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Chemical Engineering Optimization Models with GAMS

By Ignacio Grossmann, Carnegie Mellon University

Volume Mo, 6 of the CACHE Frocess Design Case Swud-
ies, “"Chemical Enpinesring Optimization Models with GAMS™
has recently been prepared by faculty and students from
Camegie Mellon University, Morihwesiern University and
Princeton under the coordinaton of [gnacio E. Grossmann,
The faculty involved are Larry Biegler from Camegic Mellon,
Chris Floadas from Princeton and [fiekhar Karimi from
Nonbhwestern University, GAMS Development Corporation,
the licensing technology office at Stanford University, the
XMP Optimization Software and the Engincering Design
Research Center at Carnegie Mellon have donated the computer
=oftware for this case study.

Many problems in chemical engineering can be modelled
as oplimization problems, These include analysiz, design and
operatons  problems.  Currently courses and textbooks in
chemical engineering optinization emphasize mostly theoery
and metheds, and are resiricted to rather small problems and
applications. Although itis of course important o cover hasic
methods and the theory of optimization, itis also important to
take intg account that a number of new developments have
Laken place in this ares. Oneof the important developments has
been new modelling systems, such as GAMS, that offer the
possibility to quickly model and solve a variety of optimization
problems. These modelling systems offer the advantage that
students can concentrate mostly on problem formulation,
without having to spend oo much effort on how (o use the
software, The second important development in oplimization
over the last few years are new and improved algorithms that
offer the possibility of solving much larger problems. Such is
the case of linear programming where currently problems
involving thousands of constraints and thousands of vanables
can be readily solved., Similar trends have taken place in
mixed-integer linear programming. Another developmeant isin
the area of nonlinear programming where currently one can
solve problems involving several hundreds of equations and
variables, Finally, imporant developments have also Laken
place in the solution of differsntial-algebraic systems and in
thesolution of mixed-integer nonlinear programming problems
which until recently have received very litle attention.
Therefore, given all of these developments there would seem
Lo be an important educatonal need o reinforce the modelling
skillz of students so a8 W make use of both modern modelling
systems, as well as modern optimization algorithms with
which one can solve larger and more complex engineering
problems.

The major ebjective of this case study is o provide a set
of chemical engineering problems o supplement oplmization
coursesat hoth the undergraduate and graduate level, This case
study is of course not meant 1o replace texibooks, but rather to
provide additional material that should be useful for both
inztructorsand students. The mogor emphasis of this case smdy
is on the formulation of optimization problems in o variety of
different application arcas.  Also, the emphasis of the case
study is Lo expose students to the GAMS madelling environ-
ment for oplimization.

This case study comprizes a detailed description of 21
problems in chemical engineering. The description of each
profblem includes the problem statement, a detailed problem
formulation, and presentation and discussion of results, Tn
addition, exercizes are also given by which students can
madify the formulations and extend them o other types of
problems, Thecase study alsocontains anumber of appendices
sachas a uterial introduction o GAMS. Tralso providesanser
guide for the mixed-integer nonlinzar propram code
DICOPT++, and for the solution of differential algebraic
systemns and implamentation of decomposition methods, Tn
addition, the case study also contains the GAMS user guide
tha provides a detailed description of the syntax and all the
capabilities that are possible with GAMS. Finally, the casa
study also hasa 3142 in. diskette for TEM personal computers
that comtaing both the GAMSE software, the related algorithms
for optimization and the input files for the 21 problems,

The main features of GAMS is that it isamodelling sysiem
in which the problems are deseribed in terms of squations. The
equations can be expressed in explicit form or through the use
of indices, Data can be handled through the specification of
se4s, purameters and tables, Also with GAMS one can model
a variety of different oplimization problems; namely linegr
programming, mixed-integer linear programming, nonlinear
programming and mixed-integer nonlinear programming
problems.  An imporant featore s that GAMS provides an
automatic imerface for the algorithms for each of these type of
solvers, In addition, a very important capability is the fact that
GAMS can perform avtomatic differentation for nonlinear
problems which removes the hurden for the student to have o
provide analytical derivatives for the objective function and of
the constraint. The student version of GAMS is capable of
handling problems with up to 1000 nonzero elements in the
Jacobian matrix (300 nonlinear elements) and up 1o 20 discrete
variables, The software can run on IBM PC*s and compatibles
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(1M Byte recommended), and runs on the DOS operating sys-
tem 2,11 or higher.

The type of models and algorithms that can be handled
within GAMS are as follows. For linear programming the
simplex method 15 used a5 implemented in 3 compuler pack-
ages, BDMLP, Z00M and MINOS. Mixed-integer linear
programming problems are solved with the LP based branch
and bound method as implemented in the program ZOO0OM.
Monlinear programming are solved with the reduced gradient
methond as implemented in MINGOS. Mixed-imeger noalinear

programming problems can also be handled, and this is dong
with the software package DICOPT++ which is based on the
outcr-approximation method.  Finally, one can reforrmolane
differential- algebraic opimization problems as nonlinear pro-
gramming problems ticough the use of collocation. It is also
possible o implement in the GAMS language decompaosition
algorithms such as the Generalized Benders algorithm for
nonlinear programming and mixed-integer nonlinear program-
ming.

GAMS Modelling System
- GAMS Output
fike file
Compdlation 1
ok of Model v
FILENAME.GMS FILEMAME.LST
Oplimization
Solver
DICOFT

MLP

Figure 1
Structure of GAMS

As seen in Figure 1, the way the GAMS modelling system
woarks is as follows. Firaly, the user prepares and input file in
which the model 10 be solved is being specified in equation
form. This input file is then compiled with the program GAMS
which then sutomatically interfaces with any of the different
optimization packages. The interface is done depending on the
natoee of the problem and depending on the oplion that has been
specificd by the user, Once the solution is obtained, GAMS3
creates an putput file in which the resulis are reported for that
model.

Ta illustrate more clearly the capabilities of the GAMS
program and its ease of use, let us consider the following simple
analytical example which is given in the optimization 12xtbook

by Reklaitis et al (1983). The problems is as follows:

min Z = x} + x3 + x3

S5.LXx-X3=20
X1 -%320
X]-X§+ XX -4=0
0=<x;<5
0% 53
[]‘SK]E3
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The above problem corresponds to a nonlinear programming
model. Az seen in Figure 2 the input file of GAMS for this

problems lists the variables and equations that comprise this
problem, One can also specify the upper bounds for the
variables; the lower bounds are specified through the siatement
that three variables X1, Xz, and X3 arc positive variahles,
One can also supply an initial guess, which in this caseisx) =
4, x9 =2 amd x3 = 2. Finally, to invoke the solution of the

tant. g

SEITLE feat Frobles
SOFFSYNIOETR
JOFFdHLIAT

* Exasples from Frohlam B.26 in “Englresclng Oprimlestion™ By
4 Reklaitis, Favindran sad Ragadeil (1943)

-

TAERABLES X1, XI, ®3, &

FOSITIVE WARIABZES X1, XI, K} 4

EQUATIONE oMb, OoMD, Sond, omagy

il . N2 - N3 =g= Br

=TT W1=X] =G= Oy

COM3. . N1 = ¥E*e] & EI*KF = 4 =f= 3}
ad. . T =B= BOMINLY + BORINZN + SQE{KN |

* Upper booeda
AW = 5
RE.OE = Xp
A = I

o rTnizlal point

ELL = iy

n.L =3I

XL = §;

HOOEL TEET 7 ML F g

ORTION LIMBOW = 0;
DETIOH LIWCGL = 03

SOLVE TEET UBING WLF HIMINIZIHG &)

Figure 2
(i AMS Input File

nonlinear programming optimizer, which in this case iz the
program MIMNOS, the solve statement is included which speci-
fres that we want i minimize the objective funclion 2. As seen
in Figure 3, the outpuot file that is chiained indicates that the
optimal value of the objectve function for this problem iz
7.2177. Also, ascan be seen in this figure optimal the value of
the variables, which are denoted as level values, is=x) =2.326,
X7 =1{1.914, 3= 0,

Az an additional example, consider the problem of the
optimal assignment of streams to heat exchangers as reported
in the textbook by Edgar and Himmelblao (1988). The

formulation for this problem corresponds o the following
assignment problem:

n il
min Z = Z Z Ciixi

i=1 jeu
n
s.t,z:ltU-:l j=L.n
i=1
L}
E xj=1 i=1l.n
i=1
xj=0,1 i=l,mnj=1,n

where Aij= 1 if stream 1 is assigned o exchanger j, and 0 if it
is mot.

