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a b s t r a c t

GEANT4 is a software toolkit for the simulation of the passage
of particles through matter. It is used by alarge number of
experiments and projects in a variety of application domains,
including high energyphysics, astrophysics and space science,
medical physics and radiation protection. Over the past
severalyears, major changes have been made to the toolkit in order
to accommodate the needs of these usercommunities, and to
efficiently exploit the growth of computing power made available by
advances intechnology. The adaptation of GEANT4 to multithreading,
advances in physics, detector modeling andvisualization, extensions
to the toolkit, including biasing and reverse Monte Carlo, and
tools for physicsand release validation are discussed here.&
2016 The Authors. Published by Elsevier B.V. This is an open access
article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. The evolution of GEANT4

A major trend in modern experimental science is the
increasedreliance upon simulation to design complex detectors and
inter-pret the data they produce. Indeed, simulation has become
mis-sion-critical in fields such as high energy physics and
space

right).

Sciences de l'Univers de Re-042 Rennes Cedex, France.oor, 00380
Helsinki, Finland.aging Institute, Icahn SchoolYork, NY 10029,
USA.-798 Warsaw, Poland.al and Medical Sciences, 75rea.

science. Another trend is the rapid increase in computing
powerdue to faster processors, multi-core architectures and
distributedcomputing. At the same time, advances in memory
technologyhave not kept pace and the amount of memory available per
CPUcycle has decreased. These trends have led to a re-examination
ofsome of the basic assumptions of simulation computing, and to
theevolution of the GEANT4 simulation toolkit.

The toolkit approach has enabled GEANT4 to serve a wide
varietyof user communities and to change as users' needs change.
Now 16years since its initial public release, GEANT4 continues to
be thesimulation engine of choice for high energy physics
experiments atthe LHC. ESA and NASA have used and continue to use
GEANT4 inthe design of spacecraft and the estimation of radiation
doses re-ceived by astronauts and electronic components. It is also
usedextensively in medical physics applications such as particle
beam
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therapy, microdosimetry and radioprotection. The basic
ex-tensibility of the toolkit has facilitated its expansion into
new userdomains, such as biochemistry, material science and
non-de-structive scanning.

Common to nearly all these domains, but especially true forhigh
energy physics, is the demand for increasingly detailed geo-metries
and more sophisticated physical models. This in turndrives the need
for more CPU cycles, and the relative decrease ofmemory drives the
need for more efficient memory management.

It became clear that GEANT4 could meet these challenges
byadopting the multithreading approach and exploiting the
multi-core architectures that have now become commonplace.
Whilesignificant effort went into the implementation of
multithreading,the object-oriented design of the toolkit made the
changes muchless intrusive than might have been expected. Section 2
of thispaper will discuss the details and performance of
thisimplementation.

The remainder of the paper will deal with other improvementsin
the toolkit since the last GEANT4 general paper [1]. Section
3covers improvements in kernel functionalities. Among these arenew
tracking and scoring capabilities, improved geometry modelswhich
have resulted in faster, more versatile experimental
re-presentations, and improved visualization techniques which
pro-vide users with more powerful ways to view them. Section
4provides updates in electromagnetic and hadronic physics mod-eling
with discussions of recently introduced models, improve-ments in
existing models and physics lists, and results fromcomparisons to
data. Extensions of the toolkit, including a newgeneric biasing
framework, reverse Monte Carlo, native analysiscapability, and
improved examples, are covered in Section 5. Sec-tion 6 describes
the extensive improvements in testing and vali-dation. Modern web
interfaces and standard testing tools havemade it easier for users
and developers alike to evaluate the per-formance of GEANT4. The
adoption of modern build tools addressedthe need for flexible
configuration and support on various com-puting platforms, as well
as the ever-increasing number of datafiles needed by physics
models. This paper concludes in Section 7with a brief summary of
GEANT4 progress and a discussion ofprospects for the next
decade.

A primer of terms. A number of terms within GEANT4 havemeanings
which differ somewhat from general usage. Althoughdefined elsewhere
[1], they are reviewed here for convenience.

A track is a snapshot of a particle at a particular point along
itspath. Instances of the class G4Track contain the particle's
currentenergy, momentum, position, time and so on, as well as its
mass,charge, lifetime and other quantities.

A trajectory is a collection of track snapshots along the
particlepath.

A step consists of the two endpoints which bound the
funda-mental propagation unit in space or time. The length between
thetwo points is chosen by a combination of transportation
andphysics processes, and may be limited to a fixed size by the
user incases where small step lengths are desired. An instance of
G4Stepstores the change in track properties between the two
endpoints.

Process has two meanings in GEANT4. In the usual computerscience
sense, it refers to an instance of an application which isbeing
executed. This is the meaning assumed in the discussion
ofmultithreading. In all other discussions the narrow GEANT4
mean-ing is assumed: a class implementing a physical or
navigationalinteraction. A GEANT4 process is categorized by when
the interac-tion occurs, either at the end of the step (PostStep)
or during thestep (AlongStep).

An event consists of the decay or interaction of a primary
par-ticle and a target, and all subsequent interactions, produced
par-ticles and four-vectors. G4Event objects contain primary
verticesand particles, and may contain hits, digitizations and
trajectories.

A run consists of a series of events.

2. Multithreading

2.1. The transition to multithreading

The emergence of multi-core and many-core processors hasbeen a
well-established trend in the chip-making industry duringthe past
decade. While this paradigm guarantees the continuedincrease of CPU
performance, it requires some adaptation of ex-isting code in order
to better utilize these architectures. In typicalGEANT4 simulations
the most widespread approach for exploitingparallelism is job or
process parallelism. This is the spawning ofmultiple copies of the
same process, and is being used in large-scale production by HEP
experiments to exploit today's hardware.However a key challenge for
this approach is that the amount ofrandom access memory (RAM)
required scales linearly with thenumber of processes. As the number
of cores increases beyond8 or 16, the amount of RAM may become a
limiting factor unless arobust solution for the sharing of memory
between processes (oran alternative method) can be adopted in
production systems.

This is especially true for co-processor technologies in which
ahigh core count is associated with a relatively limited amount
ofRAM, as in the Intel Xeon Phi co-processor card model 7120P,which
hosts 16 GB of RAM for 61 physical cores.

In GEANT4 an alternative solution was developed, in
whichmultithreaded applications share a substantial part of their
databetween threads in order to significantly reduce the
memoryfootprint. In this design the memory savings are obtained
bysharing among all the threads the key data which are
constantduring simulation: the geometry description and the tables
usedby electromagnetic physics processes [2]. Threads are
otherwiseindependent.

In this implementation each thread is responsible for
simulat-ing one or more full events, thus implementing event-level
par-allelism. Measurements demonstrate that this approach
scaleswell with the number of threads. Almost linear scaling was
ob-tained from two up to 60 physical cores, the maximum availableon
shared memory systems that were available for
benchmarking.Additional throughput gains of about 20–30% were
obtained byusing hyperthreading.

2.2. General design

As a Monte Carlo simulation toolkit, GEANT4 profits from
im-proved throughput via parallelism derived from the
independenceof modeled events and their computation. Until GEANT4
version10.0, parallelization was obtained with a simple
distribution ofinputs: each computation unit (e.g. a core of a node
in a cluster)ran a separate instance of GEANT4 that was given a
separate set ofinput events and associated random number seeds.

Given a computer with k cores, the design goal of multi-threaded
GEANT4 was to replace k independent instances of aGEANT4 process
with a single, equivalent process with k threadsusing the many-core
machine in a memory-efficient, scalablemanner. The corresponding
methodology involved transformingthe code for thread safety and
memory footprint reduction [3]. Asimplified schema of the
multithreading model used is shown inFig. 1.

Before the parallel section of the simulation begins, the
geo-metry and physics configurations are prepared and the
randomnumber engine is initialized in order to generate a random
se-quence of uniformly distributed numbers. This guarantees
re-producibility (see below). Threads compete for the next group
ofevents to be simulated, requesting one or more seeds from the


	
Fig. 1. Simplified description of a GEANT4 multithreaded
application: the masterthread prepares geometry and physics setups
for the simulation, and the workerthreads compete for the next
(group of) events to be simulated; otherwise they
areindependent.

