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AbstratThe Proton Therapy faility at iThemba LABS employs the passive doublesattering method to modify the narrow proton beam from the aeleratorinto a broad treatment beam. The faility uses various safety and ontrolsystems to ensure that the beam is orretly on�gured and funtional, thatthe patient is orretly positioned for treatment, that the treatment room isleared and armed for treatment, and that the treatment is terminated whenthe required dose is administered to the patient. These systems olletivelyform the Proton Therapy Control System. One suh ontrol system is theSupervisory System whih oordinates all other subsystems by supplying themwith beam parameters and other treatment information needed to on�gure theentire treatment therapy unit for the orret irradiation of a patient. It allowsfor management of other ontrol systems and is the primary user-interfae tothe proton therapy system.This ontrol system was developed on Sienti� Linux 5.5 operating systemwith Kernel 2.6.18 using Qt/C++ widgets set for the user interfae. TheSupervisory System also uses the Eagle tehnology EDRE driver in order touse the Eagle Tehnology 848C PCI DAQ ard to interfae to the TherapySafety Bus so as to aess various safety and fail-safety lines.The treatment parameters are parsed from the treatment planning �les lo-ated on the Radiotherapy Database server using Boost.Spirit template meta-programming tehniques. These beam parameters and treatment informationare then send to other ontrol systems using the Open Network ComputingRemote Proedure Calls (ONC-RPC).
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OpsommingDie Protonterapie behandeling fasiliteit by iThemba LABS maak gebruik vandie passiewe dubbel verstrooiings metode om 'n dun proton bundel komendevan die versneller te transformeer na 'n breë proton bundel wat geskik is virbehandeling. Verskeie beheer-en veiligheidsstelsels werk saam om te versekerdat die pasiênt reg geposisioneer is en dat die behandelings stelsel korrekgekon�gureer en funksioneel is. Die stelsels verseker ook dat die behandel-ingskamer voorbery en ontruim is voor behandeling en dat die behandelinggetermineer word wanneer die verlangde dosis bestraling toegedien is. Diebeheer-en veiligheidsstelsels staan gesamentlik bekend as die protonterapie be-heerstel. Een van die substelsels van die protonterapie beheerstelsel is diebehandelings bestuurstelsel. Die behandelings bestuurstelsel koördieneer aldie ander substelsels deur hulle te voorsien van bundel parameters en anderinformasie wat nodig is vir die kon�gurasie van die hele behandelings eenheidom sodoende te verseker dat 'n pasiënt reg bestraal word.Die behandelings bestuurtelsel is die prim�regebruikers koppelvlak van die pro-tonterapie stelsel en dit verskaf ook 'n koppelvlak met die ander beheerstelselsin die protonterapie fasiliteit. Sienti� Linux 5.5 asook Qt/C++ widgets virdie gebruikers koppelvlak is gebruik vir die ontwikkeling van die behandelingsbestuurstelsel sagteware. Die beheerstelsel sagteware maak ook gebruik vandie �Eagle Tehnology� EDRE sagteware drywer om die �Eagle Tehnology�848C PCI DAQ data-versamel bord aan te spreek. Die bord word gebruik virdie monitor en beheer van die Terapie Veiligheid Bus wat bestaan uit verskeiebeheer en status lyne.Die behandelings parameters word verkry vanaf die beplannings lêer op die ra-dioterapie databasis bediener met behulp van �Boost.Spirit� meta-programmeringstegnieke. Die bundel parameters en behandelings informasie word dan ges-tuur na ander beheerstelsels met behulp van �Remote Proedure Calls� (ONC-RPC).
iii
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Chapter 1IntrodutioniThemba Laboratories for Aelerator-Based Sienes (iThemba LABS) is amultidisiplinary researh and eduational enter fousing on aelerator physis,radiotherapy, and prodution of radio-isotopes for researh and medial use.It is administered by the National Researh Foundation (NRF) and has twooperational sites; one in Gauteng Provine, and another in the Western Cape.The Medial Radiation Group is situated in the Western Cape site whereit o�ers both Neutron and Proton therapy for treatment of lesions. Both typesof therapy make use of the variable-energy k-200 Separated Setor Cylotron,and while the Neutron Therapy Unit was designed abroad, the Proton Ther-apy Unit was designed loally. The proton therapy faility makes use of aombination of various devies to modify the harateristis of the 200 MeVproton beam from the aelerator into a broad treatment beam. It also usesvarious safety and ontrol systems olletively alled the Proton Therapy Con-trol System to ensure the orret and safe irradiation of the patient, and toensure safety of the personnel during treatment.The existing proton therapy ontrol system onsists of old and di�ult-to-maintain subsystems, thus a number of projets aimed at expanding thefaility and upgrading the hardware and software used in the proton therapyunit are ongoing. One suh system is the Supervisory System whih is thesubjet of the work done in this thesis.The aim of this thesis is to implement the Supervisory System for theproton therapy faility at iThemba LABS, whih on�gures and oordinatesall other subsystems of the Proton Therapy Control System for the orretand safe irradiation of the patient during treatment.1.1 Organization of the ThesisThe remainder of this thesis is laid out as follows: Chapter 2 gives a briefoverview of the proton therapy faility at iThemba LABS and the urrentsupervisory system. Chapter 3 overs the new Proton Therapy Control System1
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CHAPTER 1. INTRODUCTION 2and shows how the supervisory system maps all other subsystems together.Chapter 4 gives an indepth overage of the Therapy Safety Bus simulation rigwhih simulates safety lines monitored and triggered by the supervisory systemduring treatment. Chapter 5 provides the detailed funtional spei�ationof the supervisory system, its top-level design and how it was implemented.Chapters 6 and 7 onlude the thesis with a disussion of how the supervisorysystem was tested, the results obtained, and with reommendations for futurework on the system.
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Chapter 2Proton Therapy at iThemba LABSProton therapy at iThemba �rst started in September 1993 using the 200MeV beam. Proton therapy treatment o�ers a number of advantages overalternative radiation modalities. One of the most signi�ant advantages isthat higher doses of radiation an be used to ontrol and manage lesions whilesigni�antly reduing damage to healthy tissue and vital organs [1℄.In pratie, it is relatively easy to modulate the physial properties of a pro-ton beam than it is to hange the beam diretion with respet to the patient,whih normally requires a omplex and expensive gantry system. Instead itis more ost e�etive to position the patient orretly with respet to a �xedproton beam [2; 3; 4℄. The proton therapy faility at iThemba LABS followsthis simpler approah (of loalized treatment) and uses a �xed horizontal beamdelivery system that implements the passive double sattering method to pro-due a uniform dose, while an assembly of ylindrial blok ollimators shapethe beam to math the target volume [5℄. A olletion of range modulator pro-pellers (wheels) is used to vary the beam's energy thus produing a dose distri-bution with the required Spread out Bragg Peak (SOBP). Patient positioningis ahieved by an intriate system onsisting of a ustom-made marker-arrier,stereophotogrametry (SPG) system and a motorized hair. The marker-arrieris �tted with diopaque and retro-re�exive markers whih are deteted by theSPG system through a number of harged oupled devie (CCD) ameras in or-der to ompute their respetive positions in a 3D oordinate system [5; 6; 7; 8℄.The motorized hair, on whih the patient is plaed, has an immobilizationdevie whih is used to �x (move) the marker-arrier, and thus the patient tothe position required for treatment. Figure 2.1 shows the urrent patient po-sitioning system highlighting the SPG system with its array of CCD amerasas well as the treatment hair with its immobilization devie.
3

Stellenbosch University  http://scholar.sun.ac.za



CHAPTER 2. PROTON THERAPY AT ITHEMBA LABS 4

Figure 2.1: Patient Positioning System2.1 The Current Therapy Control SystemTogether with the hardwired interlok system, the existing therapy ontrolsystem onsists of a distributed omputer ontrol system running on OS/2operating system, and whih has been in operation sine 1990 [9℄.Proton therapy at iThemba onsists of �ve distint phases [10℄:� Daily alibration of the SPG System: for aurate patient positioning.� Dosimetry: whih alulates proper radiation dose for treatment.� Treatment planning and preparation of the patient: whih is done one-o� before patient treatment.� Treatment simulation: done before atual treatment to test if all sys-tems are ready for treatment, and to prepare the patient for the atualtreatment.� Treatment delivery to the patient.The urrent Supervisory System provides an intefae to radiation therapistsand radiographers for arrying-out basi treatment planning and preparation.
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CHAPTER 2. PROTON THERAPY AT ITHEMBA LABS 5During atual treatment, it provides an interfae for ross-heking beam pa-rameters and patient information with the SPG omputer and the treatmentsimulation form (sheet). It also provides instrutions to signal when it is theright time to ativate the barode traker for verifying patient-spei� beamomponents. It is worth noting that the urrent supervisory system is noteletronially interloked and/or networked with the barode traker, SPG,DMC, and double-wedge systems, whih all require independent heks duringtreatment delivery [10℄.2.2 Other Radiation Therapy SupervisorySystemsApart from the ontrol system urrently operational at iThemba LABS, there isa handful of other proton therapy failities that have implemented supervisorysystems to ahieve similar funtionalities.The Indiana University's Proton Therapy Center, formerly Midwest ProtonTherapy Institute (MPRI) has implemented a similar ontrol system runningon a Linux platform [11℄. This system, alled the Treatment Room Controller,employs KDE/Qt widgets for its user-interfae, allows for management of otherontrol systems, and is the primary user interfae to the proton therapy system.Eventhough the system has hanged signi�antly over the past years sine itsinitial version in 2003, its overall design and purpose remains unhanged. Itallows users to [11℄:� selet patient treatment plans;� download treatment and beam parameters of the seleted �eld to othersubsystems of the Therapy System;� hek and verify that all systems are ready for treatment;� stay informed of the status of other subsystems;� start and stop treatment;� reord and store treatment results in the Treatment Planning database;Figure 2.2 depits the software ahiteture of the former MPRI TreatmentRoom Control System (TRCS). It is divided into �ve di�erent groups; thepatient data group whih deals with patient and treatment information, theommuniations group for handling treatment requests to and from other Pro-ton Therapy Systems (PTS), X-Ray System, Beam Delivery System (BDS) andDose Deliver System (DDS) using TCP/IP sokets, the treatment managementgroup for dealing with therapy treatment ommands from the RadiotherapyTehnologist (RTT), the maintenane group for testing and on�guring the
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CHAPTER 2. PROTON THERAPY AT ITHEMBA LABS 6system, and the data aquisition (DAQ) group for handling analog and digitalinput/output signals to and from the Kiker Enable System (KES) and theMPRI Interlok and Radiation System (MIRS) together with other ontrollogi [11℄.
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Figure 2.2: MPRI Treatment Room ManagerThe TRIUMF Proton Therapy faility, through its Treatment Control Sys-tem, has also ahieved the same funtionality. This system provides for mon-itoring of patient safety, ontrolling patient dose, and operator ontrol [12℄.The Treatment Control System is based on a VAX omputer, Mitsubishi PLC,CAMAC PROM-based ontroller, standard NIM and CAMAC modules, andnumerous ustom-made devies.Just like proton therapy at iThemba, TRIUMF has two operating modesfor the ontrols: the `Normal Mode' (almost analogous to Physis Mode atiThemba) whih is responsible for development, alibration, and testing, andthe `Patient Mode' (analogous to iThemba's Clini Mode) used for treatment.
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Chapter 3The New Proton Therapy ControlSystemThe Proton Therapy Control System onsists of a number of subsystems whiholletively ensure that the beam delivery system is properly on�gured andfuntional, that the patient is well positioned for treatment that the treat-ment room is leared and armed for treatment and that the beam is properlyterminated after treatment.This hapter brie�y disusses all the subsystems whih form the ProtonTherapy Control System (as illustrated in Figure 3.1) and outlines how eahis on�gured by the supervisory system.
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Figure 3.1: Shemati layout of the proton therapy ontrol systemSetion 3.1 overs the onsole system and shows how the supervisory sys-tem is interfaed to the Therapy Safety Bus. Setion 3.2 disusses how safetyis enfored in the Proton Therapy Control System through the Therapy Safety7
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 8Control System. The Range Control System follows in setion 3 followed bythe Beam steering ontroller in setion 4. Setion 5 disusses the Dose Mon-itor Controller and the hapter ends with setion 6 whih overs the PatientPositioning System.3.1 Console System (CS)
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Figure 3.2: Therapy Console
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Figure 3.3: Physis ConsoleThis system onsists of the Therapy and Physis Consoles (Figures 3.2and 3.3) whih are used to manually start and stop treatment. Both onsolespresent an interfae for inputs from the operator through a number of swithesdesribed below [5; 13℄:
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 9
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 106. Start whih swithes the irradiation on (if permissible). It is a non-lathing push button whih is illuminated as long as the beam is swithedon.7. Stop for swithing o� the irradiation. Just like the Start button, it isalso a non-lathing push button. The Stop button auses a gradual stopof the beam by inserting the Faraday ups and beam shutter into thebeam.The outputs of the swithes of the onsoles are onneted to the therapysafety ontrol system through the onsole swith-over unit. The purpose ofthe swith-over unit is to ensure that the outputs of the onsoles are mutu-ally exlusive, viz. only one onsole may be ativated at a time [5℄. Besidesproviding a means to start and stop treatments, the therapy onsole is alsoapable of displaying real-time information about the dose delivery and beamharateristis to the operator.Most importantly, the therapy onsole provides an interfae between thesupervisory system and the therapy safety bus.3.2 Therapy Safety Control System (TSCS)This is arguably the most important subsystem of the Proton Therapy ControlSystem. Its primary objetive is to ensure the radiation safety of the patientsand personnel and to swith the beam on and o�. This system onsists ofthe Safety Interlok System(SIS) and the Signal Conversion Unit(SCU). TheSignal Conversion Unit links the SIS to a number of external devies (Figure3.5) [5; 13℄;� Interlok and safety devies suh as numerous interlok swithes in thebeam delivery system and elsewhere in the treatment vault, as well asroom learane, arm and disarm swithes and many other devies in theproton therapy faility.� Consoles through the onsole Swith-over Unit.� Faraday-ups ontroller whih is an eletroni rate ontrolling the high-energy beam stopping devies in the last setion of the beam line to thetreatment vault.� Main ylotron interlok system whih is the interlok system for theaelerator equipment and beam transport lines.� Other subsystems of the therapy ontrol system whih are mostly on-neted to the TSCS via the Therapy Safety Bus (TSB), while others areonneted through hardware interfaes.
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 11

FC19 REQ

TEST MODE
NAC SAFETY OK
FC19 IN
FC19 OUT

CUPS CONTROL BUS
FC1 IN

FC1 OUT
FC2 IN
FC2 OUT
SHUTTER IN

SHUTTER OUT

ACCELERATORS & 
LOW-ENERGY BEAM 
STOPPING DEVICES

HIGH-ENERGY BEAM 
STOPPING DEVICES

BEAM DELIVERY 
SYSTEM & PPS

INTERLOCK INPUTS
ROOM CLEARANCE DEVICES

ENTRANCE WARNING LIGHTS

CONSOLE SWITCHOVER UNIT

THERAPY SAFETY BUS

THERAPY OK

SAFETY OK
MAIN CYCLOTRON 

INTERLOCK SYSTEM
FARADAY-CUPS 
CONTROLLER

BEAM

SIGNAL CONVERSION 
UNIT

SAFETY INTERLOCK  
SYSTEM

THERAPY SAFETY CONTROL SYSTEM

PT1 SUBNETFigure 3.5: Therapy Control System InterfaesFigure 3.7 illustrates the physial implementation of the TSCS. Both theSCU and SIU onsist of 19 inh rak-mountable rates that house the spe-ialised eletroni omponents for these units. The SIS is implemented as a19 inh rak-mountable SABUS system (). The hardware omponents of theseunits may brie�y be summarized as follows:� The SCU is equipped with nine line driver ards that are used to onvertontat-pair signals to TTL signals, or vie versa. Six of these ardsare `input' ards, while the other three are `output' ards. Eah ardprovides eight line drivers, or signal onversion hannels.� The SIU is equipped with a 5V and 24V power supply unit, and a printediruit board that implements the TSB urrent soure unit, the votinglogi unit and the ups ontrol unit.� The SIS is equipped with an ETX omputer module and four SABUSI/O ards. Three of these I/O ards are on�gured as input ards, whilethe fourth is used as an output ard. Eah I/O ard provides 24 digitalinput or output hannels that are grouped into three ports of eight bitseah.

