History by history statistical estimators in the BEAM code system
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A history by history method for estimating uncertainties has been implemented egAkarc and
Dosxyznrc codes replacing the method of statistical batches. This method groups scored quantities
(e.g., dosgby primary history. When phase-space sources are used, this method groups incident
particles according to the primary histories that generated them. This necessitated adding markers
(negative energyto phase-space files to indicate the first particle generated by a new primary
history. The new method greatly reduces the uncertainty in the uncertainty estimate. The new
method eliminates one dimensidwhich kept the results for each bajdnom all scoring arrays,
resulting in memory requirement being decreased by a factor of 2. Correlations between particles in
phase-space sources are taken into account. The only correlations with any significant impact on
uncertainty are those introduced by particle recycling. Failure to account for these correlations can
result in a significant underestimate of the uncertainty. The previous method of accounting for
correlations due to recycling by placing all recycled particles in the same batch did work. Neither
the new method nor the batch method take into account correlations between incident particles
when a phase-space source is restarted so one must avoid resta@802@merican Association

of Physicists in Medicine[DOI: 10.1118/1.1517611

[. INTRODUCTION AND THEORY from each batchto all arrays scoring quantities of interest.
This last limitation was especially evident mosxyznrc,
I.A. The batch approach to uncertainties where the scoring arrays are already large because of the

The BEaM code systerhis a widely used Monte Carlo code large number of geometrical regiofs.g., 2 million voxels

for simulating radiotherapy beams and calculating dose disl0f 128x128x128 resolution It should be noted how-
tributions in patientssee Ref. 2 for a listing of over 150 ©€Ver that this is a reflection of how things were coded in

publication$. We have upgraded thesam code system to DOSXYznre and could have been avoided using other coding

createBeAMnrc* which uses the recently releasedsnrc  t€chniques.

Monte Carlo code for radiation transpéﬁAt the same time | B. The history by history method
we have improved the method for estimating uncertainty in
dose and fluence calculated Beamnrc and Dosxyznrc.
Previously, calculation of uncertainty in all quantities de-

ended on splitting calculations into statistical batchesi- - _ . . :
P P ¢ iciently implementing the history by history method for es-

: . . . f
ally 10) and then, once the simulation was finished, taking . . ; .
y 10 g mating uncertainty. It has been described by Serrgiaal®

the estimate of the uncertainty in the average of a scorefl ; . )
quantity, X, to be: The history by history method is well known and has been

used for years in other codds.g., since at least 1986 in
SN (X —X)? MCNP). Andred® has also pointed out its advantages. How-
Sx= TN(N—1) 1) ever, the brute force application of this method is inefficient
and the inherent improvements did not justify the increase in
whereN is the number of batche¥; is the value ofX'in  computation time required to update all scored quantities af-
batchi, and X is the mean value oK evaluated over all ter each history, especially in calculations with many scoring
batches. bins. Use of Salvat’s approach removes this increase in com-
There are three problems with the batch approach. Firsputation time. We also found it necessary to make modifica-
unless a large number of statistical batches is used, there atiens to account for correlations between incident particles
significant fluctuations in the uncertainty itself since thewhen a phase-space source is used. Similar modifications
sample sizeN, in Eq. (1) is quite small. Second, arbitrarily were suggested independently by Sempaal®
grouping histories into batches ignores any correlations be- Returning to Eq(1), let X; be the quantity scored in sta-
tween incident particles. Incident particles will be correlatedtistically independent everit(i.e., historyi instead of batch
when phase-space data fromeaamnrc simulation of an i). The equation can be rewritten as

In order to eliminate the problems with estimating uncer-
tainty using batches, we have adopted a clever trick
(attributed to Salvat of the University of Barceloh#or ef-

accelerator are used as a source, especially if variance reduc- 1 /3N xZ [N %2
- . o - =17 i=1/N
tion techniques, such as bremsstrahlung splitting and photon g5 = \/N 1( N N ) 2

forcing, are used in the accelerator simulation. Finally, the
implementation of the batch approach used in most NRGvhereN is now the number of independent events, i.e., his-
user-codes added an extra dimensi@toring the results tories. In BEAMNrc and bosxyznrc, when using phase-
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space sources, one event or history is defined to be all pathese ratios using the history by history method, we use the
ticle tracks associated with one initial parti¢kbther exiting  equation for the fractional uncertainty on a ratio of correlated
the accelerator vacuum or from a decaying radioactivequantities,C=X/Y:

source such a¥Co). It should be noted that th¢ may be B — —

weighted quantitiesif variance reduction techniques, such ~ SC _ \/ ol I e 2coUX,Y) 3)
as bremsstrahlung splitting, are ugedhile N is an un- C X Y (N—l)(W),

weighted quantity, always equal to the total number of inde- _ _

pendent, or primary, histories. where § and § are the uncertainties ad andY estimated

