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DESIGN AND APPLICATIONS OF MULTILAYER 
CONTROL 

w: Findeisen 
Katedra Automatyki I Telemechaniki 
Warsza~, Poland 

I. Introduction 

I. lefkowitz 
Case Western Reserve University 
Cleveland, Ohio, U.S.A. 

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, desi gn of control algorithms, 
programing 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 inspi red ) 
application of approximations, empiricisms and heuristics. It is ass umed 
further that the computer must play a key role in any meaningful att cl< on 
t he problem; i~ 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 t o the 
above considerations is described here. The approach is str uctured as fol­
lows: 

1. Multi1evel control hierarchY 

The complex system is decomposed into simpler subsystems, each with 
its own contrr;ler. The controller is designed according to a local cri­
terion and a iocal mouel. Higher level controll ers then integrate the ac­
tions of the local (fi rst-level) controllers so that the overall system 
objective is best served. A simp-le two-level hierarchy is shown in Fig.l. 

_2. Multilaye~ 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 s~age. 

It should be noted that the components of the_ approach listed above are 
interdependent. Thu·s, each subsystem controller of the multi level hierarchy 
might itself be realized in terms of a multilayer structure. The multi_layer 
hierarchy, in turn, is based on the processing and feedback of informati on 
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 
1 ess 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 [O,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 

{1) 

where c 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 c identifies those variables of the process 
which {i} depend deterministically on the inputs, {ii) are significantly 
~elated to the control problem, and (i ii} can be determi ned on-line at 



5 

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

c(t) = g(x(O),m[O,t]'u[O,t]'t) (2) 

where x(O) denotes initial state and c(t) is the output at time t £ [O,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)} 

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 

max E[P] 
m£ M 

. 
(3) 

(4) 

where Pis given by Eq.(l), E is the expectation operator, m denotes m[O,T]' 
and 

M=· {m: h(c(t},m(t},u(t}} ~ 0 for all t £ [O,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 £ U, where e is a suitably defined lo~r limit on 
acceptable perfo~nce. 

The ultimate objective of the control system design is to develop ap­
propriate algorithms for information proces~ing and decision-making in pur­
suit of the goal expressed by Eq .-(4) but taking into account the cost of 
implementation. Thus, in 1rinciple, we want to maximize 

E[P(c,m,u)] - C (6) 
where C denotes the overall cost of implementing the control. The maximf­

zation of Eq.(6) is made with respect to the set of design decisions, e .g., 
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the structures of the control algo~ithms employed, the information used at 
various levels of the hierarchy , the periods for control actiors , etc. 

A Guideline for System Design 

.Th direct implementation of Eq.(6) is generally not feasible because 
the det ailed assessment of process performance and implementation costs in 
relation to control system 11Complexity" _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 simulat ions. 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 subsysten5 for first-level con­
trol. We then associate with each subsystem a set of 11 local 11 relations of 
th~ · form of Eq.(l) through {5). Now the set of disturbances for say the kth 
subsystem includes not onl¥ a subset of the overall syst~ disturbance vec­
tor 'but also the effects of interactions with other subsy~tems. 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 
t reated here except as· part of the illustrative example discussed later. 

The system is partitioned along l ines usual ly 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 oft en relevant to costs and constraints. associ ated with data trafts­
mission, reliability and emergeney actions . They may also be important if 
independent operation of the processing units is required under certain con­
di tions . Additional factors that shoul d be considered in structuring the 
subsystems, however, are: 

a) reduction of complexity of the control algorithm • . 
b) minimization of the in t eraction 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, Direat ControL Layer, applies controlling inputs m to the pro­
Ge ss, for the output c to follow a desired trajectory r. This . is presented 
i n Fig. 3 as a simple feedback structure, although more complex structures 
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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 adjusted in principle (from the third layer of control), at some 
interval ~· 

The second, Optimi3ation Layezo, perfonns 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 a. The computation of the desired trajectory is per­
fo~d at same interval T2. 

The third, Adaptation Layer, ·readjusts the vector a at some interval T8, 
and the vector a at the interval T~. The adaptations are based upon .eith~r 
an updating of the model used to derive the control algorithm or some kind 
of hill-climbi.ng .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 y. 

C. The specific control functions in the multilayer hierarchy are d~signed; 
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 . . Specifi-cation of structure of the control algorithms associated with 
each layer of the control hierarchy. 

3. Determination of the control intervals T 1 ,T2 ,T~,T~. 

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 our 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 "Se"lf­

Organizing11 layer. Note that the output of the fourth-layer controller de­
termines the structure of the control system; this is in distinction to the 
f irst three layers of control whose outputs are generally numerical. 

The multilayer hierarchY suggests a sequenti al procedure for formula­
ting and evaluati-ng the design decisions. We start with the first layer and 
choose a set of outputs to be contro l led such that the following criterion 
function is sufficiently small : 

( i) 

where po denotes the optimum performance of the process, with no restriction 

*The direct controi funct i on may be implemented by a discrete algorithm with 
interval T1 or by a continuous algorithm. 
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induced by the choice. of c or control a.Tgorittlll, and P~(T2 ) denotes the sub­
optimal performance resulti.ng from choosi.ng the set of outputs to be control­
led and from maintaining c(t) • c~(kT2 } for kT2 < t ~ (k+l}T2,k • 0,1,2, ••• 
(i.e~, m(t) is varied to maintain c(t) at the set-point value). Then, we 
choose the first-l~er controller algorithms and the period T1 such that a 
suitable measure of the following error be sufficiently s.n ,-e:g: , 

(ii) 

Note that criterion (i) specifies . that the degradation of performance 
due to intemittent intervention of the second-l~er control be small, while 
criterion (ii) requires that the first-layer controllers be capable of main­
taining the outputs at their desired val~s. Both criteria, J1 and J2 may 
be reduced at the expense ,of·computational effo~ (by shortening T1 and T2, 
for exaq>le) and ·tradeoff considerations are fnd~cated. 

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

(7) 

where A1 denotes the set uf first-layer control algorithms used, c1 i s the 
cost coefficient for performance loss and c2 is the cost of implementing a 
single control action. Note that both Jl and c2 are dependent on A1: 

We may evaluate (7) for various combinations of control algorithms that 
·seem reasonable candidates for application*. It is assumed, in making c~ 
parisons that the parllll!ter vector a is determined according to the adapt­
ation criterion used at the third l~er. Thus, we may determine, in princi­
ple, the choices of A1 and T1 yielding a minillllll value of criterion (7). 

The design of the second-l~er control function proceeds on the prellli se 
that the first-layer controller is working perfectly; i.e., c is identical 
to r, the system may be described by a simple steady-state mdel and a class 
of disturbances denoted by u1 is· suppressed by the direct control actions 
(hence need not be considered explicitly by · the second-layer controller). 
With these aS&UqJt ions , we adopt a ~ tructure of the second-1 ~er contro 1 
a 1 gori ttln of the form 

{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 problem. 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 decis i ons A
1

, T
1 

and define 

(9) 

where the first term on the right denotes the performance resul ti ng from 
the first-layer design decisions where rand a are optimal , the second term 
denotes the performance resulting from the use of second-layer control al­
gorithm A2 with period T2.(i.e., . c(t)=r,{S0 ,u2(kT2)) forte: (kT

2
,(k+l)T2], 

k~O,l,2, ..• , whe;~ 8° denotes the optimum value of the parameter vector), 
* * . . '. . . * 

with A
1 

and T 
1 

implied for the f.trst ·layer. Hence J2 represents (approxi-
mately) the mean performance loss attributed to the second- l ayer controller 
design. Analogous to (7) we have the design criterion for the second-layer 
contro l 

(l 0) 

where c3 is the cost 'coeffici ent 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 interval r 2+. 

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 a and s updating processes. Labeling the tentative design 
decisions obtained thus far by A~,T~.~.r;, we define 

J~ ~ E[P(A~,T~,A;,r;)~=ao-E[P(AJ'TJ)la=ao 
~=so ~=yo 

where P(A3,~3 ) denotes the performance resulting from adaptation algorithm 
* * A3 (assuming A
1 

and A2 are incorporated in the lower contrQl layers). Note 
that {AJ} 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 suff1c1ently small, the performance at the first layer 
may be affected to the extent that an iteration on the first-layer design is 
called for. - · 
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The choic~ of A; a~d r; proceeds as above·. 
Ana 1 ogous ly ~· we define 

The tenms in the above expression are defined similarly to the expression 
for J;. The set {A~} may include vari.ous regression techniques, curve fit­
ting meth~s and a two-time scale approach. 5 We again choose A~ from among 
the various alternatives based on a tradeoff expression of the form previ­
ously discussed; detennina'tion ofT~ 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, evaluati.ng the influence of each decision almst independer.tly. 
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 reaching the final de­

sign. 
The complexity o~ the systep generally precludes any. analytical fo~ 

ulation of the criterion functions defined above, or indeed analytical de­
termination of the optimal conditions indicated. Quantitative results for 
design purposes, therefore, ~t 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 disturban~e variables, 
say in the form of past records, so that approximations to expected values 
may be obtained based on ~bserved frequeney distributions or statistical 

· parameters • 
The role of the computer in th~ 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 multilevel and hierarchial 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. 6•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 
aAd other (remote) power sources. 

4. The municipal water supply system which includes the natural water­
she4 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 plant 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 n1111ber of degrees of freedom in oper•ting 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 contrQl 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 ~control polipy which min­
imizes operating costs subject to the constraint' that the cpmmunity•s de­
mands for water and power are continually met (excluding e~uipment mal-
functions, system breakdowns . etc.). · 

5. For the purpose of the i 11 ustration, it is sufficie'.nt to consider 
just 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 ~ust 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 r_eg­
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 ~ubject 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 · opt 'mization 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 i nterchanged be­
tween t he two subsystems. The role of the first-level controllers then is 
to determine the optimum va l ues of the manipulated inputs {or operating 
levels} for its associated subsystem. A second- level controller may now act 
to coordinate the two firs t -level controllers by determining a cost factor 
(for thermal energy) such t hat the ov.erall costs for the coupled system is 
mi nimum: 

It i s important t o note here that the cost of the thermal energy inter­
change is a functi on of many variables . However, if the power plant is op­
erated accordi ng to criteria of maximum efficiency of energy conversion 
{subject to a set of contraints), and if the water plant i s operated to min­
imize the thermal energy requirement in satisfying t he 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 effect, the cost factor 

. . 
associated with the coupling te~ {thermal energy inte! change) 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 thennal energy ·.cost factor CQ expressed as an algebr!ic 
function of power and water p~oduction rates, PE and Y, respectively. Thus, 

{11) 

*This was obtained by use of simulation and multiple regression. 7•8 
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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.(ll) is used to 
determine CQ from the scheduled val~e of Y and ~asurements 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 CQ. More specifically, 
we compute CQ every Ta units of time where, El~ Cql ~ E1, where~ CQ denotes 
the maximum change of CQ within an interval of length Ta. In general, El 
will be related to the cost o~carrying out the computation of CQ and imple­
menting the result. 

