC library, Xlib , and a few real-time operating
systenibrariesin orderto achieve stability andlong productlifetime. Thesehave beenin wide use
for mary years,so the worst defectshave beenshalen out andthe remaininglimitations arewell
understoodWe rejectedotherproductswhich seemedverly comple, werestill evolving rapidly;
or which could make usdependenbn particularsuppliers.

Severalreportsdescribeotheraspect®f this project. To assesshe correctnesssafety andfitness
for useof the programdescribechereit is necessaryo considerall of their contentsaswell.



The facility description[17] providesan overviewv of the entire Clinical NeutronTheraly System
(not just the control system). The referencemanual[7] describeghe control programwhosein-

ternalsare describecdhere. It is suficiently thoroughto sene asthe informal (naturallanguage)
specificationfor the program. The operationsmanual[3] explainshow to install, configure,and
maintainthe control computerand control program. The therapists guide[8] providesan orien-

tation to the control console screenandkeyboardandexplainshow to usethe control programto

treatpatients.

Much of the codewas developedfrom a formal specificationin Z [18, 2], a machine-readable
notationfor logic, settheoryandarithmetic. Therationalefor usinga formal specificatiorappears
in [5]. The formal specificationsenes asthe detaileddesign;we usedno other designnotation
(beside€nglish). Thefull text appearsn [6]; excerptsandcommentanappeatin [10, 2, 11, 4].

Mostprojectdocumentsreavailablefrom http://radonc. washi ngto n. edu/p hysi cs/c nts /.



Chapter 1

Tracing from requirementsto code

It is possibleto tracefrom the requirementsxpressedn an early prosespecification[9] to the
detaileddesignin the formal specificatiorf6] andfinally to theimplementatiornin thecode.

Theformalspecificatiorin [6] containsccrossreferenceshatrelatemary of theZ formulasto section
andpagenumberdn the correspondingproserequirementén [9].

We usedsimilarnamesn thedocumentsaindcodeto helpmalke thederivationclear Moduleswhose
contentsarederivedfrom theformal specificatiorhave nameghatbeagin with z: thezfield mod-
ule implementsField stateschemaandthe operationonit (section6 in the formal specification).
Typesin theimplementatiorthat arederived from the formal specificatiorhave namesthat begin
with Z_: theenumeratedype Z_Setting in znames.h implementssetting(section3.1in the
formal specification).Otheridentifiersaremadeassimilar aspossible subjectto therequirements
andcorventionsof eachnotation. Thetheraly parametenamedGANTRY (proserequirementsijs
modelledby the setelementnamedgantry (formal specification)andimplementedy the enumer
atedtypevaluenamedgantry (code).

Thenomenclaturén the formal specificatiorandcodeis derived from the early requirementsloc-
ument[9]. We changedomenomenclaturavhenwe wrotethereferencananual[7]. Thesettings
(earlydocumentsaindcode)becameherapy parametes (referencananual)andmeasued settings
(earlydocumentsandcode)becameactual settings(referencenanual).

Theimplementatiorof the detaileddesign(in Z notation)to code(in C) usuallyemplo/s methods
describedn atextbook(chapter28in [2]).



Chapter 2

Modular structure

The programcontainsabout16,000lines of C programminganguagecode,divided amongmore
than90 sourcefiles. The sourcefiles areorganizedinto morethan40 modules.

“Module” is nota C programminganguageconstruct;a moduleis a setof C files thatwe identify
asoneunit in our design.

Most modulesconsistof oneheadeffile (.h file) andone.c file with the samename:the zpre-
scription modulecontainszprescription.h andzprescription. c. A few modules
consistof only onefile, for examplefilenames.h  oruser.c

To designthemodularstructue of theprogramwe choosevhichmodulego have, determinavhich
codegoesinto eachmodule,andwork out the dependencieletweermodules.

We choseour particularmodulardesignto make it easyfor usto produceadifferentprogramversions
thatrunin differentervironments.We have to bring the systemup in stagesAt eachdevelopment
stagewe musthave aworking, testableprogramversionthatprovidesa subsebf thefull functional-
ity. We separateff thegraphicaluserinterface(GUI) sothatwe canhave acommandine interface
for testautomationandwe separateut the realtime and multitaskingcapabilitiesso that we can
do muchdevelopmenton anordinaryworkstation.

The bestsourceon modulardesignis chapters in the textbook by Lamb[13], seealsothe papers
by Parnaq16, 15].

Two stratgliesguideour modulardesign:informationhiding andlimiting dependencies
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2.1 Information hiding

Somemodulesaredesignedo achieve informationhiding. Eachof thesemodulescontainssome
information which it usesbut which other modulesshould not be ableto changeor even read.
This informationis saidto be“hidden” in the module;the moduleis saidto hidethatinformation,
which constituteshe modules “secret”. For example,the zprescription modulehidesthe
organizationof thein-memoryprescriptiondatabaseandthe formatof the prescriptiondatafiles.

Thepurposeof informationhiding is to make the programeasyto understandndchangeby local-
izing informationin oneplace.Whenchangesremadeto informationthatis hiddenin onemodule,
the effects of the changecanbe completelyunderstoodby analyzingthat onemodulein isolation
from all the others. It is not necessaryo considerwhethersomeothermodulemight be affected.
For example,to changethe organizationof the in-memorydatabaseor changethe format of the
disk files, we would only needto changeone module: zprescription . We canbe confident
thatno othermoduleswould needto be changed.

To achieve information hiding, we separateghe modules visible interfacefrom its hiddenimple-
mentation A moduleis saidto provide theitemsmadevisible in its interface. For example,mary
modulescontainsomedatastructuresandthe functionsthat operateon them. The function decla-
rationsaretheinterfaceandthe datastructuresandfunctiondefinitionsaretheimplementation As
long astheitemsprovided by the moduleinterface (the function declarationspare not changedit
is possibleto changethe moduleimplementation(datastructuresandfunction definitions)without
having to changeary othermodules.

Information hiding resultsin a modularstructureorganizedaroundaccesdo data,not tasks. We
have casesvherea singlemoduleprovidesfunctionsthatareusedby several differenttasks.

The C programminglanguageprovides a way to separatehe interfacefrom the implementation:
put theinterfacecodein themodules .h file (headeffile) andthe implementatiorcodein the.c
file. Informationin a headeffile canbe madeavailableto othermoduleg(certainselectednes,not
all others).Informationin a.c file is hiddenfrom all othermodules.

For example theinterfacezprescription.h declaredunctionsthataccesshein-memorypre-
scription databaseand otherfunctionsthat load information from disk files into the in-memory
databaseTheimplementatioreprescription. c definesvariableshathold the contentsof the

in-memorydatabasandcontainsfunctiondefinitionsthatreadthe disk files.

We declareotheritemsbesidedunctionsin headeffiles: namedconstantgusing#define ), types
(using typedef ), macros(also using #define ), and even someglobal variables. Declaring

1Changingthe contentgratherthanthe organizatioror format)of thein-memorydatabaser datafiles mayaffect the
behaviorcontrolledby codedefinedin othermodulesof course.
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globalvariablesn headefiles requiresun-obvious C programmingechniquegappendixA).

2.2 Dependencies

Whenonemodulecontainsdentifiersthataredeclaredr definedin in anothemodules interface,
we say that the first moduledependson the second. The identifierscan be namesof constants,
variablesfunctions,or types,or canbe macrotext.

Dependencieareimplementedn C by file inclusion. For example,the zprescription mod-
ule dependsn the znames module,so zprescription.c containsthe directive #include
znames.h . Thisdirective enablesodein zprescription.c to referto identifiersdeclaredn

znames.h . For example,it cancall functionsdeclaredhere.

This makesdependenciesxplicit. To seewhatmodulesa moduledependsn, simply inspectthe
list of #include directvesnearthebeginningof the.c file.

Therearealsodependencieamong.h files, whereone.h file containsidentifiersdefinedor de-
claredin another However we usuallyavoid nestedncludeswhere#include directvesappear
in .h files. This preventsincluding the sameitem morethanoncewhena.c file includesseveral
.h files (we rejectedalternaties involving conditionalcompilationastoo complicated).Instead,
dependencieamong.h files arehandledby orderof inclusionin .c files. In every.c file, each
headeffile mustbeincludedbeforeary headeffilesthatdependnit. For exampleznames.h de-
finesitemsusedin zprescription.h ,so#include  znames.h mustprecedetinclude
zprescription.h inary .c file thatuseshezprescription module.

Threeexceptionsto the policy againstnestedncludesareutil.lh |, xdefs.h , andrtdefs.h
whichincludeheadeffilesfor the ANSI StandardC library, the X window systemandthereal-time
operatingsystem respectrely. No othermodulesincludethe ANSI C headeffiles (etc.), they all
include util.h (etc.) instead. This avoids the problemof including the sameheaderfile more
thanonce.

In this reportthe termsuses dependson andincludesare synoryms (whenthey are appliedto
modules).(This is not exactly the samemeaningfor usesasin Lamb[13], pps. 43 —44. Ouruses
seemdo bethesameasLamb’s uses’).

Dependenciearenot transitive: if A dependon B andB dependsn C, A neednot dependon C.
Thisis fortunatebecausét makesit possibleto build up the programfrom separableinterchange-
ableparts. For example,the graphicutilities moduledisplay  dependonthe X window system
library interfacemodulexdefs . HowevertheMLC graphicamodulemlicdisp depend®ndis-
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play butdoesnotdepencnxdefs . Thereforewe couldreplacetheX window systemwith some
othergraphicssystemwith a quite differentinterface,without having to changethe MLC graphics
moduleor ary of the otherapplicationgraphicscode.

Dependencieaeednot reflectdataflow. For exampledataflows from keyboard to zconsole
but neitherdependson the other Instead,the dataflow is mediatedby user , which dependson
both (seep. 57in Lamb[13]).

Dependencieshat seemto be circular can be broken by splitting module contentsbetween.h
and.c files. For examplegraphics usesglobal variablesin zconsole , while zconsole
callsfunctionsin graphics . Thisis notcircularbecausgraphics.c  andzconsole.c  both
includegraphics.h  andzconsole.h , butthetwo .h files areindependentneitherusesin-
dentifiersdeclaredn the other(seepps.43—44in Lamb[13]).

We usethe make utility to compile andlink the program,so we have to encodethe dependen-
ciesamongall the modulesin the Makefile . The Makefile senesasanup-to-daterecordof
the dependencies(We maintainour Makefile by hand;we do not usea tool to keeptrack of
dependencieautomatically)

2.3 Module groups

We try to minimize dependencieBecause¢hey malke the programmoredifficult to understandnd
change.In particular they make it difficult to producedifferentversionssuitedfor differentervi-
ronments.

Therearetwo levels of informationhiding. At themodulelevel, informationthatappearonly in a
.c file is hiddenfrom all othermodules.At the programlevel, informationthatappearsn an.h
file is hiddenfrom othermodulesthatdo notincludethat.h file. Sowe canselectvely hide entire
modulesby usingincludedirectivessparingly only whereneeded.

By usingincludedirectivesselectvely, we organizemodulesinto several groups,wheretheremay
be mary dependenciewithin eachgroupor betweenparticulargroupsbut few or nonebetween
othergroups.We shouldtry to presere thesegroupsandnot createnew dependencies.

Here are descriptionsof the mostimportantmodulegroups,including someof the modulesthey
contain,andsomeof the dependenciewithin andbetweernthem. This is not a completelist but it
revealsthe mainskeletonof the modulardesign.Consultthe Makefile  to confirmthedependen-
ciescurrentlyin effect.
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In the following discussionmodulenamesare shavn in typewriter font in lower case:zfield
Modulegroupnamesareshavn in typewriter font capitalized:State .

2.3.1 Utilities

Thesemodulesprovide penasive itemsthatareindependentf thetherapy controlapplication(they
do notreferto datathatarespecificto this application):

e switches configurationoptionssetat compiletime

e util constantstypes,macrosutility functions

util.h is oneof thefew .h files thatincludesother.h files. It includesall the headeffiles for
the ANSI StandardC library (stdio.h , math.h , etc.)andswitches.h

No other modulesinclude the ANSI headerfiles or switches.h . All other modulesinclude

utiLh  instead.Thereforeall othermodulesdependn Utilities sowe neednot mentionthis
explicitly in thefollowing sections.