The coefficients Cj are given as follows:

Exchangers
Streams 1 2 3 4
A a4 1 54 6H
B 74 I B3 82
C 73 Ry b 76
D 11 74 £1 21

The above corresponds o an integer-programming problem
that has 16 0-1 variables, and B constraints, This problem,
heing an assignment problem, is actually solvable as a linear
programming problem.

Az seen in Figure 4, where the GAMS output file of this
probdem is presented, one can specify this problem through the
use of se1s for both the sireams and exchangers, and also hy
specifying & table for the data of the cost coefficients. Also
notg, that the equations of the model, namely the assignment
constraings and the objective function, can be wriiten in erms
of indices. As seen in Figure 4, the output file reporis an
optimal value of the ohjective function of 97 which has been
obtained with the code Z00M. Also, in this case we have used
a display statement in order torepon the variables in adifferent
way as seen in this fipure. The results indicate that strésm A
should be assigned w exchanger 4, stream B 1o exchanger 2,
gream C to exchanger 3, and stream D o exchanger 1.
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HMODEL TEST
TYFE KLP
SOLVER MINOES

*xxx  SOLVER STATUS
wmws  MODED STATUS

SOLVE SUMMARY

OBJECTIVE 2

DIRECTION MINIMIZE

FROM LIMNE 35

1 NRORMAL COMPLETION
2 LOCALLY OPTIMAL

*=k* ORJECTIVE VALUE T.2177
RESQURCE USASE, LIMIT 1.644 1000.000
ITERATION COUMT, LIMIT 15 1000
EVALUATION ERRORS i L]

EXIT — OFTIMAL S50LUTION FOUND
MAJOR TTHS, LIMIT 7 200
FUNOBJ, FURCON CALLS 34 34
SUPERBARSICS 1
INTERFRETER USAGE 23
NORM RG / HORM PI 9.578E-10
LOWEE LEVEL UPEPER MARGINAL

— EQU COMNl 0.916 +THF

— EQU CON2 . 2.528 +INF 5

— EQU Con3 4,000 4.000 4,000 2.637

— EQU QBJ 2 1,000

LOWEE LEVEL UBPFER MARGINAL

- VAR X1 i 2.5286 5.000 3

— ¥AaR X2 = 0,916 3.000 EFS

— VAR X3 ! i 3.000 EPS

— WAR & =INF T.218 +INF i

Figure 3
GAMS Output File
Page 4 Spring 1992



EOLVE EUHHARTY
HOGEL  HERT CBSECTIVE 2
. TEFE HIP DIRECTION HIMIMIZE
BOLVER oM FROH Lims 17
¥ Ranlgnment probles for hest emchangees fxom pp.409-410 in
* “oOptimizatisn of Chealcsl Provsssss™ by Edgar and Hlmemlbles ... pouves BTATUB 1 HORMAL COMPLETION
2 whEs HODEL STATOS 1 OPTTHAL
#hkd GRIECTIVE WALUE 7. 0004
FETS
I streams fAo BB/ HEBOURCE USRIE, LIMIT 2.719 L300 . 280
& sxchangers Fisyda ITEBATION COUNT, LIMIT 1E L300
TRBLE (I, Cpat of sasigning stresn i ko axchanger §
1 & | i i
Iterationa Tz
A 34 1 54 {2 ]
BT 18 a az ::ﬂt::::w 2 e
e 73 M B 76 Rt o 10
& 1 1 e e Brassh asd boumd ] .00
i i e Final LE v .00
VARIKBLEE XL, H, & :
BIKARY VARIASLES X{I,J): hnes PESORT SESARY | 5 P
2 TMFEASINLE
EQURTIONE ASSE (D, ASES(E), omd: 0 CBMRDED
GRME 1,21 FC AT/ET
RESTLT) .o Sl Ly WEE,A1 b o=E= 1i Teak FProklam
RSETITY . BUHI J, ¥U{L.J) b =B= 1} Exeacuelaon
08d.. 2 =E= BUM[ {I,J1, CI{I,JI*E(L, T} )| 1
HOGEL HEAT / ALL § | ke 3§ VARIMBIE K.L
CETIOH LIHROE = O 1 H 3 €
CPTION LIHSOL = &
CFTION SOLFRINT = OFF: i 1.050
L] b.200
AGLVE HEAT USIMS HIF HINIHIZING 22 B 1.000
B 1.090
CEEPLAY W.L, Z.L ¢
—— 33 VARIABLE 2.1 = a7 . abb
Figure 4

GAMS File for Assignment Problem

With the ahove examples, it should be clear that using
GAMS provides a rather conventent and flexible enviromment
with which one can easily pose and solve optimization prob-
lems.

I this case study the chemical engineering problems thag
have been considered arc as follows, Firstly, a number of
analysis problemsare provided that deal with chemical andphase
equilibrium, with the minimem uality caleulation for heat
exchanger networks, and for parameter estimation in batch
reactors, There are also a number of design applications that
deal with heat exchanger networks, with the design of distilla-
tion columns (optimal feed tray location), the optimal design
of baich processes, and the design of catalytic reactors. The
case study also covers a number of applications in process

synthesis such as reaction paths, heal exchanger networks and
distillation sequences. Finally, planning and scheduling prob-
tems are also given for refineries, power systiems, multiproduct
batch planis, and for process selection and capacity expansion,
It is important 1o note that the 21 problems that have been
provided range from rather simple problems that are especially
suitable for the undergraduate level, to problems that are more
complex in nature and are betier suited for a praduate courss,
All the problems have been extensively documented in the
GAMS input files. Figures 5 108 present some of the problems
included in this case study that deal with refinery scheduling,
Gibhs energy minimization, heat exchanger neteork synthesis
and parameter estimation for batch reactions.
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Problem Type: LP Input File: REFINERY.GMS

1. Problem Statement

Crode X
Gasoline
[ ——
Fuel Heatng (il
. Chain L
. Jet Fuel
Lube Lube Oil =
I | : Chain

Figure 1. Processing Operation

Table 1. Problem Data

Product Yields bbl/bbl crude Product i
Fucl Process Lube | Value | Demand
Produects/Crudes 1 ] 3 4 4 f/bbl | kbblfwk
Gasoline 06 |05 |03 |04 04 ] 4500 170 |
Heating (}il 0.2 | 0.2 | 0.3 | 0.3 | 0.1 | 30,00 g5
Jet Fuel 0.1 02 103 )02 )]0z ] 1500 85
Lube Qil 0.0 | 0.0 | 0.0 | 0.0 | 0.2 | 6000 201
Gpr.:ratinE L.osses 01 |01 ot )01 |0l - £
Crude Cost  5/bhbl 15.00 [ 15.00 ] 15.00 | 25.00 [ 25.00
Operating Cost $/bbl 5.00 | 8.50 | 7.50 | 3.00 | 2.50
Crude Supply kbbliwk 100 [ 100 | 100 2(K)

Find production schedule to maximize
profit

Figure §
Eefinery Scheduling Problem by Karimi
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Problem type : NLP Input File : EQUIL.GMS

1 Problem Statement

Benrzene- Acetonitrile-Water Vapor-Lig-Liq Equilibria @333K 0.768atm
Vapor Phase Liquid Phase 1 Liguid Phase 2 Feed |
Component (mol fraction})  (mol fraction) {mol fraction)  (mol fraction)
CgHg : 0.4785 0.0026 0.4788 0.3436
CH;CN : 0.2B18 0.0762 0.4539 0.3042
H;O : 0.2397 0.9212 0.0673 0.3472
Total Moles 28.478 50.015 21.867 100.36

Table 1: Data and solution for Phase Equilibria Example - VLL solution.

