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The present status of the methods of detection and processing of electrical and light signals
detected in calorimeters is described. The functional schemes and algorithms employed in
specialized processors to calculate the energy release of high-energy particles detected by

means of calorimeters are described. Also considered are questions of the use of neural networks
for triggering, recognition of events with clusters, and also identification of jets. Examples

are given of the use of digital signal and wavefront array processors for the construction of
multilevel data processing systems in the spectrometers of high-energy physics that

contain calorimeters. Examples are considered of the construction of fully programmable first-
level triggers for experiments using the recently constructed colliders with 16-ns beam

crossing time. It is noted that the method of syndrome coding can be used in some special cases

for fast recognition and detection of clusters.

INTRODUCTION

Total-absorption spectrometers (calorimeters), by means
of which the energy and sometimes the coordinates of par-
ticles (hodoscope calorimeters) are measured, are instru-
ments that are very widely used in the physics of high and
superhigh energies. In addition, such detectors are used also
under certain conditions to identify particles, and in the fu-
ture they may also be used to detect particle jets."” The rea-
son for this is that there exist many physics problems that
can be solved using modern colliders and which can be stud-
ied by observing in the final state jets, the products of the
interaction of quarks and gluons.

The principle of operation of a calorimeter is relatively
simple. When high-energy particles are absorbed, secondary
particles are produced, and these interact with the material of
the detector (Fig. 1).3 As a result of this absorption, some or
all of the energy of the particles is transformed into thermal
energy. This is the reason for the name. However, it is very
difficult to measure the rise in the temperature, and therefore
in the experiments one does not measure the temperature but
the signals (mainly electrical and light) that arise as a result
of the interaction of the particles with special particle
counters (the detectors of the calorimeter) placed in the vol-
ume of the calorimeter.

It should be mentioned that Soviet physicists made a
decisive contribution to the development of calorimeters. In
fact, the first total-absorption spectrometer was used on a
Soviet satellite to detect hadrons in cosmic rays.* An impor-
tant stage in the development of total-absorption spectrom-
eters was the creation of the hodoscope calorimeter.” In such
a device, particle coordinates are determined by measuring
the energy release from an electromagnetic or hadronic
shower in the transverse section of the calorimeter. The char-
acteristics of hadronic and photon hodoscope calorimeters at
superhigh energies (>10 TeV) were considered in Ref. 5. It
was noted that in the region of energies of the order of a few
teva-electron-volts these detectors are capable of measuring
with high accuracy the energy and coordinates of particles
and also the masses of unstable particles. The fact that calo-
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rimeters have become basic detectors in modern physics is
due to a number of their positive qualities:®

* It is possible to measure the energy of particles in the
range from several mega-electron-volts to the maximum en-
ergy achieved in the current accelerators and those under
construction. The relative energy resolution increases with
increasing energy as o/E=const/E"2. It is very important
that for fixed energy resolution the length of a magnetic
spectrometer increases linearly with increasing energy,
whereas the length of a calorimeter increases logarithmically.

* By means of calorimeters one can detect neutral par-
ticles, both as primary particles and produced among the
secondary particles of a shower and contained in it.

* The accuracy of measurement of the coordinates of the
axis of a particle shower increases with increasing energy
and can be better than 1 mm. Particularly promising are
high-precision calorimeters based on scintillating optic fibers
and also silicon plates.

* Both the longitudinal and transverse components of
particle momenta can be measured. This facilitates the kine-
matic analysis of events by means of a computer.

* The signals obtained at the calorimeter cell outputs
have, as a rule, a short duration (of order 10 ns and less in
scintillation calorimeters), and there is therefore a possibility
of creating calorimeter triggers by means of event selection.

* When cell calorimeters are used, it is not necessary to
use magnets to determine particle momenta.

It is not our task to give a detailed description of the
physics of the processes and the great diversity of types and
constructions of calorimeters. Several reviews have been de-
voted to this. For example, Ref. 7 analyzes the mechanism of
absorption of particles that pass through the material of a
detector in a wide range of energies, gives shower character-
istics, considers problems of signal compensation (the ratio
of the signals from the electromagnetic and hadronic show-
ers, e/h, must approach unity), and discusses problems of
coordinate and angle resolution of the calorimeters and the
readout and signal-detection systems. The review of Ref. 8 is
completely devoted to a description of the processes and
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FIG. 1. Example of development of an electron—photon cascade.’

characteristics of hadron calorimeters. It briefly considers re-
cent achievements in the methods of hadron calorimeters and
the readout and signal-processing methods that are used. The
properties of electron—photon calorimeters are described in
the review of Ref. 9. There are detailed discussions of the
formation of an electromagnetic shower and its characteris-
tics, the general principles of calorimetry, etc. The properties
of materials used to make calorimeters are described in the
second part of the review of Ref. 10.

The aim of this review is to present, in a form accessible
to experimental physicists, the present status within elec-
tronic methods of high-energy physics of the methods of
formation, detection, and recognition of clusters produced in
showers with complicated geometry, for example, in the de-
tection of hadronic jets. In future experiments using colliders
such as the LHC, the problem will arise of including data
detected in calorimeters in the first-level trigger systems.
This is a rather difficult problem in which clusters must be
identified by means of extremely fast processor systems that
perform billions of operations per second. These and other
problems associated with the detection and processing of sig-
nals detected in calorimeters require special consideration.
The review consists of an introduction, nine sections, and
conclusions. In the Introduction we consider the formulation
of the problem and the prospects for the development of
calorimeters as detectors for experiments in the physics of
high and superhigh energies. In the first section, we give
some relations associated with measurements of cluster pa-
rameters. In the second section, we discuss the way in which
signals are obtained in calorimeters and methods used to
detect them. The third section is devoted to a description of
systems of calibration and monitoring of calorimeters. In
Sec. 4 we consider the development of the detection elec-
tronics. In the fifth section we describe in detail the most
interesting trigger systems used in the experiments that are
made. In particular, we consider the most typical schemes of
analog and digital processors. Particular attention is devoted
to a very promising direction in the development of trigger
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systems for calorimeters—neural processors and neural net-
works. The sixth section is devoted to applications in calo-
rimeter trigger systems of signal processors and systolic and
wavefront array computational systems. The prospects for
the use of such systems in the calorimeter developed for
experiments using the Superconducting Supercollider are de-
scribed in the seventh section of the review. In the eighth
section, we consider the fast algorithms used to develop clus-
ter counters. Finally, the ninth section is devoted to a descrip-
tion of special methods of cluster coding on the basis of the
method of syndrome coding.

1. BASIC CONCEPTS RELATING TO CALORIMETERS

It should be noted first of all that the construction of
hadron calorimeters is based on the same approach as in the
case of an electromagnetic hodoscope 7y spectrometer.” A
hadronic shower differs from an electromagnetic shower not
only in having greater transverse dimensions but also in the

. presence of appreciable fluctuations due to correlation pro-

cesses that determine the number of shower particles. From
this there also arises the problem of the ratio e/h in com-
bined calorimeters used to detect not only hadrons but also
gamma rays or electrons. The main units of length used to
describe the dimensions of electromagnetic showers are its
radiation length X;, which characterizes the longitudinal di-
mensions, and the Moliere radius p,,, which determines the
development of the shower in the transverse direction. The
radiation length is defined as the distance at which an elec-
tron whose energy exceeds the critical value has reduced its
energy through radiation loss by e times (e is the base of
natural logarithms). The radius p,, is defined as the ratio
Xo/€e., where g, is the electron energy for which the radia-
tive loss and the loss due to ionization are the same (the
critical energy). For this, one uses approximate
expressions,’” which depend only weakly on the properties
of the material:

X,=180A/Z%*(g/cm?®) and py=7A/Z(g/cm?),

where Z is the atomic number of the element, g is the density
of the material, and A is the atomic weight. Experimental
data show that the longitudinal and transverse dimensions of
a hadronic shower are determined by the nuclear interaction
length \;,,. We should mention the modern tendency to de-
velop combined calorimeters with the aim of detecting show-
ers of both types. The standard method for determining the
position of the particle that produces a shower is the method
of determining the coordinates X and Y of the “centroid” of
the energy released in different cells of the calorimeter with
coordinates X; and Y; and energy release E; in a cell:

_SXE,
SE;

In addition, the following shower parameters are measured:®

1) The coordinate X,,,, of the maximum of the shower
produced by a particle with energy E (in units of the radia-
tion length X):

Xpax=In E/e.—1.0,

where &, is the critical energy of the electrons.
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2) The total longitudinal depth D after which there is no
increase of the detected signal (in units of Xj):

D=Xpaxt 4N s>

where \,, is determined by the exponential decay (attenua-
tion) of the shower after the maximum.

3) The transverse dimensions of the shower, which are
characterized by the rms magnitude of the energy release
relative to the shower axis at the position at which the elec-
trons pass through the critical energy (in units of the radia-
tion length).

