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Outline 

•  My 40 years in subnuclear physics 
– Track chambers, CDHS, ALEPH, ATLAS, LCG 

•  Selected computing topics 
(each one of these points could be subject to a full lecture) 
–  Long-term data preservation 
– Event displays 
– Simulation (Monte Carlo) 
– Technology transfer 
– Benchmarking 
–  Languages and data structures 
– Software engineering; project management 
–  International common projects 
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Items Skipped Because of Time 

•  Data structures – I/O 
–  Hydra 
–  ZEBRA 
–  BOS 
–  ZBOOK 
–  ADAMO 
–  ROOT 
–  XROOTD 

•  Operating systems 
•  Data storage 

–  Hierarchical systems 
–  CASTOR 
–  EOS 

•  Analysis 
–  SUMX 
–  HBOOK/HPLOT 
–  PAW 
–  ROOT 

•  Reconstruction in 
calorimeters 

•  Event generators 
•  Lattice QCD 
•  Developments 

outside my focus 
•  ….. 
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Track chambers 
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Detector Properties (PDG) 
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in 1969 … 

•  CERN and DESY had the most advanced 
computers in Europe 
– Representing together 1‰ of the computing and 

storage capacity of a smartphone 
•  There was NO 

–  networking 
–  passwords nor hackers 
–  e-mail 
– web 
–  portable phone 
– WYSIWYG 
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… in 1969 … 

•  CERN was 15 years old, DESY 10 years  
•  Nixon president of United States 
•  Boing 747 maiden flight, Concorde test flight 
•  July 24: Apollo 11 returns safely from moon 
•  “From Elvis in Memphis”, Beatles “Abbey Road” 

released 
•  Colonel Muammar al-Gaddafi comes to power in Libya 
•  Willy Brandt chancellor of West Germany 
•  Sesame Street premieres 
•  The world was analog – TV, photo, phone, 

radio, music, overhead projectors, … 
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… even some computers were analog ! 
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Abstract. The computer to be described displays the tracks of charged particles passing 
through a series of magnetic lenses, as in a particle accelerator or in a beam transport 
system. A designer or operator can immediately see the effect of varying the characteristics 
of any of the lenses and so quickly develop an understanding of the behaviour of the system. 
The effects of varying the initial directions or the energies of the particles can also be readily 
observed. Systems of up to 20 lenses (quadrupoles. bending magnets or focusing-defocus- 
ing edges) can be accommodated. Simultaneous displays are given of the tracks of any two 
independently chosen particles, e.g. of different energies, different initial directions or in 
different planes (horizontal and vertical). Beam envelopes can also be shown. It would 
also appear useful in any other problems involving the successive solution of second order 
differential equations. 

1. Introduction 
The effectiveness of any computer depends upon the speed 
with which problems can be fed into it and the ease with 
which the results can be interpreted. Prior to the recent 
extensive use of many types of analogue-digital conversion 
to facilitate the use of digital computers, analogue com- 
puters had the better operator-computer communication. 

This feature is exploited in the analogue computer des- 
cribed which is designed for the solution of beam transport 
problems. It is particularly useful for examining a number of 
alternatives quickly in the initial stages of a design, for educa- 
tion and training, or for designing a system to operate over a 
range of energies. 

2. Principles of operation 
The design of beam transport systems is now very ade- 

quately covered (Penner 1961, Livingood 1961, King 1964, 
Steffen 1965, Banford 1966). The equations of motion of a 
particle passing through a quadrupole lens focusing in the 
x plane and defocusing in t h e y  plane are: 

where x is the displacement in x plane (cm), y the displacement 
in y plane (cm), z the distance along direction of motion (cm), 
G the quadrupole gradient ( ~ c m - ' ) ,  Bp the beam stiffness 
(G cm), = 3.33 x IO3 (T2 + 2TE0)1/2/Z, T the beam energy 
(MeV), Eo the rest energy of the particle (MeV) and Z the 
charge number of the particle. In addition the focusing and 
defocusing effects of bending magnets (sector magnets) and 
focusing-defocusing edges may be expressed as 'equivalent 
quadrupole gradients' as summarized in the table. 

When a beam contains some particles with a deviation of 
momentum Ap from the mean momentum p ,  the dispersive 
effect of a sector magnet is expressed by the term 
(l/r) ( 4 p / p )  in the typical equation of motion: 

- @ + - p - - - = o .  d2x 1 1 AP 
r P  

Element Equivalent quadrupole gradient 
Sector magnet 
(field index n, radius of 

curvature r )  

Sector magnet 
(uniform field, rz = 0, radius 

Focusing-defocusing edge 
(angle of edge 4, length of 

fringe field L, radius of 
curvature r )  

( 1  - t i )  Bp, r? in plane of bending 

tzBplr2 normal to plane of bending 

Bp1r2 in plane of bending 

0 normal to plane of bending 

Bp tan #:Lr in both planes 

of curvature r )  

The second-order differential equations ( I )  and ( 2 )  can 
readily be solved by the basic analogue circuit using two 
integrators shown in figure 1. The present computer (based 
on that of Hansford 1965) is a further development of 
earlier work (Good and Piccioni 1960, J. Murray 1963 
private communication), attaining high speed and improved 
operational facilities. The particle displacement x and the 
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Figure 1. Basic analogue circuit. 

particle divergence dx/dz are both represented by voltages 
and the distance along the beam line is represented by the 
time base of the cathode-ray tube. 

