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s QUALITATIVE SIMULATION:
A FOCUS ON AIR TRAFFIC CONTROL
.
A. Gerstenfeld* -
Eg Y. Pan** %
A.J ;-;:

o0
¥

P ABSTRACT <
» — \:P -
oy
e S
N . . . o ‘
i}- Conventional mathematical algorithms for aiding air ®
Q; traffic control have been suggested by previous reasearchers :

{1,2,]. However, the use of purely numerical

éf: representations and manipulations obscures the necessary

g "elegance" and heuristics needed in air traffic control. In
3;: fact it has been stated that no two controllers would handie
i ¢ probler in the same way.

§§§ As an alternative to conventional algorithmic methods,
1.! other previous research has investigated the use of

K Knowledge-Based System technology [3,4,5,]. Most

EE knowledge-based systems are usually developed in LISP,

”

*A. Gerstenfeld received his Ph.D. from MIT and currently
e holds an Endowed Chair at Worcester Polytechnic Institute.
E He has written four books and more than 30 articles which
have appeared in academic journals.

rra
e

.
ia

N **Y. Pan is currently a Senior Research Scientist at - -

Worcester Polytechnic Institute. He was formerly with the NN
R Laboratory of Information and Decision Systems, MIT in }?ﬁhﬁ‘
e 1981-1983 and Director of Automation with Shenyang Institute e
i of Automation, Chinese Academy of Sciences in 1962-1980; RN
-~ 1983-1985. R ALY

i
-

[
Pt T ]
‘.

RS

.
AR

I A T SN T LS S A
AN S ACNE S X QO S0



A
however, the speed at which LISP machines can solve problems
B
is often not sufficient. One solution to this problem is to -
.
optimize the LISP code for execution speed by using .
This can be done in “C" and through a LISP/C interface f{

|
|
P
:
:
]
i conventional algorithm techniques for parts of the system.
g achieve "the best of all possible worlds."

.

N

| As pointed out at the 1986 AAAI conference [6]
traditional algorithmic computer programs based on detailed I
mathematical models, yield the most accurate results but -*-'“‘
require large amounts of process data and long computational

times. Furthermore, quantative predictions can be

undersirable as insightful concepts are gqualitative in

nature. Human experts are able to make accurate qualitative

"v“""):‘—)—"—- B PO U Y

predictions of the consequences of their control actions. A

v s
LS

basic challenge in all qualitative simulation methods is to

reduce the ambiguities.

AT

Y v

Parti of our approach is to use a frame hierarchy.

Minsky points out, [7] that this method allows the

programmer to associate methods with objects which are

7 4

e € ",
PN

P

I,l o e 4 !

inheritec. 1%t is not surprising that languages are being 5”
. . T i
developed to express both the dynamic knowledge of discrete NN
UG,
events and the declarative knowledge of Al frame paradigms }f"

inm e saia el T--arafuratiitl i AU ry

[8].

The initial training for air traffic control takes

ol N e ~ - u - <) M " Dy "- ‘.-“‘.-~ l-". ."-" ‘- >'. . 4'..'(-_’. .".‘J -,- ot ‘..‘ A' ‘
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% place at the FAA Academy in Oklahoma City. Following that, 'Y.
ﬂ approximately four years is spent in training at a control %Qf‘
| ;' center. The training is a combination of on-the-job and 23?;
55& supervised practice on a dynamic simulator (DYSIM). The é{
j‘ later form of learning involves understanding the advise of !k?ﬁé
E <3 an expert. As one observes the latest developments in the ZE :é‘
;ﬁ areas of simulation methodology, simulation language, ?'
3 computer graphics, computer hardware, and expert system
jS research, it is impossible to escape the conclusion that
5 hl-based expert simulations will soon be available to
dﬁ‘ perform the tasks we previously believed could only be done
) ;; by humans. The direction of innovations are changing and as
A described by Gerstenfeld in several previous articles,
ﬁil future successful innovations will be systems innovations
- [9,10,11,].
..
e Tht <cystem we describe in this paper was written in

