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DESIGN AND APPLICATIONS OF MULTILAYER

CONTROL
W. Findeisen I. Lefkowitz
Katedra Automatyki I Telemechaniki Case Western Reserve University

Warszawa, Poland Cleveland, Chio, U.S.A.

I. Introduction

This paper is directed to the problem of control of complex industrial
systems where the measure of performance has an economic base and where the
cost of implementing the control is imbedded in the problem formulation and
solution. The overall motivation may be maximizing profit or minimizing
cost subject to constraints and boundary conditions induced by product spec-
ifications, environmental interactions, etc. The cost of implementation
should generally include, in addition to the hardware requirements, the
inputs of time and effort for system modeling, design of controi algorithms,
programming and related tasks.

It is assumed at the outset that the overall problem cannot be solved
analytically and that the answer lies in a judicious (and perhaps inspired)
application of approximations, empiricisms and heuristics. It is assumed
further that the computer must play a key role in any meaningful attack on
the problem; in particular, the computer must be effectively utilized at
every stage of development of the control system ranging from the initial
analysis and design stage to the on-line implementation and final evalua-
tion stages.

A general approach- to the control system design conditioned to the
above considerations is described here. The approach is structured as fol-
lows:

1. Multilevel control hierarchy

The complex system is decomposed into simpler subsystems, each with
its own contrc;ler. The controller is designed according to a local cri-
terion and a local model. Higher level controllers then integrate the ac-

tions of the local (first-level) controllers so that the overall system
objective is best served. A simple two-level hierarchy is shown in Fig.l.

2. Multilayer control hierarchy

The control problem is decomposed into simpler subproblems of a form
readily solved and implemented by available techniques. Higher layer con-
trol functions then serve to integrate the individual subproblems, again
so that the overall problem is adequately handled. The basic block dia-
gram representation of the multilayer hierarchy appears in Fig.2.



3. Information feedback

Periodic measurements of the state of the controlled system provide
a feedback of information through which compensation for disturbances,
model approximations and simplified control algorithms is realized.

4. Computer-aided design and information processing

The computer serves as an essential tool at the design stage and as
the means of implementing control at the operating stage.

It should be noted that the components of the approach listed above are
interdependent. Thus, each subsystem controller of the multilevel hierarchy
might itself be realized in terms of a multilayer structure. The multilayer
hierarchy, in turn, is based on the processing and feedback of information
by which simple models are rendered effective agents for achieving on-line
control algorithms. Finally, the computer as a simulator, information pro-
cessor and decision maker renders the whole procedure feasible.

The multilevel and multilayer hierarchies have been previously describ-
ed and the motivations given.1’2’3’4 Two important attributes are mentioned
as they relate to the control system design problem:

1. The large complex problem is replaced by a number of relatively simple
and more readily handled subproblems.

2. Control actions are performed roughly in proportion to the mean fre-
quency of need. Thus, as we proceed up the hierarchy, the decision-mak-
ing process becomes generally more complex but it need be carried out much
less frequently.

The Control Problem

We consider the following system description in order to develop cer-
tain aspects of the control problem. We denote the time interval [0,T] as
the base period over which control is to be applied and process performance
P is to be evaluated. We assume P is generally dependent on the inputs and
outputs over the interval [O,T],’hence write ;

? = *lego, 1170, 13-%0,17) S

where ¢ denotes the set of output variables, m the set of manipulated inputs
and u the set of disturbance inputs. More specifically, we assume that u
characterizes the influence of environment and other systems on the perform-
ance of the controlled system, m represents the set of available control act-
ions or decision variables and ¢ identifies those variables of the process
which (i) depend deterministically on the inputs, (ii) are significantly
ralated to the control problem, and. (iii) can be determined on-line at



discrete time instants either through direct measurement or inferentially.
Assuming a causal system,

c(t) = g(x(o)’m[o,t]’"[o,t]’t) (2)

where x(0) denotes initial state and c(t) is the output at time t ¢ [0,T].
In general, we restrict our attention to physical systems so that the vari-
ables are continuous in time; however, in particular implementations of com-
puter control, m[o,T]may be piecewise constant and c(t) is generally deter-
mined only at discrete time instants.

A class of systems of particular interest is the continuous-type in-
dustrial process designed for quasi-steady-state operation. In the steady-
state, we assume Eq.(2) reduces to the static relationship

c(t) = g(m(t),u(t)) (3)

An important attribute of the multilayer approach is, in fact, the design
of the direct or first-layer controller so that the plant may be approxi-
mated by its steady-state model when considering the higher layers of the
control hierarchy.

The goal of the control system may be stated as

E[P
o Gl ()

where P is given by Eq.(1), E is the expectation operator, m denotes m[o 7’
L]
and
M= {m: h(c(t).m(t),u(t)) > 0 for all t ¢ [0,T]} (5)

It is assumed in expressing Eq.(4). that the expectation is based on an im-
plied distribution of u over the set U of possible realizations of u[O’T].

It might be pointed out that other formulations of the goal might be
considered and indeed may be more appropriate. In particular, because of
the uncertainty in u and the practical difficulty of determining a meaning-
ful distribution, we might use a "satisfaction" approach e.g., choose m ¢ M
so that P > e for all u e U, where @ is a suitably defined lower limit on
acceptable performance.

The ultimate objective of the control system design is to develop ap-
propriate algorithms for information processing and decision-making in pur-
suit of the goal expressed by Eq.(4) but taking into account the cost of
implementation. Thus, in Jrinciple, we want to maximize

E[P(c,m,u)] - C (6)
where C denotes the overall cost of implementing the control. The maximi-
zation of EqQ.(6) is made with respect to the set of design decisions, e.g.,



the structures of the control aigorithms employed, the information used at
various levels of the hierarchy, the periods for control actiors, etc.

A Guideline for System Design

The direct implementation of Eq.{6) is generally not feasible because
the detailed assessment of process performance and implementation costs in
relation to control system "complexity" is extremely difficult. The system
designer must make a number of a priori decisions based in part on experi-
ence, heuristics and the results of computer simulations. Reterring to the
system description given previously, and in relation to the multilevel and
multilayer control hierarchies, these decisions comprise the following:

A. The overall system is decomposed into subsystems for first-level con-
trol. We then associate with each subsystem a set of "local” relations of
the-form of Eq.(1) through (5). Now the set of disturbances for say the kth
subsystem includes not only a subset of the overail system disturbance vec-
tor but also the effects of interactions with other subsystems. Another
distinction is that the functionals f,g and h may be modified by actions of
second and higher-level controllers concerned with the overall system per-
formance. Design considerations of the higher-level controllers are not
treated here except as part of the illustrative example discussed later.

The system is partitioned along lines usually dictated by the kinds of
processing units used, their relative proximity, their identification with-
a specific product or service and related considerations. These factors
are often relevant to costs and constraints associated with data trans-
mission, reliability and emergency actions. They may also be important if
independent operation of the processing units is required under certain con-
ditions. Additional factors that should be considered in structuring the
subsystems, however, are:

a) reduction of complexity of the control algorithm..
b) minimization of the interagtion effects between subsystems.

Both factors serve to reduce the cost of control implementation, either by
simplifying the computations or by reducing the required frequency of higher
level intervention.

B. Each subsystem control problem is organized into a multilayer control
hierarchy. The control actions associated with each layer are described with
reference to Fig. 3.

The first, Direet Control Layer, applies controlling inputs m to the pro-
cass, for the output ¢ to follow a desired trajectory r. This is presented
in Fig. 3 as a simple feedback structure, although more complex structures



with the same objective are, of course, possible. The direct control al-
gorithm is of fixed structure,* with a parameter vector a. The vector a
may be adgl'_gsted in principle (from the third layer of control), at some
interval 3

The second, Optimization Layer, performs determination of the desired
trajec}ory r. It is assumed that this is done based upon some representa-
tion u” of the disturbance u, and using a fixed structure algorithm with a
vector of parameters g. The computation of the desired trajectory is per-
formed at some interval T2'

The third, Adaptation Layer, readjusts the vector g at some interval TB,
and the vector o at the interval Ta. The adaptations are based upon eithgr
an updating of the model used to d&rive the control algorithm or some kind
of hill-climbing performed on a suitable measure of local performance.
Whatever the basis, the implementations take the forms of fixed-structure
algorithms with a vector of parameters vy.

C. The specific control functions in the mul tilayer hierarchy are designed;
i.e., the following design decisions are to be made:
1. Identification of the variables to be associated with each layer of
the control hierarchy and the local criteria of performance. In particular,
this implies a partitioning of the set of disturbance inputs according to

the mode and frequency of compensation, based on such factors as frequency
spectrum characteristics and performance sensitivity.

2. Specification of structure of the control algorithms associated with
each layer of the control hierarchy.

3. Determination of the control intervals T, ,TZ,T‘;,Tg.

The above design decisions may be considered another set of inputs to
the system. In particular, we may repeat various aspects of the design pro-
cess from time to time; i.e., we modify ocur design decisions based on the
feedback of operating experience or new information about the system and its
environment. We assign this action to a fourth layer of control, the "Self-
Urganizing" layer. Note that the output of the fourth-layer controller de-
termines the structure of the control system; this is in distinction to the
first three layers of control whose outputs are generally numerical.

The multilayer hierarchy suggests a sequential procedure for formula-
ting and evaluating the design decisions. We start with the first layer and
choose a set of outputs to be controiled such that the following criterion
function is sufficiently small:

J, = E[P® - P°(T,)] (i)

where P° denotes the optimum performance of the process, with no restriction

*The direct control function may be implemented by a discrete algorithm with
interval T] or by a continuous algorithm.



induced by the choice of c or control algorithm, and Pf(Tz) denotes the sub-
optimal performance resulting from choosing the set of outputs to be control-
led and from maintaining c(t) = c‘_’(sz) for sz s t < (k1 )Tz,k = 0,1,2,...
(i.e., m(t) is varied to mintain c(t) at the set-point value). Then, we
choose the first-layer controller algorithms and the period T1 such that a
suitable measure of the following error be sufficiently small, e.g.,

3y = Elrc|| ; WS L

Note that criterion (i) specifies that the degradation of performance
due to intermittent intervention of the second-layer control be small, while
criterion (ii) requires that the first-layer controllers be capable of main-
taining the outputs at their desired values. Both criteria, J.| and ‘]2 may
be reduced at the expense of computational effort (by shortening T1 and Tz.
for example) and tradeoff considerations are indicated.

If the error norm ||r-c|| is appropriately chosen, it may give an ap-
proximate measure of the performance loss resulting from non-ideal first-
layer control response. A basis for the tradeoff for the first-layer design
is provided then by the expression.

G (8Ty) + (AT, SR i

where A1 denotes the set uf first-layer control algorithms used, c.| is the
cost coefficient for performance loss and c2 is the cost of implementing a
single control action. Note that both J] and C2 are dependent on A1 i

We may evaluate (7) for various combinations of control algorithms that
seem reasonable candidates for application*. It is assumed, in making com-
parisons that the parameter vector a is determined according to the adapt-
ation criterion used at the third tayer. Thus, we may determine, in princi-
ple, the choices of A] and T] yielding a minimum value of criterion (7).

The design of the second-layer control function proceeds on the premise
that the first-layer controller is working perfectly; i.e., ¢ is identical
to r, the system may be described by a simple steady-state model and a class
of disturbances denoted by u'l is suppressed by the direct control actions
(hence need not be considered explicitly by the second-layer controtler).
With these assumptions, we adopt a structure of the second-layer control

algorithm of the form

r = r(g,u) (8)

*Most likely restricted to the class of simple linear feedback controllers
unless special requirements are indicated.
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where u2 denotes the set of disturbance inputs or their statistical char-
acteristics which are (a) determinable from on-line measurements and (b)
significant with regard to the optimization probiem. Note that we may
choose the set u2 by a procedure similar to that described for choosing c.

We assume that the first-layer design procedure has produced the ten-
tative decisions A;, T: and define

Ty = EPGL T - EPA,T,)] A (9)

_ec'
a=a® a=a®
where the first term on the right denotes the performance resulting from
the first-layer design decisions where r and o are optimal, the second term
denotes the performance resulting from the use of second-layer control al-
gorithm A, with period T,(i.e., c(t)=r(s°,u’(kT,)) for t < (KT, (k)T 1,
k=0,1,2,..., wheie g° denotes the optimum value of the parameter vector),
with A; and T; implied for the first layer. Hence J; represents (approxi-
mately) the mean performance loss attributed to the second-layer controller
design. Analogous to (7) we have the design criterion for the second-layer
control
Cylp(AnsT,) + Gy (AT, (10)

where C3 is the cost coefficient for performance loss and C4 is the cost of
implementing a single control action. We may use (10) to guide the choice
of A2 (out of a set of feasible alternatives) and control intervai T2+.

We may extend the above procedure to define performance loss functions
associated with the adaptive control layer; however, we have to distin-
quish between the o and g updating processes. Labeling the tentative design
decisions obtained thus far by A;,T;,A;,T;, we define

® % %

33 T E[P(ALLT] ,Az.Tz)t%o-E[P(A“,T;)t

=B°

=B°

=Y°

where P(A“,Tg) denotes the performance resulting from adaptation algorithm
*

Ag (assuming A; and A2 are incorporated in the lower control layers). Note

that {Ag} may include the variety of adaptive techniques described in the

literature for feedback control of nonlinear or nonstationary dynamic systems.

+Note that when T, gets sufficiently small, the performance at the first layer
may be affected tB the extent that an_iteration on the first-layer design is
called for. .
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The choice of A‘; and T3 proceeds as above.

Analogously, we define

Ry

§ = E[P(A,T A T,) .-E[P( .15
E it il £ 3

=B°

a=a®

Y=Y

o

The terms in the above expression are defined similarly to the expression
for 0‘3’. The set {A } may include various regression techniques, curve fit-
ting methods and a two-t‘lme scale approach. S We again choose Ag from among
the various alternatives based on a tradeoff expression of the form previ-
ously discussed; determination of Tg then follows.

The merit of designing the system sequentially lies in the fact that
we do not have to make all the design decisions at once but can proceed lay-
er by layer, evaluating the influence of each decision almost independerntly.
Of course, there will generally be some interaction of subsequent decisions
on those made previously. It is expected, therefore, that some iteration
of the structural decisions will be necessary before reachihg the final de-
sign. ;

The complexity of_ the systep generally precludes any analytical form-
ulation of the criterion functions defined above, or indeed analytical de-
termination of the optimal conditions indicated. Quantitative results for
design purposes, therefore, ;mst rely heavily on computer simulations. In’
particular, we assume that various alternative algorithms or control con-
figurations may be explored on the fast-time scale of the computer simula-
tion. In like manner, iterative optimization procedures may be used to de-
termine optimum parameter values, etc. It is assumed, further, that some
information is available on the nature of the dominant disturbance variables,
say in the form of past records, so that approximations to expected values
may be obtained based on observed frequency distributions or statistical

" parameters.

The role of the computer in the design and implementation stages of the
control system and the importance attached to the cost tradeoffs puts into
evidence the necessity for effective programming languages for simulation,
optimization routines and for on-line control. Indeed the hierarchial ap-
proach introduces additional needs relative to communications from level to
level and layer to layer.

Example
We illustrate the application of the approach out-
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lined above by reference to an example system which was formulated to pro-
vide a vehicle for studies of multileyel and hierarcnial control concepts.
The system consists of a community and the facilities for supplying its
electric power and water needs. The essential features of the system are
displayed in the block diagram of Fig. 4.5’7’8
The block diagram identifies five subsystems as follows:

1. The community as characterized by its power and water needs.

2. The power generating plant which supplies the major (local) demand
for electric power.

3. The power supply network which includes the power distribution grid
and other (remote) power sources.

4. The municipal water supply system which includes the natural water-
shed reservoirs, water treatment plant, distribution network, etc.

5. The desalination plant which supplements the normal (but inadequate)
water source by converting brine to potable water.

Several remarks are pertinent at this point:

1. The subsystems are complex dynamic systems which interact with one
another; e.g., the energy supply for the desalination piant is a by-
product of the power generation plant, hence the two plants are closely
coupled through this common interface.

2. There are many opportunities for optimal decision-making and control
because of (a) a large number of degrees of freedom in operating the
system and (b) several disturbance inputs with very significant varia-
tions (e.g., power demand, water demand, rainfall, weather conditions).

3. Each subsystem may itself be decomposed into a number of subsystems
relevant to the systems control problem. For example, the power gener-
ation plant will include (in the system considered) a nuclear power
source, steam generator, turbine and alternator. In general, there will
be a control system associated with each of these subsystems.

4. There are very complex economic, sociological and political factors
entering into the modeling of the community subsystem. These have been
circumvented in the present study by assuming a control policy which min-
imizes operating costs subject to the constraint that the community's de-
mands for water and power are continually met (exciuding equipment mal-
functions, system breakdowns, etc.). i

5. For the purpose of the illustration, it is sufficient to consider
Jjust the dual-purpose plant consisting of a single desalination unit and
a single power generation unit. It is assumed that the power grid sup-
plies a fixed portion of the load; hence the power plant must satisfythe
varying component of the load. Similarly, the desalination plant makes
up the difference between the scheduled flow from the impounding res-
ervoir and the averaged community demand. An important distinction with
respect to the power generation system, however, is that there is a dis-
tribution reservoir which effectively decouples the water production
system from the instantaneous variations in water demand.
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Let us consider some aspects of the multilevel approach with reference
to the dual-purpose plant. We assume for the time being the necessary reg-
ulatory functions to be installed (e.g., turbine governor control, alterna-
tor voltage control) so that the system operates with adequate response to
load and disturbance variations and exhibits adequate stability.

We want to operate both power and desalination plants so that we mini-
mize their combined costs of operation subject to satisfying the power and
water demands specified for the system. Since the two plants interact, op-
timizing each independently may not be consistent with the overall optimum.
Treating the two plants as one system has the disadvantage of introducing a
higher dimensional cptimization problem and hence one more costly to imple-
ment as an on-line control solution. _

In the application of the multilevel approach, each plant is optimized
based on an assigned cost (or value) of the thermal energy interchanged be-
tween the two subsystems. The role of the first-level controllers then is
to determine the optimum values of the manipulated inputs (or operating
levels) for its associated subsystem. A second-level controller may now act
to coordinate the two first-level controllers by determining a cost factor
(for thermal energy) such that the overall costs for the coupled system is
minimum. E

It is important to note here that the cost of the thermal energy inter-
change is a function of many variables. However, if the power plant is op-
erated according to criteria of maximum efficiency of energy conversion
(subject to a set of contraints), and if the water piant is operated to min-
imize the thermal energy requirement in satisfying the water production rate
specification (and other relevant constraints), then the cost factor may be
expressed as a function basically of the power and water production rates.