Stellenbosch University  http://scholar.sun.ac.za



CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 12As the name suggests, the Signal Conversion Unit provides signal onvertersthat onvert the ontat-pair inputs from the external devies to single-endedTTL input signals for the safety interlok system and vie-versa as shown inFigures 3.5, 3.6, 3.7 and 3.8.The safety interlok system onsists of the Safety interlok omputer at-tahed to the hardware interlok unit. The safety interlok omputer is anembedded omputer module onneted to the PT1 subnet whereas the HIU isonneted to both the SCU and TSB.
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 14Table 3.1 depits the hardware interlok unit with a desription of its sub-units. Sub Unit DesriptionSignal Interfae Unit An I/O interfae devie equipped with anumber of TTL ompatible I/O ports thatare addressable by the safety interlok om-puter. The I/O ports are onneted to someof the other subunits of the hardware inter-lok unit and most of the TTL data lines ofthe SCU thus allowing the safety interlokomputer to interfae to these subunits andthe SCU.TSB Current Soure Unit Provides the urrent soures that drive di�er-ent lines of the TSB. Eah of these iruitsdrives an LED that indiates the status ofthe line. This unit also onverts the statusof the TSB lines into TTL input signals tothe safety interlok omputer.Voting Logi Unit Its primary objetive is to generate theoutput signals that ause the beam to beswithed on and to ensure that the beamis automatially stopped when any interlok,funtional or hardware failure is indiated bythe TSB, the ylotron interlok system orthe safety interlok omputer. It onsistsof the logial iruits that ombine ertainsignals from the ylotron interlok systemand the faraday ups ontroller to determinewhether the beam should be swithed on andwhether it is safe to do so.Cups Control Unit Is a miroontroller responsible for extra-tion or insertion of the high-energy beamstopping devies based on a single requestsignal from the voting logi unit thus simpli-fying the ommuniation between the safetyinterlok omputer and the faraday ups on-troller.Table 3.1: Hardware Interlok UnitThe safety interlok omputer uses software to proess and draw logialonlusions from the input signals and to derive the neessary output signals
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 15from these onlusions. Through the PT1 subnet, the safety interlok om-puter may at any time be prompted by the supervisory system to providean instantaneous opy of its state (as determined by the input and outputsignals).3.3 Range Control system(RCS)This system onsists of the energy degrader ontroller, double-wedge systemand range monitoring unit whih operate together to ensure that the beamhas the required range during treatment.3.3.1 Energy Degrader Controller (EDC)This system onsists of two syntheti graphite wedges mounted bak-to-bakon a drive mehanism (Figure 3.9). The wedges are driven in or out of thebeam by a stepper-motor ontrolled by the EDC. The EDC uses input fromthe di�erent sensors on the drive mehanism of the wedges to determine therelative position of the wedges, and through the use of a alibration urve, itrelates the R50 range of the beam to the position of the wedges [5℄. Throughthe use of the EDC sofware an operator an reate or renew the alibrationurve by entering the measured R50 ranges orresponding to di�erent wedgepositions.The EDC obtains the required beam type, SOBP width and beam range fora partiular treatment �eld from the supervisory system through the RPCnetwork interfae. Connetion to the range monitoring unit is aomplishedthrough a serial interfae whih is used to send the required beam type, SOBPwidth and beam range to the range monitoring unit before treatment starts.After treatment has started, the EDC uses the serial interfae to reeive real-time measurements of the beam range, whih enables it to adjust the wedgesso that the measured range ontinually mathes the required range. Thus,the energy degrader ontroller, double-wedge system and range monitoringunit operate together as a losed-loop range ontrol system to ensure that thebeam has the required range during treatment (Figure 3.9).3.3.2 Range Monitoring Unit (RMU)The range monitoring unit is onneted to the multi-layer Faraday up (MLFC)of the new range monitoring detetor and also to the rotation sensing unit ofthe range modulator assembly [5℄. The MLFC is a measuring devie onsistingof a series of opper plates alternating with insulating layers of Lexan, whihare onentri to the optial axis of the beam and have a small irular aperturein the middle. The MLFC is part of a ylindrial vauum hamber loated inthe new range monitoring detetor, and its opper plates are onneted by
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 16
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3.4 Beam Steering ControllerThis system has a network interfae to the aelerator ontrol network whihallows it to keep the beam aligned with the optial axis of the beam deliverysystem. It ahieves the beam alignment by using signals from the segmented
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 17ionization hambers to determine the position and symmetry of the beam andthen using that information to regulate the urrent through the oils of thetwo steering magnets and hene keeping the beam in plae.It is equipped with a power supply unit that provides the required highvoltage to the segmented ionization hambers.The power supply uses a feed-bak iruit and a voltage omparator to verify the ontinuity of the iruitthat supplies high voltage to the hambers. If the ontinuity of this iruit isinterrupted, the beam steering ontroller uses the TSB to stop or prohibit thetreatment.This system uses multipliative alibration fators to adjust the gain of eahsegment of the ionization hambers. These fators are used in the software ofthe system to inrease or derease the measured reading of eah segment andnew alibration fators an be entered by the operator through the softwarewhile the beam is turned on [5℄. The beam steering ontroller provides a real-time graphial display of the beam symmetries and detetor ount rate, anduses the TSB to stop the treatment if any of the symmetry ratios deviatesfrom unity by more than the allowed tolerane value. It obtains the requiredbeam type, SOBP width and beam range for a partiular treatment �eld fromthe supervisory system through its network interfae to the PT1 subnet.3.5 Dose Monitor Controller (DMC)The primary objetive of the DMC is to monitor the dose rate as well asthe total dose delivered to the patient using signals from the two ionizationhambers. It onsists of two dose monitoring modules, one per hamber, whihhave internal loks to measure elapsed irradiation time, and it has non-volatilereorders for displaying integral dose delivered should there be a power failure[5℄. Eah module has a power supply unit providing the required high voltageto the hambers. To verify the ontinuity of the iruit that supplies the highvoltage to the hamber, the power supply unit uses a feedbak iruit and avoltage omparator. If the ontinuity is interrupted, the DMC uses the TSBto stop or prevent treatment.The operational parameters of the DMC may be set using either of twomethods; through the PT1 network interfae by the supervisory system orthrough the loal keyboard by an operator. The parameters inlude the re-quired treatment dose, maximum allowed dose rate and treatment time, andthe alibration fators that should be used for the dose monitoring hambers[5℄. This system uses the TSB to stop treatment should the preset dose ortreatment time be reahed, or if the dose rate exeeds the preset value for themaximum allowed dose rate. To display some operational parameters suh asthe preset treatment time and dose measurements, the DMC uses a displayinterfae module.
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 183.6 Patient Positioning SystemPatient positioning at iThemba LABS makes use of a motorised treatmenthair to whih the patient is �xed to an immobilization devie. A multiamera-stereophotogrammetry (SPG) system is then used to position the treatmenthair (hene the patient) so as to align the treatment beam with the tumour.The SPG system makes use of a ustom-made marker-arrier �tted with ra-diopaque and retro-re�exive markers whih is worn by the patient during treat-ment planning and irradiation so as to aquire the position of the tumour withrespet to the markers and hene be able to align the tumour to the treatmentbeam by moving the hair. The marker-arrier is seurely attahed to thepatient with the help of the bite-blok vauum system [8℄.The following subsetions brie�y disuss all the units of the patient posi-tioning system.3.6.1 Bite-blok Vauum SystemThis system is responsible for seurely attahing the marker-arrier to thepatient. It ahieves this by evauating the air between the patient palate andthe bite-blok into a vauum pump. This e�etively auses the marker-arrier(a�xed to the bite-blok system) to attah to the patient and hene respondto any of the patient's movements.It onsists of a gauge, pressure regulator, a three-way valve, and an ele-trial ontrol unit [5℄. The ontrol unit onnets to a solenoid whih atuatesthe valve. When the solenoid is ativated, the three-way valve onnets thebite-blok to the vauum-pump thus ausing the bite-blok to attah to thepatient's palate.The ontrol unit operates the system using a number of swithes as illus-trated below.The pump on swith turns the power to the vauum pump on or o� whilethe vauum on swith lathes two relays in the ontrol unit. The �rst relay(labelled 6 in Figure 3.11) ativates the solenoid of the three-way valve therebyonneting the air line from the bite-blok to the vauum pump. The otherrelay loses a ontat pair in the ontrol unit whih provides a bite-blok inter-lok signal to the safety interlok system indiating the suessful onnetion ofthe bite-blok to the vauum pump. The vauum release is a hand-held swithwith whih the patient releases the relays so that the solenoid of the three-way valve is deativated ausing the bite-blok to detah. The last swith,interlok override, suspends the input to the safety interlok system therebypermitting treatments to proeed even when the vauum system is not oper-ational. When the supervisory system and the therapy safety bus have beenfully implemented, the interlok override swith will be permanently removed.
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 19
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CONNECTORFigure 3.11: Bite-blok Vauum ontrol system3.6.2 Chair Control SystemAs the name suggests, this system ontrols the motorised treatment hair onwhih the patient is plaed for treatment. It ontrols the �ve motors of thehair with stepper-motor ontrol modules, one for eah motor. The motorsallow the hair to make translations in three orthogonal diretions, a rotationabout the vertial support pillar of the hair, and a bakrest rotation, alltotalling �ve degrees of freedom.The hair ontrol system is also equipped with a sixth stepper-motor ontrolmodule whih ontrols the motor that is responsible for the rotation of thetreatment ollimator. Eah of these ontrol modules is used to transmit low-voltage ontrol signals to a translator driver, whih translates these signals intothe high-voltage pulses needed to drive the stepper-motor that is onnetedto it. The various limit swithes of the hair are onneted to the �ve hairontrol modules. These swithes are used to determine the travel range of eahaxis of motion and to alibrate the hair [5; 7; 14; 15℄. The angular positionsensors of the treatment ollimator assembly are onneted to the ollimatorontrol module. These sensors are used to determine the angular position ofthe ollimator and to alibrate the ollimator rotations [5; 14℄.The hair ontrol system is also equipped with a hand-pendant that allows theoperator to selet between the di�erent modes of operation of the system andto manually ontrol the movements of the hair. When the system is swithedto the manual mode, the hand-pendant may be used to issue spei� hairmovement ommands to the system. When the system is swithed to the SPGmode, it operates under the ontrol of the SPG system through the networkinterfae. The hand-pendant may also be used to align the hair, to lower it
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 20beneath the �oor of the treatment vault, or to raise it above the �oor. Thehair alignment proedure enables the system to loate the referene positionfor eah axis of the hair (using the limit swithes).Furthermore, the hair ontrol system provides an emergeny stop funtionthat may be used to stop the motions of the hair and ollimator at any time,irrespetive of the mode in whih the system is operating. This funtion isimmediately exeuted when any one of the two emergeny stop swithes onthe hair, or the emergeny stop button of the hand-pendant, is pressed [14℄.It provides two main funtions while operating in the SPG mode, namelythe patient alignment funtion and the hair talk funtion [14℄. In brief, thepurpose of the patient alignment funtion is to use the input from the SPGsystem to alulate the hair motions and ollimator rotation that will result inthe orret treatment setup of the patient, and then to exeute these motionswhen instruted to do so by the SPG system. The purpose of the hair talkfuntion is to exeute arbitrary hair and/or ollimator motions as spei�edby the SPG system.3.6.3 Stereophotogrammetri (SPG) SystemIt is a alibrated multi-amera system apable of aquiring and proessing syn-hronized video images from any three of its nine CCD ameras. The amerasare alibrated by means of a speial alibration ube that an be auratelypositioned at the treatment isoenter. The SPG program allows the operatorto selet three suitable ameras to be used during treatment. The suitabil-ity of the ameras depends on the required diretion of the treatment beamrelative to the patient. The program uses the seleted ameras to aquirevideo images of the marker arrier that is attahed to the patient so as to useimage proessing and stereophotogrammetry tehniques to derive the treat-ment room oordinates of those markers that are visible in the video images.These oordinates are then used to alulate the transformation matrix be-tween the patient oordinate system and the beam oordinate system [16℄. Itthen transmits this transformation (onsisting of a translation matrix and arotation matrix), as well as the basi parameters of the treatment beam, to thehair ontrol system as part of the instrution to exeute the patient alignmentfuntion using RPC ommuniation [5; 14℄.Through RPC network ommuniation the SPG program an also instrutthe portal radiographi system to aquire radiographs of the patient and todetermine the possible errors in the treatment setup from these images. Theseerrors are send bak to the SPG program so that it may apply the neessaryorretions to the treatment setup [5; 14℄. During irradiation it uses videostreams from the seleted ameras to monitor the patient, and if the patientmoves out of treatment position it stops the beam by sending the neessarysignal to the safety interlok system using one of two relay ontats (small
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 21movement and large movement relays). For the beam to be swithed on bothrelays must be losed, and when a small patient movement ours, the SPGprogram stops the beam by opening the small movement relay, whereas boththe small movement and large movement relays are opened when a large move-ment ours [5℄.3.6.4 Portal Radiographi (PR) SystemIt onsists of an x-ray imaging unit and an image registration system. Thex-ray imaging unit is used to aquire portal radiographs of the patient, whilethe image registration system uses these images to estimate the errors in thepatient treatment setup and hene to verify the orretness thereof [5; 16℄.The major omponents of the x-ray imaging unit and their respetive funtionsmay be brie�y summarized as follows:� X-ray tube: provides the exposures needed for x-ray imaging. It is aomponent of the beam delivery system and an be driven pneumatiallyin and out of the beam path.� X-ray generator: it is the high-voltage swithing power supply for thex-ray tube. It is equipped with a ontrol desk that allows the operatorto set the required exposure parameters and to initiate the exposuresequene by pressing the button of a hand-held swith that is onnetedto the desk.� Flat-panel detetor: serves as the eletroni portal imaging devie (EPID).� Image aquisition omputer: aepts the raw image data from the EPIDand applies various orretions to the raw images to produe the portalradiographs.� Synhronization interfae module: it is a speial module of the x-raygenerator that allows the operation of the EPID to be synhronized withthe exposure sequene of the generator so that the image aumulationperiod properly overlaps with the x-ray exposure period.� X-ray hoist mehanism: allows the EPID to be inserted into the beampath downstream from the patient or to be retrated from this position.� X-ray ontrol unit: drives the stepper-motor of the hoist mehanism. Italso serves as an interlok for the x-ray imaging unit to prohibit anyx-ray exposures when the EPID and the x-ray tube are not orretlypositioned for the aquistion of the portal radiographs.The image aquisition omputer is equipped with the following softwareand hardware [5℄:
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 22� Image aquisition software that provides the funtions needed to aquirethe raw images and to apply orretions to the raw images to ompensatefor line noise, detetor pixel defets, and variations in the bias o�setsand gains of the detetor pixels. It also allows for the aquisition of thealibration images and defet maps that are needed for this purpose, andto save this alibration data on the system.� Software support for an appliation programming interfae (API) that al-lows a remote omputer to all, via a network link, the image aquisitionand alibration funtions and to transfer the orreted images (i.e.,theportal radiographs) to the remote omputer.� A data aquisition ard that provides the data interfae with the EPID.This ard sends the neessary ontrol signals to the EPID and allows theimage data to be downloaded to the image aquisition omputer.� An I/O ard that provides the input and output hannels needed tosynhronize the operation of the EPID with the exposure sequene ofthe x-ray generator. The synhronization interfae module provides thehardware interfae between the x-ray generator and the I/O ard, whilethe image aquisition software provides a software interfae between theI/O ard and the data aquisition ard to whih the EPID is onneted.The link between the synhronization module and the I/O module passesthrough the x-ray ontrol unit to provide the neessary interlok funtionas desribed above.The image registration system is a multi-proessor omputer equipped withspeialized software to perform the following tasks [5℄:� Communiate with the image aquisition omputer and the SPG systemvia the network interfae.� Calibrate the x-ray imaging unit. These alibration funtions are usedto determine the transformation matrix between the oordinate systemof the fudiials (speial alibration shapes on the alibration ube) of thex-ray imaging unit and the oordinate system of the beam line, whih isneeded for the proper and aurate positioning of a patient.� Construt pre-operatively the `light slab' data that are used during treat-ment to e�iently generate digitally reonstruted radiographs (DDRs)of the patient in slightly di�erent treatment positions. The light slabsare onstruted from the CT data of the patient. A separate light slabis reated for eah �eld in the treatment plan.� Upon instrution by the SPG system, aquire portal radiographs of thepatient via alls to the image aquisition omputer.
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CHAPTER 3. THE NEW PROTON THERAPY CONTROL SYSTEM 23� Estimate the errors in the treatment setup for the given treatment �eldand ommuniate these errors to the SPG system. The errors in thetreatment position of the patient are estimated by registering DRRs fordi�erent positions of the patient against the portal radiograph showingthe observed position and searhing for the DRR (and hene the posi-tion) that gives the optimal math. The di�erenes between this optimalposition and the required position express the errors in the treatmentposition of the patient. The errors in the orientation of the treatmentollimator are estimated by using a ontour mathing algorithm to al-ulate the di�erene between the observed and required orientations ofthe ollimator aperture [5℄.
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Chapter 4Therapy Safety Bus SimulationRigTSB Simulation Rig is a proof-of-onept prototype for the atual therapysafety bus, whih has been implemented so as to simulate all interlok lines forthe proton therapy system in order to test the TSB on�guration funtionalityof the supervisory system. It is a ustom-made `box' equipped with ontrolswithes, onnetors and status LEDs as will be desribed in the followingsetions. Setion 4.2 desribes the operational spei�ations of the rig followedby setion 4.3 whih desribes all the rig's physial omponents.4.1 DesignFigure 4.1 depits the shemati layout of the TSB rig showing how all theonnetors, swithes and status LEDs are onneted together, and how theentire box is interfaed to a PC. An Eagle Tehnology PCI 848 I/O ard isused to exhange information between the PC and the rig thus enabling thePC (supervisory system) to sense and ontrol interlok lines. With regard tothe supervisory system, the SHV and BNC onnetors are irrelevant hene willnot be mentioned in this disussion.