When calculating the track of a particle through a series of 
lenses separated by drift spaces the behaviour of the analogue 
circuit is as follows. Voltages representing the initial values 
x,, and (dx/dz)o are fed in as shown in figure 1 a t  a time 
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particle divergence dx/dz are both represented by voltages 
and the distance along the beam line is represented by the 
time base of the cathode-ray tube. 
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and the distance along the beam line is represented by the 
time base of the cathode-ray tube. 
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The Physics Exhibition 1967 
representing the source position. 
ing the first lens, Q is open but M is closed so that 

For  the drift space preced- can be included, this computer is relatively small. Only four 
operational amplifiers are  used since the appropriate values of 
G are automatically switched into circuit at the correct times 
by means of reed relays. The whole of the timing is Controlled 
digitally in 1 mSec units within the range 0-999 msec. Details 
of the circuitry are given by Aspley (1967). 

I t  has been found ~onvenient  to  have two independent 
analogue loops (thus using a total of eight amplifiers) SO 
that the system of lenses can be analysed simultaneously by 
two independent particles. This permits simultaneous 
observation of tracks in the horizontal and vertical planes, or 
simultaneous observation of tracks of particles of different 
momenta. Alternatively the two outputs can be combined 
in a ‘Pythagoras unit’ to  give the beam envelope according 
to  the equation: 

(beamenvelope)’ = ( . 

x = X O  + z(dX/dz)o. 

Upon reaching the first lens suitable values are set for G and 
Bp, either the F or D relay is closed and the dispersion 
voltage (I /r)(Ap/p)  is injected if required. Finally Q closes 
the loop, thus solving the appropriate differential equation 

x for particle 2 

with max. dx/dz, ) ’ 
x for particle)’ i- ( 
with max. xo 

3. Examples of use 
The displays illustrated in figure 2 were obtained with the 

following beam transport system, reading from left to 
right: source, quadrupole pair, horizontal sector magnet, 
quadrupole pair, horizontal sector magnet, quadrupole 
pair, target. The total length of the system is about 17 
metres and the maximum sideways displacement is about 
+4cm. Figure 2(a) shows a pair of simultaneous vertical 
and horizontal tracks. Figure 2(h) shows a pair of simul- 
taneous tracks in the horizontal plane with different momenta. 
The computer was used to design this achromatic system. 
Figure 2(c) shows a beam envelope determined from the 
display, on successive sweeps, of the tracks of 24 particles in 
the vertical plane spaced at  15” intervals round the phase- 
space ellipse of the source. It can be seen that the envelope 
is not defined by anyone particle track but that each particle 
in turn comes to the edge of the beam. Figure 2(d) shows a 
beam envelope in the horizontal plane obtained from the 
‘Pythagoras unit’. l n  practice the effective length of a 
quadrupole set on the computer is equal to its physical length 
increased by an amount dependent on  the gap. The field 
gradient required can be read with an accuracy to about I %. 
The beam transport system of the new variable energy 
cyclotron at Hanvell (Lawson 1966), consisting of three pairs 
of quadrupoles and two bending magnets, was successfully 
designed using this computer. 

4. Conclusions 
The first model of this computer has been operating satis- 

factorily for about three years and the second model has been 
performing well for the past few months. Considerable use 
has been made of the computer by scientists from a number of 
universities and institutions, thus confirming the contention 
that beam transport is a field where this type of analogue 
computer can be very useful. It would also appear useful 
in any other problems involving the successive solution of 
% ~ o n d  order differential equations. 

Figure 2. 

for a time corresponding to  the length of the lens. At  the 
end of the lens, Q opens but M remains closed and the 
analogue represents the drift space between the first and 
second lenses. The value of G is then set up for the second 
lens, either the F or D relay is closed, etc., and the process is 
repeated for each of the lenses and drift spaces until the end 
of the system is reached, when M opens. The sweep time 
for the whole system is 1 second. Although up to 20 lenses 
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4 Decades in Subnuclear Physics 

Ins5tute	   Experiment	   Years	   Countries	   Ins5tutes	   People	  

DESY	   Streamer	  Chamber	   1969	  -‐	  1976	   2	   4	   20	  

CERN	   CDHS	  Neutrino	   1976	  -‐	  1992	   4	   5	   40	  

CERN	   ALEPH	  @LEP	   1985	  -‐	  1995	   11	   30	   350	  

CERN	   ATLAS	  @LHC	   since	  1991	   38	   176	   3000	  

CERN	   Grids	  for	  LHC	   since	  2000	   56	   340	   13800	  
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4 Decades - Computing 

Ins5tute	   Experiment	   Years	   Countries	   Ins5tutes	   People	  

DESY	   Streamer	  Chamber	   1969	  -‐	  1976	   2	   4	   20	  

CERN	   CDHS	  Neutrino	   1976	  -‐	  1992	   4	   5	   40	  

CERN	   ALEPH	  @LEP	   1985	  -‐	  1995	   11	   30	   350	  

CERN	   ATLAS	  @LHC	   since	  1991	   37	   170	   3000	  

CERN	   Grids	  for	  LHC	   since	  2000	   34	   170	   ?	  
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Largest computers in Europe, 
still experimental devices 

Mainframes CDC, IBM 
Start to use e-mail 

Workstations (Farms), Mac, PC 
Information sharing  WWW 

PC-Farms 
Resource sharing  Grid 

LHC Computing Grid (LCG) 
Europe (EGEE, EGI), US (OSG) 
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4 Decades in Software Development 

Ins5tute	   Experiment	   Years	   Developers	   Lines	  of	  
Code	  -‐	  LOC	  

LOC/dev/
day	  

DESY	   Streamer	  Chamber	   1969	  -‐	  1976	   3	   4	  K	  

10-‐20	  

CERN	   CDHS	  Neutrino	   1976	  -‐	  1992	   4	   40	  k	  

CERN	   UA1/UA2	   1981-‐1993	   10	   250	  k	  

CERN	   ALEPH	  @LEP	   1985	  -‐	  1995	   20	   600	  k	  

CERN	   ATLAS	  @LHC	   2012	   200	   3-‐5	  M	  
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Some physics topics 