Fig. 2. Sequence diagram of a multithreaded GEANT4 application.
The applicationinstantiates one G4MTRunManager. When the first run
is started one or moreworker threads are spawned. The simulation in
each worker thread is controlled bythe local
G4WorkerRunManager.
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shared seeds queue. Output produced by the threads can be
re-duced at the end of the run. If the application uses the
command-line scoring mechanism or histograms from the GEANT4
analysispackage, output from these is reduced automatically.
User-definedG4Run instances can be merged if they implement a
Mergemethod.

The multithreading option is based on a master–worker model
inwhich one control sequence (themaster) is responsible for
initializingthe geometry and physics, and for spawning and
controlling workerthreads. Workers are responsible for the
simulation of one or moreevents. The sequence diagram of a GEANT4
application is shown inFig. 2 where the main interfaces
(G4MTRunManager and G4Work-erRunManager) and their interactions are
shown.

A GEANT4 application is defined by the use of an instance of
theG4RunManager class or of a user-defined class derived from it.
Thisclass defines the main interactionwith the user: it provides
interfacesto define the user initializations (e.g. geometry and
physics defini-tions) and the user actions that permit
interactionwith the simulationkernel and retrieve output
information. In particular, G4RunManagerprovides the interface to
start the simulation of a run, which is acollection of events. For
multithreaded applications a derived classG4MTRunManager is used
that allows the number of worker threadsto be specified. Shared
objects, such as the geometry and physics list,are registered by
the user to the instance of this class, while thecreation of user
actions is the responsibility of a new class
G4VU-serActionInitialization. When a new run is requested it is
theresponsibility of G4MTRunManager to start and configure
workerthreads. Each thread owns an instance of
G4WorkerRunManagerand it shares only the user initialization
classes, while it owns aprivate copy of the user action classes.
Workers continue to requestevents from the master until there are
no more events left in thecurrent run. At the end of the run the
results collected by threads canbe merged in the global run.

The communication between master and workers was im-plemented
with a simple barrier mechanism to synchronize

threads, and with the exchange of simple threading messageswhich
currently may be one of:

� workers start new run (instruct worker threads to begin
theevent loop),

� workers terminate (instruct workers that the job has
concluded,workers should terminate and exit), or

� wait for workers ready (master thread is waiting for one or
moreworkers to terminate current event loop, idle workers wait
forfurther messages).

User-defined code can be implemented by specializing key
inter-faces of certain classes. In particular, the
G4UserWorker-Initialization class defines the threading model and
de-termines how threads are configured. The main GEANT4
classesrelevant to a multithreaded application are depicted in Fig.
3. Allinterfaces are also available in sequential mode so that user
codefor a simulation application can be run both in multithreaded
orsequential GEANT4 with minimal changes.

2.3. Results

The physics and CPU performance of GEANT4 were measured
bycomparing the sequential version of the code to a
multithreadedequivalent. The results which follow were obtained
with a patchedversion of GEANT4 Version 10.0, and focus on high
energy physicsapplications. This domain was chosen because its
complex physicsrequirements cover the most important use-cases for
GEANT4 users:

� high and low energy electromagnetic physics,� high and low
energy hadronic physics,� tracking in many-volume geometries and�
tracking in electromagnetic fields.

In the near future regular testing will be extended to other
userdomains such as medicine and space science.


	
Fig. 3. Class diagram of the main user interfaces [4]. User
initializations (e.g. geometry and physics list) are shared among
threads and are assigned to the single instance ofG4MTRunManager,
while user actions are created for each thread (via
G4VUserActionInitialization) and assigned to the thread-private
G4WorkerRunManager.
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So far, two applications have been adapted to multithreading.The
first is a test suite (simplified calorimeter) based on a
simplegeometry setup which allows the study of all types of
primaryparticle species over a very wide energy range [5]. The most
in-teresting particles are electrons and hadrons at high energy
be-cause they exercise the majority of physics models used in
HEPsimulations of full showers. Optional analyses can be
performedon the predictions of the simulation in order to study
typical HEPquantities. These include both integral quantities like
the totalenergy deposit, and detailed aspects of showers such as
thenumber and type of interactions, and the energy spectra of
pro-duced secondaries.

The second application uses the GEANT4 GDML interface [6] toread
a realistic geometry description of the CMS experiment at theLHC
[7]. No analysis of simulated data is performed, but a large setof
materials and geometrical shapes is tested. This application
hasbeen used to test physics performance on different
hardwaresetups, including Intel Xeon, ARM, PowerPC and Intel Atom
pro-cessors, and Intel Xeon Phi co-processors.

2.3.1. Physics equivalence to sequentialIt is of course required
that the physics calculations are the

same in both the multithreaded and sequential versions. Two
testswere developed to verify this. The first performs a
statisticalcomparison of physics quantities simulated with the
simplifiedcalorimeter testing suite. Typical experimental
observables (re-sponse, resolution and shower shapes) are compared
betweenmultithreaded and sequential versions of the same
application.The resulting distributions were confirmed to be
statisticallyequivalent. In this test the RNG engine seeds used in
the sequentialand multithreading applications were not the
same.

A more stringent test compares, event by event, the history
ofthe random number generator (RNG) engine. To guarantee
thatreproducibility is independent of the number of threads and of
theorder in which events are simulated, each thread owns a
separateinstance of the RNG engine, and its status is
re-initialized beforethe simulation of each event with a separate
pre-defined seed. Thetest consists of two steps: a multithreaded
application is run andthe RNG engine seed recorded at the beginning
of each event,together with the status of the engine at the end of
the event si-mulation. The same application is then run in
sequential mode,with the RNG engine re-initialized for each event
with the seed

from the first run. The engine status at the end of each
eventshould be the same in the sequential and multithreaded
versions.It was verified that this occurs for 100% of the cases,
except for thetest using the radioactive decay module. This
remaining dis-crepancy is being investigated, but it is thought to
be due to vio-lations of strict reproducibility – the independence
of the resultsfor a particular GEANT4 event from the history of
previous events.Extensive checking of the strong reproducibility of
GEANT4 physicsmodels and physics lists has significantly reduced
the incidence ofsuch issues. Strong reproducibility of all classes
used in a GEANT4application is an important requirement for
providing consistentresults in multithreaded runs, as results must
not depend on thenumber of workers, or on the assignment of events
to workers.

2.3.2. CPU and memory performanceThe goal of event-level
parallelismwith threads is to reduce the

memory footprint of parallel applications, while preserving
thelinear speedup of throughput as a function of the number
ofphysical cores. Additional throughput is also expected in CPU
ar-chitectures that support hyperthreading adding more workers
[8].

Using the GDML geometry of the CMS application, three me-trics
were studied: the multithreading overhead with the numberof threads
k¼1 with respect to a pure sequential application, thelinearity of
speedup as a function of the number of threads, andthe memory
reduction with respect to a multi-process approach.

In general, a performance penalty can be expected when
com-paring a sequential version of an application with the same
versionrunning with one worker thread. In GEANT4 this is due to the
use ofthe thread keyword that adds an additional indirection when
ac-cessing thread-private data. To remove this penalty a careful
studyof the use of thread was carried out: compilation flags were
cho-sen to minimize the impact of thread local storage (TLS)
selectingthe best model for GEANT4 applications (initial-exec). An
over-head of (∼1%) was measured as shown by the k¼1 point of Fig.
4.

Fig. 4 shows the speedup linearity obtained with an AMD ser-ver
(Opteron Processor 6128 running at 2.0 GHz, 4 CPU sockets �8 cores)
as a function of the number of threads, compared to thesequential
case. Good linearity was obtained with the CMS geo-metry
simulation. Speedup was linear with efficiencies of morethan 95%.
This result was confirmed on a number of different ar-chitectures:
Intel Xeon, Intel Atom and PowerPC processors, ARMtechnology, and
Intel Xeon Phi co-processors.
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Reported in Table 1 is a comparison of the performance
ofdifferent hardware executing the same CMS geometry
applicationwith the number of threads equal to the number of
logical cores.Differences in performance were due mainly to the
relative powerof each core and the core multiplicity. The latest
generation of IntelXeon processor showed the best performance,
expressed as ab-solute throughput (events/minute).