The second-layer component of this second-level control function invol­
ves the updating of the approximate algorithm based on Eq . (ll). 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 

I I 

E ICQ - CQ I ~ E2 as a basis for choosing Tb' where CQ denotes the corrected 
value of CQ resulting from an updated Eq.(ll), and £2 is related to the av­
erage cost of carrying out the updating procedure. 

A second asp~ct 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· {Y t + i , i = 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 ~eather. Because of the coupling between the desalination 
and power generation pants, the variations in power demand and grid purchase 
rates also are signi f icant factors. Analysis of these inputs revealed strong 

*We may consider here that Y is a vector whose component~ define the sc~~dul­
ed water production rates of the conventional water suppl~ and the des~ lna­
tion plant respectively Hence, in addition to the mult1level eo tro s{s­
tem associ~ted with the dual-purpose plant described above, we hav one a so 
associated with the conventional water supply. 
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cyclic components with periods of one day, one week and one year, . * . . 
respectively. The stor.age reservoirs with effective time constants of the 
order of a day and a year, respectively, 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 ~ig. 5. The particular point 
to be brought out here is that this deco~osition is based on time scale and 
provides also the attributes of simplif,ring 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 a~e 
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 ifl 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 plant • There were three manipulated variables consid-

ered, each a valve position governing the flowrate of a process stream. Con­
ventional feedback loops were provided for each of the process streams (There­
by eliminating 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, 

where 6P denotes the performance degradation due to variations in electric 
power load and other relevant disturbances during the control period T2. The 
term on the left of the inequality expresses the mean loss of performance when 
Q is ma~ntained fixed at the value determined by the second-layer controller 
i.e., Q(t) = Q0 (kT2) fortE (kT2,(k+l)T2], where Q is controlled by manipu­
lating m1• The term on the right-of the inequality expresses the performance 
loss when m1 is maintained constant at its optimal value, i.e., m1(t)=m

1
°(kT2) 

fortE (kT2,(k+l)T2],(where m1o is related to Q0
). 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 th~ desired Q {determined as a function of 
current power demand and scheduled water production rate). A feedback loop 
around Q (determined from inferential measurements) was effected through man-* . . 
ipulation of the flow stream m1• The choice of n;• incidently, was based 

.almost entirely on the effectivenes~ 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 .a1gorithms were of the form 

r = r{PE'Y ,e) 

Eq.(l2) was obtained by the . followin~ procedure:8 

{12) 

1. The plant (in steady-state) was simulated on the . computer usins 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 
c0Jl1)aring the output of the shoolation· with that of the physical process at 
several ·operating. points. 

3. A multiple regres~ion moctel was. fitted to the si1111lated system. 

4. · The necessary conditions for optinun performance were derived from the 
regression model, yielding· Eq.(l2) .• . The parameter vector 8 is related to 
the coefficients of· the ~egression ~1. · 

The structure ~f 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. 
Hill 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. 

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 rQ. 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 th1s question; many other possibilities 
were suggested but not explored. 
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The adaptation on a may be carried out by repeati.ng steps 2 - 4 of the 
abov~ proc~dure ever~ T~ increments of time. 

Su11111ar; 

Attention is directed to the system design problem in the implementa­
tion of control of complex industrial systems. The multi level and multi­
layer hierarchial structures are presen~ed as the framework for c~rryi~g out 
the design process following a sequential and . iterative procedure. Implicit 
in the a~proach is the need for simplifying the control problem by decomposi­
tion, approximation and information feedback . Another essential feature .. is 
the compromi se 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-line con~rol. 

Many of the concepts and guidelines described ~re illustrated in the 
context of a specific system application. 
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A production system can be characterized by its state variables. 

Three significant state variables of a production system are: (1) pro­

duc t ion 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 ra-te and the demand - both of which are functions of time. 

If the production system 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 decis i ons 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 producti on-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 1 t 

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 duration of a step is equal to the duration of the corre­

sponding peri od. 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 def i ned 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 ra.te at a more or less 

constant level throughout the entire planning horizon. On the other band, 

for a highly responsive system, which may be mor.e 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 that 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. 1 

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 asymptoticall y approaches that target. This exponenti al 

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. ~e c~pac~ty of a system usually responds to a 

decision on target capacity as shown in Figure 1. Vi is a decision on 

target capacity. ci.,O is the initial capacity when the decision is taken. 

A and B are two critical points in the response. A specifies the point 

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 esti mated 

from previous data (to be discussed later), the period lengths can be 

determined. 

Let the entire planning horizon consist 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 equati ons (1) through (4) representing the ~odel of 

the production system are discreti~ed in steps of sufficiently -small 

intervals of time - each of length ~t. A typical value of 6t is one day. 

There are m such intervals in each capacity period, and k such intervals 

in each production period, where m= kp. 

P .. 
1,J 

(1) 
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Ii,j Ii,j-l + 6t [p - D J i,j-1 i,j-1 

Qi,j Qi,j-1 +At [~~.x + F(li,j-1) + Y ,ci,J-1 

+ , 
{ 1 + 

ri (Vi - CizJ-1) 
Ei exPt- (j-l)At rA•J 

The subscript i,j in the above equations specifies an instant of 
th . 

time that occurs in the i capacity period. The difference in time 

between the instant (i,j) and the starting point of the ith capacity 

period is j6t. The starting point of the first capacity period (and as 

such, of the entire planning horizon) is (O,m). There are m number of 

intervals - each of length 6t in the first capacity period whose end­

points are (1,1), (1,2), ••• (l,m). The point (l,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). 

(2) 

(3) 

(4) 

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 (O,m) up to the 

instant (i,j). V. in equation (4) is the decision on target capacity 
1 th 

taken at the beginning of the i capacity period, i.e., at the instant 

(i-l,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 k6t, therefore it follows that, for x#l, the decision ui,x 

is taken at the instant (i,a) where a= (x-l)k, i.e., at the starting point 

of the xth production period in the ith capacity period. ui,x remains 

unchanged up to the instant (i,b) where b = xk. For x = 1, the decision 

Ui,l is taken at the instant (i - l,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 beco~: 
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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,x as the input forcing function ~nd Pi,j as the output. 

The steady-state gain of this first order system is unity, and a 
i,x 

specifies the time constant. For a given ui,x' the greater is the value 

of a , the more responsive is the system, and, as such, generally more 
i ,x 

expensive to maintain. 

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

dei ( 1 <vi- cir 

<it= -1 + ~iexp[- (i (t - t
0

>] 
(5) 

The subscript j hss vanished in equation (5). Ci is a function defined in 

the ith capacity period whic)l.· starts at (i-l,m) and ends at (i,m). t
0 

corresponds to the instant i-l,m. t is a continuous variable which takes 

the place of J6t of equation (2). Let the initial condition of (5) be 

given by ci = ci,o· a·t . t =to • . The solution of equation (5) is -given by 

equation (6). 

vi- [ vi- ci,o- tici,o]exp[-fi<t - . to>] 

1 _+ ~ i eiPl-ri {t - to>] 

Equation (6) is a modified version of Pearl-Reed Curve.
2 

Inserting the 

value of ci from equation (6) in equation (5) yields equation (7) 

fi [ Vi- ci,O][l + ~i]exp[-fi (t- tO)] 

(1 + ~iexp[-ri <t - to>] J2 

(6) 

(7) 

From equations (6) and (7), it can be proved that fo~ Vi> Ci,O (Figure 1), 

there exist a positive real ri and ~i >- 1 such that given any two critical 

points A and B, satisfying inequality (8), the curve Ci against twilL 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) 
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where X 

and y 

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

To take some typical figures, 

let c ci,O + 
5(Vi - ci o> 

i,j 100 

and ci,k c + 
95(Vi - ci, 0> 

i,O 100 

The claim is that some appropriate values of ri 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: 

Tk X 
~ < 361 (•: it follows from equations (9) and (10) that y 361) 

J 

There is a wide class of systems for which the 95% point can be reached 

(9) 

(10) 

in a time less than 361 times the time needed to reach the 5% point. For 

such systems, equation (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 Ei yields equation (11) 

V. - C - [ V - C ] exp (- t T . ) 
~ i,j i i,O i J 

[ci,j- ci, 0]exp<-riTj> 

vi- ci,k- [vi- ci,o]exp<-riTk) 

[ci,k- ci,o]exp<-.riTk) 

Rearranging terms of equation (11), 

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

of the two sides of equation (12) against ri as a variable, it directly 

TK X 
follows that if~< y , there exists a positive real ri for which the 

J 

(11) 

(12) 
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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 ~ i > -1. Since r i > 0 and Ei > -1, t herefore it follows from 

equation (7) that the derivati ve is positive everywhere for vi > ci,o· 

(Negative if Vi< Ci , O). From equation (6), it follows that as t- ~. 

Ci - Vi, thus guaranteeing the asympt otic property. The abo ·•e discussion 

shows _that equation (2) is a s~tisfactory description for a wide class of 

systems whose capacity response is as shown in Fi gure 1. 

Equation ( 3) expresses the inventory at an instant (i ,j ) . Equatiou (4) 

expresses the cumulative cost from the beginning of the planning horizon up 

to the instant (i,j). Thus, QO,m = 0, and Qr,m is t he total cost tha t has 

to be minimized. F ~n equation (4) is a function of Ii,j-l denoting the 

cost of carrying the inventory Ii,j-l. Thus , i f Ii,j-l is positive, F is 

the inventory cost. If Ii,j-l is negative F is the backorder cost. If 

the domain of interest is relatively small, t he function F is often approxi­

mately linear. Thus 

F(Ii,j-l) aii,j-l if Ii,j-l is no~egative 

= -ei 
1 

if I is nonpositive 
i,j- i,j-1 

a and e are two positive real constants deno · ~ ng the coefficients of 

inventory cost and backorder cost respectively. The derivative of F with 

respect to I does not exist at I = 0. The f ollowing analysis of 
i,j-1 i,j- 1 

the optimal policy requires that the derivative o F exists everywhere. 

