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& ML

+F AL EREA BREMESTELAM AR
taELeT ik, EA LGB oHGERIR AR
tBRAMEeTERM ETLYH A KL

4 & 4z (Approximate), i& & = (fast)

— ¥4 (Precise), & A& (slow)
tFHAELEBGRIEMNF, oA 2% 534 K & 5
A~ BARH
4+ 2D Circle fitting (24 @ /A ¢ &, 1A, — A5 B T & 4% b bk ik 65 I
A ik)
4+ 3D Helix fitting (3 % 3% 3% £, 44 4")
2 EBATEH4 T A,

4+ Global least-square method (3& J~ = F & 3% 4~)
4+ Kalman filter method
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Circle fitting: Least-Square method

3 parameters for each circle: x_, y_, R

pi=pwi+SDi°tan6’L HA R

Track ¢1 — ¢ce11 + (SDi + SW)/pl *&——b-ﬁ

RATTEIX-Y2ITEEE:  (0,¢)—(x,0,)

7= 3 @-R)

TN [P

RSB0
RBFEAR

b d ~REBAN 7 12[x -+ -0 f-R] SRAR I
(2R>

+8



_Circle fitting: Karimaki method

e IE[X i f 42} -R]

(2R)

KR /NS, R FRLWERRE, R B EEix/F
RELFEM, KarimakiAERTLIEEKERBESH,
AREA, Karimaki G EB ST IEIERE, AILIGH
*ﬁiiﬁ?ﬁﬁ"]mﬂﬁﬂ 5[

1B 2 Lian7E R FE LS8, &M A T Karimaki& i&
& BT

N 5+ BES2, L3, OPALZF
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Circle fitting: Riemann fit (I)

x. =R, cos¢i/(l+Ri2)

E% <2R S Bk

TLXA“'“ = RFAEZEE

&l < ZE|8)E

L [H B9 |a) &



Circle fitting: Riemann fit (II)

B E B R AR Zn = (n,n,.n3) F1*

L HE 2R R A ER B C

2
S = E(c+nlxi +1n,Y, +n3zi)

— zdf
XTSRRI, 2 ‘JﬂZT?ﬁ#Tﬂ?ﬁ%%ﬁBEiﬂﬂEE’]lﬂ

REKEINSHEZERER
R BELLERS, _H’EJ'"
PR e il . &6
T L EHmE o E
B2, el LifHKalman
Filterf) =& 155

Karimaki

151 F : ATLAS ,CMSZF

N,
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Helix fitting: Least-Square method

A ) track
W, W, wire /

— di
u
a
Pi
d =u-v A
ﬁi=\7vi_13i9 {71 =%
wxt| e
| HEiitE RS EITE
AEEHRAR

MF TR BEH BB EARD L
HENRBREBUEBALNLEARD
Jacobian)

3 RU X MALEBEEELE

oA EH MDA YHY, ARL BER
Bl

d, = (VD -TD)cosﬁL

N e

a=a,+V,A'V,'(d, -d,)
x =d,-d,)'v'(d,-d,)
vV, = <5a5aT> = (ATVY‘IA)_1

od _ : 1
A=—, V= dlag(—z)

oo o
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Kalman Filter

15



‘Kalman Filter 412

+1960%,4 & 7 & % ®Kalman £ & 7 %% &, %] A & =
F ik, Bk BB AR

41987 # Frithwirthfe.Kalman filter i 3| & F ¥ 22
2Bt E

+ Kalman filterdy — % 7| i% y2 & 5 A X 4§ £

*%ﬁﬁ?ﬁﬁﬁﬁ%%ﬁﬁg&ﬁ&*Tu%ﬂﬁ?ﬁg
f’éf’ zgéﬁ& SEERAEHBRAGOKRE ER T EY ¢
A

tERSRARBATATETHEZR P GAKGHALL
'ﬂ%&&§4u5§£ﬁkaéwA%ﬁ%

4+ expectation
ellipse

+ hlt/ tragk/v

candidate e
4+ modified

trajectories

+extrapolation
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Kalman Filter

HWIITTRIES:

State Vector

1. Prediction
2. Filtering
3. Smoothing

17

Filtering

“virtual” measurement

m, V., m,V,

state vector
of prediction

n n n n
n? (jll:l X2n: C2n Xk-l > Ck—l Xk R Ck Xn’ Cn
state vector of smoother

Smoothing



—~ 2R B OMAED BN

State Vector Error Matrix State Vector
Example
True Vector X C 5 helix parameters
d,d K,
Predicted Vector xk -1 C k-1 5 predicted helix
k k arameters
’n9d79K’¢091’
Measured Vector m, Vk Drift distance d,;,;;
Updated Vector X C 5 updated helix
g K Rargmeters
Smoothed Vector n C n 5 smoothed helix
Xy k parameters

