JPP: A PARTICLE TRACKING CODE WITH JAVA

Ryoichi Hajima*,
Dept. Quantum Eng. & Systems Sci., University of Tokyo,
Hongo 7-3-1 Bunkyo-ku, Tokyo 113-8656 Japan

Abstract

A computer language Java is a possible solution for the
standardization of accel erator software to improve software
productivity and realize common user interface. In this pa-
per, JPP: a particle tracking code written in Java is pre-
sented as an example of Java application for accelerators.
We discuss the advantage and disadvantage of develop-
ing scientific software with Java and investigate the per-
formance of Java code in comparison with C code.

1 INTRODUCTION

In this section, we glance over the trend of software devel-
opment and its application for accel erators and suggest that
Java is a possible solution for the standardization of accel-
erator software, which improves software productivity and
realizes common user interface.

1.1 Softwarefor Accelerators: Development and Utiliza-
tion

Computer software is widely used in accelerator field for
modeling, designing, controlling, data acquisition and so
on. A lot of programming languages and scripts have been
suggested to construct the software. Computer hardware
for these application is aso variety from super computers
to persona machines. Even a pam-top PC will be used as
apersonal terminal for scientific application in near future.

Thisvariety of software and hardware confuses both pro-
grammers and users. Programmers often spend much time
to trandate their software from one platform to another
platform, and users must learn minor difference existing
in software trandated from another platform. This is the
reason why we desire the standardization of computer soft-
ware for accelerators.

A programming language Java is a possible solution for
the standardization and has already been utilized widely in
industrial applications, because Java has a lot of fascinat-
ing features, which are architecture-neutral, tightly speci-
fied, robust and secure, and so on [1]. In scientific scene,
however, it has been considered that a computer language
running on an interpreter such as Javais not acceptable due
to its poor performance.

In the present study, we describe a charged particletrack-
ing code written in Java to discuss the advantage and dis-
advantage of Javain scientific applications, and investigate
the validity of existing technologiesto speed up Java.
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2 JAVA FOR NUMERICAL SIMULATIONS

In this section, we discuss the advantage and disadvantage
of Javain scientific applications.

2.1 Advantage
2.1.1 Portable

Portability is the first distinguished feature of Java. Once
we compile Java source code into byte code, the byte code
is architecture-neutral and executable on any machine and
any operating system as far as Java virtual machine (Java-
VM) isavailable.

The portability is also a matter of concern for a program
developer, because it promises freedom in choice of devel-
oper’'s environment. He can write and debug a code ef-
ficiently with his favorite editor on his familiar computer
environment.

2.1.2 Object-Oriented

Java is object-oriented programming language and can be
used to make class libraries for accelerator software, which
have been constructed with C++.

2.1.3 Robust and Secure

Java provides a robust and secure methods to compose a
program. For example of the robustnessis that Java has no
pointer data types defined in C and C++. The pointer is
sometimes useful and permits us to make a tricky routine,
but it has potential risk to cause unexpected memory de-
struction. The simple memory management model in Java
releases us from run-timeerrors caused by abusing of mem-
ory management.

2.1.4 User Interface

Providing a common user interface is helpful for applica-
tion users to learn the usage of new application without
confusion. Java has its own graphical package AWT (Ab-
stract Window Toolkit) to realize common user interface on
different platforms.

2.1.5 Multithreading

We can write multithreaded applications with Java. Mul-
tithreading provides better interactive responsiveness and
real-time behavior in interactive applications. Writing a
multithreaded program is also enable us to scale up the
performance of numerical applications, if the program is
executed on a PC of multi-CPU.



2.2 Disadvantage
2.2.1 Performance

Performance of a program, computing speed, is matter of
utmost concern to discuss the superiority of computer lan-
guage for numerical simulations. It has been considered
that Java has great disadvantage on this point, and is not
acceptable for a numerical simulation. When we execute
a Java program, Java VM interprets Java byte code and
passes it to the CPU, in short words, Javais running on an
interpretor. Interpreting byte codeis generally much slower
than executing native code directly. Thisis the reason why
Java has only poor performancein numerical simulations.

People in Java, however, have made successive effort to
improve the performance of Java and several solutions are
becoming available, which are JI T, native compiler, native
method, HotSpot VM.