For all practical purposes, the cost due to an infinitesimal positive 

inventory and that due to an infinitesimal backorder are both negligible. 

Thus a F can be equated to zero without jeopardizing the 
a Ii ,j-1 

1
i,j-l 

0 

practical applicability of the analysis. 

Restrictions 

There are some restrictions that limit the possible ra nge .of values 

of U. and V. 
1 , x 1 

(1) for j :S k 

0 :S Pi,j :S Min (Ci-l ,m and Ci ,k} 

(2) for j > k 

o :S P . . :S Min {C. k ( 1 ) and C. ; 
1, J 1 , · x- 1, x · 

where x has its previous definition 
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(3) o s ci .s 11 

where 11 is a positive real constant. 

Restrictions (1) and (2) imply that Pi,j has to be non-negative. Also, 

ui,x has to be such that the production rate at any instant in the xth 

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 11 is the IIIBximum allowable target 

for capacity due to various phy•ical and economic reasons. 

Estimation of Model Para.eters 

The following is a list of IIOdel para.eters to be estilated using 

experience and previous data: cri,x' ri' ~i' )., a, ~. y and 11. Provision 

should be made to update these estiaations 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: 

(13) 

where I: is taken over all significant previous data m llected for the same 

value ui • cri is the estimated value of cri • ,x ,x.... .... ,x 
To evaluate ri and ~i' equations (14) and (15) can be solved by the 

method of s.teepest descent 

I:1[gii- hp- hpiiexp(9pfi>](hpexp(9pfi)Jl 0 (14) 

I:J_[gpl'i - hP- hPi1exP-<epfi>] (gP- hP9PE1exp(9Pf1 >]f = o (15) 

wherei:is taken over all significant previous data collected for the same 

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

ci,j - ci,J-1 
gP =vi - ci,j-1 ; hP= 6t e 

p 
-(j-1)6t 

To evaluate~. a, ~. y and~. the values of cri,x' ri·and Et 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 x. a, e. y and~ 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 u and vi for a given list of values of cri ' and a given sequence of i,x ,x 
Di,j The same process can be repeated for a few different lists of oi,x 

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

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

Pontryagin's Maximum Principle is used. The sta:e variables Pi,j' ci,j' 

Ii, j and Qi , j shall .be resepctively denoted as zi,j where the superscript q 

goes from 1 to 4. Thus, in general: 

fq [ z1 z 2 z3 z4 u v J 
i,j i,j-1' i,j-1' i,j-1' i,j-1' i,x' i 

(16) 

where q goes from 1 to 4, i goes from 1 to r, j goes from 2 to m. 

f~,j 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: 

fq (z
1 ~ z

3 
zi

4
-l,m'. U V J i,1 i-~,m' i-l,m' i-l,m' i,l' i 

A hamiltonian is defined as in equation (17). 

a . . = f [ '!'q ·zq ] = ~rY~ ·fq J 
1 , J q~ i,j i,j q:::ll ,j i,j 

q 
where the adjoint variables Yi,j are defined as: 

aH . . 
'V q - --.!...z..,L f 1 t 4 . i , j-l -

3 
Zq as q goes rom o • 

a i ,j-1 

The end conditions of the adjoint variables are given by: 

'fq 0 r,m for q = 1,2,3, and y4 = 1 
r,m 

Thus H = Q = total cost over the entire horizon. 
r,m r,m 

As s me an arbitrary sequence of ui,x and Vi in conformance with the 

previousl y discussed restrictions. These ~ecisions give rise to a corre-

(17) 

(-18) 

q th . 
sponding sequence of Z. . • Choose any n . ·capacity period from a-mOng the r 

1,J 
periods in the horizon. 'he decisions for the nth period are V and U 

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

6Vn and nun,x respectively. The consequent change in the overall cost is: 
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4 

t.Qr,m = t.Hr,m } ['l'q ·t,Zq ] cf-:1 r,m r,m 

4 

q~ ['!'q • t.fq J [by equation (16)] 
r,m r , m 

4 r a•• 4 c·· =~ 'V q ~ t.U +~t.V + L ~ [ - r,m au r, p av r i r,p r . i=rl azr,m-1 

=Lt a•• ~ 4 a•• ~ 'l'q ~ ~u 
+ ~q~ 'f.q ~ t.V 

r,m au r,p r,m avr r r,p 

6Z~,m-1)}] 

4 [ 1 4 (jfq t + ~- ~ 'l'q -~,m t.Zi 
1
] (by rearranging terms) 

:(;1 q~ r,m az- r,m-
r,m-1 

= ::r , m ~ur,p + a;~.m ~vr + it [aa~,m ~z~,m-1] [by equation (17)] 

r,p - r azr,m-1 

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

as: 

t.Q - t.H r,m r,m 

r 

2: 
i=n 

m [iJH iJH J L ~ t.U +~ t,V 
._1 aui i ,x avi i 
J- ,x 

4 

+ ~ ['l'q t.Zq ] n-l,m n-l,m q= 
(20) 

where the subscript x = 1,2, .•. ,p as explained previously, depending on j. 

Since by choice, only V and U (x = 1,2, ... ,p) are changed, and 
n . n,x 

since the response of the production system is causal, therefore 

t,Zq 0 for q = 1,2,3,4. 
n-l,m 

Therefore equation' (20) reduces to equation (21) 

m: [aH aH J t.Q :: t.H = ). ~ ~U + ~ ~V 
r,m r,m .r;\ aun,x n,x avn n 

(21) 

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

assigning the values 1,2, ... ,p for x: 
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- t.IH r,m 

m aH . P xk oH . 
~ ----E.J..J b.V <E L: ___!!.z_.! t. u 
J=l0vn n x=l j=(x-l)k+l aun ,x n,x 

(22) 

Now, using the usual arguments that appear in literature in connection with 

the discrete maximum principle (references l and 3), it follows that a 

* * necessary condition for a Vn and a un,x to be 

have a local minimum with respect to Vn at Vn 

m 

optimal i s that ) H . 
* x k j~ n,J 

=V and) H 
n ~(x-l)k+l n,j 

* 

should 

should 

have a local minimum with respect to U 
3 n, x 

at U 
n,x Un,x' where X 1, 2, ••• ,p 

Algorithm 

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

Choose a possible value of- V. For this Vn, choose a U and evaluate 
Pkn n,p 

~k H . • Check if}" H • has a local minimum at the chosen 
~(p-l)k+l n,J jf=(p-l)k+l n,J 

value of U • n,p If not, delete this value of U p and choose a new value of 
n, * 

U until the local minimum is obtained. n,p Call it U Keeping 
(p-l)k n,p. 

find Un,p-l that provides local minimum for}: H .• Call 
· j=(P-i>k+l n,J 

Repeating this process, evaluate the U's up to U 
1 

in a backward 
n, 

m 

* U fixed, 
n,p 

* it un,p-1· 

direction. 

Now evaluate ) H . , and check i f it provides local minimum at the chosen 
. j'!!i_ n,J * 

value of Vn. If it does, denote this value of Vn as Vn. If not, delete the 

entire calculation. Choose a new value of V , and repeat from the beginning. 
. * * * n * 

If an optimal combination of Vn, un,l' un, 2 ' .•• ,un,P exists, this scheme will 

eventually detect it. 

If the decisions between (n,m) and (r,m) are optimal, then, by principle 

* * * of optimality, vn, un, 1 , ••• un,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
1 

and D2 • D1 is constan~ and 

equal to 100 over the entire horizon. D2 fluctuates in a regular fashion 

between 50 and 150. The _system in Figure 2 has a relatively small value of 

cr and hence is less fl exible 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 D1 
and ~2 give rise to the same optimal decisions. However, in the more 
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flexible system, the optimal decisions for D
1 

and D2 are different, provide ­

~ s 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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T HE OCCURR ENCE AND E F FECT O F DATA LOS S 
IN A HIE RARCHICAL DIGITAL CO MPU TER S YSTEM 

PROVIDING O N-LINE P ROCESS CONT RO L 

H. H . J ohnson, 

I mp e ria l Co l lege , 

Lon don, 

United Kingdom. 

1. Intr oduction 

The u s e of a digi t al comp ute r to ' close the loop' and pro­

vide on-lin e control of a pr ocess or part of a process h as been 

practical for a number of year s and was envisaged even e arlier 

when the potentiality of a computer as a decision making machinE 

was realised. Despite t h is early recogniti on progress h as been 

relatively slow and applicat ions of computer control have been 

largely limited to industrially small projects a nd have been 

particularly· concer ned with data logging , display and warning 
. 6 

systems a nd, at best, D.D. C. • Perhaps this was to be e xpected . 

but it would appegr that e ven now the process control compute r 

is being used in a manner which calls to mind the way in which 

earlier machine s were ut i lised as large calcul a t o r s for scienti J 

and design calculations providing vast qu a ntitie s of output da t < 

which was scanned, sorted and even check ed by a skille d engineeJ 

who made the decision, probably f rom a priori reasonin g, as to 

which set of figures was the mo s t appropriate. It is t o be hop• 

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 suita ble 

figures, having discarded the rest as inappro.priate. As yet 

this ability of the computer has not been utilised, nor fully 

accepted, in the field of process contro17 . 
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 

corrected. 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

vidi ng checks and rechecks to · ensure that incorrect information 
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i s i dentified 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 glob~! 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 n umber 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. Westcott
9 , 

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-

pla yed . First stage calculations operate solely on the data from 

one sampl e o f monitored variables. This data may, if desired, 

be comb ined with data already generated and available directly, 

\''hich may have resulted from previous sampled-data or from back­

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

the form of control 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 dat a may 

require ~alculation 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 wheneve~ the computation has made it ready for use. 

Hill-climbing techniques, model improvements, parameter evalu­

ations etc., would commonly be included amongst 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 computers 

may be selected by size and speed to within quite fine limits, 

thus reducing to a minimum the cost of the equipment. Redundan< 

may be provided by adding one or two small processors 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 p artial control even under extreme failure conditions. 

