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Part I — Status
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Methodical Accelerator Design (MAD) 1/2

๏ Single Particle Beam Dynamic Code
➡ Motion of particles in 6D phase space under external fields (e.g. Lorenz Forces)
➡ MAD language (lattice description)
➡ Modular for the physics

๏ Linear motion (MAD-X)
➡ 2D geometry (stacked elements + field and alignment errors)
➡ Element slicing (Makethin, drift-kick-drift)
➡ 2nd order optics functions (Twiss, X,R,T, not symplectic)
➡ High order thin tracking (Track, X, symplectic)
➡ Optimization (Match)
➡ Other modules: Survey, Aperture, Correct, Dynap, IBS, Emit, Touschek, Plots, ...

๏ Non-linear motion (PTC)
➡ 3D geometry
➡ Differential algebra, Taylor maps
➡ High order tracking (Lie maps)
➡ High order analysis (normal forms) 3
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Methodical Accelerator Design (MAD) 2/2

๏ Management philosophy
➡ One custodian (person centric)
➡ Modules keepers (collaborations)
➡ Almost frozen during 2006-2011
➡ Last big improvements
‣ PTC/FPP inclusion into MAD-X (2003)

‣ PTC_TWISS, PTC_TRACK, PTC_NORMAL (2005)

๏ Programming philosophy
➡  Mixed C (Core), C++ (TPSA), Fortran 90 (PTC), Fortran 77 (MAD8)
➡ ~165K SLOC (50% PTC), ~40K SLOC in C/C++
➡ MAD-X code is not modular (global namespace & variables)
➡ PTC is modular (F90 modules)
➡ Release for Linux (Mac and Windows aside)

4
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Emotional interlude (Oct. 2011)

5
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Improvement strategy

๏ Keep it working
➡ Debug and request follow-up
➡ Legacy code support
➡ Service centric

๏ Improve the existing
➡ From outside to inside layers
➡ Structured documentation
➡ Build & test uniformity (Windows, Mac, Linux)
➡ Disentangle I/O (C vs. Fortran I/O)
➡ Ensure no regression
➡ Save resources

๏ Code reorganization (Preliminaries to new development)

➡ Enforce the cohesion (close modules)
➡ Reduce the coupling (remove globals)
➡ Reduce the complexity (new design)
➡ Improve reentrancy (new design)

6
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Project status (roadmap phase-1: 24 tasks)

7

reorganize
source code

setup
build system

setup
website

enforce the
cohesion

information &
resources

bugs & request
follow-up

new tested
release

fast & portable
builds

Tasks Objectives

setup
tracker

setup
test system

How much 

testing is 

enough?

Service 

centric

Restore 

invariants
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Website: http://cern.ch/mad

๏ New structure
๏ Easy access 

to material, 
information, 
documents, 
examples, 
releases, 
mailing lists...

๏ Project 
roadmap

8
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Tracker

9
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Test system: black-box testing

10

test-ptc-twiss.madx

MAD-X
test-ptc-twiss.out

ptc-twiss-table.out

ptc-twiss-map.out

ptc-twiss-table.ref
ptc-twiss-table.cfg

test-ptc-twiss.ref
test-ptc-twiss.cfg

ptc-twiss-map.ref
ptc-twiss-map.cfg

# PASSED

# FAILED

OR

NUMDIFF

SVN

SVN

SVN

SVN

๏ Principle: compare the outputs with the references under constraints
๏ Ensure consistent results through cross-platforms
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Test system: test levels

๏ Unit tests (not implemented)
➡ very fast, should take <10 seconds
➡ run as often as possible
➡ requires a complete redesign of madx code (not foreseen in 2012)

๏ Test cases
➡ fast, should take <10 minutes
➡ light, should not depend on large lattice files
➡ run during development to validate modules after changes in the code

๏ User cases
➡ longer, can take hours
➡ can depend on large lattice files shared across studies (e.g. LHC optics)
➡ run before releasing to validate studies and avoid backward incompatibilities

11
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Test system: numdiff

๏ How numbers are compared?
➡ Absolute: ｜a − b｜≤ abs

➡ Relative:  ｜a − b｜≤ rel · min(｜a｜, ｜b｜)

➡ Digits:      ｜a − b｜≤ dig · min(｜a｜, ｜b｜) · 10−ndig

‣ ndig is the max number of significant digits read from input (i.e. adaptive)

