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Historical Background

e Around 1990, L. Michelotti initiated development of a suite of
libraries dedicated to accelerator simulation, with a focus on
nonlinear dynamics. The libraries would take advantage of
Automatic Differentiation, a then emerging technique (AD was
pioneered by M. Berz, especially in the context of
Accelerators)

(a) C++ was chosen as implementation language because of
Its comprehensive support for operator overloading.

e Vision: a framework allowing one to construct
applications treating “scalar” and high order
computations on the same footing.

« In simple terms: a formal substitution of the type
JetParticle for the type Particle results in high
order derivatives computed automatically during
tracking. First order tracking = traditional linear
optics.At least that is the propaganda ... ;-)
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Library Hierarchy

i *Site viewer
compon‘en High level Components .geamline browser
*Phase space display etc ...

B e i ot

PhYS'CS—TOOIk'T Tools for calculating lattice functions,
moment propagation, normal form analysis etc ...
bmlfactor
f 4 LEX-YACC based parsing. Supports MADS8 format.
Beamline
Beamline creation, manipulation and edition. Tracking.
M 1k Automatic differentiation/differential algebra engine
Xyzp for perturbation theory and tracking.
: : Utility functions, Linear Algebra, Memory management,
basic_toolkit
- Physical Constants
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A new project: CHEF

Started in mid-2003, with the following goals:

eConvenient, intuitive, interactive.
General purpose optics computations - high priority

*General framework applicable to problems relevant to
future machines.

e preserve original vision of a common infrastructure for both
linear and nonlinear analysis

ereuse existing code base as much as possible

eruns on std platforms (win32,linux)
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Reality Check

The original design of the DA engine had flaws that
became to painful to ignore:

e1st order (optics) computations slower
than with a conventional, matrix-based code

*Generally, (mxyzptlk) efficiency not competitive
with that of other DA engines (e.g. COSY)
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Issues

DA objects (Jet) have a large memory footprint,even
when sparsity Is taken advantage of.

«Copying such objects is expensive !

eOverloaded operations generate temporary copies,
some necessary, many not

eStrategy: make the computational cost of multiple
copies trivial;eliminate unnecessary copies and optimize
the cost of necessary allocations.

esearching (finding a specific monomial within a sparse
set) is expensive !

Strategy: Use algorithms that no not require search !
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Overhaul of the DA Engine (mxyzptlk)

edlist representation previously used for polynomials eliminated

esparse representation preserved

enew algorithms; basic ops (add, mult) now using based on “register”

or “scratchpad” (no search!)

emore compact,efficient monomial indexing scheme

eextensive use of templates, smart ptrs and specialized memory
management techniques to address the temporaries issue.

etransparent and further optimized 1st order mode

Current Status:

first order computations with DA engine now compares
favorably with conventional matrix-based codes
*higher order computations efficiency competitive with
other DA engines
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Some Mxyzptlk (DA Engine) features

Order, no of variables, and ref point can be changed
dynamically

Mixed complex and double (Jet) arithmetic (automatic
Implicit conversion)

eDecoupled interface and implementation
e templated code

Minimal, fully dynamic memory footprint
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CHEF - Some Current Capabilities

«Coupled/Uncoupled optics. No implicit assumption about
reference orbit, not even when positioning them.

Misalignments can be arbitrary in 3D space; no implicit
assumption about magnitude.

etracking with physics fully decoupled from geometry and
user overridable (n=0 conventional tracking, n=1,
linear optics). Single particle or bunches (distributions)

Nonlinear maps , normal form analysis

«fully python scriptable (most lib public interface exposed)
*MADS lattice format

edatabase connectivity (survey data, multipoles)

*Runs natively on Windows, Linux, Solaris and
(soon on Mac/0S-X) Interface based on Qt; no platform
specific code in the underlying libraries.
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Element Positioning: 4-magnet chicane

What we want -

What we get (e.g. MAD) ?77?
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Python Bindings

= Python is an excellent “impedance match” for c++.
Operator overloading,inheritance relations have
direct equivalent and can be preserved

* Bindings based on boost.python. No special binding
generator is used; just a c++ compiler +
boost.python header files. Exported interface
specified in ct++, in a declarative style reminiscent
of IDL.