Two distinc t types _of computer systems are possible, the 

unilater a l a d t h e hierarchical. In the first of these each 

computer has acc e s s and is accessible to every other machine 

and comman d s and data may be pass e d via a channel, duplicated 

in case o f f ailure, which is inspected by every computer in the 

system and a ction taken if necessary. The advantages of such a 

system a r e that should a computer go overdue because of failure 

or becaus e a cal~ulation take an exc essively long time to com­

ple te, pr ces ing on later dat a ma - be t r ansferred to another 

unco mi -c e d macll'line in the ring. A c omputer may, without a;ffect-

n~ the contr o l, be r emoved f r o ff- l i ne testing and maintenance 

and i f the comp uters are identi cal or similar, engineering problems 

are simplifie d . This however raise s perhaps the main disadvantage 

to the unilateral c oncept, which i s that the des i rable features 

of the compu -c e r with regard to storage and size and computing 

speed v ary grea-cly with the type ;f calculation required, which 

implies tha t t h e 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 depen dent 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 1f 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 working of the system is on· the 

individual member of the system selecting the appropriate data 

reco·rd 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 

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. 

J. 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 optimal 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 involvin~ 

a certain amount of empiricism is unavoidable, otherwise the 

number of possible systems is infinite. Thus it will be assume< 

here that a reasonable system has been selected and that the 

amount and type of data processing has been decided for each 

computer, see Pearson5 • 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 sele• 

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 follow·s ·: for each 



computer there exist M calculations C(m) (1 S m S M), each with 

a maximum calculation time TM(m), (1 S m 5 M) and each calculation 

is to be repeated N(m) (1 S m S M) times, so that TM(m).N(m) = T, 

the calculation period for the computer. 

If the actual calculation time is taken as a function of t h e 

multiply and add times, Tm and Ta viz. TA(m) = A(m).Ta + B(m).Tm 

and if TE(m,n) is the time earlier than the nth calculation of 

the type m and TL(m,n) is the time later than the nth calculat i on 

of type m so that 

TE(m,n) + TA(m,n) + TL(m,n) TM(m,n) TM(m) 

since the calculation time is .constant, and the corresponding 

storage requirem~nts are SE(m,n) = SE(m), SA(m,n) = SA(m) and 

SL(m, n ) = SL(m) since the storage requirement for each repeated 

c a l culation 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 b e f ore the nth calculation of type m, the actual calculation 

and t he wait after the calculation is complete and 

STE(m,n) TM(m).n 

TM(m).n < STA(m,n) <- TM(m).(n+l) 

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

or concisely to find XTA(m,n) > 0 

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 

s p eeds and store size with overall cost and Smax is the maximum 

store size in use at any time within the calculation period, 

gi ven the values of Ta, Tm and XTA(m,n). This is a problem of 

a linear programming form, but is _complicated by the fact tha t 

on ly one computer calculation may be carried out at one time and 

thus the values of XTA(m,n) are mutually interrelat~d 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 reasonable to select appr o­

priat e value s, which are sufficiently small to permit all the 

cal cu lation s to be completely performed within the calculation 

period, to f ind n on-negative v alues of XTA(m,n) ~ F(m) = 
T(m)- A(m).Ta- B(m). Tm which are compatible and minimise Smax . 



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 obtai~ed. The value of S at any time t (0 ~ t ~ T) is 

given by the function 

M 

S ~ (cdt,m).SE(m) + ~(t,m).SA(m) + (t,m).SL(m 
m=l 

where one value of a(t,m), ~(t,m) and Y(t,m) is unity and the 

others are zero for each m and one value of ~(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 calculatio 

time is fixed and equals ' 

M 
~ (A(m).Ta + B(m).Tm).N(m) ~ T (2) 

which provides a feasibility condition on the values of Ta and 

Tm and that the calculations fall into three distinct types, 

those for which SE(m) < SL(m), SE(m) = SL(m) and SE(m) > SL(m). 

Throughout the time 0 T of a calculation period the store size 

varies at times o, t 1 , t 2 tq, tq+l •••• tQ' 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 Pullen4 , a transformation may 

be found, which together with the fea~ibility condition that 

the nth calculation of type m is performed before the (n+k)th 

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-
M 

ible solution from the (~1 N(m))l possible, but not necessarily 

feasible, permutations; however, it is not often a practical 
8 

possibility to establish this. The method used by Rule and 

NicholsonJ 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, 

i n 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 m 

M job and single operation per job scheduling problem is obtained 

with the conditions 

TM(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 thre.e 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 f or 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 t .ime for C if improving and the process continued until 

the cycle closes .and the start ti!ne 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 qui te easy to repeat the calculatjons for 

a number of varying s ystems 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 c omputer because the load will 

vary statistically with respect to time due to the number of 

data records being presented for calculation c t~t ) (1 ~m~ M) 

i n any given period not now being constant. Se c ondly, the time 

of c.alculations 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 ~reat. Fortunately, however, very few processes are 

so sensitive that the occasional failure of a controlling system 

to provide a response to o~e 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 queue 

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 case 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 ry(m,n; ta(m,n), tb(m,n); TP(m,n), TR(m.,n), w(m,n,TQ(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 

withoutreference 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 0, h, 2h •••• and the number of arrivals per 

instant is 0 ·or 1, a simpre 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 

r egarded as a multiple of the discrete time step, h, the service 

capacity is unity and the service availability is continuous. 

The queue discip~ine 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 

L. 
n=l 

M 
,L W(m,n) , 
m=l 

where W(m,n) = 0 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 kth record in the queue (1 5 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 cla~ify 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 

t i me 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 

t hat record without loss; this is so if 

k-1 
TF(k ) > 2_ TP(i i + TPP 

i= 2 
any k, (1 5 k ~ K) (J) 

where TPP is the time required to complete the processing of 

t he record at present being processed, TPP < TP(l) . 
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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 inv alid then the queue is said to be infeasible. 

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

(1 ~ k ~ K-1) or if TF(k) = TF(k+l) then TP(k) > TP(k+l), note 

that if both the free time and the processing time are equal 

the only distinguishing featura is the time in the queue . 

Using these definitions a number o f theorems may be proved 

of which the two most important are given b elow. 

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 K
1 

members 

of the queue of K members and assume this is feasible and 

orientated and that TF(K
1 

+ 1) < TF(K
1

) then there must be a 
% :::t ) :::t :::t K1 (2 ~ K

1 
< K

1 
such that TF(K

1 
) < TF(K

1 
+ 1) < TF(K

1 
+ 1), 

ignoring in this proof the possibility of equal free times, then 

K1 +1 
TF(K

1
:::t + 1) > TF(K

1 
+ 1) > 1[

2 
TP(i) + TPP 

.. 
K1 +1 

> TP ( Kl + 1 ) + L TP ( i ) + TPP 
i=2 

and therefore D(K
1

:::t + 1) is still valid with the D(K
1 

+ 1) r ecord 

inserted, and, in ~eneral, for K1 :::t + j < K1 ; j > 1 

K1 +1 
TF ( K

1 
:::t + j ) > TF ( K

1 
+ J..) ~ 'E TP ( i ) + TPP 

i=2 .. 
Kl +j 

> TP ( Kl + 1) + L TP ( i ) + TPP 
i=2 

Hence the member D(Ki.+ 1) / may be removed from its position 

and inserted between D(K
1 

+ 1) to form an orientated and fea·s­

ible subsequence of length at least K
1 

+ 1. Note, should no 

K
1

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

member D(K
1

+ 1) may be removed to the head of the queue, again 

to form a feasible and orientated subsequence of length not less 

than K
1 

+ 1. 

Either the whole queue is now feasible and orientated or 

there exists a subsequence of length K
2 
~ K1 + 1 which is, and 

such that TF(K
2 

+ 1) < TF(K
2

) ' whence by the same argument a 
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fe asible orienta~ed subsequence of length K
2 

+ l or greater may 

be generated. Since the queue is of finite length repeated 

applications yield subsequences of lengths at least KJ + 1, 

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 lrith identical free times and processing times is 

not handled. 

Theorem II If an orientated queue is infeasible then it may 

not be rearrange9 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

ce ssing may be allowed to proceed smoothly, each data record 

being processed as it reaches the head of the queue until such 

time a~ an additional record enters the queue. 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 mor e 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+l)h, ~p+2)h •••• so as to see what other 

re cords are forthcoming and in the case of variable calculation 

times additional processor time may become available, it would 

appear def~nitely 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 t~ken when a new record joins 

~he queue 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 

fr om the queue to minimise kfl W(k) the modified criterion. 

~~en the records h ave been lost the queue may be rearranged in 
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the appropriate feasible form for processing to continue until 

a further reco.rd is received, in many cases it would appear that 

the orientated form is most appropriate. 

A further advantage occurs when a finite store is considere4 

as in this case when a new record is rece~ved it is not always 

physically poss~ble to maintain all t~e r•cords in store and 

therefore a decision must be mede immediately. This may be done 

by con~idering 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. 

).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

a±~cal 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 not 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 

uhat would be lost .are actually discarded as each discarding 

will have a significant ef£ect 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
2 

This method would provide a good solution, but it is possibl 

to adapt the discrete model in a way which would g ive relatively 

good results with considerably less work. This consists simply 

of increasing the number of calculations N(m) by a selected facto 

K(m) so that in the new problem the number of calculations is 

taken to be ~(m) = K(m).N(m).(l- ~(m», where it is assumed that 

on average a proportion ~(m) of the records are lost; this 

adjusting factor could obvious ly 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 SEx(m) = K(m).SE(m), SAx(m) = 
(K(m)- l).SE(m) + SA(m) and SL*{m) = 0 since in the queue model 

it was assumed that the response data was returned immediately 

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).{l- ~{m)) calculations must be per­

formed, or if [K{m).{l -~{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 ~ach interval where, as before, 

XTA(m,n,p+l) > XTA{m,n,p) ~ 0 (1 5 p ~ P{m)) 

XTA(m,n,p) + A{m).Ta + B{m).Tm ~ XTA(m,n,p+l) < 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 

m
lJ=

1
N(m. ). to m!t= N(m) .P{m) increased number of variables from ~ ~ 

makes the effort too great, it would be reasonable to reduce the 

size of the calculation by assuming that in any interval T(m) 

once a calculatio.n of type C{m) has commenced all the calculations 

of this type are completed. 

