



































4, ITERATION SCHEMES

In cases where we are varying a parameter oto
meet a boundary value or a minimum condition,
we must decide what change to make in cc for the
next run, A formula for calculating the parameter
value for the next run from the results of previous
runs is called an iteration scheme., Two iteration
schemes will be considered here. For simplicity
we will limit ourselves to the case of a single
parameter oc, Iteration with several parameters
is considered in References 6 and 7.

a) Correction Proportional to Error, Suppose
we have to vary a parameter or initial condi-
tion octo meet the boundary condition X¢ = a,
where X; is the final value of a variable X,
such as the horizontal displacement of the
bullet in the missile trajectory problem or
the temperature T in the heat equation.

If we define an error by € =X
able change in cc would be

P then a reason-

Ao =Ge

where G is a constant, This scheme makes large
corrections for large errors and small corrections
for small ones, whichis reasonable, If cc eventually
settles down to a steady value, then A o will
approach zero, andtherefore € will approach zero,
which is what we want,

If € is an increasing function of oc | then the con-
stant G should be negative so as tochange o in the
right direction to decrease € . On the other hand,
if € is a decreasing function of cc | then G should

useful in cases where we know a priori whether
€ is increasing or decreasing with oc, This is the
case with the heat equation, Figure 4-1 shows how
Figure 2-4 may be modified by adding storage and
parameter change circuits to effect the iteration
scheme, The parameter octo be variedis cc=T/(0)
and the computer effects the change in oc by inte-
grating the error € during the RESET cycle, whose
length is TR‘
In cases where € is sometimesanincreasingfunc-
tion of oc and sometimes decreasing, the above
scheme is less practical, Inthesecases analterna-
tive is to minimize the absolute error |€ |. This
approach reduces the boundary value problem to a
problem in optimization,

b) Fixed - Step - Size Optimization. Consider
the problem of choosing a value for the param-
eter octo minimize the result X, X may be the
absolute error in a boundary value problem,
as described in Section 4a above, itmay be the
error in a curve fitting problem, as in Section
2d, or the amount of fuel consumed during a
satellite maneuver, as in Section 2b, Many
iteration schemes are possible, but the follow-
ing one is probably the simplest to mechanize,
(In the following paragraph, subscripts refer
to computer runs, Thus ocq is the value of
used in the first run, X is the result obtained
from the first run, etc.)

1) Pick a starting value forec, saycc 1

2) Make a run with this value and store the

be positive, This means that the method is most result X1
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Figure 4-1. Iterative Circuit for Solving the Boundary-Value Problem in Section 3e,
Using the Iteration Scheme A<= Ge



3) Change o« by a fixed amountA oc and make 6) When finally an increase in X isobtained,
a new run with the valuecc_ = oc_ +A o, this is an indication that the minimum

Store the result X2_ 2 1 value has been overshot, When this hap-
pens, cut the step-sizeA o< in half, and re-
4) Compare the values X; and X, If X5 < X7, verse its sign.
increase oc by the same amountA o and
repeat, The following table gives an indication of what to
expect when this procedure is followed., In this
5) Continue as long as X decreases witheach table, X, cc , and Accare all computer variables
successive change in oc , and are given in volts,
Run # o« X A o for next run
1 1,00 + 9,82 + 1,00
2 2,00 + 7,17 + 1,00
3 3.00 + 6.61 + 1,00
4 4,00 + 6.29 + 1,00
5 5.00 + 6,73 - 0,50
6 4.50 + 6.10 - 0.50
7 4.00 + 6.29 + 0.25
8 4.25 + 6.07 + 0.25
9 4.50 + 6.10 - 0.125
10 4.375 + 6,02 etc,-~-

Note that some of the runs are redundant; run 7 duplicates run 4
and run 9 duplicates run 6, but this duplication is not a serious
drawback., To mechanize the reversal of sign, we can use the
following circuit:
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The mode control relays on integrators 1and 2 are
patched so that they integrate in RESET and hold in
OPERATE. The comparator contacts assure that
the integrators will receive inputs only when X >
Xp-1; that is, only when the last parameter change
made things worse instead of better, When X >
Xn-1, the integrators will integrate for one RESET
cycle, and then HOLD,

The system in Figure 4-2 produces adamped sine-
wave output, The pot-settings can be chosen so
that the half-period of this damped sinewave is
equal to the RESET time, and the amplitude decays
by a factor of 1/2 in this time, At the end of the
RESET cycle, the integrators hold the new value
of Acc | which is - 1/2 times the previous value.
Hence, in a given RESET cycle, one of two things
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will happen: If X <X ; the value of oc will be
updated by an amountAcc. If X,>X,_7, the step-
sizeAoc is halved in magnitude and reversed in
direction.

