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Abstract

Delivery of the correct dose to patients undergoing high-energy x-ray radiotherapy treat-
ment for cancer requires accurate simulation of photon beams. Current algorithms using
equivalent depth or tissue-air ratio (TAR) correction techniques fail to accurately model
electron transport, and hence show inaccuracy in inhomogeneous regions of the body (espe-
cially at high photon energies). Newer techniques such as superposition and Monte Carlo
simulation do model these effects, but require a large computational effort.

Convolution in Fourier space is adequately fast using even standard microprocessor tech-
nology, but this approach lacks the flexibility offered by a density-scalable superposition
kernel, available only in real space. However, in order for the real-space superposition al-
gorithm to be clinically useful it is necessary to reduce planning times to acceptable levels.
This has been achieved using a multicomputer system based on Inmos T800 transputer
modules, where the superposition is calculated using a master/worker network employing
synchronous message passing. The calculation is partitioned by decomposing the terma
array into a number of command vectors or “grains.” The master task sends a vector to
each worker task as it becomes free, and the worker performs the superposition for those
interation voxels in the vector, storing the result in a local copy of the dose array. Upon
completion of the entire calculation, the worker dose arrays are collected and summed
to form the complete dose distribution. This approach has a very small communication

overhead and exhibits near-linear speedup with increasing processor number.

The superposition algorithm has been incorporated into the GRATIS Treatment Planning
System developed at the University of North Carolina. This system, based on the UNIX and
X standards, has been installed on a Sun SPARCstation network, with the transputer net-
work attached to the Sbus port of one SPARCstation. The treatment planning system can
access the transputers from anywhere in the network, using Sun’s RPC (Remote Procedure
Call) standard.

Energy deposition kernels required by the superposition algorithm have been produced
using the EGS4 Monte Carlo Code System (Stanford Linear Accelerator Center). The
user code RTPEDK has been developed to generate spherically symmetric kernels, which are
then interpolated by the treatment planning system to form cartesian kernels for use in
superposition. Two other user codes, RTPCYL and RTPCART, have been developed to model
more general radiotherapy problems based on cylindrical and cartesian scoring geometries,

respectively.






Preface

A significant proportion of cancer patients are treated using radiotherapy. In external
photon beam therapy the patient is exposed to high-energy x-ray beams from cobalt-60
machines or linear accelerators. Usually several beams from different directions are used to
maximise dose to the tumour while minimising dose to healthy tissue. Since it is impractical
to monitor the patient dose directly during treatment, simulation or treatment planning
must be used to predict dose prior to treatment.

Chapter 1 reviews the principles of radiotherapy and briefly outlines the major calculation
algorithms used, including TAR correction methods such as the Batho power law, and
equivalent tissue-air ratio (E-TAR) techniques. Although these are suitable for use at
cobalt energies, they fail to accurately predict the dose in heterogeneous media at linear
accelerator energies. This is due primarily to inadequate (or non-existent) modelling of the

physical processes, in particular the scattering of electrons away from the photon interaction
sites.

Chapter 2 discusses Monte Carlo modelling, which has the potential to account correctly
for all particle transport, and hence provide a completely accurate assessment of dose. This
approach models individual particles using random variables to determine the site and type
of interaction for each particle. Although this is highly accurate in principle, many million
photon histories must be modelled to give an adequate dose distribution in most cases.
This requirement places severe limitations on the applicability of Monte Carlo to clinical
treatment planning. An abridged version of Chapter 2 has been published in Australasian
Physical and Engineering Sciences in Medicine 13 (3) 132-147 (1990), under the title
“Using EGS4 Monte Carlo in medical radiation physics.”

Chapter 3 discusses the superposition/convolution algorithm, which represents a compré-
mise between the rigorous but computationally intensive approach of Monte Carlo and
the empirical but computationally rapid approaches of currently used algorithms. Super-
position/convolution is more intuitive and more physically justifiable than are currently
used methods, but requires a large number of calculations (although many less than Monte
Carlo). Chapter 3 briefly introduces the theory behind superposition and convolution, then
discusses how these algorithms can be implemented in practice (the section on convolu-
tion has also been published in extended form in Australasian Physical and Engineering
Sciences in Medicine 12 (3) 128-137 (1989), under the title “3-D superposition for radio-
therapy treatment planning using fast Fourier transforms”). The final sections of Chapter 3
introduce the GRATIS treatment planning software, and describe how the superposition
algorithm has been implemented under this system.

Chapter 4 discusses one approach to accelerating the superposition process, namely by

employing parallel computer architectures. The particular parallel processing system im-



vi

plemented at Waikato University, a multicomputer network of Inmos T800 transputers,
is discussed in detail. Chapter 4 also discusses parallel implementation of the superposi-
tion, FFT convolution, and electron pencil-beam algorithms, and investigates the perfor-
mance of a multicomputer network for these applications. The transputer network and
parallel-processing algorithms have been described elsewhere in the New Zealand Journal
of Computing 1 (2) 30-38 (1989), under the title “Radiotherapy treatment planning using
transputers,” and in Medical Physics 18 (3) 468-473 (1991), under the title “Superposition

on a multicomputer system.”

Chapter 5 reviews the transputer treatment planning system, and discusses future devel-
opments in treatment planning, in terms of both calculation algorithms and computer

hardware.

D.C.M.

University of Waikato
Hamilton, New Zealand
September 1991
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Chapter 1

Photon Beam Radiotherapy and Treatment Planning

1.1. Introduction

The term radiotherapy encompasses both internal and external treatment — using photons,
electrons, or both. One commonly used modality is external photon beam therapy, which
involves exposing the patient to high-energy x-ray beams from one of a variety of treatment
machines (see Section 1.3.1), most commonly a linear accelerator. Usually several beams
are directed at the tumour from differing directions, as illustrated in Figure 1.1. This is
done in order to maximise dose to the target area while minimising dose to surrounding

tissue.

Beam 1
Beam 3

tumour

treatment volume

O

1
I spinal cord

Figure 1.1. Therapy beams incident on patient lung region. Dark region indicates tumour and
hatched region indicates target volume.

It is impractical to directly monitor tumour dose in-vivo. This restriction necessitates two

important areas of radiation therapy:

(a) Dosimetry. Radiotherapy machines (especially linear accelerators) require constant
calibration and monitoring to ensure the patient receives the intended dose. A means of
quantifying the dose due to radiation produced from treatment machines must therefore
be developed. This requires a knowledge of how dose is deposited in a medium (see
Sections 1.2.2 and 1.2.3), a system of radiation units (see Sections 1.2.1 and 1.2.4), and

a method for determining dose in air or water phantoms, or on the surface of a patient



(see Section 1.2.5). Other concepts such as tissue-air ratio and percentage depth dose
have also been developed to aid in characterising photon beams of varying energy, size

and shape. These will be discussed in Section 1.3.3.

(b) Treatment Planning. It must be possible to calculate beforehand the distribution
of dose to a patient when using a particular treatment regime. In general this problem
involves knowledge of the characteristics of the beams (see Sections 1.3.2 and 1.3.3), the
composition of the patient, and the way in which the beams and the patient interact.
The situation may be further complicated by the addition of beam modifiers, or by the
use of rotating fields (see Section 1.3.4). Assuming that beam data is available and
patient composition is known from a computerised tomography (CT) scan, accurate
treatment planning requires a suitable algorithm on which to base the calculations (see
Section 1.4). Many of these algorithms predict distribution of dose in homogeneous
media well, but fail to accurately predict dose in heterogeneous cases. More recent
algorithms such as superposition (see Section 1.4.4) and Monte Carlo modelling (see

Section 1.4.5) can predict these doses more accurately.

Simulation systems are known as treatment planning systems, and are usually based around
a mini- or micro-computer. Patient density data is usually obtained from diagnostic x-ray
or CT scans and either digitised or read directly into the planning system. A simulation
algorithm is used to model the distribution of dose within the patient for various beams
whose placement is chosen by treatment planning personnel. Only when a satisfactory dose

distribution has been achieved can treatment begin.

1.2. Radiation Physics and Dosimetry

1.2.1. Fundamental Measures of the Radiation Field

In order to quantify the effect which a radiation beam has on the patient undergoing
treatment it is necessary to adopt a system of radiation units for dosimetry. The units
listed in this section (except terma) are those defined and recommended by the International
Commission on Radiation Units and Measurements,! although older units still commonly
used will also be mentioned. More detailed description of these units can be found in texts

by Johns and Cunningham,? and Greening.3

The following basic units are used to measure a radiation field:

(a) Activity. For radioactive sources such as those found in cobalt-60 machines the most



obvious measure is activity in becquerels, where
1 Bq = 1 disintegration/second (1.1)

The old unit curie is also used, where 1 Ci = 3.7 x 10'? Bq.

(b) Fluence. Of more interest in external beam therapy is the quantity of ionizing ra-
diation incident on a surface (in particular the patient or phantom surface). This is

known as the planar fluence &, such that

_ 4N '
¢ = . (o ) (1.2)

where dV is the number of particles incident on a normal area da. Similarly, fluence
rate or flux density ¢ can be defined as

d®

¢ = ¥ m~2s71) . (1.3)

All references to fluence and related quantities in this thesis represent planar fluence —
as opposed to fluence defined by an elementary sphere, useful in considering radioactive

sources.

(¢) Energy fluence. Taking the energy of the incident particles into account, the energy
fluence ¥ is defined as
dEq

v = (Im™?) (1.4)

where dFEy; is the sum of the energies of all the particles incident on da. Energy

fluence rate or energy flux density v is defined similarly to the fluence rate:

¥ = %‘f-’ (Im=2s71). (1.5)

1.2.2. Interaction of Photons with Matter
The tendency of a photon to interact with matter is measured by the total cross-section
o of the matter, where

_ probability of interaction
~  unit particle fluence

(m?). (1.6)

This quantity is commonly measured in barns, where 1 barn = 10-28m?. It can also be
considered as the area surrounding an interaction centre in which the photon will interact.
If there are B interaction centres per unit volume exposed to a particle fluence ¢ then

there will be Bo® interactions per unit path length. The quantity Bo is called the linear



4

attenuation coefficient p (m~!). It can be used to relate the fluence &; after travelling

a path length ! to the initial fluence $,, according to the relation

& = $ge M (m7?). (1.7)

This equation demonstrates the exponential nature of photon attenuation — which is vastly
different from the way in which electrons are absorbed, as discussed in Section 1.2.3. The
linear attenuation coefficient of an absorber depends on its density (which is proportional
to B), so to obtain a measure characteristic of the composition of the absorber the mass
attenuation coefficient % is used. This quantity is the probability of interaction per unit
path length per unit density p of absorber, related to the cross-section o by the expression

s Nyo 21, -1

= = — (m°% 1.8

p 2 (ke ) s (1.8)
where N, is Avogadro’s number (6.022 x 102%) and M is the molar mass of the absorber.

There are many ways in which a photon can interact with matter. These will be mentioned
briefly in the context of Monte Carlo modelling (see Chapter 2), but for radiotherapy

energies only three processes need be considered:

(a) The photoelectric effect, in which the incident photon gives up all its energy hv to
an electron, which is ejected from the atom with corresponding kinetic energy less the
binding energy of the electron’s shell (see Figure 1.2a). The photoelectron escapes the
atom, which is left in an excited state. An outer shell electron may then fill the inner
shell vacancy, emitting characteristic radiation, or an Auger electron may carry away
the extra energy. The photoelectric component of the mass attenuation coefficient,
referred to as 7, varies as Z3 for high-Z materials (where Z is the atomic number of

the material), and varies as Z3-® for low-Z materials. Z also varies as E~2, where E is

the photon energy. Thus the photoelectric effect is most important in high-Z materials

at low photon energies.

(b) The Compton effect (incoherent scattering), in which a photon collides with an
electron, transferring momentum to the electron as it recoils (see Figure 1.2b). The
scattered photon continues on with a longer wavelength (less energy) than the incident
one. The electron escapes from the atom, leaving a vacancy to be filled by the emis-
sion of characteristic radiation or Auger electrons. Since momentum is conserved, the
recoil angle of the electron is uniquely related to the scattering angle of the photon.

The formula of Klein and Nishina can be used to calculate the differential cross-section
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per unit solid angle,* and hence the Compton component 9; of the mass attenuation
coefficient. This value varies approximately as Z/M, and is therefore almost indepen-
dent of atomic number. It slowly decreases with increasing photon energy. Compton

scattering dominates at the energies used in radiotherapy.

(c) Pair Production, which may occur if the incident photon energy is greater than 2
electron masses, that is 2m.c? = 1.022 MeV (see Figure 1.2c). In this process the
photon interacts with the field of the nucleus to produce an electron-positron pair.
Any energy which the photon has in addition to the 1.022 MeV is shared between
the positron and electron. The positron deposits energy in a manner similar to an
electron, but when at rest or nearly at rest it quickly annihilates with an electron
to produce two photons of energy 0.511 MeV travelling in opposite directions. The
pair production component f of the mass attenuation coefficient varies linearly with
Z and increases rapidly with increasing photon energy (above 1.022 MeV). Thus pair
production dominates at high photon energies, since the photoelectric and Compton

processes decrease with increasing energy.

hv
Y 1.02 MeV)

photoelectron

electron positron

scattered photon

a) b) c)

Figure 1.2. The three main photon interaction processes. (a) Photoelectric effect. (b) Compton
effect. (c) Pair production.

It is now possible to rewrite the total mass attenuation coefficient of Equation 1.8 as the

sum of the individual components discussed above:
g, —=—+—+% (mzkg"l). (1.9)

Table 1.1 summarises the effects of photon energy F and atomic number Z on the sig-

nificance of these processes, while Figure 1.3 illustrates the relative importance of the
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cross-sections for these processes over a range of photon energy. It does not show the mag-
nitude of the total créss-section, which decreases rapidly with photon energy in the 0-100
keV range, then more slowly at treatment energies. However, Figure 1.3 clearly illustrates
that Compton processes dominate throughout radiotherapy energies, with the photoelectric
contribution being significant at energies below 100 keV and pair production being signif-
icant above a few MeV (in water). Both photoelectric and pair production interactions
tend to release more energy per interaction than the Compton process, so their relative

contributions to dose deposition are somewhat understated by Figure 1.3.

Quantity Effect of atomic number Z | Effect of photon energy E
photoelectric m.a.c. oc Z3 for Z<15 -3
T =<E
P o< 78 forz>16

Compton m.a.c
3 <7 slowly decreases
with increasing E

p

pair-production m.a.c
x o< 7 increases rapidly
5 above 1.02 MeV

Table 1.1. Effect of atomic number Z and photon energy E on mass attenuation coefficients.
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1.2.3. Interaction of Electrons with Matter

Unlike photons, which do not lose energy as they travel, electrons are capable of directly
depositing energy in a medium. Whether incident on the medium or liberated within it
by photon interactions, the electrons set in motion interact in one of a number of ways
(see Chapter 2). The measure of the rate of energy loss, analogous to mass attenuation
coefficient for photons, is the total mass stopping power. Using the notation of Johns
and Cunningham? the linear stopping power is denoted by % and mass stopping power by
Siot- In this thesis the more usual notation of the ICRU,! Klevenhagen,® and others will
be adopted, where total linear stopping power is denoted by Si,: and total mass stopping
power by ‘—sf;l (measured in MeV g~!cm?). ﬁ‘;’“ represents the energy which an electron
loses per unit length per unit density. The concept of mass angular scattering power
is also used to describe the way electrons interact in a medium: it is equal to the mean

square angular deflection per unit mass per unit distance, written as de? / (pdz).
Energy is deposited in a medium by two different types of interaction:

(a) Collisional energy loss, in which an electron causes excitation or ionization of a
bound electron. This is also known as ionizational energy loss or Coulomb (Mpller)
scattering. The excited electron deposits its extra energy in the medium as heat. Oc-
casionally the excited electron has sufficient energy — approximately 100 eV — to be
considered a distinct ionizing particle or delta ray. In general the incident electron
continues on with only slightly reduced energy, so that an electron may undergo many
thousands of collisions before coming to rest. The collisional (or ionizational) compo-
nent %ﬂ of the mass stopping power varies approximately as E~2 for electron energies
from 10 to 100 keV, reaches a minimum at approximately 1 MeV, then increases loga-
rithmically with increasing energy. i;;ﬂl is less for high Z materials, primarily because
the excitation energy of high-Z atoms is less. It is also affected by the density of
medium, due to a phenomenon known as the density effect. This occurs because in
dense materials the passage of an electron causes atoms to become polarised, resulting
in a screening field which reduces the effect of distant atoms on the electron’s energy
loss. The density effect is usually corrected for using the theory of Sternheimer and

Peierls.®

(b) Radiative energy loss, in which interaction of an electron with matter creates pho-
tons. In the bremsstrahlung process the electron is scattered by the field of the nucleus,

emitting a photon as it is accelerated. If the electron interacts with an inner shell elec-



tron (much rarer than bremsstrahlung) then characteristic radiation may be emitted.
At low energies the direction of maximum radiation is at right angles to that of the in-
cident electron, while for linear accelerator energies the bremsstrahlung is emitted as a
narrow forward-directed beam. Although characteristic radiation is a radiative energy
loss, it is included in %ﬂl defined above, since the radiation is generally absorbed near
the interaction site. The radiative component of the mass stopping power is that due
to bremsstrahlung, denoted by §*pﬂ. It increases linearly with Z, and also increases

linearly with electron energy E.

The total mass stopping power can now be expressed as the sum of the collisional and

radiative mass stopping powers:

Stot Scol Sra.d -
= + MeV g~ lem?) . 1.10
p P - ( g ) (1.10)

Figure 1.4 illustrates the relative importance of these two components in water. Note that

bremsstrahlung becomes important only at energies above 10 MeV.
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1.2.4. Quantities and Units for Radiotherapy

Having examined the ways in which photons and electrons interact with matter, and having
use of the concepts of attenuation coefficient and stopping power, it is now possible to define

some further quantities of use in external beam radiotherapy:

(a) Linear energy transfer (LET) defines that fraction of the stopping power which

results in energy being deposited locally in the medium. All radiative interactions



(b)

(c)

(d)
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are excluded, as well as collisions resulting in the production of a secondary electron
capable of ranging away from the interaction site (a delta ray). LET is also known
as the restricted linear collision stopping power, and is given the symbol La, where
A represents the cutoff energy, above which electrons are considered to be delta rays.
Similarly, the restricted mass collision stopping power -‘EPA can also be defined. Note

that Lo, = Secol, since Ly, includes all delta rays, but excludes radiative energy loss.

Mean stopping power. As an electron loses energy the stopping power of the
medium changes. In order to describe an incident electron using a single quantity,
it is necessary to define the mean ionizational mass stopping power of the particie
ﬁ(pﬂ) as the mean stopping power experienced by the electron throughout its travel.

Radiative energy loss is once again excluded, since it does not deposit energy locally.

Mass transfer and mass absorption coefficients. When a photon interacts with
an absorber, part of its energy is radiated away from the interaction site as photons,
while the rest appears as the kinetic energy of excited or ionized electrons. FE, is
used to denote the average energy transferred to kinetic energy of charged particles.
Some of this energy is in turn radiated away as bremsstrahlung, but that which is
absorbed by the medium as heat is denoted by E,,. Two new coefficients can now
be defined: the mass energy transfer coefficient “% and the mass energy absorption
coefficient £s (sometimes denoted by £e=). £ represents the rate at which energy
is lost in collisions, while ﬁ;! represents the rate at which heat is lost to the medium
(deposited as dose). The difference between these two quantities is often expressed
using the following formula:

B = Eri-g) (mikg™), (1.11)

where g is the fraction of energy converted to bremsstrahlung. The fraction g is small

at low energies and in materials of low atomic number.

Terma. As discussed above, when a photon first interacts in a medium some energy
is given to electrons while the rest radiates away from the interaction site. The sum
of these two components is known as the total energy released by primary photon

interactions per unit mass, or terma.® For photons of energy E the terma T is given

by
T = @(%)E = q:(‘—;) (Tkg™!) (1.12)

where & is the incident fluence, ¥ is the energy fluence, and ﬁp is the mass attenua-

tion coefficient in the medium at energy E. For a spectrum of incident energies the
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(e)

()

(8)

expression for terma becomes

o /oEmu di(EE) . (#(pE)) .E dE (Jkg™") (1.13)

where Epay is the maximum energy in the spectrum. Terma is not a commonly used
quantity in radiation physics, but when the superposition or convolution technique of
dose calculation is used (see Section 1.4.4 and Chapter 3), terma becomes a fundamen-

tal quantity in the calculation.

Kerma. If only that component of the terma which results in charged particles (usually
electrons) gaining energy is considered, then a new quantity known as the kinetic
energy released per unit mass, or kerma, can be defined. It is analogous to terma,
except that in Equation 1.12 the total energy E is replaced by the average energy
transferred per interaction E;;, and -‘F-: is replaced by the mass energy transfer coefficient

a“—;t, to yield the kerma K:

K = é(%)Et, = w(%) (Tkg™1). (1.14)

Equation 1.13 can be similarly modified to produce K for an incident photon spectrum.

Absorbed Dose. Although kerma describes that part of the incident energy which
is converted to kinetic energy of electrons, it does not indicate how much energy is
actually retained by the medium as heat. This is because electrons radiate away some
of their energy as bremsstrahlung. Figure 1.5 demonstrates the relationship between
kerma and absorbed dose: kerma released at a certain point in the medium causes

absorbed dose to be deposited throughout the path of liberated electrons travelling

downstream from the interaction site.

Absorbed dose D has the same dimensions (J kg~!) as terma and kerma, but is given
the special unit gray (Gy), defined by

dE,;

D =
dm

(Gy), (1.15)

where dE,,, is the average energy imparted by ionizing radiation to a mass dm. The

older unit rad is still commonly used, where 100 rad = 1 Gy=1Jkg™!.

Dose Equivalent. Different types of radiation may have widely differing biological
effects on tissue. For this reason it is necessary to link absorbed dose to a quan-

tity representing biological effect. This is done using dose equivalent H, which once
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Figure 1.5. Distinction between kerma and absorbed dose.

again has units of J kg=!. The special unit for dose equivalent is the sievert, where

1 Sv=1Jkg™!. It is related to absorbed dose D by
H = DxQ@xN (Sv), (1.16)

where Q is the quality factor for the radiation and N (nominally 1.0) accounts for
other factors such as dose fractionation, dose distribution and dose rate.? For photons
and electrons Q is given the value 1.0, hence 1 Gy of absorbed dose results in a dose

equivalent of 1 Sv.

Exposure. Although the previously mentioned units can adequately define the effect
of a radiation beam, one common method of calibrating beams is by the use of ioniza-
tion chambers. These devices measure the amount of ionization which a beam causes

in air, in units of exposure X:
_ 4@ -1

where dQ is the total charge in coulombs produced by photons ionizing a mass dm of air.
The older unit roentgen (R) is still commonly used, where 1 R = 2.58 x 10~* Ckg~!.

Exposure X can be converted to absorbed dose Dpeq in a medium, using the relation

Dmeda = X - fmed (GY) (1.18)

frmea = (33.85JC'1)(“—:’)med / (";b)m : (1.19)

where
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1.2.5. Dosimetry Techniques

In the introduction to this chapter it was mentioned that fre

of linear accelerator beams is essential to the treatment process. A variety o

quent and accurate calibration

f methods for

measuring dose delivered by a photon beam are available.23® The most commonly used

methods are:

(a)

(b)

()

(d)

Photographic dosimetry. Thin sheets of film are placed between slabs of a phantom
and exposed to a beam. The resulting optical density of the film is then measured using
a densitometer, and this value is used as a measure of the dose received. Film has
high spatial resolution, is quick to use and provides a good means of comparing dose
(with earlier exposures). However, this method is not sufficiently accurate for absolute
radiotherapy calibrations and monitoring, as sensitometric corrections are required for

dose rate and spectral effects.

Ionization chambers. Gas-filled ionization chambers can be used to accurately mea-
sure exposure, which can then be converted to absorbed dose. They rely for their
operation on the Bragg-Gray principle, which states that a sufficiently small cavity
does not affect the number or energy of electrons traversing the region occupied by the
cavity. Alternatively, Fano’s theorem permits large cavities in areas of electronic equi-
librium, provided the cavity is of the same composition as the surrounding medium. In
either case, several empirical corrections must be made, accounting for the finite size
of the ion chamber, temperature and pressure, chamber wall composition and thick-
ness, and ion recombination.? Ionization chambers are accurate and give reproducible

results, but can usually be used only in air, water or specially drilled solid phantoms.

Solid state detectors. Radiation also produces current in specially doped semicon-
ductors. The high density of semiconductor material means that large numbers of ion
pairs are generated per unit volume, and hence the detectors can be made very small,
leading to excellent spatial resolution. Disadvantages of solid state detectors include

aging of the semiconductor material, and sensitivity to photon energy.

Thermoluminescent dosimetry (TLD). Some crystalline solids, in particular LiF,
can trap electrons in high energy levels when irradiated. When heated in a TLD
reader the electrons are elevated to even higher levels, from which they can return
to the ground state, emitting light in doing so. By measuring this light the dose
absorbed by the TLD can be estimated. TLDs can be used to measure dose over

a wide range, but are less accurate than ionization chambers. Since there are no
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electrical connections, TLDs are especially useful for monitoring dose to the patient

during treatment, especially entry, exit, intracavity, and eye doses.

Other methods used for dosimetry include calorimetry (used by standards laboratories)
and chemical dosimetry. The importance of dosimetry in radiotherapy is evidenced by the
amount of time which the hospital physicist devotes to this task, and by the large amount
of research effort spent in improving both the theory and implementation of dosimetry

techniques.

1.3. Aspects of External Beam Radiotherapy

1.3.1. Radiotherapy Treatment Machines

The first available radiotherapy units were “teleradium” units utilising a small radium
capsule as the source.® However, the radiation beams produced were of very low intensity,
due to the prohibitive expense of radium and the self-absorbing properties of a radium

source.

The availability of cobalt-60 sources signalled the real beginning of radiotherapy in 1952.1°
Cobalt-60 teletherapy units consist of a source of between 1000 and 5000 Ci contained in
a steel capsule and surrounded by lead. The therapy beam exits through a multi-vaned
collimator. The energy of photons produced by a cobalt-60 machine is approximately
1.25 MeV. Cesium units, producing lower energy radiation, were also developed to treat

shallower lesions.

Betatrons also became available for radiotherapy. In the betatron, electrons are injected
into an evacuated glass or porcelain cavity subject to an oscillating magnetic field. The
electrons orbit the chamber, gaining energy from the magnetic field. Eventually they are
made to exit the field and hit a target, producing bremsstrahlung photons. Betatrons

produce particle energies as high as 45 MeV, but dose rates from these machines are low.

Most radiotherapy units in use today are linear accelerators (linacs). Linacs have several
advantages over cobalt-60 machines: they can provide both electrons and photons at multi-
ple energies, they can provide relatively high energy (deeply penetrating) beams, high dose
rates can be achieved, and they are not radioactive while turned off. In addition, linacs have
a sharper penumbra (except at very high energies), and generally have less beam divergence
as a result of operating at a larger source-surface distance (see Section 1.3.2 for discussion
of these quantities). Figure 1.6 illustrates schematically a typical medical linac, although

there are many different designs. In each case an electron gun is used to inject electrons into
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an evacuated accelerating tube of the travelling wave or standing wave variety. Microwave
power, produced by a inagnetron or klystron, is also supplied to the tube, and the resultant
electric field accelerates the electrons to energies of between 4 and 35 MeV. The electron
beam is usually bent through 90 or 270 degrees into the treatment head. A scattering foil
is used to disperse the electrons into a flat beam, or a tungsten target may be placed in
the path of electrons, producing bremsstrahlung photons for use as a photon beam. Since
the bremsstrahlung photons form an energy spectrum, beam energy is referred to using the
highest energy component and the notation MV: for example, a 10 MV beam has a maxi-
mum photon energy of 10 MeV but a mean energy of only approximately 3 MeV. Finally,
the beam passes through a collimation system, flattening filter (for photons), and the beam

defining jaws.
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Figure 1.8. Schematic of a ty?ical medical linear accelerator (photon treatment). For electron
treatment the target and flattening filter are replaced by the scattering foil

The significant advantages which linacs have over cobalt-60 units and betatrons mean that

they are currently the preferred modality for most radiotherapy treatments. This is despite

their high initial and running costs, higher staffing requirement and need for constant

calibration.
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1.3.2. Chgracteristics of the Dose Distribution Produced by a Photon Beam

As discussed in the previous section, linear accelerators produce photon beams by the col-
lision of high energy electrons with a target, producing bremsstrahlung photons. These
photons travel from the treatment head to the patient or phantom surface essentially unat-
tenuated by the intervening air. When the photon beam passes through the target medium
it is attenuated according to that medium’s attenuation coefficient. The intensity of the
beam falls due to absorption by the medium, and for point sources, which a linac ap-
proximates, there is also an inverse square attenuation due to increasing distance from the

(virtual) source. For a photon beam whose source is a distance f from the surface of the

medium,

®(z) = $ge ¥ ((f'{'—:)z) (m~?%), (1.20)

where @, is the fluence at the surface and z is the depth in the medium.

Although the incident photons do not deposit dose directly, they interact with matter to
liberate kerma. In the region close to the surface of the medium the dose deposited is
relatively low, due to the lack of electrons liberated upstream which normally contribute
to the dose. At a depth slightly less than the maximum electron range the dose rises to

a maximum D.,,; occurring at position dpyax. The dose then decreases with depth in a

manner closely allied to the kerma, as illustrated in Figure 1.7.
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Figure 1.7. Kerma and dose deposition with depth. Results were generated by using EGS4 Monte
Carlo user code RTPCYL to simulate a 2cm radius parallel beam of 3 MeV photons incident on a

water phantom.

The region near the surface where dose rises to a maximum is known as the buildup region.

The existence of this region is a major advantage of high energy photon beams, since
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the dose to the surface (skin) is much less than to deeper tissue, and thus the incidence of
radiation-induced skin reactions is reduced. For this reason this effect is also known as skin-
sparing. It occurs because more electrons are travelling from the region than are travelling
into the region, causing a local deficiency of electrons, and hence of dose deposition. This
phenomenon is known as electronic disequilibrium, and is responsible for the failure of many

treatment planning algorithms to accurately predict dose in areas of heterogeneity.

Figure 1.7 illustrated a depth dose curve for photons of energy 3 MeV. Higher energy
photons tend to liberate higher energy electrons, and hence the range of the electrons is
longer. This causes the position of Dmay to shift deeper into the medium, while lower energy
photons cause Dp,; to occur at a shallower depth. If incident photons form a spectrum

then the dose peak broadens.

Field size also affects how dose delivered to the patient varies with depth. As well as ranging
downstream from their site of liberation, electrons range laterally. Near the edge of a field
the number of electrons scattering outside the field is greater than the number scattering
towards the centre of the field. This lateral electronic disequilibrium causes dose at the
edge of the field to fall less sharply than expected in the penumbral region (see Figure 1.8).
There is also a component of the penumbra due to the finite size of the beam source, but
in linear accelerators the virtual source size is very small, and this effect is overshadowed

by electronic disequilibrium.
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Figure 1.8. Beam profile at depth.

Another factor affecting the shape and intensity of a photon field is the source-to-skin
distance or SSD (sometimes termed the source-surface distance, and also known as the

focus-to-surface distance or FSD). For treatment using linear accelerators this distance is
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typically 100 cm. By examining Equation 1.20 it is seen that a large SSD (f) will cause
the fluence, and hence the dose, to drop off less rapidly with depth (since the inverse
square factor is less significant). Increasing SSD will also reduce the geometrical penumbra
for a given field size, although the penumbra due to electronic disequilibrium will remain

unaffected.

One further complication of photon fields generated from linear accelerators is the possibility
of electron contamination. This occurs when the photon beam interacts with the beam
collimating jaws, flattening filter and block shadow tray, producing high energy electrons.
These electrons then form (an unwelcome) part of the treatment beam, affecting the shape

of the depth dose curve in the buildup region, and increasing surface dose.!!

1.3.3. Measuring the Dose Distribution Produced by a Photon Beam

In order to quantify the effect of a photon beam on a patient or phantom, a number
of radiological measures have evolved. Some measures developed for use in low energy
beams are less suitable at photon energies generated by linear accelerators, so it has been
necessary to develop additional quantities, illustrated in Figure 1.9 and discussed below.
Several references examine the following measures in more detail,’® and tables of these

quantities are readily available.2:'2

beam source
R = point of maximum dose
‘ P = point of calculation
_D(P) x 100
a) PDD(P)= _D(R)
D(P)
R b) TAR(P)=
tissue * Dair(P)
¢) TPR(P)= —ARP)
TAR(R)
P TMR(P) = LR ()
TPR(R)
d) PSF=TAR(R)

Figure 1.9. Measures of the dose distribution produced by a photon beam. (a) Percentage depth
dose (PDD). (b) TAR. (c) TPR and TMR. (d) Peak scatter factor (PSF).

(a) Percent depth dose (PDD). Percent depth dose (usually at central axis) is the
ratio of dose at a point to dose at a reference point in the patient or phantom. The

reference dose is usually the dose D,y occurring at dmay, and the ratio is expressed as
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(b)

(¢)

(d)

a percentage. It is the most commonly used of all radiation measures, since it demon-
strates the characteristics of the beam in an easily understood way. It is dependent
upon depth, width of the beam, SSD, and beam energy. Depth doses using a reference

point other than Dpax are referred to as relative depth doses.

Tissue-air ratio (TAR) and scatter-air ratio (SAR). The tissue-air ratio is a
dimensionless quantity representing the ratio of the dose in tissue to the dose in air
at the same point. It is a function of field size, depth and photon energy. TAR
increases slowly with field size, decreases with increasing tissue depth, and increases
with increasing photon energy (except at shallow depth, where TAR decreases). When
measuring TARs the distance from the source to the point of measurement (source-
axis distance or SAD) is kept constant, so that additional phantom material is stacked
on top of the measuring device. TARs are useful in calculating depth dose curves
from ionization measurements made in air, using a buildup cap to ensure electronic
equilibrium in the chamber. Similarly, depth dose curves in water can be used to
calculate TARs. TARs are often decomposed into two components: the zero-area TAR
representing the contribution from primary radiation, and the scatter-air ratio (SAR)
representing the contribution from scattered radiation. Although the zero-area TAR
cannot be measured directly, it can be extrapolated from measured data, allowing SAR
values to be determined. SARs are useful in some treatment planning algorithms (see

Section 1.4.3).

Tissue-phantom ratio (TPR). For high energy photons such as those produced by
linear accelerators the buildup cap used to measure TARs must be made very large.
Scatter from the buildup material affects the measurement, and for small fields TAR
cannot be measured, since electronic equilibrium does not exist within the field. An
alternative is to use the tissue-phantom ratio, which is the ratio of the dose at a point
to the dose at a point which is the same distance from the source but at a reference

depth d;r. This approach avoids the need for a buildup cap. TPR and TAR are related

in a simple way? (see Figure 1.9¢c).

Tissue-maximum ratio (TMR). If the reference depth d,.s is set to dimax, then the
TPR becomes known as a tissue-maximum ratio (TMR). It is also the ratio of the
TPR at a point to the TPR at the point of maximum dose (see Figure 1.9c). Since
tissue-equivalent material is stacked on top of the machine isocentre when making TPR

measurements, the dose at dp,,, can be derived from TMR.2 This provides a measure

similar to fractional depth dose.
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(e) Backscatter factor (BSF) or Peak scatter factor (PSF). The peak scatter factor
(PSFj is equal to the TAR at the depth of maximum dose dpya.x. It is the factor by
which energy scattered from the phantom increases the dose. Since for high energy
photons D, does not occur at the surface, not all scattered radiation reaching dpax is
strictly speaking backscattered, and hence the more generally applicable term is peak
scatter factor (PSF). TAR, TMR and PSF are linked by the relationship

TAR(d, W,,) = TMR(d, W,,) X PSF(W,) , (1.21)

where d is depth and W,, is the width of the (square) field at depth dpax.

Consider a point D which is d cm below the surface of a phantom irradiated by a field of
width W,, at D, and W, at point D, as illustrated by Figure 1.10. For a given energy
of radiation, Johns and Cunningham? interrelate these quantities by an expression similar

to the following:

100 x TAR(d, Wy) X (d — dimax)

PDD(d, W, SSD) = PSE(V.)
TAR(d, W, )m SSD + dinax \ (1.22)
_ ) d max
= 100 X S r ) ( SSD+d ) (%) -

Thus percentage depth doses can be calculated from TARs and PSFs, or vice versa. Since
TAR is related to TPR (see Figure 1.9c), measurements taken in water phantoms can also

be used to determine percentage depth doses and vice versa.

beam source
7F—

SSD

M = point of maximum dose
' D = point of calculation

water

Zwm 4M \_I_a" |

VA G

Figure 1.10. Parameters used in Equations 1.21 and 1.22 (adapted from Johns and Cunningham?
page 339). '
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The quantities defined above are suitable primarily as a measure of how dose varies with

depth in the centre of the field (where lateral electronic equilibrium exists). However, it

is also useful to be able to describe the shape of the field: that is, how dose varies with

distance from the central axis. This may be done using the following concepts:

(a)

(b)

Profiles. If an ionization chamber is driven across a phantom at depth d in a plane
perpendicular to the beam axis, then a dose profile at that depth can be generated.
A dose profile gives a good indication of the beam shape at that depth, but on its
own gives no information about how dose varies with depth. Sets of beam profiles
are often used in conjunction with depth dose measurements to completely define the
beam in one plane parallel to (and usually intersecting) the central axis. Figure 1.11a
illustrates a beam profile, and also shows how the 50% point in the penumbral region
can be used to define the field size at depth d. The ratio of dose at a particular off-axis
distance to the central axis dose at the same depth is known as an off-axis ratio (OAR)

or off-centre ratio (OCR).

Isodose curves. Isodose curves provide a good way of visualising the overall shape
of the beam. An isodose curve joins points of equal dose, so a set of isodose curves —
one for each selected dose level — provides a 2-dimensional picture of the beam (see
Figure 1.11b). For constant-SSD measurements, isodose curves are usually normalised
to be 100% at the point of maximum dose, while for isocentric measurements, where
the source to machine axis distance (SAD) is constant, curves are usually normalised
to the isocentre (machine centre). However, in constant-SSD measurements involving
heterogeneities, isodose curves are often normalised to the point of maximum dose in

water. This allows direct comparison between heterogeneous and homogeneous cases.

beam
direction
central axis l
100% i
dose ‘@
50%f——f--=----= -| -------- 90%
| | 70%
|
! | ! | 50%
le———— field'size ————»| X— L I
‘tissue 30%
a) b)

Figure 1.11. Measures of beam shape. (a) Dose profile. (b) Isodose curve.



21

Many of the above quantities, such as TAR, TPR and TMR, were developed primarily as
tools for use in treatment planning. However, newer dose calculation methods discussed in
Section 1.4, particularly Monte Carlo and superposition/convolution, do not require these
quantities, relying instead on more fundamental concepts such as terma and energy deposi-
tion kernels. Percent depth doses, profiles and isodose curves will always be useful, however,
since they are an intuitive and easily visualised description of the dose distribution, and

hence provide a means of direct comparison between the various dose calculation methods.

1.3.4. Photon Treatment

The first step in radiotherapy treatment is to obtain patient anatomical data (usually from
diagriostic x-rays or CT scans). The radiotherapist (with the aid of a physicist) then

determines:

e A suitable target volume. This volume usually contains some healthy tissue as well as

the tumour (see Figure 1.1), since the edge of the tumour may be difficult to define.

e Dose fractionation (many small doses tend to be more effective than one large dose in

eradicating a tumour).
The planning radiographer (radiation therapist) must then decide:

o How many beams should be used, from what angles they should be directed and what

their relative intensities should be.
e How each beam should be modified (if at all).

These last two considerations require knowledge of radiation physics — much of it already
incorporated into the treatment planning system — but also rely on the medical knowledge
and experience of the radiation therapist. However, the physicist can certainly advise the
radiation therapist on how various treatment options are likely to affect the dose distribution
— in particular the option of beam modification. Photon beams are usually modified for

one of two reasons:

(a) Correcting for missing tissue. When the photon beam intersects the patient at an
oblique angle the “missing” tissue causes the dose to be increased (see Figure 1.12a).
This effect is often undesirable, in which case bolus may be used. Bolus is simply a
tissue-like material which replaces the missing tissue, restoring the dose distribution
to its normal shape. However, a bolus destroys the skin-sparing properties of a high
energy photon beam. A similar effect can be achieved without loss of skin-sparing by

placing a wedge or compensating filter away from the skin surface (this is known as
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a retracted compensator). Figures 1.12b and 1.12¢ illustrate the use of a bolus and a
wedge to restore the shape of the dose distribution.

(b) “Tilting” isodose lines. Rather than correct for a distorted dose distribution, it may
be desirable to intentionally distort the contribution from a beam in order to achievea
more desirable dose distribution within the patient. Figure 1.12d illustrates the use of
a wedge filter to “tilt” the isodose lines from a single beam. By combining two wedged

fields at right angles it may often be possible to obtain a region of uniform dose where

the fields intersect.

} beam |
direction

a) b)
y |
P “ | | | |
I |
c) d)

Figure 1.12. Modifying dose distribution from a single beam. (a) “Missing” tissue causing

distortion of the dose distribution. (b) Correcti i
ion . ction using a bolus. i i
(d) “Tilting” the isodose lines with a wedge filter. : i (c) Comection using » wedge.

The radiation therapist can use these techniques to help achieve a more satisfactory dose
distribution than would otherwise be possible. They might employ a single field, a pair
of opposing fields, three fields, two opposing pairs of fields directed at right angles, or six
fields. The radiation therapist must also decide the relative weighting of these fields in
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order to achieve optimal dose distribution. Figure 1.13 illustrates just two of the possible
arrangements and the type of dose distributions that they produce. Detailed discussions of

field placement can be found in many textbooks.?®:13
N L4
' ! N0 fleld 1 field 2 5
Y\ field 1 field 2/ ‘\\4\ ield 2,2
\ 7 \ ’
/

s N
AY
| ield 3 field 4™\

b)

Figure 1.13. Treatment using multiple fields (solid lines are isodose curves). (a) Two wedged
fields (for irradiating a tumour through one skin surface). (b) Two opposed pairs of fields.

In addition, other techniques such as rotation therapy are available for tumour treatment.
In rotation therapy the treatment head of the linear accelerator is rotated around the patient
during treatment. Rotation therapy gives some dose to all regions in the field, and thus a

larger area of healthy tissue is exposed, but at a reduced dose.

Using the system of measures discussed in Section 1.3.3, it is possible to quantify the
effects of various beam arrangements and modifications. Provided accurate anatomical
patient information is known, the treatment planning system can now be presented with all
the information necessary to accurately determine dose in a homogeneous medium. With
further knowledge of the way in which photon beams behave in regions of heterogeneity it
is possible, in theory at least, to predict dose in arbitrary regions of heterogeneity. The
algorithms available to predict dose in both homogeneous and heterogeneous cases are

discussed in the next section.

1.4. Photon Treatment Planning Algorithms

1.4.1. Introduction — The Heterogeneity Problem

In 1976 the International Commission on Radiation Units and Measurements (ICRU) rec-
ommended that the degree of accuracy for delivery of tumour dose should be +5%.'* Cun-
ningham estimates that an accuracy of +3.8% is required from the dose calculation algo-

rithm to achieve this.!® Various algorithms have been used to carry out treatment planning
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simulations, as documented by Cunningham!'® and the ICRU.!* More sophisticated algo-
rithms currently used i)y commercial systems for photon treatment planning include scatter
function methods. The Batho power law and equivalent tissue-air ratio (E-TAR) techniques
use data from TAR tables to modify standard measurements in water for use in heteroge-
neous cases. Although these corrections are suitable for use at cobalt energies, they fail to
accurately predict the dose in heterogeneous cases at linear accelerator energies.'® This is
due primarily to inadequate modelling of the physical processes, in particular the scattering
of electrons away from the photon interaction sites. This phenomenon results in electronic
disequilibrium, which is particularly noticeable in regions of density greatly different from
that of tissue, such as in body cavities, lung, and to a lesser extent, bone. Figure 1.14 illus-
trates the effect of lung cavities on the central axis depth dose curve for a 10 MV photon
beam. Note the drop in dose (build-down) just before the first (tissue-lung) interface, and
the rise in dose (buildup) just before the second (lung-tissue) interface. These effects are due
to “longitudinal” electronic disequilibrium. The build-down case is caused by a deficiency of
backscatter from the low density region, while in the buildup case there is extra backscatter
from the nearby high density region. The other effect noticeable from Figure 1.14 is the
drop in dose in the central lung region, caused by lateral electronic disequilibrium. Here
electrons scatter several centimetres away from the central axis (since the density is low),
and are not completely replaced by electrons scattering from the edge of the field.}” This
effect is not present at the central axis for larger field sizes, since electronic equilibrium is

present. However, lateral electronic disequilibrium will always affect the penumbral shape
of any field size.
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Figure 1.14. Central axis depth dose for a 5 cm X 5 ¢

on a chest phantom. Results obtained usin
et al.'7).

m photon field of energy 10 MV incident
g a Farmer ionization chamber (adapted from Hoban
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There exist methods which more successfully model radiation transport. The most physi-
cally realistic of these is Monte Carlo modelling, in which individual particles are modelled
using random variables to determine the sites and types of interaction for each particle. Su-
perposition /convolution methods can also accurately model the physical processes. How-

ever, both these methods are much more computationally intensive than currently used

algorithms.

1.4.2. Effective Depth Methods

Effective depth methods are based upon calculating the water equivalent depth of the dose
calculation points, also known as the equivalent pathlength or radiological depth. These

methods include:

(a) Effective attenuation coefficient method. In this method the water equivalent
depth is calculated at each dose point, and is used to calculate a correction factor for
each point. For example, in Figure 1.15 the depth d of point P is 2.5+5.04+2.0 = 9.5 cm,
while the water equivalent depth d' of point P is 2.5 + (5.0 x 0.25) + 2.0 = 5.75 cm.
The correction factor C for point P when irradiated by a 10 MeV photon field is then

calculated using!®
C = eHd-d')

— 0-0222X(9.5-5.75) (1.23)

= 1.087 ,
where g is the linear attenuation coeflicient for water at that energy. Dose at point
P is then obtained by multiplying C' by the dose obtained in a homogeneous water
phantom at depth d.

(b) Effective SSD method. This is similar to the previous method, except that the
correction factor C is formed from the ratio of the percentage depth doses at depths d'

and d, multiplied by an inverse square correction. The correction factor C is given by

C = (1.24)

PDD(d', Wo, SSD) (ssn + d’)z
PDD(d, Wy, SSD) SSD+d) °

where PDD is percentage depth dose, Wy is the field width at the surface and SSD
is the source-surface distance. This method accounts for beam divergence as well as
depth and field size, and can also account for beam profile shape. This method has
been commonly used in computerised treatment planning systems, in which case off-
axis ratios (OARs) are employed to store the shape of the dose distribution off-axis. A
simplification known as the isodose shift method'® may be used when the calculation

is to be done manually.
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Figure 1.15. Phantom arrangement used for discussion of dose calculation methods. Material of
density p; = 0.25 g cm® represents lung, while material of density p,, = 1.00 g cm? represents
tissue. A 5 cm X 5 cm field of monoenergetic photons (energy 10 MeV) is incident on the phantom.

1.4.3. TAR Correction Methods

There is a more sophisticated class of algorithms which use tissue-air ratios (TARs) to
correct homogeneous dose distributions in order to account for heterogeneities. The first
method mentioned below is essentially similar to the effective depth methods, in that it
fails to consider the effect of scattered photons on the dose distribution. However, the other
methods listed below apply increasingly complex inhomogeneity corrections which attempt

to account for scattering (and hence they are also known as scatter function models).

(a) Ratio of tissue-air ratios method. This is similar to the effective SSD method,
except that the correction factor C is formed from the ratio of the TAR at depth d' to

the TAR at depth d:
_ TAR(d',Wy)
~ TAR(d, Wa)

where TARs are expressed as a function of Wy, the beam width at depth d. Unlike

the effective attenuation coefficient method, this method accounts for both field size

: (1.25)

and depth. Both this method and the effective attenuation coefficient method were

originally developed for calculation by hand.!4

(b) Power law tissue-air ratio method (Batho method). This method, developed by
Batho'® and modified by Sontag and Cunningham,'® employs a correction factor that

takes heterogeneities into account. As an example consider point P in Figure 1.15,
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lying at a depth d; = 2.0 cm below the upper surface of the second tissue region
(density p; = 1.0 g cm™3). It is also d; = 7.0 cm below the upper surface of the lung
heterogeneity (density p; = 0.2 g cm™3). These distances are incorporated into a new

correction factor C such that

TAR(d;, Wy)Pr—#3
TAR(d,, Wq)l—e2

In previous methods the equivalent pathlength used to calculate correction factors was

c = (1.26)

unaffected by the position of the heterogeneity, but the power law method accounts for
this, and can therefore be said to crudely model photon scatter. However, care must be

taken in using this method near interfaces, and in buildup and build-down regions.!®

Equivalent tissue-air ratio method (E-TAR). The power law method works well
in regions below a heterogeneity, but results in relatively large errors within regions of
heterogeneity, especially for large field sizes.!® The equivalent tissue-air ratio method
was developed by Sontag and Cunningham?? to more adequately model heterogeneities,
and to enable the use of CT scan data without identification of structures (necessary
for the power law method). It assumes that the dose to a point in a heterogeneous
medium is equivalent to the dose at some point in a homogeneous phantom of unit

density, where field size and depth may be scaled as necessary. The equivalent tissue-air

ratio correction factor C' can be written as?®
_ TAR(d',7)
C = Tany (1.27)

where d is depth, 7 is field radius and d’' and 7 are corresponding scaled quantities
calculated by the E-TAR method. It can be shown that these quantities scale linearly
with electron density.?! More formally, TAR(d,r), — the TAR at depth d, field radius
r in a homogeneous medium of density p — is equal to TAR(dp, rp) in a unit density

homogeneous medium.2°

Heterogeneous media require a more complicated correction for scattered photons. By

writing scaled TAR as the sum of the zero-area TAR and the scatter-air ratio (SAR):
TAR(d',7) = TAR(d',0)+ SAR(d',7) , (1.28)

the problem is decomposed into a simple scaling for zero-area TAR and a more com-
plicated SAR scaling. The scaled distance d’ is just a density-weighted average of the
n voxels along the pathlength d:
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(d)

and the field size is scaled using

F=rxp, (1.30)

where j is formed by weighting all voxels according to their importance in the scat-
tering process, then averaging the result. Performing such an average over all voxels
is a computationally intensive task, so to reduce calculation time the E-TAR method
“collapses” the CT planes onto a single plane, using weighting factors for each plane
(more remote planes contribute less to the scatter component). These j;; form a single
scattering plane which is a distance Z.g away from the calculation plane. The effective
density j is then calculated by a summation over the ij plane:

. X2 bij Wii(Zer)
D S Y7 ¢ B (1.31)

where both Z.g and the weighting factors W;; are calculated using relationships derived

by Sontag and Cunningham.??

E-TAR is superior to the power law method and other methods discussed previously
because it takes into account the lateral extent of heterogeneities. It can also be directly
applied to CT generated electron density data. However, it requires considerably more

computation than the previous methods, and requires a large amount of empirical data.

Volume integration of differential scatter-air ratios (dSARs). A scatter-air
ratio (SAR) measures the amount of radiation scattering to a point from all of the
surrounding volume. By differentiating this quantity, an expression for the amount
of radiation AS scattered into a point from a volume AV can be calculated from

measured SARs and TARs.!® The dose at a point in a heterogeneous medium is then

calculated by

D = Dy <TAR(d’,0) + ; (e-m’-“)eﬁ_ge-#'“'-")AV)) , (1.32)
where

Dy is the dose in air at the calculation point,

d' is the radiological depth of the calculation point,

TAR(d’,0) is the zero-area TAR at radiological depth d',

m is the linear attenuation coefficient for primary photons,

a is the pathlength to the scattering volume,

' . C
a is the radiological pathlength to the scattering volume,
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€ is the weight for the scattering site (o< relative electron density),
u' is the linear attenuation coeflicient for scattered photons,

b is the pathlength from scattering volume to calculation point,

b is the radiological pathlength from scattering vol. to calc. point.

The zero-area TAR term represents the dose contribution from primary radiation,
while the second (summation) term represents the scatter contribution summed over
the entire treatment volume. Along with E-TAR this system is a sophisticated and
potentially accurate algorithm, but the volume integration requires a large amount
of computation, and hence is suitable for implementation only on relatively powerful
treatment planning computers. However, like all effective depth and TAR correction

methods, it fails to model electrons ranging away from the interaction site.

1.4.4. Superposition and Convolution

The techniques discussed in the previous sections rely on experimentally obtained data, such
as depth dose curves or TARs, and perform empirical corrections to these distributions in
order to obtain dose in heterogeneous regions. The superposition/convolution technique is
not really a correction technique at all — it seeks to model the physical processes directly
from knowledge of only the beam characteristics. The method was first suggested by Dean??
and developed by Mackie et al.,23 Boyer and Mok,2* and many others.

The first quantity needed in order to perform a superposition/convolution is the total
energy released per unit mass, or terma. This is calculated by a ray-trace to determine
radiological depth, coupled with a knowledge of attenuation coefficients of the medium. The
second quantity required is an energy deposition kernel, also known as a dose spread array,
differential pencil beam or point spread function. It represents the distribution of deposited
dose caused by interactions at a single site, and is normally calculated using Monte Carlo
techniques (see Section 1.4.5 and Chapter 2). The terma T and energy deposition kernel H

can then be used to calculate the dose D deposited at a point (z, y, z) using convolution:

D(z,y,z) = Z)/ / / p(z',y', ') T(2',y',2'")H(z—2',y—y', 2—2") de'dy'ds’ ,

(@, y,

(1.33)
where (z',y',2') is the interaction site and X, Y, and Z are the upper limits of the re-
gion of calculation. Equation 1.33 calculates the dose at a single point by summing dose
scattered from every other point in the medium, which requires a very large computational
effort. Assuming that the energy deposition kernel does not vary with position within the

phantom enables Fourier transform techniques to be applied, speeding the process consid-
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erably. However, the presence of heterogeneities and hardening of the beam spectrum with
depth require that the energy deposition kernel be scaled, invalidating the Fourier transform

technique. This real-space approach using a variant kernel is known as superposition.

As mentioned above, these methods — especially superposition — require extremely large
amounts of computation. Another significant disadvantage is that the characteristics of
the beam must be well known. Linear accelerator spectra are difficult to measure experi-
mentally, but Mohan et al.?® and others have had considerable success in simulating linear

accelerator treatment heads using Monte Carlo techniques.

However, there are also several advantages to the convolution/superposition approach. It
requires a minimum of experimental data and is conceptually simple and intuitive. The pri-
mary advantage is that superposition/convolution models electronic disequilibrium, which
is necessary for accurate dose calculation in regions of heterogeneity when using high en-
ergy photon beams — especially for small field sizes and in low density regions such as
air cavities and lung. It is this property which sets superposition/convolution (and Monte

Carlo) apart from all previously discussed methods.

1.4.5. Monte Carlo Modelling

Monte Carlo modelling is the standard which all other dose calculation algorithms must
seek to approach. Monte Carlo attempts to directly model the particle interactions which
occur in photon and electron transport, and provided these are modelled adequately there
is no theoretical limitation to the accuracy which this method can achieve. Only statistical
fluctuations caused by the modelling of an insufficient number of particle histories can cause

error in the dose distribution.

Monte Carlo techniques are so-called because they use random events to model the overall
behaviour of a system. In Monte Carlo particle transport simulation an incident photon is
modelled by first using a random number to select the distance to the site of first interaction,
from a knowledge of the photon’s mean free path in the medium. The type of interaction,
resulting particles and their energies and scattering angles must then be randomly selected.
All resulting particles must in turn be simulated until thejr energy drops below a pre-

determined cut-off level, in which case their energy is deposited locally. Photons undergo a

that

each of relatively small energy
loss. It is simulation of these electron tracks which requires the bulk of the computational
n

effort.

small number of well-defined interactions, but charged particles (primarily electrons)

they produce may undergo many thousands of collisions,
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Many a.uthors have written Monte Carlo particle transport simulation packages, but the
ETRAN/ITS?®?” and EGS4?® codes are most commonly used in medical physics appli-
cations. These codes have been extensively benchmarked at linear accelerator energies,
and provided they are applied correctly there is justifiable confidence in the results they
produce.??2? Like superposition /convolution, Monte Carlo requires both an accurate knowl-
edge of the incident photon beam and an extremely large amount of computational effort.
Although this last factor makes Monte Carlo impracticable for routine treatment planning,
the technique is still useful as a benchmark for other techniques, and also as a method of

generating energy deposition kernels for the superposition/convolution approach.
1.4.6. Summary

In the previous sections a wide range of treatment planning algorithms have been discussed.

Their properties are summarised in Table 1.2.

Method accounts for: lexite/
: : complexit
Algorithm photon path field inhomogeneity electronic spzecf Y
length size  position shape equilibrium
Effective attenuation % X % X very simple/
coefficient \/ very fast
Effective SSD V4 v/ X X simple/fast
. very simple/
Ratio of TARs V4 vV X X X vy fon
Power law TAR \/ \/ \/ X X simple/fast
E-TAR \/ \/ \/ \/ X complex/slow
Volume integration \/ \/ \/ \/ % complex/slow
of dSARs
Convolution/ VARRRVARRVARNEVAERVAN [
Superposition Ty
very complex/
Monte Carlo \/ \/ \/ \/ \/ extremely slow

Table 1.2. Capabilities of various treatment planning algorithms (adapted from Cunninghamls).

The table shows that the equivalent pathlength methods, which were originally developed
for calculation by hand, are relatively poor at modelling dose distributions in heterogeneous
media, although they are fast and easily implemented on a computer. TAR correction meth-
ods calculate dose near heterogeneities with varying degrees of success, but are more com-
plicated to implement and require more powerful treatment planning computers. However,

it should be noted that a method such as volume integration of dSARs is accurate when
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modelling low energy beams such as that from cobalt-60. Only superposition/convolution
and Monte Carlo modelling can account for electronic disequilibrium caused by high energy

(linear accelerator) photon beams, but these methods are more computationally intensive

than the other methods.

Of all the methods listed above, only Monte Carlo modelling has the capability of being
arbitrarily accurate in calculating dose distribution. Although Monte Carlo is useful as a
reference technique, present computer technology does not allow generation of Monte Carlo
plans in just a few minutes, so the superposition/convolution option is a more realistic
algorithm for routine clinical use. Provided the energy deposition kernels are scaled in a
physically reasonable manner the accuracy of the superposition technique should closely
approach that of Monte Carlo. The next two chapters discuss both the Monte Carlo and

superposition/convolution techniques.
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Chapter 2

Monte Carlo Simulation

2.1. Introduction

There is a wide range of problems in physics and mathematics which can be successfully
simulated by the sampling of random variables. These methods are known collectively as
Monte Carlo techniques, and are particularly well suited to the simulation of particle trans-
port, since this element of chance is implicit in the behaviour of the particles themselves.
Full or analogue Monte Carlo modelling is a direct simulation of the physical processes
which occur in particle transport, and hence has the capability of giving results as accurate

as statistical errors will allow.

Many scientists have reservations about the Monte Carlo procedure on the grounds that it
is empirical rather than rigorously analytical. However, quite apart from the impossibility
of treating all but the very simplest cases analytically, an equally valid view is that Monte
Carlo simulation of radiation transport, with correctly determined physical simulation data,
is a method whose results all other correct physical theories should approach.! Monte Carlo
simulation has provided the physically correct answer in many cases where all other workable
methods of calculation have been in error. Monte Carlo also allows more flexibility than
is possible in physical situations. For example, in calculating the dose distribution in a

phantom, primary and scattered particles can be scored separately.

Monte Carlo techniques first began to be used for particle transport simulation in the mid
1950s.2—* Development of the method by Kahn,® Berger® and others resulted in the Monte
Carlo method outlined in reviews by Turner’ and Raeside,® but here it is sufficient to say
that two widely-used Monte Carlo code systems have evolved. The ETRAN® (Electron
TR ANsport) system was developed at the National Bureau of Standards (NBS) by Berger
and Seltzer, leading to the Integrated TIGER Series'® (ITS) codes developed at Sandia
National Laboratories. The other system is the EGS4 (Electron Gamma Shower) code,!!
developed at the Stanford Linear Accelerator Center by Nelson, Hirayama and Rogers.

These two codes are essentially similar, although there are significant differences in the way

An abbreviated form of this chapter appears in Australas. Phys. Eng. Sci. Med. (1990) 18 (3) 132-147,
under the title “Using EGS4 Monte Carlo in Medical Radiation Physics.”
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electron transport is treated. However, the ease with which the EGS4 system can be used
has resulted in it being the most popular Monte Carlo system. The intention here is to
briefly outline the principles behind the Monte Carlo technique in general, then elaborate on
particular aspects of the EGS4 system and its application in the medical radiation physics

field.
2.2. Principles of Monte Carlo Particle Transport

2.2.1. Photon Transport

Consider a photon beam incident on the surface of a phantom or patient. Using the Monte
Carlo technique this beam is modelled as a large but finite number of incident photons.
The mean distance which a photon of a given energy travels in a given medium is known
as the mean free path ), given by!!

M

A=
Ngpo, ’

(2.1)

where
M = molecular weight of the medium,
N, = Avogadro’s number,
P = density of the medium,

oy = total cross-section per molecule

(A is also equivalent to 1/X; where X, is the macroscopic cross-section of the medium). If ¢
is a random variable uniformly distributed between 0 and 1 then the number of mean free

paths to the next interaction NV, can be sampled by
Ny=-In( , (2.2)

using the inversion sampling method described in Section 2.2.3. The mean free path is
dependent upon the medium, so that in the general case the number of mean free paths N,

between two points 2o and z; must be formed from the integral

z

dz
Ny = Tz) . (2.3)

Zo
In the EGS4 system a medium is modelled as a finite number of regions, each of which is

homogeneous, so Equation 2.3 reduces to a sum over all regions intersected by the path of

the particle, allowing for different values of ) in those regions.

Having been transported to the interaction site, the photon may then interact in one of a

number of ways, including:
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(a) Compton scattering, in which a photon of energy hv collides with an effectively

“free” electron, transferring momentum to the electron as it recoils.

(b) The photoelectric effect, in which a photon gives up all its energy hv to an electron,
which is ejected from the atom with the corresponding energy less the binding energy
of the electron. If an inner shell electron is knocked out then characteristic radiation

may also be emitted when an outer shell electron drops into the inner shell vacancy.

(c) Pair production, in which a photon with energy greater than the mass of two elec-
trons (2m.c? = 1.02MeV) interacts with the nucleus to produce an electron-positron
pair. The positron may later annihilate with an electron to produce two 0.511 MeV

photons.

There are also other ways in which the photon can interact, including Thomson scattering
(important only at very low energies), coherent (Rayleigh) scattering (in which the photon
is scattered elastically off a tightly bound electron, causing the entire atom to recoil), the
nuclear photoeffect (in which a photon typically of energy 12-24 MeV interacts with a
nucleus), and triplet production (similar to pair production except that interaction occurs
with an electron, which recoils). The relative probabilities or branching ratios for these
various types of interaction at x-ray photon energies are well known, so once again a random
variable can be used to determine the type of interaction. For example, if there are n types
of interaction possible, where the jth type of interaction has cross-section o; and the total

cross-section is o;, then we can generate n divisions on the unit interval such that!!

F(i) = —z’%‘ﬁ . (2.4)

By sampling a uniform random variable on the interval [0,1) the type of interaction i can

then be determined by finding F(%) such that
F(i—-1)< (< F(i) . (2.5)

Finally it remains to determine any other necessary particle parameters. These might
include scattering angles and product particle energies. Again this is done using random
variables. The angles are transformed from the particle coordinate system to the original

coordinate system, and the histories of all product particles are followed in turn.

2.2.2. Electron Transport

In order to determine energy deposited in a medium it is necessary to accurately model the

transport of electrons. Electrons may be incident on the medium (as with an electron beam
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produced by a linear accelerator) or generated by the interaction of photons with matter.

They then interact in one of three principal ways:

(a) Collisional energy loss, occurring due to Coulomb interactions (Mgller scattering),
in which the electron causes excitation or ionization of a bound electron. The excited
electron then deposits its extra energy in the medium as heat. Occasionally an ejected

electron has sufficient energy (approximately 100 eV) to be considered a distinct ion-

izing particle or delta ray.

(b) Radiative energy loss, which does not deposit energy directly but instead generates
further photons. In the bremsstrahlung process an electron (or positron) is scattered
by a virtual photon from the nucleus and a free photon (which may then go on to
interact) is created. Classically speaking the electron accelerates (changes direction)
due to the electrostatic force from the nucleus and in so doing emits radiation. The
electron continues on with reduced energy. Characteristic radiation may also occur,
when an inner shell electron is ejected and replaced by an outer shell electron, emitting

radiation of energy characteristic to the atom.

(¢) Elastic nuclear (Rutherford) scattering, in which the electron is deflected due
to the interaction of the electron’s charge with the nuclear Coulomb field. Since the
nucleus has vastly more mass than the electron, almost no kinetic energy is transferred

to the nucleus and the scattering is therefore elastic.

Electrons may also undergo annihilation, in which an electron and a positron annihilate to
produce two photons of energy 0.511 MeV; Bhabha scattering, in which an electron and
positron interact without annihilation; electron-electron bremsstrahlung (unimportant at

radiotherapy energies); and Cerenkov emission (also unimportant).

In general, the number of interactions which an electron undergoes is large (many thousand
in medical radiation physics applications). To avoid long simulation times it is therefore
necessary to treat many interactions together by using multiple scattering instead of single
scattering, and the concept of stopping power instead of discrete energy loss. Stopping
power can be further divided into collision and radiation stopping powers, representing
the contributions of collision and radiation losses, respectively. If only those interactions
producing products below a certain energy threshold are considered then restricted stopping
power is used. Figure 2.1 shows the path of an electron being modelled as a sequence of

straight lines, where the scattering angles 6; are sampled using a multiple scattering theory

and energy loss is calculated using total stopping power.
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Figure 2.1. Simulation of electron transport using multiple scattering. Electrons are transported
rectilinearly by step length s (dashed lines) and energy is deposited at sites indicated by solid
dots. A multiple scattering theory is used to determine the scattering angles 6;. Note that the
path simulated by Monte Carlo is one of an infinite number of physically possible electron paths.

In the simplest Monte Carlo approach the total stopping power is used to determine the
energy lost along an electron step, with a multiple scattering theory (such as the Gaussian,
Goudsmit-Saunderson or Moliére theory) used to determine the scattering angle.!? However,
these Class I schemes assume a continuous slowing down approximation (CSDA), in which
the energy losses of the electron are continuous. In reality the energy loss per unit distance
varies, with the stopping power representing the average energy loss. These fluctuations

are known as energy loss straggling. In Class I schemes allowance for this must be made

by building in an analytical energy loss straggling correction.

An alternative is a Class IT or Mixed procedure, in which electron energy losses are grouped

into two distinct categories:

(a) Energy losses below a certain threshold are treated using multiple scattering and re-
stricted or continuous stopping power, which is the sum of the restricted radiation

stopping power and restricted collision stopping power.

(b) Energy losses above that threshold are modelled as discrete collisions in a similar way

to the modelling of photon interactions.

The random nature of the discrete (category b) events automatically introduces energy loss
straggling into the simulation. However, the cut-off energy — above whicI} discrete energy
losses are modelled — must be sufficiently low to ensure an adequate amount of energy
loss straggling is included. A high cut-off energy results in a faster simulation, but can

give erroneous results if too much straggling is excluded by the modelling of continuous

(category a) losses.

Another correction which may need to be built into the simulation is the pathlength correc-
tion (PLC) factor. This arises because the distance which the electron has travelled between
electron steps is greater than the straight line distance between the beginning and end of

the step, due to curvature of the electron track. The effect of this can be reduced by making
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the electron steps very small, but for large step sizes the error can become significant unless

a PLC factor is included.

Figure 2.2 (adapted from Seltzer et al.!®) illustrates the concepts discussed above. It shows
energy deposited with depth for a broad beam of electrons incident on a homogeneous
medium. The curve labelled “unscattered CSDA” shows how energy would be deposited
if continuous slowing down was assumed and no scattering was modelled. Note that since
delta rays are not modelled, the electrons all reach their residual energy at exactly the
same depth, leading to the Bragg peak at the end of the electron range. The curve labelled
“multiple-scattered CSDA” shows that when multiple scattering is simulated the electrons
travel obliquely and energy begins to be deposited at shallower depths. The bold curve
labelled “straggling” shows what happens when energy loss straggling is also taken into
account (by using a Class IT scheme, for example). The region of low energy deposition
near the surface is due to the creation of delta rays, which deposit energy downstream from

the site of interaction. The bremsstrahlung contribution is also shown.
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Figure 2.2. Energy deposition curves for a broad

parallel beam of elect inci i
(adapted from Seltzer et al.l 3) using vazions mad ectrons incident on a medium

elling schemes (see text).

In summary, photons undergo a relatively small number of well-defined interactions which

may give rise to free electrons. These electrons then traverse the medium depositing energy

by means of a far larger number of interactions, involving small average energy loss. The

modelling of these electrons provides the greatest challenge for Monte Carlo theorists.
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2.2.3. Sampling

The Monte Carlo technique relies upon the correct selection of particle parameters from
associated probability distribution functions (PDFs) using sampling techniques.!* For ex-
ample, in Section 2.2.1 it was mentioned that the distance which a photon travels before
the next interaction must be sampled using a random variable. The method which EGS4
and other codes such as ETRAN use to obtain this value is known as the inversion method.
For photon transport the normalised probability distribution function f(z) for the distance
z to the next interaction is

f(z) = pe™4* (2.6)

where p is the linear attenuation coefficient (A = 1/u). From this the cumulative probability
distribution F(z) can be formed, such that

F(z) = / peHdg! = 1—eH* (2.7)
0

From Figure 2.3 it can be seen that dF(z) is proportional to the slope of the cumulative
probability distribution, and is therefore proportional to the original probability distribution
f(z). By sampling F(z) with a random variable R uniform on the interval [0,1):

R=1-e# | (2.8)
we can therefore solve for distance z:
1
z = —; In(1-R) . (2.9)

Noting that (1 — R) is distributed in the same way as R and A = 1/u, the number of mean

free paths N, to the next interaction can be sampled most simply by the expression
Ny=-InR . (2.10)

The EGS4 implementation of this expression is discussed in Section 2.3.3.