The second-level control function may be implemented through an itera-
tive scheme such as developed by Lasdon.9 Here, in effgct, the cost factor
associated with the coupling term (thermal energy interchange) is determined
by a gradient search in the fast-time scale of the computer with the results
transmitted to the plant controllers in real time.

The alternative considered here is based on developing an explicit cost
relation for the thermal energy cost factor C, expressed as an algebraic
function of power and water production rates, PE and Y, respectively.* Thus,

¢q = CqPesY) (1)

7,8

*This was obtained by use of simulation and multiple regression.
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This procedure offers the flexibility of a two-layer structure for the sec-
ond-level or coordinating function. At the first layer, Eq.(11) is used to
determine C, from the scheduled yalue of Y and measurements on PE’ with the
result transmitted to the first-level optimizers. Note that this action is
necessary only when there is a significant change in C,. More specifically,
we compute CQ every T, units of time where, E|a CQI < €5 where A CQ denotes
the maximum change of CQ within an interval of length Ta‘ In general, &
will be related to the cost of carrying out the computation of CQ and imple-
menting the result.

The second-Tayer component of this second-level control function invol-
ves the updating of the approximate algorithm based on Eg.(11). It is as-
sumed that this will be done at a period Tb, where Tb >> Ta. The purpose
here is to compensate for errors in the approximating function as a result
of wide variations of PF and Y and also to compensate for the many slowly
varying disturbances which are not explicit in the relationship but
which do have an effect. Again we consider a criterion of the form
E |CQ - Cé | < ey as a basis for choosing T, where C, denotes the corrected
value of CQ resulting from an updated Eq.(11), and € is related to the av-
erage cost of carrying out the updating procedure.

A second aspect of the multilevel approach entering into the optimiza-
tion problem is that of scheduling the water production. As noted in a pre-
vious section, various reservoirs in the water system serve to decouple the
required production rate from the instantaneous water demand, thus, in effect
introducing still another degree of freedom in the decision making process.

We may relegate to a third-level controller the optimum scheduling problem;
i.e., determining a sequence'{Yt + % N GE 0,1,2,;..} such that when this in-
formation is used by the second-level controllers , the overall performance
is maximized in an appropriate sense. Here Yk denotes the production rate
scheduled for the kth control interval with subscript t denoting the pres-
ent interval.

Inputs to the scheduling problem are the variations in water demand,
river inflow and weather. Because of the coupling between the desalination
and power generation plants, the variations in power demand and grid purchase
rates also are significant factors. Analysis of these inputs revealed strong

- 3 1-
s Sider here that Y is a vector whose components define the schgdu_
;Eé;gizrcg:oduction rates of the conventioqa] water supply and]thepg$;?1;;§-
tion plant, respectively. Hence, in addition to.the multileve hco e
tem associated with the dual-purpose plant described above, we have
associated with the conventional water supply.
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cyclic components with periods of one day, one week and one year,
respectively.* The storage reseryoirs with effectiye time constants of the
order of a day and a year, respectiyely, permit a partitioning of the sched-
uling problem into short, medium and long period decision processes.6 This
is shown schematically in the block diagram of Fig. 5. The particular point
to be brought out here is that this decomposition is based on time scale and
provides also the attributes of simplifying the on-line decision-making prob-
‘lem and reducing the costs. of implementation by relating the frequency of
control action to the need.

The essential features of the multilevel structure just described are
displayed in the block diagram of Fig. 6. It is well to point out with refer-
ence to this figure that the hierarchial structure provides guidance and mot-
ivation for the system design and is not an end in itself; hence, the figure,
which represents the structure in concept, may differ from the physical sys-
tem in some aspects. We note too that the scheduling hierarchy of Fig. 5 is
part of the "Dynamic Scheduling”" block of Fig. 6.

We further illustrate the multilayer hierarchy with specific reference
to the desalination p]ant*f There were three manipulated variables consid-
ered, each a valve position governing the flowrate of a process stream. Con-
ventional feedback lodps were provided for each of the process streams (There-
by eliminatipg disturbances due to varying line pressures, pump heads, etc.).

It was determined that the dominant variable with respect to the second-
layer control action was the heat interchange flow Q. In’particular,

<

E[aP] Q=q° E[aP] "ﬁ=m1°
where AP denotes the performance degradation due to variations in electric
power load and other relevant disturbances during the control period Tz' The
term on the left of the inequality expresses the mean loss of performance when
Q is maintained fixed at the value determined by the second-layer controller
i.e., Q(t) = Q°(kT2) for t e (sz,(k+l)T2], where Q is controlled by manipu-
lating m, . The term on the right. of the inequality expresses the performance
Toss when m, is maintained constant at its optimal value, i.e., m1(t)=m]°(kT2)
for t e (sz,(k+1)T2],(where m]° is related to Q°). Accordingly, one of the

* Actual records of river flow, water demand and power demand from represent-
ative communities were used here.

**The study was carried out on a bench-scale model of the desalination process
coupled (in real-time) to a computer simulation of the power generation sub-
system. The results described in this section apply, therefore, to the labor-
atory system.




components of the vector r was the desired Q (determined as a function of
current power demand and scheduled water production rate). A feedback loop
around Q (determined from lnferentlal measurements) was effected through man-
ipulation of the flow stream rn.I The choice of m], incidently, was based
almost entirely on the effectiveness of control of Q to its set-point value.

The remaining components of the vector r corresponded to the optimum
flowrate settings for the remaining process streams.

The second-layer control algorithms were of the form

r=rPgY.8) (2)

Eq.(12) was obtained by the following procedure:8

1. The plant (in steady-state) was simulated on the computer usinc typi-
cal mass, energy balance and equilibrium relationships.

2. Some of the parameters of the simulation model (affected by mass and
energy transfer rate coefficients known only empirically) were updated by
comparing the output of the simulation with that of the physical process at
several operating points.

3. A multiple regression model was fitted to the simulated system.

4. - The necessary conditions for optimum performance were derived from the
regression model, yielding Eq.(12). The parameter vector g is related to
the coefficients of the regression model.

The structure of the second-layer control algorithm was arrived at through
qualitative considerations of the relative costs of implementing various al-
ternatives’ . The distributed nature of the system precluded a direct analy-
tical attack based on the plant model. Direct hill climbing on the physical
system was excluded because of noise problems and very unfavorable dynamics.
Hi1l climbing on the simulated system suffered the disadvantage of high com-
putation costs. On the other hand, the plant's response surfaces seemed suf-
ficiently smooth and regular that relatively low order regression models ap-
peared to fit well. The resulting algorithm,Eq.(12), was then of simple form
and readily implemented. J

The third-layer algorithms have not yet been implemented. some updating
is suggested for the elements of a associated with the feedback loop on Q
because of the nonlinearity of the system and the wide range for r,. Since
the operating point changes relatively slowly, this adaptation is easily in-
corporated.

*Actually, a cascaded control configuration was used here.

**An exhaustive study was not made of this question; many other possibilities
were suggested but not explored. ’
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The adaptation on g3 may be carried out by repeating steps 2 - 4 of the
above procedure eyery Tg increments of time.

Summary

Attention is directed to the system design problem in the implementa-
tion of control of complex industrial systems. The multileyel and muiti-
layer hierarchial structures are presented as the framework for carrying out
the design process following a sequential and iterative procedure. Implicit
in the approach is the need for simplifying the contrcl problem by decomposi-
tion, approximation and information feedback. Another essential feature. is
the compromise between cost of implementation and performance loss.

The hierarchial approaches are predicated on the use of the computer for
fast-time simulation, information processing and on-1ine con.rol.

Many of the concepts and guidelines described are illustrated in the
context of a specific system application. '
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Introduction

A production system can be characterized by its state variables.
Three significant state variables of a production system are: (1) pro-
duction rate, (2) capacity and (3) inventory. Production rate is the
actual quantity produced per unit time - usually a day or a week. Capacity
at an instant is the maximum possible production rate at that instant.
Thus, the difference between capacity and production rate constitutes a
measure of idle capacity. Inventory can be defined in terms of the pro-
duction rate and the demand - both of which are functions of time.

If the production systeﬁ is considered as a black box, the various
decisions that the system is subjected to can be considered as the inputs
to the black box. The outputs of this black box are the production rate
and capacity mentioned above. Two sets of input decisions have been found
to be of significant importance. One is a set of decisions on target
productions, and the other is a set of decisions on target capacities.
These can be further explained as follows.

The entire planning horizon of the production system can be divided
into several periods of time, such that at the beginning of each period,
a decision is taken about the target production during that period. Each
such period can be called a production-period. During any particular
period, the actual production responds to the decision on the target pro-
duction of that period according to the system characteristics, and it
takes some time to achieve the target production of that period.

Similarly, the entire planning horizon can be divided into several
capacity-periods, such that at the beginning of each capacity-period, a
decision is taken about the target capacity during that period. The

actual capacity during any particular period responds to the decision on

the target capacity of that period according to the system characteristics.
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Thus, both sets of decisions consist of step functions in the time
domain., The durétion of a step is equal to the duration of the corre-
sponding period. Experience shows that a production-period is considerably
shorter than a capacity-period.

Given the demand forecast over the entire planning horizon, the
object is to choose the optimal sequence of the decisions on the various
target capacities and the various target production rates of the respective
periods comprizing the planning horizon. A sequence of decisions is con-
sidered optimal if a certain cost function, to be defined later, is
minimized. The optimal solution depends on the system characteristics
as well as on the nature of the demand forecast. As for example, for a
sluggish system, even in the presence of a highly seasonal demand, the
optimal policy may be to maintain the production rate at a more or less
constant level throughout the entire planning horizon. On the other hand,
for a highly responsive system, which may be more expensive to maintain,
it may be possible to vary the production rate in accordance with the
seasonal demand - thereby reducing inventory and back order cost. Thus,
the cost of improving system characteristics has to be balanced against
the added advantage thgt the improved system can offer. This balance, in
general, depends on the nature of demand forecast, and on the cost of
improvement.

The model for the production system is structured as a set of
difference equations. The optimal solution is obtained by using a dis-

crete version of Pontryagin's Maximum Principle.

Choice of Model

The model for the production system consists of a set of difference
equations with the decisions on target productions and target capacities
as the forcing functions. The instants these decisions are made, define
the initial points of the respective production periods’ and capacity
periods. These periods, instead of being arbitrary, are functions of
system parameters. Since a production-period is defined as an interval
of time, at the beginning of which a decision on the target production
for that period is taken, therefore the length of that production-period
should be equal to the time that must elapse before it makes sense to
take the next target decision for the next period. Preliminary analysis
of some data show that there are a number of production systems where

production rate responds almost exponentially to the decision on target
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production, and asymptotically approaches that target. This exponential
response is exemplified by manufacturing progress functions, training
curves, etc. In such circumstances, the length of a production period
can be defined as the time taken by the system to attain some percentage,
say 95% of that target. The exact value of this percentage depends on
the noise factor in the production system and also on product complexity,
technology, etc.

Following similar arguments, the length of a capacity period is the
time taken by the system to attain, for all practical purposes, the target
capacity for that period. Ihe capacity of a system usually responds to a
decision on target capacity as shown in Figure 1. V:l is a decision on
target capacity. C:r'o
A and B are two critical points in the response. A specifies the point

is the initial capacity when the decision is taken.

when, after initial delay, lead time etc., the actual growth of capacity
acquires momentum. B specifies the point when the target is achieved for
all practical purposes, and as such, is the terminal point of the capacity
period under consideration.

Thus, the lengths of production periods and capacity periods are
characterized by system parameters. Once these parameters are estimated
from previous data (to be discussed later), the period lengths can be
determined.

Let the entire planning horizonrconsist of r capacity periods. In
general, a capacity period is much longer than a production-period, and
as such, overlaps with a number of production periods. For the sake of
convenience in describing the optimization scheme, it will be assumed
that each capacity period overlaps with a fixed number of production
periods denoted by p. This assumption is not a necessary condition for
the optimization scheme. (In practice, the value of p is different for
different capacity periods.) Thus, the entire planning horizon consists
of rp production periods.

The difference equations (1) through (4) representing the model of
the production system are discretized in steps of sufficiently small
intervals of time - each of length At. A typical value of At is one day.
There are m such intervals in each capacity period, and k such intervals

in each production period, where m = kp.

P . =P, + ato, [U - P i (1)
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The subscript i,j in the above equations specifies an instant of
time that occurs in the ith capacity period. The difference in time
between the instant (i, j) and the starting point of the 1th capacity
period is jAt. The starting point of the first capacity period (and as
such, of the entire planning horizon) is (0,m). There are m number of
intervals - each of length At in the first capacity period whose end-
points are (1,1), (1,2),...(1,m). The point (1,m) denotes the starting
point of the second capacity period. In total, there are r capacity
periods. The end point of the rth capacity period (and as such, of the
entire planning horizon) is (r,m). :

Pi,J’ ci,J’ Ii,J and Di,J in the above equations are respectively the
production rate, capacity, inventory and demand rate at the instant (i,j).
Qi,j is the total cost starting from the initial point (0O,m) up to the
instant (i,j). Vi in equation ::) is the decision on target capacity
taken at the beginning of the i capacity period, i.e., at the instant
(i-1,m). Ui,x in equation (1) is the decision on target production that
is in existence at the instant (i,j). Since such decisions are taken at
intervals of kAt, therefore it follows that, for x#1, tﬁe decision Ui,x
is taken at the instant (i,a) where a = (x~1)k, i.e., at the starting point
of the xth production period in the ith capacity period. U1 = remains
unchanged up to the instant (i,b) where b = xk. For x =1, ;he decision
Ui,l is taken at the instant (i - 1,m). In equations (1) through (4), j
runs from 2 to m and i runs from 1 to r. The modifications of these

equations are obvious when j = 1. As for example, equation (1) will beconfe:

= A r - P 1
s ¥ R, 01 Pyt
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'The explanations for equations (1) through (4) are as follows:
Equation (1) is a discrete version of a first order differential

equation with Ui & as the input forcing function and P as the output.
3 !

The steady-state gain of this first order system is uniég, and ci,x
specifies the time constant. For a given Ui,x' the greater is the value
of Gi,x’ the more responsive is the system, and, as such, generally more
expensive to maintain. :

The continuous version of equation (2) is given by equation (5).

dc, £, OV, ~C)

at T+ Egexpl-§ (6 -t )]

(5)

The subscript j has vanished in equation (5). C1 is a function defined in

the ith capacity period which starts at (i-1,m) and ends at (i,m). to

corresponds to the instant i-1,m. t is a continuous variable which takes
the place of jAt of equation (2). Let the initial condition of (5) be

given by C1 = C1 o at t = to.- The solution of equation (5) is given by
’
equation (6).

LAl % o 3 3 -
s S {101'0.|exp{ 5 to)]

C, = (6)
i T+g, expl-f, 6 - t)]
Equation (6) is a modified version of Pearl-Reed Cu.rve.2 Inserting the
value of Ci from equation (6) in equation (5) yields equation (7)
dc, 5 s A CM][I + EiJexp[-fi(t - tl &

at L+ gempl-7, (6 - t )32

From equations (6) and (7), it can be proved that for V1 > Ci,o (Figure 1),

there exist a positive real {i and gi > - 1 such that given any two critical
points A and B, satisfying inequality (8), the curve Ci against t will pass

through those two points while maintaining the time-derivative of the curve

positive everywhere, and asymptotically approaching Vi as t = =, If

Vi < Ci,o' the above statement holds with the obvious modification that the

time-derivative is negative everywhere. Inequality (8) with reference to

Figure 1 can be written as follows:

(8)

I
A
]



where X = (Vi - ci,J) (Ci,k - ci,o)

= Qe c 0 Y g
‘and Y (Vi ci,k) ( 1,k) ( 1,3 ci,O

T, and Tk are the abscissae of the points A and B.

)

J
To take some typical figures,
5(V, - C..)
- § i,0
2 bl oo T2l
let ci,J ci’° + 160 (9)

95(V, - C )
—i—.._j;&. (10)

K i,o 100

»
=]
Q.
Q
-
]
Q
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The claim is that some appropriate values of {1 and Ei can be evaluated
which will allow the model to have the usual characteristics of a growth
curve (i.e., positive time-derivative and the asymptotic property),
provided: ;

b
TE < 361 (%*it follows from equations (9) and (10) that

= 361)

i

J
There is a wide class of systems for which the 95% point can be reached
in a time less than 361 times the time needed to reach the 5% point. For
such systems, equationr (2) gives a satisfactory description of the capacity

curve.
The proof of the statement following equation (7) can be outlined as

follows:
Inserting the values of the coordinates of A and B in equation (6)

and solving for yields equation (11)

oo b i T (v, - Ci,o]exp(' 57y
i [Ci.J - Ci'OJexp(-fiTJ)
ol Ci i = LY = G olew-4TY o
[ci,k ™ ci,ojexP(--riTk)
Rearranging terms of equation (11),
X exp(—(iTk) -Y exp(-(iTJ) = (X-Y)exp[-i'i(TJ - Tk)] (12)

where X and Y have the above mentioned definitions. Plotting two graphs

of the two sides of equation (12) against ;i as a variable, it directly
T
K X

follows that if 7~ < 3 , there exists a positive real ¢; for which the
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two graphs will intersect, thus ensuring the existence of a solution.
From equation (11) it follows that since ;i is real and positive,
therefore 51 > -1, Since {i > 0 and Ei > -1, therefore it follows from
equation (7) that the derivative is positive everywhere for Vi > 01,0'
(Negative if V1 < Ci ). From equation (6), it follows that as t - ®,

Ci - Vi' thus guaran;geing the asymptotic property. The above discussion
shows that equation (2) is a satisfactory description for a wide class of
systems whose capacity response is as shown in Figure 1.

Equation (3) expresses the inventory at an instant (i,j). Equation (4)
expresses the cumulative cost from the beginning of the planning horizon up

to the instant (i,j). Thus, Qo it 0, and Qr 2 is the total cost that has
. ’ "’

to be minimized. F in equation (4) is a function of I1 5-1 denoting the
’
cost of carrying the inventory Ii gkt Thus, if Ii 3-1 is positive, F is
i ’
the inventory cost. If I is negative, F is the backorder cost. If

i,j-1
the domain of interest is relatively small, the function F is often approxi-

mately linear. Thus

F(Ii,J-l) dli,J-l if Ii,J—l is nonnegative

n

= - I i
BIi,J-l if 1,5-1 is nonpositive

@ and B are two positive real constants deno:i.ng the coefficients of

inventory cost and backorder cost respectively. The derivative of F with
respect to Ii,j-l does not exist at Ii,j-l =
the optimal policy requires that the derivative of F exists everywhere.