Thus XTA{m,n,p) + A{m).Ta + B(m).Tm = XTA(m,n,p+l) 

and XTA(m,n,l) + 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,n*,TQ(m,nx), S{m,nx)), where nx is the pertinent source, to 

be sufficiently great to ensure that these records are never dis­

pense d with in preference to records from any other source. 

Even so it mi ght happen that only records from this source were 

in the queue and still dat a 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-Naggar
1 

and akin to the two-bin 

inventory system discussed by Whitin
10

• 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 s~ze 

of the subsidiary store will vary depending on how much use is 

being made of the main stream store; 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 t o 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 loss may occur. In this case the criterion used to decide 

which data records must be discarded may be selected so that 

the overall effect on the control of the process is minimised. 
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СИСТЕМЫ И АЛГОРИТМЫ УПРАВЛЕНИЯ ДЛЯ СЛО::·:чого 

I\O i·;ШЛEICCA ~ N1ЕТАЛЛУРГИЧЕС1{0ГО ПРОИЗJЗОДСТJ 

А.П.Копелович, А.А.Белостоцкий, 

Б.А.Власюк, Г.И.Никитин,В.М .Храпкин 

(ЦНИИКА,Москва,СССР). 

Развитие вычислительной техники позволило рассмотреть 

задачу автоматизации управления сложными производственныыи 

комплексами - такими, например, как крупные цехи и заводы. 

Для современных крупных металлургических заводов ха -
рактерны большие объемы производства, широкий ассортимент nро­

дукции, тесная взаимосвязь работы разных цехов меж~ собой 

(обусловленная, в частности, nотоком горячего металла),высокий 
уровень возмущающих воздействий. 

Эти и другие факторы вызывают nовышенные требования к 

системам управлени~ и nланирования для металлургического заво­

да: сложные и большие по размерности задачи должны решаться за 

короткие отрезки времени, а ошибки в уnравлении влекут за собой 

крупные производственные потери. 

Улучшение качества управления металлургическим произ­

водетвои можно · nолучить при использовании современных средств 

переработки информации - электронных вычислительных ~~шин 

(ЭВЫ). 

Одним из наиболее экономически перспективных направле­

ний является автоматизация оперативного планирования и управ­

ления производетвои комплекса "сталь-прокат" (сталеплавильное 

- прокатное производство) 1 • 
На рис.! представлена в качестве примера структурная 

схема комплекса с одним мартеновским цехом, одним об :си:иным 

станом и двумя сортовыми прокатньrми станами (рельсо6алочным и 
крупносортным). 

Все основные агрегаты комплекса "сталь-прокат" о тли -
чаются циклическим характером проиэводственного процесса . ·а· -
дый цикл раб оты агрегата представля ет собо 1 процесс обраб отки 

" детали " - дискретной п орции м~Зталла плавк , слитка, олЮ?. са ) . 

3 ра!,псах доклада не пр е ставля е'lt я ЕОЭr о НША п . .зv С'ТИ 
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nодробную математическую модель работы завода. ОтУетик лишь, 

что она состоит из трех основных взаимосвязанных частей: сово­

куnности коделей nроцессов, nротекающих на каждом цикле работы 

каждого агрегата; условий, оnределяющих технологический марш­

рут и ограничения на последовательность обработки "деталей"на 

агрегатах завода; и условий, обесnечивающих выполнение задан­

ного объема и ассортиuента продукции. 

Общая задача управления. nроизводством состоит в ток , 
чтобы выбрать управляющие воздействия в каRдо~ процессе; сос­

тавить график работы ·кахдого агрегата (оnределить характерис­

тики обрабатываемой продукции, моменты начала и конца каждого 

цикла работы агрегатов) и определить размеры дискретных nорций 

для каждого цикла работы каждого агрегата. 

Общее число •uашии•, которые участвуют в обработке ме­

талла на рассматриваемом участке - около двухсот, число "дета­

лей" - IIJiaвoк, обрабатываемых в течение :u:есяца на участке, -
достигает 2000. Эаво.- работает п.о заказам, которые n.остуnают 

из центрального планирующего органа; число заказов на квартал 

составляет несколько тысяч. 

Постановка и метод реШения задачи управления 

В качестве критерия опти~лъности управления принят 

дoxo.Jt, полученный заво,~tом при выполнении месячных заказов: 

f CJ!. ' ) r' + ~ т - к Т- т g i х' - m а х С I) 

где: C.Jt~)- функция стоимости i. -ого заказа в зависимости 
от срока его выполнения t ~ ; 

~ - стоимость незавершеиного производства; 

"''i. - объем L -ого заказа; 
т - момент выполнения всего объеwа заказов; 

к - стоимость единицы вреыени работы завода; 

t
td - количест в о по~ребляеuого ресурса j ; 
А - цена ресурса ~ • 
Первый член критерия (I) представляет собой стоимость 

всех заказов с учетом с ниRения ее при невыполнении заказов в 

с р ок ; второй член кри1ерия с тимулирует проиэводство на преды­

дущих участках технологич еск оУ. цепочки при заданном о6ъеие ко­

нечн.ых для завода изделий ; третий и ч етвертый - требуют мини -
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мизации простоев оборудования завода и потребяемых ресурсоз . 
АналиЗ задачи управления заводом показывает , что она 

не принадлежит к какоъ-у-лиdо известному телассу экстремальных 

задач; в ней сочетаются комбинаторика, элементы вариа:ционных 

задач и задач математического програw~рования. Сложность са­

мой природы задачи и ее необозримо большой размер требуют не­

реальных вычислительных средств для пол~rчения точного р ешения 

и его коррекции по возмущениям:. 

Основными путями преодоления "про.J ятия размерности" 

подобных задач являются: максиl~льное использование специфики 

конкретной задачи, т.е. упрощающих особенностей , к оторые дают 

структура объекта и крит ерий оптимальности; приненение приа -
лиженных методов решения, в которых используется уже накоплен­

ный опыт управления данным производством ( задание ири оритетов, 

разумное ограничение множества вариантов и пр.). 

Упрощающие особенности задачи возникают из-за того , 
что связи между отдельными частями крупного производственного 

ко1mлекса оставляют о пределенную свободу выбора при выполнении 

отдельных операций . . Векоторая независимость в управлении и~е­

ется также в отдельные инт ервалы времени оощ его периода плани­

рования. 

Особенности задачи управления математически выражают­

ся в специальной структуре системы уравнений и неравенств,со­

ставляющих описание объетста управления , наприfuер, в блочности 

этой системы, что позволяет привлечь к решению задачи управле­

ния специальные вычислительные алгоритмы , которые эконо ruчнее 

общих методов решения: м:етоды декомпозиции решения блочных за­

дач линейного програ1ширования2 ' 3 , локальные алгоритмы реше­
ния це:Iочисленных задач4 , динамическое программирование для 
объектов с JаРI<овским свой.ст вом5 , схему последовательного ана­
лиза вариант ов6 и т.д. 

Для применения таких вычислительных алгоритмо в требу­

ется представить структуру модели объекта и выбрать для кон -
кретной структуры объекта экономную структуру решения задачи . 

Определение структуры модели и ст~лстуры решения це -
лесооdразно проводить в несколько рриемов • На пер о . ~тапе 

весь объект управления разоивается на сра вни тельно неоольшо е 

ч r ело частей - блоков. С овокупность блоков и их взаи •освязи 
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условия, объединяющие переменвы е различных блоков) представ~ 

ляют собой структуру объекта на п е вам этапе. На основании 

анализа этой структуры выбирается экономная структура решения 

задачи: некоторое 1mожество подзадач управления и их взаимо -
связь в процессе решения. 

На втором ( и последующих) этапах рассматриваются уже 
сформулированные на предыдущих этапах подзадачи управления, 

причем для каждой подзадачи детализиру ется структура ее объек­

та и выбирается структура решения . 

Работу металлургического завода в течение месяца ~ред­

ставим как сложный многошагавый процесс. Разбиение общей моде­

ли работы завода _ на блоки осуществляют по отдельным участкам 

производства и по интервалам общего периода времени планирова­

ния. Отдельныt блок общей структуры представляет собой описа­

ние работы одного участка завода на одном подинтервале време­

ни . 

. Размеры участков производства, которы е рассматриваются 

в одном блоке, и величины подинт ервалов планирования желатель­

но выбирать, с одной стороны, так, чтобы общее число блоков бы­

ло не очень большим и позволило най ти ~алее эконо1ruчную после­

довательность решения формулируемых подзадач управления;с дру­

гой стороны, так, чтобы число параметров, связывающих различ­

ные блоки между собой , бы.ло бы по вою ожности меньше. 

Общая сформулированная структура объекта, рассматрива­

емая на первом этапе разложения, предстанл ева на рис.2, где 

блок хараr<теризу ется индексами к - HO}Joep надинт ервала време­

ни и Р - номер участка. Здес ь Р = I учас ток мартеновских 
печей; .Р = 2 - участок блюыинга; .Р = З - участок сортового 

стана ! I и f = 4 - учас ток сортс-а г е -ана lli 2. 
Каждый блок имеет два типа сплз ~;~ : "статические" -

связи с другиыи блоками (участками ) в одн"! .. подинте.рвале вре­

мени планирования и " динамич ески е" - с d.::окам.и, представля -
ющи1т описание того ж е участка произ в одства в другие подинтер­

валы. 

Разложение задачи уnравления состоит в формулировке 

локальных подзадач управл ен :~ отд ельными блоками и определении 

способа. к оординации решений отд ельных подзадач с целью опти -
.J.ального решения общ ей задачи управления. 
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Локальные водзадачи управления блоками можно получить , 

используя принцип оптимальности динаlю1ческого програм.mрова -
ния: "любой процесс, происходящий между двумя фиксированными 

конечными точками, должен управляться оптимально", т.е. при 

фиксированных входных и выходных координатах для данного бло­

ка оптимальными могут быть только те варианты управления им, 

при которых доход блока максимален. 

Локальные подЗадачи - задачи оперативного управления; 

они состоят в определении режимов операций и последовательнос­

ти операций на агрегатах участка при заданных начальных состо­

яниях всех агрегатов, заданных графиках поступления "деталей" 

на участке, заданном времени окончания операций на агрегатах. 

Координирующие подзадачи управления - задачи опера -
тивного планирования; они должнЫ определить перечисленные вы­

ш е заданные параметры для локальных подзадач управления. Боль­

шая Р?змерность общей задачи координации также требует разло­

жения ее на отдельные подзаДачи, в каждой из которых разреша­
ется только часть связей между блоками. 