Note that in this second case, the value of A is
changed, but the value of ccis not, Hence, the next
run will be made with the same value of cc, and
should yield the same value of X,

The comparator will then be comparing two equal
voltages, and it becomes a matter of chance whether
it will decide to update oc or reverseA ocduringthe
next RESET cycle, To avoid this difficulty, the
comparator is slightly biased so that when in
doubt, it updates cc,



5. PROGRAM FOR ITERATIVE SOLUTION OF A BOUNDARY-VALUE PROBLEM

In this section the trajectory problem given in
section 2c¢ is solved, The circuit is described in
detail, and a typical set of results is given,

The dynamic equations of the bullet, which were
given in Section 2c, are repeated here for reference:

X = V0 cos 9 x(0) =0 Eq 5-1
y=-g y(o) = 0; y(o) =V, sin 0 Eq 5-2

The solution of these equations on an analog com-
puter is straightforward. Equation 5-1 requires one
integrator and equation 5-2 requires two. An in-
spection of figure 5-1 indicates that an additional
fifteen amplifiers and three multipliers are re-
quired to effect the iteration scheme, In view of
the triviality of the differential equations (Eq, 5-1
and Eq., 5-2 may be solved analytically by direct
integration) it appears ridiculous (and indeed it is)
to use such a sophisticated and expensive iteration
scheme, However, the circuit is intended as a
general illustration, not as a solution of a specific
practical problem, The following points should be
noted:

1) The circuit was chosen to illustrate a
number of interesting techniques. A num-
ber of modifications could have beenmade
in the interest of equipment economy, but
the present circuit illustrates the indi-
vidual operations better,

2) The interest here is in the iteration
scheme, not in the differential equations,
Hence a trivial set of differential equa-
tions, which leads to an interesting and
complex iteration scheme, was delib-
erately chosen, The dynamic equations
could have been made considerably more
complex by the addition of aerodynamic
forces on the projectile, Some of these
aerodynamic terms are quite complex and
nonlinear, and would result in the bulk
of the computing capacity being used to
to solve the differential equations, The
iteration scheme would, of course, remain
the same, However, from the point of view
of illustrating the iterative techniques
nothing would be gained by making the dif-
ferential equations more complex,

3) Most of the amplifiers (and two of the three
multipliers) are performing essentially
digital functions — storage, gating, logic,
etc, The use of a few digital devices (AND
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gates, flip-flops, etc.) would materially
simplify the program. Such components
are available for larger computers, such
as the 100-amplifier PACE 231-R,

4) In many practical cases, it is possible to
use a far simpler iteration scheme than
the one shown here, The iteration circuit
in Figure 4-1, for solving the heat equa-
tion, should be regarded as more typical
of a large number of one-point boundary-
value problems. In this example also, the
differential equation would be made more
complex if appropriate non-linearities
were introduced—such as a temperature-
dependent thermal conductivity, Such a
nonlinearity would result in the addition
of a diode function generator and a multi-
plier to the circuit for solving the dif-
ferential equation, but the iteration scheme
would remain the same,

ANALYSIS OF THE CIRCUIT

The parameter to be controlled isthe firing angle 6,
However, the equations require sin # and cos 6,
If 9 were chosen as the iteration parameter, it
would be necessary to use two DFG’s to generate
sin 9 and cos 0 . The equipment requirement is
reduced if we define o = cos 9 and iterate on @,
We can then obtain sin 6§ from the relation

sin 4 =‘/1—cos29, which holds when 6 is in the
first quadrant, This relation can be mechanized by
a single amplifier and one multiplier (see ampli-
fier 18, figure 5-1), This circuit makes use of the
possibility of separating the TR-48 quarter-square
multiplier into two independent X2 generators, The
iteration scheme used is proportional correction:

AOJ ::EGE
n+ n

1

where o, and € , are thevaluesof « and € forthe
nth run,

Ao

=Q -a
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Ae n T€h T € n-1 »
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Figure 5-1. Program for Iterative Solution of Boundary-Value Problem

The use of the plus or minus signis determined by
the following rule: The signs of Acj, and Ag, are
compared; if they are alike, this is taken as an in-
dication that da/de is positive, and the - sign is
used. If they are unlike, the + sign is used.