Fig. 5 shows relative memory savings as a function of thenumber
of threads for the CMS geometry application. GEANT4 ef-ficiently
reduces the memory used by the application when run-ning with k
threads ( > )k 1 compared to k copies of the sameapplication.
For example, an application with eight threads re-quires about half
the memory needed for eight clones of the se-quential version of
the same application. The overhead with oneworker thread is
expected, since thread-private memory objectsare duplicated between
worker and master threads. The per-thread memory overhead is at the
level of 40–80 MB depending onthe application (for the same
application described in Table 1 thesequential memory consumption
is about 200 MB).

2.4. Further developments

Several improvements and extensions to the
multithreadingcapabilities of GEANT4 are planned for upcoming
versions of the code.

Table 1Comparison of different hardware when running CMS
experiment geom

Processor type

Intel Xeon X5650 – 2.67 GHz 6 cores, x2 hyper-threaded (with 12
sequential instances)

Intel Xeon E5-2695 v2 – 2.40 GHz 12 cores, x2 hyper-threaded

Intel Atom C2730 – 1.7 GHz 8 coresExynos 5410 Octa Cortex-A15
1.6 GHz – 4 coresPowerPC A2 – 1.6 GHz 16 cores, x4 hardware
threadsIntel Xeon Phi 7120P – 1.238 GHz 61 cores, x4 hyper-

threaded

Fig. 4. Speedup efficiency (ratio of throughput of a run with k
threads to the throughpsimulation on an AMD-equipped server
(Opteron Processor 6128 running at 2.40 Hz, 4 CPthe efficiency is
greater than 95% for up to the maximum number of threads.

With release 10.1 further reductions in the per-thread
memoryfootprint of GEANT4 applications are planned. The most
memory-consuming objects in typical simulations have been
identified ashadronic cross sections, high precision neutron
models, reactiontables of the binary cascade models and the general
particle sourceprimary generator; strategies will be implemented to
share theseobjects among threads. In some cases refinement of the
design ofthe modules is being carried out to better match the
generalmultithreading strategy. One goal is to reduce the
per-threadmemory footprint by a factor of two. This will allow
applications torun on co-processors, where memory is of the order
of GBs andthere are of order 100 threads.

Currently the number of threads is fixed and cannot be mod-ified
dynamically. The planned removal of this restriction willachieve
better integration with external parallelization frame-works such
as Intel Threading Building Blocks (TBB) [9]. A proto-type example,
examples/extended/parallel/TBB, that re-places GEANT4's POSIX
threading model with the TBB task-paral-lelism model, has already
been released with GEANT4, but improvedand streamlined integration
with this library is planned.

For several years now, GEANT4 has provided an
example,examples/extended/parallel/MPI, that demonstrates
in-tegration with Message Passing Interface (MPI) [10]. In
version10.0 this example was migrated to a hybrid approach in
which

etry. Results show throughput (events/minute) per full
processor.

Throughput (events/min)

320 (324)

535

7447119334

ut of the sequential version), as a function of the number of
threads, for the CMSU sockets � 8 cores). The multithreading
overhead for one thread is only 1%, while


	
Fig. 5. Relative memory reduction (memory used by a runwith k
threads with respect to k instances of the sequential version), as
a function of the number of threads, for theCMS simulation on an
AMD equipped server (Opteron Processor 6128 running at 2.0 GHz, 4
CPU sockets � 8 cores). The memory overhead with one worker thread
is due tothe duplication of thread-private objects. Already with
two worker threads, significant reduction of memory footprint is
achieved.
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MPI ranks can exploit multithreading to efficiently use
memory-distributed systems. Further refinement of the example is
plan-ned, with particular attention paid to providing merging
ofphysics results.

3. Kernel functionalities

3.1. Tracking and scoring

3.1.1. Design changes in trackingThe main changes in tracking
include easier physics process

implementation, new infrastructure for the re-acceleration
ofcharged particles in electric fields, and “reverse Monte Carlo”.
Theproblem of re-acceleration is not yet solved and requires
furtherdevelopment.

Adjoint or “reverse” Monte Carlo has been available in
GEANT4since release 9.3 and modifications to tracking were required
tomake this possible. The enabling classes have names beginningwith
G4Adjoint. Details of these classes and adjoint Monte Carlocan be
found in Section 5.1.

3.1.2. Concrete scorersIn GEANT4, a hit is a snapshot of a
physical interaction or accu-

mulation of interactions of tracks in a sensitive detector
compo-nent. “Sensitive” here refers to the ability of the component
tocollect and record some aspects of the interactions, and to
theGEANT4 classes which enable this collection. Because of the
widevariety of GEANT4 applications, only the abstract classes for
bothdetector sensitivity and hit had thus far been provided in
thetoolkit. A user was therefore required to have the expertise
ne-cessary to implement the details of how hits were defined,
col-lected and stored.

To relieve many users of this burden, concrete primitive
scorersof physics quantities such as dose and flux have been
providedwhich cover general-use simulations. Flexibly designed
baseclasses allow users to implement their own primitive scorers
foruse anywhere a sensitive detector needs to be simulated.

Primitive scorers were built upon three classes,
G4Multi-FunctionalDetector, G4VPrimitiveScorer and G4VSDFil-ter.
G4MultiFunctionalDetector is a concrete class derivedfrom
G4VSensitiveDetector and attached to the detectorcomponent.
Primitive scorers were developed on top of the baseclass
G4VPrimitiveScorer, and as such represent classes to beregistered
to the G4MultiFunctionalDetector. G4VSDFilteris an abstract class
for a track filter to be associated with aG4MultiFunctionalDetector
or a primitive scorer. Concretetrack filter classes are also
provided. One example is a chargedtrack filter and a particle
filter that accept for scoring only chargedtracks and a given
particle species, respectively.

A primitive scorer creates a G4THitsMap object for storing
onephysics quantity for an event. G4THitsMap is a template class
formapping an integer key to a pointer value. Since a physics
quantitysuch as dose is generally accumulated in each cell of a
detectorcomponent during an event or run, a primitive scorer
generates a

< >G4THitsMap G4double object that maps a pointer to a
G4doublefor a physics quantity, and uses the cell number as the
integer key. Ifa cell has no value, the G4THitsMap object has no
correspondingentry and the pointer to the physics quantity returns
a null. This wasdone to reduce memory consumption, and to
distinguish an unfilledcell from one that has a value of zero. The
integer key of the cell istaken from the copy number of the
G4LogicalVolume of the de-tector component by default. GEANT4 also
provides primitive scorersfor three-dimensional structured
geometry, in which copy numbersare taken at each of the depth
levels at which of the logical volumesare nested in the geometric
structure. These copy numbers are thenserialized into integer
keys.

3.1.3. Command-based scoringCommand-based scoring is the easiest
way to score primitive

physics quantities. It is based on the primitive scorers and
navi-gation in an auxilliary geometry hierarchy (“parallel world”,
Sec-tion 3.2.2). Users are not required to develop code, as
interactivecommands are provided to set up the scoring mesh.

The scoring mesh consists of a scoring volume in a
three-di-mensional mesh with a multifunctional detector, primitive
scorers
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and track filters which may be attached to a primitive scorer.
Anarbitrary number of primitive scorers can be registered to
thescoring mesh.

A given physics quantity, or score, is accumulated in each
cellduring a run. Interactive commands allow scores to be
dumpedinto a file and written out in CSV format. Other commands
allowscores to be visualized as color histograms drawn on the
visualizedgeometry in either a projection or a selected
profile.

Because scoring volumes are placed in a parallel world,
thescoring volume and the mass volume are allowed to
overlap.Command-based scoring can therefore obtain the physics
quantityin an arbitrary volume or surface independent of the mass
volume.One exception to this is the dose primitive scorer, in which
thescoring volumes and their cells must coincide exactly with
themass geometry structure. This is because the mass density of
thecell is taken from the mass geometry while the volume of the
cellis taken from the scoring geometry.

Most of the command-based scoring is handled in two
classes,G4ScoringManager and G4VScoringMesh. G4ScoringMangeris the
administrative class of command-based scoring. It creates
asingleton object which keeps a list of registered scoring
meshes,and operates the scoring according to interactive commands
andcommands from the GEANT4 kernel. G4VScoringMesh is the baseclass
of scoring meshes which represent scoring geometries. Itkeeps a
list of associated primitive scorers. The G4VScoringMeshobject
creates a series of G4THitsMap objects in which each pri-mitive
scorer can accumulate physics quantities in a run.

