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In view of the introduction of integrated logic elements into
prompt electronic modules, a new “‘correlation unit” is studied.

By examining typical experimental requirements, it is shown
that for optimum efficiency the unit should: 1. produce any
logical function of # binary variables, in a time not much longer
than that required for usual coincidence-anticoincidence opera-

1. Introduction

Fast, reliable and cheap integrated circuit elements,
suitable for building counter experiments electronics,
are available. They make it possible to obtain complex
logical functions in a short time, and therefore to
introduce more involved and sophisticated experimen-
tal techniques.

The aim of this paper is to study the possibility of
taking advantage of this situation.

There are at least two ways of facing the problem of
finding the logical organization of electronic circuits
that guarantees the maximum flexibility and efficiency
for the widest possible class of experiments.

One can systematically study some typical experi-
ments, and find which general requirements the electron-
ics must satisfy; the second way, of course, is to ana-
lyze the kind of circuits that can be built, and then
discuss their utilization in experiments.

Since the class of possible experiments is much wider
than we are familiar with, and our skill in figuring out
new experiments is influenced by the instruments at our
disposal, we chose to follow the second point of view,
that is to study the electronic probiem; its connections
with the physics are given as an introductory step.

We arrive to an unexpected result: a quite new circuit
module.

2. Statement of the problem

Let us assume that in a counter experiment the
“answer” of the apparatus to each event be given by
the actual values of » binary variables x,...,x, (discri-
minator outputs, etc.).

An arbitary Boolean function F(x,...,x,) of these
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tions; 2. switch easily, on external program from one function to
another of the same variables. Practical block diagrams for such
correlation modules are then analyzed. It is seen that, up to 4-5
variables, cost and complexity are not much larger than for a
conventional electronic module.

variables can be written, according to a well known

theorem'):
k

F(xla"':xn) = Z aiNi(xl""5xn)9 (1)
i=1

where k = 2", the a/s are binary numbers, and
N{(x;...,x,) are the normal products or minterms* of
Xisnnns Xy

We define a word:

W; = (Xila"'aXin)’ (2)

as the set of values of the variables for which N; is
“true”; we define also an s-word phrase or program

3
as the set of k bits that completely specify F(xy,...,x,),
being s the number of non vanishing g; in &.

A minterm will then identify a simple AND type
function, while many-word programs are needed to
identify AND-OR type functions.

In order to investigate on the form of function F, we
may distinguish between two main types of experi-
ments.

1. Experiments where many kinds of particles are
detected, each kind giving a well defined word as
“answer” of the apparatus.

The problem is to change a general decision signal
(“master trigger”) from one kind of particles to
another.

An example is sketched in fig. 1. Three scintillation
counters 4, B, C, in the focus of an analyzing magnet,

¢s = (ala "ty ak)9

* Le. products of the variables or their complements. The min-
terms of three binary variables, for instance, are: xixsxs,
X1X2X3, X1X2X3, X1X2X3, X1X2X3, X1X2X3, X1X2X3, X1X2X3.



DECISION ELECTRONICS IN MULTICOUNTER EXPERIMENTS 37
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Fig. 1. Particles of different momenta correspond to different
minterms of the variables 4, B,C. For instance, the “word” for the

4th channel of momenta, z;, is ABC = 1",

divide a particle beam in eight momentum bands, all of
which are analyzed in a spark chamber SC.

The behaviour of the SC for different momenta can
be systematically studied by changing the SC trigger
from function F; = ABC to F, = ABC, F, = ABC, etc.

2. Experiments where different kinds of particles are
detected, and each kind can give different words as an
answer.

Many-word programs (phrases) are needed to sepa-
rate different particles, usually by multiparametric
correlation analysis.

Each particle is identified by applying independent
selection criteria to some or all of the binary variables
x;. As these variables are associated to basically
stochastic processes, the answer to each type of event
will show statistical fluctuations.

