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The	
  problem	
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About 1000 charged particles in central Au+Au collision 
at a beam energy of 25 AGeV in the CBM acceptance.  
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What	
  is	
  event	
  reconstruc,on?	
  
•  The	
  aim	
  of	
  the	
  event	
  reconstruc,on	
  procedure	
  is	
  to	
  describe	
  

a	
  collision	
  in	
  terms	
  of	
  tracks	
  and	
  par,cles.	
  
•  In	
  high	
  energy	
  physics	
  experiments	
  this	
  is	
  usually	
  a	
  large	
  set	
  

of	
  algorithms	
  and	
  soTware	
  which	
  has	
  to	
  be	
  developed.	
  
•  It	
  usually	
  includes	
  algorithms	
  for:	
  

Ø PaWern	
  recogni,on:	
  tracking,	
  vertexing,	
  clustering,	
  ring	
  
recogni,on	
  etc.	
  
u 	
  Hough	
  transform;	
  
u 	
  Kalman	
  filter;	
  
u 	
  Cellular	
  automata;	
  
u 	
  Neural	
  networks;	
  

Ø  	
  Parameter	
  es,ma,on	
  
Ø  	
  Hypothesis	
  tes,ng	
  

u 	
  Likelihood;	
  
u 	
  Ar,ficial	
  neural	
  networks;	
  
u 	
  Boosted	
  decision	
  trees;	
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CBM	
  experiment	
  

MUON	
  

STS/MVD:	
  track,	
  vertex	
  and	
  momentum	
  
reconstruc,on	
  
	
  

RICH:	
  electron	
  iden,fica,on	
  OR	
  
MUCH:	
  muon	
  iden,fica,on	
  
	
  

TRD:	
  global	
  tracking,	
  electron	
  iden,fica,on	
  
	
  

TOF:	
  ,me	
  of	
  flight	
  measurement	
  for	
  hadron	
  
iden,fica,on	
  
	
  

ECAL:	
  photons	
  and	
  neutral	
  par,cles	
  

• 	
  comprehensive	
  measurement	
  of	
  
hadron	
  and	
  lepton	
  produc,on	
  in	
  pp,	
  pA	
  
and	
  AA	
  collisions	
  from	
  8-­‐45	
  AGeV	
  beam	
  
energy	
  
• 	
  fixed	
  target	
  experiment	
  

ELECTRON	
  



Track	
  reconstruc,on	
  
•  Determine	
  loca,on,	
  direc,on	
  and	
  momentum	
  of	
  
charged	
  par,cles	
  	
  
① Track	
  propaga,on	
  

Ø  No	
  magne,c	
  field,	
  magne,c	
  field,	
  detector	
  material	
  
② Track	
  fit	
  

Ø  Kalman	
  filter	
  
Ø  Least	
  Squares	
  Fit	
  

③ Track	
  finding	
  
Ø Conformal	
  mapping	
  	
  
Ø Hough	
  transform	
  	
  
Ø Ar,ficial	
  neural	
  networks	
  
Ø Elas,c	
  neural	
  networks	
  
Ø Cellular	
  automaton	
  
Ø Track	
  following	
  
Ø Kalman	
  filter	
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Challenges	
  for	
  tracking	
  
PeculiariAes	
  for	
  CBM:	
  
• 	
  large	
  track	
  mul,plici,es	
  	
  
‒ 	
  up	
  to	
  1000	
  charged	
  par,cles	
  per	
  reac,on	
  in	
  +/-­‐	
  
25˚	
  acceptance	
  

• 	
  high	
  reac,on	
  rate	
  
‒ 	
  up	
  to	
  10	
  MHz	
  

• 	
  measurement	
  of	
  rare	
  probes	
  à	
  need	
  for	
  fast	
  and	
  
efficient	
  trigger	
  algorithms	
  
• 	
  high	
  hit	
  density	
  
• 	
  large	
  material	
  budget	
  –	
  especially	
  in	
  the	
  muon	
  
detector	
  
• 	
  complex	
  detector	
  structure,	
  overlapping	
  sensors,	
  
dead	
  zones	
  
• 	
  enormous	
  amount	
  of	
  data:	
  foreseen	
  are	
  currently	
  
1Gb/s	
  archiving	
  rate	
  (600Tb/week)	
  

Central	
  Au+Au	
  collision	
  
at	
  25	
  AGeV	
  (UrQMD	
  +	
  

GEANT3)	
  
→	
  fast	
  tracking	
  algorithms	
  are	
  essenAal	
  



Kalman	
  filter	
  (KF)	
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KF	
  proceeds	
  recursively	
  by	
  alternaAng	
  two	
  steps:	
  
①  	
  Predic,on	
  

Ø  Propagate	
  state	
  vector	
  and	
  covariance	
  matrix	
  to	
  the	
  next	
  layer,	
  increment	
  
covariance	
  matrix	
  by	
  contribu,ons	
  from	
  mul,ple	
  scaWering	
  and	
  energy	
  loss.	
  

②  	
  Update	
  
Ø  Compute	
  a	
  weighted	
  mean	
  of	
  the	
  extrapola,on	
  and	
  the	
  observa,on.	
  The	
  

track	
  parameters	
  aTer	
  each	
  update	
  step	
  is	
  the	
  best	
  es,mate	
  of	
  the	
  trajectory	
  
based	
  on	
  the	
  measurements	
  incorporated	
  so	
  far.	
  