Command-based scoring works in both sequential and
multi-threaded modes. In sequential mode, G4RunManager creates
scoringmeshes at the beginning of a run. After each event, the
G4THitsMapobject in G4VScoringMesh is updated by adding values in
that eventto the primitive scorer. In multithreaded mode
G4MTRunManagercreates a master scoring manager. Each worker thread
of G4Work-erRunManager creates its own local scoring manager with
scoringmeshes. However, the logical volume of the scoring mesh is
sharedbetween master and local scoring managers. The local
scoringmanager then accumulates physics quantities in the same
manner assequential mode. At the end of a thread, the worker run
managerrequests the master run manager to merge the scores of the
localscoring manager with those of the master scoring manager.

3.2. Detector modeling

3.2.1. IntroductionA key component of GEANT4 is the geometry
modeler [11], which

provides a wide variety of tools and solutions for describing
geo-metry setups from simple to highly complex. Geometrical models
ofthe LHC detectors, for instance, easily reach millions of
geometricalelements of different kinds combined together in
hierarchicalstructures. The geometry modeler provides techniques by
whichmemory consumption can be greatly reduced, allowing regular
orirregular patterns to be easily replicated, assembled or
reflected.This, combined with navigation and optimization
algorithms, allowsthe efficient computation of intersections of
simulated tracks withthe elements composing any geometry setup.

Recent extensions of the geometry modeler include
specializednavigation techniques and optimization algorithms to aid
medicalsimulation studies. This has allowed complex geometrical
modelsof the human body to be developed. Extensions also include
par-allel navigation and tracking in layered geometries which
allowgeometry setups to be superimposed on one another with
mini-mal impact on CPU time.

3.2.2. Navigation in geometriesThe recent addition featuring
“parallel geometries” allows the

definition and treatment of more than one independent
geometry

in parallel for different potential uses, and exploits the
existingenhanced interface provided by the navigation system in
theGEANT4 toolkit [12]. In GEANT4 a geometry setup is in general
as-sociated with a navigator which is a concrete instance of
theG4Navigator class. G4Navigator was designed such that sev-eral
instances of it can be created and coexist; each instance can
beassigned to a different geometry hierarchy. The primary
navigationinstance is attached to the “mass world” which is the
main geo-metry hierarchy in which the material of the setup is
described;this setup is unique and is used for all physical
interactions.

“Parallel world” geometries may be assigned to the
additionalnavigator objects and may be used for example as simple
“loca-tors”, independent of the mass world, to identify exact
positioningin the other geometries of a particular point in the
global co-ordinate system. Each geometry must have an independent
rootvolume (the world volume), which contains a hierarchy of
physicalvolumes. Volumes in one world may overlap volumes in a
differentworld.

Volumes in a parallel world geometry can be associated withthe
read-out structure of a detector. In shower
parameterizationstudies, for example, the simplified read-out
geometry of a ca-lorimeter could overlay its more complex mass
geometry. Parallelworlds are also useful in importance biasing and
scoring of dosesand other radiation measures.

Volumes in a parallel world may have material; these are
re-ferred to as the “layered mass geometry”. In this case, the
materialdefined in a volume in the parallel world overrides the
materialdefined in the mass world and is used for the calculation
of phy-sical interactions. If more than one parallel world is
overlaid on themass world, the parallel worlds are examined, in
reverse order oftheir creation, to see if any volumes with
materials are defined inthem. Any such volumes found will override
the materials in allpreviously created worlds. Because volumes in
the mass geometryalways have materials, the material to be used for
physical inter-actions is always uniquely defined.

Layered mass geometry offers an alternative way of
describingcomplicated shapes that would otherwise require massive
Booleanoperations to combine primitive volumes. Examples include
aphoto-multiplier system partially dipped in a noble liquid
andbrachytherapy seeds implanted in the CT-scanned voxels of a
pa-tient. A voxel refers to a volume element which represents a
valueon a three-dimensional grid.

In addition, different parallel worlds may be assigned to
dif-ferent particle types. Thus, in the case of a sampling
calorimeter,the mass world could be defined as having only a crude
geometrywith averaged material, while a parallel world would
contain thedetailed geometry. The real materials in the detailed
parallel worldgeometry would be associated only with particle types
that re-quire accurate tracking, such as muons, while other
particle typessuch as electrons, positrons and gammas would see
crude, lesscomplicated geometry for faster simulation.

3.2.3. Navigation in regular geometriesWhen the voxels in a
geometry are numerous and of the same

size and shape, a specialized navigator can take advantage of
theregularity to deliver faster CPU performance. This is useful
inmedical physics applications in which there could be millions
ofidentical volumes comprising a 3-D image of a patient.

In this case the navigator can use a regular grid to easily
locatethe incident particle in the geometry.

In the GEANT4 implementation G4PhantomParameterisationdefines
the regular structure of the geometry, using the para-meters of
dimension, offset and number of voxels in each of threedimensions.
G4RegularNavigation uses this parameterizationto directly locate
the voxel visited by tracks in the simulation. Anoption is provided
which allows boundaries between contiguous


	
J. Allison et al. / Nuclear Instruments and Methods in Physics
Research A 835 (2016) 186–225194

voxels to be skipped if they are of the same material, thus
sig-nificantly reducing the number of tracking steps.

Using this method of navigation, CPU speed improvement factorsof
three to six have been observed. This factor holds for pure
navi-gation examples (no physics interactions) and for beams of
gammas.For the case of electrons or protons most of the time is
spent onphysics instead of navigation and the speed improvement is
sub-stantially reduced. Significant savings in memory consumption
(factorof seven) and initialization time (factor of two) were also
seen [13].

3.2.4. Exact safetyThe “isotropic safety” is the distance to the
next volume boundary

in any direction. It is calculated by the navigator and is used
by themultiple scattering process in two distinct ways. The primary
use ofthe safety is to limit the lateral displacement in order to
avoidcrossing a boundary within a step. Improved safety values
reduce theneed for artificial restrictions in electron
displacement, and enable itto be better simulated at particular
values of the model parametersand production thresholds. The
isotropic safety also sometimes in-fluences the step size
restriction from multiple scattering. In thedefault configuration
of this process it has an effect only if the safetyis larger than
the primary restriction (a fraction of the range), inwhich case the
safety is used as the step limit.

The estimation of the isotropic safety was improved for
volumeswhich have several child volumes. Previously only the
contents of thecurrent voxel in the optimization voxels structure
automaticallygenerated at initialization, and the boundaries of
that voxel, wereconsidered. This resulted in a distance which could
be significantlyunderestimated. The new method considers enough
voxels to obtaina precise value of the safety, while ensuring that
the number ofvoxels is limited by the running estimate of the
safety value.

As a result, an improved estimate of the safety is available.
Thisensures that the value of the isotropic safety does not
dependstrongly on the details of the voxelization, on the number of
childvolumes, or on the presence of volumes in a remote region of
thecurrent volume. The extra computation cost was found to
benegligible in a complex simulation.

3.2.5. Improved verbosityThe geometry modeler with its current
version of the navigator

offers an enhanced verbosity system which can be used to
helpdevelopers and users in debugging problems or to provide
closermonitoring of the execution flow and behavior of the
navigationsystem during tracking. A set of UI commands was defined
andmade available by default in the user application which allows
theexecution flow to be controlled with five different levels of
detail:

/g

–

C

L

L

L

L

eometry/navigator/verbose [level-number]

Setting run-time verbosity for the geometry

navigation

ommand having effect -only- if Geant4 has been

installed with verbose mode (G4VERBOSE flag) set!

evel 0: Silent (default)

evel 1: Display volume positioning and step

lengths

evel 2: Display step/safety info on point

locations

evel 3: Display minimal state at -every- step

evel 4: Maximum verbosity (very detailed!)

L
A special UI command

eometry/navigator/check_mode [true/false]

/g
was also defined to modify the execution mode of the
navigatorand perform extra checks for correctness, or to apply
stricter andless tolerant conditions to stress precision. This can
help in

studying and debugging difficult cases by eventually
highlightingpotential defects in the geometry under
consideration.