In some cases the probability distribution function f(z) cannot be integrated, or z =
F-1(R) cannot be solved. In these cases rejection sampling can be used, providing the
probability distribution function f(z) is bounded between z = a and # = b with a maximum
value M, as shown in Figure 2.4. Using two random numbers to sample the interval (a, b)
on the z-axis and (0,1) on the y-axis, a point on the normalised graph in Figure 2.4 can be
randomly selected. If it lies outside the probability distribution function then it is rejected

and a new point is generated, otherwise the value of z is accepted.
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Figure 2.3. Inversion sampling. The normalised probability distribution f(z) is first used to form
the cumulative probability distribution F'(z) (illustrated). dF'(z) is proportional to the slope of
F(z) at z, and hence is proportional to f(z) at z. Sampling F(z) randomly with R and solving
for = gives a correctly sampled value for z.

f(x)
M
1| ==-=-=
rejection
rejection region
region ¢ °
°
(xy’) °
[ J
acceptance region
°
4 b

X
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A combination of the two methods may also be employed when the ratio of rejected to ac-
cepted values is very high using the rejection method. If a probability distribution function
f(z) can be expressed as the product of two functions g(z) and h(z), it may be possible
to perform inversion sampling on g(z) to determine a value z’, followed by rejection sam-
pling on h(z'). Carefully choosing g(z) and h(z) may dramatically increase the acceptance
probability and hence speed up the simulation.

2.3. The EGS4 Monte Carlo System

2.3.1. Overview

The EGS code system was developed by Ford and Nelson!® during the period 1972-1978,
based on work by Nagel at the University of Bonn. Known as EGS3, its purpose was to
simulate particles of energies up to a few thousand GeV. In an effort to adapt the code to
low energy physics problems, particularly in the field of medical physics, Nelson (SLAC),
Hirayama (KEK) and Rogers (NRC) extended the code to what is now known as EGS4.11
Several hundred EGS4 distribution tapes are distributed each year, the majority to medical
physics institutions. Nelson and Rogers'® provide a more extensive review of EGS4 than is

possible in this section.

The general structure of the EGS4 Monte Carlo System is illustrated in Figure 2.5. It con-
sists of two distinct components: the PEGS4 preprocessor and the EGS4 simulation code.
PEGS4 creates data sets for each element, compound or mixture used in the simulation,
which are read in by the HATCH routine of the EGS4 code itself. The user is responsible for
writing three routines, MAIN, HOWFAR, and AUSGAB, which form what is known as the user
code. MAIN performs any initialisation necessary for the simulation, including the media to
be used, particle parameters and cut-off energies and geometry of the simulation. Having
called HATCH to obtain media data sets, MAIN then repeatedly calls SHOWER, once for each
incident particle. SEOWER and its various subroutines simulate the particle and its offspring
until they leave the region of interest, reach the end of their track or are discarded. Al-
though these routines are never called directly by the user, they themselves frequently call
two user-written subroutines, HOWFAR and AUSGAB. HOWFAR is used to determine the distance
to the next medium boundary along the current path, and AUSGAB is called to score energy

and any other parameters of interest.
2.3.2. Using PEGS4 to Create Material Data Sets

Before the EGS4 code can be run a preprocessor known as PEGS4!! must be used to

generate data sets for each material used in the simulation. PEGS4 begins by computing
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Figure 2.5. The EGS4 Monte Carlo System (adapted from Nelson et al.}!). The user code (above
dotted line) consists of subroutine MAIN, for general initialisation and control, HOWFAR, for defining
the geometry of the simulation, and AUSGAB, for scoring dose and any other parameters of interest.
The media data is obtained from PEGS4 by calling subroutine HATCH.

physical and mathematical constants, then reading in pair production, photoelectric and
Rayleigh data from two files supplied with the EGS4 system. An input file is then used
to specify the medium, cut-off energies and output options required. Tables of differential
cross-sections for all types of interaction are produced, along with functions such as gamma-
ray mean free path (GMFP) and electron Stopping powers. These tables are then used as

input to the EGS4 code itself, but may also be used independently of EGS4 if a user wishes

to calculate these parameters for some other application.

As an example of the use of PEGS4, consider the following input file, used to create a data

set for water between 10 keV and 15 MeV:

COMP

&INP NE=2,RH0=1.0,PZ=2,1 ZEND
WATER (< 15 MEV) H20
H O

ENER

&INP AE=0.521,UE=15.511,4P=0.010,UP=15.0 &END
PWLF

&INP &END

DECK

&INP ZEND

The first input line (COMP) specifies that the medium is a compound consisting of two
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elements whose density is 1.0 g cm™3. The relative numbers of H and O atoms in the
compound (H;0) are PZ=2,1. The third line specifies the identifier to be used in EGS4
simulations (WATER (< 15 MEV)) while H20 specifies the identifier used by PEGS4 in access-
ing its Sternheimer density effect table. The symbols H and 0 specify the elements making
up the compound, enabling PEGS4 to look up its table of atomic weights. The ENER input
line then specifies the lower (AE,AP) and upper (UE,UP) cut-off energies for electron and
photon transport. In this case data between 10 keV and 15 MeV kinetic energy for both
electrons and photons is created — note that total energy is specified, so 0.511 MeV must
be added to electron kinetic energy. The PWLF input line specifies that a piecewise linear fit
of the functions is to be used, while DECK instructs PEGS4 to actually write the medium
data set to a file.

Other options are also available in PEGS4. The ELEM and MIXT options can be used to
specify elements and mixtures respectively, while adding a TEST input line will instruct
PEGS4 to print out plots of all the functions that the PWLF option fits. Plots of any PEGS4
created function can be produced using the PLTI or PLTN options, or the CALL option can be
used to precisely evaluate any function at any specified energy (as opposed to the piecewise

linear fitted output).

2.3.3. The Mortran Preprocessor

The EGS4 system is written in a structured language called Mortran3,!''7 developed at
SLAC by Cook and Shustek. It is essentially a FORTRAN-type language with extensions,
and compiles to either FORTRAN IV or FORTRAN 77 (two versions of the Mortran
compiler are provided on the EGS4 distribution tape). Although it is possible to program
EGS4 entirely in FORTRAN, use of Mortran results in very much shorter and more readable

code.
The following list briefly describes the main features of Mortran:

(a) Relaxation of FORTRAN formatting requirements. Mortran statements are
free-field — that is, column boundaries and card boundaries are ignored. Labels can
be of (almost) arbitrary length. Comments can be inserted at any place in the program,

including across lines and within block structures.

(b) Abbreviation of FORTRAN syntax. Certain FORTRAN commands can be ab-
breviated in Mortran by using special constructs. For example, a FORTRAN WRITE
statement directed to standard output would normally require an associated label

pointing to a format list. In Mortran this can be abbreviated to
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(¢)

(d)

(e)

WRITE i/o list; (format list);

Another commonly used abbreviation is multiple assignment, which performs several
variable assignments in one Mortran statement. For example, the statement

/A,B,C/ = 0;

assigns the value zero to each of the variables A, B and C.

Nested block structures and conditionals. Rather than use the unwieldy FOR-
TRAN system, the programmer can define blocks using square brackets, as in this
array initialisation:
DO I=1,10 [
DO J=1,10 [
DOSE(I,J) = 0.0;]]
which is much more concise than the equivalent FORTRAN statement. A large set of

conditional and iteration statements are available which can also be nested, including

IF, ELSE, ELSEIF, WHILE, UNTIL, LOOP, FOR-BY-TO, and DO.

Control cards. Also known as processor control directives, these allow the user to
control input files and output format. For example, %F and %M allow switching between
FORTRAN and Mortran modes, %L and %N turn the Mortran listing file on and off, and
%In indents the Mortran listing n places. Mortran input can be switched to another
file (FORTRAN unit n) by the command %Un, performing a function similar to the
FORTRAN statement INCLUDE. The only mandatory control card in an EGS4 user
code is the %/ card required to signal the end of Mortran input.

Macro replacement. This is by far the most important feature of Mortran, the

simplest form of which is string replacement:

REPLACE {pattern} WITH {replacement} .

This statement searches throughout the entire Mortran code, replacing any occurrence
of the string pattern with the string replacement. For example, the maximum number
of different regions in the simulation is normally represented by the string $MXREG,which

can then be used in any statement requiring that constant, such as the array declaration
COMMON/ECUT ($MXREG). If the string replacement

REPLACE {$MXREG} WITH {20}

is placed in the user code then Mortran will search the entire EGS4 code, replacing
occurrences of $MXREG with the value 20 (allowing up to 20 regions to be simulated).
A more complicated example of this is given in the following code extract, used to

implement inversion sampling of the distance to next photon interaction, as described
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by Equation 2.10:

REPLACE {$SELECT-PHOTON-MFP;} WITH
{$RANDOMSET RNN035; IF(RNN035=0.0) [RNNO36=1.E-30;]
DPMFP=-ALOG(RNNO3B);} .

In this example the string or macro $SELECT-PHOTON-MFP is replaced by code to sample
DPMFP, the number of mean free paths to the next interaction. $RANDOMSET is the
random number generation macro, which is itself replaced using a more sophisticated
replacement involving parameters (see Section 2.3.4). Note that this code also ensures
that the random number is non-zero, so that the ALOG function will work correctly.
EGS4 comes supplied with a set of default macros, defined in a similar manner 'to
the above example. However, any one of these macros can be replaced or overridden
by user-defined macros, so that features of the EGS4 system can be changed without
explicitly altering the EGS4 code (only the user code is modified). It is this capability
more than any other which makes Mortran so useful.

Conditional compilation. Use of the GENERATE and NOGENERATE statements allow
sections of code to be omitted if desired. For example, in an EGS4 user code developed

by the author, if the following two lines are placed near the beginning of the program

REPLACE {$VAX;} WITH {NOGENERATE;}
REPLACE {$TRANSPUTER;} WITH {GENERATE;}

then the Mortran code will be compiled into FORTRAN code suitable for run-
ning on transputers'® (fast RISC processors designed for performing computations
in parallel'®). Throughout the program any occurrences of $VAX will be replaced by
NOGENERATE and hence not be compiled, whereas transputer code will be generated
instead. If VAX code was to be generated, the position of the GENERATE and NOGEN-
ERATE commands would be swapped. The following is a sample of machine dependent

commands which are found in the body of the code:

“"VAX commands"

$VAX;

REPLACE {$MACHINE} WITH {’VAX’}
ENDGENERATE;

“TRANSPUTER commands"

$ TRANSPUTER;;

REPLACE {$MACHINE} WITH {’TRANSPUTER’}

REPLACE {CALL CPUTIME(#);} WITH {CALL ICLOCK({P1});{P1}={P1}*100;}
REPLACE {EXIT;} WITH {STOP;}

REPLACE {$RANDOMSET#;} WITH {$FIBONACCI-GENERATOR{P1};}

ENDGENERATE;
$MACHINE is used in output statements to identify the host system. CPUTIME is a rou-

tine supplied with the EGS4 system which returns the elapsed CPU time in hundredths
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of a second, while the equivalent in 3L Parallel FORTRAN?O is the function ICLOCK,

returning the elapsed time in seconds. This statement also illustrates use of the Mor-
tran REPLACE command using parameters. Every occurrence of CALL CPUTIME(#) —
where # is any string representing the name of a variable — is replaced with a call to
ICLOCK, where {P1} represents that same variable. The last two statements replace
the FORTRAN command EXIT with the equivalent 3L FORTRAN command STOP,
and replace the default multiplicative congruential random number generator with a

lagged-Fibonacci generator (see Section 2.3.4).

2.3.4. Random Number Generation

In order to perform a Monte Carlo simulation a supply of random numbers is required.
However, due to the difficulties in generating truly random numbers, pseudorandom number
generators are often-used in computer simulations.?!'?2 The most commonly used random
number generators (RNGs) of this type are based on the multiplicative congruential or
power residue method, where a pseudorandom number »; is generated from the previous

pseudorandom number 7;_; by using modulo arithmetic such that
r; = kr;_y(mod m) , (2.11)

where k is a constant and 7¢ is the first element (seed) of the series. In using the EGS4
system, a RNG must be called every time the $RANDOMSET instruction is encountered. This
instruction can be replaced by the RNG of the user’s choice, but when running EGS4
on DEC VAX machines the RNG used is usually a multiplicative congruential one of the

following form:
REPLACE {$RANDOMSET#;} WITH

{IXX=IXX*663608941; {P1}=0.5+IXX*0.23283064E-09 i}

Once again the parameter feature of the REPLACE statement is used to replace every occur-
rence of $RANDOMSET#; — where # is any string representing the name of the pseudorandom
variable — with the in-line pseudo RNG, where {P1} represents that same variable. Note
that there is no explicit modulo arithmetic: this is achieved by instructing the compiler
to ignore integer overflow during compilation. The value 663608941 is chosen for m so
that the resulting pseudorandom number sequence will have a very long cycle on 32-bit
computers such as VAX systems. The second part of the pseudo RNG simply normalises

the resulting number to a real value between 0 and 1.

One disadvantage of this pseudo RNG is that the sequence length may not be enough for

very large simulations (more than 108 random numbers). A repeating sequence will at best
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give results which show poor statistics, and at worst give incorrect results. To avoid this a
different pseudo RNG is chosen when performing simulations on the transputer network at
Waikato University,!® using a lagged-Fibonacci random number generator?! as suggested
by Duane.?® This method uses 97 seeds and has an extremely long period. It also avoids
the need to switch off overflow checking, but since it is a more complicated algorithm the

simulation runs slightly slower than when using the standard generator.

2.3.5. EGS4 Electron Transport and PRESTA

As was mentioned in Section 2.2.2, the transport of electrons involves simulating many
collisions, the majority of which involve small energy loss. EGS4 implements a Class II
scheme, where small collisions are grouped together and large collisions are treated indi-
vidually using differential cross-sections. The user can to some extent control the way in

which this scheme is implemented by means of the five parameters in Table 2.1.

Parameter Significance

AE low energy threshold for discrete electron
collision losses (delta-ray production)

AP low energy threshold for discrete electron
radiation losses (bremsstrahlung)

ECUT charged particle low energy cut-off
(energy deposited locally below this value)

PCUT photon low energy cut-off
(energy deposited locally below this value)

ESTEPE fractional energy loss per electron step

Table 2.1. Major user-selectable parameters in EGS4 particle transport.

In EGS4 the threshold for collision losses (delta ray production) is represented by the
variable AE, while for radiation losses (bremsstrahlung production) it is represented by
AP. The values of these cut-offs are set when the PEGS4 data set is created. Choice of
these thresholds is an important aspect of an EGS4 simulation. If they are set too low a
needlessly large number of low-energy but discrete interactions will be simulated, resulting
in a long simulation time. If they are set too high then a large proportion of the energy
loss straggling discussed in Section 2.2.2 will be excluded, since no energy loss straggling
correction is made for continuous interactions. Some simulations, such as the calculation
of depth dose curves, are relatively insensitive to the choice of AE and AP, while others,
such as calculation of the energy spectrum emerging from thin absorbers,?* are much more

sensitive. For most simulations a choice of 10 keV for AP and 521 keV (511 keV rest mass

energy + 10 keV kinetic energy) for AE is satisfactory.
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Having chosen AE and AP it is necessary to choose the energies below which electrons and
photons will no longer be simulated, with their energy being deposited locally. Normally
the electron cut-off ECUT is chosen so that the range of an electron of energy ECUT is a
small proportion (say one third) of the minimum dimension of a scoring region. Thus the
only energy capable of being deposited very far from the scoring region is that carried by
bremsstrahlung generated from the electron when it has energy below ECUT, which in most
cases is a small proportion of the electron energy. PCUT, the cut-off energy for photons,
is sometimes chosen to be less than ECUT since the range of photons is much larger. The
values of ECUT and PCUT are also set when the PEGS4 data set is created, although their
values may be increased when the simulation is run. A separate set of values is maintained

for each geometrical region in the simulation.

The final parameter in Table 2.1 is ESTEPE. It represents the maximum fraction of energy
lost during each electron step due to continuous energy losses (those below the AE and
AP thresholds). In default EGS4, ESTEPE represents a fraction of the initial energy, but
the macro FIXTMX?% modifies ESTEPE to represent a fraction of the current particle energy,
which results in a more efficient and accurate simulation. The larger the value of ESTEPE
the fewer steps will be taken per electron, and the faster the simulation will run. However,
too large a value of ESTEPE can cause the electron to pass straight through a region without
being simulated, so ESTEPE must be chosen carefully when simulating electrons passing

through thin plates.

Although choosing a large ESTEPE will result in a faster simulation, the curved path length
of the electron becomes significantly greater than the simulated (straight line) step length.
This results in an underestimation of the electron path length per step, so that the electron
is transported further than happens in reality. To correct for this EGS4 uses Fermi-Eyges
transport theory to build in a pathlength correction factor (PLC).!! If t is the average
true pathlength for an electron step and s is the straight line step length then the PLC is

expressed as

pLC = ¢ . I (2.12)

Some simulations produce accurate results with ESTEPE set as high as 10%, while others
require ESTEPE to be set at less than 1%. The selection of a suitable ESTEPE is a difficult
problem for the EGS4 user, so for this reason PRESTA (the Parameter Reduced Electron-
Step Transport Algorithm) was developed by Bielajew and Rogers.?52® It dynamically
selects a suitable step length, which enables fast simulation while still providing accurate

physics. It consists of three key components:



(a)

(b)

(c)
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A new path length correction (PLC). Simulations performed using the default
EGS4 PLC algorithm developed from Fermi-Eyges theory show some dependence upon
the electron step size (value of ESTEPE) chosen. PRESTA uses an improved PLC based
on Moliére multiple-scattering theory, where the limitations of the theory set an upper

and lower limit on the electron step size.

A lateral correlation algorithm (LCA). When electron steps become very large,
the lateral displacement of the electron during a step becomes significant. Default
EGS4 transports the electron in the initial direction of motion, whereas PRESTA also
displaces the electron laterally.

A boundary crossing algorithm (BCA). Large electron steps may transport the
electron into another geometrical region which may be composed of a different medium,
thereby violating the constraints of the underlying multiple sca.t'tering theory. To
avoid this PRESTA reduces step sizes near a boundary. When the step size becomes
sufficiently small the electron is transported across the boundary and the step size is
allowed to increase again, up to the maximum value allowed by the Moliére theory
(or specified by the user). Figure 2.6 illustrates how the BCA alters step size as the

electron approaches and then recedes from a boundary.

boundary

Figure 3.6. The PRESTA boundary crossing algorithm prevents large electron steps from trans-
porting the electron into a different region. As the electron approaches a boundary the step size
is reduced until the boundary is finally crossed with a very small electron step. As the electron
recedes from the boundary the step size is allowed to increase.

These three components almost completely remove the step size dependence for the majority

of EGS4 calculations. They remove the need to explicitly select a value for ESTEPE (usually

set by trial and error), and in some simulations enable dramatic increases in the efficiency of

calculation. For example, Figure 2.7 shows one electron track generated using the standard

electron transport algorithm with FIXTMX invoked and ESTEPE set at 2% (lower track), and
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another generated using the PRESTA algorithm (upper track). It is clearly seen that the
standard algorithm (iower track) transports electrons in small step lengths which slowly
decrease as the electron energy decreases, whereas PRESTA (upper track) uses large step
sizes where possible. Only near scoring layer boundaries (grid lines) does PRESTA reduce
step size. Using PRESTA for a dose spread array calculation using this geometry with
10 MeV incident photons results in a simulation which is 4.3 times more efficient than
when using the standard algorithm. Bielajew and Rogers?® provide a detailed discussion
of the PRESTA algorithm and its significant impact on the speed and accuracy of EGS54

Monte Carlo calculations.

N
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Figure 2.7. Particle tracks generated by two 10 MeV photons forced to interact at the origin of a
water phantom (see Section 2.5d), generated using the DOTPLOT package developed at Waikato
University. Layer boundaries are at 5 mm depth increments. Dots represent points at which
AUSGAB has been called, and solid lines are photons. Grid lines indicate layer boundaries. Lower
track: Generated using standard electron transport algorithm with ESTEPE set at 2%. Electron
step length is small, decreasing slowly as electron energy decreases. Note delta ray produced at
approximately 5 mm depth. 374 electron steps are modelled. Upper track: Generated using
PRESTA transport algorithm. Step size is large, except near layer boundaries where the boundary
crossing algorithm (BCA) is invoked. Only 162 electron steps need to be modelled.
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2.3.6. EGS4 Variance Reduction

Calculation of electron energy deposition is computationally intensive, and at low energies
is a good target for some form of variance reduction technique.27:28 In general, to reduce the
uncertainty in a result to 1/n of its former value, n? as many particles must be simulated.
Variance reduction techniques seek to improve the relative efficiency of a simulation, where

efficiency ¢ is defined by?”

(2.13)
s? being the variance of the result.

The following are the major methods used, based on a review by Bielajew and Rogers.2”
Although they are discussed with particular reference to EGS4, these methods are applicable

to any Monte Carlo code:

(a) Geometry interrogation reduction. Electrons generally travel only a small dis-
tance during each electron step. If this distance is small compared to the size of regions
in the simulation then the geometry need be checked only relatively infrequently (when
the electron approaches a boundary). In EGS4 this is done by maintaining a variable
DNEAR, which represents an estimate of the distance to the nearest boundary. Only
when DNEAR falls below a pre-set value is the geometry routine HOWFAR interrogated.

(b) Zonal discard. If the range of an electron is less than the distance to the closest scor-
ing region boundary, the energy of the electron may be safely deposited in the current
region, thereby saving further simulation of the electron. Many EGS4 simulations use
the parameter ESAVE, representing the energy below which electrons will be subject to
zonal discard. However, this technique does not account for energy which might be

deposited outside the zone due to bremsstrahlung photons. This error is usually small.

(¢) Range rejection. This technique is similar to zonal discard, except that the electron
is discarded because it cannot reach a region of interest. Again the bremsstrahlung

contribution is neglected.

(d) Interaction forcing. This technique is very useful when there is a high probability
that a photon will pass through a region of interest without interacting, as in the

calculation of energy deposited in a shallow tank of water. In these cases Equation 2.2

can be modified such that:

Ny=—In(l-((1-eb) (2.14)
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(e)

()

where N, is the number of mean free paths to the next interaction, ¢ is random on the
interval [0,1) and A is the total number of mean free paths along the path to the end

of the region of interest. Since all photons have been forced to interact, the weight of

each photon w' must be reduced to
w =w(l-e4), (2.15)

where w is the old weight of the photon. The factor (1—e~4) represents the probability
that the photon would have interacted before travelling A mean free paths. It must
be included to ensure that the photon maintains the correct amount of statistical

significance compared to other photons which may not have had interactions forced.

Exponential transform, particle splitting and Russian roulette. The expo-
nential transform technique is useful for surface or deep-penetration problems, where
only a small proportion of photons interact in the region of interest. The number of
mean free paths IV, is “stretched” or “shortened” according to the formula

(9,
NA = .(1—_6';1) ) (2.16)

where p is the cosine of the angle the photon makes with the z-axis and C is a scaling
parameter such that normally —1 < C < 1. Again the influence of the photon must

be correctly weighted:
we~NaCu

- (1-Cn)
For C > 0 the path length is “stretched,” while for C < 0 it is “shortened.” From

!

w (2.17)

Equation 2.17 it can be seen that for C < 0 any photons which do happen to penetrate
deeply will receive very large weighting factors. These particles may increase the
variance considerably if they happen to backscatter into the region of interest, so they
may be split to avoid this. The particle is divided up into N particles, each with weight
w' = w/N, so that each particle can have less of an influence on the overall statistics.
Similarly, when particle weights become very small then the amount of computing time
spent on those particles is reduced by playing Russian roulette. Only a proportion «

of the particles are simulated, with a weight w' = w /@, while the rest are discarded.

Leading particle biasing. When simulating very high energy particles the simulation
time per particle becomes very large (it increases approximately linearly with energy).
If the high energy particles tend to contribute more to the final result then efficiency

can be increased by simulating only one of the product particles in any collision, with a
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bias towards the higher energy particle. The particles must once again be appropriately
weighted. This technique requires that the relative importance of the physical processes
be known, so that it can determined whether or not the variance can be reduced while

maintaining an accurate result.

Sectioning. If a large number of simulations involving a complicated geometry are
to be performed, computing time can be saved by dividing the problem into sections.
Results from the first section can be used repeatedly as input to the second section,
the results of which might be used for a third section. This approach assumes that
there is no interaction between the sections, which is a good approximation in many

simulations, such as linear accelerator modelling.

Geometry equivalence. In certain situations the geometry equivalence or reciprocity
theorem can be applied to drastically reduce computation time. The most common
example is that of a broad parallel beam incident on a semi-infinite geometry. In this
case the dose in a cylindrical region of radius pg due to an incident beam of radius p,
is equivalent to the dose in a region of radius p; due to a beam of radius pg. When
calculating central axis depth doses the beam radius is much larger than the scoring
region radius, so relatively few of the incident photons cause energy to be deposited in
the region of interest. However, if the geometry equivalence theorem is employed then
almost all photons contribute towards the dose scored, and hence the gain in efficiency

can be very large.

Geometry symmetry. In many simulations there is a degree of symmetry which may
be employed to improve the statistics of the simulation. For example, when modelling
a square field incident on a homogeneous medium there are eight equivalent voxels,
since a square has four lines of symmetry. For cylindrical fields all energy deposited
within a given cylindrical shell is equivalent, leading to even greater improvement in

statistics for a given simulation time.

2.3.7. Benchmarking EGS4

In order to have confidence in Monte Carlo calculations, and to test the underlying theory,

it is essential to perform benchmark calculations against known and trusted experimental

results. EGS4 has been exhaustively compared to the ETRAN system in order to check the

consistency of the two major Monte Carlo codes,?® but it has also been extensively tested

against experimental benchmarks in the low energy (less than 50 MeV) region.®® The major

experimental benchmarks used are:
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(a)

(b)

(c)

(d)

Detector response functions. Both photon detectors (such as Nal detectors) and
small electron spectrometers have been simulated. Agreement is very good (within
1%) for photon detectors,®! although even a poor Monte Carlo code will model these
detectors quite well. However, electron detectors are a stringent test of a Monte Carlo
code, since bremsstrahlung, backscatter and energy loss straggling must all be modelled
accurately in thin absorbers. For very thin detectors both EGS4 and ETRAN predict
the low-energy peak to be at a slightly higher energy than observed experimentally.?*

Ion chamber response. Since ion chamber response can be calculated accurately
using cavity theory, this type of simulation is a good test for EGS4. Agreement is
usually within 1%, although poor selection of electron transport parameters (such
as using the default step-size algorithm) can result in large errors.32:3® This type of
simulation was used extensively in developing the PRESTA algorithm.2®

Depth-dose curves. EGS4 shows excellent agreement with experiment for both
electron and photon depth-dose curves,®® although there are difficulties in determining
the incident spectrum from linear accelerators, and in removing the effect of electron
contamination from photon depth-dose curves. Depth-dose curves are not a stringent

test of Monte Carlo codes.

Bremsstrahlung production. The calculation of bremsstrahlung spectra generated
from linear accelerators is a good test of Monte Carlo. However, accurate experimental
data is hard to obtain. Mohan et al.3* have shown that EGS4 produces accurate depth-
dose curves for linear accelerators, although the curves are not particularly sensitive

to changes in incident spectrum.

2.4. Using the EGS4 System

2.4.1. The EGS4 Environment

EGS4 is supplied by Walter R. Nelson of the Stanford Linear Accelerator Center.3" Magnetic

tape formats suitable for DEC (VAX) or IBM machines can be requested. Also supplied with

the tape is the EGS4 user manual,!! of which Appendices 5 and 6 describe the installation

process and tape contents, respectively. Source files are provided in both FORTRAN IV

and FORTRAN 77 formats. Installation involves copying the files to a hard disk, compiling

the FORTRAN source code of the Mortran processor,

then compiling the Mortran source

files for the PEGS4 and EGS4 systems. Command procedures are available to help with

the installation process.
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A version of the EGS4 system for running under 0S-386 on PC-386 machines using La-
hey FORTRAN is also available.3® It requires minor modifications to run under other PC
environments — Appendix A of this thesis outlines the procedure used by this author to
install EGS4 on a PC-AT running Microsoft FORTRAN under MS-DOS. However, EGS4
running on a PC is likely to be slow. For example, a PC-AT will run EGS4 at about
one-twentieth the speed of a VAX 11/780 with floating point accelerator. Even so, some
useful simulations can still be performed in reasonable times. EGS4 can also be modified
to run under other systems, such as SunOS on a Sun SPARCstation. Some features such
as the random number generator (see Section 2.3.4) may have to be modified to suit the

host system.

2.4.2. Structure of an EGS4 User Code

An EGS4 user code may be written entirely in FORTRAN, but is usually written in Mor-
tran. Appendix 2 of the EGS4 user manual’! describes the structure of a user code in

detail, but the ten sections of a user code are briefly described here:

(a) User override of EGS4 macros. The maximum number of different media, max-
imum number of scoring regions, and other array bounds may be assigned here. For
example, the Mortran statement
PARAMETER $MXMED = 2;
sets the maximum number of different media in the simulation to two. Other Mortran
macros such as the random number generator $RANDOMSET (see Section 2.3.4) and
the distance to next interaction macro $SELECT-PHOTON-MFP may be overridden here.
Common block definitions such as
REPLACE {;COMIN/GEOM/;} WITH {;COMMON/GEOM/ZBOUND;}
are also defined in this section. This example replaces every occurrence of COMIN/GEOM
with a list of variables belonging to that common block (in this case just ZBOUND).
This enables the user to control the contents of each common block, adding variables

if necessary.

(b) Pre-HATCH call initialisation. Variables used by HATCH in reading in the PEGS4
data sets are initialised here. They include the number of media and media names, the
array MED which defines the medium used in each geometrical region, and the particle

transport cut-offs ECUT and PCUT (see Section 2.3.5).

(c) HATCH call. The required PEGS4 data sets (see Section 2.3.2) are obtained by calling

the subroutine HATCH.
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(d)

(e)

(f)

(8)

Initialisation for HOWFAR. HOWFAR is the routine which determines the distance to the
next region boundary (see Section 2.4.2i). Any arrays or variables needed to define
the geometry may be initialised here. In general, the volume of interest is divided up

into a number of different geometrical regions, each of which may be composed of a

different medium.

Initialisation for AUSGAB. AUSGAB is the routine which scores energy (or any other
quantities of interest) into the appropriate scoring bins (see Section 2.4.2j). Scoring
arrays and variables for scoring total energy may be initialised here. Scoring regions
are distinct from geometrical regions, as in a water phantom simulation where there is

only one geometrical region but many scoring regions.

Determination of incident particle parameters. Prior to the actual simulation of
particle tra.nspoi‘t, the characteristics of the incident particles must be defined. These
include the particle charge, energy, coordinates, direction and weight. The region
number in which the particles begin is also defined, and the random number seed and

number of particle histories to be run (NCASE) are initialised.

SHOWER call. The call to the EGS4 routine SHOWER represents the interface between
the user code and the EGS4 system code itself. It is called once per incident par-
ticle, performing the simulation of that particle and all its products. It accepts ten
parameters:

CALL SHOWER(IQ,E,X,Y,Z,U,V,W,IR,WT);

defining the particle’s charge, energy, position, direction cosines, starting region and
weight. The EGS4 code then interacts with the user code only by means of the two user-
written routines HOWFAR and AUSGAB. When all product particles have been simulated

SHOWER returns and another incident particle can be simulated.

Output of results. When the simulation is complete, this section outputs the contents

of the various scoring arrays. Qutput can also be displayed graphically if desired.3”

Specification of HOWFAR. As stated earlier, the EOWFAR routine is responsible for
defining the geometry of the simulation. The EGS4 system code calls HOWFAR when
it wishes the current particle to be transported by a distance USTEP in a straight
line. If transport by this distance will not result in a region boundary being crossed
then HOWFAR should simply return. If a boundary will be crossed then HOWFAR should
identify the region on the other side of the boundary via the variable IRNEW, and set
USTEP equal to the distance to the boundary. This enables the EGS4 system code
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to transport the particle up to but not over the region boundary. Subsequent steps
are performed by calling HOWFAR again. For complicated geometries, calculation of
potential boundary crossings is computationally very intensive, and may slow down
the simulation significantly. For this reason geometry interrogation reduction is often
employed by maintaining the variable DNEAR (see Section 2.3.6a). A variable IDISC is
also available within HOWFAR, which can be used to force a discard of the particle due to
range rejection. Coding HOWFAR for a complex geometry is time consuming and difficult,
so several geometry packages are available to simplify the problem. These include
various macros for cylindrical, spherical and planar geometry,® and the MORSE-CG?3®

combinatorial geometry package.

(J) Specification of AUSGAB. Subroutine AUSGAB is responsible for scoring quantities of
interest to the user. AUSGAB is called with a parameter IARG indicating which of 25
situations it is being called under. Normally it is called when a particle is about to be
transported or discarded, although flags may be set to force AUSGAB to be called when
certain types of interaction take place. In medical physics applications the variable
EDEP is commonly used, representing the energy deposited by the particle during the
current step. AUSGAB checks to see if the particle is within the scoring region, then adds
EDEP to the appropriate element of the energy scoring array. When the simulation is

complete the array can be converted to dose and output.

Writing EGS4 user codes may appear a daunting task. Fortunately a series of tutor codes
are distributed with the EGS4 tape, as well as a number of more complicated codes. These
include UCCYSL, a cylindrical-slab user code; UCBEND, a user code simulating transport in a
magnetic field; UCSAMPCG, a combinatorial geometry example; and INHOM, a general purpose

user code for slab geometries.

2.4.3. Compiling and Running EGS4

A complete EGS4 application is built from at least five input files. As well as the Mortran
user code there is MORTRAN3 .DAT, which contains the Mortran system macros in hexadeci-
mal format; EGS4MAC.MOR, which contains the default EGS4 macros; EGS4BLOK.MOR, which
contains EGS4 block data; and EGS4.MOR, the EGS4 system code. In addition the applica-
tion may also incorporate the NRCC macro set (NRCC4MAC.MOR) and the NRCC auxiliary
routines (NRCCAUX.MOR), or the equivalent PRESTA versions. Developed by Rogers and
Bielajew at the National Research Council of Canada, these two files contain macro over-
rides for many of the standard EGS4 macros (such as random number generation), and

several routines for geometrical manipulation, monitoring and other functions (such as
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FIXTMX discussed in Section 2.3.5). All the above files are normally incorporated into the

user code by means of the unit switch 4Un, where n is a special unit number assigned to

each of the files (see Section 2.3.3d). On VAX or IBM systems a command file is available

both to compile the complete application and to execute it. Appendix 5 of the EGS54 user

manual!! provides a more detailed explanation of the entire process.

2.5. Some Applications of EGS4
The EGS4 Monte Carlo code has been used in a wide range of medical physics problems.

A few important examples are:

(a)

(b)

(c)

(d)

Dosimetry. Responses of various ion-chambers and associated interface effects®3 and
A, correction factors?® have been modelled using EGS4. However, such simula-
tions are extremely sensitive to the electron transport parameters (especially step size)
selected, due to the very small size of scoring regions.3® In addition to these difficul-
ties, extremely large amounts of computing time are required to produce acceptable
statistics. Stopping-power ratios have also been calculated using EGS4.4! A future

application of EGS4 is the simulation of solid-state detector response.

Positron emission tomography. Monte Carlo codes such as EGS4 can be used to
simulate a given PET design, and to investigate the effects of positron range, detector
resolution, Compton scattering within the patient and other parameters affecting the

performance of the PET machine.*?

Radiotherapy treatment head simulation. Knowledge of the energy spectra emit-
ted from linear accelerators and cobalt units is necessary for treatment planning algo-
rithms such as convolution (see Section 2.5d). However, direct measurement of high
energy photon spectra is difficult due to high beam intensity, so Monte Carlo is an
ideal technique. Monte Carlo simulation of treatment heads is also useful for predict-
ing the effects of treatment head and flattening filter design changes, field size, beam
modifiers, and spectral variation across the beam. Electron contamination of photon
beams can also be modelled using Monte Carlo. For ®°Co teletherapy units, only the
source and treatment head geometry must be defined, but for linear accelerators the
situation is much more complex. The electron target, primary collimator, flattening

filter, secondary collimator and jaws must all be modelled.3*

Radiotherapy treatment planning. The potentially high accuracy of the Monte
Carlo method makes it well suited to radiotherapy dose calculation. Although the time

required to calculate dose to the required accuracy currently prohibits its use in routine
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treatment planning, electron pencil beams*® and energy deposition kernels (dose spread
arrays)** can be calculated using Monte Carlo. Using EGS4, dose spread arrays are
calculated by forcing incident photons to interact at the phantom origin. This is done
by modifying the $SELECT-PEOTON-MFP macro. Incident photons (charge 1Q=0) enter
the phantom travelling in the z direction, so if the initial particle coordinates are set

to the origin then the macro

REPLACE {$SELECT-PHOTON-MFP;} WITH
{$RANDOMSET RNN035; IF(RNNO35 = 0.0)[RNN035=1.E-30;]

DPMFP=-AL0G (RNNO36) ;

“IF INCIDENT PHOTON THEN FORCE TO INTERACT IMMEDIATELY AT ORIGIN"
IF ((U(NP)=0.0).AND.(V(NP)=0.0).AND.(W(NP)=1.0).AND.

(X(NP)=0.0) .AND. (Y(NP)=0.0) .AND. (Z(NP)=0.0) .AND. (IQ(NP)=0))
[DPMFP=0.0;]}

will cause a dose spread array to be generated. NP is the subscript of the current
particle on the stack, (X(NP),Y(NP),Z(NP)) are the coordinates of that particle and
((u(NP),V(NP) ,W(NP)) are the corresponding direction cosines. As an example, Fig-
ure 2.7 illustrates the paths taken by particles set in motion due to two photons forced
to interact at the origin of a water phantom (typically several million would be used
to generate an accurate energy deposition kernel). The differences between the default
(lower track) and PRESTA (upper track) simulations are discussed in Section 2.3.5.
Figure 2.7 has been generated using DOTPLOT, a simple graphics package developed
at Waikato University. Photons are represented by straight lines and electrons (and
positrons) by dotted tracks. The EGS4 user code and input file used to generate
Figure 2.7 is discussed in Section 2.6.2.

In addition to the above applications, Monte Carlo techniques have also been applied to
diagnostic radiology,*® nuclear medicine,*® and many aspects of radiation therapy.” Monte
Carlo is also a potentially useful tool for understanding radiobiological effects,!® through
accurate simulation of electron track structure on a cellular level. However, this requires
more detailed treatment of electron transport than is available in EGS4, and also requires

knowledge of electron interaction cross-section data in the range 10 eV to 1 MeV. Little is

known about these cross-sections.
2.6. General Purpose EGS4 User Codes for Radiotherapy

2.6.1. Introduction — The User Code INHOM(P)
Although it is possible to write a separate user code to solve any specific EGS4 simulation

problem, many simulations are sufficiently alike that a general purpose code capable of
taking parameters as input would be useful. One such code is INHOM, developed by Rogers
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at the National Research Council of Canada. Distributed on the EGS4 tape, it is designed
to model an electron or photon beam incident on one or more semi-infinite plates, each
composed of one of two different materials. Energy is scored in a set of concentric cylin-
drical shells divided by the plate boundaries, as illustrated in Figure 2.8a. The code was
later enhanced by incorporating the PRESTA algorithm discussed in Section 2.3.5. This
INEOM + PRESTA code is known as INHOMP. The codes have been used in a variety of sim-
ulations, including slab geometries, electron detectors, and penetration of thin foils. These

applications and the effect of transport parameter selection are discussed by Rogers.2*

The key element of INHOMP is an input file of parameters used to specify details of the

simulation, including:
o Materials used for the simulation.
e Details of scoring regions, including densities, scoring radii and plate thicknesses.

o Transport parameters such as ECUT and PCUT, and switches for multiple scattering,

Rayleigh scattering, and the CSDA approximation.
o Incident particle number, charge, direction, and energy (which may be spectral).
e Control of a monitor procedure to allow study of individual particle histories.

¢ Simulation type, including parallel beam, point source, broad parallel beam and central

axis simulations.

o Type of variance reduction, including geometry symmetry (included by default since
cylindrical symmetry exists), geometry equivalence (reciprocity) as described in Sec-

tion 2.3.6h, Russian roulette, and exponential transform.

o PRESTA parameters, including individual control of BCA,LCA,PLC and FIXTMX op-

tions.

The primary output from INHOMP is the total dose scored in each voxel. It is available via a
table of dose distribution, expressed in units of Gy MeV~! cm? in order to be independent
of the incident energy fluence. With each voxel dose is an associated percentage uncer-
tainty, calculated by dividing the simulation into ten batches and determining the standard
deviation of the individual batch doses. This division also enables automatic termination
of the simulation if the next batch will exceed the CPU job limit. Other output includes
a graph of central axis dose and a table of region masses. For incident electrons, dose de-

posited due to secondary electrons and dose due to stoppers (electrons falling below ECUT)
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are also scored. For incident photons, dose from electrons beginning in the other material,

dose from all particles interacting in the other material, and stoppers dose are scored.

Versatile as the INHOMP code may be, it is not suitable for generating energy deposition
kernels or modelling square radiotherapy fields. These and other requirements prompted
refinement of the original INEOMP code to yield RTPCYL, a more general-purpose code partic-
ularly suitable for treatment planning simulations and cylindrical energy deposition kernel
generation. In addition, many radiotherapy simulations do not exhibit cylindrical symme-
try, and require that dose be scored in a cartesian coordinate system. Another user code
called RTPCART has been developed to model these situations. A third code RTPEDK, which
is a cut-down and modified version of RTPCYL, has been developed specifically for generat-
ing spherical energy deposition kernels for use in the GRATIS treatment planning system.

Figure 2.8 illustrates schematically the difference between these three codes.

N

‘s/ _
]
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Figure 2.8. User codes developed by the author. (a) RTPCYL, for central axis measurements
and cylindrical energy deposition kernels. (b) RTPCART, for cartesian geometry simulations and
cartesian energy deposition kernels. (c) RTPEDK, for spherical energy deposition kernels.

2.6.2. RTPCYL — for Cylindrically Symmetric Geometries

Features of RTPCYL

As mentioned in the previous section, RTPCYL is an INHOMP-based code designed to model
square or circular beams incident on a cylindrically symmetric geometry, and can also be
used to generate cylindrical and polar energy deposition kernels. Features incorporated into

RTPCYL to achieve this are as follows:

(a) Square field modelling. This is done by specifying the parameter ISOURC as 4, with
a beam half-width RBEAM. The (z,y) coordinates of the incident photon are selected
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(b)

by sampling two random numbers and scaling appropriately — this is in contrast
to the rejection sampling used by INHOMP and RTPCYL for circular fields. Since a
square field is not cylindrically symmetric, scoring shells near the edge of the field will
contain an “average” of energy scored inside and outside the field. However, the square
field option was included primarily for determination of central axis energy deposition,
where the effects of cylindrical asymmetry are negligible for all except the smallest field
sizes. The geometry equivalence variance reduction offered by the cylindrical symmetry
of the RTPCYL scoring scheme offers a very significant advantage over RTPCART when

determining central axis energy deposition.

Energy deposition kernel modelling, with energy being scored in cylindrically or
spherically oriented bins. Interactions are forced to occur at (z,y,z) = (0,0,0RIGIN-
DEPTH), where ORIGINDEPTH is the distance below the phantom surface of the kernel
origin. This is done by modifying the $SELECT-PHOTON-MFP macro in a manner simi-
lar to that discussed in Section 2.5d. A further consideration when generating energy
deposition kernels using polyenergetic spectra is that not all photons have the same
probability of interacting — this probability is proportional to u(E) where E is the
energy of the incident photon. In RTPCYL and RTPCART this is accounted for using
the GMFP (gamma mean free path) function available in PEGS, measured in radiation
lengths. This function can be sampled using the $SET INTERVAL and $EVALUATE com-
mands available in Mortran. Since y & gzrp, each incident particle can be weighted
by 1/GMFP to yield a kernel where each spectral component is correctly weighted.
Prior to calling SHOWER with a new incident photon, the incident particle weight WTIN
is modified by the following code:

MEDIUMOLD=MEDIUNM; “save current medium"

MEDIUM=MED(2) ; “"find medium at interaction site"
Ensure energy above cut-off"

IF (EINN<PCUT(2)) [GAMMALOG=ALOG(PCUT(2));]

ELSE [GAMMALOG=ALOG(EINN);]

"Determine weighting factor"

$SET INTERVAL GAMMALOG,GE;

$EVALUATE GAMMAMFP USING GMFP(GAMMALOG);
WTIN=1.0/GAMMAMFP;

TOTALMEV=TOTALMEV+EINN*WTIN; "add to total incident energy"
MEDIUM=MEDIUMOLD; 'restore current medium"

Note that the total incident energy TOTALMEV is also recorded by the above section of
code. This enables the energy scored in the completed kernel to be normalised to the

total incident energy, so that the kernel can be represented by an array of dimensionless

numbers.
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(c) A radial binning option for energy deposition kernels. Work by Metcalfe et al.*®

(d)

required a kernel represented in spherical coordinates, in an approach similar to that
used by Mackie et al.** In this option (ISOURC=6), two additional parameters are re-
quired: DELTATHETA, representing the angle between successive conical scoring zones;
and DELTAR, representing the distance between successive spherical shells (more com-
plete discussion of this geometry can be found elsewhere!®:®). Radial binning has
been implemented using the same scoring array, but with AUSGAB modified so that the
array coordinates are (R,,#) instead of (R,, z), where R, is the radial distance from
the kernel origin and R, is the shortest distance to the central axis of the kernel. The

relevant excerpt from AUSGAB is as follows:

IF (ISOURC=6) ["score in radial bins"
R=SQRT(X(NP)**2+Y(NP)**2+(Z(NP)-ORIGINDEPTH)**2); “calculate R in cm"
IF (R<0.000001) [R=0.000001;] “avoid division by zero in arcsin calc."
THETA=ASIN(SQRT(X(NP)**2+Y(NP)*%2)/R)*180/3.1416926; "THETA in deg."
IF (Z(NP)<ORIGINDEPTH) [THETA=180-THETA;] "ensure O<=THETA<=180"

IZ=INT(R/DELTAR)+1; “calculate Z voxel index"

IF (IZ>NLAYER) [RETURN;] “"don’t score if below phantom"
IRAD=INT(THETA/DELTATHETA)+1; ‘“calculate R voxel index"

IF (IRAD>NRAD) [RETURN;] “don’t score if outside phantom"

]

This method is not ideal for scoring spherical energy deposition kernels, since the
PRESTA boundaries do not coincide with the radial scoring regions (and hence
PRESTA must be turned off). Also, RTPCYL is much more complex than necessary
for generating spherical EDKs. The user code RTPEDK, discussed in Section 2.6.4, has

been written specifically for this purpose.

Geometry equivalence for divergent fields. In general, the reciprocity theorem
can be used only when the incident beam is parallel (non-divergent). However, work
done by Hoban®! has shown that it can be used for divergent fields, provided that
the distance of each electron step from the central axis is appropriately modified. In
RTPCYL this option is selected by setting ISOURC=7, and is coded within AUSGAB in the

following manner:

"Modify RSQ (radius squared) if using divergent field"
IF (ISOURC=T7) [RSQ=RSQ* (DISTZ/(DISTZ+Z(NP)))*%2;]

where DISTZ is the source-to-surface distance. Additionally, the energy deposited in
each voxel must be modified by an inverse square correction at the end of the calcula-
tion:

“If ISOURC=7, modify dose by an inverse square correction”
IF (ISOURC = 7) [DOSE(IZ,IRAD,IT) = DOSE(IZ,IRAD,IT)
* (DISTZ/(DISTZ+(ZBOUND(IZ)+ZBOUND(IZ+1))/2.0))**2;]
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(e)

where ZBOUND(7) is the z-coordinate of the boundary before region i +1 (layer ¢). Refer
to Hoban®! for a full discussion of this approach.

Division into primary and scattered dose. In some radiotherapy simulations,
especially energy deposition kernel calculations, it is sometimes desirable to divide
deposited energy into primary energy (deposited by electrons released from the primary
interaction site) and scattered energy (deposited by all other interactions). For incident
photons, total, primary, and scattered energy are scored in the first three “planes” of
the array DOSEIS. The fourth plane is reserved for kerma (see Section 2.6.2f). Primary
and scattered energy are distinguished using $FLAG4, an additional flag based on the
stack variable LATCH(p) associated with each particle p on the stack. It is defined in

the following manner:

REPLACE {$SET-FLAG4(#);} WITH

{;IF (LATCH({P1})>=0)
[LATCH({P1})=LATCH({P1})+1000000;]

ELSE
[LATCE({P1})=LATCHE({P1})-1000000;] ;

REPLACE {$FLAG4} WITH {ABS(MOD(LATCH(NP).10000000))/1000000}

LATCH may be positive or negative, and its value is passed on automatically to any
product particles. $FLAG4 is signified by the millions digit of LATCH, which is modified
and tested by the above macros independently of all other digits of LATCH (used by
other flags). When SHOWER is called with a new incident photon, $FLAG4 is initially
zero. Immediately after the first interaction, AUSGAB increments each $FLAG4 once or
twice, depending upon whether the associated product particle contributes to primary

or scattered dose (note that bremsstrahlung is scored with scattered dose):

IF (IQIN=0) [ "for incident photons only"

IF ($FLAG4=0 & NP>1) [ "more than one product particle"
DO I=1,NP [ "for each product particle"

IF (IQ(I)=0)

E{ggET-FLAG4(I);$SET-FL1G4(I);] "scattered photon"

] [$SET-FLAG4(I);] “"electron is primary energy"

]
IF($FLAG4=1 & IQ(NP)=0) [$SET-FLAG4(NP);] “brem = scattered dose"
"Ensure photoelectrons are scored as primary energy"

]IF ($FLAG4=0 & NP=1 & IQ(1)<>0) [$ SET-FLAG4(1);]

Each subsequent time AUSGAB is called the energy EDEP deposited in the step is assigned
to the total energy array. $FLAG4(NP) is then tested to determine whether EDEP is also

assigned to the primary energy or scattered energy array.
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(f) Scoring of kerma. As a check of superposition algorithms it is useful to have RTPCYL

(g)

calculate the kerma (kinetic energy released in the medium due to primary interactions)
deposited in each voxel. $FLAGE, formed from the ten-millions digit of LATCH, has been
defined in a manner similar to $FLAG4 defined in Section 2.6.2e. It is initially set
to zero, but whenever an electron is produced AUSGAB assigns the electron’s kinetic
energy to the terma array (plane 4 of DOSEIS), and increments $FLAGE so that no
further assignment of energy takes place:

IF ($FLAG4=1 & $FLAG5=0 & IQ(NP)=0) [
"Primary electron with unassigned kerma"
DOSEIS(IZ,IRAD,4,IS)=DOSEIS(IZ,IRAD,4,IS)+WT(NP)*(E(NP)-0.511);
$SET-FLAG5(NP) ;
]

Note that the kinetic energy deposited is the total energy E(NP) less the rest mass
energy of the electron, and that the particle weight WT(NP) must be taken into account.

Effective range calculation for energy deposition kernels. Metcalfe et al.’® also
wished to calculate effective electron ranges when generating energy deposition kernels,
for comparison with the calculations of Mackie et al.4* If ¢, is the energy deposited
by the nth transport step of a primary electron, then the effective charged particle
range 7.g, effective longitudinal range z.g, and effective lateral range y.g are defined

by Metcalfe et al.50 as:

2eny/ (@ +¥5 + %)

Teff = i E e (2.18)
E €nZn

Zeff = "Z p” (2.19)
Y eny/ (2 + y3)
£ (2.20)

yeff = z en k]
n

where (Zn,Yn, 2n) is the particle position at the midpoint of the nth electron step.

RTPCYL records the numerators in these expressions in AUSGAB:

RRANGE=RRANGE+DBLE (R*WT (NP) *EDEP) ;

ZRANGE=ZRANGE+DBLE (((Z(NP)-ORIGINDEPTH)*WT(NP)*EDEP) ;
YRANGE=YRANGE+DBLE (SQRT (X (NP) **2+Y(NP) **2) *WT (NP) *EDEP) ;
TOTALPRIMARY=TOTALPRIMARY+WT(NP)*DBLE(EDEP) ;

Note that total primary energy is also scored — this value represents the denominator
in Equations 2.18-2.20 and is used to normalise RRANGE, ZRANGE and YRANGE to yield
effective ranges in centimetres. This implementation of the effective range calculations

yields results slightly different from those reported by Mackie, but the author considers
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that this approach more closely resembles physical reality, since Tem, Zefr, and Yes are
treated as fully independent vector quantities. Metcalfe’? discusses this point in more
detail.

One further consideration is that energy is usually deposited at the beginning of an
electron step, which leads to a consistent underestimation of range equal to half the
mean step length. To circumvent this problem particle histories alternate between
depositing energy at the beginning and the end of electron steps. Immediately before
SHOWER is called, flags 1 and 6 of the TAUSFL array are toggled to change the conditions
under which AUSGAB is called:

IF (ISOURC>5) [ "kernel calculation"

IF (IAUSFL(1)=1) [IAUSFL(1)=0;IAUSFL(6)=1;] "call AUSGAB at step end"
ELSE [IAUSFL(1)=1;IAUSFL(6)=0;] "call AUSGAB at step start"

]

This approach ensures that the mean position of energy deposition is the midpoint of

the electron steps.

Control of table and graph plotting options. Input card 12 of the RTPCYL code
has options for controlling the output of various dose categories. The array PLOTIT
contains flags for each of the four dose categories — for incident photons these are
total dose, primary dose, scattered dose, and kerma, while for incident electrons they
are total dose, secondary electron dose, dose from particles from the other medium,
and dose from stoppers and discards. For each category IT, PLOTIT(IT)=0 will cause
no output, PLOTIT(IT)=1 will print a table of doses, and PLOTIT(IT)=2 will print a

table of doses and a graph of central axis dose.

Option to output raw dose data. Dose distributions and energy deposition kernels
generated using RTPCYL are frequently used as input to superposition code or display
software. To simplify this process a raw data output option has been added to RTPCYL,
activated by setting the TRAWDATA flag. When selected, this option outputs one dose
per line to file unit 14, with one blank line between each row of voxels. This allows other
programs to pick up data directly, rather than sifting through a table generated by the
PLOTIT option. For IRAWDATA=1, total dose data is output in (z;,7;), (z1,72) . . (2ny™n)
order, where 2; is the ith layer and r; the jth cylindrical shell. For spherical kernel
scoring (ISOURC=6), output is (6;, R,), (61, R3)...(6n,R,), where R; is the jth spher-
ical shell. Two other options are available: TRAWDATA=2 outputs raw data for primary
and scattered dose only, while IRAWDATA=3 outputs raw data for total dose, primary

dose, scattered dose, and kerma.



69

(J) DOTPLOT output. This feature produces a data file which can be used to trace
the path of individual particles within the phantom. Each time AUSGAB is called, the
variable IDOTPLOT is tested and appropriate particle data is output to file unit 13, with
the default option (IDOTPLOT=0) causing no output. The second option (IDOTPLOT=1)
records (g;, ;, 2;) for each particle step, where g; is the particle charge, z; is the particle
z-coordinate, and z; is the particle z-coordinate (depth) for the ith particle step. A
third option (IDOTPLOT=2) records (g;, Z;, z;,U(NP) ,W(NP) ,USTEP), where U(NP) and
W(NP) are the z and z direction cosines of the current particle and USTEP is the particle
step length. This approach allows more faithful graphical representation of particle

tracks at the expense of a larger data file.

(k) A long-cycle random number generator. The lagged-Fibonacci pseudorandom
number generator described in Sections 2.3.3f and 2.3.4 has been added to RTPCYL
to provide a longer sequence of pseudorandom numbers when dealing with very large

simulations.

The above modifications have produced a useful and versatile EGS4 user code which is
routinely used for many different types of simulation. Two examples of its use follow:
Example 1 describes the input file used to generate the DOTPLOT picture in Figure 2.7,
while Example 2 describes the input file used to generate central axis depth dose output in

the lung phantom illustrated in Figure 1.14.
Example 1: DOTPLOT Simulation

To generate the data for plotting the upper track in Figure 2.7, the following input file to
RTPCYL was used (comments are listed to the right):

10 MeV photon into H20 simulation title

WATER material 1
DUMMY material 2 (not used)
10.0,-1,3 phantom thickness (cm), no. of depth groups

(- indicates groups follow), no. of radial scoring regions
0.5,20,1,1.0,0.561,0.060 depth increment (cm), number of depth regions,
material index, region density, ECUT, PCUT
inner radius for 1st radial region (cm)
inner radius for 2nd radial region (cm)
inner radius for 3rd radial region (cm)

. outer radius for 3rd radial region (cm)
0.0,0.561,0.050 K.E. of incident particle (MeV), global ECUT,PCUT
indicates EDK generation (interaction forcing)
depth in phantom of kernel origin (cm)
0,12.0,0,123456789 no. of histories, incident charge, monitor routine off,
' CPU limit (hrs), histogram plot off, random no. seed
0.0,0.2 depth limit (cm) and survival prob of Russian roulette
,0 PRESTA PLC,BCA,LCA and FIXTMX turned on
,0,0,1,0 output options — no data files, DOTPLOT file only.

o oo
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In the above example a water phantom is divided into 20 scoring layers each 5 mm deep,
and 3 radial shells of thickness 5 mm. ECUT is set at 0.561 MeV and PCUT at 0.050 MeV in
all scoring regions. The incident particles have energy 10.0 MeV and zero charge (photons).
Russian roulette is played with any particles travelling beyond a depth of 10.0 cm, with
a survival probability of 0.2. All components of PRESTA are turned on, and the FIXTMX
macro is invoked. In this particular simulation there is no output except a DOTPLOT file

containing particle charge and coordinates whenever AUSGAB is called.

Example 2: Central Axis Depth Dose

RTPCYL is especially useful for calculating central axis depth dose in cylindrically symmetric
phantoms, particularly semi-infinite slab geometries such as the lung phantom illustrated
in Figure 1.14. Although a square beam is not cylindrically symmetric, central axis depth
dose can be scored in cylindrical voxels provided the scoring voxels remain in the essentially
“flat” region of the beam. The extent of this flat region can be determined by scoring dose
in a number of concentric cylinders, and checking for a fall-off as the cylinder radii become

larger.
The example input file below illustrates simulation of a 5 cm X 5 cm square photon beam
with 10 MV spectrum and 100 cm SSD, incident on the lung phantom of Figure 1.14:

10 MeV photons into H20 simulation title
WATER material 1

DUMMY
28.0,-5,1

0.5,8,1,1.0,0.561,0.050

6,1,0.2,0.561,0.050

1.0,0.561,0.050
1

N~
He He
e =

0.2,0.561,0.050
.0,0.561,0.050

o = 00

HOOOOO
oo no;oo,mn

-1.0,0.5661,0.050

c>8'w<»~40xm.ptnnaw-o
o OO0OO0OO0OO0OOO0OOO0OO
C R WD NORNDNR
O+ + +« « + NONSN
TONOR N . e .
© 0 bh oo

o -

material 2 (not used)

phantom thickness (cm), no. of depth groups

(- indicates groups follow), no. of radial scoring reg.
first region (tissue) — depth increment (cm),number
of depth regions, material index, density, ECUT, PCUT
second region (lung)

third region (tissue

fourth region (lung;

fifth region (tissue)

inner radius for 1st radial region (cm
outer radius for 1st radial region Ecm;
K.E. of incident particle (-~ indicates spectrum follows),
global ECUT, PCUT

lower energy of 1st spectral bin

upper energy of 1st spectral bin, spectral weight

2nd spectral bin

3rd spectral bin

4th spectral bin

5th spectral bin

6th spectral bin

7th spectral bin

8th spectral bin

9th spectral bin

10th spectral bin

indicates end of spectrum
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4 indicates square field, point source on axis

100.0,2.5 SSD, beam half-width (cm)

100000,0,0,12.0,0,123456789 mno. of histories, incident charge, monitor routine off,
CPU limit (hrs), histogram plot off, random no. seed,

28.0,0.2 depth limit (cm), and survival prob of Russian roulette
0,0,0,0 PRESTA PLC,BCA,LCA and FIXTMX turned on
2,1,1,1,0,0,0 output options — total dose table and graph,

tables for primary dose, scattered dose and kerma,
no region masses, no DOTPLOT, no RAWDATA

Note that tissue is modelled using water, and lung is modelled by a water-like material

of density 0.2 g cm™3.

Only one radial scoring region is used (of outer radius 0.5 cm),
and depth increments are 0.5 cm to a depth of 28 cm. For larger field sizes the radius of
the scoring could safely be extended to several centimetres, which would vastly improve
the efficiency of the simulation (and hence reduce statistical variation). However, many
geometries are either not cylindrically symmetric or require dose information based on a
cartesian framework — these simulations can be performed using the user code RTPCART

described in the following section.

2.6.3. RTPCART — for Cartesian Geometries

Features of RTPCART

Although RTPCART is designed to model cartesian geometries, it shares many of the features

of RTPCYL, including options to:
e Model parallel or point-source square beams, and energy deposition kernels,

e Score total, primary or scattered dose,

Generate dose table, region mass table, DOTPLOT, and raw data output (graph out-
put is not available),

Monitor individual particle histories using subroutine WATCH, and

¢ Utilise a long-cycle random number generator.

However, there are many areas which are significantly different from RTPCYL, particularly in

relation to scoring geometry and energy deposition kernel calculation. These areas include:

(a) Source geometry options. Three options are available for specifying the source
arrangement. Setting ISOURC=0 specifies a parallel beam, with the next input line
indicating the (z,y) coordinates of the beam centre (XCENTRE and YCENTRE), and the
beam width in centimetres (BEAMWIDTH). The second option (ISOURC=1) specifies a
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point source with (z,¥, 2z) = (XCENTRE, YCENTRE, -DISTZ) and beam width BEAMWIDTH
(at the phantom surface). The third option (ISOURC=2) indicates an energy deposition
kernel is to be generated and requires five additional parameters: XCENTRE and YCEN-
TRE, representing the (z,y) coordinates of the kernel origin; ORIGINDEPTH, the depth
of the kernel origin below the phantom surface; ISMEAR, a flag for indicating which
type of voxel smearing is to be performed; and IDOSETYPE, indicating whether total,

primary, or scattered dose is to be scored.

Definition of phantom geometry. RTPCYL is based on a cartesian coordinate sys-
tem which divides the patient or phantom into a (usually large) number of identically
shaped boxés or voxels. Each voxel is a separate geometrical region, and is also a sep-
arate scoring region. The extent of the entire phantom is defined prior to compilation

using Mortran PARAMETER statements:

PARAMETER $XMAX = 15;
PARAMETER $YMAX = 15;
PARAMETER $ZMAX = 60;

PARAMETER $MXREG=COMPUTE $XMAX*$YMAX*$ZMAX+2;

Note that $MXREG, the number of regions in the simulation, is also defined such that
there is a unique region number for each voxel, plus one region above the phantom and
one region below. The values defined above for these parameters are typical for a full-
field simulation, and in this case each region array is composed of 13500 voxels. These
large array sizes are a problem on machines without virtual memory or with limited
virtual memory allocation, so to reduce total memory requirements the number of
batches used to calculate statistical uncertainty ($STAT) has been reduced to five in
RTPCART. In addition, only one dose category can be scored at a time — this can be
total, primary, or scattered dose (see item a). Voxel dimensions in centimetres are

specified in the parameter file by the variables XSIZE, YSIZE, and ZSIZE.

Definition of phantom composition. On many occasions RTPCART is used to model
a homogeneous phantom, while for patient simulations each voxel may be of a different
density or composition than its neighbours. To allow maximum flexibility in the way
phantom composition can be specified, there are four different options available. These

are flagged by the signs of XSIZE, YSIZE and ZSIZE in the following manner:

(i) XSIZE<O,YSIZE<O0,ZSIZE<O. All voxels are composed of the same medium and
have the same density. The next input line indicates the medium number MED
and density RHOR in gecm™3. This option is commonly used for energy deposition

kernel calculation, and simulations in homogeneous media.
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(i) XSIZE>0,YSIZE>0,ZSIZE<O. Vozxels in each layer are composed of the same
medium and have the same density. There is one (MED,RHEOR) input pair for each
layer of voxels in the simulation. This option is used for slab phantoms such as

the lung phantom illustrated in Figure 1.14.

(iii) XSIZE>0,YSIZE>0,ZSIZE>0. All voxels have potentially different density and com-
position. There is one (MED,RHOR) input pair for each voxel in the simulation. This

option is used for heterogeneous patient simulations.

(iv) XSIZE<O,YSIZE<0,ZSIZE>0. All voxels are of the same density and compoéi-
tion, except for a rectangular block. There is one (MED,RHOR) pair for voxels
in the phantom, and another for voxels within the block. Six other parame-
ters (IXLOW,IXHIGH,IYLOW,IYHEIGH,IZLOW and IZHIGH) are needed to specify the
boundaries of the block (in terms of voxel indices). This option is used for phan-
toms having a single, regularly-shaped heterogeneity, such as the air-cavity phan-

tom used in Example 2 below.

As with RTPCYL, a maximum of two different media can be used in any one simula-
tion using RTPCART. However, since the human body can to a good approximation be
divided into tissue-like and bone-like substances, it is possible to represent almost all
radiotherapy geometries by using water and bone as the two materials, with the density

appropriately scaled to represent lungs, air cavities, and other heterogeneities.

Interaction voxel smearing for energy deposition kernel calculations. Energy depo-
sition kernels are generated by forcing incident photons to interact in the voxel specified
by the parameters XCENTRE, YCENTRE and ORIGINDEPTH. In RTPCYL these interactions
occur at a single point, but for generating cartesian kernels these interactions should
be spread throughout the interaction voxel, as illustrated in Figure 2.9.

This “smearing” is required because terma is liberated from all points within each
patient or phantom voxel, so kernel interaction sites should be “smeared” in a similar
manner to ensure that the correct dose distribution is produced when performing a
superposition. In fact three options are available: ISMEAR=0 selects interactions at
a single point, ISMEAR=1 selects two-dimensional smearing across the surface of the
voxel, and ISMEAR=2 selects three-dimensional smearing throughout the interaction
voxel. Two-dimensional smearing is used to generate electron pencil beams, while
three-dimensional smearing is normally used to generate photon energy deposition

kernels. If IXBASE, IYBASE and IZBASE are the coordinates of the interaction voxel
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'non-smeared’ 'smeared’

Figure 2.9. Interaction voxel “smearing.” In the non-smeared approach (left) all incident
photons are forced to interact at the centre of the interaction voxel. In the smeared approach
(right) interactions are randomly distributed throughout the interaction voxel.

and XSIZE, YSIZE and ZSIZE are the voxel dimensions in centimetres, then smearing

is achieved by the following code, located before the call to SHOWER:

IF (ISOURC=2) [ "kernel calculation"

IF (ISMEAR=2) [ "2-D smearing"
$RANDOMSET XIN; $RANDOMSET YIN;
XIN=(IXBASE-1+XIN)*XSIZE;
YIN=(IYBASE-1+YIN)*YSIZE;

]

IF (ISMEAR=3) [ "3-D smearing"
$RANDOMSET XIN; $RANDOMSET YIN; $RANDOMSET ZIN;
XIN=(IXBASE-1+XIN)*XSIZE;
YIN=(IYBASE-1+YIN)*YSIZE;
ZIN=(IZBASE-1+ZIN)*ZSIZE;

]

]

Kernel smearing slightly modifies kernel shape (see Section 3.3.3c of Chapter 3), but has

almost no effect on the resulting dose distribution, especially in homogeneous media.

Geometry equivalence for energy deposition kernel calculation. Since energy depo-
sition kernels generated in homogeneous media are symmetrical about the z = 0 and
y = 0 planes, energy deposited in the four (z, ¥) quadrants can be “folded over” into
one quadrant. Figure 2.10 illustrates this folding process, and also shows the multi-
plication factors necessary to maintain conservation of total energy deposited. Note
that voxels along the z or y axes have only one other equivalent voxel, and that cen-
tral voxel has no other equivalent voxels. This folding approach means that only one

quarter of the complete kernel need be stored, and also means that inaccuracies due to
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the statistical nature of Monte Carlo simulations are reduced by a factor of V4 = 2 for
off-axis voxels. If the voxels have a square cross-section (XSIZE=YSIZE) then statistical
variance and storage requirements can be further reduced by averaging pairs of voxels

(%,7,k) and (4,1, k), where ¢, j and k are the z, y and z voxel indices, respectively.
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Figure 2.10. The “folding quadrant” technique for energy deposition kernel generation.
Similarly shaded voxels are folded onto a single quadrant, then when the simulation is complete
the voxels are multiplied by the factors shown to conserve total energy deposited. If voxels
have a square cross-section (as shown here) then further savings can be achieved by averaging
(ij.k) and (j,i,k) voxels.

In RTPCART, energy is scored in all quadrants during the simulation. If an energy de-
position kernel has been generated then the four quadrants are automatically “folded”
before being output to a file, and if the voxel dimensions XSIZE and YSIZE are equal
then equivalent voxels within the same quadrant are also averaged. In either case, one

complete quadrant is printed in the output table or sent to the raw data file.

