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Abstract

This reportdescribesthe detaileddesignandcodeof the control programfor the isocentrictreat-
mentunit of the Clinical NeutronTherapy System(CNTS). It is primarily intendedfor software
developers.It describesdesignfeatureswhich shouldbepreservedwhentheprogramis modified,
andexplainssomeunobvious implementationdetails.Thecontrolprogramwasdevelopedfrom a
detaileddesignexpressedin theZ notation. It is codedin C. We usedonly theANSI StandardC
library anda few librariesneededto usethe real-timeoperatingsystemandtheX window system
(Xlib only, notMotif or any othertoolkits). Theprogramtext (C dataandfunctions)is partitioned
into modulesthatmake it easyfor usto producedifferentprogramversionsthatrun in differenten-
vironments.Theexecutingprogramcomprisesseveralconcurrenttasks,coordinatedby appropriate
communicationandsynchronizationmethods.Thebehavior of theuserinterfaceis determinedby
a table.Thegraphicaluserinterfaceis separable;theprogramcanalsoreadtext commandsfrom a
keyboardor scriptfile (for testautomation).Most of thecodewasdevelopedon a general-purpose
workstation,simulatingtaskingin asingleprocesswhile readingandwriting simulateddevicecon-
troller commandsanddatafrom files. Many of theprogramsourcecodefiles arere-used(without
changes)in utility programsthatrunon aworkstation.
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1

Intr oduction

This reportdescribesthe detaileddesignandcodeof the control programfor the isocentrictreat-
mentunit of the Clinical NeutronTherapy System(CNTS). It is primarily intendedfor software
developers.It describesdesignfeatureswhich shouldbepreservedwhentheprogramis modified,
andexplainssomeunobvious implementationdetails.Thecontrolprogramwasdevelopedfrom a
detaileddesignexpressedin theZ notation. It is codedin C. We usedonly theANSI StandardC
library anda few librariesneededto usethe real-timeoperatingsystemandtheX window system
(Xlib only, notMotif or any othertoolkits). Theprogramtext (C dataandfunctions)is partitioned
into modulesthatmake it easyfor usto producedifferentprogramversionsthatrun in differenten-
vironments.Theexecutingprogramcomprisesseveralconcurrenttasks,coordinatedby appropriate
communicationandsynchronizationmethods.Thebehavior of theuserinterfaceis determinedby
a table.Thegraphicaluserinterfaceis separable;theprogramcanalsoreadtext commandsfrom a
keyboardor scriptfile (for testautomation).Most of thecodewasdevelopedon a general-purpose
workstation,simulatingtaskingin asingleprocesswhile readingandwriting simulateddevicecon-
troller commandsanddatafrom files. Many of theprogramsourcecodefiles arere-used(without
changes)in utility programsthatrunon aworkstation.

This report frequentlyrefersto particularprogramsourceprogramfiles (C .h and .c files) and
otherprojectfiles suchasMakefile . This reportprovidesanoverview, rationale,andhigh-level
explanationof thesourcecodebut doesnot containthecodeitself. Much detaileddescriptionthat
appearsin theheadersto theprogramsourcefiles is not repeatedhere.Readerswho planto revise
theprogramor performdetailedanalysesmustalsohave accessto thecode,of course.

WechosetheC programminglanguagefor thisprojectbecauseit is thenative languageof thereal-
time operatingsystemandtheX window system.Thesetwo systemsaredistributed(in part)asC
headerfiles,andall their documentationshows examplesin C. Basedon our experiencewith other
projects,we expect that the practicaldifficulties of matingcodewritten in any other languageto
thesetwo systemswould far outweighany putative advantagesotherlanguagesmight provide. We
understandthe limitations andpitfalls of C very well andthey have not causeddifficulties for us.
Programmingerrorsdiscoveredduringdevelopmentandusewerenot language-relatedandwould
have occurredif we hadusedanotherlanguage.

We limited ourselves to C, the ANSI StandardC library, Xlib , and a few real-timeoperating
systemlibrariesin orderto achieve stabilityandlongproductlifetime. Thesehavebeenin wideuse
for many years,so the worstdefectshave beenshaken out andthe remaininglimitations arewell
understood.We rejectedotherproductswhich seemedoverly complex, werestill evolving rapidly,
or whichcouldmake usdependentonparticularsuppliers.

Several reportsdescribeotheraspectsof this project. To assessthecorrectness,safety, andfitness
for useof theprogramdescribedhereit is necessaryto considerall of their contentsaswell.



2

The facility description[17] providesan overview of the entireClinical NeutronTherapy System
(not just the control system). The referencemanual[7] describesthe control programwhosein-
ternalsaredescribedhere. It is sufficiently thoroughto serve as the informal (naturallanguage)
specificationfor the program. The operationsmanual[3] explainshow to install, configure,and
maintainthe control computerandcontrol program. The therapist’s guide[8] providesan orien-
tation to thecontrolconsole,screenandkeyboardandexplainshow to usethecontrolprogramto
treatpatients.

Much of the codewas developedfrom a formal specificationin Z [18, 2], a machine-readable
notationfor logic, settheoryandarithmetic.Therationalefor usinga formal specificationappears
in [5]. The formal specificationservesas the detaileddesign;we usedno otherdesignnotation
(besidesEnglish).Thefull text appearsin [6]; excerptsandcommentaryappearin [10, 2, 11, 4].

Mostprojectdocumentsareavailablefromhttp://radonc. washi ngto n. edu/p hy si cs /c nts / .



Chapter 1

Tracing fr om requirementsto code

It is possibleto tracefrom the requirementsexpressedin an early prosespecification[9] to the
detaileddesignin theformal specification[6] andfinally to theimplementationin thecode.

Theformalspecificationin [6] containscrossreferencesthatrelatemany of theZ formulastosection
andpagenumbersin thecorrespondingproserequirementsin [9].

Weusedsimilarnamesin thedocumentsandcodeto helpmakethederivationclear. Moduleswhose
contentsarederivedfrom theformalspecificationhavenamesthatbegin with z : thezfield mod-
ule implementsField stateschemaandtheoperationson it (section6 in the formal specification).
Typesin the implementationthatarederived from the formal specificationhave namesthatbegin
with Z_: theenumeratedtypeZ_Setting in znames.h implementssetting(section3.1 in the
formal specification).Otheridentifiersaremadeassimilar aspossible,subjectto therequirements
andconventionsof eachnotation.Thetherapy parameternamedGANTRY (proserequirements)is
modelledby thesetelementnamedgantry (formal specification)andimplementedby theenumer-
atedtypevaluenamedgantry (code).

Thenomenclaturein theformal specificationandcodeis derivedfrom theearlyrequirementsdoc-
ument[9]. We changedsomenomenclaturewhenwe wrotethereferencemanual[7]. Thesettings
(earlydocumentsandcode)becametherapyparameters (referencemanual)andmeasuredsettings
(earlydocumentsandcode)becameactualsettings(referencemanual).

The implementationof thedetaileddesign(in Z notation)to code(in C) usuallyemploys methods
describedin a textbook(chapter28 in [2]).

3



Chapter 2

Modular structur e

Theprogramcontainsabout16,000lines of C programminglanguagecode,divided amongmore
than90 sourcefiles. Thesourcefiles areorganizedinto morethan40modules.

“Module” is not a C programminglanguageconstruct;a moduleis a setof C files thatwe identify
asoneunit in ourdesign.

Most modulesconsistof oneheaderfile (.h file) andone.c file with thesamename:thezpre-
scription modulecontainszprescription.h andzprescription. c . A few modules
consistof only onefile, for examplefilenames.h or user.c .

Todesignthemodularstructureof theprogram,wechoosewhichmodulestohave,determinewhich
codegoesinto eachmodule,andwork out thedependenciesbetweenmodules.

Wechoseourparticularmodulardesignto makeit easyfor usto producedifferentprogramversions
thatrun in differentenvironments.We have to bring thesystemup in stages.At eachdevelopment
stagewemusthaveaworking,testableprogramversionthatprovidesasubsetof thefull functional-
ity. Weseparateoff thegraphicaluserinterface(GUI) sothatwecanhaveacommandline interface
for testautomation,andwe separateout the real time andmultitaskingcapabilitiesso thatwe can
do muchdevelopmenton anordinaryworkstation.

Thebestsourceon modulardesignis chapter5 in the textbookby Lamb[13], seealsothepapers
by Parnas[16, 15].

Two strategiesguideourmodulardesign:informationhidingandlimiting dependencies.

4



2.1. INFORMATION HIDING 5

2.1 Inf ormation hiding

Somemodulesaredesignedto achieve informationhiding. Eachof thesemodulescontainssome
information which it usesbut which other modulesshouldnot be able to changeor even read.
This informationis saidto be“hidden” in themodule;themoduleis saidto hide that information,
which constitutesthe module’s “secret”. For example,the zprescription modulehidesthe
organizationof thein-memoryprescriptiondatabaseandtheformatof theprescriptiondatafiles.

Thepurposeof informationhiding is to make theprogrameasyto understandandchangeby local-
izing informationin oneplace.Whenchangesaremadeto informationthatis hiddenin onemodule,
theeffectsof thechangecanbe completelyunderstoodby analyzingthatonemodulein isolation
from all theothers. It is not necessaryto considerwhethersomeothermodulemight be affected.
For example,to changethe organizationof the in-memorydatabase,or changethe format of the
disk files, we would only needto changeonemodule: zprescription . We canbe confident
thatno othermoduleswouldneedto bechanged1.

To achieve informationhiding, we separatethe module’s visible interfacefrom its hiddenimple-
mentation. A moduleis saidto provide theitemsmadevisible in its interface.For example,many
modulescontainsomedatastructuresandthefunctionsthatoperateon them. The functiondecla-
rationsaretheinterfaceandthedatastructuresandfunctiondefinitionsaretheimplementation.As
long asthe itemsprovided by themoduleinterface(the functiondeclarations)arenot changed,it
is possibleto changethemoduleimplementation(datastructuresandfunctiondefinitions)without
having to changeany othermodules.

Informationhiding resultsin a modularstructureorganizedaroundaccessto data,not tasks. We
have caseswhereasinglemoduleprovidesfunctionsthatareusedby severaldifferenttasks.

The C programminglanguageprovidesa way to separatethe interfacefrom the implementation:
put the interfacecodein themodule’s .h file (headerfile) andthe implementationcodein the .c
file. Informationin a headerfile canbemadeavailableto othermodules(certainselectedones,not
all others).Informationin a .c file is hiddenfrom all othermodules.

For example,theinterfacezprescription.h declaresfunctionsthataccessthein-memorypre-
scriptiondatabase,and other functionsthat load information from disk files into the in-memory
database.Theimplementationzprescription. c definesvariablesthathold thecontentsof the
in-memorydatabaseandcontainsfunctiondefinitionsthatreadthediskfiles.

Wedeclareotheritemsbesidesfunctionsin headerfiles: namedconstants(using#define ), types
(using typedef ), macros(also using #define ), and even someglobal variables. Declaring

1Changingthecontents(ratherthantheorganizationor format)of thein-memorydatabaseor datafilesmayaffect the
behaviorcontrolledby codedefinedin othermodules,of course.
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globalvariablesin headerfiles requiresun-obviousC programmingtechniques(appendixA).

2.2 Dependencies

Whenonemodulecontainsidentifiersthataredeclaredor definedin in anothermodule’s interface,
we say that the first moduledependson the second. The identifierscanbe namesof constants,
variables,functions,or types,or canbemacrotext.

Dependenciesareimplementedin C by file inclusion. For example,thezprescription mod-
ule dependson theznames module,sozprescription.c containsthedirective #include
znames.h . Thisdirective enablescodein zprescription.c to referto identifiersdeclaredin
znames.h . For example,it cancall functionsdeclaredthere.

This makesdependenciesexplicit. To seewhatmodulesa moduledependson, simply inspectthe
list of #include directivesnearthebeginningof the .c file.

Therearealsodependenciesamong.h files, whereone.h file containsidentifiersdefinedor de-
claredin another. However we usuallyavoid nestedincludeswhere#include directivesappear
in .h files. This preventsincludingthesameitem morethanoncewhena .c file includesseveral
.h files (we rejectedalternatives involving conditionalcompilationastoo complicated).Instead,
dependenciesamong.h files arehandledby orderof inclusionin .c files. In every .c file, each
headerfile mustbeincludedbeforeany headerfiles thatdependon it. For exampleznames.h de-
finesitemsusedin zprescription.h , so#include znames.h mustprecede#include
zprescription.h in any .c file thatusesthezprescription module.

