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ADVANCED DECISION-ORIENTED SOFTWARE 
FOR THE MANAGEMENT OF HAZARDOUS SUBSTANCES: 

Part IL- A Demonstration Prototype Syatem 

Kurt Fedra 

1. THE STRUCTURE OF THE DEMONSTRATION PROTOTYPE 

This report  describes the implementation of a f i rst  demonstration prototype 
of an integrated, interactive, computer-based decision support and information 
s y s t e m  f o r  the management of hazardous substances. Design guidelines and the 
overall structure of the system have been described in Fedra (1985). 

Recognizing the potentially enormous development effort required and the 
open-ended nature of such a project. w e  have opted for  a strategy that takes 
advantage of the large volume of scientific software akaady available. A modular 
design philosophy enables us to develop individual building blocks, which are valu- 
able products in their own right, in the various phases of the project. This also 
makes i t  possible to interface and integrste the modules in a framework which, 
above all. has to be flexible and easily modifiable with growing experience of use. 

The demonstration prototype can be constructed at relatively low cost and 
only incremental effort, by using an open architecture ooncept fo r  this framework, 
with a functional and problem-oriented, ra ther  than a structural and methodologi- 
cal design 

The system design combines several methods of applied. systems analysis and 
operations research, planning and policy sciences, and artificial intelligence into 
one fully integrated software system. The basic objective is to provide a broad 
group of users direct and easy access to these largely formal and complex methods 
(see Appendix A l  fo r  a summary description of the overall project). 



1.1 Information Management and Decision Support 

The sheer  complexity of the management of hazardous substances and related 
risk assessment problems calls f o r  the use of modern information processing tech- 
nology. However, most problems that go beyond the immediate technical design and 
operational management level involve as much politics and psychology as science. 

The demonstration prototype system described here  is based on inJ'ormation 
management and model-based decision support .  I t  envisions exper ts  as i ts users, 
as we l l  as decision and policy makers, and in fact, the computer is seen as a media- 
to r  and translator between exper t  and decision maker, between science and policy. 
The computer is thus not only a vehicle fo r  analysis, but even more importantly, a 
vehicle f o r  communication, learning, and experimentation. 

The th ree basic, though inseparably interwoven elements, are 
t o  supply j'actual information, based on exist ing data,  statistics, and scien- 
tif ic evidence, 

to  assist in designing d te rna t i ves  and to assess the likely consequences of 
such new plans o r  policy options, and 

to  assist in a systematic multi-cri teria evaluat ion and comparison of the 
alternatives generated and studied. 

The framework foresees the selection of cr i ter ia  fo r  assessment by the user,  
and the assessment of scenarios o r  alternative plans in terms of these cr i ter ia.  
The evaluation and ranking is again done partly by the user,  where the machine 
only assists through the compilation and presentation of the required information, 
and partly by the system, on the basis of user-supplied cr i ter ia fo r  screening and 
selection. 

The selected approach fo r  the design of this software system is eclectic as 
wel l  as pragmatic. W e  use proven o r  promising building blocks, and w e  use avail- 
able modules where w e  can find them. W e  also exercise methodological pluralism: 
any "model", whether i t  is a simulation model, a computer language, o r  a knowledge 
representation paradigm, is by necessity incomplete. I t  is only valid within a sma l l  
and often very specialized domain. No single method can cope with the full spec- 
trum of phenomena, o r  ra the r  points of view, called fo r  by an interdisciplinary and 
applied science. 

The direct involvement of exper ts  and decision makers shifts the emphasis 
from a production-oriented "off line" system to  an explanatory, learning-oriented 
style of use. The decision support and exper t  system is as much a tool fo r  the 
exper t  as i t  is a testing ground fo r  the  decision maker's options and ideas. 

In fact,  i t  is the invent ion and definition of options that is at least as impor- 
tant as the estimation of the i r  consequences and evaluation. For planning, policy 
and decision making, the generation of new species of ideas is as important as the 
mechanisms fo r  their  selection. I t  is such an evolutionary understanding of plan- 
ning that this software system is designed t o  support. Consequently, ease of use 
and the necessary g l d b i l i t y  and ezpressive power of the software system are 
the central focus of development. 



1.2 Model Integration and User Interface 

The basic elements of a model-based decision support  and information system 
a s  outlined above are t he  following. 

From a user  perspective, t he  system must f i r s t  and foremost be able t o  assist 
in i ts  own use, i.e., explain what i t  can do, and how i t  can be done. The basic con- 
ceptual components of th is system are the  following: 

the in teract ive u s e r  inter face that  handles the dialog between the  users(s) 
and the  machine; th is i s  largely menu driven, that  is, at any given point the 
user  is offered several  possible actions which he can select from a menu of 
options provided by the  system; 

a task scheduler o r  control program, tha t  in terprets  the  user  request - and, 
in fact ,  helps t o  formulate and s t ructure i t  - and coordinates the  necessary 
tasks (program executions) t o  be performed; th is program contains the  
"knowledge" about the  individual component software modules and the i r  inter- 
dependencies; 
the  control program can translate a user  request into either: 

- a data/knowledge base query; 
- a request f o r  "scenario analysis" 

the latter will be t ransferred t o  

a problem generator, tha t  assists in defining scenarios f o r  simulation and/or 
optimization; i ts  main task i s  t o  elicit a consistent and complete set of specifi- 
cations from the  user,  by iteratively resort ing t o  a data base and/or 
knowledge base t o  build up the  in format ion context or f rame of t he  scenario. 
A scenario is defined by a delimitation in space and time, a set of (possibly 
recursively linked) processes, a set of control variables, and a set of cr i ter ia  
t o  descr ibe results. I t  i s  represented by 

a set  of process-oriented models, that  can be  used in e i ther  simulation o r  
optimization mode. The resul ts of creating a scenario and e i ther  simulating o r  
optimizing i t  are passed back t o  the problem generator level through a 

eucLluation and  comparison module, that  attempts to evaluate a scenario 
according t o  the  l ist of c r i te r ia  specified, and assists in organizing the  
resul ts from several  scenarios. For th is comparison and the  presentation of 
results, t he  system uses a 

graphical d i sp lay  and  report generator, which permits selection from a 
variety of display styles and formats, and, in part icular,  faci l i tates viewing 
the  resul ts of t he  scenario analysis in graphical form. Finally, although not 
directly realized by the  user, t he  system employs a 
systems admin is t ra t ion  module, which is largely responsible f o r  housekeep- 
ing and learning: i t  attempts to  incorporate information gained during a par- 
t icular session into the  permanent data/knowledge bases and thus allows the 
system t o  "learn" and improve i ts  information background from one session t o  
t he  next. 

These conceptual elements cannot directly be  mapped into corresponding 
software modules; most of t he  above described functions are embedded in several  
program elements. Also, i t  mcst be pointed out that  most of these elements a r e  
linked recursively. For example, a scenario analysis will usually imply severa l  
data/knowledge base queries in o rde r  t o  make the  f r a m e  and necessary parameters 
t ransparent.  Within each functional level, several  i terations are possible, and at 



any decision breakpoint that the system cannot resolve from its current goal 
structure, the user can specify alternative branches to be followed. 

It is also important to  note that none of the complexities of system integration 
a r e  directly obvious to  the user: irrespective of the task specified, the style of 
the user interface and interactions with the system are always the s a m e  at the user 
end. 

Individual modules of the system appear as self-contained, autonomous enti- 
ties. It must be possible to select and run any of them in random sequence. How- 
ever,  much of the system's usefulness derives from the integration of i ts com- 
ponent elements. The complexity of this integration, the multitude of logical and 
practical problems resulting f r o m  the combinatorial explosion of possible options 
and their  prerequisites and dependencies, as we l l  as the heterogeneity of the com- 
ponent elements make i t  necessary to  completely automate the dynamical inter- 
dependency of options. 

In the prototype, several examples and techniques of module integration are 
implemented. A s  a simple example, data bases that provide input to  simulation 
modules can also be accessed through special interactive browsing programs t o  
examine their  contents in detail (compare 2.1.01 and 2.1.07). 

Simulation models that require input which may be predetermined by other 
models, o r  specifications resulting from the browsing of data bases (defining a 
current problem context o r  frame) use pass files to  obtain such startup informa- 
tion. If a relevant pass file exists, prepared by any previous action of the system, 
the model will use it and automatically determine its startup state as far as that is 
possible f r o m  the frame information. Any remaining control or input options, not 
defined in the f r a m e ,  either default to the models' default set of startup conditions, 
or are obtained by querying the user (compare 2.1.11.2, 2.1.11.3. and 2.1.11.4). 

Switching f r o m  one module to  another, e.g., using the next module as a post- 
processor of the current module's output data (compare 2.1.2) is accomplished by 
just selecting the corresponding option in the current module's menu. Since s o m e  
of these options depend on certain preparatory actions, as is obvious in the case 
of data post processors, these menu options can only be activated under certain 
conditions. If these conditions are not given, a short  message will invariably follow 
an attempt to  invoke them. 

Alternatively, modules can use dynamic  menus, that change with the 
program's status and offer only those options that are currently meaningful. While 
this may reduce frustration fo r  the novice, i t  is m o r e  difficult t o  use in the long 
run. Fixed menus can be used with the help of sye  a n d  muscle memory in a fairly 
mechanical manner, reducing the necessary re-reading of the current options by 
the operator. 

1.3 System Implementation 
The demonstration prototype software system described here is implemented 

on a SUN Microsystem's ~ ~ ~ - 2 / 1 6 0 * )  color graphics workstation. The workstation 
is based on a 32 bit microprocessor (MC68010), supporting virtual memory 

9 ~ h e  software syatern can be be upgraded to  run under the new SUN 3/160C hardware 
(MC68020) and corresponding software release by a few modifications of the corresponding 
configuration control f i l es  (make f i les)  and libraries. 



management, thus freeing the programmer from the onerous task of storage optimi- 
zation fo r  large engineering applications. An auxiliary floating point processor 
unit supports fast  floating point operations, t o  make the  interactive use of larger  
engineering programs feasible. The workstation of fers sufficient and fast 
Winchester-based mass storage fo r  large data bases and thei r  interactive manage- 
ment. 

The user  interface is based on a high resolution (1152x900, i.e., 1 Mega-pixel) 
bit-mapped color screen (256 simultaneous colors o r  up to  eight individual drawing 
planes). 

The software system, based on UNIX (Berkeley release 4.2 bsd) supports 
several  languages t o  allow the integration of already existing software. This also 
makes i t  possible t o  select the  most efficient language fo r  a given task. In the  pro- 
totype described in this repor t ,  C,  FORTRAN 77 and Pascal are used. Applications 
coded in LISP (Franz Lisp. Common Lisp) and PROLOG a r e  under development. 

1.4 The Scope of the Demonstration Prototype 
When developing a complex software system, like the one outlined in this 

repor t ,  rapid prototyping is very important. Theref o re ,  this f i rs t  implementation 
is on a demonstration prototype system level. Given the time and resource limi- 
tation of the  project, higher efficiency of the  code had to  be  traded off f o r  speed 
of development and ease of implementation. When dealing with larger  systems, 
several  of the  prototype modules will have t o  be streamlined fo r  higher perfor- 
mance. 

The main purpose of the  demonstration prototype is t o  implement several 
working examples of methods and approaches proposed and discussed in the  struc- 
t u re  and design repor t  (Fedra, 1985), and thus provide a practical start ing point 
f o r  prospective users t o  work with. Only by being exposed t o  an operational pro- 
totype will users and co-developers be able t o  specify in g rea ter  detail the 
features they want supported by the  system. 

From the  ent i re  range of applications, a small, but sufficiently realist ic and 
interesting subset has therefore t o  be chosen fo r  this implementation. For the 
industrial origin of hazardous substances, the sector  o r  group of substances 
chosen is the chlorination of phenols. Here many toxic compounds are involved, 
including the  ill-famed 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8 TCDD), a reac- 
tion by-product in the production of 2,4,5-trichlorophenol (2,4,5 T). 

A t  the same time, a realistic f i rs t  prototype implementation can only involve a 
certain small subset of simulation models from the set discussed in the  struc- 
tu re  and design repor t  (Fedra, 1985), that would ultimately be integrated in a rea l  
production system. 

Further, the  data and knowledge bases implemented are not extended to  the 
full size and the level of detail necessary fo r  a real production system. Data col- 
lection and verification is a major task in itself, undoubtedly beyond the scope of 
this study. The prototype implementation will use collections of fictional and/or 
readily available data from various sources and at various levels of aggregation. 
However, the prototype examples include a r ich collection of major geographical 
features that need t o  be represented in any fully configured system. The data used 
are taken from o r  based upon historical data from various existing regions, res- 
caled wherever necessary. The prototype implementation spans the ent i re  scale 



Figure 1.1: ELements of the simuLation system.  

from local t o  regional and up t o  national and European. 
The production system and information bases of the  prototype implementation 

is reduced t o  a minimum set of functional elements that  still allow the  descrip- 
tion of the  ent i re  coupled system as outlined in Figure 1.1. The st ructure and 
framework, t he  style of the  user  interface, and the basic principles of the system's 
operation, are those of a fully configured production system. The development of a 
coherent family of such fully configured systems, implemented in several  regional 
t o  national versions as w e l l  as a set of derived systems focused on individual prob- 
lem areas, but integrated into a compatible European superset and framework ver- 
sion, is the  ultimate long-term goal of the project. 



W e  certainly do not believe in the usefulness o r  feasibility of one all- 
embracing super system, but see this as just one, albeit extremely powerful and 
effective, tool out of the a r ray  of tools required to deal with the complex problem 
area addressed here. But w e  also believe that only a r ich and well-integrated set 
of useful and usable took which are readily available o r  can at least be recon- 
figured fo r  a new task at low cost in a short  period, can expect t o  make a meaning- 
ful contribution to  real-world problem solving. 

Any particular problem that can possibly be structured, analyzed and 
prepared fo r  decision making by the tools in this system, will have strong case- 
specific peculiarities, involving individuals' idiosyncrasies as well as institutional 
cultures and regional o r  national features. These elements will have to be con- 
sidered if this system is t o  be broadly accepted by potential users. Only a well- 
organized and truly modular-base system will be able to  cope with these require- 
ments. 

The purpose of the demonstration prototype as the nucleus of this base sys- 
t e m  is therefore fourfold: 

f irst, i t  is t o  serve as a demonstration system that allows prospective users t o  
gain hands-on experience with tools that might be able t o  help them solve 
thei r  specific problems; 

second, i t  i s  a set of tools in i ts  own right, that can be used t o  study the set of 
problems fo r  which i t  is implemented; 

third, i t  i s  an operational reference collection of standardized building 
blocks, modules, and procedures and concepts that can be used as a basis 
from which similar tools fo r  specific applications may be built; 

and finally, i t  is r a w  material, toolbox, and workbench at the s a m e  time, fo r  
fur ther  development of the base system and a number of possible spinoffs. 

Due t o  i ts modularity, heterarchical organization, and the flexibility resulting 
from the standardized input/output structures used fo r  the linkage of modules, the 
system can grow without getting complicated and intractable. The degree of reso; 
lution and detail required fo r  any part icular problem and application is largely 
determined by the data bases supplied with the system, and does not directly affect 
the basic software elements. 

The current  prototype implementation is  designed as an open-ended system. 
No limitations on number, size, and connectivity of the modules are built into the 
design. The sys tem is  also open in the sense that fur ther  development can go in 
any of several directions with various degrees of ef fort  and emphasis. By gaining 
experience with the potential of the approach in hands-on experiments with the 
prototype, the user community should increasingly be involved in defining future 
development options and goals. 



2. COMPONENTS OF THE DEMONSTRATION PROTOTYPE 

2.1 Yanter Yenu Level 
The Master Menu Level provides the top level of entry points to the system's 

functions. All  components are directly o r  indirectly accessible from here,  and all 
major functional units can return t o  this level. The structure of the menu program 
is flexible, s o  that  different items can very easily be incorporated into the menu 
and the corresponding control programs. Modules accessible are either linked t o  
the body of the main (RUN) program, o r ,  alternatively, they are implemented func- 
tionally as stand-alone modules, invoked through systems level calls. In the latter 
case, communication with the stand-alone modules is e i ther  through pass-files, o r  
via a limited set of command line arguments that can be passed with a systems call. 

D-onstratron Prototype: Hazardous Substances Risk Management 

Rototypc Daoclstratioa Vas im  WtS. 
lhes m f h  s*.U Is O M I -  br III. 

. 
Jo~n t  Lrw+n -. 1.p.a E s U D l l m t .  I u I ~ .  
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to rla a lcno Item, pomltloa tbs ~DI.C poimtar, 
a d  prar tLc left lDElC h t toa  ... 

f i g u r e  2.1: Top level system master menu. 



Access to  the system's functions and options is always through a system of 
menus. To ease the task of learning f o r  the novice, and t o  provide an  efficient 
working environment f o r  the daily user,  a consistent style of menus (Figure 2.1) is  
used wherever possible. 

To select options from the menu, the  mouse pointer is  positioned in the  
appropr iate section of the  menu display, which will invert  text/background colors 
to acknowledge proper  positioning. Actual selection is performed by pressing the 
left mouse button. Instructions such as th is (pressing the lef t  mouse button), and 
information on the  cur ren t  status of the  selection process are displayed in one o r  
two status lines at the  bottom of the screen, usually in red  whenever user  action is  
expected. 

Each menu contains at least: 

a QUIT AND BETURN option, that  terminates the  cur ren t  level and re tu rns  t o  
the previous, higher level; 

an EXPLAIN CURRENT OFTIONS option, that  gives possibly hierarchical ly 
structured information on the  current ly active menu options; ' 

one o r  more OPTIONS, as described by the  EXPLAIN function. 

Options are described with a shor t  explanatory tit le. If an option is  selected tha t  
is not current ly active because i t  may require o ther  options as prerequisites, a 
visible "bell" (short inversion of the  cur ren t  background color to black) and 
appropr iate diagnostic and explanatory message, where necessary, are displayed. 

In general, illegal user  input (e.g., pressing the  mouse buttons over  non- 
selectable pa r t s  of the  display) t r iggers the visible bell, o r  is  silently ignored. A 
diagnostic message is supplied only if necessary. 

A s  a special case, whenever the  system waits f o r  expected user  input f o r  more 
than a certain time interval (currently about 10  secs), the  visible bell (inversion 
of background color) and a shor t  message: "waiting f o r  user  input" is displayed on 
the status line (bottom line of screen) f o r  about a second. This wi l l  be repeated 
every 1 0  secs, until some input event occurs. 

Data Structures: 
Control information f o r  menus is  stored as stat ic s t ructures in the  programs 

using them. The s t ructures include the  position and size specifications as w e l l  as 
the text  written into the  menu's slots. Several  routines (creating, hiding, restor- 
ing, and deleting menus) access th is information through the  s t ructure pointer 
passed with the  call. 

