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1 Introduction

In the steel industry, artificial intelligence (AlI) tech-
nology has emerged from the trial period and entered
the stage of practical application. As a theoretical sys-
tem, Al is a comprehensive term covering knowledge
engineering, fuzzy logic, and neurc-network theory.
Progress in the application of Al has kept pace with the
remarkable development of computer technology, and
now includes a number of cxamples in the steel
industry.

As an carly example of the trand in the steel industry,
Kawasaki Steel Corp. adopted knowledge engincering
techniques at its round billet conditioning vard in
February 1984. This was not a conventional batch-based
consulting-type knowledge engineering system, but was
the world’s first application of a real-time expert system
to a commercial process of this type. Since that time,
Al techniques have becn aggressively adopted in other
iron- and steelmaking processes. Recognizing the close
relationship between Al techniques and progress in
iron- and steelmaking, Kawasaki Steel has established an
Al informalion committce {o evaluate Al technology
and promote its adoption.

Until around 1980, iron- and steelmaking followed the
classic model of a mass production process and was
characterized by increasingly large equipment, higher
production speeds, and process integration. Beginning in

* Originally published in Kawasaki Steel Giko, 23(1991)3, 171-
177"
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the latter half of the 1980s, however, all the major Japa-
nese steelmakers put enormous effort into materializing
flexible manufacturing systems (FMS) which would
make it possible to produce a wide range of products in
small lots using what were essentially a mass-production
facilities." The key word in this period was “chance-
free,” a lerm used to describe production processes in
which scheduling, volume, and other constraints had
been subsiantially eliminated.

Al is extremely useful in achicving the higher levels
of process automation which are a requisite condition
for EMS process lechnology. In the steel industry,
“automation” means morc than simple replacing men
with machines; it also includes the systemization of
information processing and judgment functions. In
steel’s new FMS era, an essential condition is the exten-
sion of the range of objects of automation (o include
not only the well-structured problems of the age of
mass-production but also ill-structured problems. The
development and introduction of Al technology is
expected to play a key role in this regard. Mare specif-
ically, the steel industry has entered a period in which
the objects of automation include not only well-struc-
tured problems such as BOF blowing control and the
control of sheet thickness and flatness, but also ill-struc-
tured problems such as the optimization of mulliple
processes and the control of blast furnace condition.

On the other hand, even in systems which have
already heen successfully automated as well-structured
problems, new operating conditions, including the diver-
sification of product types and need for better accuracy
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and chance-free operation, have created tasks which can
best be managed by human intelligence and/or experi-
ence. The obsolescence of the previousty developed sys-
tems ol automation has thus also become a problem. Al
technology also offers promise in this regard.

This report describes the current status and {uture
outlook for AI efforts at Kawasaki Sieel.

2 Al and Rationalization of Productien Processes
in Steel Industry

In recent years, innovation has been required in the
steel industry from the following points of view:

(1) Development of new production processes per se

(2) Rationalization of material flow in total production
process

(3) Improved yieid,
formance

(4) Process automation, manpower savings

(5} Development of higher value-added products

Typical cxamples in each of these calegories are:
Changeover from slabbing to continuous casting,
changeover from batch annealing to continuous anneal-
ing (1); integration of continuous casting and hot rolling
into continuous process (2); development of precision
rolling technology and models for hot finishing mill (3);
trend toward no-man operation of reforming line (4);
and diversification of surface treatments for cold rolled
steel products (5).

Through rationalization efforts of this type, a manu-
facturing system for smail-lot, multi-kind production has
been materialized in the iron- and steelmaking process.
For example, in the integration of continuous casting
and hot rolling into a continuous process, il was neces-
sary to overcome inherent differences in the characteris-
tics of the continuous casting and rolling processes (e.g.
differences in capacity and in the size of material units)
in order to create a manufacturing technology capable
of producing products with the required properties in
spite of product-mix restrictions at the rolling stage.
This was achieved through the devclopment of heavy
reduction rolling milis? and comprehensive software
based on the new operation concept of FMS, which
aimed al obtaining maximum performance from exist-
ing reheating furnaces and rolling mills.” Several batch-
type processes have also been comtbined into a single
continuous process, for example in the continuation of
the cold tandem mill and pickling line. As with hot roll-
ing, it was also necessary to develop systems and control
technigues suitable for chance-free operation.