Depending on the phase state of the working material of
the secondary-particle counters used in a calorimeter, the fol-
lowing types of calorimeter came to be widely used: 1) calo-
rimeters with solid-state counters (scintillator, lead glass,
semiconductor); 2) gas-filled calorimeters (drift and geiger
tubes and wire chambers are used as counters); 3) liquid
calorimeters (liquid scintillator, liquified noble gases). Ho-
mogeneous and heterogeneous calorimeters are also distin-
guished. In a homogeneous calorimeter, the working sub-
stance of the secondary-particle counters is simultaneously
the material in which all the main processes of interaction of
the primary and secondary particles that lead to the forma-
tion of the hadronic or electromagnetic shower take place. In
this case, the energy of the primary particle is released di-
rectly in the working volume of the calorimeter counters.

In a heterogeneous calorimeter, the shower develops
mainly in a volume that is insensitive to the particles (for
example, in metallic plates). The particle counters are usually
distributed uniformly in special cavities within insensitive
material, in which a small fraction of the shower energy is
released (for example, the counters are placed in gaps be-
tween the metallic plates). If a heterogeneous calorimeter
consists of a large number of detecting counters, each of
which is surrounded by material that is needed for the devel-
opment of a shower (or contains the material within itself),
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FIG. 2. General form of the ZEUS facility.

then such a cellular calorimeter has properties close to those
of a homogeneous calorimeter, and in what follows we shall
not distinguish these types of calorimeter.

The great diversity of materials and detectors used in
calorimeters, and also of the geometries of the calorimeters
themselves and of the types of problems that they solve,
imposes certain requirements on the detecting electronics
and the systems used for preliminary event selection. Most
frequently, calorimeters form part of large physics facilities.
As an example, Fig. 2 shows the general form of the ZEUS
facility,” in which a calorimeter is placed not far from the ion
tube after a cylindrical drift chamber. Closer to the ion tube
there are usually calorimeters with high discreteness of the
particle-detecting cells. Facilities containing several calorim-
eters and having different constructions have long been used,
and there are projects for such facilities.

2. SOME METHODS OF OBTAINING SIGNALS IN
CALORIMETERS

2.1. Use of scintillating optic fibers

The use of plastic scintillating optic fibers placed in lead
matrices (Fig. 3)"" makes it possible to construct electromag-
netic calorimeters with record matter density and good en-
ergy and spatial resolution. Table I gives the parameters of
some calorimeters of this type (see Ref. 12 and the corre-
sponding references).

In modern scintillation calorimeters, the employed fibers
are often wavelength shifters—light reemitters.'> The main
advantage of shifters over ordinary fibers is that they capture
and transport the maximum light to a photomultiplier. This is
due to the fact that scintillation radiation (of blue color),
propagating along a shifter, is transformed into radiation with
longer wavelength, usually corresponding to a green or yel-
low color, which has better conditions for transporting along
an optical light tube and can be effectively collected even on
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FIG. 3. Calorimeter module including scintillating fibers, lead matrix, and
photomultiplier: 1) module axis; 2) part of profile of module.

a photomultiplier with small area of the photocathode. Figure
4 shows the principle of operation of a shifter.” An ionizing
particle excites in the scintillator light radiation with wave-
length A; that is reemitted by means of the shifter as radia-
tion with much longer wavelength \,. There are also scintil-
lating fibers that simultaneously perform the function of
shifters.'*

2.2. Signal readout from scintillation calorimeters

By virtue of their well-known valuable properties, and
also the good prospects of development associated with the
detection of shorter signals and higher resolution, scintilla-
tion calorimeters find the widest applications. This can ex-
plain the attention devoted to the problem of readout and
transmission of light signals. The following elements for
readout of light signals are currently used: 1) photomultipli-
ers of various modifications; 2) photodiodes (vacuum and
semiconductor); 3) phototriodes; 4) CCD matrices.

The use of photomultipliers

Because of their well-known positive qualities, ordinary
photomultipliers are still the most popular devices used in
calorimeters. However, there is a facility (DELPHI) in which
ordinary photomultipliers are replaced by phototriodes,'®
which have small longitudinal dimensions—of order 60—75
mm—together with a preamplifier and voltage divider. A
spatial resolution of 4.4 mm at low noise level has been
achieved. In Ref. 16, a module of an electromagnetic calo-
rimeter with longitudinal arrangement of the scintillator and
phototriode readout is described. It is noted that calorimeters
of the new generation of “spaghetti” type in conjunction

Scintillator lonizing particle

Photon A\

Photon X\,
A é > A,
Optic fiber Shifter
s ’ e
7

FIG. 4. Explanation of the principle of action of a wavelength shifter.

with photodiode or phototriode readout can satisfy the re-
quirements imposed on facilities in colliders. Multianode
photomultipliers, in which the sizes of the anode segments
are adequate for the sizes of the scintillating fibers, can be
regarded as very promising devices. A readout system of this
type used in a calorimeter is described in Ref. 17. Its features
include the following:

* The photomultiplier has 64 readout channels (the size
of a readout cell is 5X5 mm), the outputs of which are con-
nected to a multiplexer and then to a charge-sensitive ADC.

« Since the detector channel has a fast response time, it is
necessary to determine the delay of signals in order to match
them in time with the trigger signal. To this end, a hybrid
analog memory device is used.

¢ A two-channel microcircuit, described in detail in Ref.
18, is used as signal shaper. The use of scintillating fibers
and multianode photomultipliers developed by the firm
Hamamatsu made it possible to obtain an accuracy of mea-
surement of the shower coordinates better than 900 um. A
schematic diagram of two modules of the calorimeter next to
lead-glass plates, in which the shower actually develops, is
shown in Fig. 5. Bundles of scintillating fibers are used for
high-precision measurement of the position of electromag-
netic showers.!

TABLE 1. General parameters of existing or planned scintillating-fiber calorimeters.

DELPHI
Detector Prototype Omega NA38 Prototype Detector
Year of commissioning 1982 1984 1986 1986 1989
Diameter, mm 0.9 1 1 1 1
Rad. length, cm 1.1/1.6 1.1 0.85 1.3 1.3
Readout Photomultiplier Photomultiplier Photomultiplier Photomultiplier Phototriode
og/E 9.8%/E " 10%/E"* 20%/E 12%/E2
Beam energy, GeV 0.04-1 0.5-50 1-1.35 10-50
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FIG. 5. Calorimeter module based on scintillating fibers and ordinary scin-
tillators in which readout is realized by means of multianode photomultipli-
ers.

Use of vacuum photodiodes for signal shaping

Several studies have been devoted to the use of vacuum
photodiodes in calorimeters. In Ref. 20, the following advan-
tages of data readout by means of vacuum photodiodes are
noted.

* High stability of the characteristic.

* Low sensitivity to a magnetic field.

+ Good energy resolution 22%E 2.

* A high voltage source is not used.

* There is no need for calibration and monitoring in the
system.

* The construction is relatively simple.

The use of vacuum photodiodes in a particular device,
which uses 1200 detection channels, is described in Ref. 21.

Use of semiconductor photodiodes instead of
photomultipliers

The possibility of the practical use of semiconductor
photodiodes in calorimeters to replace photomultipliers is be-
ing widely investigated in various physical centers. The re-
view of Ref. 22 considers studies devoted to the use of pho-
todiodes with relatively large surface in scintillation
counters; attempts to use these began at the beginning of the
sixties. In nuclear physics, such counters began to be used in
1969 (Ref. 23). The status of the technology in this field is
such that semiconductor photodiodes cannot compete with
photomultipliers at energies below 100 keV. The use of pho-
todiodes makes it possible to build compact, cheap, and safe
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devices. A module of a hadron calorimeter based on a high-
density scintillator with photodiode readout and shifter is
described in Ref. 24. A photodiode of rectangular shape mea-
suring 30X3.4 mm and with breakdown voltage >30 V was
used. The typical readout circuit must include a high-quality
amplifier. The calorimeter of Ref. 25 consists of 8000
counters based on Csl crystals, which together with the pho-
todiodes are placed inside a magnetic field of 1.5 T. Satisfac-
tory identification of photons and electrons is achieved. Wide
use of scintillating fibers in calorimeters is mainly hindered
by the absence of effective readout devices. In this direction,
great hopes are associated with the use of avalanche
photodiodes.”® The main shortcoming of ordinary photo-
diodes is the absence of internal amplification when indi-
vidual photons are detected. Avalanche photodiodes do not
have this shortcoming. A scintillating-fiber hodoscope with
readout by means of avalanche photodiodes operating in the
geiger regime is described in Ref. 26. For signal amplitude
300 mV the leading edge is 4 ns. The study of Ref. 27 was
also devoted to the possible use of avalanche photodiodes for
signal readout from scintillating fibers. An avalanche photo-
diode of diameter 1 mm was directly joined to a scintillating
fiber; small light losses were observed. To shorten the pho-
todiode dead time, a specially developed discharge amplifier
was used. A dead time of order 50 ns was obtained. How-
ever, for experiments using the LHC, this is too long.