Possible Extensions: 
The menus could be  improved by providing a broader range of visual and/or 

audible feedback t o  the user. For example, the  slot (menu option) current ly 
picked should be  highlighted, e.g., by changing the  tex t  and/or baakground color. 
This is part icularly useful whenever the slot is  used to toggle (switch between 
enable and disable by repeated picking) a certain option (see, f o r  example, cri- 
te r ia  selection in sections 2.1.06 o r  2.1.12). 

In the long run, inclusion of more extensive sound and voice generators as 
wel l  as voice understanding input should be considered to broaden the  bandwidth of 
man-machine interaction and ease the  task of using the system. 



2.1.01 Chemical Substances Data Basea 

The chemical substances data bases are built around a subset (about 500 sub- 
stances and substance classes) of ECDIN, EC regulations, and various national and 
international listings of hazardous substances (see Fedra et al., 1986b). 

The chemical substances data base currently has the following possible entry 
points: 
- a list of the substances available in the data base with the option of scrolling 

up and down to  pick one specific substance for  further information 
- a list of basic class names with the possibility to go down the tree of groups 

and subgroups: 

o chemical heterarchy 

o "black list" (EEC list C 176/4) 

o "grey list" (EEC list C 167/7) 

o industrial use 

o danger a t  storage 

o transportation risks and regulations 

o hazard groups 

o possible reactions 

0 toxicity 
- the input of a substance name for  some further information 

- production process 

- waste streams 

- product and users 

A special questionnaire has been developed for  some additional properties of 
interest (Fedra et al., 1986b). Additional information covers ph ysical-chemical 
properties as well as specific data for  different models that have been imple- 
mented and can be linked to  the data base. This questionnaire can continuously be 
updated for  the different substances of interest. Auxiliary software is used t o  
generate a random access data base f r o m  the individual (one per  substance 
included) sequential files generated by the questionnaire manager. 

Data  Stmcturer: 
The minimum data fo r  every chemical stored is loaded at the beginning of the 

data base program: 

- a flag of ten characters, giving the following information: 

1)  if the chemical is on the EEC list C 176/4 

2) if the chemical is on the EEC list C 167/7 

3) if the chemical is on the EEC list L 230/11 

4 )  if the chemical is highly toxic 

5) if the chemical !s explosive 
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f i g u r e  2.2: Top LeveL menu Qor the chemicaL substances d a t a  base 

6) if t he  chemical is  a water pollutant 

7) if t h e  chemical is  flammable 

8 )  if t he  chemical is  cor ros ive 

9) if t h e  chemical is radioactive 

10) if t h e r e  i s  more data  on th is  chemical s tored 

- an identification number 
- t he  name of t h e  chemical. 

Additional information is  s tored in separa te  files. These f i les can be  edited 
di rect ly  and there fo re  be  transformed and updated easily. 

To make t he  access to these  data  fas t  and efficient, and to keep the  run-time 
s torage at a minimum, a n  intermediate program tha t  conver ts  separa te ,  
sequentially-structured chemical da ta  f i les into a random access f i le w a s  
developed. Every time updates are made o r  new chemicals are added, th is 
transformation program has  to be used. 

When t he  user  runs  t he  data  base program and wants some information on a 
chemical, just tha t  p a r t  is  loaded from the  random access file: th is  procedure 
saves time and space. Input of t he  original data,  however, can be  done by t he  user  
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Figure 2.3: L is t ing of basic substances 

by straightforward editing of the  corresponding raw data files. 
The information is stored in two kinds of records: chem, which contains the 

basic information fo r  every chemical (fixed structure,  fixed length), and proc, 
with the information on related industrial prooesses (variable length, depending on 
the number of processes involved). 

chem 
o name 

o synonyms  

o cas:  Chemical Abstracts Number 

o un: UN Number 

o formula: chemical formula 

o diamond:  four flags fo r  hazard ratings 

o mw: molecular weight 

o mp: melting point 

o bp: boiling point 
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Figure 2.4: List ing of substance classes 

o l p :  flash point 

o up:  vapor pressure 

o v d :  vapor density 

o s g :  specific gravity 

o app:  appearance of the  chemical 

o odour 
o state :  solid, liquid, gas 

o roe: routes of ent ry  

o symptoms: symptoms in case of intoxication 

o carc: health impacts e.g., carcinogenicity 

o i rr i :  health impacts e.g., i r r i tat ion of skin o r  eyes 

o sol: water solubility of the  chemical 

o pers:  persistence of t he  chemical 

o mak: Maximale Arbeitsplatz Konzentration (TLV) 

o apf: a i r  pollution factor  
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F i g u r e  2.5: S u m m a r y  p a g e  desc r ip t ion  fo r  a bas ic  subs tance  

o pw: amount of production 

o use:  use of t h e  chemical 

o drnr: number of d i rec t ives and regulat ions re la ted to th is  chemical 

o dr: di rec t ives and regulat ions concerned ( d r n r  times) 

o ip: number of industr ial  production processes concerned 

proc 
o 2.114: up t o  1 6  groups of r eco rds  covering t h e  following topics: 
process,  feedstock,  main products,  by-products, number of waste streams, 
re fe rence  f o r  each  waste stream t o  t h e  waste stream data  base 

o process:  t ex t  l ines with information descr ibed above. 

Possible Extensions: 
Another perspect ive of information on t h e  di f ferent  chemicals, a he te ra rch i -  

ca t  version of t h e  Chemical Data Base, is  cur rent ly  under  design (Weigkricht and 
Winkelbauer , 1986). 



Each entry point for the user will be internally represented by a class of 
chemicals. Each class consists of several subclasses, which are other entry points 
to the data base, or of a number of chemical subshnces. These classes form a 
heterarchical tree, i.e., each substance or class of chemicals can belong to 
several superclasses. 

This enables the system to support many entry points to the data base and still 
keep short  search paths to detailed information. Moreover the system then will be 
able to provide general information about classes of chemicals as well,  which w f l l  
be stored together with the description of a class and therefore immediately avail- 
able to the user when he enters the d a h  base. 

This general information can be input f r o m  an "expert" or a synthesis of the 
specific information stored for the corresponding subclasses or substances in the 
form of a range, a statistical distribution or a verbal descriptor for the possible 
value. If the data for a specific substance or a class is insufficient or is missed at 
all, it should be possible to  go up the path in the heterarchical tree and use the 
m o r e  general information available there. 

To combine the benefits of an object-oriented approach with those of 
condition-action pairs, a heterarchical f r a m e  structure for the chemical data and 
knowledge bases is being developed in Common Lisp, i.e., an object can be a 
member of several classes and each class can belong to  several superclasses, and 
by adding "rule abilities" t o  a special slot called actions, i.e., this slot does not 
s tore information but performs procedural tasks which are defined as condition- 
action pairs. A detailed description of the heterarchical frame-structure is given 
below. 

Our approach foresees the use of a basic list of about 500 substances (or 
molecular substances, i.e., entities that do not have any sub-elements), con- 
structed as a superset of EC and USEPA lists of hazardous substances. In parallel 
w e  construct a set of substance cLasses which must have at least one element in 
them. Every substance has a list of properties or attributes; i t  also has at least 
one parent substance cLass in which i t  is a member. Every member of a group 
inherits all the properties of this group. In a similar structure, a11 the groups are 
members of various other parent groups (but only the immediate upper level is 
specified at each level), ultimately a11 subgroups belong to the top group hazar- 
dous substances. 

While attr ibutes of individual substances are ,  by and large, numbers (e.g., a 
flash point or an LDS0), the corresponding attr ibute at a class level will be a range 
(flash point: 18-30°C) or a symbolic, linguistic label (e.g., toxicity: very high). 

The structure outlined below also takes care of unknowns at various levels 
within this classification scheme. Whenever a certain property is not known at any 
level, the value from the immediate p a r e n t ~ l a s s  (or the composition of more than 
one value f r o m  more than one immediate parentn lass)  will be substituted. The 
structure is also extremely flexible in describing any degree of partial overlap 
and missing levels in a hierarchical scheme. 

Frame Syntax: 

Each chssframe consists of the fcllowing six slots: 



Explanation: verbal  information about the cur ren t  frame, concerning the  
substance class which is represented by the  frame, i ts at t r ibutes,  t he  default 
values and/or indirect references and the  position of t he  frame in t he  
heterarchical  s t ructure;  the  main purpose of this information is f o r  updating 
and editing the  frame by a knowledge engineer 

Superclasses: re ferences t o  t he  alasses t o  which the  cur ren t  frame belongs 

Descript ion: at t r ibutes with values and/or procedural attachments (i.e., pro- 
cedures which aalculate the  values or r e f e r  t o  them, or both) which descr ibe 
the  substance class represented by the  cur ren t  frame 

Subclasses: re ferences t o  t he  classes which belong t o  t he  cur ren t  frame 

Instances: re ferences to the  instances (i.e., substances) of t he  substance 
class represented by the  cur ren t  frame 

Actions: conditionaction pairs,  where the  actions of an  action p a r t  are car- 
r ied out if the  frame receives n message which matches the  corresponding 
condition pattern.  

The formal description of a frame is as follows: 

(Class classname 
(Exp lana t i on  (<Verbal Information>)) 
(Snperc la8sea ( G i s t  of Classnames >)) 
(Descr ip t ion ( 

( <Slotname >-2 Qiller >-2) 
... 
( <Slotname >-n Qiller >-n))) 

(Snbc lassea ( G i s t  of Classnames >)) 
( I ns tances  ( G i s t  of Substances>)) 
(Act ions (If <Condition Pat tern > 

Then <Action P a r t  >))) 

<Verbal Information> = InfoText represented by a l ist of words 

G i s t  of Classnames > = classname I classname G i s t  of Classnames > 
a i s t  of Substances> = substance ( substance G i s t  of Substances> 

CSlotname> = at t r ibute of t he  represented class 

G i l l e r  > = (Class classname) I 
(Value value) I 
(default (Lisp s-expression)) I 
($if -needed (Lisp s-expression)) I 
($ifadded (Lisp s-expression)) I 
($if-changed (Lisp s-expression)) I 
($if-deleted (Lisp s-expression)) 

Condit ion Pat tern > = ( G a t t e r n  2.1 Gattern >-2 . . . G a t t e r n  >-m) 

<Pattern> = constant I ?variable I # 
a c t i o n  P a r t  > = (Lisp s-expression) 



A s  an example, two class-frames from the heterarchical knowledge base struc- 
ture for  phenols are given below: 

(Class aromatics 

(Superclasses (Object)) 
(Description (attribute-1 . . .. .) 

(a t t r ibu te2 .....) 
. . . 

(attribute-n . . . . .)) 
(Actions (If (List your members) 

Then (prog (ask self subclasses) (ask self instances)))) 
(Subclasses (arornatic-h ydrocarbons aromatic-heterocyclics)) 
(Instances NIL)) 

(Class mixe~ydrocarbonlbatitutehrrithtwchlorineg 

(Super classes (aromatic-h ydrocarbonsdoublesubstituted 
ch lo r i na ted~heno l  
mixed~hlorinatedaromatic~ydrocarbons)) 

(Descriptions (attribute-o+l . . . . .) 
(attribute-o+Z .....) 
. . . 

(attribute-p . . . . . )) 
(Subclasses NIL) 
(Instances (2,4-Dichlorophenol2.6-Dichlorophenol))) 

To retr ieve information the user may directly enter  the name of a substance 
o r  of a substance class, or he may specify value ranges (numerical and/or sym- 
bolic) for one o r  more substanoe (class) attributes. The Information System 
transforms this specifications into messages for the top level classes (also called 
viewpoints). By receiving these messages the  frames which represent the 
viewpoints are activated. 

The f r a m e s  then check if they are selected by the user's specification, and if 
they are, then proceed to  create messages for  their  subframes which again per- 
form their  matching operations and create messages, and so on. This recursive 
procedure does not need to search through the whole structure because it is 
directed by the rules in the Actions slots and the references in the @if- slots, sup- 
ported by the inherited information. 

This procedure results in a substructure of valid substance classes which 
represents the systems view of the user's level of expertise. This sub-structure is 
from then on used to guide the user ta t he  more detailed information, if he agrees 
to proceed with the interaction. 

Then this recursive message sending and receiving can be applied again, 
starting from the current  top level(s) of the substructure using the additional 
information provided by the user (based on the displayed status of the attr ibutes 
of the classes level reached), until e i ther  the user is satisfied by the given infor- 
mation about the current  substructure's attr ibutes or until the level of instances 
(a single substance) terminates the user's attempts to  get further information. 



Updating is quite similar to the retr ieval  of information. First, the substruc- 
tu re  which wi l l  be affected is  localized by an interframe message sending/receiving 
sequence. Then the updates of the at t r ibute values are entered and checked if 
they are consistent within the  selected substructure by using the  $iJ-added and 
the  Oil-needed slot f i l lers together with the rules of the  Actions slot which deal 
with consistency tests. 

After the  consistency of the  substructure has been proved, the  same pro- 
cedure is used f o r  the  next higher aggregation levels until the  whole s t ructure has 
been proved t o  be consistent with the new and/or changed attr ibute values. 



2.1.02 Industrial Accident Reports 
The industrial accident repor ts  data base contains narrat ive accounts of 

major industrial accidents involving hazardous substances. A summary repor t ,  fol- 
lowing the repor t  format of the Seveso Directive, precedes each narrat ive 
account. 

n l m  Demonstratlor. Prototype: Major Industrial Acc~dents Data Base 
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f i gu re  2.6: Example page from the indus t r ia l  accidents da ta  base @ar t ia l l y  
f ic t i t ious data). 

Access to  the data base is currently from a menu list of repor ts ,  where a 
header line is shown fo r  each of the repor ts  in the system. Selecting an appropri- 
a te  header,  the user  will then read one o r  several  screens of information, com- 
posed of text  and graphics. Within a given repor t ,  forward and backward paging is 
supported. 

The basic components of any accident descriptionL) include: 

Place, date and time of accident 

q~ar red  on OPfi cia1 Journal of  t h e  European Communities, No. L 230/3 7, 5.8.82, Annex VI. 



Type of accident (explosion, f i re,  emission of toxic substance: substances 
emitted); 

Description of circumstances 

Emergency measures taken (accident management) 

Causes of the accident 

Nature and extent of damage: 

Casualties 

Persons exposed to the accident 

Material damage 

Current status of danger 

Medium- and long-term measures (accident prevention). 

Data Structures: 
Reports are currently stored as individual sequential text files, access is by 

file name, which includes the report-ID, e.g., rep.0121. 

Possible Extensions: 
A s  an extension, selection of subsets by keywords and operations on identif- 

iers (e.g., show reports on  accidents in  western Europe since 1980 invo lv ing 
chlorinated phenols and  caus ing damages of more than  1 Mill. US S) is under 
development. This data base management is based on a straightforward implemen- 
tation of a relational model. 

In a fur ther  step of development, fo r  the interactive querying of primarily 
text-oriented data bases, w e  are developing a new concept, hyper text ,  which is an 
interactive visual representation of a l ist and frame-oriented knowledge represen- 
tation. Most items on display (e.g., a page composed of text, numerical data in the 
f o r m  of tables, and graphics) a r e  like menu items, that is, if you pick them with the 
mouse pointer, they will expand into an ent ire new page of information (overlaying 
the current one at least in part)  which again contains entries which a r e  headlines 
for fur ther  entries and so on). 

For example, by pointing to the names of substances emitted, the correspond- 
ing page f r o m  the chemical substances data base can be called; or ,  by pointing at 
the factory's name, the corresponding entry in the chemical industry locations 
data base will be displayed. The information accessible in the hypertext concept is 
thus a mixture of numerical, textual, symbolic/graphical and dynamic entries, 
related to  each other by a heterarchical organization. First elements of this 
approach are built into the current chemical substances and industrial waste 
stream data bases. 

With the introduction of optical disk technology, one could also combine high- 
resolution images (e.g., detailed maps, photographs, etc.,) with the basic text- 
oriented information, extending the information base of the hypertext concepts by 
orders of magnitude. 



2.1.03 Legislation and Regulations 

Similar to the above accident reports, the text files accessible through this 
module cover selected EC directives and other relevant European legislation. As  
an example, par t  of the Seveso directive (82/501/EEC, L 230/1) is included. 

cUJCIL DIRECTIVE of 24 Juoe 1982 

Ref: W S O l / E € C ,  OJ M. L =0/1 

a: the upr rcideat h u u d s  of certain industrial utlvities 

1. This Directive is concerned with the prevention of major accidents d i c h  
right result f r u  certain industrial activities and with the limitations of 
their coasqwnces for man and the environment. 
It is directed in particular towards the a~prmiration of the measures taken by 
&her States in this field. 

2. For tbe purpuses of this Directive: 

(a) I h t r i a l  activity means: - any uperarim carr~ed out in an industrial installation referred to in 
AMex I involving, or possibly involving, one or more dangerous substamca 
and capable of presenting major accidents hazards, a d  also transport 
carried out within the esrablishment for internal reasoas .rd the storqe 
associated with this operation within the establisbrent, 

- mny other storage in accordance with the conditions specified in &mex 11; 

(b) Manufacturer means: - any person in charge of an industrial activity; 

Figure 2.7: A sample page from the  Seueso Directive 

Data Structures: 
The text  files a r e  stored as simple sequential ASCII files. 

Possible Extensions: 
Similar to the Accident Data Base described above, an extension to the hyper- 

tezt concept would be possible for a convenient and flexible access to related 
information. 



Also, to  connect relevant directives to  other modules (other than through 
direct reference, as, for example, in the case of the chemical substances data 
base, see section 2.1.01), each directive can be augmented with a l ist of context- 
oriented keywords, which can provide linkages to  individual directives o r  par ts  of 
directives. For example, when defining a scenario for simulation (e.g., with the 
transportation risk/cost analysis model), a menu option Belevant Legislation 
could be activated if a trans-boundary shipment is considered, and Council Direc- 
tive 84/631/EEC, L 326/31 applies. Selecting this option will then allow the user to 
read par t  o r  all of the relevant regulation which may or may not affect the 
scenario options. 



2.1.04 Regional and Geographical Data Bases 
The regional and geographical data base options provides a map-oriented 

browsing feature f o r  the spatially organized data. 

f igure 2.8: Map ofEurope w i th  major settlements displayed. 

Based on a basic map of Europe at the highest level of aggregation, the 
module supports the interactive composition of topical overlays (see Figure 2.8) on 
the  map. 

Overlay topics include: 

national boundaries; 

major settlements; 

major industrial production sites; 

chemicals storage facilities; 

European highways and national roads network; 

major sur face water systems (r ivers,  lakes). 
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Figure 2.9: Major settlements w i t h  over lay of road network, r i ve rs  and lakes. 