Let p; p(j=1,..,n) be the probability that a
particle of kind § gives an answer x; = “1”, then the

(a)

(composite) probability that the answer of the appara-
tus to a particle § be the word w; is

Pﬂ(Wi) = 1—[1 Xijpj,ﬁ’ (4)
FL

where

Pis=Dip if X;j=1,  p;p=(1—p;p) if X;;=0.

Similarly, the probability that the answer of the ap-
paratus be the word w,, for particles of all kinds y # f
(background), is

py(w;) = Hl Xifl=pjp) = Hl Xipip )
i= j=

Note that, by definition, the minterms N,, when
i=1,...,2" are the set of all possible answers, therefore

3w = %, pw) = 1. ©

Finally, the probability of having F; =1 for a selec-
tion function whose phrase is

Y

Py = (“1/35 s akﬁ),

from a particle 8 is

(®)

k
Py(Fg) = '21 a;Pg(Wy),

while for all particles y # 88,

PAE) = Y, app () ©)

The electronic problem, if we want to select particles
of kind B, is that of building the logic function F; of
variables xq,..., X, so that

8,;=Pﬂzland C)’=PV/P/3<1' (10)

A Counts, N/Ntot

(b)

DISCRIMINATOR
THRESHOLD

(arbitrary units)

i threshold

Fig. 2. a. In a counter telescope, Si1..., S, some particles can give many-word answers. For instance, if N = 4, a good choice for K-

mesons would be Fy = $1S253+ 81528354, b. For simplicity the amplitude spectra in the it counter (= 1,..., N) are assumed to be

similar for two different kinds of particles (z’s and K’s in the text). The threshold of the counter discriminator coincides with the
symmetry axes of the spectra.



38 E. SCHIAVUTA AND F. SOSO

Here ¢, is the detecting efficiency of function Fj for
particles, while C, is a contamination factor from back-
ground.

Clearly, optimization of efficiency and rejection,
often contradictory goals, may require an involved
selection function.

Changing from one kind of particles to another, or
even modifying the selection criteria for the same kind,
involves manipulation of the phrase &, pertaining to
the decision function Fj; this should be done easily,
during the experimental live time.

We can consider, as an example, a telescope of N
counters, in which pions are to be separated from K-
mesons through correlated amplitude analysis (fig. 2).

We assume, for simplicity, that the probability p; that
a K gives “1” in the i'* discriminator equals the prob-
ability that a = gives “0”’. Then we can perform step by
step the following systematic procedure:

1. evaluate the probabilities p,(w;) and pg(w;) of all
possible answers;

2. order all words w; according to decreasing values
of pg/p,. for the selection function Fy (and of p,/py for
function F,);

3. take a; =1 in eq. (7) up to an i = s such that

S
.Zl a;xpx(w) Z e (11)
i=
where g is an assigned efficiency for K’s detection. The
procedure for n’s is analogous.

Note that these steps for optimization of Fy or F,
can easily be accomplished by a small computer; if the
computer is on-line, it can also perform real time meas-
urements of integral efficiencies needed top evaluate the
terms p(w;), or modify Fy or F, as some counter effi-
ciency drifts, etc.

We examine two numerical cases.

S1
—

S2 [ 0.008 | 0.002 | 0.018 | 0.072

P (we):

0.072 | 0.018 | 0.162 | 0.648

FK(l):

e e
Ss

TABLE 1
Probabilities of different “words” ($1.52Ss); the detection effi-
ciencies of counters $1,82,5s have been assumed to be: p1 = ps
=09, ps=0.8 for K’s, and g1 =¢g2=0.1, ga=0.2 for =’s.

s we pr(w)  p(wo)
1 S1.52.53 0.648 0.002
2 85188 0.162 0.008
3 S18283  0.072 0.018
4 S18283  0.072 0.018
5 58:8;  0.018 0.072
6 51828 0.018 0.072
7 51883 0.008 0.162
8 51528 0.002 0.648
TABLE 2

Overall efficiencies when minterms of table 1 with { < s are in-
cluded in the selection function.

s &K g, R, =ex/e,
3 0.882 0.028 315

4 0.954 0.046 20.7

5 0.972 0.112 8.68

Example 1

Assume N =3, p; =p, =0.9, p; = 0.8. The detection
efficiencies for words w; are given in table 1. Overall
efficiencies for different choices of s are shown in
table 2. Suppose that K’s are to be selected.