ﬁ!! LISP and vuilt on an IBM/AT with extended memory and & high

4. .-f;‘.
- SRR
* - - 3 3 I3 . ' A" "‘-“‘
resolution color monitor. We originally figured on using an A
. RIS
" o St
L g8 P . . . R
2:, artificial intelligence shell, but were not able to obtain ROSERA
¢ : T
L - the results we wanted in that way. We, therefore, reached RN
= the conclusion that it would be best to write the program in )
e LIST for the intelligence portion and in C for the
L Sl N
L . .
simulation program.
s
.f,'n
'i’_‘l
v What we described in this paper is a six month research
"o
% program where we first started off with interviews from air
o traffic controllers from Logan Airport in Boston,
- -
_______ e A R A A e e e e R e S e S A “"*l" .-',‘:‘..:_..;_.‘:..‘: . _..:.-‘:'. ~__‘~. ::_.‘-
B R S e R N o o e e e e e at e wa




CEELA P C ST A AR T T Y Y T N Y T N e IR TR A TS T T TR TS S T TN e '-‘;'.-:'.
=~ o
N VR A
2 &
K Y
= .\
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e Massachusetts. In the initial interviews we realized that 2
Q: - !;ﬁ
a we were trying to capture too much in the beginning and 3?;\“
w would ask the controller to describe the decision process I
*\ with a series of planes approaching Logan Airport. However, woele
' o
N . . . . . v
so much information goes into a decision of delaying a plane 7$f::5
AN
Y . . N - vet -_\.
o or rerouting a plane {(or simply sequencing a plane) that is A
.":\ L -~
.} far beyond the realization of the air traffic controller. }t SAN
‘-__: -— e
= He simply does it by instinct after his many years of * e
N training. e
b:_\ -'-
s R
o
b

Our over-riding principle was to keep thinking of the

problem as a manufacturing queing problem. Previous

research has been done by one of the coauthors of this paper

(Y. Pan) on manufacturing queing [12]. 1Instead of parts

b
'!

x
4

RN
arrivinc at machines at certain times, we have planes ,ifiig
arrivinc at an approach path at certain times. d{ :ié

i 2o
22 Durina our research we were urged by the FAA to '..;ES
- o P,
{E consider this system as a training tool for air traffic Zijjiﬁ
- controlliers., They suggested we go in this direction because ‘:fWéﬁ
the idea of an automated data link which would essentially oS f@f
~ s
repliace’ the decisions of an air traffic controller did not Si ;};
seem feasible at this time. We agreed with them. However, e ;:;
the expectation is that as this work continues and as we i; &\
4
start 1¢ add¢ sophistication to the intelligent simulator o ;3
after & period of years it will then start to be considered 3@';%
as an eid to air traffic controllers. e i#
.\.- .\‘-‘
-.
XS E;
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We have shown in our paper the feasibility of using an
expert system for training air traffic controllers. The
problem is indeed complex, however the need is significant
and justifies the effort that would be entailed in going
further with this research. We have shown that when two
aircraft approach a decision point that we can have the
computer make a decision (because it has received the expert
advice of an air traffic controller) identically to the way

the air traffic controlier would make the decision.

The next step of the research should be to add more
aircraft to the approach, and to work on the LISP C
interface as well as the computer trainee interface. We
believe this research builds on previous research done 1in
the arez of automated air traffic control and takes a next
step forward. As air traffic continues to expand we believe
the need is there for improved training through the use of

gualitative simulation.
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e ABSTRACT:

. KNOWLEDGE ENGINEERING IN AVIONIC APPLICATIONS

i?' One approach for obtaining expert system knowledge for a

;: large-scale effort has been to employ automated simulated

:: environments. A knowledge-based simulation tool can assist
df? knowledge acquisition for expert system development in avionic
&3 applications. The performance of an expert system ultimately

depends upon the quantity and quality of the domain specific
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knowledge available to it. Many of the situations encountered in