24
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CHAPTER 4. THERAPY SAFETY BUS SIMULATION RIG 25

Figure 4.1: Therapy Safety Bus Simulation Rig
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CHAPTER 4. THERAPY SAFETY BUS SIMULATION RIG 264.2 Operational Spei�ationsThe TSB simulation rig onsists of thirteen (13) urrent soure lines of 15mAeah, two (2) hamber urrent soure lines of 200nA eah whose urrent analso double to 400nA, hamber leakage urrent of 100pA per hamber, a PCI/O interfae, and a High Voltage (HV) feed-through.4.3 DesriptionThe box onsists of four panels; front, rear, left and right panels. The frontpanel, whih is the most populated panel, hosts 13 swithes for the 13 urrentsoures for eah of the TSB lines (CS 1−13). It also has 13 red LEDs to indiatethe status of eah CS line, whereby an On state of the LED denotes that theline is ative. Also present on the front panel are 13 swithes whih ontroleah TSB line [CON 1− 13℄ and 13 green LEDs to indiate the status of eahontrol line. There are also 3 swithes for the hamber urrent soures [CHAM,A_EN, B_EN℄ together with 3 green LEDs to indiate their status. 3 swithesfor the hamber urrent x2 Control [x2_EN, Ax2, Bx2℄ with 3 aompanyinggreen LEDs to indiate their status an also be found on the front panel. Thehamber urrent x2 ontrol swithes are for doubling the urrent of eitherhamber urrent soure or both to 400nA. Sensing of the TSB lines [SENSE
1 − 13℄ is indiated by yet 13 more green LEDs, and lastly 1 amber LEDindiates whether the front panel is seleted [BP℄, whereby On means frontpanel is seleted while O� denotes PC seletion (for I/O operations).The rear panel only onsists of 1 power onnetor inluding a swith andfuse, and 1 PC interfae onnetor (DB25).The left panel is dediated to treatment simulations and onsists of 1 TSBline CS output onnetor on1 for simulation purposes, 1 TSB line input on-netor on2 from simulation urrent soures, or from system, and 1 funtionselet swith to selet between front panel or PC simulation. When front panelsimulation is seleted, the BP LED on the front panel lights up.Lastly, the right panel hosts 1 TSB CS output onnetor CON3 to System,2 BNC onnetors for hamber simulation, and 4 SHV onnetors for HVsimulation.
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Chapter 5Supervisory System Design andImplementationThis hapter is about the design and implementation of the new supervisorysystem for the proton therapy faility at iThemba LABS. It starts o� withsetion 5.1 whih outlines funtional and non-funtional requirements of thesupervisory system followed by setion 5.2 whih disusses the design of thesystem. The hapter ends with a disussion of how the �rst version of thesupervisory system was implemented.5.1 Requirements Analysis5.1.1 User RequirementsThe Supervisory System is the entral system of the proton therapy treatmentunit that oordinates and on�gures all other systems with beam parametersand treatment information needed to ensure a orret and safe irradiationof a patient during treatment. It also ollets, reords and veri�es all theneessary treatment information after any suessful or otherwise irradiationsession. Furthermore, it ats as a gateway/proxy between all other subsystemsof the proton therapy ontrol system and the radiotherapy data-store serveronneted to the entral swith of the radiotherapy network [5; 17℄. Any systemwhih requires patient-spei� information from the data-store server does soby issuing a request to the supervisory system whih in turn authentiatesthe system and retrieves the data from the server on the requesting system'sbehalf. This way, aess to shared data is well managed, there is a highimmunity against deadloks and there is a redued possibility of ending upwith inorret data in the database [18℄.
27
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION285.1.2 System RequirementsThe funtional requirements of the new supervisory system are outlined be-low [19℄;� User and attribute-based aess ontrol: eah and every user of the sys-tem (medial physiists, radiation therapists and treatment planning en-gineers) will be authentiated and granted aess to only the funtionalitythey are authorised to use.� Use of a bar-ode sanner to identify treatment omponents in order tominimize the possibility of human error during the treatment proess.� Communiation with the patient data-store to retrieve treatment �lesand reords so as to load patient treatment information. Also to retrievepatient-spei� �les on behalf of other subsystems of the proton therapyontrol system. With the exeption of the treatment reord, all �les aregenerated externally from the supervisory system (i.e. are reated byother systems suh as the treatment planning software), thus no editingof patient data will be allowed by the supervisory system exept forupdates on treatment reords.� Communiation with the DMC to send on�guration information suhas CVolt fators, and temperature and pressure readings.� Communiation with the SPG system to send on�guration informationand at as a proxy between the SPG and data-store.� Communiation with the PR (X-ray) system to send on�guration infor-mation and at as a proxy between the PR system and data-store.� Communiation with the EDC to send on�guration information.� Communiation with the BSC to send on�guration information.� Con�gure the Therapy Safety Bus so as to signal whether it is safe toadminister treatment and whether other systems have been on�guredsuessfully.� Communiation with the SIS so as to at as its slave monitor thus dis-playing statii of interlok lines.Figure 5.1 illustrates interation of the supervisory system with its majorators through a UML use-ase diagram.The non-funtional requirements of the supervisory system are the organi-zational requirements .vis those requirements spei� to iThemba LABS Med-ial Radiation and onstraints on its software projets. These requirementsinvolve implementation-spei� issues as well as interoperability issues with
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Supervisory System

Administrator

Medical Physicist

Radiation Therapist

Data-store

SPG System

X-Ray (PR) System

DMC

EDC

SIS

TSB

Add User

Edit User

Delete User

Login

Logout

Send Configuration

Data

Request File

View Patient's

treatment information

Search for file

Retrieve File

View status of

Interlock lines

Read Delivered Dose

Request Interrupt

Update Treatment

Record

Clean-up

Start Treatment

Configure SPG

Configure PR

Configure DMC

Configure EDC

Configure TSB

«extends»

«extends»

«extends»

«extends»

«extends»

Select Treatment

Field to Administer

Validate Treatment

Equipment

*

*

* **

*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

* *

*

*

*

*

*

*
*

*

*

* *
*

*

*

*

*

*

*

«uses»

«uses»

*

*

«uses»

«uses»

«uses»

«uses»

«uses»

*

*

*

*

Figure 5.1: UML Use-ase Diagram - Supervisory Systemexisting software [20; 21℄. Table 5.1 outlines the major non-funtional require-ments of the supervisory system [20℄.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION30

Non-funtional RequirementsThe GUI of the supervisory system shall be implemented using Qt/C++widgets set. This is beause Qt provides signal/slot mehanism whihallows for simple inter-proess and event-driven ommuniations. Allfuntionality of the system will be through menu items and user-entriforms. Also, Qt/C++ is the prefered developement environment beauseit provides open soure appliation building tools and an easily be inte-grated into the entire proton therapy ontrol system.The network ommuniation with other subsystems shall be throughONC-RPC method alls. This allows for a well distributed system usingTCP/IP soket programming as well as a robust lient-server arhite-ture.Con�guration of the Therapy Safety Bus shall be via a PCI interfae onthe supervisory system omputer onneted to an ETX-SABUS system.The plug-in board of the PCI interfae should have opto-isolated outputsto allow for interfaing apability with the TSB.Table 5.1: Non-funtional Requirements
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION32Fig 5.2 highlights some of the unwanted hazards/risks pertaining to thesupervisory system in the form of a fault tree analysis. Proton underdose andoverdose represent a single hazard, namely, `inorret dose administered', anda single fault tree follows. States that an lead to the `inorret dose' hazardare then linked with `or' symbols to denote that any ombination of the risksan lead to the hazard.5.1.3 Domain RequirementsThese requirements are derived from the appliation domain of the supervisorysystem, namely, proton therapy. In proton therapy ontrol systems, dosimetry,or the exat measure (and ontrol thereof) of the amount of radiation admin-istered to a patient is of paramount importane. If the dosimetri quantitiesare de�ned as follows [1; 17; 22; 23; 24℄;
Np = The number of a treatment plan. A given patient an have more thanone treatment plan. Thus, the numbers Np are needed to di�erentiatebetween these plans. The plan numbers always lies in the interval Np ∈

[101, 999].
N = Total number of treatment �elds for a given treatment plan, with N ≤

99.
Nu = Number of treatment �elds from a given treatment plan that should bedelivered by a spei� treatment unit. Thus, N =

∑

u Nu and Nu ≤ 99.
Mu = Number of treatment frations for all those �elds from a given treat-ment plan that should be delivered by a spei� treatment unit, with

Mu ≤ 99.
α = The �eld index α ∈ [1, Nu] that sequentially enumerates the treatment�elds as they appear in a treatment �le.
Bα = The beam number of a treatment �eld having the �eld index α in atreatment �le, with Bα ∈ [1, 99]. The numbers Bα do not neessarilystart at one and do not neessarily form a ontiguous or even orderedsequene as a funtion of the �eld index α. The beam number for aspei� �eld in the treatment plan is unique, thus no two �elds in thetreatment plan an have the same beam number. Thus, for a partiu-lar treatment �le, the relationship between Bα and α is one-to-one andtherefore unique.
κ = The index that spei�es the treatment fration under onsideration fora partiular treatment unit. This number is always restrited to theinterval κ ∈ [0,Mu]. The index κ = 0 always represents the patient sim-ulation fration during whih no real treatment is done (i.e., no doses areadministered). The real treatment frations have indies κ = 1, . . . ,Mu.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION33
Dα = Total presribed dose to be administered by the treatment �eld withbeam number Bα and �eld index α ∈ [1, Nu].
dα = Presribed dose per fration for the �eld α, with dα = Dα/Mu given inMonitor Units (MU).
∆tα = Presribed treatment time per fration for the �eld α. This is themaximum time, measured in minutes, that the beam is allowed to beswithed on in order to deliver the dose dα.
dpα, κ = Preset dose for the �eld α during an irradiation session of the treat-ment fration κ, with κ ∈ [1,Mu]. It is the number of MU sent by thesupervisory system to the DMC, via the IN SETDOSE ommand, toset the dose that should be delivered by the �eld α during a partiularirradiation session of the treatment fration κ.
∆tpα, κ = Preset treatment time for the �eld α during an irradiation session ofthe treatment fration κ, with κ ∈ [1,Mu]. It is the time, in minutes,that is sent by the supervisory system to the DMC, via the IN SETTIMEommand, to set the time that the beam is allowed to be swithed on todilver the dose dpα, κ. It is alulated as∆tpα, κ = Max((dpα, κ/dα) ∆tα, ∆tmin),where the onstant ∆tmin is de�ned below. The funtion Max(x, y) re-turns the largest value of its two arguments x and y.
∆tmin = The smallest value for the treatment time, given in minutes, thatmay be sent via the IN SETTIME ommand to the DMC.
d r
α, κ = Atual dose delivered by the �eld α during the irradiation session forwhih the preset dose was given by d p

α, κ. It is the dose measured bythe DMC immediately after the irradiation session is terminated. Thistermination may our long before the preset dose dpα, κ is reahed, where-upon d r
α, κ ≪ dpα, κ. Upon normal termination of the irradiation session,

d r
α, κ = dpα, κ +∆dα, κ, with ∆dα, κ & 0.

dm
α, κ = Approximate value for d r

α, κ as given by the mehanial ounters of theDMC.
d s
α, κ = The umulative value of the atual doses delivered over all the irra-diation sessions needed to omplete the administering of �eld α for thetreatment fration κ.

∆dα, κ = Dose overrun during the normal termination of an irradiation sessionfor whih the preset dose was given by d r
α, κ.

∆d th
α = A theoretial estimate for the dose overrun ∆dα, κ. This estimate isthe same for all treatment frations κ ∈ [1,Mu] and only depends onnominal dose-rate that is required for the �eld α.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION34
Γ = A prede�ned fration that is used to speify whether the dose di�erene

dpα, κ − d r
α, κ > 0 should be eliminated by resuming the urrent fration

κ, or by distributing this di�erene evenly over the remaining frations
κ + 1, . . . ,Mu. Upon a premature termination of the beam, the dosedi�erene dpα, κ − d r

α, κ should only be allowed to be evenly distributedover the remaining frations when dpα, κ − d r
α, κ ≤ Γ dα, otherwise thisdi�erene should be eliminated by ompleting the the fration κ.

Ḋnomref = Nominal dose rate for the referene �eld, given in MU/minute. Thereferene �eld is that �eld that is used for absolute dosimetry measure-ments. The nominal dose rate Ḋnomref expresses the ideal beam urrent interms of a dose-rate measurement.
Ḋmaxref = Maximum dose rate allowed for the referene �eld, given in MU/minute.
Oα = Output fator for the �eld α. This is the ratio of the dose rate forthe �eld α to the dose rate for the referene �eld under idential beamurrent onditions.
Inomα = Ideal beam urrent required for the �eld α during any irradiationsession, given in units of ηA.
Ḋnom

α = Ideal dose rate required for the �eld α during any irradiation session,given in MU/minute. It an be alulated as Ḋnom
α = Oα Ḋnomref .

Ḋmax
α = Maximum dose rate required for the �eld α during any irradiationsession, given in MU/minute. It an be alulated as Ḋmax

α = Oα Ḋmaxref .The value of Ḋmax
α de�nes the maximum dose rate that will be toleratedby the DMC before it will terminate the beam. This value is sent by thesupervisory system to the DMC via the IN MAXRATE ommand.

%∆AB = The maximum allowed dose di�erene, expressed as perentage, thatthe DMC will between the readings from the dose monitors A and Bbefore it will terminate the beam.
∆AB = The maximum allowed dose di�erene, expressed in terms of MU, thatthe DMC will tolerate between the readings from the dose monitors Aand B before it will terminate the beam. This dose di�erene, alulatedas ∆AB = Max(%∆AB dpα, κ/100, ∆

minAB ), is sent by the supervisory systemto the DMC via the IN DOSD ommand. The onstant ∆minAB is de�nedbelow.
∆dmin = The smallest value for the maximum allowed dose di�erene, givenin MU, that may be sent via the IN DOSD ommand to the DMC.
CV1 This is the CVOLT fator that adjusts the gain of the dose monitor A toompensate for the daily air-density hanges in the monitor ionization
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION35hambers that is aused by variations in temperate and pressure. It sentby the supervisory system to the DMC via the IN CVOLT ommand.
CV2 Same as for CV1, but for dose monitor B. It is sent by the supervisorysystem to the DMC via the IN CVOLT2 ommand.
∆tsys = The time taken by the beam delivery system to stop the beam whenthe preset dose is reahed. It is given in minutes and inludes the re-sponse time of the DMC to transmit the beam stop request after thepreset dose is reahed, as well as the time needed by the the Faraday-up ontrol system to aomplish this request. It is safe to assume that

∆tsys is independent of the beam urrent. See Addendum A for themeasurement of ∆tsys.Then the supervisory system's dose algorithm should aim to ahieve thefollowing two goals for eah treatment �eld α [17; 19℄:� Minimize the di�erenes |d s
α, i − dα| separately for eah fration i =

1, . . . , N , but allowing for the dose di�erene dpα, i − d r
α, i > 0 to be dis-tributed over the remaining frations when dpα, i − d r