= A “mapped” Python object can override an exposed
c++ method

= C++ objects can invoke a python method
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Screenshots
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Interactive Parser

| CHEF EE=
File Edit Calculations Controls Tools Examples Windows Devices Database Help
EF: Beamline Browser
b :
Mame | Type |Azimuth 001188  DPACKOUTZ: DRIFT, L =
001147 CPACKOUTZ: DRIFT, L = 0.1397&1
001148  DPACKOUT4: DRIFT, L = 0,847825 - 0,762/2,0
001148  DPOUTELOC: DRIFT, L = 0,18192E
001150 DFCANIM: DRIFT, L = 0,209EE
001181 FCAM: DRIFT, L = 0.4445
001152  DFCANOUT: DRIFT, L = 0,08255
001153 C<oLDT: DRIFT, L = 0.301625
001158  CCoLD2: DRIFT, L = 0.428625
001155 DE11EMD: DRIFT, L = 1.1138?81
001156  DE11MID: DRIFT, L = 0.2153
001157  DE17A: DRIFT, L = 4.18465
001158  CE17B: DRIFT, L = 3.25437%
001158 DE17C: DRIFT, L = 1.84785
001160 DE17D: DRIFT, L = 2,3B65375
001181 MEDSTR: DRIFT, L = 0.4131
001162 ! Changes to DLOMG, DLONGE, and DLONGS will make the O markers
001183 ! almost exactly 176 of the ring from each other, (+- about 1mm) ppb  9/8/37
001188  DLONGT: DRIFT, L = 26.253612 + 0,151
001165
001168 ! DLONGCZ was only wsed between the BEO and 0O IF's and the
001187 ! first elements of the triplets, _I
001168 ! The next & replace the DLONGZ at BO and at DO,
001163 ! These are split into the sections with different beam pipe
001170 ! diameters, The ID values and Tengths came from Mike Church,
001171 ! These values and Tengths are for Run II, but since this is just
001172 ! replacing a drift with other drifts I've also put this into the
“0011?3 ! Run I wersions, i
oo117e ! ppb /8433
001175 ! DLONGZ: DRIFT, L = 7,36282%5
001176
001177  DEOR: DRIFT, L = 0.58674 Ib of 083" = ~&1.1 mm
001178 DEOEB: DRIFT, L = 1.07636 I of 1.18" ~30,2 mm
001173 DEOC: DRIFT, L = 5.633125 I of ~2 00" (7) = 50.& mm
001150
001181 DDOR: DRIFT, L = 1.5113 Ib of 1.37" = ~34.6 mm
001182  DDOB: DRIFT, L = 0.3043 Ik of 1.42" = ~36.1 mm
001183 DDOC: DRIFT, L = 5.546725 Ib of 1,83" = ~45.0 mm
001154
001185 ! DLONGCS: DRIFT, L = 22.215545 This is old walue for no CO abort lamhb.
001188  DLONG3: DRIFT, L = 4,809325
001187  DLONGS: DRIFT, L = 26.564412 - 0.151 | Used at Fo for Run I and at
ao118e i A0 for Run [ and Run II.
001183
001190 DSEPEND!  DRIFT, L = 0.320777
001191 DSEPENDT:  DRIFT, L = 0401638
001192 DSEPEND4S: DRIFT, L = 0.2153 ! 8.5"
001193  DSEPB: DRIFT, L = 0.187325
001194
001195  DSTRAIGHTO! DRIFT, L = 2.477977 ! ohly used for ADDOWN
001198  DSTRAIGHT1: DRIFT, L = 2.443251 ! Used downstream of €O and FO
001197 DSTRAICHT4: DRIFT, L 2.205074 ! Used at a42 and (<42 Run I)
001192 DSTRAICHTS: DRIFT, L = 1.402838 ! Used at B39 and E49, Used to be used at D4d
001183 DSTRAICHTE: DRIFT, L = E.901812 ! Used to be 5 295162 before I changed
001200 ] PACKEAS to a short spool and added
001201 3 cold bypass boxes,
Ii 001202 i
001202  DLB1: DRIFT, L = 0.1EEETE
001204  DLBZ2: DRIFT, L = 0.2286
001205  DLBZ: DRIFT, L = 0.E3E711
001208  DLB4: DRIFT, L = 0.E0E292
001207  DLBS: DRIFT, L = 0.28051%2
001208  DLBE: DRIFT, L = 0.1E74E2
001208 DLB7: DRIFT, L = 1.0234517
001210 DLB1S: DRIFT, L = 0.E4810
001211 DLB2S: DRIFT, L = 0.EE0232
001212 DLB3S: DRIFT, L = 0.160722
001212 DTRIPOUT: DRIFT, L = 0,084427
001214  CTRIPB: DRIFT, L = 0.8762 =
Q01245 DTRTPIN:  DRIFT. | = 0,439
.
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¢ CHEF