One can have a low efficiency, high rejection function
by taking s = 3:

F{) = 8,5,5;+5:5,5;+5:5,8; =8,5;+5:5,,  (12)
or a high-efficiency, low rejection one, by taking s = 5:
Fg):F%l)—!—ngzSg,‘i”SlSZg?,=S1+S2S3‘ (]3)

S1
e s

S2 1 0.162 [ 0.648 | 0.072 | 0.018

pr(wi):

0.018 | 0.072 | 0.008

0.002

FK(Z):

N—— e’
S3

Fig. 3. Veitch diagrams of the detection efficiencies of different words w; and of the two selection functions for K’s of example 1.
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TABLE 3
Probabilities of words (§1825384s). The detection efficiencies of
counters S1,5%,83,52 have been assumed to be: p1=ps=0.9,
p3=ps=0.8 for K’, and g1 =¢2=0.1, gs=¢a=0.2 for #’s.

s wi prw)  pr(w)
1 51525354 0.5184 0.0004
2 S18283854  0.1296  0.0016
3 S182838:  0.129-  0.0016
4 81528382 0.0576  0.0036
5 $1825551 0.0576  0.0036
6 S1828538:  0.0224  0.0064
7 S1828:81  0.0144  0.0144
8 S155858s  0.0144  0.0144
9 $1828384  0.0144  0.0144
10 $1852858; 0.0144  0.0144
11 S1825384  0.0064  0.0324
12 51855254 0.0036  0.0576
13 S182838.  0.0036  0.0576
14 S1S28381  0.0016  0.1296
15 182858, 0.0016  0.1296
16 51828384  0.0004  0.5184
1.000 1.0000

Both functions may be useful, and are advantageous
when compared with the unidimensional efficiency
(ex = 90%) and rejection (R, = 9).

The situation can be represented in a more functional
way by plotting the selection functions F{), F&’ into
Veitch diagrams (fig. 3), from which their simplified
expressions, eqgs. (12), (13), can be easily deduced.

Example 2

Assume N =4, p;, =p, =0.9, p; = p, = 0.8 (table 3).
The various choices for s (table 4) can all be interesting,
from s=2 which gives low efficiency and extremelyhigh
rejection, to s = 10 which gives almost 1009, efficiency
and still 13:1 rejection.

The expression of F,,, however, shows that even with
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N =4 counters the selection function can be so in-
volved as to be hardly realizable with conventional
electronics.

The examples and discussion above are only a way of
showing that considerable improvement in counter
experiments data handling can be achieved by a new
circuit module.

Besides giving all the logic functions F(x;,...,x,) of a
set of n binary variables (the outputs of counter
discriminators and other selection circuits), this module
should be easily switchable, either manually or by
computer control, from one function to another.

This latter feature is essential to make easy the
checks, periodical changes of master, etc. that one
usually has to make in a large experimental apparatus.

We will see that, for reasonable devices, the maxi-
mum number # of handled variables cannot be very
large, even if using integrated circuitry.

However, it is useful to keep a general point of view,
as long as possible.

3. Basic decision circuits: General principles and
block diagrams

Formula (1) suggest a straightforward way of ob-
taining the function F. It is sufficient to obtain all
possible minterms N; of variables x,,...,x, and then
add them after a line of AND gates controlled by a
register, in which the phrase & is written.

A block diagram for n = 4 variables is shown in fig. 4.
We will call this circuit P-type (““parallel” processing’).

