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ABSTRACT

Using a scenario -format, this paper first reviews the nature of
chem cal process design, showi ng that designers quickly nmake
maj or decisions with m nimal information and constantly revise
their strategy to solve a problem To automate this activity on
a conmputer will require nmodels of the process being created at
several levels of abstraction as well as nodels that capture the
beliefs of the nodel er about the abilities of hinself, others and
the aids avail able and nodels of strategies for conplex pi-obiem
sol vi ng. N

The second section of the paper extensively reviews c/rri-z

expert systemconcepts, illustrating each of them with 2. ~--.inn
exampl es. We argue that expert systems ~r& know edge based. e
descri be many of the control strategies used in today's L, v -.; .-
and also consider different problem representations ---r-..i"r.
logic and franmes - and indicate when each m ght be' pr& &nmrd. H
| ast section gives our views on what will be involved in creating

a future expert system -far design.

1. Norwegian Institute of Technology, Trondheim Norway
2. Toyo Engineering Co., Tokyo, Japan
University Libraries

Carnegie Méllon University
Pittsburgh, Pennsylvania 15213




| NTRCDUCTI ON.

This is a paper about expert systenms in design. Their role is
not yet established, so this paper is prospective rather than
retrospective; we do not describe the highlights and shortcom ngs
of existing systens but rather attenpt an analytic approach to
the -follow ng questions.

- Wiat is the nature of design?
- Wiy Are experienced designers good at it?
- How And to what extent can conputers da it?

Design is a conpl ex,. open-ended col | aborative activity- It we
could characterize it conpletely, we could probably also wite an
algorithmfor it. W cannot, so we have to look to how design is
performed by experienced designers, trying to understand how they
solve design problens. The obvious explanation as to why
experi enced designers Are good at design is that they have
experience on which to rely, a basic wunderstanding of the
concepts involved in design and intuition to guide themin the
sol ut i on process.

W wll argue that these reasons can be broken down as
foll ows.

- They have nodels oi chem cal processes on nultiple |evels
and Are able to relate these nodels to each other.

- They Are able to fornulate strategies -for attacking the
probl em (al though often unconciousl y) .

- They Are able to switch between nodels and refornulate
strategies as a response to the prelimnary results of a
partially conpleted design.

- They Are able to accunulate know edge, both factual and
strategic, along the way.

In the absense of theories of how design is done, the only way
conputers can be utilized to do design is by inplenmenting nodels
o-f how experienced designers do it, using the sanme information in
a simlar way. To the 'extent we can enulate desi gners,
conmputerized nodels of design may contribute -both to a better
under standi ng and an inprovenent of the design process.




The kind of expert systems we are outlining above will probably
continue to be research efforts for a long time, since the
strategies used by human designers are poorly understood as vyet.
Industry is, however, already actively looking at the use of
expert systems in design, often with a suspicious attitude. In
the context of more limited problems within design, where the
number of concepts involved is small and the flexibility of human
strategies +tor solving the problem 1is limited, a number of
successful expert systems are likely to be produced in the near
future. They will be created because expert systems are able o
process gualitative, hewristic and causal information, which
seems to be abundant in design problems.

CREATING EXPERT SYSTEMS IS MODEL BUILDING

As human beings we are able to make observations about the
world around us, and we are able to interpret these observations
so that we can maintain a set of beliefs about "how the world
works." W= shall call these beliefs our model of the worid:
models are sets of beliefs which create expectations about the
behavior of the world, guiding us in ow interaction with 1t. It
follows from this definition that we believe these models are

predictive in its nature.

The puwpodse of having and using models of a system is to reduce
tha amount of experimentation needed to discover how the =
works. Models, the sets of beliefs, are dynamic. As we obs e
and interpret the nature of the system, our sets of beliefs zare
extended and revised, so that new expectations are created to
guide our interaction with the system. This activity 1is what ws
commonly term learning.

N <

2t

In design the system consists of the problem being studiesg, =
organization studying the problem and the way the organiration
approaches and solves it. We do therefore believe that ‘thio=2
types of models exist in design:

- Models of the problem. These models are sets of =l12+%5
describing how we expect physical entities (e.g., procez=.ng
equipment) and phenomena (e.g., heat and mass transfer: to
behave.

- Models of the designers and of the available aids. These
models are sets of beliefs describing the expected

capabilities and 1limits of the design team, each individual
designer and the aids to be used.

- Models of strategies. These models are sets of belisfs
describing how we expect to solve the problem, given the




previ ous two types of nodels.

Conpl ex systens give rise to conplex nodels i-f all aspects of
the system are considered sinultaneously in -ful detail. - In
order to handl e conplex systens, humans seemto deconpose their
nodels of the system giving rise to nodels of the system which
provide different views and different Ievels o-f detail and
accuracy, Deconposing the systemin this way, designers extract
the essential information for different aspects of the system
get an overview oi the systenmis gross behavior and/or analyze
parts of the system-in greater detail.