α, i ≤ f dα.� Minimize the di�erene |Dα −
N
∑

i=1

d s
α, i|.5.2 Supervisory System DesignThis setion outlines the design of the new proton supervisory system high-lighting the exeution �ow the program will follow when performing its tasks.It is organized as follows; the setion begins with a disussion of the arhite-tural design of the system in setion 5.2.1. The top-level �ow of the protonsupervisory system is illustrated in Figure 5.4 and explained in setion 5.2.2showing the role played by the supervisory system in the proesses followedfor the proton treatment of a patient.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION465.2.1 Arhitetural DesignFigure 5.3 demonstrates the proposed arhitetural design of the system. Thesupervisory system appliation proess onsists of two loosely oupled mainthreads; the main program thread and the request handler thread. The mainprogram thread allows the intended users to interat with the system throughthe GUI, thus it provides most of the funtionality of the supervisory system.Con�guration of the Therapy Safety Bus is aomplished through the PCIinterfae and is handled by the main program thread. The system will alsoonsist of a MySQL database into whih the system users and their assoi-ated groups will be stored in order to provide user-based aess ontrol of thesystem. The proxy funtionality of the system will be handled by the requesthandler thread whih will publish RPC servies/methods that other systemsan aess remotely (e.g. �le transfer requests by SPG or PR systems). Con-�guration of other systems will be handled by the main program thread usingRPC through the network and transport layers. Lastly, to ahieve inter-threadommuniation, the system will employ global variables whih ould ontainshared data between the two main threads.5.2.2 Top Level Program FlowAs previously disussed in Chapter 2, proton therapy at iThemba LABS on-sists of �ve distint steps; alibration of the patient positioning system, dosime-try, treatment planning and preparation of the patient, treatment simulation,and treatment delivery to the patient. The following subsetions desribe theproton therapy treatment proess highlighting the proposed solution for thenew proton supervisory system in eah step.5.2.2.1 System CalibrationThe 200MeV beam is only available for proton therapy on Mondays and Fridaysfrom 08h00 to 17h00 and from 08h00 to 15h00 respetively. Thus Mondaysand Fridays onstitute treatment days for proton therapy. Every treatmentday, the CCD ameras of the SPG system are alibrated using a small alibra-tion ube on whih sides radiopaque and retrore�etive markers are attahed.Calibrating the SPG entails using this ube to determine the transformationmatrix between the oordinate system of the markers and that of the beam line.It is this transformation matrix that the X-Ray Imaging system (Portal Radio-graphi system) uses to hek whether the patient has moved out of positionso as to signal the SPG to stop the beam and/or position the patient orretly.This step of the proton therapy proess does not require any input fromthe supervisory system.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION475.2.2.2 DosimetryThis step involves daily onstany heks on the absolute alibration of the dosemonitors. The dose onstany should be ± 2%, and the alibration equipmentshould be positioned at the isoenter when the hek is performed. The datafrom the onstany hek inludes the temperature and pressure onditionsduring the hek, as well as the CVolt fators CV1 and CV2 , together withthe date and time when the onstany hek was performed, and the name andHPCSA registration number of the medial physiist who performed the hek.All these data is entered using either the Physis form/sreen (in Figure5.4 blok 10) or the Admin form (in Figure 5.5 bloks 12 to 15). The outputof the dosimetry step/proess is the dosimetry.sup �le whih is loaded by thesupervisory program after suessful login by a user (refer to Figure 5.4 blok3). No patient treatments are allowed if the dosimetry �le does not exist orfails to load or if the time elapsed sine the last onstany hek, as spei�edby the date and time in the dosimetry �le, is more than eight hours. Thisrestrition does not apply to treatment simulations.5.2.2.3 Treatment planning and preparation of patientTreatment planning and preparation starts when a patient has been aeptedfor proton therapy at iThemba LABS. A patient-spei� marker arrier is man-ufatured and �tted with radiopaque and retrore�etive markers. A sanningand planning shedule is agreed on and the patient undergoes CT sans. TheSPG-CT Sanner system identi�es the loation of the tumour with respetto the re�etive markers and ensures that the patient does not move out ofposition when the sans are being taken. The sans are then used by the treat-ment planning software to onstrut ubes (Houns�eld units) whih aid theonologist in delineating sensitive strutures as well as the target volume onthe images. After the radiation onologist has presribed the dose and fra-tionation, the planning radiographer plans treatment onforming the dose tothe target volume while limiting it to ritial strutures [10; 25℄.One the plan has been approved by the radiographer, medial physiistand onologist, ollimators are manufatured by in-house mehanial engi-neers. These ollimators are ylindrial bloks with the required apertureneeded to shape the beam for eah �eld in the treatment plan. Planning ra-diographer then goes on to reate light-slabs from the CT data using treatmentplanning software, whih will then be used to generate digitally reonstrutedradiographs (DRRs) by the X-Ray Imaging system during patient positioning.Also, administrative funtions and some of physis-related funtions ofthe supervisory system ould be inluded in this step sine they are part
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION48of treatment preparation. As seen from Figure 5.4, after a suessful loginby the user the program loads all initialization information from the �lesonfig.sup and dosimetry.sup and then exposes the user with the MainMenu where the user an hoose to view slave sreen for the SafetyInterlok System (SIS) (blok 12), perform administrative funtions(blok 13), perform physis funtions (bloks 8 to 11), simulate patienttreatment (blok 14), or to deliver atual treatment to the patient(blok 15). Config.sup �le ontains all the data needed for the initializationof the supervisory system, namely the IP addresses of the SPG system andthe x-ray imaging system, the treatment unit ontrolled by the supervisorysystem, and a list of strings that speify the radiation types and treatmenttehniques that are supported by the treatment unit. It also inludes the dosi-metri onstants: Γ, ∆tmin, ∆tsys, %∆AB, ∆minAB , Ḋnomref and Ḋmaxref for everyradiation type [5℄. To perform administrative funtions the user will seletblok 13. Aess to this option is only granted to users who belong to the ad-min group. These admin funtions inlude user administration tasks suh asadd, delete or edit users, updating or reating on�guration �les Config.supand Dosimetry.sup, as well as viewing treatment reords of existing patients(refer to Figure 5.5).Physis related funtions are only available to users in the physis or ad-ministrator groups. The following are available options;� Park Supervisory;� Enter or Update� Manual Con�guration.Under Park Supervisory, the user is allowed to on�gure TSB lines with-out going though the `normal' beam-on initialization steps followed during pa-tient treatment. Thus enabling this funtionality will ause the supervisorysystem to drop FC19 and Beam-On HOLD lines on the TSB as well as `pause'its monitoring funtion.Enter or Update Dosimetry.sup allows the physis user to input alibra-tion data for the DMC during the daily onstany hek. The name of themedial physiist inputting the data, as well as the date and time when the on-stany hek is being made, are reorded in the dosimetry.sup �le together withthe alibration data. This funtion is usually performed during the dosime-try step of the proton therapy proess (refer to setion 5.2.2.2). In ManualConfiguration, the medial physiist is given ontrol to set beam parametersso as to arry out physis experiments.It is in this step that medial physiists ondut sheduled heks of theproton therapy equipment to ensure that everything still funtions orretly.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION495.2.2.4 Treatment SimulationDuring treatment simulation radiation therapists simulate treatment to deideupon the optimal order of the treatment �elds, optimal hoie of amera om-binations for the SPG system, as well as optimal positions for the patient andtreatment hair assoiated with eah �eld. Treatment simulation also helpsunover any potential problems with the treatment plan whih will result inthe radiographer drawing up a new plan. This step also familiarizes the pa-tient with the treatment proedure and prepares them for atual treatment.When simulating treatment, the radiation therapist selets blok 14 fromthe Main Menu (Figure 5.4) of the supervisory system and is presented withthe simulation form (Figure 5.12). This sreen allows the user to enter apatient ID and plan number searh string whih prompts the program to loadrelevant patient plan and treatment reord �les. If the urrent simulation is the�rst for that patient the program reates the reord �le and initializes it withdata from the plan �le (Figure 5.12 bloks 3 to 7). However, if the reord �lealready exists, the supervisory program heks whether simulation has beenompleted for that patient. Simulation will have been ompleted if all �eldsunder fration 0 (the simulation fration) have been marked o� as omplete.The supervisory system then on�gures the SPG and X-Ray imaging systemsand then waits until the user indiates that simulation has been ompleted.The signal from the user auses the program to query the X-Ray imagingsystem for x-ray image �les that were used in positioning the patient. Thenames of the �les are reorded in the treatment reord �le, and the �les aresend to the Radiotherapy Database Server. The program returns to the start ofthe simulation blok to allow the user to simulate another patient's treatmentor to return to the Main Menu.5.2.2.5 Treatment DeliveryBefore atual treatment ommenses, medial physiists perform sheduledheks of proton therapy equipment (bite blok, ollimators, double-wedges,treatment hair, dose monitors, entire beam-line, and SPG's CCD ameras) to-gether with their ontrol software. They also monitor the beam pro�le (range,�atness and symmetry) and liase with aelerator engineers to adjust the beamuntil it is aeptable for treatment. The patient is then plaed onto the treat-ment hair and orretly positioned with respet to the isoenter with the aidof the SPG system. The therapist then selets the treatment blok in the MainMenu of the supervisory program (Figure 5.4 blok 15) to be presented withthe treatment sreen (Figure 5.6). The system reloads the Dosimetry.sup �leparsing it to hek when the last onstany hek was done on the �le. If morethan 8 hours have elapsed sine the last hek, the user is noti�ed and askedwhether they wish to ontinue with treatment regardless of the failed hek
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION50on the dosimetry �le. If the user wishes to ontinue, the system prompts forauthorization from a physiist by requiring a physiist's username and pass-word. If the redentials are approved, the inident is logged to the patientreord �le detailing the failed onstany hek and the physiist's approval tostill ontinue with treatment (name and sta� ID will be logged next to theinident). Program exeusion then proeeds to Figure 5.6 blok 7, same as ifthe last onstany hek was performed not more than 8 hours ago (i.e. thehek sueeded). The user is then allowed to selet and administer a spei�treatment �eld from the patient treatment plan. This step is reahed if thereis an inomplete fration available, and the user is only allowed to selet a �eld
α for whih Fα,i = 0 (refer to Addendum A). When a �eld has been seletedthe program displays all its parameters to the user and then proeeds to thebaroding setion where it allows the user to verify that all equipment neededfor that partiular �eld are available and are the orret ones being used fortreatment. This is done by displaying names of all required equipment withunmarked hek-boxes next to them. The user is then prompted to san-inbarodes of eah equipment. A hek mark is made on a hek-box next toevery suessfully sanned equipment. The program waits until all requiredequipment have been sanned before proeeding to the �eld delivery loop. The�eld delivery loop implements the ore funtinality of the proton supervisorysystem. It implements the dose algorithm whih guarantees that only theplanned dose as indiated in the treatment plan �le is administered to thepatient by properly handling dose overruns that may our during sessions,as well as reording eah and every dose that is delivered to the patient, evenduring treatment failures.After the baroding blok (Figure 5.6 blok 19), the program loads thefollowing dosimetri quantities from the treatment reord and/or treatmentplan �les: preset dose, presribed dose per fration, delivered doseand umulative dose (if they are not already loaded). On entering the �elddelivery loop, these quantities are ompared against eah other to determinethe appropriate exeusion �ow that the program needs to take. The followingoptions are available [20℄: If,� (DeliveredDose > PresetDose and currentfraction = lastfraction)OR DeliveredDose = PresetDose: The program inrements the umu-lative dose with delivered dose, delares the �eld omplete and exits totreatment blok so that user an selet another �eld or an return to themain menu.� (DeliveredDose > PresetDose and currentfraction 6= lastfraction):The program inrements the umulative dose with delivered dose. Itthen prompts the user to determine if to distribute overrun evenly overremaining frations or just the next fration. If user wishes to `arryover' the di�erene to the next fration, then the program redues the
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION51preset dose for same �eld in next fration with overrun, and delares �eldompleted. Otherwise, it divides the overrun by the number of remainingfrations and redues that number from the preset doses of eah of theremaining frations.� (DeliveredDose ≪ PresetDose): The program inrements the umu-lative dose with delivered dose, derements preset dose with delivereddose, sets delivered dose to zero, and delares the �eld inomplete. Itthen prompts the user whether to readminister the �eld.� (DeliveredDose < PresetDose and currentfraction = lastfraction):If di�erene between delivered dose and preset dose is greater than
Gy/100 (i.e. 100th of a Gray), then it is handled similar to the deliveredDose
≪ presetDose ondition, otherwise if the di�erene is less than 100thof a Gray then the program inrements umulative dose with delivereddose, noti�es the user about the negligible di�erene, delares the �eldomplete, and exits to treatment blok.� (DeliveredDose < PresetDose) and (currentfraction 6= lastfraction):The program asks the user whether to ontinue with the �eld or todistribute the di�erene over ramaining frations. If the user wishesto ontinue with �eld then it is handled same as the delivereddose ≪
presetdose ondition above, otherwise if user wishes to distribute the dif-ferene, then program inrements umulative dose and inreases presetdoses of the same �eld in remaining frations with the di�erene (under-run) divided by number of remaining frations. It then delares the �eldomplete and exits to the treatment blok.� DeliveredDose = 0: If expeted dose overrun (due to delay taken by thebeam-stopping devies to stop the beam after beam stop signal has beenissued) was not taken into aount in the treatment plan, then program�rst redues the preset dose with the expeted overrun before enteringthe Irradiation Blok (Figure 5.7 blok 22 and Figure 5.8), otherwise itsimply enters the irradiation blok and administers treatment.The irradiation blok (Figure 5.8) is where the atual irradiation of thepatient ours. The program only gets to exeute this blok if and only ifthe delivered dose parameter in the program memory is set to zero (for thatpartiular treatment session). Being a ritial setion of the program, the �rstthing that the program does when entering this blok is initialize the failurebit/objet and keep updating it whenever the program performs a distin-tive task so that when a failure ours it is easy to reover from, as it will beknown exatly what the program was doing before it failed. After initializingthe failure objet, the program then on�gures other subsystems of the Pro-ton Therapy Control System and on�rms that the patient has been orretly
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION52positioned by the Patient Positioning System (refer to System Con�gurationand Patient Positioning Loop Figure 5.8 blok 2 and Figure 5.9). If the on-�guration was suessful, the user is noti�ed that all systems are READY toSTART TREATMENT. The program then enters into an ative busy wait-ing stage of ontinuously heking if the Beam ON ondition has ourred ornot, at the same time patting the wathdog (whih is initialized in the Sys-tems Con�guration and Patient Positioning Loop) so that it doesn't time out.When the Beam ON ondition has been met (i.e. Beam OFF signal low) thenthe program keeps on patting the wathdog while busy polling the Beam OFFsignal to see if it has been raised or not.When the Beam OFF ondition is met (i.e. Beam OFF signal high), the super-visory program �rst heks for hardware failures to determine what stoppedthe beam (see Figure 5.8 blok 8 and Figure 5.11) and then attempts to readbak the delivered dose from the DMC. If the program fails to read bak thedose (e.g. if the DMC has failed or there is a ommuniation failure), the useris prompted to provide the delivered dose as read from the mehanial oun-ters of the DMC (both monitor A and B). The program then ompares thevalues from the two dose monitors (see Figure 5.8 blok 12) and if monitor Ais slightly greater than or equal to monitor B then the value for the delivereddose is taken as monitor A reading, otherwise (i.e. monitor B is greater thanA) the user is informed that monitor B has overrun monitor A and is askedwhih reading should be taken as the approximate value for the delivered dose.The program then updates the delivered dose parameter in the program mem-ory and ommits the hanges to disk (i.e. writes to the treatment reord �le,�ushes bu�ers and loses the �le handle). The program then lears the failureobjet before exiting the irradiation blok bak to the start of the �eld deliveryloop to hek how the delivered dose ompares to the preset dose in order todetermine if the �eld has been ompleted or not.The systems on�guration and patient positioning is where the patientpositioning system (SPG and X-Ray imaging systems) is on�gured (sent on-�guration parameters). The program waits until it reeives a signal from theX-Ray imaging system indiating that the patient has been plaed in posi-tion, or until a timeout ours (if there is a ommuniation failure betweenthe Supervisory system and the X-Ray imaging System). If a timeout ours,or the patient is not properly positioned, the supervisory system noti�es theuser and prompts if they wish to reposition (see Figure 5.9 bloks 1 to 5).The program exits to the treatment blok with a patient positioning failureif the patient is not in position and the user does not wish to reposition thepatient. If however, the patient has been properly positioned, as indiated bythe signal from the X-Ray imaging system, the supervisory system programthen queries the X-Ray imaging system for the �nal x-ray image �les usedwhen positioning the patient. After suessfully retrieving and reording thex-ray image �les, the program on�gures all other remaining subsystems of the
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION53Proton Therapy Control System, namely the DMC, BSC, EDC and the TSB,as well as starting the wathdog timer (see Figure 5.9 blok 7 and Figure 5.10).After all systems have been suessfully on�gured, the program then en-ters the wathdog setion. This is the setion entered into by the programafter suessfully starting the wathdog timer to when the timer is intention-ally allowed to timeout and the wathdog objet leared from the programmemory. It is the responsibility of the supervisory system to satisfy or patthe wathdog during this setion so that a wathdog timeout an quikly alertthe user that the supervisory system has failed thus rendering it inapable ofperforming its task, before or during irradiation. After on�guring systemsand patting the wathdog, the program double-heks that all systems are stillfuntional before irradiation an start. This is done by heking if any of theon�gured systems experiened a hardware failure, as indiated by the SABUSOK line (see Figure 5.11). Similarly, after irradiation, when the Beam OFFsignal goes high, the program heks if it was a hardware failure of anothersystem that stopped the beam, and reords that information in the treatmentreord �le. Under normal operational modes, any subsystem of the protontherapy ontrol system should drop the SABUS OK TSB line when it inursa hardware failure. Thus a dropped SABUS OK line is an indiation thatone or more of the ontrol subsystems experiened a hardware failure. To de-termine whih subsystem(s) failed, the supervisory system individually pokesevery system (i.e. DMC, EDC and BSC) and updates its failure objet a-ordingly. The poke ommand is a simple RPC all whih works more like thetraditional PING ommand. After poking all relevent systems and updatingthe failure objet, the program exits to the treatment blok if the hardwarefailure(s) ourred before irradiation, otherwise it noti�es the user and thenreturns to the alling environment. This is beause if a hardware failure oursbefore irradiation, treatment is prohibited, hene why the program exits witha hardware failure result to the treatment blok. On the other hand, if thefailure ourred during treatment and thus aused the beam to be swithedo�, the program determines what aused the failure, noti�es the user, reordsthe inidene, and then attempts to read the delivered dose from the DMCwhih is why it returns to its alling environment. If no hardware failuresourred, the program on�rms that the patient is still in position before re-turning to the irradiation blok and proeeding with treatment. However, ifthe patient is no longer in position, it stops the wathdog and prompts theuser whether to reposition. The program then loops to the start of the systemson�guration and patient positioning loop if a positive response is issued bythe user, otherwise it exits to the treatment blok with a patient positioningfailure. The systems onfiguration blok deals with the on�guration thatthe supervisory system performs to eah and every other subsystem of theProton Therapy Control System that should be on�gured before treatment.The order followed when on�guring systems is to �rst on�gure those systems
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION54involved in beam alignment and steering (BSC, and EDC) then move on tothe DMC and end with the TSB before starting up the wathdog timer. Allon�guration is done through RPC alls to the spei� system with on�gura-tion data sent as strutures with appropriate attributes. When in this blok,the program �rst sends the required on�guration data to the BSC and waitsfor an aknowlegdement of reeipt. If a timeout ours or the BSC sends anegative response, the program attempts reon�guration for atleast two timesbefore notifying the user. The user is then prompted whether to reon�gurethe system or to exit to the treatment blok with a BSC on�guration failure.Only after the BSC has been suessfully on�gured will the program proeedto on�gure the EDC. The same on�guration proess follows and the pro-gram exits to the treatment blok with an EDC on�guration failure if it isunable to suessfully on�gure the EDC. Suessful on�guration of the EDCallows the program to then proeed to DMC on�guration proess. Similary,the same on�guration proess applies (just like for BSC or EDC) and the pro-gram exits to the treatment blok with a DMC on�guration failure if unableto on�gure the DMC. It then raises the SS OK line on the TSB signalling thatit has suessfully on�gured other systems and is ready to supervise patienttreatment. Repeated failures to raise the SS OK line ause the program to exitto the treatment blok with a TSB Con�guration failure. As the last ationbefore exiting the systems on�guration blok and returning to the systemson�guration and patient positioning loop the program starts up the wathdogtimer and thus enters the wathdog setion.Upon exiting the �eld delivery loop, the program heks to see if any failuresourred while in the delivery loop and if so, it summons the failure reoveryblok (setion 5.2.2.6). If there are inomplete �elds available the programinforms the user and waits for the user to selet another �eld to administer, orif the user wishes so, to return to the start of the treatment blok. If all �eldshave been ompleted, the program delares that fration omplete, noti�es theuser, and returns to the start of the treatment blok.5.2.2.6 Error HandlingNumerous errors and failures an our during treatment delivery to the pa-tient and it is the responsibility of the supervisory system to aurately reordsuh failures and graefully reover from them. Failures of interest inlude[20℄:� Con�guration failures that prevent irradiation from ommening sineone or more systems annot be orretly set up;� Hardware failures (power failure or hardware malfuntion e.t. ) that anour after systems have been on�gured, but before irradiation starts;
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION55� Hardware failures that an our to other systems during irradiation(treatment delivery);� Power failure of the supervisory system during Beam ON ondition i.e. af-ter all systems have been properly on�gured and irradiation has started(BEAM OFF signal went low);If a power failure (of the supervisory system), or any unhandled failure,ourred in the previous exeution of the program when treating a ertainpatient, it will be piked up in the treatment reord of that partiular patientthrough the unhandled failure �ag (see Figure 5.6 blok 13). The �ag will alsohighlight the ause of the failure by stating what the program was doing whenthe failure ourred. Before attempting another session, the program noti�esthe liniian about the unhandled failure, and if irradiation had started whenthe failure ourred, it prompts the user to enter the delivered dose as readfrom the mehanial ounters of the DMC. However, if a failure ours undernormal exeution of the program, suh as when on�guring systems, or one ofthe systems experienes a hardware failure, the program quits the �eld deliveryloop and jumps to bloks 21 and 22 of Figure 5.6. Similarly, if irradiation hadstarted when the failure ourred, it prompts the user to enter the delivereddose as read from the mehanial ounters of the DMC, otherwise it simplynoti�es the user about the failure, reads the delivered dose from the DMCand reords the inident in the patient treatment reord �le. The ability toreover from failures relies on the reation and proper updating of the failureobjet parameter as well as timely updating of the patient reord �le. Thus itis of paramount importane that all �le-write bu�ers are timeously �ushed toommit every hange to disk.5.3 Supervisory System ImplementationThis setion desribes how the software system was developed starting withthe development methodology followed in setion 5.3.1. Setion 5.3.2 disussesthe hoie of programming language used as well as the development hard-ware for the system. Being a �le-intensive system, setion 5.3.3 highlights theBoost.Spirit template metaprogramming tehniques adopted for parsing thenumerous �les used by the supervisory system. The setion ends with a dis-ussion of the low-level module of the system whih interfaes to the TherapySafety Bus through an 848C Eagle Tehnology PCI ard.5.3.1 MethodologyEXtremeProgramming (XP) agile software development methodology was fol-lowed when implementing the supervisory system. XP was hosen beause ofits rih praties and approahes to reliable and robust software development,
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION56and beause it is the most heavily doumented, tried and tested agile method-ology in software development. In [26℄ Abrahamsson et. al desribe agilemethodologies as software development approahes that are �exible, adaptableand allow developers to make late hanges in the spei�ations, hene makingthe requirements of the software projet not to be loked-in and frozen beforethe design and software development ommenes. They (Abrahamsson et al)also identify foal values honored by all agile methodologies as;� Individuals and interations over proesses and tools� Working software over omprehensive doumentation� Customer ollaboration over ontrat negotiation� Responding to hange over following a planIt is these entral values, whih aommodate the volatility and ompeti-tiveness of today's business ommunity, that no doubt have put agile methodsin the forefront of software development approahes, and that have invariablyled us to the hoie of XP as our preferred software development approah.Figure 5.13 depits the life-yle of the XP proess [26℄ and how it was appliedin implementing the supervisory system.