Coding of HOWFAR. Since there are very many different regions in a typical RTP-
CART simulation, it is not practicable to individually code the geometry for each region
in HOWFAR. Instead, the distance TVAL to the next region boundary is determined in a
more general way, by making use of the fact that the region boundaries are parallel to

the axes and evenly spaced. For example, the following code determines the distance

to the next plane perpendicular to the z-axis:
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TVAL=10000.0; “set TVAL large to begin"

IF (W(NP)>0.0 [ "particle moving in +z direction"
TEMP=(ZSIZE-AMOD(Z(NP) ,ZSIZE))/W(NP);

IF (TEMP<$SMALLDIST) [TEMP=ZSIZE/W(NP);]

IF (TEMP<TVAL) [TVAL=TEMP; IDIRN=1;]]

ELSEIF (W(NP)<0.0) [ "particle moving in -z direction”
TEMP=(AMOD(Z(NP) ,ZSIZE))/-W(NP);

IF (TEMP<$SMALLDIST) [TEMP=ZSIZE/-W(NP);]

IF (TEMP<TVAL) [TVAL=TEMP; IDIRN=2;]
]

where (X(NP),Y(NP),Z(NP)) are the coordinates of the current particle with corre-
sponding direction cosines (U(NP),V(NP),W(NP)), IDIRN is a flag used to store the
direction to the next boundary, and $SMALLDIST is a very small value used to prevent
round-off error from producing an incorrect TVAL. Each clause of the IF statement
determines the distance to the boundary in the relevant direction, then tests to see
if that distance is less than the current value of TVAL, in which case TVAL is assigned
the new value. Similar statements are used to test the z and y planes, so each of the
six voxel boundaries is tested. TVAL then contains the distance to the closest region
boundary along the current particle direction and IDIRN indicates which of the six

planes (42, -z, +z, —z, +y or —y) is intersected.

Each voxel in the three-dimensional array is mapped onto the one-dimensional medium

array MED using the following function:

MED((IX-1)*$YMAX*$ZMAX + (IY-1)*$ZMAX + IZ + 1) = IMED;
where IMED is the medium number of the voxel with indices (IX,I1Y,IZ), and
($XMAX,$YMAX, $ZMAX) are the maximum voxel indices. This mapping provides a sim-

ple means of determining the new region number IRNEW in HOWFAR:

IF (TVAL<=USTEP) [ "update region number"

USTEP=TVAL; “set USTEP to TVAL"

IF (IDIRN=1) [IRNEW=IRL+1;] “increment z layer"

ELSEIF (IDIRN=2) [IRNEW=IRL-1;] “"decrement z layer"

ELSEIF (IDIRN=3) [IRNEW=IRL+($YMAX*$ZMAX):] "increment x layer"
ELSEIF (IDIRN=4) [IRNEW=IRL-($YMAX*$ZMAX);] "decrement x layer"
ELSEIF (IDIRN=5) [IRNEW=IRL+$ZMAX;] “increment y layer"

ELSEIF (IDIRN=6) [IRNEW=IRL-$ZMAX;] "decrement y layer"
"Discard particle if outside phantom limits"
]IF (IRNEW<1 | IRNEW>$MXREG) [IDISsc=2;]

Finally, the PRESTA algorithm also requires that the macro $CALL-HOWNEAR be defined
50 as to calculate the smallest distance to any region boundary. Since the region array

is cartesian, the closest distance to a surface is always normal to that surface, and

$CALL-HOWNEAR can be defined very simply as:
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REPLACE {$CALL-HOWNEAR(#);} WITH

{;IF (IRL>1) [ "if particle has reached phantom"

XTEMP=AMOD (X(NP) ,XSIZE); "distance to x boundary"

YTEMP=AMOD(Y(NP) ,YSIZE); "distance to y boundary"
ZTEMP=1MOD(Z(NP),ZSIZE); "distance to z boundary"
{P1}=AMIN1(XTEMP,XSIZE-XTEMP,YTEMP,YSIZE-YTEMP,ZSIZE,ZSIZE-ZTEMP);];

The above points have illustrated the main differences between RTPCART and its predecessor
RTPCYL, but a full listing of RTPCART can be found in Appendix B. The following examples
describe the use of RTPCART in two key areas — energy deposition kernel generation (using

photons) and phantom simulation (using electrons).

Example 1: Energy Deposition Kernel

This example illustrates the use of RTPCART to generate a kernel for use in superposition

dose calculations. The input parameter file used is as follows (comments to the right):

EDK in H20 (10 MeV) simulation title
WATER material 1
DUMMY material 2 (not used)
-0.56,-0.5,-0.5 X,¥,z voxel sizes (negs indicate homogeneous phantom)
1,1.0 material number and density of all voxels
-1.0,0.561,0.050 K.E. of incident particle (- indicates spectrum follows),
global ECUT,PCUT
lower energy of 1st spectral bin
upper energy of 1st spectral bin, spectral weight
2nd spectral bin
3rd spectral bin
4th spectral bin
5th spectral bin
6th spectral bin
7th spectral bin
8th spectral bin
9th spectral bin
10th spectral bin
indicates end of spectrum
indicates EDK generation (interaction forcing)
26,5.25,1.25,2,0 X,y,z coordinates of interaction point,
3-D smearing of kernel origin, total energy scored
200000,0,0,12.0,123456789 no. of histories, incident charge, monitor routine off,
CPU limit (hrs), random number seed
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20.0,0.2 depth limit (cm), and survival prob of Russian roulette
0,0,0,0 PRESTA PLC,BCA,LCA and FIXTMX turned on
1,0,0,2 output options — tota.l energy table, no region masses,

no DOTPLOT data, raw data output (central plane only)

Note that specification of XSIZE, YSIZE, and ZSIZE as all negative (line 4) implies a homo-
geneous phantom (see Section 2.6.3c), while the next line specifies that the voxels are of
unit density water. Line 20 places the interaction site at the centre of a voxel in the third

layer of the phantom (1.25 cm deep), allowing 2 voxels for backscatter. Three-dimensional
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kernel smearing is turned on, and total energy is scored.

The last line of the input file controls output options for the simulation. Part of the output
file generated by this simulation is listed in Appendix C, showing the energy distribution
table with associated uncertainties. RTPCART chooses a single (z, z) plane for table output,
usually coinciding with the central axis of the phantom. Setting the IRAWDATA flag to 2 (last
line of the input file) selects an another option available in RTPCART — storing raw data for
the central (z, z) plane only. This feature reduces the size of raw data files and allows easier
processing by graphics utilities which display energy or dose distribution in a single plane,
such as the transputer-based display software developed at Waikato University. Figure 2.11

shows one such plot of an energy deposition kernel generated using the above input file.

I
l 189 MV Dose Spread Avray, Density = 8.2

T g

{0

| i- 2~ 18- 3@8- 56— 7&- 9g- i1@8e-
‘ maximum dose = 99y

.Figure 2.11. Colour-fill pl?t of energy deposition kernel generated using RTPCART. Interaction site
is at the central green dot (just below the top of the kernel). A 10 MV spectral beam was incident
from the top. Density of the grey area is 0.2 g cm™3, representing lung, and its depth is 10 cm.
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Example 2: Cavity Phantom

The second example of RTPCART is a simulation of point source electron beam into a water
phantom containing a small air cavity. This phantom was required by Hoban®! for work
involving electron pencil beams. Figure 2.12 is a two-dimensional schematic of the (three-

dimensional) beam and phantom geometry used in the simulation.

12 MeV electrons
10cm x 10cm field

Ocm
[ 11
—water air 1cm
cavity
2x2%2 cm 2em
3 cm
4 cm

-6 -5 -4 -3 2 -1 0 1 2 3 4 5 6

Figure 2.12. Schematic of cavity simulation. A 10 cm X 10 cm square field of 10 MeV monoen-
ergetic electrons is incident on a unit density (water) phantom with a small square air cavity on
the beam central axis and 0.5 cm below the surface.

The input file for the simulation is as follows:

12 MeV electrons into cavity simulation title

WATER material 1

DUMMY material 2 (not used)

-0.5,-0.4,0.5 x,y,z voxel sizes (x,y negs indicate cavity phantom)
1,1.0 material number and density of non-cavity voxels
1,0.001 material number and density of cavity voxels
13,16,11,15,2,5 voxel indices of cavity boundaries
12.0,0.561,0.0560 K.E. of incident particle,ECUT,PCUT

1 indicates point source square beam
7.0,6.0,10.0,100.0 x,y coordinates of beam centre, beam width, SSD

75000,-1,0,12.0,123456789 no. of histories, incident charge, monitor routine off,
CPU limit (hrs), random number seed,

depth limit (cm), and survival prob of Russian roulette
PRESTA PLC,BCA,LCA and FIXTMX turned on

output options — total energy table, no region masses,
no DOTPLOT data, raw data output (central plane only)

8.0
0,0
1,0

,0.
’0’
’ol

NVO -

Note that the voxels are positioned so that there are four voxels beneath the cavity in the

z-direction (as illustrated in Figure 2.12), and five under the cavity in the y-direction (with
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each voxel having a y-dimension of 0.4 cm). This means that there is a plane of voxels
directly below the centre of the cavity in the y-direction, rather than slightly off-centre.
Specification of XSIZE and YSIZE negative, ZSIZE positive (line 4) indicates a homogeneous
phantom with a block of different material (see Section 2.6.3c). The next two lines specify
the composition and density of the phantom and block respectively, and in this case the
block is a cavity of air, modelled as a water-like material of density 0.001 g cm~3. The
next line specifies the cavity boundaries using voxel indices as coordinates. The remander
of the input file is similar to that in Example 1, except that the incident particles are

monoenergetic 12 MeV electrons.

One further modification to this simulation is the addition of particle splitting (see Sec-
tion 2.3.6e). Figure 2.13 illustrates the technique: incident particle coordinates are sampled
randomly as before, but if the particle is incident on a 4 cm X 4 cm area near the cavity
then it is split into 5 identical particles, each with weight 0.2. This increases the number
of particles interacting near the cavity, and therefore reduces statistical fluctuations in that

region, at the expense of reduced accuracy in regions of the phantom away from the cavity.

12 MeV electrons

] 10cm x 10cm field \
/ \
/ split into 5 particles \
/ of weight = 0.2 \
/ \
/ 5x02=1.0 \
[ \
weight = 1.0 weight = 1.0
Ocm
I
water air 1cm
cavity
2x2x2 cm 2 em
3cm
4 cm

Figure 2.13. Particle splitting near the cavity. The coordinates of an incident particle are
randomly selected, then the particle is split if it falls within a 4 cm X 4 cm square region near the
cavity. This is done by replacing the particle with 5 identical particles, each of weight 0.2.
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Particle splitting was hard-coded into RTPCART by testing the incident particle z and y
offsets (XPROJ and YPROJ) prior to calling SHOWER:

IF (ABS(XPR0J)<2.0 & ABS(YPR0J)<2.0) [IPARTNO=5;WTIN=0.2;]

ELSE [IPARTNO=1;WTIN=1.0;]

then calling SHOWER repeatedly if the particle had been split:

"Split particle if option has been selected"
IF (IPARTNO>1) [

DO I=1,IPARTNO [ .

CALL SHOWER(IQIN,EI,XIN,YIN,ZIN,UIN,VIN,WIN,IRIN,WTIN);

]
]
The results of the cavity simulation are illustrated in Figure 2.14. This colour-fill plot
clearly illustrates that low-density heterogeneities produce significant perturbation of elec-
tron beam dose distributions. The Monte Carlo technique illustrates these well, whereas the
majority of electron beam dose calculation algorithms either fail to model, or inadequately

model, these effects.

2.6.4. RTPEDK — for Spherical Energy Deposition Kernels

Features of RTPEDK

RTPEDK has been written with one purpose in mind: to generate energy deposition kernels
for the GRATIS treatment planning system. It is essentially a cut-down version of RTPCYL,
with modifications to the scoring geometry, PRESTA macro and output format. Many Qf
RTPCYL’s features remain, such as the ability to use an input spectrum, and Russian roulette
for particles travelling beyond the phantom limits. A complete listing of RTPEDK can be

found in Appendix D, but in summary the main areas of modification are as follows:

(a) Only energy deposition kernels are modelled — that is, photons are forced to inter-
act at the origin of a homogeneous phantom. The $SELECT-PHOTON-MFP macro forces
interactions in a manner similar to that described in Section 2.5d, and spectral com-
ponents are u-weighted as described in Section 2.6.2b. Energy deposition is swapped
from beginning to end of each electron step (see Section 2.6.2g), and energy deposited

in each voxel is divided by the total incident energy at the end of the simulation (see

Section 2.6.2b).

(b) A spherical scoring geometry is used. The phantom is divided into NRADIALS
radial shells spaced a distance DELTAR apart, and is also divided into NTHETAS conical

regions originating at the origin and symmetric about the incident particle direction.



82

12 MeVU, 18xi@cm field, Z2Zx2Zx2 cm cavity, EGS4 Monte Carlo I

i8é- 38— 70— 2@- 95- 125-116-120-
maximum dose = 132%

Figure 2.14. Colour-fill plot of dose distribution in cavity simulation. Light grey region represents
tissue, dark grey region cavity, and white lines the field limits. Noticeable is the “hot spot” below
the cavity and depression of the isodose lines due to the smaller radiological path length in the
cavity.

(<)

This geometry is essentially that same as that described by Mackie et al.44 for their
code SCASPH. The polar angle 6 between each conical region boundary is implicitly
defined as § = 180/ Ny, where Ny is the number of conical regions (NTHETAS). Scoring
parameters for scattered energy, termed NRADSCAT, DELRSCAT, and NTHSCAT, can be
specified independently of the parameters for total and primary energy. Figure 2.15

illustrates the scoring geometry.

A spherical geometry is used for PRESTA boundaries. In RTPCYL, PRESTA
has to be turned off when using spherical coordinates, since the PRESTA boundaries
lie on planes between cylindrical scoring regions. In RTPEDK, PRESTA boundaries are
defined to be coincident with the scoring region boundaries. This is done by defining



(d)

83

incident
kernel origin "gi}agtéct:ilgn
(interaction site) S
\\ DELTATHETA = ——u
, \ NTHETAS
/ M
/ AN
/ \
y \ N\
/ \
DELTAR
rﬁ

Figure 2.15. Spherical scoring geometry used in RTPEDK.

the PRESTA macro $CALL-BEOWNEAR as:

REPLACE {$CALL-HOWNEAR(#);} WITH
{;IF ($FLAGi<=1)[ "primary energy"
RFRAC=AMOD(R,DELTAR);
THFRAC=AMOD(TH,180.0/NTHETAS) ;
{P1}=MIN(MIN(RFRAC,DELTAR-RFRAC),
R*SIN(MIN(THFRAC, (180.0/NTHETAS)-THFRAC)*(3.14159/180.0)));]
ELSE[ "scattered energy"
RFRAC=AMOD(R,DELRSCAT) ;
THFRAC=AMOD(TH, 180.0/NTHSCAT) ;
{P1}=MIN(MIN(RFRAC,DELRSCAT-RFRAC),
R*SIN(MIN(THFRAC, (180.0/NTHSCAT)-THFRAC)*(3.14159/180.0)));]

i}
The above routine is called from within PRESTA to determine the distance to the
closest boundary. Note that the particle coordinates R and TH are required in the

above macro — they are calculated within EOWFAR:

R=SQRT(X(NP)**2+Y(NP) **2+Z(NP) **2) ; “R in cm"
IF(R<0.000001) [R=0.000001;] “"avoid division by zero in next line"
TH=ASIN(SQRT(X(NP)**2+Y(NP)*%2) /R)*180/3.14156926; "Theta in degrees"

IF(Z(NP)<0.0) [TH=180. 0-TH;] "ensure 0<=TH<=180"
and made available to PRESTA via the common block GEOM.

There is a reduced set of output options. A reduced set of output options is
available when using RTPEDK. DOTPLOT data is available as in RTPCYL (see Section 2.6.2j),
and raw dose data for total, primary and/or scattered dose can be produced. For each
dose category in the raw data file, the dose category (“TOTAL”, “PRIMARY”, or
«SCATTERED?”) is listed, followed by an associated set of values for RHOR, DELTAR,
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DELTATHETA, NRADIALS and NTHETAS. This information is required to enable GRATIS
to perform cartesian interpolation correctly, and also to check that the kernel density
(RHOR) expected by GRATIS is consistent with that used in RTPEDK. In addition, a
table of doses for the first seven angular bins is produced in the RTPEDK log file (along

with associated uncertainties).

Example: Spherical EDK Generation

To generate a raw data file containing a spherical EDK for a 10 MV photon beam, the
following input file to RTPEDK was used (comments are listed to the right):

10 MV EDK into H20 simulation title

WATER phantom material

1.0 density of medium

30,0.2,18,60,0.5,18 NRADIALS,DELTAR,NTHETAS,NRADSCAT,DELRSCAT,NTHSCAT
-1.0,0.561,0.060,0.5 K.E. of incident particle (- indicates spectrum follows),

global ECUT,PCUT, maximum step size (cm)

0.0 lower energy of 1st spectral bin
1.0,17.5 upper energy of 1st spectral bin, spectral weight
2.0,22.0 2nd spectral bin

3.0,20.4 3rd spectral bin

4.0,12.9 4th spectral bin

5.0,9.2 5th spectral bin

6.0,7.1 6th spectral bin

7.0,4.9 7th spectral bin

8.0,3.2 8th spectral bin

9.0,1.9 9th spectral bin

10.0,0.9 10th spectral bin

0.0 indicates end of spectrum
250000,0,12.0,0,123456789 no. of histories, monitor routine off, CPU limit (hrs)
Rayleigh scattering off, random number seed

20.0,0.2 depth limit (cm) and survival prob of Russian roulette
0,0,0,0 PRESTA PLC,BCA,LCA and FIXTMX turned on
0,1,1,0 output options — primary & scattered dose only

In the above example a unit density water phantom is divided into 30 spherical shells (each
0.2 cm thick) and 18 cones (spaced every 10 degrees), which are used to score primary
energy. Scattered energy is scored in 60 shells (each 0.5 cm thick) with cones also spaced
every 10 degrees. 250,000 photons sampled from a 10 MV spectrum are forced to interact
at the origin, producing a file containing primary and scattered energy normalised to total
incident energy. The primary energy category in the raw data file consists of 30 sets of 18

normalised energies, preceded by header information identifying important parameters in

the calculation (see Section 2.6.4d):

PRIMARY

RHOR,DELTAR,DELTATHETA ,NRADIALS ,NTHETAS=
1.000000 0.200000 10.000000 30 18

0.3511E-01

0.2962E-01
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.2395E-01
.1886E-01
.1430E-01
.1018E-01
.6909E-02
.4270E-02
.2378E-02

[eNeoNelNeNeoNoNel

A similar array for scattered energy is also contained in the raw data file.

2.7. Summary

Monte Carlo techniques in general — and EGS4 in particular — seek to accurately simulate
the physical interactions between particles. Although the details of photon and electron
transporf; may be different (as with Class I and Class II electron transport schemes), EGS4,
ETRAN and other Monte Carlo codes are essentially similar in their approaches. They
utilise the sampling of cross-sections and mean free paths to completely simulate the inter-
actions of photons, but apply multiple scattering theory to reduce the computation needed

for calculating electron paths.

The EGS4 Monte Carlo code has gained wide acceptance in the medical physics community,
due primarily to its ease of use. Features such as the PEGS4 preprocessor, the macro
facility provided by the Mortran precompiler, availability of geometry packages, and the
ease with which simulation geometry and input parameters can be modified has enabled
such wide use. Weaknesses in the system such as step-size dependence have been well
documented, with improvements such as PRESTA continuing to be made. The system has
been extensively benchmarked, so that users can have confidence in the results that EGS4
produces. However, although EGS4 is comparatively easy to use, it is advantageous that
the user has a knowledge of the underlying theory (which may help the detection of errors
in the user code) and available short-cuts (such as variance reduction techniques) which

may allow more efficient simulation.

The Monte Carlo technique can simulate many experimental situations which may not be
physically achievable or measurable. It requires a minimum of experimental apparatus (a
computer) and produces reproducible results given an adequate number of particle histories.
As the computational power of computers increases and the problems tackled become more
complex, Monte Carlo will continue to become either the only available method, or the

method of choice for a wide variety of medical physics problems.
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Chapter 3

Superposition and Convolution

3.1. Introduction

In Chapter 1 a variety of radiotherapy dose calculation algorithms were discussed. The
majority of these algorithms assume that electrons liberated by incident and scattered
photons deposit their energy at the site of interaction. In reality they range away from
the interaction site, depositing energy along tracks of significant length, especially when
considering high energy (linear accelerator) x-rays. One approach which does model this
phenomenon is the Monte Carlo technique, discussed in Chapter 2. Although the potential
accuracy of this technique is attractive, the computational effort required is a barrier to its

implementation in a clinical situation.

Another method which models the physical process of electron ranging is the superposition
technique, often referred to as convolution when performed with invariant kernels. First pro-
posed by Dean,! this method was developed by Mackie et al.,> Boyer and Mok, Mohan et
al.,* Ahnesjé et al.,’ and others, and has since been investigated by several other authors.®~®
It has also been the subject of considerable research at this author’s institution.'°=!® The
need for truly three-dimensional treatment planning has been demonstrated,!® and super-

position is also well suited to this approach, as Mohan!? and Mohan et al.!® have discussed.

In the superposition/convolution technique a distribution of total primary energy released
at each interaction site is convolved with one or more distributions describing the spread
of energy from that point. In this chapter the first of these distributions will be called
the terma® and the second the energy deposition kernel (EDK).3'® Energy deposition
kernels have also been termed dose spread arrays,? differential pencil beams,* and point
spread functions.® The RTPCART and RTPEDK Monte Carlo codes used to generate energy
deposition kernels have been presented in Chapter 2, and the mathematical and physical
basis for the superposition approach is presented briefly in Section 3.2 of this chapter.
More detailed treatment of superposition mathematics, including density-scaling of the

energy deposition kernel, can be found elsewhere.*'® Section 3.3 describes some key aspects

Sections of this chapter appear in Australas. Phys. Eng. Sci. Med., 12 (8) 128-137 (1989), under the title
«3.D Superposition for Radiotherapy Treatment Planning Using Fast Fourier Transforms.”
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concerning implementation of the superposition/convolution algorithm — in particular the
determination of terma, formation of energy deposition kernels, and calculation of dose

using real space superposition and Fourier space convolution.

A dose calculation algorithm, although critical, is just a small part of a complete treatment
planning system. One such system, GRATIS, has been installed by this author at Waikato
University — refer to Section 3.4 for a brief description of this system. Section 3.5 describes

how the superposition algorithm has been implemented under GRATIS.

3.2. Superposition Theory

Several reviews of the theory behind superposition with respect to external beam radiother-
apy can be found in the literature, in particular Ahnesjé et al.,> and Boyer and Mok.® The
particular formalism used at the author’s institution is described more fully by Hoban!®
and Hoban et al.,? but in summary the dose D(r) to a point r from a monoenergetic beam

is given by a superposition integral over the entire volume V:

_L ro(r' —r'.r") dv
D) =~ /V T(x")p(x)H(x - ', r') dv (3.1)

where T(r') is the terma at the interaction site r/, p(r') is the mass density at that site
and H(r —r',r') is the fraction of energy liberated at r’ which is deposited per unit volume
at a point a position r — r’ from the interaction site. Note that in general the kernel H is
a function of the position r' of the interaction voxel. In Equation 3.1 the kernel must be

normalised such that:
/ Hr-r')dv=1 . (3.2)
v

In general, both the terma and energy deposition kernel are determined using polyenergetic
beam spectra. Terma is calculated by first determining the fluence differential in energy
@ g(r') for each spectral component,® which is simply the fluence at r' due to photons of

energy E:
I\ 2
QE(I”) — §E(r6)<%) e—u(E)(d(;-')_d(r.’,)) , (3.3)

where r is a point at the surface of the calculation region intersected by a ray from the
source to r', d(r') and d(rp) are the radiological depths (equivalent depths in water) at r'

and ry respectively, and u(E) is the linear attenuation coefficient of water at energy E.

The terma differential in energy Tg(r') can then be written as

r') = K(E) '
TE( )— <TI'I))"'E'E-§E(1‘) . (3.4)
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For a beam modelled by IV spectral components the total terma T'(r') can now be expressed
by

N
T(') = Y Tg(r') , (35)
i=1
where E; is the energy of the ith spectral component.

In a similar manner the polyenergetic energy deposition kernel must be formed from a
weighted sum of spectral components. If the terma liberated at the interaction site r due

to a spectral component of energy E; is Tg,(r) then

N
3 T, (r)Ha,(r - r')
H(r _ rl) = =1

N ’ (3.6)
;‘2 Tk, (r)

where Hg,(r — r') is fraction of energy liberated at r' by the spectral component of energy
E; which is deposited at r. This treatment is less rigorous than performing a separate
superposition for each spectral component, but this method can be modified to account for

13,15

beam hardening, and requires considerably less computation.

3.3. Implementation of the Superposition/Convolution Algorithm

3.3.1. Introduction

As demonstrated in Section 3.2, superposition is a conceptually simple approach to radio-
therapy dose computation. However, as with many other algorithms, implementation of
superposition is less simple, requiring consideration of the practicalities of calculation using

a computer.

One of the most important decisions to be made in implementing superposition is the choice
of a coordinate system. The superposition algorithm is presented in Equations 3.1 to 3.6
using a vector representation — the computational analogue of this approach would be to
transform the underlying cartesian coordinate system used for patient (CT) data into a
spherical polar coordinate system centred on each point of calculation. The energy depo-
sition kernel, also represented in spherical polar coordinates, could then be superimposed

on each terma point, so that the origins of both coordinate systems coincide. Rectilinear

density scaling of the kernel would then be a simple matter.

However, a unique representation of the spherical polar terma array would be required for
each interaction point. Considerable computation is required for coordinate transforma-

tions of this type, so a less ideal but spatially invariant coordinate system must be used in
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a practical treatment planning system. A cartesian system is an obvious choice since it is
suitable for superposition without further transformation, and is compatible with CT scan-
ner input and display terminal output. In such a cartesian coordinate system, Equation 3.1
is replaced by the following equation, used to calculate the dose D(i, j, k) to a rectangular
volume element or voxel of mass density p(i, j, k):

D(iyj, k) = le—k—) Z ; zk: p(il 3 k') - T(i, 4 k) - H(i— iy — 3 k= k'), (3.7)
where T(4',j', k') is the terma at the interaction site, and H(i —i',j — j',k — k') is the
value of the energy deposition kernel at the deposition site. In general H is also a function
of the interaction voxel position (i',j’,k'), due to beam hardening and the presence of
inhomogeneities. The summation in Equation 3.7 is performed over all voxels in the medium
which contribute scattered dose to (i, j, k). Equations 3.2 to 3.6 can be similarly modified,
replacing r by (3, j, k) and r’ by (¢',5', k).

The following sections outline the implementation of the three main components of the su-
perposition process: terma calculation (Section 3.3.2); energy deposition kernel calculation
(Section 3.3.3); and dose computation using real space superposition (Section 3.3.4) and

Fourier space convolution (Section 3.3.5).

3.3.2. Terma Calculation

The first step in terma calculation is to form an array containing the electron densities
of each voxel in the region of interest. This is done by accessing data files created by
a Computerised Tomography (CT) scanner, such as the Waikato Hospital’s Siemens DRH
scanner, then converting the CT numbers into relative electron densities using the tissue and
bone calibration lines as determined by Metcalfe,!* Metcalfe and Beckham,?? and Metcalfe
et al.?! In this section it is assumed that the terma grid is aligned with the beam central

axis — although in general this may not be so, in which case a coordinate transformation

is required (see Section 3.5).

The next step is to determine the radiological depth of each voxel. In a homogeneous
medium this calculation is trivial, but for a heterogeneous medium a ray traced from the
beam source to the voxel centre may pass through many regions, each of differing composi-
tion. To adequately model this situation the author has developed a technique designed to
produce highly accurate radiological depths using relatively little computation. Figure 3.1
illustrates how rays are traced from the source of the beam through the centre of each
surface voxel and beyond to the lower limit of the patient or phantom. If these rays in-

tersect both the upper and lower surfaces of a voxel then radiological depth is assigned to
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that voxel by averaging the radiological depths of the upper and lower surfaces (for the
ray shown in Figure 3.1 this occurs for the shaded voxels). This process is then repeated
with any second-layer voxels which have not already been assigned a radiological depth by
the top-layer ray traces. The third and subsequent layers are processed in the same way,
and as each successive layer is processed a rapidly increasing proportion of the voxels have
already been calculated from previous layers, so computation is less with each layer. Any
voxels with more than one intersecting ray can be assigned the average of those depths,

although in practice this is not done since the depth assignments have been found to be
almost identical.

from beam
source

o
—
X

V2

Figure 3.1. Ray tracing to determine radiological depth. Rays are traced from the beam source
to the lower limit of the medium. If both the upper and lower voxel boundaries are intersected
(shaded voxels) then radiological depth is assigned to that voxel.

Use of the above approach results in only relatively few rays being traced through the
medium. This is desirable because ray tracing in general can require large amounts of com-
puting time. To further reduce this problem the ray trace algorithm used is that described
by Siddon,?? in which the ray is described by a set of three parametric equations (one for
each dimension). Intersections with voxel planes are easily described in terms of the pa-
rameter, so by merging the three parametric sets in order, the lengths of voxel intersections
and hence the radiological depth can readily be calculated. The author’s implementation
of this algorithm is presented in Appendix E. It is significantly faster'tha.n conventional ray
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tracing techniques for large array sizes,’? and allows accurate determination of radiological
depth in a relatively small computation time (8.3 CPU seconds on a DEC VAX-6200 series
computer for a 16 X 16 x 100 terma array; or 8.0 CPU seconds on a Sun SPARCstation IPC

for a 22 X 22 X 69 terma array).

Figure 3.2 presents a pseudocode description of the complete process of radiological depth
determination. Note that the electron density relative to water p¥’(i, j, k) has been used
instead of mass density — this approach is valid because Compton interactions dominate
at linear accelerator energies. It is also convenient to use pg’, since CT numbers are more

readily converted to this parameter.

Having determined the radiological depth of each voxel it is now possible to calculate the
terma released at each voxel. Kerma is also required if the beam hardening correction
described by Hoban!® is to be used. In addition to radiological depth, the following entities

are also needed:

(a) Beam size and shape, beam origin coordinates, and incident fluence. Incident fluence is
typically represented by a square matrix or fluence map defined at the source-to-surface

distance.

(b) The incident photon spectrum, where the spectrum is divided up into a number of
weighted components. In general this spectrum will be different for each point in the
fluence map. It can be determined by modelling the linear accelerator treatment head

using Monte Carlo techniques, as described by Mohan et al.?3

(c¢) Mass attenuation coefficients for water, obtained by interpolating data from Johns
and Cunningham.?* Mass absorption coefficients are also required if kerma is to be

calculated.

(d) An array of patient electron densities relative to water, obtained from CT data by
using an appropriate CT calibration line. This array has already been calculated when
determining radiological depth.

Figure 3.3 shows a pseudocode representation of the terma calculation process. Note that
since electron densities have been obtained from the original CT data, and electron densities
have been used to calculate radiological depth, the mass density p used to calculate &p
(Equation 3.3) and Tr (Equation 3.4) must be replaced by relative electron density p¥.

The first step in the calculation is to determine the source-to-surface distance, and also the

sum of all the spectral component weights. Then the algorithm steps through each voxel
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constant X,Y,Z;
type point = record
X,y,Z : real

end;
var  depth : array[0..X,0..Y,0..Z] of real;
relative_electron_density : array[0..X,0..Y,0..2] of real;

procedure radiological_depths;
var  start_point, end_point : point;
i,k : integer;
start_point := beam origin;
{Trace surface voxels}
doi:=0.X
doj:=0.Y
end_point := centre of voxel (i,j,0);
extend end_point to beyond limits of patient;
ray_trace(start_point,end_point)

end do
end do;

{Trace all other unassigned voxels}
do k:=10..Z
doi:=0.X
doj:=0.Y
if (voxel has not been assigned)

end_point := centre of voxel (i,j,k);
extend end_point to beyond limits of patient;
ray_trace(start_point,end_point)

end if
end do
end do
end do;
end;

procedure ray_trace(point start,end);
var |, m,n: integer;  {voxel coordinates}

distance : real;  {distance between successive intersections}
rpl : real; {total radiological path length so far}
compile list of voxel intersections using Siddon’s method;
rpl := 0.0;

do (for each voxel intersection)
calculate distance between intersection and previous intersection;
determine intersected voxel coordinates (/,m,n);
rpl := rpl + (distance X relative_electron_density[l,m,n] | 2);
if (ray intersects upper and lower surfaces of voxel (/,m,n))
depth[l,m,n] := depth[l,m,n] + rpl
end if;
rpl := rpl + (distance X relative_electron_density[l,m,n] | 2)

end do
end;

Figure 8.2. Pseudocode description of the algorithm to determine radiological depth. The proce-
dure radiological_depths determines the radiological depth of each voxel in the region of interest
by repeatedly calling ray_trace, passing as parameters the end points of the ray to be traced.

in the region of interest, tracing rays back to the beam origin from each of the four top
corners of the voxel. These rays intersect with the fluence map, and the fluence map pixels
closest to each point of intersection are averaged to yield the corresponding surface fluence
— this approach is necessary to account accurately for regions of high fluence gradient,

especially near the beam edges. Then the contribution to terma and kerma from each
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constant X,Y,Z,COMPONENTS;

type spectral_component = recor
ype P energy,weight,mu_water,mu_ab_water : real;

end;
array_type = array[0..X,0..Y,0..Z] of real;
var rad_depth,relative.electron_density,terma,kerma: array_type;
spectrum : array[0..COMPONENTS - 1] of spectral_component;

procedure calculate_terma;
var ssd,sum_ of.weights,source_distance : real;
fluence,component,terma-diff,kerma-diff : real;
iJ,k,1 : integer;
ssd := distance from beam source to patient surface;

sum_of_-weights := 0.0;

do / := 0..COMPONENTS-1 | .
sum_of_weights := sum_of_weights + spectrum(l].weight;

end do
do k :=0..2
do i :=0..X
doj:=0.Y

termali,j,k] := 0.0;
kermalij,k] := 0.0;
fluence ;= average of four nearest voxels in fluence map;
source_distance := distance from beam source to voxel (iy,k);

do / := 0..COMPONENTS-1

component := spectrum(l].weight X
exp(-spectrumfl].mu_water x rad_depthi,j,k]) X
spectrum(l].energy;
terma_diff := terma_diff + component X spectrumfl].mu_water;
kerma_diff := kerma_diff + component X spectrum[l].mu_ab_water

end do .
termali,j,k] := terma_diff x fluence X

(ssd? | source_distance?) /
sum_of_weights;

kermal[ij,k] := kerma_diff x fluence X
(ssd? | source_distance?) [
sum_of_weights;

nd do

Figure 3.3. Pseudocode description of terma and kerma calculation.

spectral component is calculated by forming the product of the spectral component weight,
an attenuation factor to account for radiological depth, the spectral component energy, and
the appropriate mass attenuation coefficient (u for terma, p,;, for kerma). Finally, these

values are multiplied by the surface fluence and an inverse square correction factor, and

divided by the sum of the component weights.

The above approach is essentially the same as that described in Equations 3.3 to 3.5,
except that some terms have been moved outside the summation to make the calculation
more efficient. Use of a number of spectral components automatically accounts for beam

hardening with increasing depth, which Metcalfe et al.!®* have shown to be necessary for

accurate results when using superposition.
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3.3.8. Energy Deposition Kernel Calculation

Since there is no physical way in which photons can be forced to interact experimentally
at only a single point in a homogeneous medium, a more indirect approach is necessary in
order to obtain energy deposition kernels. A deconvolution technique used by Chui and
Mohan?® to obtain pencil beams could be adapted to this problem, but a more common
approach is the use of Monte Carlo simulation. Since the incident photon spectrum must
already be known in order to accurately calculate terma, the Monte Carlo technique requires
no additional experimentally obtained data. The remainder of this section describes two

Monte Carlo methods which can be used to generate cartesian kernels.
I. Direct Generation of Cartesian Kernels

The most obvious way of generating cartesian energy deposition kernels is to generate them
directly using a Monte Carlo code based on a cartesian geometry. This approach has been
used to generate kernels for most of the superposition work at Waikato University, including
that described by Metcalfe et al.l’ and Hoban et al.!? Originally this was done with a
purpose-built EGS428 user code written exclusively for the computation of energy deposition
kernels, using EGS4 simulation parameters described by Metcalfe et al.l* However, for
later simulations the general-purpose user code RTPCART (written by this author) was used.
Chapter 2 discusses details of phantom and scoring geometry, electron transport using
PRESTA, interaction forcing, variance reduction techniques and other technical aspects of
the simulations using RTPCART, but some important characteristics of the simulation are

also noted here:

(a) The incident photon spectrum used for the 10 MV beam of the Clinac—18 linear accel-
erator comprises 10 components, as documented by Metcalfe et al.!! It is based on a
23-component spectrum calculated by Mohan et al.,?® who used EGS4 to simulate the

Clinac—-18 treatment head.

(b) Since energy deposition kernels generated in homogeneous media are symmetrical about
z = 0 and y = 0, energy deposited in the four (z,y) quadrants can be “folded over”
into one quadrant, as discussed in Chapter 2, Section 2.6.3e. This approach increases
the efficiency of kernel generation. In many simulations the voxels have a square (z,y)
cross-section, and statistical variance can be further reduced by averaging pairs of

voxels (%, j, k) and (4, i, k), where 7, j and k are the z, y and z voxel indices, respectively.

(¢) In early simulations at Waikato University, all incident photons were forced to interact

at the centre of the kernel’s interaction voxel. However, since terma is liberated from all
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(d)

points within each patient or phantom voxel, photon interactions are more faithfully
modelled if similar “smearing” of interaction sites is employed during kernel calcu-
lation. RTPCART does this using an approach described in Chapter 2, Section 2.6.3d.
Smearing the interaction sites results in only a small difference to the energy deposition
kernel, even in voxels close to the interaction voxel (see Figure 3.4). This is because
the electrons liberated from the interaction site deposit energy at an approximately
constant rate as they traverse the medium, and hence the energy deposited by a photon
interacting at the voxel centre is a good approximation to the mean energy deposited
in the voxel by smeared photons. However, photons interacting near the edge of the
interaction voxel result in more energy being scattered out of the central axis voxels,
so that the smeared energy deposition kernel has slightly lower central axis values and
correspondingly higher off-axis values. These differences are illustrated quantitatively
in Figure 3.4 for a kernel generated using a 10 MV Clinac-18 spectrum.

* 'non-smeared' ‘ ‘smeared’

0.0000 X o 0.0000 X .
0.0002 | 0.0001 0.0003 | 0.0001

0.1992 | 0.0031 {0.0001 |0.0000 ‘z 0.1569 | 0.0094 |0.0002 | 0.0000 ‘z
0.1304 | 0.0123 | 0.0006 | 0.0001 0.1117 [0.0175 | 0.0008 | 0.0001
0.0313 | 0.0088 | 0.0010 | 0.0001 0.0272 | 0.0095 | 0.0011 | 0.0002
0.0085 | 0.0042 | 0.0010 | 0.0002 0.0082 | 0.0043 [ 0.0010 | 0.0002
0.0028 | 0.0018 | 0.0006 | 0.0002 0.0028 |0.0018 | 0.0006 | 0.0002
0.0010 | 0.0008 | 0.0004 | 0.0002 0.0010 | 0.0008 [0.0003 | 0.0001
0.0004 | 0.0003 | 0.0002 | 0.0001 0.0004 | 0.0003 | 0.0002 | 0.0001
0.0002 | 0.0002 | 0.0001 | 0.0001 0.0002 | 0.0002 | 0.0001 | 0.0001

Figure 3.4. The effect of voxel “smearing” on energy deposition kernels (central plane) for
a 10 MV photon beam generated by a Clinac-18 linear accelerator. Interaction voxels are
shaded. In the smeared kernel (right) more energy is deposited in voxels adjacent to the
interaction voxel but off the central axis. Kernels were generated using the EGS4 user code

RTPCART, with 2 X 10° incident photons (simulation time 10.6 hours on a VAX 6300 series
processor).

When the spectrum of incident photons is examined at various depths within the phan-
tom (using Monte Carlo simulation), it is observed that the mean energy of the beam
increases with depth. This so-called beam-hardening occurs because the attenuation
coefficient of low energy photons is higher, so more low energy photons are removed

from the beam with depth. This phenomenon is automatically accounted for when
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using the terma calculation technique described in Section 3.3.2, but it also requires
that for rigorous treatment of superposition the kernel must be altered with depth to
account for the changing spectrum. This could only be done using a separate superpo-
sition for each spectral component, which would slow the superposition computation
down severalfold. However, the beam hardening effect has been carefully examined by
Metcalfe et al.,'* who have shown that using a single (unmodified) kernel results in
only a small error depth dose. Hoban!® has shown that this error can be reduced fur-
ther by accounting for the increase in proportion of primary photon energy transferred
to electrons as the beam hardens with depth. Thus, a kernel weighting factor varying
with depth, rather than a change in kernel shape, is sufficient to accurately model the
beam hardening process. Mohan et al.?® demonstrated that the spectrum also “soft-
ens” as the off-axis distance becomes larger, but once again the resulting change in

kernel shape has very little effect on the resultant dose distribution.

Since a low energy photon has a greater probability of interacting per unit path length,
it is important that each spectral component be weighted by this probability when gen-
erating an energy deposition kernel. The Tg,(r) terms in Equation 3.6 automatically
account for this, but when performing a Monte Carlo simulation it is more conve-
nient to sample from the frequency distribution of the incident spectrum and then
give each particle a statistical weight proportional to p at that energy (see Chapter 2,
Section 2.6.2b).

In general, statistical variations in the energy deposited near the interaction voxel are
small, but increase in voxels more remote from the interaction site, since less energy
is deposited there. Simulating more photon histories will reduce the variation, but
remote voxels will still display larger variance than voxels near the interaction site.
However, these statistical variations have an extremely small effect on dose distribution
in a homogeneous medium, since the contributions from all the terma voxels tend to
“average” these errors. In heterogeneous media the error could be more significant,

since the effect of a small scale heterogeneity could be masked by a statistical variation

in the kernel.

The simulation times required to generate highly accurate kernels are very large. Several

tens of CPU hours on a Vax 6300 series processor are required to achieve an accuracy of

even 2% in each voxel in a typical simulation (such as 5 mm X 5 mm X 5 mm voxels in a unit

density medium). This long simulation time is due substantially to the fact that there is very

little geometry symmetry in the simulation, even when applying the technique described
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in (b). Another significant disadvantage is that the voxel size used in the superposition
calculation is fixed by the voxel size used to generate the kernels. Both these difficulties

can be overcome using the technique described below.

II. Interpolation of Spherical Polar Kernels

Since the medium in which energy deposition kernels are generated is homogeneous, the
kernels are cylindrically symmetrical about the incident particle axis. This allows highly
efficient Monte Carlo simulation of kernels using cylindrical or spherical-polar coordinate
systems. The spherical-polar approach, first described by Mackie et al. ,1° has an additional
advantage: the scoring voxels are automatically smaller near the kernel origin, where the

energy gradient is high.

Monte Carlo generation of spherical-polar energy deposition kernels has been performed
at Waikato University using the purpose built EGS4 user code RTPEDK, developed by this
author. This code and its use are described in Chapter 2, Section 2.6.4. The resultant
primary and scattered kernels must then be interpolated into a cartesian system prior
to superposition (see Hoban!®), and this interpolation process readily allows selection of
arbitrary cartesian voxel dimensions, which is useful in a planning system where the dose

grid size and resolution are modifiable by the user.

3.3.4. Dose Computation Using Superposition

The previous two sections of this chapter have described how the terma and energy depo-
sition kernel are formed, using a cartesian coordinate system. To enable the superposition

product to be easily calculated, it is convenient to make the following two assumptions:

(a) Beam-hardening of the kernel is ignored. As mentioned in Section 3.3.3, the
spectrum of the incident beam alters with depth, and therefore in principle the spec-
trum used to generate the kernel should also vary with depth. However, since Metcalfe
et al.!®* have shown that this phenomenon has only a very small effect on the dose
distribution, it has been ignored here. A small beam-hardening correction applied to

the terma can very satisfactorily account for this discrepancy.!’

(b) Aninfinite SSD is assumed when orienting kernels. In order to avoid coordinate
transformation, the kernels are directed along the axes of the terma array, so that kernel
voxels coincide directly with terma voxels. That is, the kernels are directed as for a
parallel beam (with infinite source-to-surface distance), instead of being skewed slightly

outwards. This approximation, illustrated in Figure 3.5, has essentially no effect on
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central axis dose, but has a more pronounced effect in the penumbral region of large

fields, where the “skew” angle is larger.

beam
source

. 4
y
—

X

V:

Figure 3.5. The infinite-SSD assumption. A correct treatment of the superposition process
would be to skew the kernels outwards when away from the central axis of the beam (left).
The assumption made here is to direct the kernels along the z-axis (right).

It is now a relatively simple procedure to perform the superposition. Equation 3.7 describes
the superposition process using the “deposition point of view,” but a more suitable approach
for a practical computation is to use the “interaction point of view.” In this case the dose

deposited in a voxel (I,m,n) due to terma released at a single voxel (¢, j, k) is given by

1

D(l, m, n) = m

(p:"(i,j,k)'T(i,j,k)'H(l—i,m—j,n-—k)) . (3.8)

Note once again that the mass density p(%, 7, k) has been replaced by p¥(i, j, k). Figure 3.6
is a pseudocode description of the real space superposition process, with no density scaling
of the kernel. Note that the factor }T(z,lm_,nj can be removed from the calculation loop and

incorporated at the end of the calculation, reducing the amount of computation required.

Energy deposition kernels are calculated in homogeneous media — in heterogeneous media
the question of scaling these kernels must be addressed. A useful initial assumption, first
suggested by O’Connor,?7 is that energy deposition scales inversely with density. For ex-
ample, in a lung of relative density 0.2, the kernel should be scaled to 5 times its size in a
water medium (relative density 1.0). However, in reality the primary and multiple-scattered
energy distributions need to be scaled slightly differently, since the way in which primary
electrons are transported differs from photon transport, which is the dominant influence in
the distribution of multiple-scattered energy. Also, since primary energy has a high gra-

dient near the interaction site and rapidly drops away, while multiple-scattered energy is
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nstant X,Y,Z;
:;p: array_type = array[0..X,0..Y,0..Z] of real;

var terma, kernel,dose,relative_electron_density : array_type;
procedure calculate_dose;

var ij,k,l,m,n : integer;

doi:= 0.

do k 1= 0.2
if (termafi,j,k] > 0.0)
do/:=0.X

do m:=0.Y

don:=0.7Z .
if ((I-i), (m-j) and (n-k) are within kernel limits)
dose[l,m,n] := dosefl,m,n] +
(relative_electron_density[i.j,k] X
termali,j,k] X
kernel[abs(I-i)][abs(m-j)][n-k])
end if
end do
end do
end do
end if
end do
end do
end do
do/:=0.X
dom:=0.Y
don:=0

"z
dose[i,j,k] := dose[i,j,k] | relative_electron_density[i,j k]
end do
end do
end do
end;

Figure 3.6. Pseudocode description of real space superposition, with no density scaling of the
kernel. The kernel is stored as one forward-directed quadrant.

much more widespread in its distribution, the kernel is often separated into primary and
scattered components. This is the approach used in generating the spherical-polar kernels
at Waikato University, and in principle this allows a more efficient computation of the dose
distribution, since a small, localised grid can be used for primary energy and a coarser,

more expansive grid for multiple scatter.

The method of density scaling used at Waikato is similar to that described by Mackie et
al.,? where an estimate is made of the average density between each pair of voxels. This
figure is then used to interpolate between a number of kernels generated for water-like
materials of differing densities (for example, of relative densities 0.25, 0.5, 0.75, 1.0, and
1.25). This approach achieves the effect of density scaling by interpolating between “pre-
scaled” kernels, rather than by scaling a single kernel. It thereby avoids the difficult and
computationally intensive problem of scaling a cartesian array, which involves interpolating
between scaled voxels. It is also more physically correct in that it automatically accounts

for any non-linearity in the way the kernel scales with density (provided the Monte Carlo
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transport code faithfully models the physical situation). Mackie et al.? and Hoban!® discuss
the technique in more detail.

Estimation of the average relative density p¥,, between the interaction and deposition vox-
els is implemented in varying levels of sophistication at Waikato University. The simplest
approach is assumption of a homogeneous, water-like medium (p¥,, = 1.0 everywhere), in
which case there is effectively no kernel density scaling, and the Fourier transform convo-
lution method discussed in the next section is more suitable than superposition. The next
simplest technique used at Waikato University is a type of scaling where the mean density
down the z-axis (parallel to the beam) from the interaction site to the deposition plane is
calculated.!? This scaling factor is then used for every voxel on the deposition plane. A
third approach is to trace from every interaction voxel to every deposition voxel, using a
method similar to that described by Mackie.?® More sophisticated approaches (such as a
Siddon-type ray trace between each pair of voxels) are also possible. With each increasingly
complex scaling algorithm there is an associated penalty in computational effort. This com-
promise — between a computationally efficient but relatively crude scaling algorithm or a
more sophisticated but computationally intensive approach — is one of the central issues

of real space superposition.

3.3.5. Dose Computation Using Convolution

The major disadvantage of using the real space superposition technique to calculate dose is
that the process is computationally intensive. To increase the efficiency of computation it
was proposed that fast Fourier transform techniques be used to perform the convolution.®
Although considerably faster,2® the Fourier space approach cannot be used unless the con-
volution kernel is spatially invariant. This requires that the kernel be identical at each
point in the terma array, which rules out any form of density scaling. Even so, the Fourier
space approach can be usefully applied to the calculation of dose in homogeneous regions
and some authors are working on correction techniques to account for heterogeneities.®®
However, such corrections detract from the simplicity of the technique, which is one its
most appealing aspects. This section ignores these correction techniques, concentrating

instead on how transforms can be utilised to perform multi-dimensional convolutions in

homogeneous media.

For small convolutions the direct Agarwal-Cooley convolution technique?® is generally more
efficient than Fourier transform techniques. This method utilises the nesting of several short
convolutions to calculate one longer convolution. However, when applied to larger array

sizes typical in dose calculations, discrete Fourier transform techniques offer more significant
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Figure 3.7. The FFT convolution framework. Convolution (or superposition) may be performed
directly (top row), or by Fourier transform techniques (bottom row). Arrays must be padded out
to ensure that the convolution does not “wrap around.”

savings. This approach involves transforming the terma array and the convolution kernel
into Fourier space representations, performing a voxel by voxel complex multiplication of
these arrays and then inverse transforming to yield the real-space result. Denoting a Fourier

transform as F and an inverse Fourier transform as F~!, Equation 3.7 can be replaced by

l,y, T F T F(H) M=y, 2) (3.9)

Plons) =t

where p’T is the product of terma and relative electron density, and H is the energy
deposition kernel as before. In practice the transformed kernel F (H) can be pre-calculated
and stored, so that only one transform and one inverse transform need be calculated for

each beam.

One property of the discrete Fourier transform method is that it produces circular convo-
lutions, where the input arrays are considered to be periodic in real space. To ensure that
overlap known as the end effect is eliminated, the arrays must be padded out to length
N = P+ Q -1, where P and Q are the number of samples in the input arrays.3! Using
a standard fast Fourier transform the condition N = 27 where 7 is an integer must also
be satisfied, although the use of a mixed-radix FFT algorithm allows this restriction to be
relaxed. Additionally, both arrays must be shifted to the origin prior to convolution, then
back again after the convolution has been performed. This shifting process minimises the

number of zeros which must be added to the arrays, thereby improving the efficiency of the

convolution.
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The simp_lest method of extending one-dimensional convolutions to three dimensions is
row-column decomposition, so called because each dimension of the array is treated by a
set of one-dimensional transforms. Using a standard radix-2 FFT algorithm on a three-
dimensional array of dimensions N x N x N, the number of complex multiplications C,.

required is3?
3
Cre = §N%ogzw . (3.10)
Figure 3.8 illustrates schematically row-column decomposition in two dimensions, while
Figure 3.9 is a pseudocode description of how row-column decomposition is implemented

for a 3-dimensional calculation. Appendix F presents the fast Fourier transform subroutine

used to implement the convolution algorithm.
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Figure 3.8. Schematic of row-column decomposition in two dimensions.

An alternative approach is to break the V X V X N transform down into successively smaller
transforms until only trivial (2 x 2 x 2) transforms need to be evaluated. One iteration of
this process for two dimensions is illustrated in Figure 3.10. The number of (butterfly)

multiplications C,, required for this vector-radix transformation3? is only 58% of C,.:

Cor = %N:*logzN . (3.11)

Neither the row-column nor vector-radix techniques described above are optimal for mul-
tidimensional convolutions. For example, a significant improvement can be obtained using
the Winograd Fourier transform algorithm (WFTA).33 In this technique a large multidi-

mensional transform is computed by nesting short transforms, calculated using optimally
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constant X,Y,ZXFFT,YFFT,ZFFT;

type complex = record
real,imag : real;

end;
realarray_type = array[0..X,0..Y,0..Z] of real;
fft_array_type = array[0..XFFT,0..YFFT,0..ZFFT] of real;
var terma,kernel,dose,relative_electron_density,relative_mass_density : real_array_type;
fit1,fft2,fit3 : fft_array_type;

procedure calculate_dose;
var ij,k : integer;
copy relative_electron_density X terma into low corner of fft1 (shifting if necessary);
transform(fft1,x,forward);
transform(fFt1,y,forward);
transform(fFt1,z,forward);
copy kernel into low corner of fft2 (shifting if necessary);
transform(fFt2,x,forward);
transform(fFt2,y,forward);
transform(fFt2,z,forward);

doi:= 0.XFFT
doj := 0..YFFT
do k := 0..ZFF

= 0.ZFFT
fFt3[ij k].real := fit1fij,k].real x fft2[ij,k].real -
frt1fij,k].imag x fFt2[ij,k].imag;
fFt3[i,j,k].imag := fft1fij,k].real x fft2[ij,k].imag +
frt1fij.k].imag x fft2[ij,k].real;
end do
end do
end do
transform(fft3,x,inverse);
transform(fft3,y,inverse);
transform(fft3,z,inverse);
:Iop}/ realopggt of fft3 into dose (performing shifts opposite to those above);
o/:=0.
dom:=0.Y
do n:=0.2 .
dose[i,j,k] := dose[i,j,k] | relative_mass_density[i,j,k];
end do
end do
end do
end;

procedure transform(var array : fFt_array_type;
size : integer; axis : (x,y,z); dirn : (forward,inverse));
Perfo_rm one-dimensional forward FFTs on array in direction of axis;
if (dirn = inverse) ' '
do / := 0.XFFT
do m:= 0.YFFT
do n:=0..ZFFT
array%,m,n}.(eal := array[l,m,n].real | size;
array[l,m,n].imag := — array[l,m,n].ima j
end do " }imag | size
end do
end do
end if
end;

Figure 3.9. Pseudocode description of fast Fourier transform convolution using row-column

decox.nposition.' XFFT, YFFT and ZFFT are the dimensions of the FFT arrays (allowing for
padding to avoid “wrap-around”).
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Figure 3.10. Schematic of vector-radix decomposition in two dimensions.

derived small-N transforms. Even more efficient than the WFTA are polynomial trans-
form techniques, which can be viewed as discrete Fourier transforms defined in rings of
polynomials.®* These techniques can result in significant reduction in the number of mul-
tiplications needed. For instance, evaluating a 120 x 120 x 120 discrete Fourier transform
using a polynomial transform requires 2.50 multiplications per point, compared with 21.8
multiplications per point using the Agarwal-Cooley method®* and 11.5 multiplications per
point using the Good prime factor algorithm.3® However, the considerable speed increase

is at the expense of more complicated implementation.

Table 3.1 illustrates the effect which one such transform technique can have on the execution
time of two medium-sized convolutions. Real space superposition (with no density scaling)
was used to calculate dose for the two array sizes. Dose calculated was then repeated using
a standard radix-2 FFT algorithm employing row-column decomposition, with sine, cosine
and bit-reversal lookup tables. Note that the array sizes used for FFT calculation are larger
than the equivalent real space array sizes, because sufficient zeros must be added to the

FFT arrays to prevent wrap-around.

The computation times quoted in Table 3.1 are for one processor of a DEC VAX 6200 series
computer. It can be seen that using the FFT approach results in a 7-fold increase in speed
for the smaller calculation and an 11-fold increase for the larger one. This improvement
would be even more significant for larger array sizes, since for an N x N x N array FFT
computation time increases as N3log, N, whereas time required for real space superposition

increases as N® (without density scaling) or as N 7 (with full density scaling).
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Superposition size time (s) FFT convolution size time (s)
1. 16 x 16 x 100 terma array, 1560 32 x 32 x 256 arrays 213
16 x 16 x 72 kernel
2. 32 x 32 X 50 terma array, 6132 64 x 64 x 128 arrays 542
15 x 15 X 50 kernel

Table 3.1. Computation times on a VAX 6200 series processor for two dose calculations. The
first algorithm used (left half of table) is real space superposition and the second (right half) is
radix-2 FFT convolution (using row-column decomposition). FFT times quoted are for performing
a forward transform of the terma, multiplying with a pre-calculated kernel transform, and inverse
transforming to obtain dose.

3.3.6. Discussion

This section has examined the way in which the superposition and convolution techniques
have been implemented at Waikato University. The validity of these approaches has not
been directly verified here, but these algorithms have been used in related work, with the

following important results:

(a) Murray et al.l® showed initially that the superposition and convolution techniques out-
lined above produce good results in homogeneous media, irrespective of the spectrum
used to generate the energy deposition kernels. Beam profiles also agreed well with ex-
periment, although a small error could be seen in the penumbral region of large fields.

It was speculated that this was due to the lack of kernel “skewing.”

(b) Metcalfe et al.!!'® examined in more detail the effect of incident spectrum on super-
position results. They concluded that a polyenergetic treatment of terma calculation
is essential, and that a similar treatment of kernel calculation is desirable but less crit-
ical. However, it was found that altering spectral composition with depth for kernel

calculation was unnecessary, since the dose distribution was relatively insensitive to

the kernel spectrum chosen.

(c) The application of the superposition technique to an heterogeneous situation has been
examined by Hoban et al.!? Using a simple density scaling algorithm based on the
approach of Mackie et al.,? superposition was demonstrated to be superior to scatter

function models in a lung phantom, especially for small field sizes.

The works listed above have demonstrated that the superposition technique is a potentially

accurate and hence clinically useful technique. However, on conventional radiotherapy

workstations the computational complexity of the real space approach makes planning

times unacceptably long, so the Fourier transform technique was developed. Although the

FFT approach is relatively fast, the assumption of kernel invariance is a severe limitation
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in heterogeneous media. Another solution to the speed problem is the use of more powerful
processing hardware to accelerate real space calculations. A parallel processing approach
has been investigated at the University of Waikato by Murray et al.,3®37 and is the subject
of Chapter 4. However, the remaining sections of this chapter introduce the GRATIS

Treatment Planning System and discusses its adaption to the superposition algorithm.

3.4. The GRATIS Treatment Planning System

3.4.1. Overview

GRATIS (George’s RAdiotherapy Treatment DesIgn System) is a research-based treat-
ment planning system suitable for brachytherapy and external beam therapy. It has been
written by George Sherouse and others at the University of North Carolina (Chapel Hill)
during the period 1986-91. Formerly known as usr/planning, it is currently in its third
release. It is designed to run on a variety of UNIX-based graphics workstations with at
least a pseudocolour (eight plane) display and 20 Mbytes of available disk space. A Hewlett
Packard or compatible plotter (for plan output) and Summagraphics or compatible digi-
tising tablet (for manual contouring) are also recommended. All of GRATIS’s visual tools
are based on the X11 windowing standard. At least thirty copies of GRATIS have been
distributed throughout the world.

Installation

GRATIS is distributed on an industry standard magnetic tape, in the form of a UNIx
tar saveset. Due primarily to its multi-platform nature, installation of GRATIS is not

completely straightforward. Several aspects of GRATIS need to be tailored to individual

systems, in particular:

o Configuring GRATIS for the available scanners and treatment machines, including

supplying necessary physics data for those machines.

¢ Modifying the UNIX make files to allow for any non-standard features of the particular

workstation vendor’s UNix-like operating system.

¢ Ensuring that all UNIx libraries (particularly the X10 compatibility library) are present
and installed in the places expected by GRATIS.

e Specifying whether Sun’s XDR (external data representation) format is to be used.

In the case of installation on the Waikato University Sun network, the two most significant
problems concerned the X10 compatibility library (which had to be designed by this author,
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since it was absent from Sun’s OpenWindows release), and keyboard input focus (which
operated incorrectly due to differences between OpenWindows and UNC’s X11 windowing

system). Appendix G describes in detail the installation of GRATIS on Waikato University’s

Sun network.

The GRATIS File Hierarchy

When installation is complete, the GRATIS file system has the structure illustrated in

Figure 3.11.
XMenu11
[ lib3d
Info — [ibXMT
B — libc_cpde
— libcpde
— Support — libntab _
— libplot anastruct_utils
— gratis — — libzbuf brachy
— Install — zutils — display
— grid_utils
rando — include
— XDR_test_data —[ — info_utils
brachy — libplan
— libplanX
— pman — libplanio
GRATIS — p_electron
root Stanforg [ Photon
directory — contrib—_[ — plan_im
UNC [ pman
— print_utils
— lib — radiographs
— S_photon
— scripts
— Src — shared_code
— tiles
— translate

[— usr.image_int

bin — xvsim
— GRATIS{
phys_dat

Figure 3.11. Organisation of the GRATIS system.

The contents of each of the subdirectory hierarchies are as follows:

¢ Info: GRATIS documentation, including release notes.

¢ Support: GRATIS support libraries, including XMenui1 (routines for implementing
X11 menus), 1ib3d (routines for manipulating and transforming 3-D entities, as de-

scribed by Newman and Sproull®® and Siddon®?), 1ibIMT (X11 mini-toolkit for cre-
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ating and manipulating X11 windows and widgets), 1ibc_cpde (data-entry routines
based on the UNIX curses package), libcpde (data-entry routines based on the UNIx
termcap facility), 1ibntab (routines for Summagraphics-compatible digitising tablets),
libplot (routines for Hewlett Packard or compatible plotters), 1ibzbu# (routines for

manipulating z-buffered images), and zutils (utilities for z-buffered images).

¢ Install: GRATIS installation scripts for tailoring make files to the appropriate work-

station and operating system.

® XDR_test_data: Example data sets stored using Sun’s XDR data representation. In
particular, a full (42 slice) image of a Rando phantom, and example brachytherapy
data.

e pman: GRATIS manual pages.

e contrib: User contributions to the GRATIS system (currently a tek4662 plotter li-

brary and a contour editing program).

e 1lib: Support library images. These are normally installed in /usr/local/lib, but
in order to keep the GRATIS system completely self-contained this author chose to
install them here.

e src: GRATIS source code. There are 22 subdirectory hierarchies located below src,
including the s_photon (superposition) hierarchy discussed in Section 3.5, and the
p-electron (electron pencil beam) hierarchy discussed by Hoban.!® There are also
three library subdirectories: 1ibplanio (for input/output of GRATIS data structures);
libplanX (for drawing objects using X); and libplan (miscellaneous routines useful

in the planning process).
e bin: Scripts and executable images created when the GRATIS system is installed.

e phys_dat: Physics data (in binary format) used for simulation and dose calculation.

Coordinate Systems and Conventions

A number of distinct cartesian coordinate systems are defined in GRATIS. The most im-
portant of these are:
o The patient coordinate system, aligned with the treatment couch. If the patient

is lying face-up on the couch when at its normal position, then z is positive to the

patient’s left, y is positive upward, and z is positive towards the patient’s feet. This
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coordinate system moves with the patient, and the origin is usually located at the

intersection of the patient midline, couch surface and first CT scan.

e The beam coordinate system. This is a left handed coordinate system, fixed with
respect to the collimator and with the coordinate system origin at the beam origin.
This coordinate system is important when calculating dose using superposition, since

the terma and kernels must be aligned with the beam.

o The grid coordinate system. This is a right handed coordinate system used to define
dose calculation (and other) grids. Normally it is identical to the patient coordinate

system.

There are also the unit and filter coordinate systems, and a set of conventions for colli-
mator, table, and gantry angles. More details can be found in the GRATIS Programmer’s
Manual.*?

3.4.2. Elements of the GRATIS System

GRATIS is a set of tools for radiotherapy treatment planning, linked together using stan-
dard UNix shell scripts. The relationship of the major GRATIS tools used in external beam
therapy is illustrated in Figure 3.12. Full descriptions of these tools can be found in the
manual pages of the GRATIS Programmer’s Manual,?? and they are also described in more
detail by Hoban.!® However, brief descriptions of the most important tools are provided

here.

GRATIS Tools Used in External Beam Radiotherapy

(a) build image. This utility converts raw CT data files (obtained from a Siemens, Tech-
nicare, or possibly other type of scanner) to an image stored using the GRATIS image
format, which is independent of scanner type. build_image can also be used to in-
terpolate or remove CT slices, alter the table height, and retrieve CT scans across a
network using FTP (file transfer protocol). build_image source code for a particular

scanner must be obtained by permission of the scanner manufacturer.

(b) imex. The imex utility is an extensive image processing system developed by the Uni-
versity of North Carolina, and is used in many areas other than treatment planning
and GRATIS. Its chief purpose in the context of GRATIS is to create and modify con-
tours and anatomes. A contour is a set of points defining a two dimensional polygon,

and an anatome (also known as an anastruct) is a group of contours which together

define an anatomical structure, such as the skin, lungs, spinal cord, or stomach. imex
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Figure 3.12. Elements of the GRATIS Treatment Planning System, and their relationship in

external beam therapy.

Diagonally hatched boxes are tools based on the X standard.
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(¢)

(d)

(e)

(f)

is capable of autocontouring, or automatically generating these contours, but the con-
touring process can also be controlled manually. imex is an X-windows based utility,
displaying each CT slice as a postage-stamp (64 x 64 pixel) view. An individual slice
can then be selected, enlarged, and contoured, with each contour being assigned to a

particular anastruct.

build_anastruct. This utility converts imex contours to anatomical structures in the

GRATIS anastruct format, for use by xvsim and other utilities.

xvsim. The X-based virtual simulator (xvsim) is a tool for placing external beams on
a patient or phantom. Usually xvsim opens a GRATIS format image, overlays a set
of one or more anastructs (one of which must be the skin), and allows the operator to
position beams on the patient. Figure 3.13 shows xvsim with two beams incident on a
Rando phantom — note that there are several distinct panels on the screen at any one
time. The top panel in Figure 3.13 is used to select the treatment machine, machine
parameters and display attributes, and the large panel on the right is a “beam’s eye
view” from the collimator down the currently selected beam. The XVIEW and YVIEW
panels present orthogonal views of the patient, and the partially obscured IMAGE
panel shows the beams superimposed on the currently selected CT slice, overlaid by
anastructs. The small icons in the lower left corner show the current position of the
treatment machine, and the UNIT control panel (bottom) allows adjustment of the
SSD/SAD, couch position, and beam dimensions. Note the operator’s placement of
two points (labelled tissue and lung) on the phantom — the dose to these points (and
also to the beam isocentres) will be calculated in the dose calculation step. Figure 3.14
illustrates xvsim with several of the panels closed down, revealing the complete IMAGE
panel and many of the postage stamp CT slices. The way in which individual panels can
be manipulated, and the intuitive way in which xvsim operates, are two of the most
significant features of the GRATIS system. Note from Figure 3.12 that the output
produced by xvsim is a set of beam descriptions and a set of point descriptions —

these are required as input to the dose calculation utility.

print_setup. This utility produces printer output describing the beam geometry

details, for use in setting up the simulator or linear accelerator.

c_photon or s_photon. Dose deposited due to an external beam can be calculated using
the default GRATIS algorithm (c_photon) or the superposition algorithm (s_photon)

developed at Waikato University. c_photon is a variant of the differential scatter-air
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ratio method described in Chapter 1, Section 1.4.3d, where scatter is integrated over
sectors of annuli centred on and perpendicular to the ray from the source through the
interaction point (see the GRATIS documentation for a more detailed explanation of
this “dart-board” model). This method does not come supplied with an inhomogeneity
correction, yet still requires several minutes computation (on a Sun workstation) for
reasonably sized beams. The superposition algorithm (s_photon) developed at Waikato
University is described in Section 3.5. Both algorithms operate in one of two modes:
point dose mode, where doses to the beam isocentres and any other user-defined points
are calculated; and grid dose mode, where the dose to every point in the grid (defined
using xplace_grid, below) is calculated. s_photon also has a third mode, used for

calculating machine output factors.

(g) tele_spread. This is a curses or termcap based spreadsheet utility for beam weight-
ing and normalisation. The relative weight of the beams can be specified, as can the
overall dose to be delivered, and the number of treatment fractions. The plan can be

normalised to any of the user-defined calculation points, or to a beam isocentre.

(h) xplace_grid. This X-based utility is used after point dose calculation, to specify the
dose grid limits and resolution. Three orthogonal views of the patient are presented
(see Figure 3.15), and the dose “box” can be enlarged or reduced in any of the three
views. The patient can also be “dragged” to alter the position of the dose grid relative
to the patient, or rotated using the knobs in the lower right corner of each view. Three
vertical bars (lower right in Figure 3.15) can be adjusted to alter the number of grid
points along each of the three axes, and the resultant grid spacings and total number

of calculation points are displayed. Anatomical structures can also be placed on the

views, as in Figure 3.15.

(i) sumgrids. Since c_photon and s_photon produce a separate dose grid for each beam,

the sum_grids utility must be invoked to produce a combined dose distribution.

(§) xplandisp. The complete dose distribution can be evaluated by the planner using
the X-based tool xplandi;p, illustrated in Figure 3.16. The large, upper view can be
altered to represent an arbitrary cut through the patient, by dragging the patient using
the mouse and rotating it using the three knobs, as with xplace_grid. Anatomical
structures in both the foreground and background can be displayed (see Figure 3.16),
although the isodose lines can be seen more clearly if these options are turned off. The

dose “shoebox” and dots showing the dose grid resolution can also be shown. Isodose
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(k)

lines, displayed using a “heat spectrum,” can be added or removed using the row of
buttons along the top of the upper view. In the top left corner the 3-D and 2-D (current

slice) dose maxima are displayed, with the position of the 2-D maximum shown with

a purple marker.

plot_plan. The final step in the external beam planning process is to produce a
plan on a plotter. plot_plan uses the plan file created by xplandisp, along with
anastructs, beams, points, and the dose grid, to produce a plan on a Hewlett Packard

7550 or compatible plotter.

