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1 Introduction

The experience of Artificial Neural Network (ANN) applications shows their effi-
ciency for solving of various optimization and recognition problems. ANN are, in
particular, used for track finding in experiments in elementary particle physics [2,
3.4, 5]

Special efforts were made to overcome difficulties caused by the presence of back-
ground and noise points that leads to considerable worsening of the accuracy of the
statistical characteristics of track parameters. These efforts were carried out in dif-
ferent ways. The cellular automaton was designed especially for preliminary data
filtering to speed up the Hopfield ANN evolution on the rest of data [6]. In [7} the
modified rotor ANN searches for track points avoiding background points due to a
carefully elaborated initial configuration of rotors and robust synaptic weights.

One should realize, however, that in the applications listed above ANN’s were
used for the recognition of track points only. The explicit estimation of track pa-
rameter that is, in fact, the aim of physicists is usually to be done at the next step
of data handling procedure by one of the robust version of the least square methods
(LSM) (see, for example, [9, 1C]).

Therefore the deformable template approach {11} (called also the elastic arm
method) looks quite promising, since it combines both the ANN evolution and the
robust LSM for explicit estimation of the track parameters.

In the given paper we propuse our modification of the deformable template
method (DDTM} application to the problem of track finding and track parameter
determination for data detected with high pressure drift tubes (IIPDT) in the de-
sign of the ATLAS for the muon spectrometer experiment [1].

Our D'TM applications consist of two parts, according to two stages of the study.

The first part relates to the stage of HPDT study on the CERN muon beam
(BEAM-TEST, 1992-1993 [1]) with the simplest one-prong events without noise
signals, where the main obstacle is the left-right ambiguities for each tube. In the
second part more complicated HPDT data are to be handled with noise signals and
the arbitrary angle between track and Z-axis. It was shown that the suggested
DTM development solves the problem of track recognition and track parameter
determination for both noiseless and noise data. Results are obtained on the real
beam test data and on data simulating the muon spectrometer on the basis of HPD'T.

2 Problem formulation

The HPDT spectrometer consists of modules with two superlayers each. The super-
layer (see fig. 1 and [1]) is formed by three layers of HPDT’s arranged in honeycoimnb
order. All tubes have the same radius R (15mm). In the middle of every tube there
is an anode wire with known Z X-coordinates. Any track passing both superlayers at
the moment 7} produces N signals (in the ideal noiseless case 1 < N < 6) registered
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Figure 1,

as drift time ¢;, : = 1,V after 7. The value of N depends on track parameters
and the tube efficiency (about 99%).

The time t; measured by the i-th tube surrounding the wire with coordinates
(Z;, X;) is proportional to the radius R; < R, which determines the circle on the
ZX-plane. All R, are independent and normally distributed with mean square
deviations o;.

Thus the mathematical formulation of the problem is to draw the track line
tangentially, to all these circles (see fig. 6, 7). Therefore we do not consider cases
when N =1 or N > 2, but signals are registered from the only one (left or right)
superlayer.
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Figure 2.

In the BEAM TEST stage of our study we have to find the track parameters
under the following conditions:

e one-prong events only;
e tracks go in plane perpendicular to the tube anode wires (ZX-plane};
o tracks are straight lines, no multiple scattering is present;

o the track slope to the Z-axis is small (< 29);



e the time measured by a tube is proportional to the minimal distance from the
track to the tube wire in the ZX-plane, errors have gaussian distribution, they
are independent in different tubes.

Under these conditions our problem of track recognition and its parameter esti-
mating can be solved by minimizing the LSAM functiopal
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Here we denote as «, b track parameters, i.e.;, X = aZ + b; D;(a,b) — distance
from the :-th tube anode to the track, for straight tracks it is given by the formula

\! — (LZz — b
Di(a,b) = : (2)
Vat+1
where Z;, X; - coordinates of ithe wire; R; — distance measured by the tube; S,
is equal to —1 if the wire lies under the track, or to 1 otherwise (up and down
identifications); &; — errors of tube measurements. The sum in equation (1) is

taken over all triggered tubes.

We want to minimize L; with respect to {S;} and «,b.

Due to the above conditions a < 1, so we can neglect the value a* in (2) and for
the fixed set of values {5;} the optimal values of a, b for L; can be obtained as the
solution of the normal system of the linear equations produced by differentiating of
L, by these two parameters.