Каж~последовательность разрешения связей между бло­

ками можно характеризовать определенными затратами на решение 

задачи на ЭВМ (объемом требуемой памяти ЭВМ, временем решени~ 

и др.). Для расс~штриваемых задач затраты на решение опреде -
ляются числом параметров. Среди всех порядков разрешения свя­

зей между блоками целесообразно выбрать такой, в котором сум­

марное число параметров во всех параметрич еских координиру -
ющих подзадачах было бы минимально. 

Построенная на основе описанных методов структура ре­

шения задачи управления металлургическим заводом представлена 

на рис.З. Блоки I + 9 образуют систему оперативного планирова­
ния производства, блоки ro·+ IЗ - систему оперативного управ­

ления мартеновским цехом, блоки I4 + Iб - систему управления 

участком подачи металла в отделение нагревательных колодцев, 

блоки I7 + 20 - систему управления обжимным станом и блоки 

21 + 24 - систему управления сортовыми станам:и . 

Ниже рассматриваются разрабатываемые в ЦН ~r{.A основные 

подсистемы комплекса "сталь-прокат", находящиеся на различных 

иерархических уровнях. 



59 

Cиc'l'eL:e. o:1eD· ~:вного планирования роизводства 

Однив: из эконошrчески перспективных направл ени" прине­

нения современных оыстродей t: твующих :)В! являетс я автоиа.тиза и я 

оперативного планирования работы металлургическог о предпр я тиЕ. 

Оощая задача оnеративного планирования металлургичесi\о­

rо производства состоит в сл едующем : и сх одя из совокупности за­

казов потребителей , т екущего состояния оборудования и незав ер­

;п енного проиэводс тва с ос тавить оnтимальные планы-графики рабо­

ты основных металлургических агр егатов8. 
Под оnтимальным графиком работы агрегатов понимается 

таУ.оЯ график, который, во-п ервых, с огласован с графиками рабо­
ты других агрегатов и участков и, в о-вторых, минимизиру ет по­

тери завода, связанные с прос та ями оборудования, невыполнением 

~раков от грузки заказов, охлаждением горячего металла и др. 

:Jногоч:1vл енные возмущающие воздействия требуют дос таточно час­

rо2 коррекции со с тавл енных ранее графиков. Поэтому автоJ~тиза­

ция планирования рассматривалась как создание системы планиро­

вания, включающей систему с бора и передачи проиэводственной 

информации, сист еш:r алгоритмов, по которым производЯтся расч е­

ты и к орр екция о~тимальных графиков, и, наконец, системы nере­

дачи запланированных графиков производс~венному персоналу. 

Зав од работает по месячным заказам, кот оры е поступают 

на завод раз в квартал из центрального планирующ~г о органа : 

числ о заказов на квартал сосхавляет н есколько тысяч . Заказы 

nоступают , в основном, на с ортовой прокат , однако завод может 

продавать и промежут очные продукты - слитки стали, олюмсы • 
. Кач ество вс ех планиру е1шх графиков оценивалось по еди­

ноъ~у для всего завода крит ерию о птимальности. В качеств е кри­

ерия оптимальности был принят дохоJ{, получаемый заводом при 

в ш олн ении месячного портфеля заказов . 

Оощая задача опр еделения оnти1тльных графиков ра ооты 

вс ех агрегатов исходя из мес ячного п ортфеля заказ ов характ е­

Рl ~уетс я о ч ень боль шим ч ис лом переменных, сложными и многочи с ­

:!е· шDI т с вязями между ни:м:и . По э тому централизованн о е решение 

! '1 КО·~ задачи да · е с п омощью с овр еменных ЭВ.J нево зможно и н еоб­

х д:~-·1.ю раз л о.: ение о б е1 задачи на ряд взаимосвязанных п одза -
дач мень шей азь ернос ти . 
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При разложении выбор системы алгоритмов оперативного 

планирования проводился исходя из следующих принципов: струк­

тура алгоритмов должна быть иерархической; оптимальная струк­

тура алгоритмов должна минимизировать общие затраты на решение 

задачи; воздействиями, которые вышестоящий уровень планирова­

ния вырабатывает для нижестоящей, являются либо планы работы 

. тех или иных агрегатов, либо цены промежуточных продуктов. 

Припятая в реЗультате структура предусматривает следу­

ющие оснqвные алгоритмы: 

I) формирование множества партий, т.е. совокупности· 

заказов, прокатываемых на сортовых стана~ на одном комплекте 

валков. Задача сформулирована как I\омdинаторная задача, реша­

емая с помощью эвристического алгоритма, основанного на пра -
виле приоритетов. 

2) Определение последовательности проката партий на 
сортовых станах. Для ее решения разработан алгоритм, сочета -
ющий динамическое програ1!МИрование с направленным перебором. 

З) Календарно-объемное планирование комплекса "сталь­

прокат"; определяю.тся суточные заказы производства стали в 

мартеновском цехе, проката металла на блюминге и сортовых ста­

нах, отгрузки металла. Для решения применен блочный метод ли­

нейного программирования. 

4) Планирование суточного графика работы мартеновско­
го цеха: распределение марок стали по печам и по номерам пла­

вок на каждой печи внутри суток. Задача решается как задача 

целочисленного линейного программирования. 

5) Планирование суточного графика обработки плавок на 
участке блюминга. Алгоритм составлен в результате формализации 

правил, использ.уемых заводским персоналом. 

6) Планирование суточного графика работы сортовых ста­
нов. Алгоритм основан на эвристических правилах. 

Оценка эффективности перечисленных алгоритмов планиро­

вания ло~азала, что_ система позволяет повысить производитель­

ность сортовых станов, I.шртеновсi\ОГО цеха и блюминга на 2, 5 -
З%. 

Система оперативного планирования для решения задач 

использует ЭВ~ вычислительного центра ~еталлургического завода . 

вод инфорнаци и о ходе пр оизводства осущ ествляете ~ с телетай -
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лов, установленных в l;артеновско :м цехе, на блюминге и сортовых 

станах . :Зывод ин( орJлации осуществляется на печатающее устрой ­

ство вычисли тельного центра и непосредственно диспетчерскоLrу 

персоналу производства. 

Система оперативного управления :мартеновским цехо:t. 

А.втонатизированная систеыа оперативного управления 

созда ется для цеха , ю.1еющего несколько мартеновских печей , ших­

товый двор , 1.шrсс ерное отделение, печной и разливочный пролетl. 
Задача управления цехом ставится как задача максимизации ус -
ловной пр . ~ ли цеха : 

п = t с j ~ j - t к i 1'i - а. 7- j ; -тс;х (2) 

где ~ j - объем производства j -ой марки стали; 

~~ - затраты времени ~-ой печаью на проиэводство; 

3 i. - расход технологического кислорода (, -ой печью; 
CJ - относительная стоимость j -ой марки стали; 
к~ - относительная стоимость единицы времени работы i -ой 

печи; 

~ - условная стоимость технологического кислорода. 

Принятая фор1~ критерия управления мартеновским цехом 

обладает достаточюй гибкостью и при соответствующем выборе ко­

эфф:иц:- ентов J.ю· ·: ет быть сведена ~ различным частным формам. 

лин ейный характер критерия дает значительные удобства 

при реwен}И конкретных задач оптимизации. 

Система управления реализует следующие алгоритмы: 

I) Планирование текущего графика работы мартеновских 
печей : для каждого периода плавки на интервале планирования 

уст анавливается некоторый реЕЮ.! расхода кислорода; совокуп -
н ость планиру емых периодов плавок на всех печах образует пос­

ледовательность заявок на обслу~ивание печей вспомогательным 

оборудованием. График обслуживания заявок составляется по каж­

д ону типу оборудозания отдельно; ПРJ-1 распределении оборудова­

ния учет графика оuслуУ.\ивания печей · "jн.е распределенным ранее 

оборудованием осущест 1ляется с по1.ющью приписываемого какдом-у 

пер ) ОДУ n аю и ч1;с лового парш.:етра - "реЗерва времени" ( раз -
ность ,е~д моиент ом пос т пленил заявки на обслу~ивание и вр е­

м:енеi_ осво 6о·:-дею выд n. rо го длл о dслу-:шв HИ.fi это ~ зая вки 
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оборудования) . 

_осле рас г.р еде; ения всех видов оборудовы~ия про·"зв 

дится :-ерерас nре~еление кислорода, та· им образо.1 чтобы CJ-i -

1.m.pньti: расход кислорода на цех в каждый омент времени не пре­

~осходил заданной величины. При это увеличивается расход кис­

лорода периода плавки с отрицательны резервом времени и у(ень­

шае ся н период с поло ительныА резервом времени. После пере­

распредел ения кислорода вновь производится распределение вспо ­

могательного оборудования. В соответствии с графиком работы пе­

чей рассчитывается график подачи к печам шихты и составов nод 

разливку, а таюке график выполнения прочих технологич еских 

операций на печах. 

2) Определение опт шльной стратегии "разведения'1 пе­

чей при совпадении завалок на соседних печах, которая сос тоит 

в задании для каждого воз ожного значения величины инт ервала 

между началами завалок на соседних печах очередности проведе­

ния завалок и веса плавок. Задача формулируется как задача 

поиска оптимального управления для управляемой шрко вской це­

пи и решается при _помощи модификации ~етода Говарда . 

3) Управление вспомогат ельным оборудовани ем: задача 

сос тоит в назначении конкретного оборудования (завалочной ма­

шины , разливочной площадки и др.) на выполнение данной опера: 

ции, а также в определении задания на очередную подачу чугуна 

к nечам . Рас пред елгнив оборудования nроизводится в соотв ет -
ствии с приоритетами печей , задаваемыми " рез ервами времени". 

4) Контроль хода проиэводства путем: сравнения задан­

ных алгоритмов г_ афиков выполне·rия операций с фактическим: их 

исполнением и оперативный учет производства. 

Автоматизиро ванная система предус1.т.тривает централи­

зацию управления цеха 1. На-диспетчерском пункте цеха сосредо­

тачи ва ется вся информация о ходе лроизводства. Информация о 

ходе производс тва вв одится как автоw~тически , так и вручную . 

Управление движе·нием составов и локомотиво в будет 

осуществляться при помощи маршрутно -релеiной централизации и 

устро ~ с тв п о ездной информации , о бес печивающих еле "еш е за но­

~. ерами сос тавов локомотивов . 