Finally it is interesting to note that the above is a nodel.
It is a set of beliefs about what kind of npdels we need to sol ve
desi gn probl ens. :

Conput er-ai ded design has until now been mainly concerned with
creating well defined nodels within a nmathenatical f ramewor k,
| eaving the parts of the design not captured by quantitative
met hods to the human designer. Furthernore, the min focus of
these aids has been on the first type of nodels |listed above,
those which, characterize the behavior of physical itens and
phenomena. However, a new approach to conputer—aided design is
now emnergi ng, an approach where the conputer is also supposed to
handl e the nore qualitative aspects of design: the expert systens
appr oach.

Consi der abl e objections have been raised against the id&3 that
conputers can do design, often based on t he fol |l ow ng*
"observations! about current expert systems.

- They do not represent anything new They are sinpl/
i npl enentations oi old technology in new, -fancy progranm ng
envi ronnments.

- They have no basic understanding of the basic concepts, b.t
chain through a nunber of nore or less reliable rules as
idi ot savants.

- Et c.
THESE ARE NOT THE | SSUES!

The question of whether expert systens can be useful or not. is
basically a question of whether we believe that a diversity- of
nodel s of the three types nentioned above can be inplenmented in a
conmputer program and the extent to which we appreciate that this
is an activity that should be attenpted. :




A DESI GN SCENARI.O

The_Scenario

W present in this section an exanple of a designer attacking
the prelimnary design of a chemcal process to nmanufacture ethy
benzene from benzene and et hyl ene feedstocks. Et hyl benzene is a
precursor to the manufacture of styrene- W shall be | ooking
over the designer"s shoulder to watch how he noves quickly to a
first solution of this problem Qur purpose is to show that he
fornulates a strategy first to attack the problem that he uses
nodel s at various levels of detail and that he constantly replans
hi s approach.

Qur designér starts by taking a quick look at the problem

statenent, which indicates roughly the available raw materials,
the likely reaction pathway and the desired product. He decides
first to focus in on the reactor. The nmain reaction step is

C6H6 + CH2=CH2 > C6H5_CH2CH3
Benzene + Ethylene — Ethyl benzene

He surveys the literature and/or experinental results to gain
an understanding of the reaction conditions. The reaction is
found to be exothermic and can be run as a Friedel-Crafts
reaction in the liquid phase or by a carboniurn ion-Iike mechanism
over a-zeolite catalyst in the vapor phase. In both options the
reactor feed contains benzene in significant excess so that
essentially all the ethylene is converted and does not have to be
recycl ed. Both “re used as the bases for existing industria
processes.

Qur designer decider he will first attenpt to select the phase
in which to run the reaction. It appears to be the crucial
decision for this process. '

In the liquid phase reaction, the catalyst cannot tolerate
water so the feeds nmust be thoroughly "dried.™ Al so the catal vst
wll Iikely be washed from the reactor effluent usi ng water, and
it will forma very corrosive mxture that wll require special
materials of construction. Reactor conditions will be about 5 to
10 atnmospheres and between 150 to 180 . Selectivity is high but
conversion low so a large recycle wll result. = The literature

suggests a benzene recycle ratio as high as 0.5 to 1.0.




Reaction in the vapor phase also must be water free. Pressures
will be about 15 to 20 atmospheres and temperature around 400 to

450°C. Catalyst coking will occur requiring that a spare reactor
exist sSoc one is being regenerated while the other 1s 1in wuse.
Conversions are much lower than in the ligquid case, giving
reported benzene recycle ratios as high as § to 20. Selectivity
is high.

The ethvylene feedstock is available at a high -enough pressure
to supply the vapor option without the need of a feed compressor;

however, the wvapor option requires a much higher recycle ratio.
Operating at higher temperatures, it may offer more heat
integration possibilities. Our designer 15 unable to decide

betwean the twoc alternatives and puts that decision on hold until
he gathers more information and insight into the process.

He next settles on a set of reasonable specifications for the
products and the available feedstocks. Using these
specifications he wuses a broad task oriented process description
to establish first guesses at the material balances and therefore
how much of the feedstocks will be needed and/or how much of the
products will be produced for each of the alternative. Fig. 1
illustrates the very abstract nature of the description used.

He next lists tha obvious needs for the process for esach of the
alternatives. A drying system +or the benzene feed is nsedad as
the benzene feed contains a small amount of water. There will
likely be the need of a small purge for the recycle to avoid the
buildup of minor contaminants.

He checks on the available utilities; here low, medium and hi1agh
pressure steam, cooling water and electricity are assumed to be
available.

-~
1

He guesses the following technologies which will be used. Fo
the liquid phase option the reaction will be carried out 1n
homogeneous phase with continuous catalyst feeding to be +0oll~hwe:
immediately by a water wash to remove the catalyst. For th
vapor phase, the reactor will likely be a +fixed bed reactor.
Drying of the benzene will require either distillation or
adsorption; it 1is not obvious which to select so he also deters

[T

]

this decision. Nominal values are selected for the temperatures
and pressures in each section. He sketches his ideas, Fi1a<. ‘a
and b.