-
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e building expert systems for avionic applications cannot be Egﬁt-
N
« WO
qi. addressed by a single expert. The design of avionic | .
s:_\(-._,
n VA
knowledge-based systems for automation of mission applications Sﬁﬁf;
AN
. IR
o presents unique opportunities to a knowledge engineer in obtaining %fﬁk
. information from multiple sources of expertise. This paper will Y
3 . . . . R
ate provide a perspective of knowledge engineering approaches employing NI
. '\:_\}\f
“Q;C a knowledge-based simulation tool. This tool is then applied in :;:
N e
knowledge acquisition from those multiple sources for a specific AENEN
e *
a.’:_
RAS design, for example, an expert system for threat assessment.
‘\"\
q:: Such an avionic application illustrates the diversity of expertise
e that must be merged in order to build an effective expert system.
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i Expertise is needed from avionic systems engineers, aircrews, i

L] 'S- L .‘- \. .

- '\_n\gl‘

» tacticians, and mission (scenario) planners. Each of these f.:ﬁ:j
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: specialities provides a necessary but different perspective of the v A gEE;
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problem domain. Therefore, in order to interface with those RN

specialists, a simulation environment can provide a means of

overcoming some of the difficulties encountered by lack of common RO AN
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perspective during expert system development. In order to be most 2 Hkié
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effective, the simulation must be representative of the expert's ety
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domain, as well as flexible, easily and rapidly changed, and highly ”E P

I

interactive. A knowledge-based approach is needed in the design i"f ;3

and implementation of this type of simulation tool. R
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In addition to providing a common perspective for experts from TN
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diverse backgrounds, the knowledge-based simulation tool can Qg A
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support a variety of dynamic and flexible scenarios to be created NS
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and tested. Some mission applications such as aircraft maneuvers
can only be addressed via simulation. Others include those
situations for which there is no established expertise and a
knowledge engineer must draw on somewhat similar experiences and/or

impressions of the expert. An example of the latter would be the

development of an avionic expert system for a new future

aircraft where tactics are not yet defined. Knowledge-based "
simulation tools facilitate not only knowledge acquisition ;inf;f
methodology for expert system development but could also provide a RN
means of actually developing the requisite expertise. o tﬁ?
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ABSTRACT FOR WORKSHOP ON Al AND SIMULATION

CLAIRE D. MEIER

Boeing Artificial Intelligence Center
Boeing Computer Services

P.O. Box 24346, MS 7J-64

Seattle, Washington 98124

(206) 865 - 3293

| was a member of a five person team that designed, implemented, and
demonstrated in December 1985 a simulation of a free flying inspection robot that
flys around the Space Shuttle directed by voice commands. The robot, known as the
“Flying Eye” sends a graphicdisplay of a three dimensional mode! of the Shuttle to
an Apollo DN660 workstation, as seen from an orientation of a x, y, z position plus
the roll, pitch, and yaw of the camera As the “Flying Eye”changes position, the
view changes accordingly. The projectis a first step in developing EVA (extra
vehicular activity) robot, as described by NASA, to be an astronaut’s assistant in the
vacinity of the Space Station. The mature EVA is envisioned as a free flying vehicle
equipped with manipulative arms to hold itself to a work site and perform physical
tasks at that work site.

Several Al techniques were used in the implementation of this ssmulation The
overall software architecture is that of a “Blackboard”. Each of the functional
components such as the voice interpreter, planner, dynamic control system, and
graphics operates as a independent “knowledge source”using separate processes at
a system level. The design is based on the Hearsay Il architecture, although
simplified in the area of triggering and data synchronization. This “Blackboard”
uses multiple levels of abstraction. At the lowest level, purely numerical algorithms
are being used as "knowledge sources” to calculate thrusts as a function of current
commanded position. The commanded position, however, is established by a
“natural language” like voice command such as “Go to Station 1”. This is translated
into a symbolic representation , and then into a sequence of named locations
representing a path Each named location is associated with a set of coordinates
which in turn generate thrusts to move the “Flying Eye” to the desired location.
These steps forn a hierarchy in representing and operating on symbolic and numeric
information.