Threeexceptionsto thepolicy againstnestedincludesareutil.h , xdefs.h , andrtdefs.h ,
which includeheaderfiles for theANSI StandardC library, theX window system,andthereal-time
operatingsystem,respectively. No othermodulesincludethe ANSI C headerfiles (etc.), they all
includeutil.h (etc.) instead.This avoids the problemof including the sameheaderfile more
thanonce.

In this report the termsuses, dependson and includesare synonyms (when they are appliedto
modules).(This is not exactly thesamemeaningfor usesasin Lamb[13], pps.43 – 44. Our uses
seemsto bethesameasLamb’suses� ).

Dependenciesarenot transitive: if A dependson B andB dependson C, A neednot dependon C.
This is fortunatebecauseit makesit possibleto build up theprogramfrom separable,interchange-
ableparts.For example,thegraphicutilities moduledisplay dependson theX window system
library interfacemodulexdefs . However theMLC graphicsmodulemlcdisp dependsondis-
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play but doesnotdependonxdefs . ThereforewecouldreplacetheX window systemwith some
othergraphicssystemwith a quitedifferentinterface,without having to changetheMLC graphics
moduleor any of theotherapplicationgraphicscode.

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

Dependenciesthat seemto be circular can be broken by splitting modulecontentsbetween.h
and .c files. For examplegraphics usesglobal variablesin zconsole , while zconsole
callsfunctionsin graphics . This is notcircularbecausegraphics.c andzconsole.c both
includegraphics.h andzconsole.h , but the two .h files areindependent;neitherusesin-
dentifiersdeclaredin theother(seepps.43–44in Lamb[13]).

We usethe make utility to compile and link the program,so we have to encodethe dependen-
ciesamongall themodulesin theMakefile . TheMakefile servesasanup-to-daterecordof
the dependencies.(We maintainour Makefile by hand;we do not usea tool to keeptrack of
dependenciesautomatically.)

2.3 Module groups

We try to minimizedependenciesbecausethey make theprogrammoredifficult to understandand
change.In particular, they make it difficult to producedifferentversionssuitedfor differentenvi-
ronments.

Therearetwo levelsof informationhiding. At themodulelevel, informationthatappearsonly in a
.c file is hiddenfrom all othermodules.At theprogramlevel, informationthatappearsin an .h
file is hiddenfrom othermodulesthatdo not includethat .h file. Sowe canselectively hideentire
modulesby usingincludedirectivessparingly, only whereneeded.

By usingincludedirectivesselectively, we organizemodulesinto severalgroups,wheretheremay
be many dependencieswithin eachgroupor betweenparticulargroupsbut few or nonebetween
othergroups.Weshouldtry to preserve thesegroupsandnot createnew dependencies.

Herearedescriptionsof the most importantmodulegroups,including someof the modulesthey
contain,andsomeof thedependencieswithin andbetweenthem. This is not a completelist but it
revealsthemainskeletonof themodulardesign.ConsulttheMakefile to confirmthedependen-
ciescurrentlyin effect.
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In the following discussion,modulenamesareshown in typewriter font in lower case:zfield .
Modulegroupnamesareshown in typewriter font capitalized:State .

2.3.1 Utilities

Thesemodulesprovidepervasive itemsthatareindependentof thetherapy controlapplication(they
do not referto datathatarespecificto thisapplication):

� switches configurationoptionssetat compiletime

� util constants,types,macros,utility functions

util.h is oneof the few .h files that includesother.h files. It includesall theheaderfiles for
theANSI StandardC library (stdio.h , math.h , etc.)andswitches.h .

No other modulesinclude the ANSI headerfiles or switches.h . All other modulesinclude
util.h instead.Thereforeall othermodulesdependonUtilities soweneednotmentionthis
explicitly in thefollowing sections.

2.3.2 RealTime (RT)

Thesemodulesprovide the real-timeoperatingsystemand communicationand synchronization
betweentasks:

� rtdefs real-timeoperatingsystem

� pipe messagepipes

� delay timedelays

� tasks taskmanagement

The rtdefs modulecontainstheheaderfile rtdefs.h only. rtdefs.h is oneof thefew .h
files thatincludesother.h files. It includesall theheaderfiles we needfor thereal-timeoperating
systemincludingtaskLib.h , semLib.h , devicedriver headersandmany others.
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2.3.3 Messages

Thesemoduleshandleeventlog messagesandcontrollercommunicationmessages:

� circbuf circularbuffersfor eventlog messagesandcontrollermessages

� messages eventlog messages

circbuf usessemaphoresto control accessto the messagebuffers so it dependson RT. mes-
sages dependson circbuf . messages alsodependson graphics (below) becausethedis-
playmayneedto beupdatedwhenanew messageappears.

Many modulesuseMessages , includingthezintlk moduleandmodulesfrom thegroupsCon-
trollers , UI , Main .

2.3.4 Constants

Thesemodulesprovide namesandconstantsfor thetherapy controlapplication:

� znames parameternamesetc.

� zvalues ranges,tolerances,units,discretevalueencodings,etc.

znames usesno othermodules(exceptutil ). zvalues usesznames .

2.3.5 Prescription

This moduleprovides the prescriptiondatabase.It hidesthe organizationof the in-memorypre-
scriptiondatabaseandtheformatsof theprescriptiondatafiles:

� zprescription in-memoryprescriptiondatabase,prescriptionfiles

Prescription usesConstants .
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2.3.6 State

Thesemodulesprovide thevariablesthatrepresentthestateof thetherapy equipmentandtreatment
session:

� zsession sessionvariables:patient,field, mode

� zfield parametervalues:prescribed,preset,actual,accumulated

� zintlk interlocks,parameterreadiness,subsystemreadiness

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

zintlk containsthecodefor themaineventloop in theinterlockscanningtasksoit alsodepends
on RT.

2.3.7 Controllers

Thesemodulesprovide low-level device control. They hide theprotocolsanddatarepresentation
usedto communicatewith thecontrollers:

� devicenames device or file names

� ports serialport utilities

� scx Scanditronixcontrollerutilities

� tmc, lcc, dmc Scanditronixcontrollers

� plc-ports programmablelogic controllerportutilities

� plc programmablelogic controller

devicenames selectswhetherto useactualdevice names,or to usefile namesinstead(for con-
figurationswheredevice input/outputis simulatedby reading/writingfiles). Theselectionis deter-
minedby constantsdefinedin switches.h .

scx andplc_ports useports . tmc, lcc anddmc usescx . plc usesplc_ports . tmc,
lcc, dmc andplc useConstants andState .
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The tmc, lcc, dmc, andplc moduleseachcontainthecodefor themain event loop in their
controller task, so they all dependon RT. However the tasksare all spawned by Main (sec-
tion 2.3.14).

In addition to handlingthe DoseMonitor Controller (DMC), the dmc modulealso mediatesall
activities initiated in responseto messagesor othereventsfrom the DMC. Thereforeit manages
thestatetransitionsin thetreatmentsequence.This is someof themostimportantcontrol logic in
theprogram.We consideredseparatingthis out but thetreatmentsequenceis sotightly coupledto
theDMC thatwe left both in thesamemodule.dmc is thesecondlargestmodulein theprogram
(almost1700lines),only abit smallerthanzconsole (section2.3.12).

Dataflows in both directionsbetweenControllers to State . Controllers dependson
State , not vice-versa.This enablesusto write andtestState beforeControllers areready
(seep. 57 in Lamb[13]).

2.3.8 X window system(X)

ThismoduleprovidestheX window system:

� xdefs X window system

Thexdefs modulecontainstheheaderfile xdefs.h only. xdefs.h is oneof thefew .h files
thatincludesother.h files. It includesall theheaderfilesweneedfor theX window systemlibrary
Xlib (Xlib.h , keysym.h , andafew others,but not thelibrariesfor Motif or any othertoolkits).

2.3.9 Display

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

� display low-level but library-independent graphics

� widgets dialogboxes,menus,cursors

display dependson X. widgets dependson display , but notX.
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It is importantthatdisplay is theonly graphicsmodulethatdependson X. Thedisplay mod-
ule hidestheX window system;theconstants,types,andfunctiondeclarationsit providesin dis-
play.h areindependentof X. To replacetheX window systemwith someothergraphicssystem,
wewouldonly needto rewrite display.c , whichcontainsfewerthan700lines. It is alsopossible
to run thecontrolprogramwithout X (or any othergraphics)by providing a stubdisplay .

2.3.10 Screens

Thesemodulesgeneratethemany displays(screens)that theoperatorsees.They hide theappear-
anceof thescreens:

� chartdisps dosecaldisp dosimdisp helpdisp listdisps logbox logindisp
mlcdisp pagedisps plcdisp startupdisp statusbox treatmsg displayscreens

No modulein this groupdependson any of theothers.They all useDisplay (but noneusesX).
Most alsodependon Constants andState to provide thedatathatthey display.

Themodulesin Screens only readvaluesfrom themodulesthey use,they never setthem.

2.3.11 Graphics

This moduleprovidesgraphicoutput.It hidestheorganizationof thegraphicsfacilities(thepartic-
ular setof screensthatareprovided,etc.):

� graphics interfaceto graphics

Thismoduledependson Display (but notX) andScreens .

Theonly way thecontrolprogramcangenerategraphicoutputis to call a functionin Graphics .
Thecontrolprogramnever callsfunctionsin Display or Screens directly. It is possibleto run
thecontrolprogramwithoutDisplay or Screens by providing a stubgraphics module.

Only threemodulesusegraphics : zconsole in UI (section2.3.12),user in Main (sec-
tion 2.3.14),andmessages in Messages .
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2.3.12 User interface (UI)

Thesemodulesprovide theoperationsof theuserinterface:

� zedit dataediting

� zconsole userinterfaceoperations

� transition userinterfacestatetransitions

zconsole provide theuserinterfaceoperations.It is thelargestmodulein theprogram(just over
2000 lines). All activities initiated by the operator, including mostgraphicoutputandmostfile
operations,aremediatedby codein zconsole .

zconsole dependson Constants , Prescription , State , and Controllers . It also
dependsonGraphics (but notonScreens , Display or X).

transition dependson zconsole becausethe statetransitiontable entriesare pointersto
functionsprovidedthere.

In additionto transition.c andtransition.h , the transition module alsocontains
t.h andt names.h , whichcontainthestatetransitiontableitself.

We separatethe operationsof the userinterfacefrom the graphicoutput. This makes it easyto
build aversionof theprogramthatgeneratesnographicoutput,but only writestext messagesto the
standardoutput.

We separatethe operationsof the userinterfacefrom the eventsthat trigger them. This makesit
easyto build aversionof theprogramthatdoesnot requireany interactive input,but only readstext
commandsfrom standardinput.

2.3.13 Events

Thesemodulesprovide userinterfaceinputeventhandling:

� xevents X window systemeventhandling

� keyboard translationfrom X keys to commands
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� linereader translationfrom stringsto commands

xevents providesX window systemeventsbut is separatedout from display somodulesthat
do notproducegraphicoutputdonotneedto dependon it. xevents dependson X.

keyboard processesX keys soit dependson X but themodulesthatuseit do not.

linereader is analternative to keyboard thatprocessesstringsfrom standardinput.

Dataflows from Events to UI but thereareno dependenciesbetweenEvents andUI . Instead,
userinterfaceeventsaremediatedby Main (seep. 57 in Lamb[13]).

2.3.14 Main

Themainprogrammoduleis nameduser (becausethereal-timeoperatingsystemdoesnot allow
amodulenamedmain , or sowe thought):

� user mainprogrammodule

Theuser moduleonly containsuser.c , thereis no user.h .

Main startsall thetasks.ThereforeMain dependson RTandControllers .

Main containsthecodefor themainevent loop in theuserinterfacetask. It interceptseventsand
translatesthemto commandswhichit passesto theuserinterface.ThereforeMain dependsonboth
Events andUI , soUI andEvents neednotdependon eachother(seep. 57 in Lamb[13]).

Main interceptseventsthatcausethedisplayto update.ThereforeMain dependsonGraphics .

No othermodulesdependon Main .

2.4 Experienceand evaluation

We attemptto avoid creatingdependencies.In practicethis is difficult andtheprogramhastended
to becomemoreinterdependentasit hasevolved. Themodularstructureis still satisfactory, but if
we undertake anoverhaulthereareopportunitiesto removesomedependencies.
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The mostsuccessfulaspectsof the modulardesign,which we have preserved, arethe absenceof
dependencieson Graphics in almostall of the program,the absenceof dependencieson X in
Graphics , andtheabsenceof dependenciesbetweenEvents andUI .