The	
  Kalman	
  Filter	
  is	
  an	
  efficient	
  recursive	
  filter	
  that	
  es,mates	
  the	
  state	
  of	
  a	
  
linear	
  dynamic	
  system	
  from	
  a	
  series	
  of	
  noisy	
  measurements.	
  

KF	
  advantages:	
  
Ø  	
  KF	
  is	
  suitable	
  for	
  combined	
  track	
  finding	
  and	
  track	
  fiqng;	
  
Ø  	
  KF	
  is	
  fast	
  in	
  comparison	
  to	
  global	
  LSF	
  fit;	
  
Ø  	
  KF	
  is	
  op,mally	
  suits	
  to	
  handle	
  many	
  measurements	
  in	
  presence	
  of	
  mul,ple	
  

scaWering	
  and	
  other	
  energy	
  loss	
  effects.	
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KF	
  mathema,cs	
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process	
  noise	
  (mul,ple	
  scaWering)	
  

transport	
  matrix	
  (local	
  track	
  model)	
  

state	
  vector	
  in	
  layer	
  k	
  (local	
  track	
  parameters)	
  

The	
  transport	
  of	
  a	
  state	
  at	
  node	
  k	
  −	
  1	
  to	
  a	
  state	
  at	
  node	
  k	
  is	
  described	
  by	
  the	
  
propaga,on	
  rela,on:	
  	
  

x

x

z x = x (z)

x (z) =
(
x, y, tx, ty, q/p

)T
,

x y tx =
∂x
∂z ty =

∂y
∂z q

±1 p x

5 × 5 C = cov {x}

xk

xk = x(zk)

xk

Ck

F

x

x

z x = x (z)

x (z) =
(
x, y, tx, ty, q/p

)T
,

x y tx =
∂x
∂z ty =

∂y
∂z q

±1 p x

5 × 5 C = cov {x}

xk

xk = x(zk)

xk

Ck

F

In	
  case	
  of	
  fixed	
  target	
  experiment	
  state	
  vector	
  it	
  is	
  convenient	
  to	
  define	
  state	
  
vector	
  as	
  follows:	
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KF	
  mathema,cs	
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Measurement	
  equa,on:	
  

measurement	
  in	
  layer	
  k	
  

measurement	
  model	
  h

x y

Hk 2× 5

Hk =

⎛

⎝ 1 0 0 0 0

0 1 0 0 0

⎞

⎠ .

Vk 2× 2

Vk =

⎛

⎝ d2xx dxy

dxy d2yy

⎞

⎠ ,

dxx dyy dxy dxy

φ

u Hk

1× 5

Hk =
(
cosφ sinφ 0 0 0

)
.

Vk Vk = du du u

k−1 k

xk−1
k Qk−1

k

h

x y

Hk 2× 5

Hk =

⎛

⎝ 1 0 0 0 0

0 1 0 0 0

⎞

⎠ .

Vk 2× 2

Vk =

⎛

⎝ d2xx dxy

dxy d2yy

⎞

⎠ ,

dxx dyy dxy dxy

φ

u Hk

1× 5

Hk =
(
cosφ sinφ 0 0 0

)
.

Vk Vk = du du u

k−1 k

xk−1
k Qk−1

k

h

x y

Hk 2× 5

Hk =

⎛

⎝ 1 0 0 0 0

0 1 0 0 0

⎞

⎠ .

Vk 2× 2

Vk =

⎛

⎝ d2xx dxy

dxy d2yy

⎞

⎠ ,

dxx dyy dxy dxy

φ

u Hk

1× 5

Hk =
(
cosφ sinφ 0 0 0

)
.

Vk Vk = du du u

k−1 k

xk−1
k Qk−1

k

For	
  example	
  for	
  pixel	
  detectors	
  which	
  measure	
  X	
  and	
  Y	
  coordinates:	
  

measurement	
  errors	
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KF	
  mathema,cs	
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xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

PredicAon	
   Update	
  

xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

xk−1
k = Fk−1xk−1.

Ck−1
k = Fk−1Ck−1F

T
k−1 +Qk−1.

rk−1
k = mk −Hkx

k−1
k .

Rk−1
k = Vk +HkC

k−1
k HT

k .

Kk = Ck−1
k HT

k

(
Vk +HkC

k−1
k HT

k

)−1
= Ck−1

k HT
k

(
Rk−1

k

)−1
.

xk = xk−1
k +Kkr

k−1
k .

Ck = (1−KkHk)C
k−1
k .

rk = mk −Hkxk = (1−HkKk) r
k−1
k .

Rk = (1−HkKk)Vk = Vk −HkCkH
T
k .

k χ2

χ2
+ = rTkR

−1
k rk.

χ2

χ2
k = χ2

k−1 + χ2
+.

χ2

k xk
k

k

Ck
k

k

k

xn
k = xk + Ak

(
xnk+1 − xkk+1

)
.

Cn
k = Ck + Ak

(
Cn

k+1 − Ck
k+1

)
AT

k ,

Ak

Ak = CkF
T
k

(
Ck

k+1

)−1
.

k χ2

χ2
+ = rTkR

−1
k rk.

χ2

χ2
k = χ2

k−1 + χ2
+.