Benzene- Acetonitrile- Water Liquid-Liquid Equilibria ®@333K latim
Vapor Phase Ligquid Phase 1 Liguid Phase 2 Feed
Component (mol fraction)  {maol fraction) {mol fraction)  {mel fraction)
CegHeg : s 0.0024 0.5147 0.3436
CHiCN : = 0.0711 04287 03092
HzO : e 0.9265 0.0566 0.3472
Total Moles —_ 33.522 GG.838 100.36

Table 2: Data and solution for Phase Equilibria Example - LL solution,

Determine phases and composition at
equilibrium minimizing Gibbs energy

Figure &
Multiphase Equilibria Problem by Paules and Floudas
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minimum total cost

Problem type: MINLP Input file: SYNHEAT.GMS

I Stage k=1 Stage k=2 E

i [

== b

-—l _:_.I ity d -+ S aw

! Ly

; - =" T _,.E :j;__,
Hits!  col— _J s i i

| — 11

| i

| " e

I wtd_p i e HE - G tcz-_s

. Mea __.F.cz.z_L, " i G2 [0

I| L | - HZ 2 Hyal |
Hap - ) @: FE— R

'} e i

Bp:'npth_wn— ninperaiues BT Pl

leeaton L=y lacation

(e | k=2 =3
Figure 1 Two stage superstructure
Synthesize network Structure with

Figure 7

Superstructure Oplimization for Heat Exchanger Network Synthesis by Yee and Grossmann
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Problem type: NLP

1. Froblem Statement

Input File: PARAM.GMS

Ky ko
A—= B—C
i 10 a0 a0 .40 50 a0 .J0 B0 90 LOoF
T eD6 368 223 .135 082 050 030 018 011 007
373 564 547 669 656 624 SEI 539 404 451
1.0 %
0.4+
0s % YA _data
-+ YH data
L & YA _sslimata
et = YH_estimate
032 -
0.0 -4 ¥ T T L a— T ?-‘_%“_
1 ] 0.2 0.4 o6 0.8 1o
1
Find rate constants to minimize
square errors from mesured values and
ODE model
Figure 8

Parameter Estimation for a Batch Reactor by Biegler and Tjoa

The cost of this case study 15 553 for CACTIE suppaerting departments and $30 for non-supporting depariments or for industry,

Additional information and an order form for this case study can be found at the end af this nevsleter,

Baferences

Edgar, T.F. and D.M. Himmelblaw, "Optimization of Chemical Processes™, McGraw Hill (1988).

Reklaitis, G.V., A Ravindran and K. M. Ragsdell, “Engincering Optimization™, John Wiley (1983),
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Microcomputer Chemical Engineering Programs

(develped by Professors)

Edited by Bruce A. Finlayson, University of Washingion

Have you wondered what microcomputer programs are being used in other chemical engineering carricula? This column
provides a mechanism For University professors (o let others know about the programs they*ve developed and are willing to share

on some basis.

The program should be described by a 250 word description, maching requirements, and ordering information.  These
programs should be ready to be shipped out the door, and should have been tested by students at more than one University, Tt
would be helpful if the specific Chemical Engineering course wens identilied in which the program is useful. The programs will
not be reviewed by Professor Finlayson, nor will they be certified by CACHE,

In order toedit the column efficiently, the submissions must be made 1o Finlayson via BITNET, address FINLAY SOM@ MAX
or on a diskete in ASCIL He will scknowledge receipt of the submission via BITNET and will send the edited column o the

CACHE office via BITNET. Leters cannod be accepted.,

The colemn can only be successful if professors submil their writcups, Let us hear from youo!

WILSOMN - A non-ideal vapour-liguid equilibrium tool

By Dr R.E Haves
University of Alberiz

WILSON 15 a software package which performs non-ideal
vapour liguid equilibrium calculations and plots phase dia-
grams. Operations include bubble point, dew point and flash
calculations. Ploting options include X vs, Y at constant
temperatune o pressure with azeotrope prediction, and X and Y
va, pressure or temperature. The program uses the Wilson
made] for the liguid phase and the virial equation of state for the
vapour. The data base provided contains 33 pure components
and may be easily expandcd by the user. The program is mena
driven and has online help available.

This package runs on an IBM PC or compatable equiped
with CGA or EGA graphics, WILSON has been used for three
years in Chemical Engineering Thermodynamics courses at the
University of Alberta

More information my be obtained from:

Dr. B.E. Hayes

Dept. of Chemical Enginesring
University of Alberta
Edmonton, Alberta

TeG 266

INTERNET upserhaye@@mis.wes.ualbertaca
FAX 403 492 2481

BIODESIGNER

By Demetri Petrides
New Jergev Institute of Technology

BioDesigner is a soltware ool designed 1o enhance the
effectivencss and productivity of engineers and scientists en-
gaged in design and development of individoal or integrated

Page 10
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biochemical processes. For a given flowsheet, BioDesigner
calculates the material and energy balances, estimates the size
and cost of equipment, and carries oot 4 dewailed sconomic
evaluation. The program has scheduling capabilies and has the
ability to handle batch and semicontinuous processes. Adesigm
casé in BinDesigner can have any nomber of unit operations,
material streams, and chemical components because memory
for those objects is allocated dynamically at runtime,
BioDesigner is intended w be used at the carly stages of process
development and during scale-up, It enables chemical and
binchemical engineers w quickly carry oot a conceplual design
for a new praject idea and evaloate it from an economic point
of view.

BioDesigner makes use of advanced graphics to facilitate
the humanfcompater inlecraction and minimize the kearning
period. [t is equipped with an advanced “Help™ facility that
minimizes the need for manuals,

The curment version of BioDesigner runs on any Apple
Maciniosh computer with at least 1 MB of EAM (more memory
is required for large Mowsheets). It is writen in THINK C and
is distributed in object code and parts of source code if desired.

BioDesigner was developed as a part of the Ph.D. thesis of
D, Petrides at the Bintechnology Process Engineering Center
(BFEC) of the Massachusetts Institate of Technology. Peter
Elenk, an undergraduate compuier science student, contributed
significantly in the development of the interface and a number
of other features.

BinDesigner has heen used in hiochemical engineering
courses ot MIT during the last two years,

More information may be obtained from:

Prof. Demetri Petrides

Dept. of Chemical Engincering
Mew Jersey Institute of Technology
Mewark, NI 07102

{201) 596-3614

Internet: dxpd 1296 eslanjibeda

The following programs have been listed in prior cditions
of the CACHE MNews,

1. Vapor compression refrigeration cycle, No, 24 and 25
Stanley Sandler, University of Delaware

2. Compression of an ideal gas, No. 24 and 25, Stanley
Sandler, University of Delaware

3. Computer Aided Analysis for Process Systems, No.24 and
25, Ted Cadman, University of Maryland

11,

15

14.

15.

16,

17.

18.

Discounted Cash Flow Analysis (and Present Worth), No.
24 and 25, Broce A, Finlayson, University of Washington

Short-cut Distillation and Flash Caleulaions, No. 24 and
25, Bruce A. Finlayson, University of Washington

Convective Diffusion Equation (CTYEQN), No., 25 and 26,
Bruce A. Finlayson, University of Washington

Engineering Plot (ENGNPLOT), No. 25 and 26, Bruce A,
Finlayson, University of Washington

Educational Software for Teaching Process Dynamics
and Control, Mo, 26 and 27, Patrick Richard and Tules
Thibault, Laval University

MIDAS - Microcomputer Integrated Distllation Se-
quences, Mo, 26 and 27, Andrew Hrymak, McMaster
Liniversity

. A Rigorous Multicomponent Multistage Steady-State

Distillation Raung Program, No. 27 and 28, E.C, Roche,
Jr,, Mew Jersey Institute of Technology

RESTM. A Reactor Design Teaching Tool, No, 27 and 28,
B.W, Wojcicchowski, Queen s University

. Real-time Multiloop Compuoter Conirol Program, UC

ONLINE , No. 27 and 28, by Alan Foss, University of
California at Berkeley

Real-time Dynamic Distillation Simulation and Relative
Gain Program , Mo, 27 and 28, by Alan Foss , University
of Califomia, Berkeley

The Kinetics and Selectivity of Consecutive Reactions,
No. 29 and 30, by Alvin H, Weiss and Reynold Dodson,
Worcester Polylechric Institute,

Equations of State, Mo, 30 and 31, by Kenneth B, Jolls,
Iowa State University.