If we keep track o=, X2 and=]N_; X; on the fly, then using the history by history method outlined above, and
we can calculate the uncertainty at the end of the simulatio§oV(X,Y) is the covariance oK andY, given by:
without the need to store the scored quantity in batches._'l_’he SNXY SNXsENLY,
problem is that when there are a large number of quantities cov(X,Y)= N N2
being scored, it can be very computationally inefficient to
evaluatez! | X? at the end of each history. To overcome thisIn order to calculate co,Y), we need to keep track of
problem, Sempaet al® outlined the following algorithm for =L, X;Y; on a history by history basis. This is done on the

4

quantity X: fly using an algorithm similar to the one given above used to
IF (nhist =X_last ) THEN keep track of =N, X? and =N, X;. Keeping track of
X_tmp =X_tmp + delta =N . XY, requires an additiondREAL* 8 variable for each
ELSE ratio scored.
X=X+ X_tmp Note that keeping track of primary histories in a phase-

space source has made it necessary to modify the format of

X2=X2+(X_tmp)*+ 2 BEAMNrc phase-space files slightly. We now mark the first

X_tmp =delta particle scored in the phase-space file from each primary
X_last =nhist history by setting the particle energy negative. Then, when
ENDIF the phase-space file is used as a source, we incredhantl

where X stores=!N , X; during the run, but, after analysis, Nhist Onlyllvvhen a negative energy is read.

will store the quantityX, nhist is the current history num- ; ,'\{[Ia,etfr:' . hl\a;llvetus(e::d ? s(;mnar mletk;otql to analyze uncer-
ber, X_last is the number of the last history that contrib- :m y n 'elrth onte t.ar Oh ?rsle ca Cut.? |0r; P?dméDt?ﬁE

uted toX, X_tmp stores the sum of the contributions Xo OWEVET, I their approach, the quantity of interast this

. . . oo case, energy deposited not grouped according to primary

during the current histongelta is a contribution toX dur- . . .

ing the current step, ar2 storess 1X'2 history, but according to each energy deposition event. Thus,

’ 1= [

Using the algorithm outlined above together with E2), if a primary history gives rise to two or more charged par-

the three main problems with using the batch method ar(ta'CleS (through interactions and/or variance reduction tech-

eliminated. The problem of small sample size is eliminatedniques’ such as bremsstrahlung splitingheir method
. o b v samp . would put the energy deposited by each charged particle in a
sinceN is now the number of histories and is usually large

. . . ) different group, whereas our technique would put the ener
for a calculation with reasonable statistics. Also, if phase- group . P 9y

data f d then. b deposited by all resultant charged particles in the same
space data ITonBEAMNIC areé used as a source then, by en'group. It will be seen below that the event-by-event method
suring thatN and nhist  only count primary historiesi.e.,

histories f he original h can give rise to errors in the uncertainty estimate, especially
istories from the original nonphase-space SOu®e prop- it naicles in a phase-space source are recycled.
erly take into account correlations between incident particles.

Finally, the additional 10 or more dimensions required to . .
store the value oK in each batch have been eliminated and!-C- Latent variance of a phase-space file

three new scoring array_tmp, X2, and X_last , have Sempatet al® have introduced the term “latent variance
been introducedX is retained from the batch method, but of a phase-space file” to distinguish between the uncertainty
with the batch dimension eliminatedHowever,X and X2 in a dose calculation due to the random nature of the trans-
have been made double precision to avoid any potentigdort in the phantom versus that due to the statistical fluctua-
round-off errors and taking into account the other large artions in the phase-space file. Thus, a Monte Carlo calculation
rays, the memory requirement for large arrays is only reof the dose distribution generated by a 20 MeV pencil beam
duced by a factor of 2 compared to when 10 batches weref electrons has a statistical uncertainty despite the fact that
used. there are no fluctuations in the incident phase-space of the