3 SPEED-UP OF JAVA

As seen in the last section, improvement of performance,
that is speed-up of calculation, is a key issue to make a
numerical simulation with Java. In this section, we discuss
some technol ogies improving the performance of Java.
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The most popular way to speed up Java nowadays is J T
(Just-In-Time compiler). It is one of standard features
supported by popular Java virtual machines such as JDK,
Netscape Communicator, Internet Explorer. Just-in-time
compiler translates whole of Java byte code into optimized
native code on-the-fly and executes this native code, then
the performance can be improved much better than a clas-
sical Java-VM, an interpreter. Sincea JIT-VM reads a Java
byte code and executesit asaclassical-VM does, the porta-
bility of byte codeis completely satisfied. The start up time
overhead in the trand ation from byte code into native code
is not a matter in numerical simulations, because calcula-
tion time is generally much longer than the overhead.

3.2 Native Compiler

Another straight way to speed up Java is using a native
compiler, which translates byte code into native code and
saves it as an executable file. One can directly run the exe-
cutable file without Java VM. The code optimization in na-
tive compiler is superior to JT-VM, because native com-
piler can spend more time for the optimization. The exe-
cutablefileis not architecture-neutral and the portability of
Javaislost.

3.3 Native Method

If aspecific routinein a Java program spends alarge part of
calculation time, we can save calculation time by rewriting
this time consuming routine in C or Fortran and linking it
to Java byte code. Thisis called as native method. In JDK
(Java Development Kit), native method is implemented as

JINI (Java Native Interface). The portability is lost as well
as native compiler.
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A new Java virtua machine named HotSpot is under de-
velopment and released soon by Sun Microsystems [2].
The HotSpot VM includes severa advanced technol ogies:
adaptive optimization, generational garbage collection, hot
spot detection and so on. It has been reported that the per-
formance of HotSpot VM s three times as fast as the cur-
rent JT VM in DK for typical benchmark problems[3].

4 DESCRIPTION OF JPP

A charged particle tracking code written in Java has been
developed as an example of Java application for accelera
tors and the efficiency of existing technologiesto speed up
Java has been investigated. In this section, we describe the
outline of the particle tracking code: JPP.

4.1 ClassHierarchy

The class hierarchy in JPP is designed as shown in figure
1. Theroot class is AccSystem.class which stores global
parameters for calculations such as fundamental RF fre-
guency, the number of active particles, time step for track-
ing. These parameters are kept as private variables to pre-
vent unexpected overwriting of values in the simulation,
but they can be referred from al the subclasses through
public methods which return the value of private variables.

We prepare AccElement.class as a prototype of accel-
erator element and a class for each element such as drift
and bending magnet is defined as a subclass of AccEle-
ment.class. It is easy to define a new subclass for a new
accelerator element.

A routine for space charge calculation is defined in
SpaceCharge.class which has severa subclasses for vari-
ous space charge models.

In particletracking, each particleistreated as an instance
of Particle.class, where variables of motion are stored as
instance variables.

We also define ParticleSorce.class for a particle genera-
tor which initializes particle coordinatesin six-dimensional
phase space of motion according to input command. An-
other class, Jpp.class is prepared for the main routine of
particle tracking.

’ AccSystem.class F% AccElement.class Drift.class ‘

Particle.class

ﬁ ParticleSource.class ‘

% SpaceCharge.class SpaceChargeR2p.class ‘

| Poss s

SpaceChargeP2p.class ‘

Figure 1: Class hierarchy in JPP.



4.2 Instance Methods of Accelerator Elements

All the accelerator el ements defined in JPP have three ba-
sic instance methods to describe particle motion in the el-
ement, which are inject(), gect() and advanceParticle().
These methods are defined in AccElement.class and over-
ridden in subclasses at need.

421 inject()

This method is called when a particle injects into the ele-
ment and performs necessary procedures at the entrance of
element. It checks if an injected particle exists inside the
aperture. When the particle is out of the aperture, it is re-
jected from the active particle list. Some elements requires
another procedure, for example, transverse momentum of
the particleis modified at the entrance of a bending magnet
with the fringe field and the edge focus.

422 eect()

This method is called when a particle gjects from the el-
ement. The particle coordinates in six-dimensional phase
space at the exit of element is stored in output buffer of the
element. The particle is, then, passed to the next element.
In a bending magnet, the particle momentum is changed
before the coordinates are recorded.

4.2.3 advanceParticle()

This method describes how a particle movesin the element.
Every subclass of accelerator element has its own proce-
durefor this method, becauseit isan intrinsic method char-
acterizing the element.