0., The following analysis of

For all practical purposes, the cost due to an infinitesimal positive
inventory and that due to an infinitesimal backorder are both negligible.

Thus aF can be equated to zero without jeopardizing the
e
i,j-1
S =0
i,j-1
practical applicability of the analysis.
Restrictions
There are some restrictions that limit the possible range of values
of U and V,_
s % i

(1) for j <k

e - ¢ 5
0 SBpuyE MR nCer gt Ypas
(2) for j >k
< Min {C c
BEF T MR i

where x has its previous definition
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(3) 0sC, <M

i
where M is a positive real constant.

has to be non-negative. Also,

Restrictions (1) and (2) imply that Pi 3
’
h

tlj”x has to be such that the production rate at any instant in the xt
production period cannot be greater than the minimum value of the capacity
in the same production period, because capacity is defined as the maximum
'possible production rate.

The third restriction states that M is the maximum allowable target
for capacity due to various physical and economic reasons.
Estimation of Model Parameters

The following is a list of model parameters to be estimated using

experience and previous data: oi,x' {1, ei, Ay @, B, Y and T|. Provision
should be made to update these estimations in an adaptive fashion, as new
data are acquired. A least square estimation scheme can be stored in the
computer as a package. Straightforward application of least square scheme
yields the following results:

-P U _-P
5, o 223[?1,3 '1,3-1][ 1,x = P1, 511} : a3
p A"E[Ui,x ' P:I.,J-l]

whereZis taken over all significant previous data o llected for the same
value U:I.,x' oi,x“

is the estimated value of ci =
-~ ’
To evaluate ;:I. and 51, equations (14) and (15) can be solved by the

method of steepest descent
Zi[gp;i .. 4 W 1exp(9p;1)][hpexla(9pfi)]z =0 14

t. -h -h¢ie t.) -he‘e(e“)]=o (15)
Zg[gpfi P o1 xp(ep{i ] [gp jJ p£1 - pri ;
where}:is taken over all significant previous data collected for the same

value of Vi, and the subscript p is the running index for the data.

e -8
1 1, 4-1
=V, -C N 3 = =(j-1)At
. s Rt IS S N At 8= 2Q-lis

To evaluate i, &, ﬁ, Q and ﬁ, the values of 81 % }i'and Ei are inserted
’
in equation (4). Relevant data are collected on Q, I, C and V. The least

square error function is generated based on equation (4). The partial
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derivatives of the error function with respect to i, a, ﬁ, ¥ and ﬂ when
equated to zero yield five linear equations which can be solved by any
standard method.
Optimal Strategy

Given the system as described by equations (1) through (4) with the

associated restrictions, the first problem is to find the optimal sequences

of Ui 5 and V., for a given list of values of & , and a given sequence of
’

i ;D

Di 3 The same process can be repeated for a few different lists of 61 =
i )

(each list corresponding to a system) such that the optimal system can be

chosen from among the allowable set of systems. A discrete version of

Pontryagin's Maximum Principle is used. The state variables P1 3 C
’
Ii 3 and Qi 3 shall be resepctively denoted as Z: j where the superscript q
’ ’ ’
goes from 1 to 4. Thus, in general:
a4 _ .9 2 3 4
Zi 3 f [ i j-1’ 1 ,J=1’ zi,J-l’ zi,J-l' Ui,x’ vi] (18)

where q goes from 1 to 4, i goes from 1 to r, j goes from 2 to m.
fq 4 denotes a function which is continuous in its arguments and whose first
partial derivatives with respect to the arguments exist and are continuous
in the arguments (as explained earlier). When j = 1, equation (16) becomes:

q q 1 72 3 4

Z = Z wi¥

s f1,1c i-l,m’ "i-1,m’ zi-l,n' zi-l,n' Ui,l i]

A hamiltonian is defined as in equation (17).

4
H = [wq .22 ]— 23[\1"‘ -3 ] a7
1,3 q; T R U T Y

q_
where the adjoint variables Yq 1,3 are defined as:
v : -——41— as q goes from 1 to 4. (18)
i,j-1 974
i,j-1

The end conditions of the adjoint variables are given by:

q & da
ﬁr,m =0 forq-=1,2,3, and Yr,m =1
Thus H =Q = total cost over the entire horizon.
r,m T,m

Assume an arbitrary sequence of U1 i and Vi in conformance with the

previously discussed restrictions. These decisions give rise to a corre-

sponding sequence of Zg 4" Choose any nth‘dapecity period from among the r

’

periods in the horizon. ‘he decisions for the nth period are Vn and Un

where x = 1,2,...,p. Let these decisions be perturbed by the amounts

AVn and QUn - respectively. The consequent change in the overall cost is:
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4
= b a .,,9
B m = M m = QZ; [\yr,m Mr,m]
4
= [“'q -afd ] [by equation (16)]
d= r,m

4 [ ’ {af: " af;‘_ e 4
= ¥ P AU e E AN o
& r,mjdUu 0 r,p aVr Vr (6

,m=1
4 q 812 m ¢ q g m
- s Lo 2 y
b ’q: Yr,m au pi AUr, z qgl Wr,m EX7 av,

- : q 31: m i
+12=;[L§ '*’r,m a———zi' iAzr,-l] (by rearranging terms)
T, m-

dH E): i
- _r,m la“r gt
=50 A0+ v AV, + 12; ;T'_ Azr,m—l] [by equation (17)]

r,m-1

aHr m 6 q
- 53:1-; AU+ aV Av + Z‘ﬁ \yr oy 480U [by equation (18)] (19)

By recursion of the above process, equation (19) can finally be expressed -

Ag? 08 VN 9H
el o % %, 1 ]
4Q A =Y ;:1[ w7 Al x * 3V, vy

i=n = .
. q
q
i Zl [‘yn-l,m Azn-l,m] (a0)
q_
where the subscript x = 1,2,...,p as explained previously, depending on j.
Since by choice, only Vn and Un 2 (x =1,2,...,p) are changed, and
' ’
since the response of the production system is causal, therefore
q -
AZn_lm-Oforq-1234
Therefore equation (20) reduces to equation (21)
m [9H oH ]
= % n,J —.J 2
AQr,m = AHr,m = ;:1 [avn x AUn'x + avn A (21)
= ’

Equation (21) can be written in an expanded form as equation (22) by

assigning the values 1,2,...,p for x:



33

A ﬁi §§ BHn :
AQ = ___4; AV o —Xad AU (22)
r,m r,m E: x=1 j=(x-1)k+1 aUn,x P

Now, using the usual arguments that appear in literature in connection with
the discrete maximum principle (references 1 and 3), it follows that a
*
necessary condition for a Vn and a Un to be optimal is that 2; Hn P should
’

!
%K
%*
ini ith v VYV =%V
have g local minimum wi respgct to e at 3 1 and Z;:(x-l)k+lﬂn,3 should

*
have a local minimum with respect to U at U =0 , where x = 1,2,...,P
3 WX n,x n,x
Algorithm

Based on the previous results, the following algorithm can be worked out.

Choose a possible value of Vn. For this V o’ choose a Un 0 and evaluate
’

k
H .. Check ifz; H has a local minimum at the chosen
Z (p-1)k+1 n,J (p-1)k+1 n,J

value of Un 0 If not, delete this value of U o and choose a new value of
’ !

%*
Un o until the local minimum is obtained. Call it U Keeping U p fixed,
l

: (3?)k Biby

find U that provides local minimum for H o CRlY % U

n,p-1 J=(P—g)k+1 n,j n,p-1°
Repeating this process, evaluate the U's up to Un 1 in a backward direction.

’
Now evaluate S‘ H a; ) and check if it provides local minimum at the chosen
)

value of Vn. 1f it does, denote this value of V as V . If not, delete the
entire calculation. Choose a new value of Vn, and repeat from the beginning.

i T * *
If an optimal combination of V;, U U U exists, this scheme will

nyd ey 22 LNy
eventually detect it.

If the decisions between (n,m) and (r,m) are optimal, then, by principle
of optimality, V:’ U:,l""U:,p are optimal in the global sense. Thus, the
entire optimal strategy can be worked out sequentially - starting with n = r,
and working backwards up to n = 1.

Results

Some simple results with hypothetical data are shown in Figures 2 and 3.
In both Figures 2 and 3, the entire planning horizon consists of 360 days,
and the capacity-period consists of 30 days. In each of the two cases, two
demand forecasts are considered as denoted by D. and D,. D, is constant and

equal to 100 over the entire horizon. D2 flucttates 1z a r:gular fashion
between 50 and 150, The system in Figure 2 has a relatively small value of
0 and hence is less flexible than the system in Figure 3. The production-
period of the sluggish sy;tem is 30 days, and that of the more flexible

system is 10 days. It is noticed that with the sluggish system, both Dl

and D, give rise to the same optimal decisions. However, in the more
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flexible system, the optimal decisions for D and D2 are different, providec

1

A = 1000 (approximately). Thus, with respect to the demand forecast D2,

it pays to change the system from Figure 2 to Figure 3 as long as )\ is less
than 1000.
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THE OCCURRENCE AND EFFECT OF DATA LOSS
IN A HIERARCHICAL DIGITAL COMPUTER SYSTEM
PROVIDING ON-LINE PROCESS CONTROL

H. H. Johnson,
Imperial College,
London,

United Kingdom.

1. Introduction

The use of a digital computer to 'close the loop' and pro-
vide on-line control of a process or part of a process has been
practical for a number of years and was envisaged even earlier
when the potentiality of a computer as a decision making machin
was realised. Despite this early recognition progress has been
relatively slow and applications of computer control have been
largely limited to industrially small projects and have been
particularly cbncerned with data logging, display and warning
systems and, at best, D.D.C.6. Perhaps this was to be expected
but it would appear that even now the process control computer
is being used in a manner which calls to mind the way in which
earlier machines were utilised as large calculators for scienti
and design calculations providing vast quantities of output dat
which was scanned, sorted and even checked by a skilled enginee
who made the decision, probably from a priori reasoning, as to
which set of figures was the most appropriate. It is to be hor
that this stage of progress has been passed and that the design
calculation contains sufficient information to permit the
'number-crunching' computer to output only the most suitable
figures, having discarded the rest as inapprobriate. As yet
this ability of the computér has not been utilised, nor fully
accepted, in the field of process control?.

One reason for this appears to be doubt that a computer
is sufficiently reliable for use twenty-four hours a day and a
closely allied reason is that, should a computer fault occur,
serious damage and loss might result before it was noticed and
correctéd. The second of these difficulties may be guarded
against in a manner similar to that used by accountants and
bankers when placed in a similar position, namely that of pro-

viding checks and rechecks to ensure that incorrect informatior
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is identified and corrected before it is used. The first diffi-
culty can only be overcome by the provision of redundant comput-—
ing power and this is best handled by using a linked computer
system, two fundamental types of which are discussed in the next
section. A further reason why the on-line use of computers in

the process industries is lagging is that effort is being made
piecemeal. Instead of a global view being taken of the situation
attempts are made to replace one collection of electronic bits-—
and-pieces with another, without due regard to the infinite superi-
ority of the abilities of the replacement. An underlying cause
for this may be that a single computer capable of performing all
the necessary data manipulation and control calculations would
require enormous storage capacity and an extremely rapid operating
speed, possibly unobtainable or even unrealisable. This situation
could well be resolved by using a computer system providing the
facility of parallel programming. However, it would seem that

a particular cause of the failure to use computers to take overall
control is that insufficient and imprecise theory is available

to allow a would-be user scope to investigate system capabilities
and it is one purpose of this paper to establish a basic theoreti-
cal approach to this problem.

Much analytical work has been done in establishing algorithms
for digital control and many of these have been successfully
demonstrated in an off-line mode., However, careful analysis of
the results of a number of these approaches indicates clearly
that they are unsuitable for on-line work because of timing
considerations. Indeed, some are such that the calculation time
for the proposed algorithm is greater than the maximum time con-
stant of the process to be controlled. Despite these criticisms
a number of powerful general methods are available and in order
to clarify subsequent work, an attempt is made here, c.f. Westcott9,
to classify the types of calculations required by various control
algorithms, more by their frequency of occurrence and their time
of calculation than by the mathematical methods which are em-—
Ployed. First stage calculations operate solely on the data from
one sample of monitored variables. This data may, if desired,
be combined with data already generated and available directly,
which may have resulted from previous sampled-data or from back=

up or off-line calculations. The results of these first stage
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calculations must, in general, be available to the process in

the form of cantrol variables within one sampling period. Second
.stage calculations are those which directly affect the data,
other than the sampled-data, used by the first stage calculations
In the simplest cases this might involve only the retrieval of
data from backing store to make more pertinent values of such
variables as physical constants available for direct control
calculations. At a higher level new values of this data may
require calculation as the process proceeds, either on demand

due to the cumulative_effect of disturbances or as a continuing
development, possibly stimulated by the results of higher stage
calculations. Both first and second stage calculations are
essentially real time in that response times are known and must
be met with some level of statistical certainty.

Higher stage calculations, of which the desired number will
be indicated by the construction of the control algorithm, may
occasionally be capable of responding to requests for updated
information, but more often will initiate the decision to use
this data whenever the computation has made it ready for use.
Hill=climbing techniques, model improvements, parameter evalu-—
ations etc., would commonly be included amoﬁgst these stages.
These with the former two stages would provide effective control
However, a final stage might be considered with the aim of im=-
proving the control algorithm itself. This would be fundamental.
a learning program with the ability to effect and investigate
the variation of sampling rates, the alteration of relative em-
phases on sections of the calculations and, indeed, *“esting the
results of the application of different algorithms.

2. Computer Systems
It has been seen that-for a number of reasons a single com=

puter is unlikely to provide the most effective means of con=
trolling a process, although in fairness it should be mentioned
that a multiprocessing computer might provide a reasonable answe
In general, however, the advantages of linking computers into a
comprehensive system outweigh those obtained in using a single
complete computer. Particular advantages are that computefs
may be selected by size and speed to within quite fine limits,
thus reducing to a minimum the cost of the equipment. Redundanc

may be provided by adding one or two small proceséors to the
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system containing numbers of such machines instead of complete
duplication necessary with a single machine, again reducing the
overall cost and enhancing the chances of the system maintaining
at least partial control even under extreme failure conditions.

Two distinct types of computer systems are possible, the
unilateral and the hierarchical. 1In the first of these each
computer has access and is accessible to every other machine
and commands and data may be passed via a channel, duplicated
in case of failure, which is inspected by every computer in the
system and action taken if necessary. The advantages of such a
system are that should a computer go overdue because of failure
or because a calculation takes an excessively long time to com=-
plete, processing on later data may be transferred to another
uncommitted machine in the ring. A computer may, without affect-
ing the control, be removed for off=line testing and maintenance
and if the computers are identical or similar, engineering problems
are simplified. This however raises perhaps the main disadvantage
to the unilateral concept, which is that the desirable features
of the computer with regard to storage and size and computing
speed vary greatly with the type of calculation required, which
implies that the unilateral system must contain machines which
are dissimilar electronically and use incompatible programming
languages.

For a hierarchical system in which a computer at any level
is linked to only one computer at a higher level, apart from
the case of the hierarchy head, and one or more machines or
digital interfaces at a lower level, this lack of compatibility
between machines has not such a serious effect, since no overall
supervisory system is required and effective action or lack of
action becomes dependent on the availability or otherwise of
the relevant data. Normal machine executive programs are capable
of accepting and transmitting data and the respective interactions
of the computers of the system may be serviced on an operation
completed basis. This method has the very great advantage that
no complicated supervisory program is required and if it assumed
that all computers in the system are sufficiently advanced to
Permit autonomous transfer of data under program initiation,
the emphasis for the effective Wworking of the system is on the
individual Qember of the system selecting the appropriate 'data

record for manipulation so as to optimise a function particular
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to that computer. Furthermore, if it is assumed that data passe
down from one level of the hierarchy to the lower level is only
of the form of replacement parameters for use in calculations
at this lower level immediately reception is complete, then by
the Principle of Optimality the optimal processing of data
records passed to each individual computer from below will ensux
the optimal processing of the system as a whole.

It is worthwhile to note that, although only a true hier-—
archical system is considered here, certain advantages might
ensue by permitting interactions between computers on the same
level. This is perhaps particularly true at the lowest level
where it might be possible to implement first stage control by
means of computers with identical construction, differing only
in store size.

3. Selection of a Suitable System

3.1 The Deterministic Case
Clearly the simplest model of a computer system in control
of a process is one in which all sampling rates are fixed and

all calculation times for any stage are constant. In this case

the choice of the ;ptimal distribution of computers in the hier-
archy becomes a deterministic problem over a finite time, since
for every computer, whatever point of data processing is chosen,
this point must repeat at equal intervals of time, although the
actual values of the data will, of course, be different. As
with every scheduling problem of this type an approach involving
a certain amount of empiricism is unavoidable, otherwise the
number of possible systems is infinite. Thus it will be assumec
here that a reasonable system has been selected and that the
amount and type of data processing has been decided for each
computer, see Pearsons. This involves choice of the appropriat¢
algorithms to produce the desired control, confirming that each
algorithm is valid with respect to the timing consideration of
speed of calculation to produce adequate response time and seles
ion of which computer in the system is to perform which parts o:
the calculAtion, bearing in mind that, in general, the higher
the stage of calculation the higher the computer in the hierarc
The problem is then to optimise the size and speed and hence
minimise the cost of each computer.

The general problem may be stated as follows: for each
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computer there exist M calculations C(m) (1 < m < M), each with

a maximum calculation time TM(m), (1 < m < M) and each calculation
is to be repeated N(m) (1 < m < M) times, so that T™(m).N(m) = T,
the calculation period for the computer.

If the actual calculation time is taken as a function of the
multiply and add times, Tm and Ta viz. TA(m) = A(m).Ta + B(m).Tm
and if TE(myn) is the time earlier than the nth calculation of
the type m and TL(m,n) is the time later than the a*? calculation
of type m so that

TE(m,n) + TA(m,n) + TL(my,n) = TM(m,n) = TM(m)
since the calculation time is constant, and the corresponding
storage requirements are SE(m,n) = SE(m), SA(m,n) = SA(m) and
SL{m,n) = SL(m) since the storage requirement for each repeated
calculation C(m) is constant.