Thermal Design of Shell and Tube Heat Exchanpers, No.
31 and 32, by Nurcan Bac and [lker Ozal, Worcester

Polviechnic.

Optimum Series Bioreactor Design, No. 31 and 32, hy
Gordon Hill, University of Saskatchewan.

REACT! AChemical Eguilibrium Caleulator, No. 32 and
33, by James A, ('Brien, Yale University

CACHE News

Page 11



Modern Authoring Systems for Computer Based

Educational Materials

An awthoring system is designed wo o be a highly fommat-
ted application development wal, Tt is supposed 1o generate
materials 1 “help your students learn faster, retain more, and
perform better.” In order for an authoring system 10 work,
howewver, il 15 important to first boild an “amboring environ-
ment.” The tools invelved, the personnel, and the interactive
training development process are all a pan of the authoring
environment.

Some of (the activities imvalved in preparing instroctional
modules om the compaler are:

= Analvss

= Swndards definition

= Dresign specification

= Development

» Production

« Programming

= Iniegration

« Validation
It i5 best to work with & team including media specialists, and
use a variety of computer based tools that function w0 record or
edit the educational materials, Basic skills this team should
have anc:

= Job task analysis

+ Instructional design

= Storyboard and seript development

+ Ciraphic ars

= Syslems engincering

= Software enginegring and programming

Instructional design and development, graphics, and
programming represent the major functions invelved in
authoring. Following is a brief list of specific activities,

Instructional Design
Tools
= Methodology
+ Technigues and instruments
+ Information management software
Personnel
= Instructional designers
+ Storybosrd writers
= Script wrilers
Flow of Activities
= Analysis
« Dhesign
+ Development
» Revicw and Edit

Graphics
Teols
« Paint packages
» Diraw packages
= Animation packages
= Deskiop publishing packages
« Scanning and digitizing devices
Personne]
+  Artists with knowledge of compuater systems
Flow of Activilies
» Marrative treatment
+ Scope of work
«  Events definition
»  Prototype
«  Standards
Working treatment
Development
Production
Program

Programming
Tools
= Authoring system
= Authoring language
= Programming language
«  Computer-managed instruction (CMI)
Personnel
= Systems engineers
= Software enginecrs
+  Programmers
= Authors
Flow of Activities
= Systems architecture
= Muodube specification
Evenis definition
Prototype
Standards
Integrating sysicm
Program
Integration
Review cycle
The next pages comprise a list of authoring systems, taken
from the article by Dr. Robert 5, Becker entitled “Hovw to Build
an Authoring Environment in the March/April 1991 issue of
Instruction Delivery Systems, pp 12-23, with permission of the
Communicative Technology Corporation.
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Directory of Authoring Systems

Company/System Cost Demo/Eval  Hardware System Special
Available Requirements Type Notes

Accord 4.2 $10,300 386, VGA, MENL AB.LCE

Global Info. Tech. AME

1800 Woodfield Dr. Multl-User Unix

Savoy, IL 61874

(217} 352-1165 _

ACT I Multimedia §405 BOTH PC, XT/AT MENU ABLCIE

Informatics Group, Inc. P5-2 ar comp.

West Hartford, CT 06110

(203) 9534040

Adroit 510,000 BOTH PC, XT/AT MENU B.CDE

Computer Associates P5-2 or comp,

711 Stewart Ave.

Garden City, MY 11530

(516y227-3300 .

AlSI1 53,900 DEMO PC comp. MENU B.C.E

Mc Donnell Douglas CET Sys. EGA, 640

2450 5. Peoria, #400 Color monitor

Aurora, CORDDT4

(303} &7 1-4800

ASAP 5795 BOTH PC, XT/AT MEML B

Ashton Interactive Tmg P32 or comp.

PO Box B30

Dandridge, TN 37725

(615) 397-0742 o

ASAP! Plus 51795 BOTH PC, KT/AT MEMNLI B

Ashton Interactive Tmg P5-2 or comp.

PO Box 830

Dandridge, TH 37725

(615) 3970742

Ask-Me 2000 §495 EVAL 286/386 comp. ICON CDE

ASE-ME [nfo. Crr VGA, 2ME

112 Roberts 5t Suite 14

Fargo, NI 58102

(FOL) 293-1004 -

Audio Viseal Connection §544 PS-2 camp. MENU BCDE

1BM Corp MR

4111 Northside Parkway
Internal Zip HOSL1
Atlanta, GA 30327

(B00) G2T-0920

Authology $2,500 BOTH XT, AT comp. MENU ABCDE
CEIT Systems

4800 Great American PRwy

Suite 200

Santa Clara, CA 95054

{408) 9EA-1101

Authology: MultiMedia 54,500 BOTH 386 AT comp. MEMNU ABCDE
CEIT Systerns Intel DV] Action

480D Great American Plwy Media Board

Suite 200

Santa Claza, CA 95054

(408) $E5-1101

Authar 5195 DEMO 54K Apple 2E BEML A
Daines Associates

Box 75962

S Paul, MM 55175

(612) 298-1104

Key 1o Special Noter A - Texteditor B - Graphicseditor  C- Supports videodisc [ - Supports CO-ROM E = Supports other peviphetals
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Directory of Authoring Systems

Compamny,/5ystem Cost

Cremo/ Eval
Avallable

Hardware
Requirements

System

Type

Special
Motes

AuthorPlus Calor 495
Daines Assoclates

Box 75962

5t. Paul, MM 55175

(B12) 298-1104

BOTH

IBM PC compe

MENU

AR

Authorware Professional
Authorware, Inc

2500 Mormandale Lake lvd, 9th Floor
Bloomington, MM 55437

(612) 9218555

33,000

BOTH

MacPlus ar
286(16 wi2MB

ABCDE

Autotrainer

Grey Management Consulting Co.
730 Gay 5t

Wistweod, MA 020600

(617} G#0-4670

51,500

BOTH

PC comp.

ACDE

Cadenza™ CALL
Inspiration, lnc.

6 High View Drive

High Bridge, N] 08829

(908} 638-5212

BOTH

PC 286 wi
ViGA

MENU

ABE

CANEB 5300
Homecom Leamning Sys. Lid

920 Yonge Street

Torants, Ont, Canada M4W 307

[416) 9568.7155

l'Jm'x, Kenix
ME-DOS, VAX
VMS

MENLI

ACDE

CI-Author CaALL
Dataware Technologies

222 Third Strest

Cambridge, MA (2142

[617) 621-E830

BOTH

VAKX, SUN

ME-DOS, Windows

MENU

ARD

Cai Tesols

Interactive Support Group, Tne.
21032 Devonshirte 56, Suite 209
Chatsworth, CA 91311

(818} F09-TIRT

57,500

Mac 11, 4MB
100 ME hard
drive

MENU

CLAS-CET $229
Touch Technologies

R0 Mesa Rim Rd. #220

San Diego, CA 92121

(619) 7430494

EOTH

P comp
Amigs

MEMU

ADE

Concurrent CaLL
Vaseo Corp

1919 & Highland, Suite 118-C
Lombard, L 60148

(708) 4250755

BOTH

286, 512K

MENU

Course Buikder
Telerobotics Int'], Inc.
7325 Oak Ridge Hwy.
Kuire 104
Knoxviibe, TH 37931
(A 15) 6%0-3600

§2.995

LOTH

Mac SE
2 MEBE

ICOM

CDE

Coursemaster §495
Tnterdigital, Inc,
258 Water 5t
Lebanan, N] 0BR33
{201) B32-2463

BOTH

POs 21, 256K

COMM

CE

Ky to Special Notes:  A-Text editor B -Cimaphics edieer £ - Suppars videod|sc D - Suppens COWR0M - Supparts other periphssals

Page 14

Spring 1992



Directory of Authoring Systems

Company/System Ciost

Dema/Eval
Available

Hardware
Reguirements

System
Type

CoursePlus §14%
Softwaords

4252 Commerce Circle

Yictoria, BC, Canada VAT 4M2

(604} T27-6522

DEMO

CoursePlus Twa

Softwords

4252 Commerce Circle
Victora, BC, Canada VEZ 4M2
(604) 727-6522

31,993

BOTH

Desktop Studio £9.000
‘Wonder Corp.