A first step in the creation of flexible manufacturing
systems involving the integration and synchronization
of individual processes is automation ol the maierial
flow by the thoroughgoing climination of manned
material handling by crane, The features of FMS in the
subsequent stage of development are then:

(1) Operation based on control information obtained
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Fig. 1 Structure of iron and steel processing

from sensors and process control models rather than
conventional visual information

{2) Application of control algorithms in place of manual
intervention by mill operators

(3) Use of high-density information covering a wider
range of upstream and downstream processes

{4) Rational automation of operating sequence sched-
ules, which had formerly been the responsibility of
operators

FMS developed as a system supported by decision-
making based on the knowledge of specialists, which is
the basic definition of an expert system.* Kunieda is
correct in pointing out that “expert systems did not
come into existence because of Al technology® since
guasi-expert systems had been realized at a relatively
high level in iron- and steelmaking processes.” Even if
these did not take the form of knowledge-based sys-
tems, it can be said that they are providing an adequate
base for the introduction of Al technotogy.

The conceptual structure of the iron- and steelmaking
process 15 shown in Fig. 1. With equipment as ils cen-
tral element, it is comprised of the human element
{operators), information, control, and the various levels
of computers. Although the human clement has becn
virtually eliminated (rom some automated processes, it
is not possible to do away completely with the man/
information and man/cquipment relationships, since the
human presence is important in the monitoring of
abnormal process conditions, intervention to correct
such abnormalities, information processing and judg-
ment in response to schedule changes, and other proc-
ess control tunctions.

A precondition for the introduction of Al technology
is quantification of process conditions and information,
and the standardization of operating practices in terms
of such information. In consideration of this, multifacet-
ed computerization of all processes is necessary. By way
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of example, Fig. 2 shows the trend in the number of
process computers in use at Mizushima Works and
should make it clear that active development of process
computer systems since 1980 has, step by step, laid the
groundwork {or the introduction of Al

Such eflorts to introduce new equipment and provide
a broader and more substaniial range of control and
information processing functions have resulted in an
increasingly dense relationship between the human ele-
ment and other three elements (control, information,
and computers). Because of both process needs and the
syslem environment, great hope is placed on Al {ech-
nology for the realization of a higher level of perfor-
mance in FMS processes. The reason for this expecta-
tion is that improved control accuracy (including control
functions related to well-structured problems), better
equipment reliability, and greater density and inclusive-
ness of information are required, and Al technology is
expected to provide a methodology for the automation
of the role played by the human element relative to

systems and process computers {Mizushima
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each of these three clements. For example, local optimi-
zation control has been realized in some areas, but com-
prehensive process optimization requires automation of
processes such as the blast furnace which depend on
operator skill, automation of the cquipment and process
diagnosis functions, and automation of planning tasks
where il is difficult to define clear and distinct evalua-
tive coefficients or produce guantitative models.

3 Application (o Iron and Steel Production
Systems

Figure 3 is a conceptual diagram of (unctions in the
iron- and stecimaking processes from the viewpoint of
soltware rather than hardware. These functions are
defined as follows:

(1) Planning
Manufacturing instructions are given o production
lines by business computers (C/C or 0/C). The
content ol such instructions includes not only pro-
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Table 1  Examples of Al applications

Prablem types

Applications

Steelmaking

Cont.

1ng

Cd

Relling

Process

anncaling

Pickhing

Cont.
Stainless steel

Surlace finishing

Stlicon steel

|

Warehouse
Shipping vard

Analysis problem

| .\1omioring
{interpretation)

Prediction of blast furnace lr}mp?r‘gt_l}r ) NN

Automatic recognition of marked letters on slabs (NN)

Classification of surface defects (NN}

Pattern recognition ol microstructure photograph

Dhagnosis

 hagnosis

Diagnosis
Diagnosis
Diagnosts
Diagnosis

Diagnosis of surface gquality of coil as products

of coilling machine

of hydraulic reduction sysiem an cold tandem mili

of automatic gauge control sysiem in cold tandem mill
al surfuce quality of hot rolling coil

of sthicon steel quality

Magnosis of rotating machines
Abnormarity diagnosis of software programs
Abnormality diagnosts of computer terminals