2.3.2 RealTime (RT)

Thesemodulesprovide the real-time operatingsystemand communicationand synchronization
betweertasks:

rtdefs real-timeoperatingsystem

pipe messag®ipes

delay timedelays

tasks taskmanagement

Thertdefs modulecontainsthe headeffile rtdefs.h  only. rtdefs.h is oneof thefew .h
files thatincludesother.h files. It includesall the headeffiles we needfor thereal-timeoperating
systemincludingtaskLib.h ,semLib.h , devicedriver headerandmary others.
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2.3.3 Messages

Thesemoduleshandleeventlog messageandcontrollercommunicatiormessages:

e circbuf  circularbuffersfor eventlog messageandcontrollermessages

e messages eventlog messages

circbuf  usessemaphoreto control accesdo the messagduffers soit dependon RT. mes-
sages dependncircbuf . messages alsodependsngraphics (below) becauséhedis-
play may needto be updatedvhena nev messagappears.

Many modulesuseMessages , includingthezintlk  moduleandmodulesrom thegroupsCon-
trollers , Ul, Main .

2.3.4 Constants

Thesemodulesprovide namesandconstantgor thetheragy controlapplication:

e Znames parametenamesetc.

e zvalues rangesjolerancesynits,discretevalueencodingsetc.

znames usesno othermodules(exceptutil ). zvalues usesznames.

2.3.5 Prescription

This moduleprovidesthe prescriptiondatabase.lt hidesthe organizationof the in-memorypre-
scriptiondatabasandthe formatsof the prescriptiondatafiles:

e zprescription in-memoryprescriptiondatabaseprescriptiorfiles

Prescription usesConstants
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2.3.6 State

Thesemodulesprovide thevariableghatrepresenthe stateof thetherafy equipmentandtreatment
session:

e zsession sessiorvariables:patient.field, mode
¢ Zfield parametewvalues:prescribedpresetactual,accumulated

e zintlk interlocks,parametereadinesssubsystenmeadiness

Theseall useConstants . zsession andzfield alsousePrescription . zfield  uses
zsession ,andzintlk  useszsession andzfield

zintlk  containghecodefor themaineventloopin theinterlockscanningasksoit alsodepends
onRT.

2.3.7 Controllers

Thesemodulesprovide low-level device control. They hide the protocolsanddatarepresentation
usedto communicatavith the controllers:

devicenames device or file names

ports serialport utilities

scx Scanditronixcontrollerutilities

e tmc, lcc, dmc Scanditronixcontrollers

plc-ports programmabléogic controllerport utilities

plc programmabléogic controller

devicenames selectswhetherto useactualdevice namespor to usefile namesnstead(for con-
figurationswheredevice input/outputis simulatedby reading/writingfiles). The selectionis deter
minedby constantglefinedin switches.h

scx andplc_ports  useports .tmc, Icc anddmcusescx . plc usesplc_ports . tmc,
Icc, dmcandplc useConstants andState .
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Thetmc, Icc, dmg, andplc moduleseachcontainthe codefor the main eventloopin their
controller task, so they all dependon RT. However the tasksare all spavned by Main (sec-
tion 2.3.14).

In additionto handlingthe Dose Monitor Controller (DMC), the dmc module also mediatesall
actities initiated in responsdo messagesr othereventsfrom the DMC. Thereforeit manages
the statetransitionsin the treatmenisequenceThis is someof the mostimportantcontrollogic in
the program.We consideredeparatinghis out but the treatmentsequencés sotightly coupledto
the DMC thatwe left bothin the samemodule. dmc is the secondargestmodulein the program
(almost1700lines),only abit smallerthanzconsole (section2.3.12).

Dataflows in both directionsbetweenControllers to State . Controllers dependwon
State , notvice-versa.This enablesisto write andtestState beforeControllers areready
(seep. 57in Lamb[13]).

2.3.8 X window system(X)

This moduleprovidesthe X window system:

e xdefs X window system

Thexdefs modulecontainsthe headeffile xdefs.h  only. xdefs.h is oneof thefew .h files
thatincludesother.h files. It includesall the headeffiles we needfor the X window systenlibrary
Xlib  (Xlib.h , keysym.h ,andafew othersbut notthelibrariesfor Motif or ary othertoolkits).

2.3.9 Display

Thesemodulesprovide low-level graphics. They hide the low-level graphicssystem(X or what-
ever):

e display low-level butlibrary-independengraphics

e widgets dialogboxes,menusgcursors

display depend®nX. widgets depend®ndisplay ,butnotX.
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It is importantthatdisplay is theonly graphicsmodulethatdependon X. Thedisplay  mod-
ule hidesthe X window systemghe constantstypes,andfunctiondeclarationst providesin dis-
play.h areindependenof X. To replacethe X window systemwith someothergraphicssystem,
wewouldonly needto rewrite display.c  , which containdewerthan700lines. It is alsopossible
to runthe controlprogramwithout X (or ary othergraphics)y providing a stubdisplay

2.3.10 Screens

Thesemodulesgeneratghe mary displays(screens}hatthe operatorsees.They hidethe appear
anceof thescreens:

e chartdisps dosecaldisp dosimdisp  helpdisp listdisps logbox logindisp
micdisp  pagedisps plcdisp  startupdisp statusbox  treatmsg displayscreens

No modulein this groupdependson ary of the others. They all useDisplay (but noneusesX).
Mostalsodependn Constants andState to provide thedatathatthey display

Themodulesin Screens only readvaluesfrom themodulesthey use,they never setthem.

2.3.11 Graphics

This moduleprovidesgraphicoutput. It hidesthe organizationof the graphicsfacilities (the partic-
ular setof screenghatareprovided, etc.):

e graphics interfaceto graphics

This moduledepend®n Display (but notX) andScreens .

The only way the control programcangenerategraphicoutputis to call afunctionin Graphics
The control programnever calls functionsin Display or Screens directly. It is possibleto run
the controlprogramwithoutDisplay or Screens by providing astubgraphics module.

Only three modulesusegraphics : zconsole in Ul (section2.3.12),user in Main (sec-
tion 2.3.14),andmessages in Messages .
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2.3.12 Userinterface (Ul)

Thesemodulesprovide the operationf the userinterface:

e zedit dataediting
e zconsole userinterfaceoperations

e transition userinterfacestatetransitions

zconsole provide theuserinterfaceoperationslt is thelargestmodulein the program(just over
2000lines). All actwvities initiated by the operator including most graphicoutputand mostfile
operationsaremediatedoy codein zconsole

zconsole dependson Constants , Prescription , State , and Controllers . It also
depend®n Graphics (but notonScreens , Display or X).

transition dependsn zconsole  becausdhe statetransitiontable entriesare pointersto
functionsprovidedthere.

In additionto transition.c andtransition.h , thetransition module alsocontains
t.h andt _names.h , which containthe statetransitiontableitself.

We separateéhe operationsof the userinterfacefrom the graphicoutput. This makesit easyto
build aversionof theprogramthatgenerateso graphicoutput,but only writestext messaget the
standardutput.

We separatdhe operationsof the userinterfacefrom the eventsthat trigger them. This malesit

easyto build aversionof the programthatdoesnotrequireary interactve input, but only readstext
commandgrom standardnput.

2.3.13 Events

Thesemodulesprovide userinterfaceinput eventhandling:

e xevents X window systemeventhandling

e keyboard translationfrom X keysto commands
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e linereader  translationfrom stringsto commands

xevents providesX window systemeventshut is separatedut from display = somodulesthat
do not producegraphicoutputdo not needto dependonit. xevents depend®n X.

keyboard processeX keyssoit depend®n X but the modulesthatuseit do not.
linereader is analternatve to keyboard thatprocessestringsfrom standardnput.

Dataflows from Events to Ul but thereareno dependenciebetweerEvents andUI . Instead,
userinterfaceeventsaremediatedoy Main (seep. 57in Lamb[13]).

2.3.14 Main

The mainprogrammoduleis nameduser (becausédhereal-timeoperatingsystemdoesnot allow
amodulenamedmain , or sowe thought):

e user mainprogrammodule

Theuser moduleonly containsuser.c ,thereis nouser.h

Main startsall thetasks.ThereforeMain depend®nRTandControllers

Main containsthe codefor the maineventloop in the userinterfacetask. It interceptsaventsand
translateshemto commandsvhichit passes$o theuserinterface. ThereforeMain depend®nboth
Events andUl, soUl andEvents neednotdependn eachother(seep. 57in Lamb[13]).

Main interceptseventsthatcausehedisplayto update. ThereforeMain dependon Graphics

No othermodulesdepencon Main .

2.4 Experienceand evaluation

We attemptto avoid creatingdependenciedn practicethis is difficult andthe programhastended
to becomemoreinterdependeraisit hasevolved. The modularstructureis still satishctory but if
we undertak anoverhaulthereareopportunitieso remove somedependencies.
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The mostsuccessfuhspectf the modulardesign,which we have presered, arethe absencef
dependenciesn Graphics in almostall of the program,the absenceof dependenciesn X in
Graphics , andtheabsencef dependenciesetweerEvents andUI .

Dependenciesn modulesin the RT group have becomemore penasie thanwe anticipated. It
shouldbe possibleto remore someof these,in the sameway that the X window systemis now
isolated.

Ourdecisionnotto include.h filesin other.h files canbea bit of a nuisance.Sometimesa
.c file mustincludean.h file only becausesomeother.h file needst, butthe.c file itself
doesnot. This introducesthe appearancef a moduledependencwhereit seemghereshouldnt
be one. For example,messages.h usesthe circbuf_rec type definedin circbuf.h  , and
circbuf.h useshe SEM_IDtypedefinedin rtdefs.h . Thereforeary modulethatusesanes-

sages — andmary do — mustinclude circbuf.h andrtdefs.h also. Perhapswe could
mitigatethis by relaxingour restrictionon nestedncludesin a few morefiles, aswe have already
donefor util.Lh  , xdefs.h ,andrtdefs.h



Chapter 3

Resouices

This chapterdescribedow the programusesresourcesuchasmemory time, andfile storage We
chosethesestratgiesin orderto make the programfast,simple,androbust.

3.1 Memory

The entire programandall datais memoryresident. Whenthe control computerboots(startsup
or resets),it loadsall of the control programand the entire contentsof all datafiles into mem-
ory. After that,the programcancontinueto runif thefile sener becomesinavailable (shutdown,
disconnectedyr inaccessiblaueto network problems).

Variablesthatrepresenthe stateof thetheraly machineandtreatmensessior(chapterd), the pre-
scriptiondatabaséchapter5), andthe contentsof thedisplay(chapter7) areall staticallyallocated
(definedat file level, outsideall functions). The numberandsize of thesevariablesis fixed andis
determinedvhenthe programis written. They persistin memorythe entiretime the programis
running.

Variablesthat are usedtemporarily (suchasloop indices)are allocatedon the stack(definedin-
sidethe functionsthat usethem). They occuy memoryonly whenthe functionthat usesthemis
executing.

The control programcodethat we wrote doesnot do ary dynamicmemoryallocation. It doesnot
usetheheap.lt doesnotcall malloc ,calloc ,orfree .

16
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Operatingsystemcodeand X window systemcodethatis includedin the control programmay do
dynamicmemoryallocation,but we have tried to ensurethat mostof this actvity is performedat
startup(section3.2).

We try to avoid using C pointers,but sometimeghereis no alternatve. Somelibrary functions
thatwe mustusehave pointerparametersSometimesve mustusepointerparametern our own
functionsto updatevariablegachiezing the effect of passingvariablesby reference).

3.2 Time

We try to allocateresourcest startupto avoid taking time or risking failure while the programis
running.

At startupthe programallocatesmostof the operatingsystemresourcest needsjncludingtasks,
semaphoregipes,andwatchdogimers(chapter8). Eachresourceghenpersistgheentiretime the
programis running.

Openingandclosingafile causeghe operatingsystemto allocatea file descriptorthenfreeit. It
is not possibleto performall file operationsat startupbut we limit the actvity asmuchaswe can
(section3.3).

At startuptheprogramallocatesall of the X window systenresourced needslt openghedisplay
loadsfonts,allocatescolors,creategraphiccontexts, andcreatesvindows.

3.3 File storage

The control programusesa small, fixed setof input datafiles (section4.3 in the operationanan-
ual[3]). Mosthave afixedsize,but prescr.dat  andaccum.dat grow whenpatientsandfields
are addedand shrink againwhen patientsare archived (the variablesthat storetheir contentsin
memorycanaccommodatéhe largestpossiblefiles). Whenthe control programstartsup it reads
the contentsof all the input datafiles into memory The operatorcancausethe programto reread
certainfiles to updatememoryafterfile contentshave changed.