Dynamic equation:
x(t,)=Fx(t,_)+n, cov(n)=0

18




ﬁluation for state vector

RSB A IEAE E—INRIBRS

E A BRI ZIAIRSE

xk=Fk

—lxk—l + 77k—1

cov(n,_,) =0,

F fR4%EF%E, n,  REABIRHNIRE

NMEAE:FHFBENNESIRESEKEN KR
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=Hkxk + £,

cov(e, )=V,

H, JXIL,\?E%kai)”\U%%mkE"Ji%E%E|3$
& /JHUE'IEE%



P_rediction

+a RO RE LT ORI

'Iklu\%iﬁqg*i

k-1
Xy = Fk—lxk—l

1R Z= FE AR E:

Ck B = F Ck leTl T Qk—l

NEFRSRERE
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Filtering

tRELFTEAFTARABAN B FTHEY AN THKE
+EATORELETH TG AT TR UBRARH &4

-1

c,=[(c) +H! Vk‘lHk]

Kk:Kalman K, =CTH[V,+H C""IHT]'1 %Elﬁﬁfﬁ*
@E%EBE Bk k| TR ke Tk i)h/)\JEaﬁﬂ
C, =(I-K.H,)C™
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Smoothing

+FA AN ETHOERE(RE—F). QP LT G T,
A2 ST G RELETHITEH

tdEREARRALELS, TR ERARXEG T W, # R
o 4 &7

i@ X =X, + A, (x;: — xllj_l)

= KRSEBIOBEL
e () DEEAEEES
|| A arnla F LT EET
e

- Cii=C+4, (CZ - le_l)AkT—l

N

22b e =Y 0 S wE R e=Y: Ol VH

o
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Backward Kalman Filter

4+ Kalman Filter & — % —

& oo | F &,

4+ B & Kalman Filter| 2 g1 i & — o] & &
+ & & Kalman Filter X #& % ” # & & ” Filter, V,2-V,

X =cy [(C;: )

n Ty -1
Xy _Hka mk]

c = [(C;; ) -HIV'H, ]_1

77

23

H

K =CH!(-V, +H,C/H]

k k™" k

cr=(1-K7H,)C;

n* n n* n
x, =x, +K, (mk—Hkxk)

Hh

=g

H, klu\%iﬂqﬁ

T



Kalman Filter extention

+ %
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]

i
A%
K&
- %

AT, T foM Ta s 5 —BAR

9 IE & & .

5 4
QO ERTIEA N TR EFTERMEME
& F %A LG Kalman Filter

LA tE

x:-1 =fia(X)=f_(x)+F, _(x-x,)

F

_fi (%)

el =

ox

| = M a2 75 2

R,
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m, = h,(x)~h, (xt)+ H, (x-xt7)

XE
ox x=xh-l

13" B BKalman Filter 5%, — %%



Track fitting: Kalman Filter method

k—1 reference surfaces k

1% AR M- 14

¥ 3. h R Ao B
5l bR D ki
Ba2HbHTTAL
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Multiple scattering effect

Z4 S
TEZECHSME E
o Vet S, N $
2 RG] I B 1R N
IBipHT, NG £ N
Aot S5 AL 2 7 43 i . 5
(98%), KRAENNEHE
KRE,

t: direction of motion ) )
L: the thickness of material

— 0; and ¢ are orthogonal
o = 7 == t t ) .
XO' ZFEH %T_I-'I:Trx_ to the direction of motion O: scattering angle

0o: RMS of 6
13.6MeV | L
Gy, =0, = ; /X
P 0

B B RERSS RN /)N, “ B RLF B 2 RS RN K
% ReX Gt bR T &2 AL FRYBEN 73 [F UG, 2R AL F R iE
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Multiple scattering effect

*hLLETFTRERDLG
ANF & AL E A, (5in 6,09,
QLEAB BB I T 86, da da Lda Lia
F o AR Fodz B 4B ba=M sx, /L | M= sinf,dp, 06, ox, ~ ox,
#% 2 19 /5 4 # I G ik