➡ a = 0 or b = 0 ➟ min = 1
‣ Relative ➟ Absolute

๏ What is a line? (row count)

➡ Everything up to \n (Unixes), \r\n (Windows) or \r (Old Mac)
➡ Portable across operating system

๏ Constraints can overlap
➡ Last constraints in the constraints file prevail
➡ Define weak constraints first, then refine tolerances
➡ Rule #0 (default) is equivalent to  “* * abs=DBL_MIN” (DBL_MIN = 2.22507e-308)

12
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Test system: examples

13

๏ Configure tests

๏ Run tests
[ Jacobian testsuite ]
 + test-jacobian               (0.00 s) -  1/ 1 : PASSED
 + test-jacobian-2             (0.00 s) -  1/ 1 : PASSED
 + test-jacobian-knobs         (0.00 s) -  2/ 2 : PASSED
[ RF multipole testsuite ]
 + test-rfmultipole            (0.00 s) -  9/ 9 : PASSED
 + test-rfmultipole-2          (0.00 s) -  2/ 2 : PASSED
 + test-rfmultipole-3          (0.00 s) -  2/ 2 : PASSED
 + test-rfmultipole-4          (0.00 s) -  2/ 2 : PASSED
[ PTC Twiss testsuite ]
 + test-ptc-twiss              (0.00 s) -  4/ 4 : PASSED

# Test config for the Jacobian knobs (test-jacobian-knobs.cfg)
# rows    cols    constraints
1-7       *       skip         # head banner
149-$     *       skip         # tail banner
# first matching
37-38     1-2     rel=1e-12
39        2       abs=1e-21    # from job
41        1       rel=1e-12
# second matching
109-110   1-2     rel=1e-12
111       2       abs=1e-21    # from job
113       1       rel=1e-12
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Documentation

๏ New structure
๏ Better language 

description
๏ Clarify lattice 

description
๏ Improve the 

learning curve of 
new comers

14
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Emotional interlude (May 2012)
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New element: RF-Multipole

๏ Thin multipole element with RF modulation (rotating harmonics) and longitudinal 
kick (acceleration)

๏ Harmonics:

๏ Hamiltonian:

๏ Effects relative to the reference particle: (a) multipole, (b) RF-multipole

16

no modulation

late particle ahead particle

ahead particle

RF modulationlate particle

(a) (b)

x x

zz

H =− 1

kRF

qVRF

psc
cos(ϑRF − kRFz)

+
N�

n=0

1

(n+ 1)!
Re

��
KN,L,n cos(ϑn − kRFz)

+ iKS,L,n cos(ϕn − kRFz)
�
(x+ iy)n+1

�

Bn + iAn =
1

n!
[KN,nL+ iKS,nL] =

1

n!
[KN,L,n + iKS,L,n]

Courtesy to
R. De Maria (Hamiltonian)
A. Latina (implementation)
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๏ Nonlinear thin lens with potential of elliptic shape

๏ KNLL: The integrated strength of lens [m]. The strength is parametrized so that 
the quadrupole term of the multipole expansion is k1=2*KNLL/CNLL2

๏ CNLL: The dimensional parameter of lens [m]. The singularities of the potential 
are located at X=-CNLL,+CNLL and Y=0

New element: Nonlinear elliptical lens

17

Courtesy to
A. Valishev (implementation)U(x, y) =

k

c

ξ
�

ξ2 − 1 acosh ξ + η
�
1− η2(acos η − π/2)

ξ2 − η2

ξ =

�
(x+ c)2 + y2 +

�
(x− c)2 + y2

2c

η =

�
(x+ c)2 + y2 −

�
(x− c)2 + y2

2c
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Part II — Future
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1. Definition: define or modify machine parameters using the MAD language.

2. Tracking: track particles or maps to find periodic, quasi-periodic or constrained 
solutions, i.e. one-turn map and closed orbit.