An additional UI command

eometry/navigator/push_notify [true/false]

/g
allows the enabling or disabling of notifications from the
navigatorfor artificial pushes applied by the navigation system
along thetrack direction in case tracks get stuck in particular
geometries.

These new tools, in addition to a more rationalized layout
ofoutput messages for the information provided by the
system,contribute to make the navigation system of GEANT4 more
user-friendly and provide powerful means to users and developers
toimprove the quality of their simulation programs.

3.2.6. Extensions to geometrical primitivesSince GEANT4 release
series 8, new geometrical primitives,

G4GenericTrap, G4ExtrudedSolid, G4Paraboloid andG4CutTubs, have
been part of the toolkit and are shown in Fig. 6.

G4GenericTrap is an arbitrary trapezoid with up to four
verticeslying in each of two parallel planes at � hz and þhz
perpendicular tothe z-axis. Vertices are specified by their x y,
coordinates. Points maybe identical in order to create shapes with
fewer than eight vertices;the only limitation is to have at least
one triangle at þhz or � hz. Thelateral surfaces are not
necessarily planar and in that case they arerepresented by a
surface that linearly changes from the edge at � hzto the
corresponding edge at þhz. This represents a sweeping surfacewith a
twist angle linearly dependent on z, which is different from
thetwisted solids which have surfaces described by an equation
de-pending on a constant twist angle. In Fig. 6A a G4GenericTrap
witheight vertices and a twist is shown; Fig. 6B shows a
G4GenericTrapwith collapsed vertices and a twist.

G4ExtrudedSolid (Fig. 6C) is a solid obtained by the extru-sion
of an arbitrary polygon in the defined z sections. Each z sec-tion
is defined by a z-coordinate, an offset in the x y, -plane and
afactor by which to scale the polygon at the given z coordinate.
Eachsection in z of the G4ExtrudedSolid is a scaled version of
thesame polygon. A second, simplified constructor for the special
caseof a solid with only two z-sections is also provided.

G4Paraboloid (Fig. 6D) is a solid with a parabolic profile
andpossible cuts along the z-axis at þhz and � hz, with the cut
planesperpendicular to the z-axis. To construct the parabolic
profile, thefollowing equation is used:

a* (x*xþy*y)̂2þb

Z¼
with real coefficients a and b; the coefficients are calculated
fromgiven radii at þhz and � hz.

G4CutTubs (Fig. 6E) is a tube or cylindrical section with
cutsapplied in z. These cuts are planes defined by a normal
vectorpointing outside the tube (cylindrical section) and intersect
the z-axis at a given point þhz or (and) � hz.

An important and rather useful construct for shapes delimited
byany kind of complex surface is offered by the
G4TessellateSolidclass, which allows complex geometrical shapes to
be described byapproximating their surfaces as a set of planar
facets (triangles), withtunable resolution. This technique can be
used for importing geome-tries from CAD systems to generate
surface-bounded solids. Recentdevelopments during the
implementation of the Unified Solids library[14] provide
considerably improved CPU performance, making itpossible to use
such constructs for very detailed and realistic de-scriptions of
surfaces, while optimally scaling with the number of fa-cets in
use. A sample G4TessellateSolid is shown in Fig. 7.

Unified Solids have been available since GEANT4 10.0 as
experi-mental alternatives to the traditional geometrical
primitives. Theaim is to offer an independent library of such
solids to replace thetraditional primitives.


	
Fig. 6. Recent geometrical primitives added in GEANT4: generic
trapezoid (A,B), extruded solid (C), parabolic solid (D), and cut
tube (E).
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Cloning of all geometrical primitives has been possible
sincerelease 9.4, with the definition of appropriate copy
constructorsand assignment operators. This functionality is
required whenrunning in multithreaded mode when parameterized
geometriesare used. All solids also have the ability to compute
their ownsurface area and geometrical volume:

G4

G4

G4

double G4VSolid::GetSurfaceArea()

double G4VSolid::GetCubicVolume().

G4
A solid's surface area and geometrical volume are estimated
usingMonte Carlo sampling methods when it is not possible to
computethem with mathematical formulae; in such cases the accuracy
canbe tuned in case the default does not provide sufficient
precision.Computed values are expressed in internal units and are
cachedfor reuse. In a detector setup, these utilities allow for the
calcu-lation of the overall mass of the setup for a specific
logical volume:

double

LogicalVolume::GetMass(G4bool forced¼false,G4bool
propagate¼true,G4Materialn parMaterial¼0).

The mass of the logical volume tree expressed in internal units
iscomputed from the estimated geometrical volume of each solidand
material associated with the logical volume and, by default,
itsdaughters. The returned value is also cached in this case and
canbe used for successive calls, unless recomputation is forced
byproviding “true” for the Boolean argument (i.e. in case the
geo-metry setup has changed after the previous call). By setting
the“propagate” Boolean flag to “false” only the mass of the
currentlogical volume is returned (with the volume occupied by
thedaughter volumes subtracted). An optional argument
“parMaterial”can be used to specify a custom material for a
specific logical vo-lume; the argument is also used internally to
consider cases ofgeometrical parameterization by material.

Since release 8.2 the geometry modeler has provided a tool
toprecisely identify and flag defects in the geometry setup due
tooverlapping surfaces of physical volumes. The technique makesuse
of the ability of each geometrical primitive to randomly gen-erate
points lying on its surface and verifying that none of thesepoints
is contained in other volumes of the same setup at the samelevel in
the geometry tree. With the release 10 series, this tech-nique is
also used when overlap checks are issued as UI
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Fig. 7. Relative performance for the tessellated sphere (top),
illustrated for eachindividual method. Method name abbreviations
are D2In(p): DistanceToIn(p), D2In(p,v): DistanceToIn(p,v),
D2Out(p): DistanceToOut(p), and D2Out(p,v): Dis-tanceToOut(p,v).
Light colored bars correspond to GEANT4 9.5.p02 and dark
coloredbars correspond to GEANT4 9.6.p02. Already for solids
composed of a relatively smallnumber of facets (100 as in the case
for the sphere), a clear improvement ismeasured, especially for key
methods.
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commands, replacing the old method based on sampling over
anoverlapping grid of lines or cylinders. These UI commands
arelisted and explained in Section 4.1.11 (Detecting Overlapping
Vo-lumes) of the Application Developer Guide [15].

3.2.7. Extensions to propagation in a fieldA gravitational field
and the ability to create a force for it have

been available in the toolkit since release 9.5. Also, the force
ex-erted on the magnetic moment in a gradient B-field is now
takeninto account for any particle, including neutrals. An equation
ofmotion was added that accounts for the total combined force
frommagnetic, electric, gravitational and gradient B-fields as well
asspin tracking. With this it is possible to simulate the
trajectory andspin of ultra-cold neutrons (UCN) and the trapping of
neutral hy-drogen atoms in a magnetic bottle.

A field can now be registered to a geometrical region, in
ad-dition to the global reference frame or to a logical volume,
asbefore.

The mechanism to refine an intersection between a
curvedtrajectory and volume boundaries was revised, making it
possibleto choose one of three methods or define a user-created
method todo this. A new multi-scale “locator” method (the new
default), anda locator similar to Brent's method [16] for
root-finding, wereadded as alternatives to the original linear
locator. These allow thepropagation in fields to cope with
difficult trajectories which re-main near to but just outside a
curved surface. This occurs in ty-pical high energy physics
applications which have nearly constantfields along the axis of a
tube. The new methods also providebetter overall CPU performance
than the old default, at the cost ofmore complex code.

3.2.8. Geometry persistencyDetector geometrical descriptions can
be imported and ex-

ported from text files according to two different formats:
theGeometry Description Markup Language (GDML) [6] based onXML, or
in plain ASCII text. GEANT4 provides internal moduleswhich allow
the interpretation and conversion of the above for-mats to and from
the internal geometry representation, withoutthe need for Cþþ
programming for the implementation of thevarious detector
description setups.

3.2.8.1. GDML geometry. In version 3 of GDML, the part of GDML
I/O which provides the ability to export and import detector
geo-metry descriptions to and from GDML files, was integrated
intoGEANT4 by means of the GDML module making use of the DOMXML
parser provided with the Xerces-Cþþ [17] software package.