Again without numbers being calculated, he conjectures the

possibilities for heat integration in each alternative, and
adijusts his estimate of the needed wutilities. He is still only
thinking in terms of "large," “medium," and "small." Both cases

appear to have possibilities for heat integration, but the vapor
phase seems to offer more because the higher temperature heat
from the reactor can provide more of the heat needed by the
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separation section of the process (which he is assuming will be
predominantly based on distillation). He also notes, however,
that the larger recycle for the vapor option will require more
separation and thus more heat to operate the separation section.
He envisions the possibility of cascading the heat from the
reactor through one column i1into another by appropriately
selecting the pressure levels for them. From his estimate of the
temperature differences across the possible columns, there
appears to be enough driving force to allow this type of option.

He decides next to make a rough estimate of the capital costs
for each option, concentrating on the reaction section. He
assumes this section will be relatively expensive because of the
corrosion problem in the ligquid phase option, the spare reactor
required for the vapor phase option and the cost of catalyst.
The separation costs will be dominated by distillation of the
benzene from ethyl benzene in the reactor product, a separation
that does not look too difficult. He assumes the drying section
will not be too expensive.

To gain an appreciation of the separation tasks which are

needed, he .decides next to establish a base case tor
examination. In this case he sees little reason not to consider
the ‘“"direct" sequence for the separation tasks requiresd (the

direct sequence is where the most volative component 1is removed
one at a time in =ach consecutive column}. He still has his eyve
on the use of heat integration.

He plays first with the separation scheme for the liguid
reaction phase option to determine the potential for h=at

integration. He now considers each section in more detail.
First he notes that the benzene ‘"drying" section can be done
using azeotropic distillation. He notes that both this section

and the catalyst removal section can operate at temperatures low
enough  to use low pressure steam. He also discovers that the
reactor will be unable to supply the highest level of heat
desired for the distillation system. Fig. 2= 1illustrates bhis
analysis. His analysis 1is based on assumed relative magnitudes
for the columns - will they have large feeds and are they easy
separations (based on 1looking at the boiling points of the
species involved).

This diagram represents each column as a higher temperatura
heat sink (the heat required for the reboiler) and a lower
temperature heat saurce (the heat which 1is expelled by the
condenser). He knows these heats will be approximately equal to
each other. Thus each column 1is represented by a box on this
diagram. The benzene/water column, for example, will need heat
somewhere in the range of the high pressure steam utility and
will expell its heat perhaps at the level of the low pressure
steam utility. It is of medium difficulty and thus will have a
medium drop in temperature across it from its reboiler to 1ts
candenser. The column to remove the diethylbenzene (of which a
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small amount will -formin the reactor) is easy to separate from
et hyl benzene. This colum will use little heat but wll have a
| arge tenperature drop. To operate it at reasonable tenperatures
it my be necessary to run it under vacuum condition, an option
-he would prefer to avoid. The reactor is shown on the right. It
iﬁ not hot enough to supply the heat needed -for nost of the
col Li mms.

Fig. 4 shows a simlar sketch he generates -for the vapor phase
reaction option. Usi ng rough nunbers our designer notes that the
heat -fromthe rGSLctor " (shown on the right) is able to supply only:
part of the heat needed by the col ums. To supply the highest
tenperatures, he wonders ii there could be a coking problem for
the reactor.

W stop watching the design being created at this point as the
- essential ideas "ré& now exposed.

Ohservations_-about the_Scenario

The scenario illustrates several points we wish to nake about
the design process. First the designer wuses several Kkinds a-t
nodel s, both of strategies for solving and of the process and the
equipnment in it as the structure is being creéted.

At the highest level he followed the strategy to look first at
the reaction, then create the overall block structure (Fig. 1),
next develop details of each and |look at the heat integration
At a lower level he predicted the characteristics of the reactor,
the separation subsection and the details of t he heat
integration. Sone general strategies were to try to select one

good alternative anong the many possible, but, if / that proved
I npossi ble, to defer the decision nmaking until nore information
had been generated. Hol di ng back on choosing whether to use a

liquid or a vapor phase reactor is a case in point.

Different levels of system nodels were used throughout as
needed. The overall systemwas nodeled first by a sinple block
structure. Later the bl ocks were expanded into a nore detailed
descri ption. He wused wunit operation nodels of di fferent
complexity; e.g., at first he nodeled a distillation colum by
guessing only its top and bottom tenperatures at one atnosphere
(to gain an idea of the tenperature drop to be expected no natter
the tenperature at which 1is it to operated) and that it would
have a small, nmediumor large feed flowinto it. In later steps
he will use . first short cut nodel s and finally rigorous
pl ate-to—plate nodels for the colums finally selected to assure
they will perform as desired.
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Qur designer noved from higher level to lower level strategies
and back as needed; he noved fromless to nore detailed nodels of
the process and the unit operations in it, again as needed. He
knew t he general behavior and tendencies of the equipnent. - For
exanpl e he knew that by operating a columm at higher pressure, it
wll operate at hotter tenperatures (and he may have known that
it will probably also require both nore heat and a |arger
tenperature drop to acconplish the sanme separation task).