χ2

k xk
k

k

Ck
k

k

k

xn
k = xk + Ak

(
xnk+1 − xkk+1

)
.

Cn
k = Ck + Ak

(
Cn

k+1 − Ck
k+1

)
AT

k ,

Ak

Ak = CkF
T
k

(
Ck

k+1

)−1
.

Predic,on	
  step	
  equals	
  to	
  
the	
  track	
  propaga,on.	
  

KF	
  gain	
  matrix:	
  

Update	
  of	
  state	
  vector	
  and	
  cov	
  matrix	
  

Residual:	
  

Chi-­‐square	
  test:	
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Kalman	
  filter	
  illustra,on	
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1km −
km

1km +
1kx +

r

km

kx
r
kx
r
kx
r
kx
r
kx
r
kx
r

1
k
kx +

r

1
k
kx −

r

1kx −

r
0x
r

Ø  Par,cle	
  scaWers	
  in	
  a	
  material	
  layer	
  between	
  layer	
  k	
  and	
  k	
  −	
  1.	
  	
  
Ø  The	
  track	
  fit	
  accounts	
  for	
  this	
  effect	
  by	
  increasing	
  the	
  predicted	
  error	
  

on	
  the	
  state	
  vector	
  xk−1	
  with	
  Qk
k.	
  	
  

Ø  The	
  measurement,	
  mk,	
  pulls	
  the	
  state	
  back	
  to	
  the	
  true	
  trajectory,	
  
resul,ng	
  in	
  a	
  filtered	
  track	
  state,	
  xk.	
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Track	
  propaga,on	
  

① 	
  Geometrical	
  extrapola,on	
  according	
  to	
  the	
  equa,on	
  
of	
  mo,on	
  for	
  a	
  charged	
  par,cle.	
  

② 	
  Calcula,on	
  of	
  the	
  mul,ple	
  scaWering	
  and	
  energy	
  loss	
  
for	
  a	
  par,cle	
  passing	
  through	
  the	
  detector	
  material.	
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The	
  track	
  propagaAon	
  algorithm	
  calculates	
  the	
  average	
  trajectory	
  and	
  its	
  
errors	
  in	
  a	
  covariance	
  matrix	
  while	
  taking	
  into	
  account	
  physics	
  processes	
  which	
  
may	
  change	
  the	
  trajectory,	
  i.e.	
  energy	
  loss,	
  mul,ple	
  scaWering	
  and	
  also	
  the	
  
influence	
  of	
  a	
  magne,c	
  field.	
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Geometrical	
  extrapola,on	
  

•  	
  Straight	
  line	
  in	
  magne,c	
  field	
  free	
  regions.	
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x y z0 z (∆z =

z − z0)

x = x0 + tx∆z

y = y0 + ty∆z
,

x0 y0 x y

F

F =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 ∆z 0 0

0 1 0 ∆z 0

0 0 1 0 0

0 0 0 1 0

0 0 0 0 1

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

B

dp

dt
= c2kqv(t)×B(y(t)),

p q v B

k y

c t

d2y/ds2 = (kq/p)(dy/ds)×B(y(s)),

s ds/dt = v p = |p|

x y z0 z (∆z =

z − z0)

x = x0 + tx∆z

y = y0 + ty∆z
,

x0 y0 x y

F

F =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 ∆z 0 0

0 1 0 ∆z 0

0 0 1 0 0

0 0 0 1 0

0 0 0 0 1

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

B

dp

dt
= c2kqv(t)×B(y(t)),

p q v B

k y

c t

d2y/ds2 = (kq/p)(dy/ds)×B(y(s)),

s ds/dt = v p = |p|
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Geometrical	
  extrapola,on	
  
•  In	
  a	
  magneAc	
  field	
  the	
  equa,on	
  of	
  mo,on	
  for	
  a	
  
charged	
  par,cle	
  is	
  solved	
  applying	
  the	
  4th	
  order	
  
Runge-­‐KuWa	
  method.	
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z

x′′ = (kq/p)(ds/dz)
[
x′y′Bx − (1 + x′2)By + y′Bz

]

y′′ = (kq/p)(ds/dz)
[
(1 + y′2)Bx − x′y′By − x′Bz

] ,

ds/dz =
√

1 + x′2 + y′2

dx

dz
=

d

dz

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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√
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√
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)
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)
.
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[
x′y′Bx − (1 + x′2)By + y′Bz

]
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] ,
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dz
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⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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,

Ax Ay

Ax =
√

1 + t2x + t2y
(
txtyBx −

(
1 + t2x

)
By + tyBz

)
,

Ay =
√

1 + t2x + t2y
((
1 + t2y

)
Bx − txtyBy − txBz

)
.

p q B k −1 −1] = 2.99792458∗

10−4 x y z

x0

F = ∂x
∂x0

Transport	
  of	
  the	
  state	
  vector.	
  