The GEANT4 binding for GDML implements all features sup-ported
by the GEANT4 geometry modeler and most of the geome-trical
entities defined as part of the latest version of the GDMLschema.
These include all shapes, either CSG or specific solids, andtheir
Boolean combinations. Also included are any combinations
ofmaterials, from isotopes to mixtures, and the ability to
importdefinitions compliant with the GEANT4 NIST database.

All types of physical volumes are supported, from placed
vo-lumes to replicas and parameterized volumes, including
assem-blies, divisions and reflections.

GDML supports the modularization of geometry descriptions
tomultiple GDML files, allowing for rational organization of the
mod-ules for complex setups. Verification of the GDML file against
thelatest version of the schema comes for free thanks to Xerces-Cþþ
,with the possibility to turn it on or off in the GEANT4 GDML
parser.

Recent additions to the GDML parser enable efficient
import/export of tessellated solids, and the treatment of
parameteriza-tions for polycones, polyhedra and ellipsoids. Release
10.1 ofGEANT4 provides support for the definition, import and
export ofmulti-union structures when making use of the Unified
Solidslibrary.

Several examples are provided to illustrate most of the
featuresof the GEANT4 GDML parser:

amples/extended/persistency/gdml/G01

amples/extended/persistency/gdml/G02

amples/extended/persistency/gdml/G03

amples/extended/persistency/gdml/G04.

ex
Example G01 shows how to write a simple application for
im-porting and exporting GDML files, providing a variety of
samplesfor different kinds of solids, volumes, material
descriptions, in-tegration of optical surface parameters, and so
on. Example G02demonstrates how to import/export different geometry
setups,including STEP Tools [18] files and structures, integrating
them
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into a real simulation application. In example G03 it is shown
howto define and import extensions to the GDML schema for
attributesassociated with a logical volume. G04 is a simple example
showinghow to associate detector sensitivity with a logical volume,
makinguse of the GDML feature for defining auxiliary
information.

3.2.8.2. ASCII geometry. The format of the ASCII text file is
based onthe use of tags: special words at the beginning of each
line settingwhat the line is describing.

With this format the user may describe any of the
geometricalobjects of GEANT4. It is possible to create materials
combiningelements, materials and detailed isotopic composition.
Mixtures ofmaterials can be built by providing the percentage of
each materialby weight, by volume or by giving the number of atoms.
The usermay change the default pressure, temperature and state, or
set theminimum ionizing energy instead of letting GEANT4 calculate
itautomatically. Instead of explicitly building each material,
pre-defined elements or materials from the GEANT4 NIST database
maybe specified.

Most types of GEANT4 solids can be described, whether CSG
orspecific, by including a combination of solids through
Booleanoperations. Logical volumes can be defined by attaching
solids tomaterials, and color and visualization attributes can be
assigned toeach one. After building the logical volumes, they can
be placedindividually or by using replicas, divisions, assemblies
or para-meterizations. As it is almost impossible with a scripting
languageto cover all the possible parameterizations a user may
need, onlythe most common ones are available: linear, circular,
square orcubic. If others are needed, it is possible to define them
throughCþþ code and mix them with the rest of the geometry in
ASCIIformat. To place the volumes, rotation matrices can be
definedwith three different formats providing: values of the three
rotationangles about the three axis, the theta and phi angles that
definethe orientation of the three axes, or the elements of the 3�3
ro-tation matrix.

To facilitate the definition of a complex geometry, it is
possibleto use parameters: values that can be assigned to keywords,
sothat they can be reused later in any part of the geometry. It is
alsopossible to define numerical values through arithmetic
expres-sions. The code automatically assigns a default unit
depending onthe dimension: mm, degrees, MeV, nanoseconds, g/cm3,
but theuser may change it at any place. Comments may be used at
anypoint in the file, using the Cþþ style of placing two
forwardslashes before the comment.

Fig. 8. Geometry setup corresponding to the ASCII specification
given in the text.

If the geometry description is long, it may be split into
severalfiles, which may be combined by setting a

nclude

#i
tag. It is also possible to combine part of the geometry with
Cþþcode and another part with ASCII format. If the user has a
geo-metry already defined in Cþþ , it may be transformed into
ASCIIformat by adding a user action in the code.

The text format is thoroughly checked and clear error
messagesare provided when necessary. Arithmetic expressions are
checkedfor correctness and the parameters in each tag are
comparedagainst expected number and type. An error message results
if aline refers to a non-existent element.

An example of the geometry ASCII text format is given here
andthe resulting picture is shown in Fig. 8:

Define a parameter for later use

DIMZ 5.

Define materials

LEM Hydrogen H 1. 1.

LEM Oxygen O 8 16.

LEM Nitrogen N 7 14.

IXT Air 1.214E-03 2

Nitrogen 0.75

Oxygen 0.25

Define rotation matrix

OTM R00 0. 0. 0. // unit matrix

Define volumes and place them

OLU world BOX 30. 30. 30. Air

OLU "my tube" TUBE 0. 10. $DIMZ*4 G4_WATERLACE "my tube" 1 world
R00 0. 0. $DIMZ

OLU sphere ORB 5. G4_AIRLACE sphere 1 "my tube" R00 0. 1.
10.

:P
An example, examples/extended/persistency/P03, isincluded with
the GEANT4 distribution to illustrate the use of theASCII text
geometry. Several text geometry files are provided toillustrate the
many different geometry construction options. Thisexample also
shows how to define a sensitive detector, mix Cþþcode with ASCII
files, extend the format to create a new tag anddump the in-memory
geometry to an ASCII file.

3.3. Visualization

GEANT4 visualization capabilities [19] have been extended
toleverage new user interface technologies, such as Qt [20], and
toextend many features in response to user needs. In many
cases,visualization solutions that previously required extensive
usercoding are now provided through rich built-in
functionality.GEANT4 offers the user many options for visualization
drivers, someof which are always installed, others of which require
that theuser's system include particular external libraries.
Available vi-sualization drivers include the basic OpenGL-based
[21] drivers(OGLX, OGLWin32 and OGLXm), three OpenGL drivers which
aremore interactive (Qt, OpenInventor [22] and OIXE) and the
file-based drivers HepRApp [23], RayTracer, DAWN [24], VRML
[25],gMocren [26] and ASCIITree. Some of these drivers and new
fea-tures are detailed below.
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3.3.1. Advances in drivers and viewersThe workhorses of the
GEANT4 visualization system continues to

be its OpenGL drivers. Multiple OpenGL drivers are provided
be-cause different implementations are required on different
oper-ating systems or for different user memory configurations.
Forexample, one flavor of OpenGL driver offers higher refresh
speedat the cost of using more memory, while another
conservesmemory at the cost of speed. The user experience has been
sim-plified so that it is no longer necessary to specify which
driver touse (such as /vis/open OGLI or /vis/open OGLSWin32).
Instead asingle command (/vis/openOGL) may be issued from which
GEANT4will select the most appropriate and capable viewer for the
user'scurrent system.

Other improvements include speed increases through
thestreamlining of the set of OpenGL instructions, and the ability
toprint any OpenGL view to high quality output by exploiting
theGL2PS [27] OpenGL to PostScript printing library. OpenGL
driversin X11 and Qt modes allow the user to select (“pick”)
objects fromthe GUI in order to interrogate visualized objects,
thus obtainingtrack, hit or geometry information.

GEANT4 now supports wrapping an OpenGL viewer within
theversatile, highly interactive and platform-independent Qt
userinterface framework. An example of this is shown in Fig. 9.

This Qt implementation includes GUI functionality to rotate,zoom
and translate the view, and to pick visualization objects. Aslider
lets the user visually “melt away” layers of
hierarchicalgeometries. Movies and EPS output are easily generated.
A hier-archical view of the scene's graphical elements allows the
user toinspect and modify the color and visibility of each
element.

Fig. 9. Screenshot of OpenGL

Another hierarchical view provides easy access to the full
GEANT4help system.