31 Winchester 51,

Mewton Highlands, MA 02161

(617) 965-8400

DRAKE Authoring & 095
Dake Training & %eg

BA00 Clueen Ave. 5,

Bloomington, MN 35431

{612) 921-6807

DEMO

266, 640K

BO266, BU36G

FC, P5-2 COMmp.

MEMNU

Special
MNotes

ABE

MENL

AB.CE

MEND

C.DE

AT o1 comp.
614K, COA
EGA, or VA

MENL

Electronic Publishing Systems™ 520,000
Intellisance Corp.

1885 Lundy Ave

San Jose, CA 95131

(4008) 4230430

PC-D0S or
DEC VMS

MENL

BE

CABCE

Examiner CALL
Technovision, Inc.

5155 Spectrum Way, Unit 31
Mississauga, Ont, Canada L4W 541
(416) 625050

285
wi network card

MENU

AL

(System speciflc
far driver’s
te::]ng and
evaluatlon.)

Exemplar £12,000
BehaviorTech

5215 N. O"Connor Bivd., Sulte 2550
Irving, TX 75039

(214} 402-93094

BOTH

FC comp.
color monitor

RULE

312K

ARE

Guide 3.0 §495
Ow| International

2R00 156th Avenue SE

Bellevue, WA 98007

[206) 747-3203

DEMO

286, IMB
Windows 2.x

10N

CE

Hyperdoe 2.1 1,240
Hyperdoc, Inc.

One Almaden Blvd,, #620

Sam Jose, CA 95113

(408} 292-7570

HyperWriter! 5395
Ntergaid, Inc.

2490 Black Rock Tumpike

Suite 337

Fairfield, CT 06430

(203) 16H-0632

EOTH

" 386, EGA

MEMU

CDE

PC comp.

MEML

ACIDE

TeonAurhor
Aimtech Corp

20 Trafalgar 5q.
Mashua, NH 03063
(603) BE3.0220

5,1495

BOTH

286 comp
Windows 3.0
Unix

ICON

ABCILE

Koy to Special Motes: A - Textedites  B- Graphict editor  C- Supposts videodisc D - Supparts CD-ROM

E - Suppats otlér peripherals

CACHE News
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Directory of Authoring Systems

Company/System

Cost

Demay/ Eval
Avallable

Hardware
Requiremenis

System
Type

Special
Notes

L.De.AS.

OrmniCom Associales
407 Coddington Rd.
Ithaca, NY 14850
(607) 272.7700

32500

EVAL

PC comp., 640K
ME-DOS 33
Caolorgraphics Card

MEMLI

ALE

10T Author
Instructional Deslgn [nt'l
1775 Church 5t,, NW
Washingron, DC 20036
(202) 332.5353

545

MacPlus w/
Hypurcard

MENU

CE

Images

Compaster Knowledge Int’
1300 Weathervane La,
Suite 200

Akron, OH 44313

(21a) B36-1B66

$2,000

DEMO

640K
Graphics Adapter

MENU

ABCDE

IMRT

Arnowitz Productions
488 Green Glen Way
Mill Valley, CA 4941
(415} 383.2878

CALL

DEMO

PL comp., Mac

1CON

ABCDE

Imsatt 2000

Imsatt Corp

105 W Broad 51., Suite 301
George Mason Squane
Falls Chusch, VA 22046
(703) 533-7500

CALL

BOTH

PC comp.

Infowriver Pro
Infowriter

7323 E 5%th 5t.
Tulsa, QK 74145
[P1E) 6630218

CALL

BOTH

PC-XT comp.
640K, 360 drive

MENL

AC

Instructional Workbench
ATET

200 Laurel Ave.
Middletown, ] 07748
(B08) 9576167

FHOID
- §50.000

DEMD

ATET Unix
Syatem V

MENU

ABDE

Instructor
RBCD Associates Inc

7510 M. Broadway, Sulte 205-T

Cklahoma City, OK 73116
(405} B43.4574

1395

Apple 11

MENU

Interact
Ashton Interactive Tmg
PO Box B30

Dandridge, TM 37725
(615} 397.0742

$3,875

BOTH

PC, XT/AT
F5-2 ar comp.

MENL

BCE

Interactive DiskCourse
Key Learning Centers
21 5 Huckleberry D,
Morwalk, CT DEESD
(203} B47-2368

DEMO

Mac [

TCOM

EC.ILE

Interactive Virtual Video
¥_Graph Inc

Box 105

1275 Westown Thartan Rd.
Westown, PA 19395

(215) 399-1521

54,500

BOTH

Targa-16,
Vision16
CGA, BGA, WA

MEMNLI

ARCDE

Page 16
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Directory of Authoring Systems

Company/System

Cost

Dema/Eval
Available

Hardware
Requirements

System
Type

Special
Inotes

InterFlex

52,000

Catharon Produetions, Inc.

Eonig Rd.
Ghent, MY 12075
{318) 3929003

EOTH

285 comp.
EGA

TEMP

C.LE

I1V-13

5995

Computer Scienoes Corp.

813 Diligence Dr, #110

Newport News, VA 23606

(804} 8731024

DEMD

PC, KT, AT

1WPs
IBM Comp

4111 Northside Fhwy.

Internal Zip HOSL1
Atlanta, GA 30327
{R00) 62 700920

56,000

P52

MEMNU

ACE

MEMNL!

CDE

KAware DMsk Publisher 5905

Knowledge Access Int'l

2685 Marinl Way, Suite 1305
Mountaln View, CA 94043

(415) 969-0606

BOTH

PC

T MENU

KSS: Author
Comware Ine
4225 Malsbary Rd.

Cincinnati, OH 45242

513) 7914224

L1

EVAL

PE J'::T AT comp.
512K

MEMLI

ACDE

LessonCard™

C.H. Love & Co. Inc.

220 Cypress
Abilene, TX 79601
1800 527-4248

5200

BOTH

MacPlus, 1MB

MENU

ABCDE

Leverage Language

Authoring Sys.

CALL

Creative Learning Systems
7801 4th Street North, Subte 207

5L Petersbu
IB13) 5704597

FL 33702

XT 512K

COMM

ABE

Linkway
IBM Corp

4111 Northside Fiwy.

Internal Zip HOSL1
Atlanta, GA 30327
(800) 62 7-0021)

§140

PC, KT, AT
F5-2 comp.
512K

Graphic Diisplay

MENU

Limx™

Wamren-Forthought, Inc.

1212 M. Velasco
Angleton, TX 77515
(409) B49.1239

$685 -
2,000

BOTH

Mac
calor Quickdraw

MENLE

ABCDE

ABCDE

L5f1
1BM Corp

4111 Northside Plwy,

Internal Zip HOSL1
Atlanta, G 30327
(800 62 7-0820

§6,500

XT

MENU

B.C.D.E

MacVideo Interactive

Edhdise, Inc
1400 Tyne Bhed.

Nashville, TH 37215

(615) 373.2506

51925

Mae [1, Apple or
Radius Monitor
MacVideo Board

ICOM

ACDE

CACHE News



Directory of Authoring Systems

Company/System Cost Demo/Eval  Hardware System Special
Available Requirements Type Notes

Mesa 5485 DEMO PC comp. MENU ALCE

Interactive Tech Inc

P Box 948

Springdale, AR 72765

{501} 442.0301 B

Microlnstructor CALL BOTH IBM P comp. MEMNL A

Maoshy Ca, Apple comp.

11830 Westline Industrial Dr.

&t Lowls, MO 63146

(BO0) 325-4177

MATAL §1,405 DEMC PCXT, AT comp.  MENU CE
Softwords

4252 Commerce Circle
Victoria, BC, Canada VBZ 4M2

(604) F2T-6522

PC Interact 5495 PC, XT, AT, P5-2 MENL AR
Ridgewnod Industeies, Inc, Comp.

