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ABSTRACT

Small specisl purpose digital computers (SPDG) ceuld
be used to contrnl processes for which the cost of general
purpose digital computers is prohibitive. This thesis describes
a SPDC to optimize @ process for which an exact mathematical
model does not exists The SPDC could use any of the empirical
or trial and errgr rmethouds dfiginally designed for hand calcu-
lations ér for use ¢n a large general purpése digital ecomputers.
The methods discussed in this thesis are gradient search,; direct
search and random search,

The overall opération of a SPDC is described in detail
using logic bleck symbolss From the knowledge gained in build-
ing and testing the c@mpﬁterp improvements in circuitry and
sééréh strateéy are suggested.

The logic and ciréuitry used in a SPDC depend;‘bn the
nature of the precess t® be controlled. This is iilustrated in
the thesis by the desgription of the optimization of a flotation

processe
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A STUDY OF A SPECIAL PURPOSE AUTOMATIC OPTIMIZER
1. INTRODUCTION

In the last few years there has been an increase in
the ﬁumﬁer of computers used in industrial controls,lvand an
accompanying expansion of the literature about them,2 Since
many companies are now actively investigating computér usey an
even greatér increase is anticipated. Despite this widening
interest and a general lowering of computer and computer compon—
ent prices, there are still many processes to which optimal
control techniques cannot be applied because of the high cost
of aVailable general purpose computers relative to the expected
increase in returns due to optimdl éontrolu

The object of this thésis is to outline a special
purpoée low costbdigital controlier for dn—line optimal control.
This type of unit could be used to drive a single loop or small
process to a steady state optimum. The controller is also
applicable to the quasﬂﬁmatic process where the optimum operating
point varies with uncontrolled plant parameters which change:
slowly relative to the dominant respoﬁse time of the processs
This digital éontroller;could also be used in conjunction with

a high speed analog computer to control dynamic processes as

3, 4

suggested by Bohn, ‘
Alone, or in conjunction with the high speed analog

computer; the action of the digital controller will be the same.

The processy; or plant, would be such that a'mathématiéai model
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cannot be completely prepared because.of the complexity of the
process. Even if a'mathematical model can be preparedy it
wnuld Be too complex to be solved analytically and is complicated
further by time varying parameters. The optimum dis detefmined
by experimenting with the process, sométimes referred to as the
direct method of @ptim1z1ng. |

- ‘The changes made by the controller in the controlled
‘variables are based on past responses of the perf@rmance function
'P; Varlous strategies have been developed to find the . gptimum
under these conditions.- The‘@e01§10n of what strategy to
instrument wauld be based on what is known of the pr@cesé and
performance'func%i@n surface. The.Quarie controlter and OPCON
are commercial contrnllers using‘fhis technique¢5f6’7§8 An
analog computer of this'typelhas'been suggested by FeIdbaum.g’lo

Tnere are several welledocumented segrch strategies
for maximizing mathematical functions, usually intended for
use on a large gemeral purpose computer. This thesis describes
how standard components could be used to instrument one such
search strategy for direct pnoness optimization; The general
purpose digital COhbutér has a ldrée mininum coét'beCause tne
same control and arithmétic‘unité ére reqnired regardless of
computer sizes As the digital controller described here requires
no program flexibility and works at speeds comparable te the
pf@cess time constants, a very inexpensive unit;sh@uld be possible.
This thesis shows how the'pérformance of the circuits in the
controller may change the basis for choosing a search strategy,
~ and concludes with a description of an industrial pr@ceés wvhich

might use such a centroller,



2. CONTROL STRATEGIES

The term Mcontrol strategy'" is used to deseribe the
procedure by which the control parameters of a process are
varied in order to operate the process at the desired optimum.
For simplicity, the optimum operating point will be cwnsidered
a minimum of Piz The performance function surface will be con-
sidered unimedal (one minimum), a realistic assumptien as the
multimodal case becomes unimodal once the lowest minimum has
been found. Somevaﬁthors suggest handling the multimodal case
by repeated use of a control strategy designed for the unimodal
case using different parameter values for starting p@intsnll
The "no—error" cases where the control parameters and P are
assumed to be known exactly will be considered here; as their
principles are simple and the control strategies based on them
can be used even if the assumption is not quite trues Process
noise and instrumentation error which exist in most industrial
cases might necessitate use of a variation (using a statistical
techniquelz) of the "no-error" strategieso The controlled
~system as suggested by Bohn3’4‘can be considered error free.

Again for simplicity and dase of descriptiony the
process will be considered as shown in Figure 2-1 with X and Y
as two contrclled parameters, v as one uncontrolled parameter,
and the performance function P as the output to the control
computers,

The centrol pomputer must vary the ihputs X and Y in

discrete steﬁs as the effect of changing a variable is not
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immediately measurable because of time lags in the pruacesss
Each new control parameter setting must be held until the static

response to the change can be measured.

—_ —_— — —_— _— I L —_— —_— J— —_ —_— —
| Ed ]
7
> PERFORMANCE
v -————-3 PROCESS 2. P |
COMPUTE R
| % y ConTroLLED
— - - A - — — _ - SYSTEM . _
ConRolr.
COMBYTE LR

Figure 2~1 Block Diagram of Direct Optimizing
2.1 Nonsequential Strategies

In nonsequential strategies the entire perfarmance
function is systematically explbred, Each new setting of X and
Y is independent of past responses. This type of strategy, while
useful for multimedal performance surfaces, is net as applicable
to the problem outlined in the introduction as the sequential

strategies°l3
2.2 Sequential Strategies

Sequential strategies are the types of control strate—
gies best suited to a special purpose digital computer (SPDC)
with limited memory capacity; Sequential strategies are often

referred to ags "hillelimbing" because the physical ascent of a



hill involves similar decisionsn14

In sequénfial strategies, eéch nev setting of X and ¥
is dependent 0N one @r more pastlresponses to step changes in
X and Y. HThus the changes in X and Y cannot be predetermined
as in nonsequential strategies.because they depend on the uﬁknoWn
performance éurfa@e and on thé starting values of X and Y.