Figure 5-1 gives the appropriate circuit, Ampli-
fiers 06, 07, and 10 solve the dynamic equations,
The value of x is to be sampled when y crosses
zero, This will not happen at the end of an operate
cycle, but at some time during the cycle, Hence a
comparator-controlled track-store unit is used,
When y crosses zero, comparator 35 flips to the
minus side, switching amp 03 from TRACK to
STORE. Amplifier 07 continues to integrate down-
ward (this means a negative value of y, which has
no physical significance), A feedback diode is used
to prevent the output of amp 07 from becoming
more negative than about half a volt, This is to
prevent overload in case the OPERATE cycle con-
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tinues for a long time beyond the collision point
(the length of the OPERATE cycle is fixed).

Amplifier 03 is a combination summer and track-
store unit (see Appendix 3). The desired value of
the range R is set in on pot 00, and amplifier 03
tracks and stores the error. At some point in the
OPERATE cycle amplifier 03 is switched from
the TRACK mode to the STORE mode, and it
should remain in this mode throughout the rest of
the OPERATE cycle and the following RESET
cycle, However, during this RESET cycle, the con-
trol signal, which is derived from amplifier 07,
will be reset to zero, which will flip the com-
parator to ‘‘+?’ and return amplifier 03 to the
TRACK mode prematurely, To prevent this, the
second input to comparator 35 is connected to the
RESET signal from comparator 34 (see figure 5-2)
which is performing the mode cycling, When the
main problem integrators 06, 07, and 10 are being



reset, a -20 volt signal appears at this terminal,
latching the comparator in the ‘‘-’’ state and as-
suring that amplifier 03 remains in the STORE
mode throughout the RESET cycle. Since the -20
volt relay power supply is a larger signal than
is normally used on the TR-48 patch panel, an
input resistor of 10K is used to cut down com-
parator sensitivity, This resistor may be a ‘‘gain
10’ resistor from any of the unused amplifier
networks.

Amplifiers 14 and 22 delay the stored error by one
cycle (see Table 3-1 and Figure 3-2), Amplifier 14
(marked S*) behaves like an ordinary S (Storage)
amplifier, but its mode control is a bit different
from that described in section 3a. It cycles be-
tween OPERATE and HOLD instead of OPERATE
and RESET, An ordinary Storage amplifier, as de-
scribed in section 3a, could have been used, but
this trick enables the amplifier to share a dual
integrator network with amplifier 15, reducing the
number of integrator networks required,

Amplifier 08 is a high-gain amplifier, Instead of a
feedback resistor, it has a feedback limiter circuit
designed to limit it to approximately +10 volts, The
output of amp 08 may be thought of as essentially a
digital signal, having the value~10 when € p >€ ;,_1
and +10 whene <€, 1, or in more concise
terms, its output is -10 sign (Aep). Similarly, the
output of amplifier 16 is +10 signAap, which has
been computed from the value of Ax for the last
run, delayed one cycle, The signs ofAa, andAey
are compared by multiplier 13, which acts as a
‘‘coindidence gate’’ or ‘‘exclusive OR?’’ circuit,
The output of amplifier 13 is -10 volts ionzn and
A €, have the same sign, and +10 volts if they
have opposite signs, Multiplier 21 multiplies this
logic signal by € n» So that the output of amplifier
21 is proportional to * €, the sign depending on
the relative signs of Aa, and Ae¢,. The signs on
the multipliers are chosen so that the output is

TR+TO
Tr /T
10 7 ° [ TrTo

SWITCH AR
—20 ¥l

proportional to -Aa . ,. This signal is delayed
by amplifiers 11 and 23 and converted to a binary
signal by amplifier 16, so that it can be used to
determine the direction of change for the next run,

The output of amplifier 21 is just what is needed
for the iteration scheme Aa ., ,=+Ge , =-G€
SIGN (A « o A€,). Pot 10 introduces the constant
G and the appropriate scale factor, Its output is
-10 Ay, +1/TR° Amplifier 15, the parameter up-
dating integrator, is connected so that it operates
when the main problem is in RESET and holds
when the main problem is in the OPERATE mode,
It integrates the constant -10Aa_, , /TR for acon-
stant interval TR (the (RESET time) and its output
changes by an amount +10Ac, ., , inthistime, Thus
its output, +10ex = +10cos @ isappropriately up-
dated during the RESET cycle and its new value is
held during the following OPERATE cycle, Multi-
plier 25 and amplifier 18, as described above, pro-
vide the necessary squaring, subtraction, and
square root functions to generate 10 sin 8 from the
input 10 cos 6.