Some quantities output lBEAMNrc are actually ratios of source. This is the inherent uncertainty of the dose calcula-
correlated quantities. An example of this is the average enton. This uncertainty will approach zero if the number of
ergy of photons in a scoring zone, which is given by the totahistories is increased sufficiently. However, when a finite
photon energy crossing the zone divided by the total numbephase-space file is used as a source, the statistical uncertainty
of photons crossing the zone. These quantities are correlatenh the calculated doses approaches a finite value, indepen-
with each other, and, if output separately, would each haveent of how often the phase-space file is reused. This value
their own uncertainty. In order to estimate uncertainty onrepresents the latent variance of the phase-space file.
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Il. RESULTS AND DISCUSSION P o L A A A

IILA. New vs old methods without recycling

To see the effect of the improved uncertainty analysis, we
simulated an 18 MeV electron beafield size=20x20 cm
at SSB=100 cm) from a Clinac 2100C accelerator and ex-
amined the uncertainty in the calculated dose in a water
phantom. This was a two-stage process. The accelerator wasg
simulated usin@eamnrc, and a phase-space file was scored
at the SSD. This phase-space file was then used as a sources
in bosxyznrc simulations of a water phantom.

In theBEAMNrc accelerator simulation, 56 million primary
histories were used to generate a phase-space source contain
ing 51 million particles (including 34 million photons
Range rejection for particles below 3 MeV was used in the
accelerator simulation, however, no variance reduction tech-  0.00 s : .
nigues were used which could have led to multiple particles 0 d5 ) 10 15
. . h . epth in phantom / cm
in the same phase-space file from the same primary history
(e.g., bremsstrahlung splittingNonetheless, there can be Fic. 1. Fractional uncertainty in dose calculated on the central axis vs depth
multiple particles in the phase-space file for a given primar>f°r a simulated 18 MeV beam from a Clinac 2100C X220 cm field at

. . SSD=100 cm) in a simulated water phantom. Fractional uncertainties are
history, e.g., the primary electron and bremsstrahlung pho

estimated using the new meth(gtouping by primary historyand using the
tons and/or knock-on electrons. old method with 10 and 40 batches. A scaled depth—dose curve is also
In the posxyznrc simulation of the water phantom 50 mil shown for referencéwith uncertainties estimated using the history by his-
incident particlegof all types from the phase-space source tory method. Dose was scored inX1X 0.5 cm voxels on the central axis.
were used. The simulated water phantom itself had
dimensions of 220X 15cm, and dose was scored in ||.B. Effects of recycling
1x1x05cm voxels down the central axis. Region-by- In many cases, the phase-space data available at the bot
region range rejection for particles below 5 MeV was used int y ' P P )
X . . om of a simulated accelerator may be relatively sparse. In
the bosxyznrc simulation. This means that a charged par- : : o
. . . . . such cases, reducing the inherent uncertainty in the dose cal-
ticle history was terminated and its energy deposited locally . .
. . . culation to an acceptable level can only be achieved by re-
if the particle energy was:5 MeV and the particle could not . S
. . cycling each particle in the phase-space source before mov-
make it to the nearest voxel boundary with enerdyCUT

: : ing on to the next one. In order to investigate the effects of
the low-energy threshold for particle transp6ro0 keV in g g

hi Thi o h CPU 1 b);)article recycling on the uncertainty, the water phantom
this casg This range-rejection scheme saves time Jsimulation was repeated with the same number of incident

cutting short unnecessary transport in the large, off-axig,ayicles(50 million), but this number was achieved by using

voxels. only 12.5 million particles from the phase-space file with

Figure 1 shows fractional uncertainty in dose versus deptiiach particle recycled 3 timésach particle used a total of 4
estimated using the new meth(gtouping energy deposited (imes  the recommended maximum for electron beaams
according to primary histojyand using the old method with {hen by using only 1.8 million particles from the phase-space
10 and 40 batches. A scaled depth-dose curve is also showjs with each particle recycled 27 timg¢sach particle used a
for reference. Incident particles from the phase-space filgyig| of 28 times. A posxyznrc technique called smoothing,
were not recycled in these simulations. in which incident particles are reflected about ¥axis and

It is clear from Fig. 1 that the new method estimates &ne Y axis before being re-used in the simulation, was also
much smoother uncertainty versus depth curve than the batGfsed, but this has little impact on the central agise Sec.
method, indicating a much lower uncertainty on the uncerq| g). Note that when a particle is recycled, the number of
tainty estimate. It is also clear that increasing the number Oﬁrimary historiegnhist  in the new algorithm described in
arbitrary batches from 10 to 40 results in reduced fluctuasec. ) is not incremented. Thus, energy deposited by all
tions in the uncertainty, albeit at a cost of increasing thepccurrences of a particle is grouped into the same primary
memory requirement for the scoring arrays by a factor of 4history.