There is extensive 1itefatﬁre on sequential centrol
strategies and mugh overlapping of ideas and termss In generaly
the sequéntial strategies méy be divided into three main types:
gradient, directy and random search, |

Gradient methods explore the variations éf P with
respect to parametér changes to find the 100&1 gradient or
direction of greatest slope of the P surface in the meighbourhood
of the starting point and move the control parameters in this
direction, In the univariate gradient method all variables
except one'afe held constant and this one islvarié@ to obtain
an improvement in_ﬁg Thus Xl would be held and Y varied until
Yz, the value of Yiwhic? gives the largest possibie P (Xlp Y),
is found. Then Y is held at Y, and X is varied, etcs One of
the many possible vgriétions is to start vafying Xif P (Xlg Y2)
is not found in a speéified number of steps of\Yn The univariate
technique works quite well as long as the control parameter
axes are parallel +to the axes Ff the contggrisuffaces of B}5
Even with an advantageous alignment of axes; this method requires
many more moves to arrive at the minimum than other methods
which move all parameters'simultaneously,

Another gradient strategy similar to the univariate
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method but which makes simultianeous steps in all control para-

meters is called relaxation. The local P surface is explored
to find the gradient direction and then all control parameters
are stepped simultaneously to move thé operating point in this
~gradient directions Thege steps are continued until no further
improvement in P (local minimum) is possible in this direction
and then a new local gradieht:is found. After the first step
there is no reason to assume the moves are still in the direc-
tion of the local gradient and this is one of the factors that
lead to many variations on this general strategys Fof exémple,_
the change APy in-P.fprlthe*N#hzsteprcOuIa be monitored énd if
APN becomes less than a predetermined percéntage of APi in the
particular direction being moved, a new gradient direction
could be found immediately rathér than continuing on to find
the local minimume A variation that ﬁould not require ﬁhe
storagé of APl is to use either the finding of the local minimum
or the Nth control parameter step as the signai to find a new
local gradients

Perhaps the best known of the gradieht methods is
"steepest déscent" which lets the N of the previous variation
be. 1. Thus a new local gradient is found aftervea,c.hnstep° This
enables the maximum advantage to be gained from éach step of
the parameters once the gradient direction is knowns If finding
the gradient direction is very time consuming, the relaxation
method may find the minimum in a much shorter time than steepest

descent. In minimizing a mathematical function, the gradient

direction is found by calculating the derivatives of the function

“
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by any sultable mathod . With the process .as outlined ‘in the -
introduction, these derivatives. CEBEPt be calculatedu The |
gradient is fnun& by sequentially changing each control a known
amounty ékg waiﬁing any required dead tlme or until all transient
effects have settled and then measuring the resulting '5?‘

Then - assumlng k:SP be/é?x, a move can be made in the
t.gradient dlrection by simuli;aneously stepping the control
parameters an amount AX = -ks %! AY = =k 51’ ,

In most industrial processeé the required delay, Tp, ;LL;
between stepping &X apnd the measurement of é;Px is so much
greater than any computation time required by thg SPDC that,
using a steepest descent strategy, a large pércéﬁﬁagé of search
time is spent finding the gradient direction rather than improv—
ing the operating condition of the process. But on any irregular
P surface the steepest descent method may arrive at the optimum
operating condition in shorter time than the relaxation method.
It should be pointed out that any direction of seawxch which
improves P tan be made the steepest descent direction by a
proper change of scale of the control parameter5g11y16’17
This indiéa%es a basic problem of all gradient methodsi moving
in the gradient direcetion can be no better or nd worsé than
moving'in any other direction., If the contour lines of P are
circlesy the gradient direction at any operating peint will
lead directly to the minimum, but, if the P contours are any
shape other than circular, there may be very little gorrelation

between the gradient direction at an operating poin% and the

direction from the same operating point to the minimumg
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Direct sea,rch]“8 or trial=and=errorl7 strategies are
in no way'dependent on a gradient'd:irection° The control para-—
meters are stepped in any direction which the previous responses
have shown to imprave P. One type of direct search is to make
simple exploratory moves of each control parametei and use the
improvement or lack of improvement of P (no.interest_in relative
sizes of SP;, only in sign of ) P) as a guide te direction of
search. This expleration is foliowed by a "ﬁatternﬂ_step in
the direction indicated by'fhe exploration. For any f surface
having noncircular contours (which would seem to include many
industrial processes), the direct search strategies should be
just as gobd if not better'than,any gradient methods One
advantage of dire¢t search strategies for use in a SPDC is that
they tend to use repeated identical arithmetic bperatibns with
a simple logica

In random search strategies the control parameters are
stepped in a randemly chosen direction about a base operating
points If P is improved at any chosen operating pointy it
becomes the new base point for continued random movess It
might seem obvious to prefer a procedure which makes some use
of previous responses in planning th; next move but a random
search strategy is efficient at optimizing very irregular P
surfaces, Some tests have‘shown'random strategies better than
systematic control strategies for a process wifh.fewiinputs
(less than three) if tha - process can be described by algebraic
equations.15 With a process as outlined in .the introduction

where time‘TP is required after each parameter step before &P
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can be measured; the random strategies do not perform as well
as the gradient methadsal4

All the basic sequential strategies so far considered
will operatey with various degrees of snccess, using enly a
single step size thr@nghoutvthe entire search for the optimum.

A much improved perfurmance (fewer steps to cenvenée to the
optimum) ie possible if adjustment of step size is usede In
this substrategyy the uuually suggested pattern is to usé coarse
steps in the initidl stages and finer steps 1n the 1atter stages
of the search tv improve resolutlon and reduce oversheoot and
hunting lossess« There is a‘large number of criteria for chang-
ing step size and most modify the initial step size depending

on the success of the previous step taken (if P was improved,
the step was a sueeess)g The effectiveness of any search
strategy is dependent on this initial step size.zo The "best™
initial step size will depend on the particular process under
consideratisonsd For an unknown process, an adjustment ¢f step
size is very important to correct any initial poor cheice of
step sizea .

One possible strategy might be fo doublé the step size
if the last step was & success. This could result in‘rapid
convergence to fhe ¢ptimum in the initial search but would
overshoot the ontimumﬁ In the gradient strategieé the steps
are proportional to the previou.s response, AX = akSPX-, and k
can be reduced as the min;@um is approached. This could be
done by making k smaller for each negative AP (an overshoot).

If k is only made smaller than the initial k, the controller
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could spend a long time searching in an area of relatively flat
P.

Another possibility is to use the frequeney of over-
shbot as a step size cfiterionolz ‘For example, if four overshoots
occur in sequencey the step size is considered too large; if four
successes occur in sequencepvﬁhe step sizé is considered too
small. This type of step size adjustment is used in direct
search strategies where the size»of AP is not measuredi The
step size is adjusted by a prede%ermined amount dependent. only
on the success of the previous step.