Figure 5-2 gives the circuit for the mode control
cycling, The operation of this circuit was analyzed
in detail in section 3-d. Note that the MASTER
RESET terminal on switch #1 may be patched to
the RESET coil of the parameter-updating inte-
grator 15, to enable a first-run value @ { to be
established on the integrator, The computer mode
busses are completely unused, and all mode con-
trol signals are obtained from the manual switch
and the comparator, The -20 volt relay power
supply is terminated on the TR-48 patch panel in a
terminal marked RV (relay voltage). Thisterminal
is in the lower left corner of the readout panel,

Since the RESET and OPERATE busses are not used
in this circuit, the operation of the circuit will be
independent of the mode pushbuttons on the control
panel, except for the POT-SET mode, whichcloses

_ TO OPERATE COILS OF MAIN
34L o——>»PROBLEM INTEGRATORS

TO RESET COILS OF MAIN
PROBLEM INTEGRATORS

TO OPERATE COIL OF AQO2

oC
RELAY VOLTS TO RESET COIL OF AO2. THIS IS

L MASTER RESET TERMINAL.CONNECT

TO INTEGRATORS THAT MUST BE
RESET WITH THE ENTIRE INTEGRATION
SCHEME.

Figure 5-2. Mode Control Circuitry for Boundary-Value Problem



a relay around every amplifier, The POT-SET mode
is therefore a convenient one for settingall storage
amplifiers to zero before the start of the iteration,
The sequence of operations to be performed by the
operator is as follows:

1) Put the computer in the POT-SET mode to
clear all storage to zero,

2) Put SWITCH #1 to left position,

3) Depress the HOLD pushbutton to bringthe
computer out of the POT-SET mode,

4) Put SWITCH #1 to the right position.

The computer will now cycle back and forth between
RESET and OPERATE, updating the value of the
parameter @ each time, The results may be re-
corded on an X-Y plotter, and the convergence
observed,

Results for a typical series of runs are given in
figure 5-3. The target was placed at 2,000 feet,
and a first-run value of @ was chosen that gives
an entremely large initial overshoot, Note that the
results of successive runs approach the target mon-
otonically, and that the amount of the correction
decreases as the target is approached,

It is worthwhile to pay some attention tothe mean-
ing of the constant G, The entire iteration scheme
may be thought of as a feedback control system con-
trolling the parameter « , The correction is pro-
portional to the error € , and the constant G may
be thought of as the gain of the iteration schmeme,
It is interesting to run the iteration scheme several
times and observe the effect of the gain G on the
convergence, As expected, low gain leads to slow
convergence, Increasing the gain speeds the con-
vergence, up to a point, but excessive gainproduces
divergence,

10,000 , :
9,000
1 TN (i T
8,000 : e
llll—:_‘ ::| r E
7,000 FEHHHE AR :
g“atﬁ i / N g DMPUTER| RESULTS IFOR
E:;;_ v { ;! A U " L HHIIIIJQ oL ] _;' (8
6,000 / st \ - ; = St
_ i e A e e e S e O00FEETHF AUNCHING SITEL
5 B . h ‘ STON- R T
w 5,000} | SibS deateite X IORERATE
~ I# I \||= T !
> I T !
= H \
4,000 ' ;
E CHA \
3,000f
u \
-lll { \
2,000 HHH i | -
8 I -
1 i A !
1,000 L \ i
Anu T EEY
N t [ i
0 N R s I :
0 1,000 2000 3000 4,000 5000 6,000 7,000 8000 9,000 10,000

X (FEET)

Figure 5-3. Results for a Typical Series of Runs

17



Table 5-1.