Shell Scripts

The steps involved in the complete external beam planning process are outlined below.

Note that some of the commands executed are shell scripts — these are command lan-

guage routines which call the GRATIS tools discussed in the previous section. In order of

execution, these steps are:

1.

2.

4.

Compile descriptions of any new filters or trays required by the patient, and exe-
cute make_filter and make_unit, which transform the descriptions into binary for-
mat and add them to the GRATIS data base. Often appropriate filters and trays
will already have been defined (in previous treatments), and hence this step will not
be necessary. Similar utilities exist for creating new treatment machines (make_unit,
make_sar, and make_time_calc), and for new brachytherapy sources (make_ls_dat and

make_seed_dat).

Execute build_image to convert the CT data to GRATIS image format. This need
be done only once per patient. Each new patient is assigned a unique directory, and

all subsequently generated files (such as beam, grid, and point files) are placed in

subdirectories of that directory.

Execute imex to generate contours. This would normally be done only once (unless

the contours are later deemed to be inadequate).

Execute the simulate shell script. This script leads the user through:
e build anastruct (executed only in the first iteration of simulate).

e xvsim (repeated as many times as necessary until the desired dose distribution is

obtained using extbm).

o print_setup (executed only when the planner is satisfied with the dose distribu-

tion obtained using extbm).
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Each invocation of the simulate script automatically creates a new backup directory
and copies all data files associated with the patient to that directory. In this way, any

previous iteration of xvsim can be retrieved if desired.

5. Execute the extbm shell script. This script leads the user through:

e c_photon, executed once per beam, to calculate point doses.

® tele_spread, to weight the beams and normalise the dose distribution.

o xplace_grid, to select the dose grid size and resolution.

¢ c_photon again, executed once per beam, to calculate the dose grid.

e sum grids, to add the doses from individual beams.

e xplandisp, to display the resultant dose distribution.

e plot_plan, to output the plan to a plotter.
Similar scripts sextbm and transbm perform the same sequence of operations, but
using superposition (s_photon) on a Sun SPARC processor and a transputer network,
respectively. All three scripts recalculate point or grid doses only if the respective

descriptor files have been modified since the last dose calculation.

Other GRATIS Tools

The above sections have discussed the essential elements of GRATIS used when planning
external beam radiotherapy. However, there are several other groups of utilities available

in the GRATIS system, as documented in the GRATIS Programmer’s Manual:*°

e Brachytherapy. The shell script brachy guides the user through a set of tools in a
similar manner to extbm. The tools are f_brachy film (for creating an implant de-
scription), xplace_grid, brachy_spread (a spreadsheet for adjusting source loading),
c_brachy (for calculating dose distribution using a Sievert line integral for line sources,
and exponential fall-off for seeds), sum grids, xplandisp, and plot_plan.

e Digitally constructed radiographs. The shell script rgraphi can be used to gen-
erate radiographs for each beam. These can then be displayed on an X11 display using

the show_rgraphs script, and compared with simulator radiographs or portal images.

o Plotting. The shell script plot_anastruct enables the user to plot anatomical struc-
tures on an Hewlett Packard or compatible plotter without entering the external beam
or brachytherapy planning processes. The utility anastruct_info can be used to pro-

duce summary statistics for anatomical structures. Beams can also be plotted using

plot_beam outline.
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¢ Obtaining planning data. Utilities are available to print summaries of beam de-
scriptions (beam_info), dose grids (grid_stats), planning images (plan_image_info),
beam names (print_beam name), and treatment units (unit_info). Raw data from

dose grids can be printed using cat_grid and cat_2D_grid.

¢ Manipulating images, contours, and grids. Utilities are available for concatenat-
ing image files (plan_im cat), interpolating between CT slices (interpol), removing
CT slices (plan_im rm scan), reducing image resolution (plan_im shrink), modifying
image z-coordinates (plan_im z_fiddle), setting image table height (xplace_table),
reducing the number of points in a contour (reduce_con), scaling a dose grid
(scale_grid), slicing through a dose grid (slice_grid), and tiling for rendering in

3-D (plan_to_grid, tile_beam, anastruct_tile, and grid tile).

¢ Displaying images. The X-based utility xdisp can be used to view planning images
and overlaid anastructs, without entering the brachytherapy or external beam therapy

processes.

From this section it is clear that GRATIS is a comprehensive and powerful treatment
planning system. Its well-documented structure and available source code make it an ideal
basis for radiotherapy research such as that conducted at Waikato University. The following
sections deal with how GRATIS and the superposition algorithm can be combined to yield

a clinically useful, superposition-based treatment planning system.

3.5. Implementation of Superposition Under GRATIS

3.5.1. Invoking the Superposition Algorithm

The executable image for superposition is called s_photon. It is normally called from the
shell scripts sextbm (for execution on a Sun) or transbm (for execution on a Sun-based
transputer network). The only differences between these two scripts are the values given
to the parameters processor_type, processor_number, and vector_size. sextbm supplies sun
and 1 for processor_type and processor_number, leaving vector_size unspecified, while the
transbm script supplies transputer for processor_type and accepts command line param-

eters for processor_number and vector_size, passing them on to s_photon.
Within each shell script, s_photon may be called in one or both of the following modes:

1. Calculating point doses. Doses to the user-defined calculation points and beam

isocentres are calculated by calling s_photon in the following manner:
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s_photon -a skin anastruct -b beam file -p point_description -0 output_point_dose

-i plan image -S scaling_type -T processor_type -N processor_number -V vector_size

These parameters are similar to those supplied to c_photon, except that in s_photon
the planning image file plan_image is required for terma calculation, and there is kernel

range scaling of type scaling_type.

2. Calculating dose to a grid. In this second mode the point description and output
point dose parameters are replaced by corresponding grid description and output grid

parameters:

s_photon -a skin anastruct -b beam file -p point_description -0 output_point_dose
-i plan_image -S scaling_type -T processor_type -N processor.number -V vector_size

-R remote_server_node

with all other parameters remaining the same. The additional parameters proces-
sor_type, processor_number, communication vector_size, and remote_server_node may
optionally be specified — these are designed for use with a transputer network (see
Chapter 4), but default to sun, 1, 0 and the null string respectively, which are sensible

values for operation on a Sun SPARCstation.

s_photon is also called under a third circumstance: when making superposition data. In
order to correctly normalise dose distributions for a given machine, the output factors for
that machine must be known, and these are calculated by calling s_photon with a single

parameter:
s_photon -U unit_id

where unit_id is the GRATIS unit number of the machine. This need be executed only
once per machine (but must be re-executed every time the machine parameters of the

dose calculation algorithm are altered). See Hoban'® for a more detailed discussion of this

process.

3.5.2. Synopsis of the Superposition Process

Figure 3.17 illustrates schematically how superposition is carried out under the GRATIS
system. The first step in the calculation is to load all necessary data, including the beam
description, treatment unit information, time parameters, trays, filters, and dose grid or
point descriptor files. Then patient density information is loaded from the GRATIS im-

age file, and cartesian kernels are interpolated from spherical-polar kernels stored on disk.
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Figure 3.17. Schematic of the superposition process under GRATIS.
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The fluence map and global normalisation factors are calculated, then the patient electron
density grid is transformed into the beam coordinate system. Next, the (transformed) ra-
diological depth, terma, and kerma grids are calculated using the techniques described in
Section 3.3.2. The dose delivered to the grid or points is then calculated, and finally the
dose grid or point list is transformed from beam to patient coordinates, and written to a

file for input to xplandisp.

3.5.3. Organisation of the Superposition Code

The directory structure used for the superposition code is illustrated in Figure 3.18. Note
that the parent directory s_photon is one of the subdirectories of src, shown in Figure 3.11.
Source code modules are located in the ¢ subdirectory — except those for making the
kernels, which are located in the phys_dat hierarchy; and the module mk_fluence.map(),
which is part of the c_photon source distributed with the GRATIS system (not shown in
Figure 3.18). There are also some raw data files associated with each machine, located under
the MACHINES directory. These are EDK files (for several densities); a header file containing
the machine identification number, kernel densities, and details of the incident photon
spectrum; and a file containing superposition normalisation data. The EDK and header
files are compiled into binary format by s_make kernel during the installation process,

while the normalisation file is accessed during each superposition calculation.

The bracketed module names in Figure 3.17 illustrate where many of the source modules
are used in the superposition process. These and other modules which make up the super-

position code are now briefly described (principal author or authors in brackets):
(a) smain() (Murray and Hoban): Top-level procedure for s_photon.

(b) s_read_request() (Murray and Hoban). Reads in command line parameters to
s_photon discussed above (also refer to Appendix H for a description of these pa-
rameters). Allocates and reads external beam description, treatment unit description,
time_calc parameters, tray and filter descriptions (if present), SAR file, skin anastruct,
dose grid descriptor or point descriptor file, energy deposition kernels, and superposi-
tion parameters. Also opens output dose grid or dose point file. This routine is based

on read_request() found in the c_photon code.

(c) s_read kernel() (Hoban). Reads cartesian kernel header (using xdr_EDKS_header())
and spherical polar EDKs (using xdr_PEDK()). The spherical polar EDKs have pre-
viously been generated using s_make_kernel() (see below). The cartesian kernels are

then interpolated from the spherical kernels by stepping through r and € in small
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(d)

s_make_kernel.c
kernel ——-[ _
s_write_kernel.c

— phys_dat
PryS clinac4 — header
— sup_dat
MACHINES L edk0.25
— edk0.5
clinac10 —— edk0.75
- — edk1.0
— S_superposition.h L edk1.25
— s_calc_dose.c
s_photon — s_calc_points.c
. root — — s_ctrinterp.c
directory — s_inout.c
— S_main.c
— s_plan_to_cgrid.c
— s_raytrace.c
— s_read_kernel.c
— s_read_request.c
— s_read_sup_dat.c
¢ — s_show_time.c
— s_trinterp.c
— s_write_kernel.c

L— s_xdr_defs.c

Figure 3.18. Directory structure for superposition code under GRATIS.
increments, assigning energy to the corresponding cartesian voxel (see Hoban!®).

s_read sup_dat() (Hoban). Reads in data used for normalising superposition dose.
This data has previously been created using the -U option to s_photon (also see (n)
below).

(e) mk_fluence map() (Sherouse, UNC). This routine, distributed with the c_photon al-

(f)

(8)

gorithm, uses the beam outline and beam flatness tables to generate a fluence map

defined at the treatment machine’s SAD.

s_plan to_cgrid() (Murray). Converts GRATIS planning image to a grid of type
CGRID, where each density value is represented by a byte value between 0 and 255
(corresponding to relative electron densities 0.0-2.55). This routine will skip over CT
slices as necessary to ensure that the number of slices read in to the CGRID is not
greater than the globally defined constant MAX_SCANS. It also reduces scan resolution

to 128 X 128 points per slice. CT number is converted to electron density using the

relationships discussed by Metcalfe et al,20:2!

s-trinterp() (Murray). Performs tri-linear interpolation on a three-dimensional grid,

given coordinate interpolation fractions and voxel coordinates. Adapted from code
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found in GRATIS’s grid_slicer utility. Used for transforming between patient and

beam coordinate systems.

s_ctrinterp() (Murray). As with s_trinterp() but operating on a grid of single-
byte integers (of type char), where each single-byte value is converted to an electron
density by dividing by 100. Returns a floating point value. Used for interpolating

between voxels of a patient electron density grid.

s_inout() (Hoban). Determines whether a point in the electron density grid is inside or
outside the skin contour. Called from s_main() for every point in the electron density
grid, assigning a boolean value to inside_contour. Required in order to suppress

calculation of dose for voxels outside the patient.

s_raytrace() (Murray). Uses Siddon’s parametric ray tracing algorithm to determine
radiological depth, as discussed in Section 3.3.2. Appendix E presents this author’s
implementation of the algorithm.

s_calc_dose() (Hoban). Calculates dose deposited due to terma liberated from a
single interaction voxel (the “interaction point of view”). Uses one of three density
scaling algorithms (no scaling, z-axis scaling, or full ray trace) as discussed by Hoban.!®
Accesses kernel and electron density grids, and modifies dose grid. Optimisation of

s_calc_dose() by this author is discussed in Chapter 4.

s_calc_points() (Hoban). Calculates dose deposited at a single voxel due to energy
liberated from all other points within the patient (the “deposition point of view”).

Used for calculating point doses when s_photon is called in point mode.

s_show_time() (Murray). Displays elapsed real and CPU time (on a Sun workstation)

since s_photon was invoked, and also since the last call to s_show_time().

s_write_sup_dat() (Hoban). When s_photon is called with the -U option, this routine

generates a binary file containing normalisation data for superposition.

s_xdr_defs (Murray and Hoban). Routines contained in this module are responsi-
ble for reading and writing spherical polar EDKs (xdr PEDK()) and cartesian EDK
header information (xdr_EDKS_header()) using Sun’s XDR (external data representa-
tion) protocol. This module also contains other routines, discussed in Chapter 4, used

for communicating between Sun workstations using the RPC (remote procedure call)

paradigm.
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There is also a separate executable image, s_make kernel, used for generating binary
spherical-polar kernels from data files generated by the EGS4 user code RTPEDK (see Chap-
ter 2, Section 2.6.4). It uses Sun’s XDR (external data representation) protocol to write
the files in a machine independent format. s_make kernel is automatically executed during
the GRATIS installation procedure, but if kernels are subsequently modified then it must

be run again by executing “make install” in the kernel directory.

3.5.4. Data Structures Used in Superposition

The superposition approach requires the definition of several data structures not previously
used in GRATIS. They are contained in the header file s_superposition.h, located in the
¢ subdirectory shown in Figure 3.18.

The most significant new structures are those associated with cartesian kernels. The entire

set of kernels is represented using a single structure of type EDKS:

typedef struct {
int unit_id;
char name[NAME_LENGTH] ;
int modality;
int spectral_component_number;
float component_energy[MAX_SPECTRAL_COMPONENTS] ;
float component_weight [MAX_SPECTRAL_COMPONENTS] ;
float component_mu_water [MAX_SPECTRAL_COMPONENTS] ;
float component_mu_ab_water [MAX_SPECTRAL_COMPONENTS] ;
float reference_kerma;
float reference_terma;
POINT inc;
int edk_number;
float edk density[MAX_EDK DENSITIES];
EDK primary_edk[MAX _EDK DENSITIES];
EDK scattered_edk[MAX_EDK_DENSITIES];
} EDKS;

Note that this structure contains a complete set of information on the photon spectrum
used to generate the kernels. The field inc (of type POINT) contains the (z,y, z) voxel
increments. There are edk_number primary kernels and edk_number scattered kernels, with
densities specified in the edk_density array. Each component kernel array, of type EDK,

represents one quadrant of the entire kernel:

typedef struct {
int x_count;
int y_count;
int z_count;
int origin_depth;
float *edk;
} EDK;

where x_count, y_count and z_count are the number of voxels in the z, y and z directions;

origin.depth is the number of backscattered voxels in the z direction; and edk is a pointer
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to a one-dimensional array containing the packed three-dimensional kernel. Voxel (3,3, k)
within a specified kernel can be referenced using macros also defined in s_superposition.h.

For example, PRIMARY_EDK_VALUE is used to reference primary kernels:

#define PRIMARY EDK VALUE(EDKS ptr, demsity_index, i, j, k)\
(EDKS_ptr)->primary_edk[density_index] .edk[(i) +\
EDKS_ptr)->primary_edk[density_index] .x_count *\
(j) + ((k)+(EDKS_ptr)->primary edk[density_index] .origin depth) *\
EDKS_ptr)->primary_edk[density_index] .y_count)])
There are also some other new structures, notably those used for representing spherical-
polar kernels (PEDKS and PEDK), superposition normalisation data (SUP_DOSE_PARAMETERS),

and an electron density grid in patient coordinates (CGRID).

3.6. Summary

Many existing dose computation algorithms fail to accurately model electron transport,
which is especially apparent in regions of heterogeneity such as the lung. Chapter 2 discusses
the Monte Carlo approach to modelling particle transport, which has the potential of being
arbitrarily accurate, given enough computer time. The superposition approach discussed in
this chapter is essentially a Monte Carlo approach with all the non-determinism removed,
and with much of the computation done in advance (when generating the energy deposition
kernels). Although density scaling a pre-computed kernel must always be less accurate than
full Monte Carlo simulation when in a heterogeneous medium, the superposition algorithm
does effectively model electron transport. Even the more simplistic convolution approach,
using much more efficient Fourier space transformation, performs better than conventional

algorithms in heterogeneous regions.

The (real space) superposition algorithm developed at Waikato University has been imple-
mented as part of the GRATIS Treatment Planning System. This combination has provided
an attractive and functional user-interface to a very powerful dose computation algorithm.
As always, the disadvantage with this algorithm is the computation time involved — ap-
proximately 5 minutes per typically-sized beam using no kernel density scaling, 7 minutes
using a simple z-scaling algorithm, and approximately 3 hours using full point-to-point
scaling (on a Sun SPARCstation IPC).

Even with a simple kernel scaling algorithm, superposition is nonetheless superior to con-
ventional algorithms. However, the ultimate goal must be a highly sophisticated (and hence
physically accurate) kernel scaling algorithm, which will necessarily require large compu-

tational effort. Chapter 4 discusses one approach to providing the computing resources

needed for such an algorithm.
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Chapter 4

Dose Computation: A Parallel Approach

4.1. Introduction

In Chapter 3 the superposition dose computation algorithm is discussed. Although it has
significant advantages over established algorithms, superposition requires far more compu-
tational effort than is necessary with any of the other techniques discussed in Chapter 1
(except Monte Carlo). However, the need for a rapid treatment planning cycle remains.
These two competing requirements suggest the use of more powerful computing technology,

and parallel processing is one way of obtaining the desired computational power.

There are several arguments against the use of parallelism to accelerate computation. Sum-

marised by Quinn,! they are briefly described here:

e Grosch’s law, that the speed of computers is proportional to their cost. This may be
true within a given class of computer, but is not necessarily true across classes. For
example, the cost of a microprocessor-based parallel processing system will generally
be less than that of a correspondingly powerful vector processor. Thus multiprocessors

may be more cost-effective solutions for many types of problems.

¢ Minsky’s conjecture, that the speedup achievable by a parallel computer increases
as the logarithm of the number of processing elements. For certain types of algorithm

this statement is untrue: linear or near-linear speedup is observed for many problems.

¢ Amdahl’s law, that sequential operations limit the speedup of a parallel algorithm.
For example, an algorithm which has a 10% component of serial instructions can never
run more than ten times as fast on equivalent parallel hardware. If f is the fraction of
the computation which must be performed sequentially, then the maximum speedup §

on a machine of p processors is limited such that:!

1
S—mF .
f+@-£lp
Sections of this chapter appear in Medical Physics, 18 (38) 468-473 (1991), under the title “Superposition

on a multicomputer system,” and in the New Zealand Journal of Computing, 1 (2) 30-38 (1989), under
the title “Radiotherapy treatment planning using transputers.”

S (4.1)
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Note that when the number of processors p becomes sufficiently large, the factor
(1 — f)/p in Equation 4.1 becomes insignificant, and negligible speedup is achieved
by further increasing the processor number. Amdahl’s law effectively reduces the at-
traction of parallel processing for many applications, but many algorithms are entirely

or almost entirely parallel in nature, in which case large-scale parallelism can usefully

be employed.

e Software inertia, an argument which raises the difficulty of re-writing many existing
applications to run on parallel processors. Although there is much work being done to
develop software tools which automatically rewrite code into a parallel form, intuition
does play an important role in recognising potential parallelism, and therefore new

skills will be required of programmers.

Two important conclusions can be drawn from the above discussion. First, the algorithm
must be suitable for parallel implementation, or Amdahl’s law (and other limitations) will
severely limit the potential speedup which can be achieved. Secondly, provided the algo-
rithm is suitable, a parallel machine will always run faster than a sequential machine using
equivalent technology. In applications where every increase in speed is important, such as
radiotherapy dose calculation, this second factor ensures that parallel processors have a

future.

4.2. Approaches to Parallelism

4.2.1. Overview

Ever since the development of the computer, scientific applications have consistently de-
manded more computational power than can be delivered with the prevailing technology
of the time. In general these requirements have been satisfied with very powerful single
processors, often employing some vector processing capability. However, more recently a
wide variety of supercomputers have appeared,? and many of these are based on other types
of parallel processing architecture. The future of these high-performance computer systems
in science applications seems assured.® Full discussion of parallel processing systems, and

their use in solving various types of problem, can be found in texts by Quinn,! Hockney

and Jesshope,*, Krishnamurthy,® Desrochers,® and others.

Parallel computer architectures have been defined in many ways, but one of the most

common approaches is the taxonomy of Flynn.”® He classifies any computer into one of

four categories:
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e Single-instruction stream single-datastream (SISD). Conventional (non-parallel) com-

puters fall into this category.

¢ Multiple-instruction stream single-datastream (MISD), where several different instruc-
tions act on the same datastream simultaneously. Many authors consider pipelined

processors to be MISD machines.

¢ Single-instruction stream multiple-datastream (SIMD), most commonly array proces-
sors (or processor arrays). In SIMD machines, processors execute identical instructions

on different data sets.

o Multiple-instruction stream multiple-datastream (MIMD), where a number of indepen-
dent processors operate on their own sets of data. Such systems may share memory

(multiprocessors) or have separate memory (multicomputers).

Another class of parallel computer, the vector processor, is difficult to classify using this
taxonomy. These machines can be classified as SISD machines because they have only one
processor, or as SIMD machines because they perform an identical sequence of operations
on several streams of data (vector elements). However, they usually incorporate pipelining,
where functional units are arranged such that the output of one functional unit becomes
input to the next. This feature implies an MISD classification. Due to this confusion, vector
processors are often not classified using Flynn’s taxonomy. Other schemes, such as Shore’s

taxonomy® or Krishnamurthy’s taxonomy tree,® classify parallel architectures more fully.

Some other terminology is also used in describing parallel systems. First, the degree of

coupling can be defined, where

e Tightly-coupled processors share common memory and operate under centralised con-

trol.
o Loosely-coupled processors have separate memories and operate independently.

Secondly, since a process executing in parallel may need to interact with another process, a

method of synchronisation is also required. This generally falls into one of two categories:!°

e Shared variables under centralised control, including busy waiting, semaphores, condi-

tional critical regions, monitors, and path expressions.
o Messages passed between processes (also known as handshaking).

Thirdly, at the hardware level communication between processes may be either:
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e Synchronous, where a central clock is used to ensure data movement occurs simulta-

neously on all processors, or

o Asynchronous, where each processor moves data according to its own clock.

Finally, control may be:

e Centralised, where a single unit with knowledge of the entire topology controls the

operation of all processors.

e Distributed, where each processor, knowing details of local connections only, controls

its own operation.

In general, SIMD machines operate synchronously using centralised control, whereas MIMD
processors (multiprocessors and multicomputers) operate asynchronously using distributed

control.

The following sections examine in more detail some of the most commonly found parallel
architectures. Other architectures (such as systolic processor systems) also exist, but the
intention here is to focus on those systems which could be successfully turned to a variety

of problems encountered in the radiotherapy field.

4.,2.2. Vector Processors

Vector processors normally utilise both MIMD and SIMD features — that is, they employ
pipelining as well as vector processing. Ibbett and Topham!! present many examples of
these machines, but the Cray and CDC-Cyber families are the most widely cited examples
of vector computers. In general these machines share two features: the ability to perform
operations on a large number of elements simultaneously, and the ability to pipeline in-

structions. For example, the Cray-2 operates on 64-element vectors with a pipeline of up

to nine functional units.

A critical requirement of pipelined vector processors is that they can be programmed in such
a way as to fully utilise their capabilities. This can be most efficiently done in the native
assembly language of the processor, but since many applications are written in high-level
languages, particularly FORTRAN, this approach is often time-consuming and difficult. A

more convenient solution is to use a vectorizing compiler, designed to automatically exploit

any parallelism inherent in the sequential code.

Many problems exhibit a high susceptibility to vectorization. For example, in both the
real-space superposition and FFT convolution algorithms discussed in Chapter 3, essentially
b

identical operations are being performed on a large number of elements. On the other hand,
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the EGS4 Monte Carlo code is not suitable for vectorization, since each particle history is
completely different from all others — this is implicit in the nature of the Monte Carlo
technique itself. However, by using an event-based algorithm where a vector of particle
steps (from different histories) are formed, considerable vectorization can be achieved, as
demonstrated by Brown and Martin on a Cyber-205.!2 Miura!® succeeded in vectorizing

the EGS4 code itself, but the effort involved in recoding the algorithm was considerable.

Pipelined vector processors are, in general, expensive and complicated machines, requiring a
mainframe processor as a “front-end” to the vector processor. This level of complexity and

expense makes the vector approach unsuitable for use in radiotherapy treatment planning

workstations.

4.2.3. Array Processors

Array processors (sometimes called processor arrays) are a less expensive alternative to
pipelined vector processors. Array processors are available for a wide variety of machines,
from mainframes through minicomputers to microcomputers such as IBM-PC compatible

machines.

Array processors are SIMD machines (see Section 4.2.1). That is, a single set of instructions
is executed on many processors, with each processor operating on a different array element.
Similarly, array processing languages support data-level parallelism, where each instruction
is applied to a number of data elements in parallel. There is often some degree of functional
unit pipelining within each processor. In general, array processors must also have a scalar

processor, since some instructions will be sequential in nature.

In a lockstep array, each processor receives a set of inputs in time with a common clock,
and also produces output in time with that clock. However, in cyclic arrays each processor
operates independently of the others, with the controlling unit allocating operands as each

processor becomes free. Array processors are generally of the lockstep variety.

The memory associated with an array processor can be either distributed, so that each pro-
cessor has its own local memory, or globally shared, so that each processor has access to all
elements of the array. Globally shared inemory is obviously a more versatile approach, but
the distributed memory approach has advantages in that the switching network connecting
memory to processors can be much simpler, leading to reductions in cost and increases
in memory access performance. Distributed memory machines with very large numbers

of processors are commonly called massively parallel machines — examples include the
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Goodyear Aerospace MPP, the Connection Machine, and more recently Digital Equipment

Corporation’s MasPar processor.

The performance of an array processor in executing any particular algorithm depends upon
the degree to which the algorithm can be made parallel (that is, the ratio of parallel array-
type instructions to sequential-type instructions), and also on the way in which the parallel

parts of the algorithm can be mapped onto the processing elements.

4.2.4. Multiprocessors

MIMD machines employing shared memory are known as multiprocessors. Unlike array
processors, these machines are capable of operating independently on several streams of
data. Both multiprocessors and multicomputers (see Section 4.2.5) may be coarse-grained
(a few large processors), medium-grained (many smaller processors), or fine-grained (very

many small processors).

As mentioned in Section 4.2.1, multiprocessors may be tightly coupled, where all processors
use a central switching mechanism to access shared memory (examples of this type of
processor are the HEP, C.mmp, and Sequent Balance 8000 machines). The switching
mechanism can be implemented using a bus, crossbar switch, packet switched network,
or some other interconnection network. When the number of processors in the network
becomes very large, the efficiency of communication becomes a dominant factor in the

performance of this type of machine.

In contrast, loosely coupled multiprocessors achieve shared memory by combining the local
memory of each processor in the network. The time required to access a particular memory
location depends upon the ease with which that location can be reached from the processor
in question, and hence algorithms with strong locality of reference tend to perform well on
loosely-coupled multiprocessors. The interconnection network and message passing mech-
anism used to retrieve memory contents held elsewhere can have many forms. These are

described briefly in Section 4.3.1.
4.2.5. Multicomputers

Multicomputers are similar to multiprocessors, except that they have no shared global
memory. The most common examples of this type of machine are the Intel iPSC (based on
the Intel 80286 processor), and a variety of machines based on the Inmos transputer. Reed

and Fujimoto!* identify some key characteristics of multicomputer networks:

o A relatively large number of processors. Since the basic processor element (a micro-

processor) is inexpensive, multicomputer networks tend to be medium or fine grained.
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e Message-based communication. Since multicomputers are loosely coupled (have no
shared memory), shared variable communication is not easily implemented, and hence

message passing is always used.

e Medium-grained computation. The amount of computation between synchronisations
cannot be too small (communication and context-switching will cause inefficiencies),
or too large (uneven load sharing will occur as some processors become idle towards

the end of the computation).

o Asynchronous execution. Each processor clock operates independently of all others,

with process synchronisation being achieved under software control.

e Program decomposition which is managed by the user. Unlike vector and array pro-
cessors, where software tools are available to automatically handle division of the com-
putation into sections which can be executed in parallel, multicomputers rely on the

user to identify and implement any available parallelism.

Discussions of multicomputers and their characteristics have been provided by Ibbett and
Topham,!® and Athas and Seitz.!® Reed and Fujimoto!* examine in detail techniques used

in programming multicomputer systems.

4.2.6. Summary

The previous sections discuss the broad categories into which parallel processing systems
fall, based on Flynn’s taxonomy. Section 4.2.2 discusses vector processors, which are large,
expensive machines designed for very rapid processing of vector quantities. Section 4.2.3
discusses array processors (processor arrays), less expensive and (usually) less powerful,
and Sections 4.2.4 and 4.2.5 discuss multiprocessors and multicomputers, two very similar

types of MIMD machine.

Which type of parallel processing architecture is best for a radiotherapy treatment planning
system? Pipelined vector processors are certainly too expensive for treatment planning
workstations, as are massively parallel arrays. Conventional array processors are more
suitable, but are usually host-specific and can be relatively difficult to program for complex
applications. A good solution then seems to be an MIMD machine, a class of parallel
processor which offers considerable flexibility and is currently one of the most cost-effective
approaches to obtaining large amounts of computational power. Particular issues concerning

MIMD processors (multiprocessors and multicomputers) are addressed in the following

sections.
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4.3. Issues in MIMD Parallelism

4.3.1. Interconnection Networks

The distinct processing elements of multiprocessors and multicomputers can be connected
in a variety of ways. Generally, the optimal interconnection network depends upon the
particular problem being solved, and several of the more obscure types of network are used

in solving specialised classes of problems.

The most flexible type of interconnection network is undoubtedly a crossbar switch, where
every processor can be connected to every other processor. However, for all but the smallest
networks this requires a very large number of interconnections (whose cost is proportional
to n?, where n is the number of processors!®). Therefore, one of the following less general

communication network topologies is usually used:

e A pipeline, where processors are connected in a linear array.

A ring, similar to a pipeline except that the ends are connected together.

o A star, where a central processor is connected to all other processors. The size of the

network is limited by the number of connections available from the central processor.

A rectangular mesh, where each processor is connected to its 2¢ neighbours, ¢ being
the dimension of the mesh. This type of network is commonly used in processor arrays
(where ¢ = 2). Sometimes processors on the edge of the mesh are connected to the

opposite edge, or even to the next row or column in a toroidal fashion.

A tree, where two or more “child” processors are attached to each upper-level processor
in the network. If all the processors on each level of the tree are connected together in

a mesh, then the resulting topology is called a pyramid.

A binary k-cube (or hypercube), where 2* processors are connected in a k-

dimensional cube.

These topologies are illustrated schematically in Figure 4.1. Other approaches such as
shuffle-exchange networks, butterfly networks, and cube-connected cycles are also used.
Several texts examine the issue of network topology in detail.l:14:15:17 The specific ad-
vantages of certain topologies can be combined by using a dynamic network, where the
topology can be changed under program control. This approach is commonly used for

general-purpose processing systems, where the type of inherent parallelism varies according

to the problem being solved.
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a) b) c)

d) €) f)

Figure 4.1. Some network topologies used in MIMD systems. (a) Pipeline (or linear array). (b)
Ring. (c) Star. (d) Rectangular mesh. (e) Tree. (f) Binary 3-cube.

How can these various topologies be compared? Obviously the effectiveness of any given
topology depends upon the details of the problem being solved, but the following can be

used as general measures:5:14
¢ Diameter, the maximum cost of getting a message from one processor to another.

e Mean internode distance, the average number of hops required to get a message

from one processor to another.

e Bandwidth, the number of messages that can be sent/received by a processor per
unit time.
o Message capacity, the total number of messages that can be sent through the network

per unit time.

Several other metrics have also been suggested for measuring the communication perfor-
mance of processor networks.!® As well as performance, other factors such as reliability,
fault tolerance (especially important in very large systems), and extensibility (the ease

with which the network can be extended, and the corresponding cost) may be important.

4.3.2. Communication and Synchronisation

In MIMD systems it is necessary that processes executing on different processors can com-
municate (pass data between themselves). This process in turn requires synchronisation,
either to force a critical section of code to be executed as an atomic (indivisible) operation,

or to perform condition synchronisation, where a process waits until some shared data item
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is in a required state. These objectives can be achieved using one of two general schemes,

discussed below.

Shared Variables

One method of communication between processes is by the use of shared variables. This
approach is commonly used in multiprocessors, since shared memory is always available on
these machines. However, there is clearly also a need for some form of explicit synchro-

nisation between processes using shared variables. This usually takes one of the following

forms:1?

¢ Busy waiting, where processes repeatedly test the value of a shared variable (or spin
lock) until its value is such that they can proceed. The major disadvantage of such a

technique is that the idle (or spinning) processes waste processor power.

e Semaphores, where a process issues a wait command to request a resource, and a
signal command to release that resource for use by other processes. This approach
is similar to busy waiting, except that semaphores are usually handled by the pro-
cessor kernel, which automatically deschedules processes that are waiting. Hence this
approach is generally more efficient than busy waiting when there is more than one

process executing on each processor.

e Conditional critical regions (CCRs), where a critical section of code is defined
such that only one process can execute the code at any given time. Synchronisation is
provided by requiring that an associated boolean variable be true before the CCR can

be entered.

¢ Monitors, which are special sections of code that can be accessed by only one process
at a time. However, a monitor differs from a CCR in that it contains everything
associated with a particular resource — variables representing its state, initialising
code, and code to perform operations on the resource. Hence the resource can only be

accessed from within the monitor. Synchronisation is achieved within the monitor by

using semaphores.

¢ Path expressions, which explicitly specify the manner and order in which resources
can be used by processes. This approach removes the need for the programmer to

specify critical regions, but it can be difficult to predict synchronisation requirements,

especially for nondeterministic algorithms.
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Message Passing

The second method of communicating between processes is to use message passing. Both
communication and synchronisation are provided by this approach, since receiving a mes-
sage implicitly implies that the receiving process has had to wait for that message. Since
multicomputers have no shared memory, message passing is always used in these systems.

It occurs in the following forms:

¢ Direct naming, where the source and destination processes reference each other ex-

plicitly.

¢ Mailboxes, where source processes send messages to an intermediate destination

(mailbox), and destination processes receive messages from that mailbox.

o Ports, which are like mailboxes except that each has only one source of messages (it
can have many destinations for those messages). This approach is easier to implement

on multicomputers.

The channels across which messages are passed can be named either statically (at compile
time), or dynamically (at run-time). If both the sending and receiving processes cannot
continue until the message has been transmitted then this is called synchronous message
passing, but if the messages are buffered such that the sending process can get ahead of the

receiving process then this is called asynchronous message passing.

Parallel programming languages which implement concurrency using message passing are
known as message-oriented languages. Examples in common use include Communicating
Sequential Processes (CSP) and occam. As well as procedure-oriented and message-oriented
languages, there is a third approach — operation-oriented languages (such as Ada), which
use remote procedure calls to implement concurrency. However, shared variables, message

passing, or a combination of both must be used in the underlying implementation of these

languages.

4.3.3. MIMD Algorithms

Given a particular problem to solve, the parallel programmer must decide upon the best
way of implementing the algorithm on a parallel machine. For MIMD computers, these

algorithms belong to one of three categories:!

¢ Pipelining, where the output of one segment of the computation is input to the next

(which may be on a different processor). In order for this type of algorithm to work
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efficiently, each segment must produce output at nearly the same rate, or else processor

capability will be wasted while waiting for the next input.

o Partitioning, where the computation is shared between processors. The results from
all processors are then combined to yield the complete solution. This type of algorithm
may be pre-scheduled, where each process is allocated a share of the work before
execution, or self-scheduled, where each processor is allocated work during execution.
Partitioning algorithms are often used when dealing with arrays or other structures

which have a large number of readily decomposable tasks.

o Relaxation, where processes work without synchronisation. In this type of algorithm,
each processor can proceed without waiting for data or instructions from other proces-

SOrs.

In order to determine which type of algorithm is best for a particular problem, there must
be some way of analysing the performance of these algorithms on a parallel processing

machine. This is usually done using the following two measures:

¢ Speedup, ratio of the time needed to perform the most efficient sequential algorithm
to the time needed to perform the computation in parallel.! Note that this definition
does not require that the two algorithms be of a similar nature. Intuitively, speedup
can be no more than linear with increasing processor number, but Quinn! argues that
superlinear speedup is possible if the sequential and parallel algorithms are chosen

before the particular instance of the problem is determined.

o Efficiency, the speedup of the algorithm divided by the number of processors. It is
a measure of the degree of success with which the algorithm has been implemented in
parallel. A value much less than 1.0 (or 100%) indicates either an inefficiency in the

parallel algorithm or excessive communication overhead.

The aim of any parallel algorithm is to keep all processors as busy as possible. Factors
which affect this include:

» Network architecture (since this may affect communication overhead).
e The proportion of sequential code (Amdahl’s law).

o The amount of contention for resources (leading to possible software lockout or even

deadlock).

¢ Load balancing between processors. Process workload can be determined statically

(before execution) or dynamically (during execution). Dynamic load balancing is usu-
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ally used when the amount of computation required is not precisely known before

execution.

o The granularity of the algorithm. The process granularity is defined as the ratio of
the amount of computation to the number of synchronisation events.!® Fine-grained
processes, having many synchronisation events, tend to produce good load balancing,

but at the expense of high communication overhead.

4.3.4. Summary

Major issues concerning MIMD parallelism are discussed in the previous sections. Accepting
that the superposition algorithm involves calculation over a large dose array, and that
partitioning is the most suitable method for dividing the workload between processors, two

hardware solutions are immediately apparent:

¢ A multiprocessor network, where a shared global memory is used to store input
arrays (electron density and kernels) and the output array (dose). In general, memory
locations from throughout the array would have to be accessed in the superposition
process, so a tightly coupled multiprocessor would be preferable to a loosely coupled

(distributed-memory) one.

e A multicomputer network, where copies of the input and output arrays are stored
in the local memory of each processor. Only when the superposition calculation is

complete would the results from all processors be combined to yield the total result.

The multiprocessor approach would obviously require less memory, and therefore might be
less expensive. However, for this project a multicomputer network has significant advan-

tages:

e Once arrays have been passed to all processors, communication overhead is very low,
since only the voxel indices and terma need to be passed to the processor performing

the calculation.

e The low communication overhead permits a relatively simple interconnection network

to be used, which simplifies programming of a message-passing multicomputer.

e One particular type of multicomputer processor (the transputer) has already been used

for a number of years at Waikato University, in a variety of applications.

Hence a multicomputer based on Inmos T800 transputers'® has been chosen for use as a dose
calculation engine. The remainder of this chapter describes two variants of a transputer-

based multicomputer (one PC-hosted and the other hosted by a Sun workstation), and then
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discusses their application to dose computation in the radiotherapy treatment planning

process.

4.4. Transputer Arrays

4.4.1. Hardware and Architecture

4.4.1.1. The Transputer Processor

Transputers!? are 32-bit computing elements designed for parallel processing. Manufac-
tured by the British (and now French-owned) company Inmos, 20 MHz versions of the
T800 transputer are capable of operating at 10 MIPS (million instructions per second), and
have a 64-bit floating point unit capable of 1.5 MFlops (million floating point instructions
per second). Newer versions of the T800, operating at 25 MHz, have been used on the Sun-
hosted system discussed in Section 4.4.1.3. Transputers address their own local memory,
4 kbytes of which is on-chip static RAM (random access memory). If this fast memory is
used as stack and/or code space then significant improvement in performance can occur.
Each transputer processor communicates with others via four serial links, each with a speed
of 20 Mbits/sec (corresponding to a data transfer rate of approximately 1.75 Mbytes/sec
using the transputer’s communication protocol). A network of transputers is generally
classified as a multicomputer — that is, an MIMD machine with local memory. They are

usually loosely coupled, message-passing, asynchronous machines with distributed control.

Transputers are commonly mounted on industry-standard printed circuit boards called
TRAM (Transputer RAM) modules.?? TRAM modules have standard pin-outs and pin
spacings for mounting in many different types of motherboard — the two motherboard
types discussed in this chapter are designed for PC-bus and double-extended Eurocard
systems. Using TRAMs allows processing elements to be easily replaced or rearranged
within the network. Transputer modules generally contain a single T800 processor and
a quantity of external memory, although a variety of special-purpose modules, such as
graphics and SCSI (Small Computer Systems Interface) TRAMs are also available.
4.4.1.2. The PC-hosted System

Initial development of the superposition code has been carried out on the PC—AT hosted
parallel processing system illustrated in Figure 4.2. The microcomputer is a Commodore—

PC40 with 110 Mbytes of disk storage, colour display, tablet, and colour inkjet printer
attached.

As shown schematically in Figure 4.2, the transputers are located on two boards housed
within the PC. These boards are:



145

EGA | PC-286 housing |
monitor ethernet
[ card to ethernet [
| T [ Transtech TMBO8 motherboard |
te -
| e d?,sk P (1-10 modules) |
colour . 70 Mbyte c
printer t hard disk I :
B multisync
| u | monitor
\ 1.2 Mbyte s
keyboard FD - Microway I
| | pc _80286 L Videoputer }
tablet
L - - - L - _ _ _ _ J

= T800 transputer

Figure 4.2. Hardware configuration of PC-hosted system. A Microway Videoputer acts as the
root processor of a network hosted by a PC-AT compatible microcomputer (dashed box). Up
to ten transputer modules on a Transtech TMB-08 (Inmos B004-compatible) motherboard can
be connected to the Videoputer in a pipeline configuration. Inmos C004 link multiplexer and
connections (for network reconfiguration) are not shown.

o A Microway Videoputer display board?! (Microway Ltd, Surrey, England). The Video-
puter has one T800-20 (20 MHz) transputer with 2 Mbytes of memory and video driver
circuitry. The transputer is connected to the PC-AT bus via a host interface operating
at 0.02 Mbytes/sec. One megabyte of memory is dual-ported to both the transputer
and the video display hardware, while the other megabyte is used for the dose calcu-
lation master and worker tasks. A further 3 Mbytes of memory are available as an
option. The graphics hardware supports a variety of screen resolutions, with a library
of graphics primitives also supplied. The display used is an NEC Multisync monitor,
operating in 512 pixel x 512 pixel mode.

e A Transtech TMB-08 ten module motherboard?? (Transtech Devices Ltd, Bucking-
hamshire, England). Up to eight modules, each containing one T800-20 transputer
and an associated 2 Mbytes of memory, have been installed on this motherboard.
Each module forms a node in a linear array (pipeline), and a T212 processor and C004
link multiplexer can be programmed to connect the unused links to form other topolo-
gies. A PC interface with full DMA (direct memory access) and interrupt capability is
also provided, although this has been left unused for the applications discussed in this

chapter. An external D-type connector is available for connection to a larger network.

In the usual configuration, the Videoputer is connected to the PC bus, making it the root
node of the network. Module 0 of the TMB-08 motherboard is connected to a link from the
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Videoputer processor, with the remaining modules connected in a pipeline from module 0.
Figure 4.3 illustrates the connections required for a four-node system. In some situations,
such as configuration into a tree network for the timing tests discussed in Section 4.4.3.1,
module 0 of the Transtech motherboard has been connected directly to the host processor.
This has allowed a network configuration program executing on the host processor to have
direct access to the C004 link multiplexer. Appendix I details the link patch, switch, and

jumper settings for both network configurations.

Microway VideoPuter
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Figure 4.8. Transputer network configuration of PC-hosted system. A Microway Videoputer is
connected to the host processor via a C012 link adapter, and transputer modules installed on a
Transtech TMB-08 motherboard are connected in a pipeline originating from the Videoputer. A
C004 link multiplexer and T212 processor located on the TMB-08 allow reconfiguration of the
network.

4.4.1.3. The Sun-hosted System

A transputer network attached to a Sun workstation has been used in more recent de-
velopment of the superposition algorithm, particularly in conjunction with the GRATIS
Treatment Planning System discussed in Chapter 3. The transputer modules used in this

system employ 25 MHz versions of the T800, each with 2 Mbytes of local memory.

The complete Sun-hosted system is illustrated schematically in Figure 4.4. The transputer
network is interfaced to a Sun SPARCstation IPC workstation by means of an Sbus adaptor
based on the Dawn VME Products Sbus development platform (DPS-1). Using a DMA
(direct memory access) controller and Inmos C012 link interface, this card supports data
transfer rates of 750 kbytes/sec (Sbus to transputer link) and 600 kbytes/sec (transputer
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link to Sbus). These transfer rates are approximately half those possible between transputer
links, and many times higher than the PC to transputer link rate mentioned in the previous
section. A Unix device driver installed on the SPARCstation is used to communicate with
the Sbus card by using Posix-standard open(), read(), vrite(), ioct1(), select(), and

close() system calls.
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Figure 4.4. Hardware configuration of Sun-hosted system. An Inmos B012-compatible moth-
erboard containing eight 25 MHz transputers is connected to an Sbus card mounted in a Sun
SPARCstation IPC workstation. A UNIX device driver is used to communicate with the DMA con-
troller and C012 link interface on the card. A second B012-compatible board can be attached to
this system by using the connections illustrated. Not shown are the Inmos C004 crossbar switches
and associated T212 processors, which can be used for network reconfiguration.

The transputer modules themselves are mounted on two Transtech TMB-12 motherboards
(Transtech Devices Ltd, Buckinghamshire, England). These Inmos B0122® compatible Eu-
rocard TRAM motherboards are mounted in a 6 unit, 220 mm deep DIN41494 card cage,
and each has slots for up to 16 TRAM modules. On each board two C004 link multiplexers
are available for network reconfiguration, although these have not been used in any of the
applications discussed in this chapter. Normally eight TRAMs connected in a pipeline con-
figuration are mounted on each board, with the two boards daisy-chained together. This
arrangement allows transputers to be easily relocated for use in other transputer-based

projects. A separate 5V supply built at Waikato University is used to power the transputer
boards.
The transputers are arranged in a pipeline by connecting the pipetail of the first mother-

board to the pipehead of the second, and the DOWN link of the first transputer board must
also be connected to the UP link of the second, so as to propagate the control (subsystem)

signals.
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Figure 4.5 illustrates the complete Sun-hosted radiotherapy system, including the Sun IPC
workstation (left), 5V power supply (rear), and card cage and installed transputer moth-

erboards (right). Figure 4.6 presents a more detailed view of the TRAM modules installed

on a B012-compatible motherboard.
4.4.2. Task Placement and Communication

4.4.2.1. Overview

The transputer-based parallel processing systems used at Waikato University comprise a
relatively small number of loosely coupled processors, where each processor has its own
memory and own set of instructions (program). Such a machine is known as a multicom-
puter, employing a MIMD (multiple instruction stream, multiple data stream) approach
(see Section 4.2.5).

Transputers have no memory management capability. However, it is possible to place
several simultaneously executing processes, known as tasks, on a single node. Tasks have
their own memory areas and communicate via internal serial channels. Channels may also
exist between tasks on adjacent processors, in which case they must correspond to a physical
link between those processors. There are two levels of task priority — urgent tasks, which
continue to execute until blocked by an input-output request or some other descheduling
event; and non-urgent tasks, which are time-sliced with other non-urgent tasks when no

urgent tasks are able to execute.

There are many development environments and compilers available for transputers. The
applications discussed in this chapter have been developed using a C compiler with par-
allel extensions, developed by 3L Ltd (Livingston, Scotland).?* Parallel-C uses message
passing as the means of communication and synchronisation, based on the communicat-
ing sequential processes (CSP) paradigm.?® This approach is implemented using procedure
calls such as chan_out_word() (which sends four bytes of data through a specified channel)
and chan_in_word() (which waits for four bytes of input from a specified channel). Similar
procedure calls exist for dealing with bytes and messages (sequences of bytes).

Each task in Parallel-C may be composed of one or more simultaneously executing (time-
sliced) threads, which communicate using semaphores. Threads are a kind of “lightweight”
task, useful for performing concurrent operations which communicate within a single pro-

cessor (such as waiting for input from one of several channels), where the complexity of a

separate task is unnecessary.
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Figure 4.5. Sun SPARCstation IPC with attached transputer network.

Figure 4.6. Transputer TRAM modules installed on a Transtech TMB-12 motherboard.
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Binary code for each task is formed by compiling and linking one or more user-written
modules with either the run-time library (for tasks which communicate with the host)
or the standalone run-time library (for tasks which do not communicate with the host).
The resultant binary files are then combined into a single bootable file using a software
tool known as the configurer.?* Input to the configurer is a single configuration file, which
specifies details such as the stack and heap allocation of each task, task priority, the number
of input and output channels used, and whether or not on-chip (fast) RAM is used. It also
specifies the placement of tasks on processors, the way in which channels are connected

between tasks, and how the network has been configured.

Applications may also be built using the flood-fill configurer. It generates applications
based on the idea of a processor farm — a single master task allocating work to a number
of worker tasks, executing one on each processor. The flood-fill configurer is less flexible
than manually controlled configuration, but it does simplify the task structure and remove

the need for user-written filter tasks.

All parallel computations discussed in this chapter can be carried out using a master-worker
arrangement such as that used by the flood-fill configurer. However, large amounts of data
need to be passed at the beginning and end of these computations — a process which is
not well suited to the flood-fill configurer, which has a maximum communication packet
size of only 1024 bytes. It is also not possible to signal specific worker tasks to return their
dose arrays at the end of the calculation. These limitations lead this author to implement
master-worker networks by means of specially designed protocols built using the standard
configurer. The following two sections outline the details of these protocols, implemented

on the two different transputer platforms used in the radiotherapy project.
4.4.2.2, The PC-hosted System

The first transputer network to be used by this author was a PC-hosted network of up to
eight transputers, which has been illustrated schematically in Figures 4.2 and 4.3. Since
communication between the host system and the root transputer is very slow (approxi-
mately 0.02 Mbytes/sec), it has been necessary to locate both the master and worker tasks
on the transputers, thereby rgducing host to transputer communication to a minimum.
Even so, retrieving the input arrays from disk prior to calculation and writing the resultant
dose distribution to disk upon completion take many seconds for large array sizes, and this
is a significant limitation of the PC-hosted system. Using the Transtech TMB-08’s DMA
capability would significantly reduce this problem, but the Videoputer could then no longer
be the root processor, making display utilities significantly more complex to program.
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Figure 4.7 illustrates the placement of tasks on a network of three transputer nodes. The
root node has a controlling or master task which is connected via a supplied filter task to
the host processor (an Intel 80286 in the case of a PC-AT host). This filter is required
to correctly match the slightly different communication protocols of the master task and
the alien file server, which executes on the host serving any input (keyboard, tablet and
hard disk) and output (display, printer and hard disk) requests made by the master task.
Each transputer node also has a worker task, which performs calculations requested by the
master task on the root node. A different type of filter (or multiplexer) task also runs on
each node, directing command packets to the appropriate worker tasks and ensuring that
the master task correctly receives acknowledgement packets. Filter tasks run at urgent
priority, while worker tasks run at non-urgent priority. This ensures that command and
acknowledgement packets are passed on as soon as they are received, so that worker tasks
remain idle for the minimum possible time. Filter tasks each have an input channel whose
value is bound to a unique processor number by the configurer, and by comparing the value
of this channel to the destination node number of an incoming packet, a filter task can
correctly pass on or intercept the packet. A corresponding bound channel on each worker
task enables workers to place their unique processor number on acknowledgement packets

which they originate.
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Figure 4.7. Task placements on a PC-hosted linear network. Bold lines represent channels along
wires between tasks on two different processors, while plain lines are channels between tasks on the
same processor. Single-ended arrows indicate input-only channels bound to an integer representing
the identity of the processor (enabling message packets to be correctly routed across the network).
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Figure 4.8 illustrates task placements and channel connections for a three-node network of
transputers arranged in a tree configuration. Note that for the linear array in Figure 4.7 the
nodes are numbered consecutively away from the root node, whereas for the tree network
in Figure 4.8 the nodes are numbered such that the “left” child node has a smaller number
than the “parent,” and the “right” child node a larger number (an in-ordered tree). By
comparing its own node number against that contained in a communication packet header,
a node in the tree network can immediately determine which “branch” of the tree that the

packet should be transmitted down in order to reach the destination node.
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Figure 4.8. Task placements on a PC-hosted tree network. As in Figure 4.7, bold lines represent
channels along wires between tasks on two different processors, while plain lines are channels
between tasks on the same processor. Tasks are numbered such that all tasks in the left sub-tree
have a smaller task number, while those in the right sub-tree have a greater task number. This
simplifies the message routing process.

Packets transmitted throughout the network conform to a specific format. The first
byte in each communication packet defines the packet type. Supported types are
SEND_WORD_TO_WORKER_CMD and SEND_WORD_TO_MASTER_CMD, for transmitting four byte quan-
tities; SEND_BLOCK_TO_WORKER_CMD and SEND_BLOCK_TO_MASTER_CMD, for transmitting arrays
and structures; SEND_ACK_TO_MASTER, for sending acknowledgement packets to the master
task; and BOUNCE_CMD, which is used communicate directly between the sending and receiv-
ing threads of a master task. The second byte of each packet contains a node number, which

may be the destination node (for packets originated by the master task) or the source node
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(for packets originated by a worker task). The next four bytes contain either the value of
the data word (for the WORD and BOUNCE packet types), or an integer specifying the number
of bytes in the following block of data (for the BLOCK packet types). A packet may also
contain one other piece of information — if the most significant bit of the command byte
is set then the input and output channels are locked until the next packet is received down
the same input channel. Transmitting a sequence of locked packets allows large quantities
of data to be transmitted without interference from other tasks, although care must be
taken to ensure that high priority communications are not locked out for long periods. In
general, this locking feature is used only for transmitting large arrays, either prior to the

calculation beginning or at the end of the calculation.

Figure 4.9 illustrates the communication protocol in more detail.
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Figure 4.9. Communication between tasks on a PC-hosted network. The master task sends a
command packet into the network containing the destination worker node number (N). Each filter
task passes the packet on until N matches that bound to input channel 3 of the filter, in which
case it is passed down to the worker task. The worker task then unpacks the command packet,
performs the requested calculations and sends an acknowledgement packet (containing the worker
node number) back to the master task. The master task maintains an array of flags indicating

whether each worker is available or busy.

In a typical command/acknowledge sequence, the master task sends a command packet
out into the network, containing instructions for a particular worker task to perform a

particular calculation. Each filter task examines the contents of the command packet,
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passing it on to the next filter task unless the packet’s destination node number matches
its own node number, in which case the filter task re-directs the packet to its worker.
Although the code for each worker task is identical, the input from channel 3 of each filter
task can be interrogated to determine the node upon which the worker task is executing.
This is done by binding the channel input to the node number before program execution,
as discussed previously. When the relevant worker task receives the command packet, it
performs the calculation and returns an acknowledgement packet to the master task. Once
again, the worker task places its own node identification number (obtained by interrogating
input channel 1) into the packet, so that the master task can determine which worker task
originated the acknowledgement. A new command packet can then be sent to a worker

task as soon as it becomes free.

It is quite possible for two or more pairs of tasks to be attempting to communicate simulta-
neously, and in general the ordering of these communications is unknown. Hence each filter
task must listen simultaneously on three channels (or four in the case of a tree network)
— one connected to each of the neighbouring filter tasks and another to the local worker
process. This is done by creating one execution thread for each channel. When any one of
the threads detects incoming traffic, it waits to obtain control of appropriate semaphores
to prevent other threads using the busy channels. In this way a filter process may permit
packets to travel simultaneously from master to worker and worker to master, but not from
worker to master and filter to master (see Figure 4.10). This prevents collision of incoming

acknowledgement packets from two different worker tasks.
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Figure 4.10. Collision prevention on a PC-hosted linear network. Each filter listens simultane-
ously on three input channels, maintaining semaphores indicating which input and output channels
are being used. These semaphores allow simultaneous transmission of packets in opposite direc-
tions (a), thereby preventing communication deadlock. However, packets from two distinct worker
tasks cannot be simultaneously routed through the same filter task (b). The semaphores are used
to temporarily halt transmission from one source.
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4.4.2.3. The Sun-hosted System

At a later stage of the radiotherapy project, the GRATIS Treatment Planning System
discussed in Chapter 3 was installed on a Sun SPARCstation network, and the superposition
code developed at Waikato University was ported across to that platform. Therefore the
transputer-based parallel processing system also had to be transferred to the Sun host. A
transputer network running under the Helios operating system was already running on the
Sun, and the 3L Parallel-C environment was also ported to the Sun network with only
minor modification (the alien file server had to be modified to conform to Unix rather than

MS-DOS file name and program parameter conventions).

Task placement and communication on the Sun-hosted system could be made essentially
identical to that described in the previous section for the PC-hosted system. However,
the much faster host to transputer interface in the Sbus adaptor, and the more powerful
processor in the host itself, offer another option — a master task based on the host processor
(Sun) rather than on the root transputer. This option has two significant advantages.
The parallel part of the Sun-hosted superposition code can be incorporated simply as a
subroutine of GRATIS in the usual way, and the large arrays required by the worker tasks
can be transferred directly, rather than via a transputer-based master task as with the PC-
hosted system. Since there is no master task on the root transputer, no additional external

memory is needed on the root, and therefore the network can be entirely homogeneous.

This alternative task arrangement used on the Sun-hosted system is illustrated in Fig-
ure 4.11. Note that the master task runs on the host processor as a subroutine of the
GRATIS code itself, and communicates with the root processor filter using a Unix device
driver (written at Waikato University). Although the tasks are compiled, linked and config-
ured in the same manner as described in the previous section, the resulting bootable code is
sent to the transputers simply by pushing it down a link, rather than by invoking the alien
file server. The transputer network appears to the master task as a Unix device, and to the
root processor filter the master appears as just another transputer task connected to chan-
nel 0. Filters and workers are numbered consecutively outward from the root transputer,
but do not have ports bound to the processor number, as is the case on the PC-hosted
system. Only filter channel 2 of the last processor is bound to a constant value (zero),
to indicate to the filter task that it is at the end of the pipeline. Due to the efficiency of

this linear array for radiotherapy applications, a tree network has not been used on the

Sun-hosted system.

The configuration file used as input to the 3L configurer is generated automatically, using
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Figure 4.11. Task placements on a Sun-hosted network. Bold lines represent channels along
wires between tasks on two different processors, while plain lines are channels between tasks on
the same processor.

a shell script which takes a parameter indicating the number of processors in the network.

For example, to generate a configuration file for the superposition algorithm (discussed in

Section 4.4.3.1) on a linear network of four processors, the command
s_config 4 >s_trans_calc.cig

would be entered at the command prompt, where s_config is the name of the script and

s_trans_calc.cfg is the name of the configuration file to be generated.

Appendix J lists the s_photon script and also the resultant configuration file when invoked
for four processors. Note from the output file listing that the filter tasks are run at urgent
priority to reduce the wait time for worker tasks to a minimum, and that the data space
required by the filter tasks is 20 kbytes. This value must be changed according to the value
of the constant MAX_MESSAGE_SIZE. The worker tasks each have 2 kbytes of stack space and
the rest of the available memory as heap. The Opt=Stack directive causes the stack to be
placed in on-chip (fast) RAM, with Opt=Code placing the beginning of the worker task code
in the remaining 2 kbytes of on-chip RAM.

The communication protocol used in the Sun-hosted system is somewhat different to that
described for the PC-hosted system. There are five supported packet types, illustrated
in Figure 4.12. The first byte in each packet is the packet type as before, except that
the types are now WORD, for transmitting four byte quantities to or from the master task;
MATRIX, for transmitting arrays and structures to or from the master task; and VECTOR,
for transmitting vectors of voxels from the master task to a worker task. There are also

two other communication packet types: WORD_TO_ALL, for transmitting a four byte quantity
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from the master task to all worker tasks; and MATRIX_TO_ALL, for transmitting arrays or
structures to all worker tasks. Filter tasks receiving these last two packet types pass the
packet on to both the local worker task and the “downstream” filter task. This greatly
simplifies and accelerates the distribution of arrays to worker tasks prior to calculation

beginning, since a single copy of each array is propagated to all worker tasks.

byte 1 byte 2 bytes 3-6 byte 7...
{wORD |[source/destination || 'daaword T |
[worD_TO_ALL ||maximumdest. || = daaword |
[MaTRIX ][ source/destination || number of messages | [#byies] mcssage- - }l#:b'yu::sl message: : !
[+ATRIX_TO_ALL||maximum dest. || number of messages |[# byes| message jLPY‘CSI mcssage— -
|vECTOR | [destination |[ #Bytes invector |[ vector B

Figure 4.12. Communication packet types on a Sun-hosted network.

The second byte in each packet is the source or destination node number, which is used
to route the packet using the method illustrated in Figure 4.13. If the packet is being
sent from the master task to node N, then the master task originates the packet with the
(destination) node number set to N. The filter on the root processor will then receive
the packet and check the destination node number to see if it is zero, and if so pass the
packet to its local worker task. If the destination node number is not zero then the filter
passes the packet on to the downstream filter, but decrements the destination node number
before doing so. In this way the packet is passed down the pipeline until the destination
node number becomes zero, which will occur at filter N. A similar process occurs when
handling acknowledgement packets originated by the worker task, except that the (source)
node number is incremented as it is passed up the pipeline. Is this way the master can
examine the source node number to determine which worker originated the packet, and
mark that worker as free. This approach to packet addressing is conceptually simpler and
more convenient than that used in the PC-hosted system, since there is no longer any need

for channels bound to identifying node numbers.

For packets of type WORD and WORD_TO_ALL, the next (and final) four bytes of the packet
contain the word to be transmitted. For packets of type VECTOR, the next four bytes are
an integer representing the vector size (in bytes), and following those is the communication
vector itself. For packet types MATRIX and MATRIX_TO_ALL, the next four bytes contain an

integer representing the number of messages which follow, where each message is part of
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Figure 4.13. Communication between tasks on a Sun-hosted network. The master task sends
a packet into the network containing the destination node number IV (in this example N = 2).
Each filter task decrements N and passes the packet downstream, unless N = 0, in which case
the packet is passed to the worker task. When the requested calculations have been performed the
worker task originates an acknowledgement packet with a source node number of zero. The packet
is passed up the pipeline, with the source node number incremented at each step, until it reaches
the master task.

the array to be transferred. The maximum size of each message is defined by the constant
MAX_MESSAGE_SIZE. Following that is a sequence of messages, each message preceded by an
integer indicating the message length. Note that since an entire array is transmitted in a

single packet, there is no need for explicit locking of the communication channels.

Although they differ in details of implementation, the Sun-hosted and PC-hosted systems
discussed in this and the previous section are essentially the same kind of parallel proces-
sor: local memory multicomputers which communicate by synchronous message passing.
The remainder of this chapter presents three radiotherapy applications which have been

implemented in parallel using these systems.
4.4.3. Parallel Algorithms

4.4.3.1. Superposition

Over recent years much effort has been put into the development of convolution-based al-
gorithms for radiotherapy dose calculation.?®~28 However, performing convolution in real
space with a density-scaled energy deposition kernel (often termed superposition) is a com-
putationally intensive task. The Fourier transform approach has been shown to speed up
execution relative to the superposition technique?® (as is seen in Section 4.4.3.2), but at
the expense of requiring an invariant kernel. Although correction techniques have been
suggested,3® the Fourier transform method is not completely satisfactory in heterogeneous
media, and therefore a density scaled superposition method based on that proposed by

Mackie et al.?® has been selected as the method of choice at Waikato University.3!
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Parallel processing has already been used to streamline the treatment planning process,3?
and one group has suggested the use of a shared memory multiprocessor as a radiotherapy
workstation.?? The effect of partitioning and granularity on performance is dependent upon
the exact nature of both the multi-processor system and the algorithm being implemented,3*
but the aim of this section is to demonstrate the performance characteristics of a partic-
ular computationally-intensive dose calculation algorithm, superposition, implemented on
a transputer-based multicomputer. The applicability of the multicomputer approach to

superposition calculation will be determined by answering the following questions:
o Is speedup linear with increasing processor number?
¢ Is communication overhead dependent upon communication packet (grain) size?
e Does altering network topology affect communication overhead?

The superposition algorithm used here has been discussed in Chapter 3, and also by Murray
et al.,® Metcalfe et al.,*® and Hoban et al.3' The dose D(4, j, k) to a voxel of density p(%, , k)
is presented in Equation 3.7, and is restated here:

D(ijyk) = ——— SN0 3 pli!, 5, k) - T(@ 5 k) - H(i = 5 = 5,k — k), (4.2)

p(i i k) 57 5 4

where T(i',j', k') is the terma (total energy released per unit mass) at the interaction site
and H(i—4',j — j',k — k') is the value of the energy deposition kernel at the deposition
site. The summation is performed over all voxels in the medium which contribute scattered
dose to (i, j, k). Noting that in general H(i —4',j — j',k — k') is dependent upon position
within and composition of the medium, and that dose must be calculated at all points
in the medium, it is apparent that superposition is computationally intensive. It also
becomes rapidly more intensive as the array sizes increase — for a terma array of side n the
computation required increases approximately as n® when no kernel scaling is used, or as
n” when full kernel scaling is used. Hence the superposition approach is very much in need

of the kind of performance improvements which parallel processing is capable of delivering.

The superposition algorithm has been implemented on a multicomputer by means of a
master-worker network, described in Section 4.4.2. A single master task executes on either
the root transputer (in the PC-hosted system) or on the host itself (in the Sun-hosted sys-
tem). This master task has direct access to input /output facilities such as hard disk storage
and terminal I/O. Several worker tasks execute throughout the network, communicating
with the master task by passing messages or packets along communication channels linking

the tasks. Workers receive command packets from the master task and issue ready packets
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when they have completed the requested work. Routing or filter tasks are also present on
each node in the network, either to pass the communication packets along the network,
or to pass them to and from the worker task executing on their node. This ensures that
the master task perceives the network as a number of directly reachable worker tasks, and

makes details of the network topology transparent to the master and worker tasks.

A worker task performing a superposition for a single point (¢’ j', k') must have access to
the entire energy deposition kernel (or several kernels when using density scaling), and must
also have access to the patient density array, since voxel composition must be taken into
account when scaling the energy deposition kernel. The energy deposition kernel(s) and

density array are therefore distributed to all worker processes prior to calculation beginning.

Figure 4.14 illustrates schematically the approach used to implement superposition in par-
allel. After the density array and kernels have been sent to the worker tasks (not shown in
Figure 4.14), the master task steps through the terma array in order of increasing (4', j', k'),
processing any voxels whose terma exceeds a threshold value. The (7', j, k') voxel coordi-
nates and corresponding termas are appended to a one-dimensional array or command
vector. When this vector reaches a predetermined size the master task waits until a worker
task becomes available, then sends the vector to that task. The worker task then performs
the superposition for the interaction voxels contained in the vector, storing the calculated
dose in its own local dose array. The worker sends a ready packet to the master task to
indicate the calculations are complete, and awaits a further command vector. This process
continues until all voxels have been processed and all corresponding ready packets have
been received by the master task. The master task then prompts all worker tasks to return

their copies of the dose array, summing them to form the total dose distribution.

The corresponding pseudocode description of the superposition code is presented in Fig-
ure 4.15. The strategy adopted is that of synchronous message passing, where tasks are
forced to wait until a sent message is received by some other task. Similarly, execution
will not continue beyond a receive statement until a message is available to be received.
Messages sent from the master task can be routed directly to the destination worker task,
since the identity of the worker task is known. However, the master task must be able
to receive a ready signal from the first available worker task, whose identity cannot be
predicted. This is indicated in the pseudocode using the concept of a mailbox, to which all
worker tasks send their ready packets. Many—to—one communication of this type can also

be represented by the port notation, as discussed by Andrews and Schneider.!®
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Figure 4.14. Implementation of superposition on a multicomputer network. The master task
sends a complete copy of the patient density and energy deposition kernel(s) to each worker task
(not shown). It then issues command packets containing interaction voxel coordinates and terma
to each worker task as it becomes free. The dose calculated is deposited in a copy of the dose
array kept locally by each worker task. Finally, the dose arrays are returned to the master task
and summed together to yield the total dose distribution.

Parallel superposition code has been installed on both the PC-hosted and Sun-hosted mul-
ticomputer systems, although there are significant differences in the way the algorithm has
been implemented on these two systems. The remainder of this section highlights these dif-
ferences, and presents results which have been obtained with each system for typically-sized

superposition calculations.
The PC-hosted System

Superposition on the PC-hosted system has been implemented using a master-worker net-
work, with the master located on the root transputer. The communication protocol used
has been described in Section in-Seetien 4.4.2.2. The performance of this system will now

be illustrated with a superposition calculation involving the following arrays:
e A 16 X 16 X 60 voxel terma array, stored on the root node.
e A 16 X 16 X 60 voxel dose array, stored on the root node and for each worker task.
e A 16 X 16 X 60 voxel electron density array, stored for each worker task.

e An 8 x 8 x 68 voxel array (representing one quadrant of a 16 X 16 x 68 energy deposi-
tion kernel), stored for each worker task. When scaling for density using the method

adapted from Mackie et al,?® several kernels must be stored by each worker.
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type vector_element = record
ij,k : integer;
terma : real;

end;
constant MAX_VECTOR_SIZE, WORKERS,

var inward_messages : mailbox;

process master;
var n: integer;
vector : array[0..MAX_VECTOR_SIZE-1] of vector_element;
send electron density grid to workers;
send energy deposition kernel(s) to workers;
while (still voxels left to process)
build command vector;
if (all workers have been allocated vectors)
receive ready signal from inward_messages;
| determine source node number n of ready signal
else
determine node number n of next free worker
end if
send vector to worker n;
end while;
while (some packets have not yet acknowledged)
receive ready signal from inward_messages
end while;
send dose request to workers;
don:=0.. WORKERS - 1
receive worker dose array from inward_messages;
master dose array := master dose array + worker dose array
eng do;
end;

process worker;
var | : integer;
initialise worker dose array;
receive energy electron density grid from master;
receive energy deposition kernel(s) from master;

loop
receive vector from master;
if (vector = dose request)
goto end_label: ;
do / := 0 .. number of vector elements - 1
perform superposition using vector[i];
send ready signal to inward_messages
end loop;
end_label:
;end worker dose array to inward_messages
end;

Figure 4.15. Pseudocode description of the parallel superposition algorithm.