Despite fluctuations, the mean uncertainty in all doses Figure 2 shows the effect of particle recycling on the es-
>0.9D 4 estimated using the batch meth@@55% using timated uncertainty on the central axis. The “no recycling”
10 batches and 0.53% using 40 batghiesin good agree- curves are the same curves as shown for the new method and
ment with that estimated using the new metti@®$4%. The  using 10 batches in Fig. 1. The uncertainty estimated using
overall agreement between the three meth@sde from the new method clearly indicates that uncertainty increases
fluctuationg implies that any correlation between multiple with the number of times each particle is recycled. The in-
particles scored in the same primary history, which werecrease is greatest at the phantom surface where the fluctua-
placed in separate batches in the old technique, is negligibléions reflect the statistical fluctuations of the initial particles

---= 10 batches
— == 40 batches
[ —— depth—dose

o
o
Y}

ose or relative dose

T
1

0.01

onal uncertain

fracti
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0.04 —— T axis dose uncertainties and recycling 27 times only increased
the uncertainty by about 40% rather than the factor of 5 seen
at the surface in the electron bedFig. 2).

The above-noted results indicate that both the new and
0.03 A Ly A old methods of statistical analysis took the latent variance of

pre the phase-space filas discussed in Sec) Into account

27x recycling 4t properly. Thus no matter how often a given particle was
""" \ recycled, the uncertainty would only decrease to a fixed
0021 A / value which reflected the latent variance of the phase-space
file. This is not the case if the phase-space file is restarted
rather than each patrticle being recycled.