Pot
Number

00
01
02
03
04
05
06
07
08
09
10
14
19
24

29

Parameter
Description

2R/10°
3
g/10°/B
1/508
3
v, /10

Limiter

(Tp+ T,) /TRTOP

Limiter
50,000G/ TR
Limiter
Limiter
Limiter

Limiter

Potentiometer Settings

Numerical

Setting

0.040

0.161

0.100

0.750

0.470

0.100

0.075

0.500

0.300

0.470

0.040

0.470

0,470

0.470

0.470
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Table 5-2, Summary of Integrator Mode Patching

02

’

06

10

’

14

’

21

03

07
11

15

23

From SWITCH 1.

From lower contacts on comparator 34
RESET coils from + terminal
OPERATE coils from - terminal

RESET coil patched to SWITCH 1, left
terminal,

OPERATE coil from + terminal, com-
parator 35

From lower contacts on comparator 34
RESET coils from - terminal,
OPERATE coils from + terminal,
(The mode of these integratorsiscom-

plementary to the mode of the main
problem integrators)



APPENDIX 1

TR-48 MODE CONTROL

The mode control on the TR-48 is accomplished
with relays which are energized from a-20 volt DC
power supply. The individual relay coils appear on
the patch panel, which allows for independent con-
trol of integrator mode.

The relays normally receive inputs from twomode
control busses, called the RESET bus and OP-
ERATE bus, Each bus is energized from the corre-
sponding pushbutton on the mode control panel:

1) When the RESET mode is selected with a
pushbutton, the RESET bus is energized
with -20 volts and the OPERATE bus is
de-energized,

2) When the OPERATE mode is selected, the
OPERATE bus is energized, and the RE-
SET bus de-energized,

3) In the REP-OP mode, the RESET and
OPERATE busses are energized alter-
nately, thus cycling the computer between
RESET and OPERATE,

4) When the HOLD mode is selected, both
busses are de-energized,

Each dual integrator network has two input termi-
nals on the patch panel which go to relay coils,
These terminals will be referred to as the RESET
coil and the OPERATE coil, (This is an over
simplification — actually, one of the terminals
energizes two relay coils, but this is notimportant
from a programmer’s point of view):

1) When the RESET coil is energized, the
integrator is in the RESET mode.

2) When the OPERATE coil is energized, the
integrator is in the OPERATE mode,

3) When neither coil is energized, the inte-
grator is in HOLD,

4) If both coils are energized simultaneously,
the integrator may be in any of several
modes, Because of this uncertainty, the
programmer should avoid simultaneously
energizing both coils,

In normal operation, each coil is patched to the
corresponding bus, The mode of the integrator
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is then selected by the pushbuttons in the normal
manner, This standard mode control connection
can be made with a double horizontal bottle plug.
If this plug is removed, the coils can be patched
in many different ways, For example, reversing
the connections (RESET coil to OPERATE bus and
OPERATE coil to RESET bus) gives a tracking unit,
as described in Section 3a. Integrator coils may
also be energized directly from the -20 volt relay
power supply or through comparators or manual
switches, The relay power supply appears on the
patch panel in the lower left-hand terminal of the
readout panel, at the terminal marked RV (relay
volts),

For some applications, it is desirable to have
some integrators running in Rep-op and some in
real time simultaneously, This result can be
achieved on the TR-48 as follows: a shaded por-
tion of the integrator network contains two holes
marked NORMAL and two holes marked SPECIAL,

When the holes marked SPECIAL are patched
together, the integrator operates normally. (When
a bottle plug is used for this connection, the word
SPECIAL is covered up., Hence the operator sees
the word NORMAL when the integrator is operat-
ing normally), When the holes marked NORMAL
are covered with a bottle plug and the word
SPECIAL is exposed, the integrator operates in a
special manner, i,e,, it goes into the OPERATE
mode as soon as the REP-OP mode button is de-
pressed, and remains in OPERATE (with a real-
time capacitor, not a rep-op capacitor) as long as
the computer is in repetitive operation, An applica-
tion of such an integrator is given in Appendix 2,

The mode control relays on the TR-48 are shared
by the two integrators in a dual integrator network,
Hence the two integrators in a dual network must
be in the same mode at any given time, The pro-
grammer must keep this in mind when assigning
numbers to various components, Occasionally an
integrator network will be wasted (if an odd number
of integrators with a special nonstandard mode
logic are required, one extra network will have
this same logic, whether it is needed or not), How-
ever, the waste will never amount to more than a
few integrator networks, Note that an S-amplifier
(storage amplifier) has the same mode logic as a
conventional integrator, Hence if three S-amplifiers
are needed in an iteration, the odd network can be
used in the problem itself,