Data Structures: 
The data accessible through the geographical data bases interface are of two 

types: they a r e  e i ther  preprocessed graphical segments, i.e., pictures, o r  data 
fi les that contain spatially distributed information. For example, the display of 
major settlements is achieved by loading a preprocessed graphical segment. Iden- 
tifying a settlement, and consequently displaying i ts name, location, and number of 
inhabitants, is based on a corresponding file (which, as a matter of fact ,  is also 
used to  generate the segment in the f i rs t  place), where the relevant information is 
found by matching the coordinates of the object identified on the map with the 
city's coordinates in the data base. This redundant procedure is installed fo r  per-  
formance reasons. Raw data fi les f o r  cities, roads (divided in arcs between two 
settlements), r ivers ,  o r  lakes always consist of basic information (e.g., the name of 
the settlement and i ts size, o r  the name of a r iver ,  i ts length, average flow, etc.) 
followed by one o r  more sets of coordinates. 

Possible Extensions: 
Functionally, the  most important extension of the current  data base would be  

an arb i t ra ry  zooming facil ity, which, at all  but the highest level of resolution, 
would allow the  dafinition of a sub-area in the cur ren t  display which would subse- 
quently be magnified to  the  full display size available. 



From an  implementation point of view, the inclusion of mster-oriented image 
data (e.g., as produced by aer ia l  photography o r  satellite-based imagery) and sub- 
sequent image-processing functions would be  at tract ive and extremely powerful 
options. The use of satel l i te generated data can solve the major problem of large- 
scale geographical data bases, i.e., data acquisition and updating f o r  several  
categories of information (e.g . , physiography and land use). 

The use of dense raster images, however, would require substantial mass 
storage facilities. With the emerging optical disk technology, th is problem could 
be  solved in a very at t ract ive and cost-eff icient way. 



2.1.05 Chemical Industry Data Bases 

Two major data bases are current ly provided: they cover  major European 
production s i tes (concentrating on phenol, chlorine, and related products) as well 
as major s torage facil it ies, 

The material is  accessible, in par t ,  through the  regional data base, o r  
through i ts own display module. 

PIW Dernonstrstlon Prototype: InduN 

I Feaktodrr mad Io tard ia tu  
P o l y ~ ~  - W l a i e s  mad Resins) 
Pant I Allied Rodr+s 

la1 Source Locatrons Data Base ='I 

. . -, 

H.zucbs Sllbrtmco at this site: 
L chlorine 

r a l  benzene 
b  kmid ine 
by fluoroacetic acid 
b  rthyl isocyanate Y I C  
L' &by&qlcn fluoride 
L ' a l  hyaogm sslphide 
L  yclohaimide 
b  dimthy1 pbspborr i&cy~idic r id  

Figure 2.10: Sample d isplay from the industr ia l  producers data  base (data 
part ly f ict i t ious). 

The information provided includes: 
name and location of the  producer; 

major products o r  product groups; 

information on the size of the  installation (production volume, financial turn- 
over, number of employees); 

re ference to the  production technologies data base (see Chemical Process 
Plant Analysis) ; 

re ference to  t he  accidents data base, if appropr iate.  



Data Structures: 
The industrial producers/sources data base contains information about major 

industrial producers and chemical production plants. 

The data elements of the  data base s t ructure f o r  each firm/location are the 
following : 

name: name of t he  firm 

city, country: where the  firm is  located 

lat. word coordinates of the  firm's location 

employees: number of employees 

refl: re ference from where above data are taken 

tonnage: annual production of chlorine and/or phenol 

units measure f o r  chlorine and/or phenol production 

c l ph :  if e i ther  chlorine o r  phenol is produced 

ref2 re ference from where above data are taken 

finance: capital (in most cases; in special cases turnover) 

currency: currency unit 

e k y m  basis year  f o r  exchange rate 
ref31 re ference from where above data are taken 

ref4: re ference from where the  data about the  chemicals involved in the  pro- 
duction process are taken 

chemical: chemicals involved in the  production process. 

Possible Extensions: 

.In addition t o  several  possible linkages, e.g., to the  substances DB, industrial 
waste streams DB, or accidents DB, the  industrial producer/locations DB must be  
merged with a generalized version used f o r  t he  spatially extended PDA (Industrial 
St ructure Optimization) models. A design study f o r  such a generalized industry 
data base is underway at IIASA. 



2.1.06 Chemical Industry Analysis 
For the analysis of the chemical industry, simulation of i ts behavior and 

optimization of i ts structure, a linear optimization model w a s  included in the sys- 
tem. PDA (Production-Distribution Area), is an interactive optimization code 
based on DIDASS and a l inear problem solver, fo r  chemical industry structures, 
configured for  the pesticide industry of a hypothetical region. The model is 
described in detail in Zebrowski et al. (1985). 

The basic model used is a form of input-output model, solved by means of a 
linear programming package (MINOS, Stanford 1981). A s  a pre- and post- 
processor for  interactive problem definition using the reference point approach, 
a version of the IIASA package MM (a package of the DIDASS family) is used (Kre- 
glewski and Lewandowski, 1983). 
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The chemical industry analysis includes a simplified behavioral model (cost 
effectiveness) of selected sectors of the chemical industry, with special emphasis 
on hazardous substances and the description of (hazardous) waste generation. 

For the demonstration prototype, a Pesticide PDA w a s  selected. The PDA was 
assembled from the set of processes used by several factories. The corresponding 
technological network includes some synthesis and formulation processes that are 
carr ied out on the basis of active substances from domestic and foreign produc- 
tion. The pesticide PDA comprises the following installations of chemical syntheses: 
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methoxychlor, 

akaritox (tetradifon), 

chlorofenwinfos, 

chlorof os (trichlorofon; dipterex), 

malathion, 

sodium trichloreacetate, 

copper oxychloride, 

out of which only the last two are pesticides which can be used directly as final 
products. The products of other syntheses provide semiproducts for the formula- 
tion process. The PDA includes the following formulation plants: 

jet mill, 

Venuleth's mixer, 

active substances spread installation, 

formulation of liquid pesticides, 

condux system. 
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Figure 2.U: Summary of results and result d isp lay menu 

The version of the model  presented describes all possible modes  of produc- 
tion, including alternative ranges of products made a t  a given installation, recy- 
cling of semiproducts and aoupled production of a number of chemicals at each 
plant considered. 

The model,  based on the mass  balance principle has been extended in order  to  
include a description of processing and treatment of hazardous substances. It 
must, therefore, take into account: 

the processing and flows of chemicals with specification of hazardous 
substances and hazardous processes within the PDA, 
the f l ows  of chemicals (with specification of hazardous substances) into 
and out of other  areas and industries representing the marketing o r  
business activity of the PDA, 
means of treatment of wastes and hazardous substances within the PDA, 
the flow of investment, revenue and other resources such as energy, 
manpower, etc. 

The main assumptions of the basic model are that: 
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1. it represents t h e  equilibrium state of t h e  PDA, 
2. it includes only easily quantifiable physical elements of the system 

(without taking into account important but not quantifiable social o r  pol- 
itical factors). 

Before describing the network of the PDA, w e  define its links with .the 
environment. The following equation describes the outflow of any chemical j  : 

y j- - market sale of chemical j  , 
y j' - market purchase of ahemical j , 
yf' - coordinated sale of chemical j ,  
y$ - coordinated purchase of chemical j  , 
J - set of indices representing chemicals of the PDA, 
Jh - set of indices of hazardous substances under consideration. 

The variables in Figure 2.14 are defined as follows: 
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Rgure 2.15: Display of results: liquid wastes. 

zk - production level of HZk, 

gk - production capacity of HZk, 

a j k  zk - quantity of chemical j consumed by HZk, 

bjk zk - quantity of chemical j produced by RCk, 

dlh zk - quantfty of waste I produced by RCk, 

qk (zk ) - necessary resources, 

Kh - the set of indices of hazardous chemical processes. 

Within Kh there might be distinguished subsets of indices corresponding to kinds of 
hazards or accidents which may possibly occur during a process (fire hazard, 
explosion etc). 

For the balance nodes the following equations a r e  satisfied: 



By combining the above resul ts with (1) we obtain: 

To complete this description of the network we have t o  add the constraints 
imposed on production capacity: 

z sz (4) 

For multi-process installations, where processes run  simultaneously, instead of the  
la t te r  equation w e  use the  following constraint: 

where I ,  K, denote correspondingly t he  sets of indices of installations and 
processes run on i -th installation. In addition, the  model describes redevelopment 
of installations, i.e., substitution of an old process by a new one run on the same 
installation. For a given k-th process i t  is  formulated as follows: 

where: 
2: , ZE denote capacit ies of an  old and new k-th process, 
zg , ZE denote production levels of an old and new k -th process. 

The idea of new technologies is fundamental to th is approach, as i t  opens the  way 
t o  technological restructural ization of the PDA. 

I t  is obviously necessary to add some additional constraints on resource avai- 
lability o r  waste production limits and a set of cr i ter ia  which ref lect  the  prefer-  
ence o r  goals of t he  decision maker. 

First, i t  is assumed tha t  f o r  a fixed production goal only efficiency (or  reve- 
nue) will be  maximized. This leads t o  the problem: 

with constraints given by market conditions and production capacities. 

Following another decision strategy, resource consumption may be minimized, 
which resul ts in t he  set of criteria:, 

Q ~ ~ ~  = C eh z k  -, min 
k c K  

Q ~ , ,  = C n k  z k  -, min 
k € K  



Qlobor = z Ik zk -, min 
t c K  

One of the four objectives implemented is minimal cost of waste treatment i.e.,: 

Qy, = z tl 201 -, min 
1 E L  

where t l  denotes unit cost of treatment of waste I .  

From the  above objective functions one may der ive another useful optimiza- 
tion problem based on l inear fractional functions (e.g., Q,, / Q,,,) as wel l  as 
various multiobjective problems. Of course, any objective (6) - (8) can be  tran- 
sposed onto a corresponding constraint. 

Structural Cor rec tness  Cont ro l  Module 
This module is aimed at automatic analysis of the  PDA network s t ructure fo r  

the sake of formal correctness of the model. The module checks, f o r  instance, 
whether a given constraint exists in t he  MPS file regardless of a value of the  con- 
straint ,  hence the  analysis is  only qualitative. 

Menu-driven Simulation Exper iments 

The interactive and menu-driven interface module performs the  following 
functions : 

i t  formulates a consistent and complete set of conditions of an  experi- 
ment, i.e., defines a simulation scenario; 
initiates the  optimization procedure (calls the  solver module); 
displays the  resul ts of optimization in a hierarchically s t ructured tabu- 
lar and graphical format. 

The user  may communicate with the  module through the  Menu System which 
uses symbolic o r  linguistic variables instead of MPS codes. This makes the pro- 
gram system directly usable fo r  non-specialists, and assures higher robustness 
through extensive input checking. 

After initialization of t he  system, the present default scenario is displayed. A 
scenario description consists of an  objective and global constraints of the  model. 
The options on the  top level include: 

modification of t he  problem, 

optimization experiment, 
survey of resul ts  obtained from the last experiment, 

exi t f romthemodule.  

IJr.oblern modification includes: 
choice of cri teria/objectives; 
constraint modification; 

definition of p re fe r red  target  solution (reference point). 
Constraints can be  formulated as: 

constraints on the  c r i te r ia  (objective) values; 



general constraints (energy, manpower, water); 

constraints on amount of wastes; 

constraints on r a w  materials availability; 

constraints on production capacities. 

Data Structures: 

The data base of the PDA System consists of the following functional elements: 

data required for construction of the basic model of the PDA; 

data fo r  construction of the extended (i.e., oriented toward management 
of hazardous substances) model of the PDA; 

data (links) fo r  communication with other data bases of the expert  sys- 
t e m .  

Note that all information concerning one PDA will be stored in one file of the 
data base. 

The data structure and semantics are set out in Zebrowski et al. (1985). 

Possible Extensions: 
The main features of the extended PDA version (a corresponding IIASA local 

currency funds project has already been initiated) a r e  the following: 

spatially distributed structure, the central concept is a site or a location, 
containing an industrial installation with one or several technologies 
installed; 

data base driven, flexible structure, that can configure (generate) an 
appropriate model for the LP problem solver based on a site data base 
(describing the locations (see 2.1.05) and a spatially distributed demand 
structure), and a chemical technology data base (see 2.1.07); 

extended list of cr i ter ia:  the following cr i ter ia are required: 

economic cr i ter ia 

substance/waste cr i ter ia (for totals as wel l  as for a f e w  (3 t o  5) specific 
substances o r  substance classes) 
resource cr i ter ia (energy, water, labor, investment capital) 

risk: substance related 
process related 
equipment related 

transportation costs 

transportation risk 

cost of waste treatment and disposal. 

Criteria apply globally, i.e., fo r  the entire set of sites selected (which, however, 
could be a single site), constraints can be set individually. 

The main modules of the extended system are:  

1 )  A SITE DATA BASE: 
The si te data base contains, for every site considered, the following entries: 



ID and location (ID number, latitude, longitude, name of town, etc.); 

installed technologies and their  design capacities; 

site-specific cost coefficients (e.g., unit costs fo r  energy, labor, transporta- 
tion cost a r ray  fo r  all other nodes in the network etc.); 

site-specif ic risk coefficients (transportation); 

default set of constraints (on cr i ter ia as  we l l  as on technologies/capacities). 
A s  a special case, o r  possibly an independent data base, demand nodes specifying 
an a r ray  of product substance demands and distances to  the individual production 
nodes will be required. 

2) A TECHNOLOGY DATA BASE: 

The technology data base contains technology-oriented data that are assumed 
to be site independent. A t  least three alternative sets of technologies (standard, 
high efficiency, and pollution control) with correspondingly varying 
cost/waste/risk coefficients should be provided for  every production technology 
considered. 

In general, data base structures should be designed to accomodate a list- o r  
frame-oriented extension, with a DBMS implemented in Lisp. 

3) MODEL GENERATOR: 

The model generator will generate an appropriate model fo r  the problem 
solver, based on 

1) the selection of an industrial sector (to be implemented as example test data 
sets: pesticides, fuels & feedstocks); 

2) the selection of an arb i t rary set of sites (representing, e.g., a single installa- 
tion, a region, a multi-national firm, a national industry, etc.). 

A parallel pilot feasibility study fo r  an extended version of CARBO (Industrial 
Structure Optimization fo r  the feedstocks and chemical intermediates) see Fedra et 
al. (1985) has been initiated. The extended model system will include: 

spatially distributed representation of production facilities and correspond- 
ing model coefficients; 

non-linear extension of the current model; 

detailed treatment of (hazardous) waste and process hazards; 

extension t o  several sectors/sub sectors and groupings of sub sectors of the 
industry; 

linkage to transportation risk/cost analysis; 

linkage to  OPTIMIZER for  updating plant level data; 

inclusion of individual competing firms' economic behavior; 

inclusion of multi-site and transnational firms. 



2.1.07 Chemical Process Plant Analysis 

Chemical process plant analysis provides several related modules: 

a Chemical Technologies data base; here major manufacturing processes (e.g., 
chlorination of phenol, monochlorobenzene production of phenol) are 
described in t e r m s  of: 

major feedstocks 

major products 

wastes and trace contaminants 

individual process stream information (chemical processes, substances 
involved, pressure, temperature ranges, etc.) 

hazard rating (overall and for  individual process streams); 

hardware configuration 

a simulation model (data set describing the chlorination of phenols), and 

an optimization model, which enables the cost minimizing process plant confi- 
gurations and process parameters to be determined (example data set 
describing p hen01 production by monochlorobenzene method). 

The simulation model is based on a symbolic description of the chemical 
processes involved (see Table in section 2.1.07.1) and is implemented in Lisp. Pro- 
cess rept-esentation a s  we l l  as the process risk description is based on Goldfarb et 
a .  (1981). A detailed description of the symbolic simulator ar,d its implementation 
in Common Lisp is in preparation (Winkelbauer, 1985). 

The optimization code, based on a generalized reduced gradient method 
(Grauer et al. 1980). is configured for  the production of monochlorobenzene. 

2.1.07.1 The Symbolic Process Simulator 
Processes and substances involved in the simulator are summarized in the 

Table below. 

In the simulation module the production process is represented by Unit 
~ c t i v i t i e s  (Unit Processes [Herrick et al., 19791 and Chemical Processes) and 
Units (Zaneili et al., .1984), where the Unit Activities take place. 

The combination of a Unit Activity and a Unit, which is neoessary if the pro- 
cess is to occur, is called an Qperating Unit .  

In order  to satisfy a special production goal the Operating Units are linked by 
thei r  input/output streams (direct or indirect recursive included). 

The production process starts as soon as input material is  provided t o  the 
Operating Units which are connected to the external input streams. These Operat- 
ing Units perform their  Unit Activities depending on the input materials, the 
operating conditions of the Unit and the constituents of the Unit, and by this pro- 
duce some output material, which they send (via the linked input/output streams) to 
other Operating Units, which are activated by getting input material. They too 
perform thei r  Unit Activities and produce output, this activates other  Operating 
Units and so  on. After the production and the release of output material an 
Operating Unit is deactivated until i t  gets new input material. 
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Process: Chlorination of Phenols 

Sub- phenol + chlorine --> o-chlorophenol + HCl 
processes: phenol + chlorine -> p-chlorophenol + HCl 

o-chlorophenol + chlorine --> 2.4-dichlorophenol + HCl 
o-chlorophenol + chlorine --> 2,6-dichlorophenol + HCl 
p-chlorophenol + chlorine -> 2,4-dichlorophenol + HCl 
2,4-dichlorophenol + chlorine -(AlC13)- > 2,4,6-trichlorophenol + HCl 
2.6-dichlorophenol + chlorine -(AlC13)--> 2,4,6-trichlorophenol + HCl 
2,4,6-trichlorophenol + chlorine -(AlC13)- > 2.3,4,6-tetrachlorophenol + HCl 
2,3,4,6-tetrachlorophenol + chlorine -(AlC13)-- > pentachlorophenol 

Substances: phenol, chlorine 
o-chlorop hen01 
p-chlorophenol 
2,4-dichlorophenol 
2,6-dichlorophenol 
2,4,6-trichlorophenol 
2,3,4,6-tetrachlorophenol 
pentachlorophenol 
anhydrous aluminium chloride 
hydrogen chloride, hydrochloric acid 

This sequence of activation and deactivation of Operating Units by materials 
terminates when the re  is no more input material f o r  any of the  Operating Units, 
e.g., all external input has been transformed t o  the  desired products, by-products 
and waste. 

During the  simulation of the  production process the  merating Hazards of 
the  Units and the  hazards caused by the materials used and produced (e.g. input 
materials, interim products, end products, waste materials), the Material Hazards, 
are recorded and dynamically updated in the form of Hazard Ratings (NFPA, 1977; 
AICE, 1973; Sax, 1975). 