—— primary history (new method)
~~~~~~~~~~ 10 batches

0.01 |

fractional uncertainty in dose

II.C. Effects of restarting

Y Problems arise in the new and old methods of estimating
no recycling ] uncertainty when a phase-space file is restarted. This hap-

5 —— 1'0 5 pens automatically upon reaching the end of the source file.

depth in phantom /cm

0.00
0 . . .
A particle that is re-used because of a restart will not be
grouped into the same primary history as it was on the pre-
Fic. 2. Fractional uncertainty in central-axis dose vs depth for a simulated/jous pass through the phase-space file, correlations between
18 MeV beam from a Clinac 2100C (220 cm field at SSB-100cm) ina  ye_ysed particles will be ignored, and the uncertainty will be
simulated water phantom. Fractional uncertainties estimated using the new d timated h b Th for th f
method are shown for cases in which incident particles were recycled 27N .eres Imated, as S OWI’I above. us, for the pu.rpose 0
times, 3 times(the recommended maximyprand not at all. Fractional un-  €stimating uncertainty, it is recommended that particles be
certainties estimated using 10 batclielsl method are shown for the cases recycled enough times so that the phase-space file is only
in which particles were recycled 27 times and not at all. The total number Ohsed once. To make this feasiBeamnre andposxyznrc
particle tracks simulated was 50 million in all cases. Dose was scored in ff .t' . hich th b  ti ¢ |
1x 1X0.5 cm voxels on the central axis. [0} er an_op on In W IC € number of tmes 1o recycle a
particle is automatically calculated based on the number of
particles in the phase-space source and the number of re-

e . quested histories. This option may underestimate the number
hitting just that voxel whereas at depth, the particles from &f times to recycle a particle because it cannot take into

W|d.er.|n|t|a_l area are invo Iveq and the in-phantom Sta'['St'calaccount particles that do not get used because they are out-
variations in repeated histories play a role, thereby decrea:

ing the uncertaint ¥ide the geometry, do not have the corie&T CHvalue, etc.,
9 certainty. : . . . in which case the phase-space source will be restarted. If the
Recycling incident particles 3 times is equivalent to de- : . o
. . S source is restarted only once and only a small fraction of it is
creasing the number of primary histories by a factor of 4

(recall the number of primary histories is not incrementedre_used on the second pass, this is unlikely to have a signifi-
o P Y . cant effect on the uncertainty. However, if most of the source
when a particle is recycledand, thus, in an electron beam

the uncertainty at the surface of the phantom is expected t|s re-used on the second pass, or if it is restarted more than
increase by a factor of sqrt(4)2 because the uncertainty is 8nce, then a manua]ly-calculated value for the numper of
dominated by the latent variance of the phase-space file Th|tlme.S to r'ecycle particletbased on Qata from the previous
. e ~. Win in which the value was automatically calculgtédrec-
matches the increase at the surface shown in Fig. 2. S'm"mmended
larly, when particles are recycled 27 times, the uncertainty a? '
the surface is expected to increase by a factor of sqrt(28 .
~5, which matches the increase shown in the figure. Th(gI'D' Effects of correlations
uncertainty estimated using 10 batches in the case &f 27 To investigate the effects of correlations, the uncertainty
recycling shows expected fluctuations, however, similar tchas also been estimated by grouping deposited energy ac-
the “no recycling” case, the mean uncertainty is in fairly cording to incident particle instead of primary history. In this
good agreement with that estimated using the new methodase,nhist in the algorithm described in Sec. | is always
(mean uncertainty on all dose®.5D . is 1.30% using 10 incremented, even if the particle is being recycled. This
batches and 1.38% using the new methddis agreement method is similar to the new method but ignores correlations
validates our previous scheme to account for correlations bésetween incident particles when a phase-space source is
tween recycled particles by putting them in the same statisused. When this method was applied to the simulation of the
tical batch(accomplished by having the recycling loop inside electron beam in water then, regardless of how many times
the statistical batch loop in the code incident particles were recycled, uncertainties were found to
When recycling photon sources, the effects on the unceragree exactly with those estimated using the new method
tainty are much less dramatic since, except when highly rewith no recycling(shown in Fig. 2. The exact agreement in
cycled, photons are not likely to interact in the same voxelthe case of no recycling indicates that correlations between
and therefore the recycling has little effect. For example particles in the phase-space file did not affect uncertainty in

recycling a 13 MV beam 3 times had no effect on the centralthis electron beam simulation. More importantly, the distinct
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differences in the cases of recycling indicate that unless cor- 0.015 Fp T T T :
relations introduced by recycling are taken into account, the - f:ém%rgasﬁzge(new method)
uncertainty is significantly underestimated because the latent® || % . 40 batches
uncertainty of the phase-space data is not accounted for. ~—— depth-dose curve
In electron beams one does not expect significant correla-
tions between particles. To investigate the effects on esti-