The planner which is hosted on a Symbolics 3670 has the capability to
“remember” how it got to its present position. Known paths can then be linked to
“learn” more complicated manuevers.

Areas of future development will include: methods of obstacle avoidance using a
hierarchy of models and pseudo force fields; alogical representation of the general
knowledge that a space robot should know, to allow real conversation between the
robot and the astronaut; and interpretation of the visual output so that the robot
can tell us what it sees.
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',':‘ INTRODUCTION

The network approach to systems modellng has as an underlylng philosophy to provide
u the modeler with simple yet powerful concepts which can then be used to capture the
: significant aspects of the system to be modeled. Current slmulation languages such as
SLAM II , Siman and INS are bullt around thls idea and provide a set of concepts (eg.
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-:23 Arrival, Actlvity, Walting, Routing, Departure, etc.) for model bullding. Yet current
Pl Implementations of these languages are llmited 1n that they do not provide expllelt
concepts for representing complex behavior such as decislon- making encountered Iin
g many real-world situations. When complex systems need to be modeled, the user must
e revert to a lower level language llke FORTRAN. This lack of flexibllity comes from the
y fact that today's network languages are embedded in poor programming environments
. rather than this being an Inherent limitation of the network approach.
s
é‘:: Thls paper describes some key 1deas behind SIMYON, an experimental network
simulatlon language Implemented as a subset of CAYENE, a hybrid Al programming
- system .
o A SUITABLE PROGRAMMING ENVIRONMENT
¢ While LISP Is an excellent language for development of a baslic simulation capabllity, it
Is not mnecessarlly approprlate for Incorporating extenslve capabllities including )
N representatlon of complex declslon making. In searching for a rich programming
N\ environment In which to base a comprehenslve network slmulatlon language, 1t is el
helpful to look at different approaches to simulation that have shown some flexibility S
\ and discern which attributes are desirable. We have looked at previous implementations e
' of frame-orlented, obJect-oriented and rule-oriented approaches to simulation. b
i
CAYENE SO
I
<

SIMYON has been Implemented as a top-level of CAYENE. CAYENE Is a member of
the class of programming languages known as hybrid Al systems and It 1s based on the

‘ ldea of using object-orlented programming as a unifylng princlpie for procedure-
orlented (eg, LISP) , access-orlented (eg, demons and attached procedures) and rule
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based programming. PRIARR
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:}:: As In Smalltalk, each object (class or Instance) In CAYENE Is assoclated with a unlque RO,
e database containing 1ts propertles and knowledge about the object’s behavior (Its o
¢ ) protocol). CAYENE's databases are different In that they are a generalization of
" relational databases and are regarded as logic programming environments in which
o propertles are expressed as assertlons, protocols are coded as production rules and
control Is through four unifled programming paradigms;
2
N
! A
-7
- :4
w
4
::'_'.:'.
-1-
y-
OF

e et et 2 e e e P e L
T e T A LN L SN L




wr v - - - T TS v A T AT T
gk e & S B BT M AR DM E A Sl Al IR SRR A AN E A S SR A A AME A i A S i AR RE AL A AR A

(Pt o e F 20 P

o RS S O S S O

'S ThEN

)

RPN A P o L

P et o rarwr ol B X P XA APERELAARN PN

ey

Al ay

".'.‘ll 207

— Goal directed Inference based
on a powerful pattern matcher.
— ObJect-orlented, message-passing.
— Access-orlented procedures.
— Procedure-oriented programming
(LISP expressions).

At the top level CAYENE is structured as a hlerarchy of ob}ects and control Is strictly
by message-passing using the function

(ask <object> < message> )

where < message> 1s a goal to be satlsfled using a backward-chalning inference
procedure and the knowledge base assoclated with <objlect>.