Vector Dominance, SCHC, QCD, Structure Functions, CKM-Matrix, 
electroweak parameters, lifetimes, discarding anomalies, searches, … 

27-‐June-‐2012	   J.	  Knobloch:	  	  Four	  decades	  compu5ng	   12	  

YvP ~ pop 
50 ~ ' I ' ' '1 

~ . ~ W  < 2.0 GeV 

lO ~ 

5 : 1.8 

.~ ~ <2.2 GeV 

v~10 
6' 

,o 2 8 GeV 

5 ~ eTHIS EXP 
xCORNELL 2= ~RBN;E; LL f ~ j  f/ '~ 0 L~ 
X" SLAC- SANTA CRUZ '~ ~ , 

, 

I 

0.5 1.0 1.5 
0, 2 (GeV 2) 

Fig. 8. o(Tvp ~ p 0p) as a function of Q2 for different W regions. The curves are a prediction of 
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remain 36 000 neutrino and 12 000 antineutrino
events. For every event, the neutrino energy is
computed from the sum of muon and hadron show-
er energy, E„=E„+E„.The useful spectrum ex-
tends from about 20 to 200 GeV. About half the
neutrino data and a quarter of the antineutrino da-
ta are at energies above 100 GeV. Further cuts
are imposed on the data as required for compari-
son with previous results.
The y distributions of neutrino and antineutrino

events are displayed in Fi.g. I for two different
energy bins; in Fig. 2 for all energies E„&30
GeV, with and without a cut at x& 0.1. In Fig. 2
the neutrino and antineutrino dist:ributions are
normalized to the same neutrino flux in order to
allow a test of charge symmetry in the limit y- 0.
We note the following: The y distributions at dif-
ferent energies are very similar. Charge sym-
metry is valid within our present uncertainties
of the neutrino to antineutrino flux ratio (+ i{Pa),
as is expected for an isospin-0 target when
strangeness- and charm-changing currents are
neglected. The y distribution of neutrino events

is approximately flat up to y —-0.9, where the ac-
ceptance losses set in. The antineutrino y dis-
tribution falls rapidly with increasing y as expect-
ed for da/dxdy~ q(x) (1-y)'+q(x) in the quark-
parton model with a small amount of sea quarks
Jq(x)dx« fq(x)dx. Even for x&0.1, the y distri-
butions for neutrinos and antineutrinos are very
different, and are compatible with the picture
that valence quarks dominate, but that the sea
quarks concentrate at small x. These observa-
tions are in conflict with Ref. 5, where a flat y
distribution was observed for both neutrinos and
antineutrinos in the region x& 0.1.
The average values of y for accepted events

are displayed in Fig. 3 as a function of neutrino
energy. Here a cut x&0.6 has been applied for a
direct comparison with Ref. 6. Since the average
y values are biased by the drop in acceptance at
large y, we have indicated the expected depen-
dence for a constant amount of sea quarks for
the conditions of this experiment. The antineu-
trino data are compatible with an energy-indepen-
dent fraction of sea quarks B= JI q(x}—q(x}]dx/
f[q(y)+q(x)]dx=0. 8, in contrast to the conclu-
sions obtained in Ref. 6.
From the antineutrino y distributions, we have

calculated the Bvalues as a function of neutrino
energy, and compared them with those of Refs. 6,
8, and 9 (Fig. 4). The new data do not show any
significant energy dependence of quark-sea com-
ponent, contrary to what had been inferred"
from the earlier data.
The ratio of antineutrino and neutrino charged-

current cross sections was computed from the ob-
served number of events, and a Monte Carlo effi-
ciency calculation. The Monte Carlo accounts
for the small difference in detection efficiency
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FIG. 8. The first moments of the y distributions as
a function of energy, for neutrino and antineutrino data
with x & 0.6. The curves marked B= 0.8 are calculated
for the conditions of this experiment assuming a fixed
antiquark component. The Harvard University- Univer-
sity of Pennsylvania —University of Wisconsin —Fermi-
lab (HPWF) data are taken from Bef. 6.

0.2—

1

40
i

80
Ev GeV

160 200

FIG. 4. The S values as a function of antineutrino
energy, from various experiments [Befs. 4 ("GGM"),
6 ("HPWF"), 8 ("CTF"), and 9 ("Bubble Chamber")].

H. A b r a m o w i c z  et al.: Exper imen ta l  Study of  Opposi te-Sign D i m u o n s  27 

300 

r 200 

E 

100 

L~,- 

0.1 

- -  x ( ~ . ~ . 2 g )  =~w 

. . . . .  ~v inQudir~J s low rescr 
(me =1.5 GeV) 

0.2 0.3 0.4 0.5 0.6 
X 

O 

1:0OO 

BOO 

i o 600 

z 400 

200 

- - - - -  v * q ~  I.~-*C 

- -  v r 1 6 2  (doto)  

- - - - - -  Fit resutt 

" : .  

/ . / "T- " .'~.. - .~. 
: /"  ".... ~. . .~.  