Note that only one quarter of the energy deposition kernel need be stored, since the other
three quadrants can be generated by symmetry. Cartesian energy deposition kernels are
pre-calculated using the EGS4 Monte Carlo®” user code RTPCART, discussed in Chapter 2,
Section 2.6.3. Terma is calculated from radiological depth using an ada;,?lon of the ray trac-
ing method described by Siddon.3® For the array sizes quoted above the master task takes
10.8 seconds to calculate radiological depth, and another 25.0 seconds to calculate terma
(using ten spectral components). Terma calculation could easily be performed in parallel,

using a method similar to that described for the superposition process itself. This would
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result in a total terma calculation time of approximately 9 seconds (7 seconds calculating,

and 2 seconds communicating the arrays) using an 8-element transputer network.

Assuming that all array elements are represented in single-precision floating point format,
each using four bytes of memory, then the total requirement for the electron density array,
dose array and seven kernels (for density scaling) is 132 kbytes. Prior to the calculation
beginning, these arrays are distributed to each worker task individually (as required by
the communication protocol), a process which takes approximately 3 seconds for a linear
array of eight transputers. Code for the worker and filter tasks is small, so 2 Mbytes of local
memory is adequate for arrays with 15 times as many voxels as stated above (approximately
2.5 times as many voxels in each dimension), assuming that a larger amount of memory is

available on the root node to accommodate the master task and associated arrays.

The superposition calculation specified above was performed on three types of computer
system — a DEC MicroVAX-II running VMS and using the VAX C language, a DEC
VAX 6330 running VMS (not employing the SMP parallel environment) and also using the
VAX C language, and linear arrays of 1-8 Inmos T800-20 transputers. Figure 4.16 shows
computation times for this problem using no scaling of the energy deposition kernel and
communication vectors of size 40 voxels. A density scaling algorithm developed by Hoban
et al.®! (see Chapter 3, Section 3.3.4), based upon the use of multiple energy deposition
kernels?® and simple z-axis ray tracing, results in computation times approximately twice
those shown in Figure 4.16. Although the exact details of the algorithm have a significant
influence on the efficiency of computation, the times presented in Figure 4.16 are (not

surprisingly) superior to those reported by Boyer et al.2® for their VAX-based system.

Computation time should ideally decrease in inverse proportion to the number of processors
in the network. Figure 4.17 illustrates how total computation power, or speedup, varies
with increasing processor number in a linear network for two sizes of command vector,

where speedup S for N processors is calculated according to the relation:

computation time for 1 processor 100

= x— (%) . 4.3
S5(N) computation time for N processors 1 (%) (4:3)

Using command vectors containing only one voxel each, the performance of the network
begins to degrade significantly for larger network sizes, until for eight processors 55% of the
power of one processor is lost to communication overhead. However, increasing vector size
to 40 voxels results in almost linear speedup, with very little communication overhead for
linear arrays of up to eight processors. Thus it appears that process granularity (the amount

of computation performed between synchronisation events) has a significant effect on the
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Figure 4.16. Computation times for a typical superposition problem on various processors. Times
shown are for superposition of a 16 X 16 X 60 voxel terma array with a 16 X 16 X 68 voxel energy
deposition kernel, simulating a 5 cm X 5 cm photon field (voxel size is 0.5 cm on each side). The
number of non-zero terma voxels is 9180 (59.7% of the terma array), and the total number of
multiplications required is 4.7 X 107. No density scaling of the energy deposition kernel was used
in obtaining these results. Communication packet size is 40 voxels.

efficiency of the superposition calculation. For large numbers of processors, performance
using 40-voxel vectors might be expected to degrade in a similar way to that observed using

on small linear networks when using 1-voxel vectors.

The communication overhead C per processor for a network of N elements and a given

vector size can be calculated according to the relation:

computation time for NV processors) x N 100

C(N)= ( - : - — 4.4
(N) (optl.ma.l computation time for 1 processor 1)x 1 (%) (4.4)
where it is assumed that the optimal single-processor algorithm (using a large vector size)
has negligible communication overhead. Figure 4.18 demonstrates the communication over-
head C for various vector sizes on a linear array of seven processing elements. For small
vector sizes the overhead is relatively large, then reduces to a minimum of 1.80% at vector

size 40. This improvement is due mainly to two factors:

e Six bytes of “packaging” are required around each command vector, consisting of the
command type (one byte), the destination node number (one byte), and an integer

specifying the length of the packet (four bytes). These bytes constitute a significant
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Figure 4.17. Speedup of the superposition algorithm on a PC-hosted linear array of transputers
using command vectors of size 1 voxel (lower line) and 40 voxels (upper line). Refer to Equation 4.3.
overhead for small vector sizes, but for large vector sizes the percentage overhead is
very much smaller. A large vector size reduces both the time spent communicating

and the likelihood of “collisions” between packets travelling throughout the network.

e The processors themselves require a small amount of time to switch between the calcu-
lation task (worker) and the communication task (filter). Increasing vector size reduces

the number of these context switches.

The increase in overhead apparent for vector sizes larger than 40 voxels occurs due to uneven
load-balancing between the processors. In the example calculation there are 9290 non-zero
terma voxels distributed between seven processors, or 1327 voxels per processor. If the
command vector size is 100, then % = 7.5% of total computation time is spent processing
each vector. In the worst possible case this could result in a 0.075 x 70.9 = 5.3 second delay
in computation (assuming that processing of all other vectors was completed just as the
last vector was sent out). However, there is an automatic load-balancing effect built into
the calculation itself, because the last voxels processed (near the maximum z-coordinate
of the terma array) require less calculation, since much of the energy deposition kernel lies

beyond the maximum z-coordinate. Even so, uneven load-balancing does contribute to

computation time for command vector sizes over 40 voxels. As the number of processing
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Figure 4.18. Communication overhead per processor as a function of command vector size for a
PC-hosted linear array of seven processing elements. Values are calculated assuming that there is
zero overhead on a single processor using an optimal command vector size (40 voxels).

elements increases beyond seven, uneven load-balancing would be observed for even smaller
command vector sizes, until eventually a more sophisticated approach to load sharing would
be required.®® One possible solution is to reduce the vector size as the superposition nears
completion, thereby ensuring all processors finish at nearly the same time. This approach

is investigated in conjunction with the Sun-hosted system.

Earlier in this section it was mentioned that one way of reducing communication overhead
is alteration of the network topology. To examine this possibility the transputers were
reconfigured into a seven-element binary tree, with one, two and four elements at each level
in the tree (see Figure 4.19). This reduced the maximum number of “hops” from six to two
— in general the maximum number of “hops” for a linear array of N elements is N —1, and
for a binary tree is |log,N|. Although many different topologies are possible,!14:1%:17 a
tree network is well suited to the one-to-many communications required by master/worker

systems, since there is a unique path from the master to each worker task.

Communication overhead for the tree network was recorded as a function of command vector
size, and compared with results for the linear array. Figure 4.20 illustrates these results for
vector sizes of 1-5 voxels, showing a reduction in overhead from 6.9% (linear array) to 5.6%
(tree network) for size-1 vectors. This advantage becomes less pronounced as the vector
size increases, until for greater than 5 voxels per vector there is no detectable improvement.
For very large networks the ratio l%i—ill—v becomes smaller and hence a tree network would

become more efficient in reducing communication overhead. Since the specific processors
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Figure 4.19. Comparison of two network topologies. (a) Linear array (pipeline) configuration.
The maximum number of “hops” to a worker task is 6. (b) Tree configuration. The maxiumum
number of “hops” to a worker task is 2.
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Figure 4.20. Comparison of communication overhead for PC-hosted linear and tree networks of
seven processing elements. Values are calculated assuming that there is zero overhead on a single
processor using an optimal command vector size (40 voxels). For command vector sizes greater
than 5 voxels (not shown) there is no observable difference in communication overhead.

In response to the questions posed at the beginning of this section, results obtained using

the PC-hosted transputer network can be summarised as follows:
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e Both linear and tree network topologies provide near-linear speedup with increasing
processor number. A linear array of 8 processors provides 7.81 times the computing

power of a single processor when using an optimal communication vector size.

o Increasing communication packet size from 1 voxel to an optimum of approximately
40 voxels significantly reduces communication overhead per processor. Overhead per
processor for a 7-element linear array is 6.9% when using 1-voxel vectors, but only

1.8% when using 40-voxel vectors.

o The topology of the network has some effect on communication overhead. Arranging 7
processors in a 1-2—4 binary tree reduces overhead to 80.1% of that encountered using

a 7-element linear array (when using a packet size of 1 voxel).

The Sun-hosted System

When the superposition algorithm was incorporated into the GRATIS Treatment Planning
System (see Chapter 3, Sections 3.4 and 3.5), it became necessary to adapt the parallel
superposition code to the Sun-hosted transputer network. This system’s hardware con-
figuration, task placement and communication protocol have already been described (see
Sections 4.4.1 and 4.4.2). This section discusses the software organisation and implemen-
tation of the superposition algorithm, then presents results obtained for a typically-sized
radiotherapy problem.

The s_photon code has four optional parameters used to control parallel execution.
These parameters are -T processor_type, -N processor_number, -V vector_size, and -R re-
mote_server_node, and are relevant only for calculation of dose to a grid (they are ignored
when calling s_photon in point dose mode). Parallel dose computation is turned on by
specifying transputer as the processor_type — this is done automatically when invoking
s_photon using the shell script transbm. This script also accepts two command-line pa-
rameters — the number of processors in the network, and the desired number of voxels
in a communication vector. If these parameters are supplied to transbm then they are
passed directly on to s_photon via the -N and -V program parameters. If they are ab-
sent then default values (of 1 and 1) are supplied to s_photon. The final parameter, -R
remote_server_node, specifies the name of a machine on which a remote dose computation

server is running.

Figure 4.21 shows the names and locations of source files written to implement the super-

position algorithm in parallel. They are additional to those used for the standard (non-
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parallel) superposition algorithm, which are shown in Chapter 3, Figure 3.11. The new files

are grouped according to their function, in three subdirectories:

o The c subdirectory. These files implement the host-based part of the parallel code (the

master task), and the client side of the remote dose computation facility.

o The rpc subdirectory. These files implement the server side of the remote dose com-

putation facility.

o The s_parallel directory. These files implement the transputer-based part of the
parallel code (the filter and worker tasks).

The remote dose computation facility, implemented using Sun’s RPC (remote procedure
call) paradigm,*® is discussed in Section 4.4.4. The code which implements the master-

worker dose computation algorithm will now be explained in detail.

s_parallel.h
ddpsio.h
s_trans_calc.c -

c s_kaha.c
— s_rpc_client.c
—s_photon s_rpc_calc_cint.c
rpc

— gratis —

makefile
s_rpc_calc.x
s_rpc_calc.h
GRATIS — s_rpc_calc_svc.c

root — s_rpc_server.c
directory —

makefile
s_filter.c
s_worker.c

— s_parallel s_config
s_trans_calc.cfg

L src

— GRATIS

Figure 4.21. Directory structure for parallel superposition code under GRATIS.

As is illustrated in Figure 4.11, the master task executes on the host in the Sun-based
system. Code for the master task is contained in the module s_trans_calc.c, located in
the ¢ subdirectory — a pseudocode description of s_trans_calc() is presented in the first
part of Figure 4.22. It begins by initialising the transputer network (using init_root()
in kaha.c), then uses boot_root() to boot the network with the filter and worker code

generated by the configurer. Immediately upon booting, the master task sends a packet of
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type WORD_TO_ALL into the network. Each filter task responds by returning a packet of type
WORD, and s_trans_calc() waits to receive all these packets, thereby confirming that the
network has been booted correctly. The required parameters and arrays are then sent to
the worker tasks using the WORD_TO_ALL and MATRIX_TO_ALL packet types — these are (in
order of transmission) the scaling type, dose array sizes, electron density grid, and kernels.
The total memory required by all the arrays is then calculated and displayed, so that the
user is aware of the transputers’ memory usage. If the value of the vector_size parameter
is non-zero then the communication vector size is set to that value (unless it is larger than
the protocol permits), otherwise a more sophisticated vector size “ramping” approach is

used (see later this section for an explanation of this technique).

Having booted the network and sent all required data to the worker tasks, the master task
can then begin sending command vectors into the network. It does this by looping through
the entire terma array, processing interaction voxels whose value exceeds a threshold value
(defined by TERMA_THRESHOLD in s_superposition.h). The terma, kerma, and (z,y, z)
indices associated with each of these voxels are appended to the command vector, then
the byte order of each of these quantities is reversed (Suns have big-endian byte ordering,
while transputers have little-endian byte ordering). This reordering must also be done
prior to sending out arrays to worker tasks (described above), and upon receiving each
worker dose distribution at the end of the calculation. The subroutines send word(),

matrix_to_workers(), and matrix_from worker() automatically do this.

When the command vector reaches a size determined either by the value of the vector_size
parameter or by the dynamic vector-size ramping algorithm, then the master task suspends
execution until it receives an acknowledgement or “ready” packet from a worker task.
However, there is no need to wait at the start of the calculation, since not all worker
tasks have been allocated work. The master task sends the command vector out into the
network, with the (destination) node number set to that of the free worker. This cycle
of vector compilation, waiting, and transmission continues until all interaction voxels have

been processed, and all incoming acknowledgement packets have been received.

The final phase of the computation is the summing of all worker dose distributions to yield
the complete dose distribution. The master task sends a dose request to all worker tasks
(using a packet of type WORD_TO_ALL), which signals the worker tasks to return their dose
arrays. The master task then sums these incoming arrays into GRATIS’s dose array and

returns control back to the main() routine of s_photon.



type vector_element = record
terma,kerma : real;
X,y,Z : integer;
end;
constant MAX_VECTOR_SIZE;
var inward_messages : mailbox;
processor_number, vector_size : integer;

process s_trans_calc;
var n: integer;

vector : array[0.. MAX_VECTOR_SIZE-1] of vector_element;

initialise and boot transputer system;
do n:=0.. processor_.number - 1

receive reply from filter n
send kernel scaling type to all workers;
send dose array sizes to all workers;
send electron density grid to all workers;
send energy deposition kernels to all workers;
if (vector_size > 0)

| check vector_size is within protocol limits

else

determine number of non-zero terma voxels;

determine starting communication vector size (for vector-size ramping)

end if;
while (still voxels left to process)
build command vector;
reorder bytes in command vector;
if (all workers have been allocated vectors)
receive ready signal from inward_messages;
| determine source node number n of ready signal
else
determine node number n of next free worker
end if
send vector to worker n;
if (dynamic vector size ramping)
recalculate command vector size
end while;
while (some packets have not yet acknowledged)
receive ready signal from inward_messages
send dose request to all workers;
do n:= 0 .. processor_-number - 1
receive worker dose array from inward_messages;,
master dose array := master dose array + worker dose array
end do;
end;

process s_worker;
var | : integer;
receive kernel scaling type from master;
receive dose array sizes from all master;
initialise worker dose array;
receive electron density grid from master;
receive energy deposition kernels from master;
loop
receive vector from master;
if (vector = dose request)
goto end_label: ;
do 7 := 0 .. number of vector elements - 1
perform superposition using vector[i];
send ready signal to inward_messages
end loop;
end_label: .
send worker dose array to inward_messages;
end;

Figure 4.22. Pseudocode description of master and worker tasks (Sun-hosted system).
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A pseudocode description of the worker task s_worker() is presented in the second part
of Figure 4.22. The initial stages are essentially the opposite of the master task — the
worker receives the scaling type, dose array sizes, electron density grid, and kernels. It
then waits for a command vector and calls s_calc_dose() for each element in the vector
(the s_calc_dose() routine is identical to that used in the non-parallel implementation of
superposition). If the communication protocol is running efficiently then the wait part of
the cycle is several orders of magnitude shorter than the time taken to process a vector.
This cycle continues until the worker receives a dose request (of packet type WORD_TO_ALL),

when it jumps out of the calculation loop and returns its dose array to the master task.

The worker task code (contained in s_worker.c) is compiled and linked with object code
generated from s_trans_calc.c (located in the ¢ subdirectory), and also with the stand-
alone run-time library. The filter code s_filter.c is also compiled and linked with the
stand-alone library, then the two task object files (s_worker.b4 and s_filter.b4) are con-
figured using the s_trans_calc.cfg configuration file generated by the s_contig shell script
(see Section 4.4.2.3). The resulting bootable code is then installed into the GRATIS/bin
directory (see Chapter 3, Section 3.4.1). The entire compilation, linking, and configuration

process is managed by a UNIx make file.

How does the performance of the Sun-hosted transputer network compare to that of the
PC-hosted system discussed earlier is this section? The absolute performance of the two
systems cannot be compared directly, since both the transputers and the external memory
run at different speeds on the two systems, and the superposition algorithm is implemented
differently. However, linearity of speedup and the influence of command vector size can be

evaluated in the same way as for the PC-hosted system.

The superposition problem used for the following performance measurements is a 15 cm
X 15 cm photon field of energy 10 MV, incident on the chest region of a Rando phantom.
This field is in fact the left of the two fields illustrated in Chapter 3, Figures 3.13 and 3.14.
The dose calculation grid used is that illustrated in Chapter 3, Figure 3.16, where the grid
points are indicated by white dots. The transformed terma grid (in beam coordinates) is
of size 22 X 22 x 69 voxels, each voxel being a cube of side 1.02 cm. The superposition

kernels are of size 20 X 20 x 31 voxels.

Figure 4.23 shows computation times for the above problem on linear transputer arrays of up
to 16 processors. Also shown are the computation times on a Sun SPARCstation IPC (whose

processor is about 1.2 times as powerful as a single T800-25 transputer), and an estimate
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of the time taken on a microVAX-IL. The transputer network timings were originally almost
twice as large as those presented in Figure 4.23, but careful re-coding of the innermost loops
improved the code’s efficiency considerably. Especially beneficial was the pre-calculation of

complex array subscripts associated with the dose array and kernels.
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Figure 4.23. Computation times for a typical superposition problem under GRATIS (with the
estimated microVAX-II timing provided for comparison). Times shown are for superposition of a
22 X 22 X 69 voxel terma array with a 20 X 20 X 31 voxel energy deposition kernel, simulating
a 15 cm X 15 cm photon field (voxel size is 1.02 cm on each side). The number of non-zero
terma voxels is 5818 (17.4% of the terma array), and the total number of interaction-deposition
voxel pairs is 5.85 X 107 (primary and scattered energy was calculated separately). The z-axis
algorithm for density scaling of the energy deposition kernel was used in obtaining these results.
Communication packet size is 10 voxels, and total transputer memory usage is 391 kbytes.

As the network size increases the computation time appears to decrease as expected, and for
a 16-transputer network the problem specified above can be calculated in approximately 34
seconds. For this problem the precalculations performed on the Sun’s processor take over
50 seconds, so for larger network sizes the majority of calculation time is spent in these
serial sections of code. However, the timings in Figure 4.23 have been generated using the
z-scaling algorithm, which is approximately 40 times less computationally intensive than
using a full ray trace — timings for the three methods (on a 16-element network) are 27.05
seconds using no scaling, 34.06 seconds using z-scaling, and 22.9 minutes using a full ray
trace. Thus a 16-element transputer network is barely adequate for the example problem

when using the most complex of the three density-scaling algorithms.
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Linearity of speedup with increasing processor number is illustrated in Figure 4.24. A
network of 16 processors provides 15.72 times the power of a single processor when using
command vectors of 10 voxels each, which means that only 28% of the power of one processor
is lost to communication overhead. For an 8-element network, 7% of the power of one
processor is lost, which compares favourably with 19.5% for the PC-hosted system. Note
that the command vector size used here is 10 voxels, rather than 40 voxels used for the PC-
hosted system. This smaller vector size is required due to a more restrictive load-balancing
constraint, imposed by a larger number of processors in the network and a smaller number

of non-zero interaction voxels.
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Figure 4.24. Speedup of the superposition algorithm on a Sun-hosted linear array, using command
vectors of size 1 voxel (lower line) and 10 voxels (upper line).

Speedup in Figure 4.24 (and in Figure 4.17 for the PC-hosted system) has been calculated
using a base figure which is the time taken by the fastest parallel algorithm executing on a
single processor. However, a better measure of the value of a parallel implementation is true
speedup, which measures performance against the fastest serial algorithm. Superposition
has not been implemented on transputers using a serial algorithm, so this figure is not
available directly. However, the timings presented in this section have been produced by
having each individual transputer time its own calculation, then return that value to the
master task for summation. By making the communication vector so large that only one
vector is needed for all non-zero interaction voxels, and delaying the start of the timing
until that vector has been received by the transputer, it is possible to obtain computation
time without communication overhead on a “network” of 1 transputer. For the problem

specified above this value is 539.00 + 0.005 seconds. Figure 4.25 presents true speedup
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calculated using this figure as a baseline, and it shows that the parallel algorithm is still

operating efficiently (true speedup for a 16-element network is 1566%, compared with 1572%
in Figure 4.24).
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Figure 4.25. True speedup of the superposition algorithm on a Sun-hosted linear array, using
command vectors of size 1 voxel (lower line) and 10 voxels (upper line).

A more intuitive way of looking at network performance is to use true efficiency Ei.,.,

where
true speedup 100

number of processors X 1 (%) - (4.5)

Eirue =

Figure 4.26 illustrates true efficiency as a function of network size for command vectors of
size 1 and 10 voxels. It is clear from this graph that the true efficiency of a Sun-hosted
network when using 10-voxel command vectors is very close to 100%, and drops off almost
linearly for networks of up to 16 processors. However, using 1-voxel vectors significantly

degrades network performance, which seems to drop off rapidly beyond 10 processors.

How does command vector size affect communication overhead? Figure 4.27 illustrates total
computation times for networks of 1, 4, and 16 processors as a function of command vector
size. The dependence on vector size is similar to that observed for the PC-hosted system
(see Figure 4.18), where very small vector sizes have a large “packaging” and context-
switching overhead, and very large vector sizes cause uneven load-balancing. The optimum
vector size for most networks is approximately 10 voxels, which was the vector size used in

generating Figures 4.24-4.26.

It is significant that the “flat” area at the bottom of the 16-processor curve is less noticeable

than for smaller networks, and in fact 10-voxel vectors are not optimal in the case of a 16-
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Figure 4.26. True efficiency of the superposition algorithm on a Sun-hosted linear array, using
command vectors of size 1 voxel (lower line) and 10 voxels (upper line).
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Figure 4.27. Total computation time as a function of command vector size for Sun-hosted linear
arrays of various sizes. Right axis shows the true efficiency of the network.

processor network. This difficulty would be even more pronounced for networks of more
than 16 processors, since the constraint imposed by the need for load-balancing would
push the flat area of the curve towards a small vector size. For very large networks the
load-balancing requirement would dictate a vector size of less than 5 voxels, leading to a

significant reduction in network efficiency.
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One way of lessening the above problem is to reduce command vector size as the calculation
proceeds, so that all processors finish at nearly the same time. An approach of this type
has been implemented on the Sun-hosted system by ramping the command size at the end
of the calculation. Initially this was done such that the final vectors were of size ...6 5 4
3 2 1, as illustrated in Figure 4.28a. However, for the worst possible situation, where all
processors are waiting as the last vectors are sent out, there is a large potential for uneven
load balancing (15 units in the 6-processor network shown in Figure 4.28a). This potential
has been reduced by adjusting the rate of ramping so that two vectors of each size are sent
out by the master task. In the same example all processors are fully utilised when using
this technique (see Figure 4.28b). Having all processors waiting is no longer the worst case
when using this “slope = 1/2” approach, but the principle is clear: a slower reduction in
vector size increases the likelihood of even load balancing. However, the amount of idle
processor time is difficult to predict when employing a self-scheduled algorithm such as

that used for superposition.

idle time = 15 idle time = 0

- - - - - = - -

ume time

(a) Slope =-1 (b) Slope =-1/2

Figure 4.28. Ramping the command vector size to improve load balancing. (a) Worst-case
scenario with vector size ramping, slope = —1. Unshaded space indicates idle time of processors
near end of calculation. (b) Same scenario with ramping slope = —1/2. The slower decay in vector
size allows all processors to be completely utilised (for this particular example).

Vector-size ramping is turned on by invoking s_photon with a vector_size of zero for the -V
parameter. It is implemented within s_trans_calc() by determining the total number of
non-zero terma voxels T, then finding the corresponding value for the starting vector size
V, such that the last vector is transmitted using a vector size of 1. For ra.n:;ping with “slope
= 1/2” the expression to calculate this value is:

e P

. (4.6)

If there is a large number of interaction voxels then V, may well exceed the vector size limit
Vinex enforced by the communication protocol, in which case V, is set to that limit value.

The number of voxels in the ramp is then V,(V, + 1), and the T non-zero interaction voxels

are transmitted as:
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(a) One vector of (T - V,(V, + 1)) mod Vinax voxels.
(b) (T-V,(V, + 1)) div Vimax vectors of Vimsx voxels.
(c) 2V, vectors of sizes V,, V,, V, - 1,V,-1,V, -2...4,4,3,3, 2,2, 1, 1.

For example, the problem used previously has 5818 non-zero terma voxels, which are trans-
mitted as one vector of 43 voxels and 150 vectors of sizes 75, 75, 74, 74, 73 ...3, 3, 2, 2,
1, 1. Note that there are no vectors of type (b) in this example, since Vimax = 100 for this

protocol, which is greater than V.

The effect which vector-size ramping has on total computation time (and also true efficiency)
is shown in Figure 4.29. Vector-size ramping with “slope = -1/2” reduces communication
overhead to about half that occurring with the optimum constant vector size for each net-
work, and even “slope = —1” vectors are superior to optimally-chosen constant vector sizes.
Thus the vector-size ramping technique offers two significant advantages: communication
overhead is less, and the vector sizes are automatically determined, rather than having to

be estimated from a knowledge of the network’s past behaviour.
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Figure 4.29. Total computation time as a function of Sun-hosted network size, using vector-size
ramping. Right axis shows the true efficiency of the network.

The performance of the Sun-hosted transputer network, as demonstrated by the above
results, can be summarised as follows:

o Speedup is superior to that obtained using the PC-hosted system. For a typically-sized

sample problem a linear array of 16 processors provides 15.66 times the computing
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power of a serial algorithm running on a single transputer (when using a 10-voxel

vector size).

¢ Larger communication vector sizes reduce communication overhead, but the require-

ment of even load-balancing places a lower limit on the maximum vector size when

using large arrays of processors.

o A “voxel-ramping” technique is effective in increasing true efficiency to more than 99%
for a network of 16 processors, and this approach also removes the need for any a prior:

assumptions about the optimal communication vector size.
Summary

This section has explored the performance characteristics of the superposition algorithm
when implemented on two very similar parallel-processing systems. The results obtained
suggest that the superposition algorithm is well-suited to implementation in a parallel form,
and that one type of parallel system, a multicomputer network based on transputers, has ex-
cellent performance characteristics when performing a superposition calculation. It appears
that a multicomputer network comprising more powerful, or more numerous, processors
should continue to behave in a way which would result in significant speed improvements.
The most sophisticated of the three density-scaling algorithms (full ray tracing) is certainly
in need of a more powerful system, but use of a coarse calculation grid in considering
secondary scatter components,?® in conjunction with interpolation in regions of low dose
gradient,*! could significantly reduce computation time. However, the 16-element Sun-
hosted network is more than adequate for typically-sized superposition calculations when
using the 2-scaling algorithm.

4.4.3.2. FFT Convolution

Convolution using the fast Fourier transform approach is discussed in Chapter 3, Sec-
tion 3.3.5, and by Murray et al.® Parallel computation of FFTs has been extensively
documented, particularly with regard to array processors,*? but in general these ap-
proaches rely on a relatively complex decomposition of the problem so that individual
one-dimensional FFTs are calculated b\y many processors.! In conjunction with early work
on FFT convolution,® this author implemented a parallel FFT convolution algorithm on
the PC-hosted transputer network, using a simpler approach not involving decomposition

of individual one-dimensional transforms.

The FFT calculation technique used was the row-column decomposition method discussed

in Chapter 3, Section 3.3.5, where each three-dimensional FFT is calculated by performing
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a set of one-dimensional FFTs in each dimension. Using this method an 7 X j X k array

requires Fiotal one-dimensional FFTs where
Frotal = (i X §) X Fi + (ix k)X Fj + (3 x k) x Fi (4.7)

and F,, is a one-dimensional FFT of length n. To calculate the i-direction FFTs each worker
task is passed a packet containing the j and k subscripts, ¢ (the number of points in the
FFT) and a sequence of i floating point numbers representing the data to be transformed
(see Figure 4.30). The worker task then performs the FFT and sends back a packet identical
in format except that the i floating point numbers contain transformed data. The j and k
indices are included so that the master task can identify the completed FFT and replace
the transformed data correctly into the three-dimensional array. An analogous sequence of

operations is then performed for the j and k directions.

Call FFT(k,ify 5 ...f)

.

(sin,cos,bit reversal tables)

master
task

S RLLEEEEEEEEEEE L

@ =====mcmcmceaacaad

Figure 4.30. Implementation of FFT convolution on a multicomputer network.

To calculate dose using the FFT approach the above sequence of operations is carried out on
the terma array and energy deposition kernel in turn. The resulting arrays (which have real
and imaginary components) are multiplied together by the master task, then the inverse

FFTs are calculated by the worker tasks.

The FFT algorithm used by the worker tasks is a standard radix-2 FFT using lookup tables
for sine, cosine and bit reversal operations. Note that since the one-dimensional FFT arrays
are typically less than 4 kbytes in length they can be stored in on-chip memory, resulting in

relatively fast execution (a single transputer running in this mode almost exactly matches

the performance of a VAX 6200-series processor).
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FFT convolution is considerably faster than superposition for large array sizes. For example,
calculating the superposition of a 16 x 16 x 100 TERMA array with a 16 x 16 x 72 energy
deposition kernel requires 1560 seconds on a VAX 6220, compared with just 213 seconds
for the same calculation using an FFT approach (see Chapter 3).

Figure 4.31 presents FFT timings for the problem which was described in conjunction with
the superposition algorithm (see Figure 4.16). The processing network is a PC-hosted linear
array of T800-20 transputers. Note that computation time decreases slowly up to a four-
element array, then remains constant for larger networks — in all cases the computation time
is actually greater than that obtained:z\:.5 single transputer using a non-parallel algorithm.
The vector-radix decomposition approach has also been implemented on the transputer
network, but the overhead in performing butterfly multiplications is sufficiently large that

no significant performance advantage can be gained.
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Figure 4.31. Computation times for a typical FFT convolution problem on various pro.cossors,
using row-column decomposition and radix-2 transforms. Times shown are for convolution o.f a
16 X 16 X 60 voxel terma array with a 16 X 16 X 68 voxel energy deposition kernel, simulating
a 5 cm X 5 cm photon field (voxel size is 0.5 cm on each side). These arrays have been pa.c.ided
out to 32 X 32 X 128 voxels for the FFT calculation. Also shown is the time required by a single

transputer running in a non-parallel mode.

The results presented in Figure 4.31 demonstrate that the row-column approach to FFT

convolution is an unsatisfactory method of problem decomposition on a multicomputer, even
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for small network sizes. This is due primarily to the large amount of processor time spent
communicating the one-dimensional arrays (communication time is of the same order of
magnitude as FFT computation time when dealing with 1024-element FFTs on a transputer
network). A far more successful approach would be to connect the transputers into a
butterfly network! rather than a linear array, and use a computation algorithm designed to
exploit these communication paths. However, since the forced invariance of the convolution
kernels is a serious disadvantage of Fourier space convolution, this FFT approach was

abandoned in favour of real-space superposition, discussed in Section 4.4.3.1.
4.4.3.3. Electron Pencil Beams

Dose distributions due to electron beams are also routinely calculated on treatment planning
workstations. The GRATIS Treatment Planning System described in Chapter 3 does not
have an explicit electron beam capability, but xvsim can easily be used to place electron
rather than photon beams, provided an appropriate electron treatment machine has been

defined.

An electron pencil-beam dose calculation algorithm (called p_electron) has been imple-
mented on the GRATIS system by Hoban.*® Based on the method of Hogstrom,** it first
calculates radiological depth for each voxel, and also a corresponding standard deviation
representing the lateral spread of the electron beam at that depth. It then steps down
each column of voxels in the radiological depth array, assigning dose due to that “pencil”
on the corresponding plane. In the approximation used with this algorithm, the dose is
spread out using a normal distribution, where the standard deviation is obtained from the
previously calculated grid. The source code for the pencil beam algorithm is very similar
to that developed for the superposition algorithm (see Section 4.4.3.1), with the majority

of the modules being either identical or very similar to those in s_photon.

The parallel-code modules written by this author are also very similar to those for super-
position. The master task p_trans_calc() first sends the treatment head jaw positions,
the machine SAD, parameters specifying the electron beam, a table of error functions (used
for “spreading” dose across each plane), the radiological depth grid, the standard devia-
tion grid, and the dose array sizes. Next it compiles vectors of (7,7) column coordinates
and distributes them among the worker tasks, then finally it retrieves the component dose

arrays and returns control to the main routine of p-electron.

The worker task p_worker() is located in the p-parallel directory (a subdirectory of

src). It first receives the arrays transmitted by p_trans_calc(), then processes incoming
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vectors of (i,j) column coordinates by calling the pencil beam dose calculation routine

p-calc_dose(). Finally, it transmits the dose array back to p_trans_calc() and exits.

Figure 4.32 illustrates the speedup achieved for the electron pencil-beam algorithm on Sun-
hosted transputer networks of 1-16 processors. The beam being calculated is a 5 cm X
5 cm electron beam of energy 12 MeV, incident on the chest region of a Rando phantom.
The total transputer time required by this problem is only a little more than 1 minute, so
it is clear that the electron pencil beam algorithm is much less computationally intensive
than superposition. A 16-processor network performs the calculation in under 6 seconds,
which is negligible when compared to the time spent on serial calculations (approximately
40 seconds). Note that the vector-size ramping technique has been compared with constant-
sized vectors of only one (7,7) column. This very small vector size is needed because there
are only 784 voxel columns, and when these columns are distributed among 16 processors

then a 1-column vector represents more than 2% of a processor’s workload.
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Figure 4.32. Speedup of the electron pencil beam algorithm on a Sun-hosted linear network of
transputers. Results shown are for a 5 cm X 5 cm 12 MeV electron beam incident on a Rando
phantom. The radiological depth grid (in beam coordinates) is of size 36 X 36 X 89 voxels (voxel
size is 0.5 cm on each side). The total number of pencils is 784, and total transputer memory usage

is 421 kbytes.

From Figure 4.32 it is apparent that the speedup is much less linear than observed for
superposition. Ramping vector size does not significantly improve linearity over 1-column
vectors, and 2-column and 3-column vectors (not shown in Figure 4.32) also have very
similar speedup. Hence communication overhead is not responsible for the non-linearity. It

is in fact due to the significant response time of the master task, which has to compile and
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transmit a large number of vectors in a short time interval. As the network size increases
the time interval becomes shorter, and the likelihood of acknowledgement packets arriving
in rapid succession increases. When this occurs a worker task must wait for another task’s

vector to be transmitted before its own is compiled, and thus it is idle during that period.

This non-linearity occurs solely because of the small problem size. The amount of com-
putation required by the pencil beam algorithm is in many cases insufficient to warrant a
16-element transputer array, but for much larger problems (such as those involving very fine

grid spacing), its efficiency is comparable to that observed for the superposition algorithm.

4.4.4. Remote Dose Computation on a Sun Network

There is a significant limitation of using a transputer-based parallel processor on a network
of workstations: the dose computation code must be executing on the particular node which
contains the Sbus interface. In a clinical situation there might be many separate treatment
planning sessions executing simultaneously, and therefore the machine hosting the trans-
puter network could easily become overloaded. In addition, the X-server for each session
has to be redirected to another display (using setenv DISPLAY or equivalent), thereby

increasing network traffic.

Another option is to write the parallel part of the dose calculation algorithm in such a way
that it can be executed as a remote procedure. This can be done using Sun’s implementa-
tion of the RPC (remote procedure call) communications paradigm, and associated XDR
(external data representation) protocol. These facilities are explained fully in Sun’s Net-
work Programming Guide,*® but in this context a brief overview of network programming

will be given, illustrated using the dose computation server developed by this author.

RPC implements the client-server model of network communication — that is, a locally
running application (client) sending requests to a remote procedure (server). It provides
mechanisms such that clients and servers can be written independently of the nature of the
underlying network. However, network dependent aspects of the protocol can be modified by
the programmer if desired. For example, higher levels of RPC assume that communication
is based on the UDP transport protocol, but this has disadvantages when dealing with large
arrays (no error correction, and an 8 kbyte limit on the size of arguments and results). The
dose computation server has therefore been implemented using the TCP protocol, which
provides error correction facilities and allows large arguments and results. This approach

must be specified using the lowest of the three RPC interface levels.

To simplify the development of network applications, RPC has an associated protocol com-
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piler called rpcgen, which automatically supplies much of the low-level (implementation-
dependent) code. Input to rpcgen is a single remote program interface definition, written

in a C-like language. For the dose computation server this definition (s_rpc_calc.x) takes

the following form:

program S_RPC_PROGRAM {
version S_RPC_VERSION {
s.rpc_result_structure S_RPC_SERVER(s_rpc_call_structure) = 1;

} =1

} = 0x20000099;

where s_rpc_call_structure is a structure containing pointers to all data required By
the dose computation server, and s_rpc_result_structure is a structure for returning
the result. These structures, defined in s_parallel.h, are required because the RPC
protocol dictates that there be only one argument to a remote procedure, with the procedure
returning one result. A procedure number, version number, and program number must be
specified — the important point here is that user-written RPC routines must have (unique)

program numbers in the range 0x20000000 — Ox3fffffff.

The command “rpcgen s_rpc_calc.x” then invokes the rpcgen protocol compiler with
s_rpc_calc.x as input. This produces modules containing source for both the client
(s_rpc_calc_clnt.c) and server (s_rpc_calc_svc.c). It also produces a header file,
s_rpc_calc.h, which contains define statements for the procedure, version, and program

numbers.

If the argument and result structures had been defined in the RPC definition s_rpc_calc.x,
then XDR. (external data representation) routines would also have been generated automat-
ically by rpcgen. The XDR protocol®’ is a Sun-developed communications standard which
allows machine-independent data transfer using low-level primitives such as xdr_float()
(for transferring a four-byte floating-point value between machines) and xdr_array() (for
transferring arrays of a specified component type). Provided both machines have these
primitives, communication can be independent of considerations such as byte-ordering and
floating-point representation. The rpcgen protocol compiler is capable of building XDR
routines for transferring structures across a network, but the very complex nature of the
GRID and EDKS data structures used in the GRATIS system precludes this approach. In
particular, the number of matrix elements in these data structures is dependent upon other
elements in those structures (x_count, y_count, and z_count ), which requires hand-coding
of the XDR routines. An XDR routine for the GRID structure was supplied with the GRATIS

system, a routine for the EDKS structure was written by Hoban, and routines for CGRID,
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s_rpc_call_structure, and s_rpc_result_structure were written by this author. These

routines are located in s_xdr_defs.c.

Figure 4.33 illustrates how the RPC-based client-server model is implemented in the case of
superposition dose computation. The client program (s_photon) calls the server from the
procedure s_rpc_client (), using the stub s_rpc_calc_clnt() (generated by rpcgen) as a
“dummy” server module. To do this s_rpc_client() first gets the network address of the
server host by passing the server host name (obtained from s_photon’s -R parameter) to
gethostbyname(). It then obtains a TCP-based transport handle using the RPC routine
clnt_tcp_create(), which in turn obtains the address of the remote service by querying the
remote portmap;per. After setting the server timeout to one hour using clnt_control(),
it builds the server argument (of type s_rpc_call_structure). It then calls the remote
service routine s_rpc_server_1(), which encodes (serialises) the argument using the ap-
propriate XDR routine, and waits for the remote service to return a result, deserialising it
using another XDR routine. Finally, s_rpc_client() assigns the result to its dose array

parameter, destroys the client transport handle using clnt_destroy(), and returns.

Client machine ————— Network ————® Server machine

s_photon¢

s_rpc_client (client)
s_rpc_client.c (user-written)
s_rpc_calc_clnt.c (rpcgen) [(serialisation) XDR (deserialisation)
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Figure 4.33. Performing superposition over a network using the remote procedure call (RPC)
paradigm.

The server side of the application is implemented by the s_rpc_calc_svc.c and

s-rpc-server.c modules. The main routine, located in s_rpc_calc_svc.c, is generated
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automatically by rpcgen — it gets a transport handle using svctcp_create(), destroys any
trace of previous servers’ mappings using pmap_unset(), registers the server with the host’s
portmapper using svc_register(), and sets the server procedure running using sve_run().
The server procedure listens for incoming client requests, deserialises the incoming struc-
ture using an XDR routine, calls the user written service routine s_rpc_server_1(), then
serialises the result structure and sends it to the client, again using an XDR routine. Nor-
mally the server would sit idle until another client request arrives, but for this particular
application the server has been modified to automatically exit after servicing a client re-

quest.

The user-written service procedure s_rpc_server_1() is relatively simple. It allocates space
for the resultant dose matrix, then calls s_trans_calc() in the usual way, using parameters

obtained from its argument (of type s_rpc_call_structure).

The above implementation of the remote dose computation facility assumes that the server
is already running on the remote machine. One way to ensure this islglse the Unix Internet
services daemon inetd, but the approach taken by this author is to start the remote server
directly from the transbm script using the UNix remote shell (rsh) command. The relevant

extract from transbm is as follows (“uranus” is the name of the server host):

# Use remote server if we are not running on uranus
set SERVERNODE = uranus
set SERVERNAME = s_rpc_server
set HOST = ‘hostname’
echo Running on $HOST
if ($HOST != $SERVERNODE) then
set ROPTION = "-R $SERVERNODE"
echo Starting server on $SERVERNODE...
rsh $SERVERNODE $SERVERNAME &
else
set ROPTION =
echo Calculating dose on this node...
endif

The above script excerpt determines the name of the host on which it is running, and if
it is not uranus then it sets ROPTION to “-R uranus” and starts the server on the remote
node using rsh. If the script is running on uranus then it simply sets ROPTION to the null

string. Later in the script s_photon is invoked with ROPTION as one of its parameters.

Setting up a remote service is relatively straightforward, although the programmer must
pay attention to detail, especially if XDR routines have to be coded by hand. However, once
developed the technique works well. For the superposition problem used in Section 4.4.3.2
the total overhead imposed by using RPC on the (lightly-loaded) Computer Science Sun
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network is 7.3 + 1.1 seconds. This overhead is a small proportion of the time required to

compute a typical dose distribution (particularly when using full ray tracing).

RPC could be adapted to other dose computation algorithms with very little modification.
It could also be used in other areas of radiotherapy planning, in a manner similar to
that described by Neblett and Hogan*® using a PC-based local area network. Since it is
generally possible for client programs to continue processing while waiting for a server,
the RPC approach also provides a means of using a (possibly heterogeneous) network of
processors as a parallel processing system. In principle a transputer network could be
connected directly to an ethernet (using an ethernet TRAM), thereby completely removing

the need for a local host processor.

4.5. Summary

Development of more accurate treatment planning algorithms is highly desirable, especially
for the higher treatment energies generated by linear accelerators. Monte Carlo and super-
position techniques are the only algorithms currently known which take electron ranging

into account, and hence are the most suitable on which to conduct further research.

It is however necessary to increase the speed at which both Monte Carlo and superposition
calculations can be performed. One way to do this is by developing the algorithm itself, but
for any given algorithm/processor combination a significant increase can also be achieved
by the use of a parallel processor, such as a multicomputer transputer network. Even so,
Monte Carlo simulations are unlikely to be fast enough for routine treatment planning use
in the foreseeable future, but this chapter has shown how a parallel processing system can
be used to successfully accelerate the photon superposition and electron pencil beam algo-
rithms to a degree where they can be clinically useful. In particular, a 16-element Sun-based
transputer network has been used to calculate dose due to a 15 cm x 15 cm 10 MV photon
beam incident on a Rando phantom in 34 seconds when using a z-scaling superposition
algorithm. The high efficiency of the parallel superposition algorithm described in this
chapter should enable the same approach to be used with larger networks, possibly em-
ploying more powerful processors. Such networks should enable full ray tracing to be used

for kernel density scaling (a process which is approximately 40 times more computationally

intensive than the z-scaling algorithm).
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Chapter 5

Future Trends in Radiotherapy Dose Computation

5.1. Calculation Algorithms

The simplest methods of radiotherapy dose calculation involve simply summing the influence
of beams whose dose distribution is assumed to be the same as that in a water phantom.
The next level of sophistication involves correcting for the effective depth of each point
within the patient. Following that there have been a number of techniques developed
which account for scattered radiation, and the more advanced of these algorithms are used

in today’s commercially available radiotherapy treatment planning systems.

All these correction techniques make the approximation of local energy deposition, where
charged particles are assumed to have negligible range. This is a good approximation in
the case of cobalt-60 beams, but for higher energy x-rays, such as those produced by linear
accelerators, electrons may range several centimetres, depositing energy along the entire
length of their track. This phenomenon introduces the possibility of electronic disequilib-
rium, where the number of electrons scattering into a region is not equal to the number
scattering out. Commonly this occurs in the build-up region, in the beam penumbra, and
also in regions of heterogeneity. The effect on dose distribution in the build-up and penum-
bral regions is well known, but in regions of heterogeneity all the algorithms mentioned

above completely fail to model electron ranging.

One method which does account for electron ranging is the Monte Carlo technique,! which
seeks to predict energy deposition by directly modelling particle transport. The Monte
Carlo method is used in many areas of science, and has been used to model particle in-
teractions from as early as 1954, when Hayward and Hubbell followed the histories of 67
incident photons using a desk calculator.? However, the accuracy required for most radio-

therapy applications dictates that many millions of histories be followed in a typical photon
beam simulation.

In the face of such a serious limitation, why is the Monte Carlo technique so desirable for

radiotherapy computations? Here are some advantages:
¢ Modelling energy deposition by simulating physically occurring processes is conceptu-
ally appealing to the physicist.
e A rigorous Monte Carlo algorithm is theoretically capable of modelling all possible

physically occurring effects, and hence is truly a general-purpose method.

e Monte Carlo can generate results which are incapable of being measured experimen-

tally, such as the energy deposited in very small regions which would be disturbed by

the presence of a dosimeter.
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e Given enough particle histories Monte Carlo is capable of arbitrarily high accuracy,

provided the physical processes are correctly modelled.

In the particular case of radiotherapy treatment planning, the first and last of the above
points are probably the most influential — medical radiation physicists see Monte Carlo as
a conceptually simple (although implementationally complex) technique with potential for
very high accuracy. It also has applicability to both electron and photon beams.

However, the Monte Carlo approach to radiotherapy dose computation has two major dis-
advantages. First, it requires knowledge of the incident beam spectrum, which is difficult
to obtain for high-energy photon beams. Generally this problem is solved by using Monte
Carlo modelling to simulate the treatment machine itself,® or alternatively the spectrum

can be inferred by deconvolution.*

The second and more serious limitation, mentioned above, is that the computational effort
required by Monte Carlo currently prevents its use in routine treatment planning. However,
taking one step back from Monte Carlo, it is possible to deterministically calculate the
primary energy liberated from each point in the medium. If the deposition of energy due to
liberation of particles from a point is pre-calculated using Monte Carlo, then it is possible
to use this distribution (or kernel) to account for the deposition of dose. In a homogeneous
medium there is no loss of accuracy, provided the particle spectrum is modelled correctly.
This convolution technique reduces computation time enormously, especially if a Fourier

space approach is used.

In many clinical situations the region of interest is not homogeneous, hence the distribution
of energy liberated from a point depends upon the location of that point within the medium.
The accuracy of convolution is immediately compromised, since the kernel must now be
scaled to account for inhomogeneities. The superposition technique does this, but the now
non-invariant kernel necessitates real-space calculation. In addition, rigorous treatment of
kernel scaling requires determination of the average density between each pair of interaction
and deposition points.

What will be the future method of choice for radiotherapy dose computation? Clearly it
must be Monte Carlo. If a lack of computational power makes this technique impractical,
then superposition can most closely approach the physically correct dose distribution which
Monte Carlo delivers. However, both techniques are computationally intensive, and thus

there is a need for more powerful computer hardware which is capable of accelerating these
algorithms.

5.2. Computer Hardware

Both the superposition and Monte Carlo techniques require a large amount of computa-
tion to deliver accurate results. The very fastest of today’s serial processors are proba-

bly capable of performing rudimentary superposition in clinically useful times, but both
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techniques are really in need of yet another level of performance improvement. A par-
allel processing architecture is required, and this thesis has shown how one such archi-
tecture, a microprocessor-based multicomputer, can be used to provide a clinically useful
superposition-based treatment planning system. However, full ray-tracing of the superpo-
sition kernel requires perhaps an order of magnitude performance improvement, and the

Monte Carlo technique requires several orders of magnitude performance improvement.
What architectures are most suitable for these applications? There are three possibilities:

e Vector processors. It is not possible to accelerate computation of a Monte Carlo al-
gorithm by vectorising individual particle histories, since each history is essentially
serial in nature. However, Miura has succeeded in vectorising the widely-used EGS4
Monte Carlo code by developing each particle history as early as possible, then using
an event-based algorithm.® Superposition is more suitable for vectorisation, since each

interaction voxel is processed in essentially the same way.

e SIMD machines. Once again, the Monte Carlo technique is not easily implemented on
architectures which have only a single instruction stream, such as array processors or
massively-parallel machines. In contrast, superposition is ideally suited to this type of

architecture.

¢ MIMD machines. The multiple instruction streams of multiprocessors and multicom-
puters make them ideal for implementation of the Monte Carlo technique, since indi-
vidual particle histories can be assigned to individual processors.®7 This requires very
little modification of existing Monte Carlo codes. Superposition is also readily imple-
mented using a data-parallel approach, where processors run essentially the same set

of instructions, but operate on different subsets (partitions) of the problem.

Of the above alternatives, vector processors and massively parallel machines are currently
too expensive to be considered for use in a radiotherapy workstation. Array processors
are less expensive, but implementation of the Monte Carlo algorithm is difficult on these
machines. Clearly MIMD architectures offer the most promise for Monte Carlo calculations,
and work in this area is already underway.® They also have enough flexibility to be applied
the superposition algorithm. This thesis has examined one variety of MIMD system, based
on a multicomputer architecture and implemented using Inmos T800 transputers, which

has been used to implement the superposition algorithm in parallel.

Are there other more powerful microprocessors suitable for use in such a system? One
possibility is the Intel i860, but of particular interest to this author is the next generation of
transputer, the Inmos T9000.° Designed to be code-compatible with the T800, the T9000 is
an extension of the transputer concept. It features faster links (100 Mbits/sec), an on-chip
cache, a superscalar (pipelined) processor with “instruction grouper,” a “programmable
memory interface,” and a “yirtual channel processor.” The T9000’s peak performance is

estimated to be 200 MIPS and 25 MFlops. Thus a network of these processors should be



194

capable of running the superposition code presented in this thesis at more than ten times the
speed of a corresponding T800 network, without any significant modification to the code.
This would make full ray-trace superposition a clinically viable dose computation algorithm
when using a network of modest size, and a much larger network should be capable of
performing Monte Carlo calculations for use in routine planning. Nahum'® estimates that
Monte Carlo simulation of a 10 MV beam to within 2% per voxel (of dimensions 5 mm on
each side) would take approximately 400 hours on a microVAX-II — this corresponds to

about 6 minutes on a network of 20 T9000 transputers.

This thesis has investigated in detail the superposition and Monte Carlo dose calculation
algorithms. It has also shown how superposition can be implemented in parallel on a multi-
computer, thereby producing dose distributions which are more accurate than those gener-
ated by currently available treatment planning systems. In the future lies the refinement of
the superposition algorithm, and its incorporation into multicomputer- or multiprocessor-
based commercial treatment planning systems. The ultimate goal must be an affordable
Monte Carlo based treatment planning system, capable of delivering accurate dose distri-

butions in clinically useful times.
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Appendix A

Installing EGS4 on a PC-based System

EGS4/PC comes on three 1.2 MByte flexible disks. It is designed for a 80386 based ma-
chine running Lahey FORTRAN under OS/386. In an environment other than this some
modifications may have to be made. Also refer to Appendix 5 of the EGS4 User Manual

during installation and testing.

Step 1. Installing the Files

Create a directory under which you wish EGS4 to reside. The directory D:\MCARLO\ is
used in the following installation notes. Copy the file install.bat from disk 1 into that
directory. Edit install.bat and add a line appropriate to that directory: in this case

if "Y%1" == “D:\MCARLO\" goto have_drive

If another directory name is chosen then substitute it for D:\MCARLO\ throughout this
document. Under MS-DOS the command Qecho off will also have to be changed to echo
off in this file and all other command files. Now type

D> install D:\MCARLO\

and the system will be installed (change floppy disks as requested). Further information can
be found in D:\MCARLO\readme.doc, as well as D:\MCARLO\EGS4\APPENDIX\appndx8.ap8.

Step 2. Building Mortran3
Edit the file D:\MCARLO\MORTRAN3\makemor3.bat. This file compiles the Mortran3 pro-
cessor. Remove the @ as in step 1 (if necessary) and modify the root directory line to

read
EGS4_home = D:\MCARLO\

If using a compiler other than Lahey FORTRAN modify the £7713 commands to
the appropriate command for invoking the compiler (t8f %1 in the case of 3L FOR-
TRAN on a transputer system). Also modify the link command 132 (to linkt
%1.bin+D:\TF2V0\frtlt8.bin+D:\TF2V0\t8ha.rn.bin,%1.b4 for a transputer system). This

should result in an mortran3.exe (or similar) file being created.



196
Step 3. Creating the Hex Input File for Mortran3

Edit the file D:\MCARLO\MORTRAN3\rawtohex.bat. Remove the € if necessary and modify
the EGS4_home command as before. If not using OS/386 then change the up and sold com-
mands to the equivalent command for executing Mortran3 (afserver -:b mortran3.b4
for a transputer system). Then invoke rawtohex.bat, which should run the Mortran3 pre-

processor, and produce a hex data file mortran3.dat. Edit mortran3.dat and delete the

first line of the file.

Step 4. Modifying the EGS4 Batch Files

Firstly, edit D: \MCARLO\EGS4\egs4bcom.bat. This file is used to build an executable EGS4
code from an inimt user code and the EGS4 system files provided. It may be necessary to
modify the @echo off, EGS4_home, £7713, 132, up and sold commands as before. If
the operating system does not support the call statement for nesting command files then
it will be necessary to include the file D:\MCARLO\EGS4\stdconf.bat into egs4bcom.bat
at this point. References to C:\ will have to be changed to D:\MCARLO) in stdconf.bat in

either case.

Secondly, edit D:\MCARLO\EGS4\egs4brun.bat. This file runs the EGS4 code once
egs4bcom.bat has been used to build it. The @echo off, EGS4_home, up and sold com-

mands may need to be modified.

Step 5. Building PEGS4

The preprocessor for EGS4 (PEGS4) is distributed as both a FORTRAN and Mortran
source code. Edit the file D: \MCARLO\PEGS4\makepegs . bat, modifying Qecho off, £7713,
132, up and sold if necessary. Running this file will build the PEGS4 executable module.
Alternatively, PEGS4 can be built directly from the FORTRAN source also provided. In
either case, some modifications to the FORTRAN may be needed for different compilers -
for example, transputer FORTRAN will not compile the NAMELIST and REAL*8 FORTRAN
features. Next edit D:\MCARLO\PEGS4\pegs4b.bat, modifying Qecho off, up and sold if
necessary. This command file can be used to create material data sets from user-specified

input files described in appendix 3 of the EGS4 User Manual.
Step 6. Testing the System

The EGS4 system should now be capable of compiling and running an EGS4 application.
For example, to build the application D:\MCARLO\EGS4\TUTOR\tutor1.mor the command

D> egs4bcom tutori
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should be issued when in the TUTOR directory (it may be necessary to modify the MS-DOS
path statement to point to the EGS4 command files). This should produce a tutori.exe

(or equivalent) file, which can be executed with the command
D> egs4brun tutorl inputfile pegsfile

where tutori is the executable file, inputfile is the parameter input file (“dummy” if no
input file is required), and pegsfile is the PEGS4 input data file (a comprehensive data set
is available in D: \MCARLO\PEGS4\DAT\egs4.dat). The results which the tutor codes should
produce are documented in Chapter 2, Section 3 of the EGS4 User Manual.
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Appendix B

EGS4 User Code RTPCART

VRSEEEEER SRR SRR SRR BE AR AR R RSN R Rk "%

SRR SRR SRR RS

. -
* RTPCART.MOR =
* *
LRI IS T TP

DAVID C. MURRAY, University of Waikato, Hamilton ¥.Z.

This code is based on the INHOM(P) code originally developed by

D.¥.0. Rogers (see Health Physics 46 (1984) 891-914 or Nucl. Inst. and
Methods 4227 (1984) 6535-548)

The code is written in MORTRAN3 for EGS4

This code simulates a square photon or electron beam incident on a
phantom composed of 1 or 2 materials (usually vater-like and
bone-like). Phantom consists of $IMAX by $YMAX by $ZMAX Cartesian
voxels of arbitrary density. Resulting dose distribution is scored in
a similar array.

Code originally written by David C. Murray, October 1989.
Subsequent areas of modification are as follows:

16/11/89 - Columns>7 facility added to GRIDLP

16/11/89 - Card 11 (output options) added

27/11/89 - Added machine-dependent macros for transputer
29/11/89 - Added dose spread array and rav output

11/12/89 - Added Fibonacci REG for transputer

04/03/90 - Added NCASES<10 option

30/03/90 - Added GMFP-veighting for DSA kernels

10/04/90 - Added TVSTEP<VSTEP correction in LCA

11/04/90 - Added smearing options (card 8C) for DSis
17/06/90 - Added total/primary/scattered dose option for DSis
31/10/90 - Patched $FLAGL to eliminate reference to LOCMED
13/11/90 - Patched AUSGAB to ensure photoelectrons flagged as primary
26/11/90 - Changed brem to scattered dose

At compile time this code requires NRC4MACP.MOR from unit 8 and
BRCCAUXP.MOR from unit 10 (EGS4.MOR unit switches should be
%U2,%U10,%U3,%U8,%U4) . Note that NRCCAUX.MOR contains many extra
geometry routines for cylinders which may cause linker warnings

REPLACE {$MXDATA} WITH {1}

"Default for sigma routine in EGS4.MOR at NRCC"
!INDEET F 2;

%C80 use 80 columns of input

n

" Unit assignments (run time)

unit 1 output listing file

unit b input file (or keyboard)

unit 6 prompts for input and echos input

unit echos media input from pegs(assign to null file)

8
unit 12  input file with crossection data from pegs
unit 13 output file for DOTPLOT data
unit 14 output file for RAWDATA data

([ e R L L e nat e d Al Ll Ll
" The code can be run interactively, or batched with the following input file"

)

"Card
"Card
"Card
"Card

ﬁCard
"

1 title 8041
2 material 1 2441
3 material 2 2441

4 XSIZE,YSIZE,ZSIZE sizes of voxels in cm

654 XSIZE,YSIZE,ZSIZE<O
MED(mll voxels),RHOR(all voxels) . . )
Indicates that all voxels are identical in medium and density.
This is a single input line indicating material index and density
Equivalent voxels averaged.

6B ZSIZE<O only
MED(x,y,2),REOR(x,y,2) ]
Indicates that all LAYERS (same z value) are identical voxels

Following is a sequence of $ZNUMBER cards with material index (1 or 2)"

and density in g/cm3. Equivalent voxels averaged.

6C XSIZE,YSIZE,ZSIZE>O
MED(x,y,2),REOR(x,y,2) ) ]
Indicates that all voxels are potentially different regions (have
different density and material index). Following are

199



139
140

144
145
146
147
148
149
150
151
152
163
154
156
156
157
168
159

160 "

161
162
163

1685
166
187
168

169 "

170
171

" $IMAX+$YMAX+$2ZMAX cards each vith materisl index and density ;

" MED(X,Y,Z),RHOR(X,Y,Z). Equivalent voxels NOT averaged. "
“Card 6D XSIZE,YSIZE<O,2SIZE>O "
" MED (phantom) ,REOR (phantom) .

" MED(block) ,REOR(block) "
" IXLOV,IXHIGH,IYLOW,IYHIGH,IZLOW,IZHIGH

" Indicates that

" is to be modelled. IXLOW etc indicate voxel indices of block bounds
ACurd 6 E(kinetic onorgy),BCUTII.PCUTII,SHAI,BSTEPE.BSAVE .
n E

ar block in an othervise homogeneous medium "

a rectan

KIFETIC energy of incident beam .
for E<=0, input a spectrum on cards 64 (below)

" ECUTIN electron cuttgtg i; goV(totul energy) .
" I§ photon cut o in Me

" ggg{ anx step size in cm - this acts as vell as SMAXIR :
" ESTEPE fractional energy loss per electron step "
" if left O, EGS uses its own default step size . .
" if non-zero, step size is chosen to reduce E by this .
" fraction "
" ESAVE electrons below this energy if they cannot escape the

current region.

" Hote: SMAX, ESTEPE, ESAVE not required for PRESTA

" Repeat EBIN(I),
" EBIE(I) top of energy bin I )
" EPHEI(I) probability of energy being in this bin

" End with EBIN(I) < EBIN(I-1) or zero

Card 7 ISOURC
”"

ESTEPE,ESAVE MUST NOT BE SUPPLIED for PRESTA "
"Card 64 if E<=0.0 input an energy spectrum .
" First card EIMIF lovest KINETIC energy in spectrum

EPHI(I)

(not necessarily normalized)

=0 parallel beam source .
" =1 oint source on axis .
" =2 ose spread array

“Card 74 (if ISOURC=0) .

" XCENTRE,YCENTRE ,BEAMWIDTE beam centre and width (cm)

"Card 7B (if ISOURC=1)

" XCENTRE, YCENTRE ,BEAMWIDTH,DISTZ

" XCENTRE, YCEETRE,BEAMWIDTE as above

" DISTZ distance of point source to left of phantom
"Card 7C(if ISOURC=2)

" XCENTRE, YCENTRE,ORIGINDEPTH, ISMEAR,IDOSETYPE

" XCENTRE, YCENTRE x and y coords of interaction point (cm)
" ORIGINDEPTH z coord of interaction point (ecm)

" ISMEAR = O for no smearing of interaction site "
" = 1 for 2D (surface) smearing (electron pencil beam) "
" = 2 for 3D smearing throughout interaction voxel "
" IDOSETYPE = O for scoring of total dose "

nan

1 for scoring of primary dose only
2 for scoring of scattered/brem dose only

]
"Card 8 NCASE,IQIN,IWATCE,TIMMAX,INSEED,IDORAY,NOMSCT,NOPLCI,ICSDA
" HCASE # histories to run

" IQIE charge on incident beam

" IWATCE = O for normal output

" =1 to print all interactioms

" = 2 to print every electron step

" TIMMAX maximum cpu time allowed for job in hours

" this time limit. Default=1 hr.

" IBSEED initial seed to random number generator- O is ok

" IDORAY =1, include Raylei (coherent scatter) = O, don’t

" HOMSCT @! non-zero, no multiple scattering is done, nor

is a path length correction used

" BOPLCI if non-zero, path-length corrections are turned off

" should also set IPLC = -1 in PRESTA inputs

" ICSDA vwhen =1, if material 1 (2) are for the same material
and have IUNRST=2(5), then a proper CSDA calculation
is done - i.e. all the brem escapes

"Card 9 RRZ,RRCUT,CEXPTR
" For Russian roulette - as any photon crosses the Z=RRZ plane
Russian roulette is played with a probability of survival =
RRCUT - veight increases by 1/RRCUT if it survives
" If blank or both zero, no Russian roulette is played
CEXPTR is the parameter for pathlength biasing:
<0 for shortening
if 0.0, no biasing done

“Card 10 (PRESTA inputs)
" IPLC1{§CA,ILCA,IOLDTH,BLCHII
zeros is fine for a default PRESTA run - see the PRES i
for details on other values possible. To obtain a p:ro EGgi ::;f. P

job terminates with as many batches as possible withinf

"

n insert a line 1,1,1,1. If the 4th 1 is changed to zero, the improved "
n

" FIXTMX algorithm is used. If BOPLCI is non-zero, i.e. then IPLC

should be -1 to signal no PLC is to b . i ~ri
" e opre bo -1gn o be used. KNOPLCI will over-ride

“Card 11 (Output options)
" PLOTIT,MASSFLAG,IDOTPLOT
PLOTIT=0 dose table turned off

=1 dose table turned on
MASSFLAG=0 region masses table turned off
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178
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178
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192
163
164
195
198
197
198
189
200
201
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208
204
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208
207
208
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218
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322
223
224
225
228
227
228
220
230
281
232
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"
"

" =1 regi
" gion masses table turned on
; w3 7 omu TEEE SO
- to unit IDOTFILE
" IRAVDATA 1 = output raw dose data to unit IRAWFILE,
" vith $XMAX,$YMAX,$ZMAX,XSIZE,YSIZE,ZSIZE,
" OTigin voxel z index (starting at 0), ome
" dose per line, (X1,Y1,21),(X2,Y1,21)...
" 2 (ln.‘tln,Z.m) order
= output central axis (x,z) plane onl
btdddd b it it dd LT T TP PP RG- s . J
: Some. COMMOE werisbies: SEEERRERRERE SRR R xnn
""COMMON/SCORE/
" MINP maximum value of stack poi i
pointer-checked in AUSGAB
: DOSEIS(‘IHAX.‘YHAX.QZKA;.IS) the energy in MeV deposited in each
" IVATC region for batch E’
" H =0 normal output
" :g g:gzldd:t;i.l ;:E every discrete interaction
= eta of every step taken
: Is current batch number 7 P
" XSIZE s8ize of x voxel increment in cm
" YSIZE size of y voxel increment in cm
" ZSIZE size of z voxel increment in cm
" ISTEPA # electron steps taken - not including discards
; IQIN charge of incident particle
" IDOSETYPE total/primary/scattered dose scoring for DSAs
"COMMON/GEQM/
:: ;lSééB,YSIZE,ZSIZf‘ v;xol :.inongion:z
umber of regions
n
" Some non-COMMON variables:
:: AINFLU incident fluence
parallel beam = NCASE/area of beam
: goint source =NCASE/area of sphere -i.e. larger
ose spread array = NCASE
" AMASS($ZMAX,$IMAY) mass of scoring region (x,x) in plotti lane
" DOSEIT($ZMAX,$XMAX) dose deposited in plottiné plane wer
" DOSE($XMAX,$YMAX,$ZMAX) -average energy dep. per batch in each zone
scored as MeV per batch but converted to rad per
" unit incident energy fluence
" UBCER($XMAX,$YMAX ,$ZMAX) fractional uncertainty on dose-calculated
" as uncertainty on mean from 10 gltchu
" PLOTIT flag for not plotting/plotting doses
" MASSFLAG flag for not plotting/plotting masses
" IDOTPLOT flag for not plottinf/plotting interactions
" IDOTFILE unit number for DOTPLOT output
" IRAWDATA flag for outputting rav dose data
" IRAWFILE unit number for raw data output
" IVOXAVG flag for controlling voxel averaging
" LEGTE source to surface (oblique) dist for square field
" XCENTRE x coordinate of beam centre
" YCEETRE y coordinate of beam centre
:' ORIGINDEPTH depth of origin below phantom surface for DSA
! TOTALMEV total incident K.E.
" PEANTOMMEV total dose scored in phantom
" ISMEAR flag for controlling interaction voxel smearing
o R R B B R AR
" Installation specific routines:
" This code was developed on a Vax system using Vax Fortran 77.
" Bon-standard features used include va.rinbl;-fomt I/0, time, date and"
" timing routines. Comment out lines with reference to:
" TIMEN, DATEN, SECHDS, or CPUTIME
" T=SECHDS (TO) returns time in seconds since TO
" CALL CPUTIME(IT) returns IT(INTEGER#4)=task cpu time in 10 millisec
" Hote that the code assumes that the NRCC4 macros are used and that
" the routines WATCH and FIXTMX are linked with it
" PRESTA override of PRESTA-MSCAT-1 also creates a linker warning
Tt R R R R R R R R R R R
" User set parameter values
%I;
PA}'IAHETER $MXMED = 2 ; "#media' .
PARAMETER $STAT = 6 ; "# bins for uncertainty analysis"
PARAMETER $MXSTACK = 20 ; ‘"maximum stack size" .
PARAMETER $IMAX = 28; "x,y,z scoring region voxel number limits"
PARAMETER $YMAX = 25;
PARAMETER $ZMAY = 16;
PARAMETER $MXREG = {éonpum":xmxavm{-:z;ufz}t; 4 back®
per voxe ront and bac
PARAMETER $COLED = 6 ; "number of columns for GRIDLP"
"must also change <> value in GRIDLP formats"
PARAMETER $SMALLDIST = 0.00001 ; :rogndiofg limit §3§p ;gmetry"
calculations in
%I4
';'tttttt‘t#t#-u--tt‘ttttt“tt#t‘-tttttttttttttttt-tttttttttttttttttt‘tlttt#ttttttt"
" Common block definitions and macro replacements "
“IDOTPLOT,IDOTFILE added to flag DOTPLOT listing"
"IDOSETYPE added for total/primary/scattered DSA scoring"
REPLACE {;COMIN/SCORE/;} WITH

{;COMMON/SCORE/MXEP,DOSEIS ($XMAX ,$YMAX, $ZMAX, $STAT) , IVATCH,

201



202

265 IS,ISTEPA,IQII,ICSDL,IDOTPLOT,IDOTFILB,IDOSETYPB;}

267 REPLACE {;COMIN/GEOM/;} WITE {;COHMDI/GBOH/ISIZE,YSIZB,ZSIZB,laEG;}

268

269 REPLACE {;COMIN/ESPECT/;} WITH

270 {;COMMON/ESPECT/ECPD(50),EBIN (50) ,EPEI(50) ,EIMIN;} ‘ babitit
271 '"Added to input an energy spectrum for the source. ECPD(I) 1s.tho probability .
272 "of the source energy being less than EBIN(I) - i.e. cumulative probability "
278 "distribution.