Model Input: 
production goal: desired product (one of o-chlorophenol, p-chlorophenol, 
2,4-dichlorophenol, 2,6-dichlorophenolI 2,4,6-trichlorophenol, 2,3,4,6- 
tetrachlorophenol, pentachlorophenol) 

input materials- t he  required input materials depend on the  desired product 
and are listed by the  simulation module automatically; the user  only has to  
acknowledge tha t  all materials can be  assumed as being supplied 

Model Output: 
product mix: a qualitative description of the  desired product and by- 
products 

waste. a qualitative description of wastes, including Hazard Ratings 

hazard description of the aimdated process, represented by the  Hazard 
Ratings of all interim products with respect  to the Operating Units. 

The module is current ly implemented in Franz Lisp on a VAX 11/750 under 
Berkeley UNIX 4.2. I t  will be converted t o  S U N  Common Lisp and integrated with 
the  graphical output and control modules as soon as an  appropr iate compiler is 
available. 



2.1.07.2 Chemical Procw Optimization 
An optimization package specifically designed to  assist in analyzing chemical 

engineering problems at the process and plant level is provided as the second 
major element in the plant level analysis. Within the framework of the management 
of hazardous substances and industrial risk, the system can help determine trade 
offs and interdependencies among and between design parameters of production 
plants and process technologies. The model implemented is provided with one 
specific example data set described below. 

Phenol is one of the more important (interim) products of the chemical indus- 
try. The chlorobenzene method is one of the three industrial processes fo r  Its 
production. The specific cost of phenol produced in this way is high, so  it is of the 
utmost importance to design an optimal cost plant fo r  producing monochloroben- 
zene. The design of this plant is based on a general reactor-separator-system. The 
optimization problem solver is the software package OPTIMIZER based on the GRG 
(Generalized Reduced Gradient) method (Grauer et al., 1979). 

The nonlinear, constrained optimization problem consists of designing a plant 
processing a given input stream of benzene (15 kmol/h) with maximal profit. 

The corresponding objective function is then 

G (x) =E (x)-K(x) - > max 

with K(x) costs, as a sum of the costs of the input product benzene, for heating and 
cooling agents and the costs for  eqtiprnent 

E(x) proceeds f r o m  the sale of the output product obtained; the proceeds f r o m  the 
by-products (dichlorobenzene and hydrogen chloride) are used for the reimburse- 
ment of the cost of chlorine. 

G(x) profit, where x is a vector of the decision variables (structure variables, 
apparatus dimensions, process parameters). 

The vector of the decision variables is made up of the following components: 

(1) Structure variables xi and xz; by the variation of these parameters all feasi- 
ble reactor combinations may be obtained 

(2) Structure variable x3; This variable identifies how much of the recycled raw 
material stream will be used for  regenerative preheating 

(3) Mean residence time tl and t2 for the reactors R1 and R2 

(4) Reflux rat io  for  distillation columns C 1  and C2 

(5) Temperature difference in the heat-exchanger E3 
Given a realistic set of constraints, the model aan estimate optimal profit and 

corresponding decision variables (design parameters). 

Clearly, by extending and generalizing the existing demonstration example to 

accept arb i t rary problem definitions f r o m  a prooess technology data base; 

include waste streams; 

include process risks, 

the package could form a valuable and extremely powerful building block in the 
overall system. From the point of view of waste/risk minimization, o r  the definition 
of constraints on waste, emissions, o r  process risks as a regulatory agency might 
have to formulate them, the system offers the possibility of determining: 



what is technically feasible fo r  a given technology; 

what is economically feasible with a given technology; 

what is the form of the trade-off relationship between economics and 
waste/risk aspects of the technology. 

Since several additional cr i ter ia (such as resource consumption, capital require- 
ment and life-time, labor costs etc. can be included in the optimization framework, 
a broad assessment of trade-offs is supported. 

In terms of the overall system, OPTIMIZER can be used not only to  study criti- 
cal production processes in detail, but also to provide aggregate design variables 
in the form of yield o r  waste coefficients fo r  the industry structure analysis FDA 
(Production Distribution Area), Dobrowolski et al., 1982, 1984. These coefficients 
can than be selected to  represent various levels of waste/risk reduction versus 
economic efficiency t rade off s. 

Also, plant designs optimized for  various cr i ter ia can be subjected to  a more 
detailed risk assessment, i.e., fault-tree and event-tree analysis (e.g., by the pack- 
age SAFETI [Technica, 19841 o r  by means of automatic fault-tree 
gener%tor/analysis systems). 

OPTIMIZER is currently implemented only at IIASA as a stand-alone program 
with its original user interface. AF soon as the necessary licences a r e  available, i t  
can be integrated into the averall system 

Data Structures: 

The Chemical Technology D a t a  Base is currently structured as a set of sequen- 
tial files; the same random access conversions as described above can be used with 
increasing volume of the data. 

A generalized data base for  OPTIMIZER is currently under construction; i t  will 
supersede the current version of the Chemical Technologies data base and gen- 
eralized to be used by several related program systems, including the PDA Indus- 
tr ial Structure Optimization package. 

Possible Extensions: 

In the next step of development, the symbolic simulator as wel l  as OPTIMIZER 
will be integrated with the graphics based user interface to the Chemical Technolo- 
gies Data  Base. The extended system will contain: 

a generalized process technology data base (see section 2.1.07); 

an automatic input data preprocessor and model generator; 

a generalized problem solver. 

A s  another extension, information required by fault tree analysis programs 
such as SAFETI could be included in this data base, such that process risks o r  
overall plant risk can be estimated on a more detailed technical level. Clearly, the 
coupling of the set of programs covering the ent ire range from detailed physical 
simulation of individual physical/chemical processes (8.g.. runaway reactions as 
simulated by SAFIRE) to  the overall industrial structure and location/capacity dis- 
tribution (spatially extended PDA) driven by a generalized chemical technologies 
DB and the industrial locations DB would provide a powerful package for  Industrial 
r isk assessment and management. 



2.1.08 Waste: Treatment  and Disposal 

The Waste Treatment and Disposal Option is based on EPA's RCRA Risk/Cost 
Analysis Model. A simple access to t he  waste t reatment technology da ta  base i s  
under development, including a sideways-chaining mini-expert system t o  identify 
appropr ia te  t reatment technologies. 
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Figure  2.18 EXPLAiiVpage~or the  w a s t e  T&D opt ion .  

Sideways chaining i s  based on the  Bayesian approach to inferencing and allows 
approved s t ra teg ies  f o r  knowledge appl icat ion and use r  interact ion. 

A t  f i r s t  the  system t r i e s  to identify t h e  substances in t h e  waste st ream by ask- 
ing t h e  use r  about  severa l  a t t r i bu tes  of t h e  waste stream; in o r d e r  to ge t  t h e  basis 
f o r  estimating what kinds of substances t h e  use r  wants to dispose. The dialog i s  
s t ruc tu red  by r u l e  v a l u e s ,  i.e., t h e  system always asks  t h e  "most decisive" ques- 
t ions t ha t  would contr ibute most to resolving t he  diagnostic problem. 

The use r  may not only answer "Yes" o r  "No". He can express  uncerta inty 
about  t he  evidence in question with a cer ta in  set of qualif iers. A s  a n  example, a 
numerical range  can b e  used (e.g., from +5 = "Yes" to  -5 = "No", where 0 
rep resen ts  "Don't know at all"). More conveniently, values within th is  r ange  can 
be el ici ted on t he  basis of l inguistic hedges, or graphical ly, by pointing to a n  
appropr ia te  point within a n  interval  represent ing t he  range  from Def in i te ly  ES t o  
Lkf'initely NOT. 



On the basis of these user  inputs and estimations the  system deduces the set of 
feasible treatment technologies and technology combinations which are appropri- 
ate f o r  the  identified substances. This listing of technologies also contains infor- 
mation about the  Risk/Cost factors  of the different technologies t o  enable the  user 
t o  decide according t o  his preference. 

Model Input: 
Waste dream-specific information (e.g., source, heating value, biodegrada- 
tion ra te )  

Constitnent-specific information (e.g., concentration, mass fraction, 
molecular weight, vapor pressure) 

The input values necessary t o  identify the waste stream and select appropr iate 
treatment technologies originate from th ree  major sources, namely: 

from the systems waste stream/treatment technologies data base; 

elicited from the  user  in the interactive dialog; 

inferred from the system on the  basis of i ts waste stream knowledge base and 
the  diagnostic user  input. 

Model Output: 
Appropriate treatment technologies depending on the  outcome of the  sub- 
stance identification process 

Esk/Cost factors f o r  the listed treatment technologies. 

In the prototype version, this module is based on the USEPA RCRA Risk/Cost 
Analysis Model (WET, Waste-Environment-Technology). Only a small subset of the  
ent i re  waste stream and treatment technologies data base is  used. The module, 
however, could serve as the start ing point f o r  an  improved European version of 
the  model system. 

Currently, only the  waste stream identification p a r t  (see section 2.1.09) is 
implemented as an integrated pa r t  of the Industrial Waste Streams Data Base. 



2.1.09 Waste: Industrial Waste Streams 
Industrial waste streams (based on a subset of the  HCRA data base) are 

described in a similarly structured data base. Access to individual waste stream 
descriptions is either from a list of waste streams, through industrial origin, waste 
stream names (interpreted by an intelligent parser) ,  o r  waste stream propert ies.  
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Figure 2.19: Top Level of the Indust r ia l  was te  s t reams d a t a  base 

The industrial Waste Stream Data Base is organized like the Chemical sub- 
stances data base (section 2.1.01). Based on the EPA W-E-T o r  RCRA waste stream 
data base, compiled by ICF (1984) f o r  the US EPA, the data base provides informa- 
tion on current ly 154 industrial waste streams. 

Data Structure; 
The Waste Stream Data Base consists of 154 industrial waste streams. Each 

waste stream i s  described by a data s t ructure which contains specific information 
about the waste stream and a data s t ructure with substance-specific information 
f o r  each of the constituents of the  waste stream which pose the greatest r isk in the 
waste stream. 

The data elements containing the waste stream-specific information are the  
following: 
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figure 2.20: Listing the waste streams 

id: identification number fo r  internal references 

name: describes the  waste stream name by waste type, process type and pro- 
duction chemical f o r  process wastes; f o r  non-process wastes the waste type 
and source are indicated 

rcra, epa, sic: identification number from the RCRA-Report, the number(s) 
assigned by EPA and the the standard industrial code 

quantity-year: the total annual quantity of the  waste stream generated in 
thousands of metric tons 

facilities: the total number of U.S. facil it ies that  generate the waste stream 
quantity-fac: the average waste generation p e r  facility 

uncertainty: an  index used t o  denote the reliability of the information (1 = 
data available, 2 = values calculated from part ial data, 3 = crude estimations 
obtained using minimal data) 

sources: number of source references 

source: list of sources from which the data is  taken 

frac-onwater: the mass fraction of the waste that  is not water 

fractsuspended: the m a s s  fraction of the  waste that  is  o r  is  not suspended 
in the  liquid phase 
solid-: the specific gravity of the  solids in the waste stream 
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Figure 2.21: Select ion by i n d u s t r i a l  o r i g i n  

avg-sg: t h e  average  specif ic gravity of t h e  waste stream, calculated as t h e  
weighted mean of t h e  liquid and solid f ract ions 

heating-val: t h e  heating value of incinerable wastes, calculated as t h e  
weighted mean of t h e  heating values of t he  waste consti tuents 

f ractcl :  t h e  organic chlor ine content  as a mass f rac t ion of t h e  waste st ream 
(only f o r  incinerable waste streams) 

f r acbsh :  t h e  ash content  as a mass f ract ion of t h e  waste s t ream 

ph: t he  pH of t h e  waste stream 

biodegradation: t h e  f i rs t -order  biodegradation rate p e r  day f o r  t h e  waste 
stream 

bod: t h e  ultimate biological oxygen demand of t h e  waste stream, in milligrams 
p e r  l i t e r  

constituents: t he  number of waste consti tuents 

The da ta  elements containing t he  constituent-specific information are t h e  fol- 
lowing: 

name: name of t h e  substance 

concentration: concentrat ion in t h e  waste stream, in p a r t s  p e r  million 

uncertainty: an index used t o  denote t h e  rel iabi l i ty of t h e  information (1 = 
da ta  avai lable, 2 = values calculated from par t ia l  data ,  3 = c rude  estimations 
obtained using minimal data)  
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f i gu re  2.22: SeLection b y  waste stream propert ies 

sources: number of source re ferences 

source; l ist of sources from which the  data is taken 

mass-fract: mass fraction of t he  constituent in the  waste stream on a w e t  
basis 

fractdissolved: t he  mass fraction of the  constituent in solution or in the  
liquid phase 

molweight: molecular weight of the  constituent 

vapor-pressure: t he  vapor pressure of t he  pure  constituent in millimeters 
of mercury at 25OC 

solubility: t he  solubility of the  constituent at 25OC and pH 7.0 

biodegradation: t he  f irst-order biodegradation rate p e r  day for t he  consti- 
tuent of concern 

bod: t he  ultimate biological oxygen demand for the  constituent of concern 

Basically al l  information about hazardous waste streams which is available in 
t he  Waste Stream Data Base is entered and updated in a specific d i rectory of the  
fi le system. Each fi le in th is so  called Edit-Directory contains all waste stream- 
specific and constituent-specific information fo r  one waste stream. These tex t  
fi les contain a lot of redundant information and empty space (blanks) t o  keep the  
editing of t he  information easy. 

To reach a satisfying data base access speed these edit f i les are compiled to a 
binary file by t he  binary data base generator,  which not not only removes al l  the  
redundant edit information and s t r ips  out t he  empty spaces to improve the  storage 



11- Demonstrabon Prototype: Hazardous Waste Streams Data Base 

r l I t  s l d  I r a  c-t1ua.1 coal c&st~on 

D D ~ =  r aw WAI SIU 
01.0l.eZ WA WA 

Fu i l i t i a  78 
-iwfl- U400.00 
i f f l i  !u4ooo.m 
mh w* m m  -1. - --- m) 
nu .r, (W cr rr) WI) 

t Y  1.75 0 0.00 0.006010 0.00 

I - - m r h  cr r e -  LI . 

@ 
a- ..- Q ..- 013 a.- 

Toxic Constituents: - . - -- 

Figure 2.23: Indiv idual  waste stream descr ipt ion page bar tLy  f ic t i t ious data).  

efficiency, but a lso  allows t h e  binary f i le to b e  accessed l ike a random access f i le. 

This i s  done by appending an  a r r a y  of of fsets at t h e  bottom of t h e  binary f i le. 
These of fsets are t h e  s tar t ing  positions of t he  information blocks which rep resen t  
t he  information f o r  each waste stream. When t h e  da ta  base  is  t o  b e  accessed,  t h e  
binary fi le i s  opened and t h e  of fsets are read.  Then t h e  information about  t h e  
specif ied waste stream i s  r ead  from t h e  position indicated by t h e  of fset  which 
cor responds to t h e  specif ied waste stream t o  t h e  position indicated by t h e  follow- 
ing offset (i.e., t he  s tar t ing  position of t h e  next  waste stream information block) 
into a prepared  buffer.  

This reduces  access time twice: once by avoiding t h e  sequential  reading of t h e  
f i le every  time information about  a specif ic waste s t ream i s  required,  and once by 
t ransfer r ing t h e  whole information about  one waste s t ream in one block into t h e  
buf fer  instead of reading every  single da ta  element. 



2.1.10 Transportation System Analysis 

The c o r e  p a r t  of t he  t ransportat ion system analysis model i s  cur rent ly  under 
development by t h e  Ludwig Boltzmann Inst i tute, Vienna, under con t rac t  to t h e  
CEC/JRC (Study Contract  No. 2684-85-04 ED ISP A). The model is  descr ibed in 
detai l  in Kleindorfer and Vetschera,  1986. 

The u s e r  in ter face suppor ts  t he  interact ive select ion of s tar t ing  and end 
points f o r  a t rar lsportat ion problem on t h e  map. Substances can  b e  defined by 
c lass o r  name as well as in qual i tat ive terms using t h e  HAZCHEM code f o r  toxici ty, 
f i r e  hazard,  and react iv i ty .  
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Figure 2.24: Transportat ion systems ana lys is :  problem def in i t ion 

The model genera tes  al l  feasib le routing al ternat ives under a number of 
heur ist ic  constra ints,  evaluates in terms of r isk/cost  est imates, and calls on t h e  
multi-criteria da ta  post-processor and optimizer t o  identify non-dominated 
(pareto-optimal) a l te rnat ives and finally to interact ively select a p re fe r red  a l ter -  
nat ive. 

Policy options include t ra f f ic  res t r ic t ions and technical specif icat ions (e.g., 
packaging, vehicles, accident  management) as we l l  as insurance and liability regu- 
lations. 
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The model is based on 

a geographical representat ion of a given region (e.g., of Europe) which speci- 
f ies supply and demand points together with various routes connecting these 
points, 

on regulatory policies such a s  r isk minimization and 

on economic policies such as cost minimization. 

The function of this model i s  t o  enable the  user  to  solve the problem of choos- 
ing the  "best" route and mode for the transportat ion of hazardous substances from 
a certain supply point t o  a certain demand point, and in defining policies tha t  
ensure the selection of these mode/route alternatives. 

Overall Structure of the Model 
The model is designed a s  a policy-oriented tool. I ts s t ruc tu re  therefore,  has 

to  closely follow the  s t ruc tu re  of decision variables open t o  regulators. In general 
w e  can distinguish t w o  different levels at which regulations might operate:  

a micro Level, dealing with individual Lrarlsport activit ies o r  connections, 

an  aggregated Level aiming at global regulations that  can be applied to a la rge 
class of shipments. 

The model current ly implemented in the  framework system concentrates on the  
micro level decision problem, e.g., individual shipments of hazardous substances. 



For analysis at t h e  micro level t h e  model will genera te  and evaluate possible 
t ransportat ion a l ternat ives f o r  a given t ranspor t  object ive. A t ranspor t  object ive 
is  defined by t h e  amount and t ype  of hazardous substance to be  t ranspor ted and 
t h e  points between which t h e  goods are to b e  t ranspor ted.  

A t ranspor t  a l te rnat ive  in t he  model is  represented by a geographical rou te  
along which t h e  t ranspor t  i s  t o  occu r  and t h e  choice of a t ranspor t  mode, both 
associated with risk-cost c r i te r ia .  The possibility of mode changes along t he  r ou te  
i s  a lso  considered in t h e  model. 

A detailed cost and r i sk  analysis f o r  a l l  t h e  al ternat ives generated i s  then 
performed and t he  resu l t s  of th is  evaluation are presented t o  t he  decision maker 
f o r  his final choice among t h e  al ternat ives using t h e  Interact ive Data Post  Proces- 
so r .  

From t h e  perspect ive  of software engineering t h e  implementation of t h e  model 
consists of t h r e e  main modules: 

The f i r s t  module generates  candidate paths and consequently generates  dif- 
fe ren t  route/mode combinations. To limit t h e  amount of a l te rnat ives t o  rea- 
sonable numbers, t h e  sea rch  area i s  res t r ic ted.  