Support for access-orlented programming is malnly through the
( if_needed < procedure> )

demon which lles dormant untll there s an attempt to retrleve an object’s property
value. When thls happens, < procedure> is executed.

One of the most common procedures used Is the ‘query’ procedure which prompts the
user for the oblect’'s property value.

Hierarchles are constructed using the Inheritance functlons

(1s_a < superclass> )
( a_kind_of <superclass> )

and the relatlon function
(needs <objectl> <object2> ...... <objJectN> )

Finally, procedures can be constructed at the oblect level by using LISP expressions.

SIMYON

As we noted before, SIMYON 1Is an experimental Al based network slmulation language
embedded in CAYENE.

The first step In constructing SIMYON was to generallze the message passing routine
which then becomes

( ask <at_tlme> <object> < message> )
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where <at_tlme> 1Is an expresslon which evaluates to a number. Messages are then
stored In an EVENT-FILE and sent when <at_time> matches the global varlable
TNOW. This generalization provides a consistent timing mechanlsm to drlve the
slmulations.

The second step Is to define the SIMYON system classes which are the building blocks
for model construction. These bulldlng blocks are deflned as objects with characteristic
properties and behaviors and are arranged in a hierarchy.

To define a model using SIMYON, the user merely describes the network by Initlalizing
SIMYON system objects such as actlvitles, branches, etc. Examples of the classlc teller
problem and of the schedullng of a manufacturing system are shown.

CONCLUSION

A critical need of current network slmulation languages Is the capability to represent
complex decislons In an efficlent and eflectlve way. Simulatlon languages such as the
SIMYON language discussed here can provide the ease of use characteristic of network
languages, and at the same tlme Incorporate user-specified declslon processes In a
complex and flexlble format. For example, the declslons of a human expert could be
represented by a rule-based expert system which would be completely compatible with
the remalning network representation of the model.

The flex1bllity of SIMYON extends beyond Its representation abllitles. Simulation itself
is a framework In which to perform experimentation. Yet the use of slmulation In an
experimentation environment calls for conslderable Judgment with regard to critlcal
analysls of simulatlon output. Agaln, an expert system to control the experimentation
aspects of slmulatlon could be Incorporated Into the SIMYON language. Similar
remarks could be made about employment of expert systems to facllitate modellng.
Thus a language framework llke SIMYON becomes more than just a simulation
language. It really becomes a problem-solving language for a fairly broad domaln of
problems.
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Abstract

Symbolic Explanation Systems for Computer Simulations1

Dr. David H. Helman £71

2a1 Builford

Case Western Reserve University
Cleveland, OH 44106

In the 1970s, the notion of a symbolic explanation facility
emerged from research in artificial intelligence. Early explanation
systems merely traced the behavior (in one or another way) of symbolic
reasoning programs. If a user wanted to know, for example, how a
program arrived at a conclusion, the program would trace the steps
that led up to that conclusion. Subsequent artificial intelligence
research made it clear that reasoning traces did not exhaust the kinds
of information that could clarify symbolic reasoning programs. It has
been suggested, for example, that a good explanation system for a
symbolic reasoning program should be able to explain the strategy
behind its rule orderings (Hasling, 1984). Research on explanation
systems, in general, has shifted from the question "How do we explain
the computational steps of the program to a user?” to "How do we
explain the problem domain of the program to a user?” (note Clancey,
1983)

The problem of writing explanation facilities for computer
simulations is analogous to the problem of writing such facilities for
symbolic reasoning programs. An explanation facility for a computer
simulation can (paralleling early ideas in artificial intelligence)
trace the computations performed by a simulation in a variety of ways.
It is important, however, to demarcate the other kinds of information
(relating to the simulation problem domain) that can be usefully
supplied by explanation facilities for computer simulatiouns.