File Edit Cakulations Contmls Tools

CHEF: Beamline Bowser

Beamline Browser

Examples Windows Devices Database Help

= ME3Z:cellmark

PACKE32
DIPOLE
DIPOLE
DIFOLE
DIFOLE

marker

drift
hmanitar
drift
quadrupole
drift
heamline
beamline
beamline
beamline
beamline
beamline
beamline
beamline
beamline
heamline
heamline
beamline
beamline
beamline
beamline
beamline
beamline
beamline

beamline

Type Azimuth
beamline 0-6283.19
SEXTANTE beamline 0-1047.2
i EODOWN heamline 0-32.4798
i ETEN beamline 32.4798-299.223
& ETWENTY beamline 299.223-566.913
E21, beamline 299.223-328.966
E22 beamline 328.966-358.71
EZ3 beamline 358.71-388.453
E24 beamline 388.453-418.196
E25 beamline 418.196-447.94
E26 beamline 44794477 683
EZ27 beamline 477683-507.427
E28 beamline B07.427-537.17
E29 beamline 537.17-566.913
ETHIRTY beamline 566.913-804.861
t E3z2 beamline 566.913-596.657

566.913

567.174
567.174
567.374
569.053
569.225
569.225-571.054
571.054-577.454
577.454-583.855
583.855-590.256
590.256-596.657
596.657-626.4
626.4-656.144
656, 144-685.887
G85.887-715.63
715.63-745.374
745.374-775.117
775.117-804.861

18] x|
!E E CHEF: Lattice Functi upled): TEVED ! E ﬁ
*| File Options Data Help

30
25
20

=

L W

= H

ot =

g v,

@ L

—

=
10
5
]

804.861-1017.89
804.861-834.604
834.604-864.347
864.347-894.091
894001923834
923.834-953.578
953.578-083.321

Arc Length [m]

I— Harizontal Beta I— Verical Beta I— Harizontal Dispersion I— Vertical Dispersion

#
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Optical Functions

_______________________________________________________________________________

N w ----------

Nw"‘t

___.‘.—r

________________________________________________________________

*‘# W‘N\m‘m " eRings & Lines

eTraditional (Twiss)
eCovariance
eEdwards-Teng
eEigenfunctions

eClosed orbit
edispersion

.
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Database Connectivity

81 x]

File Edit Cakulations Contmls Tools Examples Windows Devices Database Help

PyCHEF I [m] X

PYCHEF (Python) 2.4.1 (#1, Sep 20 2005, 14:54:58)
[GEC 3.4.4] on linuxZ

222

»{ CHEF: Database Information x|
Machines/Lines : MTF Families
- Locations | Suvey I Multipoles |
Electman Coaling Ring ;I . ""'-'ﬁ
Experiment Analyzing : —#vailable Data Sets —————  —Enor Types N4
Large Hadmon Collider Nis :
i N23
t"“"‘i:'"da . 20040620 WV Tansverse Hed
as mas i
- 20050809 i
Main Injector . _I I Longitudinal NEE :
Main Ring - ¥ X¥H (Fcso) R— e .
Medium Energy Eooster v Rall osal
Never Built I~ yaw SLa
Other i ek s L i s
P-Bar = = 8
P-Ear, 8 GeV ! TC
' [~ x¥z (Fcs
PET E
Pelleton DA
R& DOonly ~Magnet Selection 152
Recycler TS
Reference Magnet - MTF [ al I Dipales [T [ @uadnipales |7 MTF Series ™ :
SSCL Pmfotype TSA Z
Switc hyard —Actions T=E .
TSEA -
m ¥ Import Data [ Statienes Gnly :
Mot Installed v ' ' TsC :I
Help | oK I Cancel .
=
A
1 | 48

CHEF (UnixALirux) Beta Wersion, July 20052
(Cr URAAFermilab, All Rights Reserved,
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Scripting: Automatic Differentiation

| CHEF - [PYCHEF] EFE ]
Eile Edit Calculations Controls Tools Examples Windows Devices Database Help =12 %

sort (et pU4pE) =
Count = 18564 , Ueight =
Begin Environment:

s Declare:
X = coord()
= coord()

print sqri(x+y+z+px+py+pz)

e

0.001
0,001
0,001
0.001
0,001
0.001
12

0

Order = 12

End Environment:

Indext (0, 0, 0,0, 0,0) Yalue: 1.73205080756887719317660412344

Indexs (1, 0, 0, 0, 0, 03  ¥alue: D,235676134504512856528434020573 LELELI
Tndest (0, 1,0, 0, 0,0 )  Value: 0,288675134584810865500434020573

Index: {0, 0, 1, 0, 0, 0 ) Yalue: 0.2386751345048128655294340206573

Indests (0, 0, 0, 1, 0, 0 )  Value: 0,28BA75134584812865509434000573 =
Index: (0, 0, 0,0, 1, 0)  Yalue: 0.238675134504313865525434030573

Index: € 0, 0, 0, 0, 0, 1)  ¥alue: 0,238675134504812865575434000573

Tndes: (2, 0, 0,0,0,0) Value: -0,0240562612162344043043038510632 )
Indext € 1, 1, 0, 0, 0, 0 ) Yalue: -0,0431125224329658086086077021264

Tndess (0, 2, 0, 0, 0, 0 )  Value: -0,0240562612162544043043038510632

Index: (1, 0, 1, 0, 0, 0)  Yalue: -0,04811753243246538086086077021264 -
Index: € 0, 1, 1, 0, 0, 09 ¥alue: -0,0431175224324638056086077021764

Tndess (0, 0, 2,0,0,0) Value: -0,0240562612162344043043035510632

Indext {1, 0, 0, 1, 0, 0 ) Yalue: -0,0431125224329688086086077021264 .
Tndess (0, 1, 0, 1, 0, 0 )  Value: -0,048112572432468808608607 7021264

Index: (0,0, 1, 1, 0, 0)  Yalue: -0,0481175024324688026086077021264

Index: € 0, 0, 0, 2, 0, 09  ¥alue: -0,02405662612167344043043038510632

Tndess (1, 0, 0,0, 1, 0) Value: -0,048112522432468808608607 7021264

Index: (0, 1, 0,0, 1, 0)  Yalue: -0.0431125324324688086086077021264

Tndess (0, 0, 1, 0, 1, 0 )  Value: -0,048112522432468808608607 7071264

Index: (0, 0,0, 1, 1, 0)  Yalue: -0,04811750243046588086086077021264

Indexs € 0, 0, 0, 0, 2, 09 ¥alue: -0,0240562612167344043043038510632

Tndes: (1, 0,0, 0,0, 1) Value: -0,048112522432468808608607 7021264

Index: (0, 1, 0,0, 0, 1)  Yalue: -0.0431125324324688036086077021264 —

Tndess (0, 0, 1, 0,0, 1)  Value: -0,048112522432468808608607 7071264

Index: (0,0, 0,1, 0, 1) Yalue: -0,04811750243246588086086077021264

Indexs € 0, 0, 0, 0, 1, 19  ¥alue: -0,0431125224324638056086077021964

Tndes: (0, 0,0,0,0,2) Value! -0,0240562612162344043043035510632 -

Indext (3, 0, 0,0, 0, 0)  Yalue: 0.0040093763633724007173835751772

Tndess (2, 1, 0, 0, 0, 0 )  Value: 0,0120281506081172021521519255316

Index: (1, 2, 0, 0, 0, 0 )  Yalue: 0.0120281306081172021531515355316

Index: € 0, 3, 0, 0, 0, 09 ¥alue: 0,0040003763693724007173835751772

Tndes: (2, 0, 1, 0,0, 0) Value: 0.0120281306081172021521518255316

Indext (1, 1, 1, 0, 0, 03 Yalue: 0.0240562612163344043043032510632

Indess (0, 2, 1, 0, 0, 0 )

yalue: 0,0120281306081172021521519055316 Bl and baS i C math
A

functions (e.g.

sin(),exp() . )
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Python Scripting - Tracking Demo

2§ CHEF - [/home fostiguy,/fnal-noy-29/chef-mdi/input_files,/tracking.py]

File Edit Cakuktions Caontwmls Tools Examples Windows Devies Database Help

=01 x|
=18l x

UUUU“f.U
000041 fbfact = bl factary, bmlfactory("Tevatron—E.1at") | —

000042
000043 #

000044 # instantiate a beamline Read Iattlce f||e and

onoo4s #
000046 i i i
000047 pr = beamline.Proton{energyl InStantlate bea’mllne
000048
000049
000050