Calcula,on	
  of	
  the	
  covariance	
  matrix.	
  

z

x′′ = (kq/p)(ds/dz)
[
x′y′Bx − (1 + x′2)By + y′Bz

]

y′′ = (kq/p)(ds/dz)
[
(1 + y′2)Bx − x′y′By − x′Bz

] ,

ds/dz =
√

1 + x′2 + y′2
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=

d

dz

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

x

y
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⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

tx

ty

(kq/p)Ax

(kq/p)Ay

0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Ax Ay

Ax =
√

1 + t2x + t2y
(
txtyBx −

(
1 + t2x

)
By + tyBz

)
,

Ay =
√

1 + t2x + t2y
((
1 + t2y

)
Bx − txtyBy − txBz

)
.

p q B k −1 −1] = 2.99792458∗

10−4 x y z

x0

F = ∂x
∂x0

This	
  can	
  be	
  solved	
  using	
  numerical	
  differen,a,on	
  or	
  
integra,on	
  along	
  the	
  “zero	
  trajectory”.	
  In	
  the	
  second	
  
method	
  4th	
  order	
  Runge-­‐KuWa	
  method	
  can	
  be	
  used.	
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Adding	
  material	
  
–  	
  Correc,on	
  of	
  the	
  mean	
  values	
  is	
  only	
  due	
  to	
  the	
  
energy	
  loss	
  
•  	
  ioniza,on:	
  Bethe-­‐Bloch	
  	
  

•  	
  bremsstrahlung:	
  Bethe-­‐Heitler	
  

•  	
  Total	
  energy	
  loss	
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(
dE

dx

)

ionization

= −Kz2
Z

A

1

β2

[
1

2
ln

2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
,

K = 4πNAr2emec2 = 0.307075 −1 2 z

Z A mec2

I Tmax

δ(βγ)

M Mβγc Tmax

Tmax =
2mec2β2γ2

1 + 2γme/M + (me/M)2
.

δ

δ/2 → ln

(
28.816

√
ρ ⟨Z/A⟩M
I

)
+ ln βγ − 1/2.

I Z

Z

I

I

I =

⎧
⎪⎨

⎪⎩

10 · Z, Z > 16

16 · Z0.9, Z ≤ 16

(
dE
dx

)electrons
ionization

= −K Z
A

[
ln 2mec2

I2 + 1.5 ln γ − 0.975
]

(
dE
dx

)positrons
ionization

= −K Z
A

[
ln 2mec2

I2 + 2 ln γ − 1
]

(
dE

dx

)

bremsstrahlung

= − E

X0ρ

(me

M

)2
,

X0 ρ

(
dE

dx

)muon

pair production

= −7× 10−5 E

X0ρ
.

∆ =

(
dE

dx

)

ionization

+

(
dE

dx

)

bremsstahlung

+

(
dE

dx

)muon

pair production

.

∆E = ∆ρl,

l ρ

q/p

q/p = q/
√

E −M 2,

E = E0 +∆E =
√

M2 + p20 +∆E E0, p0

M

(
dE

dx

)muon

pair production

= −7× 10−5 E

X0ρ
.

∆ =

(
dE

dx

)

ionization

+

(
dE

dx

)

bremsstahlung

+

(
dE

dx

)muon

pair production

.

∆E = ∆ρl,

l ρ

q/p

q/p = q/
√

E −M 2,

E = E0 +∆E =
√

M2 + p20 +∆E E0, p0

M

(
dE

dx

)muon

pair production

= −7× 10−5 E

X0ρ
.

∆ =

(
dE

dx

)

ionization

+

(
dE

dx

)

bremsstahlung

+

(
dE

dx

)muon

pair production

.

∆E = ∆ρl,

l ρ

q/p

q/p = q/
√

E −M 2,

E = E0 +∆E =
√

M2 + p20 +∆E E0, p0

M

(
dE

dx

)muon

pair production

= −7× 10−5 E

X0ρ
.

∆ =

(
dE

dx

)

ionization

+

(
dE

dx

)

bremsstahlung

+

(
dE

dx

)muon

pair production

.

∆E = ∆ρl,

l ρ

q/p

q/p = q/
√

E −M 2,

E = E0 +∆E =
√

M2 + p20 +∆E E0, p0

M
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Adding	
  material	
  
•  	
  Correc,ons	
  in	
  the	
  covariance	
  matrix	
  from	
  
mul,ple	
  scaWering:	
  
Es,ma,on	
  of	
  the	
  scaWering	
  angle:	
  
	
  
	
  
Correc,ons	
  in	
  the	
  covariance	
  matrix:	
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q/p

q/p

Q55 =
E2

p6
σ2(E),

σ2(E) = ξTmax(1− β2/
2) ξ = 153.4 z2Z

β2Aρl (keV )

q/p

Q55 =

(
q

p

)2 (
e

ln 3
ln 2

l
X0 − e−2 l

X0

)
.

Θ0 =
13.6MeV

βpc
z

√
l

X0

[
1 + 0.038 ln

l

X0

]
.

Q

Q ∆z

Q(∆z) =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Q33
∆z2

3 Q34
∆z2

3 Q33
∆z
2 Q34

∆z
2 0

. . . Q44
∆z2

3 Q34
∆z
2 Q44

∆z
2 0

· · · · · · Q33 Q34 0

· · · · · · · · · Q44 0

· · · · · · · · · · · · 0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Q33 = (1 + t2x)(1 + t2x + t2y)Θ
2
0

Q44 = (1 + t2y)(1 + t2x + t2y)Θ
2
0

Q34 = txty(1 + t2x + t2y)Θ
2
0

.