Use of CCD arrays

CCD arrays are very promising devices for the readout
of signals from scintillating fibers. A feature of the UA2
facility is that the detector based on scintillating fibers is
simultaneously used as a track detector and as a counter of
electromagnetic showers. In construction, it is a cylinder that
is placed between the time-projection chamber and the cen-
tral calorimeter. The detector consists of 6000 scintillating
fibers of diameter 1 mm that form 24 concentric circles with
active length 2.1 m (Fig. 6). In turn, the 24 bundles are
grouped into eight stereo triplets, each of which contains one
layer of scintillating fibers placed parallel to the beam and
two layers at a certain angle in order to ensure the detection
of data in three projections. In addition, the inner six triplets
with stereo angle +15.75° are used as track detector. One of
the ends of the scintillator is connected to the photocathode
of a three-cascade light amplifier, the output of which is
scanned by means of a CCD array containing 145X218 cells.
Some of them are used as a dynamic memory. The time
required for readout of one event is 5.6 ms this being the
only shortcoming of CCD arrays as devices for readout of
light images.?®

3. CALIBRATION AND MONITORING SYSTEMS

The unusual complexity of modern physics facilities re-
quires a careful approach to the monitoring and calibration of
individual systems and, above all, the numerous counters of
a calorimeter. The use of optic fibers significantly raises the
efficiency and reliability of such systems. Figure 7 is a sche-
matic diagram of a typical system designed to monitor the
amplitudes and time characteristics of scintillation hodo-
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FIG. 6. General form of part of the UA2 detector.
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scope systems. The source of powerful light bursts of inten-
sity >10' photons and rise time <1 ns is a laser, whose
pulses pass through filters into a bundle of optic fibers. The
system also permits calibration of Cherenkov counters and
time-of-flight electronics. A laser system® has been devel-
oped to monitor the stability of the characteristics of the
photomultipliers of the electromagnetic calorimeter with ac-
curacy better than 1%.

4. DETECTION ELECTRONICS

The large number of detection channels used both in
current and planned experiments with colliding beams at lu-
minosities 10°2-10** cm™2-s™! creates not only economic
and technical difficulties but also difficulties in the construc-
tion of detection electronics that operates reliably under con-
ditions of intense radiation ~20 mrad and neutron flux 10'*
neutrons/cm”. These problems arise because the detecting
electronics is situated directly at the detector. In addition,
since the detector contains liquid at low temperature, there
are also stringent requirements on the dissipated power. The
signal readout system in liquid calorimeters is relatively
simple (Fig. 8).>! Signals that arise on the electrodes are
amplified by means of low-noise amplifiers.

A program of investigations aimed at the development of
interference and radiation resistant detection electronics is
described in Ref. 32. It is assumed that in the Superconduct-
ing Supercollider a liquid-argon calorimeter, which will in-
clude an absorber made of heavy metals, will in particular be
used. It is calculated that the number of detection channels

oc
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will be of order 2-10°. A detection channel consists of a
preamplifier connected directly to a sensitive electrode, a
shaper, an analog processor with memory of pipeline type,
and an ADC. The J-MOP technology is used to construct the
preamplifier; this ensures good resistance to interference and
radiation. Investigations showed that after exposure in a neu-
tron flux of 10'* neutrons/cm? the noise of the bipolar shaper
increased by 25%. The strong radiation mainly increases the
leakage current. Integrated electronics has also been devel-
oped for a “warm” liquid-argon calorimeter’> containing
9000 detection channels. Amplified and digitized signals are
transmitted by means of an optical transmission line to a
processor system in the form of a standard FASTBAS for
further processing. The topicality of the problem of obtaining
a fast signal for ionization (liquid or gas-filled) calorimeters
is discussed in Ref. 34. It is shown that the response time of
an ionization calorimeter is largely determined by its wave
properties. Some recommendations are made for improving
the response time of such calorimeters.

Problems associated with making detection electronics
for silicon calorimeters are discussed in Ref. 35. Relatively
cheap silicon plates of area 25-50 cm? that can be used to
make silicon calorimeters have been constructed. Two fea-
tures are taken into account in the construction of the
amplifiers—the absence of internal amplification and the
relatively large input capacitance. It is planned to use a sili-
con calorimeter in the SICARO project.>® Figure 9 shows the
general form of a plane of the silicon calorimeter. The plane
consists of 48 trapeziform silicon detectors. Each detector

' FIG. 7. Block diagram of a typical system for cali-
i brating calorimeters: OC is an optical cable; OJ is
an optical connecter; D is a divider.
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FIG. 8. Typical module of liquid-argon calorimeter; C and D are electrodes.

has a thickness of 400 um and surface area 28 cm?.

A radical solution to the problem of the detection of
signals read out from counters of scintillation calorimeters is
the development of an analog memory based on switched
capacitors with 4096 cells’” and signal sampling frequency
up to 100 MHz. The dynamic range, measured at 10 MHz,
was 8000:1. The traditional solution to the problem of stor-
ing signals was regarded as the use of flash ADCs with sub-
sequent storing of data in a digital memory or using CCD
arrays. However, flash ADCs have a small dynamic range (or
order 6—8 bits) and, in addition, their use in the case of a
large number of channels leads to appreciable power con-
sumption and high cost. With regard to CCD arrays, which
have dynamic range 10—12 bits, they require for their opera-
tion a high clock frequency and, in addition, their parameters
depend on the temperature. The memory array has 16 paral-
lel channels, each of which has a depth of 256 cells. The
memory output can be connected to ADCs through a multi-
plexer. Therefore, such a readout system, being very eco-
nomic, can at the same time operate in the pipeline regime
with high clock frequency in experiments in future colliders.
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5. TRIGGER SYSTEMS

Despite certain differences in the formulation of the
physical problem as well as in the types and details of the
employed calorimeters, several typical methods and ap-
proaches are used in the construction of trigger systems; the
methods are based on the use of both analog and discrete
schemes. It is well known that analog decision devices have
a good response time and are economic. Wide use of analog
methods of the processing of signals detected in calorimeters
is also facilitated by the fact that these signals have a natural
character. Therefore, it is not particularly difficult to obtain
the sum of a large number of signals by means of analog
adders. In addition, in nuclear electronics a tendency has
developed toward the use of neural networks, in which ana-
log electronics is predominant. In turn, the use of discrete
decision devices increases greatly in connection with the
wide use of flash ADCs with digitizing frequency 100 MHz
and more and tabulated methods of solution on the basis of
fast reprogrammable memories and programmed logic ar-
rays. Digital systems are distinguished by their flexibility,
and, in addition, there is a possibility of correcting relatively
simply the drift and nonlinearity of the characteristics of the
individual cells of the calorimeter. Therefore, both methods
have wide prospects for use in the processing of data de-
tected in calorimeters. In the digital scheme, the signals from
a photomultiplier are sent after amplification and digitizing
to the inputs of a “tree of adders.” The energy release of the
particles is determined by means of a programmable
memory.

5.1. Analog decision devices

A typical analog channel consists of a charge-sensitive
amplifier—integrator, a linear gate, and an analog memory
with fast clearing. A detailed analysis of the properties of
such a channel is made in Ref. 38. If an analog decision
device is used, then the output of the analog memory is often
connected to a resistive circuit weighted in accordance with a
definite rule. Thus, in a modular calorimeter containing 280
proportional tubes such a resistive circuit is used to shape the
trigger signal.*® The calorimeter consists of individual seg-

FIG. 9. General form of a plane of the silicon calorimeter. The area of
each detector is 28 cm?. -
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ments measuring 14X14X30 cm, put together on the basis of
the condition that the size of the segments be greater than the
expected transverse size of the shower. In its turn, a segment
consists of detecting planes intercalated with lead plates
(there are 20 planes in all). The weighted resistive circuit is
placed in a block together with the detection electronics and
the ADC multiplexing devices. In a segment of the calorim-
eter, each of the 14 signals is split by means of parallel
resistors RA, RB, and RC (Fig. 10). All the 14 RA signals,
like the RB and RC signals, are sent to the inputs of ampli-
fiers. As a consequence of this, only three signals SA, SB,
and SC instead of 14 arrive from each segment. The resistors
RA, RB, and RC are chosen in such a way that the three
signals contain the maximum of information about the trans-
verse distribution of the shower. At the same time, the con-
dition 1/RA+1/RB+1/RC=1/R=constant is satisfied. In
addition, the following quadratically weighted functions are
chosen:

fa=Ro/RA=a(x—c)*+b,
fs=Ro/RB=a(x+c)*+b,

fc=Ro/RC=1—fs—f3,

where x is the number of the tube, and a, b, and ¢ are
constants. The quadratic functions chosen in this manner
made it possible to measure the zeroth, first, and second
pulses in the energy distribution in the transverse direction in
each segment. The use of the analog processor made it pos-
sible to distinguish photons from 7° mesons reliably.