274

275 REPLACE {;COMIN/RUSROU/;} WITH

376 {;LOGICAL RUSROU;COMMON/RUSROU/RRZ,RRCUT,RUSROU;} .

277 YRUSROU is the common for the Russian roulette in AUSGAB/HOWFAR

278 : < . .

279 "The following macro is needed for the PRESTA lementation in this geometry.
280 "It is only cgllod in ELECTR and it assumes Cﬂiggl GEOM is available and IRL

281 "has been set to IR(NP).

282 REPLACE {$CALL-EOWNEAR(#);} VITH

288 {;IF(IRL > 1)[

284  XTEMP=AMOD(X(NP),XSIZE);

285  YTEMP=AMOD(Y(HP),YSIZE);

286 ZTEMP=AMOD(Z (NP) ,2SIZE) ;

287 {P1} = AMIN1(XTEMP,XSIZE-XTEMP,YTEMP,YSIZE-YTEMP,ZTEMP,2SIZE-2TEMP);];}

288 .

289 "The following macro replaces NRCC version. It allovs forcing at the origin

200 "(for dose spread arrays) if ISOURC=2, with pathlength biasing -CEIPTR

201 "It does an exponential transformation of the photon pathlength for

292 "forvard-going photons.

208 REPLACE {$SELECT-PHOTON-MFP;} WITH

204 {$RANDOMSET REN035; IF(REEO36 = 0.0) [REE035=1.E-30;]

295 DPMFP=-ALOG(RNEO035);

208 IF E(ISOURC.ng2).AID.(U(IP).EQ.0.0).AID.(V(IP).BQ.0.0).AID.(H(lP).BQ.i.O))

207 DPMFP=0.0;

208 ELSEIF(CEXPTR.NE.0.0)[IF(W(¥P)>0.0) [TEMP=CEXPTR+W(NP) ; BEXPTR=1./(1.-TEMP);

299 DPMFP=DPMFP*BEXPTR ; WT (BP)=VT (KP) *BEXPTR+EXP (-DPMFP+TEMP) ;1] ;}

300

301 "PRESTA LCA sometimes fails due to TVSTEP<KVSTEP (rounding error). This "
302 "macro replaces the one in NRC4MACP.MOR, setting TVSTEP=VSTEP if necessary. "
303 "Modified by David Murray 1990. "
304 REPLACE {$PRESTA-LCA;} WITH

305 {;IF((ILCA.EQ.0).AND.(ISHRTE.NE.O0)) [

306 "Modify VSTEP if necessary"

307 IF(TVSTEP<VSTEP) [VSTEP=TVSTEP;]

308 TVSTP2=TVSTEP##2; VSTEP2=VSTEP#*#*2;

309 DELR1=0.65*TVSTEP*SINTHE;

310 VTEST2=VSTEP2+DELR1%#2;

311 IF(VTEST2.GT.TVSTP2)DELR1=SQRT(TVSTP2-VSTEP2) ;
312 X(NP)=X(HP)+DELR1#UTRAKS;

313 Y(§P)=Y(NP)+DELR1*VTRAKNS;

814 Z(NP)=Z(NP)+DELR1*WTRAES;];}

315

316 "The tolloving macros control machine-dependent code. Opts VAX and TRANSPUTER "
317 "Edit the following lines, re GENERATE and NOGENERATE commands"

318 REPLACE {$VAX;} WITE {GENERATE;}

319 REPLACE {$TRANSPUTER;} WITH {NOGENERATE;}

320
821 "VAX-only macros"
322 $VAX;

328 REPLACE {$MACHINE} WITHE {’VAX’}
824 REPLACE {$TPUTER-RNG-INIT;} WITE {CONTINUE;}
825 ENDGENERATE;
326
827 "TRANSPUTER-only macros"
328 $TRANSPUTER;
320  REPLACE {CALL CPUTIME(#);} WITH {CALL ICLOCK({P1});{P1}={P1}#100;}
330 REPLACE {CALL TIME(#);)} WITH {CONTINUE;}
331 REPLACE {CALL DATE(#);} WITHE {CONTIBUE;}
332 REPLACE {SECHNDS(#)} WITE {0;}
333 REPLACE {LOGICAL#*1} WITH {LOGICAL}
334 REPLACE {IBTEGER*2} WITH {INTEGER}
335 REPLACE {IETEGER#4} WITH {INTEGER}
336  REPLACE {REAL#4} WITH {REAL}
337 REPLACE {REAL#*8} WITH {DOUBLE PRECISIOE}
338 REPLACE {CALL EXIT;} WITE {STOP;}
339 REPLACE {EXIT;} WITH {STOP;}
340 "Reduce total static memory size if necessary'
341 PARAMETER $MAXIT = 3;
342 "Replace RNG with Fibonacci sequence"
343 REPLACE {OTPUTER-RIG-IIIT;} WITH {$FIBONACCI-REG-INIT;}
344 REPLACE {$RANDOMSET#;} WITH {$FIBOBACCI-GENERATOR{P1 ;
345 REPLACE f;gggggéﬁxnnén/}} VITE Piksd
H RABDOM/URNG(97) ,CRNG ,CDREG,CMREG H
347  REPLACE {;COMMON/RANDOM/IXX;} WITH ! »TRYG, JREG, TXX; }
348 N X {;CDHMOI/RA!DOH/URHG(97).CRIG,CDRIG,CHRIG,IRIG,JRIG.Ixx;}
349 Deactivate graph plotting options"
350 REPLACE {CALL PLOTA2(#)} WITHE {OUTPUT;(’ PLOTA2 unavailable on trans 4
puter’);}
851 REPLACE {CALL PLOTA4(#)} WITH {OUTPUT:(’ PLOTA4 ilab. ’);
352 REPLACE {,T<#>.) 411N L0 ) ; unavailable on transputer’);}
353 Eprngzl{<Iu1nra>} wITE {1}
354 void linker warnings by replacing with kn i "
355 REPLACE {CYRAD2(#)} UITEy{x(gp)} § oun variables
358 REPLACE {ZPLABE(#)} WITE {X(¥P)}
357 "Remove carrimge control formats on output statements"
358 REPLACE {OUTPUT; (’$#);} WITH {oUTPUT; (°{P1});}
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REPLACE fDUTPUT;(’OO); VITH {OUTPUT;(® ?);0 4
REPLACE {OUTPUT;(’ #);} w ; o Aeh sy
;é;dicntz‘nnehiﬁo" .; 178 OUTPUT,(’{Pij),}
LACE {$MACHINE} WIT !
ENDGENERATE } B {’TRANSPUTER’}
"Fibonacci RNG initimlising routine. IRE i i
"other three seeds are sotsto the ;lluoscgfggvk. #e% to IIL, shile the "

RBELLCB {$FIBONACCI-RNG-INIT;} WITE

HisE e
,JREGSEED , KRNGSEED , LREGSEED REG "
JREGSEED=30; KRNGSEED=61 ; LREGSEED=121; seeds
"Check IXX is in range 1..168"
IF (IXX.GT.168) [IXX = MOD(IXX,168)+1;]
IF (IXX.LT.1)  [IXX = MOD(-IXf 13
IRNGSEED=IXY; (-IXL,168)+1;]
DO II=1,97[
SREG=0.0; TREG=0.5;
Donggzi,:qg
=MOD (MOD (IRNGSEED* JREGSEED, 179) «KREGSEED, 179) :
IRIGSEED=JRIGSEED;JEIGSBED=KRIGSEED;KRIGSEBDéHnlé;
i )
*MREG,64) .GE.32} [SRNG=SREG+TREG:
TREG=TREG*0. 5 ; ! r RHGHTRIG; ]

] UREG(II)=SREG;

CREG=362436.0/16777216.0;
CDREG=7664321.0/16777216.0;
CMREG=16777213.0/16777216.0;

"Set IRNG,JRNG to 97,33 for first call to REG"
%RIG = 97;JREG = 33;

3

"Fibonacci RNG. After generation of the random number IXX is set to that "
"value so that the user vill see different ’seeds’"

"This generator requires 4 initial seeds to generate a further 97 seeds. "
"It has a very long cycle"

REELACE {$FIBONACCI-GENERATOR#;} VWITH

{P1} = UREG(IRNG)-URNG(JREG);

IF ({P1}.LT.0.0) [{P1}={P1}+1.0;]

UREG(IRNG) = {P1};

IRNG = IRNG - 1;

IF (IRNG.EQ.O)[IRNG=97;]

JREG = JREG - 1;

IF (JREG.EQ.O) [JREG=97;]

CREG=CREG-CDREG;

IF (CREG.LT.0.0) [CREG=CREG+CMREG;]

{P1} = {P1} - CREG;

IF ({P1}.LT.0.0) [{P1}={P1}+1.0;]

"Debugging option'

"IF (({P1}.LT.0.0) .OR. ({P1}.GT.1.0))[error - log values "
" OQUTPUT {P1},CRY¥G,CDREG,CMRNG,IRNG,JRNG,URNG(IREG+1),URNG(JREG+1) ;"
" (’ RN,CRNG,CDREG,CMREG,IREG,JRNG,URNG (IREG+1) ,URNG(JREG+1) = »,
" F12.8,F12.8,F12.8,F12.8,112,112,F12.8,F12.8);]

IXX = IET({P1}#%10000.0); ‘"update seed for printout"

>

5-:-...-t-tto-t-ttttttttta.t---tct--ottntta-t—tttttnttttttttttttttttt-tttttottt"
'" Data declarations"

LOGICAL*1 DATEN(9),TIMEN(8),TITLE(80); "Vax specific variables"

INTEGER*4 CPUTO,CPUT1,CPUT2,CPUT3,CPUT4;"CPU time counters"

REAL*4 UBCER($XMAX,$YMAX,$ZMAX),AMASS ($ZMAX, $XMAX),
DOSE($XMAX, $YMAX, $ZMAX) ,DOSEIT($ZMAX , $XMAX) ,USCERT ($ZMAX, $XMAX) ;

REAL*8 TOTALMEV; "Total incident K.E."

REAL+8 PHANTOMMEV; "Total medium K.E. (for DSis)"

REAL*4 ORIGINDEPTH; "DSA forced interaction depth"

REAL*4 BEAMWIDTE; "Width of square beam"

REAL*4 XCENTRE; "x position (cm) of beam centre"
REAL*4 YCENTRE; "y position (ecm) of beam centre"
REAL*4 DISTZ; "Distance from point source to phantom"
INTEGER*4 IVOXAVG; "Flag for controlling voxel averaging"

INTEGER*4 PLOTIT,MASSFLAG,IRAWDATA,IRAWFILE; "Flags for controlling output"
INTEGER*+4 ISMEAR; "Flag for interaction voxel smearing"
INTEGER*4 IPARTEO; '"Flag for particle splitting near beam axis"

"Note comin PEHOTIN added to allow access to GMFP for DSA calcs"
COMIN/EPCONT ,MEDIA ,GEOM,SCORE,THRESH,BOURDS ,MISC,ELECIN,RANDONM,
STACK,MULTS ,RUSROU,USER,USEFUL,ESPECT ,PEOTIN/;

T R AR R A R
" MAIN code starts here"

CALL CPUTIME(CPUTO);"initial cpu time taken by this task so far"

OUTPUT; (’ EGS4 Monte Carlo Simulation using code RTPCART’);

OUTPUT; (’ University of Waikato, Hamilton, New Zealand.’);

OUTPUT $MACHINE ; (’ Running on a ’,4,%...7’); "indicate machine"

"Open files for transputer only - VAX files are preconnected"

$TRANSPUTER;
OPEN (UBIT=1,FILE=’FOROO1.DAT’,STATUS='UNKEOWE’); "program output"

OPEN (UBIT=3,FILE='FORO03.DAT’,STATUS='UNKNOWE’); "plot file output"
OPEE(UBIT=5,FILE=’FOROO6.INP’,STATUS=’0LD’); "parameter input"

203
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OPEN (UNIT=7,STATUS=’SCRATCH’) ; ""echos mod@- %nput:
OPEN (UBIT=8,STATUS=’SCRATCE’); "ochol’nodzl znpﬁt
OPEN(UNIT=12,FILE=’FORO12.INP’,STATUS=?0LD’); "PEGS input data

OPEB (UNIT=13,FILE=’FORO13.DAT’,STATUS=’UNKNOVE’) ; "DOTPLOT output:
OPEB (UNIT=14,FILE='FORO14.DAT?,STATUS=’UNKNOVE’) ; "RAVDATA output
ENDGENERATE;

" Read inputs”

OUTRUT; (/78 Title: *)
OUTPUT; (/? itle: ;
RELD(S:iOO,ElD=:END:)fITLE;OUTPUT TITLE; (1X,8041);

“Card 2"
OUTPUT;(/’$ Material 1: ’);RBAD(5,120.BID=:EID:)(HEDIA(J,i),J=1,24);

OUTPUT (MEDIA(J,1),J=1,24);(7+?,2441);

“Card 3"
OUTPUT; (/’$ Material 2: ’);READ(5,120,EED=:END:)(MEDIA(J,2),J=1,24);
OUTPUT (MEDIA(J,2),J=1,24); (?+7,2441);

"Card 4" .

OUTPUT; (/’$ x voxel size, y voxel size, z voxel size (cm): ’);
READ(5,1065,END=:END: )XSIZE,YSIZE,ZSIZE;

OUTPUT XSIZE,YSIZE,2SIZE; (’+’,3F9.4);

FMED=1;"assume only one material needed unless second asked for on card b

"“"Card bA XSIZE,YSIZE,ZSIZE<O"
IF(XSIZE<O0.0 & YSIZE<O.0 & ZSIZE<0.0)[
IVOXAVG = 1; "Perform voxel averaging'
OUTPUT; (? ...VOXEL AVERAGING will be performed’);
OUTPUT; (*$ MED,RHOR for all voxels: ’);
INPUT IMED,XRHOR;(I6,F12.0);
IF(IMED = O) [IMED=1;
IF(IMED= 2)[EMED=2;"WILL EEED 2§D MATERIAL"]
IF(XREOR<=0.,0) [OUTPUT IZ; (?0#%***+DENSITY<=0 READ ERROR -LAYER’,I5);]
OUTPUT IMED,XRHOR;(’+’,I5,F9.4);
DO IZ=1,$ZMAX[
DO IX=1,$XMAX[
DO IY=1,$YMAX[
"Note: Add 1 for region to left of plate’
MED((IX-1)%$YMAX#$ZMAX+(IY-1)*+$ZMAX+IZ+1) = IMED;
1177 REOR((IX-1)*$YMAX+$ZMAX+(IY-1)+$ZMAX+IZ+1) = XRHOR;

"Card 6B ZSIZE<O only"
IF(XSIZE>0.0 & YSIZE>0.0 & ZSIZE<0.0)[
IVOXAVG = 1; "Perform voxel averaging"
OUTPUT; (* ...VOXEL AVERAGING will be performed’);
OUTPUT; (’ MED,RHOR for each z layer of voxels: ’);
DO IZ=1,$ZMAX[
INPUT IMED,XRHOR;(I5,F12.0);
IF(IMED = 0) [IMED=1;]
IF(IMED= 2)[NMED=2;"WILL NEED 2§D MATERIAL"]
IF(XREOR<=0.0) [OUTPUT IZ; (?O%****DEESITY<=0 READ ERROR -LAYER’,I5);]
"Hote: 4dd 1 for region to left of plate"
DO IX=1,$XMAX[
DO IY=1,$YMAX[
MED((IX-1)*$YMAX*$ZMAX+(IY-1)+$ZMAX+IZ+1) = IMED;
1113 REOR((IX-1)#$YMAX*$ZMAX+(IY-1)+$ZMAX+I2+1) = XRHOR;

"Card bC ZSIZE>O"
IF(XSIZE>0.0 & YSIZE>0.0 & ZSIZE>0.0)[
IVOXAVG = O; "DOE’T perform voxel averaging"
OUTPUT; (’ ...HO VOXEL AVERAGING will be performed’);
OUTPUT; (? MED,RHOR for each voxel(x varying fastest): ’);
DO IZ=1,$ZMAX[
DO IY=1,$YMAX[
DO IX=1,$xXMAX[
INPUT IMED,XREOR;(I6,F12.0);
IF(IMED = 0)[IMED=1;
IF(IMED= 2)[NMED=2;"WILL NEED 2§D MATERIAL"]

IF(XRHOR<=0.0) [OUTPUT IZ; (’O#*#»»»»DEESITY<=0 READ ERROR -LAYER’,I5);]

"Note: Add 1 for region to left of plate”
MED((IX-1)*$YMAX*$ZMAX+(IY-1)*$ZMAX+IZ+1) = IMED;

11773 RHOR((IX-1)*$YMAX#$ZMAX+(IY-1)#$2ZMAX+I2+1) = XRHOR;

"Card 6D XSIZE,YSIZE<O0,ZSIZE>0 - block simulation"
IF(XSIZE<O.0 & YSIZE<O.0 & ZSIZE>0.0)[
IVOXAVG = 0; "DOB’T perform voxel averaging"
OUTPUT; (* ...NO VOXEL AVERAGING will be performed’);
OUTPUT; (? Block simulation’);
OUTPUT; (’$ MED,RHOR for all phantom voxels: ?);
INPUT IMED,XRHOR; (I5 F12.0);
IF(IMED = 0)[IMED=1;
IF(IMED= 2)[NMED=2;"WILL BEED 2§D MATERIAL"]

IF(XRHOR<=0.0) [OUTPUT IZ;(’Q##hss* = - .
BUTROT TnED SAvGnL (o1, 123 (10444 #sDEBSITY<=0  READ ERROR -LAYER’,T6);]
DO IZ=1,$ZMAX[ '
DO IY=1,$YMAX[
DO IX=1,$XMAX[

"Hote: Add 1 for Tegion to left of plate”



546 HED((II-i)‘.YﬁAI“ZHAI+(IY-i)"ZHLI+IZ+1 = IMED;
g:g ] EHUR((IX-i)*‘YHLI"ZHAX+(IY-1)“ZHAI+IZ+3) -Ilklél;
549 "Block is in region IX=IXLOW,IXEIGH IY=IYLOW,IYHIGE,IZ=IZLOW,IZEIGH"
550  OUTPUT;(’$ MED,RHOR for all vorels im block: ’); ’
551 INPUT IMED,XRHOR; (I5,F12.0);
552  IF(IMED = O)[IMED=1;]
g ey
=0. PUT IZ;(’0%*%»+DEESITY<=0 READ ERROR -LAYER’ ;
555  OUTPUT IMED,XRHOR;(’+’,I5,F9.4); +18331
566  OUTPUT;(’ Block low x index,high x,low y,high y,low z,high z: ?);
::; gaggaTI§§£g§1§¥§ggé1¥%ggiI¥HIGl,IZLOV,IZBIGH;(613)'
YHIGH,IZLOV,IZHIGE; ;

559 DO I2Z=IZLOW,IZHIGH[ ’ ’ ’ i(e13);
5680 DO IY=IYLOW,IYHIGE[
661 DO IX=IXLOW,IXHIGH[
562 "Bote: 4dd 1 for region to left of plate"
5638 MED((IX-1)%$YMAX#$ZMAX+(IY-1)+$ZMAX+IZ+1) = IMED;
:g: 11173 REOR((IX-1)*$YMAX#$ZMAX+(IY-1)*$ZMAX+IZ+1) = XRHOR;
566 "All Card 6’s - set XSIZE, YSIZE, ZSIZE positive"
567 IF (XSIZE<0.0)[ISIZE = -XSIZE;]
568 IF (YSIZE<0.0)[YSIZE = -YSIZB;}
589 IF (ZSIZE<0.0)[2SIZE = -ZSIZE;
570 "41l Card 5’s - set number of regions to $MXREG"
571 FREG=$MXREG;
572
573 "Card 6"
674 OUTPUT;(/’$ Beam energy,ECUT,PCUT,SMAX ,ESTEPE,ESAVE: ?);
576 READ(5,110) EIEN ECUTIN,PCUTIN,SMAY ,ESTEPE,ESAVIE;
576 IF(SMAI <= 0.0)["set SMAX default to bin width"
577 DO IZ=2,$MXREG-1[
2;8 IF(SMAXIR(IZ) = 0.0) [SMAXIR(IZ)=AMIN1(XSIZE,YSIZE,ZSIZE);]

]
580 SMAX=1.E10;
581 ]
582 ELSE ["set SMAXIR values to SMAX if it is more restrictive"
583 DO IZ=2,$MXREG-1[
584 IF(SMAXIR(IZ)=0.0) [SMAXIR(IZ) = SMAX;]
ssg ELSE [SMAXIR(IZ)=AMIN1 (SMAXIR(IZ),SMAX);]
58
587 ]
588 OUTPUT EIN,ECUTIN,PCUTIN,SMAX,ESTEPE,ESAVIN;(3F10.3,1PE12.3,0PF10.4,F10.3);
589 '"Set default ener cutoffs vhere needed"
560 ECUTMN = 1.E10; need to find minimum ECUT used for PRESTA"
501 DO I=2,$MXREG[
592 IF(ECUT(I) = 0.0) [ECUT(I)=ECUTIN;]
503  ECUTME = MIN(ECUTME,ECUT(I));
594 IF(PCUT(I) = 0.0) [PCUT(I)=PCUTIN;]
5985 IF(ESAVE(I) = 0.0) [ESAVE(I)=ESAVIK;]
596 ]
597 .
568 "Card 64 only if EIN<=0.0 which means input spectrum"
500 IF(EIN<=0.0)[ . . el
600  OUTPUT;(/’ Input tops of energy bins and bin probabilities,’/
601 ’ one pair per line, lovest energy first - first line EIMIN only,’/
602 ? ending with bin top energy lower than previous’);
808 I=0; INPUT EIMIN;(F10.0);"lovest energy in spectrum"
604 LOOP [I=I+1;
605 INPUT EBIN(I),EPHI(I);(2F10.0); ]
808 IF(I.FE.1 .AND. EBIN(I).LE.EBIN(I-1))[EXIT;"end of input spectrum"]
807 ELSEIF (I.EQ.1 .AED. EBIN(I).LE.EIMIE) [EXIT;"error probably"]
808
808 NEBIBN=I-1; "number of energy bins read in"
810 TOTPHEI=0.0;D0 I=1,NEBIN [TOTPEI=TOTPHI+EPHI(I);]"spectrum total"
611  ECPD(1) = EPEI(1)/TOTPEI;
812 DO I=2,NEBIN [ ECPD(I) = ECPD(I-1) + EPHI(I)/TOTPHI;]
818 OUTPUT (I,EBIN(I),EPHI(I),ECPD(I),I=1,NEBIN); .
614 (? Bin® Energy top Probability Cumulative prob’/(I4,F10.3,2F16.4));
615 ]"end of input energy spectrum"
818
617 "Card 7"
818 QUTPUT; _ ,
819 (/’$ Parallel beam(0),Point source on axis(1),Dose spread array(2): ?);
620 READ(5,130) ISOURC; OUTPUT ISOURC;(’+’,I2);
821
622 "Card 74" .
6828 IF(ISOURC = 0)["parallel beam input"
624 OUTPUT;(/’$ X,Y centre of beam, Beam width: ’);
625 READ(5,110)XCENTRE,YCENTRE,BEAMWIDTH;
626 OUTPUT XCENTRE,YCEETRE,BEAMWIDTH; (’+’,3F12.3);
627 ]
628 '"Card 7B" .
6290 IF(ISOURC = 1)["source on axis"
630 OUTPUT; . .
631 (/’$ 1,Y centre of beam, Beam width, Distance from top of phantom: ’);
632 READ(5,110)XCENTRE,YCENTRE ,BEAMWIDTH,DISTZ;
633 QUTPUT XCENTRE,YCENTRE,BEAMWIDTE,DISTZ; (4F12.3);
834 ]
836 "Card 7C" .
636 IF(ISOURC = 2)["dose spread array input

7 OUTPUT;
ggs (/% x:Y int. centre, Int. depth, smear flag (0,1,2), Dose type (0,1,2):°);

205



206

DOSETYPE;
5,111 ,END=:EED: )XCEETRE, YCENTRE ORIGINDEPTH,ISMEAR,I E;
640 ggégST'ICBiTRB.YCEITRE.DRIGIiDBPTH.IéHBAR,IDOSBTYPB;(3?12.3.216).
641 ]
642
648 "Card 8"

PUT; .
g:: ???‘ Sﬁists,IQIl,IHATCH,TIHHAX(HR).IISEED,IDORAY.IOHSCI.IOPLCI,ICSDA’),
646 READ(B,iSO,ElD=:EHD:)ICASB,IQII,IHATCH,TIHHAI,IISEBD,
647 IDORAY,NOMSCI,BOPLCI,ICSDA; . . "
648 IF(TIMMAX = 0.0) [TIMMAX=1.0;"default time limit is 1 hour'l) in EATCE"]
640 IF(INSEED “= 0) [IXX=INSEED;"IXX from COMIN RANDOM- also init. 1n‘.
650 OUTPUT ICASB,IQII,IVATCH,TIHHAg,IISEED,IDORAY,IOHSCI,IOPLCI,ICSD H
851 (1X,Is,216,F8.2,’ HRS’,I12,8I6);
652 IF(IDORAY = 0) DO J=1,$MXREG[IRAYLR(J)=1;]]
658 IF(IWATCE = 0)['don’t call AUSGAB unless needed"
654 DO J=6,26[IAUSFL(J)=0;]
g:g 1Tho call WATCHE(-99,IWATCH) changes these belov for IWATCE non-zero"
657 IF(IQIN = 0)["incident photons, ve need to call AUSGAB before"

658 "pP.E. and Pair and after Compton events (IARG=19,18,16)"
859 /IAUSFL(20) ,TAUSFL(19),IAUSFL(16)/=1;
860

= - " incident electrons we want to call AUSGAB"
gg; ELSEIF (1Q1F v ["i§§.:n311 brem and moller events(IARG=7&9)"

663 _ /IAUSFL(8),IAUSFL(10)/=1;

ggg %F(EOHSCI °= 0) ["turn off multiple scattering and PLC"

666 "changed slightly to handle PRESTA"

667 DO J=1,$MXREG [/NOMSCT(J),BOPLC(J)/=-1; "we turn off PLC too"]

668

660 %LSE (DO J=1,$MXREG [ NOMSCT(J)=0;]] "
870 IF(NOPLCI = 0)[DO J=1,$MXREG[NOPLC(J) = -1;"-1 flags PRESTA for no PLC"]]
671 "note the patch below $PRESTA-INPUTS which ensures this def’n holds"

872

678 '"Card 89"

674 OUTPUT;(/’$ Russian roulette: Z plane,Survival prob, Pathlength param: ’);
6875 READ(5,110,END=:END:) RRZ,RRCUT,CEXPTR;

876 OUTPUT RRZ,RRCUT,CEXPTR; (3F12.4);

877 RUSROU=,FALSE. ; IF(RRZ+RRCUT “= 0.0) [RUSROU=.TRUE. ;]

878

879 "Card 10 PRESTA inputs’

680 IF(IQIN = 0)[EI=EII;]ELSE[EI=EI]+O.511;]"got total energy'

681 "PRESTA requires the max K.E. of electron

682 IF(EIN <= 0.0) [EKO = EBIN(NEBIN);] ELSE [EKO = EIN;]

683 "Initialise media and call HATCH"

684 /MED(1),MED($MXREG)/=0; "Vacuum outside phantom"

685 DUNIT=1; "units are cm"

686 IF(ICSDA.EQ.1) [WMED=2;"radiative stopping pover also needed, so set NMED=2"]
687 CALL TIME(TIMEN);"time of day (VMS)"

688 OUTPUT TIMEN;(/’ Call to HATCH at ?,881,°...%);

689 CALL HATCH;

690 CALL TIME(TIMEN) ;OUTPUT TIMEN;(’ ...HATCH completed at ’,841);

691 "Check media data covers energy range requested"

692 DO I=1,EMED([

603  IF(EIF > UP(I) | EIN > UE(I)-0.511)[

604 OUTPUT I,EIN,UP(I),UE(I);(//1X,80(’*?)//? FOR MEDIUM’,

895 I3,’ INCIDENT ENERGY=’,F10.3,? MEV’/?’ IS GREATER THAN’,

896 ’ COVERED BY DATA FILE WHERE UP,UE=’,2F10.3,’ MEV’//

897 1X,800°%7)//);

698 ]

699 "Check cross sections are available for rayleigh scattering if requested"
700  IF(IDORAY "= 0 & TIRAYLM(I) °= 1)["data not there"

701 OUTPUT I;(//1X,80(?#?)/IORAYLEIGHE SCATTERING DATA NOT TEERE FOR’,

702 ’ MATERIAL’,I3,’ GIVE UP’);

703 ] ] "end loop over media"
704 $PRESTA-INPUTS;
705 "Warn user if PRESTA selected and ESTEPE values also specified"
708 OUTPUT ESTEPE;(® ESTEPE = ?,F12.4);
707 IF(IPLC=0 & ESTEPE“=1.0)[
708 OUTPUT; (? WAREING - both PRESTA and ESTEPE specified - resetting ESTEPE’);
709 ESTEPE = 1.0;
710 ]
711 "In case IPLC was not set to -1 when the user requested NOPLC,redo here"
712 IF(NOPLCI “= 0) [IPLC = -1;D0 I = 1,NREG [BOPLC(I) = -1;]]
713 "Change electron step sizes if requested"
714 IF(ESTEPE > 0.0)["Replace EGS4 values of TMXS with ETRAN like constant "
716 "fractional energy loss steps -note 200+TEFFO restrictions still active"
;1? ] DO I=1,FMED[CALL FIXTMX(ESTEPE,I);"do for all media being used"]
1
718
719 "Card 11 Output options "
720 OUTPUT;(’$ PLOTIT,MASSFLAG,IDOTPLOT,IRAWDATA: s
721 READ(5,116,END=:EED:) PLOTIT,MASSFLAG,IDOTPLOT,IRAWDATA;

;gg OUTPUT PLDTIT,HASSFLAG,IDOTPLOT,IRAUDATA;(’+’,I3,I3,I3,13);

’
T34 MRk kR
725 " Initialize variables"
726 IOUT=1; "unit for output listing"
727 IDOTFILE=13;'"output listing unit for DOTPLOT file"
728 IRAWFILE=14;'output listing unit for RAWDATA file"
729 TOTALMEV=0.0; "initiamlise total incident kinetic energy"
730 IRIN=1; "source is in region 1"
781 WTIN=1.;"initial veight alvays 1"
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783
733
784
736
786
787
738
789
740
741
743
743
744
745

746 ]

747
748
749
750
751
752
763
754
755
756
767

IPARTHO=1;"default is no particle splitting"
MIEP=0; "initialise current imum H
"Ensure JCASE>O and flag lna:;xlCASB‘:iz;ogt seack pointer”
TP (RCISEAShAT) [
STAT) [JSMALLRUN=NCASE ; FCASE=$STAT;
JCASE = !CQSE/.STAT;lCASBtJCASB;QSTAT;ISTEPilo;
;S:t up 1n1;;al particle parameters"
F(ISQURC=0) [UIN=0.0;VIN=0.0;WIN=1.0;ZI¥=-0.0001;
ELSEIF (ISOURC=1) [2IN=-0.00001 ;] ! 000131
ELSEIF (ISOURC=2) [
UIN=0.0;VIN=0.0;WIN=1.0;
%ig:ggx;;gﬁ;};,;gczlgnz;ZII=ORIGIIDEPTB;
= IZE)+1;IYBASE=INT(YIN/YSIZE)+1;IZBASE=INT(ZIN/ZSIZE)+1;
IRI!=(IIBLSB-1)*OYHAXt‘iHAI+(IYBASB-i)*‘ZHAI*IZﬁASE+1: z/ s

"Initialise DOSEIS array”
DO IX=1,$XMAX[

DO IY=1,$YMAX[

DO Iz=1,$2MAX[
DO IS=1,$STAT[

17773 DOSEIS(IX,IY,IZ,1S8)=0.0;
"Fibonacci RNG may be initialised here’
$TPUTER-REG-INIT;
IF(IVATCE "= O)["Set up to call ausgab for all interactions"

CALL WATCH(-99,IVATCE);

768 ]

769

761
762
768

765
766
767
768
769
770
771
772
773
774
775
778
777
778
779
780
781
782
788
784

"Calculate incident fluence"

IF(ISOURC = 0) [AINFLU=FLOAT(ECASE)/(BEAMWIDTH*%2);]
ELSEIF(ISOURC = 1) [AIBFLU=FLOAT(NCASE)/(BEAMWIDTH##2);]
ELSEIF(ISOURC = 2) [AINFLU=FLOAT(NCASE);]

’
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" Summarise input"
CALL DATE(DATEN) ;CALL TIME(TIMEN);WRITE(IOUT,140)TITLE,DATEN,TIMEN;
WRITE(IOUT,160) EIN,IQIN,NCASE;
IF(EIN<=0.0) [ WRITE(IOUT,151)(I,EBIN(I),EPHI(I)/TOTPHI ECPD(I),I=1,8EBIN);]
IF(IDORAY °= 0)[WRITE(IOUT,152);]ELSE[WRITE(IOUT,153);];
WRITE(IOUT,155) ECUTIN,PCUTIN;
DO I=1,NMED[
WRITE(IOUT,160) I,(MEDIA(J,I),J=1,24),REO(I),AE(I),AP(I),200+TEFFO(I);]
IF(ICSDA “= 0)[WRITE(IOUT,244);]
IF(ESTEPE “= 0,0) [WRITE(IOUT,165) ESTEPE;]
IF(NOPLCI -= 0) [WRITE(IOUT,245);]
IF(NOMSCI “= 0) [WRITE(IOUT,240);]
"Print MED,RHOR for central voxel on each layer"
WRITE(IOUT,161);
IX=IET(XICENTRE/IXSIZE)+1;
IY=INT(YCENTRE/YSIZE)+1;
DO IZ=1,$2MAX[
IMED=MED ( (IX-1)*$YMAX#$2ZMAX+(IY-1)#$ZMAX+IZ+1);
YREOR=REOR( (IX-1) *$YMAX#$2ZMAY+(IY-1) ¢ $ZMAX+IZ+1);
WRITE(IOUT,162) IZ,IMED,XRHOR;

785 ]

786
787
788
789
790
791
792
798
794
796

IF(ISOURC = O) [WRITE(IOUT,190) XCENTRE,YCENTRE,BEAMWIDTH,AINFLU;]
ELSEIF(ISOURC = 1) [WRITE(IOUT,200) XCENTRE,YCENTRE,DISTZ,BEAMWIDTE,AINFLU;]
ELSEIF(ISOURC = 2)[

VRITE(IOUT,195) XCENTRE,YCEBTRE,ORIGIEDEPTE,ISMEAR,IDOSETYPE;

IF(ISMEAR=0) [WRITE(IOUT,351);]

ELSEIF(ISHEAE=1)[VRITB(IDUT,352);%

ELSEIF (ISMEAR=2) [WRITE(IOUT,353);

IP(IDOSETYPE=0)[VRITE(IOUT,354);j

ELSEIF (IDOSETYPE=1) [WRITE(IOUT,365);]

ELSEIF(IDOSETYPE=2) [WRITE(IOUT,366);]

796 ]

797
798
709
800
801
802
803
804
805
808
807
808
809
810
811
812
813
814
815
8186
817
818
819
820
821
822
823
824
825

ISEED=IXX;"save original IXX value”

WRITE(IOUT,206) INSEED; o

OUTPUT INSEED,ISEED;(/’ Input R.N. seed, initial seed = 1,2I12);
IF(RUSROU) [WRITE(IOUT,306) RRZ,RRCUT;]

IF(CEXPTR “= 0.0) [WRITE(IOUT,315) CEXPTR,1./(1.-CEXPTR);]
$PRESTA-IEPUT-SUMMARY; "Print PRESTA input summary"

HInpapepppee e T PRTTREL PRSI L LI S L AL S LA S bl oL bl b LA
" Perform Simulation'

CALL CPUTIME(CPUT3) ; TZERO=SECEDS(0.0);

"Process each batch in turn”

DO IS=1,$STAT[
TIHEB;SECHDS(TZERO);CALL CPUTIME(CPUT4) ; TIMCPU=(CPUT4-CPUT3)#%0.01+.0001;

OUTPUT IS,TIMEB,TIMCPU,TIMEB/TIMCPU,IXX;
(’ START BATCH’,I3,? TIHES-ELAPSED,CPU,RATIO,RHG’,2?8.1,?8.1,112);
IF(IS "= 1)["check there is time left"
TIMJOB=CPUT4#0.01;"time since job started"
BATCHT=TIMCPU/FLOAT(IS-1);"time per batch so far" .
IF(TIMJOB + 1.1*BATCHT > TIMMAX#3600.)[ "not enough time"
ISTAT=IS-1;URITE(3,220) TIMMAX,ISTAT;
WRITE(IOUT,220) TIMMAX,ISTAT;
IABORT=1;G0 TO :END-SIM:

1Check that a small number of NCASEs is not being requested”

IF (JSMALLRUE“=0 & IS>JSMALLRUN)[
DéTPUT JSMALLRUN; (* RUE STOPPED DUE TO JSMALLRUY = 1,13);
ISTAT=JSMALLRUN;
IABORT=1;
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208

826 GO TO :END-SINM:
828 "Begin each history"

820 ple} ICASB‘i,JCASEE N
830 IF(ISOURC = 0)["Parallel square beam
RANDOMSET XIN;$RANDOMSET YIN;
ggg gIl=(BBlHUIDTH;XIl) + ICENTRE - (BEAMWIDTH/2.0);
83838 YIN=(BEAMWIDTH*YIN) + YCENTRE - (BEAMWIDTH/2.0);
834 .
835 %LSBIF(ISOURC = 1)["Point source on axis" . "
836 $RANDOMSET XPROJ;$RANDOMSET YPROJ; "Projection onto surface
8387 XPROJ=(BEAMWIDTH*XPROJ)-BEAMWIDTE/2.0;
838 YPROJ=(BEAMWIDTH*YPROJ)-BEAMVIDTE/2.0;
839 XIN=XPROJ+XCENTRE; YIN=YPROJ+YCENTRE;
840 LEGTE = SQRT(XPROJ**2 + YPROJ**2 + DISTZ*#2);
841 UIN = YPROJ/LEGTH;VIN = YPROJ/LNGTH;WIN = DISTZ/LNGTH; N
842 "Option to perform particle splitting near central axis - commented out
843 "IF(ABS(XPR0J)<2.0 & ABS(YPR0J)<2.0) [IPARTNO=5;WTIN=0.2;]"
844 ] "ELSE[IPARTHO=1;WTIN=1.0;]"
846
846 ELSEIF(ISOURC = 2)["Dose spread array"
847 IF(ISMEAR=1) ["2D interaction voxel smearing - for electrons'
848 $RANDOMSET XIN;$RANDOMSET YIN;
849 XIF=(IXBASE-1+XIN)*XSIZE;
850 YIN=(IYBASE-1+YIN)*YSIZE;
851 <
852 ELSEIF (ISMEAR=2) ["3D interaction voxel smearing’
853 $RABDOMSET XIN;$RANDOMSET YIN;$RANDOMSET ZIK;
854 XI§=(IXBASE-1+XIN)*XSIZE;
865 YIN=(IYBASE-1+YIN)*YSIZE;
856 ZIN=(IZBASE-1+ZIN)*ZSIZE;
857 ] .
8568
859 IF(EIN<=0.0)[ "Select energy from distribution"
860 CALL ESPEC(EI);EINE=EI; "Returns kinetic energy - need total"
861 IF(IQIE.NE.O) [EI = EI+0.511;]
862

863 ELSE [EINN = EIN;]
884 "If a DSA is being gonorttod ve need to veight the photon according to its:

865 "mean free path, and add the veighted K.E to DSA total.
866  IF (ISOURC=2)[

867 IF(IQIB=0)["photon"

868 MEDIUMOLD=MEDIUM;

869 MEDIUM=MED(2);

870 IF(EINN<PCUT(2) ) [GAMMALOG=ALOG(PCUT(2))]

871 ELSE [GAMMALOG=ALOG(EINN);]

872 $SET INTERVAL GAMMALOG,GE;

873 $EVALUATE GAMMAMFP USING GMFP(GAMMALOG);

874 IF(GAMMAMFP<0.001) [

8756 OUTPUT EINN,MEDIUM,GAMMALOG,LGAMMALOG,GAMMAMFP,VWTIN;
g;g (’ EINN,MED,GL0G,LGLOG,GMFP,WTIN= ’,F10.3,I3,F10.3,16,2F10.3);
878 WTIN=1.0/GAMMAMFP;

879 MEDIUM=MEDIUMOLD;

880 ]

881 ELSE["electron"

882 WTIN=1.0;

888

884

886 "Add onor%g to total incident energy"

886 TOTALMEV=TOTALMEV+EINN*WTIN;

887 "If WATCH is active, output current status"

888  IF(IWATCE > 0) [OUTPUT 1,EINN,IQIN,IRIN,XIN,YIN,ZIN,UIN,VIN,VWIN,LATCHI,WTIN;
889  (* INITIAL SHOWER VALUES’,T36,:’,12,F9.3,14,I7.3F8.3,3F7.3 110" 3);7
880y, LEITIAL SEOVER VALUES},Ta6,:’,12,70!3,14,17)3Fs 3, 387 3.110,1PE10.3);]

891 "If particle splitting option has been selected, then split particle"
892 IF (IPARTEO>1)[
sgs DO I=1,IPARTI?[
894 CALL SHOWER(IQIN,EI,XIN,YIN,ZIN,UIN,VIN,WIN,IRIN,WTIN);
895 : “OUTPUT XIN,YIN,WTIN; (Split - X,Y.WT = ’,3F12.6);" &
896
897
890 " oKL (

ALL SHOWER(IQIN,EI,XIN,YIN,ZIN,UIN,VIN,WIN,IRIN,WTIN);
800 NOUTPUT XI8,Y18,UTTH; O ot splis > XoboiD s 1 i4ri2.8) ;"
901

]
902 "To signal end of history"
903 IF(IWATCH > O) CALL WATCH(-1,IWATCH);
904 ] "end of IS loop" (=1, VATCE) ;]

ggg ?STAT=$STAT;"numbor of batches completed - full set if code reaches here"

3
007 Makkxn
08 ,|m‘1¢;:¢;::‘:;;;:“‘#‘#‘#"ttt‘““*“‘““..“##“#itt“ dhkkek kg kbR’
909 :EED-SIM:
910 TIMEB=SECNDS(TZER0);CALL CPUTIME(CPUT4);T = - ;
o1l OQUTPUT TIMEB,TINCPU,TIMEB/TIMCPU; ) TIHCPU=(CPUT4~CPUT3)0.01;
gi: égérz(iggisggg)S%ggLATIOIS- times elapsed,cpu,ratio=’,2F8.1,F8.2);
EB, TIMCP ;
914 WRITE(IOUT,310) IerPi,noscgiEIHEB/TIHCPU’xx'P'
915 LASTIX=IXX; $RANDOMSET XSI;
916 WRITE(IOUT,280) LASTIX,XSI:
917 gg%};gkgAr(Isgnr); !
918 °= 1) [SDENOM=STAT#*(STAT-1.);]ELSE[SDENOM=0
A DY =0.00001 ;
919 AINFLU=AINFLU*STAT/FLOAT($STAT);"Correct fluence in case ;g aborted run"



gg? NCASE = ISTAT#JCASE;"Correct total number of histories if sborted run"
923 IF(IVOXAVG=1)["calculate dose with equivalent voxel av ing"

928  ICENTRE=INT(XICENTRE/XSIZE)+1; b oreine

924  JCENTRE=INT(YCENTRE/YSIZE)+1;

9256 OUTPUT ICENTRE,JCENTRE; (/’ Layer voxels averaged about (?,I13,’,7,I3,?)?);
926 DO IS=1,ISTAT[

927 DO IZ=1,$ZMAX[

028 DO IX=ICENTRE, $XMAX[

929 DO IY=JCENTRE, $YMAX[

930 "Calculate average dose"

931 IMISSING=0;

982 DOSESUM = DOSEIS(IX,IY,IZ2,IS);

083 INEWX = ICENTRE-(IX-ICENTRE);

934 INEWY = JCENTRE-(IY-JCEKNTRE);

0356 IF(INEWX>0) [DOSESUM=DOSESUM+DOSEIS (INEWX,IY,IZ,IS);]

936 ELSE[IMISSING=IMISSING+1;]

087 IF(INEWY>0) [DOSESUM=DOSESUM+DOSEIS (IX,INEWY,IZ,IS);]

038 ELSE[IMISSING=IMISSING+1;]

039 IF(INEWX>O & INEWY>O) [DOSESUM=DOSESUM+DOSEIS(INEWX,INEWY,IZ,IS);]
940 ELSE[IMISSING=IMISSING+1;]

941 "Dohuﬁgin lines"

942 "ouTPOT IX,I1Y,IZ,INEWX,INEWY,DOSE;"

943 "(» I1X,1Y,IZ,INEWX,INEVWY,DOSE = ?,614,F10.4);"

044 ""Assign dose to voxels in positive corner"

g:g . DOSEIS(IX,IY,IZ,IS) = DOSESUM/FLOAT(4-IMISSING);

047 "If XSIZE = YSIZE then ve can average over 2 voxels in the same quadrant"
948 IF(XSIZE=YSIZE) [

940 DO IZ=1,$ZMAX[

950 DO IX=ICENTRE,$IMAX[

961 DO IY=JCENTRE,$YMAX[

952 IF(IX-XCENTRE+YCENTRE<=$YMAX & IY-YCENTRE+XCENTRE<=$IMAX)[
958 DOSEIS(IX,IY,IZ,I1S)=(DOSEIS(IX,IY,IZ,IS) +

964 DOSEIS(IY-YCENTRE+XCENTRE,IX-XCENTRE+YCENTRE,IZ,IS))/2.
955 DOSEIS(IY-YCENTRE+XCENTRE, IX-XCENTRE+YCENTRE,IZ,IS) =
956 DOSEIS(II.IY,IZ,ISi;

967 11111131

958

959 "Get total dose for each region"

960 PHAETOMMEV=0.0; "initialise total phantom dose"

961 DO IX=1,$XMAX[

962 DO IY=1,$YMAX[

063 DO IZ=1,$ZMAX[

964 DOSE(IX,IY,IZ2)=0.0;

965 DO IS=1,ISTAT[

966 ] DOSE(IX,IY,IZ) = DOSE(IX,IY,IZ) + DOSEIS(IX,IY,IZ,IS);

067

068 PHANTOMMEV=PEANTOMMEV+DOSE(IX,IY,I1Z);

069 DOSE(IX,IY,IZ) = DOSE(IX,IY,IZ)/STAT;"divide by no. of batches"
970 1 ] ]

971

972 "Now calculate uncertainties on dose'

978 DO IX=1,$XMAX[

974 DO IY=1,$YMAX[

975 DO IZ=1,$ZMAX[

078 UNCER{IX,IY,12)=0.0;

877 DO I1S=1,ISTAT[

978 UBCER(IX,IY,IZ)=UNCER(IX,IY,IZ2)+(DOSEIS(IX,IY,IZ,IS)-

270 DOSE(IX,IY,IZ))**2;

980 ]

981 IF(DOSE(IX,IY,IZ) “= 0.0)[

982 UBCER(IX,IY,IZ)=SQRT(UNCER(IX,IY,IZ)/SDENOM)/DOSE(IX,IY,IZ);
ggi J111

985 "Convert dose from MeV per region per batch to Gy/unit incident energy fluence
9868 "i.e. Gy.cm#*2 /MeV"

987 IF(ISQURC<2)[

988 DO IX=1,$XMAX[

s L

990 =

991 DOSE(iX.IY,IZ)=DOSB(IX,IY.IZ)#STATti.602E-IO/AIHFLU/

002 (REOR((IX-1) *$YMAX*$ZMAX+(IY-1) *$ZMAX+IZ+1)*
993 ISIZE‘YSIZE‘ZSIZE)/SIGL(TQTALHEV/FLDAT(ICASE)); "
994 "Recall 1 Mev = 1.602e-06 ERGS and dose is per batch-hence *STAT
905 1 11 1]

996 ELSEIF(ISOURC=2)["divide by total incident energy"

997 DO IX=1,$XMAX[

Rt

999 =1,

1000 DOSE(IX,IY,I2)=DOSE(IX,IY,IZ)*STAT/TOTALMEV;

1001 1111

{ggg "‘““‘“t‘tt‘tt#‘t#““‘t#“‘t‘t‘t#‘ttt“‘t‘#'t‘#“tt“t"t##“t“#‘#t“#t"t‘
1004 " Print Results"

1006 WRITE(IOUT,250) TITLE,DATEN,TIMEN,ECASE,IQIN,EIN,

1007 ?currn.pcuw§%,sgégzggggrgég§ngggérng YCENTRE , BEAMWIDTE, AINFLU;)

1007 IF(ISOURC = 0)[WR P , > ’ 2

1008 ELSEIF(ISOURC = igE%RITE(IOUT,ZOO) XCEHTRE,YCEHTRE.DISTZ.BEAHHIDTH,AIIFLU;]
1009 ELSEIF(ISOURC = 2

1010  WRITE(IOUT,195) XCENTRE,YCENTRE,ORIGINDEPTE,ISMEAR,IDOSETYPE;

1011 ]

1012

1013 "Drawv table of doses" . . "

1014 IF(PLOTIT-=0)["drav table if flag is non-zero

0;

="

209



210

1015 IF (I%OURC -=2) [WRITE(IOUT,260);]
1016 ELSE
1017 IF(IDOSETYPE=0) [WRITE(IOUT,265);]
1018 ELSEIF (IDOSETYPE=1) [WRITE(IOUT,266);]
1019 ELSEIF (IDOSETYPE=2) [WRITE(IOUT,267);]
1020 ] "
1021  IF(IVOXAVG=0)["plot entire array - use y layer next to YCENTRE
1022 DO IX=1,$XMAX[
1023 DO IZ=1,$ZMAX[
1024 DOSEIT(IZ,IX)=DOSE(IX,IlT(YCEITRE/YSIZE)+1,IZ);
1025 UlCERT(IZ,II)‘UlCER(IX,IIT(YCEITRB/YSIZE)+1,IZ H
1026
1027 ] Wi as "
1028 WRITE(IOUT,197) INT(YCENTRE/YSIZE)+1; "indicate y layer
1029 ] CALL GRIDLP(DOSEIT,UNCERT,$ZMAX,$IMAX,IOUT);
1080
1081 ELSEIF(IVOXAVG=1) ["plot averaged quadrant only"
1082 ICENTRE=INT(XCENTRE/XSIZE)+1;
1033 nongx;%c¥l;%§i;%nnx[
1084 =
1085 DOSEI*(IZ.IX-ICEUTRE+1)’DUSB(IX.IlT(YCElTRB/YSIZE)*l,IZ)i
1086 UICERT(IZ,II-ICBITRE+1)=UICER(II,IlT(YCElTBE/YSIZB)+1,IZ ;
1037
1038 ] . "
1089 WRITE(IOUT,197) INT(YCEBTRE/YSIZE)+1; "indicate y layer
1040 CALL GRIDLP(DOSEIT,UNCERT,$ZMAX,$IMAX-ICENTRE+1,I0UT);
1041
1042 ]
1043 .
1044 "If IRAWDATA is set to 1, write all raw data to file"
1045 IF (IRAWDATA = 1)[
1046 IF (IVOXAVG=1)[
1047 OUTPUT $XMAX-ICEETRE+1,$YMAX-JCENTRE+1,$ZMAX;
1048 (? IRAWDATA SIZE IS (’,3I5,’)?);
1049 WRITE(IRAWFILE,302) $XMAX-ICENTRE+1, $YMAX-JCEETRE+1, $ZMAX;
1060 WRITE(IRAWFILE,303) XSIZE, YSIZE, ZSIZE;
1051 WRITE(IRAWFILE,304) INT(ORIGINDEPTH/ZSIZE);
1062 DO IZ=1,$ZMAX[
1058 DO IY=JCENTRE, $YMAX[
1054 DO IX=ICEENTRE, $XMAX[
1056 11 WRITE(IRAWFILE,300) DOSE(IX,IY,IZ);
1056
1057 WRITE(IRAWFILE,301);
1058 ]
1050  ELSE[
1080 OUTPUT $IMAX,$YMAX,$ZMAX; (* IRAWDATA SIZE IS (?,315,°)?);
1061 VRITE(IRAHFILE,3025 $XMAX, $YMAX, $ZMAX;
1082 WRITE(IRAWFILE,303) XSIZE, YSIZE, ZSIZE;
10683 WRITE(IRAWFILE,304) INT(ORIGIEDEPTH/ZSIZE);
1084 DO IZ=1,$ZMAX[
1086 DO IY=1,$YMAX[
1066 DO IX=1,$XMAX[
1067 HRITE(IRAVFILE,300) DOSE(IX,IY,IZ);
1068
1069 WRITE(IRAWFILE,301);
1070 1 1 1]
1071
1072 "If IRAWDATA is set to 2, vrite central axis (x,z) plane only to output file"
1078 IF (IRAWDATA = 2)[
1074  IF (IV0XAVG=1)[
1076 OUTPUT $XMAX-ICEENTRE+1,$ZMAX;
1076 (? IRAWDATA SIZE IS (?,2I5,°)?%);
1077 IY = JCENTRE;
1078 OUTPUT IY; (° Y voxel plane is ’,I3);
1079 DO IZ=1,$ZMAX[
1080 DO IX=ICEBTRE,$XMAX[
igg; ] WRITE(IRAWFILE,300) DOSE(IX,IY,IZ);
1083 WRITE(IRAWFILE,301);
1084
1085  ELSE[
1086 OUTPUT $XMAX,$ZMAX; (* IRAWDATA SIZE IS (2,216,%)2);
1087 IY = INT(YCENTRE/YSIZE)+1;
1088 OUTPUT IY; (° Y voxel plane is ’,I3);
1089 DO IZ=1,$ZMAX[
1090 DO IX=1,$XMAX[
%83; WRITE(IRAWFILE,300) DOSE(IX,IY,IZ);
1093 WRITE(IRAWFILE,301);
1004 ] ] ]
1096
1096 "Write brief summary of inputs'
1097 WRITE(IOUT,250) TITLE,DATEN,TIMEN,NCASE,I
1008 IFlé:cI:ggIIIgépcuglE,eruxzcsxp-raIrmcpﬁ; 1018, E1N,

= WRITE(IOUT,190) XCENTRE,Y B
1100 ELSEIF(ISOURC = 1) [WRITE(10UT,200) xcgir§§l$ggiggéxg§2¥§'géxgggﬁgn AINFLU;]
iig; ELSEIF(ISOURC = 2) [WRITE(IOUT,195) XCEHTRE:YCEITRE:URIGIiDEPTH.ISHﬁAR.IDOéETYPE;
1103 "Print voxel massosvgirf(louréigg) TOTALMEV, PEARTOMMEV; ]

equeste

it e S 0Lt 1o SR e

’ TITLE,DATEN, TIME)
1106 ECUIN,PCUIN,SMAX,CEXPTR,TIMCPU; ¥, HCASE, IQIN, EIN,
1107 WRITE(IOUT,180);
1108

1109

"Calculate AMASSes for designated layer"
IY=INT(YCENTRE/YSIZE)+1;



1110
1111
1112

1118 ] ]

1114
1115
1116
1117
1118
1118
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1180
1181
1182
1133
1184
1185
1188
1187
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1163
1154
1155
1166
1157
1158
1159
1180
1161
1162
1163
1164
1165
1166
1187
1168
1169
1170
1171
1172
1173
1174
1176
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1101
1192
1183
1194
1196
1196
1197
1198
1199
1200

211

DO IX=1,$XMAX[
DO IZ=1,$ZMAX[
AHASS(IZ.IX)=RHUR((11-1)“YHA!*.ZHAI+(IY-1)‘QZHAI+IZ+1);

?gkgpggiggggtnlss.AHLSS,‘ZHAI.‘XHAX,IDUT); "plot masses"
IF(IABORT=1) [GO TO :END:]

5-:tttttattttttt-tt‘ootot-ttotttvtttttttttt - LT "
"gﬁg of gimulation"

CALL.DATB(DATBI);CALL TIME(TIMEN);

CALL CPUTIME(CPUT4) ; TTMCPU=(CPUT4-CPUTO)*0.01;

QUTPUT DATEN,TIMEN;(/’ ...end of file read’,10X,941,1X,841);
VRITE(IOUT, 210) DATEN, TIMES, TINCPU,TINCPU/3600.; =~ i
;
"'.‘““"“‘““.““““““““‘*"* [ 2 21 "
" Fortran output formats"

%I need as switch to FORTRAN with %F
%F  switch to FORTRAX
100 FORMAT(8041)
106 FORMAT(3F12.0)
110 FORMAT(7F12.0)
111 FORMAT(3F12.0,213)
115 FORMAT(7I3)
120 FORMAT (2441)
130 FORMAT(3I10,F10.0,114,8I10)
140 FORMAT(/? ?,8041//’ University of Waikato RTPCART (EGS4/PRESTA)’,
1’ 1990’, 6X,941,1X,841)
160 FORMAT(/’ Incident energy=’,F8.3,’ MeV, charge=’,I3,
1?2, #histories=’,I8)
151  FORMAT(/T20,’ Bin Top E Prob. Cumulative prob.?/
1 (T20,13,0PF9.3,2(1PE12.3)))
162 FORMAT(/’ Rayleigh (coherent) scattering INCLUDED’/)
163 FORMAT(/’ Rayleigh (coherent) scattering NOT INCLUDED’)
166 FORMAT(/? Global user cutoffs ECUT,PCUT=’,2F12.3,’ MeV’,
1 //’ Material’,T25,’Density’,T46,’AE’,T62,’AP’,
2 T70,°200+TEFFO?)
160 FORMAT(I3,2X,2441,T20,F10.3,T38,F12.3,T64,F12.3,T66,F12.4)
161 FORMAT(/? Z voxel, medium, density (for central axis voxels)’)
162 FORMAT(? 1,13,? 1,13, 1 ,F9.4)
1656 FORMAT(? Electron step size has been modified to’,
1 7 reduce energy by’,F8.3,’ in each step’)
180 FORMAT(/’ Masses of material in each scoring zone (g)’/)
190 FORMAT(/’ Parallel beam with XY centre=(’,F6.2,F6.2,
1 ?), Width=’,F6.2,’ cm’,/’ Fluence=’,1PE10.2,’/cm**2’)
1956 FORMAT(/’ Dose spread array with X,Y centre=(’,F6.2,F6.2,
1?), Origin depth=?,F7.2,’/cm**2’,/’ Smear flag = ’,I2,
2’ Dose type = ?,I2)
196 FORMAT(/’ Total incident Energy = ’,F12.4,
1’ MeV, Phantom energy = ’,F12.4,’ MeV’)
197 FORMAT(T20’ Y voxel level used for GRIDLP = ?,I3)
200 FORMAT(/? Point source beam with centre=(’,F6.2,F6.2,
17), Distance from surface=’,F7.2,/’ Width=’,F7.2,
2? cm, Fluence=’,1PE10.2,’/cm**%2’)
206 FORMAT(/’ Initial random number seed=’,I12)
210 FORMAT(/’ ...end of file read’,5X,9A1,1X,841,5X,
1°CPU=’,F10.1,’ sec=’,F8.3,’ hrs’)
220 FORMAT(/? #»+»+E0OT ENOUGH TIME TO FINISE WITHIN LIMIT OF’,
1 F6.2,’ HOURS’,I10,’ BATCHES USED*#ssssxx2/////)
240 FORMAT(/? ?,10{’='},? Multiple scattering turned off’,10(’=’)/)
244 FORMAT(/? ====s========CSDA Calculation=============)/
1 ? needs IUNRST=2 and 5 data sets’//)
245 FORMAT(/’ ?,10(’=?),’Peth-length correction turned off’
1 .1002=2)/)
260 FORMAT(/2X,8041,T60,941,1X,841/18,’ particles of charge’
1,I2,’, energy=’,F8.3,’ MeV on phantom’,
2 //' RTPCART (ECUT,PCUT)=’,
3’[’,F7.3,’,’,F8.3,’j, SMAX=’,1PE9.2,/? CEXPTR=’,0PF6.3,
4’ CPU=’,0PF8.1,7 sec’)
260 FORMAT(/T20,? TOTAL DOSE: Gray per incident unit ENERGY fluence’)
266  FORMAT(/T20,’ TOTAL ENERGY (normalised to incident energy)’)
266 FORMAT(/T20,’ PRIMARY ENERGY (normalised to incident energy)’)
287 FORMAT(/T20,’ MULTIPLE-SCATTERED EBERGY °,
17 (normalised to incident energy)’)
276 FORMAT(/T10,? TOTAL, e OTHER MED,PART.THRU OTHER MED,STOPPERS:?,

2’ (Gray/INCIDEET EEERGY FLUEECE)?)

280 FORMAT(/’ Final random no. seed=’,I12,’ Final random no.=?,
1 OPF15.8) .

296 FORMAT(/? Simulation times - olapsod.CPU,rat1o=’,2F8.1,F7.2/
1 Meximum stack=’,I6) .

306 FORMAT(/’ Russian roulette for photons crossing Z=’,

1 F8.3,? cm with survivel=’,F7.4) .
310 FORMAT(/’ Total number of charged particle steps taken=’,I10

1’ NOSCAT=’,I10) .
3156 FORMAT(/? ﬁathlongth exponential transformation variable=’,F10.3,

1 ? for forvard going photons only’/’ Shortens initial ?,
2 ’pathlength by:’,F10.3)

300 FORMAT(2X,E10.4)

301  FORMAT(2X)



212

1201 302 FORMAT(315)
1202 303 FORMAT(3F12.4)
1203 304 FORMAT(IB)
1204 351 FORMAT(® BO voxel smearing performed’)
1205 362 FORMAT(? 2D voxel smearing performed’)
1206 353 FORMAT(’ 3D voxel smearing performed’)
1207 364 FORMAT(? TOTAL DOSE is scored’)
1208 366 FORMAT(® PRIMARY DOSE ONLY is scored’)
1209 ise FORMAT(? MULTIPLE-SCATTERED DOSE OELY is scored’)
1210 %M
1211 %I4
1212 EED;" end of RTPCART main routine"
1213 ;
1214 HITTReTTTesrreermpmprepseeepwseeserrrrT TR T DEETEETIIL L L L LSSt sttt bl
1215 REAL FUECTION TAN(X);
1218 "  Given x in radians this function calculates the tangent of I "
1217 4=C0S(X);
1218 IF(ABS(A} > 1.E-10) [TAE = SIN(X)/4;] ELSE [TAN = 1.E10;]
1219 RETURE;
1220 EED;"end of TAN function"
1221 ;
1222 MARRRERssEEEESRRRRRERRERRERERERAARRRRRREEREEEEREEEEEFSA NN REERE L RSB AR R 0NNRY
1223 SUBROUTIBE ESPEC(EI);
1224 " This routine returns an initial kinetic energy given the cumulative "
1225 " probability distribution for the source spectrum stored in ECPD, the "
1226 " energy bin tops in EBIN and the minimum E in EIMI¥ - all in common ESPECT "
iggg " Initially vritten in Tampere Finland, D.VW.0. Rogers,iug 1986 "
12290 ;COMIN/ESPECT,RAEDOM/;
1230 $RANDOMSET REN040; $RANDOMSET RENO041; '"pick two random numbers"
1281 "Use the first to select which energy bin we are in'"
1232 I=0; LOOP [I=I+1;] UNTIL ECPD(I)>RNN040;
1233 "Energy is between EBIN(I-1) and EBIN(I)"
1284 IF(I.NE.1)[ELOW=EBIN(I-1);] ELSE [ELOW = EIMIN;]
1235 EI = ELOV + RENO41* (EBIN(I)-ELOW); '"select randomly in this bin"
1286 RETURE; EED;
1287 ;
1238 Mhdrsr iSRS SRR R AR RRERERRRASR NS SR RR SRR RS RS S SRR SRR RS SRR
}gig §UBROUTIHE AUSGAB(IARG);
"
1241 " An AUSGAB routine to be used with RTPCART.MOR "
1242 " This routine scores the dose in a Cartesian geometry within "
1243 " an array ($XMAX,$YMAX,$ZMAX) of voxels. "
%gig " For DSAs (ISOURC=2), IDOSETYPE controls total/primary/sec dose "
1246 "COMIN USER added to AUSGAB to allovw ac t "
1247 "COMIE GEOM added to AUSGAB to allow nc:::: tg igggg?YSIZE,ZSIZB"
igig ;Sg!;g(ii;CIléEPngT.HISC,RUSRDU,RAIDDH,SCDRE,STLCK,USER,GEOH/;
nitialize for first pass -wvill be ng for fi i i '
1250 DATA IRLASEILS, P vrong for first pass in each history"
1251
1252 " ?ho following macros set and pickup a flag based on LATCH. This feature "
:gss : is currently used in RTPCART to signal primary/scattered dose. FLAG1 is "
12§§ "anﬁz :ﬂ;é:fgiglezanATCB. Usage is $SET-FLAG1(NP); and IF($FLAG1)[... "
1266 REPLACE {$FLAG1} WITH {4BS(M
1287 “Macro o set flagh {2BS (MOD(LATCH(EP),100))}
i e G
; 1}) >= 0) [LATCHE({P1})=LATCH +1;

1360 ELSE [LATCB({Pi})=LATCB({P1})-1;%;} (AP11)+1:]
1522 ;§;nitor(stnck size"
1263 P=MAX (MXEP,EP) ; "keep track of hov deep stack is"
1264 IF(NP >= $MXSTACK) ["stack as deep as allgved" :
1285 OUTPUT NP,$MXSTACK;(’ IN AUSGAB, EP=?,I3,’ > =
1208 I3,/1X,800 %) /); TF(MXEP > $MXSTACK) [$T0B;] ] MAXIMUM STACK ALLOVED=’,
1268 "Write particle tracks to DOTPLOT file if requested"
1269 IF(IDOTPLOT=1) ["If DOTPLOT=1, write parti 1 i v
1270  IF(USTEP<100.0) [ ’ parvicle IQ,%.2 to uniy 13"
%g;; ] WRITE(IDOTFILE,7) IQ(HEP),X(EP),Z(NP);
1273 ELSEIF (IDOTPLOT=2) ["If DOT = i i
1274  IF(USTEP<100.0)[ ‘ FLOT=2, write particle IQ,X,2,U,V,USTEP to unit 13"
1375 17 WRITE(IDOTFILE,S) IQ(¥P),X(NP),Z(EP),U(NP),W(EP),USTEP;
1277
1278 "Ensure particle has been flagged i
1279 IF(ISOURC=2 & $FLAG1=0 & HP>1§% 8% Primary or scattered'
1280 DO I?l,l?[
1281 IF(IQ(I)=0) [$SET-FLAG1(I);$SET-FLAG1(I);] "

0 - H set flag to 2 for multiple-scat"
1:3; ELSE[$SET-FLAG1(I);] "set flag to 1 for primary" P cat
1284 ]
1285 "Following line patched 12/11/90 - DCM"
12868 "Ensure photoelectrons are scored ascgrimnry dose"
1287 EF(I$UURC=2 & $FLAG1=0 & NP=1 & IQ(1)-=0) [$SET-FLAG
1288 ;;smgn brem to scattered dose - altered 26/11/90 -1éé%ﬁ]
1289 " photon and $FLAG1i=1 then b i
1200 IF($FLAGI=1 & IQ(EP)=0) [$SET-FLAGL(EP) ] o = ©ooondery dose”
1201 "Count electron step or check Russian réuletto“
1202 IF(IARG = 0)["about to transport a particle”



1203
1294
1205
1206
1297
1208
1209
13800
1301
1802
1308
1304
1306
1308
1307

1308
1309
1310

IF(IQ(NP) “= 0)[ISTEPA=ISTEPA+1;]" - "
ELSE ["Photon step - play nussi;1 ;i;;:::z?“ count chamged particle steps
IF(RUSROU & W(NP) > 0.0)["yes play if crosses boundary going forward"
IF(Z(NP) <= RRZ & Z(NP)+USTEP*W(NP) >= RRZ)["crossed the plane”
$RANDOMSET XSI;
IF(XSI < RRCUT) ["particle survives"
] WT(EP)=WT(NP)/RRCUT; "modify particle veight"
ELSE ["particle to be destroyed"
WT(EP)=0.0;'"the particle will be discarded in HOWFAR"
11111
"Check particle needs to be scored"
IF(IVATCH > O) CALL WATCE(IARG,IVATCH); "monitor history if requested"

IF(IARG >=5) [RETURN;] "only score in usual cases"

IF(EDEP = 0.0) [RETURN;] "photons don’t usually deposit energy"
"Find indices of current voxel"

IlﬂIlT(I(IP)/lSIZE)*igIY-;!T(Y('P)/YSIZB)+1;IZ*IIT(Z(IP)/ZSIZE)+1;

1811 "Check ve are within scoring phantom and particle not discarded"

1313 IF (ID>$IMAT | IXC1 | IY>SYMAX | I¥<i | IZ>$ZMAX | I2<i | IDISC=2) [RETURN;]

1814 "Check for CSDA, othervise score energy"

1315 IF(IARG = O & ICSDA = 1)["Check for CSDA option"

1316 "Perform CSDA calculation by subtracting radiative stopping power from "
1317 "EDEP (brem photons are assumed to escape). Assume IUNRST=2&5 for meds 122 "
1818  MEDIUM=2;

1319 $SET INTERVAL ELKE,EKE;$EVALUATE DEDIRD USING EDEDI(ELKE);

1320 EDEPL = EDEP - TVSTEP*DEDXRD;

1321 MEDIUM=1;

1322 "Note ELECTR calls SET IENTERVAL just after call to AUSGAB"

1323 ] "so we don’t have to reset for medium 1 here'

1324

1825 ELSE [EDEPL = EDEP; 'deposit all the energy usually"

1328 "Debugging line..."