PO Box 408

Glenview, 1L 60025

{708y 7249273

Plate CALL M3-[05 386 MEMNLI ABD
W.R. Roach Organization LAM, 640K

4660 W 77th S
Edina, MM 55435

(8O0, 862-2000
Phoenix Micno CALL BOTH P comp., MEMNLI ABCDE
Gaal Sys Inth, 530K

M65 N. High 5.
Codumbus, OH 43235
(614) BEB-1775

Propi CALL EVAL MENU ABCILE
Asys Computer Sys

104 Viewcrest Rd.

Belllngham, WA 98225

{208) 734-2553

S $495 BOTH DOS comp. MENU ARCDE
Sage Software

1700 NW 167th Fl.

Beaverton, R 97006

(B00) 547-4000 = :
Ousest §1795 BOTH G40K, EGA, VGA MENU ABCDE
Allen Communicaticons 2MB Hard Dirive

S225 Wiley Post Way
Salt Lake Ciry, UT 84116
(BO1} 537. 7800

Ousest §1795 BOTH DOS comp. MENU ABCDE
Synesis Corporation

200 Hembree Clrcle Dr.

Roswell, Ga 30076

(404} 45 7-67EE

Reference Setf™ $12,000 BOTH IBM AT MEMNU ()
Reference Technalogy Hard Deive

5775 Flatiron Plwy.

Boaulder, CO 80301

(303} 449-2157

Key 1o Special Motes:  A- Textediior  B- Graphicseditor £ - Supports vadeodisc D - Suppoms CO-ROM  E - Supponts other peripherals
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Directory of Authoring Systems

Company,/5ystem Cost Demo/Eval Hardware System
Avallable Requirements Type

Special
Notes

Saber CALL ROTH PC comp. MENU
Pinnacle Coursewsre Inc

4340 Stevens Creek Blvd.

Suite 202

Cuperting, CA 95129

(408) 2458383

ALCDE

Sage CALL BOTH PC comp. MENU
WICAT Systems Inc

1675 5. State 51,

Orem, UT B4057

(B01) 2246400

AB.C.ILE

SAM 32,500 BOTH AT wWiCGa MENU
Technology Applicatlons Group GADK

1700 West Big Beaver Rd.

Sufte 265

Trog, M1 45084

{313) 849-5200

SAM for Windows 33,000 BOTH Windows 3.0 MENLI
Technology Applications Group

1700 West Big Beaver Rd.

Suite 265

Trovy, M1 48084

{313 6495200

ABCDE

Showcase 3505 P, XT, AT, P5-2 COMM
California Synfuels Research

PO Box TO000-47

Palos Verdes Pen., CA 20274

(213) 375-7772

Socratic Authoring Svstem 5895 DEMO PC,P5-2 comp. MENU
Solutions Unlimited 640K

PO Box 140

Edgecomb, ME

{207) 882-6222

C.ILE

Summit 52,500 BOTH XT.AT P52 MENU
Conceptual Systems Inc 12K

1010 Wayne Ave., Suite 1420 Color Monltor

Silver Spring, MD 20910

{301 585-1800

ABCDE

Syllabus 55,000 BOTH PC comp. MENU
Teaching by Computer, Inc.

25 nt Circle

Br ine, Ma 02146

(617) 734-2128

AB.CE

Teachers Alde 57,200 BOTH M5 DOS MEMNL
Sclection Sys Inc 350K

2731 77th 5. 5E Color Monitor

Mercer lsland, WA 98040

(206) 236-2700

ABCLE

tht AUTHOR 52,500 BOTH PC comp MENU
HypesGraphics Corp
N Carroll
Denton, TX 76201
(B17) 5650004

AB.CE

TenCORE §2,400 BOTH PC, KT, AT, P5-2 MENLI
Computer Teach, Corp comp., 512K

1713 5. Meil 5t,

Charmpalgn, IL 61820

(217) 352-6363

ABCDE

CACHE News
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Directory of Authoring Systems

Company/5ystem Cost Demo/Eval Hardware System Special
Available Requirements Type Notes.

TenCORE Producer §1,800 EOTH PC, XT, AT, P52 MENL ARCILE

Computer Teach. Coep comp., 512K

1713 5. Meil 51,

Champaign, [L 61820

(2171 352-6343

TIE 32,500 EVAL 385, VGA, MENU ABLCE

Glohal Info. Sys. Tech. 2ME

1800 Woodfield Dr. Windows 3.0

Savoy, IL 61874

{217) 352-1165

Trainer 51,900 DEMO PC, P52 comp. MENU CDLE

Wander Corp.

51 Winchester St

Mewton Highlands, MA 02181

(617} 9655400

Trainer 4000 31,820 BOTH PC comp MEMU ABRCE

Computer Sys Research Inc Color mandtor

40 Darling Dr.

Awan, CT 06001

(BO0) 9221190

Tutor-Tech §195 BOTH Apple II serles MENU ABCDE

Techware Cotp. Laser 128

PO Box 151085

Altarnonte Springs, FL 32715

(407) 685

Unison $345 BOTH PC comp. COMM ABCDE

Courseware Applications
481 Devanshire Dr.
Champaign, IL 61820
[217) 358-1878

Unix Author §5,000 DEMO Unix System V Menuy A
Mentor Resources 186

1 Tara Blvd.

Nashua, NH 03062

{607 B8E-2580

Virtual Video Producer Flow BOTH PC, CGA, EGA MENU ABCDE
V_Graph Inc VGA

Box 105

1275 Westown Thorton Rd.

Westown, PA 19395

(215} 399-1521

VideodiscWriter 5389 MacPMus MENL ABCILE
Whitney Educational Services

PO Box 25147

San Mateo, CA 94402

(415) 341-5818

VidKit i2.I::I $275
Videodiscovery

1515 Dexter Ave. M.

Seattle, WA 98109

(B0 548-3472

V5 Author §5,000 BOTH WANG VS MENL A

Mentor Resources Inc

1 Tara Klvd,

Mashua MNH 03062

(603} BE8-2580

Wise CALL BOTH PC comp. MENL ABCDE
WICAT Systemns Inc

1875 5. State 5t

Orem, UT 84057

(BOL) Z24-6200

a
Y

T.AT MENL AL
Model 25

&
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MATLAB Functions for the Analysis and Design of Model

Predictive Control Systems

By Praofessor Manfred Morari, California Institute of Technology,
and Professor N. Lawrence Ricker, University of Washington 1

CACHE-Tools is a collection of functions (commands)
developed for the analysis and design of model predictive
conirod systems. Model predictive control was conceived in
the 19705 primarily by industry, Its popularity has steadily
increazed throughout the 19805 Atpresent, there iz little dogbt
that it iz the most widely used multivariable control algorithm
in the chemical process industries and in other areas. 'While
MPC is suitable for almost any kind of problem, it displays its
main strength when applied to problems with

a large number of manipulated and controlled varzbles

+ constraints imposed on Both the manipulated and con-
trolled vanables

+ changing control ohjectives and / or equipment (sensor /
actuator) failure

* time delays

Some of the popular names associated with model predic-
tive control are Diynamic Matriz Control (DMC), IDCOM,
madel algorithmic control, efc, While these algorithms differ
in certain details, the main ideas behind them are very similar,
Indeed, i its bagic unconstrained form MPC is closely related
1o linear quadeatic optimal control.  In the constrained case,
however, MPC leads 1o an optimization problem which is
solved on-line in real time at each sampling interval. MPC
takes full advaniage of the power available in today”s conirol
computer hardweare,

The software and the accompanying manual are nat in-
tended to teach the user the basic ideas behimnd MPC, Back-
ground material is available in standard textbooks like those
authered by Seborg, Edgarand Mellichamp {19802, Deshpande
and Ash (1988)?, and the manograph devoted solely to this
topic anthored by Morari and coworkers (Morari etal., 1992),
The following article sssumes some familiarity with the basic

feamres of MATLAB (sce the article by 1. Kantor, CACHE
Mewsletter, Spring 1089, 28: 27-36).