He could guess which parts of the process calculations he
should postpone -for the nonent and where to get nore accurate
i nformati on. He was continually assessing the results and
nodi fying his approach in response to them

THE NEED FOR MODELS

As described in the introduction we wll need several Kkinds of
nodels if we.ever hope to create a conputer system that can
perform conpetent design. W shall use this section to describe
the three types of nodels that we stated are needed: of physica
t hi ngs, of the designer and avail able aids and of the strategies
to be used. W claimthat we cannot program a conputer to sol ve
dezi?n problenms for which we are wunable to establish these
nodel s.

MODELS_OF PHYSI CAL_THI NGS

In general nodels of physical things are quantitative nodels

whi ch may exhibit varying degrees of accuracy. At one extrene
they are in ternms of large sets oi “"algebraic, ordinary
differential and/or partial differential equations. They nmay

also include the wuse of discrete variables which can, for
exanpl e, indicate the existence or nonexi stence of parts o+ the
structure that may be in a nodel. .

At the other extreme these nodels too may be qualitative and be

expressed only in terns of large, nedium or small flows, tor-
exanpl e. They nmay also be in terms of the tendencies of the
nodel s, such as increasing the pressure wll i ncrease the

tenperature |evel at  which the entire distillation colum
operates.-




To attack a design problem the designer nust also have a set
ai beliefs about his own capabilites and of the capabilities of
others with whom he may need to work. He has to know that he can
or cannot solve certain classes of problens or that others in the
group can or cannot help- If he has no nodel of either hinself
or of others, he nust then have a set of beliefs that he can
ﬁisgover this information in time to use it for the problem at

and.

He nust al so have a set of beliefs about the capabilities of
the avail able design aids which he and others wll be wusing to
solve the design problem Either that or he has to believe that
“he can find out about themin tine to use them

Wthout these beliefs, he cannot start to fornmulate strategies

to solve a design problem These beliefs are his nodels of
himsel f, others and of the design aids.

MODELS CE STRATEGQ ES

If we wish to automate the solving of design problens, then the
third kind of nodeling required is that of the strategies by

whi ch problens can be solved. Indeed this type of nodeling is
one of the major issues involved with nuch of the research in the
area of expert systens. !

When an experienced designer perforns a design, he nmakes rnanwv
signi ficant deci si ons qui ckly and W th virtual ly no
comput at i ons. Wat are the representations he is using to
visualize the problemand its solution, and how is he using thpin
to di scover t he next . key deci si ons. Are these t he

. representations and strategies which are best for solving the
gi ven probl ens?

“In this section we shall illustrate 1issues which relate to
strategy. Many exanples of wvariations in strategy exist- Sone
attenpt to mmc the steps taken by an experienced designer;
ot hers use nore generic problem sol ving concepts.

To illustrate alternative strategies, we revi ew four which have
been proposed to invent the structure for conplete flowsheets:
the strategies wused by (1) the AIDES program (Siirolla, et - al




C19713, (2) the BALTAZAR program (Mhalec and Mtard C19773), (3).
Dougl as C19853 and (4) G ossmann and coworkers (C19833. Each of

t hese approaches is to invent a chemcal process given the
desired products, the available raw materials and the all owable
reaction(s).

The Al DES program assunes the reactions and the details about
their conversions, tenperatures, pressures are specified by the
user -for the process to be invented. Assuming any unreacted raw
materials will be recovered and recycled and thus that raw
materials are totally consuned and using nmarket prices for the
raw materials and products, AIDES selects the anmbunts to use or
create o-f each by solving a small I|inear progranmm ng nodel which
maxi m zes gross profit - i.e., the difference between the incone
received -fromthe sale of products and the costs of the raw
mat eri al s.

Next all possible distinations for species are coupled with all
possi bl e sources for them For exanple, the reactor inputs and
t he products are identified as destinations for speci es;
avail able raw materials and reactor outputs are identified as
sour ces. If.a species A exists in a source and a destination,
the two are coupl ed. For each coupling AlIDES devel ops a score
that represents the desirability of actually allowng the source
to supply the needs for species A for the destination- The
scores form the basis of a Ilinear objective function to be
maxi m zed, subj ect to the Ilinear nmaterial bal ances and
constraints witten using nolar flows for each o-f the species.