Whenthe control programusesaninputfile it opensthefile, readsts entirecontentanto memory
andclosest. Eachinputfile is only openduringthe brief time whenthe control programis reading
it.
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The control programwrites a large andever-growing collection of log files andtreatmentrecords
(section4.4in [3]). It opensa new eventlog file andtreatmentrecordfile eachtime it startsup,
andeachnight at midnight. Thesefiles grov eachtime a log messagés written or a treatmentis
performed.Otherlog files canbewritten at the operators command.lt is the staf’s responsibility
to archvve thesefiles atintenals.

Thetreatmentecordfile andeventlog file areopenedvhenthey arecreatedat startupor at mid-
night)andremainopenuntil thenext versionsarecreatedhefollowing midnight,or until thecontrol
programshutsdown.



Chapter 4

Statevariables

Thevariablesthatrepresenthe stateof thetheraly equipmentaindtreatmentsessioraredescribed
in chapterl in the referencananual. They aremodelledin the SessionField, andInterlod state
schemasn the formal specificationandimplementedn the zsession , zfield andzintlk
modulesin the code.

4.1 Names

Groupsof namesaremodelledin Z by freetypesandimplementedn C by enumeratedlypes.

For examplethe namesof the theraly parametergtablel1.1in the referencananual)aremodelled
in Z by the setnamedsetting(section3.1in theformal specificationandareimplementedn C by
theenumeratedypenamedz_Setting definedin znames.h .

Declaringan enumeratedype in C associatethe nameof eachvaluein the type with a different
smallinteger (enumeratedype valuesare just namedinteger constants).Thereforethe valuesin

eachenumeratedype have an order The varioussubsetf settingdefinedin the formal speci-
fication (suchas motior) areimplementedby orderingthe settingnamesin the enumeratedype
declarationsuchthat membersof the samesubsetappeartogether(they areadjacent). Therefore
settingsthat belongto the samesubsethave successe numericalvaluesandthey all belongto a
particularnumericalrange. Setmembershigestsareimplentedby rangechecks for examplethe
in_motion boolearfunctionprovidedby theznames module.

19
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4.2 Values

Groupsof statevariablesaremodelledin Z by functionsfrom namesgo valuesandimplementedn
C by arraysindexed by enumeratedypes. (the valuesof C enumeratedypesaresmall integersso
they canbeusedasarrayindices).

For examplethe collectionof actualtheray parametewalues(sectionl.2.3,referencenanual)is
modelledin Z by the functionnamedmeasued in the Field stateschemavhosedomainis a setof
settingnamegsection6.1, formal specification).The actualvalue of the gantryrotationparameter
is modelledin Z by thevalueof thefunctionapplicationrmeasuedgantry. TheZ functionmeasued
isimplementedn C by thearraynamedmeasured inthezfield module.TheZ functionappli-
cationmeasued gantryis implementedy the C arrayacces®xpressiormeasured[gantry ] .

The representatiorf thesestatevariablesas C arraysis not hidden; the arraysthemseles ap-
pearin zfield.h (they arenot hiddenin zfield.c ). They areboth declaredand definedin
zfield.h  , usingthe codingtechniquedescribedn AppendixA. Every modulethatneedgo use
the actualparametewvaluesincludeszfield . Any modulethatincludeszfield  couldreador
assignthe value of measured[gantry] . Of coursejt only makessensdor certaincodein the
tmc (treatmenimotion controller)moduleto assignthe value, but this is not enforcedby ary pro-
gramminglanguageconstruct.t is ensurednly by our understandingf the application,expressed
throughcarefulcodingandquality assurance.

4.3 Operations

The operationschema®n the Field state(section6, formal specification)are implementedby C
functionsdeclaredn zfield.h anddefinedn zfield.c . Likewisefor Sessiormndzsession
Intlk andzintlk



Chapter 5

Prescription database

Thein-memoryprescriptiondatabasendthe prescriptionfiles arehandledby the zprescrip-
tion module.lt is oneof thelargestmodulesin the program(over 900lines).

Thein-memoryprescriptiordatabasés themostcomplicateddatastructuran the program.lt stores
identificationinformationaboutall the patientsundertreatmentand storesthe prescribedsettings
for all their treatmenffields. It alsokeepstrack of the numberof fractionsandthe total dosefor
eachfield asthey accumulateover eachpatients courseof treatment.Compl«ities arisebecause
the databaseontentschangefrequentlyandin a piecemeafashion,asnew patientsandfields are
addedandothersarearchived.

The operationsfor viewing, selecting,and loading the in-memorydatabaseare describedn the
referencemanual[7] (sectionss.4.2—5.4.5). The operationdor addingpatientsandfieldsto the
prescriptionfile, andthenarchving them,aredescribedn the therapist guide[8] (appendice#\
andB). The contentsandformatsof the prescriptiorfile andaccumulatinglosedile aredescribed
in the operationsnanual[3] (sections4.3.18and4.3.6,respecirely). A high-level designappears
in theformal specificatiorreport[6] (sectiond), but mostof thedesigndetailsappeatn theunpub-
lishedfragmentfiles.tex 1.

A printable version of files.tex is available as PostScript or DVI from
ftp://ftp.radonc.washington.edu:/pub/cn ts-rep orts/z /.

21
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5.1 Prescription datafiles

Theaccumulatingractionsanddosesarestoredin thefile accum.dat . All otherprescriptionin-
formationis storedin prescr.dat . Bothkindsof informationarestoredin asingledatastructure
in thein-memorydatabasehowever.

Thecontrolprogramreadsall of prescr.dat andaccum.dat whenit startsup. At thistime it
makesthein-memorydatabaseonsistentvith bothfiles.

Patientsand fields are not addedby the control program,but by a separatdreatmentplanning
programcalledPrism.

To adda patientandfields,the Prismuserchooses patientandoneor morefields. Prismappends
the patientrecordandfield recordsto the endof prescr.dat . No changesare madeto the in-
memorydatabaser to accum.dat atthistime.

It is usualto add morefields for the samepatientdaysor weekslater Again, the programap-
pendsthe patientrecordandfield recordsto the endof prescr.dat . As aresult,recordsfor the
samepatient(followed by recordsfor someof thatpatients fields)usuallyoccurat several separate
locationsin prescr.dat

The archve operationis not performedby the control program,but by a separatgrogramcalled
Preview (prescriptionviewer utility).

The archive operationis performedwhenthe patienthascompletedhe entire courseof treatment.
At this time the archiver programuserselectsa patient. The archiver programrewrites both pre-
scr.dat andaccum.dat ,removingthearchvedpatientandall of hisor herfieldswherererthey
occur but leaving the orderandcontentf the otherpatientsandfieldsunchangedNo changesre
madeto thein-memorydatabasat this time.

Eachtime the operatolinvokesthe Patient List operationthe control programrereadsall of pre-
scr.dat . At this time the in-memorydatabases madeconsistentwith arny recentchangesn
prescr.dat  thatmight have beenmadeby Prismor thearchiver program.

At the end of eachtreatmentrun, the control programrewrites all of accum.dat . At this time
accum.dat is madeconsistentvith recentchangesn thein-memorydatabasencludingthedose
from therunjust completedandary changeshatwerepropagatedrom prescr.dat

The programalsorewritesall of accum.dat whenthe operatorinvokesthe Write File operation
whenthefield list (for ary patient)is displayed.This providesaway to write outthe contentsof the
in-memorydatabasef accumulatedlosesandfractionson demandor diagnostigourposes.
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The control programnever readsaccum.dat , exceptwhenit startsup. While it is running, it
keepsits own recordof accumulatingdosesandfractionscurrentin the in-memorydatabaseEach
timeit rereadprescr.dat  andrehuilds thein-memorydatabaset mustretaintheaccumulating
dosesandfractionsandkeepthemassociatedavith the correctfields.

Eachtime the control programreadsprescr.dat oraccum.dat , it checkstheformat,range,
and consisteng of eachitem in the entirefile. If it discoversary errors,it doesnot updatethe
in-memorydatabasat all. It merelyissuesa messagéeo the operatorindicatingthereis a problem
with thefile andcontinuesunningwith the previousin-memorydatabaseontents.

The control programreadsfiles from a file sener computerwhich is separatdrom the control
computer Eachtime the control programattemptsto reador write afile, if the sener doesnot
respondwithin a timeoutinterval (currently 15 secondssetin a configurationfile), the control
programabandonghe attempt,issuesa messageo the operator and continuesrunningwith the
previousin-memorydatabaseontents.

The databasef experimentstudiesandfieldsis storedin exper.dat , which hasessentiallythe
sameformatasprescr.dat  , with experimentabktudiegakingthe placeof patients.The program
readsall of exper.dat  whenthe operatorinvokesthe Patient List operationwhile the program
is in experimentmode. At this time the programcopiesthe contentsof exper.dat  into thein-
memoryprescriptiondatabaseAt this writing the therayy (patient)prescriptiondatabasendthe
experimentdatabasé&othoccupy the samememory(programvariables)soonly onedatabasean
bein memoryatatime.

5.2 Prescription data structures

The organizationof the in-memory databasend the files are hiddenin the zprescription
module. No other module canreador setthe variablesthat comprisethe in-memory database.
The only way the programcanaccesghe in-memorydatabaser thefiles is by calling functions
provided by the zprescription module.

Thein-memorydatabasés implementedy arraysof records.Thereis a patientarrayNameswith

arecordfor eachpatient. Therearefour field arrays,eachwith arecordfor eachfield. Therecords
at the sameindex in all four field arraysreferto the samefield. Prescribed _Info storesthe
field nameandotheridentifying informationfrom prescr.dat . Prescribed _Fields stores
the prescribedparametervaluesfrom prescr.dat . Accumulated _Fields storesthe accu-
mulatingfractionsanddosesntializedfrom accum.dat andAccumulated _Status storeshe
dosewarningflag initialized from accum.dat . Seetheheadeto zprescription.c for more
detailsandcrossreferenceso variablesin the formal specification.
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Thereareactuallytwo setsof arrays.Thefirst setis the mastercopy usedin all consequentiabper
ations. The secondsetis atemporarybuffer andconsistsof thearrayspat _Ist , flds , prescr
accum, andaccum_status . Whenthe controlprogramreadsthefiles, it loadsthe new datainto
the temporarybuffer. If the programreadsthe entirefiles without arny errorsandthe datapasses
all therangeandconsisteng checksthe controlprogramcopiesthetemporarybuffer contentdanto
the mastercopy, replacingeverythingthatwasthere(pat _Ist is copiedinto Namesetc.). If ary
errorsoccuror thedatadoesnot passthe checksthe mastercopy is left unchanged.

The orderof recordsin the in-memorydatabases the sameasin prescr.dat . In the patient
array patientsappearin the orderthey first appearin in prescr.dat (a patientmay appearat
severallocationsin prescr.dat  , but only appear®ncein the patientarray).In thefieldsarrays,
fieldsappeaiin the orderthey appeain prescr.dat

The running programidentifieseachpatientby his (her) index in the patientarray Names. The
currentlyselectedatientis indicatedby thevalueof theglobalvariablepatient  (providedby the
zsession module)whichis thearrayindex of the currentpatientin Names.

The patientnumberthatthe operatorseess not the arrayindex, it is merelyoneof the dataitems
storedin the patientrecordat thatindex.

Thefirst patientin prescr.dat is storedatindex 1. Theindex 0 signifiesno patient(patient
hasthis valuewhenthe operatorhasnot selectech patient). The first elementof the patientarray
(theelementwith index 0) storesthe patientnamestringNo patient

The runningprogramidentifieseachfield by its index in the field arraysPrescribed  _Fields
etc. The currentlyselectedield is indicatedby the value of the global variablefield  (provided
by thezsession module),whichis thearrayindex of the currentfield in thefield arrays.

Thefirst field in prescr.dat getsindex 1. Theindex O signifiesnofield (field  hasthis value
whenthe operatorhasnot selectedh field). The first elementof the field array (the elementwith
index 0) storesthefield namestringNo field

Thefield numberghatthe operatorseesarenot storedin the dataat all, they aremerelythe order
of occurencen prescr.dat , within that patient. So for eachpatient, the first field for that
patientthatoccursin prescr.dat is that patients field numberone,andsoon. This numbering
schemeensureghat the samefield always getsthe samenumberbecauseve only addfields to
prescr.dat , until we remove a patientandall of his or herfields at oncewhenwe archie the
patient.