000051 Btevatron = bfact.create_beamline("normal_tevatron", pr.ReferenceBRho(} J —
onoosz2

0ooosz |2 R E e R e op e e

000054 pr.set_x(0.001)

000055 pr.set_y (0,00

000056 pr.set_cdt{0.od

onoosy

000058 #setup an array with space for nsamples turns
0nooss

0000BD nsamples = 1024

000061 Use numarray extension

ggggggk_position : numarray.zeros(nsamp}es, ﬂg:gg:% I I I b R I .

000063 frurnno numar ray. zeros(nsamples, (linear algebra, signal processing)

0000RS # iterate over nsamples turns

0N00EE

gggggg propagate the Proton ( 7.e. compute a one—turn map) Propagate and get and save pOSItIOﬂ

D000ES Bfor 1 in xrange(nsamples):
oooozo tevatron.propagatefarticledpr) —
00oo? “_position[i]l = pr.oget_x()

0ooov2 turnnoli]l = 1
0nooy3
anooy4
000075 # plot and display the position
000076 #
ooooyy
000078 # setup curves ...

0nooys

000080 #_curve = chefplot.CHEFCurve(turnno, ®_position,"Hor Position [m]"3)
anoost

000082 # package data into a CHEFPlotData ohject

0no0g3

000084 data = chefplot.CHEFPTotDatal)

000085 data. addCurve(x_curve)

000086

000087 # pass the data to a plot widget and display the widget !

00ooeEs

000083 plot = chefplot. CHEFPTotMain()

000090 plot.addbataldata)

000031 plot.resize{1000,500)

000032 plaot. showl)

B

B
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Tracking Demo - Results

____________________________________________________________________________

...............................................................

...............

_______________

_______________________________________________________________
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Trajectory Tracer

| CHEF E=&E]
File Edit Calculations Controls Tools Examples Windows Devices Database Help
CHEF - Oroit Trace:
File Edit Options

Trace | *Persistent display
*OpenGL rendering

L. 0018
L 0p16
| (D14
Liapiz
i
g nwng
N | Il
jip4

0014 L -oola |

-0.016

x ]0.00170092 ¥ |-0.000137333 y |-0.00287419| y'|-1.32198e-05

I
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Phase Space Tracker

]

CHEF

File Edit Calculations Controls Tools Examples Windows Devices Database Help

El=E

I
A

File Edit “iew Options Toals

Track

[

*Persistent display
*OpenGL rendering

¥ |-0.0048033 ¥ |-0.000303204

y |-0.010883 y' |0.000257569|

s
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Phase SpaceTracker - 3D Phase Space Projection

gt L] CHEF - [CHEF:: Phase Space Tracking] =] ] ]
File Edit Calculations Controls Tools Examples Windows Devices Database Help =15 %

File Edit “iew Options Taoals

O chef El=E
File Optians

Track |

X |-0.0169361 *'|-0.000574534 ¥ |0.00633414 y'|5.13234e-05

N
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Site Viewer

'a

CHEF
File Edit Calculations Controls Tools Examples Windows Devices Database Help

El=&

CHEF:: Site Viewer TEWVEOD
File “iew Optians

] Beamline Query Dialog

Type |Name | Length | Strength |

BBLens =
CF_rbend

CF_sbend

HPinger

Pinger

Slaot

WRinger

comhbinedFunction

drift
hkick

hmanit
Kick
marker
monitar
octupole
quadrupole
rbend

Enter
AND
OR

Q.0: { Type = hmonitar )
Q.1: { Type = kick )

Q.2: { Type = octupale )
Q.3 ( Type = quadrupale )

y

2= Fermilab
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Status and Plans

After much effort, CHEF and its libraries are beginning to be
applied to real problems

Code base currently used at FNAL to

1. study emittance preservation in the ILC (P. Lebrun). Newly
developed linac-specific functionality (e.g. wakefields, RF
structures) will be integrated. Good agreement with codes
like LIAR and Merlin

2. used by Synergia (3D space charge tracking by P.Spentzouris
& J. Amunson)

Near term (on going work):

e full xsif parsing;

e apertures and loss patterns,

e matching.

e library capabilities available through the user interface
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