3. Analysis: compute optics functions for the one-turn map, use normal forms for 
high-order terms.

4. Optimization: optimize the design with user-defined constraints, e.g. interaction 
regions matching.

5. Validation: perform single-particle tracking campaign to validate the design, e.g. 
check the dynamic aperture.

Loop over 

previous steps

Purpose of optics codes

19

The amazing discrepancy between codes has 
its origin mainly in the integrator scheme

L. Nadolski
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Optic calculations

๏ Lattice model
➡ Track: D-K-D, symplectic, 0th order (orbit)
➡ Twiss: M-K-M, non-symplectic, 2nd order (orbit, R, T)
➡ PTC: D-K-D & M-K-M, symplectic, exact, high order (TPSA)

๏ Symplectic integration (?)
➡ Knowledge of the energies (Hamiltonian)
➡ Knowledge of the transfer maps (motion)
➡ Knowledge of the slicing scheme (order)

๏ Tracking maps
➡ Differential algebra, Taylor maps
➡ Truncated power series algebra (TPSA)

๏ One-turn-map analysis (?)
➡ Normal forms (Jordan forms)
➡ Lie algebra (non-linear analysis)

๏ Matching (optimization, fixed points)
๏ Dynamic aperture (long-term behavior)

20
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Symplectic integrators: approximations

๏ Lattice models
๏ Element models
๏ Integrators schemes

➡ Approximate solution to exact Hamiltonian
➡ Exact solution of approximate Hamiltonian

๏ Approximations
➡ composition method
➡ series truncation
➡ paraxial approximation
➡ radius of convergence
➡ Lorenz transform (0 < β ≤ 1)

๏ Parameters
➡ small p0c
➡ large Δp/p
➡ fixed point stability (beamlines closed orbit)
➡ large aperture A vs. integrated strength KL
➡ off momentum, off axis beams vs. small field 

length L and curvature radius ρ 21
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Emotional interlude (now)
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Symplectic integrators: benchmarking

๏ Element models
➡ O. Berrig, “Comparison of transfer maps of 

PTC and MAD-X for the dipoles magnets”, 
CERN, 2008

๏ Lattice models
➡ V. Danilov and S. Nagaitsev, “Nonlinear 

accelerator lattices with one and two 
analytic invariants”, Phys. Rev. Spec. 
Topics.

➡ A. Valishev, et al “Ring for test of nonlinear 
integrable optics”, PAC 2011

➡ E. Keil, “Emma in MAD-X and comparison 
with other programs”, CERN ATS note 
2010-044 (FFAG)

➡ M. Giovannozzi, “Multi-turn extraction 
studies and PTC”, CERN, 2011.

๏ Symplectic integrators models
➡ L. Yang, “Symplectic integrator and beam 

dynamics simulations”, Acc. Phys. Group, 
2010.

➡ F. Schmidt, “PTC - the first 10 years”, 
CERN, 2011.
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Symplectic integrators: benchmarking

๏ Element models
➡ O. Berrig, “Comparison of transfer maps of 

PTC and MAD-X for the dipoles magnets”, 
CERN, 2008

๏ Lattice models
➡ V. Danilov and S. Nagaitsev, “Nonlinear 

accelerator lattices with one and two 
analytic invariants”, Phys. Rev. Spec. 
Topics.

➡ A. Valishev, et al “Ring for test of nonlinear 
integrable optics”, PAC 2011

➡ E. Keil, “Emma in MAD-X and comparison 
with other programs”, CERN ATS note 
2010-044 (FFAG)

➡ M. Giovannozzi, “Multi-turn extraction 
studies and PTC”, CERN, 2011.

๏ Symplectic integrators models
➡ L. Yang, “Symplectic integrator and beam 

dynamics simulations”, Acc. Phys. Group, 
2010.

➡ F. Schmidt, “PTC - the first 10 years”, 
CERN, 2011.
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Symplectic integrators: slicing

24

Courtesy to
F. Schmidt

νx

๏ Simple Cyclotron (SBENDs)
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Symplectic integrators: exact

25

Courtesy to
F. Schmidt

νx

๏ Simple Cyclotron (SBENDs)
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Symplectic integrators: high order

26

νx

๏ Simple Cyclotron (SBENDs)

Courtesy to
F. Schmidt
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Symplectic integrators: high order

26

νx

๏ Simple Cyclotron (SBENDs)

νx

Courtesy to
F. Schmidt
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Symplectic integrators: application

๏ Multi-turns extraction in the CERN-PS: MAD-X/PTC simulations

27

Capabilities of 
TRACKING_PTC 
Plain tracking 
Aperture model 

CAPTURE_PTC - III 

11 MG - ABP PTC review 09/11/2011 

MG - ABP PTC review 

Applications - V 

19 09/11/2011 

Chromaticities and momentum compaction for 
the islands: island-independent (h1,1  0). 
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Total momentum 
spread about ±10-3. 

