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REFACTORING “The code slowly sinks from engineering to hacking”.

IMPROVING THE DESIGN
OF EXISTING CODE

MARTIN FOWLER

“Refactoring is the process of changing a
software system in such a way that it does not
alter the external behavior of the code yet
improves its internal structure.”

“When you refactor you are improving the design of the code
after it has been written.”

Reengineering “seeks to transform a legacy
system into the system you would have built if
you had the luxury of hindsight and could have
known all the new requirements that you know
today.”

“A legacy is something valuable that you have inherited.”

“With rapid development tools and rapid turnover in personnel,
software systems can turn into legacies more quickly than you might imagine.”



Series of pilot projects i
going on since 2008 L

),

Focus on physics and
fundamental concepts
of particle transport

Highlights

No time to go into details

State-of-the-art, quantified l
Archival

== |iterature
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Smells

If it stinks, change it.
Grandma Beck, discussing child-rearing philosophy

M. Fowler, K. Beck et al

")

Refactoring: Improving the Design

of Existing Code

Duplicated Code

Long Method

Large Class

Long Parameter List

Divergent Change

Shotgun Surgery

Feature Envy

Data Clumps

Primitive Obsession

Switch Statements

Parallel Inheritance Hierarc
Maria Grazia Pia, INFN Genova
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Lazy Class
Speculative Generality
Temporary Field
Message Chains
Middle Man
Inappropriate Intimacy

Alternative Classes with
Different Interfaces

Incomplete Library Class
Data Class

Refused Bequest
es

G4V Process
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G4VEmMadet
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*ComputeDEDX)
*ComputeMeanFreePathi)
¥CrossSection()
VGetModelOfFuctuations (|
¥nitialiseElementSelectors()
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Electromagnetic smells

/

Couplin
Piing Total cross section

Whether a process occu :

O, and final state modeling
have been decoupled in hadronic
physics design since RD44

Final state generatic

“model” N\

How a process occurs

Dependencies

on other parts of the software | to test (verify) a cross section

One needs a geometry
(and a full scale application)

\

Difficult to testoznno testing

Problem domain analysis
Improve domain decomposition
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b+ 5

Benefits

software design

TCrossSection

TGenerator___|
G4TRDPhotonProcess

Transparency

Ease of maintenance
Simplicity of testing for V&V

"Basic physics V&V can be
performed by means of =)
lightweight unit tests

~
Easier exploration of new models
Easier quantification of accuracy

o A
Bare-bone physical functionality Decorations on top
Complon scatterng / ] ]
Target o Motion of atomic electrons |
T Doppler broadening Vacancy creation
W / Binding effects \V Atomic relaxation
A |
incident 4 ]
photon g anered 0 scattering Doppler
) photon  Af functions profiles




Counts

Number one in the stink | M. Fowler,

Prune parade is duplicated code | Refacioring

physics

Objective quantification of smell

Two Geant4 models, identical underlying Efficiency w.r.t. experiment

physics content (it used to be different)

5000

4000

3000 |

2000

1000
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« Software design
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doceor, dogeoL » User support
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de U de

Unnecessary complexity

Bremsstrahlung, evaporation, proton elastic scattering etc.



Trash Number one in the stink
and redo parade is duplicated code

numbers

1. Bearden & Burr (1967) Atomic binding energies
2. Carlson .
3. EADL Carlson + Williams Carlson)
4. Sevier EADL Shirley
5. Tol 1978 (Shirley) Source of epistemic uncertainties?
6. Tol 1996 (Larkins) AR N A NG Vo S50 € e
7. Williams Evaluation of Atomic Electron Binding Energies 23
for Monte Carlo Particle Transport pages
Maria Grazia Pia, Hee Seo, Matej Batic, Marcia Begalli, Chan Hyeong Kim, Lina Quintieri, and Paolo Saracco
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Algorithms

Popular belief

Physics model X is intrinsically slow

Baroque methods to combine it with “faster”
lower precision models and limit its use to
cases where one is willing to pay for higher
precision
This design introduces an additional computational

burden due to the effects of inheritance and the
combination algorithms themselves

Truth

Physics model X is intrinsically fast

But its computationally fast physics
functionality is spoiled by an inefficient
sampling algorithm

TTT I‘
10°E E
r ¢ Geant4 Penelope 2001 o
& Geant4 Penelope 2008
° Geant4 Livermore Rayleigh Model ®
5 | S-matrix implementation
10°%t &« G4std (Xray Rayleigh Model) E
) - °
E
o °
= °
]
o) — ® —
2 10 : E
- °
i °
"= = ® B " s fgm e w [ ] «;
e & & & 2 28 & 80 & 4% 4
| IlI[‘ Illll| lllll 1 )
10 102 10°
Energy (keV)

» No code smell

» Spotted through
iIn-depth code review
In the course of
software validation

Maria Grazia Pia, INFN Genova %ge the sampling algorithm!