Dependencieson modulesin the RT grouphave becomemorepervasive thanwe anticipated. It
shouldbe possibleto remove someof these,in the sameway that the X window systemis now
isolated.

Our decisionnot to include.h files in other.h files canbea bit of a nuisance.Sometimesa
.c file mustincludean .h file only becausesomeother .h file needsit, but the .c file itself
doesnot. This introducestheappearanceof a moduledependency whereit seemsthereshouldn’t
be one. For example,messages.h usesthecircbuf_rec type definedin circbuf.h , and
circbuf.h usestheSEM_ID typedefinedin rtdefs.h . Thereforeany modulethatusesmes-
sages — andmany do — must includecircbuf.h and rtdefs.h also. Perhapswe could
mitigatethis by relaxingour restrictionon nestedincludesin a few morefiles, aswe have already
donefor util.h , xdefs.h , andrtdefs.h .



Chapter 3

Resources

This chapterdescribeshow theprogramusesresourcessuchasmemory, time,andfile storage.We
chosethesestrategiesin orderto make theprogramfast,simple,androbust.

3.1 Memory

The entireprogramandall datais memoryresident.Whenthe control computerboots(startsup
or resets),it loadsall of the control programand the entire contentsof all datafiles into mem-
ory. After that,theprogramcancontinueto run if thefile server becomesunavailable(shutdown,
disconnected,or inaccessibledueto network problems).

Variablesthatrepresentthestateof thetherapy machineandtreatmentsession(chapter4), thepre-
scriptiondatabase(chapter5), andthecontentsof thedisplay(chapter7) areall staticallyallocated
(definedat file level, outsideall functions).Thenumberandsizeof thesevariablesis fixedandis
determinedwhenthe programis written. They persistin memorythe entiretime the programis
running.

Variablesthat areusedtemporarily(suchas loop indices)areallocatedon the stack(definedin-
sidethe functionsthatusethem). They occupy memoryonly whenthe function thatusesthemis
executing.

Thecontrolprogramcodethatwe wrotedoesnot do any dynamicmemoryallocation. It doesnot
usetheheap.It doesnot call malloc , calloc , or free .

16
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OperatingsystemcodeandX window systemcodethat is includedin thecontrolprogrammaydo
dynamicmemoryallocation,but we have tried to ensurethatmostof this activity is performedat
startup(section3.2).

We try to avoid usingC pointers,but sometimesthereis no alternative. Somelibrary functions
thatwe mustusehave pointerparameters.Sometimeswe mustusepointerparametersin our own
functionsto updatevariables(achieving theeffect of passingvariablesby reference).

3.2 Time

We try to allocateresourcesat startupto avoid taking time or risking failure while theprogramis
running.

At startuptheprogramallocatesmostof theoperatingsystemresourcesit needs,including tasks,
semaphores,pipes,andwatchdogtimers(chapter8). Eachresourcethenpersiststheentiretime the
programis running.

Openingandclosinga file causestheoperatingsystemto allocatea file descriptor, thenfree it. It
is not possibleto performall file operationsat startupbut we limit theactivity asmuchaswe can
(section3.3).

At startuptheprogramallocatesall of theX window systemresourcesit needs.It opensthedisplay,
loadsfonts,allocatescolors,createsgraphiccontexts,andcreateswindows.

3.3 File storage

The controlprogramusesa small, fixed setof input datafiles (section4.3 in theoperationsman-
ual [3]). Mosthaveafixedsize,but prescr.dat andaccum.dat grow whenpatientsandfields
areaddedand shrink againwhen patientsarearchived (the variablesthat storetheir contentsin
memorycanaccommodatethe largestpossiblefiles). Whenthecontrolprogramstartsup it reads
thecontentsof all the input datafiles into memory. Theoperatorcancausetheprogramto reread
certainfiles to updatememoryafterfile contentshave changed.

Whenthecontrolprogramusesaninput file it opensthefile, readsits entirecontentsinto memory,
andclosesit. Eachinputfile is only openduringthebrief timewhenthecontrolprogramis reading
it.
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Thecontrol programwritesa large andever-growing collectionof log files andtreatmentrecords
(section4.4 in [3]). It opensa new event log file andtreatmentrecordfile eachtime it startsup,
andeachnight at midnight. Thesefiles grow eachtime a log messageis written or a treatmentis
performed.Otherlog files canbewritten at theoperator’s command.It is thestaff ’s responsibility
to archive thesefilesat intervals.

Thetreatmentrecordfile andevent log file areopenedwhenthey arecreated(at startupor at mid-
night)andremainopenuntil thenext versionsarecreatedthefollowing midnight,or until thecontrol
programshutsdown.



Chapter 4

Statevariables

Thevariablesthatrepresentthestateof thetherapy equipmentandtreatmentsessionaredescribed
in chapter1 in the referencemanual.They aremodelledin theSession, Field, andInterlock state
schemasin the formal specificationand implementedin the zsession , zfield andzintlk
modulesin thecode.

4.1 Names

Groupsof namesaremodelledin Z by freetypesandimplementedin C by enumeratedtypes.

For examplethenamesof thetherapy parameters(table1.1 in thereferencemanual)aremodelled
in Z by thesetnamedsetting(section3.1 in theformal specification)andareimplementedin C by
theenumeratedtypenamedZ_Setting definedin znames.h .

Declaringan enumeratedtype in C associatesthe nameof eachvaluein the type with a different
small integer (enumeratedtype valuesarejust namedinteger constants).Thereforethe valuesin
eachenumeratedtype have an order. The varioussubsetsof settingdefinedin the formal speci-
fication (suchasmotion) are implementedby orderingthe settingnamesin the enumeratedtype
declarationsuchthat membersof the samesubsetappeartogether(they areadjacent).Therefore
settingsthat belongto the samesubsethave successive numericalvaluesandthey all belongto a
particularnumericalrange.Setmembershiptestsareimplentedby rangechecks,for examplethe
in_motion booleanfunctionprovidedby theznames module.

19
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4.2 Values

Groupsof statevariablesaremodelledin Z by functionsfrom namesto valuesandimplementedin
C by arraysindexedby enumeratedtypes.(thevaluesof C enumeratedtypesaresmall integersso
they canbeusedasarrayindices).

For examplethecollectionof actualtherapy parametervalues(section1.2.3,referencemanual)is
modelledin Z by thefunctionnamedmeasured in theField stateschemawhosedomainis a setof
settingnames(section6.1, formal specification).Theactualvalueof thegantryrotationparameter
is modelledin Z by thevalueof thefunctionapplicationmeasuredgantry. TheZ functionmeasured
is implementedin C by thearraynamedmeasured in thezfield module.TheZ functionappli-
cationmeasuredgantry is implementedby theC arrayaccessexpressionmeasured[gantry ] .

The representationof thesestatevariablesas C arraysis not hidden; the arraysthemselves ap-
pearin zfield.h (they arenot hiddenin zfield.c ). They areboth declaredanddefinedin
zfield.h , usingthecodingtechniquedescribedin AppendixA. Every modulethatneedsto use
the actualparametervaluesincludeszfield . Any modulethat includeszfield could reador
assignthevalueof measured[gantry] . Of course,it only makessensefor certaincodein the
tmc (treatmentmotioncontroller)moduleto assignthevalue,but this is not enforcedby any pro-
gramminglanguageconstruct.It is ensuredonly by ourunderstandingof theapplication,expressed
throughcarefulcodingandqualityassurance.

4.3 Operations

The operationschemason the Field state(section6, formal specification)areimplementedby C
functionsdeclaredin zfield.h anddefinedin zfield.c . Likewisefor Sessionandzsession ,
Intlk andzintlk .



Chapter 5

Prescription database

The in-memoryprescriptiondatabaseandtheprescriptionfiles arehandledby thezprescrip-
tion module.It is oneof thelargestmodulesin theprogram(over 900lines).

Thein-memoryprescriptiondatabaseis themostcomplicateddatastructurein theprogram.It stores
identificationinformationaboutall the patientsundertreatmentandstoresthe prescribedsettings
for all their treatmentfields. It alsokeepstrack of the numberof fractionsandthe total dosefor
eachfield asthey accumulateover eachpatient’s courseof treatment.Complexities arisebecause
thedatabasecontentschangefrequentlyandin a piecemealfashion,asnew patientsandfieldsare
addedandothersarearchived.

The operationsfor viewing, selecting,and loading the in-memorydatabaseare describedin the
referencemanual[7] (sections5.4.2– 5.4.5). The operationsfor addingpatientsandfields to the
prescriptionfile, andthenarchiving them,aredescribedin thetherapist’s guide[8] (appendicesA
andB). Thecontentsandformatsof theprescriptionfile andaccumulatingdosesfile aredescribed
in theoperationsmanual[3] (sections4.3.18and4.3.6,respectively). A high-level designappears
in theformalspecificationreport[6] (section4), but mostof thedesigndetailsappearin theunpub-
lishedfragmentfiles.tex 1.

1A printable version of files.tex is available as PostScript or DVI from
ftp://ftp.radonc.washington.edu:/pub/cn ts-rep orts/z / .
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5.1 Prescription data files

Theaccumulatingfractionsanddosesarestoredin thefile accum.dat . All otherprescriptionin-
formationis storedin prescr.dat . Bothkindsof informationarestoredin asingledatastructure
in thein-memorydatabase,however.

Thecontrolprogramreadsall of prescr.dat andaccum.dat whenit startsup. At this time it
makesthein-memorydatabaseconsistentwith bothfiles.

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

To adda patientandfields,thePrismuserchoosesa patientandoneor morefields.Prismappends
thepatientrecordandfield recordsto theendof prescr.dat . No changesaremadeto the in-
memorydatabaseor to accum.dat at this time.

It is usualto addmore fields for the samepatientdaysor weekslater. Again, the programap-
pendsthepatientrecordandfield recordsto theendof prescr.dat . As a result,recordsfor the
samepatient(followedby recordsfor someof thatpatient’s fields)usuallyoccuratseveralseparate
locationsin prescr.dat .

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

Thearchive operationis performedwhenthepatienthascompletedtheentirecourseof treatment.
At this time thearchiver programuserselectsa patient.Thearchiver programrewritesbothpre-
scr.dat andaccum.dat , removing thearchivedpatientandall of hisor herfieldswhereverthey
occur, but leaving theorderandcontentsof theotherpatientsandfieldsunchanged.No changesare
madeto thein-memorydatabaseat this time.

Eachtime theoperatorinvokesthePatient List operation,thecontrolprogramrereadsall of pre-
scr.dat . At this time the in-memorydatabaseis madeconsistentwith any recentchangesin
prescr.dat thatmight have beenmadeby Prismor thearchiver program.

At the endof eachtreatmentrun, the control programrewrites all of accum.dat . At this time
accum.dat is madeconsistentwith recentchangesin thein-memorydatabase,includingthedose
from therun just completedandany changesthatwerepropagatedfrom prescr.dat .

Theprogramalsorewritesall of accum.dat whentheoperatorinvokestheWrite File operation
whenthefield list (for any patient)is displayed.Thisprovidesawayto write out thecontentsof the
in-memorydatabaseof accumulateddosesandfractionsondemandfor diagnosticpurposes.
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The control programnever readsaccum.dat , exceptwhen it startsup. While it is running, it
keepsits own recordof accumulatingdosesandfractionscurrentin thein-memorydatabase.Each
timeit rereadsprescr.dat andrebuilds thein-memorydatabase,it mustretaintheaccumulating
dosesandfractionsandkeepthemassociatedwith thecorrectfields.

Eachtime thecontrolprogramreadsprescr.dat or accum.dat , it checksthe format, range,
andconsistency of eachitem in the entirefile. If it discovers any errors,it doesnot updatethe
in-memorydatabaseat all. It merelyissuesa messageto theoperatorindicatingthereis a problem
with thefile andcontinuesrunningwith thepreviousin-memorydatabasecontents.

The control programreadsfiles from a file server computerwhich is separatefrom the control
computer. Eachtime the control programattemptsto reador write a file, if the server doesnot
respondwithin a timeout interval (currently 15 seconds,set in a configurationfile), the control
programabandonsthe attempt,issuesa messageto the operator, andcontinuesrunningwith the
previousin-memorydatabasecontents.

Thedatabaseof experimentstudiesandfields is storedin exper.dat , which hasessentiallythe
sameformatasprescr.dat , with experimentalstudiestakingtheplaceof patients.Theprogram
readsall of exper.dat whentheoperatorinvokesthePatient List operationwhile theprogram
is in experimentmode. At this time theprogramcopiesthecontentsof exper.dat into the in-
memoryprescriptiondatabase.At this writing the therapy (patient)prescriptiondatabaseandthe
experimentdatabasebothoccupy thesamememory(programvariables),soonly onedatabasecan
bein memoryata time.