7
o

Control setup

Dynamic control of conveyors between ore preparetion plant and sinter plant
Sinter plant automatic control

(FZ)
(FZ)
(FZ}

Sinter process burning point control
Ore sizing plant automatic control
“Coke oven combustion control

Steam pressure control in steel works

Blast furnace operaucn control

Granulated slag bunker operation control
RBurden distribution control in blast furnace

Hot stove conbustion contral (FZ)

P

TRt
LA

s
-

Flux and coolant charging conirol

Billet low control in conditioning yard

Slab reheating furnace combustion control

Automatic control of entrance table of cooling bed in plate null
Rolling speed contrel in tandem mill

Pacing contro! in slab reheating furnace in hot strip mill
Optimum speed control in cortinuous annealing process
Rolling control in dull surface strip

Strip temperature contrel in No.3 pickling line

Cail buggies optimum operation control in EGL yard
Coating control in conlinuous galvanizing process
Statnless steel coils automatic transportation controf
Electro-magnetic cotls automatic transportation control
EGL products quality control

Box furnace temperature control {FZ)

Yy Y
DR

(30 ¢

oy

Stainless steel coil automaue transportation control

Synthes:s problem

‘ Planning
tincluding
design)

Ore bunkers assignment plan

“Raw material coal blending plan

Seamless pipe rolling schedule
Stainless steel materials ordering schedule
Slab charging schedule in batch furnace
Manufacturing schedule in pickling line
Rolling schedule in No.4 ramdem mill

Small size coits build-up schedule
Shiter assignment plan tn silican steel line
Auwomatic design of cotl combination

"Berth plan for plate shipment

Vehicle assignment for product shipment
Ships stowage plan for steel products
Berth plan for product shipment 1o sieel works
Berth plan for raw malterials carrier

Consultation for use of MARC (structure analysis packuge)
Support system of creep test

Patent manuscript guidance system
: Repairing support guidance system for waler pipe lines

Learning

i
*‘ Automatic rule wcquisition i cocoling bed control system
|

Others’

NN Neural networks

FZ Fﬁzzy theory
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duct specifications, but also planning of the se-
guence in which orders will be processed, schedui-
ing, and the makeup of production lots from various
customer orders,

{(2) Setup
This system calculates initial values for ling control-
lers based on manufacturing instructions and values
measured at the site and/or predictive calculated
values. Optimization calculations are made for the
steelmaking converters and roliing mills based en
quantitative models.

(3) Controller

This function is performed by DCS and PLC units.

Generally, plant actuators {motors, valves, cylinders,

ete.) are controlled on the basis of feedback values

obtained at the plant by high-speed control sampl-

ing.

Monitoring

The physical state of the plant and products is mea-

sured and predictions are made using models.

(5) Adaptive Function

Controller gain and parameters are modified dynam-

ically on the basis of plant and product conditions so

as to oplimize the control loop.

Learning

Parameters in the setup model prediction function

are corrected using actuai plant output values (out-

put of monitoring function).

(7) Diagnosis
This is a comprehensive judgment function which
uscs equipment signals, operational signals, and
measured values for products to determine respec-
tively the soundness of hardware, operations, and
product quality.

Material flow is among the most often discussed top-
ics in connection with the development of FMS in the
steel industry. In auwtomated materiai flow processes,
personal computers perform the administrative part of
the planning function and the setup function. Product
and transport vehicle position are tracked using signals
of the observe [unction. Vehicle and product assign-
ments are made and vehicle routes are determined so as
to optimize the flow of material, which usually means
ensuring the maximum use of the handling capacity of
vards. It should be noted that the conceptual diagram in
Fig. 3 can be used to describe this type of discrete-time
system as well as continuous-time systems such as mill
controi.

Table 1 shows Al systems either already developed or
now under development at Kawasaki Steel, categorized
in terms of both process/products and the software
functions listed above. The list includes examples of
technology developed simultaneously at Chiba Works
and Mizushima Works and of technology transferred
between the two plants. For this reason, some systems
such as blast furnace control are listed as one item,
although developed and/or practiced al both locations.

g

—

(6

—

No. 26 June 1992

BOF & C
9
B // Others
8
Raw
treatment
7

Products
f material
f flow 7

Rolling
& CAL
14

“Cold slfi‘p
finishing
~lines 11

Fig. 4 Process classification of Al applications

Learning 1

Ohservation
4

LagEnos|
4

Mamming
20 :

Fig. 5 Problem classification of Al applications

Figure 4 is a summary of the relative number of Al sys-
tems applied by production process; Fig. 5 is a summary
by Al function. Notable features of these systems are
described below.