Constraint handling is another substrategy that supple-
ments any of the basic sequential sfrategies such as gradient
search or direct search¢ A constraint is usually a physical
consideration which prohibi£Sweertain areas of the P surface
in which the operating point cannot or should not exists '"Hard
constraints”" such as maximum fempefature or maximum flow obtain=
‘able cannot b¢ wviolated. "Soft constraints" are, these which
should not be violated as fhéy represent areas of cperation
where undesirable effects start to appear.-

The constraint may be a known function of the system
parameters, such as XY = C, or sbme measure might have to be
taken directly t0 sense constraint violation. Two possible
methods for handling constraints are "hemstitching" and "riding
the constraint®¢®l In "hemstitching", as used in a basic
gradient searchy; the control parameters are moved in the direc—
tion of the gradient of P if the constraint is not violated.

Once the constraint is violated the parameters are meved in the
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direction of the gradient of the constraint, Like all search
techniques considered in this thesis, there are many variations
on this ideay but basically the parameters are adjusied to improve
P until the constraint is violéted and then the parameters are
adjusted with the aim of satisfying the constraints. Hemstitch-
ing requires the constraint to be violated. This vielation is
not acceptable in any cohtrbller empirically optimizing an
industrial pf@dess with hard constraints. In "ride the.constraint"
method the gfadiént direction of P is always foundy but in a zone
within 6n§ step of theféghééfaiﬂt.(assuming the constraint is a
known equation)ubnly a 1imi£ed parametér step is allowed so
that the operating point will tend to follow the constraint
‘line and the constraint is never violated. This nonviolation
of the constraint assumes that the process variables (e;gu tempera—
ture) follow éloseiyg without overshoot, the corresponding
control set point (bﬁg. thermostat setting). This is part of
the overall assumption that, to be effectively optimized;, a
system must be c¢losely controlled« Unlike hemstitchingy the
"ride" method does not oscillate about the constraint. This
would seem to make a:search strategy with a "ride® substrategy
converge to the optimum in fewer steps than one ﬁith a hem-
stitching substrategy.

For any parﬁicular process, some control strategies
ﬁill be better than ethers. The choice of what basiec controi
strategy (and substrategies) to implement in a SPDC will depend
oﬁ the knowledge of the P surface, and on the speed and acéuracy
rgquired by the ¢ontrol computer. Many detailed comparisons of

search strategies over various types of P surfaces are
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aVailableelsilsizo

2.3 Details of a Specific Search Strategy

Assume that it is required to operate a precess as
in Figure 2=1 at a minimum of P and datisfy the constraint
XY = C, and thaty based on the knowledge of the process, a
relaxation search has been chosen. The:search is to be divided
into two stagesy the initial or coarse stége to quickly locate
a neighbourhood of the optimum, and a final or fine stage to
obtain and track the optimum operating point. If APKg the

change in P resulting from the Kth

step in the coarse search,
is léss than APl/A of the same gradient direction, a new
grédient direction is to be found. The step‘size is to be made
smaller with each overshoot and, if the coarse search is at its
smallest step sizey an overshoot causes the change from coarse
to fine searchy Ip the fine search stage, the control para-
meters are to be stepped sequentially ﬁ‘times in the lecal
gradient direction using the smallest possible step which will
still producé a recognizable &P,

For convenience in the instrumentation the éhaice
A=2y,n=7is madéland<on1y two step sizes k dnd k/2 will be
allowed. While this arbitrary choice may not create the best
possible gradient search, it is suitable to test the ability of
simple SPDC to carry out a specific search strategys This
search is very gereral and should be able to optimizey to
some degree; any %ype d?MP‘surface. It also.has the advantage,

for this thesisy of being complicated enough thaty; in instrumenting
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a SPDC to carry it out, the type of problems and considerations
of instrumenting any search strategy by simple Iogic units
should be encountered.

Once the search strategy is chosen, the next step in
.designiﬁg a SPDC is to specify the sequence of operafions Qithin
the-séarch. The flow diagrams -in Figures 2-2 to 2-4 show one
poésiblé organization of operations enabling'theucontfoi computer-
to carry out‘the required search. The éearch ié éhown broken
down into subroutines;

The command subroqtine checks whether to continue in
coarse search, alternating subroutines mode 1 and mode 2, or
to change‘to mode 4, the "Subroutine for fine search. When
control is transferred frém the fine search subroutine back to
thevcommand sﬁbroutine,-the position of switch #2 (S2) determines
whether fine seafbh will be continued or the .entire search pro-
cedure will be repeated (i.e. return to coarse search). If
vat any time during the.search the constraint is violated, control
is immediately fransferred to mode 3; the constraint handling
subroutine., This is shown by a separate flow diagram labelled
"priority".

Mode 1 is the subroutine which determines the local
gradient directions X and Y are seqﬁentially perturbed & X and
&Y; the size and sijgn of the resulting 5PX and 5PY are stored.

Mode 2 simultaneously changes X and Y amounts
M = - k5Px and AY = - k5Py. The step size, k or k/2, is
chosen by the control subroutine and 5annd 5P,Y are provided

by mode l. These steps are continued until AP is negative or
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APg < Z0Ppe

Mode 3 is the constraint handling subrqutine. Since
the.constraint is a known equation of‘the two control parameters,
‘it is possible to handle”this constraint in the same manner as
an equality constraint when solving a.set of algebraic equations,
that is, to reduce the number of variables. As long as XY = C,

Y is made a dependent variables The consfraint equation gives
the relation between AX and AY and the regular search is con-
tinued. This is a variation of the "ride the constraint"
substrategys mentioned in section 2.2, as the search can move
along the constraint but never cross it.

Mode 44 the finé search stage, takes seven steps
sequentially, stepping X and Y amounts & X and SI. The direc-
tions of the steps are determined by the polarity of the previous
SPX and SPY‘* These step sizes are used in both mode 1 and
mode 4. They should be the smallest step which produces a

recognizable change in P.



15

Start
Priority
Evaluate P at
initial operating pt. X Y
XY = C

l | Mode 3

Decrease
step
size

Figure 2-2 Flow Diagram of

Command Subroutine
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Set Zi direction

positive

\

Step

Set Zi direction-.

negative

Figure 2-3 Flow Diagram of Mode 1
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Mode 2 Mode 3
1
\
2 . o v . 1
ir= 1. i+ 151
Freeze X and Y
y
Step
Delay Y becomes dependent
T variable
Store EE;;;

Exit to

Command ::

Figure 2-4 Flow Diagram of Mode 2 and Mode 3
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Mode 4

Set Z, direction
positive

L

Step

, n+1->n

Set Zi direction
negative

Figure 2-5 Flow Diagram of Mode 4 -
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3. THE COMPUTER