(z1, z2)

Q(∆z) =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Q33
∆z2

3 Q34
∆z2

3 Q33
∆z
2 Q34

∆z
2 0

. . . Q44
∆z2

3 Q34
∆z
2 Q44

∆z
2 0

· · · · · · Q33 Q34 0

· · · · · · · · · Q44 0

· · · · · · · · · · · · 0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

,

Q33 = (1 + t2x)(1 + t2x + t2y)Θ
2
0

Q44 = (1 + t2y)(1 + t2x + t2y)Θ
2
0

Q34 = txty(1 + t2x + t2y)Θ
2
0

.

(z1, z2)

where	
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Put	
  it	
  all	
  together	
  
•  	
  In	
  order	
  to	
  include	
  material	
  effects	
  correctly	
  in	
  the	
  track	
  propaga,on	
  

algorithm	
  one	
  needs	
  to	
  iden,fy	
  which	
  materials	
  in	
  the	
  complex	
  
detector	
  geometry	
  have	
  been	
  traversed	
  by	
  the	
  par,cle.	
  
–  This	
  is	
  done	
  by	
  the	
  geometry	
  naviga,on	
  algorithm	
  which	
  finds	
  intersec,on	
  

points	
  with	
  detector	
  elements	
  in	
  a	
  certain	
  interval	
  (z1,z2)	
  along	
  a	
  straight	
  
line.	
  

–  Implementa,on	
  can	
  be	
  based	
  on	
  ROOT	
  TGeo	
  package.	
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The	
  Algorithm:	
  
Trajectory	
  is	
  divided	
  into	
  steps.	
  For	
  
each	
  step:	
  

Straight	
  line	
  approxima,on	
  for	
  
finding	
  intersec,ons	
  with	
  
different	
  materials	
  (geometry	
  
navigator)	
  

Geometrical	
  extrapola,on	
  of	
  
the	
  trajectory	
  

Material	
  effects	
  are	
  added	
  at	
  each	
  intersec,on	
  point	
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Track	
  fit	
  QA	
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projected scattering angle [rad]
-0.01 -0.005 0 0.005 0.01

co
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te
r

1
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210

310 =0.00122fit  
=0.00117calc  

projected scattering angle [rad]
-0.001 -0.0005 0 0.0005 0.001

co
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r

1
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310 =0.000122fit  
=0.000116calc  

Θ0

σfit

σcalc

residualx = xMC − xrec,

xMC
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pullx =
xMC − xrec

σx
.

σx

projected scattering angle [rad]
-0.01 -0.005 0 0.005 0.01
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r

1
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310 =0.00122fit  
=0.00117calc  

projected scattering angle [rad]
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=0.000116calc  

Θ0
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σcalc

residualx = xMC − xrec,
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xMC − xrec

σx
.

σx

Usually	
  the	
  correctness	
  of	
  track	
  propaga,on	
  and	
  track	
  fit	
  algorithms	
  is	
  determined	
  
using	
  residual	
  and	
  pull	
  distribu,ons.	
  

Residual	
  shows	
  the	
  difference	
  between	
  
MC	
  and	
  es,mated	
  track	
  parameter.	
  

Pull	
  shows	
  the	
  correctness	
  of	
  the	
  error	
  
es,ma,on.	
  The	
  variance	
  has	
  to	
  be	
  1,	
  
mean	
  has	
  to	
  be	
  0.	
  

Example	
  from	
  CBM	
  TRD	
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Conformal	
  mapping	
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(x, y)

(u, v)

(0, 0)

α

y = a · x + b (x, y)

b = −x · a + y (a, b)

(xi, yi)

Ø  Conformal	
  mapping	
  is	
  used	
  to	
  simplify	
  track	
  topology.	
  
Ø  For	
  example	
  in	
  collider	
  experiment	
  with	
  a	
  solenoid,	
  where	
  tracks	
  are	
  circular	
  

trajectories.	
  
①   Conformal	
  mapping.	
  Transform	
  circles	
  into	
  a	
  straight	
  lines:	
  u	
  =	
  x/

(x2+y2);	
  v	
  =	
  -­‐y/(x2+y2).	
  
②   Histogramming.	
  Collect	
  histogram	
  of	
  azimuth	
  angles,	
  find	
  peaks	
  in	
  the	
  

histogram,	
  collect	
  hits	
  into	
  tracks.	
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Hough	
  transform	
  

•  A	
  point	
  (x0,y0)	
  in	
  the	
  measurement	
  space	
  (XY)	
  is	
  transformed	
  into	
  a	
  straight	
  line	
  b	
  =	
  
y0	
  −	
  ax0	
  in	
  parameter	
  space	
  (AB).	
  	
  

•  Points	
  on	
  the	
  straight	
  line	
  y	
  =	
  a0x	
  +	
  b0	
  in	
  measurement	
  space	
  are	
  transformed	
  into	
  
lines	
  intersec,ng	
  in	
  the	
  point	
  (a0, b0) in	
  parameter	
  space	
  	
  

•  If	
  parameter	
  space	
  is	
  discre,zed,	
  intersec,ons	
  of	
  lines	
  can	
  be	
  found	
  by	
  
histogramming.	
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Measurement	
  space	
   Parameter	
  space	
  

The Hough Transform is a standard method for curve recognition in digital images. 