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
X 

b 

Fig. 10a and b. xv~ s distribution for d imuon events. The histograms represent the data. a Antineutrino; the solid curve is the sea 
distribution obtained in our single-muon analysis [10], the dashed-dotted curve demonstrates  the effect of slow rescaling, b Neutrino;  the 
curves show the decomposit ion into 48 % strange-sea contribution taken from the data of a (dotted curve) and 52 % quark contribution 
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9. The Strange-Sea Structure Function 

The antineutrino dimuon production, in the G I M  
model, and also in the K M  model if the mixing 
angles are not large, is dominated at the level of 
~90  % by xs(x). The remaining smaller contribution 
is due to the non-strange sea x[~(x)+d(x)]. The 
observed x distribution is experimentally indis- 
tinguishable from the x [~(x) + d(x) + 2~(x)] sea mea- 
sured in single-muon production by antineutrinos at 
large y [10], so that the x distribution for anti- 
neutrino-induced dimuons in Fig. 10a is directly a 
measurement of the structure function of the strange 
sea xs(x). 

10. Dimuon to Single-Muon Production Ratios 

Approximately 30% of the neutrino data and 60% 
of the antineutrino data were analysed also for the 
much more numerous single-muon events. Instead of 
dimuon cross-sections we give the ratios of dimuon 
to single-muon rates. This quantity is more directly 
obtained, and can be converted into absolute di- 
muon cross-sections on the basis of the single-muon 
absolute cross-sections [103 . Since the measured en- 
ergy Ev~ , for the dimuon events, the sum of the two 
muon energies and the hadron energy, misses the 
outgoing neutrino energy (see Sect. 3), the measured 
energies are corrected by the energy-dependent factor 
shown in Fig. 6 to give the neutrino energy Ev, at 
least on the average. All cross-section ratios given in 
the following are subject to a 10 % scale error. 

The raw ratios, corrected only for n K  back- 
ground, are shown in Figs. l l a  and 12a. The accep- 
tance corrections include reconstruction efficiencies, 
geometrical corrections (small), and the effect of the 
minimum muon-energy requirement. The dimuon 
acceptance - the same for neutrino and antineutrino 
events - is shown in Fig. 13 for two cases of the 
fragmentation function D(z)=5(z-0.68) as well as 
for another function D(z)=constant ,  so that the ef- 
fect of the fragmentation function may be judged. 
The acceptance-corrected results are shown in Figs. 
l l b  and 12b. The solid error bars indicate the sta- 
tistical errors only. The dotted error bars include the 
uncertainty of the fragmentation function. The ratio 
of neutrino to antineutrino 2#/1# production ratios 
("double ratio") is shown in Fig. 14. In Fig. 15 our 
neutrino results are compared with bubble-chamber 
measurements [17, 18] of # e § production. The 
bubble-chamber data are of particular interest be- 
cause the positrons are detected even at quite low 
energy (0.3 GeV) and the result is therefore much 
less affected by uncertainties in D(z). It is not possi- 
ble to compare our results with other counter ex- 
periments because data corrected for acceptance and 
for missing energy are not available. 

11. Amount of Strange Sea and cos 2 0 2 

The amount  of the strange sea and cos 202 of the 
K M  model can be deduced, subject to assumptions, 
from these results. Here we will find the momentum 

1 
fraction of the strange sea, S=~xs(x)dx, or rather 

0 



Scanning Table 
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Measuring Bubblechamber Pictures 
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Scanning and Measuring Projector  

Template Flying Spot Digitizer 



Automatic Film Measurement 
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268 H.J .  MOCK et al. 

on the accuracy of the filter techniques as used in Full- 
and Minimum-Guidance are comparedl°n~). In the 
concluding section we briefly compare our recovery 
scheme with existing ones, and we show which system 
components had to be optimized in order to reach the 
current processing rate of 20000 events/month for 
physics evaluation 1°' l~). 

2. Measuring system 
The first steps in a typical analysis chain for measure- 

ment of a bubble-chamber film H) are scanning the 
pictures for interesting events and premeasuring these 
events in all views (commonly three) by rough measure- 
ment of three points per track (in case of Full-Guidance) 
and a certain number of fiducials 12' 13). Having pre- 
measured each roll of film for selected events the film is 
digitized 1°) by the flying spot device HPD 14) (see fig. 1) 
using a fast scanning light spot in one direction (Y), 
while the film is moved more slowly at constant velocity 
in a perpendicular direction (X) by a hydraulic stage. 
Depending on the angle between the direction of the 
track element on the film, and the direction of the spot 
sweep across the film, a normal and an abnormal scan 
mode on the HPD are available. The digitizings 
(X, Y coordinates) of an entire event-frame are saved 
until the event has been successfully filtered. After 
filtering all view-events on the three stereoscopic rolls 
a program (THRESH)  tries to match corresponding 

tracks and to reconstruct the event in space. Programs 
for the kinematical analysis (GRIND)  and automatic 
decision (SELDEC) of events follow using the magnetic 
field title of the bubble chamber and ionisation infor- 
mation from the HPD measurementslSn6). The last 
step in this chain is the classification of the events for 
physicsl3.16). 

In the following sections we will discuss in greater 
detail some aspects and important facilities of our 
measuring chain, from handling the digitizings to 
spatial reconstruction of the events in THRESH.  

2.1. SYSTEM CONFIGURATION 
Fig. 2a shows the system layout of the HPD and the 

PDP-9. In this figure three strings of interconnection 
between the HPD and the PDP-9 can be distinguished: 

(1) the common I/O-Bus to start and control HPD 
operations by reading and writing appropriate registers 
of the HPD electronics (servo systems, status control, 
and signal threshold control), 

(2) several API* connections monitoring the current 
status of HPD operations, 

(3) the fast data path from the HPD electronics 
(digitizing circuitry, fast buffer) to the PDP-9 (via 
Direct Memory Access channel - DMA), 

Fig. 2b shows the transmission path between PDP-9 

* Automatic Program Interrupt.  

rotat n disc • Y- COordinate 
H g - l a m p  ~ i , ~ T  h m e t  

b e a m  ! " 
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Fig. 1. Principle scheme of  the digitizing procedure and the evaluation chain. 