Eachpatientrecordin Names storesanarrayof field identifiers(arrayindices)of all the fields for
thatpatient,in theorderthey occurin prescr.dat . Thefirstelemenin thearray(index 0) stores
the index of thefirst field for that patientin the field arrays(this is the field numberonefor that
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patient).And soon.

Whenthe operatorselectsa patient,the index of that patients recordin Namesis assignedo the
globalvariablepatient  provided by thezsession module. Theidentifying informationfrom
the patients recordis displayedon the screen.

Whenthe operatorselectsa field, theindex of thatfield’s recordsin all four field arraysis assigned
to the global variablefield  provided by the zsession module. The identifying information

atthatindex in Prescribed _Info is displayedon the screen.The contentsat thatindex in the

otherthreearraysareassignedo the variablesthat representhe currentfield’s prescribedsettings
etc.in thezfield module.

At the endof eachrun, the programcopiesthe new valuesof the accumulatedlose,numberof
fractions,anddosewarningflag from variablesin zfield  into therecordsatthefield indexin
thearraysAccumulated _Status andAccumulated _Fields . Thentheprogramrewritesthe
entireaccum.dat file with contentsof botharrays.

Eachtime the control programreadsprescr.dat successfullyit overwritesthe patientarray
Names andtwo of the field arraysPrescribed _Info andPrescribed _Fields to malke
themconsistenwith thefile contents.The array contentamay changebecauseatientsandfields
mayhave beenaddedor removed(archived). If apatient(with fields)hasbeenarchived,someof the
remainingpatientsandfieldswill appeamearerthe beaginningof the arrays(they will have smaller
arrayindices)asthey take the positionsformerly occupiedby thearchived patientsandfields.

After the control programreadsprescr.dat it is necessaryo reassigrthe variablespatient
andfield andmove the contentsof the field arraysAccumulated _Fields and Accumu-
lated _Status to makethemall consistentvith the (possiblychangedharrayindicesin thefield
arraysPrescribed _Info andPrescribed _Fields . Thisis performedby codeneartheend
of Read_Prescr _File in zprescription. c.

In experimentmodethe programreadsthe contentsof exper.dat  into thePrescribed _Info
array At thiswriting thesamePrescribed _Info arrayis usedto storethe patientprescriptions
from prescr.dat andthe experimentfield setupsfrom exper.dat . Thereforeonly one of
thesetwo datasetscanbein memoryat a giventime. The Accumulated _Fields andAccu-
mulated _Status arraysarenotusedin experimentmode.
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5.3 Prescription displaysand user interaction

During someoperationsthe control programdisplaysa list of patientsor a list of fields (for one
patient). Thesedisplaysaremanagedy the listdisps module. The operatorcanselecta nev
patientor a new field by selectinganitem from one of theselists. This interactionis managedy
thezconsole module.Bothlistdisps andzconsole dependon zprescription

The zprescription module provides the global variable name.list  that holds the list of
patientsor fields thatis displayed. The modulealso providesfunctionsGenerate _Names and
Generate _Field _Namesthatgeneratéhedisplayedist of patientsandfields,respectiely, from
the arraysin thein-memorydatabaseGenerate _Namesis simplebecausevery patientin the
in-memory patientarray Names appeardn name.list , andthey appearin the sameorder so
eachpatienthasthe sameindex in Names andin namelist . Generate _Field _Namesis
more complex becauseonly the fields for the selectedpatientappearin name.list , morewer
fieldsin name.ist do not appearin their order of appearancén the in-memoryfield arrays;
Generate _Field _Namessortsthefieldsintodifferentcategyories.Thearrayfield _maphidden
in zprescription.c recordstherelationbetweerindicesin name_list  andthefield arrays.
Thezprescription moduleprovidesfunctionsthattranslatebetweertheindex in name._list
andtheindex in thefield arraysusingfield _map.

The operationof selectinga patientor field is managedy codein zconsole . It providesthe
globalvariablelist _item whichis theindex of the currentlyselectedtemin name_list

Thelist of patientsor fieldsin name_list maybetoolongto fit onthescreenThelistdisps
moduledisplaysthelist onepageatatime andplacegshedisplaycursoronthecurrentpage.lt hides
thearraylist _entries  which containsonescreenfulof consecutie entriesfrom name._list
andthevariablelist _cursor whichistheindex of thecursorpositionin list _entries

5.4 Prescription databasesummary

Thereareseveralrepresentationsf the prescriptiondatabase:

1. Thefilesprescr.dat  andaccum.dat

2. Thein-memorypatientarrayNamesin zprescription ,indexedby patient  in zses-
sion . Thein-memoryfield arraysPrescribed _Info , Prescribed _Fields , Accu-
mulated _Fields , and Accumulated _Status in zprescription , all indexed by

field in zsession
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3. Thearrayname_list  in zprescription ,indexedby list _item in zconsole
4. The arraylist _entries in listdisps , indexed by list _cursor alsoin list-
disps .

At particulartimes,eachof theserepresentationsmustbemadeconsistentwith theonethatprecedes
it in thelist.



Chapter 6

User interface

The behaior of the userinterfaceis determinedby a table. To add a nen operationto the user
interface, it is not necessaryo addor changeary control structure.You just write threefunctions
andadd a row to the table (whoseentriesthe namesof the new functions). This makesit easy
to addoperationsandbuild differentprogramversionsthat provide differentsubsetof the whole
collectionof operations.

6.1 Operations, events,and states

Operationsare centralin the design. An operationis a unit of work thatis triggeredby an event.
In the userinterface,all eventsarekeystroles (we do not usethe mouse).Every single keystroke
triggersanoperationin the userinterface(thereis an“ignore” operationthathandlesunassignear
disabledkeys). The detaileddesignexpressedn the formal specificatior[6] decribesabout40 user
interfaceoperationsWe have alsocodedabout20 morethatarenot formally specified.

Theuserinterfaceis designedndcodedasa statemachine. Our operationsarethe statetransitions,
andevents(keystrolkes) arethe inputs. Statesare alsoimportant. Eachoperationis only allowed
to occurin certainstates,so a key might or might not trigger a particularoperation,depending
on the state. For example, it is only possibleto selecta new field whenarunis notin progress.
Moreover, a key cantrigger differentoperationdn different states(the Selectkey triggersmary
different operations). Thereis no single programvariablethat representshe state. The stateis
determinedy the valuesof several (mary) differentprogramvariables.

ThreeC functionsdefineeachstatetransition. Thereis a booleanfunction that testswhetherthe

28
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programis in a statewherethatoperationis allowed. Thereis aboolearfunctionthattestswhether
the event (the mostrecentlypressedkey) is the onethat triggersthat operation. Finally, thereis
a procedurehat performsthat operation(a procedureas a C function of type void : it returnsno
value,but updateglobalvariables) All of thesefunctionsareprovidedby thezconsole module,
whichinvokesall operationsirivenby theusers actwities. It thelargestmodulein the system(over
2000lines). Almostall of this moduleis codefor the operationprocedures.

6.2 Statetransition table

All thecontrollogic for theuserinterfaceis representeth the statetransitiontablein thefile t.h
Fig. 6.1shavs thefirst 30 rows (atthis writing thereare73 rowsin all).

Thetableis an arrayof records(the arrayis namedt andis definedin transition.c , which
includest.h in the definition). Thereis a row in the table for eachstatetransition. Eachrow
is a recordwith four members.From left to right, the membersare: a numberthat indicatesthe
indentationlevel (explainedbelav in section6.3), the nameof the statefunction, the nameof the
eventfunction,andthe nameof the operationprocedure The exactorderof therows in thetableis
significantbecauséhe programtraversesthe tablefrom top to bottomandthe indentationlevel in
eachrow depend®ntheprecedingows.

Usually we do not createthe file t.h by hand. Instead,we createa more nicely formattedfile
console-stt.txt (Fig. 6.2), which bettershaws the indentationlevels indicatedby the num-
bers. We run the script maketrans to createt.h from console-stt.txt . This scriptalso
created _names.h , whichis alsoincludedby transition.c andcontainsinformationuseful
duringdevelopmentconsole-stt.tex , whichis suitablefor puttingin alATeX documentand
declaration@ndcodeskeletonssuitablefor puttingin zconsole

6.3 Statetransitions

The X eventloop in user interceptseachkeystrole. It calls Translate _Key in keyboard
to translatethe X keysymto our application-specificommanddentifier, a value of the Z_Input
enumeratiordefinedin znames.h . Thenit calls Transition in transition to traversethe
statetransitiontablein t.h andselectandexecutethe operatiorprocedure.

Eachtime Transition proceduras called,it traverseshe statetransitiontableonce,startingat
thefirst (top) row. At eachrow, the proceduresxecutesthe statefunction. If it returnstrue, the
procedurexecuteghe eventfunction. If thatalsoreturnstrue, the procedureexecutegheoperation
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Z True, RefreshKey, Refresh 1},
Z True, AsynchKey, AsynchOp 1},
Unlocked, NoKey, NoOp },
AckWarnMsg, CancelKey,
Started, CancelRunKey, CancelRunC 1},
PausedStopped, CancelRunKey, CancelRunC 1},
TermWait, SelectKey, TerminateC },
TermWarn, CancelRunKey, TerminateC 1},
Available, DisplayKey, SelectDisplay 1
NULL, PatientKey, SelectPatientL ist },
NULL, TableKey, SelectTable H

NULL, MessageKey, TypeMessage },

NULL, HelpKey, SelectHelp 1},

NULL, CollCalKey, SelectCollCal h

NULL, PageKey, SelectPage 1},

Page, VArrowKey, PageUpDn },

NULL, FileKey, WritePageFile 1,

List,  VArrowKey, GetListArrow },

Table, ArrowKey, GetSettingArrow 1
PatientSelected , FieldKey, SelectFieldLis t
Setup, LoginKey, SelectLogout },

Physicist, ExptModeKey, ExptModeC 1},
PatientList, SelectKey, SelectPatientC h
FieldList, SelectKey, SelectFieldC H
NULL, FileKey, WritePageFile },
PatientSelected , StoreFieldKey,
FieldSelected, NoKey, NoOp },
AutoSetupDispla vy, AutoSetupKey,
OverrideTable, NoKey, NoOp },
Noltem, OverrideKey, OverrideAck 1},

ClearMsg },

AutoSetupC

Figure6.1: Statetransitiontable(excerpt)
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Z True, RefreshKey, Refresh

Z True, AsynchKey, AsynchOp
Unlocked, NoKey, NoOp
AckWarnMsg, CancelKey, ClearMsg
Started, CancelRunKey, CancelRunC
PausedStopped, CancelRunKey, CancelRunC
TermWait, SelectKey, TerminateC
TermWarn, CancelRunKey, TerminateC
Available, DisplayKey, SelectDisplay
PatientKey, SelectPatientL ist
TableKey, SelectTable
MessageKey, TypeMessage
HelpKey, SelectHelp

CollCalKey, SelectCollCal
PageKey, SelectPage

Page, VArrowKey, PageUpDn
FileKey, WritePageFile

List,  VArrowKey, GetListArrow
Table, ArrowKey, GetSettingArrow
PatientSelecte d, FieldKey, SelectFieldList
Setup, LoginKey, SelectLogout

, Physicist, ExptModeKey, ExptModeC

, PatientList, SelectKey, SelectPatientC

, FieldList, SelectKey, SelectFieldC

v FileKey, WritePageFile

, PatientSelecte d, StoreFieldKey, EditField
, FieldSelected, NoKey, NoOp

AutoSetupDispla y, AutoSetupKey, AutoSetupC
OverrideTable, NoKey, NoOp
Noltem, OverrideKey, OverrideAck
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Figure6.2: Formattedsourcefor statetransitiontable(excerpt)
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function and stopstraversingthe table. The operationfunction performsthe work that the user
requestedby pressinghekey. If thestatefunctionor theeventfunctionreturnsfalse theprocedure
proceedso the next row. If the proceduretraversesthe entiretable without finding an operation
procedureo execute,it soundgheterminalbell to notify the userthathe (she)pressed disabled
or unassignedey.