If different species are in the same source and are found to
supply different destinations, AIDES proposes separation task to
split the species in the source mxture and then converts these
separation tasks into act ual separation processes usi-ng
heuri stics. Finally heating and pressure changing tasks zre
di scovered as needed. :

One can see then that the strategy has been to break the
overall design into a hierarchy of steps, each solved conpletely:
before carrying out the next : reaction selection (given),
selection of raw material and product anounts, allocation of
species, selection of separation tasks and finally heating,
cooling and pressure changes. No iteration is performed in
finding the solution. '

BALTAZAR has a quite different strategy to find a desiqgn. It
posts a goal to produce one of the products. If there are
species in the product not available from any of the raw
materials, it looks for a reaction to produce that material.
React or inlets becone new goals, outlets becone sour ces.
BALTAZAR wor ks essentially on one product at a tine, creating the
"~ structure backwards from the product through reactions to the raw
materials until the structure can produce it. Aong the way it
devel ops the need for separation tasks, mxing and so forth. It




also considers any of the sources which can be scaled up in the
previous parts of the solution to be available as sources. The
final step it considers is to include heating and cooling tasks.
Because the solutions reflects the order in which the original
goals were considered, the system removes structure and changes
the order of the goals, iterating until the structure does not
change. It also 1looks at the tasks produced and removes
redundant structure. '

Douglas’® approach is to make decisions based on heuwristics. 0OF
the fowr strategies, it most closely mimics the steps taken by an
design engineer. The +irst set of heuristics create the
input—output structure of the flowsheet. These d=cisions selec
the feeds to use, the products and byproducts, whether thera will
be & purge, constraints on its size, and so forth. The nsxt
level of heuristics establish the recycle structure o+ the
flowsheet and the reactor configuration. Separation svstem
synthesis occurs next and Ffinally heat exchanger network

synthesis.

Grossmann ‘s approach is to invent first a superstructure in
which are imbedded the many alternatives he wishes to consider.
A significant part of the research to support this approach 1s
the invention of the form of the superstructure for each of the
problem types he has considered. These structures are the result
of caretul consideration of the problem and the desir2 to
minimize the number of discrete variables required to formulate

the optimization step to follow. For the superstructure,
Brossmann builds a mixed integer linear programming (MILF) model
and solves it using existing codes. More recent work allows the

use of mixed integer nonlinear programming models.

It should be clear that there are many different stategies and
representations for setting up and solving these desi1gn
problems. It is not vyet clear which is the best approach., 1f
indesd any one 1is. ‘

It would seem that there are several desirable characteri1st.-s

one would want in a strategy to design processes. First e
should want the approach to make obvious decisions quickly. A
experienced design engineer will. An example is to choose to 50
distillation if a mixture to be separated comprises noraai

hydrocarbons with no boiling points within 25 K of each other.

A second characteristic should be to understand a problem well
enough to be able to select which computation should be perforred
next. Here one is talking about a strategy that 1is 1looking at
and altering its own strategy as the solution progresses. A
simple example in solving the equations +Ffor a +flash unit can
illustrate. The strategy can be to estimate if the mixture 13
likely to be two phases by examining component vapor pressures.
If the vapor pressures are both above and below the flash
pressure, the two phase computations are started. The +lash




calculation is iterative and it mnay nove across the boundary of
the single phase region. Thi s novenent suggests the mxture is
really single phase, and the program could be directed to conpute
the bubble point if a liquid phase is suspected or the dew point

if conditions suggest an al | vapor phase m xture. The
conputations to determne either a bubble point or a dew point
Sire equal in conplexity to those -Fr doing a two phase flash

conput ati on and should be avoided if not needed.

This sinple exanple illustrates the ide® of a strategy that
nodifies itself as the solution progresses. For design, however
the problemis infinitely nore conplex than the solving of a
flash conputation. How does one develop a conputer system that
can understand the problem well enough at each step to guess
where best to do the next analysis?

Anot her characteristic that seens desirable is to know when
deci sions matter and when they do not. Oten "satisficing" is
good enough to produce a solution. Suppose the costs for the
process 3ire found to be for the conpressor and that the heat
exchanger network can save alnost no energy nor can it cost nuch
relative to the conpressor. Then the experienced design engi neer
woul d sinply discover an adequate solution and would certainly
not |ook for the best. He woul d believe he could only save a few
thousand dollars relative to the mnmllions involved in the
conpr essor. How ca.n a program know when to satisfice rather than
search for t he problem it is solving? What pr obl em
representation wll t he engi neer use to di scover this
characteristic to his problenf

An exanple of the strategic use of representation and using
satisficing for part of the solution occurs wth the follow ng

pr obl em Suppose ones goal Is to drive fromones hone in New
York City to a relative's hone in San Diego. No one would ever
consider gathering wup all t he detail ed city street and

backcountry road nmaps to find the sol ution. The only nap needed
at first is of the interstate highway system wth the details of
ot her routes suppressed. Only getting to and fromthe interstate
system when starting and finishing the trip requires mare
detailed maps. The solution of these |latter "search"” problens
heed not be done optimally as little time is involved in their
solution no matter how they 3Lre done, relative to the tinme for
the entire trip.