A very inexpensive special purpose digital computer
can carry out the search described in section 2434 The computer
design explained in this section uses standard digital logic
units such as gatesy monosfables and flip=flopss The discontinu-
ous nature of empirical optim;zationAandithe lengthy storage times
required would seeﬁ to favour digital rather than analog tech-
niques as would the compatibility of a SPDC with future overall
plant digital ¢ontrol or teléﬁetryo A computer using a hybrid
of analog and digital techniques couldlcarry out the same search;
it-might even be @rgued that the compﬁter described:iS"a hybfid
as the outputs of the computer are analog.signals obtained from
potentﬂdmpters driven by step motors. These motérs, feadily
available commercially, are driven by the pulses of the digital
equipment, The motors are bidirectionél With‘each input pulse
causing a 15° angular displacement of thevmdtor shafty

Figure 31 shows a very simple outline of the computer,
Thé main control ﬁnit,‘labelled Cdntrol,&b%Ordinates the aétivities
of the auxiliary units which are shown as smailer blockss The
computer is termed asynchronous as the controller starts the
next operation when the smaller blocks have Signalled compietiqn
of the current operation rathgr than waiting a fixed time for
the sméller blocks to carry out fheir operationses P is a
negative voltagé representing the pe:forhancé function fed into
the control computer by the controlled processy, and X aﬁd Y are

the CQntrolled parameters of tHe processs
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To start the search for the optimum operating point, X
and f @re set to some initial values within the limits of. ‘the
constraint andy whén P, has reached its stegdy state valuey P+
(Figure 3-1) is adjusted to equai P_. Here P+ is an internal
positive voltage of the computer which is periodically updated
to equal the magnitude of P_. The SMP block is very much like
a sample and hold unit with P_ as an ipput and P+ ‘as an outputs
As used by the ﬁbmputer,‘the output of SMP is the change needed
to updaté P.s |
 The change in P+ is either &P, S:PY or AP depending on
whether it was caused by 8X, &Y or AX and AY, If the éha,nge
is ‘SPX, it is stored in the COX block; if it is 6Py it is
stored in the GCY block; and if it is AP, it is shored in the
GCP blooks | |
Upon signal from the Coﬁtrol blocky; CCX generates &
number of pngés proportional to Stho SteP X; CCY generates
a number of pulses pfoportidﬁél to é;i&to step Y, While‘thé
circuitry of CCP is much like that of CCX and CCY; its function
is dii.fferept;g CCP stores A_Pl in a counter e.m'd compares each
succeédithAPvdﬂléPlg Upon the result of this comparison the
search eithe'r‘ s't‘ays in mode 2 or returns to mode 1l
The block SMX has X as output ana the various changes
&X and AX as inputse The &X input comes directly from thé
Control block and AX is routed by the Control block to SMX
f;qm CCX., SMY has exactly the same function with Y instead of
X; The deﬁdils of all the blocks are shown inQFigurés-3u2‘to

3=Ts The symbols used are explained in Appéndix Ag
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341 Control Block

Figures 3=2 and 3-=3 are details of the Contrsl blackg
- Figure 3-2 shows the circuitry for»subroﬁtines mode 1 and mode
4, It can be seen from comparing Figures 2-3 and 2-~5 that these
two modes are very similar and,was'the computer cann@t be in
both these modes at the same timey the same equipméntiis used
for both modess ”
The;main components of the Control block and their functions
are as follawgs
FFA — selects mode 1 (state 1) or mode 2 (stéte 2);
FFG —— selects coarse search (state C) or fine séarch‘(state F);
FFB =~ seléctdy in mode 1 only, whether to changé X by a fixed
SX (state X) or to change Y by a fixed &Y (state I);
MC -~ sets correct logical states of the Control black flip-
fiops to establish the controller in mode 1%
MB == produces time delay of TP seconds. | | _

With X and Y at their initial values and P, updatedy
the search routine is initiated by a pulse én all the lines
"marked S in the figures (start pulse). The computer must first
carry out mcdé:l as shown in Figure 2-=2¢ N

in mode 1 the computer is tos
-~ move X éne stepy & X, wait Tp seconds and store d;3x5
- move Y one stepy Y, wait Tb seconds and store 6PY;

—~- go to mede 2

Referring to Figure 3-2y.the S pulse sets FFG to C and

sets MC to 1. The MC pﬁlse sets FFA to 1 and sets flip=flops
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within SMX and SMY so that any pulsés to G53 (Figure 3=4) and
the corresponding gate for Y, G54y will step X in a’'positive
direction and Y in a negative direction. The computer is now
in mode 1. The MG pulse also sets FFB to X and MD ta 1¢ The
MD pulse passes th¥sugh G2 to G53 and caﬁses X to be stepped by
a fixed amount <5X§ 'I.‘.P seconds later the Mpru1$§ (sf@:@é'
causes SMP to updste P+ to the value of P_., The change needed
to update P_g EPX;}? is stored by the CCX block (Figure 3-5).
Tﬁe decision tw st@ré this change in P_ as E;Px rathay than
é;PYor APl is based upon the states of FFA and FﬂBy VThe
sequence is new repsated with Y and is'initiatéd by the end of
storage pulse'(Es)g

The ES pﬁlée from SMP s:"Lg'na,ls'th;é;ﬂfP.== has been updatedws
This ES pulse passes through G31 and sets MF, The MF pulse
changes the state of FFB (in this case from.X to Y);'passes
through G30 to set MAp‘and through Gl1 but not Gl ;The MA
pulse now passes thr@ugh-G6 as FFB has been set to state Ya
The G6 pulsé causes Y to be changed an amount -8Ys The ES
éignal generated when ¢5PY has béen'stored passes thrgugh G31
and sets MF. The:MF pulse does not pass through G30 tu¢ continue
the mode 1 subzroutinej insteady it passes through GlI and then
thréugh Gl to set FFA to 2. This setting of FFA tv state 2
sets the‘computer/to mode 2 subroutine (Figure 3=3) s

Continuing the explanation of Figu;e 3=-2, the vperation
of the circuitry for mode 4 is the same és that given for mode 1
except that the MC pulse is originated by G50 (SMP) and FFG

must have been set to F by G26 (Figure 3-3). In mede 4 the
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computer is to move a total of seven fine steps in X and Y.
The directions of the X and Y steps are determiuned by the
polarity of the previous 'SPX and 6PY,n

The MC pulse origina.t‘ed by G50 sets FFA to lj determines
the directien &f the next X and Y steps, and sets FFB tu X and
MD to 1, The MD pulse passes through G2 stepping SX and in
mode 4 this G2 pulse is counted on the seven counter which will
now have a ceunt of one. The MB pulse causes SMP twv update P+
Tp secon@s after X has been steépéd SXo T'v‘he ES pulée pa;sses
through QBI and sets MF, The MF pulse passes through G30 to
continue rmode 4, |

The G30 pulse sets MA which causeé a step &X but the
sign (or direction) of this &X is not preset by MC as it was
in mode 1. The sign of this & X is determined by the response
(sign) of the previous SPXo

When the cgunter has received seven pulsesy the next
MF pulse does n@t'pass through G30 but pgsSes through G34 to
set MK. This MK pulse can either continue the rrfgaie 4 subroutine
or start the entire search routine dependiﬁg on the position
of S2.