The second module performs a risk-cost evaluation of t h e  paths  generated in 
t h e  f i r s t  phase.  The outcome of t h e  second phase is  a l is t  of c r i t e r i a  values of 
a l l  t h e  a l ternat ives f o r  f u r t he r  evaluation. 

The th i rd  module se lec ts  t h e  "best" t ransportat ion a l ternat ive  with r espec t  to 
t h e  c r i t e r i a  specif ied by t h e  decision maker and t h e  p re fe rences  expressed.  

In m o s t  cases t h e  number of a l ternat ives is l a rge  and t h e  select ion of a pre-  
f e r r e d  a l ternat ive  from t h e  set of feasible a l ternat ives generated will requ i re  
computer-assisted information management and decision support .  

Based on t h e  da ta  s t r uc tu re  descr ibed below, a l l  possible paths (within a heu- 
r ist ical ly defined "window") are generated f o r  each vehicle under considerat ion 
from t h e  specif ied suppor t  point t o  t h e  specified demand point. 

For these  paths r i sk  and cost  are estimated, and finally they are compared 
and evaluated. 

Evaluation of Alternatives 
Alternatives are evaluated in terms of cost and r isk .  The c r i t e r i a  of cos t  and 

r i sk  are incommensurable; f o r  instance, t h e  cost of t ransportat ion is  measured in 
monetary value and t h e  r i sk  of t ransportat ion is measured in t h e  number of fatali- 
ties in t h e  event  of a n  accident. 

Sometimes cost  and r isk  are contradictory,  f o r  example t h e  shor tes t  - and 
thus usually t h e  most cost-effective - connection is  a highway t ha t  passes close t o  
densely populated a reas ,  with a higher  r isk  potential  than more remote, and there-  
f o r e  more expensive, routes.  

In th is  model cost evaluation is based on f re igh t  rate sampled from commercial 
t ranspor t  f irms. The cost function i s  simply descr ibed'by t h e  following formula.*) 

This cost function i s  only a very crude f irst approximation and strictly speaking only 
valid when the volume to  be shipped i s  very large in relation to  the capacity of any vehi- 
cle to  be uaed. Also, the linear distance dependency only holds for relatively large dis- 
tances. 



where 
cf: f ixed costs  
co: initial p a r t  of t h e  var iable costs  function 
cs: slope of t h e  var iab le  costs function 
X: amount of substance to be  shipped 
L: length of t h e  path.  

The r i sk  analysis in t h e  model covers  both losses in t h e  form of p roper ty  dam- 
age  and losses in t h e  form of injur ies and fatal i t ies. Considering t h e  stochast ic  
na tu re  of these  losses expected values and t h e  var iance of losses are taken as 
decision c r i te r ia .  

A simplified lognormal distribution r isk analysis submodel i s  employed to 
evaluate t h e  al ternat ives.  A s  outcomes of r isk  analysis, t h e  c r i t e r i a  of a l terna- 
t ives are descr ibed in terms of expected losses and var iance of losses t o  a given 
group along a rou te  in t h e  network. Fur the r  on, t h e  groups of objects t ha t  can be  
af fected by accidents (population, p roper ty  values etc.)  will be  rep resen ted  by g. 

The formulations of these  c r i t e r i a  are as follows. The expected loss E[Rg] of 
group g along rou te  ( r l ,  r2, ..., r l )  is  : 

where 
p,(rk): t h e  probabi l i ty of an  accident  on arc k 
q,: t h e  probabi l i ty of an  accident, which happens f o r  t ype  n land 

usage on arc r 
fin, on2: parameters  of lognormal distr ibut ion of conditional density function 
f o r  t ype  n. 

The var iance of losses t o  a given group g along rou te  ( r l ,  r 2 ,  ..., r l )  i s  : 

where 

and 



Both t he  expected value and t he  var iance of losses to  severa l  groups are charac-  
ter is t ic  of a route/mode combination t ha t  will be  used in evaluating t h e  di f ferent  
a l ternat ives.  For  t h ree  r isk  groups (proper ty  damage, fa ta l  and non-fatal injur ies) 
six r isk-re lated object ives can b e  considered in t h e  evaluation. 

Combining these  six object ives with cost ,  w e  can ge t  a well-defined multiobjec- 
t ive decision problem with seven cr i te r ia .  

Model Output 
The output of t h e  t ransportat ion model consists of a l ist  of c r i t e r i a  f o r  a l l  t h e  

al ternat ives:  

The r i s k  i n d i c a t o r s  are rep resen ted  as follows: 

r isk groups (e.g . , damages, injur ies, deaths); 

possibil i t ies of accidents ( a  p r i o r i ) ;  

consequences of a n  accident ,  depending on t h e  substance involved, land usage 
c lass and r isk group. 

The cost fac to rs  are descr ibed by t h e  following variables: 

t ranspor t  costs,  f ixed and var iable;  

insurance costs, depending or, t h e  t ype  of arc and t he  t ranspor ta t ion medium 
used. 

Data Structures: 
The da ta  s t r uc tu re  of t he  Risk-Cost Analysis Model f o r  t h e  Transportat ion of 

Hazardous substances consists of fou r  main par ts :  

a descr ipt ion of t h e  t ransportat ion network, i.e., t h e  c i t ies and t h e  l inks 
between them, 

r isk indicators, 

cost  fac to rs ,  

general  information about  t h e  model. 

The gene ra l  i n . r m a t i o n  about  t he  model is represented by t he  following ele- 
ments: 

substances t o  be  t ranspor ted,  descr ibed by t he i r  specif ic gravi ty ,  

a descr ipt ion of t h e  desc r ip to rs  of t h e  a r c s ,  

a l is t  of r isk  groups: damages, in jur ies and deaths,  

a l is t  of land usage classes: urban,  suburban and agr icul tural ,  

t he  vehicles (i.e., t rucks ,  ca r s ,  t ra ins ,  etc. ) ,  descr ibed by capacit ies. 

The t r a n s p o r t a t i o n  network  is descr ibed as follows: 

The nodes descr ibe t h e  c i t ies by the i r  re la t ive  coordinates. 

The a r c s  descr ibe t h e  l inks between t h e  ci t ies, e.g., t h e  road o r  ra i l  system by 
t he i r  

length, 

mode (e.g., road,  ra i l road,  etc. )  



descriptors (e.g. ,  tunnel, bridge, e tc . )  

type (e.g. ,  highway, minor road, etc.)  

shares of land usage class, i .e . ,  the kind of environment (e.g., urban, subur- 
ban, agricultural) the road or rail passes through. 



2.1.11 Environmental Impact Assessment 
Environmental impact assessment of fers a choice among several  environmen- 

tal t ransport  and impact models. Again, a di rect  connection of some of these 
models t o  other  modules (e.g., an atmospheric dispersion model connected t o  the 
industrial process/accident simulation modules) is foreseen. 

In the cur ren t  prototype version the following models a r e  implemented: 

TOXSCREEN Multi-Media Screening Level Model (r iver sub-model) 

FEFLOW 2D Groundwater Pollution 

LRAT Long-Range Atmospheric Transport. 

2.1.11.1 Environmental Models Master Menu 
A s  an intermediate level, an environmental models master level allows selec- 

tion among the models listed above. Two modes of selection a r e  supported: the 
user  can e i ther  select a symbolic problem description from a collection of icons, 
o r  he can compose a problem description along the following categories: 

Source spatial characteristics: point, multiple point, a rea ;  

Source time characteristics instantaneous, intermittent, continuous; 

Receiving system: atmosphere, soil, food chain, man, groundwater, surface 
water (r iver,  lake/reservoir, estuary, coastal marine); 

Spatial scale: local, regional, European; 

Time scale: shor t  t e r m ,  long term; 

Required resolution: screening level, high resolution; 

From the composition of indicators selected by the user through simply pointing at 
them, the system then selects the appropr iate model based on a set of rules and 
mappings. If no appropr iate model is currently available in the system, a 
corresponding diagnostic message is printed and the  user is  asked t o  modify his 
problem description. 

2-1.11.2 TOXSCREEN Multi-media Screening Level Model 
A generic multi-media framework f o r  substance evaluation is provided by TOX- 

SCREEN (Hetrick and McDowell-Boyer, 1979, 1984). TOXSCREEN, developed at Oak 
Ridge National Laboratory, is designed t o  assess the potential environmental fate 
of toxic chemicals released to  a i r ,  water, o r  soil. I t  evaluates the  potential of 
chemicals t o  accumulate in environmental media and is intended f o r  use as a 
screening device. 

The model makes a number of simplifying assumptions and originally operates 
on a monthly time step. Assumptions include a generic (worst case) positioning of 
surface water bodies relat ive t o  atmospheric pollutant sources and contaminated 
land areas.  The data used are typical of large geographic regions ra the r  than 
site-specific. This multi-media screening tool will therefore be augmented by a 
second layer of more detailed and site-specific models f o r  the individual environ- 
mental media. This resul ts in a hierarchically organized system of models of vari- 
ous degrees of resolution in time and space a s  well as in the complexity of the 
model equations. 
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In TOXSCREEN, t h e  physical/chemical processes which t ranspor t  chemicals 
across air-water, air-soil, and soil-water in ter faces are simulated explicit ly. 
Deposition velocit ies, t r ans fe r  rate coeff icients, and mass loading parameters  are 
used. Monthly pollutant concentrat ions in a i r ,  su r face  waters, and soil re f lec t  
both d i rec t  input to any or al l  of t h e  media from a specified source  or sources,  and 
subsequent interact ion via processes such as volatilization, atmospher ic deposi- 
t ion, and su r face  runoff.  Methods f o r  estimating bioaccumulation in t h e  food chain 
are also included. 

A s  one concre te  example f o r  th is  gener ic sty le,  a r i v e r  model based in p a r t  on 
TOXSCREEN's r i v e r  module, has  been incorporated into t h e  demonstration proto- 
type. To simulate dispersion in a r i v e r  or p a r t  of a r i ve r ,  t h e  r i v e r  is divided into 
a number of geometrically equivalent reaches  all of which have t h e  same flow rate. 
An equation similar to t h e  one  used in EXAMS (Smith et al. ,  1977; Burns et al. ,  1981) 
is  used to estimate t h e  pollutant mass in each timestep in each reach .  Instantane- 
ous mixing of pollutants upon en t ry  into each reach  is assumed; pollutant concen- 
t ra t ions are computed f o r  dissolved neutra l ,  dissolved ionic, and adsorbed forms, 
according to chemical equil ibria. Adsorption on sediment is also descr ibed.  A 
number of f i rs t -order rate constants (e.g., biodegradation, hydrolysis, volatiliza- 
t ion) a r e  used to simulate decay phenomena. A m o r e  detai led descr ipt ion of t h e  
r i v e r  model, t h e  models i t  i s  based on and various a l ternat ive  models of h igher  
resolut ion i s  given in Fedra et al. ,  1986c. 
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Data St ruc ture :  
All default data fo r  the  r i ver  module are stored in the model code itself. They 

only serve as reference points f o r  the  interactive definitions by the user. 

P o s s i b l e  Extens ions:  
In addition t o  the  d i rect  coupling t o  the chemical substances data base in 

o rde r  t o  obtain model-specific propert ies f o r  selected substances ( ra ther  than 
defining these propert ies in t e r m s  of rate constants directly), the module should 
be exchanged o r  augmented by a more sophisticated version, allowing fo r  variable 
r i ver  geometry and flows (e.g., TOXIWASP). 

2.1.11.3 FEFLOW 2D Groundwater Po l lu t i on  
FEFLOW is .a  sophisticated two-dimensional finite element model f o r  t he  simula- 

tion of contaminant t ranspor t  in porous media (Diersch, 1980; Diersch and Kaden, 
19H4).  I t  has been used successfully in several  case studies. 
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In the current  implementation, FEFLOW can be used f o r  a number of e i ther  
specific o r  generic problem situations. The demonstration data bases include: 

landfill with observation wells and pumping gallery (horizontal); 

bank fi ltration with pumping well gallery (horizontal); 

landfill with deep and shallow w e l l  and interlayer (vertical); 

deep well injection with inter layer (vertical); 

landfill with recharge ba r r i e r  (horizontal); 

landfill with pumping ba r r i e r  (horizontal); 

There a r e  numerous ways of describing o r  specifying problems that  can be 
addressed with the system described here. Control variables that can possibly be 
modified by the user  include: 

selection of a specific site; 

selection of a generic problem type (e.g., contamination from a landfill, bank 
fi ltration, deep-well injection); 

selection of basic hydrogeological conditions (affecting groundwater 
recharge and flow regimes); 
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Figure 2.29: Generic Problem: contaminant  p lume mig ra t ion .  

selection of substance and contamination source character ist ics (e.g., type of 
substance, decay rate, sorption rate, mass flux o r  concentration at the 
source) ; 

background concentration of contaminant; 

pumping rates f o r  wells and well galleries. 

In addition, f o r  the  simulation of operational decisions, the  user  can e i ther  set the  
maximum simulation time and then run the simulation like a movie, o r  he can 
single-step through the  dynamic par t ,  and modify source character ist ics as w e l l  as 
pumping rates, at any time step. 

Data Bases and Pre-processors 
Once a certain method has been selected on the  basis of the user 's problem 

specification, the  system must. then prepare  the  necessary input data. Every 
method has i t s  own set of data requirements, and since the component modules are 
by and large based on existing software products, they also have the i r  specific 
formats and conventions. 



Background data f o r  the model system a r e  compiled fo r  a number of fictitious 
"specific" test  s i tes as well as f o r  a number of generic problem descriptions. For 
all si tes o r  problem descriptions, this information includes: 

finite element mesh with initial and boundary conditions, hydrogeological 
data,  and operational (well) data; 

control variables f o r  numerical problem solution. 

The Simulation Model 
From the  user 's point of view, the 2D subsurface transport  simulation model 

FEFLOW incorporated into the  system generates predictions of groundwater con- 
tamination consequences in terms of concentrations in time and space. The system 
has to  provide estimates t o  answer questions such as: 

how does a contaminated plume migrate from i ts source (e.g., waste dump, 
waste-well injection, landfill) through a flowing groundwater field under given 
hydrogeological conditions and, which is of part icular interest here,  under 
the influence of technologies f o r  water utilization (e.g., drinking water supply 
wells)? 

in a given time, what extent of contaminant distribution can be expected? 
What is the duration of the contaminant movement? 
will wells o r  galleries be influenced by waste water migration, and if so, at 
what level of contamination? 

how can the  contamination be  stopped o r  decreased? 

which remediation strategies are recommended and how effective are they fo r  
the decontamination of the aquifer? 

To support the experimental nature of the system, each of the control vari- 
ables determining a problem situation can be  modified independently. For example, 
once a certain problem is defined, the user can run i t  f o r  several  dif ferent 
amounts of substances, o r  dif ferent substances. Pumping rates can be  changed, a 
hydraulic ba r r i e r  can be introduced, o r  the  dump si te can be sealed off. In addi- 
tion t o  the simulation of contaminant m a s s  flow, the  system also keeps t rack of the 
costs (and benefits f o r  water sold) of these control options. 

For the  basic simulation model, th ree  different types of input data sets o r  
problem descriptions exist: 

1 )  specific s i tes in existence; 

2) generic problem descriptions; 

3) user-generated problem descriptions. 

In the cur ren t  version of the  software system, only types 1 and 2 a r e  fully sup- 
ported, while type 3 is limited t o  problem modifications that  do  not requi re changes 
in the geometry of the  finite element idealization. For user-generated problems, 
the system current ly only supports modifications on the  basis of any of the generic 
problem descriptions, but not from scratch. 

For existing specific sites, the user  can choose any location e i ther  from a list 
of available locations o r  from a map with these locations, the problem type they 
represent  depicted by the  color of the  marker symbol on the map. The completely 
specified problem description is then loaded from an input file, one fo r  each 
specific site. The control variables available t o  the user depend on the specific 
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Figure 2.30: Generic ProbLem: bank fiLtration from polluted r i ve r .  

case, but always include operational decisions (modification of the  contaminant 
flow, activating/deactivating wells, modification of uncontroLLabLe assumptions 
(hydrometeorology, substance propert ies). These variables can be modified within 
pre-defined limits, which are also p a r t  of the  site-specific input fi le. 

For generic problem descriptions, the  user  can choose f r o m  a l ist of cases 
supported. Again, his control variables are the  s a m e  as above. However, in the 
generic cases many options are built into the  problem descriptions. For example, 
m o s t  cases include a l a rge  number of wells at different locations, the  majority of 
which, however, are not active. By activating/deactivating them through prescr ib-  
ing appropr ia te  pumping ra tes,  changes in well locations can be performed without 
having to modify t he  geometry of t he  problem. 

Finally, the  user-defined problems a r e  e i ther  based on 

modifications and reconfiguration of existing descriptions, start ing f r o m  any 
of t he  generic o r  specific problem descriptions, or 

completely generated f r o m  scratch.  

In the  la t te r  case, the  user  starts by defining the  mesh and the elements of his 
problem, specifying boundary conditions by identifying the i r  type f r o m  a menu of 
available types and then picking the  nodes t o  which they should apply, picking 
appropr ia te  elements such as wells and well gal leries and positioning them in the 
mesh, specifying hydrogeological parameters for a set of nodes/elements by just 
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pointing at them o r  circumscribing them with the  pointing device, etc.  Design con- 
siderations f o r  these options are currently underway. 

The Simulation Model: 

Basic Equations, Parameters. Initial and Boundary Conditions 
Groundwater  mow 

The flow processes in a two-dimensional (horizontal) aquifer are described by 
the following differential equation ( for more details see  also Diersch and Kaden 
1984, Fedra et al., 1 9 0 6 ~ ) .  

fo r  solving of h = h ( z i , t )  with the  parameters t o  be prescribed as aquifer 
storage coefficient 

S = n ,  +S,M (2) 

transmissivity tensor 
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Figure  2.32: Gener ic  Problem: recharge b a r r i e r .  

Ty = Kij M 

o r  fo r  isotropic conditions which a r e  used practically 

where 

h = hydraulic head (L ); 

no = drainable o r  f illable porosity (Lo); 

S, = i specific storage coefficient (L-I); 

M =  aquifer thickness (L ); 

Q,, = known source/sink function (L T-I); 

T (Ti,) = t.-nnsmissivity (L T-l); 

K(Ky) = hydraulic conductivity (L T--I); 

1 f o r  i = j  

0 f o r  i f j  Kronecker tensor; 

xi = spatial coordinates; 



mllr\s~ Demonstration Prototype: 2DLGroundrater Quality Sirnulati= glir 

f i gu re  2.33: Generic Problem: pumping barr ier .  

i , j =1,2 (summation indices). 