Straight	
  line	
  example	
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CA	
  tracking	
  
•  Track	
  finding:	
  Cellular	
  Automaton	
  method	
  (I.Kisel)	
  

–  	
  Game	
  “Life”	
  
–  	
  Algorithm:	
  

•  Create	
  segments	
  between	
  hits	
  based	
  on	
  the	
  track	
  model	
  
•  Switch	
  from	
  hits	
  to	
  segments	
  
•  Find	
  neighboring	
  segments	
  (adjacent	
  segments	
  which	
  can	
  belong	
  to	
  one	
  
track)	
  

•  Count	
  segment	
  belonging	
  to	
  the	
  same	
  track	
  
•  Create	
  track	
  candidates	
  
•  Create	
  tracks	
  

•  	
  Track	
  fiqng:	
  Kalman	
  filter	
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Track	
  following	
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1km −
km

1km +
1kx +
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r
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r
kx
r
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r
kx
r
kx
r

1
k
kx +

r

1
k
kx −

r

1kx −

r
0x
r

Ø  Kalman	
  Filter	
  (KF)	
  
Ø  Valida,on	
  gate	
  
Ø  Two	
  hit-­‐to-­‐track	
  associa,on	
  techniques	
  

Ø  nearest	
  neighbor:	
  aWaches	
  the	
  closest	
  hit	
  from	
  the	
  valida,on	
  gate	
  
Ø  Fast	
  and	
  easier	
  to	
  implement	
  

Ø  branching:	
  creates	
  branch	
  for	
  each	
  hit	
  in	
  the	
  valida,on	
  gate,	
  select	
  the	
  best	
  
branch	
  at	
  the	
  end	
  
Ø  Slower	
  due	
  to	
  much	
  higher	
  combinatory	
  but	
  more	
  	
  efficient	
  in	
  some	
  cases	
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Track	
  finding	
  QA	
  

7/6/2014	
   A.Lebedev	
  "Event	
  Reconstruc,on	
  Algorithms	
  for	
  Modern	
  HEP	
  experiments"	
  

Tracking	
  efficiency	
  =	
  (number	
  of	
  reconstructed	
  tracks)	
  /	
  (number	
  of	
  tracks	
  in	
  the	
  acceptance)	
  

For	
  the	
  efficiency	
  calcula,on	
  the	
  level	
  of	
  the	
  correspondence	
  between	
  found	
  and	
  
simulated	
  tracks	
  is	
  es,mated.	
  

Track	
  reconstruc,on	
  in	
  CBM	
  TRD	
   Muon	
  track	
  reconstruc,on	
  in	
  CBM	
  MUCH	
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Event	
  reconstruc,on	
  in	
  RICH	
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RICH	
  =	
  Ring	
  Image	
  CHerenkov	
  

ü Event reconstruction includes: 
①  Recognition of Cherenkov rings 
②  Parameter estimation 
③  Particle identification 

electrons 

pions 
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Example	
  of	
  the	
  RICH	
  event	
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Red	
  –	
  RICH	
  hits	
  
Blue	
  –	
  reconstructed	
  rings	
  
Green	
  –	
  track	
  projec,ons	
  

Central	
  Au-­‐Au	
  collision	
  
at	
  25	
  AGeV	
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Challenges	
  
•  Large	
  number	
  of	
  hits	
  in	
  each	
  event	
  including	
  noise	
  hits	
  (around	
  1100	
  hits	
  /	
  event)	
  
•  High	
  ring	
  density,	
  especially	
  in	
  the	
  inner	
  part	
  of	
  the	
  photodetector,	
  overlapping	
  rings	
  

•  Different	
  number	
  of	
  hits	
  per	
  ring	
  (from	
  5	
  to	
  45)	
  -­‐>	
  hard	
  to	
  reconstruct	
  rings	
  with	
  small	
  
number	
  of	
  hits	
  

•  EllipAc	
  shape	
  of	
  the	
  rings	
  (mean	
  B/A	
  =	
  0.9)	
  

•  Fuzzy	
  ring	
  shape	
  -­‐>	
  op,cal	
  distor,ons,	
  photodetector	
  granularity	
  (0.58x0.58cm2	
  

around	
  10%	
  of	
  ring	
  radius),	
  residue	
  of	
  magne,c	
  field	
  

•  High	
  interacAon	
  rate	
  -­‐>	
  algorithm	
  must	
  be	
  fast.	
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Reconstruc,on	
  in	
  the	
  CBM	
  RICH	
  

•  a) schematic view of the STS and RICH 
detectors, STS track extrapolation and 
projection onto the photon detector 
plane 

•  b) the photon detector plane with hits 
and reconstructed rings 

•  c) RICH rings and STS tracks matching 
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Ring	
  recogni,on	
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Hough	
  Transform:	
  
large	
  combinatorics	
  =>	
  slow	
  
Localized	
  Hough	
  Transform:	
  	
  
much	
  less	
  combinatorics	
  =>	
  fast	
  

Hough Transform 
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Ring	
  selec,on	
  

•  Ar7ficial	
  Neural	
  Network	
  (ANN)	
  
derives	
  ring	
  quality	
  from	
  six	
  
parameters.	
  	