4.3 Space Charge Calculation

Several subclasses are prepared for space charge calcu-
lation. Three different space charge models are imple-
mented in JPP, which are ring-charge model known as
SCHEFF in PARMELA [5], point-charge model [6] and
line-charge model [7]. All the models are also available
as native method with JNI (Java Native Interface), where
time-consuming part of space charge routine is written in
C and compiled into native code.

4.4 Input and Output File

JPP reads an input file in PARMELA-like format, where
each line consists of one command keyword and several
parameters following the command. Each command repre-
sents an accelerator element or simulation condition such
as space charge model.

All the calculation results of JPP are recorded in asingle
output file, which contains the ssmulation parameters and
particles coordinates at the exit of each accelerator element
in binary format.

4.5 GUI/CUI Post Processor

A post processor POSTS is provided as a part of JPP to
visualize simulation results and extract characteristic quan-
tity such as beam emittance and envelope from an output
file. The post processor POST5iswrittenin Javaand al the
GUI components are realized by java.awt (Abstract Win-
dow Toolkit), which is the standard APl to provide graph-
ical user interfaces in Java programs. Figure 2 shows a
screen shot of POSTS.

Character based interface is also available in POST5
with command line options, which is useful for quick
checking of a specific quantity or running successive cal-
culationsin a batch job with logging a brief report of sim-
ulation results.
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Figure 2: A screen shot of POSTS5 post processor.

5 EXAMPLESAND BENCHMARKS

Two examples of particle tracking have been made as
benchmarks to check the validity of the simulation code
and to evaluate the performance of Java code in compari-
son with C code.

5.1 Linear Emittance Growth in Smple Drift

Space charge calculation is one of essential routines in a
charged particle tracking code. Calculation of linear emit-
tance growth is a good example to check the accuracy of a
space chargeroutine. When an el ectron bunch travelsalong
simple drift space without external field, growth of trans-
verse emittance occurs due to the self field of space charge.
This emittance growth exists even if the bunch has uniform
radial distribution, that is a hard edge cylinder, because the
bunch has longitudinal discontinuity which causes nonuni-
form radial field depending on the longitudinal position in
the bunch. In case that the electron bunch does not change
its transverse size and the emittance growth mainly arises
from transverse momentum fluctuation due to self field, the
emittance grows linearly with drift length and can be calcu-
lated analytically. The linear growth of normalized trans-



verse emittancefor an electron bunch having uniformtrans-
verse distribution is given by [4]
LS
Aen = G (L) ()
where I, is peak current, I, = 17k A is Alfvén current, S
isdrift length and G(L/a) is geometric function and given
by G(L/a) = 0.556 for long Gaussian beam.

The linear emittance growth has been calculated by JPP
with ring-charge model and the following parameters. £ =
5.11MeV, I, = 2204, 0, = 7.1em and r = lem. The
obtai ned emittance growth shows good agreement with an-
alytical solution (fig. 3). Slight deviation of the numerical
solutions from the analytical curve for long drift is consid-
ered astheresult of radial expansionwhichintroducesnon-
linear effect in emittance growth. The expansion of beam
radius is about 2% after drift of 60cm in this calculation.
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Figure 3: Calculation of linear emittance growth: analytical
solution (solid line) and numerical results (dots).

5.2 Bunch Acceleration

Another example is bunch acceleration in RF cells. JPP
reads RF field data prepared by SUPERFISH and calculates
time varying electromagneticfiled at arbitrary position dur-
ing the cells by interpolating field value at 2-D cylindrical
grid. In this example, short electron bunch, o, = 3.5mm
and r = 2mm is accelerated by 1300MHz 9-cell cavity,
where accelerating RF phase is chosen so that maximum
energy gain is obtained. Figure 4 shows obtained trans-
verse phase plot and energy spectrum after the cells.

5.3 Performance Benchmark

The performance of JPP is compared with another particle
tracking code which has the same numerical procedures as
JPP but written in C. We also investigate how much the
performance of Java program can beimprovedwith JIT and
native method.

In the benchmark, we use apersonal computer: Pentium-
Pro 200MHz, 256kByte L2 cache, 128MByte memory,
working on Solaris 2.5.1. Java code is developed and exe-
cuted on JDK-1.1.6 and C code is compiled by “ProCom-
piler C 3.0.1” with full optimization.
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Figure 4: Results of bunch acceleration.