If one is in the early stages of'a desi gn and is expl oring

quite different concepts on which to base a flowsheet, t hen
perhaps only bounds will be needed on the costs of parts of the
sol uti ons. If an upper bound on one alternative is readily shown

to be nmuch less than a |ower bound on another, clearly the latter
can be ruled out as an approach. Upper and |ower bounds “re
sonetinmes not that difficult to estimate. An exanple occurs in
the design of a heat exchanger network for a design. As Hohmann
C1971D shows it is possible to establish a |ower bound on the
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cost of the utilities required when designing a network of heat
exchangers for a set of process streams which- are to be heated
and cool ed from specified i nl et to specified out | et
tenperatures. The conputation is sinple to perform and does not
require the invention of a network of heat exchangers to
acconplish it. An upper bound is oi course the utility use
associ ated with any- proposed heat exchanger network.

Anot her form of strategy is to solve a problem not to get an
answer but rather to gain understanding of the nature d" the
problem A design engineer wll alnmost always do this. What
specifically could he be obtaining fromthis approach? First he
could be locating the inportant problem constraints that were not

at first apparent. For exanple he nmay discover that the
available utilities will not allow high pressures to be used in
the process. He wll also see that the expensive part of the

process is in the separation systemfor the products, leading him
to wonder if he should not be exploring other reaction schenes-

There Are other questions of strategy that wll i mpact the
sol ving of conpl ex problens.

Frequently when solving a design problem one wll discover
that an earlier decisions is suspect. W have the alternative of
stopping and returning to and changing the earlier decision or of
continuing along wth the design even though we know it is not
correct. Continuing may be justified if we Are in t he
prelimnary stages of the design process and Are looking for
i nsights about the design and not the final solution. Therefore,
we nmay choose to continue, finding that there Are even nore of-
the earlier decisions which we may not like. W finally stop
exploring the design when we can go no further or when we believe
the earlier errors Are making our continuing unproductive. At

this point we can assess everything we have discovered, | ooki ng
at all the partial results and the suspect earlier decisions
t oget her. Wth this broader |ook, we revise sone /d them and

perhaps revise our strategy to continue the solution process.

HI ERARCHI CAL _ STRUCTURE_OF_ MODELS

W have been |ooking at nmodels in the last three sections. The
first were the nodels of physical things typically in the -form of
"al gebrai c'* and ordinary and partial differential equations. The
second were the beliefs (nodels) that the designer has about the
capabilities of hinself, of others with whom he is working and of
the available aids they mght use to create a design. The third
~considered strategies for solving design problens.




Implicit in many of these nodel s IS t he noti on of
deconposi tion. Large problens nust be deconposed to be sol ved.
I f one does not deconpose such a problem then. sinple statistica

argunents (Sinon, 1969) denonstrate clearly that they wll be
al nost inpossible to solve. The conpanion of deconposition is
i ntegration. Most deconpositions tear a probleminto parts that
still i nteract. To put the parts back together requires

iteration of sone sort to account for the interactions.

W have posed the need for three kinds of nodels. Each can be
deconposed. W can deconpose the nodels for physical thihgs by
exam ning the structure for their equations. Partitioning and
precedence ordering, two level optimzation, and so forth Are
concepts that arise from deconpositions of this type.

"W CAD deconpose the nodels the designer has of hinself into
hi gher level beliefs and |ower |evel ones. For example at a
hi gher | evel, he may believe he CAR desi gn azeotropic
distillation systens. At a lower level he may believe his office
mate can run a conputer programto estimate the paraneters to
sol ve an azeotropic distillation col umm conmput ati on
approxi mate!y.

The generation of alternative strategies for solving the design
problem is the study of deconpositions for it.

In mat hemat i cal problenms, one form o-f this type o-f
deconposition is termed projection, and it illustrates the need
for the integration step. Suppose we Are solving the follow ng
optim zation problem

Mn £ -FB(K,yJ | fl' (x,y) =0 >.

Ve could solve it by the follow ng approach

Mn € Mn Cfo(x,y) ! f,<x,y) =0J >
X y

The problem is deconposed into an inner and AH out er
optim zation problem For each set of values selected for
variables x, the values for y(x) Are found by optimzing the
obj ective only over . The outer loop adjustnents ai x and
resolving for y(x) Are the coordination steps that reintegrate
the probl em

The deconposition is wuseful i~ for fixed .values of the
vari ables x, there exists an inner problemin variables y which
is much easier to solve. For exanple suppose that, when

variables x are fixed, we Are left with a set of separated
problens in variables y, each o-f which is quite snall and easy to




solve. We could also have a problem where the inner problem is
linear if wvariables x are fixed. We would be finding the
solution by solving a sequence of linear programs. A third
alternative is that variables x may only be allowed to take on
integer values, whereas variables y are allowed continuous values
which can be found rapidly uwsing second order optimization
codes.