New features have also been added to the Open Inventor
(OI)driver. The availability of OI greatly improved in 2011 when
theCoin3D [28] version of these libraries became open-source
andfreely available. GEANT4 made extensive use of the Coin3D
classesthat extend the original SGI OI library, creating a distinct
new“extended” driver OIXE while leaving the basic driver OIX
un-changed. Fig. 10 shows an example of the OIXE viewer.

A feature implemented in this area was the ability to save
thecurrent view and return to it at any later time in the current
orfuture runs. Views are saved and accumulated in a bookmarks
filespecified by the user. Each view is tagged with a user-provided
ordefault name, and all views are listed in a scrolling
auxiliarywindow. Clicking on a view name restores the view, or a
sequenceof views can be walked through via the keyboard's arrow
keys. Allviewpoint and camera parameters are stored in ASCII form
al-lowing editing or external generation of bookmarks.

As in other OpenGL viewers, object selection from the GUI
issupported on trajectories, hits and geometry. The OI driver
pro-vides both normal trajectory picking, where all trajectory
pointsare shown, and reduced picking, where only the first and
lastpoints are shown. The viewer also supports mouse-over
picking,whereby the element data is displayed directly in the
viewerwindow when the mouse pointer is hovered over any object.

The remaining new developments concern moving the cameraalong a
reference path. They are motivated by accelerator andbeam line
geometries, but may be useful for other large and/orextended
structures. The reference path, defined in a piecewise

viewer wrapped in Qt.


	
Fig. 10. Screenshot of Open Inventor Extended viewer.
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linear fashion by an ordered set of points, may be read from a
fileor copied from any particle trajectory. Once a reference path
isestablished, a navigation panel lists all elements in the
geometry,ordered by their distance along the reference path (based
on theshortest distance [29] from the element center to the path).
Thepanel may then be used to extract information on the elements
orrotate the camera around them.

A reference path animation mode moves the camera con-tinuously
along the path, allowing a fly-through giving a particle's-eye view
of the geometry. Keyboard controls adjust animationspeed and
direction and allow adjusting the camera angle to ob-tain fly-overs
and fly-unders.

3.3.2. New features in trajectory modeling and filteringMany
options are now provided for how trajectories should be

modeled (how colors or line styles are selected). These
improve-ments have eliminated the most common reason users had
tocode their own trajectory classes. In addition to the default
model,where trajectories were colored by charge, one can now set
coloror other line properties based on particle ID, particle origin
vo-lume, or any other particle attribute that has been loaded into
aG4AttValue. One can also add entirely new, customized trajec-tory
models. New options make it easy to control whether tra-jectories
are shown as basic lines, lines plus step points or steppoints
alone, and one may also modify step point colors.

Additional new features allow trajectories to be filtered,
caus-ing only a specific subset to be drawn. These filtering
options

match the design of the trajectory modeling options, so that
fil-tering based on charge, particle ID, particle origin volume, or
somecustom aspect, is possible. Filters may be daisy-chained so
that onemay show, for example, only the neutrons originating from
aparticular collimator.

Completing the set of additions to trajectory drawing is
theability to select smooth and rich trajectories. By default,
trajec-tories are represented as a set of line segments connecting
particlesteps. Because GEANT4's efficient stepping algorithm may
requirevery few steps in some magnetic fields, the default
trajectorydrawn through a solenoidal field may appear very jagged.
Theoptional smooth trajectory drawing causes additional points to
begenerated along the particle trajectory so that the visualization
issmoother. Rich trajectories concern the amount of additional
in-formation with which trajectories and step points are
annotated.By default, trajectories have only basic information
attached andstep points have only position information; thus when
one pickson these objects in the various pick-enabled viewing
systems(HepRApp, Qt, OI or OpenGL with X11), one discovers only a
fewpieces of information about the trajectory and no details about
thetrajectory points. The rich trajectory option enriches this
annota-tion, providing picked trajectories containing many more
pieces ofinformation, such as the entire history of geometry
volumes tra-versed. It also adds a wealth of information to step
points, such asthe type of process that created the step.
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3.3.3. Additional new featuresTime slicing was added to allow
one to produce movies that

show the time development of an event. With time slicing
en-abled, the OpenGL line segments that represent a particle
trajec-tory are annotated with time information. Users can then
select anOpenGL view that corresponds to a given time, and a
sequence ofsuch views produces the frames of a time development
movie.Users can produce these movies in any OpenGL viewer by
theappropriate use of GEANT4 command macros. The Qt driver
pro-vides a simplified way for users to make such movies.

GEANT4 visualization now has the ability to retain the
pointersto previously viewed events, so that after visualizing a
set ofevents, one can go back to the beginning of the set and
review theevents. When coupled with customized user code that
specifieswhich events should be kept, one can potentially run a
very largeset of events and then afterwards choose to visualize
only thoseevents that satisfied some personal set of trigger
conditions.

The following features have also been added:

� parallel worlds, including layered mass worlds, may now
beviewed individually or superimposed on the main
geometryworld;

� magnetic fields may be displayed as a set of arrows
indicatinglocal field direction, with arrow lengths proportional to
fieldstrength;

� decorations are now supported which allow the user to
easilyannotate graphical views with text (placed either in 3D
co-ordinates or in the 2D coordinates of the graphics window),
runand event number, arrows, axes, rulers, date stamps and
logos;

� users may adjust the visibility or appearance of geometry
byusing the /vis/geometry commands which globally modify
theappearance of some set of geometry objects, while the
/vis/touchable commands allow control of these objects
individually.

3.3.4. Approach to MTThe final set of changes concern GEANT4's
migration to multi-

threaded (MT) operation. The overall design of visualization
re-mains little-changed for those users running in sequential
mode,but significant changes were required to enable visualization
fromMT mode.

Currently in MT mode, events are only drawn at end of run,that
is, once all threads have completed their work. This limitationis
scheduled to be removed in release 10.2 by moving part of
vi-sualization to its own thread, such that each event is available
fordrawing as soon as that event is complete.

In MT mode, visualization will properly handle any commandsthat
request drawing of high level graphical objects (geometryvolumes,
trajectories and decorations such as axes). However,user-supplied
code that directly asks the visualization system todraw low level
graphical primitives (polygons or polylines) is notsupported. This
limitation will not likely affect many GEANT4 users,as recent
improvements to geometry, trajectory and decorationhandling have
made such user-supplied code largely unnecessary.Because
significant work will be required to remove this limita-tion,
support will come only if there is strong demand for thesefeatures
in MT mode.

The RayTracer driver has itself been multithreaded to
takemaximum advantage of MT.

4. Recent developments in physics modeling

4.1. Electromagnetic physics

The GEANT4 set of electromagnetic (EM) physics processes
andmodels [30–32] are used in practically all types of
simulation

applications including high energy and nuclear physics
experi-ments, beam transport, medical physics, cosmic ray
interactionsand radiation effects in space. In addition to models
for low andhigh energy EM physics for simulation of radiation
effects inmedia, a sub-library of very low energy models was
developedwithin the framework of the GEANT4-DNA project, with the
goal ofsimulating radiation effects involving physics and chemistry
at thesub-cellular level [33].

4.1.1. Unification of EM physics sub-packagesIn the early stages
of GEANT4, low and high energy electro-

magnetic processes were developed independently, with the
re-sult that these processes could not be used in the same run.
Toresolve this problem, the interfaces were unified so that
thestandard, muon, high energy, low energy and DNA EM
physicssub-packages [31] now follow the same design.

All GEANT4 physical processes, including transportation,
decay,EM, hadronic, optical and others, were implemented via the
un-ique general interface G4VProcess. Three EM process
interfacesinherit from it via the intermediate classes
G4VConti-nuousDiscreteProcess or G4VDiscreteProcess [32]:

� G4VEnergyLossProcess, which is active along the step andpost
step,

� G4VMultipleScattering, which is active along the step and�
G4VEmProcess, which has no energy loss and is active post

step and at rest.

These three base classes are responsible for interfacing to
theGEANT4 kernel, initializing the electromagnetic physics,
managingthe energy loss, range and cross sections tables, managing
theelectromagnetic models, and the built-in biasing options.
Eachprocess inherits from one of these base classes, and has one
ormore physics models. EM physics models were implemented viathe
G4VEmModel interface. A model is applied for a defined energyrange
and G4Region, allowing, for example, one model from thelow energy
and one from the high energy sub-package to be as-signed to a
process for a given particle type.