The accountin the precedingparagraphs somevhat simplified. Testingthe stateis actuallymore
complicated.At eachrow, the procedureoften usesthe resultsof the statefunctionsfrom several
precedingowsalso. It usesheconjunctionof theresultsfrom thestatefunctionsof precedingows
wheretheindentatiorlevel is less(usingtheresultfrom thelastrow ateachlevel). If thetableentry
for thestatefunctionin arow is NULL (blankin Fig. 6.2),theproceduraisesheresultfrom thelast
precedingnon-null statefunction instead. This methodenablesus to write simple statefunctions
becausenorecomplex conditionsareencodedn the orderingandindentationof thetable.

For example,the proceduresxecutesthe operationprocedureAutoSetupC (third line from the
bottomin the figures)whenthe event function AutoSetupKey returnstrue andwhenthe state
functionsUnlocked , Available , Setup , FieldSelected , andAutoSetupDispl  ay all

returntrue.

The statetransitiontableandthe workingsof the Transition functionareexplainedmorefully
in apaper[10]. The paperdecribeshow the orderingandindentationof the rows in thetableare
derivedfrom theformal specificatiorn6].



Chapter 7

Graphics

This chapterdescribeghe codethatgenerateshe screerdisplays(chapter8 andappendixA in the
referencemanual[7]). This codecomprisesaboutathird of the program,aboutfive thousandines
in almosttwenty modules. However the bulk arisesfrom the large numberof differentdisplays
(twenty)anddisplayeddataitems(aboutfour hundred).The designis simplebut repetitious.Once
it is understoodit is easyto addor changedisplays.

7.1 Modular structure

The control programusesthe X window systemto producegraphicoutput(Xlib  [14] only, not
Motif or ary othertoolkits). We isolatethe X dependenciem a single moduleso we caneasily
switch to a differentgraphicssystem(or none). Moreover, we separategraphicsfrom the control
logic and operationsof the userinterface (section2.3.12,chapter6). This malkesit easyto pro-
duceprogramversionsthat generateno graphics,but only write text message$o standardoutput
(chapten).

Graphicsare provided by the module groups X, Display , Screens , and Graphics (sec-
tion 2.3). The xdefs modulein X providesall the headerfiles we needfor Xlib . Display

is theinterfaceto the X window system.To replacethe X window systemwith someothergraphics
systemwe would only needto rewrite display.c  , which containsfewerthan700lines. It is also
possibleto run the control programwithout X (or ary othergraphics)by providing a stubdis-
play . Themary modulesin theScreens groupgeneratehedisplays(screensjhatthe operator
sees.They all dependon Display  but nonedependon X. Graphics providestheinterfacethat
is usedby therestof the program. It dependsn Display andScreens but not X. Therestof
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the programonly depend®n Graphics , notDisplay , Screens or X. It is possibleto runthe
controlprogramwithout Display or Screens by providing astubgraphics module.

Only a few modulesinvoke Graphics : zconsole in Ul, user in Main, andmessages in
Messages . Almostall the callsto Graphics occurin zconsole

Most of the functions provided by Graphics indicate eventsthat changethe value of a par
ticular variable or group of variables. For examplethere are functionsnamedNew Patient
NewField , Update _Settings etc. Whenaneventoccurs,the control programcalls the ap-
propriatefunction. The function may (or may not) causethe displayto indicatethe new valuesof
the variables(dependingon which displayis currentlyon the screen).Graphics keepstrack of
whichdisplayis onthescreenanddeterminefiow eachdisplayshouldbechangedftereachevent.
Thereforethe restof the programonly needgto indicateevents. Informationaboutthe appearance
of thedisplays,ncludingwhich displaysareavailable,is hiddenin thegraphicsmodules.

7.2 Resources

At startupthe programallocatesall of the X window systemresourcest needs.It opensthe dis-
play, loadsfonts, allocatescolors, creategraphiccontexts, andcreatesvindows. No additionalX
resourcesreallocatedwhile the programis running.

7.3 Display modules

Mostof thegraphicscodeis in themary modulesin theScreens groupthatgeneratehedisplays

thatthe operatorsees. The statusbox andlogbox modulesgeneratehe rectangularegions

that are always visible at the top and bottom of the screen. The treatmsg module generates
pop-upmessagdoxes. The other modulesgeneratehe displaysthat appearin the centralrect-

angularregion. Someof these for examplelogindisp  anddosecaldisp , generatea single

display Othersfor examplechartdisps , mlcdisp ,andpagedisps ,generateseveralsimilar

displays.

All of themodulesin the Screens groupusethe samedesign:eachcontainssimilar collections
of variablesandfunctions.
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7.3.1 Data

All variablesthatrepresentlisplaycontentsaredefinedatfile level in themodules ..c file. All are
declaredstatic

Eachmodulerepresentesnewindow (in the X window systemsense).

All window contentsarerepresentethy instancef a C structuretype calledCell _Record de-
claredin display.nh . A Cell _Record representa coloredrectangularegionthatmaycontain
text. Themembersf therecordstorethetext, font, text color, backgrounctolor etc.

Eachmoduledefinesall theinstancesf Cell _Record neededo representts window contents.
Usuallythereareoneor morearraysof recordsandsereralindividually namedrecordvariables.

7.3.2 Functions

Eachdisplaymoduleprovidessereralfunctionsto generatalisplaycontentsandupdatethedisplay
The graphics  moduleis the only modulethat calls thesefunctions. The graphics  module
providesthe event-basedunctionsusedby the restof the programandtranslatesrom theseto the
display-basedunctionsprovided by thedisplaymodules.

Eachdisplaymoduleprovidesa similar collectionof functions.Module A providesaninitalization
functionlnit _A, abuild functionBuild _A, severalupdatefunctionsUpdate _B, Update _Cetc.,
arefreshfunctionRefresh _A, and(usually)anunmapfunctionUnmapA. For examplethe Sta-
tusBox moduleprovidesinit _Status _Box,Build _Status _Box,Update _Patient ,Up-
date _Field ,Update _Lamps,andRefresh _Status _Box. Thereareafew exceptions:.Sta-
tusBox andLogBox have no Unmapfunctionbecausehey arealwaysvisible. StartupDisp
hasnoUpdate functionsbecausdts contentsarefixed (computedby Init _Startup ).

Hereis whateachfunctiondoes:

Init  _A: Initialization, calledonceat startup.Createsvindow for A, computedixedcontentssuch
asbackgroundandcaptions.Doesnotdisplaywindow A.

Build _A: Displayswindow A (mapsA, in X jargon). Calledwhenwindow is first displayedoris
displayedagain,replacinga previous (different)window in the samelocation.

Update _B: Recomputesontentsof B portion of window A from applicationdata, then dravs
contents Calledafternen databecomeswvailableandwindow is alreadydisplayedmapped).
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Refresh _A: Redravs contentsof all regionsof window A without recomputingcontents.Called
afterexposureevents,etc. (whenoverlayingpop-upbox disappearsgtc.)

UnmapA: Causesvindow A to disappeatunmapsA), possiblyothercleanupaswell. Calledright
beforeanothemwindow replacesvindow A.



Chapter 8

Task structur e

Thetherapy control programcomprisesseveral concurrentasks. This chapterdescribeghe tasks
andexplainshow they communicateindsynchronize.

Thecontrolprogramrunson a commerciallyavailablereal-timeoperatingsysten19, 20] anduses
the taskingfacilities thatit provides. However, it usesfacilities thatarealsoprovided by general-
purposg(Unix-like) operatingsystemswvherever this is possible.This enablesusto build program
versionghatrunin asingleprocesson ordinaryworkstationsor developmentandtesting.

8.1 Designrationale

Operationsnot tasks,are centralin the design. An operationis a unit of work thatthe program
cancompletequickly. The detaileddesignexpressedn the formal specificationi6] decribesmore
thanonehundredoperations An operationbecome®nabledvhencertainconditionsaretrue (one
kind of conditionindicatesthataneventhasoccurredrecently).An enabledbperationcanexecute.
Concurreng arisesbecausenorethanoneoperationcanbe enabledat the sametime. The design
allows enabledoperationgo executein ary (nondeterministicorder In the formal specification
thereareno tasks,just a big collectionof operationghatexecuteon demand.Allocation of opera-
tionsto tasksis a featureof eachimplementationnotthedesign.In programversionghatrunona
general-purposeperatingsystem all operationexecutein the sametask. In versionsthatrun on
thereal-timeoperatingsystemoperationsgexecutein seseraltasks.

We designedhe tasksto eliminateneedlesavaiting. Whenthereis just onetask, all work hasto
stopto wait for ary event. Allocating operationsto independentlyscheduledasksallows some
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tasksto work while othersarewaiting. Unnecessaryaiting is minimizedwhenthereis a separate
taskto monitor andcontrol eachindependen{concurrent)device or actvity in the outsideworld.
Thereforewe have onetaskfor eachof the four controllers: TMC, LCC, DMC andPLC. Another
taskhandleghe userinterfaceandfile operationgthis taskmonitorsthe keyboardandcontrolsthe
displayanddisk). Finally, thereis aninterlock taskthatusesinformationprovidedby all the other
tasksto computesoftware interlocksand systemstatus,andto dispatchothertaskswhen certain
conditionsoccur

The programis event-driven. Eachtaskcanrespondo a particularsetof events. The mainroutine

in eachtaskis aneventloopwherethetaskwaitsfor oneof theseevents,processei, andthenwaits

againfor the next event. Thetaskdeterminesvhethereacheventhascausedneof its operations
to becomesnabledlf so,thetaskexecuteghe operation.

Most sequencingnd controlis internalto eachtaskand doesnot requirecommunicatioramong
tasks.Somesequencing@ndcontrolappliesto the entireprogram for examplethetreatmenphase
(which indicateswhen a theragy run is in progressamongotherthings). This global control is
exercisedby only two tasks,which communicatewvith the othertasksin orderto sendcommands.
Theusertaskexerciseghe controldriven by the users actiities, while theinterlocktaskexercises
the controldriven by sensorgvia the device controllers)andby conditionsthe arisein theinternal
programstate.

8.2 Tasks

Thecontrolprogramcomprisessix tasks(Table8.1). The columnsin thetableshav thetaskname
usedby the operatingsystem,the nameof the C function thatcompriseghe tasks main routine,
the nameof the modulewhich providesthatfunction,thetaskpriority (highernumberameanlower
priority), andabrief description Modulesareorganizedaroundaccesso data,nottasks;every task
alsousesfunctions(etc.) provided by othermodulesbesideghe onelistedin thetable,andevery
modulein thetableprovidesfunctionsto othertasksaswell. Seechapter2.

In additionto thesix controlprogramtasks therearealsofour operatingsystentasks(seeAppendix
H in [3]). They canbeignoredhere.

8.2.1 Creationand deletion

All six tasksarecreatedvhenthe control programstartsup andare deletedwhenthe control pro-
gramexits. No tasksarecreatedor deletedwhile the control programis running. Eachtaskhasa
fixedpriority thatnever changesHighernumberaneanlower priority, sotheuserinterfacetaskhas
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Name Function Module | Priority | Description

tUser user user 99 | User interface, file operations
tTMC TMCTask tmc 92 | Treatment motion controller

tLCC LCCTask Icc 92 | Leaf collimator controller

tDMC DMCTask dmc 90 | Dose monitor controller

tPLC PLC_Task plc 90 | Treatment motion controller

tintlk Intlk _Task | zintlk 90 | Software interlocks, system status

Table8.1: Theray controlprogramtasks

thelowestpriority.

8.2.2 Scheduling

Thecontrolprogramusespre-emptiveaoriority scheduling the highestpriority readytaskruns(sec-
tion 2.3in [19]). A taskis readywhenit is not blodked (waiting for anevent, suchasinputfrom a
controller). A taskrunsuntil it blocks(pausestself to wait for anevent), or until a higherpriority
taskbecomeseady(becausaneventhasoccuredfor exampleinput hasarrived).

8.3 Communication and synchronization

8.3.1 Shareddata

All taskssharea singleaddresspace— all of the datais potentiallyaccessibld¢o all of the tasks
(subjectto thedatahiding describedn chapter2). Thestateof theequipmentindtreatmensession
is storedin global variablesprovided by the zsession , zfield andzintlk  modules(chap-
ter 4). Eachtaskupdatesarticularvariablesandall the othertasksmay readthem. Usually there
is no needfor ary explicit sychronizatiorbecausanly onetaskcanupdateeachvariableandit is

permissiblefor updatingandreadingto interleare in ary order

8.3.2 Ciritical sections

In afew caseswe needto ensurethat a critical sectionof codewill be executedto completion,
without being preemptedy othertasks. We achieve this by assigningtask priorities. We assign
equalhigh prioritiesto the DMC, PLC andinterlocktasks.No otherapplicationtaskshave higher
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priorities thanthese. Thereforethesetaskscannotbe preemptedsection2.3 in [19]) and every
non-blockingsequencef codein thesetasksis a critical section.