1327 "QUTPUT IX,IY,IZ,EDEPL;(’ Score, xyz,edepl = ’,3I6,F10.4);"

1828  IF(ISOURC"=2)["not a dose spread array"

13§g DOSEIS(IX,I1Y,IZ,IS)=DOSEIS(IX,IY,IZ,IS) + WT(NP)*EDEPL;

13

1331 ELSE["dose spread array - check IDOSETYPE and score appropriate dose"

1332 IF(IDOSETYPE=0 | (IDOSETYPE=1 & $FLAG1=1) | (IDOSETYPE=2 & $FLAG1=2))[

1333 DOSEIS(IX,IY,IZ,IS)=DOSEIS(IX,IY,IZ,IS) + WT(NP)*EDEPL;

1834 1 11

1335

1336 RETURN;

1387

1338 "RAWDATA formats'

1339 %I

1340 %F

1341 7 FORMAT(I3,2F10.4)

1342 9 FORMAT(I3,5F10.4)

1843 %M

1344 %I4

1845 END;"end of AUSGAB"

12:3 Nahhhk bk bk AR R AR R AR R AR R SR e EERERE R R R R SRR R s "
lgzg EUBROUTIIB HOWFAR; "
1

1850 " A HOWFAR routine to be used with RTPCART.MOR :
1851 "

1862 " REGION 1 2<0 "
1853 " REGION (IX+*$YMAX#$ZMAX,IY#$ZMAX,IZ+1) = voxel (1X,1Y,I12) "
1354 " REGION $XMAX+$YMAX+$ZMAX+2 = region beyond phantom "
13656

1356 ;COMIN/EPCONT,STACK,GEOM/;

1357 IRL=IR(§P); "

1358 "Terminate if particle has been reflected from phantom or escapes rear

1360 IF(CIRL <= 1 & W(EP) <= 0.0) | IRL >= NREG) [IDISC=2;RETURK;]

1880

1361 "Discard zero weight particle (used in Russian roulette)"

1862 IF(WT(EP) = 0.0) [IDISC=2;RETURN;]

1363

1364 "Transport particle from region 1 inte phantonm" .

1385 IF(IRL = 1)[" in source region to left of plate-note W(EP)>0 only here

1366  TVAL = -Z(EP)/W(NP);"distance to plane at origin"

1367  IF(TVAL<USTEP) [

1868 USTEP=TVAL;

1369 IX=IBT(X(EP)/XSIZE)+1;

1870 IY=INT(Y(NP)/YSIZE)+1;

1371 IZ=1;

1372 IRNEW=(IX-1)*$YMAX#$ZMAX+(IY-1) #$ZMAX+IZ+1;

1373

1374 "Check particle is within phantom"

1875 IF(X(!P§<0.0lX(IP)>FLOAT($XHAX)tXSIZEIY(IP)<0.0IY(IP)>FLDAT(OYHAX)*YSIZE)[
1376 IDISC=2;

1377 )

1378  RETURN;

1379 ] "end of region 1 case"

1380 )

1881 "All other regions" X

1382 "Check if outside region of interest"

1383
1384

IF((Z(NP)<=0.0 & W(EP)<0.0) | Z(NP)>=FLOAT ($ZMAX)*ZSIZE |
Y(EP)<=0.0 | X(EP)>=FLOAT($XMAX)*XSIZE |

213



214

1385 Y(§P)<=0.0 | Y(NP)>=FLOAT($YMAX)*YSIZE)[

1886  IDISC=2;

1387 RETURE;

1323 ]

18 3 L

1800 "Transport particle within phantom, setting direction flag . .
1391 "loto:pIt pgrticlo is very close (<$SMALLDIST) to Rounda:y then consider
1392 "it to have already been transported to nev region

1398

TVAL=10000.0; "set large in case W(NP)=0.0" . .
IF(W(EP)>0.0)[ “g forwvard direction

1394

13956 TVAL=(ZSIZE-AMOD(Z(¥P),2SIZE))/V(EP);

1396 IF(TVAL< SMALLDIST) [TVAL=2ZSIZE/VW(EP);]

1397  IDIRE=1; . o
1898 ELSEIF(W(EP)<0.0)[ "z backvard direction
1399  TVAL=(AMOD(Z(EP),ZSIZE))/-W(EP);

1400 IF(TVAL<$SMALLDIST) [TVAL=2ZSIZE/-W(¥P);]

i:gé IP%gﬁgg)zé?o)[ ux forvard direction"
1403 TEMP=(XSIZE-AMOD(X(EP) ,XISIZE))/U(NP);

1404 IF(TEMP<$SMALLDIST) [TEMP=XSIZE/U(EP);]

1405 IF(TEMP<TVAL) [TVAL=TEMP; IDIRE=3;]] i R
1406 ELSEIF(U(BP)<0.0)[ "x backwvard direction
1407 TEMP=(AMOD(X (§P) ,XSIZE))/-U(EP);

1408  IF(TEMP<$SMALLDIST) [TEMP=XSIZE/-U(NP);]

1409 IF(TEMP<TVAL) [TVAL=TEMP;IDIRN=4;]] i -
1410 IF(V(EP)>0.0)[ "y forward direction
1411 TEMP=(YSIZE-AMOD(Y(EP) ,YSIZE))/V(EP);

1412 IF(TEMP<$SMALLDIST) [TEMP=YSIZE/V(EP);]

1413 IF(TEMP<TVAL) [TVAL=TEMP;IDIRE=5;]] . N
1414 ELSEIF(V(EP)<0.0)[ "y backward direction
14156 TEMP=(AMOD(Y(NP),YSIZE))/-V(EP);

1416 IF(TEMP<$SMALLDIST) [TEMP=YSIZE/-V(HP);]

1417 IF(TEMP<TVAL) [TVAL=TEMP;IDIRN=6;]

1418 ]

1419

1420 "Update IRNEW if necessary"

1421 IF(TVAL<=USTEP) [

1422 USTEP=TVAL;

1428  IF(IDIRN=1) [IREEW=IRL+1;] “increment z"

1424 ELSEIF(IDIRF=2) [IREEW=IRL-1;] "decrement z="

1426  ELSEIF(IDIRE=3) [IREEW=IRL+$YMAX+$ZMAX;] "increment x"

1426 ELSEIF(IDIRF=4) [IRFEW=IRL-$YMAX+$ZMAX;] "decrement x"

1427 ELSEIF(IDIRN=65) [IREEW=IRL+$ZMAX;] "increment y"

1428  ELSEIF(IDIRE=6) [IRNEW=IRL-$ZMAX;] "decrement y"

1429 "The following are debug lines for this routine"

1430 "QUTPUT IRNEW,USTEP,X(¥P),Y(EP),Z(EP),U(EP),V(NP),W(NP),IDIRN;"
14381 "(? Irnew=’,16,’ ustep=',F10.7,’ xyz=’,3F6.2,’ uvw=’,3F6.2,’ idirn=’,I2);"
14382 "Check for bad region, which may occur if particle is about to be discarded"
1433 ] IF(IREEW<1 | IRNEW>$MXREG)[IRNEW=1;IDISC=2;]

1434

1435 RETURN;

1436

1437

1438
1439
1440
1441
1442
1443
1444
14456
14486
1447
1448
1449
1450
1451
1452
1458
1454
14556
14586

END; "end of HOWFAR"

P
SUBROUTINE GRIDLP(DATA,UNCERT,BROW,NCOL,IOUT);
n

" Routine to print an array of values and their uncertainties "
" in a labeled grid "

" DATA(IROW,ICOL) data to be printed "
" UNCERT (IROW, ICOL) fractional uncertainty in data (converted to "
" integer %age. If same as data, not printed. "
" BROW # rovs in grid down page (no limit). "
" BCOL % columns in grid across page (20 + 15/col) "

set to 7 for 132 columm write

"Hote COMIN GEOM added to allov access to XSIZE and YSIZE"
; COMIN/SCORE,GEOM/;

LOGICAL SAME;
INTEGER MED(1);
REAL DATA(NROW,NCOL) ,UNCERT (NROW,NCOL);

i:gg INTEGER COLBASE,COLTOP; "base and top vars for multi-page printout"

1459 "Check if data and uncert are the same and if they are, don’t Print uncert"
1460 SAME=.FALSE.;

1461 DO ICOL=1,NCOL[

1462 DO IROW=1,NROW[

1463 IF(DATA(IROW,ICOL) *= UNCERT(IROW,ICOL))[

i:gz 1717 GO TO :EXITLOOPS:;"leave SAME=FALSE"

i:gg SAME=.TRUE.;"If control has fallen through, arrays are the same"

1468 :EXITLOOPS:

1460 DO COLBASE=1,ECOL,$COLNO["split columns into groups of $COLNO"

1470 COLTOP = COLBASE+$COLNO-1; "find highest numbered column on current page"
1471 IF (NCOL<COLTOP) [COLTOP=NCOL;] "reduce COLTOP if printing past end"

1472 ERITEEIOUT,SO); "blank line"

1473 RITE(IOUT,100) (FLOAT(ICOL-1)*XSIZE,ICOL=COLBASE,COLTOP+1); * imits"
1474 DO IEOHii,ﬁROH["vrite all rows to bottom of grid"’ 13 "x vorel limits
1475 WRITE(IOUT,200) FLOAT(IROW-1)*ZSIZE; "z voxel limit"

1478 WRITE(IOUT, 210) (DATA (IROW,ICOL) , ICOL=COLBA HE

1477 IF(.NOT.SAﬁE)["rov uncertainties” SE,COLTOP); "zow data



1478
1479
1480
1481
1482

1483 ]

1484
1485

1486 Y%

1487
1488
1489
1490
1491
1492
14903
1494
14956
1406
1497

WRITE(IOUT,220) (AMIN1(UNCERT(IROW,ICOL)*100.,99.),
] ICOL=COLBASE,COLTOP) ;

WRITE(IOUT,200) (FLOAT(NROW)*ZSIZE); "last = voxel limit"

AOntput line formats"

50 FORMAT (5X)

100  FORMAT(T4,7F16.3)

200  FORMAT(1X,FP12.3,2X,6(’|?,14(?-2)),?|?)

210 FORHAT(12I,2I,11,’I’.6(1P312.3,21.’|’))

220  FORMAT(1X,13X,1X,’|’,8(3X,’+/-?,F4.1,7%?,3X,7|?))

ETURE;
END;"end of GRIDLP"
"End of RTPCART.MOR"

VAR SRR R SRR R AR R AR B R RR AR R RR R R AR AR AR R R R R R R EER
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D® 3y DO O =

set process/name = "DaveBatch'

$! LOGIN.COM - Dave

$

$ if femode()

$ sys/exquota

$ vrite sys$out
Executing on a 6A1 63
$!

$ eoxit

Output File from RTPCART

Murray 1991

Appendix C

-nes. "BATCE" then goto contil

ggt "Executing on a "+f$getsyi("hv_name")

$ SET DEFAULT phys$: [1219.egs]
$! sys/exquota
sys/z
assign sys$output f
assign EL: for003
assign 10mv.cart fo
assign sys$output £

assign NL: for008

assign

assign dotplot.dat
assign ravdata.dat
$ run phyl‘:[ogs4.rtpcu:t]r®pctrt

EGS4 Monte Car

$
$
$
$
$
: assign NL: f£or007
$
$
$

or001

r005
or0068

£or013
for014

o Simulation using

Univgrsity of Waikato, Hamilton, New Zealand.
unning on a VAX...

Title:

EDK

in H20 (10 MeV)

Material 1:
WATER

Material 2:
DUMMY

phys$: [egsd.datalvater_15mv_1.dat for0i2

code RTPCART

x voxel size, y voxel size, z voxel size (cm):
-0.5000 =-0.5000 -~

...VOXEL AVERAGING will be performed

0.6000

MED,RHOR for all voxels:

1 1.0000

Beam energy,ECUT,PCUT,SMAX,ESTEPE,ESAVE:
0.060 1.000E+10

-1.000 0.561

Input tops of ener

ending with bin top ener
Bin#  Ener top
1.0087

DN WM

10

2.000
3.000

10.000

0.0000

bins and bin probabilities,
one pair per line, lowest energy first - first line EIMIN only,

Probability
17.5000

22.0000
20.4000
12.8000
9.2000
7.1000
4.9000
3.2000
1.8000
0.9000

0.1750
0.3950
0.5990
0.7280
0.8200
0.8910
0.9400
0.9720
0.9910
1.0000

lover than previous
Cumulative prob

0.000

Parallel beam(0),Point source on axis(1),Dose spread array(2):

X,Y int. centre, Int. depth, smear flag (0,1,2), Dose type (0,1,2):
(o} 6.250 1.260 2 (o]

.

#Hists,IQIN,IWATCH,T
200000 0 0

Russian roulette: Z

20.0000 0.20

IHHAI(HE),IHSEED,IDDRAY,HDHSgI,HUPgCI,ICgDA

12.00 HRS

123456789

plane,Survival prob, Pathlength param:
00

0.0000

Call to HATCH at 18:46:25...
CHED® FOR ONE MEDIUNM.

EGS

SUCCESSFULLY ’HAT

..HATCH completed a

a%

PRESTA INPUTS **»

t 18:46:29

IPLC,IBCA,ILCA,IOLDTH,B%CHIN:
)

o

PRESTA CALCULATED MINIMUM STEP SIZES FOR MAXIMUM ENERGY ELECTROES

217
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MEDIUM FEO. ,pr;no min for E=Emax
1 26E-01 cm

ESTEPE = 1.0000
PLOTIT,HASgFLAG,IDDTPLOT,IRJHDATA:
1 0 O

EDK in E20 (10 MeV)
University of Waikato RTPCART (EGS4/PRESTA) 1990 14-4UG-91 18:46:30
Incident energy= =1.000 MeV, charge= O, #histories= 200000

Prob. Cumulative prob.
0 1.760E-01  1.7B50E-01
2.000 2.200E-01  3.950E-01
3.000 2.040E-01 5.990E-01
4.000 1.290E-01  7.280E-01
5.000 9.200E-02 8.200E-01
7.100E-02 8.910E-01
7.000 4.900E-02  9.400E-01
8.000 3.200E-02 ©.720E-01
9.000 1.900E-02 9.910E-01
10.000 9.000E-03 1.000E+00

o
b
[
(-]
o'd
o
]

QWO WM+ M
-]
o
o
o

-

Rayleigh (coherent) scattering NOT INCLUDED

Global user cutoffs ECUT,PCUT= 0.561 0.050 MeV
Material Density 4E AP 200*TEFFO
1 WATER 1.000 0.561 0.06 0.6318

Electron step size has been modified to reduce energy by 1.000 in each step

2 voxel, medium, density (for central axis voxels)
1.0000

i 1
2 1 1.0000
3 b 1.0000
4 1 1.0000
3 1 1.0000
) 1 1.0000
7 1 1.0000
8 1 1.0000
9 1 1.0000
10 b 1.0000
11 b 1.0000
12 1 1.0000
13 1 1.0000
14 1 1.0000
16 1 1.0000
16 1 1.0000

Dose spread array with X,Y centre=( 6.26 5.25 Origi = . *
Smear glas 2 yDoso type = 0 > Tigin depth 1.26/cmes2
3D voxel smearing performed

TOTAL DOSE is scored

Initial random number seed= 1234656789
Input R.N¥. seed, initial seed = 123466789 123456789
Russian roulette for photons crossing Z= 20.000 cm vwith survival= 0.2000

kR PRES;%VIHPUTS Rk
PRESTA PATH-LENGTH CORRECTION USED
BOUEDARY CROSSIENG ALGORITHM INVOKED
TR conditsd
L CORRELATION ALGORITHM IEVOKED
NEW TMXS CALCULATION USED .

PRESTA CALCULATED HIHIHUH STEP SIZES POR MAXIMUM ENERGY ELECTRONS
UH BO. t,prime,min for E=Emax

0.126E-

ahkEE EHD OF PRESTA IEPUTS #*#%=» 01 cm
START BATCE 1 TIMES-ELAPSED,CPU,RATIO,RNG 0.0
START BATCH 2 TIMES-ELAPSED,CPU,RATIO.REG 2083.2 1969.9 R -;figigggg
START BATCE 3 TIMES-ELAPSED,CPU,RATIO.REG 4109.8 3884.0 1.1 2048608629
START BATCE 4 TIMES-ELAPSED,CPU,RATIO.REG 6478.5 5856.1 1.1 -1919613771
START BATCH b TIMES-ELAPSED,CPU,RATIO.REG 9454.2 7841.8 1.2 -561803307

FINISHED SIMULATIONS- times elapsed,cpu,ratio= 12676.6 9850.0 1.29

Simulation times - elapsed,CPU, io=
Maximum stack= 8 peec, ratio= 12676.6 9850.0 1.29

Total number of charged particle steps taken= 8915324 KOSCAT= 42436
Final random no. seed= -1597119315 Final random no.= 0.82131028
Layer voxels averaged about ( 11, 11)

EDK in H20 (10 MeV)

200000 particles of charge O, energy= =-1.000 MeV on phnnt:;AUG-gi 18:48:30



264
285

287
268
269
270
271
272
273

RTPCART (ECUT,PCUT)=[ 0.561, 0.050], SMAX= 1.00E+10

219

CEIPTR= 0.000 CPU= 9850.0 sec
Dose spread array vith I,Y centre=( 6.26 6.25), Origin depth= 1.265/cm**2
Smear flag = 2 Dose type =
TOTAL ENERGY (normalised to incident energy)
Y voxel level used for GRIDLP = 11
0.000 0.500 1.000 1.500 2.000 2.500 3.000
0.000 |-- - - o8
2.07BE-06 1.819E-06 1.222E-06 7.413E-06 5.637E-06 3.664E
+/-20.1% +/- 4.1% +/-"5.7% +/-12.4% | +/-7.0% +/-10.8%
0.800 -0 - 5EGE-06
2.764E-04 1.136E-04 3.092E-05 1.326E-05 7.424E-06 5.
+/- 4.6% +/- 2.7% +/- 6.7Y% +/-8.0% | +/-17.2% +/- 8.74
1.000 - 5.212E-06
1.681E-01 9.16BE-03 1.968E-04 2.946E-06 1.223E-06 .2
+/- 0.3, +/- 0.7% +/- 2.6Y% +/-5.9% | +/-12.8% +/-12.7%
1.500 - - 8.712E-06
- 1.736E-02 7.434E-04 7.67TE-06 1.986E-05 .
A +/- 0.4% /- 1.7% 4= 7.8% +/- 9.0Y% +/- 8.7
2.000 —0a 95E-05 1.068E-06
2.728E-02 9.500E-03 1.147E-03 1.511E-04 3.3 0
+/- 0.6% +/- 0.6Y% +/- 1.6% +/- 3.9 . +/- 7.1% +/- T.4%
2.500 - 4.401E-05 1.738E-06
8.148E-03 4.322E-03 1.010E-03 2.066E-04 4 7
+/- 0.5% +/- 1.0% +/- 2.2% +/-1.7h | +/- 6.y +/- 8.9%
3.000 - 5.091E-05 1.738E-06
2.748E-03 1.816E-03 6.538E-04 1.858E-04 .0 7
+/- 1.9Y, +/- 1.5% +/- 1.5% +/-2.6% | +/-3.0% +/- 4.5%
3.800 - -04 4.368E-05 1.964E-06
9.592E-04 7.617E-04 3.676E-04 1.169E 3 964K
+/- 1.4% +/-1.3% +/- 2.6 +/-8.3% | +/- 4. +/- 9.5%
4.000 - OE-05 3.912E-06 1.727E-06
3.967E-04 3.416E-04 1.966E-04 8.95 9 1,737E;
+/- 1.7% +/- 1.2% +/- 2.3% +/- 3.5%___ +/- 5.6% /-14.7Y%,
4.600 - 6.173E-06 2.885E-05 1.591E-05
2.217E-04 1.640E-04 1.026E-04 . 8 1.B91E
+/- 8.7% +/- 5.6Y% +/- 4.2% +/- 3.8%__- +/- 6.7% / : Zs
6.000 - 4.306E-05 2.081E-06 1.687E-0
1.351E-04 9.172E-06 6.480E-05 .3 O81E 18878
+/- 7.8% +/- 6.5% +/- 4.8Y% +/-11.8% | +/-13.9% / xs
5.500 |--- ob - 3.212E-06 1.721E-06 1.766E-0
7 .985E-06 6.993E-06 6.191E-06 2 oty ¥7-19.1%
+/- 8.0Y% +/- 7.7% +/- 9.6Y% +/- B.9% +/-16.4), /5733 -
6.000 [|===m-oomomoom -05 3.387E-06 2.610E-06 1.676E-
6.463E-06 5.338E-06 4.509E 3 +/- 9.5 +/- 9.2%
+/-14.1Y% +/- 6.2Y +/- 8.3% - T.Th / % B
8-800 3E-05 3.150E-06 2.225E-05 .620E-
4.036E-06 4.626E-05 4.10 1 213, +/- 9.9%
+/-20.0% +/-"6.5% +/- .74 - 4.8% | #/7i3.ek St
7.000 05 - 468E-06 2.276E-05 1.489E-06 .040E~
5.106E-05 4.143E-05 3. : +/-16.4 +/-12.4%
+/-17.7% +/- .04 +/- 6.8Y%, +/-8.9% | +/-16.4% i
7.800 |- - B584E-06 2.170E-06 1.862E-06 .147E~
3.198E-06 3.376E-06 2. 1 18 Syt
+/-21.8% +/-12.1Y% +/-14.3% +/- 9.0% __ /
8.000 |[---==-===-==--|----oes
.000 5.500 6.000
3.000 3.800 -0 S 22 1.173E-08
0.000 |-====- 6 - 458E-08 9.211E-07 1.126E-06 .173E-
3.063E-06 2.078E-06 1. 2o +7-31.8Y +/-58.94%
2riE ik Mk ide. S R 78E-06 4.246E-07
0.800 - 284E-06 1.576E-06 1.078E- .246E-
.00BE-06 3.194E-06 1. 5 +7-16.1 +/-40.0%
3/914.ax M e AL / E Ze 1.768E-08
1.000 _ - 1.796E-08 1.906E- . -
3)2523;?6 375355426 1)§§iﬁ4g° +/-23.0% +/-24.6Y% +/-19.5Y,
+/- A . ——
1.800 Zo6 1 - 2.284E-08 1.98GE-06 1.584E-06
6.318E-08 3'2075636 3;§§$55§° /59714 +/-22.4Y +/-41.4Y%
172381 Ml 6 | 1.210E-08 7.582E-07
) L S - .246E-08 -210E~ y
2.000 7 212E-086 3.772E-06 3.429E-06 3/-13.4% +/-36.4Y% +/-34.1Y%
+/-10.3Y, +/-16.0Y% +/-16.1% —_
«Sh - —oT
.600 - 1.642E-086 1.536E-06 9.70BE-0
2.80 9.863E-06 5.236E-08 3.139E-08 +7-23.5% +/-30.4% +/-36.0Y%
+/-12.8% +/-18.5% +/-22.8Y% . -
- - .973E-0
.000 |-- - - 2.178E-06 2.141E-06 1.9
3.0 9.910E-08 5.289E-06 379233336 +7-29.9Y +/-29.5Y, +/-22.6Y%
A, 2 Th — 6 | 3.012E-08 1.662E-06
- - 2.946E-08 .012E- '
3.500 1 133E-05 6.099E-06 4.706E-06 Pt +/-20.4% +/-43.8Y,
Y, +/-16.3%
22T R 6 7E-06 |  2.862E-08 1.829E-06
.000 z - 3.8B7E- . 862E~C .8
e 9'934E5?6 Z)ssgzige 37933?3%6 +/-15.9% +/-26.0Y% +/-37.9%
+/-12.0% - 8.1% ---
f - - E-06 2.764E-08
.00 |---=--==-- - .49EE-08 2.612E-06 3.008 i
* 9.276E-06 7.875E-06 3/323 P +7-17.9% +/-18.4% | +/-29.1%
r/ore: 1 e . 06 |  1.864E-08 |  2.411E-06
6.000 |---—-=--m-moms TR - .B7TE-06 4.070E- y /-32.2%
9.752E-06 5.858E-08 f/fgs.oz +/-18.1% +/-26.4Y +/-32.2),
+/-12.3Y% +/-13.24 o 58E-06
5.500 |[----=-----==== - 963E-06 3.560E-06 2.654E-06 | 3.0
' 9.394E-06 7.711E-08 3.
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-20. +/-24.0Y% +/-39.7%
274 +/-15.3% +/-17.7% +/-32.8% +/-20.9% et
276 6.000 GE9E-06 3.887E-06 2.07TE-06 . -
1.213B-06 7.886E-06 3. 24B. +/-24.6% +/-32.7%
e +/°12.9% +/- 4.6% +/-36.0% +/-16.4% - e
278 8.500 287E-06 4.529E-06 2.458E-0 .093E-
9.725E-06 1.071BE-05 5. 2 +/-33.4 +/-29.8%
25 +/-9.0Y% +/-16.7% +/-31.8% | 4/-11.a% /733.4%
281 7.000 48E-06 4.950E-06 3.375E-06 1.913E-08
1.241B-06 7 .990E-06 5.1 ® 3.2 i/as.8n
§§§ +/-26.4Y +/-17.4% +/-23.4% +/-33.0% /-23.0%
284 7.500 E-08 3.007E-06 3.540E-06 2.5E5E-08
8.806E-06 4.947E-06 6.388 0 221, +/-33.2%
F444 +/- 9.7% +/-10.0% +/-21.7% +/-36.9% | +/-21.9% /
287 8.000
8.500 9.000
§§3 6.000 8.500 7.000 7.500 8.000
290 0.000 - 1.269E-06 7.072B-08 |  3.072E-07
5.7T9E-07 7.437E-07 3.116E-07 . 0 3.072E
203 +7-68.4%, +/-86.7%, +/-25.9% +/-43.7% | +/-98.0% | +/-51.2%
208 0.500 - 8.613E-10 9.961E-07 2.202E-07
4.00BE-07 6.249E-07 2.286E-07 . ° 202
208 +7-30.1% +7-47.0% +/-53.0% +/-99.0 | +/-46.21 +/-83.4%
208 1.000 8.479E-07 0.000E+00 5.459E-07
5.018E-07 1.224E-06 3.768E-07 . 0 459K
o +/-36.14 Yt et +7-91.1Y% +/-30.64 | +/- 0.0% +/-66.6%
209 1.500 7.324E-07 5.876E-07T 8.956E-08
< 7.148E-07 3.421E-07 5.173E-07 . 8 ®
38? +/-87.9Y% +/-81.74, +/-90.6Y% +/-7T3.6% | +/-T4.Th +/-61.3%
302 2.000 3E-07 3.845E-07 6.621E-07
7.801E-07 8.348E-07 9.201E-07 9.39 8 6
P +/-34.3% +/-36.9Y% +/-34.3% +/-52.24 | +/-93.8% +/-80.8Y%
305 2.800 - 1.720E-06 4.967E-07
1.370E-06 6.019E-07 1.140E-06 1.601E-08 . ®
307 +/-§5.2% +/-25.6Y% +/-69.4Y, +/-48.0% | +/-52.4% +/-68.9Y%
308 3.000 - 398E-07 2.281E-07
9.237E-07 6.854E-07 1.319E-06 1.116E-07 1. 2
g?g +/-43.6Y, +/-38.2Y% +/-34.4Y +/-64.8% | +/-99.0% +/-99.0%
e 8.800 -07 1.126E-07
1.465E-06 9.951E-07 1.794E-08 2.764E-07 9.613E-0 1
HH +/-23.2Y, +/-60.1Y%, +/-20.5Y, +/-57.9% | +/-49.1% +/-67.6Y%
314 4.000 oo 4 119807
1.814E-06 9.502E-07 1.213E-08 1.463E-06 1.494E-0 .
316 +/-61.8, +/-40. 4%, +/-58.5Y% +/-66.1% | +/-48.8% +/-72.4%
317 4.500 - . P
2.867E-06 2.149E-06 1.119E-08 2.027E-06 2.201E-06 3.
HH +/-29.3Y% +/-39.9Y +/-35.5% +/-64.1% +/-73.2, +/-99.0%
320 5.000 --- - o7
1.829E-06 2.476E-08 9.296E-07 2.638E-07 1.399E-07 4.91
323 +/-66.9Y, +/-48.1Y% +/-50.1Y, +/-80.2Y% +/-99.0Y%, +/-99.0%
323 5.500 — o8
2.545E-08 1.310E-08 1.491E-06 6.099E-07 4.556E-07 1.319E
333 +/-48.5Y +/-64.8Y +/-17.5% +/-78.3Y, +/-61.5Y, +/-32.8%
326 8.000 --- ---
1.482E-06 3.679E-06 6.071E-07 4.162E-07 3.822E-08 1.308E-06
ggg +/-27.3Y, +/-27.3Y, +/-54.4Y +/-46.4Y, +/-61.7% +/-73.2%
6.500 ---
320 2.675E-08 2.751E-06 8.478E-0T 0.000E+00 1.729E-06 1.869E-08
831 +/-32.0Y% +/-46.0Y% +/-561.2% +/- 0.0% +/-49.0Y% +/-32.8%
332 7.000 -—
333 1.699E-06 1.437E-06 2.437E-08 3.823E-07 2.213E-06 2.936E-07
834 +/-87.0% +/-561.4Y, +/-18.7Y% +/-87.6Y%, +/-44.4% +/-68.5%
335 7.500 |--- -—
336 1.240E-08 2.777E-08 1.220E-06 1.112E-06 3.191E-07 1.277E-06
337 +/-38.1Y, +/-56.1Y +/-46.4Y% +/-64.6Y, +/-65.9Y% +/-67.2%
338 8.000 ——
330 IRAWDATA SIZE IS ( 18 186)
840 Y voxel plane is 11
341
342 EDK in H20 (10 MeV) 14-4UG-91 18:46:30
343 200000 particles of charge O, energy= =-1.000 MeV on phantom
3844
845 RTPCART (ECUT,PCUT)=[ 0.561, 0.050], SMAX= 1.00E+10
348 CEXPTR= 0.000 CPU= 9850.0 sec
347
348 Dose spread array with X,Y centre=( 6.26 65.25), Origin depth= 1.25/cm#*2
349 Smear flag = 2 Dose type =
350
361 Total incident Energy = 21976.6956 MeV, Phantom energy = 14293.3727 MeV
352
363 ...end of file read 14-4AUG-91 22:17:53
354
355 ...end of file read 14-AUG-91 22:17:53 CPU= 9858.8 sec= 2.739 hrs
356 FORTRAN STOP
357 § if f4mode().eqs."INTERACTIVE" then goto LAST
358 $ rename phys$:[1219]rtpcart.log phys$: [1219. egs]rtpcart.log
359 $LAST:
360 $ EXIT

361 PEYS1219 job terminated at 14-AUG-1991 22:17:56.28
362 Accounting information:

363 Buffered I/0 count: 85
364 Direct I/0 count: 695

385 Page faults: 2393
366 Charged CPU time: 0 02:44:20.79

Peak vorking set size:
Peak page file size:
Mounted volumes:
Elapsed time:

2114
4966

o
0 03:31:36.69
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Appendix D
EGS4 User Code RTPEDK

" RTPEDK .MOR "

This is a modified version of the PRESTA-based INHOMP "

" code. Modified by David C. Murray, Uni i "
" VWaikato, Haniltog, Nev Zealand Y, Uaiversity of "

" This code simulates a SPHERICAL scorin, eometry "
It is essentially a cut-down version 05 gTPCYL "

" (ISOURC=6), with modifications to region and scoring "
" boundaries. "

" This is a PRESTA code "
v It requires NRC4MACP.MOR from unit 8 and "

" NRCCAUXP.MOR from unit 10 (EGS4.MOR unit itch "
" ghould be %U2,%U10.%U3,%US,%U4) sEitches "

" Note, NRCCAUX.MOR contains many extra geometry routines "
for cylinders which one may wish to odgt outrZo avoid "

" lots of linker warnings "

;REPLACE {$MXDATA} WITH {1}
"Default for sigma routine in EGS4.MOR at FRCC"
!JNDENT F 2;

%E
%c80

"RTPEDK.MOR"
use 80 col of input

I R I PP T R e e Ty Ly

ARERREEEERERRRES
* *
* RTPEDK.MOR »
* -
SRR REEEEERERR RS

This code simulates a point source of photons forced to

interact at the origin of an infinite medium. Energy deposited is
scored in a spherical geometry, with constant R THETA increments.

For incident photons it calculates:
-the total dose (IT=1)

-primary dose (IT=2) - DCM
-secondary dose (IT=3) - DCM

IFHOMP vas originally written by

David Rogers NRCC Ottawa KiiA OR6 (613)993-2715

Code is written in MORTRAE3 and is a user code for EGS4 (see
SLAC report 265, Nelson, Hirayama and Rogers)

Use of this code or its close relatives is described in
Health Physics 46 (1984) 891-914 and

Euclear Instruments and Methods 4227 (1984) 535-548

"  Unit assignments

unit 1 output listing file

unit 6 input file (or keyboard)

unit 6 prompts for input and echos input

unit 8 echos media input from pegs(assign to null file)
unit 12 input file with crossection data from pegs

unit 13 output file for DOTPLOT data - D.C.M.

unit 14 output file for RAWDATA data - D.C.M.

" The code can be run interactively, or in batch with the following
" input file:

" Input file 'P1’.IEP

"Card 1
”n
"Card 2
L1}
"Card 3
n

"

:Curd 4

"Card b
”

title 8041
material 1 2441

RHOR .
RHOR medium density

NRADIALS,DELTAR,NTEETAS ,BRADSCAT ,DELRSCAT,NTHSCAT
BRADIALS number of radial scoring regions

DELTAR distance (in cm) between radial scoring boundaries
NTHEETAS number of angular scoring regions (in 180 degrees)

For scattered dose (if different from primary):
ERADSCAT number of radial scoring regions

DELRSCAT distance (in cm) between radial scoring boundaries
BTESCAT number of angular scoring regions (in 180 degrees)

E(kxinetic energy),ECUT,PCUT,SHAX,ESTEPE,ESAVE

221



131
182

150
151
152
153
154
1565
1668
157
158
159
160
161
162
163
164
185
186
167
168
169
170
171
172
173
174

" E KINETIC energy of incident beam .
" ECUT electron cut off in Mev-total energy "
" PCUT photon cut off in Mev .
" for E<=0, input a spectrum on cards 64 (below) .
SMAX max step size in cm

" ESTEPE fractional energy loss per electron step .
" if left O, EGS uses its owvn default step size .
" if non-zero, step size is chosen to reduce E by this
" fraction .

" ESAVE electrons belov this energy will be thrown out if thcy:
" cannot escape from their current region.

" i <=0. input an ener spectrum

"cud ot fi;itgcagdo EIHEI lowosts{IlETIC energy in spectrum "
" EBIN(I),EPEI(I) ) "
" EBIN(I) <top of energy bin I .
" EPHI(I) probability of energy being in this bin
" (not necessarily normalized)

" end with EBIN(I) < EBIN(I-1) or zero

7
" ECASE,IVATCH,TIMMAX,IDORAY,INSEED
" HCASE # histories to run
" IWATCE = O for normal output
" = 1 to print all interactioms
" = 2 to print every electron step
" TIMMAX maximum cpu time allowed for job in hours L.
" job terminates with as many batches as possible within"
" this time limit "
" default = 1 hour
" IDORAY =1, include Rayleigh (coherent scatter) = O, dont
" IESEED initial seed to random number generator- O is ok

"
"
"

RRR,RRCUT,CEXPTR "
" for Russian roulette - as any photon crosses the R=RRR sphere "
" russian roulette is played with a probability of survival =
" RRCUT - weight increases by 1/RRCUT if it survives "
" if blank or both zero, no Russian roulette is played
" CEXPTR parameter for pathlength biasing

" <0 for shortenin

" if 0.0, no biasing done

Card 8
"

"Card 9 (PRESTA inputs) "
"  IPLC,IBCA,ILCA,IOLDTM,BLCMIN "
" all zeros is fine for a default PRESTA run - see the PRESTA write up "
" for details on other values possible
" to obtain a pure EGS4 run, insert a line 1,1,1,1
:: if the 4th 1dis changed to zero, the improved FIXTMX algorithm is "
use "
" if BOPLCI is non-zero, i.e. then IPLC should be -1 to signal "
" no PLC is to be used. NOPLCI will over-ride and set IPLC to -1 "

" Definitions of regions "

"Card 10 (Output options) - D.C.M. "
" ITOT,IPRI,ISCAT,IDOTPLOT "
" ITOT,IPRI,ISCAT "
" =0 not output to rav data file "
n =1 output to rav data file "
" IDOTPLOT O = no DOTPLOT output "
output IQ,X,Z to unit IDOTFILE "
output IQ,X,Z2,U,W,USTEP to unit IDOTFILE "
if primary, output IQ,X,Z to unit IDOTFILE "
if primary, output IQ,R,Z to unit IDOTFILE "

Some variables "

W

""COMMON/SCORE/ "
': MXEP maximum value of stack pointer-checked in AUSGAB "
:' DOSEIS(IRADIAL,ITEETA,IT,IS) the energy in mev deposited in zone "
" (IRADIAL,ITHETA) for batch IS. "
" IT=1 total energy deposited "
" IT=2 Primary energy "
IT=3 scattered energy "

" IWATCH =0 normal output "
=1 prints detail of every discrete interaction "
" =2 print detail of every step taken "
" Is current batch number "
" IQIN charge of incident particle (=0) "
ISTEPA number of charged particle steps taken "

on

" COMMON/GEQM/
" %H radius ;f current particle "
angle of current particl '
:: FRADIALS number of radial gegio:so .
DELTAR distance (in cm) between radial Tegions "

" NTHETAS number of angular regions (i
g“ in 180 "
" ERADSCAT number of radial :.ggon, - scattgrg.igrg..s) "

" DELRSCAT distance (in cm) between radial regions - scattered E "

" NTHSCAT number of angular regi i
" RMAXNEEDED used in HDHF%; for dgsgﬁzd(astso des) seattered E ::



227
228
229
230
231
232
233
234
235
238
237
238
239
240
241
242
2438
244
245
248
247
248
249
250
251
252
253
254
255
256
257
258
259
280
261
262
263
264
265
268
287

"Non-common variables "
" AINFLU incident fluence "
parallel beam = NCASE/area of beam "

point source =NCASE/area of sphere -i.e. larger "

" DOSE(IRADIAL,ITHETA,IT)-average energy deposited per batch -E&ch zone "
DOSEIT(IRADIAL,ITHETA) value of dose for a given IT-used for output "
UNCER(IRADIAL,ITHETA,IT) fractional uncertainty on dose-calculated "

' as uncertainty on mean from 10 batch "
' ITOT,IPRI,ISCAT flags for out]’mtting energy cuto;o:i:: "
RBOUND, THETABOUND array for storing boundary coords (used by GRIDLP) "

" IDOTPLOT flag for not plotting/plotti int b "
:: IDOTFILE unit number tgr DOTP. Og out;-:g = D?é?lcl.“n' "
" IRAWFILE unit number for raw data output - D.C.M. "

TOTALMEV total incident K.E. for DSA - DCM "

Installation specific routines "

This code was developed on a Vax system using Vax fortran 77 "
This means expressions are used in output lists plus a few other "

non-standard fortran 4 features - "
Several other features related to timi routines, time and date "
routines and a routine to set up an 1a120 printer have also been "
" used. Just comment out all lines with references to: "
" TIMEE, DATEN, SECEDS, CPUTIME or LA120 "
" They do not affect the simulation at all "

" T=SECNDS(TO) returns time in seconds since TO "
" CALL CPUTIME(IT) returns IT(INTEGER*4)=task cpu time in 10 millisec "
" CALL LA120 sends an escape sequence to set up lal20 printer "

" The code assumes that the NRCC4 macros are used and that the routines "
" WATCH and FIXTMX are linked with it

3
T R R e R e P R P P S PR T S T 2 LT T}
" "

;"User set values'

%I

PARAMETER $MIMED = 1 ; “Smedia"

PARAMETER $MIREG = 1 ; "#regions"

PARAMETER $STAT = 10 ; "# bins for uncertainty analysis"
PARAMETER $MXSTACK = 20 ; ‘"maximum stack"

PARAMETER $MAXR = 200 ; "max # radial energy scoring zones"
PARAMETER $MAXIR = 201 ; "$MAXR+1 max no. of boundaries allowed"
PARAMETER $MAXTHETA = 36 ; "max # angular energy scoring zones'
PARAMETER $MXITHETA = 37 ; "$MAXTHETA+1"

PARAMETER $MAXIT = 3 ; "max number of scoring categories"
PARAMETER $COLEND = 7 ; "number of cols across page in GRIDLP"
%I

"Common block definitions"

REPLACE {;COMIN/SCORE/;} WITH

{;COMMOE /SCORE/MXEP,DOSEIS ($MAXR , $MAXTHETA , $MAXIT, $STAT) , IWATCH,IS,ISTEPA,
IQIN,IDOTPLOT,IDOTFILE;}

REPLACE {;CDHII/GBOH/;& WITH
" -—

{;COMMON/GEOM/BRADIALS ,DELTAR ,BTEETAS ,NRADSCAT ,DELRSCAT,
ETHSCAT,R,TH,RMAXNEEDED;}

REPLACE {;CDHII/BSPECT/;E VITH

{;COHHOI/ESPECT/ECPD(SO),BBII(EO),EPHI(EO),EIHII;}

" above to input an energy spectrum for the sonrco"'

“YECPD(I) is the probability of the source energy bo:'.ng"' .
"less than EBIN(I) =~ i.e. cumulative probability distribution”

REPLACE {;COM /RUSRDU/;* VITH
"

:LOGICAL RUSROU;COMMOE/RUSROU/RRR,RRCUT RUSROU§}
EﬁUSROU is the common for the Russinn !ol’ll.tt. in AUSGAB/HOWFAR"

"The following macro is needed for the PRESTA implementation
"in this oomftry. It is only called in ELECTR and it assumes

"COMMOE GEOM is available.
REPLACE {OCALL-BDHBAR(#).;' } WITH
"

"There is & small problem here with rounding due to the convg'gion
"from radians to degrees, mu\ifostini as TVSTP2<VSTEP2 (proh;b;tod).:
"This is fixed by subtracting a small constant from P1 - DCHM, 1991
"Jote DEEAR={P1}. Try making"
{;IF ($FLAG1=1) ["primar;"

RFRAC=AMOD(R,DELTAR) ;

TEFRAC=AMOD(TE,180.0/NTHETAS) ;

=MIN (MIN (RFRAC,DELTAR-RFRAC)
i RssIlEHII(TBFRAC,(180.0/liHETAS)-TBFRAC)¢

(3.14159265358979/180.0))) - 1.0E-6;]
ELSEIF ($FLAG1>1) ["scattered

"

223
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268 RFRAC=AMOD(R,DELRSCAT) ;

e TR LNIE NDN(RFRLC, DELRSCAT RFRAC)

70 P1}=] -

271 « R'SII(HII(TﬁFRAC,(180.0/ITB§CAT)-TE?RAC)‘

272 (3.14169265368978/180.0))) - 1.0E-6;]

278 ;}

274 "

76 "Thi ro replaces WRCC version. It performs forcing at the origin, '
§76 "vi:; ;::hlenggh biasing -CEXPTR. It does an exponential transformation L
277 "of the photon pathlength for forward-going photons

278 REPLACE {$SELECT-PEOTON-MFP;} WITH

279 "
280 {SRA!DDHSET(RIIOSE' IF(REF036 = 0.0) [RENO35=1.E-30;]

281 DPMFP=-AL0G(RENO ;

282 IF ((X(IP).EQ.0.0).ilD.(Y(IP).BQ.0.0).LID.(Z(IP).BQ.0.0)

283 tgggééiglg)jEQ.i.O))

284 =0.0;

285 ELSEIF(CEXPTR.NE.0.0) [IF(W(EP)>0.0) [TEMP=CEXPTR+W(NP) ; BEXPTR=1./(1.-TEMP);
286 DPMFP=DPMFP+BEXPTR ; WT (NP) =WT (NP) sBEXPTR«EXP (-DPMFP*TEMP) ; 11;}

287 .

288 "The following macros control machine-dependent code. Options are VAX and ;
2890 "TRANSPUTER - D.C.M. "
200 ''=-- e e et

201 REPLACE {$VAX;} WITE {NOGEBERATE;}

202 REPLACE {$TRAESPUTER;} WITH {GENERATE;}

293 M - - - - - — - - - - - - - - -
294

295 "VAX commands"

208 $VAX;

207  REPLACE {CALL LA120(#);} WITH {CONTINUE;}

208  REPLACE {$MACEINE} WITH {’VAX’}

2090  REPLACE {$TPUTER-REG-IBIT;} WITH {CONTINUE;}

300 ENDGENERATE;

801

802 "TRANSPUTER commands"

303 $TRANSPUTER;

304 "Hote that PRESTA-MSCAT-1 macro override creates two linker warnings - DCM"
305  REPLACE {CALL CPUTIME(#);} WITH {CALL ICLOCK({P1});{P1}={P1}s100;}
808  REPLACE {CALL LA120(#);} WITH {CONTINUE;}

807  REPLACE {CALL TIHB(#):} WITH {COITIIUE;j

808  REPLACE {CALL DATE(#);} WITE {CONTINUE;}

309  REPLACE {SECEDS(#)} WITH {0;}

310 REPLACE {LOGICAL#*1} WITH {LOGICAL}

311 REPLACE {INTEGER#*2} WITE {INTEGER}

812  REPLACE {INTEGER#4} WITH {INTEGER}

313  REPLACE {REAL*4} WITH {REAL}

314  REPLACE {REAL#*8} WITE {DOUBLE PRECISION}

815  REPLACE {CALL EXIT;} WITH {STOP;}

316  REPLACE {EXIT;} WITE {STOP;}

317 "Replace REG with Fibonacci sequence"

818  REPLACE {$TPUTER-REG-INIT;} WITE {$FIBONACCI-RNG-INIT;}
819  REPLACE {$RANDOMSET#;} WITE {$FIBONACCI-GENERATOR{P1};}
320 REPLACE {;COMIN/RAEDOM/;} WITH

321 {; COMMOE/RAEDOM/URNG (97) , CREG ,CDREG, CMREG, IRNG ,JRNG,IXX;}
322 REPLACE {;COMMON/RANDOM/IXX;} VWITH

323 {; COMMON /RANDOM/UREG (97) ,CREG ,CDREG, CMRNG, IRNG ,JRNG,IXX;}
324 "Deactivate graph plotting options"

325 "Avoid linker warnings by replacing with known variables"

326 REPLACE {CYRAD2(#)} WITH {X(EP)}

827  REPLACE {ZPLANE(#)} WITH {X(EP)}

328 "Remove carriage control formats on output statements"

329 REPLACE {OUTPUT; (’$#);} WITE {OUTPUT; (’{P1});}

330 REPLACE {OUTPUT; (’0%#);} WITH {OUTPUT;(’ ?);O0UTPUT; (*{P1});}
331 REPLACE {OUTPUT;(’ #);} WITH {OUTPUT;(’{Pii);}

332 "Indicate machine"

333  REPLACE {$MACHINE} WITH {’TRANSPUTER’}

334 ENDGENERATE;

335

336 "Fibonacci REG initialising routine. IRNGSEED is set to IXX, while the "
337 "other three seeds are set to the values below - D.C.M."

ggg REPLACE {$FIBONACCI-REG-INIT;} WITE

340 "Initialise transputer REG - D.C.M."

341 "IRNGSEED,JRNGSEED ,KREGSEED,LREGSEED are REG seeds - D.C.M."
342 JREGSEED=30;

343 KREGSEED=61;

344 LRNGSEED=121;

345 "Check IXX is in range 1..168"

346 IF (IXX.GT.168) [IXX = MOD(IXX,168)+1;]

347 IF (IXX.LT.1) [IXX = MOD(-IXX,168)+1;]

348 IREGSEED=IXX;

349 DO II=1,97[

350 SREG=0.0;
351 TREG=0.5;
A O Y

G=MOD (MOD (IREGSEED* JREGSEED . ;
354 IRNGSEED=JREGSEED; »179)*KRIGSEED, 179);
355 JREGSEED=KREGSEED :
358 KREGSEED=MREG
44 IF (MOD (LRIOSEaD HASSEEDT1 1169);

D*MREG, 64) . CE. = ;

8 IF {MOD(LRNGSE ,64).GE.32) [SREG=SRNG+TREG;]
360 ]
361 URNG (II)=SREG;
362

383 CREG=362436.0/16777216.0;



425

440
441

452
463

457

225

CDREG=76654321.0/16777216.0;
SKRIG=16777213.0/16777216.0;

Ig;; il;giJRlG to 97,33 for first call to RNG"
iRlG = 33;

;

"Fibonacci REG. After generation of the rand

:;;;uo 80 that the usog will see ditforon:n’:to::?b:rbféf ?: set to that
is generator requires 4 initial

"Is maS atTere long e Sl D.C.H."...d' to generate a further 97 seeds. "

RBELACE {$FIBONACCI-GENERATOR®;} WITE

{P1} = URNG(IRNG)-URNG(JRNG);

IF ({P1}.LT.0.0) [{P1}={P1}+1.0;]

URNG(IRNG) = {P1};

IRNG = IREG - 1;

IF (IRNG.EQ.O) [IRNG=97;]

JREG = JRNG - 1;

IF (JREG.EQ.O0) [JRNG=97;]

CREG=CRNG-CDRNG;

IF (CRNG.LT.0.0) [CREG=CRENG+CMREG;]

{P1} = {P1} - CRNG;

IF ({P1}.LT.0.0) [{P1}={P1}+1.0;]

''Debugging option"

"IF (({P1}.LT.0.0) .OR. ({P1}.GT.1.0))[error - log values "
" OUTPUT {P1i},CRNG,CDRNG,CMRNG,IRNG,JRNG,URNG(IRNG+1),URNG(JREG+1) ;"
" (' RN,CRNG,CDRNG,CMRNEG,IRNG,JRNG,URNG(IRNG+1) ,URNG(JRNG+1) = *, "
' F12.8,F12.8,F12.8,F12.8,112,I12,F12.8,F12.8); "
ixx = INT({P1}*10000.0); ‘'update seed for printout"

"Data declarations"

;LOGICAL#*1 DATEN(9),TIMEN(8),TITLE(80); "Vax specific"

INTEGER*4 CPUTO,CPUT1,CPUT2,CPUT3,CPUT4;

REAL#*4 UECER($MAXR,$MAXTHETA,$MAXIT) ,DOSE($MAXR,$MAYTHETA ,$MAXIT),
DOSEIT ($MAXR,$MAXTHETA) ,UNCERT($MAXR , $MAXTHETA),

RBOUND ($MAXIR) , THETABOUND ($MXITHETA) ;

"Variable for total incident K.E."

REAL#8 TOTALMEV;

"Flags for controlling outgut -DCM."

INTEGER*4 ITOT,IPRI,ISCAT,IRAWFILE;

"Note comin PHOTIN added to allov access to GMFP for DSA calcs - DCM"

; COMIN/EPCONT,MEDIA,GEOM, SCORE, THRESH,BOUNDS, MISC,ELECIN, RANDON,
STACK,MULTS, RUSROU,USER, USEFUL, ESPECT ,PEOTIN/;

I0UT=1;"OUTPUT LISTING UNIT"

IDOTFILE=13;"Output listing unit for DOTPLOT file - D.C.M."
IRAWFILE=14;"Output listing unit for RAWDATA file - D.C.M."

TOTALMEV = 0.0; "initialise total incident energy/weighted E counter -DCH"

CALL CPUTIME(CPUTO);"initial cpu time taken by this task so far"
OUTPUT $MACEINE ; (’ Running on a ’,4);

$TRANSPUTER;
"Opening of input files for transputer - D.C.M."
OPEN (UNIT=1,FILE=’FOROO1.DAT’ ,STATUS=’UNKNOWE’); "program output"
OPEN (UBIT=6,FILE="FOROO6.INP’ ,STATUS=’0LD’); "parameter input"
OPEN (UFIT=7,STATUS=’SCRATCH’) ; "echos media input"
OPEN (UBIT=8,STATUS=’SCRATCH’) ; "echos media input’
OPEN (UNIT=12,FILE=’FORO12.IKP’,STATUS=’0LD’); "PEGS input data"
OPEN (UEIT=13,FILE=’'FORO13.DAT’,STATUS="UNKEOWE’) ; "DOTPLOT output"
OPEN(UNIT=14,FILE='FORO14.DAT’,STATUS=’UNKEOWE’) ; "RAWDATA output”

EEDGENERATE;

" Read inputs "

" ===sss=s===== "

"Card 1"

;OUTPUT; (//?0Title:?);

READ(6,100,EED=:EED: ) TITLE; OUTPUT TITLE; (1X,8041);

"Card 2"
OUTPUT; (’$ Material: ’);READ(5,12053ID=:EID:)(HEDIA(J,i),J=1,24);
;

OUTPUT (MEDIA(J,1),J=1,24);(1X,2441

"Card 3"
;OUTPUT; (*$RHOR (density): ’);
READ(5,110.53D=:EID:)RBUR; OUTPUT RHOR;(?+'F9.4);

"Card 4"
'OUTPUT;(’QHRADIALS,DELTAR,ITHETAS,IRADSCAT,DELRSCLT,ITHSCAT: )5
éEAD(B,IOS,EID=:EID:)IRADILLS,DELTAR NTEETAS, NRADSCAT ,DELRSCAT,NTHSCAT;
IF(ERADIALS > $MAXR) [FRADIALS=$MAXR;

IF(NTHETAS > $MAXTHETA) [NTHETAS=$MAXTHETA;]

IF(NRADSCAT=0.0) [FRADSCAT=BRADIALS;]

IF(DELRSCAT=0.0) [DELRSCAT=DELTAR;]
IF(ITHSCAT=0.0)[HTHSCAT=ITHETAS;j

IF(NRADSCAT > $MAXR) [FRADSCAT=$MAIR;]

IF(NTHSCAT > $MAXTHETA) [ETHSCAT=$MAXTHETA;]

OUTPUT IRADIALS,DELTAR.HTHETAS,IRADSCAT,DELRSCAT,IT&SCAT;

(16,F9.4,16,16,F9.4,16);

"C d 5 "
Ou;;UT;("Boum energy,ECUT,PCUT, SMAX,ESTEPE,ESAVE: );
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458 READ(S,iiO)ong BCUTII,PCUTII,SHAX,BSTEPE,ESAVII;
4590 IF(SMAX <= O.
460 IF(SHAIIR(i)’0.0)[SHAXIR(1)'DBLTAB;SHAI-1.810;]
461 ]
462 ELSE[
463 IF(SMAXTR(1)=0.0) [SMAXIR(1)=SMAX;]
464 ELSE[SMAXIR(1)=AMIN1(SMAXIR(1),SMAX);]
465 .
466 DU%PUT EII,ECUTII,PCUTIligllliBSTEPB,ES:XII;(3?10.3.1?812.3,0PF10.4.F10.3),
467 "Set default ener cutoffs where neede
468 ECGTHI = 1.E10; ﬁZ\ood to find minimum ECUT used for PRESTA"
469 IF(ECUT(1) ;'0.0)[ECUT(1)=ECUTII;]
470 ECUTME=ECUTIN;
471 ECUTME = MIN(ECUTMN,ECUT(1));
473 IF(PCUT(1) = 0.0) [PCUT(1)=PCUTIN;]
473 IF(ESAVE(1) = 0.0) [ESAVE(1)=ESAVIN;] \
474 ESTEPR(1) = 1.0; "Set ESTEPE scaling to 1.0 (default)
475
476 "Card 64 only if EIN<=0.0 which means input spectrum”
477 IF(EIN<=0.0)[ . . el
478 OUTPUT; (*OInput tops of energy bins and bin probabilities’/
479 7 one pair per line, lovest energy first - first line EIMIN only’/
480 ’ end with bin top energy lover than previous’/);
481 I=0; INPUT EIMIN;(F10.0);"lovest energy in spectrum"
482 LOOP [I=I+1;
483 INPUT EBIN(I),EPEI(I);(2F10.0); ‘
484 IF(I.NE.1 .AND. EBIN(I).LE.EBIN(I-1))[EXIT;"end of input spectrum"]
485 ELSEIF (I.EQ.1 .AND. EBIN(I).LE.EIMIN) [EXIT;"error probably"]
486 ] "end of loop" .
487 EEBIN=I-1; "number of energy bins read in"
488 TOTPHI=0.0;D0 I=1,NEBIN [TOTPHI=TOTPEI+EPHI(I);]"spectrum total"
480 ECPD(1) = EPHI(1)/TOTPHI;
490 DO I=2,NEBIN [ ECPD(I) = ECPD(I-1) + EPHI(I)/TOTPHI;]
491 OUTPUT (I,EBIN(I),EPHI(I),ECPD(I),I=1,NEBIN);
492 (? Bin # Energy top Probability Cumulative prob’/(I4,F10.3,2F16.4));
408 ]"end of input energy spectrum"
494
495 "Card 7"
496 OUTPUT;
497 ("#Hi;torios.IHATCB TIMMAX(ER) ,IDORAY,INSEED?);
498 READ(S,iSO,ElD=:ElD:SICASE,IUATCB.TIHHAX,IDOEAY,IISEED;
499 IF(TIMMAX = 0.0) [TIMMAX=1.0;"defanlt time limit is 1 hour"]
500 IF(INSEED “= O)[IXX=IRSEED;"IXX from COMIN RANDOM"
501 "IXX initialized in HATCE if not here']
502 OUTPUT NCASE,IWATCH,TIMMAX,IDORAY,INSEED;
503 (1x,18,I6,F8.2,° HRS’,I16,I112);
504 IF(IDORAY °= 05[D0 J=1,‘HXREGtIEAYLR(J)=1;]]
506 IF(IWATCHE = O)["don’t call AUSGAB unless needed"
508 DO J=6,25[TAUSFL(J)=0;]]
507 "Call AUSGAB for P.E., pair and Compton events (IARG=19,18,15)"
508 /IAUSFL(20),IAUSFL(19),IAUSFL(168)/=1;
g?g "The call WATCH(-99,IWATCH) changes these for IWATCH non-zero"
511 "Card 8"
612 OUTPUT;(/’$Russian roulette: R plane,Survival prob, Pathlength param: ’);
513 READ(5,110,EED=:END:) RRR,RRCUT,CEXPTR;
514 OUTPUT RRR,RRCUT,CEXPTR;(3F12.4);
g}g RUSROU=.FALSE. ; IF (RRR+RRCUT “= 0.0) [RUSROU=.TRUE. ;]
517 "Card 9 PRESTA inputs"
518 EI=EIN; "get total energy"
519 IF(EIF <= O.Q)EEKO = EBIN(NEBIN);] ELSE [EKO = EIN;]
520 "PRESTA requires the max K.E. of electron"
521
522 " Init media and call HATCH "
523 " "
524 ;MED(1)=1;
525 DUNIT=1;
526 CALL TIME(TIMEN);"a DEC specific routine returning the time of day"
527 OUTPUT TIMEN; (’OCALL TO HATCHE AT °,841);
528 CALL HATCH;
ggg CALL TIME(TIMEN) ;OUTPUT TIMEN; (’OHATCH COMPLETED AT ’,841);
531 " Check media data covers energy range requested"
ggg IFég%gsgpfléxnlUP%I§>UE213-%}511)[
1),UE(1); 1X,80(»? ’ )
s34 §3éav§gggngnf annév=»,Fio.é."xgv'/’)éé G;g}TgED¥g=l:,
Y DATA FILE WEE =2 .

e ixsocenn; RE UP,UE=’,2F10.3,’ MEV’//
537
538 "Check cross sections are available for Rayleigh scattering if requested"
gig IFégggg%Yi'?/?1xtso%§AY%H(1) “= 1)["data not there"

i *2)/10R4
521 ] AR GIVE/UP,)¥LEIG3 SCATTERING DATA NOT THERE FOR’,
542
543
544 "CARD 9 PRESTA Inputs"

545 $PRESTA-INPUTS;

546

g:g : Change electron step sizes if requested "

549 IF(ESTEPE > 0.0)["Replace EGS4 values of TMXS with i )
( ! ETRAN 1like"

550  "constant fractional energy loss steps -note 200#TEFFO restrictions are"

551 "still active"



227

562 _ CALL FIXTMX(ESTEPE,1);
553 ]

554

656 "Card 10 Output options "
556 OUTPUT; (/’$ITOT,IPRI,ISCAT,IDOTPLOT: ?);

557 READ(,116,END=:END:) ITOT,IPRI,ISCAT,IDOTPLOT;

558 OUTPUT ITOT,IPRI,ISCAT,IDOTPLOT; (4I3);

560 RUSROU=.FALSE.;IF (RRR+RRCUT °= 0.0) [RUSROU=.TRUE. ;]

gg; : Initialize scoring arrays and set some constants "
"

563 IRIN=1; '"source is in region 1"

564 WIIN=1.;"initial veight alvays 1"

565 XIN=0.0;YIN=0.0;ZIN= .O;UIN=0.0;VIN=0.0;WIN=1.0;

566 IQIN=0; "incident particles are photons"

567 JCASE = NCASE/$STAT; NCASE=JCASE*$STAT; ISTEPA=0;

ggg RMAXNEEDED = MAX(NRADIALS+DELTAR,NRADSCAT#DELRSCAT);
570 MINP=0;

571 DO IS=1,$STAT[

572 DO IT=1,$MAXIT[

573 DO ITHETA=1,$MAXTHETA[

574 DO IRADIAL=1,$MAXR[

575 DOSEIS(IRADIAL,ITHETA,IT,IS)=0.0;
g;g 1111

578 "Calculate incident fluence"
6579 AINFLU=FLOAT(NCASE);

581 " "

582 " Print summary of input "

583 " n

584 CALL DATE(DATEN);CALL TIME(TIMEN);WRITE(IOUT,140)TITLE,DATEN,TIMEK;
585 WRITE(IOUT,150) EIE,IQIN,ECASE;

586 IF(EIN<=0.0)[ WRITE(IOUT,151)(I,EBIN(I),EPBI(I)/TOTPHI,BCPD(I),I=1,NEBIN);]
587 IF(IDORAY “= 0)[WRITE(IOUT,152);]ELSE[WRITE(IOUT,1563);];

588 WRITE(IOUT,156) ECUTIN,PCUTIK;

580 WRITE(IOUT,160) 1,(MEDIA(J,1),J=1,24),RHO(1),AE(1),AP(1),200+TEFFO(1);
590 IF(ESTEPE °= 0.0)tﬂBITB(IOUT.iGS) ESTEPE;]

591 WRITE(IOUT,168) (ECUT(1),PCUT(1),MED(1),

592 RHOR(1),ESTEPR(1),SMAXIR(1),ESAVE(1));

6593 WRITE(IOUT,202) AINFLU;

594 ISEED=IXX;"save original IXX value"

595 WRITE(IOUT,206) INSEED;

696 OUTPUT INSEED,ISEED;

597 (°0INPUT R.§N. SEED, INITIAL SEED’,2I12/);

598 IF(RUSROU) [WRITE(IOUT,3056) RRR,RRCUT;]

500 IF(CEXPTR “= 0.0) [WRITE(IOUT,315) CEXPTR,1./(1.-CEIPTR);]

600

6801 "Fibonacci REG may be initialised here - D.C.M."

602 $TPUTER-RNG-INIT;

803

804 $PRESTA-INPUT-SUMMARY;

805

6068 IF(IWATCH °= O)[

6807 "Set up to call AUSGAB for all interactionms'" CALL WATCH(-99,IWATCH) ;]

808 "
809 " PRI T T 1

610 n - - "
611 " * Do simulation * "
612 n * * ”
613 " I I ey "
614 CALL CPUTIME(CPUT3); TZERO=SECEDS(0.0);

815

616 "Begin batch"

617 DO IS=1,$STAT[

618 TIHEB=S§CEDS(TZERO);CALL CPU}IHB(CPUT4);TIHCPU=(CPUTQ-CPUTS)¢0.01+.0001;
619 OUTPUT IS,TIMEB,TIMCPU,TIMEB/TIMCPU,IXX;

620 (’ START BATCH’.I3,’ TIMES-ELAPSED,CPU,RATIO,REG’,2F8.1,F8.1,I12);
621

822 IF(IS "= 1)["check there is time left"

628 TIMJOB=CPUT4#%0.01;"time since job started"

6824 BATCHT=TIMCPU/FLOAT(IS-1);"time per batch so far" .

625 IF(TIMJOB + 1.1#BATCHET > TIMMAX*3600.)[ "not enough time"

626 ISTAT=IS-1;WRITE(6,220) TIMMAX,ISTAT;

627 WRITE(IOUT,220) TIMMAX,ISTAT;

628 IABORT=1;G0 TO :EED-SIM:]]

629

6830 "Begin each history"

631 DO ICASE=1,JCASE[

632 IRIEN=1; "iarticlo region (allow for backscatter)"

633 XIN=0.0;YIN=0.0;ZIN=0.0;UIN=0.0;VIN=0.0;WIN=1.0; "

6834 LATCHI=O; "initimalize LATCH to zero - actuglly redundant

635 IF(EIB<=0.0)[ "select energy from distribution" .
836 CALL ESPEC(EI);EINN=EI; '"returns kinetic energy - need total

637 ]

638 ELSE [EINN = EIN;]

gig "Weight photon according to mean free path, and add veighted energy to "
641 "kernel total - DCM"

842 IF (EIB<=0)[

843 HEDIUHOLD=¥E?IUH;

644 MEDIUM=MED(1);

645 IF(EIHB<PCUT(i))[GAHHALDG=ALOG(PCUT(1));]
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b
847  $SET INT ;
648 :EVALUATE GAMMAMFP USING GMFP(GAMMALOG);
640  WTIN=1.0/GAMMAMFP;
650 rorAxuxv=ro§4L33v+s£g§:HrIl;
651 "Dobug%ing ines - n
“QUTPUT EINN,MEDIUM,GAMMALOG,LGAMMALOG,GAMMAMFP,VTIN; )
o5s "?’TEIII,HED:GLOG,LéLOG,GHFP:HTII= v ,Fi0.3,13,Fi0.3,16,2F10.3);"
654  MEDIUM=MEDIUMOLD;
655
656 ELSE["only 1 spectral component"
657  WTIN=1.0;
658  TOTALMEV=TOTALMEV+EINN;
659 ]
et HI,WTIN;
WATCE > 0) [OUTPUT 1,EINN,IQIN,IRIN,XIN,YIN,ZIN,UIN,VIN,VIN,LATCEI,WTIN;
063 %E(ilzran snouén VALUES},T36.7:°,12,F9.3,15,16,3F8.3,3F7.3,110,1PE10.3);]
63
864 "Syap calling condition between start and end of ’top to result"
666 "in average dose position in middle of step - DCM"
666 IF (TAUSFL(1)=1) [IAUSFL(1)=0;IAUSFL(6)=1;]
867 ELSE [IAUSFL(1)=1;IAUSFL(6)=0;]
668
669 CALL SEOVWER(IQIN,EI,XIN,YIN,ZIN,UIN,VIN,WIN,IRIN,WTIN);
670 .
671 IF(IWATCH > 0) CALL WATCH(-1,IWATCH);"to signal end of history"
872 ]"end of ICASE loop"
673 ]"end of $STAT loop"

6874 ISTAT=$STAT;"number of batches completed - full set here"

675 :END-SIM: N
876 " EII TR P PP P T

e77 " * - "
e78 " * End of simulation * "
e79 " * - "
680 " EERRREEEE R SRR RS RN E "

681 TIMEB=SECEDS(TZERO) ; CALL CPUTIME(CPUT4) ; TIMCPU=(CPUT4-CPUT3)*0.01;
682 OUTPUT TIMEB,TIMCPU,TIMEB/TIMCPU;

683 (//?0FINISHED SIMULATIONS- TIMES ELAPSED,CPU,RATIO=’,2F8.1,F8.2);
684 WRITE(IOUT,295) TIMEB,TIMCPU,TIMEB/TIMCPU,MXEP;
685 WRITE(IOUT,310) ISTEPA,BOSCAT;

686 LASTIX=IXX; $RANDOMSET XSI;

687 WRITE(IOUT,280) LASTIX,XSI;

e8s "

689 " Analyse results "

690 " sS====cs=ssosome= "

691 STAT=FLOAT(ISTAT);

602 IF(ISTAT “= 1)[SDENOM=STAT*(STAT-1.);]ELSE[SDENOM=0.00001;]

6903 AINFLU=AINFLU*STAT/FLOAT($STAT);"correct fluence in case of aborted run"
694 NCASE = ISTAT#JCASE;'"correct total number of histories if aborted run"
895

608 "Get total energy for total and primary dose"

697 DO IT=1,2[

898 DO ITHETA=1,NTHETAS[

899 DO IRADIAL=1,NRADIALS[

700 DOSE(IRADIAL,ITHETA,IT)=0.0;

701 DO ISs=1,ISTAT[

702 DOSE(IRADIAL,ITBETA,IT)=DOSE(IRADIAL,ITHETA,IT)+

;gi ] DOSEIS(IRADIAL,ITHETA,IT,IS);

705 DOSE(IRADIAL,ITHETA,IT)=DOSE(IRADIAL,ITHETA,IT)/STAT;

708 1 "DOSE is the average energy deposited in the region per batch"
707

708 "Get total energy for scattered dose"
709 DO ITHETA=1,NTHSCAT[
710 DO IRADIAL=1,NRADSCAT[

711 DOSE(IRADIAL,ITHETA,3)=0.0;

712 DO IS=1,ISTAT[

713 DOSE(IRADIAL,ITHETA,3)=DOSE(IRADIAL,ITHETA,3)+

;ig ] DOSEIS(IRADIAL,ITHETA,3,IS);

716 DOSE(IRADIAL,ITEETA,3)=DOSE(IRADIAL,ITEETA,3)/STAT;

77 1 "DOSE is the average energy deposited in the Tegion per batch"
718

719

720 "Calculate uncertainties on total and primary dose"
721 DO IT=1,2[
722 DO ITHETA=1,ETHETAS[

723 DO IRADIAL=1,NRADIALS[

724 UNCER(IRADIAL,ITEETA,IT)=0.0;

725 DO IS=1EISTATt
UNCER(IRADIAL,ITEETA,IT)=UNCER(IRADIAL,ITHETA,IT)+

;gg ] (DOSEIS(IRLDIiL,ITBEfA.IT,IS)-DOSE(IRAﬁIAL,ITﬁETA,IT))tt2;

729 IF(DOSE(TRADIAL,ITHETA,IT) -= 0.0)

730 UNCER(IRADIAL, ITHETA.IT)= C

81 SQRT(URCER(IRADIAL,ITRETA,IT)/SDENOM) /DOSE(IRADIAL, ITHETA,IT) ;

733 111

734 "Calculate uncertainties
735 DO ITHETA=1,NTHSCAT[ on scattered dose”

7368 DO TRADIAL=1,NRADSCAT[

737 UNCER(IRADIAL,ITHETA,3)=0.0;

738 Dougszizxsrar[ !

739 CER(IRADIAL, ITHETA,3)=

740 (DOSEIS(IRADIAL, ITHE S 3 torr g RAPIAL, ITHETA, 3) +

,3,IS)-DOSE(IRADIAL,ITHETA.B))“2;
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741 ]

742 IF(DOSE(IRADIAL,ITHETA,3) “= 0.0)[

748 UNCER(IRADIAL,ITHETA,3)=

;:: SQRT(UICBR(IRADIAL,ITBBTA,3)/SDEIOH)/DOSB(IRADIAL,ITBBTA.S);
748 1]

747 .