The package is intended for the classroom and for the
practicing engineer. It can assist in communicating the con-
cepts of MPC toa student in an Introductory control course, At
the same time it i3 sophisticated enough 10 allow an engineer
in industry o become trained in MPC, For more complex
applications MPC-Tools is recommended which can be ob-
tained from MathWorks and includes wils for mode] identifi-
cation, noise filering, and stability and performance analysis,

The MPC Toolbox runs on all computers for which
MATLAB is available.3

The MPC analysiz and simulation algorithms are numeri-
cal intensive and require approximately 1MB of memory on an
Apple Macintosh or IBRM-PC compatibile computer, depend-
ing on the number of inputs and outpuis, The available
memory on either a Macintosh or an IBM-PC compatible
compueler may limit the size of the systems handled by the
CACHE-Tools package. A numerical co-processar chip i
essenlial.

Step Response Models

Step response models are based on the following idea.
Assume that the system is at rest. Far a linear dme-invariant
single-input single-outpot (51500 system et the output changs
for a unit input change Aw be given by

{G1‘511325' '-1311g-31-"|- -}

Here we assume that the sysiem setfles exactly afier 1 steps.

L Phis article was writen in coaperation with Douglas B, Raven, Yaman Arkun, Nikolaos Bekinris, Mare 5. Gelorming, Evelio
Hemandez, Jay H. Lee, Yusha Liu, Simone L, Gliveira, Shwu-Yien Yang, and #hi Q, #heng.

2 DE. Seborg, T.F, Edgar, DA, Mellichamp; Process Dynamics and Control: Jahs Wiley & Sons, 1985
3 P.B. Deshpande, R.H. Ash; Computer Process Control with Advanced Corrol Applications, 2ad ed., 1SA, 1988
4 M. Morari, C.E. Garcia, I.H. Lee, DM, Prest; Model Predictive Contral: Prentice Hall, 1992
5 T enduire sbout MATLAB licenses comtact The Math Works, Inc.; phone (3081 6521415, Fax (908) 653-2997, e-mail:
infof mathworks com.
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The step response | £1,57,...,5 ) constitutes a complete model
of the system, which allows us to compute the System output
for any input sequence:

y(k) = i sAv(k —i) + su(k—n—1)

=1

Step response models can be used for both stahle and
integrating processes. Foran integrating process it is assumed
that the slope of the responss remains constant after n steps, e,

8n = Sa=1 = Sntl — 3n = Sp43 — Sppl = se
For a mult-input multi-owtpot (MIMO) process with ., in-

puts and Tl outputs, one obtains a series of step response
cocfficient matrices

8114 81,24 g
89,1
8 =
Sn,,!.l 311." 2a Sn*,n.,ﬂ

where 8y, ¢ i the m* siep response coefficient relating the
input 1o the 1% ourput,

The step response can be obtained directly from identifi-
cation experiments, or generaled from a continuows or discrele
transfer function or state-space model. For example, if the
discrete system description (sampling time T= 0.1) is

y(k) = =05y(k = 1) +v(k - 3)

then the transfer funclon 15

plant = tf3atep (tfinal,delt2,nout,glr %
Caleulate the step response
plotstep (plant) % Plot the step response

ul siep respomse @ 5l

1

@ 02 0& 06 08 1 12 14 16

We con get some information on the contents of a matrix
in CACHE-Tools via the command inform. For our example,
informiplant) refums:

This is a matrix in MPC Step format.
aampling time = 0.1
number of inputs = 1
nomber of outputa = 1
number of step response coefficients = 16
All oputputs are stable,

Unconstrained Model Predictive Control

The MPC control law can be most casily derived by

a8 = =3 referring to the following fgure.
I +0.5z1
The following commands generate the stepresponse model
for this system and plog i oy P
B E———

__________________________ lamget
num=1: % numerator polyncmial coefficiants i T N ST
den = [1 0.5]; % dencminator polynomial L

coefficients ¥ e
deltl = 0.1; % sampling time . ° | Profected Outputs
delay = 2; - Manipuiated k)
g =poly2tf (num, den,deltl,delay): % Set up _|_|_‘J_I_' Vanablas
the model in tf format | | I_I
tfinal = 1.6; - T e [
delt2 = deltl; I —
aput = 1; % indicates that system ia fiatlais
nonintegrating/stable
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For any assumed set of present and future control moves
Ak}, Av(k +1),...,8v(k +m— 1) the future
behavior of the process outputs  y(k + 1]k), y(k + 2|k),
. - Yk + p|&) can be predicted over a horizon p. The m
present and future control proves (M < p)  are compuied
tex minimize a quadsatic objective of the type

» -
_m_m_iﬂ'__ﬂgllr;i;[k + 4k} —rik + 47 +E IITRask + £ = 1.

Here 'Y and Ty are weighting matrices 10 penalize particular
components of ¥ or i at particular fisore tme intervals,
r{k + £) is the (possibly ame-varying) vector of fore ref-
crence values (setpoints), Though /e contrel moves are cal-
culated, only the first one (Au(k)) is implemented. At the
next sampling interval, new valoes of the measored outpat are
obtained, the control horizon is shifted forward by one siep and
the sarme computations are repeated. The resulting control Ly
ig referred to as “moving horizon™ or “receding hortzon™,

The predicted process outputs y{k+1Jk),...,
y(k+p|k) depend on the eurrent measurement (k) and
the azsumptions we make about the unmeasured disturbances
and the measurement noise affecting the outputs, CACHE-
Tools assumes that the unmeasured diswrbances for each
output are sieps and that there is no messorement noise, The
same assumption is used in conventional Dynamic Matrix
Control (DMC).

Under the stated assumptions, it can be shown thata linear
time-invarant feedback control law results

Aulk) = KnpeEp(k + 1|K)

where [ (k + 1|k) is the vector of predicted futre errors
over the horizon 2 which would resuli if all present and future
manipulated variable moves were equal to zero Aulk) =

The stability of the closed-loop system depends only on
K ys > which intumn is affected by the horizon 2, the number
of moves m and the weighting matrices T and 'y, No
precise conditions on m, 0, I‘;‘ and F}'exia which guaranice
closed-loop stability. In general, decreasing m relative to o
makes the control action bess aggressive and tends (o stabilize
asystem. More commonky, 1"}‘ iz nsed as a luning parameter,
Under certain mild assumptions, itcan be shown that a closed-
loop system can always be stabilized by choosing I‘}" Suiffi-
ciently large. Increasing [ abways has the effect of making
the control action less aggressive,

All controllers designed with CACHE-Tools track steps
asympiotically ermor-free (Type 1), If the model is integrating,
ramps are also racked ermor-free (Type 20,

Example

% Plant transfer function: g = 5.T2axp(-
143) f60a+1)

% Disturbance transfer function:
1.5Z2exp (-153)/{253+1)

gﬁ-

*

% Build the step response maodels for a
sampling period of 7.

deltl=-0; % continucus model

delayl=14; numl=S5 72;

danl=[&0 1]

g = poly2ef (numl,denl,deltl, delayl)

tfinal = 245;

delt2 = 1;

noutl = 1;

plant = tf2step (tfinal,dalt?, noutl, g); %
step response of plant

delay2 = 15;
num2 = 1_52;:
den2 = [25,1];

gd = poly2tf (num2, den2,delt?, nout2, gdj; &
atep response of disturbance modal

%

% Calculate the MPC controller gainmatrix
for

& HMNo plant /model mismatch,

% Cutput Weight = 1, Input Weight = 0

% Input Horizon = 5; OQutput Horizon = 20

model = plant;

ywt = 1; uwt = 0;

M=5: P = 20;

Empcl = mpocon (model, ywht, uwt, M, F)

%

¥ Simulate andplot responae for unmeasured
and measured

% step disturbance through dplant.

tend = 245;

r = []; usat = []; tfiltar = []1:

dmodel = [J1r % unmeasured disturbances,
i.e. no feed forward

dstep = 1;

[¥l,ul] = mposim (plant,model,Kmpcl,

tend,»r», usat,tfiltar,dplant,
dmedel, dstep) ;

dmodel = dplant; % measured disturbance,
i.e. feed forward

[¥2,02] = mpocsim  (plant,model, Empcl,
tend,r,usat,tfilter,dplant,
dmodel , datep) ;

plotall ([yl,v2], [ul,u2],delt?);

pause; % Perfect rejection for measured
disturbance case.
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Taine