Hough & Powell 

Flying spot digitizer 
Hough-Powell Device (HPD) 



Software 

•  THRESH – combine three stereoscopic 
views, match corresponding tracks and 
reconstruct the event in space  

•  GRIND – kinematical analysis 
•  SELDEC – select hypothesis based on 

ionization  
•  SUMX – analysis (cuts and plots) 
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Minuit 
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DESY Streamer Chamber 
•  Used with tagged photon and electron beams 
•  Volume 100 x 60 x 32 cm , 2 Tesla field 
•  350 kV 10 nsec pulse 
•  2 µsec memory time 
•  Resolution 250 µm in space 
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48 W. Struczinski et al. / Photoproduction 

EXPERIMENTAL SET UP 
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Fig. 2. Experimental set up, streamer chamber and trigger counters. 

Double bremsstrahlungs processes in the radiator do not contribute to event 
triggers, since one photon always reaches the shower counter. The event generated 
in the target by the second photon is therefore vetoed. 

Data were taken with an intensity of S-10 thousand tagged photons per set 
(x0.1 MHz). 

2.4. Scanning and measuring procedure 

The pictures showed so few background tracks that it was possible to scan and 
measure the pictures in one step. We took 870 000 pictures from which 14% showed 
a hadronic event produced in the hydrogen or the target counter. Part of the film 
was scanned twice from which a scanning efficiency of greater than 99% was found. 
Since for 9% of the events one of the charged particles was stopped inside the target 
scintillator, we measured events with a total charge of the outgoing visible particles 
Q = 0 or 1. The events were measured on conventional bubble chamber film measur- 
ing devices and in part on SMP’s (Scanning and Measuring Projectors). Geometric 
reconstruction and kinematic fits were done using the THRESH and GRIND [7] 
program chain. Badly measured events were measured twice. Finally 2% of the events 
remain unmeasurable. 

For each particle with momentum below 1 GeV/c for a given mass assignment 
the ionization predicted from the momentum was checked on the scanning table. 
The accuracy of the momentum and angle measurements was determined by the 
average track residual, a measure of the standard deviation of the point coordinate 
measurement error. It was 7 pm on the film corresponding to 275 pm in real space. 
Part of the e+e- pairs was also measured on a flying spot digitizer [8]. Here we ob- 
tained an average track residual of 3.5 pm corresponding to 140 pm. 

Before entering the kinematic program GRIND the invisible vertex is reconstructed 
in order to seperate events originating in the hydrogen target. For this reconstruction 
at least two visible tracks are needed which precludes an analysis of one-prong events. 



My first PC – in 1968/69! 
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Image: pdp8online.com 



1976: coming to CERN 
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Bicycle On Line 
(BOL)! 



CDHS (WA1) @cern 
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Neutrino events 
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Charged Current 

Neutral Current 



Di-Muon Event 
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ALEPH 
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ALEPH Data Flow 
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ALEPH Data Structures 
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Track 
px 
py 
pz 

Vertex 
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Coordinate 
x 
y 
z 

All	  ALEPH	  data	  are	  stored	  in	  tables.	  Every	  table	  is	  described	  in	  a	  Data	  Descrip5on	  
Language	  (DDL)	  provided	  by	  the	  ADAMO	  system.	  
The	  DDL	  is	  used	  to	  produce	  

o  The	  documenta5on	  of	  all	  data	  
o  Some	  part	  of	  the	  FORTRAN	  code	  for	  data	  access	  (Parameter	  Statements)	  
o  Code	  describing	  the	  type	  of	  data,	  to	  be	  used	  for	  input/output	  and	  data	  

compression	  
Backward	  compa5bility	  is	  made	  possible	  by	  the	  system	  and	  by	  rules	  



Jürgen	  
Knobloch-‐	  

cern-‐it	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Slide-‐27	  

Just in time – the web 
Tim Berners-Lee 

WSIS, Geneva, October 10-12, 
2003 

Fist Web Server 
Used 1991 to connect  

CERN and SLAC 



Event display 
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Hans Dreveman developed new 
ways to visualize events for ALEPH 
(DALI) and ATLAS (ATLANTS). 
 
http://aleph.web.cern.ch/aleph/dali/  
http://www.hep.ucl.ac.uk/atlas/atlantis/  



ALEPH Conclusions 

•  Distributed software development 
•  Software design – project planning 
•  Software was ready for first beam 
•  Easy entry for new physicist 
•  Ready for change – by using different 

systems 
•  Supercomputers bring no advantage 
•  Large clusters of workstations are effective 
•  VMS was a wonderful operating system 
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Simulation – Monte Carlo 
•  According	  to	  Emilio	  Segre,	  Fermi’s	  

student	  and	  collaborator,	  “Fermi	  
had	  invented,	  but	  of	  course	  not	  
named,	  the	  present	  Monte	  Carlo	  
method	  when	  he	  was	  studying	  
the	  modera@on	  of	  neutrons	  in	  
Rome.	  He	  did	  not	  publish	  
anything	  on	  the	  subject,	  but	  he	  
used	  the	  method	  to	  solve	  many	  
problems	  with	  whatever	  
calcula@ng	  facili@es	  he	  had,	  
chiefly	  a	  small	  mechanical	  adding	  
machine.”	  
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Fermiac 
early 1930s 

MCMs: Early History and The Basics

The Stars Align at Los Alamos

The Technology

An Analog Monte Carlo Computer: The Fermiac

Figure: The Fermiac in Action



Raw Data to Physics (and inverse) 