This may be considered as a problem to find start times,
where STE(m,n), STA(m,n) and STL(m,n) are the start times of the
pause before the nth calculation of type m, the actual calculation
and the wait after the calculation is complete and

STE(m,n) = TM(m).n
TM(m).n < STA(m,n) < TM(m).(n+1)

STA(m,n) + A(m).Ta + B(m).Tm < STL(m,n) < TM(m).(n+1)

or concisely to find XTA(m,n) Z._b
subject to XTA(m,n) + A(m).Ta + B(m).Tm < TM(m) (1)

to minimise the cost function CA = P.Ta + Q.Tm + R.Smax
where P, Q and R are constants connecting computer calculating
speeds and store size with overall cost and Smax is the maximum
store size in use at any time within the calculation period,
given the values of Ta, Tm and XTA(m,n). This is a problem of
a linear programming form, but is complicated by the fact that
only one computer calculation may be carried out at one time and
thus the values of XTA(m,n) are mutually interrelated and to vary
one may necessitate the variation of others.

Clearly the values of Ta and Tm affect importantly the
overall problem, but equally clearly decreases of Ta and Tm
cannot increase Smax, so that it is.réasonable to select appro-
priate values, which are sufficiently small to permit all the
calculations to be completely performed within the calculation
period, to find non-negative values of XTA(m,n) < F(m) =

T(m) - A(m).Ta - B(m).Tm which are compatible and minimise Smax.
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This value of Smax may be used in the equations (1) to improve
Ta and Tm and the process repeated until the optimum value of
CA is obtained. The value of S at any time t (0 < t < T) is

given by the function

M
s = Z{ (a(t,m) .SE(m) + B(t,m).SA(m) + (t,m).SL(m
m=

‘where one value of a(t,m), B(t,m) and Y(t,m) is unity and the
others are zero for each m and one value of B(t,m) is non-zero
for all m. Hence in simple cases, for example when SE(m) =
SL(m) and M is small, it would be easy to find the value of
Smax by inspection. For larger M this is not straightforward
and a descent method is given.

It is observed that for fixed Ta and Tm the total calculatic
time is fixed and equals

i (A(m).Ta + B(m).Tm).N(m) < T (2)
m=

which provides a feasibility condition on the values of Ta and

Tm and that the cqlculations fall into three distinct types,
those for which SE(m) < SL(m), SE(m) = SL(m) and SE(m) > SL(m).
Throughout the time O — T of a calculation period the store size
varies at times 0, t,, t, «e0oe t 5 t .4 .oe. to, T, these times
being dependent on the start times XTA(m,n) and the store size
being constant over each interval (tq, tq+l)' If the scheduling
problem of selecting start times is translated into a permutation
problem, following Nicholson and Pullenk, a transformation may

be found, which together with the feasibility condition that

the n*P® calculation of type m is performed before the (n+kx) P
calculation of the same type, for which the optimal solution to
the original problem is equivalent to the optimum of the trans—
formed problem. Formally there exists at least one optimal feas-
ible solution from the (dgl N(m))! possible, but not necessarily
feasible, permutations; however, it is not often a practical
possibility to establish this. The method used by Rule8 and
Nicholson3 of adjacent interchanges would yield a reasonable
level of optimality. However, a better result may be obtained
in this case by utilising the fact that only one resource, the
computer processor, is considered and that the value of M will,

in general, be not too large.

.
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If the value of Smax occurs in the interval (tp, tp+l)
then associated with this interval will be one particular value
of XTA(m,n(p)) for each of the M calculations. Over the range
(min(STE(m,n(p)) max(STE(m,n(p)) + TM(m))) the single resource,
M JOb and single operatlon per job scheduling problem is obtained
with the conditions

T™(m) .(n(p) = 1) < XTA(m,n{(p)) < TM(m).n(p)
and an objective function CB = Smax. Translating this problem
into the corresponding permutation problem it would often be
possible to consider all M! permutations and select one which
minimises the objective function. Even if this is too large a
calculation a cycling procedure is available since the calcula-
tions fall into three types, as discussed above, of which one
has no direct effect on the store size and the other two are
such that an earlier start for one and a later start for the
other reduces the store size, Thus, if start time for calcula-
tion A is taken to be start time for B, if this reduces Smax
and start time for B can be taken as start time for A, if this
again reduces Smax, but otherwise start time for B can be taken
as start time for C if improving and the process continued until
the cycle closes and the start time for Z becomes the start time
for A still improving Smax. :

This method yields a high level of optimality for each
computer of the hierarchy and produces within limits a minimal
cost for the complete system. The results are obtained in a
straightforward way and at no time do the calculations become
long or complicated, or severely restrict the user. Indeed,
it would clearly be quite easy to repeat the calculations for
a number of varying systems as part of a preliminary investi-
gation.,

3.2 The Stochastic Case

In a system which is not fully deterministic a number of

changes are noticeable., Firstly, it is not possible to consider
the calculation period for any computer because the load will
vary statistically with respect to time due to the number of
data records being presented for calculation C'=) (1 < m < M)

in any given period not now being constant. Secondly, the time
of calculations may vary due, perhaps, to a larger or smaller

number of iterations being required to realise acceptable
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accuracy. Thirdly, the store size, which reflects the fluctu-
ation in the arrival times of data records may be required to
hold a number of data records at one time each requiring the
same calculation. All of these have a distinct effect on the
required size and speed of each computer of the system and
although in a number of cases it might be possible to provide
a machine large enough and fast enough to handle the worst-
conceivable case it is certain that the cost of so doing would
be very great. Fortunately, however, very few processes are
so sensitive that the occasional failure of a controlling system
to provide a response to one sample is unlikely to affect them
greatly. Similarly for the higher stages of the control cal-
culations, if updated values are not provided for the lower
stages, these will continue to provide effective control,
although this will perhaps be suboptimal. In a later section
the case of critical measurements is considered.

In the discussion that follows, the problem of the gqueue
of data records awaiting processing by one computer is considered
initially with respect to the effective loss of data due to the
inability of the machine to process the data with sufficient
rapidity, the effect of a finite store size is then included
in the argument and an illustration is given of the use of Monte
Carlo techniques to provide suitable data, so that the method
of optimisation for the discrete casé may be utilised for the
stochastic case. An outline of how the effect of varying
calculation times may be handled is given.
3.3 The Queue Model

Consider the following data distribution, the mth data
record 9(m,n; ta(m,n), tb(m,n); TP(m,n), TR(m,n), w(m,n,7Q(m,n)))

which originates from source n at time ta(m,n) and after queuing

and processing returns appropriate data to output n, correspond-
ing to source n at time tb(m,n). TR(m,n) is the maximum per-
missible response time which may elapse between the collection
of the record and the return of the corresponding record and

the processing time of the record is TP(m,n). It is assumed
that each data record is self-contained and may be processed
without reference to any other data record. If the situation
occurs in which tb(m,n) - ta(m,n) > TR(m,n), then the response

signal is too late to serve any useful purpose and the record
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is deemed to be lost. Further, if a record is queuing and real
time t is such that t - ta(m,n) + TP(m,n) > TR(m,n) or t > TR(m,n)
- TP(m,n) + ta(m,n), then the record is similarly lost. The pro-
blem may then be regarded as that of a queue whose arrival
pattern is that arrivals can only occur at a discrete set of

time intervals O, h, 2h .... and the number of arrivals per
instant is O or 1, a simple version of aggregated arrivals. The
service mechanism is initially taken to be one in which the
service time of each member of the queue is a known constant
regarded as a multiple of the discrete time step, h, the service
capacity is unity and the service availability is continuous. .
The queue discipline is that the head of the queue is serviced
first, but that the position in the queue of any member may be

changed as specified below. The criterion for success being to

minimise N M
Z w(m,n) °
n=1 m=;
where W(m,n) = O if the corresponding record is processed and

W(m,n) = w(m,n, TQ(m,n)) if the record is lost, where TQ(m,n)
is the time in the queue before loss occurs.

The generalised notation may be simplified to refer to the
members of the queue only, the k*? record in the queue (1 < k < K)
is denoted by D(k,m,n, TP(k), TQ(k), TR(k), w(k,TQ(k))) or in
the shortened form D(k). It is necessary to make two assumptions
at this stage which will clarify the way in which data is handled
by the computer. Firstly, at time ph a record is being processed,
either processing is well under way or it has just commenced,
but in either case a record entering the queue at time ph must
wait at least a time h before processing of its data may begin.
Secondly, once the processing of a record has commenced it must
continue. The following definitions are also important; the free
time on any record is given by TF(k) = TR(k) - TQ(k) - TP(k).

A queue member, data record D(k), is said to be valid if,
without rearrangement of the queue, it is possible to process
that record without lossj; this is so if

k=1
TF(k) > > TP(i) + TPP any k, (1 < k < K) (3)
i=2
where TPP is the time required to complete the processing of

the record at present being processed, TPP < TP(1).
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A queue is said to be feasible if every member is'valid,
that is, if (3) is true for all k, (1 < k < K). If at least
one member is invalid then the queue is said to be infeasible.

An orientated queue is one in which TF(k) < TF(k+1)

(1 < k¥ < K-1) or if TF(k) = TF(k+1l) then TP(k) > TP(k+1l), note
that if both the free time and the processing time are equal
the only distinguishing feature is the time in the queue.

Using these definitions a number of theorems may be proved
of which the two most important are given below.

Theorem I The positions of the members of any feasible queue
may be rearranged so that the resulting queue is feasible and
orientated.

Consider the subsequence consisting of the first Kl members
of the queue of K members and assume this is feasible and
orlentated and that TF(K + A< TF(K ) then there must be a

*(2 < &, * < K) such that TP(K e TF(K +1) < TRK* + 1),
1gnor1ng in th1s proof the poss1b111ty of equal free tlmes, then
Ky +1

x .
TF(K,* + 1) > TF(K, + 1) > 1Z=‘2 TP(i) + TPP
X

K,+1
> TP(K, + 1) + 3 TP(i) + TPP
% i=2 , |

and therefore D(K + 1) is still valld with the D(K + 1) recordy

inserted, and, in zeneral, for Kl i S0 S Kl, die2 X

P K;+1
'1‘1-‘(1‘:1 + 3) > TF(K1 4 k) > F L PPld ) . TPP
i=2
K +3j
> ’I'P(Kl + 1) + 1§2 TP(i) + TPP

Hence the member D(K;_+ 1)/may be removed from its position

and inserted between D(Kl + 1) to form an orientated and feas-—

ible subsequence of length at least Kl + 1. Note, should no

le exist, then a similar argument may be used to show that the

member D(Kl+ 1) may be removed to the head of the queue, again
to form a feasible and orientated subsequence of length not less

than Kl . S -

Either the whole queue is now feasible and orientated or

there exists a subsequence of length K2 b Kl + 1 which is, and

such that TF(K2 + 1) < TF(K,) whence by the same argument a
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feasible orientated subsequence of length K_ + 1 or greater may

be generated. Since the queue is of finitezlength repeated
applications yield subsequences of lengths at least K3 .1y
K4 + 1, etc. until a feasible orientated queue is obtained.

Lemma I. An orientated queue is a unique arrangement of
any queue. For clearly the size of the queue is fixed and the
values of TF(k) and TP(k) are fixed, thus any other arrangement
cannot satisfy the conditions specifying orientation; the case
for members with identical free times and processing times is
not handled.
Theorem IT If an orientated queue is infeasible then it may
not be rearranged so that the resulting queue is feasible.

Assume that a feasible queue may be found, then by Theorem I
this may be arranged as an orientated feasible queue, but this
is impossible since the unique orientated queue is known to be
infeasible. Hence the result. -

Clearly from these two theorems at time ph+ the position
is that if the queue has been orientated and is feasible, pro=-
cessing may be allowed to proceed smoothly, each data record
being processed as it reaches the head of the queue until such
time as an additional record enters the quecue. When this occurs
the queue may again be orientated and if the result is feasible
processing still continues smoothly. If, however, the result
in now infeasible it may be shown (Theorem III, proof not given)
that data loss must occur. The timing of the decision to lose
one or more records and which records these shall be may obviously
be made at any time after the infeasibility state has been
attained, but although there are certain advantages in leaving
the decision to times (p+l1)h, (p+2)h .... so as to see what other
records are forthcoming and in the case of variable calculation
times additional processor time may become available, it would
appear definitely more suitable to make any queue, which becomes
infeasible, feasible as soon as possible. The advantages of this
are that a decision need only be taken when a new record joins
the gqueue and then only if the queue becomes infeasible. Since
the queue is orientated to test for feasibility a simple search
method is available to establish which records must be removed
from the queue to minimise kgl W(k) the modified criterion.

When the records have been lost the queue may be rearranged in



50

the appropriate feasible form for processing to continue until

a further record is received, in many cases it would appear that

the orientated form is most appropriate.
A further advantage occurs when a finite store is considered
as in this case when a new record is received it is not always
physically possible to maintain all the records in store and
therefore a decision must be made immediately. This may be done
by considering the extended function w(k,TQ(k),S(k)) where S(k)
is the store size required by D(k), but in this case the search
method to minimise the criterion becomes two-~dimensional and
care must be taken that this does not take too long.
3.4 System Design in the Stochastic Case
The problem now is to apply the results of the previous

section to the selection of computers of optimal size and speed.
It may be possible to specify probability distributions for each
type of data record analytically and to develop a full mathem—
atical solution to the problem, but this is unlikely to be of
great value since, apart from the complexity of the analysis,
it is probable that from the nature of the problem that the
distributions do n;t correspond nicely to the standard ones,
but result from overlapping increases in demand for responses
to data records with rapidly changing inputs for various cal-
culations. In this case the simplest approach is a Monte Carlo
simulation method in which the effect of various overlapping
increases in speed are tested and the number of data records
for each type of calculation may be recorded and an estimate
arrived at for a suitable store size and calculation speed.
In doing this simulation it is important that data records
that would be lost are actually discarded as each discarding
will have a significant effect on the remaining data entering
the queue. It would also be possible to simulate the complete
hierarchy as a series of queues, see, for example, Cox and Smith
This method would provide a good solution, but it is possibl
to adapt the discrete model in a way which would give relatively
good results with considerably less work. This consists simply
of increasing the number of calculations N(m) by a selected fact
K(m) so that in the new problem the number of calculations is !
taken to be N (m) = K(m).N(m).(1 = #(m)), where it is assumed that
on average a proportion #(m) of the records are lost; this

adjusting factor could obviously be modified to include the
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standard deviation of the distribution. Since at any time only
one data record of these may be processed new values for the
storage requirements are given by SE*X(m) = K(m) .SE(m), sA¥(m) =
(K(m) = 1).SE(m) + SA(m) and SL®(m) = O since in the queue model
it was assumed that the response data was returned immediateiy
after calculation. For any type of calculation T(m) is selected
to be the same value as in the discrete case, but over each time
interval of this size K(m).(1 = #(m)) calculations must be per-
formed, or if [K(m).(1 = @#(m))] = P(m) - 1 denotes the greatest
integer less than the value in square brackets, P(m) calculations
must be performed. In this case, there must be P(m) start times
STA(m,n,p) over each interval where, as before,

XTA(m,n,p+1) > XTA(m,n,p) > O (1 < p <P(m))

XTA(m,n,p) + A(m).Ta + B(m).Tm < XTA(m,n,p+1) < TM(m)
to minimise the cost CC = P,Ta + Q.Tm + R.Smax.

This problem may be solved in a manner similar to that
applied in the discrete time case, but if it is felt that the
increased number of variables from }_" N(m) to }EIN(m) «P(m)
makes the effort too great, it would %e reasonable to reduce the
size of the calculation by assuming that in any interval T(m)
once a calculation of type C(m) has commenced all the calculations
of this type are completed.

Thus XTA(myn,p) + A(m).Ta + B(m).Tm = XTA(m,n,p+1)
and XTA(m,n,1) + P(m).A(m).Ta + B(m).Tm) < TM(m)

In either case an additional calculation must be carried
out to ensure that the calculated start times do not cause a
greater proportion of the data records to be lost than was
originally acceptable.

3.5 Essential Data Records
In certain cases it may happen that the inability of a

computer to store or process all records emanating from a
particular source might have a critical effect on the control

of the process. Using the model suggested it may be possible

to guarantee that no loss occurs by choosing the values of
W(m,nx,TQ(m,nx), S(m,nx)), where n* is the pertinent source, to
be sufficiently great to ensure that these records are never dis-—
pensed with in preference to records from any other source.

Even so it might happen that only records from this source were

in the queue and still data loss was demanded. In this case
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it is suggested that a different model should be constructed,
and clearly modifications to fit other situations could be based
on this, on the assumption of a two=stream system similar to
that proposed by Anis and El-—Naggar1 and akin to the two-bin
inventory system discussed by Whitinlo. This consists of two
queues; on the one of lesser importance is a store of size s,
records from this are allowed to proceed into the main stream
store of size S when conditions are suitable. The value of S
and the ability of the computer processor must be sufficient to
cope with the worst case of the essential records and the size
of the subsidiary store will vary depending on how much use'is
being made of the main stream storej; thus if its minimum size
is s and the main store actually contains T the effective size
of the subsidiary store is t = S + s = T. Thus two feasible
queues may be obtained with one fed from the other when con-—
ditions permit.
4, Conclusions
It has been seen that it is eminently possible to establish
and use optimal design criteria for a hierarchical computer
system controlling'on-line a process for which the type and
number of calculations has been fully determined.
Further it has been shown that by using a queue model for
the flow of data records to each computer of the system the
method may be adapted to handle the case when sampling rates
and requests for updated parameters vary with time and effective
data less may occur. In this case the criterion used to decide
which data records must be discarded may be selected so that
the gverall effect on the control of the process is minimised.
References y
1. ANIS, A.A. & EL-NAGGER, A.S.T.: The Storage-Stationary
Distribution in the Case of Two Streams; Jour. I.M.A.,
Vol. 4, No. 2, (1968)

2. COX, D.R. & SMITH, W.L.: Queues; Methuen (1961)

3. NICHOLSON, T.A.J.: A Sequential Method for Discrete Optimi-
sation Problems etc; Jour. I.M.A. (1967)

4, NICHOLSON, T.A.J. & PULLEN, A.D.: A Perturbation Procedure
for Job-Shop Scheduling; Comp. Jour. Vol. 11, No. 1, (1968)

5. PEARSON, J.D.,: Multi-level Control Systems; Proc. IFAC
(Teddington) Symp. (1965)




10.

53

ROBERTS, J.P. et al: How much less are computers doing than
they could?; Control (March 1965)

ROSENBROCK, H.H. & YOUNG, J.A.: Real-Time Oﬁ-Line Digital
Computers; 3rd IFAC Congress (1966)

RULE, B.F.: Optimal Lecture Room Allocation by Digital
Computer; M.Sc. Thesis, Loughborough University of Technology
(1966)

WESTCOTT, J.H.: Application of Optimal Methods to Control
of Industrial Processes; Proc. I.B.M. Symp. (1964)

WHITIN, T.M.: Inventory Control Resecarch: A Survey,
Management Science 1, (1954)



54

CHCTEMH ¥ AJTOPATIHH YIIPABIEIUS LA CJOZHCIC
HOMIERCA - METAJYPTHYECKHOTO IIPOIS 301»,CTA5L

A.ll.Konenosuu, A.A.Benocrouxui,
b.A.Bnacok, I'.}.Huxurtun,B.H.Zpankus
(LiHMMKA,, Mocksa,CCCP).