5.2 Prescription data structur es

The organizationof the in-memorydatabaseand the files are hiddenin the zprescription
module. No other modulecan reador set the variablesthat comprisethe in-memorydatabase.
The only way the programcanaccessthe in-memorydatabaseor the files is by calling functions
providedby thezprescription module.

Thein-memorydatabaseis implementedby arraysof records.Thereis apatientarrayNameswith
a recordfor eachpatient.Therearefour field arrays,eachwith a recordfor eachfield. Therecords
at the sameindex in all four field arraysrefer to the samefield. Prescribed Info storesthe
field nameandotheridentifying informationfrom prescr.dat . Prescribed Fields stores
the prescribedparametervaluesfrom prescr.dat . Accumulated Fields storesthe accu-
mulatingfractionsanddosesintializedfrom accum.dat andAccumulated Status storesthe
dosewarningflag initialized from accum.dat . Seetheheaderto zprescription.c for more
detailsandcrossreferencesto variablesin theformal specification.
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Thereareactuallytwo setsof arrays.Thefirst setis themastercopy usedin all consequentialoper-
ations.Thesecondsetis a temporarybuffer andconsistsof thearrayspat lst , flds , prescr ,
accum, andaccum status . Whenthecontrolprogramreadsthefiles, it loadsthenew datainto
the temporarybuffer. If the programreadsthe entirefiles without any errorsandthe datapasses
all therangeandconsistency checks,thecontrolprogramcopiesthetemporarybuffer contentsinto
themastercopy, replacingeverythingthatwasthere(pat lst is copiedinto Namesetc.). If any
errorsoccuror thedatadoesnotpassthechecks,themastercopy is left unchanged.

The orderof recordsin the in-memorydatabaseis the sameas in prescr.dat . In the patient
array, patientsappearin the order they first appearin in prescr.dat (a patientmay appearat
several locationsin prescr.dat , but only appearsoncein thepatientarray).In thefieldsarrays,
fieldsappearin theorderthey appearin prescr.dat .

The runningprogramidentifieseachpatientby his (her) index in the patientarrayNames. The
currentlyselectedpatientis indicatedby thevalueof theglobalvariablepatient (providedby the
zsession module)which is thearrayindex of thecurrentpatientin Names.

Thepatientnumberthat theoperatorseesis not thearrayindex, it is merelyoneof thedataitems
storedin thepatientrecordat thatindex.

Thefirst patientin prescr.dat is storedat index 1. Theindex 0 signifiesno patient(patient
hasthis valuewhentheoperatorhasnot selecteda patient). Thefirst elementof thepatientarray
(theelementwith index 0) storesthepatientnamestringNo patient .

The runningprogramidentifieseachfield by its index in thefield arraysPrescribed Fields
etc. Thecurrentlyselectedfield is indicatedby thevalueof theglobal variablefield (provided
by thezsession module),which is thearrayindex of thecurrentfield in thefield arrays.

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

Thefield numbersthat theoperatorseesarenot storedin thedataat all, they aremerelytheorder
of occurencein prescr.dat , within that patient. So for eachpatient, the first field for that
patientthatoccursin prescr.dat is thatpatient’s field numberone,andsoon. This numbering
schemeensuresthat the samefield alwaysgetsthe samenumberbecausewe only addfields to
prescr.dat , until we remove a patientandall of his or herfieldsat oncewhenwe archive the
patient.

Eachpatientrecordin Namesstoresanarrayof field identifiers(arrayindices)of all thefieldsfor
thatpatient,in theorderthey occurin prescr.dat . Thefirst elementin thearray(index 0) stores
the index of the first field for that patientin the field arrays(this is the field numberonefor that
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patient).And soon.

Whentheoperatorselectsa patient,the index of thatpatient’s recordin Names is assignedto the
globalvariablepatient providedby thezsession module.Theidentifying informationfrom
thepatient’s recordis displayedon thescreen.

Whentheoperatorselectsa field, theindex of thatfield’s recordsin all four field arraysis assigned
to the global variablefield provided by the zsession module. The identifying information
at that index in Prescribed Info is displayedon thescreen.Thecontentsat that index in the
otherthreearraysareassignedto thevariablesthat representthecurrentfield’s prescribedsettings
etc. in thezfield module.

At the endof eachrun, the programcopiesthe new valuesof the accumulateddose,numberof
fractions,anddosewarningflag from variablesin zfield into therecordsat the field index in
thearraysAccumulated Status andAccumulated Fields . Thentheprogramrewritesthe
entireaccum.dat file with contentsof botharrays.

Eachtime the control programreadsprescr.dat successfully, it overwritesthe patientarray
Names and two of the field arraysPrescribed Info and Prescribed Fields to make
themconsistentwith thefile contents.Thearraycontentsmaychangebecausepatientsandfields
mayhavebeenaddedor removed(archived). If apatient(with fields)hasbeenarchived,someof the
remainingpatientsandfieldswill appearnearerthebeginningof thearrays(they will have smaller
arrayindices)asthey take thepositionsformerlyoccupiedby thearchivedpatientsandfields.

After thecontrolprogramreadsprescr.dat it is necessaryto reassignthevariablespatient
and field and move the contentsof the field arraysAccumulated Fields and Accumu-
lated Status to make themall consistentwith the(possiblychanged)arrayindicesin thefield
arraysPrescribed Info andPrescribed Fields . This is performedby codeneartheend
of Read Prescr File in zprescription. c .

In experimentmodetheprogramreadsthecontentsof exper.dat into thePrescribed Info
array. At this writing thesamePrescribed Info arrayis usedto storethepatientprescriptions
from prescr.dat and the experimentfield setupsfrom exper.dat . Thereforeonly oneof
thesetwo datasetscanbe in memoryat a giventime. TheAccumulated Fields andAccu-
mulated Status arraysarenotusedin experimentmode.
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5.3 Prescription displaysand user interaction

During someoperations,the control programdisplaysa list of patientsor a list of fields (for one
patient).Thesedisplaysaremanagedby the listdisps module.Theoperatorcanselecta new
patientor a new field by selectingan item from oneof theselists. This interactionis managedby
thezconsole module.Both listdisps andzconsole dependon zprescription .

The zprescription moduleprovides the global variablename list that holds the list of
patientsor fields that is displayed. The modulealsoprovides functionsGenerate Names and
Generate Field Namesthatgeneratethedisplayedlist of patientsandfields,respectively, from
thearraysin the in-memorydatabase.Generate Names is simplebecauseevery patientin the
in-memorypatientarray Names appearsin name list , and they appearin the sameorder, so
eachpatienthasthe sameindex in Names and in name list . Generate Field Names is
more complex becauseonly the fields for the selectedpatientappearin name list , moreover
fields in name list do not appearin their order of appearancein the in-memoryfield arrays;
Generate Field Namessortsthefieldsintodifferentcategories.Thearrayfield maphidden
in zprescription.c recordstherelationbetweenindicesin name list andthefield arrays.
Thezprescription moduleprovidesfunctionsthattranslatebetweentheindex in name list
andtheindex in thefield arrays,usingfield map.

The operationof selectinga patientor field is managedby codein zconsole . It provides the
globalvariablelist item which is theindex of thecurrentlyselecteditem in name list .

Thelist of patientsor fieldsin name list maybetoo long to fit on thescreen.The listdisps
moduledisplaysthelist onepageatatimeandplacesthedisplaycursoronthecurrentpage.It hides
thearraylist entries which containsonescreenfulof consecutive entriesfrom name list ,
andthevariablelist cursor which is theindex of thecursorpositionin list entries .

5.4 Prescription databasesummary

Thereareseveralrepresentationsof theprescriptiondatabase:

1. Thefiles prescr.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 array list entries in listdisps , indexed by list cursor also in list-
disps .

At particulartimes,eachof theserepresentationsmustbemadeconsistentwith theonethatprecedes
it in thelist.



Chapter 6

User interface

The behavior of the userinterfaceis determinedby a table. To adda new operationto the user
interface,it is not necessaryto addor changeany controlstructure.You just write threefunctions
andadda row to the table (whoseentriesthe namesof the new functions). This makes it easy
to addoperationsandbuild differentprogramversionsthatprovide differentsubsetsof thewhole
collectionof operations.

6.1 Operations,events,and states

Operationsarecentralin thedesign.An operationis a unit of work that is triggeredby an event.
In theuserinterface,all eventsarekeystrokes(we do not usethemouse).Every singlekeystroke
triggersanoperationin theuserinterface(thereis an“ignore” operationthathandlesunassignedor
disabledkeys). Thedetaileddesignexpressedin theformalspecification[6] decribesabout40 user
interfaceoperations.Wehave alsocodedabout20 morethatarenot formally specified.

Theuserinterfaceis designedandcodedasastatemachine.Ouroperationsarethestatetransitions,
andevents(keystrokes)arethe inputs. Statesarealsoimportant. Eachoperationis only allowed
to occur in certainstates,so a key might or might not trigger a particularoperation,depending
on the state. For example,it is only possibleto selecta new field whena run is not in progress.
Moreover, a key cantrigger differentoperationsin differentstates(the Selectkey triggersmany
differentoperations).Thereis no singleprogramvariablethat representsthe state. The stateis
determinedby thevaluesof several(many) differentprogramvariables.

ThreeC functionsdefineeachstatetransition. Thereis a booleanfunction that testswhetherthe
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programis in astatewherethatoperationis allowed.Thereis abooleanfunctionthattestswhether
the event (the most recentlypressedkey) is the onethat triggersthat operation. Finally, thereis
a procedurethat performsthatoperation(a procedureis a C functionof type void : it returnsno
value,but updatesglobalvariables).All of thesefunctionsareprovidedby thezconsole module,
which invokesall operationsdrivenby theuser’sactivities. It thelargestmodulein thesystem(over
2000lines).Almost all of thismoduleis codefor theoperationprocedures.

6.2 Statetransition table

All thecontrol logic for theuserinterfaceis representedin thestatetransitiontablein thefile t.h .
Fig. 6.1shows thefirst 30 rows (at thiswriting thereare73 rows in all).

The tableis 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 (explainedbelow in section6.3), thenameof thestatefunction, thenameof the
eventfunction,andthenameof theoperationprocedure.Theexactorderof therows in thetableis
significantbecausetheprogramtraversesthetablefrom top to bottomandthe indentationlevel in
eachrow dependson theprecedingrows.

Usually we do not createthe file t.h by hand. Instead,we createa morenicely formattedfile
console-stt.txt (Fig. 6.2), which bettershows the indentationlevels indicatedby thenum-
bers. We run the script maketrans to createt.h from console-stt.txt . This script also
createst names.h , which is alsoincludedby transition.c andcontainsinformationuseful
duringdevelopment,console-stt.tex , which is suitablefor puttingin aLATEX document,and
declarationsandcodeskeletonssuitablefor puttingin zconsole .

6.3 Statetransitions

The X event loop in user interceptseachkeystroke. It calls Translate Key in keyboard
to translatetheX keysymto our application-specificcommandidentifier, a valueof theZ Input
enumerationdefinedin znames.h . Thenit callsTransition in transition to traversethe
statetransitiontablein t.h andselectandexecutetheoperationprocedure.