· ентральной частью с ист емы является вычисл тельная а­

шина . :JBrj должна работать в р6а ьном масвтабе време , о беспе-
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· чивая мулыипро граtnтсlи редим раб оты с прерыванием для ввода­

вывода информации . Быстродей с твие ЭВМ - порядка 30.000 карат -
ких операций в секунду, память - ок ол о 20.000 24 -разрядных 

слов. 

Эконо1~ческий эффект о т внедрения системы дос тигается 

за счет увеличения производительнос ти цеха. Кроме т ого , ожида­

ется дополнительный эффект за счет снижения расходов топлива и 

уменьшения потерь тепла слитков вс л едствие более равномерного 

выхода nлавок из цеха . 

Система управления учас тком п одачи ме талла в ОНК 

Сис т ема оперативного управл ения подачей металла в отде­

л ени е нагревательных колодцев предназначена для участка завода, 

охватывающего пути отстоя горячих плавок , с трипперно е отдел е­

ние , двор изложниц , а также склад холодных слитков. Особенное ~. 

тью jчастка - является тесное пер еплетение технологических и 

транспортных операций9 • 
В функции рассматриваемой системы управления входит 

I) Орг~нИэация движ ения потока составов с плавками в 
ОНК в соответствгл с заданиями центральной сис т емы nланирова­

ния. 

Основным критерием при организации движ ения является 

lillHИJillзaция отклонений от порядка по ступл ения плавок с учетом 

н еобходимости своевременной п одачи с ос т в ов под оборудование 

во двор изложниц. При э том исходят из р еаль ной транспортной 

ситуации на участке: занятост ь транзитных путей , в озможность 

подхода локомотива к сос таву или н еобходи1юсть ман евров ой 

операции, наличи е свободного локо1.ютива и т. п . 

ритерии решения каждой из ч астных задач управления -
выб ор локо.отива, о птимального маршр. та и т . п . определяются 

спец1фикоИ пгтевого раз ви тия на }Частке правл ени.я, _ однако во 

в с ех с лучаях с и ст ема стремитс я об ес печить п ер едвик енив соста­

ва за :ниню ально е время . 

2) -ор:м~и ро вание п отока состав ов , направляемых во двор 

изл оzниц для оборуд ова ·· я: . ~ - ритерием: реш ения этой задачи явля­

ется Iю.ыизация откл онений вр емени подачи состава под разлив­

к от графика выпусков плав ок в ма ртено в с ком цехе. 
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3) Оптимальное распределение работы между локомотива-
_ .ми, которое может быть сведен о к транспортной задаче линейног о 
програ:мыирования. Критерием решения этой задачи является мvш.и­

мизация времени простоев составов н ожидании локомотива и хо­

лостого пробега локомотивов. 

П о результатам решения этих задач составля ется план -
график работы участка на некоторый интервал времени. Частичная 

или полная коррекция графика производится при каждом из менении 

состояния объекта. 

В соответств~ с планом-графиком устройствам железно­

дорожной автоматики на участке управления выдаются в заданное 

время команды об автоматическом наборе маршрута движения 

( включении соответствующих стрелок и сигналов, разборке выпол­

ненного маршрута) и осуществляется передача команд о движении 

на локомотив. 

Команды об очередности оборудования и стрипперования 

составов выдаются машинистам локомотивов и диспетчерскому пер­

соналу в стрипперное отделение и во двор изложниц. На склад 

холодных слитков поступают команды о подготовке составов с плав­

ками холодного металла определенного типа. 

Источником информации о транспортной ситуаци~ на участ­

ке управления являются устройства железнодорожной авто:матики . 

Чтобы получить информацию об изменении ситуации на участке, в 

узловых точках путевого развития устанавливаются датчики ,авто­

матически передающие в устройства железнодорожной автоматики 

номер проходящего состава или локомотива и направление их 

движения. С помощью э~тафетных схем устрой ств железнuдорожной 

автоматики прослеживается .движение составов и локомотивов по 

участку, при этом намерз составов и локомотивов первмещаются 

из одного накопителя в другой в соответствии с передвижением 

локомотива. 

Информация о ходе выполнения некоторых технологиче -
ских операций (начало и конец оборудования составов, стриппе­

рование и т.п.) вводится операторами с пультов ручного ввода. 

Как показала оценка эффективности, систе }!,а в полном 

объеме позволит повысить темп ературу ыеталла, поступающего в 

колодцы, и уменьшить простаи блюtmнга. 
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1 ::::РЕЧЕНЬ РИСУНКОВ И ПОДРИСУНОЧШ:lЕ ПОДПИСИ 

Рис.1. Структурная схема завода 

Рис.2. Структура модели объекта 

Рис.J. Структура управления металлургическим заводом. 

Подрисуночные подnиси к рис. J. 

1 - планирование последовательности партий на сортовых станах; 

2 - фор1rnрование партий на сортовых станах; J - месячное пла­

нирование производства; 4 - оперативное планирование рабо­

ты lmртеновского цеха; 5 - планирование графика обработки 

плавок; 

6 - планирование последовательности обр:н>отки партий-заказов; 

7 - планирование последовательности обработки садок; 

8 - планирование последовательности обработки слитков; 

9 - оперативное планирование сортового стана }~ 1; 
IO - планирование графика периодов работы мартеновских печей; 

II - оперативное управление оборудованием шихтового отделения; 

12 - оперативное rправление оборудованием печного пролета; 

IJ - оперативное управление оборудованием разливочного отделе-

ния; 

I4 - оперативное управление железнодорожным транспортом ; 

I5 - оперативное управление складом слитков; 

Iб - оперативное управление стрипперным отдел ениен; 

I7 - управление ячейками нагревательных колодцев; 

18 - оперативное управление клещевыми крана1m; 

19 - оперативное управление обжимным станом; 

20 - оперативное управление раскроем; 

21 1- оперативное управление адъюстаzем стана ~ I 
22 - оперативное управление методическими печами; 

23 - оперативное управление камерными печами; 

24 - оперативное управление сортовым станом. 
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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 syst em is 

dependent on the way in whi ch the r esources of the production uni t s 

are deployed. These may be effected by solutions whi ch lie through­

out a range from the efficient to the extremely inefficient for any 

given optimisation criterion. I t is not proposed to develop the 

theory of criter~on formulation here, as this may be f ound elsewhere~. 
Also it is assumed that the problem .is concerned with tot ally dec idable 

logical preference, and that weightings may be applied to the elements 

objectives to formulate an optimisati~n er t erion. 

Space limitations for t his paper preclude an extensive t reatment 

of the problem and this will be found elsewhere7. For the present, 

only a brief outline of the technique will be presented but i t is 

anti.cipated that time for more det ail will be available during the 

pr ~sentation and discussion of t he paper. 

The following definitions are necessary before proceeding 

further:-

JOBS: Entities which pass through the production syst em. 

MACHINE: Part of the production syst em which transforms 

a raw material to a finished out put. (which may be 

r aw mat erial 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. 

2.0 Scheduling 

The object of scheduling i s 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 funct ion 

should be opt~ised. 

2.1 St atic Scheduling 

A simple, somewhat stylised problem is that of the Static 

Scheduling problem which may be stated as being the problem presented 

i n 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. 

with a set of completed jobs and an empty machine shop. '!he u 

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 many attempts have been made to find 

computable solutions in reasonable-sized problems# . i.e. a few jobs 

(n) and a f ew machines (m) ~ t his gives an (n x m) sized problem. 
4 

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 

(N! )M. 

A collection of titles of recent papers on scheduling is given 

by Eilon and King5. 
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2.3 Optimisation of Schedule 

It is now nec essary to define:-

WASTED TIME: Time when a machine is standing idle before proces s ing 

the next operation it is to process, when that operation is 

available for processing. 

UNNECESSARY DELAY: A particular schedule may contain some 1 gaps 1 or 

periods when a machine is idle. 'Ihese gaps are examined, to­

gether with t he string of operations on t he 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, 

t he schedule contains unnecessary delay. 

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

wasted time. 

SET OF FEASIBLE SCHEDULES: 'Ihe ordering of jobs ont o machines in 

all ways compati ble with technological constraint s, and which do 

not have wa~ted time. 

Thus it can be seen that:-

Number in set of Active Schedules~ Number in set of Fea'Si ble 

Schedules '- (N! )M. 

This concept of an active schedule, suggested by t he present 

author 6•7 is expr essed originally somewhat differently for two 

optimisation criteria by Giffler and Thompson8. 

It will be agreed t hat any practical opt imisation criterion 

wi l l have totally decidable logical preference and also will place a . 

negative value on idleness; the optimum schedule by these criteria 

will be found within t he active subset. 

Furthermore, if the set of fe asibl e schedules is considered in 

the f orm of a decision tree with the scheduling decisi6ns at each 

node, and each branch corresponding to the effect of those decisions 

t o the next decision point, then the graph thus formed may be 

searched by considering only t he branches corresponding to 'active' 

decisi<. <s in both the static and general dynamic cases. 
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A method of finding t he opt imum may then be adopted, whi ch i s to 

generate one schedule, and then search t he 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. 'lhis i s 

the branch and bounds method. 

This may however be prohi bitively large for some ill-conditioned 

problems. In general a minimum of ~ n(n + 1) nodes must be creat ed 

with~ n(n - 1) + 1 listed. Unfortunate cases could need the crea i on 

of all~+ 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 t h i s case the 
1 pay-off' function becomes a 'performance evaluation f unction 1 whi ch 

is chosen such that: 

i) the optimisation criterion is defined 

ii) the cost of computation is defined. 

The method is analagous to that of Doran and Mi tchi e9 for their 

solution to the sliding block puzzle and to Shen-Lin's solut ion t o 

the travelling salesman puzzle, but. the application of t hese 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 optimi·sation criterion and t he 

system would find an answer by pure single step optimisation. 'lhis 

i s not necessarily t he most 'elegant' (i.e. best schedule by opt i­

mising criterion). It would be .the most 'economical ' of search time, 

(but not by design ) , although i deally i t would be preferred that t he 

syst em stiould obt ain the most elegant answer most economically. 

The mistake should not be made at this st age of att empting t o 

combine t he economic term with the optimi sation t erm to arrive at a 

combined 1 opt imisetion criteri on 
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The problem is therefore reduced to the selection of a suitable 

performance evaluation function which will force the system t o abandon 

t he branchwhich it is at present developing in favour of some other 

node. 