Pa3BuTHE BHYMUCIMTENBHOX TEXHMKM NO3BOJUAO PACCMOTPETH
3ajayy aBTOMATHU3ALMM YNpaBieHNA CJIOXHHMU NPOM3BOJLCTBEHHHMU
KOMIJIEKCaMy - TaKUMM, HaNpuMep, Kak KDYNHHE LEXM U 3aBOJH.

Ing COBDEMEHHHX KDYNHHX METaJIypruueckuX 3aBOJOB Xa -
DaKTEepHH CGOoJNblMe O0CBEMH NMPOU3BOACTBA, WWPOKUA ACCODPTUMEHT MpO-
JyKLMUM, TEeCHAS B3aMMOCBA3b DACOTH Da3HHX 1EX0B MEXXAy coGoi
(oGycnoBneHHad, B YaCTHOCTH, NMOTOKOM I'OpPAYEro MeTalJa ), BHCOKui
YPOBEHb BO3MymaRMUX BO3JeicTBuil.

JdTH ¥ JApyruve (GaKTODH BH3HBAWT NOBHUEHHHE TPECOBAHUA K
CUCTeMAM YNpaBieHUf M MIaHMPOBAHMA XIA METAJJIypPruyecKkoro 3aBo-
Ja: CNOXHHE M GOMBLKE MO pPa3MEpHOCTM 3aJauyu JNOJEHH pemaThcd 3a
KODOTKME OTDE3KM BPEMEHU, & OWMOKM B YNpaBiEHUM BIEKYT 3a codon
KDYNHHE OPOU3BOJCTBEHHHE MOTEDPH. 4

YnyvieHue KauecTBa ylpaBA€HUA METaJJyPruyecKuM Npou3-
BOJCTBOM MOXHO ‘MOJYYMUTH INPH UCINOJL30BAHUM COBDPEMEHHHX CDEACTB
nepepadoTK MHOHOPMALMA - BAEKTPOHHHX BHUYMC/IMUTENBHHX MAMKH
(93BH).

OxuuM ¥3 Haubojee DKOHOMUUECKM NEPCNEeKTMBHHX HanpaBie-
HUui ABNIAETCA aBTOMATM3ALUA ONEPaTUBHOTO MJIAHMDOBAHMA M yIpaB-
JIEHUA TMPOU3BOJCTBOM Kounnexca "cranb-npokar” (craJemiaBUabHOE
- [pOXKaTHOE nponsaoncrno)

Ha puc.I mpeicTaBleHa B KayecTBe NpuMepa CTDPYKTYypHad
cxeMa KOMIIEKCa C OJHUM MEDTEHOBCKMM LEXOM, OXHUM OCHIMHHM
CT&HOM M [BYMS CODTOBHMI NpPOKATHHMM cTaHamy (DPenbCoCaNouHHM U

KDYIHOCODTHHM) o
Bce OCHOBHHE arperaTH KOMIUIEKCA "CTajlb-NpoxaT" 0T1u -

YanTCA HUKIMYECKMM XaDaKTepouM MPOU3BOJCTBEHHOIO Iporecca.lax-
JHA U4KA paGoTH arperata NpeicTasideT co0oi npouecc 00paGoTKH
"reraiu" - AMCKPETHOX nopuuu MeTaiia (miaBky, CIMTKA,GnoMCA).

3 pamxaXx ZOKJaJa He NpeiCTaBAAETS BO3MORHHM NpUBECTU
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flOIPOCHYD MATEMATHYECKYD MOXENb paCoTH 3aBOja. OTMETHM JUmB,
YTO OH& COCTOMT M3 TDEX OCHOBHHX B3aMMOCBA3AHHHX uvacTei: coBo-
KYNHOCTYM MoZene# npoleccoB, MPOTEKADUMX HA KAEJOM LMKJAE paGOTH
KaxJOro arperara; ycJAOBuA, ONpeJeNapmuX TEXHOJOTMYECKM# Mapli-
PYT ¥ OrpaHMYEHMA Ha MOCIENOBATENBHOCTH 00paCoTKM "xeranecii"Ha
arperarax 3aBOja; M YCJAOBMHA, o0ecneuuBanu¥X BHIOJHEHME 3aJaH-
HOI'O 00BeMA ¥ ACCODPTMMEHTa NPOXYKLMHU.

Odmad 3ajavYa ynpaBJeHWS MOPOM3BOJLCTBOM COCTOMT B TOM ,
YTOOH BHOpDATh ynpapisbmue BO3LelCTBMA B KaxJOM Npolecce; CoC-
TaBUTh IpaduK paCoTH KaxXoro arperara (ONpeleluTs XapakTepuc-
THEM oOpadaTHBaeMod NpOJIYKIMM, MOMEHTH HayaJa M KOHLA KAXIOr0
IMKJa paGOTH AarperaToB) M ONpejeiuTh pasMeps IMCKPETHHX nopmuit
Ind EaxXJOro OMKAA paGOTH KAXJOro arperara. ;

O6mee uMciao "wamMH", KOTODHE yuaCTBYDT B OOpaCOTEE Me-
Tajja Ha pPacCMATPUBAEMOM yyaCTEe - OK0JO IBYyXCOT, uuclo "Jera-
neit" - nraBok, oOpalaTHBAEMHX B TEUYEHME MecAld Ha yvYacTKe, -
Jocturaer 2000. 3aBox padoraer mo 3axka3aM, KOTODHE MOCTYNanT
U3 [EHTPAJBHOr0 NJIAHUPYDUHEro OpraHa; YMCJIO 3aKa30B HA KBapTal
COCTaBAfeT HECKOJBKO THCHAY.

TocTaHOBKA ¥ METOJ pelleHHs 3ajJauy yNpaBieHus

B RavyecTBe KpUTEpHMA ONTHMANBLHOCTN YNpaBACHHA NDPUHAT
J0X0X, MOJNYUEHHHHA 3aBOJOM NpM BHNOJHESHMM MECAYHHX 34Ka30B:

ZCtti)figr -KT- 23 X, == max (1)

rie: C (ti)- Qyurmus crounocru L -0ro 3aKasa B 3aBHCHUMOCTH
OT CpOKa ero BumOJHEeHMA L[ ;

4r = CTOMMOCTS HE3ABEPUEHHOTO NPOMIBOICTEA;

Y 0o0BbeM L =-0ro 3aKa3a;

T - MOMEHT BHNOJHEHMA BCEro OGHEMA 3aKa30B;

K - CTOMMOCTb eXMHMIH BDEMEHE palGOoTH 3aB0OJa;

j - KOIHUECTZO MOTPECAAGHOTO Pecypea 4
ll - neHa pecypea ) .
Mepsu#t unen kpuTepud (I) mpexcraBaseT COGOZ CTOMMOCTD

BCEX 32Ka30B C YUETOM CHMXEHUS €€ TNpM HEBHNONHEHWM 38Kas’0B B
CpOK; BTODO# UJ€H KPUiepus CTUMYIMDyeT NpOM3BOACTBO Ha MpeXH-
IYUMX yyacTKaX TEXHOJOTWYECKOE Nerouyxyu NP 3aJaHHOM 00Teue Ko-
HeyHHX IIf 3aBoja M3JeJui; TpeTH# ¥ YeTBEPTHA - TPeOyDT MUHA-
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MU3ALMKM NPOCTOEB 00OPYJOBAHMA 3aB0Ja ¥ NOTPEOAEeMHX Decypcos .

AHanu3 3ajauy ynpasieHus 3aBOJLOM NOKa3wBAET, YTO OHA
He NPUHAMIEXUT K KAaKOMYy-IM00 UBBECTHOMY KJIACCY OKCTDPEMAIBHHX
3afay; B Hell COUETANTCS KOMOMHATODUXA, BJEMEHTH BaDUALKOHHHX
3ajay ¥ 3aJay MATEMATHUECXKOTO NporpaMMupoBarus. CIOXHOCTH Ca=-
MO¥ MPUDOJH 3aJauyu ¥ €e HeoO03pUMO COJAbLO¥ pasuep TPesyoT He-
pPeaJbHHX BHUUCAUTEIBHHX CPEJCTB XIS TMOAJUEHUS TOYHOIO DEUleHdA
U ero KOPpeKIMM [0 BO3MYNEHUMAM.

OCHOBHHMM MYTAMM NPEOJOJNEHUA “MpPOX./ATUA Da3MepHoCTH"
NOJOCHHX 3aJay ABJANTCA: MAKCUMAJABHOE MCNOAB30BAHUE CHELUAUKH
KOHKDETHO! 3ajauyu, T.e., YyNpouaonmuX OCOCEHHOCTEH, KOTODHE JanT
CTPYKTypa OOBEKTa M KDUTepUd ONTKUMANBHOCTH; NDUMEHEHME NDUC -
JMXECHHHX METOJOB DElleHWA, B KOTODHX MCHNOJB3YETCA yXe HaKOljieH-
HHl ONMHT ynpaBAeHMA JaHHHM MDPOM3BOICTBOM (3ajJaHUE IPUODUTETOB,
pasyMHoe OrpaHMyeHMe MHOXECTBA BADUAKTOB M Ip.).

Ynpomabuyue 0COCEHHOCTM 3alauy BO3HMKADT U3-3a TOro ,
YTO CBA3M MExJy OTAENbHHMM YACTAMM KDYNHOTO NPOU3BOALCTBEHHOIO
KOMIIIEKCA OCTABAANT ONpPEIEJEHHYO CBOOOIY BHOOD& NPHU BHIOIHEHUU
OTIENbHHX onepanuil. HEeKOTOpas HEe3aBUCUMOCTD B YUDABIEHUU Lie-
eTcA TakXe B OTLEJbHHE WHTEeDBAJH BDEMeHM OCuero nepuoia jIaHu-
pOBaHu4.

OcoGeHHOCTM 3ajJauy yUpaBIeHUd MATEMATHYECKM BHpaAxanT-
cA B CNenuWaabHO¥ CTPYXKType CHCTEMH yDABRHEHUK ¥ HEDABEHCTB,CO-
CTaBAADIUX ONUCAHME 00BEKTa YIpPAaBACHUA, HaNpUMEpP, B OJOYHOCTH
9TOH CcUCTEMH, UTO [M03BOJAeT NPMBJIEYh K DEWEeHHD 3aJauyyu ynpapie-
HUA CHelUUaNbHHE BHUMCIUTENbHHE alIrODUTMH, KOTODHE JKOHOMIYHEE
0o0muX METOJNOB DEueHUdA: METOLH JLEKOMIO3ULUM DeueHusa CJ0YHHX 3a-
Jay JMHEHOTro nporpaummposannﬂ2’3, JOKaJbHHE AJTOPUTMH pelie-
HUA L€.I0YUCTEHHHX 3axaq4, JUHAMUYECKO€e MporpaMMMpoBaHue Jid
00BEKTOB C MADKOBCKUM CBOifCTBOM™, CXeMy NOCJAeLOBATEIbHOIO aHa-
JIu3a BapHAHTOB™ U T.J.

Ina NpUMEHEHUd TaKuX BHUMCAUTEABHHX aJT0DUTMOB Tpely-
eTCA NpEeACTaBUTh CTDYKTYDYy MOZeaM OoCBEeKTa M BHODATH A1 KOH -

KDeTHOf CTPYKTYPH OGBEKTa 3KOHOMHYD CTDYKTYDy DelleHHs 3aJaun.
OnpeXeneHne CTPYKTYPH MOJAENU U crgyxrypu peueHus ue -

Jeco006pas3H0 MPOBOJLUTH B HECKOJIBKO NpUEMOB' . Ha mepsou dTane
BeCh OGBEKT yNpaBJeHusd Da30uBaeTCH Ha CPaBHUTENBHO HeOOoAbIoE
Yyuciao yacTeil - OJOXK0B. COBOKYNHOCTH OJIOKOB ¥ MX B3aHMMOCBA3M




57

.ycnoBus, OCBEIMHADNME NEPeMeHHHe Da3IMYHHX GJOKOB) NpEeiCcTaB-
180T cOCOf CTDYKTYDY OCBEKTa Ha NEPBOY 3Tane. Ha OCHOBAHUM
aHalu3a 9TOH CTPYKTYDH BHOMPaeTCH DKOHOMHAS CTDYKTypa DEleHud
3ajJays: HEKOTOPOE MHOXECTBO M0L3aJay YyNpaBAEHUA M MX B3AUMO -
CBA3b B IIPONECCE DemeHus.

Ha BTOpOoM (M mocIeXypuuX) 3TenaX pacCMATDUBADTCA YEE
CcOOPMYyIMDOBAHHHE Ha MNPEIHIYyMKX STalaX noisajauyd yrnpaBieHud,
npuueM In4 KaXAod noisalauy LeTalu3upyeTcs CTDYKTIYpa ee 00BeK-
Ta ¥ BHOMpDAETCH CTPYKTyDPa DEWeHud.

PaGoTy MeTaLIypruueckoro 3aBoJa B TEYEHME MecAla npex-
CTABMM KaK CJOEHHE MHOTOmATOBHA mnpouecc. Pa3luenue oodued uoxe-
Ju pa0OTH 3aBOJa HA ONOKM OCYUECTBAADT MO OTIEAbHHM yYacTKaM
NpOM3BOJLCTBA U MO MHTEpBaJaM OOLEer0 Mepuojs BpPEMEHM IJIaHMpOBa-
Hud. OTneabHH® CNOK olmell CTPYKTYPH MpEACTaBIAET COGO# onuca-
HYe padoTH OJHOTO yyacTKa 3aBOJlia Ha OJIHOM MOJMHTEpBale Bpeume-
HY.

Pa3MepH yvyacTKOB MDOM3BOICTBA, KOTODHE DAacCCMATpUBARTCA
B OIHOM OJOKe, ¥ BENNUMHH MOIVHTEDBANOB IJAHWDPOBAHUA XelaTelb-
HO BHOupaTh, C OXHOK CTODOHH, T&aK, YTOOH oOmee YKUCJIO0 GJOKOB OH-
0 He OYeHb COJABMMM ¥ MO3BOJKIO HaliTy CoJee B3KOHOMUYHYD Iocne-
JZOBATENbHOCTh DEleHus HOopMynUDYeMHX [0X3ajay yNpaBleHud;C JApy-
ro¥ CTODOHH, TakK, YTOOH UMCJIO NApaMerpoB, CBA3HBAKIMUX pa3IUy-
HHEe OJOKM MexJIy COoC0Oo¥, OHJO OH N0 BO3MOXHOCTY MEHbUE.

O0mas cOOpDMYyAMDOBaHHAH CTDYKTypa OOBEKTa, DPACCMATDUBA-
evas Ha TNEpBOM DTane pa3JiOXeHus, NPELCranieHa Ha pUC.2, The
GJ0K XapaKTepu3yeTcsa MHJIEKCaMii K - HOMED MOIKXHTEpBAJa BpEME-
Hr u P - HoMep yvacTka. 3%eci P = I yuaCTOK MAPTEHOBCKUX
neyef; P = 2 - yuacTok Ganmmure; £ =3 - yyaCTOE CODTOBOIO
craa B I u P = 4 - yyuaCTOK CODPTOBOrC cTaHa I 2.

KaxIuid GM0K WMMEeT JBa THIa CBAtEL: "CcTaTHYECKue" -
CBA3M C ADyruMM OJOKaMi (yuaCTKaMM) B OJHCH NOJWHTEpBale Bpe-
MEHU MNJaHMPOBaHMA ¥ "JuHaMuueckue" - ¢ Oloxamu, NpeicTaBad -
0EYMM OMMCAHME TOr0 Xe VYaCTKa MPOU3BOJACTBA B Jpyrue nNoIUMHTEp-
BAJH.

DPa3JI0xeHNe 3ajaul yNDaBieHys COCTOUT B (QOPMYyJAMDOBKE
JOKaNbHHX I10X3&Jau yNDabBJeHus OTJEJbHuMY OJNOKaMn U OMpeneNeHUH
crnocoda. XK0OpIVHaIMY DpemeHKui OTIENbHHX noj3azay C LeAbD ONnTH -
MANBHOTC pewerus oOmel 3ajauM yTUpaBIeHUd.
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JoxanpHHe HOZX3aJauu yNpaBAeHUA GNOKAMU MOXHO MOJAYUUTH,
UCTIONB3YSA MNPUHLMN ONTMMAIBHOCTM IMHAMUYECKOTO NDOTPAMMMDOBE -
Hug: "no0oi mpouecc, MPOMCXOZAuMA MexXy IByMA (MXKCHDOBaHHHMA
KOHEUYHHM! TOUKEMU, JOJXEH yNpaBAATHCHA ONTUMAJABHO", T.e. [pK
(HUKCUDPOBAHHHX BXOJNHHX M BHXOJHHX KOODAMHATAX IA4 JAHHOrO GJ0-
K& ONTMMAJBHHMM MOTYT OHTB TOJABKO Te BApMAHTH YNpaBIEHUS UM,
NPy KOTODHX XOXOJ ONOKA MAKCUMAJIEH.

JlokanpHHE N0L3ajauy - 3ajayd ONEepaTUBHOTO YIPaBAEHUA;
OHM COCTOAT B ONpEJENEeHNM DEexMMOB ONepaiuii ¥ NnocjaeloBaTeNbHOC-
TH onepamuéf Ha arperaTax yyacTKa NpM 3aJaHHHX HavYaJlbHHX COCTO-
AHUAX BCEX arperaroB, 3aJaHHHX rpafukax NOCTymieHud "xeraied"
Ha yvacTKe, 3aJaHHOM BDEMEHM OKOHUaHUA omepaimii Ha arperarax.

Koopaunmpybuue noxsajayu yrnpaBieHMd - 3ajauy onepa -
TUBHOT'O [UVIAHMPOBAHUA; OHM JNONXH& ONPEJENUTH [EPEUNCIEHHHE BH=-
fe 3ajJaHHHE NapaMeTpH IJId JOKaJIbHHX M0L3alay yrpaBieHUd.Bolb-
las pa3MEepHOCTh oOme# 3ajJauuM KOODAMHALMM Takxe TpelyeT pa3io-
KGHUS ee Ha OTJeNbHHE 7Noj3ajauM, B KaxJod U3 KOTODHX paspema-
eTcd TOJNBKO YacTh cBA3El MexJy ONIOKaMu.