Basic physics 
 

Results 

Fragmentation 
 

Decay, 
Physics  
analysis 

Interaction with 
detector material 

Pattern, 
recognition, 

Particle 
identification 

Detector 
response 

apply 
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2132 1870 2093 3271 
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3742 1288 2343 7142 

Raw data 
 

Convert to 
physics  

quantities 

Reconstruc5on	   Analysis	  

Simula5on	  (Monte-‐Carlo)	  

From	  Raw	  Data	  to	  Physics	  Results	  



ATLAS Simulation 
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836 Eur. Phys. J. C (2010) 70: 823–874

Fig. 1 The flow of the ATLAS simulation software, from event gen-
erators (top left) through reconstruction (top right). Algorithms are
placed in square-cornered boxes and persistent data objects are placed
in rounded boxes. The optional pile-up portion of the chain, used only
when events are overlaid, is dashed. Generators are used to produce

data in HepMC format. Monte Carlo truth is saved in addition to energy
depositions in the detector (hits). This truth is merged into Simulated
Data Objects (SDOs) during the digitization. Also, during the digitiza-
tion stage, Read Out Driver (ROD) electronics are simulated

are included in the output files for all the stages of the event
simulation. The metadata include all configuration informa-
tion for the job. Athena has also adopted the POOL (Pool
Of persistent Objects for LHC) file handling and persistency
framework [11–13].

2.1 ATLAS simulation overview

An overview of the ATLAS simulation data flow can be
seen in Fig. 1. Algorithms and applications to be run are
placed in square-cornered boxes, and persistent data objects
are placed in round-cornered boxes. The optional steps re-
quired for pile-up or event overlay (see Sect. 6.2) are shown
with a dashed outline.

A generator produces events in standard HepMC for-
mat [14]. These events can be filtered at generation time so
that only events with a certain property (e.g. leptonic decay
or missing energy above a certain value) are kept. The gen-
erator is responsible for any prompt decays (e.g. Z or W

bosons) but stores any “stable” particle expected to prop-
agate through a part of the detector (see Sect. 3). Because
it only considers immediate decays, there is no need to con-
sider detector geometry during the generation step, except in
controlling what particles are considered stable. During this
step, the run number for the simulated data set and event
numbers for each event are established. Event numbers are
generally ordered in a single job, though events may be
omitted because of filtering at each step. Run numbers for

simulated data sets derive from the job options used to gen-
erate the sample and mimic real run numbers used during
data taking.

These generated events are then read into the simulation.
A record of all particles produced by the generator is re-
tained in the simulation output file (see Sect. 3.6), but cuts
can be applied to select only certain particles to process in
the simulation. Each particle is propagated through the full
ATLAS detector by GEANT4. The configuration of the de-
tector, including misalignments and distortions, can be set at
run time by the user. The energies deposited in the sensitive
portions of the detector are recorded as “hits,” containing the
total energy deposition, position, and time, and are written
to a simulation output file, called a hit file.

In both event generation and detector simulation, infor-
mation called “truth” is recorded for each event. In the gen-
eration jobs, the truth is a history of the interactions from
the generator, including incoming and outgoing particles.
A record is kept for every particle, whether the particle is
to be passed through the detector simulation or not. In the
simulation jobs, truth tracks and decays for certain particles
are stored. This truth contains, for example, the locations of
the conversions of photons within the inner detector and the
subsequent electron and positron tracks. In the digitization
jobs, Simulated Data Objects (SDOs) are created from the
truth. These SDOs are maps from the hits in the sensitive re-
gions of the detector to the particles in the simulation truth
record that deposited the hits’ energy. The truth information
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GEANT4 Collaboration 

GEANT4 Collaboration 

Budker Inst. of Physics 
IHEP Protvino 

MEPHI Moscow  
Pittsburg University 
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A study of the material in the ATLAS inner detector using secondary hadronic interactions 



Technology transfer 

Particle physics software 
aids space and medicine 

                                                                       
“Geant4 is a showcase example 

of technology transfer from 
particle 

physics to other fields such as 
space and medical science” 

June 2002 

http://www.cerncourier.com 
...and vice-versa: valuable feedback and 

contribution to validation from non-HEP 
fields 



GEANT4 Users - Space 

•  ESA XMM X-ray 
telescope 

•  GLAST 
•  Radiation damage to 

astronauts 
•  … 
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Induced X-ray line emission: 
indicator of target composition 

(~100 µm surface layer) 

Cosmic rays, 
jovian electrons 

Solar X-rays, e, p 

Courtesy SOHO EIT  



Polyethylene  

Simulation – Medical Application 
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Water  

Simulated and measured 12C depth-dose profiles 



LHC Computing Challenge 

•  Signal/Noise	  	  10-‐9	  

•  Data	  volume	  
–  High	  rate	  *	  large	  number	  of	  

channels	  *	  4	  experiments	  
	  15	  PetaBytes	  of	  new	  data	  

each	  year	  
•  Compute	  power	  

–  Event	  complexity	  *	  Nb.	  
events	  *	  thousands	  users	  

	  100	  k	  CPUs	  (cores)	  
•  Worldwide	  analysis	  &	  funding	  

–  Compu5ng	  funding	  locally	  in	  
major	  regions	  &	  countries	  

–  Efficient	  analysis	  everywhere	  
	  GRID	  technology	  
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LHC is Running Very Well! 