The fastest algorithm

no algorithm at all

Shift modeling from algorithms to data
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Merging models

[~

Smoothing data

Guidance from
experimental data
(when available)

Data libraries
@ PIXE (Gionisation: p)
¢ BEB-DM (Oionisation: e-)
@ Photon elastic
- RTAB (L. Kissel)

Maria Grazia Pia, INFN Genova

Electron impact ionisation cross sections
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Example: LOESS local polynomial regression fitting

Beware: not optimized! Mathematical support in progress



do/dQ (b/sr)

...No silver bullet

=62 Smoothing models (or data) that
ol T | exhibit significantly different
8 . . . - c o

N . | behaviour is not physically justified
- " - F 4 Here our understanding of the
T underlying physics phenomena fails

ggmm” ° \ Experimental data themselves must

ro Y] be analyzed for inconsistencies and

100 200 500 1000 2000 5000 pOSSIbIe Systematlcs

Energy (keV)

Photon elastic scattering

L o
cross section at 90° How to solve this kind of problems*

| Better theoretical calculations
Experimental data by Schumacher et al., . .
Starr et al., Jackson et al., Moreh et al. etc., N ew, dedlcated eXpe Il mental data

complete list in related publication

No easy solution
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Refactoring data management

@ Today’s technology
- ...keeping an eye on the new C++ Standard

@ Optimal container ol
@ Pruning data

@ Splitting files g sl
@ Software design ’
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Big refactorin

Well defined
responsibilities
and interactions

s—
‘GaRadioactiveDecay

‘GaRadioactiveDecay()
~GaRadioaciveDecay()
IsApplicable()
IsLoaded()
‘SolectAVolume()
DeselectAVolume()
SelectAlVolumes()
DeselectAlVolumes()
SetDecayBias()
‘SotHLTheshold()
SetioM()

SetARM()
‘SetSourceTimeProfiel)

‘G4ITDecayChannel

GaAtphaDecayChannel
 GaphaDocayChamal) B
+ ~GéAphaDecayChamel) .
GaBetaMinuaDecayChanel
 GaBetinusDecayCramel) |+ ~GiNudeardecayChamel)
+ ~GéBetaMinusDecayCrannol) + Decayt
+ SeHLTesnol)
GaBetaPlusDecayChannel o £xEr
+ GdBetaPlusDecayChannel() © EXEY
+ ~GéBetaPlusDecayChannel() © CR=D
+ GoDaughorNucios()

- GéNuclearDecayChannel()

<cectors>

= ﬁ TS ettt
o "EMECETREY - GdNuclearDecayChannel()
+ GelDecayRateTase()
+ SetDecayais) HLSreECDecayChanmel / I
+ GotTeRadoaciviyTables(
P | Gt
e —— + ~GALshelECDecayChamel)
+ SetNuclousLimis)
o —— T GamiEcosma S
+ SetAnalogueMonteCarlo() + ~GaMshellECDecayChannel()
+ sarBeta) + GaNoceusLimis()
“GaKshalIECDecayChannel
+ IsAnalogueMonteCarlo() \H + GéNucleusLimits()
+ SeBRBias) + GaKshelECDecayChannel) + ~GaNuclousLimis()
+ SerSpltuckei( + ~GaKsholECDacayChamel) + GetAMing
+ GetSplthuclell + GotAMax)
+ BuildPhysicsTable() G4BataFermiFunction + GeizMin()
O =gl + GaBetaFermiFunclon) O &)
P ET=) + ~G4BetaFemiFunciion() + operator <<()
# GeeanFreoPan) o e
" + GelFFN( GiRadioactveDecayRats
# GotTaoTimay i
# GeecayTime) + GéRadoaciveDecayRais)
# GotDecayTimesing + ~G4RagosciveDecayRta)
- GéRadoactveDecay() + GéRadoactiveDecayRats()
= operator =() <<ivector>> + operator =()
- AResiGeiPhyscalteracionLengtn) + operator =0
- AResiDol) [N
-+ posisiepDolt) + Geozg
neRadioaciviy B sevector> o
— e
theDecayRateTable: thelsotopeTable
<cverdss .
GaRadioaciveDecayRateVesior GaRisotopeTable © ety
+ + + GetTaos()
GaRadioaciviyTable ' i Lo
- . + ~G4RIsolopeTabel + Se)
+ ~G4RadoactviyTatie( o ) + Findisotope() + o)
+ Addisotopel) o GEFT) + Getlsotopsl) + SetGeneraton)
+ Gotfate) e —— - GetlsoopeName() + SeiDecayRatec)
4 Envies) + GollorName( - GetifeanLfeTime() + setTaos))
4 GetThemapl) + Getishates)) - Getisotope() + SetverbossLevel)
+ SetlonName() - GeverboseLevel) + GetversosaLevel)
+ SottsRates) - Envies) + Dumplnio)