3.1 Measurement Problems (Interpretation of
Data)

With the exception of batch-type processing problems
in image processing tasks such as the extraction of data
from photographs of metal microstructures, where a
rule base is used, the principal Al method adopted in
measurement problems is the neural network.

In a neural network, the weight of input variables of
the nonlincar coefficient of each neuron is determined
relative to a given teacher model by the back propaga-
tion method. Once the network structure has been
decided, high-speed processing of calegorical outputs to
the teacher pattern is possible for a variety of inpul
signals. The recognition of characters marked on slabs
at the continuous caster” and prediction of trends in

furnace heat at the blast furnace® are examples of appli-
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cation. It is also possible 1o classity defects on the
surface of steel sheets by applying pattern processing 1o
defect input signals obtained by laser or photoelement
detectors. Moreover, it has been difficult with only con-
ventional statistical data processing to perform feature
extraction on some objects which require high-volume
distributed signal processing or process analysis with
large volumes of long-term data; the neural networks
used in applications of the types mentioncd above are
an effective means of performing such tasks and thus
represent a method with considerable promise for
expanded application.

3.2 Application to Diagnosis Problems

Diagnosis problems can be divided into three mam
categorics: equipment diagnosis, operational diagnosis,
and product quality diagnosis. A precondition for each
type is & completed system for measuring and collecting
process signals. However, the solution to such problems
depends on the depth of knowledge possessed by equip-
ment maintenance crews, operalors, and quality control
people more than on any other factor. Plant hardware
has of course long included systems which notify the
operator when measured signals reach upper or lower
limits, but equipment diagnosis systems incorporating
Al technology are now being applied with the following
aims:

(1) Common usc of expert knowledge

(2) Standardization of judgment criteria where indi-
vidual differences exist

(3) Elimination of need for special skills in use of high-
level systems

High-level diagnosis know-how is the product of trial-
and-error methods and the accumulation of a great deal
of experience, and is promising as an area application
for Al technology. However, there are cases in which
carefully developed equipment diagnosis systems have
been rendered superfluous by improved maintenance
capabilities, which made breakdowns a rare occurrence
(c.g. No. 2 tandem oil-hydraulic screwdown equipment
diagnosis™).

The history of Kawasaki Steel’s advanced go-stop
system illustrates how Al-type diagnosis systems are
developed. The original go-stop system® provided opera-
tional guidance on the basis of blast furnace condition
diagnosis, and was a type of operational diagnosis sys-
tem. The deep knowledge of blast furnace operation
cultivated in the development and usc of this system
hecame the base for a new expert system for blast
furnace control (the advanced go-stop), which suggests
the importance of measuring and collecting data as the
basis for Al lechnology. In fact, the quantification of
phenomena is basic to all tvpes of diagnosis. As an
example of product quality diagnosis, this special issue
(Japanese version) include a report on an expert system
developed for the cold tandem mill.'?

10

3.3 Application to Setup Control Problems

Setup control problems have become a central task
for Al technoiopy. The object areas can be clussified as
follows:

(1) Processes such the blast furnace and sintering,
which are characterized by a complex interrclation-
ship belween reactions and combustion and are
difficult to reduce to numerically expressed model.

(2) Tasks such as control of sinter burn-through, hot
stove combustion, and box furnace temperature, 1n
which it is difficult to control the material being
heated (or the completion of sintering} by simple
PID control.

{3} Tasks such as control of the reheating furnacc com-
puter and cold dull rolling which have been treated
as well-structured problems with good success, but
to which Al technology can be applied effectively to
realize higher levels of automation.

{4) Tasks such controt of the finishing line material flow
and coil transportation in the yards which do not
necessarily require deep knowledge, but where Al
supports better efficiency in program development
and improved maintainability.