Following init ial (I.C. ) and boundary (B.C. ) conditions are given 

I. C. h (xi -0) = ha (xi ,  0 )  

B.C. h ( x t , t )  = h l R  on G I ( f i rs t  kind) 

ah 
Ph = QM = -Tlf Li on G2 (second kind) 

Qh = L A ( ~ ~ R  - h )  on G, ( th i rd  kind) 

where 

ha = presc r ibed  init ial distr ibut ion of hydraul ic  head (L ); 

h 1~ = presc r ibed  Dirichlet-type boundary hydraul ic  head (L); 

qh = presc r ibed  Darcy volumetric f lux (Le T-I); 

q h ~  = presc r ibed  Neumann-type boundary volumetric f lux (L T-I); 

L4 = direct ional  cosines (Lo ) 

heR = presc r ibed  Cauchy-type boundary hydraul ic  head (L); 



Lh = so-called colmation ( t ransfer )  coeff ic ient describing t h e  aqui fer-sur face 
waters in teract ions (L T-I). 

The flux q, i s  posit ive if t h e  fluid f lux i s  outward and negative if t h e  fluid 
f lux i s  inward d i rec ted on t h e  sectiorr G2 of t h e  e n t i r e  boundary G . The parame- 
ter Lh is SO introduced t h a t  i t  i s  always positive if along t h e  boundary G, an 
inflow f o r  ( h  eR - h ) > 0 i s  t o  b e  simulated ( h  ,H i s  a r e f e r e n c e  boundary hydraul ic 
head, e.g.,  t h e  water tab le  of a n  adjoining r i v e r  o r  lake). 

--> Summary: 
Model equation (1) 
f o r  solving hydraul ic  head h 
necessi tates t h e  knowledge of 
* f ou r  parameters/ f  unctions T ,S, Qh,Lh and 
* init ial (h,) and bour~dary  ( h  lR, QU. h2R)  conditions. 

Mass Pansport 
The goverriirig f ield equations f o r  descr ib ing t h e  movement of dissolved chemi- 

ca l  spec ies  in flowing groundwater is  given by (see also Diersch and Kaden 1984) 

f o r  solving of C = C(x,,,) with t h e  speci f ic  Darcy flux 

known from t h e  solution of flow equation ( I ) ,  and t h e  parameters  to b e  p resc r ibed  
as re tardat ion  f a c t o r  (assuming a l inear  isotherm equilibrium adsorpt ion)  

t h e  d ispers ion tensor  wri t ten f o r  isotropic conditions 

where f u r t h e r  

C = concentrat ion of chemical spec ies  (M L-,); 

n = kinematic porosi ty  (Lo); 

n = sorpt ion coeff ic ient (1); 

Dd =molecular diffusion coeff ic ient (L 2 ~ - 1 ) ;  

BL,BT=coefficients of longitudinal and t ransverse  dispersivi ty,  respect ively (L); 

Vq = (qt qt)1'2 absolute speci f ic  f lux (Le T-I); 

A =  J concentrat ion decay rate (T-I); 

Qc = known source/s ink function (ML 

The following ini t ial  and boundary conditions hold: 

1.c. C(x1,O) =co (xt $0) 

B.C. C(;ct,t)=CIR on G4 ( f i rs t  kind) 

ac 
QC =QCR = - 4 j q  Li on G 5  (second kind) 



Qc =-L~  ( C 2 ~ - C )  on G6 (third kind) 

where 

C, = prescr ibed initial distribution of species concentration ( U - 9 ;  

CIR = prescr ibed Dirichlet-type boundary concentration (U-'); 

q, = prescr ibed normal concentration flux ( A & - I T - ' ) ;  

qcR = prescr ibed Neumann-type boundary concentration flux (W-'T-'); 

CZR = prescr ibed Cauchy-type boundary concentration (A&-3); 

LC = concentration t rans fe r  coefficient (L e ~ - l ) .  
The signs of t he  normal fluxes and t rans fe r  coefficients have the  same  
meaning as the  fluid fluxes discussed in. 

-- > Summary: 
Model equation (5) 
f o r  solving species concentration C 
necessitates the  knowledge of 
* nine parameters/functions M ,  n , n, Dd, BL, BT, A, 9,. LC and 
* initial (C,) and boundary (CIR, qcR, Cex) conditions. 

P o s s i b l e  Extens ions:  
An automatic mesh generator  that  wiil allow the  interactive (CAD) construc- 

tion of a complete problem description including a rb i t r a r y  specifications of wells, 
boundary conditions, mesh geometry and geomorphological proper t ies  of the  
aquifer, is under construction. 

Also, a second layer  of a simplified model that  can be subjected t o  optimiza- 
tion procedures (e.g., t o  minimize pumping losses in a pumping ba r r i e r  while keep- 
ing in-well concentrations below a specified standard) is under construction. 

Finally, the  model describing t h e  sources of contaminations (i.e., r i ve rs ,  see 
section 2.1.11.2) and landfill operations should be  linked with t he  groundwater 
modules. In part icular,  models f o r  t ranspor t  through the  unsaturated (soil) zone 
are of importance (e.g., SESOIL). 

2.1.11.4 LRAT Long-Range Atmospheric Transpor t  
The Long-Range Atmospheric Transport Model descr ibes the  pathways and 

deposition pat terns of clouds of toxic material, emitted in a major industrial 
accident, on a European scale, covering a window from 1 5 O W  35ON t o  45OE 72.5ON. 
Simulations of individual t ra jector ies extend from one t o  a maximum of six days o r  
until the  cloud moves outside the  above window. 

The model used 'is a Lagrangian t ranspor t  model, based on Eliasson(l978). I t  
is driven by 6-hourly synoptic wind-field data f o r  Europe (EMAP data),  specified on 
a 150 x 150 km grid, interpolated fo r  t he  cur ren t  simulation time and period. 
These data are used as t he  seed f o r  a Markov-type synthetic time-series genera- 
tor ,  that  uses the  user-specified weather conditions (storm/normal/calm) f o r  scal- 
ing. 

Similarly, precipitation data are generated based on overal l  probabilit ies 
(seasonal dependency) and the user  choice of a weather situation (only affecting 
t he  weather at and around the  point of release). The model considers t he  exten- 
sion of the  vert ical mixing layer (depending on season and time of t he  day), and a 
time variable dispersion of the  cloud. ' I t  simulates w e t  and dry  deposition (as a 
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Figure 2.34: Long-Range Atmospheric Transport :  select ing a weather  p a t t e r n  b y  
select ing its symbol ic  i con  representa t ion  

function of the  specific gravity and, in the case of solids (dust) the average parti- 
cle size of the substance emitted. A detailed description of the model and i ts  
extension is  under preparat ion (Fedra and Bartnicki, 1986d). 

The user specifies the  following control variables: 

type and amount of substance emitted; 

location of the accident; 

season of the year  and time of the day; 

weather pattern (sun/rain, and calm/normal/storm); 

duration of simulation. 

The model calculates and displays the following information: 

initial concentration and concentration a f te r  6 h rs ;  

area contaminated with more than 1 microgram pe r  square meter; 

mass of toxic substance stil l remaining in the  cloud at the end of the simula- 
tion run; 

t ravel  path of the cloud and i ts  spatial extension a r e  indicated on the map. 



F i g u r e  2.35 Long-Range A tmospher i c  T r a n s p o r t :  run c o m p a r i s o n  

Possible Extensions: 
An important extension of the model would be the development of a Monte- 

Carlo simulation framework, that  can, given an accident description (i.e., some 
location, substance, amount) generate r isk contours by automatically solving the 
model repeatedly f o r  certain aggregate season/weather scenarios. 

The resulting probabilistic information, together with the analysis of indivi- 
dual technologies (from this probabilistic se t )  would greatly increase the  useful- 
ness of the model. The probabilistic version, run f o r  alternative sites, can then be  
directly examined with the post-processor/optimizer f o r  e.g., siting alternative 
selection. 

A basic prerequisite for the probabilistic multi-run version would be  a largely 
extended wind field data base or the inclusion of a spatially distributed synthetic 
time-series generator.  

A complex atmospheric modeling system, integrating several  models ranging 
from simple analytical techniques to  various Eulerian models and the Lagrangian 
approach described above, is under design. This system will feature a Problem 
Generator f o r  specifying problems that  can be  addressed with the system under 
design. 



Entry points a r e  

type of emission t o  be  considered: 

accidental re lease (instantaneous) 

routine re lease (continuous) 

the source type: 

single point source 

multiple point source 

area source 

the type of substance emitted: 

dust 

vapor 

gas, heavy gas; 

the type of facil ity emitting (type of plant and technologies used) 

the location of the  facility (existing o r  planned). 

the  type of analysis: 

simulation of a single event 

integration ove r  al l  possible events (r isk contours). 

Selection of combinations of these descr iptors is again menu based, i.e., the 
user  identifies textuai and/or symbolic representations of the case descr iptors 
that  f i t  his problem best. For most descr iptors,  successive refinement down t o  
detailed numerical values o r  by calling upon o ther  modules of the system (e.g., the  
chemical substances data bases) is an  option. 

Data Bases and Preprocessom 
Once a cer ta in  method has been selected on the  basis of the user 's problem 

specification, the system must then p repare  the necessary input data.  Every 
method has i ts own set of data requirements, and since the  component modules are 
by and large based on existing software products, they also have the i r  specific 
formats and conventions. 

Required background data f o r  the  model system include: 

Climatic data,  i.e., spatially and seasonally distributed wind speeds and direc- 
tions, and precipitation data;  

Geographical data,  that  include population, land use, and topographical infor- 
mation; 

Chemical substances data (Fedra et al., 1986b), which include basic physical 
and chemical character ist ics relevant f o r  t ranspor t  and impact modeling such 
as specific mass, solubility in water, biodegradation ra tes ,  toxicity etc.; 

Chemical technology information, that  links production technologies and end 
products with an a r r a y  of feedstocks, interim, by- and waste products; 

Chemical industry data,  comprising process plant and storage facility sizes 
and locations, production technologies used at each location, etc. 

In addition t o  these background data bases, each of the  models the  system 
supports has i ts  own model-specific data and knowledge base, which contains t he  
default values, ranges, or algorithms (rules) that  allow the necessary input data 



required by t he  model to be  generated.  Since most of these  data  are interdepen- 
dent ,  ru les  specifying dependencies and how t h e  select ion of a given value influ- 
ences o thers ,  are p a r t  of th is  information. 

Depending on t h e  information available, which descr ibes t h e  problem situation 
or context  (provided by t he  use r  by means of t he  menu-driven problem genera to r  
or. edi tor) ,  t h e  pre-processor has  t o  then genera te  a n  appropr ia te  input f i le  f o r  
t he  method selected by t h e  model-selection procedure.  

Clearly, a l l  t hese  s teps  are not as order ly  and sequential  as t h e  l inear  discus- 
sion suggests. Since backtracking and randomly sequenced specif icat ions are sup- 
ported,  t h e  corlsistency of t h e  specif icat ions has  t o  b e  checked be fo re  any model 
can be  used. All user-determined values however have default  values t ha t  are used 
in l ieu of an  expl ici t  specification. 

Simulation Models 
Froom t h e  user 's  point of view, the  simulation models incorporated into t h e  sys- 

tem genera te  est imates of accident  or rout ine release consequences in terms of 
ground-level concer~t ra t ions o r  depositions in t i m e  and space.  The system has  t o  
provide est imates t o  answer questions such as: 

f o r  a given location, substance,  and amount re leased,  what will b e  t h e  size of 
t h e  area affected by depositions above a cer ta in  threshold ? 

what will b e  t h e  spat ia l  distr ibut ion of depositions f o r  various weather situa- 
t ions ? 

what will b e  t h e  (probabi l ist ic) spat ia l  distr ibut ion f o r  t h e  en t i re  range  of 
l ikely weather si tuat ions ? 

how f a r  will a cloud of tox ic material  t rave l  under wor.5:- case  assumptjons ? 

how far, under t he  most l ikely weather conditions ? 

which maximum and average  concentrat ions can b e  expected around t h e  s i te  
of a n  accidental re lease  ? 

f o r  how long will t hese  concentrat ions pers is t  under var ious weather condi- 
t ions ? 

what i s  t he  size of t h e  population exposed t o  a cer ta in  concentrat ion, o r  
range of concentrat ions,  f o r  a given weather si tuat ion, o r  f o r  a l l  l ikely 
weather si tuat ions ? 

f o r  a number of locatiorls, how will t h e  surrounding area and population be  
af fected under var ious scenar ios  of weather conditions (worst case, most 
l ikely case,  etc. )  o r  substance/amount combinations ? 

To suppor t  t he  experimental na tu re  of t h e  system, each of t h e  contro l  vari-  
ables determining a problem situat ion can b e  modified independently. For  example, 
once a cer ta in  problem i s  defined, t h e  use r  can  run  i t  f o r  severa l  d i f ferent  
amounts of substances,  o r  d i f ferent  substances. O r ,  using t h e  same worst-case 
definition, h e  can d i rec t ly  compare var ious locations. A s  a post-processor, t h e  
d isc re te  optimizer (see 2.1.12) can be  used. 



2.1.12 Mult i -Cr i ter ia Da ta  Eva lua t ion  and Optimizat ion 

The multi-criteria data evaluation and optimization post-processor is avail- 
able f r o m  the  top level through this menu option. I t  can also be made accessible 
from several  o ther  options, notably the  transportat ion r isk/cost analysis mociule. 
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f i gu re  2.36: EXPL,ALV page for the mul t i -c r i te r ia  d a t a  eva lua t ion  opt ion.  

The module is based on features of severa l  decision-support packages, and in par-  
t icular on a discrete version of the  reference-point method (Grauer et al., 1984, 
Majchrzak, 1985). This approach combines the  analytical power of a 'hard' com- 
puter  model with the  qualitative assessments of the  decision maker, moving from 
the classical OR approach closer to the  human thinking process. A s  a decision- 
support  system, the main task of the  module is to solve multicriteria optimization 
problems with d iscrete c r i te r ia  values, a finite number of alternatives and usually 
incommensurable cr i ter ia .  

An overview of the  state of the  art of interactive decision-support packages 
and a description of the DSS module implemented h e r e  is given in Zhao et al. 
(1985). The repo r t  contains a detailed discussion of the  underlying mathematics 
and a detailed treatment of an example session using the  transportat ion r isk/cost 
analysis model output. 

The module supports the  selection of c r i te r ia  (minimize/maximize/ignore), t he  
setting of constraints (maximum/minimum values of c r i te r ia  to be considered), 
various display options (2D projections and frequency distributions), and finally 
the  identification of non-dominated (pareto-optimal) alternatives. Extensions 
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f i gu re  2.37: Mult i-cr i ter ia d a t a  evaluat ion:  select ion of d a t a  set 

include t h e  definit ion of r e f e rence  points and t h e  display of complete a l ternat ive  
descript ions in t e r m s  of t h e  original model generat ing them, e.g., t ranspor ta t ion 
rou te  a l ternat ives displayed on t h e  map. 

The decision-support system can a lso b e  used as a post-processor f o r  o t he r  
multi-criteria optimization programs such as t he  plant and industry s t r uc tu re  
models. Here,  a number of experiments involving t h e  same number of c r i t e r i a  but  
var ious set t ings f o r  const ra in ts  and re fe rence  points can genera te  da ta  sets f o r  
post  processing. 

In general ,  t h e  package i s  a powerful post-processor as well as optimization 
package f o r  any d isc re te  set of multi-criteria data ,  which i s  t o  say,  any set of 
model outputs generated by repeated scenar io  analysis of a single model. 

In a discre te ,  multiobjective decision problem al l  feasible a l ternat ives are 
explicit ly l isted in t he  f ini te set xO= ixl,x2,. . . , x n  1, and t h e  values of all c r i te r ia  of 
each  a l ternat ive  are known and l isted in t h e  set Q =  ff(xl),f (x ), ..., f (xn) 1. There are 
many tools which could be  employed t o  solve th is  problem 7e.g.. Korhonen. 1985. 
Majchrzak, 1984). W e  have drawn on t h e  method developed by Majchrzak (1985). 

T h i s  s e c t i o n  is b a s e d  on  t h e  R e f e r e n c e  P o i n t  Approach d e v e l o p e d  b y  Wie rzb ick i  (1979, 
1980) and d r a w s  on  t h e  DISCRET p a c k a g e  d e v e l o p e d  b y  MaJchrzak (1984, 1985). 



Usually, the procedure of problem solving is divided into two stages. The f i rs t  
stage is the  selection of elements of a nondominated set from all  the alternatives of 
set xO. In the  second stage, the "best" solution is identified as the  decision 
maker's final solution to  the problem under consideration, in accordance with his 
preferences, experience etc., as the basis f o r  his decision. 

In the discrete,  multicriteria optimization module of the overal l  system, at the  
f i rs t  stage of problem solving, lhe dominated approximation method is  used to  
select the elements of the pareto set, because of i ts calculation efficiency and i ts 
ability t o  solve reIativeIy large scale problems. For instance, th is method can be  
used to  solve a problem with 15-20 cr i ter ia  and more than a thousand alternatives, 
which is sufficient f o r  processing the data arising from scenario analysis in the 
framework system. 

In the second stage, an interactive procedure based on the reference point 
theory is employed to  help the user to  find his finaI solution. This approach com- 
bines the analytical power of the "hard" computer model with the  qualitative 
assessments of the decision maker in the decision process. I t  makes the decision 
process more reasonable and closer t o  the human thinking process. In the follow- 
ing, the methodology used in these two stages will be  described briefly. 

Select ion of  the Nondominated S e t  of Alternatives 
Problem Formulation 

We may describe the  problem considered as a minimizing (or maximizing o r  
mixed) problem of m cr i ter ia  with discrete values of cr i ter ia  and a finite number of 
alternatives n. 

Let x0 be the se t  of alternative admissible decisions. For each of the  elements 
of xO, al l  c r i ter ia  under consideration have been evaluated. Let Q be the cr i ter ia  
values se t  f o r  al l  feasible discrete alternatives in the  space of cr i ter ia  F. Let a 
mapping f: x0 -, Q be given. 

Then the  problem can be formulated as follows: 

min f ( z  ) zero 

The part ial pre-ordering relation in space Q i s  implied by the positive cone A = 
R+rn: 

f l , f ,  E Q f, < f, <==> f, E f 2  - A 
. This means f i  dominates f2  in the sense of part ial pre-ordering. 

- 

Element f* E Q i s  nondominated in the se t  of feasible elements Q,  if i t  is not 
dominated by any o ther  feasible element. Let N = N(Q) c Q denote the set of all 
nondominated elements in the cr i ter ia  space and let N, = ~ ( x ' )  c x0 denote the  set 
of the corresponding nondominated alternatives (decisions) in the decision space. 

To soIve this problem means to  delete all the dominated alternatives - that  is, 
alternatives fo r  which a bet ter  one can be found in the sense of the natural part ia l  
ordering of the  cr i ter ia  - o r  t o  find the se t  N of nondominated elements and the  
corresponding se t  N, of nondominated alternatives. Eventually, a final solution 



should be found from the  set of nondominated alternatives. 