8.3.3 Semaphoes

Tasksusesemaphasto signalthe occurenceof events(section2.3.4in [19], especiallypages0
- 61). For example,the usertask givesa semaphordo a controllertaskto signalthat programis
readyto performan automaticsetupoperation. The controllertask then performsits part of the
setupoperation readingthe presetparametewaluesfrom the global variablesin zfield . Tasks
canwait for semaphorewith anoptionaltimeout we usethis to provide periodicpolling.

Thereal-timeoperatingsystemdoesnot provide ary built-in mechanisnto wait for severaldifferent
eventsandrespondo thefirst thatoccurs. Thereforewe have only onesemaphor@ertask,which
is filled whenary pertinenteventoccurs.

We userequestflags to distinguishbetweenevents. Requestflags are not an operatingsystem
facility, they areordinarybooleanvariableshatwe usefor this purpose Thereis a separateequest
flag for eachkind of event. When a sendertask notifies a recever task of an event, it setsthe

requestlag andthengivesthe semaphoreTherecever tasktakesthe semaphoreandthenchecks
therequesflags. Whenit findsa flag thatis set,it clearsthatflag anddispatchego the codethat

handlegherequest.

It might seemthat there are potentialrace conditionsbecauseaccesgo the requestflagsis not
synchronized We avoid themby observingthe following designrules. Eachrequestlag canonly
be setby onesendettask. The sendettaskcanonly setthe flag. Therecever taskis the only task
that canclearthe flag. The sendertaskalways setsthe flag first, thengivesthe semaphore.The
recever taskalwaystakesthe semaphordirst, thenteststhe flags. If it finds a setflag, it clearsit

andhandleghatrequest.Therecever taskalwayschecksherequestlagsin afixedpriority order

If morethanonerequesflag is set(multiple requestsre pending).the recever taskhandleseach
requesin priority order(in a few casesthe taskalsoclearsthe low priority requestilagswhenit

handleghe high priority request) Whentherecever taskis the DMC, PLC, or interlocktask,all of

theseactvities areuninterruptiblebecausevery non-blockingsequencef codein thesetasksis a
critical section(section8.3.2).

Themodulethatprovideseachtask’s mainroutine(Table8.1) alsoprovidesafunctionfor eachkind
of request.The only way anothertaskcancommunicateneventis to call thatfunction. Note that
thefunctionis provided by the modulethat providesthe recever task, but the function executesn
thesendettask. Thebodyof thefunctionsetstherequestlag andgivesthesemaphoreTherequest
flags and semaphorare hiddenin the recever task module and cannotbe directly manipulated

Theselect mechanisn{section8.3.5)only appliesto datastreamsnotevents.
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or even read by othermodules. In this way intertaskcommunication's madeto appearike an
ordinaryfunctioncall in the sendemodule. In effect, the recever taskmodulehidesthe factthat
the recever is runningin a separatdask. Thereforethe sendemodule neednot dependon ary
real-timeoperatingsystemfacilitiesandcanrun on anordinaryworkstation.

We alsouseone semaphordor mutualexclusion (section2.3.4in [19], especiallypage60). The
mutex semaphoren the circbuf  moduleensureghat only onetask at a time canupdatethe
circularbuffer of log messages.

8.3.4 Pipes

Tasksusepipesto communicatesequencesf dataitems called messges (section2.4.5in [19]).
Pipesprovide buffering. temporarystoragdor (severalor mary) messagem transitbetweertasks.
Thereforehey provide asyntironouscommunicationA sendetaskcanwrite message® thepipe,
thenproceedwith otherwork. The recever taskneednot respondimmediately;it cancomplete
otherwork, thenreadthe messagefrom the pipe later. The control programsetsthe capacityof
eachpipewhenit startsup.

In our programno taskever waits readingor writing a pipe. A sendettaskalwayschecksthatthe
pipeis notfull beforeit attemptgo write (otherwise it would have to wait for the recever taskto
free up spaceby readingfrom the pipe). If the pipeis full, the senderdiscardsthe messagend
proceeddit alsoindicatesthat messagewerelost). If the pipeis empty the readertaskproceeds
without waiting for amessage.

Thesepipesarelike the namedpipesprovided by mostgeneral-purposeperatingsystemssocode
thatuseshemcanalsorun on aworkstation.

8.3.5 Select

Tasksusethe operatingsystemselect  function to do non-blockingreadsfrom devices, pipes,
andsoclets (section3.3.8in [19]). Taskscall select to checkwhetherdatais availableary of
ses/eral sourcesanddispatchto one of them. Taskscanoptionally wait for input from ary of the
sourceswith an optionaltimeout. We alsouseselect  with atimeoutto implementdelays(see
delay.c ). Theselect functionis providedby mostgeneral-purposeperatingsystemssocode
thatusest canalsorun onaworkstation.
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8.3.6 Signals

We usesignalsandtheC library setimp facility to handleafew abnormabkituationsor exceptions
(section2.4.7in [19], AppendicedB8 andB9in [12]). A taskor interrupthandlercansenda signal
to anothertask. The taskthat receves the signal abandonsts currentactvity and executesthe
specifiedsignalhandler(a function) instead. The taskrespondgpromptly to the signalevenwhen
it is blocked. Signalsandsetjmp areprovided by the ANSI StandardC library, socodethatuses
thesefacilities canalsorun on aworkstation.

8.3.7 Watchdogtimers

Tasksuseoperatingsystemwatdday timers for sometimeouts(section2.6in [19]). A taskstarts
atimer andthencontinueswith otheractiities. Whenthetimer timesout, the programexecutesa
specifiedinterrupt serviceroutine(section2.5in [19]) thatcangive a semaphoresenda signal,or
updatedata(suchasaflag to indicatethatthetimeouthasoccurred).

8.4 Tasklist

This sectiondescribegachof the six applicationtasks.

8.4.1 Usertask

Theusertaskis themainprogramthatstartsandcoordinatesnostotheractuvities. Thestartupscript
isostart runseachtime the controlcomputeboots.A commmandn this scriptspavnstheuser
task. The usertaskthenspavns the otherfive tasksandentersits eventloop. Whenthe operator
issueghe shutdoevn commandtheusertaskdeleteghe otherfive tasksandexits.

Like mosttasks,the usertaskhandlesa device in the outsideworld. The device thatthe usertask
handleds the operators workstation:it monitorsthe keyboard,updateshe display andreadsand
writesfiles on disk. No othertasksaccesghe displayor file system.(In the presentonfiguration,
theseareactuallytwo devices: thekeyboardanddisplayareprovided by an X terminalandthefile
systemis providedby a separatdile sener. Seetheinstallationguide[3]).

Theusertaskrunsatthelowestpriority; it canbe preemptedy ary othertask.
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do /* while not shutdown */
select(xfd, mfd, ifd)

xfd:  /* X window system event: keystroke  */
decode keystroke and perform requested action
if display should change, update it

if work is ready for interlock task (new status etc.),
give semaphore
if work is ready for controller task (auto setup etc.),

give semaphore

mfd: /* Log messages in pipe */
write  messages to log file
if log message display selected, update it

ifd: /* Display update request in pipe */
if pertinent display  selected, update it
update clock on display
if periodic housekeeping needed, do it

while not shutdown

Figure8.1: Usertaskeventloop

Theusertaskis notareal-timetask. Displayandfile operationgnaytake anindefinite(upredictable)
amountof time. All input to the usertaskis queuedor buffered so immediateresponses not
necessaryWe considered systemdesignwherethe usertaskwasanapplicationprogramrunning
on an ordinary workstationundera general-purposeperatingsystem,communicatingover the
network with the othertasksrunningon areal-timecomputef. The presentesignstill bearsmary
tracesof this (althoughthe usertasknow runson thereal-timecomputeraswell).

The usertaskis an eventloop that handlesthreekinds of events: keystrokes, log messagesand
display updaterequestgfig. 8.1). Keystrokes comefrom a soclet to the X sener, log messages
comefrom a messge pipe thatis filled by all tasks,and display updaterequestscomefrom an
interlock pipethatis filled by theinterlocktask(but indicatesactvity by all four controllertasks).
Thesethreesourcesareidentifiedby the C file descriptorsxfd , mfd, ifd , respectiely. Theuser
taskdispatche®n eventsfrom all threesourceausingselect . Wheninput arrivesat ary source,
thetaskbranchego the codethathandleghatsource.Thereforethe taskcanupdatethe displayas
oftenasneededandstill respondoromptlywhenthe userstrikesakey.

2This systemdesignis usedin EPICS[1], which we areplanningto usefor thecyclotroncontrol system.
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Keystrolesfrom xfd may indicatethat the operatorhasrequestedactiity from othertasks,for
exampleanAuto Setup operation.In thosecaseghe usertaskissuescommandgo othertasks
by giving semaphore@he usertasknever takesa semaphoreit only givesthem).

All taskswrite eventlog messagemto a singlepipe. Themfd branchreadsfrom this pipeto write
thelog messagéile (andupdatethedisplayif needed)Thepipe mechanisnensureshatmessages
arenot lost anddo not overwrite eachother(asmight occurif all tasksattemptedo write the log
messagéile).

Eachmessagén the interlock pipeindicatesthata controllerhasaquiredne~n data(the contentof
the messageayswhich controller). Theifd branchreadseachmessagendupdateghe display
only whenthe currentdisplaycontentscould be affectedby thatcontroller

Controlleractiity ensureghattheifd branchis taken frequently so this branchalso performs
periodichousekeping.lt checkso seeif certainconditionsaretrue,andif they are,it performsthe

appropriateactions. It calls Check _ClockEvent to checkthe calendarsoit canresetthe daily

dosesand opennew log files whenthe daterolls over. It calls Check _RunEvent to determine
whento write treatmentog messagedt callsNew.Time to updatethe on-screerclock.

The usertaskreadsandwrites files on a separatdile sener computer usingthe NFS protocol. If
the sener is unreachabl®r not working, NFS may wait several minutesbeforetiming out. Dur-
ing this long interval the control programwould appear‘frozen” or “hung” — it would not re-
spondto keystrokes andthe displaywould not update. That would be unacceptable We useda
watchdogtimer andthesetjimp  facility to provide amuchshortertimeoug, seeRead_File and
Write _File in zconsole.c

8.4.2 Controller Tasks

All four controllertasks(PLC, TMC, LCC, DMC) have the structureshavn in Fig. 8.2.

Sync _Error checksfor unsolicitedmessagefom the controller Theseusuallyindicatethatthe
controllerhaslost synchronizatiowith the control programandmustbereset.

The usertask can seta requestflag and give (fill) the controller semaphorestirSem  (actually
tmcSem or lccSem etc.) to requesthe controllertaskto performsomeaction (an Auto Setup
operationfor example).

If the usertaskhasno requestfor the controller ctirSem is empty The controllertaskwaits at
thesemTake call for atimeinterval upto period . ThensemTake timesoutandreturnsavalue

3Currently15 secondssetin thetimeouts.dat file, section4.3.20in [3]
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while  (true) {
status = success;

status = Sync_Error();
if (status == success)
{
if (OK == semTake(ctlr'Sem , period)) {
status = handle_event() ;
PutSettings(ct Ir);
}
else {
if (polling && iclear == interlock]ctlr]
status = do_poll();
PutSettings(ct Ir) ;
}
}
}
if (status I= success) handle_error();

Figure8.2: Controllertaskeventloop

) Ao
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differentfrom OK If this controlleris in polling modeandits errorinterlockis clear the controller
taskcallsdo_poll to poll thecontrolleronce.

Usuallythereareno requestdor the controller semTake timesout repeatedlyandthe controller
task polls periodically (somecontrollertaskspoll only during certaintreatmentphases).During
eachpolling cycle the controllertask commandghe controllerto readandreportits input values.
Thenthecontrollertaskuseshesevaluesto updatecertainvariablesor arrayelementghatrepresent
thestateof thetreatmentnachinery(chapterd). All othertasksmayreadthesevariablesatary time
(they do not synchronizewith the controllertask,they justreadthe mostrecentvalues).