Other PTC-based tools - I 

Transverse phase space portrait (trivial) another script 
code developed around PTC_TRACK (A. Franchi). 
 
 
 
 
 
 
 
 

13 MG - ABP PTC review 09/11/2011 

SS01, qx=0.261, qy=0.30 
SS01, qx=0.261, qy=0.30 

nl coupling corrected 

yxy

yxx

JhJhQ
JhJhQ

2,01,1

1,10,2The h2,0, h1,1, h0,2 can 
be computed easily  
with PTC_NORMAL 

Courtesy to
M. Giovannozzi
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๏ Classification of complaints
➡ 77% core, 23% physics

๏ Major problems
➡ Memory leaks (one shot run)
➡ Data sharing (no ownership)
➡ Data lookup (dangling pointers, string comparison, performance)
➡ Side effects (no reentrancy, interdependence)

Application logic: complaints

28

Table 1: Classification of MAD-X users complaints that
turned out to be problematic for their studies, 77% of the
tickets are related to the core of the application, 23% to the
physics.

Groups # Tickets no
interpreter 14 56, 57, 64, 67, 73, 89, 109, 110,

124, 125, 132, 136, 147, 165, 171
table, select 10 48, 81, 85, 99, 122, 123, 130, 139,

141, 148
sequence, use 7 61, 74, 80, 89, 93, 120, 126
plots 12 42, 69, 71, 76, 85, 86, 102, 115,

116, 131, 150, 164
memory leaks 7 1, 3, 4, 92, 111, 151, 153
MAD-X physics 13 68, 77, 79, 83, 88, 106, 112, 117,

127, 135, 137, 138, 149
PTC physics 2 75, 118

APPLICATION IMPROVEMENT

Motivation
In the section on project improvement, we have men-

tioned the untidy feeling perceived by the MAD-X users.
Table 1 classifies the meaningful complaints of the users
to spot the problematic parts of the application. The com-
plaints relative to the core of the application (non-physics
groups) represent 77% of the total, making this part of the
application a priority for improvement, while the physics
part (two last groups) represents only 23% of the total. In
the following, we will address few of these points and make
proposals to improve directly or indirectly the situation.

Data management
Memory leaks Memory leaks appear in many occa-

sions in MAD-X; each time a table, macro, file inclusion
(i.e. call file), command, class or element are created, some
memory leaks happen. The three latter points are equiv-
alent in practice because classes and elements are repre-
sented as commands internally10. The problem becomes
rapidly critical for the jobs that intermix macros and loops
to create long sequences.

Data sharing The design of the application was in-
tended to run “one-shot” jobs, where allocated memory is
never reclaimed except by the operating system when the
process quits. The later introduction of macros has changed
the big picture, and real cases leaking up to 7 MB/s have
been observed (ticket #111). These leaks cannot be cured
in the present design because there is no ownership policy,
that is the number of references sharing the same object is
unknown, making these bugs undecidable.

Data lookup The situation is complex because all
searches are based on plain strings comparison, a notori-
ously slow process which is also required to retrieve ele-
ments and beam parameters at each tracking step in Track

10An interesting design choice that will be preserved.

lines tokens

AST code

effects

Figure 9: Components of the future interpreter, split into
the analyzer (left to AST) and the evaluator (right to AST).

and Twiss. To improve the performance, the core cashes a
lot of information through pointers and indexes into large
data structures and global variables (i.e. side effects) that
must be manually updated upon changes. Another strat-
egy adopted was to enforce constraints when defining new
elements or data structures, like constant offsets for spe-
cific fields within structures, or hardcoded indexes to access
properties stored as key-value pairs (ticket #57). These two
optimizations are very error prone and make the manage-
ment of data structures intrusive and very complicated.

Side effects In many cases, the only available solu-
tion to recover from undetermined state of global vari-
ables and side-effects between modules interaction is to
destroy and to recompute everything; a well known user
trick used to reload sequence or call USE and TWISS com-
mands for arbitrary reasons, hoping to restore a proper lat-
tice (ticket #80).