The contrel circuit for mode 2 is shown in debail in
Figure 3=34 In mode 2 the computer is to simultaneously step
X =-k &Py and AY .-:,chPY, wait T seconds and record AP. If
2APk< APl ar if AP is negétive the computer is to return to
mode 1. When Gl sets FFA to 2 (Figure 3-2), MG is set to 1.

The MG pulse ¢lears the .5X and &Y counters of CCX and CCY and



24
sets MH, MH, MB, and FFE are arranged to allow clock pulses

through G20 for T, seconds. The MB shown is the same one shown

B
in Figure 3=2 and is repeated only to make the diagram less
complicateds T secands after MB is set, the MB pulse causes
SMP to update (st@re) P, in order to flqd AP, A cl@@k rate of
100 ¢/s was used in the computer constiructeds |

CCX passes .a. number of pulsgs.;, proportioﬁal tao 5PX’ to
G25 These pulses are passed throuéh G25, or are divided by
twoy depending wn the state of FFH, {to SMX whefé X is changed
an amount direstly prnportional fo the number of pulses passed
througth25n 'Equivaleﬁt-pulées are simultaneously passed through
G22 to change Ys The first overshoot signal from SSP during
mode 2 seﬁs.ML'Whiéh sets FFH to 1. FFH in state 1 means that
~one half of GI19 pulses*pdss through G25 cutting:the<step size
AX in half, The second overshoot dﬁring mode 2 passes through
G26 to set the Control block to fine search (FFG to F)a

ME and G10 are part of the clrcultry reqnired faor mode 1
but are shown in Figure 3=3 because of limited spa@e in Figure
3-2+ An overshoot signel during mode 1 (negative &P ) is
passed through GL0O tu SMX so thet the direction uf AX will be
opposite to that of &X. |

‘3¢2 The SMX snd SMY Blooks

Figure 3=4 shows SMX, and SMY has exactly the same circuit
layouts The funetion block labelled "Stepplng Motur" is explalned
in Appendlx A+ The change in X due to one step of the stepplng
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motor is. 6Xs The sign of the change depends @n‘ XFFDs The MC.
pulse at the sf@r% af every mode 1 subroutine'sets'XFFD’to “yuph,
but if SPX is neg&ﬁive a pulse from GIO pdssesyﬁhr@ughAGS‘an&’“_V

‘changes the state of XFFD.:
3.3 The CCX, CCY,; and CCP Blocks

Figure 3~5 shows CCX, and CQY has exactly the same circuit
layout. The counter and the digitgi'to analog convérter func-
tional blocks are eXplAined in Appendix A. A number of pulsesy
proportional fo the magnitude of ‘SPX’ from G45 passes through
Gl16 and is stered in the counter: Upon a signal from the Control
b}ock the CCX bloek is to produce & number of pulses proportional
to the stored EPX“ | _

G16 limits the number of pulses counted to 15 to prevent
a 16th pulse from settiné the counter to zero. In an getual |
- process the maximum AX would be determined by physical limita-
tionsy not counter size. )

In mode 2, to step AX, G20 of the Control block passes
clock pulses which are passéd through G19 and then through G25
(Figure 3-3) to SMX and CCX. When the count is the same in both
counters of CCX,; the output of the coﬂparaior; C4; becomes O
and no further pulsés pass through G19. Thus, the numbér of
pulsés passed by G19 is exactly equal to thg count stuied in
the SPX‘ counferp The G19 pulses could be r:na,de; equal to some
ratio of the SPX count by adjusting the resistanee network at

the input to Glg
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The CCP block is shown in Figure 3-6. It is very much
like CCXa. The inpﬁt to compardtor C3 is arranged so that the

output of C3 becomes O if the count on the AP, counter is less

K
than one half the count on the APl counterqi G14 and G42 both
prevent any count over fifteens ‘The pulses proportional to APl
and'APK are provided by SMP, If APK ;SiAPl/Z the G48 pulse “
£rom SMP passes through G49 to set MG (Pigure 3=3) and thus
continues the mode 2 subroutine.

The two D/A converters of the CCX,CCY aﬁd CCP bloeks
have 6utputs of opposite polafityn This sign differénce allows
the output of thé D/A units to be compared iy simple algebraic
addition in a registance network, with the algebraic som being
amplified by a difference amplifier. The sign differeﬁge is

the result of dffferent flipwfﬁops being used in $he iwo counters.
3.4 The SMP Block

The SMP block is shown in Eigure 3~7; ip seconds after
either X or ¥ is changedg the MB pulse sets FFN toQQnyhichl
alfows clock pulses fhrough G39» G39 pulses pass through G40
or G41, depending'on the sign of P+>~ P_, and adjust &he size

“of P+ %o.equal the size of P_s The output of G57 is a number
of Pulses proportional to the difference bgtween P* and P_ when
FFN is set to Ox The G57 pulses pass throﬁgh G454 G9y G42; or
G43, depénding on the state of FFA and FFB df the Control blockn‘

If P* 413* is positive, aﬁ‘overshéot,lthe'&41 puises

set FFO to O This State of FFO stops any G48 pulse from

!
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continuing the mode 2 subroutines MD resets FFN-to 1, TS
seconds after it was set to O. Thislresetting of FFN to 1 is
the ES signal to G31 of made 1 subroutine or, if passed through
G37 and G48; this resetting will continue the compﬁter in mode
2. The G31 pulse sets FFP to 1 so that only the first P, - P_
(APl) for any parﬁiéular mode 2 éubroutine is passed ihréugh
G437 |
The time constant, Ts’ of MO is.adjusted to ensure P+
- can be updated for any possible‘P+ - P_. Even though this is
a conveﬁient method for obtaining an ES signal, TS would be
difficult to predict for an unknown P surface and the G31 pulse
for a real pr¥ocess may have to be originated by the condition
of P, = P_ after the MB ﬁulse. |
The cireultry enabling the Conﬁroi block to carry out
mode 3, the constraint handling subroutine, was not built and
tested; but a suggesied circuit is shown in Figure 3-84 This
circuit yould enly work for the constrainﬁ XI > k and is shown
as an addition to SMX (Figure 3~4) and SMY. Wheﬁ‘XY = Gy no
G54 pulses can move Yg Ihstead, the G53 pulses stepping X are
divided by C and fassed to step Y. Moving X one step of the
stepping motor might create problems if C < 1, but the gearing
in SMX could be changed so that &X becomes a,‘ number of pulses.
divisible by Cs Any changes in X and Y could be kept in |
opposite directions by letting any overshoot in mode i-change
the state of XFFD (Figure 3-4) and YFﬁD. This would require a
countér and could result in loss of accuracy due to accumulative

errors A better methqd would be to drive Y as a position servo,
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as. shown in Figure 3-9,