39 Jürgen Knobloch, CERN            Melecon 2010, 
Valetta, Malta 



ATLAS @ 4 + 4 TeV 
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Benchmarks 
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1 CU = 4 MIPS = 4 SI92 = 0.1 SI95 = 1 SI2K 
1000 SI2K = 4 HEPSPEC06 

  (SIxx=SPECintxx) 

IBM 370/168 IBM 370/168 -- the CERN Unitthe CERN Unit

•  The CERN-Unit (CU) 
= IBM 370/168 

•  ALEPH@LEP 
requested 6 CUs 

•  The LHC Grid today 
represents 5*108 CUs 

IBM 370/168 arrived 1976 



Requirements Match? 
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CERN Computing Capacity Evolution 

disk (PB) cpu (MSI2K) budget (Millions of 2007 Swiss Francs) 

Tape & disk 
requirements: 
>10 times CERN 
possibility 

Substantial 
computing 
required 
outside CERN 



Moore Delivered for CPU & Disk 
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Knobloch/
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Slides from 1996 

Expectations 
fulfilled! 

We are now 
here 
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Timeline LHC Computing 

1994	   1995	   1996	   1997	   1998	   1999	   2000	   2001	   2002	   2003	   2004	   2005	   2006	   2007	   2008	  

LHC approved 

ATLAS & CMS 
 approved 

ALICE 
approved 

LHCb  
approved 

“Hoffmann” 
Review 

7x107 MIPS 
1,900 TB disk 

ATLAS (or CMS) requirements 
for first year at design luminosity 

ATLAS&CMS 
CTP 

107 MIPS 
100 TB disk 

LHC start 

Computing 
TDRs 

55x107 MIPS 
70,000 TB disk 

(140 MSi2K) 



Network was a Concern … 

Jürgen	  Knobloch/CERN	  	  	  	  	  	  	  	  	  	  	  	  	  	  Slide	  45	  

Slide from 1996 
TODAY 



WLCG Collaboration 

•  The	  Collabora5on	  
–  4	  LHC	  experiments	  
–  ~250	  compu5ng	  centres	  
–  12	  large	  centres	  	  

	  	  	  	  	  	  	  (Tier-‐0,	  Tier-‐1)	  
–  38	  federa@ons	  of	  smaller	  	  

	  	  	  	  	  	  	  “Tier-‐2”	  centres	  
–  Growing	  to	  ~40	  countries	  
–  Grids:	  EGEE,	  OSG,	  Nordugrid	  

•  Technical	  Design	  Reports	  
–  WLCG,	  4	  Experiments:	  	  

June	  2005	  
•  Memorandum	  of	  Understanding	  

–  Agreed	  in	  October	  2005	  
•  Resources	  

–  5-‐year	  forward	  look	  
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Tier-0 -1 -2 
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Tier-0 (CERN): 
• Data recording 
• First-pass 
reconstruction 

• Data distribution 
Tier-1 (11 centres): 
• Permanent storage 
• Re-processing 
• Analysis 

Tier-2  (>200 centres): 
•  Simulation 
•  End-user analysis 



WLCG Resources in 2012 
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WLCG	  Resources	  2012/2013	  

Repar55on	  

CERN	  
Tier-‐0	   Tier-‐1	   Tier-‐2	  

CPU	  (kHEP-‐SPEC06)	   1880	   20%	   32%	   48%	  

Disk	  (Pbytes)	   200	   17%	   36%	   47%	  

Tape	  (Pbytes)	   125	   57%	   43%	   0%	  



Timeline - Grids 
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Data 
Challenges 

Cosmics 

GRID 3 

EGEE 1 

LCG 1 

Service 
Challenges 

EU DataGrid 

GriPhyN, 
iVDGL, PPDG 

EGEE 2 

OSG 

LCG 2 

EGEE 3 

1994	   1995	   1996	   1997	   1998	   1999	   2000	   2001	   2002	   2003	   2004	   2005	   2006	   2007	   2008	   2009	  

WLCG 

• Partially decentralized
model
– replicate the event data at

about five regional centres
– data transfer via network or

movable media

RC2

CERN

RC1

CCRC08, STEP09 
Computing Readiness 
Challenges 

Inter- 
operation 
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Grid Applications 
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Medical Seismology Chemistry 

Astronomy 

Fusion Particle Physics 



EGEE/EGI Communities 
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>200 VOs from several 
scientific domains:	  
•  Archeology 
•  Astronomy & Astrophysics	  
•  Civil Protection 
•  Computational Chemistry	  
•  Comp. Fluid Dynamics	  
•  Computer Science/Tools	  
•  Condensed Matter Physics	  
•  Earth Sciences	  
•  Fusion	  
•  High Energy Physics	  
•  Life Sciences	  
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CPU	  usage	  increased	  *60	  

Some flagship 
examples:	  
•  Avian flu drug 

development 
•  Haiti earthquake damage 

assessment 
•  DNA sequencing	  



Next-generation Sequencing 
Life sciences is drowning in 

data from our new 
sequencing machines. 

 
Traditional sequencing: 

•  96 sequencing reactions carried 
out per run. 

 
Next-generation: sequencing. 

•  52 Million reactions per run. 
 
Machines are cheap(ish) and 

small. 
•  Small labs can afford one. 
•  Big labs can afford lots of them. 

From Guy Coates’ slides presented at OGF28, Munich: 
Next Generation Genomics: Petascale data in the life sciences  

One example of similar (if not higher) requirements than HEP 
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Managing Growth 
   We have exponential growth in 

storage and compute. 
•  Storage /compute doubles every 12 

months. 
•  2009 ~7 PB raw 

   Gigabase of sequence ≠ Gigbyte 
of storage. 
•  16 bytes per base for sequence data. 
•  Intermediate analysis typically need 10x 

disk space of the raw data. 