Interpreter design
A deep analysis of the situation highlighted that most

design problems were coming from the development of the
interpreter itself. The interpreter is not following a well-
defined syntax and grammar, and the implementation grew
from timely requests with little cohesion, introducing in-
consistent constructions in the language.

No parser The analyzer part of the interpreter is
string-based, with no lexer, no parser and no abstract syn-
tax tree (AST), which are essential components of any in-
terpreter, i.e. Fig. 9. As a consequence, the interpreter is
spread over the entire code and processes only strings. A
strategy that conditioned all further developments down to
the physics computations. The slow performance of plain
strings comparison generated plenty design decisions that
did not scaled with the size of the core, with a strong impact
on the complexity, performance and support of the applica-
tion.

Ambiguous grammar There are many examples,
i.e. Tab. 1, which create grammar issues that remain un-
detected by the analyzer. The commutative positional ar-
guments of the TABLE command are at the origin of some
tricks in the code and painful bugs for users. The column
argument in SELECT that collects an undelimited list of

mailto:laurent.deniau@cern.ch
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Application logic: concepts

29

ownership
policy

runtime
polymorphism

scope & 
context

memory leaks

reentrancy

functional

flexibility

side effects

Concepts Improvements

performances

consistencynotification
policy

OpenMP
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Application logic: interpreter

๏ Recursive descent parser
➡ polymorphic

๏ Parser requires
➡ objects factory
➡ ownership policy
➡ runtime polymorphism (i.e. interface oriented programming)

๏ Parser provides
➡ syntax, grammar, scopes & contexts
➡ very efficient evaluator (e.g. evaluates x=x+1, 1.6 108 times per second)

30

lexer parser

compile

symbols

lines tokens

AST code

contexts

istream

eval

effects
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Application logic: math kernel

๏ Matrix expression M = M1*M2 + M3*M4 evaluated 108 times (dynamic sizes)

๏ Take advantage of data structure topology vs. intrinsics (beyond compiler optimization)

๏ Applicable to dense multivariate polynomials (TPSA)

31
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Application logic: documentation

๏ First impression of the project (with the website)
➡ Professionalism

๏ Structured documentation
➡ Separation of Concerns principle
➡ Reflects the code (quality)
➡ High priority

๏ On the model of MAD8 and SixTrack
➡ MAD-X user’s guide
➡ MAD-X physics guide
➡ MAD-X developer’s guide

32

mailto:laurent.deniau@cern.ch
mailto:laurent.deniau@cern.ch


BE Beams
Department

La
ur

en
t D

en
ia

u,
 C

E
R

N
 B

E
/A

B
P,

 1
21

1 
G

en
ev

a 
23

, l
au

re
nt

.d
en

ia
u@

ce
rn

.c
h 

Future plans

33
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Future plans

๏ Short term (2012)
➡ Setup more tests (~100)
➡ Cleanup examples
➡ Cleanup documentation
➡ Debug, test, debug, test, debug, ...
➡ Produce pro release 5.01.00
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Future plans

๏ Short term (2012)
➡ Setup more tests (~100)
➡ Cleanup examples
➡ Cleanup documentation
➡ Debug, test, debug, test, debug, ...
➡ Produce pro release 5.01.00

๏ Mid-Term (2013)
➡ Benchmarking the physics
➡ Physics guide (MAD8-like)
➡ Rewrite the core (C part, ~30K SLOC)
➡ Cleanup modules (Makethin, Aperture, Survey, Correct)
➡ 3D geometry, better use of PTC
➡ Plotting system, math kernel

33
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Future plans

๏ Short term (2012)
➡ Setup more tests (~100)
➡ Cleanup examples
➡ Cleanup documentation
➡ Debug, test, debug, test, debug, ...
➡ Produce pro release 5.01.00

๏ Mid-Term (2013)
➡ Benchmarking the physics
➡ Physics guide (MAD8-like)
➡ Rewrite the core (C part, ~30K SLOC)
➡ Cleanup modules (Makethin, Aperture, Survey, Correct)
➡ 3D geometry, better use of PTC
➡ Plotting system, math kernel

๏ Long-Term (2014+)
➡ Clarify models (Hamiltonians, slicing models)
➡ Unify modules (Track, Twiss, Makethin, PTC)
➡ Improve optimization (Match)
➡ Convert/Rewrite Fortran to C (?) 33
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Thank you for your attention

http://cern.ch/mad
mad@cern.ch
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