Mic
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Analog

Clock pulses

Figure 3-9 Constraint Circuit with No Accumulative Error
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4, TEST OF COMPUTER

A computer as described in Chapter 3 was built with
the exception of the constraint handling mode. To ubfain the
logic blocks required; transistor monostables and flip~flops
on printed ciréuiﬁ,b@af&é“%ere used along with resistar transis—
tor lbgic gétésy But any logic system would do just as well,

The computer was set up as in Figure 2-1 with a Pace
Analog computer simulgtiﬁg the controlled systems Various
simple P surfaces were obtained using the diode fune¢tlien genera-
tor of the Paces The surfaces were kept simple as it was a test
of the SPDC to carxy out a specific search étrategy, nat a test
of the search to find the minimum of any.particular P surface,
Tests on the search strafegy are well documentedal6i23 P
surfaces such as P = XY or P = X/Y could have beén praduced from
extra potenti@metérs en the shafts of the X and Y stepping
motors; this technigue could be used on a SPDC optimizing a
real process where P is not directly available but is a known
function of the varisbles. Chapter 5 contains detalls of the
search over a parti&ular surface.

The first change necessary in the compuber was the
addition of a manual control (push button) to replase the clock
pulses during circ¢uit tests. Perhaps the manual centrasl should

be installed permanently on a SPDC as it is needed not only for

initial testing but for any required service and maintenance.
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The two cmmparaiors labelled C1 and G2 in Figure 3T
are to give cne of twoe possible voltage levels depending on the
sign of the analog input / . The possible ocutputs are adjusted
to the O and 1 levels of the digital equipment for direct use.
The units built in the computer were D.C. difference amplifiers
(gain =~120) with one inputAgr@unded and the other imput / .
This particular chelce of comparabor caused amplification of
noise presernt on thé¢ gomputer ground level allowing'spurious
pulses through G40 and G41 which completely upset the cnmputer
aperatlon. The optimum would eventually be found but many
unhecessary steps would be takens The exact reaction to one of

these steps in P, depends upon when it bappens during the search

procedure and through which gate it is routed;

This ground noise problem was overcome gn the computer
by using an isclating transformer and carefully reraunbing the
ground lines so that only one ground level existed for the
entire computers The grounds for the various parits af the
computer were xun iﬁ paraliel, using heavy gauge wirey to this
common ground levelgy This ground arrangement and the integration
of the oﬁtput of G2 and CB, so that very short pulses an the
output of C2 and CG3 &re not fed into G40 and G41 managed:to
make the outpud af €2 and C3 relatively undisturbea by ground
noise, Before buildiﬁg any computer of this typey literature
on noise and,gr@uﬁd systems should be read carefuliy;21 |
The output of the compazrz tor units, C2 snd C3, was

not the desired pexrfect two levels as shown in Figure 4~1(a)

but rather as shown in Figure 4-1(b).
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(a) Theoretical Comparibtor Output (b) Actual Compazdtor
Output |
Figure 4-1
Because of this sloping zone in the outiput of the
comparatorsy; G40 and G41 could output pulses which were unable

to step the P, stepping motor since the motor requires pulses of

+
5 volts amplitude (minimum) with & rise time of .1 to 2.5 ps. and
a minimum width of 10 ps. As the pulses of G41 have an exponen~—
tial rise timey it might take a pulse with an overall amplitude
of 8 volts to ebtain.5 volts with a rise time of 2.5 ps. A
clock pulse with faster rise times and faster transist@r gates
could have made the entire edge of the pulse faster than

5 volts/2,5 ps¢ so ﬁhat the ampiitude of the G40 and G41 pilses
is the only deciding wvariable in.the stepping of the stepping
motors But with the components used, if SMP wére to be built
according to Figure 3=7, G57 would have to paés only pulses
which have a specified rise time, width, andlamplitu&e te step
the P+ stepping moters Rather than build a special gate, the 3
phases of thé stepping motor were capacitively couwgled to the i
inputs of a étamdard AND gatey; resulting in the correct pulses
from G57 (Figure 4-2)s

The stepping of P+ sheuld depend enly on the value of
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V « Howevery with the particular clock and flip=flep c¢ircuits
used; the G39 pulses have two possible rise timesvdépen&ing upon
theilevel of the c¢leck output when FFN is set to state\Ok

. (Figure 4-3 (&)) + The slope in the comparator cutput allows only
the faster of these rise times to‘step the P+ motor far a
parti@ular range of /s This is because tlhe stepping metor
requires not enly =z minimum amplitude but also a minimum rise
time for an imﬁut pulse to ste? the motor. This c@uld be over-
come in various waysy the most obvious bﬁing to ingrease thé
gain of the'u@mparﬁﬁér”éﬁplifiers anﬂwthﬁs narrow the Elaping
region in their outputs Unfortunately any increase in gain will
increase the dépendémnce of the amplifier output on the ground
levels One m@difi@ati@n which will overcome beth the dependence
on ground levé¢l and the sloping region of the b.C. amplifier
output is to replawe the D.C. amplifier with a very high gain
A.C: amplifier and meoke ¢ an A.C. signal by chopping P*‘and
Pqé Figure 4-2 shews the block diagram of this suggest;d SMP