I 1

<<vectors>

]

theRadioactvtyTable

GaRadiactiveDecayRates
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Geant4 Radioactive Decay

G4RadioactiveDecayMessenger GilisdioactijeConte ey G4DecayChaininfo
+ G4RadioactiveDecayMessenger() o @R il =) + G4DecayChainlInfo()
+ ~G4RadioactiveDecayMessenger() S acloaceteniplel) + G4DecayChainlnfo() <<fnap>> GaDecayChainSolver
+ ReturnDecayEmissionContainer() . Y
+ SetNewValue() + ~G4DecayChaininfo() é’
+ ReturnAllDecayEmission() + GetA() E ‘ + GADecayChainSolver()
/I\ + DecayDataAvailable() + GetZ() + ~Gé4DecayChainSolver()
G4RadioactiveDecay + ReturnNearestParentLevel() + GetProb() + SolveAndReturnData()
+ G4RadioactiveDecay() ¢ St + SetProb() + SetActivityMap()
- FileExist; I
Il G4RadioactiveDecay() N IEISIEE - InitChain()
- BuildDB 1 a
RadioactiveDecay() . 0 - fillMatrix()
- Calculate()
<<map>> fiIAZ)
L o
etVREmission() G4RadDecayEmissionContainer - GoThroughChain()
GetVREmission() - Chain_Backwards()
+ SetVRNOForNucleus() + G4RadDecayEmissionContainer() - isnan()
~G4RadDecayEmissionContainer
+ SetVRRepeatsPerDecay() * Y 0
P issior
+ SetVRSampleTime() A " PR G4StatEmissionObject
SetMinimumHalfLife() @ BUEEY
+
SetMinZ() + SetParentZA() wvector>> + G4StatEmissionObject()
+ etiviil
SetMaxz() + GetParentHalfLife() + G4StatEmissionObject()
+
SetMinA() + SetParentHalfLife() H + ~G4StatEmissionObject()
+
SetMaxA() + AddParticleForStatisticalApproach() + GetProbability()
+ X/
AddD¢ Emissi + GetEner
+ SetParentLevelTolerance() * SR 90
ReturnEmissionObject + GetHalfLife
+ SetStatisticalApproach() * iect() 0
ReturnAllEmissionObject + GetParticleDef
+ SetInChainEmission() + RetumnAllEmissionObjects() 0
+ NormalizeLevels()
# GetMeanFreePath() ) » J<map>> G4ITDecayEmission
T + ReturnRecoilFromStatistical()
# GetMeanLifeTime()
- BuildPhysicsTable() + Gd4ITDecayEmission()
- AtRestGetPhysicallnteractionLength() N G4FluorescenceForRadDecay G4VRadDecayEmission + ~G4ITDecayEmission()
- + ProduceYourself()
AtRestDolt() + ProduceYourself() + G4VRadDecayEmission() Bumpiniof
- PostStepDolt + Dumplnfo
ostStepDolt() + ~Ga4VRadDecayEmission()
- round| /
T + ProduceYourself()
- S leEmissi
e e on) G4ElectronCaptureEmission + Dumplnfo()
G4BetaDecayEmission
+ SetParentZA()
+ Gé4ElectronCaptureEmission()
+ GetDaughterZ() + G4BetaDecayEmission()
+ ~G4ElectronCaptureEmission() 4—
+ GetDaughterA() + ~G4BetaDecayEmission()
+ ProduceYourself() ;
+ GetParentHalfLife() + ProduceYourself()
+ Dumplnfo()
+ GetlCM() + Dumplnfo()
\ + GetTheDecayType() - InitBetaFermi()
il # SetParentHalfLife() \l/
G4RandombDirection
+ G4RadioactiveClassicalDeexcitation() AP G4BetaFermi
+ ~G4RadioactiveClassicalDeexcitation() + G4RandomDirection() G4AlphaDecayEmission
oot + G4BetaFermi()
+ DeexciteNucleus() + ~G4RandomDirection() —
+ G4AlphaDecayEmission() + ~GdBetaFermi()
+ GetShelllndex() + GetRandomDirection() .
+ ~G4AlphaDecayEmission() + GetBetaEnergy()
+ ProduceYourself() - Initialize()
+ Dumplinfo() - Calculate()
e




, A Absolute validation
Experiment: Z. W. Bell (ORNL)
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Refactoring to improve physics
Refactoring