Eachtime Transition procedureis called,it traversesthestatetransitiontableonce,startingat
the first (top) row. At eachrow, the procedureexecutesthe statefunction. If it returnstrue, the
procedureexecutestheeventfunction. If thatalsoreturnstrue, theprocedureexecutestheoperation
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{ 0, Z_True, RefreshKey, Refresh },
{ 0, Z_True, AsynchKey, AsynchOp },
{ 0, Unlocked, NoKey, NoOp },
{ 1, AckWarnMsg, CancelKey, ClearMsg },
{ 1, Started, CancelRunKey, CancelRunC },
{ 1, PausedStopped, CancelRunKey, CancelRunC },
{ 1, TermWait, SelectKey, TerminateC },
{ 1, TermWarn, CancelRunKey, TerminateC },
{ 1, Available, DisplayKey, SelectDisplay },
{ 1, NULL, PatientKey, SelectPatientL is t },
{ 1, NULL, TableKey, SelectTable },
{ 1, NULL, MessageKey, TypeMessage },
{ 1, NULL, HelpKey, SelectHelp },
{ 1, NULL, CollCalKey, SelectCollCal },
{ 1, NULL, PageKey, SelectPage },
{ 2, Page, VArrowKey, PageUpDn },
{ 2, NULL, FileKey, WritePageFile },
{ 2, List, VArrowKey, GetListArrow },
{ 2, Table, ArrowKey, GetSettingArrow },
{ 2, PatientSelected , FieldKey, SelectFieldLis t },
{ 2, Setup, LoginKey, SelectLogout },
{ 3, Physicist, ExptModeKey, ExptModeC },
{ 3, PatientList, SelectKey, SelectPatientC },
{ 3, FieldList, SelectKey, SelectFieldC },
{ 3, NULL, FileKey, WritePageFile },
{ 3, PatientSelected , StoreFieldKey, EditField },
{ 3, FieldSelected, NoKey, NoOp },
{ 4, AutoSetupDispla y, AutoSetupKey, AutoSetupC },
{ 4, OverrideTable, NoKey, NoOp },
{ 5, NoItem, OverrideKey, OverrideAck },

Figure6.1: Statetransitiontable(excerpt)
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0, Z_True, RefreshKey, Refresh
0, Z_True, AsynchKey, AsynchOp
0, Unlocked, NoKey, NoOp
1, AckWarnMsg, CancelKey, ClearMsg
1, Started, CancelRunKey, CancelRunC
1, PausedStopped, CancelRunKey, CancelRunC
1, TermWait, SelectKey, TerminateC
1, TermWarn, CancelRunKey, TerminateC
1, Available, DisplayKey, SelectDisplay
1, , PatientKey, SelectPatientL ist
1, , TableKey, SelectTable
1, , MessageKey, TypeMessage
1, , HelpKey, SelectHelp
1, , CollCalKey, SelectCollCal
1, , PageKey, SelectPage
2, Page, VArrowKey, PageUpDn
2, , FileKey, WritePageFile
2, List, VArrowKey, GetListArrow
2, Table, ArrowKey, GetSettingArrow
2, PatientSelecte d, FieldKey, SelectFieldList
2, Setup, LoginKey, SelectLogout
3, Physicist, ExptModeKey, ExptModeC
3, PatientList, SelectKey, SelectPatientC
3, FieldList, SelectKey, SelectFieldC
3, , FileKey, WritePageFile
3, PatientSelecte d, StoreFieldKey, EditField
3, FieldSelected, NoKey, NoOp
4, AutoSetupDispla y, AutoSetupKey, AutoSetupC
4, OverrideTable, NoKey, NoOp
5, NoItem, OverrideKey, OverrideAck

Figure6.2: Formattedsourcefor statetransitiontable(excerpt)



32 CHAPTER6. USERINTERFACE

function andstopstraversingthe table. The operationfunction performsthe work that the user
requestedby pressingthekey. If thestatefunctionor theeventfunctionreturnsfalse, theprocedure
proceedsto the next row. If the proceduretraversesthe entiretablewithout finding an operation
procedureto execute,it soundstheterminalbell to notify theuserthathe(she)presseda disabled
or unassignedkey.

Theaccountin theprecedingparagraphis somewhatsimplified. Testingthestateis actuallymore
complicated.At eachrow, theprocedureoften usesthe resultsof thestatefunctionsfrom several
precedingrowsalso.It usestheconjunctionof theresultsfrom thestatefunctionsof precedingrows
wheretheindentationlevel is less(usingtheresultfrom thelastrow ateachlevel). If thetableentry
for thestatefunctionin arow is NULL(blankin Fig. 6.2),theprocedureusestheresultfrom thelast
precedingnon-null statefunction instead.This methodenablesus to write simplestatefunctions
becausemorecomplex conditionsareencodedin theorderingandindentationof thetable.

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

Thestatetransitiontableandtheworkingsof theTransition functionareexplainedmorefully
in a paper[10]. Thepaperdecribeshow theorderingandindentationof the rows in the tableare
derivedfrom theformal specification[6].



Chapter 7

Graphics

This chapterdescribesthecodethatgeneratesthescreendisplays(chapter8 andappendixA in the
referencemanual[7]). This codecomprisesabouta third of theprogram,aboutfive thousandlines
in almosttwenty modules. However the bulk arisesfrom the large numberof differentdisplays
(twenty)anddisplayeddataitems(aboutfour hundred).Thedesignis simplebut repetitious.Once
it is understood,it is easyto addor changedisplays.

7.1 Modular structur e

The control programusesthe X window systemto producegraphicoutput(Xlib [14] only, not
Motif or any other toolkits). We isolatethe X dependenciesin a singlemoduleso we caneasily
switch to a differentgraphicssystem(or none). Moreover, we separategraphicsfrom thecontrol
logic andoperationsof the userinterface(section2.3.12,chapter6). This makes it easyto pro-
duceprogramversionsthat generateno graphics,but only write text messagesto standardoutput
(chapter9).

Graphicsare provided by the module groupsX, Display , Screens , and Graphics (sec-
tion 2.3). The xdefs modulein X provides all the headerfiles we needfor Xlib . Display
is theinterfaceto theX window system.To replacetheX window systemwith someothergraphics
system,wewouldonly needto rewrite display.c , whichcontainsfewer than700lines. It is also
possibleto run the control programwithout X (or any othergraphics)by providing a stubdis-
play . Themany modulesin theScreens groupgeneratethedisplays(screens)thattheoperator
sees.They all dependon Display but nonedependon X. Graphics providestheinterfacethat
is usedby the restof theprogram.It dependson Display andScreens but not X. Therestof

33



34 CHAPTER7. GRAPHICS

theprogramonly dependson Graphics , not Display , Screens or X. It is possibleto run the
controlprogramwithout Display or Screens by providing astubgraphics module.

Only a few modulesinvoke Graphics : zconsole in UI , user in Main , andmessages in
Messages . Almost all thecallsto Graphics occurin zconsole .

Most of the functionsprovided by Graphics indicateevents that changethe value of a par-
ticular variableor group of variables. For examplethereare functionsnamedNew Patient ,
New Field , Update Settings etc. Whenan eventoccurs,thecontrol programcalls theap-
propriatefunction. Thefunctionmay(or maynot) causethedisplayto indicatethenew valuesof
thevariables(dependingon which displayis currentlyon thescreen).Graphics keepstrackof
whichdisplayis onthescreen,anddetermineshow eachdisplayshouldbechangedaftereachevent.
Thereforetherestof theprogramonly needsto indicateevents. Informationabouttheappearance
of thedisplays,includingwhichdisplaysareavailable,is hiddenin thegraphicsmodules.

7.2 Resources

At startupthe programallocatesall of theX window systemresourcesit needs.It opensthe dis-
play, loadsfonts,allocatescolors,createsgraphiccontexts, andcreateswindows. No additionalX
resourcesareallocatedwhile theprogramis running.

7.3 Display modules

Mostof thegraphicscodeis in themany modulesin theScreens groupthatgeneratethedisplays
that the operatorsees.The statusbox and logbox modulesgeneratethe rectangularregions
that are always visible at the top and bottom of the screen. The treatmsg modulegenerates
pop-upmessageboxes. The othermodulesgeneratethe displaysthat appearin the centralrect-
angularregion. Someof these,for examplelogindisp anddosecaldisp , generatea single
display. Others,for examplechartdisps , mlcdisp , andpagedisps , generateseveralsimilar
displays.

All of themodulesin theScreens groupusethesamedesign:eachcontainssimilar collections
of variablesandfunctions.
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7.3.1 Data

All variablesthatrepresentdisplaycontentsaredefinedatfile level in themodule’s .c file. All are
declaredstatic .

Eachmodulerepresentsonewindow (in theX window systemsense).

All window contentsarerepresentedby instancesof a C structuretypecalledCell Record de-
claredin display.h . A Cell Record representsacoloredrectangularregion thatmaycontain
text. Themembersof therecordstorethetext, font, text color, backgroundcolor etc.

Eachmoduledefinesall the instancesof Cell Record neededto representits window contents.
Usuallythereareoneor morearraysof recordsandseveral individually namedrecordvariables.

7.3.2 Functions

Eachdisplaymoduleprovidesseveralfunctionsto generatedisplaycontentsandupdatethedisplay.
The graphics moduleis the only modulethat calls thesefunctions. The graphics module
providestheevent-basedfunctionsusedby therestof theprogramandtranslatesfrom theseto the
display-basedfunctionsprovidedby thedisplaymodules.

Eachdisplaymoduleprovidesa similar collectionof functions.ModuleA providesaninitalization
functionInit A, abuild functionBuild A, severalupdatefunctionsUpdate B, Update Cetc.,
a refreshfunctionRefresh A, and(usually)anunmapfunctionUnmapA. For exampletheSta-
tusBox moduleprovidesInit Status Box , Build Status Box , Update Patient , Up-
date Field , Update Lamps, andRefresh Status Box . Thereareafew exceptions:Sta-
tusBox andLogBox have no Unmapfunctionbecausethey arealwaysvisible. StartupDisp
hasno Update functionsbecauseits contentsarefixed(computedby Init Startup ).

Hereis whateachfunctiondoes:

Init A: Initialization,calledonceatstartup.Createswindow for A, computesfixedcontentssuch
asbackgroundandcaptions.Doesnotdisplaywindow A.

Build A: Displayswindow A (mapsA, in X jargon). Calledwhenwindow is first displayed,or is
displayedagain,replacingaprevious(different)window in thesamelocation.

Update B: Recomputescontentsof B portion of window A from applicationdata,then draws
contents.Calledafternew databecomesavailableandwindow is alreadydisplayed(mapped).
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Refresh A: Redraws contentsof all regionsof window A without recomputingcontents.Called
afterexposureevents,etc. (whenoverlayingpop-upboxdisappears,etc.)

UnmapA: Causeswindow A to disappear(unmapsA), possiblyothercleanupaswell. Calledright
beforeanotherwindow replaceswindow A.



Chapter 8

Taskstructur e

The therapy controlprogramcomprisesseveral concurrenttasks.This chapterdescribesthe tasks
andexplainshow they communicateandsynchronize.

Thecontrolprogramrunsonacommerciallyavailablereal-timeoperatingsystem[19, 20] anduses
the taskingfacilities that it provides. However, it usesfacilities thatarealsoprovided by general-
purpose(Unix-like) operatingsystemswherever this is possible.This enablesus to build program
versionsthatrun in asingleprocesson ordinaryworkstationsfor developmentandtesting.

8.1 Designrationale

Operations,not tasks,arecentralin the design. An operationis a unit of work that the program
cancompletequickly. Thedetaileddesignexpressedin theformal specification[6] decribesmore
thanonehundredoperations.An operationbecomesenabledwhencertainconditionsaretrue(one
kind of conditionindicatesthataneventhasoccurredrecently).An enabledoperationcanexecute.
Concurrency arisesbecausemorethanoneoperationcanbeenabledat thesametime. Thedesign
allows enabledoperationsto executein any (nondeterministic)order. In the formal specification
thereareno tasks,just a big collectionof operationsthatexecuteon demand.Allocation of opera-
tionsto tasksis a featureof eachimplementation,not thedesign.In programversionsthatrunon a
general-purposeoperatingsystem,all operationsexecutein thesametask. In versionsthat run on
thereal-timeoperatingsystem,operationsexecutein severaltasks.

We designedthe tasksto eliminateneedlesswaiting. Whenthereis just onetask,all work hasto
stop to wait for any event. Allocating operationsto independentlyscheduledtasksallows some
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tasksto work while othersarewaiting. Unnecessarywaiting is minimizedwhenthereis a separate
taskto monitor andcontroleachindependent(concurrent)device or activity in theoutsideworld.
Thereforewe have onetaskfor eachof thefour controllers:TMC, LCC, DMC andPLC. Another
taskhandlestheuserinterfaceandfile operations(this taskmonitorsthekeyboardandcontrolsthe
displayanddisk). Finally, thereis aninterlocktaskthatusesinformationprovidedby all theother
tasksto computesoftware interlocksandsystemstatus,andto dispatchother taskswhencertain
conditionsoccur.

Theprogramis event-driven. Eachtaskcanrespondto a particularsetof events.Themainroutine
in eachtaskis aneventloopwherethetaskwaitsfor oneof theseevents,processesit, andthenwaits
againfor thenext event. The taskdetermineswhethereacheventhascausedoneof its operations
to becomeenabled.If so,thetaskexecutestheoperation.

Most sequencingandcontrol is internal to eachtaskanddoesnot requirecommunicationamong
tasks.Somesequencingandcontrolappliesto theentireprogram,for examplethetreatmentphase
(which indicateswhena therapy run is in progress,amongother things). This global control is
exercisedby only two tasks,which communicatewith theothertasksin orderto sendcommands.
Theusertaskexercisesthecontroldrivenby theuser’s activities,while theinterlocktaskexercises
thecontroldrivenby sensors(via thedevice controllers)andby conditionsthearisein theinternal
programstate.