In Ref. 40 there is a description of an analog processor
designed for identification of more complicated events with
two clusters in a calorimeter containing 132 counters. The
amplitudes of the signals obtained at the output of each chan-
nel are multiplied by the sine of the angle that characterizes
the position of the given counter of the calorimeter relative
to the beam axis. A pulse that triggers the facility is produced
if the total energy released in a given group of counters ex-
ceeds a definite value. The total signal is obtained by means
of very fast adders, in which operational amplifiers with
transmission band 1.2 GHz are used. The signals that reach
the inputs of the adders are coded in advance by means of a
coding semiconductor array specially prepared for the ex-
periment. This array makes it possible to code 40 total sig-
nals, which are then again added to produce the trigger pulse.

The distinctive feature of the cluster selection device of
Ref. 41 is that it is designed to select events with large trans-
verse momenta p,. The number of neighboring cells of the
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Outputs

FIG. 10. Part of analog processor made by means of a
weighted resistive circuit; P1-P14 are processors.

calorimeter that respond to one photon is 7-10. The follow-
ing criteria for selecting a useful cluster were used: 1) the
calorimeter counter through which the particle passed must
be at the center of the cluster; 2) the energy released in this
counter must be a maximum compared with the energy re-
leased by neighboring counters. At the same time, the signal
amplitude must exceed the established threshold of 20 mV.
Such a counter is called a peak counter. The energies of all
counters of the cluster are then added and multiplied by a
correction coefficient in order to obtain the momentum p,,
which is compared with a given value. The readout and de-
tection electronics is based on blocks of the firm LeCroy.
We should mention the original construction of the calo-
rimeter, which makes it possible to simplify considerably the
scheme for producing the trigger pulse. The total-absorption
spectrometer is designed to study electromagnetic decays of
charm states. The calorimeter contains 1280 lead-glass
counters. Besides the calorimeter, the facility consists of
scintillation hodoscopes, veto counters, track chambers, a
segmented Cherenkov counter, and a forward and central
electromagnetic calorimeter. The central calorimeter has a
cone shape and consists of 1280 counters, each of which
“looks” backward in the direction of formation of the inter-
action vertex. Two arms and the transverse section of the
calorimeter are shown in Fig. 11.*> One arm contains 20
counters, which have different sizes and cover a polar angle
10-70°. In total, there are 64 identical wings, which cover
360°. A unique feature of the calorimeter is that the trans-
verse dimensions of the counters decrease with decreasing
polar angle. Accordingly, the diameters of the photomultipli-
ers that are used decrease. The basic principle embodied in
the scheme for producing the trigger signal is a step-by-step
decrease in the number of signals that participate in the de-
cision making. This is achieved by adding analog signals
from neighboring counters into so-called superclusters. A su-
percluster is obtained by adding the signals from eight
counters with the addition of a signal from a neighboring
counter. Because of the formation of a jump of the electro-
magnetic shower in the transverse direction, an appreciable
fraction of the released energy is often released at the bound-
ary of the counters. To obtain an effective trigger, sums are
formed by overlapping two neighboring counters, and this
makes it possible to obtain a maximum of the energy in the
supercluster (see Fig. 12). In this way one obtains 40 signals,
which are sent to the inputs of discriminators. The two-
coordinate readout is organized in a liquid scintillation elec-
tromagnetic calorimeter with the aim of selecting showers
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with large transverse momenta p,. The electronic selection
system contains analog adders at 123 inputs, pulse shapers
with integration time 20 ns, fast ADCs with digitizing fre-
quency 100 MHz, and a fast-memory device for table arith-
metic. With a total number 3072 of detection channels, the
decision time does not exceed 120 ns. Figure 13 shows the
scheme of the coordinate system of the calorimeter. Each
quadrant is divided into four horizontal and four vertical
parts in such a way that 16 cells are used to produce the
trigger. The liquid scintillator is in teflon tubes which form a
two-coordinate readout system in the XY plane. The signal
from the last dynode of each photomultiplier is corrected by
means of a resistor in the ratio 1/sin 6, or sin 6,, where 6,
and @, are the angles that determine the position of the pho-
tomultiplier relative to the beam axis. Such an approach
makes it possible to obtain the energies E7, and E, needed
to calculate the values of the transverse energy E in accor-
dance with the expression*

E;=(E},+E})'

5.2. Use of neural networks

It is entirely natural that the use of artificial neural net-
works, both in pattern recognition systems and in the devel-
opment of self-teaching parallel computational devices can-
not but attract the interest of the developers of apparatus for
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FIG. 12. Explanation of method of shaping supercluster signals.
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FIG. 11. Two forms of calorimeter in section: a)
the number of blocks in the arm covering the
angle 6=70° is shown; b) form of 64 arms ar-
ranged along the beam axis.

the physics of high and superhigh energies. It is now possible
to note the following directions in the development of the
processing of physical information in which the possibilities
of using artificial neural networks are investigated.

1) Reconstruction of the tracks of charged particles.**

2) Determination of the coordinates of the primary and
secondary decay vertices in vertex detectors.®

3) Processing of data detected in calorimeters.*

4) Identification of particles and jets.*’

Brief information about neural networks and the prob-
lems of their use in experiments in high-energy physics is
given in Ref. 48. It is noted that in the future such devices
will be able to solve many problems that are impossible for
ordinary computers, above all in such fields as pattern rec-
ognition and associative methods of information processing.
It should be noted that, in contrast to ordinary electronic
computing techniques used for the detection and processing

6

>N

FIG. 13. Schematic diagram of coordinate network of a liquid scintillation
electromagnetic calorimeter: 1) target; 2) photomultiplier channels; 3) seg-
ments of calorimeter; 4) beam axis; 5) light output; 6) trigger cells; 7) teflon
tubes; 8) glass plates.
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of clusters, the use of neural networks at this stage requires
much “learning” effort. This problem is intimately related to
the choice of the nonlinear function of the network, which
depends not only on the formulation of the problem but also
on the form of the sigmoid function, which describes empiri-
cally the behavior of the neuristor. As an example, Fig. 14
shows the arrangement and sequence of operations in a typi-
cal neuron.*® In Ref. 50, the choice of the nonlinear function
is shown for the example of electron identification. A method
that is widely used to distinguish electrons from hadrons
detected in calorimeters is the covariance-matrix method. In
this, the value of the function x (x is the standard deviation)
is determined. We have

xe’=(p—p)H.(p—p.) and Xh*=(p—p,)H,
x(p_ph)’

where p is the momentum, H is the covariance matrix of the
calorimeter, and p, and p, are vectors that relate to the am-
plitude values of the hadron and electron momenta. The
problem is to construct a neural network that realizes the
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given functions. To this end, one constructs a generalized
scheme of a neural network, using most often a three-layer
network (Fig. 15), which consists of an input, internal, and
output layer.® The values of the shower energy are sent to
the input layer; the central layer is functional and consists of
neurons, and two elements at the outputs are used to repre-
sent x°. A two-layer network has also been used (Fig. 16).4
One of the layers is used to send input signals, and calculated
values are obtained at the output layer. The circles denote
neurons, and the numbers on the corresponding lines denote
the weight of the links. The next and very laborious stage
after the choice of a suitable function is the training process
of the network, which involves the development of a corre-
sponding algorithm. Most often the method of trial and error
is used by applying both standard and specially developed
(for physics experiments) program emulators. It should be
noted that the possibilities of artificial neural networks are
limited (the number of inputs is 20—60). Therefore, in the
construction of an apparatus model the detector is divided
into several sections. Part of a calorimeter containing four

FIG. 15. Example of three-layer perceptron;
o Xo(1)-Xy(Ny) are inputs; wy(1,1)—wo(N,y,N,) are
links; X3(1)—X3(N3) are outputs.

FIG. 16. Two-layer neural network adapted for identifica-
tion of particles detected by means of a calorimeter; E,—E 5
are the energies of the individual layers of the calorimeter;
E is the total cluster energy; X is a coordinate.
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concentric layers was investigated in Ref. 49. After training,
the network identified 90% of the electrons. The algorithm
for cluster processing used in Ref. 51 was developed for
calculations on a vector computer of pipeline type.

In Ref. 52, data are given on a model of a seven-layer
neural network designed for cluster detection and developed
at the level of program means. The inputs and outputs of the
network are organized in such a way that a definite number
of data bytes corresponds to the amplitude values of the calo-
rimeter counters, and an additional data byte is used to mea-
sure the cluster width. The algorithm works as follows. Each
Jjth neuron of a given layer is “associated” with eight nearest
neighbors of the previous layer and the mean value

net=(§_‘, ak)/S (k=J)

is compared with the quantity a; obtained at the output of the
neuron of the previous layer corresponding to it. If net;>a;,
then the jth neuron transmits this threshold value to the next
layer. In addition, an additional byte of data is transmitted
even if the given neuron is inactive. The sensitivities of the
layers are different, and this makes it possible to realize the
training more accurately.

It has been shown in a number of investigations that the
technique of neural networks can be successfully used to
distinguish and identify quark and gluon jets generated by
the Monte Carlo method in pp and e*e™ collisions. It is
noted®* that, in contrast to the very complicated and labori-
ous methods of jet identification, the use of neural networks
for these purposes has a number of advantages, for example,
the possibility of constructing a relatively simple processor, a
high degree of parallelism of the calculations, and universal-
ity. A standard procedure is used to teach the network, and
therefore we consider its essence briefly. The basic concepts
are a neuron n; and the weight of the links w;;. A neural
network without feedbacks has input neurons x,, internal
neurons h;, and output sites y;. Each neuron adds the
weighted signals and responds in accordance with the sig-
moid function

g(x)=0.5[1+tanh(x)].