Other ways of obtaining the general Boolean function
of »n variables may be found. For instance by dividing
the set of variables x4,...,x, in two sets

Y=(x1,--~,xm), Z=(Xm+1,"',xn). (14)
Eq. (1) can be written as
F(xla "'axn) = zlrsNr(Y)Ns(Z)’ (15)

TABLE 4
Overall efficiencies when minterms of table 3 with i < s are included in the selection function.

s £K L R, =¢egle, Fy(minimized)
2 0.648 0.0020 324 Fo= 815283
3 0.7776 0.0036 216 F3= Fa+ 815284
4 0.8352 0.0072 116 Fy= F3+ 818284
5 0.8928 0.0108 82.7 Fs5 = F4+ 825384
6 0.9252 0.0172 53.8 Fo = S182+ 518354+ 525351
7 0.9396 0.0316 29.7 Frp= 8182+ 8153+ 525354
] 0.9540 0.0460 20.7 Fs= F7+4+ 8181
9 0.9684 0.0604 16.0 Fy = Fs+ 85283
10 0.9828 0.0748 13.1 Fio = 8182+ 8153+ 51814 S253+ S$2814 5354
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where N,(Y),N, (Z)are minterms of the sets (xy,...,x,), grams like that of fig. 5 are obtained; we call them PS-

Xt 15+« s Xp) TESpECtively. type (“parallel-series” processing).
Taking m = 3n(neven), or m =3(n—1) (n odd), dia- It is readily seen that the circuit in fig. 5 is simpler
ook
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W. MANUAL OR REMOTE CONTROL

Fig. 4. P-type block diagram to obtain Boolean functions of 4 variables, F(4,B,C,D). The remotely controlled a; coefficients determine

the particular function. The clock signal is just a pulse synchronous with beam pulses (storage rings), or can be obtained from a

coincidence between low threshold counter discriminators. All variables, the clock and the coefficients are processed in parallel by the
AND-gates; the a;N; terms are added in the OR-gate, and may also generate partial outputs.
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than the one in fig. 4. We can however make a quantita-
tive comparison: both cost and complexity are ap-
proximately proportional to the number G, of the gate
inputs (G, =112 in fig. 4, G, = 88 in fig. 5).

G, is given in table 5, for n = 2-8 variables, for both
P-type and PS-type circuits. The values listed can vary
somewhat owing to the different number of inputs of
commercially available gates.

Another significant parameter is the propagation
delay #,. It is obviously given by the propagation delay
of each gate, 7, times the order S of the circuit, i.e. the
number of cascaded gates (S=2 in fig. 4, S=3 in
fig. 5).

High speed micrologic elements have #, = 2-6 nsec,
so that the total delay ¢, lies in the few nanosec range.

The propagation delay should not be identified with

:?/az

N/

[
as ag

:

F (ABCD)

E—-—B 12
1
1
|
E—o\ 2y Ay, dis dje
8 —1/
ﬁ:o o AT §?
CiD E|, EIJ (l: rlj C|D
CL‘O‘CK dy- oo 3

16 - BIT REGISTER W. MANUAL
REMOTE CONTROL

Fig. 5. PS-type diagram to obtain F(4,B,C,D). The a;N; terms are obtained by a parallel-series arrangement of AND-gates. Some or
all of terms could produce partial outputs.
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TABLE 5

Gate inputs number, G, for P-type and PS-type diagrams and for different numbers of variables. The higher order § of PS-type
diagrams results in a reduced Gx.

No. of variables, # 2 3 4 5 6 7 8 Approx. formula for G,
P-type diagram G = 20 48 112 256 576 1280 1516 Gn=2%n+3)
PS-type diagram G, = 16 48 88 172 320 624 1184 == 2M2(n+ 2+ 4 x 2%/2), (n even)

G = 4% 27+ 3(3n+7)- 20172, (n 0dd)

the resolving time, although both depend on the speed
of the logic elements.