   Moore's law will not save us. 
•  Transistor/disk density:   Td=18 months 
•  Sequencing cost:  Td=12 months 

From Guy Coates’ slides presented at OGF28, Munich: 
Next Generation Genomics: Petascale data in the life sciences  
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Computing 
at the 
Terra-Scale 
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Worldwide LHC Computing Grid (WLCG) Tier-1 Centres:  
TRIUMF (Canada); GridKA (Germany); IN2P3 (France); CNAF (Italy); SARA/NIKHEF (NL);  
Nordic Data Grid Facility (NDGF); ASCC (Taipei); RAL (UK); BNL (US); FNAL (US); PIC (Spain) 

Status Jan 2011 (yearly increase) 
•  13800 users: +38% 
•  288000  LCPUs (cores): +18.5% 
•  117PB disk: +192.5% 
•  91.5PB tape: +50    % 
•  28 million jobs/month: +86.7% 
•  340 sites: +7.25% 
•  56 countries: +7.7% 
•  217 VOs: +24% 
•  30 active VOs: constant 



Sustainability: EGI 
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Timeline - Grids

J.	  Knobloch/CERN:	  European	  Grid	  Initiative	  – EGI	  

Data 
Challenges

Cosmics

GRID 3

EGEE 1

LCG 1

Service 
Challenges

EU DataGrid

GriPhyN, 
iVDGL, PPDG

EGEE 2

OSG

LCG 2

EGEE 3

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

WLCG

• Partially decentralized
model
– replicate the event data at

about five regional centres
– data transfer via network or

movable media

RC2

CERN

RC1

CCRC08, STEP09
Computing Readiness 
Challenges

Inter-
operation

22-‐Oct-‐09 12

gLite	   ARC	  

UNICORE	   dCache	  
 

 

EGI-InSPIRE Project 
4 year project started 2010 
€25M EC contribution 

Project cost €69M 
Total Effort ~ €330M 

Staff ~ 170FTE 
 



Clouds? 
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A	  European	  Cloud	  Compu5ng	  Partnership:	  	  
big	  science	  teams	  up	  with	  big	  business	  

Strategic	  Plan	  

�  Establish	  mul,-‐tenant,	  
mul,-‐provider	  cloud	  
infrastructure	  

�  Iden,fy	  and	  adopt	  policies	  
for	  trust,	  security	  and	  
privacy	  

�  Create	  governance	  
structure	  

�  Define	  funding	  schemes	  

To	  support	  the	  
compu,ng	  capacity	  
needs	  for	  the	  ATLAS	  

experiment	  

	  
	  

SeCng	  up	  a	  new	  
service	  to	  simplify	  
analysis	  of	  large	  

genomes,	  for	  a	  deeper	  
insight	  into	  evolu,on	  

and	  biodiversity	  

To	  create	  an	  Earth	  
Observa,on	  plaForm,	  

focusing	  on	  
earthquake	  and	  
volcano	  research	  

Email:contact@helix-nebula.eu  Twitter: HelixNebulaSC  Facebook: HelixNebula.TheScienceCloud 
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Data Preservation of Science Data 

“Laboratory”, 

Karnak, Egypt 

> 3000 years 



Paper Survives Centuries 

Enrico	  Fermi	  –	  1942	  
Notebook	  recording	  the	  first	  
controlled,	  self-‐sustaining	  
nuclear	  chair	  reac5on,	  	  
December	  2,	  1942	  

Galileo’s ~ 1638 
Law of motion 
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Film maybe decades 

Bubble chamber 
CERN, 1973 
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… now it is all electronic! 

CERN – UA1 1983 



Jürgen	  Knobloch-‐	  cern-‐it	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Slide-‐62	  

Technical issues – shelf life 
technology cycle - metadata 



DPHEP 
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Discussion on Data Preservation 
•  Experimental physics is publicly funded 

and expensive 
– LHC costs 1010 € 
– Not easy to repeat 

•  Experimental data are useless without 
documentation, metadata, and software 

•  Technology evolution is a serious burden 
•  Data preservation requires support and 

funding 
•  Think about it early! 

J. Knobloch (2003) in: www.erpanet.org/events/2003/lisbon/LisbonReportFinal.pdf  
DPHEP: http://arxiv.org/pdf/1206.5198  



Remark 
•  In 4 decades: 

– The complexity has increased enormously 
•  Number of events 
•  Number of channels 
•  Amount of data reduction 
•  Sociology (number of scientists per experiment) 

– Resources (required AND available) have 
increased by 8 orders of magnitude! 

•  There are now 1018 bits of storage for LHC 
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1018 à 1026 à 1034 à  1042  à 1050 



Think! 

Thomas Watson 
"And we must study through 
reading, listening, discussing, 
observing and thinking. We 
must not neglect any one of 
those ways of study. The 
trouble with most of us is that 
we fall down on the latter -- 
thinking -- because it's hard 
work for people to think, And, 
as Dr. Nicholas Murray Butler 
said recently, 'all of the 
problems of the world could be 
settled easily if men were only 
willing to think.' " 
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Theorists can be wrong … 

Lord Bowden writes:  
I must remind you that this was in the days before 
IBM.  I went to see Professor Douglas Hartree, who 
had built the first differential analyzers in England 
and had more experience in using these very 
specialized computers than anyone else. He told me 
that, in his opinion, all the calculations that would 
ever be needed in this country could be done on the 
three digital computers which were then being built—
one in Cambridge, one in Teddington, and one in 
Manchester. No one else, he said, would ever need 
machines of their own, or would be able to afford to 
buy them. 
Citation probably from 1951 
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ERICE	  1977	  
Thank	  You,	  Nino	  