The relationship between control methodologies and
the level of automation in the steel industry is shown in
Fig. 6. The purposes of automation in steel processes
inctude improvement in product quality and yield, opera-
tional stability, and manpower reductions. If' automa-
tion is considered from the viewpoint of manning
reductions, the operational configuration evolves
through the foliowing steps with the “manless work-
place” as its ultimate form:

Total automation of operation— Unification of

operation rooms— One pulpit— No-man operation

To obtain a unified view of the current operational
configuration at Mizushima Works, the degree of no-
man operation was defined as the unification ratio a.
The number of items of equipment for which a single
operator is responsible was then counted, and no-man
operation was evaluated, as shown in Fig. 7.

Unification ratio (a) =

_ No. of control desks x No. of pulpits
No. of items of {unctional equipment

% 100

Low values of a indicate that little progress has been
made in unification, while the value of a approximates
100 in the no-man factory. As may be expected, the
operations with the lowest ralings were the fnishing
line and yards; rolling processes held thc intermediate
positions, and the greatest degree of unification was
found at the process lines. An evaluation of the level of
process automation clarifies the processes and problem
areas to which Al technology can profitably be applied.

Although automation does not progress by the appli-
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cation of Al technology alone, as a greater degree of
automation is achieved, the human/process interface
becomes increasingly knowledge- and information-inten-
sive. FFrom this viewpoint, Al is an importanl support
technology for operators. As an example of the use of
Al technology in this supporting role, this special issuc
describes the previously mentioned Al system devel-
oped for blast furnace operation.'”

3.4 Application to Planning Problems

Planning applications of Al technology can be divid-
ed into the drafting of basic plans (e.p. making up seam-
less pipe rolling schedules) and the revision of the basic

plan for implementation when instructions for execu-
tion are given to the production line (e.g. berth plan for

No. 26 June 1992

Num. of equipments

plate shipments, railway track scheduling for products
sold to offssite users). The aim in the first case is
improved solutions where contractual requirements are
complicated or evaluative indices depend on surround-
ing conditions. This application takes advantage of the
flexibility of Al technology in defining problems and
providing the means of solving them. The aim in the
latter case {revision prior o plan implementation) is to
systematize the experience of skilled workers, which is
generally difficult to reduce to basic standards and spe-
cifications, and thus preserve this body of knowledge [or
ongoing use. As a phase in system devclopment, the lat-
ter process tends to come first, with planning as such
assuming greater importance over time. This is because
there is a pressing need for full- or at least semi-automa-
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tion of the intermediary function between planning and
actual operation—which currently depends heavily on
experienced specialists—in the organization of the type
of plan-directed production represented by the total pro-
duction control system of the steelworks.

On the other hand, from the viewpoint of arcas of
application, material flow and shipping operations fre-
quently take priority, with application to production
control coming later. One rcason for this is the great
proportion of total steelworks labor which is devoted to
what is broadly called “transport work,” which includes
activities ranging from raw materials receiving and
handiing to final product shipment. Material flow mana-
gement is affected by operating conditions at each of
the production lines and must perform a “buffering” or
“cushioning” function by absorbing disturbing factors
{unscheduled shutdowns, production bottlenecks, ete.),
and is thus an ill-structured, difficult-to-systematize
problem. It can also be said that this field has been
given priority as an Al application because il 15 one
main area in which systematization has lagged.
Examples presented in this special issue are expert sys-
tems for preparing raw material coal blending plans'”
and seamless pipe rolling schedules'” (the latter is only
in the issue of Japanese version).

3.5 Application te Automatic Rule Learning

The learning functions incorporated in neural net-
works can be categorized as either automatic rule acqui-
sition or automatic rule learning. This special issue
(Japanese version) presents a system developed for the
plate cleaning bed'® by way of example. In developing
the berth plan for plate shipment, plol-type develop-
ment and the actual system itself’ required virtually the
same amount of time, suggesting that research on the
logic of the rule learning function and practical evalua-
tion will be important tasks for the broader application
of Al technology in the future.

4 Future Tasks

The application of knowledge engineering to actual
processes has now made the transition from a tempo-
rary period of overhealed enthusiasm to a stage of re-
alistic activity. During the initial period of praciical
implementation, however, many probiems relaled 1o Al
concepls became apparent.!™'® Kawasaki Steel’s experi-
ence is summarized below.