The Algorithm t o  Select the Nondominated Set  of Alternatives 

The algorithm t o  select  the nondominated set of al ternat ives is quite simple. 
The method implemented in our  system is of the  explicit enumeration type. I t  is  
called the  method of dominated approximations and is based on the  following 
notion. 

Def. 1: Set  A is  called a dominated approximation of N if, and only if 
N C  A - A  

i.e., if f o r  each f i  E N t h e r e  exists f j  E A such tha t  f i  < f j  in the sense of part ia l  
pre-ordering induced by A .  

Def. 2: The A2 approximation dominates t he  Al approximation of the nondom- 
inated set N i f, and only if 

A, c A2 + A 
The method of dominated approximations generates a sequence of approxima- 

tions Ak l  k=0,1,2, ... 1 such that  
Q = A 0 > A 1 >  ... > A k >  ... > A 1 = N  

given Q and A select N = N (Q), and assuming tha t  all c r i te r ia  are t o  be minimized. 
Then the  procedure of problem solving can be described as follows. 

Step 0: let  A. = Q, N = 9, K = 0 

Step 1: If A k  \ N = Q then stop, 
else choose any index i E I= f1,2,  ... ,m] and find fx €. Q such that  

fai = min f i  
set N = N u f* 1 and go t o  s tep 2. 

Step 2: Create the  new approximation A by f* 
ku 

A,+, = I A,+, \ N j I (  f + A n (Ak \ N u N 
set K = K + 1 and go to  s tep  1. 

A s  a resul t  of t he  above procedure the nondominated set N of a l ternat ives is 
found when the  stopping condition Ak \ N = Q is  satisfied. 

T h e  Re fe rence  P o i n t  Approach  
A f t e r  the  system eliminates, by t he  method mentioned above, al l  t he  dominated 

alternatives, the  set of remaining nondominated alternatives i s  usually large and 
i ts  elements a r e  incomparable in t he  sense of natural par t ia l  ordering. To choose 
from among them, additional information must be obtained from the  decision maker. 
The main problem of multicriteria optimization is how and in what form this addi- 
tional information may be obtained, such that i t  satisfactorily ref lects the  decision 
maker's preferences, experience and other  subjective factors.  

There are many methods fo r  obtaining that  additional information and t o  then 
find the  final o r  the  "best" solution according t o  the  decision maker's preference. 
The most common method is  the weighting coefficients method, which plays a cen- 
t r a l  ro le  in t he  basic classical theory of multi-objective decision analysis. I t  
represents  a traditional method of multi-criteria optimization. 



However, ce r ta in  diff icult ies often a r i se  when applying t he  weighting coeffi- 
c ients method t o  real-world decision processes: Decision makers usually do  not 
know how t o  specify t he i r  pre ferences in terms of weighting coefficients. Before 
running a multiobjective model, some of them do  not  even have an  idea about  the i r  
weighting coeff icients. 

Most of them are not willing to t a ke  p a r t  in psychometric experiments in o r d e r  
t o  learn  about  t he i r  own pre ferences.  Sometimes t h e  decision maker has var iable 
p re fe rences  as time, and t h e  information avai lable t o  him changes. The applicabil- 
i ty of t h e  weighting coeff icients method t o  r ea l  world problems i s  severe ly  res- 
t r i c ted by these fac tors .  

I t  i s  obvious t ha t  decision makers need a n  a l ternat ive  approach f o r  multicri- 
t e r i a  optimization problems. Since 1980 many versions of software tools based on 
re fe rence  point theory  have been developed at IIASA, such as DIDASS/N, 
DIDASS/L, MM,  MZ, Micro DIDASS e tc .  These tools can deal  with nonlinear prob- 
iems, l inear problems, dynamic t ra jec to ry  problems, and committee decision prob- 
lems. Recently many appl icat ion experiments have been repor ted  by numerous 
scienti f ic pape rs  and r e p o r t s  (e.g., Grauer ,  et al.  1982, Kaden, 1985,). 

The re fe rence  point approach is  based on t h e  hypothesis tha t  in everyday 
decisions individuals think r a t h e r  in t e r m s  of goals and aspirat ion levels than in 
terms of weighting coeff icients o r  maximizing utility. This hypothesis is  qui te close 
to t he  real-world decision-making process.  

Using t h e  r e f s rence  point approach,  t h e  decision maker works with a com- 
pu te r  interact ively. There are t w o  dist inct phases in t h e  approach:  

In the f i r s t  s tage,  t h e  exp lora tory  stage,  t h e  decision maker may acqu i re  
information about t he  r ange  and t h e  frequency distr ibut ion of t h e  a l ternat ives thus 
giving him a n  overview of t h e  problem to be  solved. The decision maker may a lso 
set some bounds f o r  t h e  c r i t e r i a  values of t h e  a l ternat ives set t o  focus his 
in teres ts  on a cer ta in  area. 

In t h e  second s tage,  t h e  sea rch  stage,  at f i r s t  t h e  decision maker is requ i red 
t o  specify his p re fe rences  in t e r m s  of a r e f e rence  point in the  c r i t e r i a  space.  The 
values of t h e  c r i t e r i a  rep resen ted  by t h e  r e fe rence  point in t h e  c r i t e r i a  space  a r e  
t h e  values t h e  decision maker wants t o  obtain, i.e., t h e  goal of the  decision maker, 
which re f lec ts  his exper ience and pre ferences.  

Next, t he  system identif ies a n  efficient point, which is  one of t h e  a l ternat ives 
closest to t h e  r e fe rence  point. The eff ic ient point is  t h e  "best" solution of t he  
problem under t h e  constra ints of t he  model and with r espec t  t o  the  r e fe rence  point 
specified by the  decision maker. 

If t he  decision maker i s  sat isf ied by th is  solution, he  can t ake  i t  as a basis f o r  
his f inal decision. If t h e  decision maker is  not sat isf ied by th is  solution, h e  may 
modify h is goal, i.e., change t h e  re fe rence  point or change t h e  constra ints,  i.e., 
change the  bounds h e  had set before ,  o r  both, or create some additional a l terna- 
t ives in o r d e r  t o  obtain a new eff ic ient point. In t he  case  of continuous var iables 
problems, i.e., t h e  problems descr ibed by continuous models ( l inear or nonlinear 
programming models or dynamic contro l  models), t h e  re fe rence  point method i s  
ab le  t o  generate  new a l ternat ives by running t h e  model again. 



The Mathematical Description of the Approach 
The approach cur rent ly  implemented in t h e  framework system is  as follows: 

f o r  t h e  sake  of computability, i t  is  necessary t o  define an  achievement scalarizing 
function which t ransforms t he  multiobjective optimization problem into a single 
object ive optimization problem. After having specified his p re fe rences  in t e r m s  of 
a re fe rence  point, which need not  b e  at ta inable,  t h e  decision maker obtains an  
eff ic ient point which i s  t h e  nondominated point neares t  to t h e  r e fe rence  point in 
t h e  sense of t h e  scalarizing function. 

In o u r  data  post-processor t h e  Euclidean-norm scalarizing function i s  used. 
Let  q be  t h e  r e fe rence  point specified by t h e  user .  Then assuming t ha t  t h e  optimi- 
zation problem under  considerat ion is  a minimization problem f o r  a l l  c r i t e r ia  ( for  
maximizing problems one may easily t ransform i t  into a minimizing problem by 
changing t h e  sign of t h e  re la ted c r i te r ia ) ,  t h e  following scalarizing function i s  
minimized: 

S(f-q) = - ll(f-q)112 + p ll(f-q)+l12 

where (f-q) + denotes t h e  vec to r  with components max(0,f-q), 1 ) .  1 1  denotes t h e  
Euclidean norm and p >1 i s  a penalty scalarizing coefficient. 

The solution f e  f o r  minimizing t h e  scalarizing function S i s  an  eff ic ient point of 
t h e  problem with respec t  to t h e  specif ied r e fe rence  point. 

If necessary ,  th is  procedure can b e  repea ted  unti l t h e  decision maker i s  
sat isf ied by an  eff ic ient point. 

Module Implementation 
While t h e  cu r ren t  package stresses multi-criteria optimization, a more stat ist- 

ically or iented extension or counterpar t  ( featuring var ious da ta  display options, 
regression and time-series analysis, clustering etc.)  i s  proposed f o r  t h e  next  s tage  
of development (see below). 

In t he  overa l l  sof tware system, t h e  multi-criteria optimizer or post-processor 
is  implemented as an  independent module as w e l l  as an  optional function of severa l  
o t he r  modules, notably t h e  t ransportat ion risk-cost analysis model. The only 
d i f ference i s  in t e r m s  of access - e i t he r  from t h e  system's master menu level, or 
from t h e  appropr ia te  level of o t h e r  models. If used as a s tanda lone  module, t h e  
program f i r s t  examines i t s  da ta  d i rec tory  and l ists a l l  da ta  sets by a one-line iden- 
tif ication in a sequence depending on modification dates ,  i.e., t h e  da ta  set gen- 
e ra ted  las t  i s  o f fered as t h e  f i r s t  choice. The use r  then simply points at t h e  
des i red da ta  set, which i s  then loaded f o r  f u r t he r  analysis. 

Wherever t h e  multi-criteria optimization package i s  used as a n  integrated 
post-processor, th is s t ep  i s  not  necessary,  as only one da ta  se t ,  namely t h e  one 
generated with t h e  c u r r e n t  model, will be  examined. 

In case of t h e  t ransportat ion r isk-cost analysis model, th is  da ta  se t ,  one 
reco rd  f o r  each feasible a l te rnat ive  generated,  consists of: 

a n  a l ternat ive  identif ication; 

an  a r r a y  of c r i t e r i a  f o r  each feasible t ransportat ion al ternat ive;  

additional model output  f o r  each al ternat ive,  e.g., t h e  node-arc sequence of 
t he  path;  



an a r r a y  of control and policy variables corresponding to  each alternative. 

Al l  interaction with the  system is menu-driven. A t  the  top level, summary informa- 
tion on the  set' of alternatives loaded is provided (Figure 2.38). 

Iw D e m o n s t r a i t o n  P ro to t ype :  Mulh-Criteria E v a i u a h o n / O p W a t i o n  #& 

DATA SET T ~ ~ t r t i a  wm test d.u 
- 4 . 1 - i -  = 

4 critriu 8 
CPJTERIA AND DESCRIPTORS: .trol .wy dm' la' 

r a m c i a  M P L l l i a  I6 m m i n i m i n  m a  l2a.W 6ne.m 
*aid M P L l l i a  I6 m m i n i d n  !5m.S# m . W  =.W 
-1- Cgc i t y  l rhr  r r i m i n  Q U  Ql-W 7Y.W 
-1- t a t r i bc ia  (1000) r r i m i z e  S -  t3-W 99.W 
-1- R i d  I d  m i n i r i a  47.0 a@@ 8@-#@ 
MW m.1 'ma- SLU 1 =m 

t-siar ( l W l  m i n i m i z e  -a) 1W.W ¶am#@ 
lraa C-Jiar I d  W m i n i m ~ z e  611.S W.W 

f i gu re  2.38: Summary 01 current da ta  set 

This information includes: 

t he  number of alternatives; 

the  number of cr i te r ia  considered; 

a l isting of cr i ter ia ,  together with the i r  status information (default sett ings 
fo r  t h e  i.nraee possible status indicators minimize, mazimize, ignore) ,  and 
basic stat ist ical information (average, minimum, maximum) fo r  the  individual 
cr i ter ia .  

A t  that  level, the  menu of fers the  following choices: 

d isp lay  d a t a  sets  ava i tab te f i r  ana tys is :  
setect cr i ter ia:  this allows the  user  t o  modify the  status characterization, i.e., 
change the  dimensionality of the  problem by ignoring or including additional 
c r i te r ia  from the  list; 



d isp lay  data set: th is invokes the second level menu f o r  the display options, 
discussed below; 

constrain cr i ter ia:  here  upper and lower bounds fo r  the  individual cr i ter ia  
can be defined, based on a graphical representation of the range and distri- 
bution of the  cr i ter ia  values (Figure 2.39); setting these constraints results in 
the reduction of the set of alternatives considered; the  bounds a r e  defined by 
dragging, with t he  mouse graphical input device, a vert ical b a r  within the  
range of cr i ter ia  values, and cutting off alternatives left o r  r ight of the bar.  
The system displays the  current  value of the  constraint, and indicates how 
many alternatives will be deleted whenever the user sets a constraint. If the 
constraint setting is  verified by the  user,  the alternatives excluded a r e  
deleted from the data set and new values fo r  the descript ive statist ics are 
computed. 

I DATA SET: 77-1- -la oa h 
r y s d a I t . r r t I * u  s 
rys d C r I S I U  I 

I 
CRKERIA AND DESCRIPTORS: m -W w- - 

t-ila Cat O L I l I a  Us rn rlmirlac -a . UII.w 
Opsatioul Cat Q L l l I a  Us 1) rlnimlac 5n.m m.W 

- l i d  Cgrlty Irg ..xlriac llZU w 7m.w 
b p l o p t  C o m l b t i r  (1-1 ..xlmiac 58.x . pg.W 

I Wird M-l D.yc i p o r e  52.08 1a.w 8S.w 
bora C-Aim1 Cm minimize 455.20 io1.w 9a.w 

W i o u  Id  Od) minimize 610.36 la.00 -.a 

f i d  eff iciat point 1 

press the LEFT m u s e  button to CONFIWN, the R I M  m m . c  bottom to CNCEL ! 

f igure 2.39: Setting constraints on  cr i ter ia  

f ind pareto set: th is option identifies the  set of nondominated alterna- 
tives, and indicates how many nondominated alternatives have been iden- 
tif ied; 

another feature at this, as well as any other ,  level in the  system is an  
explain function that  provides a more detailed explanation of the menu 
options current ly available. 



The option: d isp lay  da ta  set generates a new menu of options. The display options 
a re :  

default scattergrams: the  default scattergrams provide 2D projections of the  
data se t ,  using pairwise combinations of the relevant c r i te r ia  (Figure 2.40). 
The f i r s t  t h ree  combinations a r e  displayed in t h ree  graphics windows. If the  
set of nondominated alternatives has already been identified, the  pareto- 
optimal points will be  displayed in yellow and will be l a rge r  than the  small, 
red ,  normal (dominated) alternatives; 

default d istr ibut ions: this option displays the  f i rs t  th ree  relevant c r i te r ia  
as discretized frequency distributions (Figure 2.41); again, t h ree  c r i te r ia  dis- 
tributions can be  displayed simultaneously; 

d isp lay  selection, select z-ax is ,  select y-axis: these th ree  options are used 
t o  display c r i te r ia  combinations o ther  than the default selections. Defining 
the  x-axis only, by identifying one of the c r i te r ia  lines by pointing at i t ,  and 
then selecting one of the  graphics windows for display, a frequency distribu- 
tion will be displayed; if x and y axis are identified, a scattergram will be pro- 
duced. Thus, any combination of distributions and scattergrams can be  gen- 
erated (Figure 2.42), allowing the  user  to gain s o m e  insight into t he  geometry 
and s t ructure,  e.g., dependencies of cr i ter ia ,  of the data set. Also, on the 
basis of the  graphical display, i t  is  much eas ier  to define constraints (by 
returning to t he  previous l e . ~ e l  and invoking the  appropr iate menu option), if 
solutions are obviously clustered, i.e., distributions are multi-modal. 
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w i t h  a cross-referenced aLternative 

identi& a l ternat ive :  one individual a l ternat ive can be identified by pointing 
at one of the dots in e i ther  of the  graphics windows. The dot will be marked 
by a large blue dot in al l  the  scattergrams current ly on display. Repeating 
this identification process several  times, changes in t he  relat ive position of 
these identif iers along the  individual axes support  some intuitive impression 
on trade-offs among cr i ter ia .  Paral lel to marking the  selected alternative on 
the  scattergrams, numerical values for the  individual c r i te r ia  are displayed 
(Figure 2.42). 

The most  powerful option in th is system, however, i s  the  selection of a refer- 
ence point'and the  resulting identification of an efficient point. 

Depending on the  level at which a re ference point is  defined, two techniques 
fo r  i ts identification are supported, namely a numerically oriented one, consider- 
ing al l  c r i te r ia  simultaneously, and a graphically oriented one based on a sequence 
of pairwise trade-off specifications (Figure 2.43). 

In the f i r s t  case, the  (extended) range fo r  each of the  cr i ter ia  is displayed 
besides the  listing of the cr i ter ia .  Thus, while a l l ' c r i te r ia  as well as the  utopia 
points and the  possible ranges for a re ference point are in view, the  user  can 
specify the  desired level (aspiration level) f o r  each o r  a f e w  of the  c r i te r ia  by 
selecting the  respect ive cr i ter ion and then entering e i ther  a number o r  pointing a t  
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an appropr iate position within the interval displayed (Figure 2.43). For the  dimen- 
sions (i.e., c r i ter ia)  not explicitly specified by the user,  the reference point value 
defaults t o  the utopia point's value. 

In the second case, the user can have up to  six scattergrams on the screen 
(covering up to  a total of twelve cr i ter ia  simultaneously). For each pairwise com- 
bination of cr i ter ia ,  he can then specify a re ference point in this 2D projection, 
thus defining two dimensions at a time. Since the same dimension can be  displayed 
in more than one scattergram, more than one value could be  specified f o r  any one 
dimension. Therefore, as soon as a value f o r  a dimension that  is represented more 
than once is  set,  a vert ical o r  horizontal line, indicating this setting, is displayed 
in al l  o ther  scattergrams with this dimension. This serves as a reminder t o  the 
user  that this dimension w a s  already defined. If the user  se ts  another value fo r  
this dimension anyway, al l  previous settings a r e  updated accordingly, since the 
last specification always supercedes any previous one. 

Once al l  o r  a subset of the cr i ter ia  dimensions deemed important by the user  
have been defined, this re ference point will then be used to  find an efficient point 
as the solution to  the selection procedure. Several rounds of i teration, however, 
may be used to  find a satisfying solution. With each efficient point, the user has 
the option of returning to  the model that generated the alternative selected. 
There he  can re-simulate the alternative, and thereby generate additional descrip- 
tive information on his choice. This may lead to  yet another setting fo r  the 



re ference point, another efficient point and so  on. 

In summary, the  discrete optimizer o r  post-processor is a tightly coupled 
option of several  simulation models used fo r  scenario analysis and/or generating a 
la rger  set of alternatives to  be  evaluated. Providing a combination of analysis and 
display options, powerful decision support can be made available t o  a non-expert 
user  in a very efficient and effective way. Due t o  the ease of use, the  high degree 
of flexibility and responsiveness, and the immediate understanding of results based 
on symbolic and graphical display combined with numerical information, the  system 
invites a more experimental style of use. Complex models, which usually produces 
a confounding amount of output, can thus be  made available as a direct  information 
basis f o r  decision making. 