Occasionallythereis arequesfor thecontrollersoctlrSem is full, semTake returnsOK andthe
controllertaskexecuteshandle _event (whichchecksherequesflagsandhandlegherequest).
Somerequestgfor example autosetuplinvolve asequencef controllercommmandsndresponses
thattake muchlongerthana singlepolling cycle. The controllertaskalways completeshandling
the requestbeforeresumingpolling or handlingthe next request. Thereforepolling is not strictly
periodic,andappreciablalelayscanoccurbeforearequesis handled.

After returningfrom do_poll or handle _event , the controllertask calls PutSettings to
signalthe interlock task that theremay be new datafrom the controller so systemstatusshould
be recalculated.PutSettings gives a semaphordo the interlock taskand updatesa variable
that indicateswhich controlleris the sourceof the new data. PutSettings is provided by the
zinttk  modulebut runsin the controllertask.

Thefollowing sectiondescribespecialfeaturesof eachcontrollertask.

8.4.3 PLC task

ThePLCtaskis thecontrollertaskwith thesimpleststructure It simply pollsthe PLC periodically
On eachpolling cycle it commandghe PLC to setoutputsandreadinputs. Unlike the othercon-
troller tasks,PLC polling never stopsor pauseso handleotherrequests. Thereis no separateuto
setupoperationfor the PLC task;it cansetoutputson ary polling cycle.

At theendof eachpolling cycle,the PLC tasksignalstheinterlocktaskby calling PutSettings
SincePLC polling continueswithout pauseaslong asthe control programis running,this actsasa
periodicpacemakr for theinterlocktask,and(throughtheinterlock pipe)for the usertaskaswell.

If the controlprogramdetectserrorsin its communicatiorwith the PLC, it shutsitself down. If the
PLC detectghatthe controlprogramhasstoppedoolling, it setsaninterlockin thehardwiredsafety
trace.Theonly wayto recoveris to (manually)restartthe control programandresetthe interlock.

“It is possibleto stopPLC polling to usethe pass-througlfiacility but this is never usedin normaloperation.
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8.4.4 TMC task

The TMC taskworks asdescribedabove (section8.4.2),but therearea few additionalcomplica-
tions.

At the autosetupoperation beforecommandinghe TMC to initiate motions,the TMC taskmust
causghePLCto enegizethe motionenablerelays.However, this taskdoesnot commandhe PLC
or communicateo the PLC controllertask;instead,t merelysetsthe enablerequestdy updating
certainarrayelementsn thezinttkk  module(chapterd). Thenthe TMC taskwaitsafew seconds
andreadsdifferentarrayelementsn zintlk  to confirmthatthe enablerelaysare enegized. If
therelaysareenegized,the TMC taskcommandshe controllerto initiate motions.If not, thistask
clearsheenablaequestsabandongheautosetupoperationanddisplaysamessag#o theoperator
In this way the TMC taskcan coordinatewith the PLC taskwithout ary explicit synchronization
(otherthanthedelay).

After the TMC taskcommandshecontrollerto initiate motions,the motionscancontinuefor more
thana minute. The TMC task polls the controllerwhile motionsarein progress.Whenthe task
determineghat a motion is complete(hasreachedts commandedendingposition)it clearsthat
motion’s enablerequesto causethe PLC to disablethe motion. Usually eachcommandeadnotion
completesat a differenttime. If a commandednotion doesnot completewithin its deadline the
taskclearsits enablerequest.

The TMC taskpollsthecontrolleratall times,exceptwhenit is respondingo arequest.

8.4.5 LCC task

TheLCC taskworksasdescribedabove (section8.4.2).

This taskalsosets,tests,and clearsmotion enablerequestdor the PLC, muchlike the TMC task
(section8.4.4). Theintenal thatthe LCC taskwaits for the motion enablerelaysto becomeener
gizedwasdeterminedoy guessingtrial anderror Oncewhenwe replacedhe PLC by a different
model,thetiming changedandwe hadto make theinterval a bit longer

TheLCC semaphoré&ccSem is notjustsetby theusertask. It is alsosetby theinterlocktaskwhen
certainarrayelementsn thezintlkk  moduleindicatethatthe operatothaspresseduttonson the
X-ray controlboxor in thetreatmentoomto requestleaf collimatorsetup.Thecodethatmonitors
theseelementsandsetsthe semaphor@andrequestlagsis in the function Scan _CollSensors
whichis provided by thelcc module,althoughit executedn theinterlocktask(section8.4.7).

The LCC taskpolls the controllerat all times,exceptwhenit is respondingo a requestandwhen
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leaf motionis in progressThe LCC doesnotrespondo commandsvhenthe leavesaremoving.

8.4.6 DMC task

The DMC taskis the mostcomple controllertask. In additionto controlling the DMC (whose
protocolis morecomple thanthe othercontrollers) this taskalsocontrolsthe treatmentsequence
by assigningvaluesto the phase globalvariablein thedmc module.

The DMC semaphoreimcSemis not just setby the usertask. It is alsosetby the interlock task
whenconditionsindicatethatcertainactionsshouldbetaken (suchaschanginghetreatmenphase
or sendinga sequencef commandgo the DMC). The codethatmonitorstheseconditionsandsets
the semaphorandrequesfflagsis in the function Scan _TreatSensors  which is provided by

thedmc module,althoughit executesn theinterlocktask(section8.4.7).

The DMC taskonly polls the controllerwhenarunis in progressasindicatedby certainvaluesof
thephase variable.

8.4.7 Interlock task

Theinterlock taskmonitorsthe systemstate,computessoftware interlocksand systemstatus,and
triggersactuities in othertasks. This is the only task which is not driven primarily by events
originatingin the outsideworld (controlleractiity or theusers actvity). Insteadthistaskis driven
by theothertasks,andusesdataupdatedoy thosetasks.

Fig 8.3 shaws a sketchof theinterlocktask. Theinterlocktaskwaits at semTake until ary other
taskindicatedt hasnew databy writing its own identify into intlkk _msg andgiving intlkSem
The interlock task waits without a timeoutbecausecontrollertask actiity (periodicpolling etc.)
ensureghatthe semaphoravill be givenfrequently

Eachtime anothertaskindicatesthereis new data,theinterlocktaskrecomputesll softwareinter
locksandthestatusof every theray parameteandevery subsystem.

TheinterlocktaskcallsScan TreatSensors  in thedmc moduleto monitor conditionsthatin-

dicatewhenthetreatmenphaseshouldchangelf necessaryt setsrequesflagsandgivesdmcSem
to signaltheDMC task.Scan _TreatSensors  containssomeof themostimportantcontrollogic

in the program. This logic is animplementatiorof the tablesderived from the preconditionsof Z

operationschemasn the unpublishedragmentof the formal specificatiomameddmc.tex .

5A printable  version  of dmc.tex is available as PostScript or DVI from
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while  (true) {
semTake(intlkS em, WAIT_FOREVER)
/* return when another task has new data */

Calculate software  interlocks, parameter  status,
subsystem status

[* if treatment phase changed, give dmcSem */
Scan_TreatSens ors

/* if leaf setup button pressed, give IlccSem */
Scan_CollSenso rs

if interlock pipe not full
write(ifd, intlk_msQ) /* indicates which task has new data */

Figure8.3: Interlocktaskeventloop

The interlock taskcalls Scan CollSensors  in thelcc moduleto monitor conditionsthatin-
dicatethe leaf collimator shouldbe setup. If necessaryit setsrequestlagsandgivesiccSem to
signalthe LCC task.

Finally, theinterlocktaskwritesthecontrolleridentity storedin intlk  _msg into theinterlockpipe

ifd to signalthe usertaskto updatethe display and performhousekepingfunctions. Thereis a

potentialraceconditionbecauseccesdo intlk _msg is not synchronizedcandseveraltasksmay
write it. A differentcontrollertaskmay write intlk _msg againbeforethe interlock taskreads
thefirst value.In practicethis hasno seriousconsequencdsecausgheimportantinformation(that
systemstatusshouldbe recalculated)s corveyed by the semaphorethe valueof intlk _msg is

merelya hint to the displaycode.

ftp://ftp.radonc.washington.edu:/pub/cn ts-rep orts/z /.



Chapter 9

Developmentstages

We developedthe programin stages. At eachstagewe had several working, testableprogram
versions.This chapterdescribeshe sequencef stages.

Eachstagebeforethe last provided a subsetof capabilities. We addedcapabilitiesprimarily by
addingnew modulesnot by changingexisting modules.

The different programstagesran in differentervironments. Most of the codewas developedon
anordinaryworkstationrunninga general-purposéJnix-like) operatingsystem.We selectecand
acquiredthe embeddedomputerand real-time operatingsystemratherlate in the project. Even
then,we hadonly limited accesgo theactualtheraly machine andmuchof thereal-timecodehad
to bedevelopedin atestervironmentwheredevicesweresimulatedby stubroutines.

We devotedconsiderableffort to testautomation.lt is possibleto simulateoperators actiity and
device actiity usingstubroutinesthat readfrom files. Testcasescan be storedin files andrun
repeatedlywith little effort. Thetestautomatiorfacilitiesarestill presenin the operationalersion
of theprogram,althoughthey arenotusuallyenabled.

Thefollowing sectiongdescribeesachprogramstage.

9.1 Workstation

Threeearlystagesanonanordinaryworkstationrunningageneral-purposeperatingsystem.They
usedtheworkstationss disk file systemandconsole(thelocal X sener).
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9.1.1 ANSI Conly

Theinitial programstageusedonly ANSI C andthe ANSI standardibrary (AppendixB in [12]).

Most of the control programcodeusesonly ANSI C, including all the codethat readsandwrites
files. This codecould have beendevelopedand testedon almostary systemthat providesa C
compiler It includesthe modulegroupsuUtilities , Constants , Prescription , State
Ul, andearlyversionsof someof the modulesin Messages , Events , andMain (section2.3).

Insteadof using a graphicaluserinterface, this stagereadscommandsrom standardinput (the
keyboard)andwrites statusmessaget standarcdutput(theterminalwindow). Testautomationis
accomplishedby simply redirectinginput from afile of commandga testscripf).

In our modulardesignthe userinterfacelogic andoperationsare separatedrom graphicaloutput
and event handling(section2.3). This early stageprovided most of the sameoperationsas the
graphicaluserinterfaceto come.

At thiswriting codeandotheritemsfrom thisstagearestoredontheHP clusterunder/radonc/cnts/hi
and.../xless

9.1.2 ANSI C with X windows

The next stageaddsa graphicaluserinterface(GUI), usingthe X window system.The GUI only
usesxlib [14], not Motif or ary othertoolkits.

This stageaddsthe modulegroupsX, Display , Screens , and Graphics , addsmodulesto
Events , andrevisesMain (section2.3).

The GUI doesnot replacethe commandine interface. The commandine interfaceremainsin all
programstagedecausdt supportdestautomationin theuser module,the codeoptionallyreads
andexecutescommanddgrom atestscriptuntil it reacheend-of-file. Only thendoesit enterthe X
eventloop. (In the operationalersionof the program,a commandine optionforcesthe program
to bypasgshetestscriptandgo directly to the X eventloop).

At this writing codeand otheritemsfrom this stage,including testscripts,are storedon the HP
clusterunder/radonc/cnts/h ist ory/ demaau g97

st ory/ der
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9.1.3 Simulated tasksand device control

Thenext stageusesunctionsprovided by the (Unix-like) workstationoperatingsystento simulate
taskinganddevice controlin a single operatingsystemprocess.Most of the codewasdeveloped
andtestedoy the endof this stagejncludingmostof the device controllermodules.

At this stagewe add the module groupsRT and Controllers (section2.3), add modulesto
Messages andreviseuser in Main .

At this stagewe usethe select  functionto wait for input from multiple sourcesandto provide
delays(section8.3.5). We also use namedpipesto communicatesequencesf dataitems (sec-
tion 8.3.4).