For the internal and output neurons, the following relations
hold:

hi=g(a;/T), y=g(a;/T),

where the “temperature” T determines the slope of the func-
tion g, and the weighted sums a; and a; are equal to 2w,
and 2w;h;, respectively. The purpose of the internal layers
is to correlate and create an internal image of the studied
event. The training of the network consists above all in
changing the weighted sums «;; in such a way that a given
input parameter x) ensures growth of the output quantity
y® to the desired value P, In accordance with the trial-

and-error principle, it is necessary to minimize the function
E=1/22 X (yP-4P)2.
p i

Data for training the network were generated by means of
three generators of programs that gave a satisfactory descrip-
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tion of the shape of events, their multiplicities, etc., at given
energies. After the generation of events, the process of jet
identification is initiated by means of a standard cluster
search algorithm. Jets between which the angle did not ex-
ceed 40° were considered. Events with one and three jets
were studied separately. The training procedure is repeated
several times for different event images until a satisfactory
result is obtained. As criterion for the selection of useful
events, use is made of the fact that in the majority of cases
the energy of the leading particles in gluon jets is less than in
quark jets. In the cited study, the training process consisted
of up to 10° cycles. The net identified up to 90 jets that had
not previously been identified by means of ordinary methods.
In Ref. 47, a neural network was used for similar purposes,
but the process was studied for pp collisions.

5.3. Digital trigger systems

Irrespective of the specific nature of a facility, digital
trigger systems have a number of characteristics: 1) digitiza-
tion of data by means of fast ADCs with subsequent storing
in registers; 2) search for geographical addresses of clusters,
for example, the number of a segment or counter containing
a local maximum of the energy, calculation of this energy,
and comparison with given thresholds; 3) the finding of the
coordinates of isolated clusters and calculation of a form
factor in order to identify pions and electrons; 4) identifica-
tion of jets and determination of their coordinates; 5) calcu-
lation of the total released energy and the energy released in
the transverse direction.

The creation of an effective method for selecting useful
events for the UA1 experiment significantly facilitated the
successful implementation of this experiment. The develop-
ment of the calorimeter for the UA1 experiment foresaw
various constructional and methodological devices to raise
the efficiency of the trigger system. The calorimeter has a
cylindrical shape and consists of a supergondola divided into
10 parts along the beam axis and four modules. Around the
circumference, the calorimeter is divided into 10 segments
measuring 10X10 cm along the front and 40 cm along the
beam. In turn, each segment consists of an electromagnetic
and a hadronic part. Altogether there are 2560 segments cor-
responding to supergondolas and 1074 segments that cover
the gondola along the beam. This construction of the calo-
rimeter necessitates the presence of individual channels for
production of the total trigger signal. For the production of
the electromagnetic trigger, only a combination of the elec-
tromagnetic counters of four segments is used. The channel
of the hadronic calorimeter includes a combination of eight

TABLE II. Number of functional cards.

Analog part of processor 144
Search for electromagnetic clusters 32
Jet detection 16
Strobable adders 18
Arithmetic device 1
Cluster counters 2
Final decision 1
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segments. In addition, jets produced in the calorimeter are
also selected in accordance with definite criteria. After digi-
tizing, the data from each channel are sent to the inputs of a
specialized processor. If one considers the matter briefly, the
complexity of the processor can be estimated from the data
given in Table II.

We consider briefly the algorithms of the operation of
some parts of the processor. Figure 17 gives a diagram that
illustrates the method used to look for isolated electromag-
netic clusters. Modeling showed that a cluster cannot extend
over more than 2X2 neighboring counters. It is therefore
unlikely that the counters of the calorimeter that are arranged
along the diagonal will respond. It is this that determines the
relatively simple cluster search algorithm, which adds the
signals from two neighboring counters with allowance for
overlap in the horizontal and vertical directions. This func-
tion is performed by means of a special module constructed
on the basis of programmable logic arrays. Jets are identified
somewhat differently if one starts from the fact that the stud-
ied jets are more energetic than showers and, in addition,
special jet-detecting (“‘jet brick™) counters are foreseen, as
we have already said, in the construction of the calorimeter.
The processor evaluates an event during 1.5 us; ensuring
operation of the facility without dead time. Figure 18 is a
generalized block diagram of the processor system used to
analyze clusters and jets in the UA1 experiment.55

The processor developed for the DO experiment has a
very fast response time (132 ns), which was achieved by the
use of the pipeline method of signal processing and a high
degree of parallelism.*® The construction of the processor
includes 600 functional cards of six different types. We con-
sider briefly the purpose of these cards. The signals that ar-
rive from the calorimeter counters are amplified and multi-
plied by means of weighted resistors in order to obtain the
value of F sin 6. In addition, on the first card DACs and
parallel ADCs are also mounted, the data from which are
stored in registers of pipeline type. This makes it possible to
store the ‘““history” of the preceding events.
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FIG. 17. Explanation of cluster selection al-
gorithm: 1) normal threshold; 2) weak
threshold; 3) electromagnetic channel with
low threshold; 4) two-input adder-
comparator; 5) comparator with high thresh-
old for electrons.
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6. THE USE OF DIGITAL SIGNAL PROCESSORS AND
RISK PROCESSORS

Despite the great successes in the construction of ul-
trafast computers and specialized processors, the growing de-
mands for fast processing of signals detected in calorimeters
call for a significant extension of the existing means of com-
putational technology. The effective solution of such a diffi-
cult problem is achieved mainly by improving the response
time of the logic elements and by using array structures with
local connections, systolic and wavefront arrays, the ele-
ments of which are specialized processors. It is here appro-

From ADC

4

Transformation BE,
Ey,EfSny,E CosY

‘_l ! I Total sum
Electromagnetic | | .Jet channel
channel Comparison of
Comparison of | [E7 with threshold Network of
E with threshold, l adders
Search for Search for l
2-X clusters || 2-X clusters | | Comparison
l l with threshold
Count of Count of
clusters clusters
l—n j [[— Strobe
LDecision taking block J

Trigger (1 bit)

FIG. 18. Generalized block diagram of specialized processor for cluster and
jet processing.
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priate to mention briefly the architectural conceptions that
are used to increase the speed of computers.”’

Parallel architecture

Parallel computers can be classified in accordance with
the type of connections .of the processors with the
immediate-access memory. Thus, in a classical computer
each of the processes can address the common immediate-
access memory by means of a multiplex data highway. The
shortcoming of this is obvious—it is impossible for even two
processes to access the memory simultaneously. The intro-
duction of an additional data highway increases the speed of
the system, but conflict situations often arise when proces-
sors address the common memory. A significant increase in
the speed of the system was achieved by increasing the num-
ber of modules of the immediate-access memory and using
network switches. However, this greatly increases the cost of
the apparatus and the mathematical system provision. Array
architecture was more promising. An array processor is an
array of processor elements that form linear, orthogonal, hex-
agonal, treelike, and other connections. It is assumed that
each processor has its own immediate-access memory and is
connected by means of interfaces and switches to its nearest
neighbors. Moreover, multidimensional structures are also
developed. Such complicated commutational systems require
effective organization of the data flows and the use of new
mathematical algorithms. If we speak of the data and com-
mand flows, we can identify three different conceptions:

1)To one command flow there corresponds one data
flow, as is adopted in the classical von Neumann computer.

2) To one command flow there correspond many data
flows.

3) There are many command flows and many data flows.

As will be shown below, simple processors of the first
type have been used to process signals, this being due to the
simplicity of the connection between them and the rapid de-
velopment of the technology of ultrafast large integrated mi-
crocircuits. It was found that programmable processor mod-
ules have a number of advantages compared with specialized
signal processors, since the latter can be used to make array
processors. For signal processing, two methods of organiza-
tion of array calculations have been most widely used: the
systolic and wavefront array processors.