Is the process of changing a software system in such a way that
it does not alter the external behavior of the code
yet improves its internal structure

Refactoring/reengineering legacy simulation code is an opportunity

« To complement software testing with physics validation

« To evaluate and compare the accuracy of various modeling options
« To estimate the trade-off between accuracy and performance

* To document the state-of-the-art for Monte Carlo transport

Electron-photon physics

Models and data libraries used by Geant4 and other
Monte Carlo codes

“ T &
‘ FN Genova



Photon elastic scattering
Physics

* Nuclear resonance scattering

Rayleigh scattering
Thomson nuclear scattering
Delbruck scattering

Form factor approximation

Non relativistic form factors
(Hubbell 1977) FLUKA, Geant4,MC
Relativistic form factors

(Hubbell & Overbo) EGS, ITS, XC(
Modified form factors
(Schaupp et al.)

DM

+ anomalous scattering factors

Maria Grazia Pia, INFN Genova

“l ivermore” EPDL

“Penelope 2008” EPDL

“Penelope 2001” | Baro et al.

“Standard” Unknown

EPDL: non relativistic form factors
Thomson scattering in total cross
section only

NP, Penelope

2"d order S-matrix

« Calculations by L. Kissel
* Not yet exploited in Monte
Carlo codes




Forward
peaked

Heavy
materials
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Comparison with experiment

> 4000 differential cross section measurements from the literature

541 keV < E £39 MeV
0.5°<B<165°

69 target atoms, 3 <Z <92

300

250

200 |

Counts

150

100 |

50

-15

-10 -5 0 5 10 15

Number of standard deviations

MFASF
RFASF
MF
RF
NF

Penelope2001
Penelope2008

EPDL
SM

Statistical analysis of compatibility
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t-test

I_
|

-0.4 -0.2 0.0

0.2

Confidence interval

04

+ categorical analysis



Nuclear
Thomson
scattering

do/dQ (b/sr)

Important to

account for it
especially at
higher energy

do/dQ (b/sr)

Maria Grazia Pia, INFN Genova

10.0

5.0F

201
1.0

0.5f

0.2F

01

100

10

107"t

107%F

E=59.5 keV, Z=29

e experimental
o EPDL
O SM Rayleigh + NT

---  SM Rayleigh
ﬂ\
Cl
\.\
®e8 g ¢
: o 100 150
Angle (degrees)
E=661.6 keV, Z=82
L ¢ experimental
‘ o EPDL
| O SM Rayleigh + NT
ﬁ{o. --- SM Rayleigh
3
?n\%
?
2
°
._O
¢ i,g, Oq
‘.9
‘33339_6_25!_5_ -
: o 100 150

Angle (degrees)

do/dQ (b/sr)

do/dQ (b/sr)

200

100

50

201

10

E=59.5 keV, Z=82

©
[ ]
\W\ * experimental
\Q o EPDL
» O SM Rayleigh + NT
¥ ---  SM Rayleigh
8
&8
.,iﬁa
[ ]
[ ]
%
-
"Hg Coan
oo TH] GDO0O 0 000
..D%Eycqga—nn-
0-.....’. 4
0 50 100 150
Angle (degrees)
E=1.332 MeV, Z=82
T . T
% ® experimental
o EPDL
O SM Rayleigh + NT
--- SM Rayleigh
(]
L
\\o
% .
\\%O
o
¥ 'foz
NN ]
nB e
0 50 100 150

Angle (degrees)




Model validation

State of the art Identified through quantitative

validation w.r.t. experiment

Quantification Compatibility with experiment: GoF test
(2 test)

Comparison of models’ accuracy: categorical analysis
(Fisher’s exact test and x? test)

Differential cross sections

Penelope Penelope EPDL Relativ. Non-Rel. Modified MFF RFF SM

2001 2008 FF FF FF ASF ASF NT

€ 027 038 038 025 035 049 052 048 0.77
error  +0.05 +0.06 +0.06 +0.05 +0.06 +0.06 +0.06 +0.06 +0.05

GELD e

¢ = fraction of test cases compatible with experiment
0.01 significance in the %2 test

S-matrix Modified form factors
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Photoelectric effect

Total cross section
Shell cross sections

WORK IN PROGRESS Photoelectron angular distribution

Total cross section
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@ McMaster EPDL used down to 250 eV

Never validated, nor optimized
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Conclusions

A quantitatively validated, state-of-the-art

Monte Carlo code
a tremendous challenge

Large effort an inspiring motivation

Supported by software design

Refactoring techniques and reengineering patterns contribute
to computational performance and facilitate validation

Quantitative validation of physics models

more about it in the last talk of this session

Physics insight is the key
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