One other feature of the TR-48 integrator network
has been used in this article, This isthe possibility
of changing the feedback capacitor on anintegrator
to increase its integration rate, This feature allows
a wider range of time — scale factors than would
otherwise be the case, A bottle plug, called the
B plug, is normally patched into each integrator,
Removing this plug replaces the feedback capacitor
by a capacitor of 1/10 the value, increasing the
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integration rate by a factor of 10, This feature
operates independently of mode control patching,
rep-op, NORMAL/SPECIAL connections or any-
thing else, Whatever feedback capacitor the inte-
grator would have with the S plug (a rep-op or
‘‘real-time’’ capacitor) is replaced by a capacitor
of 1/10 the value, In contrast to the mode control
connections, the dual integrator has two separate
B plugs — one for each integrator in the network,




APPENDIX 2

PARAMETER SWEEP CIRCUIT

TO ARM OF
| X-Y PLOTTER
50 T SYSTEM OF |
1o S _ta DIFFERENTIAL | X (1)
EQUATIONS
T
. TO PEN OF
X-Y
PLOTTER
Figure A2-1

The NORMAL/SPECIAL option on the TR-48 inte-
grator enables us to construct a very simple cir-
cuit for the parameter sweepproblem in Section 3a,
In Figure A2-1, integrator #1 is a SPECIAL inte-
grator, while all the others, including the T and S
(track and store) integrators are operating in
rep-op.

After every rep-op cycle, the S-amplifier stores
the final value of the variable X, This final value
will change gradually as «c changes, Since < is
changing very slowly (it takes 50 seconds to go
from zero to +10 volts) it will appear very nearly
constant from the point of view of the rep-op cir-
cuit, In particular, if the rep-op rate is 20 solu-
tions per second, cc will change by only 0.01 volt
during a single computation, This is the smallest
change that can be detected on the TR-48,

Thus, the rep-op circuit will solve the differential
equations of the system for a virtually constant
value of oc , and the S-amplifier will store the final
value X, After the next solution, the slightly dif-
ferent value of oc will cause a small change in the
value of X, and the output of the S-amplifier will
change accordingly., With the o - integrator con-
nected to the arm and the S-amplifier connected to
the pen, the X-Y plotter will produce a graph of
the final value X versus the parameter oc,
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The graph should look something like Figure A2-2,
that is, the graph will not be smooth, but will con-
sist of many small steps, However, if oc varies
over the desired range in 50 seconds, and the rep-op
rate is 20 solutions per second, the graph should
consist of 1,000 steps, and they should be so small
as to be barely noticeable,

X final
A

Figure A2-2



APPENDIX 3

THE COMBINATION SUMMER AND TRACK-STORE UNIT

SJ'
X | — ! R
I NMAN- e
Rz 11
Rn v
X —ANN———-
n
Figure A3-1

In many applications, it is necessary to store the
sum of two or more signals, This can, of course,
be accomplished with two amplifiers — a summer,
and a track-store unit. However, the functions of
both may be combined in a single track-store unit
with several input resistors (Figure A3-1),

When the switch is closed,; we have

n
1 R
Y =~ 1yRCS ? R 1

. . .and the unit acts as a combination track-
summer,

The point marked SJ/ in Figure A3-1 appearson the
patch panel area of a TR-48 integrator network, so
that additional IC input resistors can be patched in
to take advantage of this capability. In many cases,
this feature saves one or more amplifiers,

Since the input resistor network of a track-store
integrator is not normally used, it can be patched

to the SJ7 and used for multiple inputs, A symbol
for this type of patching is given in Figure A3-2,

NUMBER OF SUMMING
10 NETWORK USED.

PRI

x

SJ
—(x+y)

Figure A3-2

Note that a ‘‘gain of 10’’ on a TR-48 means a 10K
input resistor, which produces an actual gainof one
in this case, since the feedback resistor is also
10K. (Some TR-48’s have 50K input and feedback
resistors in the integrator IC networks. The in-
dividual computer should be checked for this before
the circuit is used,) ’
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