Systolic processors

A systolic system is a network of processors that rhyth-
mically carry out calculations and “push’ data through the
computational system. It consists of an array of connected
processors (cells), each of which performs simple operations.
Because of the regularity of the connections and the syn-
chrony of the calculations, systolic systems have a number of
advantages compared with complicated networks of large
computers. The information in the systolic array is carried
between the cells along a pipeline, which ensures, on the one
hand, multiple use of their elements and on the other, the
formation of the final result as the pipeline is loaded and
accelerated in the same way as the blood pulsates with the
systoles of the heart. This is probably the reason for the name
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Immediate-access
memory

a 5 MOPS
1000
Immediate-access
memory
b 30 MOPS

100ns  L4P1|p2|P3 (P4 |Ps [P6

FIG. 19. Scheme of simplest computer with processor and one immediate-
access memory (a). Linear systolic system (b) consisting of six processors
and one immediate-access memory. P1-P6 are processors.

given to systolic processors.”®>° Only the processors situated
on the boundaries of the array are connected to external de-
vices. A basic advantage of such an approach is the possibil-
ity of using a limited number of input—output contact areas
for implementation of systolic algorithms. If the processors
are organized in the form of an array, the systolic algorithms
minimize the delay time associated with data transfer be-
tween processors, so that the time cycle can be relatively
short. As an example, Fig. 19a shows an ordinary computer
consisting of one processor and its corresponding immediate-
access memory, and a simple linear systolic system, consist-
ing of six processors and one module of an immediate-access
memory (Fig. 19b). Whereas the ordinary processor ex-
ecutes, say, 5 million operations per second (5 MOPS), the
six processors in the linear systolic system with one
immediate-access memory will be capable of 30 MOPS.*
The coefficient of acceleration of the calculations K is equal
to the ratio of the processing time in a single processor to the
processing time in the array processor. The systolic array
must have the property of linear pipelinability, i.e., the esti-
mate of Kz must increase with increasing number of proces-
sor elements. The pipelinability effect is manifested in the
fact that the execution of the commands is divided into sev-
eral stages (microcycles). As a consequence of this, a set of
commands is implemented practically in parallel, as is shown
in Fig. 20." As an example of the effectiveness of using
systolization in two-dimensional computational networks,
we consider the two-dimensional operation of multiplying
matrices.’® Let

and C=AXB.

A =[aij]a B= [bij]

Under certain assumptions
C=[A1B1+A2B2+...ANBN],

where A;B; is the outer product. Then the multiplication of
the matrices can be done in N recursive steps (Fig. 21). At
the same time, the process of calculation has a wavefront
nature, since N processing wavefronts are activated.

We consider two examples of the use of systolic proces-
SOIS.

N. M. Nikityuk 440



! !
' '
'
1| IF |ID | OF| OE |0S ' :
. ' '
' 1
: itl| [F |ID |OF| OE|OS H
a' |
1 ' ' ' l. ' . i+2| IF |ID | OF] OE |OS
1 1 1 [ ' ' ! '
il 1IF | 1D 0F| 1 3 |0$ Lo o !
' : : ' ' FIG. 20. Example of implementation of three commands: a)
: ! \ : sequentially; b) by the pipeline method.
b ! i+1| IF | ID OFI OE IOS ! '
1 - ! 1
[ ' ! ]
1 !, '
' 1142 | IF -} ID OE '
1 ' 1
. ' 1
R
Time

The processor described in Ref. 62 is used in the second
level of the trigger system in the NUMASS experiment at
CERN. The algorithm of the processor is based on the rela-
tion

M?*=AtE? 2 1)

Lc>
where M is the residual mass of a particle, Az is the differ-
ence in the time of flight relative to a particle moving with
the speed of light, L is the length of the flight base, and E is
the total energy of the particle. This quantity is obtained by

adding signals that arrive from the calorimeter in a digitized
form obtained by means of ADCs. Figure 22 gives the
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scheme of calculation of the total energy =E, and the
weighted sum

where n are the horizontal strips of the calorimeter. To cal-
culate the expression (1), several analog modules are used. It
is also important to note that the processor is completely
programmable, since it is made using repeatedly erasable
gate arrays of the type LCA of the firm XILINX.

Systolic processors, being synchronous in nature, can be
successfully included in the trigger systems developed for

FIG. 21. Systolic array for realization of the multiplication of two matri-
CEs.

- 2 nkE n FIG. 22. Pipeline scheme for calculating the total energy and weighted

sums.
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experiments using the LHC accelerator. To avoid information
loss during the period of collision of the beams, which is
equal to 16 ns, it is necessary that each processor element of
the systolic system be capable of processing the information
that reaches it during 16 ns and transmit it to the nearest
processor elements. The processor that has been developed
works with clock frequency 67 MHz and belongs to the first-
level trigger system.

The algorithm of the operation of the processor consists
of three stages:

1) Identification of clusters in the electromagnetic calo-
rimeter.

2) Adoption of a decision that a cluster is isolated.

3) Determination of the fact that the energy released in
the corresponding cells of the hadronic calorimeter is low.

The data are sent to the systolic processor in a sequential
code along 162 channels (81 inputs from the electromagnetic
calorimeter and 81 from the hadronic part of the calorim-
eter). The systolic processor developed for LHC
experiments®® solves a wide class of problems: search for
isolated electrons, muons, photons, and 7 leptons, jets with
high transverse momentum, leptons and jets; calculation of
the transverse energy released by the effect of a neutrino or
other interacting particles. The use a large number of sequen-
tial channels for the transfer and processing of data that op-
erate in the pipeline regime makes it possible to solve in a
simple manner one of the most difficult problems associated
with the introduction of information into processor elements.

Wavefront arrays

One of the shortcomings of systolic architectures is that
to control the data flow one needs strict synchrony and, as a
consequence of this, additional time delays are introduced in
the systolic array. As a result, the response time of the pro-
cessor elements is inefficiently exploited, particularly if large
processor arrays are used. Therefore a different approach to
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the construction of array processors is known in computa-
tional technology. It consists of replacement of strict syn-
chrony by an asynchronous principle of interaction of pro-
cessor elements by correct ordering of operations, as is done
in flow computers or in wavefront arrays.* Wavefront pro-
cessors acquired their name because there is a certain simi-
larity between computational fronts and the fronts of electro-
magnetic waves, the principle of the propagation of which
from point to point satisfies Huygens’s law. Since the wave-
fronts of two successive recursions never intersect, the prob-
lem of conflict situations is simplified by means of registers
or storage devices of the “first-in first-out” (FIFO) type. In
wavefront arrays one still has the qualities of systolic arrays
such as modularity and locality of the connections, linearity
of the acceleration, and pipelinability. At the same time, there
are some further qualities, above all the following: The trig-
gering of a processor element depends only on the presence
of the required operands and resources; there is a simpler
representation of parallel operations, a large degree of pipe-
lining of the computational process, and less use of the com-
mon memory and central control. However there are still
problems in the connections between the memory blocks and
conflicts when the memory is accessed. These factors influ-
ence the architecture of wavefront processors. Figure 23
shows a block diagram of a typical wavefront array
processor,® which consists of processor elements and a com-
mon memory containing programs and information process-
ing algorithms. The sequence of calculations begins at one
element and then propagates in the form of waves over the
complete array. Figure 24 shows the block diagram of a typi-
cal processor element (cell). It belongs to the class of pro-
cessors in which an algorithm of many-data-and-many-
commands type is realized. The basis of the wavefront
processor element consists of 16 computers with RISK archi-
tecture (see below). Each cell interacts with four neighbors,
except for the boundary cells, which can interact by means of
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FIG. 24. Block diagram of processor element of wavefront processor.

switches with four analogous wavefront processors by means
of 12-digit words in the direction ‘“north—east—south and
west.” The processor element adapted for pipeline data pro-
cessing executes 250 MOPS, and the wavefront processor as
a whole operates at a rate of 4000 MOPS. As is shown in
Fig. 25, using just two analogous wavefront processors, it is
possible to construct a one-dimensional cascade for the pro-
cessing of 48-digit words.

RISK processor elements (Register-intensive CPU)

Architecturally, a CPU is in essence a microcomputer on
one crystal with 16-digit or 32-digit data highway. In contrast
to universal computers that contain many commands and
modifications of addresses that require much time for their
implementation, in a CPU some of the most frequently en-
countered commands used in signal processing and in scien-
tific calculations are foreseen. At the same time there is a
maximum reduction of the forwarding of instructions by the
use of registers and a fast immediate-access memory, which
is in the same crystal with the processor. The commands
themselves are arranged in the order of the frequency of their
implementation. Register-intensive CPUs are of wide interest
because they provide the basis of processors such as wave-
front and signal processors and transputers. A CPU in a
wavefront processor (Fig. 24) is surrounded by three annular
data waves. The processor element consists of a multiplier—
accumulator, an arithmetic—logic device (ALD), a register

1
/
7/
127 4
PE PE
12,1 5 j
_7(_
1-2? -——-—>
7 —

FIG. 25. One-dimensional 48-digit cascade formed from two 12-digit wave-
front processor elements. PE are processor elements.
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FIG. 26. Block diagram of the transputer T800. SI are sequential interfaces.

file, and program memory. The multiplier—accumulator ex-
ecutes multiplication of two 12-digit words, and the result is
put in a 29-digit accumulator. The ALD operates in parallel
with the multiplier. Between the dataway and the ALD, five
buffer registers z > are introduced; these ensure consistency
in the time of transfer of data from the ALD and the
multiplier—accumulator. The presence of the buffer memory
devices of FIFO type and shift z~® registers, which perform
a delay function, makes it possible for the wavefront proces-
sor to operate in the asynchronous regime. For clock fre-
quency 125 MHZ, one processor element executes 250
MOPS. The technology of the manufacture of CPUs is pro-
gressing rapidly. Thus, in Ref. 66 there is a description of a
64-bit RISK processor of the firm MOTOROLA which also
contains a graphical coprocessor, an associative buffer, etc.