mated uncertainties of correlations between incident particles
(other than those introduced by particle recyclinge used
BEAMNrC to simulate a 13.5 MV photon beam (2Q0 cm
field at SSB=100 cm) from a Siemens KD2 accelerator and
used selective bremsstrahlung splittiaximum splitting
number of 400, minimum splitting number of ¥® enhance
photon output. When bremsstrahlung splitting is used, each
primary history can potentially generate a large number of
photons, all of which are correlated, at the bottom of the . , , , L
accelerator. For this simulation, 25.5 million primary histo- 0 10 20 30 40 50 60
ries were run to generate a phase-space file containing 63.5 depth in phantom / cm

million partldes(63 m|_II|on of which were photor)s Fic. 3. Fractional uncertainty in central-axis dose vs depth for a simulated
The phase-space file generated at the bOtFom of the phQ3 5 mv photon beam from a Siemens KD2 accelerator{10 cm field at

ton accelerator was then used as a source OSXYzNrc  SSD=100 cm) in a simulated water phantom ¢220X 60 cm). Uncertain-

simulation of a water phantom(dimensions 2& 20 ties were estimated three ways: using the new metgoaliping by primary

s . history); using 40 statistical batches; and using a method similar to the new

X 60 cm). Rgnge I’.GJGCtIOIE(S_ ‘ AVE=5 MeV) Wa.s-use.d I.n all method but which ignores correlations between incident partigiesiping

posxyznrc simulations. Initially, we ran 50 million incident py incident particle A scaled depth—dose curve is also shown for reference

particles from the phase-space soufee particle recycling  (with uncertainties estimated using the history by history mettiddse was

and examined uncertainty on the dose i 2x 0.5 cm vox-  Scored in 16<10x0.5 cm voxels on the central axis.

els down the central axis of the phantom. It was found that

this did not include enough of the incident beam field toaCCO ding to incident ticle than it is with the mean of

show any effects of correlations between incident particles0 - Oor/ Iegtima![e dl usin p?r:e: ew metlholc? Wi

By increasing the size of the central-axis voxels to<1@ 70 9 '

X 0.5 cm, with a corresponding decrease in the number of One surprising result frqm Fig. 3 s the similarity betvyeen
o . - : the shape of the uncertainty versus depth curve estimated
incident particles to 1.5 m|II|quno recycling, we were able using the new method and that estimated by grouping ac-
o Isz?eutrzegegﬁg\tssofh?g;li?rt:gtr; Sd uncertainty in dose Versucording to incident particle, even the small fluctuations. In
de tr? for the photon beam simulation Un)c;ertainties weré%m’ they appear to be the same curve, just translated i¥i the
P P . . ' . direction. This similarity was also found to exist in the ab-
estlmat_ed by grouping deposited energy accordl_ng o PllSolute uncertainties estimated using these two metficals
mary hlstory(the new methay by splitting the run into 40 once fluctuations in dose had been factored.oriis indi-
ztat|st|.c£‘atlj batchegt_he otld r_net_goidtand tt_)y g_ro_LImenE:; ENeI9Y  cates that there are very few cases in which multiple photons
epﬁSldeb according 1o mcll en pAar |c[e|s|r3| ‘Zr Oh nC?W originating from the same primary history lead to energy
met o ut Ignoring  corre ationsA scale . _ept —dose deposited in the same voxel. Thus, differences between un-
curve is also shown in Fig. 3 for reference. It is interesting tocertainty estimated using the new method and by grouping

noFe that the 1.5 million incident particles used i.n this Si,m“'according to incident particle are mainly due to differences
lation were found to represent only 209196 primary histo-, the numbe in Eq. (2). Using the new methody is the

ries, indicating a fairly high degree of correlation between, mper of primary histories, while grouping according to

photons in the phase-space source. incident particleN is the number of incident particles.
From Fig. 3 it is clear that, similar to the electron beam

example, the new method of estimating uncertainty yields a _ o

much smoother uncertainty versus depth curve than when 4bE. Effects of smoothing on uncertainties

batches are used, indicating a much lower uncertainty on the \When recycling or restarting a phase-space source in
uncertainty estimate. Figure 3 also shows that ignoring corposxyznrc, one has the option of using a routine which
relations between incident photons by grouping according tenakes use of the symmetry in many beams to redistribute the
incident particle results in a consistent underestimate of thgphase-space particles to 3 symmetrical positigrg) with
uncertainty(although the curve is still smoothThe batch  direction cosinesuy,v) goes to (x,y) with (—u,v) etc].
method also ignores correlations between particles and ihis means that, away from the axes, one can effectively
Fig. 3 it can be seen that it also tends to underestimate urgain a factor of 4 increase in the number of different initial
certainty. The mean uncertainty on all dose6.5D ., esti-  particles incident on a particular region since one gets them
mated using 40 batches is 0.64%, which is in better agredrom all four quadrants. Unfortunately, close to the central
ment with the mean of 0.63% estimated by groupingaxis this has little value since all four locations are very close

0.010

0.005

fractional uncertainty in dose or relative dose
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to each other. This is clear in Fig. 2 where the uncertainty on 2 — T T T — T
the central-axis dose increased by a factor of 2 near the sur- [
face, even with smoothing turned on. At greater depths, the
recycling causes only a small increase in the uncertainty, but