 Figure 5.13: Software Development Methodology
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION57In the Exploration Phase, the tools, tehnologies and praties to beemployed in developing the projet, were studied while at the same time userswrote out `story ards' ontaining the features they wished to be inluded inthe �rst release. The tools and tehnologies that were proposed to be usedinluded;� Qt4 C++ for GUI programming.� Qt Creator IDE for development and Unit tests.� Barode Sanner.� RPC method invoation. (with possible upgrade to other tehnologiessuh as RMI, SOAP, CORBA, e.t.)� Eagle Tehnologies 848C PCI DAQ ard.� SABUSIn the Planning Phase, an agreement of the ontents of the �rst releasewas made, and the priority order for the user stories were set. The storieswhih enfored building the overall struture for the whole system were se-leted to form the ontents of the �rst release.It is in the Iterations to Release Phase, where the system underwentseveral iterations before the �rst release. These iterations were determinedfrom the stories' priority order set in the Planning Phase. The funtional testsreated by the ustomer (or users) were then run at the end of every iteration.Eventhough the Supervisory System was to be implemented in three phases,eah phase was implemented in inrements whih allowed early testing anddebugging before the system beame too omplex.At the Produtionizing Phase, extra testing and performane analysiswas arried out before the system ould be delivered to the users.In the Maintenane Phase, more e�ort was on ustomer/user supporttasks as well as some orretive and preventive maintenane on the system.The Death Phase will be arhived when the system meets all the fun-tional requirements set in the Planning phase and it's operation is satisfatoryto the users in all respets (suh as performane and reliability). The XPpraties that were employed in this projet inlude [21; 26℄;� Tatial Planning Game (between developer and users)� Small/Short Releases
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION58� Simple Design� Exhaustive Testing (Test-�rst pratie)� Refatoring� Relentless Integration� On-site Customer/User� Coding Standards� And, a 40-hour Working Week5.3.2 Development hardware and softwareThe system was developed on an Intel Core 2 Quad Q9000 series desktopPC with four proessing ores that an ahieve up to 12MB of L2 ahe and1333MHz Front Side Bus [27℄. The desktop PC also had 2x 2GB of RAMand an Intel PRO/1000 GT Desktop Adaptor NIC for fast and reliable net-work onnetivity. Due to the non-funtional requirement of using a Linuxoperating system for development, the supervisory system was developed onSienti� Linux 5.5 running kernel 2.6.18. Qt-Creator 1.3.1 based on Qt 4.6.2was the IDE of hoie for all the programming work, with C++ and C asprogramming languages. A Zebex Z-3010/USB barode sanner was used inidentifying treatment equipment so as to minimize the possibility of human er-ror during the treatment proess, while attribute-based aess ontrol for userswas a�orded through the use of an internal MySQL database, version 14.22distribution 5.0.77. Lastly, the system used an Eagle Tehnology 848C PCIard in order to interfae to the ustom-made TSB-Simulation rig disussed inhapter 4.5.3.3 Template Metaprogramming tehniques for �leparsingThe supervisory system employed Boost.Spirit libraries to develop generiparsers for reading in all the di�erent �les used by the system."Boost Spirit is an objet-oriented, reursive-desent parser andoutput generation library for C++. It allows you to write gram-mars and format desriptions using a format similar to ExtendedBakus Naur Form (EBNF) diretly in C++. These inline gram-mar spei�ations an mix freely with other C++ ode and, thanksto the generative power of C++ templates, are immediately exe-utable. In retrospet, onventional ompiler-ompilers or parser-generators have to perform an additional translation step from thesoure EBNF ode to C or C++ ode." [28℄
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION59This means that using Spirit, one is able to reate parser grammars by spei-fying required tokens used for parsing using C++ templates, thus generatinggeneri parsers that an handle di�erent data types without reompilation ofthe soure ode.Below is a snippet of the onfig.sup �le parser whih reads in the �le fromdisk and stores it as attribute-value pairs in a map data struure in programmemory.
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

. . .namespae parsers{ namespae qi = boost::spirit::qi;namespae asii = boost::spirit::asii;typedef std::multimap<std::string,std::string> pairs_type;using qi::lit;using asii::har_;using qi::eol;///////////////////////////////////////////////////////////////// Our Supervisory Con�guration �le (Con�g.sup) parser///////////////////////////////////////////////////////////////template <typename Iterator>strut on�g : qi::grammar<Iterator, pairs_type()>{ on�g() : on�g::base_type(on�gStart){on�gStart % = on�gPair >> ∗(+eol >> on�gPair);on�gPair % = on�gKey >> −(−lit(`=') >> on�gValue);on�gKey % = ∗(har_ − (+lit(`=') | +eol));on�gValue % = +(har_ − eol);}qi::rule<Iterator, pairs_type()> on�gStart;qi::rule<Iterator, std::pair<std::string, std::string>()> on�gPair;qi::rule<Iterator, std::string()> on�gKey, on�gValue;};}
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION60
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−The program de�nes a namespae alled parsers whih ontains the di�er-ent parsers for eah spei� �le used by the supervisory system. The parserillustrated is for the on�guration �le onfig.sup whih stores all the ini-tialization information needed by the supervisory program. Using EBNF, theabove grammer an simply be translated into;on�gStart ::= on�gPair (endO�ineCharater+ on�gPair)∗;on�gPair ::= on�gKey − (−(`=') on�gValue);on�gKey ::= (har_ − ((`=')+ / endO�ineCharater+))∗;on�gValue ::= (har_ − endO�ineCharater)+;Where ∗, +, − and / are the regular-expression Kleene star, plus, di�ereneand alternatives operators respetively. Note that Spirit.Qi uses pre�x star andplus operators sine there is no post�x star or plus in C++. The Kleene star,plus, di�erene and alternatives operators are de�ned as;a∗ = Math zero or more of a.a+ = Math one or more of a.a − b = Math a but not b.a / b = Try to math a. If a sueeds, suess, otherwise try to math b.

AFigure 5.14: Kleene StarIt follows therefore that the parser simply parses the onfig.sup �le oneline at a time forming attribute-value pairs from strings before and after the`=' regular expression, and storing the result into a multimap data strutureof strings.
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CHAPTER 5. SUPERVISORY SYSTEM DESIGN AND IMPLEMENTATION61

AFigure 5.15: Plus operator

A

BFigure 5.16: Alternatives - Ordered Choie
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Chapter 6Experimental ResultsThis hapter is about the tests onduted and results obtained in determiningwhether the developed supervisory system meets its intended objetives. Itbegins with setion 6 whih desribes the funtional tests onduted and theresults obtained. Setion 6 ends the hapter with a disussion of some of thenon-funtional tests arried out on the system.Funtional TestsCommuniation with other subsystemsThese tests represent both unit and beta (integration) testing of the supervi-sory system against its funtional requirements. The tests were onduted atthe omponent level using the �happy path" (inputs within expeted range)and �unhappy path" style of testing. Sine the development of most of the sub-systems forming the new Proton Therapy Control System is still underway, thebenh testing methodology was followed. That is to say, all tests desribed inthis hapter were arried out with emulator systems whose interfaes mimikedthose of atual systems urrently under development. This means that RPCserver programs with well-de�ned methods/funtions that ould be remotelyinvoked were developed to simulate eah of all systems to be on�gured by thesupervisory system through the PT1 subnet. These programs were launhedon a separate PC from the one hosting the supervisory system, but in thesame network so as to provide idential network ommuniations with thoseexpeted for the atual systems. In the ase of the SPG and PR (x-ray) em-ulators, �le request modules were implemented to simulate atual �le requestommands expeted from suh systems, and to test the proxy funtionality ofthe supervisory system.Figure 6.1 illustrates the test setup onsisting of a Sureom EP-808X 8port 10/100M Ethernet Mini Swith, supervisory system omputer, and thetest omputer hosting the simulation programs. Eah system is represented by62
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CHAPTER 6. EXPERIMENTAL RESULTS 63
Supervisory System PC

196.124.16.180

Test System PC
196.124.16.182

Switch

SPG
PR(x-ray)
DMC
EDC
BSC
Database serverFigure 6.1: Simple Test setupa unique proess running on the test PC with a unique RPC program number.Figure 6.2 shows some of the on�guration information send by the supervisorysystem to respetive systems to be on�gured. A ustom strut datastrutureis used to hold the on�guration information send by the supervisory systemto eah and every subsystem while a simple return string is expeted from allsubsystems to indiate whether the on�guration was suessful or not.To test how the supervisory system reated to network failures amid on�gu-ration or �le transfer requests, the network able was intentionally removed for15 seonds during a �le transfer between the supervisory system and the testSPG system, and then inserted bak into the NIC of the supervisory PC. Aswas expeted, after the program deteted the network failure, it waited for 5seonds before attempting to resend the �le. If no response was reeived in thefollowing 5 seonds, the program displayed a network failure error messageto the user notifying him or her of the inidene. The tests were repeatedfor time periods less than 10 seonds whereby the user did not reeive anyerror noti�ations sine the program issued resubmissions whih went throughsuessfully, and for time periods more than 10 seonds whih resulted in theprogram terminating the transfer and notifying the user of the failure.Communiation with the database server (datastore) onsisted of �le trans-fers to and from a remote diretory struture. This is beause implementationdetails of the database server have not been fully spei�ed as suh a remotediretory struture has been assumed. The module responsible for suh om-muniation was well designed as an independent blak-box subsystem thatould easily be replaed while still maintaining the overall funtionality of thesupervisory system. It onsists of one main method/funtion that takes asinputs, a pointer to the database server's RPC handle, the name of the �le,and a string speifying whether to retrieve or store the �le. The method thenreturns a string detailing the transfer result. Figure 6.3 outlines the algorithmadopted when transferring �les between systems. It onsists of three distintsteps;1: The lient queries the server if the spei�ed �le is available. The �le
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CHAPTER 6. EXPERIMENTAL RESULTS 64
Supervisory System PC

struct SPGConfig{
     IP_PR : char*
     IP_SUP : char*
     PatientID : char*
     PlanNumber : int
     BeamNumber : int
}

SPG System

SPGConfigResult : char*

Supervisory System PC

struct PRConfig{
     IP_SPG : char*
     IP_SUP : char*
     PatientID : char*
     PlanNumber : int
     BeamNumber : int
     CubeNumber  : int
     MarkerCarrierID  : int
}

PR System

PRConfigResult : char*

Supervisory System PC

struct DMCConfig{
     PresetTime : double
     PresetDose : double
     MaxDoseRate : double
     CVolt1 : double
     CVolt2 : double
}

DMC System

SPGConfigResult : char*

Supervisory System PC

struct EDCConfig{
     BeamType : char*
     BeamNumber : int
     SOBPWidth : int
     BeamRange : int
}

EDC/BSC System

EDCConfigResult : char*

SPG Configuration PR Configuration

DMC Configuration BSC and EDC ConfigurationFigure 6.2: Systems Con�guration dataname is send as input to the server.2: The server responds by sending a �le header datastruture onsisting ofthe following information: the name of the �le being queried, an MD5heksum of the �le, a timestamp value of the time and date the �le waslast modi�ed, an integer speifying the size of the �le, and a �le-exists�ag whih is set to 1 if the �le exists or 0 if not. If the �le does notexist on the server then only the �ag and the �lename parameters areset. Other parameters are left as null values.3: If the �le-exist �ag was raised in the header struture, the atual �letransfer begins. The transfer onsists of the lient and server exhanginghunks of data onstituting the �le. The data is organised into a �leBodydatastruture omprising of a variable size data blok of up to 10Megabytes if large image �les are being exhanged, the number of bytes sendin that partiular hunk, and the position in the �le where the data waslast read from or written to.All �le transfers between the supervisory system and the datastore serverwere suessful when tested with di�erent kinds of �les, from text �les to image�les as well as ompressed �les.
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Supervisory System

     fileName : char*

 Datastore

struct xdr_FileHeader{
     fileName : char*
     timeStamp : char*
     checksum : char*
     fileExists : int
     fileSize : int
}

1.