In this stagethe usertask(fig. 8.1, section8.4.1)is themainprogram(in main.c , theprecursoiof

user.c ). Themaineventloop at this stageis almostin thefinal form shavn in fig. 8.1. Themost
importantdifferenceis thatthexfd branchdoesnot give ary semaphore@herearenone).At this
stagethereareno controllertaskeventloopsasin fig. 8.2 (thereareno controllertasks). Instead,
the main eventloop codesimply calls the appropriatecontroller functionsand waits for themto

return. For example ,whentheuserrequestanautosetupoperationthe codecallsa functionin the
affectedcontrollermodulethat setsthe pertinentrequesftflag (sections8.3.3,8.4.2) and calls that
controllers handle _event function(section8.4.2). Thecodein handle _event completests

work quickly andreturnscontrolto themaineventloop. At this stagehereis nointerlocktaskevent
loop asin fig 8.3 (thereis no interlock task). Insteadthe codein the body of this loop (including
writing to theinterlockpipe)is providedin afunctionnamedScan thatis calledby themainevent
loop or by codein the controllermoduleswhenthe valuesof ary pertinentvariablesmight have
changed.

In this way almostall of the codecanbe exercisedn a singleprocesgwith only onetask). Thisis
madeeasyby our modulardesign:the main eventloop communicatesvith the controllermodules
andinterlock moduleby calling functionswhoseinterfaces(declarationsprethe samewhetheror
not thereare separataéasks(seeparagrapHive in section8.3.3). In effect, the controllermodules
andinterlockmodulehidethefactthatthey arerunningin a separateéask(or not).

Exceptfor theabsencef theeventloops,thecodein the Scanditronixcontrollermodulesmc , Icc
anddmc is almostidenticalto thefinal stage.Sois the lowerlevel codein the scx module. The
maindifferences hiddenin thelowest-level device module,ports . In thisstageports readsand
writesfiles with simulatedcontrollerinput andoutput,insteadof readingandwriting to the serial
port. Thefiles with simulatedcontrollerinput serne astestscripts.

In this stagetheplc moduleis just a stub;we do not simulatethe actities of the PLC asrealisti-
cally asthe Scanditronixcontrollers.Insteadthereareoperationsn theuserinterfacethatallow the



9.2. EMBEDDED COMPUTER 53

userto simulatesettingandclearingbits by pressingkeys onthe keyboard.

In this stagewe simulateperiodicpolling by the (noneistent)controllertasks.Theselect  call at
thetop of themaineventloop includesatimeout(not shavn in fig. 8.1). Whenthetimeoutoccurs,
control transfersto a fourth branch(not shavn in fig. 8.1) that writes a messageo the interlock
pipe. This ensureghattheifd branchin the mainloop is taken periodically justasit is whenthe
controllertasksarepolling.

At thiswriting codeandotheritemsfrom this stagearestoredonthe HP clusterunder/radonc/cnts/de

9.2 Embeddedcomputer

Two later developmentstagesincluding the operationaprogram,run on a single-boarcembedded
computerrunninga real-timeoperatingsystem. The embeddedomputerhasno disk, display or
keyboard.lt communicatesveranetwork with anX terminalandafile sener; connectionsgo these
areestablishedby the startupscriptthatrunswhenthe computerboots. Control programcodethat
usesthe X consoleandfile systemis unchangedrom earlierstages.For moreinformationabout
theembeddeadomputerseethe operationsmanual[3].

9.2.1 Tasks,simulated device control

At this stagewe implementtaskingasdescribedn chapterB. We run the controllercodeandinter
lock scanningcodein five independentlyscheduledasksandsignaleventsby giving semaphores
insteadof calling functions.The RT andMain modulegroupsarecompletein this stage.

Most programsourcefiles arethe sameasin the final stage,exceptwe continueto simulatethe
treatmentquipmenby usingspecialversionsof theports , plc _ports andplc modulesn the
Controllers group. Otherdifferencesarehandledby conditionalcompilation,usingthe DEMO
andDEBUGonstantglefinedin switches.h

We continueto usethis configurationto develop and test programrevisions becausét canrun
without accesgo the actualtreatmenequipment.

Thecodefor thisstagdsin /radonc/cnts/cod e, exceptthevariantports ,plc ,andplc _ports
modulesarein “jon/cnts/task

mo



54 CHAPTERY9. DEVELOPMENTSTAGES

9.2.2 Operational program

Thisis thefinal stagenow in usein theclinic. It actuallyoperateshetreatmenequipmentlts code
differsfrom the precedingversiononly by replacingtheports , plc _ports andplc modulesn
the Controllers group,andby undefiningthe DEBUGand DEMQonstantsn the switches
module.

Thecodefor this laststageis in /radonc/cnts/c ode.



Chapter 10

Utility programs

In additionto the control programthat runs on the embeddedomputer we alsohadto produce
severalutility programghatmaintainthe controlprogramdatafiles. Theseprogramscanrun onan

ordinaryworkstationundera general-purposéJnix-like) operatingsystem.Currentlythey run on

ary workstationin the HP cluster The control programdatafiles areaccessiblen the HP cluster
via NFS.

Someof the utility programsusemary of the samemodules(exactly the samesourcefiles) asthe
embeddedaontrol program.

10.1 Prescription utility

Therapistaisetheprescriptiorutility (namedpreview |, for prescriptionviewer) to archive patients
andfields,to changdield completionstatus andto view the prescriptiondatabaselnstructionsfor
usingthe prescriptionutility appeain AppendixB of thetherapists manual[8].

A therapistperformsthe archive operationrwhena patienthascompletedhe entirecourseof treat-
ment. The therapistusesthe prescriptionutility to selectthe patient. The utility rewrites both
prescr.dat andaccum.dat (section5.1),removing the selectedpatientandall of his or her
fields. Thenit writes the patientandfield informationto a permanentrchive (section4.5in the
operationsnanual[3]).

A therapistanchangahefield completionflag (for examplefrom T (Treatment}o S (Superceded))
whenappropriateThetherapisusegheprescriptiorutility to selecthepatientandfield. Theutility
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rewritesprescr.dat  to changdehevalueof theflag.

The prescriptionutility is mostly built from the samemodules(exactly the samesourcefiles) as
the control program. In particular it usesthe samezprescription moduleto readthe files
and maintainthe in-memory prescriptiondatabaseand usesthe sameuserinterface and display
modulesso the appearancef the prescriptiondatabasen the screenandthe operationausedto
selectpatientsandfields, are exactly the samein the utility program(at a workstation)asthey are
in the controlprogram(atthe controlconsole).

At this writing the preview programsourceandexecutableare on the departmenHP clusterin
/radonc/cnts/pr evie w

Thepreview programusesonly ANSI C andXlib andcouldbe built andrun onary systemthat
providesthem. It doesnot usethe real-timeoperatingsystemnor doesit requireary particular
variantof Unix (suchasHP-UX).

Sourcefiles commonto both programsare not duplicatedin the preview directory They can
befoundin the sourcedirectoryfor the control programwhich is /radonc/cnts/c ode atthis
writing.

Thepreview directorycontainsonly the sourcefiles which aredifferentfrom thecontrolprogram
files. Theonesnamedt-pr. {h|c } (for exampleuser-pr.c ) arederivedfrom thecorrespond-
ing .h and.c files for the control programbut are usually much shorter(becausanary control

programfunctionsarestubbecbut).

Severalsourcdilesarenew for thepreview programfor examplearchive.h  andarchive.c
They have differentnamedrom ary controlprogramsourcefiles.

Thepreview programusesthe sameuserinterfacemodulezconsole asthe control program.
Most of the new functionsin the preview programarein the newv archive module. The user
interfaceof thepreview programis determinedy providing a new statetransitiontable,similar
to the control programtablein thefile t.h (chapter6). Thetablefor the preview programisin
t-pr.h . This table hasentriesfor functionsin the zconsole moduleandthe newn archive
module. Most of the operationsn zconsole areunreachablén preview becausdhereareno
correspondingableentriesin t-pr.h

We createda new malefile Makefile-pr.h that usesthe workstationC compiler To build
the preview program,placethe preview-specificsourcefiles and Makefile-pr in the pre-
view directory Thenmake symboliclinks in thatdirectoryto all the control programsourcefiles
in the ../code  directory Thenexecutethe malkefile. More detailedinstructionsappearin the
AAAREADMEle in thepreview directory
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Prescriptiorutility sourcdilesthathave differentcontentdrom controlprograntilesall have differ-

entnamessoit would bepossibleo keepall the sourcefiles for bothprogramsn asingledirectory

However it is necessaryo build the preview programin a differentdirectorysoits .o files (for

the workstation)canbe distinguishedrom control program.o files (for the embeddedomputer)
with the samenames.To avoid confusionwe keepthe sourcefiles in separatalirectoriesalso,with

symboliclinks to the sourcefiles thatarethe samein both programs.

10.2 Dosecalibration utility

Thedosecalibrationutility dosecal providesagraphicaluserinterfacefor editingthe contentsof
thedosimetrycalibrationfile dosecal.dat

The dosecalibration utility is much like the prescriptionutility: it is mostly built from control
programsourcefiles, which ensureghatit hasthe sameappearancandworksthe sameway asthe
controlprogram.

The dosecalibrationutility files arein /radonc/cnts/do secal . Thisdirectorycontaindinks
to control programfilesin ../code  andto prescriptionutility filesin ../preview . Most of
the new functionsarein the nevw dosecal module,the userinterfacestatetransitiontableis in
t-dc.h , andthe malefile is Makefile-dc . Detailedinstructionsfor building the utility arein
the AAAREADMEle in thedosecal directory

10.3 Treatmentplanning program

New patientsandfieldsareappendedo the endof the prescriptiorfile prescr.dat by thetreat-
mentplanningprogram,Prism(section5.1). Instructionsfor usingPrismappeaiin AppendixA of
thetherapists manual[8].

Prismhasno codein commonwith the control program. Prismis codedin CommonLisp. The
codethatwritesthe new prescriptionfile contentss in thefile write-neutron.c | keptunder
configurationcontrolin /radonc/prism/S CCS

Codein write-neutron.c | writes the new prescriptionfile contents,then spavns the shell
scriptcnts xfer to actuallyappendthesecontentsto prescr.dat . At this writing the shell
scriptandotherdocumentatiomrein /radonc/cnts/t ransfer
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10.4 Log file utilities

Several utilities summarizethe log files andtreatmentrecordfiles written by the control program.
Thesesummariesareusefulfor machinemaintenancandpatientquality assuranceFor example,
theaccum utility readshroughsereralweeks’treatmentecords producesa day-by-dayisting of
all thetreatmentdor all the patientscurrentlyundertreatmentandcomparesheaccumulatedotal
dosesandfractionscalculatedrom all the treatmentecordsto thoserecordedn theaccum.dat
file. Theaccum utility andseveralothersrun every night, scheduledy thecron utility.

Theseutilities have no codein commonwith the control program. They arecodedin Perlandsh
(Bourneshell). At thiswriting utility codeandotherdocumentatiomrein /radonc/cnts/q a



Appendix A

Declaring global variablesin headerfiles

Therearesomeglobalvariablesthatareusedby morethanonemodule.Eachsuchglobalvariable
mustbe definedin onemoduleanddeclaredexternalin all the othermoduleswhereit is used.We
achieve the effect of eitherdeclaringor defininga variablein a single.h file by usingconditional
definitionsasin thefollowing example?.

zsession.c  beagins with the list of include directives for all the othermodulesit dependson.
Thenit definesa macronamedZSESSION_EXTERNvhosereplacementext is the emptystring,
andthenit includesits own .h file:

/* zsession.c */

#include  "util.h"

#include  "znames.h"

#include  "zoper.h"

#include  “"zprescription. h"

#define  ZSESSION_EXTERN
#include "zsession.h"

zsession.h  begginswith thesdinesthatdefinethe macroZSESSION_EXTERIwhosereplace-
menttext is thestringextern , only in thosecasesvhereit is not alreadydefined:

1| learnedthis techniquefrom Gregg Traction of the Departmenbf RadiationOncologyat the University of North
Carolina.l haven't seenit in ary publishedsource.
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/* zsession.h */
#ifndef ZSESSION_EXTERN

#define  ZSESSION_EXTERNextern
#endif

Laterzession.h  andcontainghisline

ZSESSION_EXTERNZ_Mode mode;

The C pre-processotranslategshe macroZSESSION_EXTERNo the replacementext extern

in all files exceptzsession.c , whereit translatest to the empty string instead. This hasthe
effect of definingmode in the zsession moduleanddeclaringit externalin all othermodules
thatdependonit.

Likewise,every othermodulefoo definesandusesa macroFOO_EXTERM the sameway.

We usea similar conditionalcompilationtechniqueto initialize a variablein its definition, seefor
examplep_status_text in zfield.h andzfield.c
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