Transputers

The development of transputers made it possible to solve
one of the most difficult problems in the construction of
array processors—the guaranteeing of an effective connec-
tion between neighboring processor elements. The main dif-
ference between transputers and other microcomputers based
on a single crystal is the presence of four successive duplex
interfaces with high throughput (20 Mbits/s) and a very ef-
fective protocol. As processor in transputers one usually uses
CPUs with different modifications. Figure 26 shows the
block diagram of the transputer T800, which is used in ex-
periments in high-energy physics.®” Together with four se-
quential interfaces, the transputer T800 has a parallel 32-
digit channel of direct access to an external memory. The
immediate-access memory with capacity 4 kbyte, which is
situated on the crystal, has the same access time as a file
register. The computing power of the transputer is also en-
sured by a 32-digit processor with floating point. In addition,
the transputer also contains a timer and backup schemes for
external interruptions. The main command has a length of
eight bits. Four bits are used to specify the codes of com-
mands, and the remaining four bits are used for data coding.
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There are also so-called prefix commands, by means of
which it is possible to form rapidly operands of length
greater than 15 bits. By means of transputers one can readily
make parallel systems that are controlled by the specially
created language Occam.® Transputers are widely used in
the ZEUS facility.° Another example of the use of transput-
ers is given in the interesting study of Ref. 70, which is
devoted to the use of a neural network for the classification
of e/ particles detected by means of a silicon calorimeter.
Ultimately, it was necessary to separate electromagnetic
showers from hadronic showers. For this purpose a powerful
computational network was created, this including two trans-
puters, a microVAX, an operating station and a personal
computer. Modeling was done by means of the program
GEANT 3.14.

Digital signal processors (DSPs)

The processors considered above can also be included in
the class of signal processors. However, there can also be
some differences. A DSP is a specialized microprocessor
with instrumental architecture oriented toward the processing
of digital signals, the sources of which may be, for example,
ADCs. Some types of DSP can have their own built-in
ADCs. A detailed review of signal processors and their use in
high-energy physics experiments is given in Ref. 71. In order
to increase the response time, such processors contain, as a
rule, a separate memory for the program and data. The num-
ber of functions that can be performed is limited and is
adapted above all for the implementation of operations such
as parallel multiplication, cyclic shifts, manipulation with
tabulated data, etc. Digital signal processors have been used
for fast processing of signals detected in the calorimeter of
the DELPHI facility.”> The calorimeter contains 4500 lead-
glass counters, which form 24 sectors. To each sector there is
one corresponding processor (Fig. 27). The signal processor,
receiving data from ADCs, subtracts pedestals, corrects num-
bers in accordance with given constants calculates the energy
introduced in the sector, and compares it with an established
threshold. All these operations are performed during 24 us,
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Processor

FIG. 27. Block diagram of trigger system of the calo-
rimeter DELPHI. CC is the crate controller; MSP is the
main signal processor; TMS1-TMS21 are signal pro-

CESSOrS.

this corresponding to the time of a second-level trigger. The
processing of clusters is done in the third level of operation
of the trigger system.

7. PROSPECTS FOR THE USE OF WAVEFRONT
PROCESSORS IN THE SSC PROJECT

In this section we briefly consider the interesting project
to develop a completely programmable first-level trigger for
the calorimeter being constructed for the SSC. Various stud-
ies have been devoted to this question.”~" It is assumed that
on the average 1.6 interactions can occur at the time of col-
lision of the beams with a period 16 ns. The task of the
trigger system will be to greatly reduce the level of back-
ground events. Every 16 ns, numerous subdetectors, includ-
ing the calorimeter, will send data to the inputs of the first-
level trigger to make a decision. The calorimeter will directly
detect information relating to electrons, photons, particle
jets, and energy losses E, (from neutrinos). The calorimeter
is shown schematically in Fig. 28. It is assumed that the total
number of detection channels for the GEM experiment could
be 60 000 for the electromagnetic part and 2000 for the had-
ronic part of the calorimeter. However it may also be pos-
sible here to reduce the number of channels by coarse grain-
ing the discreteness of the calorimeter “towers,”” as shown in
Fig. 29. To separate the electrons and photons, the energy
detected in the electromagnetic part of the calorimeter must
be greater than a given threshold, and its ratio to the energy
released in the hadronic part of the calorimeter must be a
small quantity. In addition, the identification of an isolated
cluster presupposes that the energy released in neighboring
towers is also negligibly small. For the identification of par-
ticle jets, the total energy released in a tower is compared
with a threshold. Neutrinos are identified similarly, namely,
by measuring the sum E, and making a comparison with a
threshold value. It is proposed to use wavefront processors73
to implement these conditions. There are two possible ap-
proaches to the realization of the conditions. The first method
is based on the requirement that a cluster be distinguished
under the condition that cells of a tower that are concentrated
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in a region of 3X3 cells have responded. The center of the
cluster is found from the value of the local maximum (Fig.
30a), which is determined from the condition

c>I; for i=1,2...8. )
The sum of the energy of the tower and the eight neighboring
towers must be greater than the threshold value:
8
Threshold< >, I;,+C. (3)

i=1

The algorithm of the search for electromagnetic clusters in a
region of 4X4 matrices follows the aim of identification of
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FIG. 28. Schematic drawing of calorimeter for experiments on the Super-
conducting Supercollider.

electrons by comparing the sums from two neighboring tow-
ers with a threshold in a 1X2 or 2X1 region (Fig. 30b). A
veto on the detection of an electromagnetic cluster can be
imposed if there is an appreciable signal detected in the cor-
responding channel of the hadronic trigger or if the cluster
candidate is not isolated, as shown in Fig. 31. In other words,
the following conditions must be satisfied:

C,+1,
Thl’CShOld>am+—18m ,
3 12 12
Threshold<C,+ 2, I+, O4+ 2, O,p,.
i=1 i=1 i=1

FIG. 29. Examples of different segmentations of calorimeter tow-
ers.
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FIG. 30. Identification of local maximum (a); identification of electromag-
netic clusters (b).

The search for jets is made in 4X4 and 8 X8 regions (Fig. 32)
with allowance for the condition

n n
Threshold< >, E,,+ >, E,, n=16.64.
i=1 i=1

The array structure of the calorimeter dictated a choice
of the signal processing system in which to each tower there
corresponds a wavefront processor with structural scheme as
shown in Fig. 23. As a result one then obtains overall a
wavefront matrix processor system with high calculating rate
that is moreover fully programmable. In such a system, each
processor obtains data from neighboring towers and at the
same time exchanges data operatively with adjacent proces-
sors. In the given study, the problems of feeding data into the

O|OI—O
O] —— 0O
Ol O ol O

O
0
0
0

FIG. 31. Explanation of algorithm for finding isolated clusters.

FIG. 32. Scheme of the search for particle jets in 4X4 and 8X8 arrays.
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processor elements and extracting data and the problems of
programming the system are considered in detail. Figure 33
gives a generalized block diagram of the algorithm of the
trigger system.

There was a further development of the fully program-
mable trigger for the SSC in the studies Refs. 74 and 75 of
the same author in the form of the three-dimensional cellular
architecture shown nominally in Fig. 34. The computational
system, of the wavefront type, operates overall in an asyn-
chronous regime. At the same time, individual processors
(see Fig. 24) work with clock frequency 60—120 MHz. To-
gether with four parallel interfaces, by means of which data
are exchanged with neighboring wavefront processors in the
directions “north, south, east, and west,” the three-
dimensional structure also effectively exploits two sequential
interfaces with “up—down” directions, which are connected
to annular dataways of each wavefront processor. These in-
terfaces are mainly used to feed in programs, and also to
monitor and debug the system. The data processing program
begins to operate only when data are present at the inputs of
the parallel interfaces. The presence of additional registers
and a memory of FIFO type makes it possible to pump data
uniformly from the calorimeter to the processors and mini-
mize the operation implementation time. Four levels of
implementation of the processing program can be identified
(Fig. 34). In the first level, new data from the calorimeter are
accepted simultaneously with the processing of the current
information. After these data have been sent to the next level,
the processor returns to implementation of the current pro-
gram. The process of the calculations in the outputs of the
processors proceeds in four stages, as for the input data. The
final processor must produce a result every 16 ns. The study
of Ref. 75 describes prototypes of three-dimensional (3D-
Flow-Processor) 4X4 and 8X8 processors mounted on a
printed circuit board and put together in the form of a cylin-
drical tower, as shown in Fig. 35. The data are carried from
the calorimeter to the tower by means of optic fibers. Venti-
lators are arranged along the ends of the tower.