2.

3. if (fileExists && !EOF){

struct xdr_FileBody{
     data : char*
      pos : int
     byteLength : int
}

}Figure 6.3: File Transfer AlgorithmFile Transfer ProxyWhen ating as a proxy between other systems and the datastore, the super-visory system performs a dual role of being a server (to other systems) and alient (to the datastore). The proxy algorithm works as follows:1: The lient queries the supervisory system if the spei�ed �le is available.The �le name is send as input to the supervisory system.2: The supervisory program queries the datastore whether the requested �leis available. The server responds by sending a �le header datastrutureonsisting of the name of the �le being queried, an MD5 heksum of the�le, a timestamp value of the time and date the �le was last modi�ed, aninteger speifying the size of the �le, and a �le-exists �ag whih is set to1 if the �le exists or 0 if not. If the �le does not exist on the server thenonly the �ag and the �lename parameters are set. Other parameters areleft as null values.3: The supervisory system forwards the header struture to the allinglient.4: If the �le-exist �ag was raised in the header struture, the atual �letransfer begins. The transfer onsists of the lient, the supervisory sys-tem and datastore server exhanging the �leBody datastruture ompris-ing of a variable size data blok of up to 10Mega bytes if large image �les
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CHAPTER 6. EXPERIMENTAL RESULTS 66are being exhanged, the number of bytes send in that partiular hunk,and the position in the �le where the data was last read from or writtento. The role of the supervisory system in this step is to reeive and for-ward the �le-body struture between the datastore and the requestinglient program.File transfers between the lient program (SPG or PR), supervisory systemand the datastore server were suessful when tested with di�erent kinds of�les, from text �les to image �les as well as ompressed �les.Attribute-based Aess-ontrolThe program has an internal MySQL database of all registered users to begranted aess to the system. Eah user has a unique username and passwordused to gain aess to the system. The users have also been grouped intodi�erent groups, lini, physis and admin, whih determine what views andfuntionality of the system they an aess.When a user logs into the system, the program runs a hek on the providedusername and password against the entire database. If a math is found, theprogram retrieves the group ID assoiated with that user and then loads theappropriate view/display for that group. Di�erent users registered under allgroups were used to test the attribute-view funtionality of the supervisorysystem with suessful results.Use of barode sannerThe Zebex Z-3010USB barode sanner used to test the system was also asimple devie to interfae to. This is beause the sanner inputs data to thesystem as if it were a omputer keyboard. Thus if an input widget is high-lighted on the program's display and a barode is sanned, the text-equivalentof that barode is immediately entered into the widget as if the input amefrom a omputer keyboard devie. Blok 19 of Figure 5.6 represents the bar-oding setion of the program. A list of patient-spei� treatment equipmentwith hek-boxes next to them is displayed to the user. At the top enter ofthe display window is a tiny text-edit widget whih is highlighted immediatelyafter the dialog box is presented to the user. As the user sans the treatmentequipment being used, the text representation of the barode is inputted intothe text-edit wigdet as if it were being typed-in through a omputer keyboard.Using Qt's signals and slots mehanism, the program takes the string repre-sentation of the barode from the text-edit widget (after the hasChanged �agof the text-edit item has been raised) and ompares it with barode strings ofequipment to be used when treating that spei� patient, whih were parsed
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CHAPTER 6. EXPERIMENTAL RESULTS 67into program memory from the treatment plan �le. If a math is found, theprogram plaes a hek on the hek-box next to that devie on the display.The baroding setion is ompleted only when all devies on the display listhave been heked out, or the user deides to quit the program thus terminat-ing treatment and returning to the Main Menu.Proper use of the barode sanner was tested with ustom-made barodestrings that represented di�erent patient-spei� devies to be used duringpatient treatment. The strings were stored in the patient treatment reord �lewhih was then parsed into program memory during treatment test proedure.Only after sanning all required equipment did the program allow the user toontinue with patient treatment.Eletronially Interloked with entire Proton TherapyControl SystemProper support of the TSB simulator rig demonstrates that the supervisorysystem is eletronially interloked with the rest of the proton ontrol system.When onduting the test proedure for patient treatment, the following lineswere properly raised;TSB Line Raised/Droppen when?SS OK Raised after properly on�guring other sub-systems. Blok 10 of Figure 5.10.SABUS OK Dropped at any time if the system inursa hardware failure after the wathdog timerhas been started during treatment i.e. any-where between bloks 2 and 9 of Figure 5.8.Table 6.1: TSB Lines ontrolled by the supervisory systemThe SS OK line was properly raised during normal program exeution whenarrying out the test proedure. To test funtionality of the SABUS OK line,the system was intentionally powered o� during treatment proedure after thewathdog timer had been started. This aused the program to stop pattingthe wathdog thus ausing it to time-out, whih then dropped the SABUS OKline.Non-Funtional TestsAs was required, the system has been implemented using Qt C++ widget sets,and uses the PCI tehnology to intefae to the Therapy Safety Bus. The pro-
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CHAPTER 6. EXPERIMENTAL RESULTS 68gram also uses the Sun-RPC lient-server model to on�gure other subsystemsof the Proton Control System. Also, due to the intensive failure reovery mea-sures inherent in the system's design, the reliability and dependability of thesystem an be well assumed eventhough it is only time and proper testing thatan rightly determine suh qualities for a system.
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Chapter 7ConlusionThe �rst version of the proton therapy supervisory system for iThemba LABShas been designed, implemented and tested with ustom-made dummy systemsrepresenting the Proton Control System. The implemented system has beenshown to meet some of its requirements of oordinating and on�guring allother systems with beam parameters and treatment information needed toensure a orret and safe irradiation of a patient during treatment. Also, ithas been outlined how the system ollets, reords and veri�es all the neessarytreatment information after any suessful or otherwise irradiation session, andhow it ats as a gateway/proxy between all other subsystems of the protontherapy ontrol system and the radiotherapy data-store server.Reommendations for Future WorkHowever satisfatory the urrent version of the supervisory system may be,there is still more work to be done before the system an be onsidered om-plete and ready for patient use.Firstly, the urrent version still does not entirely support the proposeddose algorithm. Currently, the program an only inrement or derement thepreset dose of the same �eld in the next fration if there was a dose overrunor under-dose during treatment delivery. Thus the urrent version does notsupport bloks 7 and 18 of Figure 5.7 (Field Delivery loop). To support suhfuntionality would require the program to loop through all remaining frationsloating the same �eld as the urrent one been delivered, and updating thepreset dose parameter aordingly. The solution is, in priniple quite simplethough it depends on the struture and format of the treatment reord �le.The urrent format of the treatment reord is a simple list of attribute-valuepairs whih are parsed into a multimap datastruture in program memory.Iterating through suh a datastruture and easily loating separate frationsand orresponding �elds is not as intuitive as it should be. Thus the format69
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CHAPTER 7. CONCLUSION 70of the treatment reord �le needs to be looked into and designed to make iteasy to parse into a ustom-made memory objet whih an seamlessly beiterated over to loate separate frations and �elds. One format that ouldbe employed is the eXtensible Mark-up Language (XML) format. Using thisformat the treatment reord would be organized into XML tags or elementsrepresenting di�erent parameters of the treatment reord �le, with assoiatedvalues. Suh a format would be well-formed hene it would be easy to parsethe reord into a user-de�ned objet belonging to a well-de�ned lass thatould easily be iterated over. Developing a Boost.Spirit parser for an XMLdoument should also prove to be quite simple due to the well-formed natureof XML and extensive doumentation and support provided by Boost.
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Addendum A
Use of RPC Communiation by the SupervisorySystemRPC (Remote Proedure Call) is a powerful tehnique for onstruting dis-tributed, lient-server based appliations. With RPC, the alled proedureneed not exist in the same address spae as the alling proedure. The twoproesses may be on the same system, or they may be on di�erent systems ina network.RPC makes the lient/server model of omputing more powerful and easierto program sine it adopts the notion of onventional proedure alls, andhides the omplex part of distributed ommuniation from the programmer(this applies if the programmer employs the high-level RPC interfae and notthe detailed low-level interfae).Just like in a funtion all, when an RPC is made, the alling arguments arepassed to the remote proedure and the lient bloks, waiting for a response tobe returned from the remote proedure. When the request arrives, the serveralls a dispath routine that performs the requested servie, and sends the replyto the lient. After the RPC all is ompleted, the lient program ontinues.The following piees of ode demonstrate use of RPC by the supervisory systemwhen on�guring the dummy DMC system.Shared Data Set#ifndef SSSHAREDDATA_H#define SSSHAREDDATA_H#define SPGSERVER_NUM 0x31234568#define SPGSERVER_VERSION 1#define PRSERVER_NUM 0x31234566#define PRSERVER_VERSION 1#define DMCSERVER_NUM 0x31234565#define DMCSERVER_VERSION 1 74
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ADDENDUM A 75#define SERVER_NUM 0x31234567#define SERVER_VERSION 1#define DBSERVER_NUM 0x31234569#define DBSERVER_VERSION 1#define SWITCH 1#define IMP_FILE 3#define LIST_FILES 31#define LIST_FILES_SIZES 32#define IMP_FILE_CONT 33#define EXP_FILE 4#define DEL_FILE 5#define GET_CONFIG 6#define SET_CONFIG 7#define LOCK 8#define UNLOCK 9#define SPGSENDCONFIG 10#define SPGGETCONFIG 101#define PRSENDCONFIG 11#define PRGETCONFIG 111#define DMCSENDCONFIG 12#define MONITORA 21#define MONITORB 22#define INCVOLT 23#define INCVOLT2 24#define INSETDOSE 25#define INSETTIME 26#define INMAXRATE 27#define INDOSD 28#define CONTES 29#define CONSTOPONA 30#define CONSTOPONB 230#define OUTCVOLT 231#define OUTCVOLT2 241#define OUTSETDOSE 251#define OUTFCDOSE1 252#define OUTFCDOSE2 253#define OUTDOSE1 254#define OUTDOSE2 255#define OUTSETTIME 261#define OUTMAXRATE 271#define OUTMAXARATE 272
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ADDENDUM A 76#define OUTMAXBRATE 273#define OUTARATE 274#define OUTBRATE 275#define OUTDOSD 281#define EXIT 100#define STATUS 411#define ONE_MEG 1048576#define TEN_MEG 10485760#inlude <iostream>#inlude <QString>#inlude <QDateTime>#inlude <QCryptographiHash>#inlude <sys/stat.h>#inlude <sys/soket.h>#inlude <netinet/in.h>#inlude <netinet/tp.h>#inlude <rp/rp.h>#inlude <unistd.h>#inlude <time.h>#inlude <iomanip>using namespae std;strut SPGConfig {har* IPSUP;har* IPPR;har* patientID;int planNum;int beamNum;};typedef strut SPGConfig SPGConfig;strut PRConfig{har *IPSUP;har *IPSPG;har *patientID;int planNum;int beamNum;int ubeNum;int markerCarrierID;};typedef strut PRConfig PRConfig;
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ADDENDUM A 77strut fileHeader {int fileExists;int fileSize;har *fileName;har *timestamp;har *heksum;};typedef strut fileHeader fileHeader;strut fileBody {int pos;int byteLength;har* data;};typedef strut fileBody fileBody;strut monitoredDevies {unsigned long SABUS;unsigned long HV;unsigned long SS;unsigned long RCS;unsigned long BCS;unsigned long DMC;unsigned long PHYSICSMode;unsigned long SOBPMode;unsigned long BITEBLOCKMode;unsigned long BEAMON;unsigned long BEAMOFF;unsigned long FC19OUTREQ;unsigned long BEAMONHOLDREQ;};typedef strut monitoredDevies monitoredDevies;extern strut monitoredDevies monDevs;strut field{int number,leaf_pairs,mis_field_data,irregular_field_num;double weight,iso_distane,
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ADDENDUM A 78MLC_rotation,MLC_thikness,leaf_width,monitor_units,radiologial_depth,output_fator,tissue_mass_ratio,tissue_phantom_ratio,soure_skin_dist,wedge_fator,relative_dose,energy,gantry_angle,patient_support_angle,beam_lim_devie_angle,field_width,field_height,wedge_angle;std::string name,type,irradiation_devie,radiation_type,MLC_name,MLC_variable_leaf_width,beam_group_type,flags,dose_data,target_point,beam_lim_devie_type,wedge_orientation,irregular_field_file,appliator_name;};typedef strut field field;strut Plan{int number,frationsNumber,fieldsNumber;double presribedDose,
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ADDENDUM A 79normalizationDose;std::string patientName,patientID,therapist,doseCalSoure;field* treatmentFields;};typedef strut Plan Plan;strut indiator{ int value;QDateTime date;};typedef strut indiator indiator;typedef indiator timeInfo;typedef indiator voltFator;strut error{ indiator error_indiator;QString reason;};typedef strut error error;strut doseData{ double dose;QDateTime date;};typedef strut doseData doseData;strut xrayData{ QString * fileName;QDateTime * date;};typedef strut xrayData xrayData;extern bool_t xdr_PRConfig (XDR *xdrs, PRConfig *objp);extern bool_t xdr_SPGConfig (XDR *xdrs, SPGConfig *objp);
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ADDENDUM A 80extern bool_t xdr_fileHeader (XDR *xdrs, fileHeader *objp);extern bool_t xdr_fileBody (XDR *xdrs, fileBody *objp);extern int INTERRUPT_FLAG;extern int STATE_TRANSITION_FLAG;extern int STATE_IDENTIFY_FLAG;#endif // SSSHAREDDATA_HSupervisory System Client ode. . .bool simulationwindow::initializeDMCClient(){ har Host[50℄;har Protool[4℄;u_long Program, Version;strpy(Host, "196.21.126.124");strpy(Protool, "tp");Program = DMCSERVER_NUM;Version = DMCSERVER_VERSION;DMCClient = lnt_reate(Host, Program, Version, Protool);if(DMCClient != 0)return true;elsereturn false;} . . .int simulationwindow::onfigureDMC(int volt, int volt2, double presetDose,int presetTime, int maxrate, double dosd){ if(!initializeDMCClient())return -1; // DMC RPC Client not initializedmdINCVOLT(volt);if(mdOUTCVOLT() != volt)return -2; // CVOLT fator not setmdINCVOLT2(volt2);if(mdOUTCVOLT2() != volt2)return -3; // CVOLT2 fator not setmdINSETDOSE(presetDose);if(mdOUTSETDOSE() != presetDose)
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ADDENDUM A 81return -4; // Preset Dose not setmdINSETTIME(presetTime);if(mdOUTSETTIME() != presetTime)return -5; // Preset Time not setmdINMAXRATE(maxrate);if(mdOUTMAXRATE() != maxrate)return -6; // Maximum dose rate not setmdINDOSD(dosd);if(mdOUTDOSD() != dosd)return -7; // Dose differene not setreturn 0; // DMC Suessfully onfigured!}void simulationwindow::mdINCVOLT(int volt){ strut timeval Timeout;Timeout.tv_se = 100;Timeout.tv_use = 0;har* ParamOut = 0;lnt_all(DMCClient,INCVOLT, (xdrpro_t) xdr_int, (har *) &volt,(xdrpro_t) xdr_wrapstring, (har *) &ParamOut, Timeout);}void simulationwindow::mdINCVOLT2(int volt2){ strut timeval Timeout;Timeout.tv_se = 100;Timeout.tv_use = 0;har* ParamOut = 0;lnt_all(DMCClient,INCVOLT2, (xdrpro_t) xdr_int, (har *) &volt2,(xdrpro_t) xdr_wrapstring, (har *) &ParamOut, Timeout);}void simulationwindow::mdINSETDOSE(double dose){ strut timeval Timeout;Timeout.tv_se = 100;Timeout.tv_use = 0;har* ParamOut = 0;lnt_all(DMCClient,INSETDOSE, (xdrpro_t) xdr_double, (har *) &dose,(xdrpro_t) xdr_wrapstring, (har *) &ParamOut, Timeout);}
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ADDENDUM A 82void simulationwindow::mdINSETTIME(int time){ strut timeval Timeout;Timeout.tv_se = 100;Timeout.tv_use = 0;har* ParamOut = 0;lnt_all(DMCClient,INSETTIME, (xdrpro_t) xdr_int, (har *) &time,(xdrpro_t) xdr_wrapstring, (har *) &ParamOut, Timeout);}void simulationwindow::mdINMAXRATE(int maxrate){ strut timeval Timeout;Timeout.tv_se = 100;Timeout.tv_use = 0;har* ParamOut = 0;lnt_all(DMCClient,INMAXRATE, (xdrpro_t) xdr_int, (har *) &maxrate,(xdrpro_t) xdr_wrapstring, (har *) &ParamOut, Timeout);}void simulationwindow::mdINDOSD(double dosd){ strut timeval Timeout;Timeout.tv_se = 100;Timeout.tv_use = 0;har* ParamOut = 0;lnt_all(DMCClient,INDOSD, (xdrpro_t) xdr_double, (har *) &dosd,(xdrpro_t) xdr_wrapstring, (har *) &ParamOut, Timeout);}. . .DMC Server odeHeader �le: rprequesthandler.h#ifndef RPCREQUESTHANDLER_H#define RPCREQUESTHANDLER_H#inlude <QThread>#inlude "SSSHaredData.h"#inlude <sys/soket.h>#inlude <netinet/in.h>#inlude <netinet/tp.h>#inlude <rp/rp.h>