(In this form of decomposition, one can encounter difficulty if
the selected values +tor wvariables x leave the inner problem
infeasible.)

Suppose we choose to solve a design problem in two levels. At
the outer level we select the structure of the input and ocutput
flows, in the manner that Douglas constructs a complete filcwsheset
as described above. One of his inner problems is to discover the
separation processes to support the outer decisions. The i1nnar
problem interfaces the outer with both material and heat Fflows,
receiving and returning both. Clearly the interface between the
two problems must be complete enough to account for both h=at and
material tlows and the decisions of the outer loop must be
iterated to find the optimum solution to the overall problem. We
get an interesting message here: solving the problem with an
inner problem can be a mathematically correct formulaticn IF  the
outer loop is iterated and IF the interface betwsen thn=z two
problems is correct.

There are other decompositions used in solving design
problems. Oftten the problem 1is solved by attacking 1t at
diftferent levels of abstraction. At First the probles 1is
considered at a high level of abstraction. Once the better
solution for it 1is obtained at this 1level, a synthesis =s=tep
occurs that converts the solution into a more detailed soliution
at a lower level of abstraction. Analysis of this new more
detalled version 1s required to prove that it is an instantistion
of the higher level of abstraction. Optimiz atlon_agﬂ1n allows
this version to be improved within the constraints of the h:i:cher
level of abstraction.

An example of using ditferent levels of abstraction 1s th=s way
chemical processes are currently designed in industry. First
very approximate models are used to select the general cuti:ns of
the process. They tend to be task oriented. The process n=el: &
task to purify the feeds to the reactor, the reaction tasi =nd
then a task to purify the products and recycle the un.sad
reactants. These task are later expanded into actual ~1t

operations to accomplish them. On completion of a process C_ﬂlQn
at the level of unit operations, one has developed what is termed

the process flow diagram (FFD) +for the process. It corresponds
to a level of detail that can be drawn on one or two large sheets
aof paper. These sheets are then expanded into the piping and

instrumentation diagrams (F&%IDs) which show every piece of
equipment which will be required to build the process. Here the




level of detail requires 50 to 60 |arge sheets of paper.

Each level of abstraction will usually present the solution in
consi derably nore detail than the one above it. The nore
detailed | evel, however, |oses the nore global |ook at the "why'
of the parts at which one 1is looking. Looking at the bits and
pi eces which nmake up the materials list for a distillation
colum, one may not readily wunderstand it is a distillation
colum. Thus the higher levels of abstraction “re often needed
to explain the lower levels. Additionally, the reason a higher
level decision is rejected is often based on constraints fromthe
nore detailed level, requiring the nore detailed level to explain
the nore abstract |evel.

Sonetimes abstraction is needed to understand a nore detailed
solution. An exanple is to "map" a nmulticonponent distillation
colum into a less detail ed pseudo-binary (two conponent)
col um. Engi neers can "under st and" many aspects of a
distillation colum by using a MCabe Thiele representation -for
it, but this diagramis only valid for a binary colum. Here one
is abstracting the behavior for a wunit that is already supposed
to be in the solution - i.e., one is going fromthe |ess abstract
to the nore abstract specifically to gain insight.

Anot her method to deconpose a problemis to solve it at a fixed
level of functional abstraction but by wusing sinple nodels at
first until one 1is close to the desired solution and then using
nore conplete nodels to get to the final solution. This approach
is a formof abstraction too, where the sinpler nodels abstract
thé gross behavior of the nore detail ed ones.

An exanple is to solve a process optimzation problem first
using a mxed integer linear proganm ng nodel that suppresses
nost of - the details and only approxi mates the behavior but still
has the structure of the final process. This solution provides a
first guess at the solution when solving again/- using nore
detail ed nmodels which can worry about rigorous physical property
estimation and so forth.

Thi s approach of using linear nodels at first has an added
bonus of providing us with admttedly coarse nodels but ones that
do not have local optima which could trap our optimzation
efforts.

EXPERT SYSTEM CONCEPTS

In this section we shall investigate ;he‘concépts under | yi ng
expert systens. We will answer the follow ng questions.




- How are expert systenms related to traditional pfograns?

- Wiy can conputers do math? Can they al so reason?

- Wiat does it nean to say that expert systens “re "know edge
based?"

- How do expert systenms work, introducing the notion of nodels
as synbolic structures and the nechanisns/strategies for
mani pul ati on of these structures.

Finally we shall deal with control nechanisns , representations
and explanation -facilities for expert systens.

Rel ations to Traditional Conputer Prograns

Expert systens 3ire conputer prograns. W examne first how
they differ fromprograns typically witten in FORTRAN with which
we Are nore famliar: equation solvers, flowsheeting prograns.

W all renmenber the tw different types of rmathenatical
honmewor k problens we used to be assigned in elenentary school
The first was to conpute, for exanpl e, t he val ue of

15%(37 - 14)/ (9 - 3*2). The second was a textual problemlike
the foll ow ng.