  

•  The	
  ANN	
  output	
  provides	
  a	
  ring	
  
quality	
  parameter	
  whether	
  ring-­‐
candidate	
  was	
  found	
  correctly	
  or	
  
not.	
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Ring quality parameters:  
1.  number of hits in ring;  
2.  chi-squared; 
3.  number of hits in a small corridor 

around the ring;  
4.  biggest angle between neighboring hits; 
5.  position of ring on photodetector plane;  
6.  radius 

ü  Final selection of rings from ring-
candidates to the output array 

ü  Check for shared hits between ring-
candidates 

ü  Reject candidate with worse quality if it 
shares more than 25% of hits with a ring 
candidate with better quality.	
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Circle	
  and	
  ellipse	
  fiqng	
  

( ) 2 2XP Ax Bxy Cy Dx Ey F= + + + + +
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Circle	
  fi]ng	
  –	
  ring	
  finding	
   Ellipse	
  fi]ng	
  –	
  final	
  ring	
  fi]ng	
  

• 	
  Newton	
  method	
  for	
  nonlinear	
  equaAons	
  
with	
  one	
  variable	
  is	
  used	
  
• 	
  3-­‐4	
  iteraAons	
  
• 	
  algorithm	
  is	
  very	
  robust	
  to	
  the	
  iniAal	
  
parameters	
  

• 	
  program	
  realizaAon	
  of	
  the	
  COP	
  (Chernov-­‐
Ososkov-­‐Prab),	
  based	
  on	
  the	
  minimizaAon	
  
of	
  the	
  funcAonal	
  	
   Conic	
  secAon	
  

Rings	
  in	
  the	
  photodetector	
  plane	
  have	
  a	
  
slight	
  ellipAc	
  shape	
  

• 	
  Taubin	
  method	
  is	
  used	
  
• 	
  Minimize	
  	
  P(x)	
  by	
  A,B,C,D,E,F,	
  but	
  measuring	
  
deviaAons	
  along	
  normals	
  to	
  the	
  curve.	
  	
  
• 	
  non-­‐linearity	
  is	
  avoided	
  by	
  Tailor	
  expansion	
  
• 	
  non-­‐iteraAve	
  very	
  fast	
  direct	
  algorithm	
  
• 	
  no	
  need	
  of	
  start	
  values	
  for	
  parameters	
  	
  

Mean	
  B/A	
  for	
  	
  
CBM	
  RICH	
  rings	
  	
  	
   =	
  0.9	
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Results	
  of	
  ring	
  fiqng	
  

•  The ring resolution is one of the 
most important parameter for a 
good electron identification in the 
RICH.  
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electrons 

pions 
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Ring-­‐track	
  matching	
  

•  In theory the track projection should be located in the ring center but in 
reality it is not always true.  

•  Matching is based on the shortest possible distance between ring centers 
and extrapolated track positions.  
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Electron	
  iden,fica,on	
  
•  Input parameters: 

–   A axis, B axis and rotation angle of 
ellipse 

–  Radial angle and radial position 
–  Chi2 of ellipse fit 
–  Number of hits 
–  Distance to closest track 
–  Momentum of the track 
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}  ArAficial	
  Neural	
  Network	
  (ANN)	
  derives	
  
output	
  value	
  from	
  nine	
  input	
  parameters.	
  	
  

}  	
  The	
  ANN	
  output	
  provides	
  a	
  parameter:	
  
whether	
  ring	
  was	
  idenAfied	
  as	
  electron	
  or	
  as	
  
pion.	
  	
  

}  The	
  cut	
  on	
  ANN	
  output	
  value	
  depends	
  on	
  
the	
  required	
  electron	
  idenAficaAon	
  
efficiency	
  (90%	
  by	
  default).	
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Ring	
  reconstruc,on	
  results	
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SimulaAon:	
  UrQMD	
  @	
  25	
  
AGeV	
  +	
  10e+/-­‐,	
  1kevents	
  

}  Efficiency	
  =	
  Number	
  of	
  correctly	
  found	
  ring/number	
  of	
  accepted	
  rings	
  
}  Electron	
  -­‐	
  electron	
  rings	
  with	
  at	
  least	
  7	
  hits	
  	
  	
  
}  ElectronReference	
  -­‐	
  electron	
  rings	
  with	
  at	
  least	
  15	
  hits	
  and	
  momentum	
  more	
  than	
  1GeV/c	
  

Number	
  of	
  ghost	
  rings	
  is	
  7/event,	
  	
  
and	
  1.8/event	
  aner	
  STS	
  matching	
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Systema,c	
  studies	
  of	
  the	
  reconstruc,on	
  
algorithm	
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}  Many	
  systema,c	
  inves,ga,ons	
  of	
  the	
  ring	
  reconstruc,on	
  algorithm	
  were	
  performed	
  in	
  order	
  
to	
  define	
  limita,ons	
  and	
  robustness	
  of	
  the	
  algorithm	
  to	
  different	
  experimental	
  factors	
  and	
  
obtained	
  more	
  precise	
  characteris,cs	
  of	
  the	
  RICH	
  detector.	
  	
  

}  reconstruc,on	
  efficiency	
  in	
  high	
  ring	
  density	
  environment	
  
}  less	
  number	
  of	
  hits	
  in	
  rings	
  

}  addi,onal	
  hit	
  error	
  
}  number	
  of	
  noise	
  hits	
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Electron	
  iden,fica,on	
  results	
  

•  The RICH detector alone yields a pion suppression factor of 400 at an electron 
identification efficiency of 75% for momentum range from 0 to 6 GeV/c. In 
combination with TRD a factor 13k is reached at 63% efficiency.  