In the case of non-fixed S; the minimization of L, is fulfilled by our modification
of deformable templates. 1t'll be described later, since [; minimizing is a particular
case of more general problem considered in the next stage of study.

In the second stage of our study we have to solve an analogous problem, but for
tracks going at an arbitrary angle to the axis Z and in the presence of noise signals.

The latter circumstance leads to a serious difficulty in HPDT data processing.
which was not surmounted, for instance, in [8]. Noise measurements are not included
also in the functional (1).

Let us include noise signals in our formalism. Whenever the :-th tube produces

the signal measured as R;, we attribute it to a noise measurement, if the following
condition holds: :

(Di(a.b) — Ri)*

0.2

>\ (3)

Here a,b are parameters of the true track and A is the constant (we state it by
VA = 3.5, which corresponds to the 99.9% confidential level under the assumption
of the R; normality with the standard deviation o;).

The variable S; = +1 in L; points cut how the given track is situated {upward-
downward) relative to the tube center. It would be quite reasonable to supplement
this variable by a special state for cases of the noise measurements.

At this point of our consideration the conception of neuron is needed (in tact,
there is a close connection between neural networks and deformable templates 10,
11]).

We define the neuron as two-dimensional vector ,5t = (8F,57)

1!

with values (1,0),(0,1),(0,0) corresponding to three situations:

o track goes upward to the i-th tube center;
e track goes dounward to the :-th tube center;

e H; measurement is noise, i. e., (3) holds.

Now we can generalize the functional L for cases of noise signals in the following
expression:

ab) ~ D,‘G,b -I-Rz'2 N, .
L= Z{ Dot BeD) ls,—*} FAS(SH+S7) - DA (1)
t 1 =1
Thus the problem of the full track recognition, 1. e., all track points finding
and track parameter estimating, is reduced to minimizing the functional L with the
following constraint for the vectors S; :

St 87 <1. (5)

One can see that both functionals( 1) and( 4) have a form similar to the method of
deformable templates {10, 11]. So we can apply the minimizing procedure developed
for it, so-called EM-method. It consists of the following steps:
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I. Find initial approximation for a. b {5},
2. Iterate through:

(a) given a. b Bnd S, in cach tube: ST = S(a.b. S7)

(b) from given S, find a®*!, ot

3. Stop if the minimum has been achieved, 1. e.. S = ST (e —a™| < Agyon.
1 o
]bn-+— o hni <. Aﬁ)s:”p_

The possible version of the renewal procedure for vectors S; in the iteration pro-
cess could be based on the stepwise function S({S;}. a.b) of the argument sign(D;(«, b)),
However this procedure has an essential disadvantage such that with a big proba-
bility the functional L could fall into one of its local minima.

From various tricks to avoid sticking to local minima one can trv to use combi-
natorics to search for the best nitial approximation (see step 1 above). However,
just 1n our case of false HPDT signals and the great level of noise this way 1s not
effective,

We choose the way recommended by the deformable template theory [10] to
replace the stepwise function S{{5,}. ., b) by a sigmoid function. According to this
method. we suppose that our system is situated in a thermostat with the temperature
T'. so the probability to have parameters {5, }.a, b is given by the canonical Gibbs
distribution:

1 rusiyan

e S (6)

P[{S_;,} a.b] =

where

H=% P{S}.ab.

{5, bab

Let us denote

(. b) — R)* R (Dila.b) + R;)? iy

G_‘Z 1 ? 0_2 T’

t 1

Then, we should calculate the marginal probability distribution

Poula, bl =5y PI{S},a,b]. This gives

Ppla,b] = L ettt = L S e F (4 ST A ST NS +57)-07)
H {5) H Sy
1 i A IRY:
:EI—II p_%_}_p_'f‘ +p_7‘ p— E{-—e 'llf‘Efff‘



where
A 4 a
Eeopp =T log (e’l_“ +e T fe” T) :

Let’s find derivations of F,.;; with respect Lo parameters a,b. We denote as x any

of a,b. Then

+

a- -
aEfff:Ze "o e T (7)
Oz N G SR
e T 4+e T 4e T
Comparing with
' aL  — ,._0d] od;
inhafes J et U o gt I 8
Neky Zt‘ 'Oz o dz (8)
we obtain the procedure of parameter {.‘:’;} renewal in the next step of iteration as
follows: 1
5: = d7 - d” - dt (9)
l4+e 17 4e T
1
+
Si - at - dt a7 ° (10)

l4+e™ T +e T
From (9-10) one can see the sigmoid shape of the function S({;S_v:,'}, a,b). The higher
the temperature T, the larger uncertainty of the track passage in respect to the i-th
tube (i. e., S} = §7), but if the temperature T is small one has S ~ 1 , 5F ~ 0,
or vice versa. Thus, decreasing sequentially the temperature (so-called “simulated
annealing” procedure, see, for example, [12]) one can force the functional L to
approach its global minimum in the iterational process.