8.2 Tasks

Thecontrolprogramcomprisessix tasks(Table8.1). Thecolumnsin thetableshow thetaskname
usedby the operatingsystem,the nameof the C function that comprisesthe task’s main routine,
thenameof themodulewhichprovidesthatfunction,thetaskpriority (highernumbersmeanlower
priority), andabrief description.Modulesareorganizedaroundaccessto data,not tasks;every task
alsousesfunctions(etc.) providedby othermodulesbesidestheonelisted in the table,andevery
modulein thetableprovidesfunctionsto othertasksaswell. Seechapter2.

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

8.2.1 Creationand deletion

All six tasksarecreatedwhenthecontrolprogramstartsup andaredeletedwhenthecontrolpro-
gramexits. No tasksarecreatedor deletedwhile thecontrolprogramis running. Eachtaskhasa
fixedpriority thatneverchanges.Highernumbersmeanlowerpriority, 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 LCC Task lcc 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: Therapy controlprogramtasks

thelowestpriority.

8.2.2 Scheduling

Thecontrolprogramusespre-emptivepriority scheduling: thehighestpriority readytaskruns(sec-
tion 2.3 in [19]). A taskis readywhenit is not blocked (waiting for anevent,suchasinput from a
controller).A taskrunsuntil it blocks(pausesitself to wait for anevent),or until a higherpriority
taskbecomesready(becauseaneventhasoccured,for exampleinput hasarrived).

8.3 Communication and synchronization

8.3.1 Shared data

All taskssharea singleaddressspace— all of thedatais potentiallyaccessibleto all of the tasks
(subjectto thedatahidingdescribedin chapter2). Thestateof theequipmentandtreatmentsession
is storedin global variablesprovided by the zsession , zfield andzintlk modules(chap-
ter 4). Eachtaskupdatesparticularvariablesandall theothertasksmayreadthem. Usually there
is no needfor any explicit sychronizationbecauseonly onetaskcanupdateeachvariableandit is
permissiblefor updatingandreadingto interleave in any order.

8.3.2 Critical sections

In a few caseswe needto ensurethat a critical sectionof codewill be executedto completion,
without beingpreemptedby othertasks. We achieve this by assigningtaskpriorities. We assign
equalhigh priorities to theDMC, PLC andinterlock tasks.No otherapplicationtaskshave higher
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priorities than these. Thereforethesetaskscannotbe preempted(section2.3 in [19]) andevery
non-blockingsequenceof codein thesetasksis acritical section.

8.3.3 Semaphores

Tasksusesemaphores to signaltheoccurenceof events(section2.3.4in [19], especiallypages60
- 61). For example,the usertaskgivesa semaphoreto a controllertaskto signalthat programis
readyto performan automaticsetupoperation. The controller task thenperformsits part of the
setupoperation,readingthepresetparametervaluesfrom theglobal variablesin zfield . Tasks
canwait for semaphoreswith anoptionaltimeout; we usethis to provide periodicpolling.

Thereal-timeoperatingsystemdoesnotprovideany built-in mechanismto wait for severaldifferent
eventsandrespondto thefirst thatoccurs1. Thereforewehave only onesemaphorepertask,which
is filled whenany pertinenteventoccurs.

We use requestflags to distinguishbetweenevents. Requestflags are not an operatingsystem
facility, they areordinarybooleanvariablesthatweusefor thispurpose.Thereis aseparaterequest
flag for eachkind of event. When a sendertask notifies a receiver task of an event, it setsthe
requestflag andthengivesthesemaphore.Thereceiver tasktakesthesemaphore,andthenchecks
the requestflags. Whenit findsa flag that is set,it clearsthatflag anddispatchesto thecodethat
handlestherequest.

It might seemthat thereare potential raceconditionsbecauseaccessto the requestflags is not
synchronized.We avoid themby observingthefollowing designrules. Eachrequestflag canonly
besetby onesendertask. Thesendertaskcanonly settheflag. Thereceiver taskis theonly task
that canclearthe flag. The sendertaskalwayssetsthe flag first, thengives the semaphore.The
receiver taskalwaystakesthesemaphorefirst, thenteststheflags. If it findsa setflag, it clearsit
andhandlesthatrequest.Thereceiver taskalwayscheckstherequestflagsin afixedpriority order.
If morethanonerequestflag is set(multiple requestsarepending),the receiver taskhandleseach
requestin priority order(in a few cases,the taskalsoclearsthe low priority requestflagswhenit
handlesthehighpriority request).Whenthereceiver taskis theDMC, PLC,or interlocktask,all of
theseactivities areuninterruptiblebecauseevery non-blockingsequenceof codein thesetasksis a
critical section(section8.3.2).

Themodulethatprovideseachtask’smainroutine(Table8.1)alsoprovidesafunctionfor eachkind
of request.Theonly way anothertaskcancommunicateanevent is to call thatfunction. Notethat
thefunctionis providedby themodulethatprovidesthereceiver task,but thefunctionexecutesin
thesendertask.Thebodyof thefunctionsetstherequestflagandgivesthesemaphore.Therequest
flags and semaphoreare hiddenin the receiver taskmoduleandcannotbe directly manipulated

1Theselect mechanism(section8.3.5)only appliesto datastreams,notevents.
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or even readby other modules. In this way intertaskcommunicationis madeto appearlike an
ordinaryfunctioncall in thesendermodule. In effect, the receiver taskmodulehidesthe fact that
the receiver is running in a separatetask. Thereforethe sendermoduleneednot dependon any
real-timeoperatingsystemfacilitiesandcanrunon anordinaryworkstation.

We alsouseonesemaphorefor mutualexclusion(section2.3.4in [19], especiallypage60). The
mutex semaphorein the circbuf moduleensuresthat only onetaskat a time canupdatethe
circularbuffer of log messages.

8.3.4 Pipes

Tasksusepipesto communicatesequencesof dataitemscalledmessages (section2.4.5 in [19]).
Pipesprovidebuffering: temporarystoragefor (severalor many) messagesin transitbetweentasks.
Thereforethey provideasynchronouscommunication.A sendertaskcanwrite messagesto thepipe,
thenproceedwith otherwork. The receiver taskneednot respondimmediately;it cancomplete
otherwork, thenreadthe messagesfrom the pipe later. The control programsetsthe capacityof
eachpipewhenit startsup.

In our programno taskever waits readingor writing a pipe. A sendertaskalwayschecksthat the
pipe is not full beforeit attemptsto write (otherwise,it would have to wait for thereceiver taskto
free up spaceby readingfrom the pipe). If the pipe is full, the senderdiscardsthe messageand
proceeds(it alsoindicatesthatmessageswerelost). If thepipe is empty, the readertaskproceeds
without waiting for amessage.

Thesepipesarelike thenamedpipesprovidedby mostgeneral-purposeoperatingsystems,socode
thatusesthemcanalsorunon aworkstation.

8.3.5 Select

Tasksusethe operatingsystemselect function to do non-blockingreadsfrom devices,pipes,
andsockets(section3.3.8in [19]). Taskscall select to checkwhetherdatais availableany of
several sources,anddispatchto oneof them. Taskscanoptionallywait for input from any of the
sources,with anoptionaltimeout. We alsouseselect with a timeoutto implementdelays(see
delay.c ). Theselect functionis providedby mostgeneral-purposeoperatingsystems,socode
thatusesit canalsorunonaworkstation.
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8.3.6 Signals

WeusesignalsandtheC library setjmp facility to handleafew abnormalsituationsor exceptions
(section2.4.7in [19], AppendicesB8 andB9 in [12]). A taskor interrupthandlercansendasignal
to anothertask. The task that receives the signal abandonsits currentactivity and executesthe
specifiedsignalhandler(a function) instead.The taskrespondspromptly to thesignalevenwhen
it is blocked. Signalsandsetjmp areprovidedby theANSI StandardC library, socodethatuses
thesefacilitiescanalsorunon aworkstation.

8.3.7 Watchdogtimers

Tasksuseoperatingsystemwatchdog timers for sometimeouts(section2.6 in [19]). A taskstarts
a timer andthencontinueswith otheractivities. Whenthetimer timesout, theprogramexecutesa
specifiedinterrupt serviceroutine(section2.5 in [19]) thatcangive a semaphore,senda signal,or
updatedata(suchasaflag to indicatethatthetimeouthasoccurred).

8.4 Task list

Thissectiondescribeseachof thesix applicationtasks.

8.4.1 User task

Theusertaskis themainprogramthatstartsandcoordinatesmostotheractivities. Thestartupscript
isostart runseachtimethecontrolcomputerboots.A commmandin thisscriptspawnstheuser
task. The usertaskthenspawns the otherfive tasksandentersits event loop. Whentheoperator
issuestheshutdown command,theusertaskdeletestheotherfive tasksandexits.

Like mosttasks,theusertaskhandlesa device in theoutsideworld. Thedevice that theusertask
handlesis theoperator’s workstation:it monitorsthekeyboard,updatesthedisplay, andreadsand
writesfiles on disk. No othertasksaccessthedisplayor file system.(In thepresentconfiguration,
theseareactuallytwo devices: thekeyboardanddisplayareprovidedby anX terminalandthefile
systemis providedby aseparatefile server. Seetheinstallationguide[3]).

Theusertaskrunsat thelowestpriority; it canbepreemptedby any 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

Theusertaskisnotareal-timetask.Displayandfile operationsmaytakeanindefinite(upredictable)
amountof time. All input to the user task is queuedor buffered so immediateresponseis not
necessary. We considereda systemdesignwheretheusertaskwasanapplicationprogramrunning
on an ordinary workstationundera general-purposeoperatingsystem,communicatingover the
network with theothertasksrunningon a real-timecomputer2. Thepresentdesignstill bearsmany
tracesof this (althoughtheusertasknow runson thereal-timecomputeraswell).

The usertask is an event loop that handlesthreekinds of events: keystrokes, log messages,and
displayupdaterequests(fig. 8.1). Keystrokescomefrom a socket to the X server, log messages
comefrom a message pipe that is filled by all tasks,anddisplayupdaterequestscomefrom an
interlock pipe that is filled by the interlocktask(but indicatesactivity by all four controllertasks).
Thesethreesourcesareidentifiedby theC file descriptorsxfd , mfd , ifd , respectively. Theuser
taskdispatcheson eventsfrom all threesourcesusingselect . Wheninput arrivesat any source,
thetaskbranchesto thecodethathandlesthatsource.Thereforethetaskcanupdatethedisplayas
oftenasneededandstill respondpromptlywhentheuserstrikesakey.

2This systemdesignis usedin EPICS[1], whichwe areplanningto usefor thecyclotroncontrolsystem.
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Keystrokes from xfd may indicatethat the operatorhasrequestedactivity from other tasks,for
exampleanAuto Setup operation.In thosecasestheusertaskissuescommandsto othertasks
by giving semaphores(theusertasknever takesa semaphore,it only givesthem).

All taskswrite event log messagesinto a singlepipe.Themfd branchreadsfrom thispipeto write
thelog messagefile (andupdatethedisplayif needed).Thepipemechanismensuresthatmessages
arenot lost anddo not overwriteeachother(asmight occurif all tasksattemptedto write the log
messagefile).

Eachmessagein the interlockpipe indicatesthata controllerhasaquirednew data(thecontentof
themessagesayswhich controller). The ifd branchreadseachmessageandupdatesthedisplay
only whenthecurrentdisplaycontentscouldbeaffectedby thatcontroller.

Controlleractivity ensuresthat the ifd branchis taken frequently, so this branchalsoperforms
periodichousekeeping.It checksto seeif certainconditionsaretrue,andif they are,it performsthe
appropriateactions. It calls Check ClockEvent to checkthecalendarso it canresetthedaily
dosesandopennew log files whenthe daterolls over. It calls Check RunEvent to determine
whento write treatmentlog messages.It callsNew Time to updatetheon-screenclock.

Theusertaskreadsandwritesfiles on a separatefile server computer, usingtheNFSprotocol. If
the server is unreachableor 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 andthesetjmp facility to provide a muchshortertimeout3, seeRead File and
Write File in zconsole.c .

8.4.2 Controller Tasks

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

Sync Error checksfor unsolicitedmessagesfrom thecontroller. Theseusuallyindicatethat the
controllerhaslost synchronizationwith thecontrolprogramandmustbereset.