HaxXyw N10CIeN0BATENBHOCTh Da3peleHnsa cBA3ed uMexxy 0j0-
KaMy MOEHO XapaKTepu30BaTh ONpEJENeHHHMM 3aTpaTaMi Ha DeElleHne
sajgaun Ha IBM (oOBemoM Tpedyemoit namaTu OBM, BpemeHeM DeleHuns
M Ip.). Jna paccMATDMBAEMHX 3aJay 3aTDATH HA pemeHue omnpele -
NANTCA YUCJIOM nmapamerpoB. Cpexu BCeX NODPALKOB Dpa3pelieHus CBA-
3eif MexIy CJOKaMy LHeNecoo0pa3HO BHODAThH TakKOd, B KOTOPOM CyM-
MADHOE YMCJIO flapaMEeTpPOB BO BCEX MapaMeTpUyecKuX KOODIUHUDY -

" puUMX noxsajayvaXx OHA0 OH MUHMMAJBHO.

[locTpoeHHAds Ha OCHOBE ONMMCAHHHX METOJOB CTDPYKTypa De€-
IeHUs 3ajJayuy yhpaBleHud MeTallypruyecKuM 3aBOJOM IpEeXCTaBIEHA
Ha puc.3. Biaoxu I + 9 o0pa3ynT cCUCTEMy OIEDAaTHBHOIO MJAHWDOBa-
HUKA Npou3BoiCcTBa, OnokuM IO + I3 - cucremMy omnepaTMBHOTO yNpaB-
JIEHUA MADTEHOBCKMM LeXoM, OJoku I4 + I6 - cucTeMy ynpasIeHud
yyaCTKOM NoJayy¥ MeTanla B OTJEJEHME HarpeBaTelNbHHX KOJOJIIEB,
6aoku I7 + 20 - cucTeMy ynpaBieHUA OCKMMHHM CTAHOM M CJIOKK
21 + 24 - cucTeMmy ynpaBJi€HUA CODTOBHMM CTaHAMH.

Huxe paccmarTpuBainTcd paspadartuBaeMmue B LKA ocrHOBHHE
MoJCUCTEeMH XOMMJIeKca "cTalb-NpoxaTr", HaXxoZAmuecd HA Da3IUYHHX
nepapXuyecKuX ypOBHAX.
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CHCTeye ONEepaTuBHOIO [IJIAHMDOBAHKA [pOM3BOJICTRBE

OXHVMM V3 3KOHOMNUECKM NEPCNEeKTMBHHX HanpaBleHuil npume-
HeHVA COBDEMEHHHX OHCTPOAEATTBYbLuMX OBH ABNAETCA aBTOMATHZAUMA
OTEPaTHBHOI'O MJIAHVDOBAHMA PACOTH METAJIYDPruYecKOTO NpeiupuaTHs.

OCmas sajmaua ONEPaTUBHOI'O MAAHMDOBEHMA METaNNYpPrHUYEcKo-
I'o NPOM3BOJCTBA COCTOMUT B CAENYDIEM: MCXOLA U3 COBOKYNHOCTH B3&-
Xa30B NOTpecuTene#, TEKymero COCTOSHUA OGODYyIOBAHMS U He3aBep-
II€HHOT'0 TPOK3BOJCTBA COCT&BUTDL ONTUMAJLHHE TNAHH-IDadUEK pato-
TH OCHOBHHX METaJIypruyecKux arperaross.

llox onTUMAJIBHHM I'DadUKOM DPaGOTH arperaToB NOHUMAETCH
Ta%0il rpaduK, KOTODHE, BO-NEPBHX, COTJNacoBaH C rpajuxamu pabo-
TH JIDYT¥X arperaroB ¥ yuacTKOB M, BO-BTODHX, MMHMMASHDYET NO-
TEPH 3aB0Ja, CBA3AHHHE C NPOCTOAMY 0CODYLOBAHNUSA, HEBHIIOJHEHHEM
CDOKOB OTTDPYSKHM 3aKa30B, OXJaxXJEHMEM ropfuero Meraujla ¥ JAp.
\HOTOYXC/IEHEEE BO3MymNamuue BO3XelcTBMA TPEGYDT NOCTATOUHO yac-
I0L KOpDEeKuuM COCTaBIEHHHX paHee rpadukon. [losToMmy aBToMATHU3E-
M8 IJAHUDOBAHMA DaACCMATDUBAJACH KaK CO3JaHUEe CUCTEMH NJIaHUDPO-
BaHKd, BKJIbYapmel#r cucTeMmy cOopa M nepelauy INPOU3BOJCTBEHHOH
MHOODMALMM, CHCTEMH aATOPUTMOB, N0 KOTODHM NMPOU3BOLATCH pacye-
TH ¥ KODPERIM# ONTUMAJIBHHX IpaduMKOB, U, HAKOHEN, CMUCTEMH MNepe-
Jayy 3alJaHUMPOBAHHHX TDAOMKOB MNPOM3BOLCIBEHHOMY NEpCOHANY.

3aBoJX padoTaeT [0 MECAYHHM 3aKa3aM, KOTODHE nocTynawr
Ha 3aB0J Da3 B KBapTal U3 LEHTDANBLHOTO MJIAHUPYDUEro OpraHa:
YUCNO 3aKa30B Ha KBapTal COCTaBifeT HECKOJBKO THCAY. JaKash
NOCTynawT, B OCHOBHOM, Ha CODPTOBO¥ NpOKAT, OZHAKO 3aBOJ MOXET
npoJaBaTh ¥ NPOMEXYTOYHHE NPOAYKTH - CIUTKM CTalM, OJOMCH.

.HauecTBO BCeX MJAHKDYEMHX TDa®MKOB OLEHMBAJIOCH II0 elk-
HOMYy [QJf BCEro 3aB0Ja KDUTEpUID ONTUMANILHOCTU. B KauecTBe KpU-
Tepus ONTMMAJNBHOCTY OHA NDUHAT JOXOX, Nojyyaewuil 3aBOJOM NpH
BLTICJHEHUH MECHYHOTU MOpTHens 3aKas30B.

OCuas 3ajaya ONDEJASNEeHMA ONTUMANBHHX I'DAQUKOB DaCOTH
BCEX arperaToB MCX0Jd M3 MECAYHOTO MODPTHeNs 3aKa30B XapakIe-
DIZYVETCs OUEHb OOJABWUM YMCJIOM NEPeMEHHHX, CJIOXHHMM M MHOTOUMC-—
ICHUHMK CBA38MM MexJy EMumM. [I09TOMYy NEHTPaiM30BAHHOE peleHue
Taxoll 3ajauy Jaxe ¢ TOMONMBD COBPEMeHHHX 3BH HEBO3MOXHO ¥ Heol-
YOZUMO Da37oxeHue oluell 3ajaul Ha DAJ B32MMOCBA3AHHHX Nojl3a -
Jay MeHmplied pasMepHOCTH.
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[Ipy pazioxeHu¥ BHOOp CHCTEMH aJTODUTMOB ONEPATMBHOTO
MJaHNDOBAHMA NPOBOJUACA MCXOLA U3 CHEIYDNUX NDUHUMIOB: CTDYK-
Typa alropUTMOB JOJXHa OHTH MEpapXuUYECKOod; ONTHUMANbHASA CTDYyK-
Typa ajiropuMTMOB JOJXHA M/HUMU3MDPOBATH OOWME 3aTPATH HAa pemeHue
3ajJayu; BO3JEHCTBUAMU, KOTODHE BHUECTOAWMA yDPOBEHb NJIAEMDPOBA-
HMA BHpaOaTHBAET LJ1A HuUxecTodue#, ABIANTCA JUGO TUIAHH PaGoTH
TeX MM MHHX arperatoB, JU0O0 LEHH NMPOMEXYTOYHHX NPOLYKTOB.

[IpunATad B pe3yabTaTe CTDYKTypa NpelyCHATDUBAET CIEXy-
pmye OCHOBHHE AJTODUTMH:

I) GopMMpOBaHME MHOXECTBA NapTHil, T.€. COBOKYNHOCTH
3aKa30B, MPOKATHBAEMHX HA COPTOBHX CTaHaX Ha OJHOM KOMIUIEKTE
BaJKOB. 3ajZaya copMyJupoBaHa Kak KOMOMHATODHaS 3ajaya, pema-
eMas C TOMOWBD 3BPUCTUYECKOTO aJrOpUTMA, OCHOBAHHOT'O Ha Ipa -
BUJIE IDUOPUTETOB.

2) Ompexenenue NOCNEL0BaTENBHOCTH NpOKaTa naprui Ha
COPTOBHX CTaHaX. [jid ee peuleHMd pa3pacoTaH alropuTM, Couera -
omui IMHAMWYECKOE MNPOrpaMMUDOBAHUE C HANpaBJEHHHM [e€peCopOoM.

3) KaneHzapHO-00beMHOE MJIAHMPOBAHME KOMILUIEKCA "CTalb-
NpoKaT"; onpenendorcd CyTOYHHE 3aKa3H [POM3BOJLCTBA CTAAUM B
MADTEHOBCKOM lleXe, MNpoKaTa MeTaJ/Ja Ha OAOMUHTE U CODPTOBHX CTa-
HaX, OTTDYy3KM MmeTaina. [id DEleHUA NpUMeHeH OJOYHHE MEeTOoJx Jau-
HEeAHOT0 NpOorparMIpOBaHNUA. :

4) [raHMpoBaHME CYTOYHOI'0 rpaduka DaCOTH MADTEHOBCKO-
r'o lexa: pacrnpelejeHue MAapoKk CTaju [0 MevyaM Y [0 HoMepaM Ia-
BOK Ha KaxJoil meuyy BHYTDUM CYTOK. 3ajayva pemaercsd Kak 3ajaya
[[eJI0YMCJIEHHOT'0 JUHEHHOT0 NporpaMMyupOBAHNUA.

5) MnaHupoBaHUE CYTOYHOTO rpaduka 06paCOTKU MIABOK Ha
yuacTKe COJIOMMHTA. AJTODUTM COCTABAEH B pe3yAbTAaTe (ODPMAIM3ALMU
npaBul, UCNOAbIYEMHX 3aBOJCKMM MMEPCOHATIOM.

6) IlnaHupoBaHMe CYTOYHOTO Tpaduka paGOTH COPTOBHX CTa-
HOB. ANTODKTM OCHOBAH H& OBDUCTMUECKMX MpaBUIaX.

OueHka 3(QOEKIUBHOCTU MEPEUUCIEHHHX aJTOPUTMOB MJIaHUDPO-
BaHUA NOKalzala, YTO CUCTEMA [03BOJAET MOBHCUTHL NPOU3BOJUTEJIb-
HOCTb COPTOBHX CTAHOB, MADTEHOBCKOTO leXa ¥ CJDMUHIa Ha 2,5 -
3%. ;
CucreMa ONEpaTMBHOTO IJIAHWPOBAHUA IJA DEUEHUd 3ajay
KCNOAB3yeT 5BU BHYUCAUTEIBHOIO [EHTDa METaJNIyDPrUYecKOoro 3aBOJE.
BBOJ MHOODMALMK O XOJL€ NPOM3BOLCTBA OCYLECTBAAETCH C TEaeTal-
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7I0B, YCTGHODJNEHHHX B MaDTEHOBCKOM IleXe, Ha CJIOMHMHIE M CODTOBHX
cTaHaX. DHBOJL MHQODMALMM OCYHLECTBISETCHA HA IevaTapuee ycTpoii-
CTBO BUUMCIMTENBHOIO LEHTPA UM HENOCPEACTBEHHO IUCNETYepCKOMy
nepcoHasy NpOU3BOJICTBA.

Cucrenua onepaTHBEOTO YNDABJEHMS MADTEHOBCKUM LEXOM

ABTOMATU3KMDOBAHHAS CHCTEMA ONEpaTHBHOIC YNpaBieHus
co3jaeTrcs INA IeXa, MMEDUEro HECKOJbKO MADTEHOBCKMX Neyvel,mnX-
TOBHA JBOD, }MMKCEDHOE OTJEJeHHE, MeyHoi M pa3auBOoYHHI nponerI.
dajava ynpaBpieHMs LEXOM CTABATCA KaK 3ajaya MAKCHMI3AIUMM yC -
JIOBHO{ OpHOHIAM uexa:

ﬂ:}zcj:ij-%xici-a%?;——max (2)
rAe §; - 0OBeM NPOM3IBOZCTBA j -Off MADKM CTAMM;

T, - 3aTPaTH BDEMEHM ¢ -Of NeYabd Ha NMPOM3BOACTBO;

§. - DPACXOX TEXHONOTNYECKOTO KUCIOPOXA & -Of MeusD;

C; - OTHOCHTENBHAA CTOMMOCTD 4 -Off MADKM CTAMN; :

K, - OTHOCHTEIbHAA CTOMMOCTH EIXHMUH BPEMEHM PaGOTH ( -oif

neun;
A - YCIOBHAS CTOMMOCTBH TEXHONOTHYECKOTO KUCIODOJA.

[IpuHATad (QOpMA KDUTEDUdA YNDaBJIEHUA MADTEHOBCKUM LEXOM
odrasaeT ZoCTaTOYHGI rMOKOCTBI0 ¥ NPU COOTBETCTBYDEEM BHOODE KO-
O0DUIEHTOB MOXET OHTH CBEJEHa Kk Da3JUUHHM YACTHHM GOpMaM.

JuHelHu# XapaKTep KpMTepua JaeT 3HAUKUTEIbHHE yJIo0CcTBa
NPV DEieRM: KOHKPDEeTHHX 3alay ONTUMU3ALNHU.

Cuctema ynpaBieHUS peaju3yeT CAeLybuue aATCOPUTMH:

I) TIaHKDOBAHUE TEKylWero rpajuxa pacoTH MADTEHOBCKUX
neveil: InA KaxJOro nepuoja MJaBKM Ha MHTEpBaJe MIAHUDOBEHUA
YCTaHaBAMBaETCH HEKOTOpHM pexuM pacxoja KMUcJIopola; COBOKyN -
HOCTh [JIAHLDYEMHX NEepUOJZOB IIaBOK Ha BCeX mevax o0pa3yeT moc-
Jer0oBaTENbHOCTh 3aABOK Ha OCCHyXMBaHUE Neyel BCHOMOraTeNbHHM
odopyloBaHueM. I'padurx OGCIyXMBaHMA 3a4BOK COCTABAAETCH IO Kax-
J0My TuUny oO0ODyJIOBaHuf OTJENbHO; NPy pacrnpereleHuy o00opylLoBa-
HUSE yueT rpaduka OCCAyxuBaHMA Neyed- yxe pacnpeiefeHHHM paHee
000Dy LOB&HIENM OCYHECT 3ISETCA C NOMOUBY NPUINCHBAEMOT'0 KaXJOMy
nepuoJy MI&BKM 4ICJ0BOTO naparerpa - "pesepsa BpeueHn" (pas -
HOCTh MEMJy MOMEHTOM NOCTYN/EHUd 3afBKH Ha OOCCIYyXKBaHue€ u Bpe-
MEHeM O0CBOUOQXJEHMA BHIGHHOIO LA OOCJYXMBAHME 3TOE 3aABKM
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000Dy LOBAHUA) .

llocne pacipeieneHud BCEX BUAOB 00ODYZIOBAHMA NDPOYU3BO -
JATCA mepepacnpejieneHue Kucaopoja, TakuM 00pa30M, YTOOH CyM -
MADHHY DaCXOJX KKCAODOJA Ha LeX B kaxiull MOMEHT BDEMEeHN He mnpe-
BOCXOZMA 3AJAHHOX BeAWUMHH. [IpM 3TOM yBETMYMBAETCH DACXOL KUC-
J0p0Ka Nepuoja NIaBKM C OTpUIATENbHHM DE3EDBOM BDEMEHH U yuenb-:
maeTcd Ha Mepuok C IONOXYTEeNbHHM DE3epBOM BpeMeHHu. [locae nepe- :
pacnpeieneHus XUCIODOJa BHOBL NPOM3BOAWTCA DaCIpejeleHue BCIO- i
MOraTenbHOr0 060DYyAOBAHMA. B COOTBETCTBUM C I'pAa@MKOM DACOTH MHe=
yeil paccuUuTHBAETCA IpaduE MoJauy K MevYaM WMXTH ¥ COCTABOB 10X
Da3MuBKY, & TaKXe rpadux BHNOJHEHWA [IDOYMX TEXHOJOI'MYECKUX
onepamuif Ha evax.

2) Onpexenenue ONTMMANLHOE cTpareruu "paspeienus” ne-
yell DK COBNAJZEHUM 34BaOK HA COCEJHUX Meyax, KOTopad COCTOUT
B 3ajaHuM JXJd KAXJOT0 BO3MOXHOIO 3HAUEHMH BEJUUMHH MHTEpBasad
MeXIy HayajaMyl 3aBaJOK Ha COCEIHMX MedyaX OYepeiZHOCTU NpoBeie-
HUA 3aBaJIOK ¥ Beca IJaBOK. 3alauya (QOPMyJNUDyeTCH KAK 3ajaua
[IOMCKa ONTUMAJABHOTO YNDaBACHUS INd ynpaBisemoil MADKOBCKOA ne-
My ¥ pemaeTcs NpM MOMOMM MOoAupuxkamuu Meroia [opaplia.

3) YnpaBleHHE BCNOMOTATENLHHM 0GODyZOBaHMEM: 3ajaua
COCTOMT B HABHAYEHUM KOHKDETHOro 060pyXoBaHuf (3aBaiouHOl MA-
UMHH, Da3AMBOYHOA MiIOWAZKM ¥ ID.) HA BHNONHEHME JAHHOH onepa-
MM, a TaKxe B ONDEJEJICHUMM 3ajaHud Ha OYEDEeXHyD nojady uyyryHa
K nevyaM. PacnpexencHue 000DyIOBAHUA NPOMU3BOIUTCH B COOTBET =—
CTBUM C [pUOpUTETaMy neyedl, s3ajaBaeMuMy "pe3epBaMy BPEMEHH".

4) KoHTpOJb XOJZa NPOM3BOJCTBA MyTEM CPABHEHUA 3aJaH-
HHX aJACOPUTMOB I'DadUK0OB BHIOJNHEHUA onepanuié ¢ GaxTUUECKMM MX
VCIONHEHUEM UM OMEepaTUBHHA yyeT NPOM3BOJCTEA.

ABTOMATH3MDOBaHHAA CUCTEMA MPEIYyCMATDUBAET IEHTDaIN-
3aIM0 ynpaBjieHnd HeXoMm. Ha- IucneTUYepCcKoM IyHKTE LeXa cOoCpero-
TayyBaeTcs BCA UHPODMAIMSA O XO0Je NMpou3BOACTBa. [HHopMAIMA O
X0J€e MpO¥3BOJLCTE& BBOIUTCA XKaK aBTOMATHYECKM, TaK U BPYUHYN.