3 Algorithm implementation

3.1 Problem linearization

It is obvious that in the case of the arbitrary track slope to the Z-axis the value a? in
(2) is no more negligible and the problem of L minimization is not linear. However
we found a way to obtain the new values of parameters (a, b) in the second step of
the EM-method by solving the equation system linear in respect to a,b.

The idea is the following: to use the a priori information about the centers of all
tubes in order to fit a straight line to the centers of these tubes, producing signals.
The parameters a, b of this line remain fixed during the given step of T of simulated
annealing iteration while the increments Aa, Ab are treated as fitted variables. The
formula (2) changes as



D-(a b)"’ X,-—(a-I—Aa)Z,'—(b%— Ab
o \/(a+/_\.a)2+1

It seems there i1s the non-linearity due to Aa in the denominator. However, the
ratio ((¢ + Ae)* + 1)/(a* + 1) = 1 4+ Aa(2a + Aa)/(a® + 1) tends to 1 for vanishing
Aa (see also the distribution of Aa(2e + Aa)/(a®+ 1) denoted as Aa/A in fig. 2 for
the set of modelled events). Therefore, we can neglect Aa in the denominator of

(11).

; (11)

= -
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3.2 The algorithm of the global minimum search

The global minimum search of the functional L is implemented in three steps.

Step 1. The iterational process of the EM-method is going on with the big tem-
perature and the big value of the constant A in the noise criterium (3).

Step 2. The straight line is refitted with the starting values obtained in step 1.
The temperature 1" and the noise cut-ofl both are decreased and EM-iterations arc
repeated till the convergence or exhausting of the ileration limit.

Step 3. Analogous refitting with the temperature close to zero and VA = 3.5.

At the end of every step the minimum value of the functional L with fitted
parameters {gi},a,b is calculated and compaved with L.,. The cut-off L., was
calculated in advance from the distribution of L for simulated events. As soon as
I < Ly in some step we finish the whole procedure considering the given event (a
track) as the recognized one. Otherwise we go to the next step,

There is no guarantee that the algorithm described above must definitely find the
global minimum of the functional L. The efficiency of our algorithm varies between
75% and 85% in different series of event simulated by the program GEANT [13].

To increase the efliciency of our algorithm it was completed by auxihary heuristic
procedures elaborated after the careful study of many various situations of mutual
dispositions of useful and noise siguals in real and simulated events.

e Very reliable is the method of sequential rejecting (MSR)) of every measurement
B; from the full set of {R,} assuming R; to be a noise whenever such an
assumption is attainable (senseless to reject the only measurement in one of
superlayers). In case of the true assumption the MSR gives a considerable
decrease of the L-minimum. However the MSR is too time-consuming , so we
apply 1t in our algorithm not al the beginning, but ouly when two following
heuristic failed.

o Among different reasons of L > L., one appears often when the starting line
is fitted wrongly due to the presence of an outlier in one of superlayer |, 1. e.,
the noise tube is situated far from the true track position {see fig. 8). Our
trick is to split the Z X -plane into two semiplanes by this starting line and to
applay our iterations to both semiplanes separately.

o If in both semiplanes one obtains L > L., again, we repeat the EM-iterations,
but with the starting line previously changed. Namely, we attempt to apply
small parallel shifts by changing the parameter b : b + b, or, if necessary,
small variations of the parameter a : a + a,,. Constant s, b1 were found
experimentally.

10



4 Results

The solution of the beam track reconstruction in the framework of the BEAM TEST
methodical experiment was very successful (100% efliciency) and allowed one to
determine the space resolution of HPDT and to study the possibilities of the accurate
reconstruction of all anode wire positions.

The fortran program which implements our algorithm for minimizing the func-
tional (4) was tested on different series of events simulated by the famous program
GEANT [13]. The program was written in the framework of the CERN management
system CMZ [14]. The distribution of data processing time for one event { VAX-8350

Figure 8.

Figure 9,
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computer) is given in tig. 10. The number of events in cach series varied from 2 to 14
thousands. The effictency of correctly recognized events after applying the heuristics
listed above was kept in the satisfactory range 96% -99%..