The usertaskcanset a requestflag andgive (fill) the controller semaphorectlrSem (actually
tmcSem or lccSem etc.) to requestthe controller taskto performsomeaction(an Auto Setup
operation,for example).

If theusertaskhasno requestfor thecontroller, ctlrSem is empty. Thecontrollertaskwaitsat
thesemTake call for a time interval up to period . ThensemTake timesoutandreturnsavalue

3Currently15seconds,setin thetimeouts.dat file, section4.3.20in [3]
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while (true) {
status = success;
status = Sync_Error();

if (status == success)
{

if (OK == semTake(ctlrSem , period)) {
status = handle_event() ;
PutSettings(ct lr );

}
else {

if (polling && iclear == interlock[ctlr] ) {
status = do_poll();
PutSettings(ct lr) ;

}
}

}
if (status != success) handle_error();

}

Figure8.2: Controllertaskeventloop
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differentfrom OK. If this controlleris in polling modeandits errorinterlockis clear, thecontroller
taskcallsdo poll to poll thecontrolleronce.

Usually thereareno requestsfor thecontroller, semTake timesout repeatedly, andthecontroller
taskpolls periodically (somecontroller taskspoll only during certaintreatmentphases).During
eachpolling cycle thecontrollertaskcommandsthecontrollerto readandreportits input values.
Thenthecontrollertaskusesthesevaluesto updatecertainvariablesor arrayelementsthatrepresent
thestateof thetreatmentmachinery(chapter4). All othertasksmayreadthesevariablesatany time
(they do not synchronizewith thecontrollertask,they just readthemostrecentvalues).

Occasionallythereis arequestfor thecontrollersoctlrSem is full, semTake returnsOK, andthe
controllertaskexecuteshandle event (whichcheckstherequestflagsandhandlestherequest).
Somerequests(for example,autosetup)involveasequenceof controllercommmandsandresponses
that take muchlongerthana singlepolling cycle. The controllertaskalwayscompleteshandling
the requestbeforeresumingpolling or handlingthenext request.Thereforepolling is not strictly
periodic,andappreciabledelayscanoccurbeforea requestis handled.

After returningfrom do poll or handle event , the controller taskcalls PutSettings to
signal the interlock task that theremay be new datafrom the controller, so systemstatusshould
be recalculated.PutSettings givesa semaphoreto the interlock taskandupdatesa variable
that indicateswhich controller is the sourceof the new data. PutSettings is provided by the
zintlk modulebut runsin thecontrollertask.

Thefollowing sectionsdescribespecialfeaturesof eachcontrollertask.

8.4.3 PLC task

ThePLCtaskis thecontrollertaskwith thesimpleststructure.It simplypolls thePLCperiodically.
On eachpolling cycle it commandsthePLC to setoutputsandreadinputs. Unlike theothercon-
troller tasks,PLC polling never stopsor pausesto handleotherrequests4. Thereis no separateauto
setupoperationfor thePLC task;it cansetoutputsonany polling cycle.

At theendof eachpolling cycle,thePLCtasksignalstheinterlocktaskby callingPutSettings .
SincePLC polling continueswithout pauseaslong asthecontrolprogramis running,this actsasa
periodicpacemaker for theinterlocktask,and(throughtheinterlockpipe)for theusertaskaswell.

If thecontrolprogramdetectserrorsin its communicationwith thePLC, it shutsitself down. If the
PLCdetectsthatthecontrolprogramhasstoppedpolling, it setsaninterlockin thehardwiredsafety
trace.Theonly way to recover is to (manually)restartthecontrolprogramandresettheinterlock.

4It is possibleto stopPLC polling to usethepass-throughfacility 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 theautosetupoperation,beforecommandingtheTMC to initiate motions,theTMC taskmust
causethePLCto energizethemotionenablerelays.However, this taskdoesnotcommandthePLC
or communicateto thePLC controllertask;instead,it merelysetstheenablerequestsby updating
certainarrayelementsin thezintlk module(chapter4). ThentheTMC taskwaitsa few seconds
andreadsdifferentarrayelementsin zintlk to confirm that the enablerelaysareenergized. If
therelaysareenergized,theTMC taskcommandsthecontrollerto initiatemotions.If not, this task
clearstheenablerequests,abandonstheautosetupoperation,anddisplaysamessageto theoperator.
In this way the TMC taskcancoordinatewith the PLC taskwithout any explicit synchronization
(otherthanthedelay).

After theTMC taskcommandsthecontrollerto initiatemotions,themotionscancontinuefor more
thana minute. The TMC taskpolls the controllerwhile motionsarein progress.Whenthe task
determinesthat a motion is complete(hasreachedits commandedendingposition) it clearsthat
motion’s enablerequestto causethePLC to disablethemotion. Usuallyeachcommandedmotion
completesat a different time. If a commandedmotion doesnot completewithin its deadline,the
taskclearsits enablerequest.

TheTMC taskpolls thecontrolleratall times,exceptwhenit is respondingto a request.

8.4.5 LCC task

TheLCC taskworksasdescribedabove (section8.4.2).

This taskalsosets,tests,andclearsmotionenablerequestsfor thePLC, muchlike theTMC task
(section8.4.4). The interval that theLCC taskwaits for themotionenablerelaysto becomeener-
gizedwasdeterminedby guessing,trial anderror. Oncewhenwe replacedthePLC by a different
model,thetiming changedandwe hadto make theinterval abit longer.

TheLCC semaphorelccSem is not justsetby theusertask.It is alsosetby theinterlocktaskwhen
certainarrayelementsin thezintlk moduleindicatethat theoperatorhaspressedbuttonson the
X-ray controlboxor in thetreatmentroomto requestaleafcollimatorsetup.Thecodethatmonitors
theseelementsandsetsthesemaphoreandrequestflagsis in the functionScan CollSensors
which is providedby the lcc module,althoughit executesin theinterlocktask(section8.4.7).

TheLCC taskpolls thecontrollerat all times,exceptwhenit is respondingto a requestandwhen
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leafmotionis in progress.TheLCC doesnot respondto commandswhentheleavesaremoving.

8.4.6 DMC task

The DMC task is the mostcomplex controller task. In addition to controlling the DMC (whose
protocolis morecomplex thantheothercontrollers),this taskalsocontrolsthetreatmentsequence
by assigningvaluesto thephase globalvariablein thedmc module.

The DMC semaphoredmcSemis not just setby the usertask. It is alsosetby the interlock task
whenconditionsindicatethatcertainactionsshouldbetaken(suchaschangingthetreatmentphase
or sendingasequenceof commandsto theDMC). Thecodethatmonitorstheseconditionsandsets
the semaphoreandrequestflagsis in the function Scan TreatSensors which is provided by
thedmc module,althoughit executesin theinterlocktask(section8.4.7).

TheDMC taskonly polls thecontrollerwhena run is in progress,asindicatedby certainvaluesof
thephase variable.

8.4.7 Interlock task

The interlock taskmonitorsthesystemstate,computessoftwareinterlocksandsystemstatus,and
triggersactivities in other tasks. This is the only task which is not driven primarily by events
originatingin theoutsideworld (controlleractivity or theuser’sactivity). Instead,this taskis driven
by theothertasks,andusesdataupdatedby thosetasks.

Fig 8.3 shows a sketchof the interlock task. The interlock taskwaitsat semTake until any other
taskindicatesit hasnew databy writing its own identify into intlk msg andgiving intlkSem .
The interlock taskwaits without a timeoutbecausecontroller taskactivity (periodicpolling etc.)
ensuresthatthesemaphorewill begivenfrequently.

Eachtime anothertaskindicatesthereis new data,theinterlocktaskrecomputesall softwareinter-
locksandthestatusof every therapy parameterandevery subsystem.

TheinterlocktaskcallsScan TreatSensors in thedmc moduleto monitorconditionsthat in-
dicatewhenthetreatmentphaseshouldchange.If necessary, it setsrequestflagsandgivesdmcSem
to signaltheDMC task.Scan TreatSensors containssomeof themostimportantcontrollogic
in theprogram.This logic is an implementationof the tablesderived from thepreconditionsof Z
operationschemasin theunpublishedfragmentof theformal specificationnameddmc.tex 5.

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 lccSem */
Scan_CollSenso rs

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

}

Figure8.3: Interlocktaskeventloop

The interlock taskcalls Scan CollSensors in the lcc moduleto monitor conditionsthat in-
dicatethe leaf collimatorshouldbesetup. If necessary, it setsrequestflagsandgiveslccSem to
signaltheLCC task.

Finally, theinterlocktaskwritesthecontrolleridentitystoredin intlk msg into theinterlockpipe
ifd to signaltheusertaskto updatethedisplayandperformhousekeepingfunctions. Thereis a
potentialraceconditionbecauseaccessto intlk msg is not synchronizedandseveral tasksmay
write it. A differentcontroller taskmay write intlk msg againbeforethe interlock taskreads
thefirst value.In practicethishasnoseriousconsequencesbecausetheimportantinformation(that
systemstatusshouldbe recalculated)is conveyed by the semaphore;the valueof intlk msg is
merelyahint to thedisplaycode.

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.Thischapterdescribesthesequenceof stages.

Eachstagebeforethe last provided a subsetof capabilities. We addedcapabilitiesprimarily by
addingnew modules,notby changingexistingmodules.

The differentprogramstagesran in differentenvironments. Most of the codewasdevelopedon
anordinaryworkstationrunninga general-purpose(Unix-like) operatingsystem.We selectedand
acquiredthe embeddedcomputerandreal-timeoperatingsystemratherlate in the project. Even
then,wehadonly limited accessto theactualtherapy machine,andmuchof thereal-timecodehad
to bedevelopedin a testenvironmentwheredevicesweresimulatedby stubroutines.

We devotedconsiderableeffort to testautomation.It is possibleto simulateoperator’s activity and
device activity usingstubroutinesthat readfrom files. Testcasescanbe storedin files andrun
repeatedlywith little effort. Thetestautomationfacilitiesarestill presentin theoperationalversion
of theprogram,althoughthey arenotusuallyenabled.

Thefollowing sectionsdescribeeachprogramstage.

9.1 Workstation

Threeearlystagesranonanordinaryworkstationrunningageneral-purposeoperatingsystem.They
usedtheworkstations’s disk file systemandconsole(thelocal X server).

50
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9.1.1 ANSI C only

Theinitial programstageusedonly ANSI C andtheANSI standardlibrary (AppendixB in [12]).

Most of thecontrolprogramcodeusesonly ANSI C, includingall the codethat readsandwrites
files. This codecould have beendevelopedand testedon almostany systemthat provides a C
compiler. It includesthemodulegroupsUtilities , Constants , Prescription , State ,
UI , andearlyversionsof someof themodulesin Messages , Events , andMain (section2.3).

Insteadof using a graphicaluserinterface, this stagereadscommandsfrom standardinput (the
keyboard)andwritesstatusmessagesto standardoutput(theterminalwindow). Testautomationis
accomplishedby simply redirectinginput from afile of commands(a testscript).

In our modulardesigntheuserinterfacelogic andoperationsareseparatedfrom graphicaloutput
and event handling(section2.3). This early stageprovided most of the sameoperationsas the
graphicaluserinterfaceto come.

At thiswriting codeandotheritemsfromthisstagearestoredontheHPclusterunder/radonc/cnts/hi st or y/ demo.aug97/ st ub
and.../xless

9.1.2 ANSI C with X windows

Thenext stageaddsa graphicaluserinterface(GUI), usingtheX window system.TheGUI only
usesXlib [14], notMotif or any othertoolkits.

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

TheGUI doesnot replacethecommandline interface.Thecommandline interfaceremainsin all
programstagesbecauseit supportstestautomation.In theuser module,thecodeoptionallyreads
andexecutescommandsfrom a testscriptuntil it reachesend-of-file.Only thendoesit entertheX
event loop. (In theoperationalversionof theprogram,a commandline option forcestheprogram
to bypassthetestscriptandgo directly to theX eventloop).

At this writing codeandother itemsfrom this stage,including testscripts,arestoredon the HP
clusterunder/radonc/cnts/h ist or y/ demo.au g97
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9.1.3 Simulated tasksand devicecontrol

Thenext stageusesfunctionsprovidedby the(Unix-like) workstationoperatingsystemto simulate
taskinganddevice control in a singleoperatingsystemprocess.Most of the codewasdeveloped
andtestedby theendof this stage,includingmostof thedevice controllermodules.

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

At this stagewe usetheselect function to wait for input from multiple sourcesandto provide
delays(section8.3.5). We also usenamedpipes to communicatesequencesof dataitems (sec-
tion 8.3.4).