% Caleulate a new MPC contreoller gain
matrix for

% Mo plant/model mismatch,

% Output Weight = 1, Input Weight = 10

% Input Horizom = 5, Output Horizeon = 20

model = plant;

ywk = 1; uowt = 107

M=5 P = 205
Empcd = mpoocon (model, ywt, uwt M, F) ;
%

% Simulate and plot response for unmeasured
and measured

% step disturbance through dplant.

tend = 245;

r= []r unsat = [1; tfilter = []1;

dmodel = []7

dstep = 1;

[¥3,u¥] = mpesim (plant,model,Empc2,
tend,r,n=zsat,tfilter,dplant,
dmodel,dstep) s

drisdel = dplant; % measured disturbance

{y?,u!] = mpeain (plant,model,KmpcZ,
tend,r,usat,tfilter.dplant,
dmodel, dstep) ;

plotall ([y3,vy31, ud,utl, delt2);

14 ; Dyt
i

%

a
A5 -

150

0} 50
200 250

Constrained Model Predictive Control

The control action can be computed subject 1o hard con-
straints on the manipulated variables and the outputs,

Manipulated variable constrainis:
Umin (£) < u(k +£) < tmax(£)
Manipulased variable rate constrainis:
|Au(k + £)| < Aunac(£)
Chutput variable constraints:
Ymin (£) < ylk + £]k) < Yoz (£)

When hard constraints of this form are imposed, a qua-
dratic program has to be solved at each time step to determing
the control action and the resulting control law is generally
nonlinear, The performance of such a control system has to be
evaluated via simulation.

Example

% Simulate and plot responsge for unmeasured
step

% disturbance through dplant with

without

input constraints.

Ho plant/model mismatch,

gutpet Weight = 1, Input Weight = 0

Input Horizen = 5, Output Horizon = 20

model = plant:

and

ob o P e

ywt = 1; uwt = 0;

M =5; F = 20;

tand = 245;

£ = 0;

ulim = [J; % no constraints

ylim = [}; tfilter = []; dmedsl = [];
dstep = 1;

[yg,ugj = gmpzs (plant,model, ywt,uwt,

M, B, tend, r,ulim, ylim, t£ilter,
dmodel , datep) ;
% Minimum Constraint on Input = =0.4
% Maximom Constraint on Input = inf
% Delta Constraint on Input = 0.1

dplant,

ulim = [=0.4, inf, 0.1]:; % impose con—
atraints
[y:% 20y = empe (plent,model,ywt,

uwt, M, P, tend, £,ulim, ylim, tfilter, dplant,
dmndel, dstep) ;
plotall ([y¥eyl®), (¥ ulf], dele2);
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CACHE - Tools Commands
Grouped by Function

Model Conversions

Combines MISO impulse response
maodels w form MIMO models in
MPC step format.

lmpZaten

poly2if Converls a transfer function in poly
format to MPC if fommat.

sE2siep Converts a state-space model io MPC
step format,

t2step Converts a model in MPC ¢ format

Lo MPC step formad,

Controller Design and Simulation
MPC srep format

Solves the quadratic programming
problem to simulate performance of a
closed-loop system with input and
OULPEL Constraints.

Calculates the yneonstrained
controller gain matrix for MPC.
Simulates a clozed-koop system with
oprional saturation constraints on the
manipulaed variahles.

ompe

mpooon

mpcsim

Plotting and Mairix Information

inform Crotputs matrix type and attributes of
SYstem representation.

plotall | Plots outputs and inpots from a
simulation run on one graph.

ploteach | Makes separate plots of outputs and |
o _inputs from a simulation run.

plotatep | Plots the coellicients of a model in
MPC step form,

Utility Functions

dant zgmp | Solves quadratic prosrams.

stair Creates the "stairstep” formal used o
plot mantpulated variahles,

cp2dp Comverts a conunuous-ume SIS0
gystem to the discrele time version.

Numerical Methods \N

for Problems with
Moving Fronts

by
Bruce A. Finlayson

An essendial puide to methods
for mwsleling moving fronts.

Compares and contrasts in 1D & 2D:
fimite difference, fnite element,
flux-corrected, TYD, ENO, random
choice, moving meshes, Petmov-
Galerkin, Taylor-Galerkin methods,
18 pages, $5000, hardoover,

with Macinioeh diskens

ISEN 0-9630765-0:1

Favennaz Park Publishing, Inc
6315 22ad Ave. M. E

Seattle. Wasthington 98113-56919
206-524-3375
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CACHE
Model Predictive Control Toolbox
(CACHE-Tools)

MATLAB Functions for the Analysis and Design
of Model Predictive Control Systems

Model Predictive Control Toolbox
Site-License

[ 1 &160for CACHE-supporting departments
[ 1 & 250 for non-supporting departments
[ 1 %1000 for non-supporting companies

[ 1 31/2"PC-diskete [ 1 31/2" Macintosh-diskette

Name:
Address:

Make check payable o CACHE Corporation and send 1o CACHE Corporation
P.O. Box 7939
Austin, TX 78713-7939

Available in March 1992
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POLYMATH Order Form

If you decide to obtain POLYMATH for testing (see form below), please be aware of the following:

1,

You may reproduce the program as many times as you like for students and other faculfy.
Your department chairman will be informed of the testing.

If you decide to use POLYMATH in your department after 3 months, vour department will be billed for $125.00,
and $75.00 for each snccessive year thereafter. This fee covers any updates or new versions,

IT you decide not to use FOLYMATH after 3 months, vou must return (or certify you have erased) all copies
made.

Educational supporting material will be available from CACHE later in the year at $50.00 per copy.

Please send me a copy of POLYMATH for the IBM/PC. T have read and
understood the conditions described above.

Drate:
Requested Disk: Name
[ 1 51/4" Double Density Address

[ 1 51/4" High Density

[ 13 1/2"High Density

Machine

Make check payable to CACHE Corporation and send to: CACHE Corporation
P.0. Box 7939
Austin, TX 78713-7939
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FLOWTRAN TAPE ORDER FORM

1 am intcrested in preparing a FLOWTRAN tape.

_ Tam interesied in obtaining a FLOWTRAN tape.

If you have ehecked either of the above, please complete the following information. IF you have two
computers you wanl to consider, duplicate this form and submit both completed forms and your
preference.

1.

Computer make and complete model number:

2. Operaung system version:

3. FORTRAN compiler version: _ _

4, Magnetic wape facility:

5. Mo. of wacks:

6. Drive speed in bitsfinch:

Send form to: MNote:

Professor 1. D, Seader/CACHE You will be required to sign a User's Agreement that must be
3260 MEB approved by Monsanto. The cost of the tape, payable to
University of Uliah CACHE, is $250. The charge to CACHE-supporting depart-
Sal Lake City, UT 84112 ments is 3173,

FLOWTRAN BOOKS ORDER FORM

Pleage send e
Flowtran Simulation - An Introduction, 3rd edition; Pauls.

Mo, of copies: at $16.95/copy

Send form to: ULRICH'S Booksiore

ATTN: Heather Senior
540 E, University Avenue
Ann Arbar, M1 43109

Add 51.50 per copy for mailing and handling in the U5,

A check most accompany all orders by individuals. Also available in quantity at regular guantity discounts 10

established book retailers. Make checks payable w Ulnich's Bookstore.
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STANDARD ORDER FORM

: Unit Price -
Description of Ttem Quantity Supporting | Non-supporting l'otal

Al Monograph - Volume | 315 513
Al Monograph - Volume 2 315 515
Al Monograph - Volume 3 515 515
Set (1,2, and 3) 515 515
Al Case Stady - Volume | 510 217
Al Case Study - Volume 2 510 517
AT Case Study - Volume 3 10 317
Set (1,2, and 3) 10 333
GPSS 515 515
FIP 3l 75
Process Design Case Study Volome 4 15 $33
Process Design Case Swdy Volume 5 20 540
Process Design Case Study Volume & §55 380

Mame:

Address:

Please make checks payable to CACHE Corporation
in 1.5, funds and drawn on a U, 8. Bank and return to:

CACHE Corporation
P.O. Box 7939
Austin, TX 78713-7939

For a complete histing of CACHE products, send in for a CACHE catalog.
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