A third and very interesting configuration is obtained
by taking in eq. (10) m = n— 1. A typical result is shown
in fig. 6, where a function of five variables 4,B,C,D,FE is
obtained from two 4-variables blocks and a simple
mixing stage.

One can build therefore correlation modules for »
variables only, and then obtain functions of n+1,
n+2,... variables by small auxiliary units.

However, the logic of fig. 6 has a longer propagation
delay than the equivalent P and PS configurations.

4. The complete system

Besides decision cir¢uits, a logic system must include
memory elements and input-output devices.

A typical apparatus for multicounter experiments,
which includes the decision modules outlined in sect. 3,
is shown schematically in fig. 7.

When a master is present, the value (“0” or “1”) of

- PR die
A
A
E |
B
5 — 4 - VARIABLE F AB.C0)
¢ MODULE = .
5|
. 3
D ——
CLOCK +
F(ABCDE)=
=F(ABCD)-E+F(ABCD)E
A
A — _
5 £
B — 4 - VARIABLE P 800) o
¢ — MODULE —
S
D
5
CHLETTTTTTT T
Ao s

Fig. 6. A function of 5 variables F(A4,B,C,D;E) can be obtained by combining two 4-variable modules.



DECISION ELECTRONICS IN MULTICOUNTER EXPERIMENTS

each variable, whether or not a part of the master itself,
can be stored in binary memory elements, which are
part of the slow correlation unit.

Any needed function of the stored variables can be
performed in the latter unit without undergoing the
time limitations of the master.

However, the logical modules that perform slow
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correlations are identical to the fast ones, and it does
not pay to build them with slower components.

To evalvate the practical characteristics of this
system, one should consider unitary costs (~ 1$/gate
input), the wiring difficulty (~ 5” x 8" printed card, for
a 4-variables module), the intrinsic gate resolving time
(5-20 nsec fwhm), etc.

MATCHING UNIT FAST CORRELATION UNIT PROGRAM
CLOCK
x1 X‘I a‘l
— - n “"REMOTE OR
VARIABLE i | GATES MODULE 2 BIT svschr? CONTROL
X2 | COMPLEMENTS [ | FOR n REGISTER
X2 I VARIABLES
Xn . apn
™ (DELAY t'f) -
CLOCK MASTER
A C
-]
CLOCK
DELAY s GATES MODULE
R
? FOR n
VARIABLES
CLOCK
DELAY s
R
B (ALTERNATIVELY
_____________ COMPUTER)
CLOCK y
X!
& DELAY s »
R
T $0UTPUTS T0 SCALERS
RESET FILM LAMPS, ETC.
DELAY MEMORY SLOW CORRELATION
EQUALIZATION ELEMENTS UNITS

Fig. 7. Block diagram for the fast electronics of a possible experiment. “Correlation units” are used. The outputs xi,..., x» of discri-
minators are complemented, and their voltage levels matched to those of micrologic elements. When a “master”” has been obtained
from the fast units, a line of memory elements stores some variables for subsequent analysis.
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We are now beginning to operate our prototypes, and
will soon have the measured characteristics.

5. Conclusion

Integrated circuit elements have attained speed
ranges (clock repetition frequency = 50-100 Mc/sec)
comparable to those required by many high energy
experiments electronics. Furthermore, they are in their
young age. Further developments are to be awaited
still. On the other side there are little symptoms of great
improvements of conventional electronic modules.

These were the starting points in this paper, whose
aim it is to show that instead of trying to convert the
usual modules tointegrated circuitry, one canchangethe

logical organization of experimental block diagrarms.

The resuit is a new “correlation unit” which can give,
in a time not much longer than required for a coinci-
dence anti-coincidence operation, the most general
logical function of n variables; the unit can be computer
programmed.

This performance, unattainable by conventional
modules, seems on the contrary simple enough with
integrated elements, and offers an exciting improve-
ment of logical flexibility at little cost and complexity
increase.
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