YrpaBiieHue JIBUXEHUEM COCTABOB ¥ JOKOMOTUBOB OyJIeT
OCYIeCcTBASTECA MDY [OMOMM MADUDY THO-DENElHOK LEHTDPAIN3AIMU U
YCTPOACTB M0E3JHOE MHOODMALMM, OOECHeduuBabiuX CHEXEHUE 38 HO-
MepaMM COCTa&BOB ¥ JIOKOMOTMBOB.

l{eETpanbHO¥ YACTHO CHCTEMH fABJIAETCA BHUYMCAKUTENbHAA Ma-
myHa. OB gonzHa paldoTaTbh B DEAJBHOM MacuHTAale BDEMEHM,00ecne-
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‘yYBaf MYJAbTUNDPOTDAMMHHE DEEMM PaCOTH C NpepHBaHMEM JIJAf BBOLa-
BHBOJa MHpopuamuu. Bucrpozedicrsue GBIl - nopaxixa 30.000 ropor -
KUX onepauui B CEKYHIY, naMars - oxoJo 20.C00 24-pa3psIHEX
CIOB. '

JKOHOMAYECKMH 30)EKT 0T BHEIDEHHS CHUCTEMH JOCTUTAETCH
38 CYET yBEJMUYEHUA NPOM3BOZUTENBHOCTH Iexa. KpoMe Toro, oxuja-
ercs JOMOJHUTENbHHEA I(QOEKT 3a CueT CHUXEHKA DACXOLOB TOIIKBE I
yMEHbUEHUA TOTEPh TEMJa CAUTKOB BCJEJICTBUE COJee DaBHOMEDHOT'O
BHXOJa NJNABOK M3 mexa.

Cucrema ynpaBieHUs yyacTKOM nojauy ueranna B OHK

CucTeMa ONepaTMBHOrO yipaBleHud noraueiél meramia B OTHE-
NeHHe HArpeBaTeNbHHX KOJAOLUEB NpeJHAa3HAUEHA A yyaCTKA 3aBOJA,
OXB&THBAWMETO IyTH OTCTOA I'OPAUMX NIABOK, CTPUNNEDPHOE OTILENe-
HMe, JBOD M3JOXHAI, & TAKKe CKJaJ XOJOJHHX CIMTKOB. OCOCEHHOC=-
Th0 y4yaCTKa -ABISETCA TECHOE HeperieTeHUe TEeXHOJNOTNUECKUX M
TDAHCIIOPTHHX onepannﬂg.

B QYHKIMM DACCMATDUBAEMO! CHCTEMH YNDABAGHMS BXOZUT :

I) Opranu3alus IBUXEHHS NOTOKA COCTABOB C IUIABKAMA B
OHK B COOTBETCTBI'A C 3aJAHUAMA [EHTPANbHOM CUCTEMH NMAAHUDOBA-
HUA. .

OCHOBHHM KpUTEDMEM MDY OpraHu3aluy IBUXKEHUA ABAAETCH
MMHMMU3AIMA OTKJIOHEHME OT NOpAZKA NOCTYMIEHUS NAABOK C YUETOM
HEeo0XO0JMMOCTM CBOEBPEMEHHO! NOoJauyM COCTaBOB NOJ 0060pyZOBAHUE
BO ILBOpD M3MOXHMUI. [IpM 5TOM MCXOJAT M3 DEaJbHOA TPaHCIOPTHOM
CHUTyauM¥ Ha YYaCTKe: 3aHATOCTH: TPAHBUTHHX NyTed, BO3MOKHOCTH
NnoJXoJa JOKOMOTMBA K COCTaBy Wiy HEOOX0JuMOCTH MAHEBDOBOK
orepaunyu, Hajluy¥e CBOCOJIHOTO JNOKOMOTHBA M T.0.

HpuTepuu pelleHMS KaxJoid K3 YACTHHX 3ajau yNpaBleHUd -
BHOOD JOKOMOTVBA, ONTHMMAJBHOLO MADHNDYTa M T.M. ONPENENANICA
cnenudUKoi MyTeBOT'0 Da3BUTHUE Ha YUaCTKe ynpaBieHus, OXHAKO BO
BCEX CIyuYadX CUCTEMA CTPeMUTCHA OUESCIEUMTh IepeiBUMXEHNE cocTa-
Ba 3a MIHMMAIBHOE BDEMi.

2) POopMMpOBaHKE NOTOXA COCTaBOB, HAaNDABIAEMHX BO JXBOD
VIBJIOEHUI] IS 0GOpYyZLOBarn&. HpUTEDMEeM DeHeHMA 3TOH 3ajauM ABIA-
eTCA MUHMMMSAIMA OTKJOHEHME BDEMEHN moJaul cocTapa NOX pa3auB-
Ky OT rpaduxa BHMYCKOB MJABOK B MAPTEHOBCKOM IeXe.
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3) OnTMMANbHOE pachpejienesus PadOTH MEXAY JOKOMOTUBE-
MM, KOTODO€ MOXeT OHTH CBEJEHO XK TDEHCIODTHOE 3ajaye JMHELHOro
‘nporpaummponannﬁ. KpurepueM peileHus 3TOM 3ajauM ABIAETCH MUHU-
MI3aIMA BDEMEHM NPOCTOEB COCTABOB B OXUJARMU JOKOMOTHBA ¥ XO-
J0CTOro rnpodera JOKOMOTMBOB.

o pesynrTaTaM peleHUs ITUX 3ajay COCTABAAETCA IUIAH -
rpadMk pacoTH yyacTKa Ha HEKOTODHHA KMHTEepBaJ BpeMeHu. JacTuyHad
UMY MOJNHAA KODPEKLUA rpapuxa NpOU3BOILUTCA NPU KaXIOM M3MEHEHUH
COCTOAHMA O00BEKTa.

B COOTBETCTBMM C IMJIAHOM-I'Pa@UKOM YyCTDPOACTBAM EeENIe3HO-
ZOPOXHO/ aBTOMATUMEM Ha YUYaCTKE YNpaBJEHUA BHIANTCA B 3aJaHHOE
BpeMd KOMAHJIH 00 aBTOMATUYECKOM Halope MapupyTa ILBUXEHUS
(BEK/IDYEHMM COOTBETCTBYDUMX CTPENOK ¥ CUTHANOB, Da3GODKE BHMIOM-
HEHHOT'0 MADHDYTA) M OCYLECTBIAETCA Mepelaya KOMAHI O JBUEEHUN
Ha JIOKOMOTUB. .

KomaHZIH 06 oYyepefHOCTM 0CODYAOBAHMA M CTPUNNEDOBaHMA
COCTABOB BHJANTCA MANMHMUCTAM JOKOMOTMBOB ¥ JUCIETYEDCKOMY IEep-
COHaJy B CTDUNNEPHOE OTIEJEeHMEe M BO ABOD U3JM0XHMI. Ha cxian
XOJOJHHX CAMUTKOB MOCTYnaonT KOMAHIH O NOATOTOBKE COCTABOB C IIJ&B-
KaM{ XOJOJHOT'O MeTaJjuia ONpeXeJeHHOT'O0 Tumla.

McTOYHMKOM MHYODMAIMYM O TPAHCHOPTHOV CHMTyaluy Ha yuacT-
K€ ynpaBleHud ABIANTCA YCTPOLCTBa XE€NE€3HOLODOXHOX aBTOMATUKM.
YTOOH MOJYYUTh KHOODMALMIO 00 U3MEHEHUM CUTyaLuuW Ha yYyacTKe, B
Y3JIO0BHX TOYKaX NMYyTEBOr'0 DPa3BUTHUE YCTAaHABAMBADTCSA JATYUKM,aBTO-
MATUYECKM Nepejabiue B yCTPOACTBA XeNe3HOLODOXHOE aBTOMATURM
HOMED IpOXoXfuUero cocraBa UAM JOKOMOTHBA M HANpPaBICHHE UX
IBUZEeHNA. C MOMOmMb JTCTAPETHHX CXEM YyCTPOACTB XEJIE3HuA0DOXRHOK
aBTOMATUKM [POCAEXUBAETCA JBUXEHME COCTABOB M JOKOMOTHBOB IO
YYaCTKy, NpM 3TOM HOMEDPA COCTABOB U JIOKOMOTMBOB IepeMeuainTcd
U3 OXHOr'O0 HaXOMUTENA B JIPyrok B COOTBETCTBUM C NEPEIBUXEHUEM
JOKOMOTHKBAE .

MuadopMarmd 0 XO0JZe BHIIOJHEHNS HEKOTODHX TEXHOJOTHYE -
ckux onepaumit (Hayano M KOHeN 000DYJZOBaHMA COCTABOB, CTDUMMIE-
pOBaHMe ¥ T.M.) BBOJUTCA OMEpaTopamy C NyAbTOB DyYHOIO BBOJA.

Kax moxasana OleHEKA 9Q)EKTUBHOCTH, CHUCTEMA B MOJHOM
0o0beMe [O03BOJUT [OBHCUTH TEMIepaTypy MeTalla, NOCTYyNabiero B
KOJNOLUH, Y YMEHBUMTH NPOCTOY ONDMUHTA.
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[ICPEYEHD PUCYHKOB ¥ NOJZPUCYHOUHHE [OIIUCH

Puc.I. CTDyKTypHad cXeua 3aBoJa
Puc.2. CTpyKTypa MOZLEauM O0CBEKTa
Puc.3. CTpykKTypa ympaBlieHMA METallypruyecKuM 3aBOJIOM.

TloApUCYHOUHHE MOJmMCH K DUC. 3.

I - njaHuMpOBaHME MOCAENOBATENBHOCTU NAPTUH HA CODPTOBHX CTaHAX;

2 - DOpMUDOBAHME NAPTUH HAa COPTOBHX CTaHaX; 3 - MEcAYHOe njia-
HYpOBaHYE MPOM3BOJACTBA; 4 - onepaTUBHOE IIAHUDOBAHME Dalo-
TH MADTEHOBCKOTO IeXa; 5 - IJIaAHMpOBaHUE rpadiuxka 06pasOTKH
N/IaBOK;

6 - IJIAaHUPOBAHME I[IOCIELOBATENBHOCTY O06paGOTKM NapTuil-3aKas3oB;

7 - NJaHNpOBaHME IOCJIEZOBATENBHOCTY 006paCOTKM CcaloK;

€ - nJaHupoBaHME NOCNEI0BATENBHOCTM 00paCGOTKM CIUTKOB;

G - onepaTUBHOE ILI2HMPOBAaHME CODTOBOT'O cTaHa I I;

I0 - naaHupoBaHME rpaduxa NEepuMoL0B DACOTH MADTEHOBCKUX Meyell;

IT - omepaTuBHOE ynpaBleHUE 000DYZLOBaHUEM UMXTOBOT'O OTJEIEHUd;

12 - omeparuBHOE yTipaB/eHue 0CODYZOBEHMEM MEYHOI'O [poJeTa;

I3 - omepaTuBHOE yrnpaBlieHNe 0CODYyJIOBaAHMEM DA3JUBOYHOTO OTIejae-
HUSA;

I4 - onepaTuBHOE yNpaBIEHME X€JIE3HOLODOXHHM TDAHCIIODTONM;

I5 - onepaTuBHOE YNpaBleHUe CKJA&LOM CIMTKOB;

I6 - onepaTHBHOE yNpaB/JEHUE CTDUIINEDHHM OTJIeJEH.el;

I7 - ynpaBleHue AyeidKamy HATPEBATENBHHX KOJOJLLEB;

I8 -'onepaIMBHoe ynpaBleHue KJIENEeBHMA KDaHaMH;

IS - onepaTuBHOE ynpaBieHME OOXYMHHM CTEHOM;

20 - omepaTUBHOE yIpaBleHUE DAaCKPOEM;

21 £ omepaTMBHOE ylpaBieHume ajbbcraxer crasa ¥ I ;

22 - onepaTUBHOE yIpaBJeHNe METOJWYECKUM! Nevamu;

23 - onepaTUBHOE YMpaBIEHUE KaMEDHHMU MevaMu;

24 - omepaTUBHOE yNpaBJieHME COPTOBHM CTAHOM.
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AN APPROACH TO AUTOMATIC ADAPTIVE BATCH
PRODUCTION SYSTEMS

.

by: G. Hayhurst,
University of Technology,
Loughborough,
Leicestershire,
England.

1.0 Introduction

The success or failure in operating a batch production system is
dependent on the way in which the resources of the production units
are deployed. These may be effected by solutions which lie through-
out a range from the efficient to the eictremely inefficient for any
given optimisation criterion. It is not proposed to develop the

theory of criterion formulation here, as this may be found elsewhere]'aj.

Also it 1s assumed that the problem is concerned with totally decidable
logical preference, and that weightings may be applied to the elements
objectives to formulate an optimisatio_n criterion.

Space limitations for this naper preclude an extensive treatment
of the problem and this will be found elsewhere7. For the present,
only a brief outline of the technique will be presented but it is
anticipated that time for more detail will be available during the
pr:sentation and discussion of the paper.

The following definitions are necessary before proceeding
further:-

JOBS: Entities which pass through the production system.
MACHINE: Part of the production system which transforms
a raw material to a finished output. (which may be

raw material for a further machine).
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OPERATIONS: Work done on a job by a machine.
ROUTING: Technological ordering of the operations on each job.
SCHEDULE: The strategy employed in deploying jobs to machines.

Scheduling

The object of scheduling is to construct a strategy or policy
allocating the jobs held in a job backlog file to the available
machines, so that operations may be performed on them without
violating technological constraints, and that some pay-off function
should be optimised.

Static Scheduling

A simple, somewhat stylised problem is that of the Static
Scheduling problem which may be stated as being the problem presented
in the first paragraph of section 2.0, subject to no updating, i.e.
starting with a set of jobs and an empty machine shop, and fir z
with a set of completed jobs and an empty machine shop. The us. .
criterion for optimisation is that of least total time.

Clearly this artificial problem has little practical application,
but it demonstrates that the combinational problems are immense even
in this restricted case and ﬁany attempts have been made to find
computable solutions in reasonable-sized problems,.i.e. a few jobs
(n) and a few machines (m) - this gives an (n x m) sized problem.
Unfortunately, no one has produced a satisfactory method beyond
machine/job matrices of order (2 x N), or (M x 2).

From the combinatorial aspect of the problem it is seen that the
total number of ways in which the N x M matrix may be ordered is
e

A collection of titles of recent papers on scheduling is given
by Eilon and King”.
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Optimisation of Schedule

It is now necessary to define:-

WASTED TIME: Time when a machine is standing idle before processing
the next operation it is to process, when that operation is
available for processing.

UNNECESSARY DEIAY: A particular schedule may contain some 'gaps' or
periods when a machine is idle. These gaps are examined, to-
gether with the string of operations on the machine which follow
a particular gap, to see whether it is possible to insert an
operation from the string into the gap. If this is possible,
the schedule contains unnecessary delay.

ACTIVE SCHEDULE: One which does not involve unnecessary delay, or
wasted time.

SET OF FEASIBLE SCHEDULES: The ordering of Jjobs onto machines in
all ways compatible with technological constraints, and which do
not have wasted time.

Thus it can be seen that:-

Number in set of Active Schedules‘ Number in set of Feasible
Schedules & (N1,

This concept of an active schedule, suggested by the present
authors’7 is expressed originally somewhat differently for two
optimisation criteria by Giffler and ']hompson8.

It will be agreed that any practical optimisation criterion
will have totally decidable logical preference and also will place a -
negative value on idleness, the optimum schedule by these criteria
will be found within the active subset.

Furthermore, if the set of feasible schedules is considered in
the form of a decision tree with the scheduling decisidéns at each
node, and each branch corresponding to the effect of those decisions
to the next decision point, then the graph thus formed may be
searched by considering only the branches corresponding to 'active'
decisions in both the static and general dynamic cases,
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A method of finding the optimum may then be adopted, which is to
generate one schedule, and then search the tree by evaluating the
pay-off function at each node and abandoning the search of that
branch when it becomes apparent that the pay-off function cannot
possibly better one of the final solutions already found. This is
the branch and bounds method.

This may however be prohibitively large for some ill-conditioned
problems. In general a minimum of % n(n + 1) nodes must be created
with 3 n(n - 1) + 1 listed. Unfortunate cases could need the creation
of all1l1 +n+n(n-1) + .......n nodes whilst n! are listed.

The method proposed however is one which balances economy of
calculation against quality of optimum required. In this case the
'pay~-off' function becomes a 'performance evaluation function' which
is chosen such that:

i) the optimisation criterion is defined

ii) the cost of computation is defined.

The method is snalagous to that of Doran and Mitchie® for their
solution to the sliding block puzzle and to Shen-Lin's solution to
the travelling salesman puzzle, but the application of these methods
would not necessarily reach the best solution. See Fig. 1 for ex-

pansion.

A little reflection will show that in the scheduling problem
such a simple performance evaluation function could always home
directly on the goal chosen by the optimisation criterion and the
system would find an answer by pure single step optimisation. This
is not necessarily the most 'elegant' (i.e. best schedule by opti-
mising criterion). It would be the most 'economical' of search time,
(but not by design), although ideally it would be preferred that the

system should obtain the most elegant answer most economically.

The mistake should not be made at this stage of attempting to
combine the economic term with the optimisation term to arrive at a

combined 'optimisetion criterion
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The problem is therefore feduced to the selection of a suitable
performance evaluation function which will force the system to abandon

the branch which it is at present developing in favour of some other

node.

Some criteria will automatically do this, e.g. average total

machine idle time.

In general we require:

v = Z Z KDiJ * JAij -s(t,t) * ‘n(m,c) = f(t)

where KD = matrix of operations outstanding
JA = matrix of weights for particular optimising
criterion.
m = number of nodes developed to date
¢ = cost of computation/node
g(m.c) = Function chosen to develop search tree
t = elapsed schedule time
T = computation time
V = value of the performance evaluation function
('potential').

This system will also deal with the problem of multi-machine
scheduling, i.e. different numbers of machines of the alternative
types. The author knows of no other method published to achieve this

solution.

In order to test the system cm a problem, the problem in Fig.
2(i) had all the active schedules evaluated with the histogram of

solutions shown in Fig. 2(ii) for total operation time criterion.

n m
With the p.e.f. V=3 3 KD, *JA , + BB - A*VBe
I TGAE Y SR =

where VB = schedule time elapsed, it was found that even this simple

function worked well. .

rder to test total

peration time criterion a JA.. matrix
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of unity was taken, together with the linear B*VE term and the
'pulling-out' function A*VE2 completing the p.e.f.