Stellenbosch University  http://scholar.sun.ac.za



ADDENDUM A 83strut DMCData{int volt,volt2,time,maxrate,maxarate,maxbrate,arate,brate,fdose1,fdose2;double dose,dose1,dose2,dosd;};typedef strut DMCData DMCData;lass RPCRequestHandler : publi QThread{publi:RPCRequestHandler();~RPCRequestHandler();void terminateServer();proteted:void run();void initializeServer();private:SVCXPRT *Server;};extern void dispath_me(strut sv_req *Request, SVCXPRT *Server);extern DMCData *dmData;#endif // RPCREQUESTHANDLER_HSoure �le: rprequesthandler.pp
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ADDENDUM A 84#inlude "rprequesthandler.h"#inlude <iostream>#inlude <QString>using namespae std;DMCData *dmData = new DMCData;RPCRequestHandler::RPCRequestHandler(){ //initializeServer();}RPCRequestHandler::~RPCRequestHandler(){ terminateServer();}void RPCRequestHandler::run(){ initializeServer();}void dispath_me(strut sv_req *Request, SVCXPRT *Server){ int result = 0;double fresult = 0;har* args;//QString args;PRConfig argss;argss.beamNum = 0;argss.planNum = 0;argss.IPSUP = 0;argss.IPSPG = 0;argss.patientID = 0;argss.ubeNum = 0;argss.markerCarrierID = 0;//int argsss;swith (Request->rq_pro){ase SWITCH:out << "Swith COMMAND reieved: Entering Serialization State..." << endl;args= "OK";
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ADDENDUM A 85if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){out << "Reply send suessfully: " <<args<< endl;result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase STATUS:out << "Status COMMAND reieved: Sending DMC Server status to lient..." << endl;args = "UNKNOWN";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase CONTES:out << "CON TES COMMAND reieved..." <<endl;args = "DMCOK";dmData->dose1 = 0;dmData->dose2 = 0;dmData->time = 0;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase CONSTOPONA:out << "CON STOPON A COMMAND reieved..." <<endl;args = "OK";if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}
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ADDENDUM A 86break;ase CONSTOPONB:out << "CON STOPON B COMMAND reieved..." <<endl;args = "OK";if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase LOCK:out << "Lok COMMAND reieved: Loking SPG Server to lient..." << endl;args = " LOCKED";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase UNLOCK:out << "Unlok COMMAND reieved: Loking SPG Server from lient..." << endl;args = " UNLOCKED";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase DMCSENDCONFIG:out << "SendConfig COMMAND reieved: Reading inputs..." << endl;args = " PRConfig reeived";sv_getargs(Server, (xdrpro_t) xdr_PRConfig, (har *) &argss);out<<"PRConfig reieved:"<<endl<<"IPsup = "<<argss.IPSUP<<endl;out<<"IPspg = "<<argss.IPSPG<<endl;out<<"PatientID = "<<argss.patientID<<endl;out<<"Beam Number = "<<argss.beamNum<<endl;out<<"Plan Number = "<<argss.planNum<<endl;out<<"Marker Carrier ID = "<<argss.markerCarrierID<<endl;
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ADDENDUM A 87out<<"Cube Number = "<<argss.ubeNum<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTDOSE1:{out << "OUT DOSE1 COMMAND reieved..." << endl;QTime midnight(0, 0, 0);qsrand(midnight.sesTo(QTime::urrentTime()));result = qrand() % 10;dmData->dose1 = (double)result;out<<"dmData->dose1: "<<dmData->dose1<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &dmData->dose1)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;}ase OUTDOSE2:{out << "OUT DOSE2 COMMAND reieved..." << endl;QTime midnight(0, 0, 0);qsrand(midnight.sesTo(QTime::urrentTime()));result = qrand() % 10;dmData->dose2 = (double)result;out<<"dmData->dose2: "<<dmData->dose2<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &dmData->dose2)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;
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ADDENDUM A 88}ase INCVOLT:out << "IN CVOLT COMMAND reieved..." <<endl;sv_getargs(Server, (xdrpro_t) xdr_int, (har *) &result);dmData->volt = result;out<<"dmData->volt: "<<dmData->volt<<endl;args = "CVOLT SET";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase INCVOLT2:out << "IN CVOLT2 COMMAND reieved..." <<endl;sv_getargs(Server, (xdrpro_t) xdr_int, (har *) &result);dmData->volt2 = result;out<<"dmData->volt2: "<<dmData->volt2<<endl;args = "CVOLT2 SET";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase INSETDOSE:out << "IN SETDOSE COMMAND reieved..." <<endl;sv_getargs(Server, (xdrpro_t) xdr_double, (har *) &fresult);dmData->dose = fresult;out<<"dmData->dose: "<<dmData->dose<<endl;args = "DOSE SET";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase INSETTIME:
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ADDENDUM A 89out << "IN SETTIME COMMAND reieved..." <<endl;sv_getargs(Server, (xdrpro_t) xdr_int, (har *) &result);dmData->time = result;out<<"dmData->time: "<<dmData->time<<endl;args = "TIME SET";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase INMAXRATE:out << "IN MAXRATE COMMAND reieved..." <<endl;sv_getargs(Server, (xdrpro_t) xdr_int, (har *) &result);dmData->maxrate = result;out<<"dmData->maxrate: "<<dmData->maxrate<<endl;args = "MAXRATE SET";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase INDOSD:out << "IN DOSD COMMAND reieved..." <<endl;sv_getargs(Server, (xdrpro_t) xdr_double, (har *) &fresult);dmData->dosd = fresult;out<<"dmData->dosd: "<<dmData->dosd<<endl;args = "DOSD SET";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTCVOLT:out << "OUT CVOLT COMMAND reieved..." <<endl;result = dmData->volt;
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ADDENDUM A 90out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTCVOLT2:out << "OUT CVOLT2 COMMAND reieved..." <<endl;result = dmData->volt2;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTSETDOSE:out << "OUT SETDOSE COMMAND reieved..." <<endl;fresult = dmData->dose;out<<"result: "<<fresult<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_double, (har *) &fresult)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTSETTIME:out << "OUT SETTIME COMMAND reieved..." <<endl;result = dmData->time;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}
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ADDENDUM A 91break;ase OUTMAXRATE:out << "OUT MAXRATE COMMAND reieved..." <<endl;result = dmData->maxrate;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTMAXARATE:out << "OUT MAXARATE COMMAND reieved..." <<endl;result = dmData->maxarate;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTMAXBRATE:out << "OUT MAXBRATE COMMAND reieved..." <<endl;result = dmData->maxbrate;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTDOSD:out << "OUT DOSD COMMAND reieved..." <<endl;fresult = dmData->dosd;out<<"result: "<<fresult<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_double, (har *) &fresult)){result = 0;}
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ADDENDUM A 92else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTARATE:out << "OUT A RATE COMMAND reieved..." <<endl;result = dmData->arate;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase OUTBRATE:out << "OUT B RATE COMMAND reieved..." <<endl;result = dmData->brate;out<<"result: "<<result<<endl;if(sv_sendreply(Server, (xdrpro_t) xdr_int, (har *) &result)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;ase EXIT:out << "Exit COMMAND reieved: Exiting Serialization State..." << endl;args = " OK";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;default:out << "Unknown message reieved."<< endl;args = "Unknown Command.";if(sv_sendreply(Server, (xdrpro_t) xdr_wrapstring, (har *) &args)){
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ADDENDUM A 93result = 0;}else{out << "Reply NOT send. " << endl;result = -1;}break;}}void RPCRequestHandler::initializeServer(){ out << "Inside InitializeServer()...." << endl;int TCPSoket;strut sokaddr_in Address;//SVCXPRT *Server;dmData->arate = 0;dmData->brate = 0;dmData->volt = 0;dmData->volt2 = 0;dmData->dosd = 0;dmData->dose = 0;dmData->dose1 = 0;dmData->dose2 = 0;dmData->fdose1 = 0;dmData->fdose2 = 0;dmData->maxarate = 0;dmData->maxbrate = 0;dmData->maxrate = 0;dmData->time = 0;TCPSoket = soket(PF_INET, SOCK_STREAM, 0);Address.sin_family = AF_INET;Address.sin_port = htonl(7775);Address.sin_addr.s_addr = INADDR_ANY;bind(TCPSoket, (sokaddr*) &Address, sizeof(Address));Server = svtp_reate(TCPSoket, 0, 0);out<<"Before servie register..."<<endl;out <<sv_register(Server, DMCSERVER_NUM, DMCSERVER_VERSION,&dispath_me, IPPROTO_TCP)<<endl;//GlobalVar = -1;
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ADDENDUM A 94sv_run();}void RPCRequestHandler::terminateServer(){ sv_destroy(Server);sv_unregister(DMCSERVER_NUM, DMCSERVER_VERSION);delete dmData;}bool_t xdr_SPGConfig (XDR *xdrs, SPGConfig *objp){ if (!xdr_wrapstring (xdrs, &objp->IPSUP)){return FALSE;}if (!xdr_wrapstring (xdrs, &objp->IPPR)){return FALSE;}if (!xdr_wrapstring (xdrs, &objp->patientID)){return FALSE;}if (!xdr_int (xdrs, &objp->beamNum)){return FALSE;}if (!xdr_int (xdrs, &objp->planNum)){return FALSE;}return TRUE;}bool_t xdr_PRConfig (XDR *xdrs, PRConfig *objp){ if (!xdr_wrapstring (xdrs, &objp->IPSUP))return FALSE;if (!xdr_wrapstring (xdrs, &objp->IPSPG))return FALSE;if (!xdr_wrapstring (xdrs, &objp->patientID))return FALSE;if (!xdr_int (xdrs, &objp->planNum))return FALSE;if (!xdr_int (xdrs, &objp->beamNum))return FALSE;if (!xdr_int (xdrs, &objp->ubeNum))
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ADDENDUM A 95return FALSE;if (!xdr_int (xdrs, &objp->markerCarrierID))return FALSE;return TRUE;}bool_t xdr_fileBody (XDR *xdrs, fileBody *objp){ out<<"Entering xdr_fileBody..."<<endl;if (!xdr_int (xdrs, &objp->pos))return FALSE;if (!xdr_int (xdrs, &objp->byteLength))return FALSE;if (!xdr_wrapstring (xdrs, &objp->data))return FALSE;out<<"Leaving xdr_fileBody."<<endl;return TRUE;}bool_t xdr_fileHeader (XDR *xdrs, fileHeader *objp){ out<<"Entering xdr_fileHeader..."<<endl;if (!xdr_int (xdrs, &objp->fileExists)){out<<"fileExists not int"<<endl;return FALSE;}if (!xdr_int (xdrs, &objp->fileSize)){out<<"fileSize not int"<<endl;return FALSE;}if (!xdr_wrapstring (xdrs, &objp->fileName)){out<<"fileName not har*"<<endl;return FALSE;}if (!xdr_wrapstring (xdrs, &objp->timestamp)){out<<"timestamp not har*"<<endl;return FALSE;}if (!xdr_wrapstring (xdrs, &objp->heksum)){out<<"heksum not har*"<<endl;return FALSE;}out<<"Leaving xdr_fileHeader."<<endl;return TRUE;
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ADDENDUM A 96}Boost.Spirit ParsersParsers.h#ifndef PARSERS_H#define PARSERS_H#inlude <boost/onfig/warning_disable.hpp>#inlude <boost/spirit/inlude/qi.hpp>#inlude <boost/spirit/inlude/phoenix_ore.hpp>#inlude <boost/spirit/inlude/phoenix_operator.hpp>#inlude <boost/spirit/inlude/phoenix_objet.hpp>#inlude <boost/fusion/inlude/adapt_strut.hpp>#inlude <boost/fusion/inlude/io.hpp>#inlude <boost/fusion/inlude/std_pair.hpp>#inlude <map>namespae parsers{ namespae qi = boost::spirit::qi;namespae asii = boost::spirit::asii;typedef std::multimap<std::string,std::string> pairs_type;using qi::lit;using asii::har_;using qi::eol;//////////////////////////////////////////////////////// Our supervisory treatment plan (*.sup) parser//////////////////////////////////////////////////////template <typename Iterator>strut supervisoryTreatmentPlan : qi::grammar<Iterator, pairs_type()>{ supervisoryTreatmentPlan() : supervisoryTreatmentPlan::base_type(supervisoryTreatmentPlanStart){ supervisoryTreatmentPlanStart %= supervisoryTreatmentPlanPair >>
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ADDENDUM A 97*(+eol >> supervisoryTreatmentPlanPair);supervisoryTreatmentPlanPair %= supervisoryTreatmentPlanKey >>-(-lit(" ") >> supervisoryTreatmentPlanValue);supervisoryTreatmentPlanKey %= (+qi::spae | !eol) >>*(har_ - (+lit(" ") | +eol));supervisoryTreatmentPlanValue %= +(har_ - eol);}qi::rule<Iterator, pairs_type()> supervisoryTreatmentPlanStart;qi::rule<Iterator, std::pair<std::string, std::string>()>supervisoryTreatmentPlanPair;qi::rule<Iterator, std::string()> supervisoryTreatmentPlanKey,supervisoryTreatmentPlanValue;};//℄////////////////////////////////////////////// Our treatment plan (*.PLN) parser////////////////////////////////////////////template <typename Iterator>strut treatmentPlan : qi::grammar<Iterator, pairs_type()>{ treatmentPlan() : treatmentPlan::base_type(treatmentPlanStart){ treatmentPlanStart %= treatmentPlanPair >>*(+eol >> treatmentPlanPair);treatmentPlanPair %= treatmentPlanKey >>-(-lit(" ") >> treatmentPlanValue);treatmentPlanKey %= (+qi::spae | !eol) >>*(har_ - (+lit(" ") | +eol));treatmentPlanValue %= +(har_ - eol);}qi::rule<Iterator, pairs_type()> treatmentPlanStart;qi::rule<Iterator, std::pair<std::string, std::string>()>treatmentPlanPair;qi::rule<Iterator, std::string()> treatmentPlanKey,treatmentPlanValue;
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ADDENDUM A 98};//℄///////////////////////////////////////////////////////////////// Our Supervisory Configuration file (Config.sup) parser///////////////////////////////////////////////////////////////template <typename Iterator>strut onfig : qi::grammar<Iterator, pairs_type()>{ onfig() : onfig::base_type(onfigStart){ onfigStart %= onfigPair >> *(+eol >> onfigPair);onfigPair %= onfigKey >> -(-lit('=') >> onfigValue);onfigKey %= *(har_ - (+lit('=') | +eol));onfigValue %= +(har_ - eol);}qi::rule<Iterator, pairs_type()> onfigStart;qi::rule<Iterator, std::pair<std::string, std::string>()> onfigPair;qi::rule<Iterator, std::string()> onfigKey, onfigValue;};//℄///////////////////////////////////////////////////////////////////////////////// Patient reord file (patientID || planNumber || treatmentUnit.re) parser///////////////////////////////////////////////////////////////////////////////template <typename Iterator>strut re : qi::grammar<Iterator, pairs_type()>{ re() : re::base_type(reStart){ reStart %= rePair >> *(+eol >> rePair);rePair %= reKey >> -(-lit(';') >> reValue);reKey %= *(har_ - (+lit(';') | +eol));reValue %= +(har_ - eol);}qi::rule<Iterator, pairs_type()> reStart;qi::rule<Iterator, std::pair<std::string, std::string>()> rePair;
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ADDENDUM A 99qi::rule<Iterator, std::string()> reKey, reValue;};//℄}#endif // PARSERS_HDose AlgorithmThe following sequene of instrutions embodies the dose algorithm for a giventreatment plan:1. Before starting the treatment for the �rst time, initialize the treatmentreord by setting and reording the following parameters in the treatmentreord for α = 1, . . . ,M and j = 1, . . . , N :a) Set and reord the umulative delivered doses as d s
α, j ← 0.b) Set and reord the delivered doses as d r