748 "Divide by total incident MeV - total and primary energy"
740 DO IT=1,2[

750 DO ITEETA=1,NTHETAS[

751 DO IRADIAL=1 ,NRADIALS[

;gg m DOSB(IRADIAL.ITHETA,IT)=DOSB(IRADIAL,ITHETA,IT)-STAT/TOTALHBV;
764 "Divide by total incident MeV - scattered energy"

7556 DO ITHETA=1,N¥THSCAT[

756 DO IRADIAL=1,NRADSCAT[

;:; 1 DOSB(IRADIAL,ITHBTA,3)=DOSB(IRADIAL.ITHETA.3)OSTAT/TDTALHBV;
769

760 " Print results "

761 " s==zcczozemex n

762

763 "Write total and primary energy"

764 DO IT=1,2[

7656 IF((IT=1.AND.ITOT"=0).0R.(IT=2.AND.IPRI“=0))[

768 WRITE(IOUT,250) TITLE,DATEN,TIMEN,NCASE,IQIN,EIN,

767 ECUTIN,PCUTIN,SMAX,CEXPTR,TIMCPU;

768 IF(IT=1) [WRITE(IOUT,251);]

769 ELSEIF(IT=2) [WRITE(IOUT,262);]

770 "Load tvo dimensional array for GRIDLP"

771 DO IRADIAL=1,NRADIALS[

772 DO ITHETA=1 ,NTHETAS[

773 DOSEIT(IRADIAL,ITHETA)=DOSE(IRADIAL,ITHETA,IT);

7;4 1 UECERT(IRADIAL,ITHETA)=UNCER(IRADIAL,ITHETA,IT);

775

776 DO I=1,$MAYR+1[

777 RBOUND(I)=(I-1)*DELTAR;

778

779 DO I=1,$MAXTHETA+1[

780 3 TEETABOUND(I)=(I-1)+180.0/ETHETAS;

781

782 CALL GRIDLP(DOSEIT,UBCERT,NRADIALS,7,$MAIR,RBOUND, THETABOUED,IOUT);
788

784 "Write to rav data file"

785 IF(IT=1) [WRITE(IRAWFILE,302);]

786 ELSEIF(IT=2) [WRITE(IRAWFILE,303);]

787 "Write RHOR,DELTAR,DELTATHETA,NRADIALS to rav data file"
788 DELTATHETA=180.0/NTHETAS;

789 WRITE(IRAWFILE,314);

760 WRITE(IRAWFILE,316) REOR,DELTAR,DELTATHETA,NRADIALS,NTHETAS;
791 DO IRADIAL=1,NRADIALS[

792 DO ITHETA=1,NTHETAS[

798 WRITE(IRAWFILE,300) DOSEIT(IRADIAL,ITHETA);

794

795 WRITE(IRAWFILE,301);

796

797

798 "Write scattered energy"

799 IF(ISCAT-=0) [

800 WRITE(IOUT,260) TITLE,DATEN,TIMEN,NCASE,IQIN,EIN,

801 ECUTIN,PCUTIN,SMAX,CEXPTR,TIMCPU;

802  WRITE(IOUT,263);

803 "Load tvo dimensional array for GRIDLP"

804 DO IRADIAL=1,IR%§§2:;E

806 DO ITHETA=1,§

806 DOSEIT(IR‘DIAL.ITHETA)=DOSB(IRADIAL,ITBBTA,S);

807 UICERT(IRADIAL,ITHETA)=UICER(IRADIAL,ITBETA,3);

808 1]

809 DO I=1,$MAXR+1[

810 ] RBOUED(I)=(I-1)+DELRSCAT;

811

812 DO I=1,$MAXTHETA+1[

813 TBET‘BDUID(I)=(I-1)‘180.0/!THSCAT;

814

816 %ALL GRIDLP(DOSBIT,UlCERT,lRADSCAT.?.SHAZR,RBOUID,TBBTABOUID.IOUT);
816

817 "Hritz to ruz dag:)tilo"

818 WRITE(IRAWFILE,3 H .
819 "Write RHOR,DELESCAT.DELTATBETA,IRADSCAT to rav data file"
820 DELTA%BET%;}E%.g{g;HSCAT;

821 WRITE(IRA ;

822 UEITE(IRAVFILE:SiG)’RHOR,DELRSCAT,DELTATBBTA,IRADSCAT.ITBSCAT;
823 DO IRADIAL=1,IRA2§§:¥E

824 DO ITHETA=1,BT

825 WRITE(IRAWFILE,300) DOSEIT(IRADIAL,ITHETA);

828 ]

827 WRITE(IRAWFILE,301);

828 1]

ggg "Write out total energy to grid file and standard output"
831 WRITE(IOUT,313) TOTALMEV/FLOAT(BCASE);

832 OUTPUT TOTALMEV/FLOAT(NCASE); = 2 F10.8);

833 (’ Mean incident weighted particle energy = °, .b);

834

835

:EED:
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36 CALL DATE(DATEN) ;CALL TIME(TIMEN);
237 CALL CPUTIME(CPUT4) ; TIMCPU=(CPUT4-CPUT0)#*0.01; I
838 OUTPUT DATEN,TIMEN; (’OEED OF FILE READ’,10X,941,1X,841 ;
839 WRITE(IOUT,210) DATEN, TIMEN, TIMCPU, TIMCPU/3600. ;
840 STOP;
841 "
842 " Formats "
848 1] =—======
844 %I need as switch to FORTRAN with %F
846 YF
846 100 FORMAT(8041)
847 106 FORMAT(I6,F12.6,I6,I6,F12.6,16)
848 110 FORMAT(7F12.0)
840 1156  FORMAT(4I3)
o5 330 po:ﬁ:%gggté)Fio 0,110,I14)
851 130 FO .0, »
852 140  FORMAT(? ’,éotil’OBDK CALCULATION USING RTPEDK’,
853 1’ 1991’, 10X,941,1X,841)
854 150 FORMAT(//’ Incident energy=’,F10.3,’ MEV Charge=’,I3,
855 17  #Histories=’,I18/21X,10(’=?),8X,3(’=?),16X,8(’=?)/)
856 151  FORMAT(/T20,’ BI§ TOP E _ PROB CUMULATIVE PROB.’/
857 1 (T20,13,0PF9.3,2(1PE12.3))) i
858 152 FORMAT(’ORayleigh (coherent) scattering included’/)
859 153 FORMAT(’ORayleigh (coherent) scattering NOT included?)
860 1566 FORMAT(T10, 'Global user cutoffs ECUT,PCUT=’,2F12.3,’ MeV’,
861 1 //' Material?,T39,'Density’,T67,’4E?,T73,’AP’,
862 2 T84, ?200%TEFFO’)
863 160 FORMAT(I3,2X,24A41,T37,F10.3,T60,F12.3,T65,F12.3,T80,F12.4)
864 166 FORMAT(’OElectron step size has been modified to’,
865 1 7 reduce energy by’,F8.3,’ in each step’/iX,81(’*’))
866 168  FORMAT(?’OECUT=’,F6.3,’ PCUT=’,F6.3,’ MED=’,I2,’ RHOR=’,0PF8.4,
887 1’ ESTEPR=’,F8.2,° SMAXIR=’,61PE12.2,’ ESAVE=’,0PF10.3)
868 202 FORMAT(’0OIncident flux=’,Fi12.3,? photons’)
869 205 FORMAT(’0OInitial random no. seed=’,I12)
870 210 FORMAT(’0OEnd of file read’,10X,941,1X,841,5X
871 1’Total cputime=’,F10.1,’ sec=’,F8.3,’ BDURS'S
872 220  FORMAT(’0O*#»#*+B0OT EFOUGH TIME TO FINISH WITHIN LIMIT OF’,
873 1 F6.2,’ HOURS’,I10,’ BATCHES USED###xwsu%2/////)
874 250 FORMAT(1X,8041,T79,941,1X,841//18,? Particles of charge’
875 1,I2,’ Energy=’,F10.3,’ MeV,’/T3,’RTPEDK’,Ti15,
876 2’[?,F7.3,’,7,F6.3,’] SMAX=’,1PE10.2,’ CEXPTR=’,0PF8.3,
877 3 CPU time=’,0PF8.1,’ sec’/)
878 251  FORMAT(/T15,’ EDK - TOTAL NORMALISED ENERGY (POLAR COORDS)’/)
879 262  FORMAT(/T15,’ EDK - PRIMARY NORMALISED ENERGY (POLAR COORDS)?/)
880 253  FORMAT(/T15,’ EDK - SCATTERED NORMALISED ENERGY (POLAR COORDS)?’/)
Sg; 280 1Fﬂggégé’g§inal random no. seed=’,I12,’ Final random no.=’,
8 .
883 295  FORMAT(’0OSimulation times - ELAPSED,CPU,RATIO=’,2F8.1,F7.2/
884 1 OMaximum stack=’,I5,5X)
885 306 FORMAT('ORussian roulette played for photons crossing R=’,
886 1 F10.3,? om with survival probability=’,F7.4)
887 310 FORMAT(’OTotal number of charged particle steps taken=’,I10
888 1’ NOSCAT=’,I10)
889 315 FORMAT(’OPathlength exponential transformation variable=’,F10.3,
880 1 ? for forvard going photons only’/’ shortens initial °’,
891 2 ’pathlength by:’,F10.3)
802 300 FORMAT(1X,E10.4)
893 301  FORMAT(1X)
894 302 FORMAT(? TOTAL’)
895 303  FORMAT(’ PRIMARY’)
806 304 FORMAT(’ SCATTERED’)
897 306 FORMAT(’ Total primary energy=’,F10.3,’ MEV?)
898 313 FORHATE’ Mean incident veighted particle energy = ’,F10.5,’ MEV?’)
809 314  FORMAT(’ RHOR,DELTAR,DELTATHETA =1
800 $§e FORMAT (1X,3F13.6, 2155 »WRADIALS, NTEETAS=?)
902 %I4
ggﬁ EHD;" end of RTPEDK main routine"
'#t‘“‘#‘“‘t“““‘t#‘t‘#“#““""#Ot“‘.#““l "
ggg EEAL FUNCTION Tgu(x); LA 22 R R 2R I ST 2222 E YT
207 "
ggg : Given x in radians this calculates the tangent of x
"
gi? A:E;;z;;:t#t##‘#t#tttt###tttt#‘#tt##ttttt#ttt##t#‘ttttt#tt‘##ttttttt#tt‘tt#tttt“
2 .E- = . =
gis gg;ﬁgﬁ?égnining :g)TE;ﬁl SIN(X)/A;] ELSE [TAE = 1.E10;]
914 %E "RTPEDK.MOR"
gig :“tt#t#“tt“t“t‘t‘t#‘t#t#t‘ttt‘tttttt#‘#t‘#.##““tt‘.‘t#“.t‘t‘t#‘tt.‘"
91’; 'SUBRDUTIHE ESPEC(EI); "
91 *
919 " Hote that this routine i . "
920 " compiler error - ;?éfi.zs ronamed from ESPECT to avoid transputer x
921 " This routine returns an initi i : .
922 " cumulative grobability di:::;;itzsz.;;; :ﬁ:rﬁg Eiron ne "
923 "  stored in ECPD, the energy bin tops in EBIN .n:r:; spectrum "
924 "  energy im EINIF - all in common ESPECT ° manimm "
925 "
" S4d $ : . "
ggg ; Initially vritten in Tampere Finland, D.R. Aug 1986 "
928 "

"
‘.t‘#t#t###“‘““*“‘“#‘!##‘#“‘##tt“‘t“““““‘t##‘l#‘#t#‘t.“*t*“"



929
980 ;COMIN/ESPECT,RANDOM/;
gg; RANDOMSET RNNO040; $RANDOMSET RNNO41; ‘"pick tvo random numbers"
933 '"Use the first to select which energy bin we are in"
934 I=0; LOOP [I=I+1;] UNTIL ECPD(I)>RNK040:
935 "ENERGY IS BETWEEN EBIN(I-1) AND BBII(Is"
ggg IF(I.IE.i)[ELOV'BBIl(I'l);] ELSE [ELOVW = EIMIN;]
9388 EI = ELOW + RENO41* (EBIN(I)-ELOW); ‘"select d i i in"
030 RETURN; END; H ect randomly in this bin
840 %E "RTPEDK.MOR"
41
042 "SR ERSAARFEBRAE SRR RERSREEE RS FYTL ] "
948 " "
244 .SUBROUTIIB AUSGAB(IARG);
45 " "
343 " An ausgab routine to be used with RTPEDK.MOR "
4 "
048 The routine scores various dose components: "
849 " IT=1 Total energy "
850 " IT=2 Primary energy "
951 " IT=3 Scattered energy "
952 " The logic is: "
953 " Score IT=2 dose whenever FLAG1 is 1 - DCM "
954 : Score IT=3 dose whenever FLAG1 is >1 - DCM "
956 n
056 "SASERERSEREERSERRSRBERRR RS - "
9567 ;COMIN/ELECIK,EPCONT,MISC,RUSROU,RANDOM,SCORE,STACK,GEOM/ ;
958
959 " Define some macros for setting and picking up several flags"
260 " based on the variable LATCH"
961 .
962 " FLAG1 is the units digit of LATCE "
963 REPLACE {$SET-FLAG1(#)} WITH
9684 " s==z=szzrzcax!
985 {;IF(LATCH({P1}) >= O)[LATCE({P1})=LATCH({P1})+1;]
966 ELSE [LATCE({P1})=LATCE({P1})-1;];}
867
968 REPLACE {$FLAG1} WITE {LATCH(NP)}
969
970 ;MINP=MAX(MXNP,NP);"keep track of how deep stack is"
971 IF(NP >= $MXSTACK) ["stack as deep as alloved"
972 OUTPUT EP,$MXSTACK; (’ IN AUSGAB, EP=?,I3,? >= MAXIMUM STACK ALLOWED=’,
973 I3,/1X,80(’+?)/);IF(MXEP > $MXSTACK) [STOP;] ]
974
975 "Calculate particle R,TH"
976 R=SQRT(X(BP)*#2+Y(NP)*#2+Z(HP)#**2); "R in cm" . X
977 IF(R<0.000001) [R=0.000001;]"avoid division by zero in next line"
978 TH=ASIN(SQRT(X(NP)#*+2+Y(HP)*#*2)/R)*180/3.1416926; "Theta in degrees'
979 IF(Z(NP)<0.0)[TH=180-TH;]
980 .
981 IF(IDOTPLOT=1)["If DOTPLOT=1, vrite particle IQ,X,Z to unit 13"
982  IF(USTEP<100.0)[
983 VRITE(IDOTFILE,7) IQ(¥P),X(EP),Z(EP);
084 3
985 .
986 ELSEIF (IDOTPLOT=2) ["If DOTPLOT=2, write particle IQ,X,Z,U,¥,USTEP to unit 13"
987  IF(USTEP<100.0)[
988 WRITE(IDOTFILE,9) IQ(EP),X(EP),Z(NEP),U(NP),W(EP),USTEP;
089 ]
990 . .
991 ELSEIF (IDOTPLOT=3)["If DOTPLOT=3 and primary, write IQ,X,Z to unit 13"
992 IF(USTEP<100.0 & $FLAG1<2)[
993 WRITE(IDOTFILE,7) IQ(¥P),X(EP),Z(EP);
994 ]
995 . .
908 ELSEIF (IDOTPLOT=4)["If DOTPLOT=4 and primary, write IQ,R,Z to unit 13"
907  IF(USTEP<100.0 & $FLAG1<2)[
998 WRITE(IDOTFILE,7) IQ(EP) ,SQRT (X(EP) »X(NP)+Y (EP)*Y (NP)) ,Z(NP);
299
1000 ]
1001 -
1002 IF(IARG = O | IARG = B)["about to transport a particle .
1008 IF(IQ(EP) <= 0) [ISTEPA=ISTEPA+1;"count charged particle steps taken']
1004 ELSE ["photon step - play Russian rou.lotto?"' )
1006 IF(RUIS’ROU & R>(RRR-USTEP) & R<=RRR)["possible Russian Roulette"
1008 HEWR=SQRT ( (X (§P)+USTEP*U(NP))*+2 +
1007 (Y(EP)+USTEP*V(HP))**2 + " . "
1008 (Z(EP)+USTEP*W(HP))#**2); Nev R in cm
1009 IF(NEWR>=RRR) ["play Russian Roulette"
1010 $RANDOMSET ISI; ) -
1011 IF(XSI < RRCUT) ["particle survives . .
1012 WT(EP)=WT(NP)/RRCUT; "increase particle weight']
10138 ELSE["discard particle" .
1014 WT(EP)=0.0; "particle will be discarded in HOWFAR"
1016 11111
1018 . . "
1017 " Set flags for photon interactions
1018 IF($FLAG1=0 & EP>1)[
ig;g DO:%Z%élg;;:o) [$SET-FLAG1(I);$SET-FLAGL {I);]""photon is secondary”
1021 ELSE[$SET-FLAG1(I);] "electron is primary

231



232

1022

1028 ]

1024
1025
1026
1027
1028
1029
1030
1031
1082
1083
1034
1035
1086

]

. ”
"If photon and $FLAG1=1 then brem, so assign to secondary dose

IQ(NP)=0) [$SET-FLAG1(NP);] _ "
Egﬁ:iﬁ:G;;zt:olsétrons are scored as prin-:y dose - corrected 13/11/80 - DCM

IF($FLAG1=0 & NP=1 & IQ(1)°=0) [$SET-FLAG1(1);]

IF(IWATCH > O) CALL WATCH(IARG,IWATCH);
IF(IARG > B) [RETURKN;]

"Score energy deposited for O<=IARG<=B" . .
IF(EDEP = 0.0) [RETURN; "photons don’t usually deposit energy"]

IRADIAL=INT(R/DELTAR)+1;
ITHETA=IET(TH*NTHETAS/180.0)+1;

1037 IF(IRADIAL<=NRADIALS & ITHETA<=NTHETAS)[
1o8e  noUT igsTﬁl?;IDIAL ITHETA;"
" .

1080 "O R=) 4.7 TB=’.$8.4. IRADIAL=’,I3, ITHETA=',I3);"
1041 "Score total energy deposited" )
1042  DOSEIS(IRADIAL ITHETA,1,IS)=DDSEIS(IRLQIAL.ITHBTA.i,ISZ + WT(NP)+EDEP;
1043  IF($FLAGL = 1)t"prim;:y energy - deposit in IT=2 - DCM ]
1044 DOSEIS(IRADIAL,ITHETA,2,IS)=DOSEIS(IRADIAL,ITHETA,2,IS)+WT(NP)*EDEP;
1045
1048 ] .
1047 IF($FLAG1 > 1)["scattered energy - deposit in IT=3 - DCM"
1048  IRADSCAT=INT(R/DELRSCAT)+1;
1040  ITHSCAT=INT(TH*NETHSCAT/180.0)+1;
1080 “OUTP insT%iﬁaxDSCAT ITHSCAT

51 "*OUTP R R
1052 (2 R=),FB.a) s THosFhod,s minscnw,zas ITESCAT=",13);"
1053  IF(IRADSCAT<=NRADSCAT & ITESCAT<=NTHSCAT
1064 DOSEIS (IRADSCAT,ITHSCAT,3,IS)=DOSEIS(IRADSCAT,ITHSCAT,3,IS)+WT(NP)+EDEP;
1066
1056 ]
1057 RETURN;
1058 %I
1069 %F
1080 7 FORMAT(I3,2F10.4)
1081 ? FORMAT(I3,5F10.4)
1082 %M
10683 %I4
1064 EEND;"end of AUSGAB"
1085 %E "RTPEDK.MOR" N
1066 "#“#t##ttttttttt‘t‘ttttttt#tttttttt‘t‘t‘ttttttt‘t‘ttttttt#t‘t.‘t“tt#.ttt“tt."
1087 "
1088 SUBROUTINE HOWFAR; "
1089 "
1070 " A routine to use with RTPEDK and the EGS system :
1071 "
1072 MARakrrb bt s R E R AR AR AR RR SRR SRR BRI R R R EE SRS ERA S EAAEAASE SRS SRS AR S S n g
1073 ;COMIN/EPCONT,STACK,GEOM/;
1074
1075 "Since there is only one medium here, HOWFAR simply returns. Note that if not "
1076 "using PRESTA, ESTEPE will have to be set small enough to reduce errors in "
1077 "scoring due to crossing of scoring boundaries (this is nllo.holgod by svapping"
1078 "ono:gi d:iosition from start to end alternately - see immediately before "
1079 ''SHO call. "
1080 "If using PRESTA, CALL-HOWNEAR carefully checks for boundaries of scoring "
1081 '"regions --- so PRESTA should be accurate. "
1082
1083 "Calculate particle R,TH in case this has not been done in AUSGAB"
1084 R=SQRT(X(NP)#*%2+Y(NP)##2+Z(NP)*#2); "R in cm"

1085
1086
1087
1088
1089
1090
1091
1092
1003
1094
1096
1008
1097
1008
1099
1100
1101
1102
1103
1104
1105
1108
1107
1108
1109
1110
1111
1112
1113
1114
1115

IF(R<0.000001)[R=0.000001;]"nvoid division by zero in next line"
TH=ASIH(SQET(X(NP)*'2+Y(HP)'*2)/R)‘180/3.1415926; ""Theta in degrees"
IF(Z(HP)<0.0)[TH=180.0-TH;] "ensure O<=TH<180"

""Check if particle should be discarded"

IF (WT(EP)=0.0) [IDISC=1;RETURK;]

IF (IQ(EP)=0 & R>(RMAXNEEDED+30.0))
[IDISC=1;RETURK;]

IF (IQ(EP)°=0 & R>(RMAXNEEDED+5.0))
[IDISC=1;RETURN;]

RETURE;

EED; "EED OF HOWFAR"
%E "RTPEDK.MOR"

"““““t‘i‘l#t“t‘t‘t““‘t‘t“‘
"

EUBROUTIHE GRIDLP(DATA.UNCERT,IROH,ICOL,HAXROH,RDH,CDL,IUUT);

“‘tt““l“#t“t“.‘.#““t“‘.t#““‘#“‘l."

Routine to print an array of values and their uncertainties "
in a labeled grid "

" DATA (IROW,ICOL) "
" UNCERT (IROW,ICOL) if same as data, then not printed "
:: the trnctiona; uncertainty in data - it is "
" converted to integer percentage!!! "
" HROW ¥ rows in grid down page essentially "

vithout limit - about 18 fit on a page "
:: ECOL # columns<=6 on 8.5 in Page 13/char per inch "

" uses 15 characters per columm + 20 initial "
no softwvare limit on value "



11186
1117
1118
1119
1120
1121
1122
1128
1124
1125
1126
1127
1128
1129
1130
1181
1182
1183
1134
1185
1186
1137
1138
1189
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1161
1162
1163
1164
11565
1166

. but NCOL<=7 for standard 133 col fortrn write
MAXROW first dimension of calling array in MAIN
" ROV (NROW+1) an array vith bounds for rows in grid
only used for labels
" COL (NCOL+1) ditto

This uses the variable format feature of FORTRAN 77

REII T T R I A I LI IR I L L T P T T T

;COMIN/SCORE/;

LOGICAL SAME;
REAL DATA(MAXROW,NCOL) ,UNCERT(MAXROW,NCOL) ,ROW(1),COL(1);
INTEGER*4 COLBASE,COLTOP; "base and top vars for multi-grid printout -D.C.M."

"Check if DATA and UNCERT are the same and if they are, don’t print uncert"
SAME=.FALSE. ;

DO ICOL=1,NCOL[

DO IROW=1,NROW[

IF(DATA(IROW,ICOL) -= UNCERT(IROW,ICOL))[

GO TO :EXITLOOPS:;"leave SAME=FALSE"]]]

"If ve fall through, arrays are the same' SAME=.TRUE.;
:EXITLOOPS:

M"Split colummns into groups of $COLNO - D.C.M."

DO COLBASE=1,NCOL,$COLNO[

COLTOP = COLBASE+$COLNO-1;
IF (ECOL<COLTOP) [COLTOP=ECOL;]
WRITE(IOUT,60);

WRITE(IOUT,100) (COL(ICOL),ICOL=COLBASE,COLTOP+1);

DO IROW=1,NROW[

WRITE(IOUT,200) ROW(IROW);

WRITE(IOUT,210) (DATA(IROW,ICOL),ICOL=COLBASE,COLTOP);
IF(.NOT.SAME) [

WRITE(IOUT,220) (AMIN1i(UNCERT(IROW,ICOL)*100.,99.),
ICOL=COLBASE,COLTOP) ;]

J"EED IROW LOOP"

WRITE(IOUT,200) ROW(NROW+1);

1157 ]

1158
1169
1160
1161
1162
1168
1164
1165
1168
11687

5O  FORMAT(BX)

100 FORMAT(T4,8F15.3)

200 punnnr§1x,p1?.3;%§.7(;|;.3§(;T:;;,’I’)

210 FORMAT(1BX,’|?,7(1PE12.

220  FORMAT(1BX.’|?.7(3X,+/-},F4.1,7%2,31,°1"))

WM
RETURN ;END; "end of GRIDLP"
" last statement in RTPEDK.MOR"

233
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Appendix E
Implementation of Siddon’s Ray Tracing Algorithm

/* S_RAYTRACE.C ##%48ssasaanssssausssannss (TT Y » /
#include <stdio.h>

#include <math.h>

#include "gen.h"

#include ''s_superposition.h"

void s_raytrace(electron_density_grid, radiological_depth id int1 int2

GRID *electron_density_grid, -8 ’ & -depth-grid, pointl, point2)
*radiological_depth_grid;

POINT pointl, point2;

/*

NAME
s_raytrace

SYNOPSIS
pointl and point2 are the end points of the ray.

DESCRIPTION
This function traces the ray from point x to point y (in real
coords), assigning depth to any voxels which that ray crosses. The
technique used is that described by Siddon R.L. (Med Phys 12 (2),
1985). This routine will not be understood without thorough readin
of that paper! Pointl and point2 are the start and end points of the
ray, respectively. Externmal structures of type GRID are assumed to
exist, where electron_density_grid are the electron densities, and
radiological_depth_grid is the output grid for these calculations.
Voxels in radiological_depth_grid are initially set -ve prior to
calling this function.

AUTHOR

Written by David C. Murray
University of Waikato
Private Bag 3105
Hamilton
Nev Zealand

and Copyright (1991) to
David C. Murray and Peter W. Hoban,
Cancer Society of New Zealand Inc., and
University of Waikato.

*/

/* Variable descriptions: ) )
x1,x2,y1,y2,z1,z2 are the coordinates of the ray end points

(i.e. (x1,y1,z1)=source, (x2,y2,z2)=point beyond phlnt?m)
xpl,ypl,zpl are the real coords of voxel region origin (in cm)
Bx,By,Hz are (no. of voxels + 1) in each direction

dx,dy,dz are the widths in cm of the voxels
*/
float x1,y1,z1,
x2,y2,z2,
xpi,ypi,zpl,
dx,dy,dz;
int Bx,By,Nz;

/*%General ray-trace algorithm variables*/ ) o
float xpN, yp¥, zpH; /*renl coords in cm of region limits*/

float a pha_x_min,alpha-y_min,alpha_z_min,nlpha_x_max,alpha_y_max,nlphn_z_max;
/*limits of alpha x,y,z parameterss/
float alpha_min, alpha_max; /#*limits of glp§a parameters/ .
int i_min,i_max,j_min,j_max,k_min,k_max;/-limits of indices for x,y,z dirnss/
float *alpha_x,*alpha_y,*alpha_z; /*hold sets of x,y,z alpha values*/
float *alpha; /*holds merged set of alpha values*/
int i_index,j_index,k_index; /*loop indices for merging alphas#*/
int a; /*loop counter*/
int max_index; /*max index of merged alpha a{ray#/
float di2; ' /#distance between ray end pointss*/
float ulpﬂn mid; /*mid-point of intersection lengths/
float longti; ' /+intersection length*/

/*indices of voxel with int. length#/
/#radiological path length in cm*/
/*temporary voxel density*/

int i,j,k;
float rpl = O;
float voxel_density;

/* Assign variables */

/“#‘#tt#ttttttttttt##‘ttt##‘####"#‘tttt##tttt#ttt#t#t#"#t#‘#‘t“ttt#ttttt##t/



100
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
182
183
184
185
1368
1387
138
189
140
141
142
143
144
145
148
147
148
149
150

152
153
154
156
158
157
158
169
160
161
162
183
164
165

x1 = pointli.x;

yi = pointl.y;

z1i = pointli.z;

x2 = point2.x;

y2 = point2.y;

z2 = point2.z; . .

xpl = electron_density_grid->start.x;
ypl = electron_density_grid->start.y;
Zpl = electron_density_grid->start.z;

Nx = electron_density_grid->x_count + 1;
Ny = electron_density_grid->y_count + 1;
¥z = 010ctron_donsity_gr1d~>§_connt +1;
dx = electron_density_grid->inc.x;

dy = electron_density_grid->inc.y;

dz = electron_density_grid->inc.z;

/* Calculate xpl,ypN,zp§ */

/#‘.“#‘##““‘t##ti‘tt“"#tt‘tt.‘t“t#‘tt‘t‘#‘#‘#t“‘l‘t"““‘.“““‘.“‘.t/

xpE = xp1 + (Nx-1)#dx;
ypE = yp1 + (Hy-1)=dy;
zpl = zpl + (Nz-1)=dz;
/#Calculate alpha_min and alpha_maxs/

/“““.“““‘.‘“‘““““““““.“‘.““““‘.“.'.‘"“‘..“...““‘.“.‘/
/*Avoid division by zerox/
if (x1==x2)
x2 += 0.00001;
if (y1==y2)
y2 += 0.00001;
it (z1==22)
z2 += 0.00001;
if ((fabs(xi-x2)<dx) &kt (fabs(yi-y2)<dy) && (fabs(zi-2z2)<dz))

{
fprintf(stderr,"Error - ray trace region too small\n");

exit (1);
alpha_x_min = (((xp1-x1)/(x2-x1))<((xp¥-x1)/(x2-x1))) 7 ((xp1i-x1)/(x2-x1))
((xpN-x1)/(x2-x1));
alpha_y_min = (((yp1-y1)/(y2-y1))<((ypE-y1)/(y2-y1))) ((yp1-y1)/(y2-y1))

((yp¥-y1)/(y2-y1));
((zp1-31)/(x2-%1))

ke
(((zp1-z1)/(22-21))<((zpB-x1)/(x2-21))) ;
i ((zpE-21)/(22-%1));
?
?

alpha_z_min =

(((xp1-x1)/(x2-x1))>((xpE-x1)/(x2-x1))) ? ((xp1-x1)/(x2-x1))
((xpE-x1)/(x2-x1));
((yp1-y1)/(y2-y1))
((ypE-y1)/(y2-y1));
((zp1-z1)/(z2-21))
((zpE-21)/(22-21));

alpha_y_min;

alpha_x_max =

alpha_y_max = (((ypi-y1)/(y2-y1))>((ypN-y1)/(y2-y1)))

alpha_z_max = (((zp1-z1)/(z2-z1))>((zpH-2z1)/(z2-2z1)))
alpha_min = (alpha_x_min>alpha_y_min) ? alpha_x_min :
if (alpha_z_min>alpha_min)

alpha_min = alpha_z_min;
if (alpha_min<0)

alpha_min = O;
alpha_max = (alpha_x_max<alpha_y_max) ? alpha_x_max :
if (alpha_z_max<alpha_max)

alpha_max = alpha_z_max;
if (alpha_max>1)

alpha_max = 1;
/*Monitor lines...
fprintf(stdout,”

alpha_y_max;

alpha_x,y,z_min: %7.4f %7.4f %7.4f\n",
alpha_x_min,alpha_y_min,alpha_z_min);

alpha_x,y,z_max: %47.4f %7.4f %7.4f\n",
alpha_x_max,alpha_y_max,alpha_z_max);

fprintf(stdout,"

1p?intf(stdout," alpha_min,alpha_max: %7.4f %7.4f\n",alpha_min,alpha_max);
pilntf("lx, xpH, x2,x1, dx = %d %5.2f %5.2f Y5.2f %6.2£\n",¥x,xpl,x2,x1,dx);
*

/*Determine the ranges of i,j,k indices*/
/t#‘tt#“#t#?t‘#‘##t##tt‘“#ttt‘#“‘tt‘ttt#ttttt#tttt#t#t‘#tttttatt#‘tttt#.‘t.‘/
/*The following assignments require conversion from float to integer types#/
/*The value 0.001 is added/subtracted to ensure that the ceiling and floors/
/*functions convert to the correct value. Note that the range of these*/
/*variables is from 1 to Nx,Ny,Ez, NOT O to Ex-1,Ny-1,Ez-1+/

i_min = (x2>x1) ? (int) co?l((float) ¥x - (xpB-alpha_min*(x2-x1)-x1)/dx-0.001)
] : (int) ceil((float) Nx - (xpF-alpha_max*(x2-x1)-x1)/dx=0.001);
i_max = (x2>x1) 7 (%nt) £100r(1.0000 + (xi+alpha_max*(x2-x1)-xpi)/dx+0.001) '
o : (int) £loor(1.0000 + (xi+alpha_mins(x2-x1)-xp1)/dx+0.001);
jmin = (y2>y1) 7 (}nt) ceil((float) By - (yp¥-alpha_min*(y2-yi)-y1)/dy-0.001)
. : (int) ceil((float) Ny - (ypE-alpha_max*(y2-yi)-y1)/dy-0.001);
j_max = (y2>y1) ? (int) £loor(1.0000 + (y1+alpha_max+(y2-y1)-yp1)/dy+0.001) ’
o : (}nt) floor(1.0000 + (y1+alpha_min#(y2-y1)-yp1) /dy+0.001) ;
k_min = (z2>z1) ? (}nt) ce;l((tloat) ¥z - (zpl-alpha_min#(z2-z1)-zi)/dz-0.061)
\ max = (s2521) ; g:::g ;;11(5?1;333 Iz(- (zpl-alphn_maxt(z2-zi)-zl)/dz-0.001);
. = ? oor(1. + (zi+alpha_max*(z2-z1)-
| (ine) aoor(t.-0000 P ax#*(z22-z1)-zp1)/dz+0.001)

/*Monitor lines...
fprintf(stdout,"

+ (zi+alpha_mine(22-z1)-2p1)/dz+0.001) ;

i,j,kmin: %3d %3d %3d\n",i_min,j_min,k_min);

fprintf(stdout,” i,j,k_max: %3d %3d %3d\n",i_max,j_max,k_max);

*/



166
167
168
169
170
171
172
173
174
176
178
177
178
179
180
181
182
188
184
185

187
188
189
180
181
192
193
194
195
198
167
198
169

201
202
203

206
208
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

222

223
224
225

226
227
228
229
230
231

232
283
234
235
236
237
238
239
240
241
242
243
244
245
2468
247
248
249
250
251
252
263
254
2656

237

/*Generate sets of alpha valuos,rovorsing order if necessary+/
VA bbddaadaid il L LETE TR SO e O /
/+allocate array space on stacks/

it{((ulphn_x = (float*) calloc(Nx+1,sizeof(float))) == NULL)

tp;inzigstderr.“grror - insufficient heap for alpha_x allocation\n");
oxi H

it ((alpha_y = (float*) calloc(Ey+1i,sizeof(float))) == FULL)

fpgintfgstdorr,"E:ror - insufficient heap for alpha_y allocation\n");
exi ;

if ((alpha_z = (float*) calloc(Nz+1,sizeof(float))) == NULL)

fprintf(stderr,"Error - insufficient heap for alpha_z allocation\n");
;xit (1);
if (i_min <= i_max)
if (x2>x1)
alpha_x[0] = ((xpi+(i_min-1)=*dx)-x1)/(x2-x1);

for (a=1;a<=i_max-i_min;a++)
alpha_x[a] = alpha_x[a-1]+dx/(x2-x1);

else

alpha_x[i max-i_min] = ((xpi+(i_min-1)*dx)-x1)/(x2-x1);
for (w=i_max-i_min-1;a>=0;a--) ‘
alpha_x[a] = alpha_x[a+1]+(dx/(x2-x1));

}
alpha_x[i_max-i_min+1i] = 10000.0;
if (j_min <= j_max)
if (y2>y1)

alpha_y[0] = ((ypi+(j_min-1)»dy)-y1)/(y2-y1i);
for (a=1;a<=j_max-j_min;a++)
alpha_y[a] = alpha_y[a-1]+dy/(y2-y1);

else

alpha_y[j_max-j_min] = ((yp1+(j_min-1)*dy)-y1)/(y2-y1);
for (a=j_max-j_min-1;a>=0;a--)
alpha_y[a] = alpha_y[a+1]+(dy/(y2-y1));

>
alpha_y[j_max-j_min+i] = 10001.0;
if (k_min <= k_max)
if{(z2>zi)
alpha_z[0] = ((zpi+(k_min-1)*dz)-21)/(x2-z1);
for (a=1;a<=k_max-k_min;a++)
alpha_z[a] = alpha_z[a-1]+(dz/(22-31));

else
alpha_z[k_max-k_min] = ((zpi+(k_min-1)*dz)-z1)/(z2-z1);

b4 =K_ -k_min-1;a>=0;a--)
0:1;;3_3?27 = :i;ha_:[n*1§+(dz/(:2-:1));

¥
alpha_z[k_max-k_min+i] = 10002.0;

/*Monitor lines...
if (i_max<i_min)

fprintf(stdout," No alpha_x values\n");
1 "
¢ ;;rintt(stdout," First & last alpha_x values: %7.4f %7.4f\n",

alpha_x[0],alpha_x[i_max-i_min]);
if (j_mex<j_min)

fprintf(stdout," No alpha_y values\n");
.1;;rintf(stdout." First & last alpha_y velues: %7.4f %7.4f\n",

alpha_y[0],alpha_y[j_max-j_minl);
if (k_max<k_min)

fprintf(stdout," N¥o alpha_z values\n");
01;;rintf(stdout," First & last alpha_z values: %7.4f %7.4f\n",

alpha_z[0],alpha_z[k_max-k_min]);
*/
/#Generate merged set of alpha values#/
/tttt‘#t#ttttttt##tt#t##tt‘##t‘t#ttt-#‘tt#‘t‘tttt####tttttt##t“ttttttt‘tt#‘ttt[

if ((alpha = (float*) calloc(Bx+Hy+Hz+3,sizeof(float))) == EULL)
gprintf(stdorr,"Error - insufficient heap for alpha allocation\n");
exit (1);

maz_index = (i_max-i-min+1)+(j_max-j_min+1)+(k_mux—k_min+1)+1;

alpha[0] = alpha_min;

i_index = O;
j-index = O;
k_index = O;
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or (a=1;a<=max_index-1;a++)
§§$ * if((lléhl_x[i_indoxl<|lph;-y[j_indox])
258 if (alpha_x[i_index]<alpha_z[k_index])
259 {
260 alpha[aJ = alpha_x[i_index];
261 i_index += 1;
262
263 else
264 .
265 al?ha[aJ = alpha_z[k_index];
268 k_index += 1;
287
268 else X
269 if (alpha_y[j_index]<alpha_z[k_index])
270
271 alpha[a] = alpha_y[j_index];
272 j_index += 1;
278
274 else
276
276 alphafla] = alpha_z[k_index];
277 k_index += 1;
278
279 alpha[max_index] = alpha_max;
280 cfree(alpha_x); /*deallocate temp array storages/
281 cfree(alpha_y);
282 cfree(alpha_z);
283 /*Monitor lines...
284 fprintf(stdout," Humber of elements in merged set = %4d\n'",max_index+1);
285 for (a=0;a<=max_index;a++)
286  fprintf(stdout," Element %3d = %7.5f\n",a,alphala]);
287 =/
288 /#*Calculate voxel lengths and indices, and assign radiological depths/
P I D L L P T2y
200 di12 = sqrt((x2-x1)*(x2-x1)+(y2-y1)*(y2-y1)+(z2-z1)*(z2-31));
201 /#d12 is distance betveen ray end ptss*/
202 for (a=1;a<=max_index;a++)
2938
204  length = di2+(alphalal-alphale-1]); /slength is voxel intersection lengths/
205  if (fabs(length)>0.01) /#%do not process unless > 0.01 cm+/
296
297 alpha_mid = (alpha[a]+alpha(a-1])/2.0;
208 /%alpha_mid is middle of int. lengths/
299 i = (int) floor((x1 + alpha_mid*(x2-x1) - xp1)/dx);
300 j = (int) floor((yl + alpha_mid#(y2-y1) - ypi)/dy);
301 k = (int) floor((z1 + alpha_mid#*(z2-z1) - zpi)/dz);
302 /*i,j,k are indices of voxels/
803 /*Monitor line...
304 fsrintf(stdout," Voxel indices: %3d %3d %3d\n",i,j,k);
306 *
308 /* Remember that this function traces only a single ray.
307 , rpl has been set to zero during initialisation.
308 *
309 _voxel_density = GRID_VALUE(electron_density_grid,i,j,k);
310 rpl += length * voxel density/2.0; /»add first half of int. lengths/
811 /+Store path length in voxel only if top and bottom surfaces are */
312 /#intersected, i.e. voxel path length is greater than voxel z dimensions*/
313 if (length>=dz &t GRID_VALUE(radiological_depth_grid,i,j,k)<0.0)
314 GRID_VALUE(radioclogical_depth_grid, i, j, k) = rpl;
g:g ;pl += length * voxel_density/2.0; /+add second half of int. lengths+/
817 }
318 ;froc(alphu); /+deallocate remaining array storage+/
319
320 /+*End of s_raytrace routine*/



© 00 NP O -

Appendix F
Fast Fourier Transform Code

/“““.“‘#“t“‘“‘i#t“t"tt‘t#.“t.#‘#...#tt

void fft(xreal,ximag,n,nu) /
float xreal(],ximagl[];

int n,nu;

/+ FPast Fourier Transform Routine -/
/* This function calculates the fast fourier transform of one complex */
/* or tvo real valued function(s). xreal and ximag are pointers to */
/* the arrays, n is the number of points in the array and nu satisfies »/
/* the equation n = 2°nu. If this function is called vwith a different =/
/* value of nu then a bit reversal table is also created. */
int k,n2,nul1,i,l,kn2,p,arg;

float treal,timag,c,s,multiplier;

static int nu_flag=0; /* stores previous value of nu
static int bitrev[XYZ_MAX]; /* bit reversal lookup table

static int power_2[12]; /* povers of 2 lookup table

static float sine[6300]; /* sine lookup table (radians*1000)
static float cosine[6300]; /* cosine lookup table (radians*1000)
float half = 0.5; /* defn for rapid expression evaluation

/* Create sine,cosine and power function tables if called for the first time

if (nu_flag==0)

/* Create povers of 2 table %/
pover_2[0] = 1;
for (i=1;i<=11;i++)
pover_2[i] = power_2[i-1]*2;
/% Create sine and cosine lookup tables */
toz (i=0;1i<=6299;i++)
sine[i] = sin((float) i /1000.0);
cosine[i] = cos((float) i /1000.0);
>

}

/+ Create bit reversal table if called with n changed */
if (nu_flag != nu)

nu_flag = nu;
for (i=0;i<n;i++)

/+ Use variables nui,l,kn2,p for i,ji,j2,k */

P=0;

1=1i;

:toi (nui=1;nui<=nu;nul++)

kn2 = 1/2;

=p* 2+ (1 - 2%kn2);
= 2;

bitrev[i] = p;

b g

X

/* Bow perform FFT #/
=0

n2 = 1'1/2; s

nul = nu - 1;

multiplier = 6283.185 / (float) n;
for (1=1;1<=nu;l++)

while (k<n)
for (i=1;i<=n2;i++)

p = bitrev[k/pover_2[nu1ll;

=k + n2;
ﬁ: = (int) (mltiplier * (float) p + half);
¢ = cosinel[argl; s = sine[argl;
treal = xreall[kn2l*c + ximagl[im2]*s;
timag = ximaglkm2)*c - xreal[kn2]+*s;
rreal[kn2] = xreal[k] - treal;
rimag[kn2] = ximag[k] - timag;
xreal[k] += treal;
ximag[k] += timag;
k ++;

./
*/
*/
./
*/
*/

*/
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78 }

79 k += n2;
80

81 k = 0;

82 nui--;

}
85 for (k=0;k<n;k++)

87 i = bitrev[k];

88  if (idk)
{

20 treal = xreallk];

91 timag = ximag[k];

[-}] xru.l[ﬂ = xrn.lEi};
23 ximag = ximaglil;
94 xreal[i] = treal;

1 ximag[i] = timag;
06 }

87

o8

}
99 /+end of fft

routines/
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Appendix G

Installing GRATIS on a Sun Workstation

1. Unpacking the distribution tape

The distribution saveset gratis.tar must first be restored into an appropriate directory.
In the case of installation on the Computer Science Sun network, the home directory is

/home/venus/phys1219. Thus, the unpack command:
/tar xfv gratis.tar

produced a directory structure in /home/venus/phys1219/Release_3. The Release_3 di-

rectory was then renamed:
/mv -f Release_3 gratis

and henceforth the GRATIS main directory, /home/venus/phys1219/gratis, will be des-

ignated SourceRoot.

2. Configuring build_image

Before the GRATIS system can be compiled, build _image must be configured as per
the manual and the instructions in SourceRoot/src/plan_im/build_image/INSTALL. If

Siemens CT scanners are to be used as input devices to GRATIS, then the contents of the

siemens_common subdirectory must be obtained from UNC Chapel Hill.

3. Editing the makefiles

SourceRoot/Install/ModSun, was created, a file similar to BSDify4.3 except that the
include and library paths have been modified within the $CFLAGS variable. This was done
so that the support libraries could be installed within the GRATIS directory structure (and
not in usr/include and /usr/local/lib). Additionally, any install commands within
the makefiles needed to have the -g plan option removed since the user group plan is not

defined on the Waikato network. The file ModSun is listed below:

1 #! /bin/csh -1

§ : David Murray, 12 December 1990

g :oreach i (‘find $argv[1] -name \[Mm\]akefile -print°‘)

6 echo doing $i...

7 rm -t $i.bak

8 chmod a+w $i

18 334'5.33/§éi2255/s/=/= -I\/home\/venus\/physl219\/grat?s\/s;c\/inc1nde/’ \
11 -e '/-CFLAGS/s/=/= -L\/home\/venus\/phys1219\/gratis\/1ib/’ \

12 -e ’/-INSOPTS/s/-g plan//’ \

13 < $i.bak > $i
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14 diff $i.bak $i
15 end

{g tcho Edit plan_config.h and top level makefile before building

Having created this file, the makefiles were edited by issuing the following commands:

%ecd SourceRoot/Install
Ysave_makefiles ../src
%ModSun ../src

A library directory and two include subdirectories also had to be created, since on the
Waikato system the support libraries are not installed in the usual place (/usr/local/lib):

Ymkdir SourceRoot/1lib
%mkdir SourceRoot/src/include/X11
Ymkdir SourceRoot/src/include/XMT

4. Re-creating the X10 Compatibility Library

The version of OpenWindows distributed with the Sun system did not have the X10 header
file X10.h and associated X10 compatibility library 1iboldX.a. The files X10.h and X10.c,

listed below, were re-created from specifications found in X-windows reference texts:

/*
* X10.h - Header definition and support file for the C subroutine
* interface library for Vi0 support routines.

./
#ifndef _X10_H_
#define _X10_H_

#ifdet USG

#ifndet __TYPES__
#include <sys/types.h>
11 #define __TYPES__

12 #endif

13 #else

14 #include <sys/types.h>
15 #endif

17 #include <X11/X1ib.h>
18 #include <stdio.h>

20 /»

21 = XAssoc - Associations used in the XAssocTable data structure.

22 = asgoc1§tions are used as circular queue entries in the aslo:iatggg table
23 * which is contains an array of circular queues (buckets).

-
CWWPB-IN T I -

»
25 tyéedot struct _XAssoc {
26 struct _XAssoc snext; /¢ Next object in this bucket. s/
27 struct _XAssoc sprev; /¢ Previous object in this bucket. -/
28 Display »display; /* Display which owns the id. s/
29 XID x_id; /* X Window System id. =/
30 char *data; /# Pointer to untyped memory. =/
31 } XAssoc;

33 /=
34 = XissocTable - X Window System id to data structure point iati
35 * table. An XAssocTable is a hash table whose bncketg areezi:::;:;atlon
36 * queues of X@ssoc’s. The XAssocTable is constructed from an array of
37 » XAssoc’s which are the circular queue headers (bucket headers).
gg - gn iA:sgcTa:lobconsists an XAssoc pointer that points to the first

* bucket in the bucket array and an inte indi
20 = of buckets in the errey y ger that indicates the number
41 =
42 typedef struct {
43 XAssoc =buckets; /* Pointer to first bucket i

X c ] in bucket array.s/

44 int size; /* Table size (number of b v
45 } XAssocTable; uckets). «/
46

47 #ifndef NeedFunctionPrototypes

48 #if defined(FUNCPROTO) | |defined (_
49 #define NeedFunctionPrototypes 1
50 #else

_STDC__)IIdetined(__cplusplus)|ldggin.d(c_pln,plu,)



#detine NeedFunctionPrototypes 0
#oendif /e __STDC__ =/
#endif /+ HeedFunctionPrototypes s/

/eFunction Prototypess/

XAssocTable sXCreateAssocT
#it NooannctionPrototypcsabl.(

gond%gt /*Number of bucketss/
H

caddr_t XLookUpAssoc(
#if NeedFunctionPrototypes

Displays /*Displays/,
i;;socrablot /*Assoc tables/,

tondis /*Resource IDs/

);

XMakeAssoc(

#if NeedFunctionPrototypes
Displays /*Displays/,
IAssocTables /*Assoc tables/,
XIgdr /%Resource IDs/,
caddr_t .

#endit /vdatar/

)3

XDestroyAssocTable(

#if NeedFunctionPrototypes
IAssocTables /*Assoc tables/

#endif

i

IDeleteAssoc(

#it NeedFunctionPrototypes
Display* /*Displays/,
XAssocTables /#Assoc tables/,
X1D /*Resource IDs/

#endif

);

#endif /+ _X10_H_ */

/*

* X10.c - An attempt to duplicate liboldx.a

. Dave Murray, 1991

L

. Note that the ‘prev’ field of XAssoc is not used in this

. implementation! Also, the first XAssoc in each bucket is skipped
. (this makes implementation of XIMakeAssoc and XDestroyAssoc easier).
./
#include "X10.h"

/*Functions#*/

/% Create Association Table */

XAssocTable *XCreateAssocTable(size)
int size; /*Number of buckets®

%Assocrablo sptr;
int i;
/* Create association table »/
ptr = (XAssocTable®) malloc(sizeof(XAssocTable));
it (ptr == NULL)
return ptr;
/% Add size to structure */
ptr->size = size;
/% Create array of pointers to XAssoc */
ptr->buckets = (XAssocs) calloc(size,sizeof (XAssoc));

iz (ptr->buckets == NULL)

{
ptr = NULL;
Teturn ptr;

}
/+ Set all buckets to nulls/
for (i=0;i<size;i++)
Etr->buckots[i].noxt = NULL;
return ptr;
}

/*Make Association®/ X
IHakoAsaoc(display.table,x_1d,data)
Display »display;

XAssocTable *table;

XID x_id;



caddr_t data;

XAssoc sptr;
int i;
/% Find bucket by finding remainder */
i = (int) x_id % table->size; . .
/#Look through bucket, returning if key is founds/
ptr = table->buckets[i].next;
while (ptr != NULL)
it (ptr->x_id==x_id)
return;
else
ptr = ptr->next;
/% Match not found - make new Xassoc */
ptr = (Xissoc#) malloc(sizeof(XAssoc));
it (ptr == NULL)

grintt(ltdorr."xrror - bad allocation in XMakeAssoc\n");
exit(1);

pt£->display = display;

ptr—->x_id = x_id;

ptr->data = data;

/¢ Add new Assoc to next to head of list %/
pPtr->next = table->buckets[i].next;
table->buckets[il.next = ptr;

}

/* Look up association »/

caddr_t XLookUpAssoc(display,table,x_id)
Display #*display;

XAssocTable »table;

XID x_id;

XAssoc #*ptr;
int i;
caddr_t return_value;
/* Find bucket by finding remainder =/
i = (int) x_id % table->size;
/*Look through bucket, returning if key is founds*/
ptr = table->buckets[i].next;
while (ptr != NULL)
it (ptr->x_id==x_id)
return (ptr->data);
else
pPtr = ptr->next;
/* Key mot found - return null value */
return_value = NULL;
return return_value;

}

XDestroyAssocTable(table)
fAssocTable stable;

int i;

XAssoc sptr,sptr2;

/% Free all assocs s/
for (i=0;i<table->size;i++)

{
ptr = &(table->buckets[il);
while (ptr != NULL)

{

ptr2 = ptr->next;
free(ptr);

ptr = ptr2;

/* Free buckets »/
ctree(table->buckets);
/% Free assoc table */
free(table);

XDeleteAssoc(display,table,x_id)
Display *display;

XAssocTable *table;

XID x_id;

{. .

int i;

XAssoc *pir,*prev_assoc;

/% Find bucket by finding remainder »/
i = (int) x_id ’ table->size;

/#Look through bucket, deleting if key is founds/
prev_assoc = &(table->buckets[i]);
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127 ptr = table->buckets[i].next;
128 while (ptr != NULL)
129 if (ptr->x_id==x_id)

{

130

131 prev_assoc->next = ptr->next;
132 tree(ptr);

133 return;

134 }

135 else

136 {

137 prev_assoc = ptr;
138 ptr = ptr->next;
139

140 }

141 /% end of X10.c */

Note that only the association table functions are required by GRATIS, and hence they
are the only functions implemented. These files were placed in a directory mods/X10 in the

user’s home directory, and compiled using %make with the following makefile:

LIBDIR = /home/venus/physi1219/gratis/lib
INCDIR = /home/venus/phys1219/gratis/src/include/X11

CFLAGS -0 -fsingle -DHAVE_BCOPY
0BJS = X10.o0

liboldX.a: $(0BJS)

rm -f liboldX.a

ar crvu liboldX.a $(0BJS)
10 -ranlib liboldX.a

12 $(0BJS): makefile

14 install: liboldX.a X
15 cp liboldX.a $(LIBDIR)/liboldX.a

16 -ranlib $(LIBDIR)/liboldX.a
17 cp X10.h $(INCDIR)/X10.h

19 clean: .
20 rm -f core a.out *.0 *
21 }

DO®IDT B N =

The header and library were then installed in the appropriate places:

Ymake install
Ymake -k clean

Note that 1iboldX and other libraries (such as 1ibXMT and XMenu11) require a symbolic link
between /usr/include/X11 and usr/openwin/include/X11, and also between /usr/1lib

and /usr/openwin/lib.

5. Building the Support Libraries

The support libraries found in SourceRoot/Support were then built:

%cd SourceRoot/Support/1ib3d
Yimake

%ep *.h ../../src/include

%cp lib3d.a ../../1lib

Ymake clean

%cd SourceRoot/Support/libc_cpde
Yimake

%cp *.h ../../src/include

%cp libc_cpde.a ../../1ib
Ymake clean

%.cd SourceRoot/Support/libcpde
imake

%ep *.h ../../src/include
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%cp libcpde.a ../../1lib

Ymake clean

%cd SourceRoot/Support/libntab
Jmake

%cp *.h ../../src/include

%cp libntab.a ../../lib

Ymake clean

Y%cd SourceRoot/Support/libplot/hp75650
“imake

%cp *.h ../../../src/include
%cp libhpgl.a ../../../1lib
Ymake clean

%cd SourceRoot/Support/1ibXMT
Jmake

%ep *.h ../../src/include/XMT
%cp 1ibXMT.a ../../1ib

%make clean

For some of the support libraries there are test programs to validate compilation of the

libraries.

To build the XMenui1 support library, SourceRoot/Support/XMenui1/Makefile had to be
edited so that the INCLUDES= command became:

INCLUDES = $(TOP) -ISourceRoot/src/include

to enable the library 1iboldX to be successfully included. The library was then built in the
usual way:

%cd SourceRoot/Support/XMenull
Jmake

%cp *.h ../../src/include

%cp Xmenu.h ../../src/include/X11
%cp libXMenuii.a ../../1lib

Ymake clean

To build the 1ibzbuf support library, SourceRoot/Support/libzbuf/Makefile had to be
edited so that the dependency on the last line became:

zbuf.o: /usr/include/stdio.h /usr/include/sys/file.h zbuf.h

and in zbuf.c, <zbuf.h> must be changed to "zbuf.h". Once again the library was built
in the usual way:

%cd SourceRoot/Support/libzbuf
Jmake

%ep *.h ../../src/include

%cp libzbuf.a ../../1lidb

Jmake clean

6. Making dependencies

The source code dependencies were then made using:
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hed SourceRoot/src
Jmake -k clean
Jmake -k depend >&depend_report &

(which runs in the background), then the file depend_report was examined for er-
rors. One modification required was the adding of a blank line at the end of Source-
Root/src/usr.image_interface/reduce_con/Makefile, so that the ex editor commands
work correctly. Also, SourceRoot/src/plot_plan/defines.h had to be copied to Source-
Root/src/plot_beam outline to enable correct compilation. Warnings still present in the
listing included references to absent RCS (Revision Control System) directories, and also

files absent in the build_image directories (particularly siemens_common and "defs.h").

7. Editing plan_config.h and top-level makefile

The header file SourceRoot/src/include/plan_config.h must be edited to reflect the
type of UNIX, and also whether the XDR data format is supported. In this case (Sun UNIX
and XDR supported), no change to the file was necessary.

The top-level makefile SourceRoot/src/Makefile was edited so that the variable UP pointed

to the target directory for binaries and data:
UP = /home/venus/phys1219/GRATIS
This directory will henceforth be known as BinaryRoot.

8. Building the source code

The source code was then built using:

%icd SourceRoot/src

Ymake -k clean

Ymake -k >&build report &

(which runs in the background), then the file build_report was examined for errors. In the
file SourceRoot/ src/display/plot_beanLoutline, the CFLAGS line had to be changed to
include = -I../../../src/display/plot_plan, and references to $UP had to be removed

from the LIBS line. It was also necessary to shift the usr_image library:
%icp SourceRoot/src/usr. image_interface/libim/libim.a SourceRoot/1ib

and then remake plan_to_im. Error messages remaining in the build report included
an illegal pointer warning in SourceRoot/src/plan_im/build_image/di/BI utils.c,
build_image errors due to the absent siemens_common directory, and various errors due

to the absence of usr/image software on the Waikato system.
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9. Installing the binaries and data

The binaries were then installed in BinaryRoot:

make -k clean
Yed SourceRoot/src
ymake -k install >&install report &

and install _report examined for errors. c_brachy warns that the installer must be a
superuser to install properly (since ownership of the file is changed to root), but this
is not a problem provided GRATIS is run from the installer’s account. An error when
making SourceRoot/src/brachy/phys_dat/makefile causes execution to terminate, but

by modifying the install line to read:
-(cd $(INSTALLDIR) ; make_seed dat ; make ls_dat)

(i.e. adding the preceding hyphen), execution seems to proceed normally. The codes could
then be installed manually:

Ymake -k install UP=BinaryRoot

Similarly, a hyphen must be added in SourceRoot/src/photon/phys_dat/unit/Makefile:
-cat ../MACHINES/*/unit | $(INSDIR)/$(BINARY)

which was then be installed as above.

The path BinaryRoot/bin was then added to the path statement in .cshrc, and access
to OpenWindows and GRATIS manual pages was enabled by adding the following line to

.login:
setenv MANPATH /usr/man:/usr/openwin/man:SourceRoot/pman

10. Testing

The GRATIS virtual simulator software was then tested by issuing the commands:

%cd SourceRoot
%simulate XDR_test_data/rando

from inside the OpenWindows window manager. xvsim ran correctly, except that text
data (such as beam and point names) could not be entered correctly. This was initially
remedied by explicitly setting the Xwindows keyboard focus within the EnterNotify case
of SourceRoot/Support/1ibXMT/XMT button_event:

XSetInputFocus(widget->display,widget->self ,RevertToParent,CurrentTime) H

and then re-compiling the library and dependent source code. However, the problem arises

because the OpenLook window manager initialises the input field of the XWMHints structure



249

as False, whereas the passive keyboard input model used by xvsim and other applications
requires that it be True. This was remedied by adding the following lines to Source-

Root/Support/1ibXMT/XMT make_widget.c, just after it sets the standard X properties:
IWMHints wmhints;

wvmhints.flags = InputHint;

wmhints.input = True;

XSetWMHints(widget->display,widget->self,&wmhints);

After defining appropriate beams using xvsim, the script extbm was run to specify the

grid and beam weighting, then calculate the dose distribution (using the dSAR algorithm
supplied).

11. Defining physics data for the Waikato Clinac 18/10

In order to generate plans for the Waikato Hospital Clinac 18/10, appropriate physics data,
located in the directory SourceRoot/src/photon/phys_dat/MACHINES/Clinac18, had to
be supplied. Three files, unit, sar, and time_calc, were required (the formats for these
files were obtained from the other treatment machines present in the MACHINES directory).
In addition, the files tray and filter can be added to define blocking trays and filters,
respectively. The makefile in SourceRoot/src/photon/phys_dat/unit must then be re-

executed:

%cd SourceRoot/src/photon/phys_dat/unit
Ymake -k UP=BinaryRoot

Ymake -k install UP=BinaryRoot

Ymake -k clean

in order to make the new machine available to c_photon.
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Appendix H

Manual Page for s_photon

S_PHOTON (1P) GRATIS S_PHOTON(1P)

NAME

s-photon — calculate doses due to external beams using superposition
SYNOPSIS

s_-photon -a skin_anastruct -b beam_file -i image_file [ -g grid_description -o output_grid ] or
[ -p point_description -O output_point_dose ] or [ -U unit_id ] [options]

DESCRIPTION

S_photon is a 3D implementation of the superposition algorithm developed at Waikato Univer-
sity. Superposition is performed in real space using primary and scattered kernels of arbitrary
dimensions and resolutions. It computes dose to points using the “deposition point of view,”
and to grids using the “interaction point of view.”

Options:
-S scaling_type
defines the kernel scaling type (none, gscaling or raytrace, default = none)
-T processor_type
defines the host processor (sun or transputer, default = sun)
-N processor_number
defines the number of processing elements (default = 1)
-V vector_size
defines the communication vector size for a transputer network (default = 1)
-R remote_server_node ‘
defines a machine on which a remote dose-computation server is running (default = null)
The skin anastruct has to be named “skin”.
FILES
UP/phys_dat/machine{header,sup_dat,edk#.##}
SEE ALSO
D.C. Murray’s and P.W. Hoban’s theses.
BUGS
Slow unless implemented in parallel!
AUTHORS
David Murray and Peter Hoban, University of Waikato, Hamilton, N.Z.
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Appendix I
PC Hardware Configuration and Switch Settings

Transtech TMB08 Motherboard

Jumper Settings

Jumper Setting

I(1) Link in (module 0 reset = UP)

0 (2) Link out (module N reset from IBM)
R (3) Link out (ROM not selected)

1(4) Link in (link adaptors disabled)

2 (5) Link in (link adaptors disabled)

3 (6) Link in (link adaptors disabled)

S (7 Link out (20 MHz links)

Link Patch

PLO to MOLO (pipehead to Link 0)
Socket Adaptor

UP connected to subsystem control on Videoputer
Link 8 (patch link 0) connected to Link 1 of Videoputer

Microway Videoputer

Switches

Switch Setting

1 (20 MHz processor speed)

1 (20 MHz processor speed)

1 (20 MHz processor speed)

0 (20 MBits/sec link speed)

0 (20 MBits/sec link speed)

0 (20 MBits/sec link speed)

0 (20 MBits/sec link adaptor speed)
1 (root processor mode)

0 (default hex 150 I/O base address)
0 (video memory in high address space)

Link Socket Connections

Subsystem Control connected to UP on TMBO08
Link 1 connected to Link 8 (patch link 0) of TMBO08

Strap Fields

© 00 3 & O i W

[
o

Jumper Setting

J1 Middle (4 wait states)
J2 Link socket

J3 Left (normal palette)

J4 Left (active low H Sync)
J5 Left (active low V Sync)

J6 Enable
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Appendix J

Configuration Script and Example Output File

Configuration Script

$ s_config

# script to generate 3L configuration file for linear array

# David Murray, 1991
# Usage: s_config proc_no > s_trans_calc.cfg

# (vhere proc_no is the number of transputers in the array)

E
echo ’\! Configuration file for '$1’ processors’
echo ’\!?
echo ’Processor Host'
ei=0
vhile ($i < $1)
echo "Processor Proc$i”
0i= @i+ 1

ond
echo ’\!?
echo ’'Wire ? Host[0] Proco[0]’
ei=0
vhile ($i < ( ${1} - 1))
e j=8i+1
echo "Wire ? Proc${i}[2] Proc${j}[11"
Ci=$i+1
end
echo ’\!?
echo ’'Task DevDriver Ins=1 Outs=1’
ei=0
vhile ($i < $1)

echo "Task Filter${i} File="’"s_filter.b4" Ins=3 Outs=3 Data=20k Urgent’

echo "Task Worker${i} File="’"s_vorker.b4" Ins=1

10pt=Stack Opt=Code’
0i=28i+1
end
echo ’\!?
echo 'Connect ? DevDriver[0] FilterO[0]®
echo ’Connect ? FilterO[0] DevDriver[0]’
ei=0
vhile ($i < $1)
echo "Connect ? Filter${i}[1] Horko:‘{@g ol"
echo "Connect 7 Worker${i}[0] Filter${i}[1]"
if ($i > 0) then
0j=8i-1
echo "Connect ? Filter${i}[0] Filser${j}[2]"
echo "Connect 7 Filter${j}[2] Filter${i}[0]"
endif
€i=@$i+1
end
€i=81-1 )
echo "Bind Input Filter${i}[2] Value=0"
echo "Bind Output Filter${i}[2] Value=0"
echo \!?
echo 'Place DevDriver Host’
thile %‘ $1)
vhile i< $1
echo "Place Filter${i} Proc${i}"
echo "Place Worker${i} Proc${i}"
Qi=$i+1
end
# end of s_config

Duts=1 Stack=2k Heap=7’ \

255



OVOIDOB LN

256
Example Output File

! Configuration file for 4 processors
[}

Processor Host
Processor ProcO
Processor Proci
Processor Proc2
Processor Proc3
[

Wire ? Host[0] Proco[0]

Wire ? ProcO[2] Proci[i]
Wire ? Proci[2] Proc2[1]
Wire ? Proc2[2] Proc3[1]
[}

Task DevDriver Ins=1 Outs=1

Task FilterO File="s_filter.b4" Ins=3
Task WorkerO File="s_vorker.b4" Ins=1
Task Filterl File="s_filter.b4" Ins=3
Task Workeri File="s_worker.b4" Ins=1
Task Filter2 File="s_filter.b4' Ins=3
Task Worker2 File="s_vorker.b4'" Ins=1
Task Filter3 File="s_filter.b4" Ins=3

Task Worker3 File="s_vworker.b4" Ins=1
(]

Connect ? DevDriver[0] FilterO[0]
Connect ? FiltorO[O% DevDriver[0]
Connect 7 FilterO[1] WorkerO[O]
Connect ? WorkerO[0] FilterO[1]
Connect ? Filteri[1] Worker1[O]
Connect ? Workeri[0O] Filteri[1]
Connect ? Filteri1[0] FilteroO[2]
Connect 7 FilterO[2] Filter1[0]
Connect ? Filter2[1] Worker2[0]
Connect ? Worker2[0O] Filter2[1]
Connect ? Filter2[0] Filteri[2]
Connect ? Filteri[2] Filter2[0]
Connect ? FiltoraEig Worker3[0]
Connect ? Worker3[0] Filter3[1]
Connect ? Filter3[0] Filter2[2]
Connect ? Filter2[2] Filter3[0]

Bind Input Filter3[2] Value=0
?ind Output Filter3[2] Value=0

Place DevDriver Host
Place FilterO ProcO
Place Worker0O ProcO
Place Filterl Proci
Place Workeri Proci
Place Filter2 Proc2
Place Worker2 Proc2
Place Filter3 Proc3
Place Worker3 Proc3

Outs=3
Outs=1
Outs=3
Outs=1
Outs=3
Outs=1
Outs=3
Outs=1

Data=20k Urgent
Stack=2k Heap=? Opt=Stack Opt=Code
Data=20k Urgent
Stack=2k Heap=? Opt=Stack Opt=Code
Data=20k Urgent
Stack=2k Heap=? Opt=Stack Opt=Code
Data=20k Urgent
Stack=2k Heap=? Opt=Stack Opt=Code
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