8. CLUSTER COUNTERS

It is often necessary simply to count the number of iso-
lated clusters, including jet clusters. We now consider two
algorithms that, judged in their totality, are equally effective.
The essence of the first algorithm is the following.”® We have
the matrix

Xl 1 Xl’z ...... X]’m

X2 1 X2’2 ------ Xz,m
A:

Xn,l Xn,2 Xn,m

Considering each current element of the matrix A as refer-
ence element, we calculate the values of Boolean expressions
that contain, despite apparent complexity, four different vari-
ables:

Sln,m=Xn,an+],m' (4)

In other words, in the expression (4) the number of units
situated above a chosen reference point is calculated:
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By means of the expression (5), a count is made of the num-
ber of units above the reference point plus above to the left
and the absence of units to the left of the reference point.
Then the number of clusters is
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FIG. 34. General scheme of modernized three-dimensional pipeline compu-
tational system for first-level trigger.
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FIG. 33. Generalized scheme of the algorithm of operation of the
trigger system.”

m n m n
NCI= 2 E Szn,m—' E 2 Sln,m’
m=1 n=1 m=1 n=1

At the same time, it is assumed that each element of the
matrix A is placed in correspondence with a calorimeter
counter.

In other words, the number of clusters is $S2—S1. To
simplify the exposition, we consider a simple example. Let
m=n=4 and a cluster of the type

where * is the reference point and the crosses denote

counters that have fired, be detected. We have

0000 0100
0100 0000

A=| 100! oo1o0| and > s1=2.
0110 0000

It is easy to replace the value $2, ,,=1, and, in addition, for
k=m+1 we have
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FIG. 35. General form of the constructed trigger system as assembled.

0110
0000
$2=|0001| 2nd > §52=3.

0000

For the practical realization of the Boolean expressions (4)—
(5), we can effectively use programmable logic arrays, and if
the calculation for each point is made in parallel, then such a
cluster counter can be used in the first-level trigger system.
For a fast count of the number of units, parallel counters can
be used.”” Another algorithm is based on a count of the num-
ber of convexities and concavities in clusters, and it is suffi-
cient to divide the obtained difference by four.® Thus, in the
example that we consider above, the number of convexities
is five, and there is one concavity.

9. USE OF THE METHOD OF SYNDROME CODING

It was shown above in specific examples that the number
of counters in calorimeters can amount to tens of thousands,
and the tendency to growth in the number of detection chan-
nels, like the complexity of the constructions, will continue
strongly. As an example, we can mention the development of
a calorimeter of “spaghetti” type,”® by means of which it is
planned to realize more effectively qualities of calorimeters
such as the possibility of studying jets and their products, the
identification of electrons, etc. From the methodological
point of view,’® the use of such calorimeters makes it pos-
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FIG. 36. Form in section of a spaghetti type calorimeter.

sible to solve a number of problems that arise at superhigh
energies: 1) the achievement of high radiation stability and a
time resolution better than 15 ns; 2) a high energy resolution;
3) a short radiation length and small Moliere radius; 4) a
lowering of the cost. In the construction of detector proto-
types that satisfy the requirements, lead glass is most fre-
quently used as passive material, while bundles of scintillat-
ing optic fibers are used as the active medium. As an
example, Fig. 36 shows the general form of a calorimeter
prototype of the spaghetti type in section.”® Each black hexa-
gon is a section through a bundle of numerous optic fibers.
Signal coding is therefore an important problem. Figure 37
shows the general form of a calorimeter module with prepa-
ratory coding,” in which planes consisting of scintillating
optic fibers are interlayered with lead plates. To increase the
accuracy of shower detection and reduce the number of pho-
tomultipliers, each plane is divided into six equal parts with
ten fibers in each part. The light signals that arise in the
fibers of the same orientation pass through mixers to the
photomultiplier inputs. It will be shown below how the
theory of error-correcting codes can be used for preparatory
coding and compression of the data detected in the calorim-
eters by the use of iterative codes.

The use of iterative codes to construct parallel counters
based on a large number of inputs was described by the

Photomultiplier

FIG. 37. Module of calorimeter with preparatory coding.

N. M. Nikityuk 448



n, columns
2 Information digits 292
o ﬁ x gt
— O T
[ Kz o
L Column control digits

FIG. 38. Structure of two-dimensional iterative code.

present author in the review of Ref. 81. Such codes can also
be used to detect clusters. The structure of a two-dimensional
iterative code is shown in Fig. 38 (Ref. 82). Each informa-
tion symbol is the symbol of combination of the two codes
with the parameters (n,,m,,k,,d;) and (n,,m,,k;,d,). The
resulting code is n=n;n,, m=mm,, k=kk,, and
d=d,d,, where n, m, and k are code, information, and veri-
fication symbols, respectively; d is the code distance, which
determines the correcting capability of the code. This quan-

Suppose that two isolated clusters have been detected and the
data read out to registers corresponding to the two coordi-
nates X and Y. The counters that have responded are indi-
cated by the symbol *. As a result, we obtain a 58-digit word,
by means of which, using programmable logic arrays or, re-
programmable memories, it is possible to determine rapidly
from the presence of a gap in one of the “projections” the
detection of two clusters. Unambiguous determination of the
positions of two clusters in such a coding scheme is impos-
sible, as is readily seen by considering two cases with diago-
nally conjugate events. These uncertainties can be eliminated
if one introduces two additional tests along the diagonals,
i.e., if one uses a four-dimensional iterative code with tests
of “OR-OR” type. For a rough estimate of the value of &
(without recourse to modeling), we can use the following
theorems.®
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tity is related to the number ¢ of errors that can be corrected
by a simple relation that is known in the theory: t=(d—1)/
2. In accordance with the method of syndrome coding, in our
case ¢t is the number of position-sensitive sensors in the de-
tector that have fired, and m and n are equal to zero. Infor-
mation about the event is contained in the syndrome code k.
The task is, for given ¢, to find a coding scheme for which
the number of bits in word k is a minimum. It can be seen
from Fig. 38 that the structure of the two-dimensional itera-
tive code has a certain similarity with the structure of hodo-
scope calorimeters and two-coordinate track detectors.
Therefore, the use of such codes has great prospects for ap-
plication and requires careful investigation.

In a number of cases, the algorithm for determining the
coordinates and even the “images” of two-dimensional clus-
ters can be simplified by transforming the clusters into indi-
vidual lines (one-dimensional clusters), and by projecting the
clusters onto the X and Y axes. We illustrate this by an ex-
ample. Suppose a hodoscope calorimeter contains 29X29
=841 counters, which are represented in the form of the
two-dimensional matrix

Y
1
.. 26 27 28 29 0
... 55 56 57 58 1
... 84* 85* 86* 87 1
113* 114* 115* 116 1
... 142* 143* 144* 145 1
... 809 810 811 812 0
... 838 839 840 841 0
1 1 1 0

1) For the detection by means of a code of length n all
error packs of length b or less, it is necessary and sufficient
to have b test symbols.

2) To correct (in our case detect) all error packs of length
b or less a linear code must have at least 2b test symbols.
For the correction of all error packs (clusters) of length b or
less than b<p, a linear code must contain at least b+ p test
symbols. We consider some examples. Iterative codes with
tests of the type “OR—OR” and “even—even” are the sim-
plest codes with sufficiently high compression coefficient.3
However, such codes have a short code distance d=4. In
Ref. 85 it was proposed to combine these codes, and it was
shown how in this manner such a four-dimensional iterative
code can be used to detect complicated events with clusters.
As an example, Fig. 39 shows an event detected in a detector
containing 1296 counters. The counters are represented in
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the form of an array consisting of 36 columns and 36 rows. It
is easy to establish that the code syndrome is equal to 128
digits. We consider briefly an event recognition algorithm.
Coincidence of “even” and “OR” signals in the first and
second row and in the sixth and seventh column unambigu-
ously indicates that pulses arrived from counters 6, 7, 42, and
43, etc. To increase the code distance, one can use additional
diagonal tests or use for iteration codes with large code dis-
tances.

CONCLUSIONS

Calorimeters are very promising detectors that are used
in experiments in the physics of high and superhigh energies.
For the construction of total-absorption calorimeters and data
processing, wide use is made of the most recent achieve-
ments of modern technology in fields such as cryogenic tech-
nology, semiconductor technology, optical methods of detec-
tion and processing of symbols, and the technology of fast
specialized processors. In order to simplify the trigger sys-
tems, use is made of a number of constructional refinements
that make it possible to create parallel channels for compre-
hensive selection of events with different physical processes.
The number of physics problems that will be solved in the
colliders that are under construction leads to the need to sup-
ply information detected in the calorimeters to the first-level
trigger systems. Moreover, to ensure universality of the de-
tector, the calorimeter triggers must be fully programmable.
To solve such important problems, the developers of the in-
struments propose to use powerful array computational sys-
tems based on wavefront and systolic processors, program-
mable logic arrays, and neural networks.

It has been shown that for the fast selection of events
with clusters it is expedient to use in a number of special
cases preparatory data coding based on the method of syn-
drome coding. One can also pose the problem in a different
plane: In accordance with the events expected for a given
experiment, one should develop an optimum coding scheme
containing the minimum number of digits in the syndrome
code. It is to be expected that such a problem can be solved
relatively easily by using the mathematical methods of mod-
eling.
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" FIG. 39. Example of a complicated event recognized by
means of a “even”—OR iterative code.
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