(1) Although we may speak of “rule transparency,” the
“rule acquisition bottieneck” places limits on Al
technology. The effectiveness of Al is limited by the
amount of effective knowledge included in the rule
base. Al present, Al system design people (KE:
knowledge cngineers) usc individual methods to
exiract knowledge from experts, but the relative
merits and speed of this process are determining
factors in both system performance and develop-
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ment time. The development of tools or some lype
of methodology {or the knowledge acquisition proc-
ess is needed.

(2) When rule acquisition is applied to systems for
which operational procedures and technical stand-
ards are entirely lacking, the advantages of Al are
not apparent al the systern design stage. For
example, when the berth plan lor plate shipment
was developed, the actual system required twice the
manpower of piot type work.

(3) The software interface between Al and the conven-
tional procedure program (incorporation of Al tools
in host system} is cumbersome.

(4) A problem of excessive consumption of computer
resources (memory, calculation time) frequently
arises and is difficult to solve at the practical system
level.

(5) Al system development is generaily a cooperative
eflort by experts and KE people who are former
systems engincers, but there is still a manpower
shortage among knowledge engincers. S0 as not
miss opportunities to apply Al in key operations, il
is essential (o develop KE people who are both well
versed in conventional systems technology and in
Al technology, and to provide tools which can be
used by end-users.

In spite of these limitations, the benefits of the appli-
cation of Al technology to iron- and steclmaking pro-
cesses include the following three points:

(1) Expansion of range of problem-solving (e.g. blast
furnace, material flow control)

(2) Improved efficiency in development of knowledge
basc programming software

(3) Quantification of latent knowledge

It is believed that the development of Al logic and
compuler technology will provide solutions to the prob-
lems mentioned above, making it possible to apply Al
technology to iron- and steclmaking processes with even
greater effect. On the other hand, Mizoguchi predicts
growth in design and planning syslems in the market
for Al (Fig. 8). At Kawasaki Stcel, these areas now
acecount for close to 70% of Al sysiems if monitoring
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and control are inciuded, indicating that the company is

already {ollowing the trend indicating Mizoguchr’s B

curve.'” Examples in these arcas are on the inerease,

for reasons which may be summarized as follows:

(1) As mentioned in Sec. 2, Al ranks as an eftective
means of achieving a higher level of intelligence in
iron- and steelmaking processes.

(2} Because the number of experts with deep knowl-
edge is gradually decreasing as the group ages and
retires, the transmisston of technology and skills is
becoming a critical problem. Moreover, there 15 an
increasing realization that fundamental knowledge
in regard to opcrations is a company’s greatest assel.

(3) The number of persons involved in Al research is
increasing, and projects such as the “fifth generation
computer”® and “steel plant FMS.” which highlight
the crisis in software, have in recent years been pur-
sued by the government and business as joint indus-
try/academic research tasks.

(4) The functional level of Al development tools has
improved with progress in electronics.

The methodology of Al techniques has expanded
from simple knowledge processing to include learning
systems, neural networks, and human interface, result-
ing in a broader range of problem-solving applications.

5 Conclusions

With progress in the application of Al this technolo-
¢y has established itself as an important system develop-
ment technique. At the same time, workers in this
field, while recognizing the current limitations of Al
technology, also realize that greater practical return on
Al projects is now expected by user firms. Development
must proceed in consideration of the balance of effects
which can be obtained by problem-solving in tasks
which can best be solved by improving the accuracy ol
conventional models and control algorithms, and those
in which Al methods are more appropriate. As a means
ol raising the intelligence level in production processes,
the impact which Al has had on the stcel industry
includes its clearly demonstrated effectiveness as a
methodelogy for problem-solving in large scale pro-
cesses such as the blast furnace and in material flow,
both of which have to date been diflicull to manage
using procedure-type software. In addition, technical
tasks where conventional systemization was difficult
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have been thematized from the viewpoint of technology
transmission, and development is proceeding according-
ly. From this perspective, Kawasaki Steel is promoting
the application of Al technology on the basis of a com-
pany-wide organizational structure.

In closing, a comparison may be made between the
current stage of Al and the early application of the
process computer. When the PC was first introduced,
many wonderced what practical application it could have,
but control of today’s iron- and steelmaking process
woutd be impossible without it. Likewise, Al hardware
and software is becoming an essential part of the iron-
and steelmaking process, and the authors therefore look
forward to the dawn of an era of more sophisticated
FMS systems in the steel industry.
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