the accelerator simulation required four times fewer histo- 15 1
ries. We find that for a voxel element away from the axes, I
with smoothing on, the uncertainty estimate for the 3 times 2
recycling case is the same as in the no recycle case. Hence,g
for electron beams the use of the smoothing option with the § 1
recycling option clearly has a positive benefit in much of the 5
volume, but has no benefit on the central axis at the surface, "=
and also a reduced benefit along th@ndy axes. In any
case, the uncertainty estimates are accurate. 0.5 1
For photon beams the effects of smoothing are not so I
dramatic since the effects of recycling are not as dramatic as
discussed earlier. Nonetheless, the trends are similar to the
effects with electron beams, namely smoothing is most ef- 00 1 2 3 4 35 6 7 8 9 10

fective away from the axes. distance from beam axis at SSD /cm

Fic. 4. x2 per degree of freedom for average photon energy at the(38MD
Il.F. Ratios of correlated quantities cm) of a generic 16 MV photon accelerator evaluated over 20 separate
simulations(500 000 histories eaghScoring zones in which average photon

In order to determine how well the history by history energiesand their uncertaintigsvere calculated were square “rings” cen-

method is able to estimate uncertainties in ratios of Corregered on the beam axis. Midpoints of the square rings were at 0, 1.5, 2.5, 3.5,
. . . 2 45,55, 6.5, 7.5, 8.5, and 9.5 cm from the beam axis. Field size was 10

lated quantitiegusing Eqs(3) and(4)], we examined thg %10 cm at the SSD.
per degree of freedom for average photon energies at the
bottom of a simulated accelerator. As mentioned in Sec. I.B.
average photon energy is a ratio of the correlated quantitieicles. This could possibly even be developed into a diagnos-
total photon energy and number of photons. tic tool for the variance reduction techniques.

We performed 20 separate simulatidi®®0 000 histories
each) of a generic 16 MV photon accelerator (field size || 5 A note on parallel runs
=10%X10 cm at SSB-100 cm) and calculated the average ) . )
photon energiegwith uncertaintiesfor photons crossing 10 If one has multiple machines running on a network, then
scoring zones at the SSD. The scoring zones were squaliS Possible to splisBeamnrc andbosxyznre simulation up
“rings” centered on the beam axis with midpoints at a dis- into & number of parallel jo’5When a simulation that uses
tance 0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5, and 9.5 cm frorAt Phase-space source is split up intmultiple jobs, then the

the beam axis. We then estimated ffeper degree of free- Phase-space source is automatically divided memjual par-
dom in each scoring zone using: titions. Each job uses a separate partition. Thus,ijalses

N _ particle numbers that fall in the range:
X1 s (Ei—E)?
df N-1

) > , (5) nshist nshist
i=1 SEi

(i —1)><T<nnphsp <=j XT, (6)

whereN is the number of simulation&0 in this casg E IS \yherenshist is the total number of particles in the phase-
the average photon energy crossing the scoring zone in simdnace source amthphsp s the number of the particle used.
lation i, sg, is the uncertainty or;, andE is the photon  This partitioning scheme was adopted to ensure that the en-
energy crossing the scoring zone averaged over all N simutire phase-space source is adequately sampled over all of the
lations. parallel jobs.

The results are shown in Fig. 4. If the uncertainty is esti- Partitioning of phase-space sources potentially interferes
mated accurately then we expeg/df to be~1. A y?/df with the new method of estimating uncertainties because it
<1 indicates that the uncertainty has been overestimatedpay split up particles generated by the same primary history
and ay?/df>1 indicates an underestimate of the uncer-(correlatedand use them in different jobs. When the jobs are
tainty. Figure 4 shows that?/df is ~1 for most scoring recombined for final analysis, any quantity scored by these
Zones. particles will be grouped as if it originated in two or more

We have found that for a simulation with extreme weightdifferent primary histories, instead of just one. This intro-
variations, they?/df was about 1 except for one or two duces the possibility of some correlations being ignored and
scoring zones where it was about 2, caused by one or twan underestimate of the uncertainty as discussed earlier.
outliers in the 20 calculations. We take this as an indicator of In order to observe the effects of partitioning a phase-
using too much biasing, causing inconsistent results due tepace source on uncertainty, we split the simulation of the
“fat” particles with very large weights relative to most par- 13.5 MV photon beam in wate{described earligrinto 50
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0.015 . - . . . dent particles according to the primary histories that gener-
ated them. This has been accomplished by changing the for-

single run mat of phase-space files slightly, so that the first particle

[ — 50| runs scored from a new primary history is marked by setting its

energy negative.
Recycling incident particle§.e., using the same particle
as an incident particle many times immediately after reading
it), which is often necessary when phase-space data are
sparse, introduces the correlations with the most significant
effect on uncertainty. Failure to take into account these cor-
relations can lead to a significant underestimate of the uncer-
tainty, basically because it ignores the statistical fluctuations
inherent in the phase-space file. On the other hand, when