In thisstagetheusertask(fig. 8.1,section8.4.1)is themainprogram(in main.c , theprecursorof
user.c ). Themaineventloop at this stageis almostin thefinal form shown in fig. 8.1. Themost
importantdifferenceis that thexfd branchdoesnot give any semaphores(therearenone).At this
stagethereareno controllertaskevent loopsasin fig. 8.2 (thereareno controllertasks).Instead,
the main event loop codesimply calls the appropriatecontroller functionsandwaits for themto
return.For example,whentheuserrequestsanautosetupoperation,thecodecallsa functionin the
affectedcontrollermodulethat setsthe pertinentrequestflag (sections8.3.3,8.4.2)andcalls that
controller’s handle event function(section8.4.2).Thecodein handle event completesits
work quickly andreturnscontrolto themaineventloop. At thisstagethereis nointerlocktaskevent
loop asin fig 8.3 (thereis no interlock task). Insteadthecodein thebody of this loop (including
writing to theinterlockpipe)is providedin a functionnamedScan thatis calledby themainevent
loop or by codein the controllermoduleswhenthe valuesof any pertinentvariablesmight have
changed.

In this way almostall of thecodecanbeexercisedin a singleprocess(with only onetask).This is
madeeasyby our modulardesign:themainevent loop communicateswith thecontrollermodules
andinterlockmoduleby calling functionswhoseinterfaces(declarations)arethesamewhetheror
not thereareseparatetasks(seeparagraphfive in section8.3.3). In effect, thecontrollermodules
andinterlockmodulehidethefactthatthey arerunningin aseparatetask(or not).

Exceptfor theabsenceof theeventloops,thecodein theScanditronixcontrollermodulestmc , lcc
anddmc is almostidenticalto thefinal stage.So is the lower-level codein thescx module.The
maindifferenceis hiddenin thelowest-level devicemodule,ports . In thisstageports readsand
writesfiles with simulatedcontrollerinput andoutput,insteadof readingandwriting to theserial
port. Thefiles with simulatedcontrollerinputserve astestscripts.

In this stagetheplc moduleis just a stub;we do not simulatetheactivities of thePLC asrealisti-
cally astheScanditronixcontrollers.Insteadthereareoperationsin theuserinterfacethatallow the
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userto simulatesettingandclearingbitsby pressingkeys on thekeyboard.

In thisstagewesimulateperiodicpolling by the(nonexistent)controllertasks.Theselect call at
thetop of themaineventloop includesa timeout(not shown in fig. 8.1). Whenthetimeoutoccurs,
control transfersto a fourth branch(not shown in fig. 8.1) that writes a messageto the interlock
pipe. This ensuresthatthe ifd branchin themainloop is takenperiodically, just asit is whenthe
controllertasksarepolling.

At thiswriting codeandotheritemsfromthisstagearestoredontheHPclusterunder/radonc/cnts/de mo

9.2 Embeddedcomputer

Two laterdevelopmentstages,includingtheoperationalprogram,run on a single-boardembedded
computerrunninga real-timeoperatingsystem.The embeddedcomputerhasno disk, display, or
keyboard.It communicatesoveranetwork with anX terminalandafile server; connectionsto these
areestablishedby thestartupscript thatrunswhenthecomputerboots.Controlprogramcodethat
usestheX consoleandfile systemis unchangedfrom earlierstages.For moreinformationabout
theembeddedcomputer, seetheoperationsmanual[3].

9.2.1 Tasks,simulateddevicecontrol

At this stagewe implementtaskingasdescribedin chapter8. Werun thecontrollercodeandinter-
lock scanningcodein five independentlyscheduledtasksandsignaleventsby giving semaphores
insteadof calling functions.TheRTandMain modulegroupsarecompletein thisstage.

Most programsourcefiles are the sameas in the final stage,exceptwe continueto simulatethe
treatmentequipmentby usingspecialversionsof theports , plc ports andplc modulesin the
Controllers group.Otherdifferencesarehandledby conditionalcompilation,usingtheDEMO
andDEBUGconstantsdefinedin switches.h .

We continueto usethis configurationto develop and test programrevisions becauseit can run
without accessto theactualtreatmentequipment.

Thecodefor thisstageis in /radonc/cnts/cod e,exceptthevariantports , plc , andplc ports
modulesarein ˜jon/cnts/task .
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9.2.2 Operational program

This is thefinal stage,now in usein theclinic. It actuallyoperatesthetreatmentequipment.Its code
differsfrom theprecedingversiononly by replacingtheports , plc ports andplc modulesin
theControllers group,andby undefiningtheDEBUGandDEMOconstantsin theswitches
module.

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



Chapter 10

Utility programs

In addition to the control programthat runson the embeddedcomputer, we alsohadto produce
severalutility programsthatmaintainthecontrolprogramdatafiles. Theseprogramscanrunonan
ordinaryworkstationundera general-purpose(Unix-like) operatingsystem.Currentlythey run on
any workstationin theHP cluster. Thecontrolprogramdatafiles areaccessibleon theHP cluster
via NFS.

Someof theutility programsusemany of thesamemodules(exactly thesamesourcefiles) asthe
embeddedcontrolprogram.

10.1 Prescription utility

Therapistsusetheprescriptionutility (namedpreview , for prescriptionviewer) to archivepatients
andfields,to changefield completionstatus,andto view theprescriptiondatabase.Instructionsfor
usingtheprescriptionutility appearin AppendixB of thetherapist’s manual[8].

A therapistperformsthearchive operationwhena patienthascompletedtheentirecourseof treat-
ment. The therapistusesthe prescriptionutility to selectthe patient. The utility rewrites both
prescr.dat andaccum.dat (section5.1), removing theselectedpatientandall of his or her
fields. Thenit writes the patientandfield informationto a permanentarchive (section4.5 in the
operationsmanual[3]).

A therapistcanchangethefield completionflag(for examplefrom T (Treatment)to S(Superceded))
whenappropriate.Thetherapistusestheprescriptionutility to selectthepatientandfield. Theutility
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rewritesprescr.dat to changethevalueof theflag.

The prescriptionutility is mostly built from the samemodules(exactly the samesourcefiles) as
the control program. In particular, it usesthe samezprescription moduleto readthe files
andmaintainthe in-memoryprescriptiondatabase,andusesthe sameuserinterfaceanddisplay
modulesso the appearanceof the prescriptiondatabaseon the screen,andthe operationsusedto
selectpatientsandfields,areexactly thesamein theutility program(at a workstation)asthey are
in thecontrolprogram(at thecontrolconsole).

At this writing thepreview programsourceandexecutableareon thedepartmentHP clusterin
/radonc/cnts/pr ev ie w

Thepreview programusesonly ANSI C andXlib andcouldbebuilt andrun on any systemthat
provides them. It doesnot usethe real-timeoperatingsystemnor doesit requireany particular
variantof Unix (suchasHP-UX).

Sourcefiles commonto both programsarenot duplicatedin the preview directory. They can
befound in thesourcedirectoryfor thecontrolprogramwhich is /radonc/cnts/c ode at this
writing.

Thepreview directorycontainsonly thesourcefileswhicharedifferentfrom thecontrolprogram
files. Theonesnamed*-pr. � h|c � (for exampleuser-pr.c ) arederivedfrom thecorrespond-
ing .h and .c files for the control programbut areusuallymuchshorter(becausemany control
programfunctionsarestubbedout).

Severalsourcefilesarenew for thepreview program,for examplearchive.h andarchive.c .
They have differentnamesfrom any controlprogramsourcefiles.

Thepreview programusesthesameuserinterfacemodulezconsole asthecontrolprogram.
Most of thenew functionsin thepreview programarein thenew archive module. Theuser
interfaceof thepreview programis determinedby providing a new statetransitiontable,similar
to thecontrolprogramtablein thefile t.h (chapter6). Thetablefor thepreview programis in
t-pr.h . This tablehasentriesfor functionsin the zconsole moduleandthe new archive
module.Most of theoperationsin zconsole areunreachablein preview becausethereareno
correspondingtableentriesin t-pr.h .

We createda new makefile Makefile-pr.h that usesthe workstationC compiler. To build
the preview program,placethe preview-specificsourcefiles andMakefile-pr in the pre-
view directory. Thenmake symboliclinks in thatdirectoryto all thecontrolprogramsourcefiles
in the ../code directory. Thenexecutethe makefile. More detailedinstructionsappearin the
AAAREADMEfile in thepreview directory.
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Prescriptionutility sourcefilesthathavedifferentcontentsfromcontrolprogramfilesall havediffer-
entnames,soit wouldbepossibleto keepall thesourcefilesfor bothprogramsin asingledirectory.
However it is necessaryto build thepreview programin a differentdirectoryso its .o files (for
theworkstation)canbedistinguishedfrom controlprogram.o files (for theembeddedcomputer)
with thesamenames.To avoid confusionwe keepthesourcefiles in separatedirectoriesalso,with
symboliclinks to thesourcefiles thatarethesamein bothprograms.

10.2 Dosecalibration utility

Thedosecalibrationutility dosecal providesagraphicaluserinterfacefor editingthecontentsof
thedosimetrycalibrationfile dosecal.dat .

The dosecalibrationutility is much like the prescriptionutility: it is mostly built from control
programsourcefiles,whichensuresthatit hasthesameappearanceandworksthesamewayasthe
controlprogram.

Thedosecalibrationutility files arein /radonc/cnts/do se ca l . This directorycontainslinks
to control programfiles in ../code andto prescriptionutility files in ../preview . Most of
the new functionsarein the new dosecal module,the userinterfacestatetransitiontableis in
t-dc.h , andthemakefile is Makefile-dc . Detailedinstructionsfor building theutility arein
theAAAREADMEfile in thedosecal directory.

10.3 Treatmentplanning program

New patientsandfieldsareappendedto theendof theprescriptionfile prescr.dat by thetreat-
mentplanningprogram,Prism(section5.1). Instructionsfor usingPrismappearin AppendixA of
thetherapist’s manual[8].

Prismhasno codein commonwith the control program. Prismis codedin CommonLisp. The
codethatwrites thenew prescriptionfile contentsis in thefile write-neutron.c l keptunder
configurationcontrolin /radonc/prism/S CCS.

Codein write-neutron.c l writes the new prescriptionfile contents,then spawns the shell
script cnts xfer to actuallyappendthesecontentsto prescr.dat . At this writing the shell
scriptandotherdocumentationarein /radonc/cnts/t ra ns fe r
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10.4 Log file utilities

Severalutilities summarizethe log files andtreatmentrecordfiles written by thecontrolprogram.
Thesesummariesareusefulfor machinemaintenanceandpatientquality assurance.For example,
theaccum utility readsthroughseveralweeks’treatmentrecords,producesaday-by-daylisting of
all thetreatmentsfor all thepatientscurrentlyundertreatment,andcomparestheaccumulatedtotal
dosesandfractionscalculatedfrom all thetreatmentrecordsto thoserecordedin theaccum.dat
file. Theaccum utility andseveralothersrunevery night,scheduledby thecron utility.

Theseutilities have no codein commonwith thecontrolprogram.They arecodedin Perl andsh
(Bourneshell).At thiswriting utility codeandotherdocumentationarein /radonc/cnts/q a



Appendix A

Declaring global variables in headerfiles

Therearesomeglobalvariablesthatareusedby morethanonemodule.Eachsuchglobalvariable
mustbedefinedin onemoduleanddeclaredexternalin all theothermoduleswhereit is used.We
achieve theeffect of eitherdeclaringor defininga variablein a single.h file by usingconditional
definitionsasin thefollowing example1.

zsession.c begins with the list of includedirectives for all the othermodulesit dependson.
Thenit definesa macronamedZSESSION_EXTERNwhosereplacementtext is theemptystring,
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 beginswith theselinesthatdefinethemacroZSESSION_EXTERNwhosereplace-
menttext is thestringextern , only in thosecaseswhereit is notalreadydefined:

1I learnedthis techniquefrom Gregg Tractionof the Departmentof RadiationOncologyat the University of North
Carolina.I haven’t seenit in any publishedsource.
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/* zsession.h */

#ifndef ZSESSION_EXTERN
#define ZSESSION_EXTERNextern
#endif

Laterzession.h andcontainsthis line

ZSESSION_EXTERNZ_Mode mode;

The C pre-processortranslatesthemacroZSESSION_EXTERNto the replacementtext extern
in all files exceptzsession.c , whereit translatesit to the emptystring instead. This hasthe
effect of definingmode in the zsession moduleanddeclaringit external in all othermodules
thatdependon it.

Likewise,every othermodulefoo definesandusesa macroFOO_EXTERNin thesameway.

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