Migration to this common design resulted in an improvement
ofoverall CPU performance, and made it possible to provide
severalhelper classes which are useful for a variety of user
applications:

� G4EmCalculator: accesses or computes cross section,
energyloss, and range;

� G4EmConfigurator: adds extra physics models per particletype,
energy, and geometry region;

� G4EmSaturation: adds Birks saturation of visible energy
insensitive detectors;

� G4ElectronIonPair: samples ionization clusters in
trackingdevices.

These common interfaces enabled the full migration of EMclasses
to multithreading [34] with only minor modifications ofthe existing
physics model codes. Initialization of the energy loss,stopping
power and cross section tables is carried out only once inthe
master thread at the beginning of simulation and these tablesare
shared between threads at run time.

Further improvements were made through the factorization
ofsecondary energy and angle sampling. The
G4VEmAngularDis-tribution common interface allows the reuse of
angular gen-erator code by models in all EM sub-packages. The
implementa-tion of a unified interface for atomic deexcitation,
G4VA-tomDeexcitation provides the possibility of sampling
atomicdeexcitation by models from all EM sub-packages.

The consolidation of the EM sub-packages boosts the devel-opment
of new models, provides new opportunities for the
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Fig. 11. Compton scattering attenuation coefficient, calculated
for different GEANT4models. G4LowEPComptonModel is used in the
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simulation of complex high energy and low energy effects
andenables better validation of EM physics [35].

4.1.2. Gamma modelsThe basic set of gamma models in the EM
physics packages in-

cludes models developed for HEP applications [30], models based
onthe Livermore evaluated data library [36] and a Cþþ
implementa-tion of the Penelope 2008 model [37]. Recent releases of
GEANT4 haveincluded revised versions of existing models, and the
addition of newgamma physics processes and models. The low and high
energymodels were improved and display similar accuracy in their
shareddomain of validity [35]. These modifications not only
increased modelaccuracy but increased computational efficiency and
enabled sharingof internal physics tables, where possible, in MT
mode [34]. Newgamma models were added to take into account physics
effects notavailable previously in GEANT4 or in other simulation
codes.

A new relativistic pair production model,
G4PairPro-ductionRelModel, was developed for simulations in
astro-physics, LHC experiments, and other HEP applications. This
modeltakes into account the Landau–Pomeranchuk–Migdal (LPM)
effect[38], which describes the decrease of pair production cross
sec-tions at ultra-relativistic energies for dense media [39]. This
modelis physically accurate only above 100 MeV, as no lower
energycorrections are included. It is suggested for use in HEP
applicationsabove 80 GeV. The use of the relativistic model is
essential for theaccurate simulation of new physics at LHC.

Two new gamma conversion models were developed to takeinto
account the effect of gamma ray polarization:

� G4LivermorePolarizedGammaConversionModel and�
G4BoldyshevTripletModel (to be used in unison with

G4LivermoreNuclearGammaConversionModel).

The first is responsible for sampling electron–positron pair
pro-duction by linearly polarized gamma rays with energies above50
MeV [40], while the second (currently valid only above100 MeV)
simulates the pair production process in the electronfield with the
emission of an additional recoil electron [41],properly taking into
account the so-called “triplet” productiontotal cross section.

The Livermore polarized gamma conversion model is based onthe
Heitler cross section, where the azimuthal distribution of thepair
was obtained by integrating the cross section over energy andpolar
angles [40].

The Boldyshev triplet model uses Borselino diagrams to
calculatethe cross sections [42]. Most of the recoil electrons in
the Boldyshevmodel have low energy, with a peak around ( )T mc8/ /
2 , expressed inMeV, where T is the gamma energy and m is the
electron rest mass.Thus, a model for the cross section was
developed including a mo-mentum threshold value of 1mc, in order to
avoid the generation oftoo many very low energy recoil electrons
[43].

Finally, a specialized Compton scattering model
G4Low-EPComptonModel was developed [44,45]. Through the
im-plementation of a theoretical foundation that ensured the
con-servation of energy and momentum in the relativistic
impulseapproximation [46], this model implements energy and
directionalalgorithms for both the scattered photon and ejected
Comptonelectron developed from first principles. It was developed
to ad-dress the limited accuracy of the Compton electron ejection
al-gorithms present in other low energy Compton scattering
modelsthat have been observed below 5 MeV [45,47,48]. Fig. 11 shows
thecomparison of different GEANT4 Compton scattering cross
sectionsversus NIST evaluated data [49] calculated with the
methodologydescribed in [50]. The G4LowEPComptonModel agrees with
thereference data to within 1%, the statistical uncertainty of the
si-mulation results. The Penelope and Standard models result in

differences up to 10% with respect to the NIST data for
energiesbetween 2 and 10 keV. At higher energies, the differences
aresmaller and are below 1% above 100 keV, corresponding to
thestatistical uncertainty of the simulation results.

4.1.3. Ionization modelsGEANT4 offers a range of ionization
models for different particle

types. These models can be classified as either condensed or
dis-crete. In the condensed approach, the energy loss calculation
has acontinuous component and a discrete one, discriminated by a
gi-ven energy threshold. Below this threshold the energy loss
iscontinuous, and above it the energy loss is simulated by the
ex-plicit production of secondary electrons [32]. The user does
notdirectly define the threshold because in GEANT4 a special method
ofthreshold calculations for different materials used. The user
de-fines a unique cut in range [30], whose value is transformed
into akinetic energy threshold per material at initialization time
ofGEANT4. Electrons with this kinetic energy have a mean range in
agiven material equal to the cut in range and gammas have
anabsorption length 1/5 of the range cut.

If no value is given in the reference physics lists the default
cutvalue of 0.7 mm is used, providing sufficiently accurate
simulationresults for many applications. For a specific use-case,
cut in rangevalues should be optimized per geometry region. It is
re-commended that this value be defined to be less than the
smallestsize of geometry volumes in the region.

The cut in range approach may be used for other processesbesides
ionization. These cuts may be defined for gammas, elec-trons,
positrons, and protons, and modified based on particle typeand
geometry region. However, the cut value cannot be arbitrary.Because
GEANT4 ionization models usually have an energy range
ofapplicability, there is a lower limit to the electron
productionthreshold. By default the lower limit is 1 keV, but it
can be changedby the user. On top of this, any EM model may
establish its ownlower limit for the threshold. If several models
are applied for agiven particle type, then the maximum of all limit
values from themodels is used for the particle. For most ionization
models the lowlimit is equal to the mean ionization potential of a
material.

The list of main ionization processes and models following
thecondensed simulation approach is shown in Table 2.


	
Table 2List of GEANT4 ionization processes and models with
recommended energy range.

Particle Process Model Energy range

e�/eþ G4eIonisation G4MollerBhabhaModel 10 keV–10 TeVe�/eþ
G4PenelopeIonisationModel 0.1 keV–5 GeVe�
G4LivermoreIonisationModel 0.1 keV–1 MeVAll G4PAIModel 0.1 keV–10
TeVAll G4PAIPhotModel 0.1 keV–10 TeVMuons G4MuIonisation
G4BraggModel 0.1 keV–0.2 MeV

G4BetheBlochModel 0.2 MeV–1 GeVG4MuBetheBlochModel [51] 1 GeV–10
PeV

Hadrons G4hIonisation G4BraggModel 1 keV–2 MeVG4BetheBlochModel
2 MeV–10 TeVG4ICRU73QOModel [52] 5 keV–10 MeV

Ions G4ionIonisation G4BraggIonModel (1 keV–2
MeV)/uG4BetheBlochModel (2 MeV–10 TeV)/uG4IonParametrisedLossModel
[53] (1 keV–1 GeV)/u
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Fig. 12. Proton energy deposition in gas gap in ADC counts for a
beam momentumof 3 GeV/c and a gas mixture of – –Ne CO N2 2. The
histogram represents the simu-lation with a 1 mm cut and a step
limit equal to half the gap thickness. The ADCscale for simulation
was normalized to the PAI model peak position. The opencircles
display the data [58,59].

Fig. 13. GEANT4 versus data comparison of the most probable
energy deposition inthin layers of silicon (thickness μ300 m
Hancock; μ1565 m Nagata). Different
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