The performance of particle tracking code is measured
by whole elapsed timefor each run and three different input
data are tested:

(2) bunch acceleration with ring-charge model
This example contains two heavy numerical routines; the
calculation of space charge and RF field. The parame-
ters are chosen as : the number of particles V,, = 1000,
the number of time steps Ny = 1754, the number of 2-D
cylindrical gird mesh for the space chargeroutine (r, z) =
(10, 30).

(2) simple drift with ring-charge model
Inthiscase almost calculation timeis spent by space charge
routine. The parameters are N, = 500, Ny, = 3000,
(r,z) = (10, 30).

(3) simple drift with point-charge model
Thisis similar to the second example, but space charge ef-
fect is calculated from repulsion force between all the pair
of two particles. This point charge model is quite heavy
caculation. The parametersare N, = 500, N, = 400.

Table 1 shows the result of performance measurement,
where T, is whole elapsed time in second, T'; is time for
space charge calculation, T'. istime for copying object be-
tween Javaand C in native method and R isrelative el apsed
time in comparison with C.

The performance of Javawith classical interpretor is re-
aly bad and the elapsed time is more than 16 times of
C code in the worst case. It is aso confirmed that JT
improves the performance of Java code greatly and the
elapsed time is reduced to be two or three times of C code.

The performance of Java can be still improved, if time
consuming routine is replaced by native compiled code. In
our benchmark, space charge routine has been replaced by
native method written in C and the performance has been
surely improved as seen in table 1. Native method in JPP



Table 1: Theresult of performance measurement.

Bunch Acceleration (ring-charge)
T, Ts | T. R

Java (interpretor) | 959 | 806 | — || 11.7
Java(JT) | 203 | 156 | - | 25
Java(JIT +native) | 166 | 119 | 80 || 2.0
C 82 50| - || 10

Simple Drift (ring-charge)
T, Ts | T, R

Java (interpretor) | 1238 | 1204 | — || 16.7
Java(JIT) | 217 | 205 | - | 29

Java (JIT + native) 98 86 | 42 13
C 74 70| - 10

Simple Drift (point-charge)
T, Ts | T, R

Java (interpretor) | 601 | 594 | — 8.7
Java(JT) | 157 | 153 | - | 23

Java (JIT + native) 61 58 | 6 || 0.88
C 69 68| —|| 10

is implemented by JNI (Java Native Interface) which Sun
Microsystems provides as the standard implementation of
native method.

Although we expected that space charge calculation in
Java with native method is as fast as C code, Java does not
catch up with C in some cases. Thisis because that native
method introduces another overhead to copy object array
between Javaand C. In our calculation with native method,
the array of particle object stored in Java working mem-
ory is transfered into memory for native method one by
one before space charge routine starts and vice versa after
space charge calculation is completed. This procedure may
become a severe overhead, if we use large number of par-
ticles beyond the size of cache. Instead of copying object
array one by one, native method could be implemented in
other waysin which one can refer and rewrite Javaworking
memory from native method or copy object array at once.
However, INI prohibits these operation and only permitsto
copy object array one by one, becauseiit is the most secure
method which never makes unexpected memory destruc-
tion. Performance of native method is, therefore, deter-
mined by overhead of copying memory and speed-up due
to native code.

Native method contributesto theimprovement of perfor-
mance particularly in the third example of our benchmark,
where space chargeroutineis quite heavy and spends much
more time than the memory copy. It has also been con-
firmed in another study that the more complicated space
charge calculation, noninertial space charge force in cir-
cular motion of electron bunch, can be available with JPP
and native method [8]. In the case of bunch acceleration,
on the contrary, native method saves calculation time little,
because the number of particle is relatively large and RF
field calculation is till conducted by Java byte code.

In conclusion of the benchmark, it is found that JIT sig-

nificantly improvesthe performance of the particle tracking
codewritten in Javawithout |oosing the portability, the Java
code, however, still requires calculation time two or three
times as great as optimized C code in typical problems.

6 CONCLUSIONS

A charged particle tracking code has been developed with
Java to investigate possible standardization of accelerator
softwares with Java. It has been confirmed that the particle
tracking code written in Java has several outstanding fea-
tures: it is executable on alot of different platforms with-
out recompiling, providing unified graphical user interface,
easy to maintain or extend due to sophisticated class hi-
erarchy and robustness. The performance of the particle
tracking codeisinferior to optimized C code and it requires
calculation time two or threetimes aslarge as C code, even
if we use Java-VM with JIT (Just-In-Time compiler). The
performance, however, will catch up with C code by up-
coming HotSpot VM.
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