Peter has two jobs, washing dishes after dinner and
keeping his roomtidy. Each day he washes dishes he
get 25 cents. Each d3Ly he keeps his roomtidy, he get
1® cents, but each day he forgets he loses 5/ cents.
How much noney does he have after three weeks if he
does the dishes every third day but forgets to tidy his
room every second day?

W all renenber that this second type of problemwas nuch nore
difficult for us. \Wy?

In the textual problemwe had first to figure how to restate
the problemas a set of <calculations that we could then solve
using arithnmetic. Then we had to perform the arithnetic. In
some sense we can say that expert systens conpared to traditiona
engi neering prograns Are |like solving the textual problem is to
solving the pure arithmetic problens.

Wiile traditional prograns perform cal culations “on structured
wel | behaved probl enms, expert- systens nust in addition have the
capability of understanding ill-defined, unstructured probl ens




and to transform them into more tractable problems, solvable by
standard means, and then finally to solve them. This obviously
requires the capability of reasoning.

We know computers can perform math, but can they be programmed
to reason?

A machine by its nature can only perform in a mechanical

manner. Tell it exactly what to do and it will do it. How can
this capability be turned into one2 to perform math? The s=scret
is in representation. The computer does not “"know'" that it is
doing math. It simply 1is obeying instructions. When 1t

encounters a "+" in a string of symbols, it has attached to the
"+" symbol a set of instructions telling it exactly how to sum up
the term on the left side of the "+" symbol with that on the
right. In other words it is operating mechanically on a set of
symbols.

I+ we look at formal logic, we see that reasoning can be very
similar to arithmetic in natuwre. Examine the following two rules
of logic.

1) Vi WY1 ~ A == W(A)
2) WAY — WEY ~ WA)Y ==> W)

Rule (1) means that i+ W) is true for all x and A exists,
then W(A) is also true. Rule (2) means that i+ WA) leads to
W(B) is true and W(A) is true, then W(B) is true. These ruiz=s
are known severally as ‘"universal specialization" and "modus
ponens," and are two operators in formal logic.

There is really no difference here between logic and
arithmetic. When the symbol —--* is encountered in a string of
symbols, and the computer recognizes that the left hand s:ide of
the ——> is assigned the value of true, it can mechanically applv
"modus ponens," carrying out the instructions telling it =nactiy
how to assign the value ‘true’ to the right hand side of the -- .
As an example of such a use, we could have the statement

Toxic (cyanide) ——> Do not ingest (cyanide)

I+ the statement ‘Toxic(cyanide) is true, the computer can
assert the statement ‘Do not ingest(cynanide)’ must alsc be
true.

This looks a lot like reasoning.

We are not intending here to infer that formal logic 1s
equivalent to reasoning because that is probably just not true.
However, it demonstrates that the concept of symbolic structures
and operators to manipulate them have applications way beyond
solving arithmetic problems.




The power of the conputer does not lie in its conplex hardware
architecture, but in- our ability to tell it howto respond to
synbolic constructs. This "telling can be done in nmany ways.
Wien FORTRAN was introduced in the late 1950's, it broke the
earlier nonopoly of machine |anguage progranmers by providing

| anguage constructs understandable to peopl e wi t hout any
know edge about hardware aspects of the nmachines which they were
progr amm ng. In -fact the -first FORTRAN conpilers were terned

aut omati ¢ progranm ng syst ens.

Today a wide variety of programm ng |anguages exist anmong which
one CAH choose to solve a particular application. The choice
refl ects ones experience and belief that one is likely to be nore
useful than another for the problem at hand.

- EXPERI_SYSIEMG_ARE_KNOW.EDGE_BASED

To call a- program an expert system it is not sufficient that
it be able to reason. As the name indicates, fairly high
performance standards B.re inposed on expert systens. They should
be able to reason reliably and efficiently within a domain the
way experts do.

Experts have a large body of information about their domain,
and thel know how to apply it. Conmput er codes having encoded in
them only factual information about a domain wll not have the
ability to distinguish between nonsense and fruitful application
of this information. They wll have to resort to search. The
followng exanple illustrates rather well the difference. -

A five conponent liquid m xture of conponents A, B, C, D and E
(A being the nost volatile, B the next nost and so forth) is to
be separated into essentially pure conponent products using
distillation. Al conponents have reasonabl e vapor pressures at

room t enperature. The initial process to be considered wll use
sinple two product only colums (no side streans) and each
conmponent will exit in only one stream (sharp splitting wll be
used) . W wish first to find the set of columms which can
acconplish this separation for the least utility cost;  the
colums can be heat integrated by exchanging heat anong
condensers and reboilers in the solution. This solution wll

give us a target against which to nmeasure other solutions.

The ‘A fromB split is very easy, the Bfrom C and D from E
splits Are noderately difficult and the C from D. split is very
difficult but possible. Further the amount of Ais small, the
amounts of B, C and E Are noderate and the amount of D is |arge.
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