From a physicist’s point of view the most important track parameter is the
absolute term &. The distribution of the difference of the true and estimated value
of bis shown in fig. 3.

The distribution of such values of {S;} that correspond to truc measurements
is demonstrated in fig. 3. As one can see. the number of the true measurements
qualified by our program as false ones is very small. However, as is seen from fig. 4.
where an analogous distribution for the noise measurement is shown, our algorithm
cannot suppress all noise.
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Examples of the successful recognition by our algorithms are given in figs. 6, 7.
The event presented in fig. 6 consists of four true measurements and three noise
ones. The event of fig. 7 contains five true measurements and also three noise
measurements.

Two examples of events that our algorithm couldn’t crunch are demonstrated
in figs. 8, 9. Real simulated tracks are denoted by continuous lines, tracks recog-
nized by our program are denoted by dotted lines. In the event in fig. 8 from 7
measurermnents four belong to noise, so the probability of the correct recognition is
vanishing. The event in fig. 9 shows the configuration of measurements with the
maximum uncertainty. To handle such events our algorithm should be completed
by a special auxiliary procedure (what we are going to do).

This work was completed due to the support of the Russian Foundation for
Fundamental Research.
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Baruusan C. u ap. . E10-94-328
IMpumenenne Metona AeOPMUPOBAHHBIX 1LA0IOHOB /15 PACMO3HABAHMS TPEKOBE,
JETEKTHPOBAHHBIX B ApeitdoBbix TPyOKax BLICOKOrO JaRIEHUS

B pafore o00cyXpaercd BOMPOC MPHUMEHEHWUS MOAM(HUIMPOBAHHONO BapuaHTa METOAa je-
tpopmupoBanHbix mabsodos (MJILI) jiag pelresus 3a5auy PacIo3HABAHMUS TPEKOB U ONPEJIENCHUS
NapaMeTpPoB TPEKOB 18 JAHHBIX, JIETEKTHPOBAHHBIX JIPE(POBbIMM TPYOKaMU BbICOKOIO JaBICHUS
(HPDT) mioonHoro cnektpomerpa B pamkax skcnepumenta ATLAS. OnucelBaeTca npuMeHeHHE
MJII gis pemieHuns 33134y Pacro3HABAHMA TPEKOB B OTHOTPEKOBBIX COOBITHSIX [PHU OTCYTCTBHUHU
IIYMOBBLIX CHMIHANMOB. 3a7aud pellleHa B PaMKax MeToauueckoro skcnepumeHta BEAM TEST
{(CERN). Takxxe noxasano, uro MJII11 MOXHO yCneuHo npuMeHsITh M st COOBITHIT CO 3HAUMTEIb-
HOM [OJEN 1IyMOBBIX OTCUeToR. lloAvueHHbIE PE3Y.ILTAThI NPOTECTHMPOBAHbLI KAaK Ha DeasIbHBIX

AAHHBIX, TAK M Ha JaHHbIX, NONVUYEHHbLIX MOJCIMPOBAHHUEM p360TbI MIOOHHOIO CAEKTPOMETPA Ha Oaze
HPDT.

Pa6ora BbinosHeHa B J1a60paToOpvy BHIUMCIMTEILHOM TEXHUKH W aBToMaTH3aumn OUAHN.

Coobuienue OO MICHHONO MBCTUTYTA SACPHbIX Mecaeosanmi. Jlybuna, 1994

Baginyan S. etal. E10-94-328
Application of Deformabte Templates for Recognizing Tracks Detected
with High Pressure Drift Tubes

The modification of the deformable template method (DTM) application to the problem of track
finding and track parameter determination for data detected with high pressure drift tubes (HPDT)
in the design of ATIAS for the muon spectrometer experiment is proposed. Our DTM applications
consist of two parts, according to two stages of the study. The first part relates 1o the stage of HPDT
study on the CERN muon beam (BEAM-TEST) with the simplest one-prong events without noise
signals, where the main obstacle is the left-right ambiguities for each tube. In the second part more
complicated HPDT data are to be handicd with noise signals. It was shown that the suggested DTM
development soives the problem of track recognition and track parameter determination for both
noiseless and noise data. Results are obtained on the real beam test data and on data simulating the
muon spectrometer on the basis of HPDT

The investigation has been performed at the Laboratory of Computing Techniques mand Automa-
tion, JINR.
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