- blocks Becaﬁée the AaC. amplifier does not produee an eutput
prqpuitional'ta:the @iffefence between an input Volt&gé and
ground as did the DhGardifferential amplifiery the g&iﬁ may be
very:high and gr@unﬁ n@ise will not cause the seriéus preblems
it did with the D.Cs c@mp@rator, This much larger gasla will
produce & comparibér output which will overcome.tqé prablem as
shown in Fignre 4~3(b) because C2 can be adjusted:t@ allow no
output of G40 when a step is not required in the %d@wnﬂ direction

of the stepplng meters
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Just as G57 (Flgure 3-7) would have required delicate
biasing to pass only pulses with rise timashmd.amplitudesto
step Py so the input of FFO (Figure 3=7) required semsitive
N{primming" so that FfO-waé set to the O stdte only by a ﬁulse}
which would siep the motor. It iSIPOSSibie to obtain the over-—
shoot pulse by a ¢ireuit which would require no adjusting and
be independent ¢f rise times and voltage levelss The motor
phases; A, By C, (Figure 4-2) have one sequenbe for the "down"
direction and angther for "up". If the “up“ sequenge is A, B,
Cy; then any ¢ireunlt that can indicéte‘this seqﬁencé gan be uséd
as an overshost signals Such a circuit; using standard digital
components, is’ shown in Figurél4a4¢ The motor phase guing from
the 1 state to the 0O gtate sets off the mon@staﬁle amd.@ﬁly the

phase sequenc¢e Ay By C would produce an overshoot pulssd

O

o
=t

J'\/ _ Overshaoot

o

Il

Figure 4—4 Digital Overshoot Circuit

‘Singe the comparators are the only uniﬁs of the'compu—
ter not made up ef énly standard digital logic compenents, andy
in general, gave morg trouble than any other unitg alternatives

to them should be tnﬁsidé;ed. There are two in the SMP block
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and one in each 6f CCX, CCY, and CCP blocks. The two in SMP
can be repla¢ed by AsC. amplifiers as suggested but ether poséib-
ilities exist Por GCXy CCY, and CCP,
| The functi@n of CCP is to compare AP, and APps This
comparison is reguired by the quite arbitrary decision in
sectiop 2.3 to return to mode 1 from mode 2 if 2LPy < AP«
Since.for an unknqwn_P surface this decision has na inherent
value over any of ﬁhé other pbssiblé variationsy the qgmparaior
of CCP could be elimiﬁated. If the computer returns to mede 1

bh mode 2 mave,

from mode 2 at the lacal minimum or at the N
CCP can be replaced‘by a N counter (coﬁnting,MG (Figure 3-3)
pulses) and an arrangement of standard gatés to route G49
(Figure 3-6) pulses ta MA (Figure 3-=2) when the count is N.
This replacing ¢f the amplifier,comparéiors by a combination of
standard digital legic circuits is desirable if cemnsideration
is being given to building the computer using commercial inte—
grated circuitsg The small voltage difference between the logic
states of integrated ¢ircuits would require very high comparator
gain and careful chbibe of resistors in any simple D/A wnits
(Appendix A)«

This N gtep variation would also make the cdmputer
more flexible as #hé number of steps which cause return to
mode 1 could easiiy be changed at a patch panel, While'this
patch panel woenld add very little to the cost of the gomputery
it would add much to its search efficiency as thé search could

be varied from steepest ascent (N = 1) to various relazation

strategiess This flexibility would be useful if the irregularity
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of the P surface is a function of an uncontrolled Yariable‘

The amplifier comparafors of CCX and CCY éqn‘he replaced
by pure digital cpmpaéﬁ&oyg with a set of gates'for each ppssible '
state of the cauhters; however, this would increase the nu@ber
of gates and f£lip~flops uséd‘by the computers. The use of ring
" counters WOuld-make'this type of comparﬁﬁor easier to design.
Another selution would be to allow AX to be one of a

few possible siZesydepehding on the size of é;PXA For example:

AR = &X 0 < Py <L L = Constant
AX = 5 86X L < Py 2L
AX = 106X 2L < Py

' This step size arrangément could‘be instrumented by
“having the mést significant flip-flop in state 1 of the SPX‘
counter gate MG (Figure 3=3) pulses to one of three pulse train
generators.22 This pulse train generator would step X. The
size of AX would depénd on which pulse genérator was triggered.
The same type of arrangement could be used far step
size qhoiqe in & direct search straﬁegy and would invelve only

digital logic blocks
442 Dead Band

A praoblem developed with SMP which would be present

regardless of the comparator useds On the "store® signaly MB

(Figure 3-2)4 the stepping motor is driven until P, = P_s The
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motor is driven through G4O or G41 depending upon the sign of

V% P* -~ P 4 If at U =0 G40 drives the motor oné stép in
“the "down" direetion (P+'becomes less positive) so that U = -A
voltsy and if this —A volts is enough to drive the metor through
G41 back one step t6 </ = 0; there will be a continuous "chatter"
of SMP for the entire MO pulse which was originated by the "store"
signaly With the clrcuit as in Figure 3-7; this "chatter®

would result in the '<SZPlX (SPI) counters of CCX (CCY) to be at
maximum for any step 6X (6Y) regardless of the performance
surfaces It would also cause FFO to be set to the 0 statey the
condition th@‘b 8P is negative, even if thej5P resulting from

a parameter step iis pasitives So with this circuitry & dead

band must be deéig;;ed in the com\pa.r'é.tor‘ circuit with a width of

at lea.st'A,{. the {;hé,nge in / caused by one step of +he motor
' setting P+" | | |

This dead 'b‘a.‘n_d in the comparé.igg;/s-resul‘ﬁs in a hysterebis

effect in the ability of SMP to track P_. If 7 = +iA and X is
stepped &x resulting in a,..cha,‘nge in P_ such that = 21A upon
the arrival ef the MB pulse at FFN; two sequen'tié,l‘pulses will
leave G57 resulting in 5Px =2s 1If U= -%A» vhen X is stepped
5X1‘,_' the same ‘éhz’a;ng,é in P__ will bé recpi'ded as 6Px = 1 since

¢ = 13A when the MB pulse arrives at FFN. The value #f / when
a,Iiy parameter g stepped could be any value {;rithin the ‘compal;ia.tor
dead bandy i.A/2m Thig com"parétér dead band decreasés the
sens'itivitj 'nf: the "cbmputer since a Sny or 51’1.,1 less than A
may or may not be récognized depending upon the starting value

of V& The computer built tising the cii‘cuitry of Chapter 4
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also could drift away from the optimum if SPx = 5PY < A.
As soon as 6Px or- SPY > A the computer would function properly
but, instead of staying within a few-steps of a varying optimum
once it was found; the computer ceuld' drift until a &SP D A |
was recdgniiable. If, during mode 1, the_performance surface
is such that 6;1’* chPY < A the control pafameters will not
be moved during the next mode 2 as the eounters have values
5Px = <5PY = Os The computer would then stay in mode 2
indefinitely unless an uncontrolled variable forced v tq become
negative and greater than A. As this is;én,unacceptable condition,
a gate should be added to CCP so'thai, if the AP, counter
(Eigure 3-6) is zero when G37 gives a pulse, the computer
sheuld be returnea to mode 1. | .