Some criteria will automatically do this , e.g. average t otal 

machine i dle time. 

In general we require: 

n m 
V L r: KDij * JAi j -,(t ,'f ) * h(m, c) + f(t ) 

i=l j =l 

where KD 

JA 

m 

c 

g(m . c) 

t 

r 
V 

matrix of operations outstanding 

matrix of weights for particular optimising 

criterion. 

number of nodes developed to date 

cost of computation/node 

Function chosen to develop search tree 

elapsed schedule time 

computation time 

value of the perf ormance evaluation function 

( 
1 potential 1 

) • 

This system will also deal with the problem of multi-mac~jne 

scheduling, i .e. different numbers of machines of the alternative 

t ypes. The author knows of no other method published to achieve this 

solution. 

In order t o t est the system on a problem, the . problem in Fig. 

2 (1 ~ had all the active schedules evaluated ~~th the histogram of 

solutions shown in Fig . 2(i i ) for t otal operation time criterion. 

n m 
With the p .e.f. V = 2 

i =l 
~ 
j =l 

KDij * JAij + B*VB - A*VB2 

where VB = schedule t ime elapsed, it w~ f ound t hat even this simple 

func t ion worked well. 

) r der ~o ~e ~ ~o al ope~a~i n ~ ~me cr~terion a -Aij matrix 
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of unity was taken, together with the linear B*VB term and the 

'pulling-out' function A*VB2 completing the p.e.f. 

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

i) A= 0 B = 1 Total Time 45 

ii) A= 0 B=2 36 

iii) A= .1 B = 3.0 = 45 

iv) A = 0 . 2 B = 2. 5 " = 31 

Thus for increasiQgly 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 (1v) achieves an overall optimum. 

2.4 The General Case 

In this case the problem is one of a multi-stage decision process 

where a stoc}lastic 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 ma_y be either kno\'m, unknown, or partiall;; 

known. In the case where its probability distribution is known, thi s 

has been solved for the specific case of pm"ler station allocation by 

Riorden10 by dynamic programming, although in large problems it is 

doubtful whether this method would be so attractive. 

In this general scheduling case we may say we have a model of 

the eA~ected distribution of t he disturbances which will be adapted 

as a result of the effects on tne 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 

i 6 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 1 top 1 of the histogram and 1 decaying 1 

those at the bottom with time, it can be ensured that the histogram 

is capable of sensi~ 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

where7. 

This discretisation of state-space has been employed recently 

by Mitchie11 for·the description of unknown systems and applied 

successfully to the pole and cart problem. 

).0 Conclusions 

The proposed methodology is put forward ~o 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 astronomic~ 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 automation, 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 installed12, such a method is essential. 
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• Distributiqn of total time to completion of all the ~ctive set of 

schedules in the problem:-

Job Number Machine Order 

1 l 2 3 4 

2 2 l 4 3 

3 4 3'. 2 l 

4 l h. 2 3 

with operation times:-

Job Number Machine Number 

l 2 3 4 

1 2 9 6 6 , 
2 7 4 2 1 

3 9 5 3 7 
4- 2 4 9 7 

plot ted together with the equivalent normal distribution (CHI - squared) 

128 . 485). 

FIGURE 2(i) 
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THE USE OF COMPUTER TECHNIQUES IN THE 
MANAGEMENT CONTROL OF A STEELWORKS 

B. B. Hickling 

The Park Gate Iron and Steel Company Ltd. 

Rotherham 

England 

1.0 · Introduction 

Computer ~ystems have been developed at The Park Gate I ron and Steel 

Cc. 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 th~ computer systems to management control. Other aspects of the Park 

Gate system have been described ·in detail elsewhere.1 • 2• 3• 4• 5• 6• 

2.0 Backgrouod to the System 

• 2.1 Production Flow 

The.· works of The Park Gate Iron and Steel Co. Ltd. process the raw iron 

ore through the various &~ages of irorwnaking, steelmaking and primary 

rolling to .finished rolled steel products. The ironmaking process is a 

bulk production . operation providing molten 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 ~ons, measuring 

about 24 x 24 inches cross section and 1 feet long. After heating to 

rolling temperature in reheating furnaces the ingots are rolled to blooms 

(5 to 14 inches square), billets (lt to 4 inches square) or slabs (3 x 2!­
inches to lOf x 2f inches) before being despatched to the finishing mills 

or sometimes direct to t he customer. 

referred to as semi-finished steel. 

The blooms, billets or slabs are 

In the finishing mills, . ·the steel 

is again reheated to rolling temperature and rolled to finis·hed shapes 

such as bars, sections or strip. 

2.2 eomputer Seryices 

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 ea.pany•s range 

of products and steel qualities, Computers were introduced to provide a 

oi~nninq 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 of the 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 s~mi-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 do~uments, 

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 headingsa-

(i) Minute by Minute Control 

(ii) Day by Day Control 

(iii) Longer Term Control 

3.0 Mfnytt by Mfnyte Qgntrol 

3.1 Primary Mi 11 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 syste~ operated from a production control 

centre (Fig. 3). Information is given to mill operators on cathode ray 

scceens on which the computer displays instructions for ingots moving 

through the mill (Fig.4). 
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3.2 Operotion gf 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. 

leaves the furnace, it is identified on rotary switches, 
computer to add the item to .the displayed list. 

As each ingot 

enabling the 

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 c~mputer 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. 

3.3 Exception ?rocedyrea 

The production controller supervises the system and gives the computer 

instructions about size changes, etc. 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 

(a) "QIO" If the furnaceman sets an ingot identity on the rotary switches 

which is not in the core store of the production control computer, 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 a size change will follow in about ten minutes. 
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3.4 prodyctioo Log 

A production log it maintained on an electric typewriter attached to 

the computer (Fig.3). All important mestagea in and out of the control 
syatem 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 include• identity, time, ~ight, yield and shearing details. The 
existence of the log enables both mill and metallurgical staff to have an 

· immediate knowledge of pr~duction details. 
3.Q Identificatiop of the §emi-finiabed Steel 

As material arrives at the cooling beds, the production control computer 
i nforms the reception area staff of the identity and destination of ~ 
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 
ataff of the location and details of the sample· lengths. 

4.0 Qay hy oay Conyol 

4.1 Rgytipe prodyctign 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 book. In round terms 1000 orders a week are received, 
of an average weight of 12 tons but w1 th ne.arl y 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 cust omers• requirements first 

into casts by quality and later into rolling batches by size. A major 
complic~tion 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 centra~ 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 feedr.ack messages reporting the 

progress of steel through the plant. From this file the computer produces 
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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 fol~~ws a-
(a) Finishing Mill Plapning 

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 steelmalting 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 milla, with details 

of billets and slabs· required and available. 

(b) cast Plaooing 

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 difficul tie a up to 6.00am. lhe information provided is in 

the following forms a 

Summaries - of tonnages required, analysed vertically by quality and 

horizontally by target weeks, semi-finished size and finiahing mill to 

assist in establishing priorities and gr oupi ng cast quantities. 

Order Lists - giving full detail s of all orders requiring steel to be 

made within two weeks, supplemented i f necessary by specific requests for 

further orders for unusual qualities , or specified semi-finished si zes or 

finishing mills. 

4.2 Management eontrol by 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 managemen! control, however, take the form 

of exception reports on various stages of processing &-

(a) Progress 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 proauction planning manager which 

highlights orders due for rolling in t he finishing mill within two weeks, 

for which steel is sti l l required. These are order s or remakes to cover 

producti on losses which have fa il ed to f i nd their way into casts ·through 

the normal pr ocedur es . In order t o pr event a delivery promise being 
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broken special efforts can be made by the manager to obtain steel eit~er 

from unallocated .. stock, or a specially authorised cast, or by purchasing 

steel from another company. 

{c) Ingot A1location 

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 list is sorted into semi-finished size and primary rolling week. It 

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 queries from about ten each day to one each week. 

{e) Examination of Semi-finished Steel 

· 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 m~e 

the necessary arrangements. 

(f) Rolling Billets in the Fioi~bing Mills 

When the rolling of a particular size has been completed, the finishing 

mill planner instructs the computer to alter the planned rolling day of 

any. orders which have ~issed the rolling. ·.The computer produces a progress 

report for any repl'anned order where billets missed the roll ng . The mill 

manager then has the responsibility of making sure that th~se billets do 

not miss another rolli~g. 

(g) Errors in Shop Floor Re cording 

At any stage of production, more materiai n1ay be reported moving out of 

a department t han was previously recorded, creating a negative stock. roe 

comput-r issues dail y progress repor t s 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 material 

from a cast which has not already been identified with that .order. 

(b) Cgmpltt&d Qrders 

If sufficient material has been delivered to an order to satisfy t~e 

customer's requirement, but leaving a small amount still in the pro~ess 

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 reco.rding. 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 persona~ attention. 

5.0 Longer Term eontrol 

Longer term management control is assisted by r-eports, ·Pl'Oduced by 

summarising the main files and a 'dump file' on which all the production 

messages are accumulated each month. 

5.1 Standard Qosting 

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 vaiues. The tabulations-cover in detail the process route from 

steelmaking to delivery of finished material in the following stagesa-

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 compare l with standards, and variances are calculated 

at each stage of the process route. 
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5.2 Metallyrgical eontrol 

A parallel exercise t o. standard costing is carri ed out for the 

·metallurgical department. !Qe results of the examination and dressing 

of semi-finished and finished material are summarised from the dump file, 

and reports are issued ~~ekly and monthly which show t he results analysed 

by quality and size. 

5.3 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 whi ch of the stocks to 

retain and which to scrap. · 

5.5 forecasting 

Sales forecasting &ld market research are helped by sta~istic s of 

orders received, sales analysis, weigh~ of material on order, etc. 

5.6 P;ogress 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 meetin~s with customers 

to discuss production ~rrangements in t he imme~iate future. Progress 

lists of overdue orders are provided to help managers to assess delivery 

performance. 

6.0 Fytyre Qeyelopments 

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 di fficul t 

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 preparat~on 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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6.2 ptoposed Real Time Syste; 

To overcome the present limitations, a computer development scheme, 

covering the next ~ 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 c~ncerned. 

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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Fig. 4. Cathode ray screens. 
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The format of information on the cathode ray screens. 