•  Pion suppression is number pions which were reconstructed in STS and have track 
projection in the RICH divided by the number of pions identified as electron 
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•  Minimize access to global memory 
o  Approximation of the 70 MB large 
magnetic field map 

§  5 degree polynomial in the detector 
planes 
§  parabola between the stations 

•  Simplification of the detector geometry 
o  Problem 

§  Monte-Carlo geometry consists of 800000 nodes 
§  Geometry navigation based on ROOT TGeo 

o  Solution 
§  Create simplified geometry by converting Monte-
Carlo geometry 
§  Implement fast geometry navigation for the 
simplified geometry 

•  Computational optimization of the Kalman Filter 
o  From double to float 
o  Implicit calculation on non-trivial matrix elements 
o  Loop unrolling 
o  Branches (if then else ..) have been eliminated 

All these steps are necessary to implement SIMD tracking 

Op,miza,on	
  of	
  the	
  algorithm	
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•  SIMD – Single Instruction Multiple Data 
o  CPU’s have it! 
o  Today: SSE - 128 bit registers 

§  4 x float 
o  Future: AVX, LRB 

§  AVX: 8 x float 
§  LRB: 16 x float 

o  Benefits: 
§  X time more operations per cycle 
§  X time more memory throughoutput 

•  Multithreading 
o  Many core era coming soon…  
o  Tool for CPU: Threading Building Blocks 

4 concurrent add  
operations 

S. Borkar et al. (Intel), "Platform 2015: Intel Platform Evolution for the Next Decade", 2005. 
Cores 

HW Threads 

SIMD width 

•  We´re already at the age of parallel computing 
•  Parallel computing relies on parallel hardware 
•  Parallel computing needs parallel software 
•  So parallel programming is very important 

o  new way of thinking 
o  identification of parallelism 
o  design of parallel algorithm 
o  implementation can be a challenge 

 

Parallelism	
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•  Vectorization of the tracking data 
‒  Xvector contains (X0,X1,X2,X3) 

•  Vectorization of the track fitter algorithm 
‒  SSE instructions were overwritten in a header 

file  
•  All	
  tracks	
  are	
  independent	
  and	
  fiWed	
  by	
  the	
  same	
  algorithm:	
  4	
  

tracks	
  packed	
  into	
  one	
  vector	
  and	
  fiWed	
  in	
  parallel	
  

Finally	
  SIMD	
  version	
  of	
  the	
  track	
  
fiber	
  can	
  fit	
  4	
  tracks	
  at	
  a	
  Ame!	
  	
  

SIMDiza,on	
  of	
  track	
  fiWer	
  



for (nofTrackSeeds) 
    Follow each track through the detector 

 Pick up nearest hits 
end for (nofTrackSeeds) 

Can not be directly used in SIMD approach, so it has 
to be significantly restructured! 

Serial	
  tracking	
  implementa,on	
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for (station groups) 
    parallel_for (nofTracks/4) 
        PackTrackParameters 
        SIMDPropagateThroughAbsorber 
    end parallel_for (nofTracks/4) 
    for (stations) 
        parallel_for (nofTracks/4) 
            PackTrackParameters 
            SIMDPropagateToStation 
            AddHitToTrack 
        end parallel_for (nofTracks/4)         
    end for (stations) 
end for (station groups) 

Parallel loop 

Parallel loop 

Parallel	
  tracking	
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Computer with 2xCPUs Intel Core i7 (8 cores in total) at 2.67 GHz 

Time [µs/track] Speedup 
Initial 1200 - 
Optimization 13 92 
SIMDization 4.4 3 
Multithreading 0.5 8.8 
Final 0.5 2400 

Residuals	
   Pulls	
  

X	
  [cm]	
   Y	
  [cm]	
   Tx	
  
*10-­‐3	
  

Ty	
  
*10-­‐3	
  

q/p	
  
*10-­‐3	
  
[GeV-­‐1]	
  

X	
   Y	
   Tx	
   Ty	
   q/p	
  

0.38	
   0.39	
   9.1	
   8.7	
   3.4	
   1.02	
   0.99	
   1.08	
   1.08	
   0.92	
  

Track	
  fit	
  quality	
  

Speedup	
  of	
  the	
  track	
  fiber	
  

Throughput: 2*106 tracks/s 

Performance	
  of	
  the	
  track	
  fit	
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Simulation: 
•  1000 UrQMD events at 25 AGeV Au-Au collisions + 5 µ+ and 5 µ- 
embedded in each event 

Time	
  [ms/event]	
   Speedup	
  

Ini,al	
   730	
   -­‐	
  
Op,miza,on	
   7.2	
   101	
  
SIMDiza,on	
   4.8	
   1.5	
  
Mul,threading	
   1.5	
   3.3	
  
Final	
   1.5	
   487	
  

IniAal	
  version	
   Parallel	
  version	
  
Efficiency	
  [%]	
   94.7	
   94.0	
  

Computer with 2xCPUs Intel Core i7 (8 cores in total) at 2.67 GHz 

Speedup	
  of	
  the	
  track	
  finder	
  

Performance	
  of	
  the	
  parallel	
  tracking	
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Thank	
  you	
  	
  
for	
  your	
  aWen,on	
  J	
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