In generaly the wider the dead%band'in the SMP com-
pargtor the poorer is the performance of}the computef; therefore,
A, fhe.width, should be made. as narrov as possible by adjusting
the gearing between the stepping motor and the ?+-poten£iometer
so that one steb of the motor Prodﬁeeefa smali change iﬁ P+,
thus a narrow A« Reducing the'voltage acfoée the ?+ potentiometer
would also reduce A but this should not be done since'the
maximum range of P_ is the voliage drop1acrosé the:P+'petentio—.
meter. As the raﬁge of P_ is made smaller,fany percentage change
in P_ is aiso madé smaller and mere difficult. to measures

The direct search‘strEtegies de notéuse the size of é;P
‘and so could use a comparator with no dedd band by finding the
sign of &P from the direction of the first'motor step.after the

arrival of the "store" pulse and ignoring any later steps.
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A majority of these suggestions_may m@ke thé search
strategy less refined than that of Sedtion 2.3, but the.overall
performance, cost; and reliability'of the coﬁtrol-computer are
often of greatéi impo:tance than the mathematical.sqphistication

of the search'strategy.
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5s« EXAMPLE OF USE OF SPDC

. As an example of a process which could bejoptimized
by a low cost SPDC, consider thevflotation process of a complex
ores Flotation is the separation of minerals from pulverized
ore by methods Which:cause the valuable particles to rise to

the surface of a liquid. Varleus chamlcals$ known as collectorsy
are used to cause selectlve attachment af particles of one
mineral to air bubbles which float to the surface of the liqdid
while the other minerals remain in suspens1on in the 1i quida
There is an optimum concentration of the collector in the liquid
~as too high a concentration will float too much of an unwanted
mineral and too small a concentration will not recover all that
is possible of the desired mineral.

The control problem is fiRding this optimum concentra—
tion. The amount,of collector can be increased if the tailing
losses are high andjdecreased if the percentage of the desired
mineral in the fleated conceﬁtrate is too lows The difficulty
of this problem depends on the variability of the ores In ore
of continually shifting composition, the flotation magsults will
change with thé composition causing fluctd@tions in the grade
of the concentrates Economic incentive for tracking the optimum
collector concentration increases Qith the amount‘of ore processeds
In a large mill operation a small improvement in bercentage
recovery would pay fer any added control equipment-@;z4

Unfortunately, no 51mp1e formula is knaomm linking the

collector added to an ore and the percentage of a mineral floateds
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Laberatory flotation tests have shown thuty fer at

least one oreyg flotatlon results are a function of m[?f]where

m = residual concentration of xanithate

Eﬁj = hydregen ion ¢oncentration

Curves of the type in Figure 5-1 show the relationship between

25 As the

m[ﬁf] and %; the percentage of mineral recovered.
product m[ﬁﬂ is imecreased; the recovery of lead insreases until

a flateau of maximum recovery is reacheds Further increases in
m[ﬁf].will devrease the grade of lsad concentrate because of
increasing fletatlon ef zinc. Thefefure§ the contrel preblem

is not to minimize or maximize a performance functlomy but to
stabilize m[ﬁf] at the point at which maximum recmv&iy is first
reacheds If % is comsidered the performance functiem, the optimum
eperating point is at a specific value of the slope 5P/ 6 log m[Hﬂ .
A SPDC would therefgre have to be designed to track net the point
at which 8P = 0 but rather &§ P = D where D is a comstant deter— .
mined by the @perating personnel of the mill,

Both m and @fj can be controlled with simple analog
feedback cbntr@l.la@ps and % can be considered te he donmtinucusly
available. In this process the knowledge of the perfermance
surface would dictate a very simple search strategy as the P
surface is very smeoth and unimodal. A single mede search like
the mode 4 described in section 2.3 would probably suffice as the
approximate optimum peint is known from past operating experience

and the purpese of the SPDC would be to track the optimum

cperating point as it changes with the characteriztics of the
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ore being fleateds

Thé SPDC described in Chapter 3 was set up ss shown in
Figure 5-2 to simulate control of a flotation precesss The §PDC
was designed to:track a minimum of P. So P=-%+D (m[?f]);
which has a minimum at the required operating point, was set up
on the Pace‘s.di@de function generators The actual process has
a TP in the ordér of many minutes, but a more conveunient Té of
+4 seconds was used in the test of the SPDC.

With Vi =V, = constant, the computer would greatly
overshoot the optimum if the initial values of m_and[?f]Were
low but this is to be expected from the gradient search of the
SPDC and would ngt happen in a SPDC desiéned te optimize this
particular processs |

For vl = constant; and the peak to peak value of v,
equal to one temth the range of P_, the SPDC in mode 4 eould
track the optimum for sinusoidal, tfiangular or sguare wave
as leng as the peried of v

2

was greater than 10 TP;
with a period of 10 TP and an amplitude of v

For v,

that varied Pq @ngvtemth of its maximum valuey the SPDC could

1

track the optimum for sinusoidal and triangular wave ferm vy

with period greater than 10 Tpa For a square wave the period

1

optimumg

of v, had to be graater than 30 T, for the SPDC to drack the

The TP gxr phase lag of a process will limit the fre-—

quency of change of the input signal that can be tracked for

any direct method of @ptimization,26
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6. CONCLUSIONS

It is possible to build special purpose digital com-
puters for process control purposes at much below the minimum
6d$t of large scale general purpose computers. The SPDC can be
designed using only "off the shelf" components to handle many
control problems such as single loop optimization.

The simple logic of direét search makes it very well
suited for SPDC'sy; and for an unknown performance surface it
should(be as capable of finding the optimum as any of the classical
search strategiese

A possibiiity for further study is an investigation of
how the choice of search strategy affects the size of the computer

as the number of control parameters increases.,
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APPENDIX A
LOGIC SYMBOLS

vGates
G4

| Gl 62 63
B:j])—-AB | B:i;)—A+B A . A

Gates are given a number and in the text the signal from a gate

B

is referred to by this hnumber, e.g. Gl is ™1 " yhen both A and

B are "1", G3 is "1 " when A is "O".

1F1ip-flop ’
R RESET —_

Buwput — B |— B ouput
' FFB ' '

The "1" level appears on the B output line if the device is set
to the B state by a positive going signal on the "1" input. All

flip-flops are labelled with letters, i.e. FFB.

Monostables

MA

X0
7

The monostable is normally in state O until set to 1 by a pulse

and remains so set for an adjustable time period.
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Very often combinations of logical elements will
reoccur. These units will be given a unique symbol-—a rectangle

with a designated letter. (see page 55)

D/A — Digital to Analog converter

C - Comparator



C.—Cou/vr )
P
o} . R
S | AAAAA~—
R
S
o o
| AAAAN
] 7
R
o
: A NAA—
R
[
/2
0
I AN
R
R
R — Reset TL
—iC I
Counter i D/A R
P 8
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