+ & F 3 RKH A (100
dAE ot R BGRM: 2 (sasa’)=oim| O L O W2y
LTI} a0 a0
SR B R A R oo,

Sl 22 SRR I AR T
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dE/dx effect

2 n2 2
_ =K22 Z% llngmec /52}/ Tm
dx A B2 I
SHEF it MO
BRI B E S "
EAMEAYRTPHEERRERL
{EBEm: 1/p2

ax_/jz_g ’Tmaxzzmeczﬂzyz

< < KT\ 500 MeV pion in silicon

AR 640 um (149 mg/em?)
[\ ——— 320 um (74.7 mg/cmz) .
160 um (37.4 mg/cm2) 1

80 um (18.7 mg/cmz) ]

10 !
8 E ' i | |" Mean energy 1
L 1E I I,' Aplx \ loss rate 1
0.2 -‘ f 1
- SE 0_0'““-1';“"’. ST SNSRI 1 W
w4 E- 100 300 400 5 600
% E Al/x (eV/um)
= gl
z? X Ty
5 D E e Y
8 o9 15
T
| B BRI RS
1 R R, %I%HISEJ”\ . 2233 ) :
0.1 1000 1000C¢

EERK, #¥ LRAAED Al
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Correction for the energy loss

HTHEEEAR | CE—T5EBENRAXNER

VA
t t t i 2 n2. .2
Ap=fd—pdx=fl@dx=f% log 2m.c By _ﬁz_é
) dx ) b dx ) b | I 2_
p=—>r— pr=L
Jp?+m m

=6>0.70, BEFIT U9 % 2 S PBUERT, BEF L IR R

a] ARl AR AL N3 — D AR 2 T EF AR
FITE R KE B —FEETT R FAIS B/ XX
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Bremsstrahlung effect (& £ 4§ &

+ ﬂﬂ' &, 5, }(: %ﬂ‘ { Point of radiation
5 e F + o
T %

VT L2 =

< after > €Xp L /
before XO y, '

g Magn;ﬁc field

BRI F RS, th i IR =50 %
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Eh&X . LS

ptot_trk

300[-
250
200 E
150f
100f

s0[

ptot_f

trkhp
x2 I ndf 700/ 51
Constant 269.9

Mean 0.2762
Sigma 0.00374

| ptot hp

|
IHTE MR E 2%
INEHIEI=
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80
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0.3009

A iE g 4b

" fzh g

, ~301MeV/c

¥Indf 2261/19
100E Constant 100.4
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300MeV/ctg & F

0.3 0.31 0.32
fhp ptot_| Thp
x2Indf 39.63/25 ” %2 I ndf 621/35
Constant 69.15 Constant 75.6
Mean 0.2803 70 Mean 0.276
Sigma 0.002469 60 Sigma 0.002791
| 5 |
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— — A 40 = —
%i\ }_zzsﬁ-': ° xE—EGTH®
. ==3 —4H =
k E/] Ej] E 20 ﬁ E’s] Ej] E
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4+ Kalman Filter=z &
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*RBBELRE—~NEEATHRAHN L GEE
+Smoothing: A& &S —AN4& AFilteringe #| % —
N, SHAAGLAEAT R LGHEAL
+A AR R Ly L
2 E M (T4 442 Al Kalman Filterz & )

36



BEEROAARY

+ 4 &4
BEXIATRARLGTERGALHF LR
+ # 114
HERE. FHITX
+ 544
FPGA, GPU, ASIC, neuro chip
+F i b o-gh A4l
CECRCS Bk E
BT % R 8 e K I

37



Tracking Trigger Requirements

PU=140,14 TeV
+ Tracking information for the Level-1 (L1) s T e =
hardware trigger system in the form of fully £ osl L
reconstructed fracks will be essential for o v
maintaining trigger performance. °F . 1P} >20GeV

« Current L1 trigger menu at pileup 200 04F o ehare
WOUld reqUire 4000 kHZ! 02:’_ —-_":"' —;; L1TrkM‘u‘(Pl:L|sle‘II:vm(qunhl)tsin:zmnons)

« Adding tracking information to L1 trigger ol o TR vt OO
objects would reduce rates down to 500 © P T Psimilated muonp Tevi”
kHz. ~ PU=140,14TeV

oo ¥ CMSPhaseII Slmulatlon
- Total L1 latency limited to 12.5 s: = b B

« 4 s allowed for frack reconstruction B R

following readout electronics generation, g10'e "% i<24

packaging and fransmission from the o o “"
Data, Trigger and Control (DTC) system. 10F