Results as follows were achieved with constants A,B varied:

i) A="0 B="1 Total Time = 45
i1) A=0 B=2 o %l - 36
ifs)- A=-.1 B30 i "= 45
iv) A =0.2 B=2.5 " W3]

Thus for increasingly difficult criteria (increasing B term) it
can be seen that the system improved from case (i) to case (ii).
Case (iii) however is 'pulled out' too soon by too large an A term,
whilst case (iv) achieves an overall optimum.

The General Case

In this case the problem is one of a multi-stage decision process
where a stochastic input may or maynot be present. In this case the
states arising from the transformation applied (i.e. state of backlog
matrix after machine allocation) are not necessarily those expected
because of the input of further jobs, or breakdown of machines. The
system becomes a non-deterministic machine.

This stochastic input may be either known, unknown, or partially
known. In the case where its probability distribution is known, this
has been solved for the specific case of power station allocation by
R:'Lorden:Lo by dynamic programming, although in large problems it is

doubtful whether this method would be so attractive.

In this generzl scheduling case we may say we have a model of
the expected distribution of the disturbances which will be adapted

as a result of the effects on the system as it progresses.

Since no information is available at the commencement of the
system, it is assumed that all disturbances are equally likely and
may be drawn from an infinite square distribution, so it is decided
to take the most promising step, as in the static case system. This

is the
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is the general case of the Laplace - Bayes hypothesis for the dis-
crete state problem. We shall, in fact, partition state'space, and
build up a histogram in the number of dimensions required by the
particular problem to estimate the distribution of these disturbances.
Also by feeding these in at the 'top' of the histogram and 'decaying'
those at the bottom with time, it can be ensured that the histogram
is capable of sensing changes in the distribution. Also predictive
theory may be used to advantage in exactly analagous theory to time

series analysis.

Should the system be operated in an environment against male-
volent strategically-minded opponents, a minimax criterion should be
adopted to cope with these Von-Neumann type opponents, rather than
the Bayesian type. Further details of the philosophically interest-
ing problem to which this line of thought leads will be found else-

whel."e7 .

This discretisation of state-space has been employed recently
by Mitchieu for-the description of unknown systems and applied
successfully to the pole and cart problem.

Conclusions

The proposed methodology is put forward to provide a solution
to the problems which are at present solved intuitively, and which
must be solved quantitatively if a fully automatic system of control
is to be adopted. It is capable of covering the whole spectrum of
solution types from true optimum, with astronomically high calcu-
lation cost, to a somewhat worse, (but quantitavely unknown) solution
at a reasonable (but loosely defined) cost.

It is a method which will work for any system thus it applies
from fully-manual, through partial automatio.n, to fully automatic
systems, and in view of the low utilisation level at present em-
ployed»in industry, the method offers attractive returns to the
user. Also, with fully numerically-controlled systems as are at
present being installedlz, such a method is essential.
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L]
Distributign of total time to completion of all the active set of

schedules in the problem:-

Job Number Machine Order
1 1 2 3 4
2 2 1 4 2
) 4 7 il 1 1
4 1 “ 2 )

with operation times:-

Job Number Machine Number

£ U e
v YW P
FSEEC T SRV
O WP o
~N O

nlotted together with the equivalent normal distribution (CHI - squared) =
128.485).

FIGURE 2(i)
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THE USE OF COMPUTER TECHNICUES IN THE
MANAGEMENT CONTROL OF A STEELWORKS
B. B. Hickling
The Park Gate Iron and Steel Company Ltd.

Rotherham
England
1.0 Introduction

Computer systems have been developed at The Park Gate Iron and Steel
Cec. Ltd. to perform both off-line and on-line functions in an integrated
hierarchy, Two off-line computers provide a planning service embracing
order scheduling and progressing throughout the works. Two further
computers and two automatic controls are concerned with on-line control
in the primary mill (fig.l). This paper describes the contribution made
by the computer systems to management control. Other aspects of the Park
Gate system have been described in detail elsewhere.l? 2y 35 .4y 5y Gy

2.0 Backaround fo the System
2.1 Prodyction Flow
The works of The Park Gate Iron and Steel Co. Ltd. process the raw iron

ore through the various stages of irommaking, steelmaking and primary
rolling to finished rolled steel products. The ironmaking process is a
bulk production operation providing mclten iron for following steelmaking
processes. At the steelmaking stage, batches of about 100 tons are
produced to specific quality requirements dictated by the order book. The
molten steel is cast into ingots weighing approximately 6 tons, measuring
about 24 x 24 inches cross section and 7 feet long. After heating to
rolling temperature in reheating furnaces the ingots are rolled to blooms
(5 to 14 inches square), billets (1# to 4% inches square) or slabs (3 x2}
inches to 104 x 2§ inches) before being despatched to the finishing mills
or sometimes direct to the customer. The blooms, billets or slabs are
referred to as semi-finished steel. In the finishing mills, - the steel
is again reheated to rolling temperature and rolled to finished shapes
such as bars, sections or strip.
2+2 Computer Services

The decision to use computers was made at a time when the Company was
planning a major expansion in its production facilities. The effect of
the expansion was to increase the production capacity of the works from
450,000 to 850,000 ingot tons per annum and to extend the Company's range
of products and steel qualities. Computers were introduced to provide a
pianning service for the whole works and in one crucial area to provide
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on-line control. Work on the design stage of the computer systems started
in May 1961 and the systems were brought into use progressively with the
commissioning ofvthe new plant over the period October 1963 to April 1964
The computer systems are based on three main magnetic tape files:-

(a) The Progress File records the Company's order book and all work in
progress.

(b) The Ingot File records all ingots in existence, including rolling
instructions and order details for those ingots which have been allocated
to orders.

(c) The Stock File records the incidental stocks of semi~finished and
finished material.

The main files are updated 20 times each day with information in the
form of paper tape either from the primary mill computers or punched from
works documents. In addition to routine planning and control documents,
a great deal of the information output by the computers is designed to
assist managers at various levels to have a better understanding of the
activities of the works, and to direct their attention into areas where
their efforts should be concentrated. This type of information can be
described under three headings:-

(1) Minute by Minute Control
(11)  Day by Day Control
(1ii) Longer Term Control

2.0 Minute by Minute Control
2a) Primary Mill System
All minute by minute control is concentrated in the primary mill, a
vital production area of the works. This mill occupies a potentially

restrictive position, in that it receives ingots from three steelmaking
sources, and distributes semi-finished steel to 6 finishing mills(Fig.2).
The mill is about 650 yards long and there are eight successive stages of
continuous production (Fig.l).

The computer system is designed to overcome the traditional concept of
a !chain of islands of control' in the mill. It co-ordinates operators
and automatic controls to obtain maximum throughput. This is achieved by
a computer-controlled display systeﬁ operated from a production control
centre (Fig. 3). Information is given to mill operators on cathode ray
screens on which the computer displays instructions for ingots moving
through the mill (Fig.4).
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3.2 Oceration of the Svstem

Every two hours the production controller requests from the central
planning computers the rolling and shearing instructions for the ingots
which have been charged into the reheating furnaces. These instructions
are produced in the form of punched paper tape. The central computers
also produce Bank Progress Cards, to be used when the semi-finished steel
travels through the examination and stockyard areas.

Before the ingots in each furnace are discharged into the mill, the
paper tape is read into the production control computer. As each ingot
leaves the furnace, it is identified on rotary switches, enabling the
computer to add the item to the displayed list.

The display includes an arrow for each operator, indicating the position
of all the items in the mill (Fig.5). As an operator completes an item,
he reports to the ccmputer by pressing one of ten message buttons (Fig.6).
The computer then moves his arrow down to the next item on the list. The
message buttons also report information on routine processing for example
the depth of desurfacing, or may report that an item has been delayed,
returned to the furnace, diverted or scrapped. The computer uses this
information to keep up to date the instructions displayed to operators.

The production control computer receives information directly from the
ingot weigh and exchanges information with the shear computer. The system
is being extended to include direct measurement from photo-electric cells
at the bloom shear.

2.3 Exception Procedures

The production controller supervises the system and gives the computer
instructions about size changes, eic. The computer can display a series
of "urgent messages" in the form of 3-letter codes, either as a warning
to the production controller of a suspected error condition or giving
information which will help to reduce delays and misunderstandings. There
are 25 urgent messages, and each message demands an immediate answer from
.the production controller. Two examples of the messages are :

(a) "QID" If the furnaceman sets an ingot identity on the rotary switches
which is not in the core store of the production control combuter, QID
("query identity") appears on the screens. All the input panels at the
furnaces are frozen until the query is answered.

(b) "PLI" When the last ingot for the current billet mill size setting is
discharged, PLI ("last ingot") is displayed on the screens, warning all
concerned that 2 size change will follow in about ten minutes.



2.4 Pzoduciion Log
A production log is maintained on an electric typewriter attached to

the computer (Fig.3). All important messages in and out of the control
system are timed and recorded. When semi-finished steel arrives on
the cooling beds, a one-line summary of the ingot is printed on the log,
which includes identity, time, weight, yield and shearing details. The
existence of the log enables both mill and metallurgical staff to have an
immediate knowledge of production details.
2.5 Identification of the Semi-finished Steel

As material arrives at the cooling beds, the production control computer
informs the reception area staff of the identity and destination of the
material by printing the information on a teleprinter adjacent to each
bed, If the shear computer has left excess lengths on billets in order
that samples may be taken, a code on the teleprinter output informs the
staff of the location and details of the sample lengths,

4.0 Day by Day Control
4.1 Beutdne Production Planning

Day by day management control is aided by the computer-based production
planning system. The nature of the production planning problems at Park
Gate is determined largely by the order book. The function of the computer

system could be described as helping to reconcile a mass production plant

and a jobbing order books In round terms 1000 orders a week are received,
of an average weight of 12 tons but with nearly half the orders being for
less than 6 tons,; the weight of an ingot. The orders cover 1000 quality
variations and some hundreds of finished shapes and sizes,

The task of the production planning department, aided by the computers,
is therefore to find ways of grouping these customers' requirements first
into casts by quality and later into rolling batches by size, A major
complicction is the inherent uncertainty of the processes which precludes
rigid planning. Planning must be a dynamic function, constantly reacting
to production misfortunes, but still preserving as much order as possible
against the ever present threat of chaos,

The central computers maintain the master progress file on magnetic tape,
recording the fullest details of the order book and all work in progress.
This file contains up to 10,000 order records and 10 million characters
of information about the steel allocated to these orders, The file
is updated 20 times each day with 2,000 feedhack messages reporting the
progress of steel through the plant, From this file the computer produces

e 2 SR iy,
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in a day a variety of documents in the form of summaries and instructions
for action by planning and production departments as follows -
{2) Finishing Mill Plapnning
As orders are received, they are examined and coded by the planner

responsible for the finishing mill concerned. A delivery promise is
given, based on a daily Forward Loading Summary produced by the computer,
showing the tonnage already accepted, analysed by weeks and sizes. From
the delivery promise are calculated target dates for steelmaking and
primary rolling. From time to time the planner may decide to vary the
sequence of planned roll mountings. The computer then alters the target
dates for all orders affected. In due course the computer prints out on
request lists of orders for rolling in the finishing mills, with details
of billets and slabs required and available.
{b) Cast Plapning

Each morning the cast planners receive from the computer an up-to-date
statement of orders requiring steel, taking into account miscasts and
primary rolling difficulties up to 6.00am. The information provided is in
the following forms :
Summaries - of tonnages required, analysed vertically by quality and
horizontally by target weeks, semi-finished size and finishing mill to
assist in establishing priorities and grouping cast quantities.
Order Lists = giving full details of all orders requiring steel to be
made within two weeks, supplemented if necessary by specific requests for
further orders for unusual qualities, or specified semi-finlshed sizes or
finishing mills.
4.2 Management Control pv Exception

In one sense the whole production planning system is a management

control tool in that it progresses all orders through the works. The
more particular instances of management control, however, take the form
of exception reports on various stages of processing :-
{a) Proaress Reports

Progress reports on individual orders are issued by the computer when
error conditions are detected or customer service is threatened.
{b) Cast Planning

A list is produced each day for the production planning manager which
highlights orders due for rolling in the finishing mill within two weeks,
for which steel is still required. These are orders or remakes to cover
production losses which have failed to find their way into casts through
the normal procedures. In order to prevent a delivery promise being
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broken special efforts can be made by the manager to obtain steel either
from unallocated. stock, or a specially authorised cast, or by purchasing

steel from another company.

{c) Ingot Allocation

When a cast is approved by the ingot allocator, the computer reports any
discrepancies between the orders originally planned and those actually
allocated to the ingots.

"{d) Primary Rolling ;

A daily Cold Charging List is produced for the production controller,
detailing all ingots in cold stock which have been allocated to orders.
The 1list is sorted into semi-finished size and primary rolling week. If
tells the controller how long the ingots have been allocated and whether
or not they are in the assembly area ready for charging, This document
has overcome the natural tendency of the primary mill staff, to prefer
charging hot ingots to cold ones despite the urgency of the orders within
the ingots.

If an ingot is not reported as rolled or taken out of the furnace within
24 hours after being charged into the furnace, a Not Reported message is
sent to the production control centre. These messages are repeated daily
until cleared by the production controller. In 12 months, this approach
reduced such gqueries from about ten each day to one each week.

Semi-~ S

: ‘Progress reports are sent to the examination areas for all billets
which are required in the finishing mill within the next 48 hours. Special
efforts are then made to deliver these billets in time +to be rolled in
the finishing mill, Duplicates of the progress reports are sent to the
respective finishing mills as a warning to expect the material and make
the necessary arrangements.

When the rolling of a particular size has heen compleied, the finishing
mill planner instructs the compﬁter to alter the planned rolling day of
any orders which have gissed the rolling. .The computer produces aprogress
report for any replanned order where billets missed the rclling. The mill
manager then has the responsibility of making sure that these billets do
not miss another rolling.

(a) Errors in Shop Floor Recording

At any stage of production,‘more material may be reported meving out of
a department than was previously recorded, creating a negative stock. The

computer issues daily progress reports for all orders with negative stock
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conditions. These reports are given to the respective mill planners, who
must solve the queries and prepare documents to correct the master files.
Similarly the computer queries all feedback messages which quote materiil
from a cast which has not already been identified with that order.
{h) Completed Orders

If sufficient material has been delivered to an order to satisfy the
customer's requirement, but leaving a small amount still in the process
route, the computer produces a Query Order Complete report, which is sent
to the finishing mill staff. They have to decide whether the remnant is
actual material or the result of a previous error in recording. In the
first case, they must deliver the material to the customer or deallocate
it to stock; in the second case they must input documents to correct the
master files. This type of report is reissued every fourteen days. If
a third report is issued, it is sent to the production planning manager
for personal attention.

2.0 Longer Term Conirol
Longer term management control is assisted by reports, produced by
summarising the main files and a 'dump file' on which all the production
messages are accumulated each month.
2. _Standard Costing
At the end of each month, the production movements for that month are
taken from the dump file and inter-process stocks are taken from the main
files, Together they form the basis of a series of tabulations which
tell the production story for the month, both in terms of tonnages and
standard values. The tabulations cover in detail the process route from
steelmaking to delivery of finished material in the following stages:-
Production of ingots !
Ingot stocks
Primary rolling yields
Examination and dressing of semi-finished steel
Semi~-finished stocks
Finishing mill rolling yields
Examination and dressing of finished material
Finished stocks
Deliveries to customers
Performances are comparei with standards, and variances are calculated

at each stage of the process route.
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2.2 Metalluragical Control

A parallel exercise to standard costing is carried out for the
‘metallurgical department. The results of the examination and dressing
of semi-finished and finished material are summarised from the dump file,
and reports are issued weekly and monthly which show the results analysed
by quality and size,

2.3 Stocks

In addition to producing lists for routine stock-taking, lists are
produced twice each year showing the age of all steel stocks. These lists
are used by the production director when deciding which of the stocks to
retain and which to scrap.’
2.3 Forecasting

Sales forecasting and market research are helped by statistics of
orders received, sales analysis, weight of material on order, etc.
2.6 Progress Lists

An important aspect of the production planning system is the ability

to produce progress lists detailing the position of all orders for a
particular customer, type of steel or delivery period. Such lists are
used by the progress department as the agenda for meetings with customers
to discuss production ‘arrangements in the immediate future. Progress
lists of overdue orders are provided to help managers to assess delivery

performance.

£.0 Future Developments
Most of what the company set out to do in 1961 has been achieved., The

central planning computers are now 80% loaded and it will be difficult
to undertake any large expansion of the present scheme, Two further
limitations of the present computer system are inaccuracies in shop floor
recording and delays in obtaining information from all departments except
the primary mill. ;
Although great improvements have ‘been made in the accuracy of input data,
the message error rate is still about 4%. During the first year of
implementation the systems team was fully engaged in combating errors in
input by all means at their disposal.

Because most of the 2,000 production messages each day are processed by
a data preparation room which is only staffed during normal office hours,
the picture of the works as recorded in the main files may be up to 36
hours out of date. This means, for instance, that it is impossible for
the computer to issue detailed working instructions to a foreman at the
beginning of his shift.
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$.2 Proposed Real Time Svstem
To overcome the present limitations, a computer development scheme,
covering the next 5 years, has been planned for Park Gate. The two

central computers will be replaced by a large computer with disc storage.
Production messages will be input directly to this computer through about
50 teleprinters located around the works. This will enable incoming
data to be compared with the latest position of the order recorded on the
files. Any inconsistencies will be printed out immediately on the
teleprinter concerned.

The aim of the new system will be to provide managers from shop
floor supervisor to the Managing Director with immediate access to the up
-to-date and accurate information appropriate to each level of management
control,.
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The production control centre in the primary mill.

Fig. 3.

Fig. 4. Cathode ray screens.



BLOCM
CAsY MILL  NOSK CROP - TAILCROP

c ' P—— = 1 e i e
BLOOM 3128 - 5 23 - DR e

02 AS4278 07 83 12 -&10 T
AS4278 O3-9 3 11C 6-8
M2513,-410 0 12 2-0

BLOOM SHEAR
o

SCARFER
ARROwW

MILL ARROW
BLOOM  $12€ —— -0 X 10 I8 e

01;9M2813 08 0
WEIGH ARROW — i
BLOOM 312E —=81/2X%

o2 mMasi13 14

BLOOMS Qe BXB~6 1E2XE~3 . ACTUAL TIME
vl
BLOOMS CUT —ep § 11 NOW '11=47
CO"F XRH CO"PLETE - N—— COMPUTER QUERY

COMTROLLERS

10 MINUTE DELAY AFTER BLOOM ITEMS = FI i o

Fig. S The format of information on the cathode ray screens.