Data Structures: 
When called from the Master Menu Level, t he  data fi les used by this module 

a r e  organized as simple sequential files, with a header block containing t i t le and 
number of alternatives and cr i ter ia,  names of cr i ter ia  and default status 
(ignore/minimize/maximize) information, followed by one record fo r  each alterna- 
tive with the  set of cr i ter ia  values. These fi les should be  generated by the  respec- 
tive simulation models. 

Possib le  Extensions: 
statistical andysis: here  statistical information on the data se t  o ther  than 
the  minima, maxima, and average values displayed by default can be  generated 
and displayed. In part icular, this includes standard deviations and median 
values as w e l l  as pairwise and multiple correlat ion coefficients, indicating 
relationships of indicators. Also, a cluster analysis option is foreseen, allow- 
ing a similarity ranking of alternatives and subsets of alternatives. 

ranking b y  individual criteria: here  the alternatives are ranked according 
to  the individual cr i ter ia ,  resulting in a table of color-coded relationships. 

robustness and sensitivity of the solution: Robustness can be  tested at the 
DSS level: here  the  system successively increases a noise t e r m  added t o  the  
r a w  data, until the  efficient point, as defined by the  cur ren t  re ference point, 
switches to  another alternative. The noise level, (in percentage) is then 
displayed to  the user. The indication is  that  with an assumed e r r o r  of the  
model output up t o  the  level indicated, the solution would stay the same and 
not be  affected, i.e., robust. The higher the  noise level indicated, the  more 
confidence may be placed in the  selection of the alternative. 

Sensitivity analysis, on the  other  hand, could be  performed by switching back 
t o  the original model and exploring the neighborhood of the preferred solu- 
tion. Small changes in cri t ical control variables and parameters should not 
result in drastically different model outcomes, that ,  if re-introduced into the 
DSS system, would be  dominated and far from the  efficient solution. 



2-1-19 Explain Current Options 
Explain Current Options provides explanations on the currently available 

options. Whenever these explanations a r e  more extensive, a second level of 
choice can be  provided, allowing selection of an individual menu item fo r  fu r ther  
explanation. 
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f i gu re  2.44: EzpLain page a t  the Master Menu LeveL. 

Thus, al l  the  necessary documentation can be  made p a r t  of the  software itself, 
so  that  cross-referencing with printed documentation is no longer necessary. 

Data Structures: 
The explanatory text  is stored in simple sequential ASCII text  fi les in the  

/data/explain directory and referenced by (option)ID-number. Storing the text  in 
external  fi les that  can easily be  modified, greatly simplifies the task of keeping 
relevant information current .  Also, adaptations to  different user  groups o r  dif- 
ferent  languages are easily possible. 

Possible Extensions: 
While currently the responsibility fo r  formatting the explanatory text  is  at 

the level of the  input text  fi le, this will be  extended t o  include a minimal text  pro- 
cessing system tha t  allows f o r  multi-page explain text ,  as weil as f o r  multi-color 
and multi-font highlighting within the text. Processing the text  according to  
appropr iate control information in the input files will, however, slow down the 
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speed of displaying the  information. Alternatively, pre-processed tex t  can be  
loaded as stormed image segments. This however, will requi re  considerably la rger  
disk space than the  cur ren t  system uses. 

A t  the  next level of development, m o r e  detailed explain pages, combining text  
and pictures, can be used. This will require the  introduction of high-capacity 
high-speed mass s torage devices such as optical disks. 



2.2 Implementation Structure: File Systems 
The system is implemented on t h e  /usr part i t ion of t h e  root f i le  system under 

UNIX 4.2 bsd. The top level d i rec tory  contains t h e  executable modules (current ly  
RUN and ATM). The master  modules RUN ( that  contains most of t h e  cur rent ly  avail- 
ab le  modules linked into one element) starts automatically when t h e  use r  logs in as 
demo. RUN is  s ta r ted  from demo's login f i le in /usr/IIASA. A few smaller, execut- 
ab le  modules are resident  in / us r / b i n .  They are cal led via t h e  shel l  command 
i n t e rp re te r  through t h e  system() cal l  from any C routine. 

The top d i rec tory  contains t h e  following subdirector ies:  

d a t a ,  where al l  input da ta  f i les are kept ;  

segments,  where t h e  graphical  segments t o  b e  loaded by c o r e  are located; 

i n c l ude ,  where al l  include f i les requ i red by t h e  p reprocessors  of t h e  various 
compilers used are found; 

s r c ,  where all t h e  sources and re la ted f i les are kept .  s r c  contains t h e  
makefile t ha t  can b e  used t o  compile, assemble, load and install t h e  system, 
e.g., a f t e r  changing any of t h e  rout ines or include fi les. 
s r c  contains one subdirectory f o r  each functional module integrated;  
cur rent ly  these  are: 

menu:  menu system and top level cont ro l  programs; 

maps:  da ta  base managers and display faci l i t ies f o r  t h e  geographical data ;  

chem: chemicals da ta  base  managers and display facil i t ies; 

acc: accident  da ta  base  manager and display programs, 

loc: industr ial  establishments and s to rage  faci l i t ies da ta  base  manager and 
display programs, 

prod:  technology and hardware da ta  base,  display programs f o r  t h e  chemical 
process level simulators/optimizers; 

pda: pesticide production system optimization programs; 

wsdb: waste s t reams da ta  base  manager and display programs, 

env:  environmental master  menu level, 

gwd: groundwater quality model, 

r iver :  TOXSCREEN r i v e r  water  quality module, 

atm: LRAT, t he  long-range atmospheric t ranspor t  model; 

t r a n s :  t ranspor ta t ion r isk-cost analysis model; 

dss:  in terac t ive  decision suppor t  system, post-processor and multi-criteria 
optimizations routines; 



2.3 Software Tools and Libraries 
The major  graphics software package used for th is implementation is the  CORE 

graphics package of 2D and 3 D  graphic primitive routines. 

Within CORE, the  p ixrect  layer is also used fo r  more machine-dependent high- 
efficiency graphics operations. 

Some of t he  modules yet to be implemented will be using the  CGI (Computer 
Graphics Interface) package fo r  high-efficiency dynamic graphics. 

In addition t o  t he  software that  is integrated into t he  demonstration proto- 
type, various o ther  programs had t o  be developed f o r  e.g., data ent ry  and visual 
control,  data base generation; design and generation of graphical segments used 
by o ther  models, etc. 

A group of l ib rar ies is used, including: 

/usr/lib/libispra.a, containing general interface routines; 

/usr/lib/libminos.a, containing a general-purpose l inear problem solver; 

/usr/lib/libdidas.a, containing various pre- and post-processor routines 
fo r  the  DIDASS related elements of MM and DISCRETE, and DIDASS; 

/usr/lib/libopt.a, containing the  set of non-linear problem solvers used f o r  
OPTIMIZER. 



3. PROJECT STATUS AND OUTLOOK 

3.1 Components of the Demonstration.Prototype: Operational Modules 

For the  demonstration prototype, w e  have chosen to include as many different 
modules and features a s  possible, at the expense, where necessary, of a complete 
integration and detailed finalization of individual modules. Some features of cer- 
tain modules, although of fered by several  menus, a r e  thus not yet supported. 

A t  the  time of publishing this repor t ,  the following elements of t he  system a r e  
operational and implemented on a SUN-2/160 workstation: 

3.1.01 Graphical User Interface. Menus: 
For the  overal l  system, the  hierarchical  control program and a set of menus 

including a n  explain function (see 2.1) have been built. The cur ren t  s t ruc tu re  pro- 
vides an open arch i tecture hierarchical framework f o r  al l  the  layers  and modules 
of the  system a s  described in the  design repor t .  Individual modules a r e  e i ther  
linked with the  main control program, o r  a r e  implemented a s  stand-alone program 
units, activated through appropr iate systems calls. 

3.1.02 Data Bases: 

Structures,  test implementations, and integration with e i ther  interactive 
browsing programs, graphical display options, o r  operational simulation models 
have been completed fo r  the  following data bases: 

Geographical data: the basic background map of t he  demonstration proto- 
type is a contour map of Europe; the contents of various data bases used in 
one o r  several  of t he  simulation models can be  viewed as interactively con- 
structed map "overlays". They include: 

political boundaries 

major settlements (>100,000 inhabitants; the  actual settlements data 
base is more than twice a s  large, including more than 1000 entr ies,  
which a r e  used in t he  transportat ion network data base); 

European highway and national roads network (the complete European 
highway network a s  well a s  selected national roads, connecting t he  
above settlements and numerous auxil iary towns; this data base also 
provides d i rect  input t o  the transportat ion r isk/cost analysis module); 

major industrial plant locations (concentrating on phenol and chlorine 
a s  major feedstocks o r  products); 

chemical storage facil it ies (concentrating on phenol and chlorine); 

major water bodies (r ivers,  lakes). 

Chemical data bases: t he  chemical substances data base includes a subset of 
the  ECDIN data base. Its s t ruc tu re  and contents a r e  specifically geared 
towards the  data requirements of the  simulation models used. The preparat ion 
of a useful operational subset requires considerable input from the  end user ,  
in part icular f o r  compiling and processing the  physical propert ies of selected 
substances, according t o  the  substance description questionnaire developed. 
Detailed descriptions f o r  a f e w  individual substances a s  w e l l  as t he  allocation 
of substances t o  a f e w  substance classes (organized largely by chemical 



taxonomy), defined together with the end user,  have been included in the data 
base (Fedra et al., 1986b). 

An interactive query and display facility f o r  the existing substance and sub- 
stance classes s t ructure and the subset of individual substances included is  
implemented and linked to  the overall framework. I t  provides access t o  indi- 
vidual substance descriptions e i ther  from a listing of substances o r  from sub- 
stance classes. 

Several auxiliary programs to  manipulate these data (e.g., transformation of 
a directly readable form, accessible with the systems editor, t o  an indexed 
random access form), and an interactive DBMS fo r  data entry have been 
developed. 

Indugtrial Waste Streams data base: Industrial waste streams (based on a 
subset of the RCRA data base) a r e  described in a similarly structured data 
base. Access to  individual waste stream descriptions is ei ther from a l ist of 
waste streams, through industrial origin, waste stream names (interpreted by 
an intelligent parser) ,  o r  waste stream propert ies. 

Chemical processes/unit equipment data base: The st ructure of a chemi- 
cal  processes (unit processes, combined process technologies, unit equip- 
ment) data base has been developed. A test example describing phenol chlori- 
nation including plant hardware configuration has been completed. This exam- 
ple program is the graphical output component f o r  the plant simulation 
modules described in section 2.1.06. 

Industrial production sites: A small subset of European producers (mainly 
related to  phenol and/or chlorine production) has been compiled and 
integrated in a st ructure similar to  the industrial waste stream DB. 

Chemical storage facilities: Chemical storage facil it ies provides a similar 
s t ructure a s  the production facil it ies DB, concentrating, however, on major 
storage r a t h e r  than production facilities. 

Major industrial accidents: A simple display program fo r  text  fi les struc- 
tured according to  Appendix VI of the Seveso directive has been developed. 
A s  an example, a shor t  description of the Seveso accident is included. 

Regulations and legislation: Similar t o  the above accident repor ts ,  the  text  
fi les accessible through this module cover selected EC directives and o ther  
relevant European legislation. A s  an example, the Seveso directive is 
included. 

3-1-09 Sirnulation/Optimization Models: 
Several simulation and/or optimization models have been prepared f o r  

integration into the demonstration prototype. They include: 

PDA (Production-Distribution Area), an interactive optimization code 
based on DIDASS and a l inear problem solver, f o r  chemical industry struc- 
tures,  configured f o r  the  pesticide industry (12 processes, 13 major pro- 
ducts) of a hypothetical region. 

Industrial Process Simulation: t he  industrial process simulation provides a 
simple database-driven dynamic extension of the corresponding data base. I t  
features an animated display of the basic s teps in the chemical manufacturing 
technology described in the data base. 



A s  a more advanced and flexible companion product, a symbolic simulator 
implemented in Franz Lisp on a VAX 11/750 has been developed. It  will be con- 
verted to  SUN Common Lisp as soon as the required systems software is avail- 
able with the  necessary operating systems upgrade. 

LRAT (Long-Range Atmospheric Transport),  a Lagrangian trajectory model 
based on Eliasson (1978), using a subset of the EMAP European synoptic wind 
data has been completed and is implemented on a European scale with com- 
plete interactive problem definition, context driven auto-startup feature,  and 
extended (animated) graphical display fo r  the  simulation (2.1.05.4). 

Rl[YER extracted from the generic screening level EPA model system TOX- 
SCREEN, simulates pollutant dispersion in an arb i t ra ry  r i ver  segment. The 
model features extensive interactive input modification based on predefined 
default values as well as animated graphical display. 

FEFI.OW, a 2D finite element groundwater contamination model, configured fo r  
a set of 9 generic problem situations. Problem descriptions can be modified 
interactively; the model generates animated graphical output of flow fields 
and time-varying concentrations in the observation o r  pumped wells defined in 
a given problem. 

HASTM (Hazardous S u b s t a n c e s  Transpor ta t ion  Model), a transportation 
r isk/cost analysis (final operational version of the basic software elements t o  
be supplied by the  Ludwig Boltzmann Institute, Vienna). The graphics-based 
interface developed fo r  the model allows interactive definition of a transpor- 
tation problem. The model is t o  be used in conjunction with the  discrete 
optimization system described below. 

Mult i-cr i ter ia D isc re te  Optimizat ion (Data-post processor, DIDASS based), 
which is  available a s  a data post-processor accessible from the main menu 
level as well as from selected simulation models.  The f i rs t  stage of the  module 
is completed with interactive problem definition and extended graphical 
display options. 
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APPENDIX 

A1 . SLTMMAKY PROJECT DESCRIPTION: 

ADVANCED DECISION-ORIENTED SOFTWARE 
FOR THE MANAGEMENT OF HAZARDOUS SUBSTANCES 

Al.1. Background 
Many industr ial  products and residuals such as hazardous and toxic sub- 

s tances are harmful t o  t he  basic l i fe suppor t  system of t h e  environment. In 
o r d e r  to ensure a sustainable use of t he  biosphere f o r  p resen t  and fu tu re  
generat ions, i t  is  imperat ive t ha t  these substances are managed in a sqfe and  
systemat ic manner. The aim of th is p ro jec t  i s  to provide software tools 
which can be  used by those engaged in t h e  management of t h e  environment, 
industr ial  production, products,  and waste streams, and hazardous substances 
and wastes in par t icu lar .  

A1.2. Project Objectives 
The object ive of t h e  p ro jec t  i s  to design, develop, and implement in a 

demonstration pro to type version a n  integrated set of software tools, building 
on existing models and computer-assisted procedures.  This set of tools i s  
designed f o r  non-technical users .  I ts  pr imary purpose is to provide easy 
access and allow eff ic ient use of methods of anaIysis and information manage- 
ment which are normally res t r i c ted  t o  a small group of technical exper ts .  The 
use of advanced information and da ta  processing technology should allow a 
more comprehensive and interdiscipl inary view of t h e  management of hazar-  
dous substances and industr ial  r isk .  Easy access and use, based on modern 
computer technology, software engineering, and concepts of Artif icial Intelli- 
gence (AI) now permit a substantial  increase in t he  group of potential  users  of 
advanced systems analysis methodology and thus provide a powerful tool in 
t h e  hand of p lanners,  managers, 'policy and decision makers and t he i r  techni- 
ca l  staff .  

To faci l i ta te t he  access to complex computer models f o r  t h e  casual  user ,  
and f o r  more experimental and explorat ive use, it also appea rs  necessary  to 
build much of t h e  accumulated knowledge of t he  subject  areas into t h e  use r  
in ter face f o r  t h e  models. Thus, t h e  in ter face wil l 'have t o  incorporate  a 
knowledge-based e x p e r t  system tha t  is capable of assisting any non-expert 
use r  t o  select ,  set up, run,  and i n t e rp re t  specialized software. By providing a 
coherent  use r  in ter face,  t h e  interact ions between di f ferent  models, t he i r  da ta  
bases,  and auxi l iary software for display and analysis become t ransparen t  to 
t he  user ,  and a more experimental,  educational sty le of computer use can be  
supported.  This great ly  fac i l i ta tes t h e  design and evaluation of a l te rnat ive  
policies and s t ra teg ies  f o r  t h e  management of industr ial  r isk .  

The system design combines severa l  methods of appl ied systems analysis 
and operat ions r esea rch ,  planning and policy sciences, and ar t i f ic ia l  intelli- 
gence into one fully integrated software system (Figure Al . l ) .  The basic idea 



is t o  provide d i rect  and easy access to  these largely formal and complex 
methods fo r  a broad group of users. 
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Figure Al.1: Elements of the integrated soptware system 

Conceptually, the  main elements of the  system a re :  

an Intelligent User Interface, which provides easy access t o  the  sys- 
t em.  This interface must be at t ract ive,  easy t o  understand and use, 
error-correct ing and self-teaching, and provide the  translat ion between 
natural language and human style of thinking t o  the machine level and 
back. This interface must also provide a largely menu-driven conversa- 
tional guide t o  t he  s y s t e m ' s  usage (dialog - menu system), and a number of 
display and repo r t  generation styles, including color graphics and 



linguistic interpretation of numerical data (symbolic/graphical display 
system); 

an Information System, which includes the system's Knowledge and Data 
Bases (KB, DB) as well as the  Inference Machine and Data Base Manage- 
ment Systems (IM, DBMS), which not only summarize application- and 
implementation-specific information, but also contain the  most important 
and useful domain-specific knowledge. They also provide the  information 
necessary to  infer the  required input data to run the  models-of the sys- 
t e m  and. in terpret  the i r  output. The Inference and Data Base Management 
Systems (which are at the  same time p a r t  of the Control Programs and 
Task Scheduler level) allow a context- and application-oriented use of 
t he  knowledge base. These systems should not only enable a wide range 
of questions t o  be answered and find the  inputs and parameters necessary 
f o r  the models, but must also be able to explain how cer ta in  conclusions 
were arr ived at: For a given application, the  data base systems must also 
perform the  more tr ivial tasks of storing and organizing any interim or 
final resul ts f o r  display and interpretation, comparison, and evaluation; 

the Simulation System, which is pa r t  of the  Production System and con- 
s ists of a set of models (simulation, optimization), which descr ibe indivi- 
dual processes that  are elements of a problem situation, perform risk 
and sensitivity analyses on the  relationship between control and manage- 
ment options and cr i ter ia  fo r  evaluation, o r  optimize plans and policies in 
t e r m s  of the i r  control variables, given information about t he  user 's goals 
and preferences, according to  some specified model of the  system's work- 
ings and ru les for evaluation. 

These eiements are transparently linked and integrated. Access t o  this sys- 
tem of models is through a conversational, menu-oriented user  interface, which 
empioys natural language and symbolic, graphical formats as much as possibie. 
The systems must be error-correct ing and self-teaching, and provide not only a 
low-cost entry fo r  the casual user ,  but also have the  potentiai t o  be custom config- 
ured fo r  day-to-day use by users of growing expert ise. 