Plots from CMS Collaboration, “Technical Proposal for the Phase-ll Upgrade  E M sasase
of the CMS Detector”, Technical Report CERN-LHCC-2015-010. LHCC-P-008.  * 0 15 Muof\smgge,p fh,eshold Cevp
CMS-TDR-15-02, Geneva, June 2015.
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Slmulatlon of plle—up
at CMS in r-z plane

Wireless Data Transmission
For High Energy Physics Applications

S. Dittmeier for the WADAPT working group
Physikalisches Institut, Universtitat Heidelberg
06 March 2017
Connecting the Dots / Workshop on Intelligent Trackers 2017

LAL - Orsay PT
MAX PLANCK




Demonstrator System

data flow

Demonstrator system at Tracker Integration Facility, B186, CERN
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FastTracker (FTK) System in ATLAS

» Goal of FTK:

» Track fitting on 12 layers of hits from ATLAS Inner Detector
» Total expected latency: 100 us

» Event rate: 100 kHz, thousands of charged particles/event
» Faster on FPGAs

» Challenges to fit entire detector: massive combinatoric problem
» Strategy: parallel processing + staging

600 \
| I plane
plane
== plane
= plane

500 S ‘ |
== plane

. BCT Layers | |
= plane

== plane
== plane
== plane
== plane

plane

Radius [mm)]

Pixel Layers Il

- s WoONOOOLAEWUN-O

- o

== plane
.....

PR T S— | " " PR TR S T S S e
-3000 -2000 -1000 0 1000 2000 3000
z [mm]

ATLAS inner detector
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Strategy of FTK

» Divide detector into 64 regions for parallel fitting

» Region small enough that linear approximation is accurate
» With enough overlap to ensure efficiency

» Pattern recognition + two stages of fitting

» First stage: 8 layers (3 pixel+5 SCT layers)
» 0.5 trillion linear track fittings/s on Auxillary boards (AUX)
» Per FPGA: 1 GigaFits(GF)/s

» Second stage: 12 layers linear track fitting

Innei Detector
- Associative
Input Mezzanie Memory
l Board

600
= !
E '
3 =
kS 500 +
\
}

400 —

]
Auxillary Board

Data Formatter < 8 layers) >

v
= . et HLT
100 — Plxel LayeI'S II I 3 5 Second Stage FLIC
Board (12 layers)

CT Layers

|
300
\

ATLAS inner detector with 8L marked FTK workflow
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First Stage Track Fitter

>

Pattern recognition board selects all patterns with potential tracks
and send to track fitter
» Majority logic: require at least 7/8 layers match a simulated pattern
Fit all hit combinations (1 per layer) in each pattern:
» Fit at least 7/8 layers of hits
» Pattern 1: 6, Pattern 2: 6, Pattern 3: 4, Pattern 4: 12
Pattem 1 Pattem 2 Pattem3 Pattem4
A - = » 4 » :
» » "
Lﬁfyers ) x "
* :
» Y xp *
¥ ks
* . *
¥
5 A ¥ ¥

A A A Paricesfromcollisions
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» Calculate x? for all the hit combinations for first 8 layers
> = Z,N\ (hi + ZJ’.V*’“S Sii x coord;)?, h;, S; constants
» Calculate the best possible hit for layer with missing hit

offline on chip

~1 —1
> xj = C; tj, where C;~ «—— §5jj, tj «+—— Sjj + coords

Pattem 1 Pattem 2 Pattem3 Pattem4

A A A Particles from collisions
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» Only the best x? track is kept if multiple tracks share at least 6 hits

Pattem 1 Pattem 2 Pattem3 Pattem4

A A A Paticlesfrom collisions
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HAT WS B BT fi

4 Initial parameter scanning by GPU(CUDA)

Find a distance between
the track and a hit
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rcarney@Ibl.gov TrueNorth IBM

2011 - a single core demonstrator

SP"’ #s Oub-<aBplkes |0
l usp
bpike In

Core Axppsfrom k
e USB’ g ¥ B High resolution Low resolution
12 5 3
o 5 18
| Fs
1L whero
L
What'Where @

Person @
1. Cyclist®
Carll
Bus(]
Truck )

[\

* Project is from DARPA SyNAPSE: metric of a one
million neuron brain-inspired processor.

* Not biologically motivated! Low power, scalability,
and connectivity were the motivating factors.

* (Unofficial) summary of project here.
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