α, j ← 0.) Set and reord the preset doses as dpα, j ← dα.d) Set and reord the binary treatment �ags Pα, j ← 0 and Fα, j ← 0.2. Determine the next fration i for whih the treatment must be ompleted.This is done by �rst loading the �ags Fα, j for α = 1, . . . ,M and j =
1, . . . , N (if they are not yet loaded), and then searhing for the smallestvalue of i suh that Fα, i = 0 for at least one value of α ∈ [1,M ]. If
Fα,N = 1 for all α = 1, . . . ,M , then the entire treatment pertaining tothe given treatment plan is ompleted. No further irradiations for thistreatment plan are then allowed.3. The user is allowed to selet the �eld α that has to be administered forthe urrent fration. The user is only allowed to selet a �eld α for whih
Fα, i = 0.4. For the treatment with the �eld α in the i-th fration, use the followinginstrutions:a) Assume that Ḋref

α, i ≈ Ḋrefnom and set the theoretial dose overrun as
∆d th

α ← Oα Ḋrefnom ∆t.b) Load the values d s
α, i, d r

α, i, dpα, i, and Pα, i if they are not alreadyloaded.) If Fα, i = 1, then return to Step 2 above.
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ADDENDUM A 100d) If Pα, i = 1, then prompt the user to provide the approximate value
dm
α, i for d r

α, i as obtained from the mehanial ounters of the DMC,and then set and reord Pα, i ← 0 and d r
α, i ← dm

α, i.e) Case [d p
α, i = dα and d r

α, i = 0℄:Set and reord d p
α, i ← dα −∆d th

α .Case [d r
α, i ≥ dpα, i℄:Set and reord d s

α, i ← d s
α, i+d r

α, i, d p
α, i+1 ← d p

α, i+1− (d s
α, i−dα) and

Fα, i ← 1.Case [dpα, i − d r
α, i > f dα for i < N or dpα, i − d r

α, i > 0 for i = N ℄:Set and reord d s
α, i ← d s

α, i+ d r
α, i, d p

α, i ← dpα, i− d r
α, i and d r

α, i ← 0.Case [Default℄:Prompt the user to determine if the dose di�erene dpα, i − d r
α, ishould be distributed over the remaining frations. If not required,then set and reord d s

α, i ← d s
α, i + d r

α, i, d p
α, i ← dpα, i − d r

α, i and
d r
α, i ← 0, otherwise set and reord Fα, i ← 1, d s

α, i ← d s
α, i + d r

α, i and
d p
α, j ← d p

α, j + (dpα, i − d r
α, i)/(N − i) for all j = i+ 1, . . . , N .f) If Fα, i ← 1, stop SPG, and return to Step 2g) Set Pα, i ← 1 and then send the preset dose as dpα, i to the DMCby using the IN SETDOSE(dpα, i) ommand. The exeution of theommand IN SETDOSE must be heked with an OUT SETDOSEommand. If this hek fails, then the treatment must be termi-nated with a fatal error message.h) The Supervisory System must remain in a suspended state untilthe user indiates that the irradiation may ommene. A CON TESommand must then be exeuted.i) Reord the values of Pα, i and dpα, i immediately when the BEAM ONsignal is obtained.j) When the beam is terminated, as indiated by the BEAM OFF sig-nal, exeute the OUT DOSE1(dA) and OUT DOSE2(dB) ommands.If either or both these ommands fail, then terminate the treatmentwith a fatal error message (the user should be prompted to reordthe dose values obtained from the mehanial ounters of the DMC).k) Ideally, the ondition dA ≥ dB should be satis�ed. If this onditionholds true, then set d r
α, i ← dA. However, if dA < dB, then theuser should be informed that Monitor B has overrun Monitor A.The user must then hoose whether dA or dB should be taken as
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ADDENDUM A 101the legitimate value for the delivered dose � set d r
α, i to the seletedvalue.l) Set Pα, i ← 0 and reord Pα, i and d r

α, i before returning to Step 4(e).Dose distributionsAssuming that no dose di�erenes were distributed over the remainingfration for any of the treatment frations, the dose algorithm formu-lated in Setion Dose Algorithm above will result in the following dosedistribution for the �eld α:
d s
α, i =



























dα +
i−1
∑

j=1, odd(∆dα, j −∆dα, j+1) + ∆dα, i −∆d th
α if i is odd

dα −
i−1
∑

j=1, odd(∆dα, j −∆dα, j+1) if i is even.In this expression, the sums only run over odd values of j. Adding theumulative doses for all the frations yield
N
∑

i=1

d s
α, i = Dα +

N−1
∑

j=1, odd(∆dα, j −∆d th
α ) .If we now assume that ∆dα, j = ∆d th

α + εα, j for all j = 1, . . . , N , with
εα, j being small random errors that are normally distributed around zero,then

d s
α, i − dα =



























i−1
∑

j=1, odd(εα, j − εα, j+1) + εα, i if i is odd
i−1
∑

j=1, odd(εα, j − εα, j+1) if i is even,while
N
∑

i=1

d s
α, i −Dα =

N
∑

j=1, odd εα, j .These results demonstrate that the objetives of the dose algortihm areindeed ahieved, espeially when N is large.Dosimetri relationshipsThis setion summarizes some of the dosimetri equations that are ofimportane to the supervisory system.
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ADDENDUM A 102The presribed dose per fration is given by
dα = Dα/Mu . (7.0.1)The preset treatment time required for the preset dose dpα, κ is given by

∆tpα, κ = Max((dpα, κ/dα) ∆tα, ∆tmin) , (7.0.2)whereas the maximum allowed di�erene between the readings of moni-tors A and B are given as
∆AB = Max(%∆AB dpα, κ/100, ∆

minAB ) . (7.0.3)In these expressions, Max(x, y) returns the largest value of its two ar-guments x and y. Upon the normal stopping of the beam, the dosedelivered an be expressed as
d r
α, κ = dpα, i +∆dα, κ , (7.0.4)where ∆dα, κ is the dose overrun. This overrun is theoretially given bythe estimate

∆d th
α ≈ Ḋnom

α ∆tsys = Oα Ḋ
nomref ∆tsys . (7.0.5)The beam-stop response time ∆tsys of the beam delivery system an beestimated using the proedure outlined in Setion Measurement of theresponse time below. The maximum dose-rate that should be toleratedduring the delivery of the dose dpα, κ is given by

Ḋmax
α = Oα Ḋmaxref . (7.0.6)Measurement of the response timeSuppose that the �eld α is the referene �eld and dref is the presribeddose per fration for this �eld. Thus, after M normally ompleted fra-tions, with dpα, κ = dpref, κ = dref for all fration κ = 1, . . . ,M , the averageresponse time ∆tsys an be approximated from eqs (7.0.4) and (7.0.5) as

∆tsys ≈ 1

M

M
∑

i=1

(d rref, κ − dref)/Ḋref, κ , (7.0.7)with Ḋref, κ denoting the average dose rate for the referene �eld duringthe fration κ. Equation (7.0.7) represents a pratial method for mea-suring ∆tsys. In this experiment, large values should be hosen for both
M and dref . The large value for dref ensures long irradiation times ∆Tκ,so that the average dose rate Ḋref, κ an be approximated as

Ḋref, κ ≈ dref/∆Tκ . (7.0.8)
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ADDENDUM A 103By ombining eqs (7.0.7) and (7.0.8), we �nd that
∆tsys ≈ 1

M

M
∑

κ=1

∆Tκ (d rref, κ − dref)/dref . (7.0.9)When onduting this experiment, the beam urrent should be kept asonstant as possible throughout the irradiation time ∆Tκ for eah fra-tion κ = 1, . . . ,M . Furthermore, the beam urrent must be set at avalue to ensure that Ḋref, κ ≈ Ḋnomref for all κ = 1, . . . ,M .SABUS TehnologiesSABUS ratesA South Afrian standard for a ommuniation bus for the Z80 miroproessorswas developed during the late 1970's. iTL has simpli�ed this SA-bus (SABUS)for in-house use.The SABUS is used as a 8-bit ommuniations interfae between a masterard and slave ards. The ards are mounted in a 19 inh rate, whih isreferred to as a SABUS rate, so that they are onneted by DIN-41612 on-netors to the bakplane that provides the ommuniation bus between theards. The bakplane also onnets the ards to the low-voltage power-supplyunit (PSU) of the SABUS rate. The SABUS rate and ards in the rate isreferred to as a SABUS system.The iTL implementation of the SA-bus has 8 data lines, 8 address lines,read and write ontrol lines, and traditionally a reset line. The SABUS masterard drives the address, data and ontrol lines.In all the new TCS equipment, the reset line will be used as a SABUSmonitor line to indiate the funtional status of all the ards in the SABUSrate � this is referred to as the SABUS status. The monitor line is normallyat a logially high state, whih signi�es that the entire SABUS system isfuntional. A failure of the master ard to address the wathdog-timer devieson any one of the slave ards, or a failure of any one of the SABUS ards,will ause a voltage drop on the SABUS monitor line, thereby hanging it toa logially low state to indiate the SABUS failure status.General features of the SABUS ardsDesriptionEah SABUS ard typially uses a �eld-programmable gate array (FPGA) de-vie or omplex programmable logi devie (CPLD) to ahieve the requiredfuntionality. These devies ontain reon�gurable logi omponents and in-teronnetions. The FPGA devies are on�gured during the power startup of
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ADDENDUM A 104the ard by the on�guration data (or ��rmware�) stored in a memory deviespeially provided for this purpose, whilst a CPLD is programmed before use.Some of the SABUS ards may also implement a miroontroller that exe-utes a program to provide additional features in onjuntion to those providedby the re-on�gurable logi (CPLD or FPGA) devie. Furthermore, some ardsmay provide for speialized input and output to external devies through on-netors that are mounted on the front edge of the ard. In these ases, theard will typially implement additional omponents, suh as bu�ers, di�eren-tial drivers, opto-isolators and/or relays to prove the required interfaes withthe external devies. Figure 1 not only illustrates those features that are om-mon to all SABUS ards, but also (in generi form) funtional aspets thatare spei� to ertain speialized ards.
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(OPTIONAL)Figure 1: Funtional diagram of a SABUS ard indiating ommon as well asspeialized features
Common funtions and operationThe re-on�gurable logi devie of a SABUS ard provides the following set offuntions that are ommon to all SABUS ards:� An interfae with the bus on the bakplane of a SABUS rate, whih isalled the SABUS bakplane interfae.� A bakplane-status monitor that uses the input from the SABUS monitorline to ontinually observe the logial state of this line, thereby notifyingthe ard when the SABUS monitor line hanges to a logially low state(to indiate the SABUS failure status).
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ADDENDUM A 105� A wathdog-timer devie, whih is oupled with a fail-safe, open olletortransistor on�guration to the SABUS monitor line. This transistor on-�guration will drop the voltage on the monitor line as soon as a timeoutof the wathdog ours, thereby hanging the monitor line to a logiallylow state.� A timeout will our if the SABUS master ard fails to regularly updatethe wathdog devie of a slave ard by writing a wathdog data value(via the SABUS bakplane interfae) to the orret address spae in theslave ard's re-on�gurable logial devie.SABUS-interfae ardDesriptionThe SABUS-interfae ard is a SABUS master ard that allows an externalunit, suh as a personal omputer (PC), to ommuniate with the ards inthe SABUS rate. This interfae between the external unit and the SABUSsystem is referred to as the SABUS ommuniations interfae.The SABUS-intefae ard is equipped with a di�erential ommuniationbus (di�-bus) and an FPGA devie. The di�-bus ats as the SABUS om-muniation interfae to the external unit. The FPGA devie provides therequired SABUS bakplane interfae and wathdog-timer devie, as well as aninterfae between the di�-bus and the SABUS bakplane (the di�-bus inter-fae). The ard also provides for one output in the form a relay ontat-pairand one optially isolated input. The main features of the ard are illustratedin Figure 2.
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Figure 2: Funtional diagram of the SABUS-interfae ard
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ADDENDUM A 106The implementation of the di�-bus uses eight RS-485 di�erential transeiversto provide a 8-bit, bi-diretional ommuniation bus for the transferring ofdata, and four RS-485 reeivers to provide two address lines, a strobe signalline and a diretional ontrol line to ontrol the data �ow (see Figure 2).Due to the implementation of the di�erential drivers to establish the di�-bus, the SABUS-interfae ard is also referred to as the di�erential-driverard. We will refrain from this nomenlature sine other SABUS ards alsoimplement a di�-bus.Funtions and operation� The SABUS-interfae ard provides the general funtions as desribedin Setion 7.� The di�-bus, together with the di�-bus interfae, ats as the SABUSommuniation interfae that allows an external unit to ommuniatewith the SABUS-interfae ard, and hene with all the other ards in thesame SABUS rate. The di�-bus is a 8-bit, bi-diretional ummuniationbus with two address lines and two ontrol lines.� The external unit is responsible for keeping the wathdog-timer deviefrom timing out. This must be done by regularly writing a speial wath-dog data value to the required address spae in the ard's FPGA devie.The suess of this write operation an be on�rmed by reading bak thevalue of the last written value. This read-bak value is given as the lastwritten value inremented by 1. The status of the wathdog an also beread bak to hek whether a timeout of this devie has ourred.� The relay ontat is opened when the SABUS monitor line is pulleddown, or when the wathdog fails. It may therefore be used to transmitthe SABUS status as an output signal to an external devie.� The optial-isolator may be onneted in series with an external urrentloop. This will then generate an input signal that indiates whether aurrent is �owing through the loop. The FPGA may also be on�guredto pull down the SABUS monitor line when no detetable urrent is�owing in the loop.Multipurpose PCI ardDesriptionThe multipurpose PCI ard enables an external omputer to ommuniate witha SABUS system that is equipped with a master ard that provides a SABUSommuniation interfae via a 8-bit, bi-diretional di�erential ommuniation
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ADDENDUM A 107bus (di�-bus). The PCI ard may be used in any omputer that is equippedwith a 33 Mhz PCI bus.The basi design of the multipurpose PCI ard is displayed in Figure 3.The ard onsists of a base board on whih a PCI-bus bridge is onneted toa FPGA devie. The PCI-bus bridge provides the interfae between the PCIbus of the omputer and the logi iruits of the FPGA (the PCI interfae).The PCI-bus bridge is spei�ed for a standard 32 bits, 33 MHz PCI-bus witha 3.3 V or 5.0 V signaling voltage. The base board is also equipped with anoptially isolated input, a normally open (N/O) ontat relay swith and adi�erential-driver output that are all onneted to this FPGA.The main FPGA on the base board is onneted to a daughter boardon whih a seond FPGA is mounted. The daughter board is also equippedwith RS-485 di�erential transeivers to provide a di�erential ommuniationbus (di�-bus) that allows the PCI ard to be interfaed with the SABUSsystem. The di�-bus is a 8-bit, bi-diretional ommuniation bus equippedwith two address lines and two ontrol lines (similar to the di�-bus desribedin Setion 7). The seondary FPGA on the daughter board provides the logiiruits that links the di�-bus to the main FPGA (the di�-bus interfae).
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ADDENDUM A 108
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Figure 4: Communiation between the PCI ard and the omputerFuntions and operation: Base board� Data an be aessed asynhronously by both the PCI interfae and thedi�-bus interfae (and hene the SABUS ommuniations interfae) withthe use of a dual ported RAM on the main FPGA.� The ontats of the relay swith an be opened and losed diretly byinstrutions from the omputer. A wathdog-timer unit on the mainFPGA also ontrols the status of the relay ontat. The relay is typiallyused as an emergeny-stop swith.� The wathdog-timer unit must be updated regularly at spei�ed inter-vals by writing a wathdog data value to the orret address spae in themain FPGA. Failing this, the wathdog will automatially open the relayontat. The wathdog data value must be the ompliment of the previ-ously written value. The suess of the write operation an be on�rmedby reading bak the value of the last written value. This read-bak valueis given as the last written value inremented by 1. The status of thePCI wathdog an also be read bak to hek whether a timeout of thisdevie has ourred.� The timeout period for the wathdog unit is set at approximately 600 ms.� The optial-isolator may be onneted in series with an external urrentloop. This will then generate an input signal that indiates whethera urrent is �owing through the loop. The optially isolated input istypially used to obtain the status of the SABUS system without havingto use the SABUS ommuniation interfae.
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ADDENDUM A 109� The di�erential-driver output is ontrolled by the omputer. It is typi-ally used to provide a synhronization signal to an external devie.Daughter board� The di�-bus interfae ontrols the data �ow in the SABUS interfae (i.e.the onnetion between the SABUS system and the PCI system).� Data are transmitted and reeived via the di�-bus. It uses eight RS-485di�erential transeivers to provide the 8-bit, bi-diretional data bus. Thedata �ow is ontrolled by four RS-485 di�erential transmitters that drivestwo address lines, one strobe signal, and one diretion ontrol signal.� All data transfers, when done on a ontinuous basis, are ompleted within500 µs.ETX omputer module
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