0.005 | 4 correlations are taken into account then, even if particles are
recycled many times, the uncertainty will always reflect the
uncertainty in the phase-space data itself. It was found that
0 0 "% 30 40 s0 so  thebatch method also successfully accounted for correlations
depth in phantom / cm introduced with recycling by placing all recurrences of a par-
ticle in the same statistical batch. Problems occur with both
Fic. 5. Fractional uncertainty in_ central-axis dose vs depth for a simulateghe new method and the batch method of estimating uncer-
]S-?gg:Ml\{)gt(r)rtl())?nb:as%E?aTeg i;?fgﬁaﬁzﬁaggggg’?;f %Tlcffrgzt tainties if a phase-space source is restarted. In the case of the
ties are shown estimated using the new method when the simulation wdd€W Method, a particle that gets re-read after the phase-space
performed in a single ruril.5 million incident particles and when the  file has been restarted will not be grouped in the same pri-
simulation was dIVIded into 50 paraIIeI ]0b30 000 incident pa_rticles each mary history as it was on the previous pass_ In the case of the
Dose was scored in 2010x0.5 cm voxels on the central axis. batch method, there is no guarantee that the particle re-read
after a restart will be put in the same batch as it was on the

parallel jobs. Each job simulated 30000 histories (1_5previous pass. Thus, restarting can cause uncertainty to be

X 10°/50). Division into 50 jobs represents an extreme cas L'mderestlmated, and we recommend recycling particles

and increases the chances that correlated groups of photoﬁeough t!mes to a|v0|dfr_iestart|ng a phas-space sqasceell

in the phase-space source will be broken up by partitioning'S réducing needless file re-reading ,

the file. Other correlations between particles in a phase-space
Figure 5 shows the fractional uncertainty in dose versu$OUrce include those that occur “naturallf@.g., a primary

depth estimated after recombining the 50 parallel jobs, ann&'St(_)ry that undergoes interactions leading to more than one

with the uncertainty estimated when the simulation was perParticle in the phase-space souread those that occur due

formed in a single rurisame as the solid line in Fig.).3 to variance reduction techniques, such as bremsstrahlung

Figure 5 shows no significant difference between the unceéplmmg' These correlations are taken into accc-)unt.by the
tainties in the two cases. The mean uncertainty of all dosedeW method, but not by the batch method of estimating un-

~0.5D estimated after recombining the 50 runs is certainty. We examined the case of a photon beam generated
" max fpa . .
0.697%, which is in good agreement with the mean uncerPY SPlitting bremsstrahlung photons up to 400 tinfesing

tainty of 0.700% estimated in the single run. Thus, we conS€l€ctive bremsstrahlung splittingy water and found that

clude that, in general, partitioning of a phase-space sourci® Patch method did, in fact, underestimate uncertainty.
has no effect on the estimated uncertainty. However, the large bremsstrahlung splitting number and the

fact that significant differences were not noticeable until the
voxels in the water phantom had been enlar¢ed10x 10
IIl. CONCLUSIONS X 0.5 cm) to encompass most of the incident beam leads to
A new method for better estimates of uncertainty in thethe conclusion that, in most cases, these correlations do not
BEAMNrc andposxyznrc codes has been introduced. Scoredplay a role in the uncertainty estimate.
guantities are now grouped according to primary history and It should be noted that the event-by-event technique used
not statistical batches as before. This new method eliminatdsy Ma et al'* and mentioned in Sec. | will not take into
the problems of fluctuations in estimated uncertainty due t@account correlations between incident particles in a phase-
small sample sizdi.e., small number of batcheslt also  space source. This is because this technique does not trace
eliminates one dimension from the arrays that score quantenergy deposited back to primary histories. It is even more
ties of interest, resulting in a decrease in the memory reextreme than the case discussed in Sec. 11.D in which energy
quired by the scoring arrays by a factor of about 2. This newdeposition was grouped according to particle incident on the
method can easily be adapted to estimate the uncertainty gghantom rather than by primary history. As shown there, the
ratios of correlated quantities as well. latter case is not likely to be a problem when correlations are
The new method also accounts for correlations betweedue to interactions and/or variance reduction techniques.
incident particles in a phase-space source by grouping inciHowever, if correlations are introduced by recycling par-

0.010

fractional uncertainty in dose
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ticles, then grouping by particles incident on the phantom is 5. Kawrakow, “Accurate condensed history Monte Carlo simulation of

expected to significantly underestimate uncertainty since it jgeg”zgst(rzagggort' I. EGSnre, the new EGS4 version,” Med. PBYs.

ignores the latent variance of the phase-space file. The techs| . " 4 b w. o. Rogers, “The EGSnrc code system: Monte
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; . ; i ot Monte Carlo code optimized for photon and electron radiotherapy treat-
highly mitigated, by using beam characterization mod&ls. ment_ planning doss. calolatione.” Phye. Med. Bide 2065, 2201

These models do not need to recycle particles and hence (2000.
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these effectd? , 1163-1186200.
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