The first step we took in our research on explanation facilities
for computer simulations was to produce a taxonomy of explanations.
Our taxonomy is derived from the philosophical literature on
explanations, wherein a number of types of explanations are described
(see Hempel, 1965). We have been particularly interested in the
literature on genetic explanation (explaining an event by citing the
history of the event - note Dray, 1957), causal explanation (e.g.,
Salmon, 1985), what-if explanation (explaining an event by contrasting
it with what might have happened - see Van Frassen, 1980), and
functional explanation (explaining a variable or a component by
elucidating its function within a larger system - see Hempel, 1965).
We believe that these four kinds of explanations are importamt in a
variety of explanatory activities, though in some contexts or
disciplines one or another type of explanation may be paradigmatic.

The second step we took in our research was to see if the kinds
of explanatory information given in genetic, causal, what-if, and
how-possibly explanations could be supplied by a facility attached to
a specific simulation. For this experiment, we used an inventory
control model described in (Gaither, 1982). Gaither models inventory
control as follows:
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e annual annual annual .

e total annual annual annual incoming carrylng expected .
annual = carrying + ordering +acquisition+transportation+cost for+ stockout

w material costs cost cost cost safety cost

S cost stock

i Q D D

s ™C = -C + -5 ac(D) + £(D) +(88)C +o{(S")-
2 Q Q

A Variable Definitions

Q = fixed order quantity in units per order
C = carrying costs per unit in dollars per unit per year

6\ D = annual demand in units per year
S = ordering or setup cost in dollars per order
A ac = acquisition cost in dollars per unit
. (this may be, for example, a continuous function of Q)
r = incoming transportation cost in dollars per unit
(this may be, for example, a step function of Q)
o SS = level of safety stock in units

¢ -4 probability of stockout in each reorder cycle
S' = stockout, reorder costs, etc., in dollars per stockout

In a simulation based on this model, an initial estimate of the
optimal order quantity (the Q that minimizes TMC) is make by
- calculating 1/2( 2DS/C ). Q is then incremented in a range
i determined by this initial estimate. For each Q tested, the
simulation will determine the optimal safety stock (the
) SS that minimizes the sum of the Annual Carrying Cost for Safety Stock
s plus Annual Expected Stockout Cost) by varying the estimate of o .
’ The sample output from our implementation of the Gaither Inventory
Control Model shown below only indicates the optimal Safety Stock (SS)
g for each Order Quantity (Q):
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:ﬁ Genetic Explanations: For the concept of a genetic explanation (see :Cj ::;:

~ above) to apply to the Gaither simulation, we must suppose that the »}::

> simulation is run over an extended period of time, and that we have a £l

. record of the actual as well as the expected variable values. 7.

o Graphing changes in variable values provides some useful information, LI SO

QS but such graphs will not tell us what to expect in the present time }}f;‘

" period, or why significant changes occurred when they did in past time T e

Ej periods. In our present explanation facility, we record some of this ;{j e

" information, because we ask the user to input text that explains Lo
variable values that diverge significantly from the values in the time ¥ .

; period immediately past: s
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- We are presently working on methods for constraining the A

I symbolic explanations that may be supplied to the genetic explanation P, ?“J?

ii facility. This allows other modules in the explanation facility to V'f -4

‘i access information from the genetic module (see Causal Explanations). T S?ﬂ:

o o N

:; What~If Explanations: The concept of what-if explanations (see above) :%: S¥§~

:s is implemented, in our explanation facility for the Gaither e :}:ﬁ
simulation, as a kind of spreadsheet. Once the user has run the et

! simulation with a set of variable values, he may change any number of ;,f P

~ these values, and rerun the simulation. The system returns the e

'’ effects of these changes on simulation results. The user may also AN,

-f_ rerun the simulation after changing the functions of the model (the AR

:j user can, for example, model acquisition costs as a step function of oo :?i”;

e order quantity). We are in the process of altering this module to Toe

‘- present to users qualitative what-if explanations. R

o Causal Explanations: Our causal explanation facility has two parts, a B

a functional trace facility and a symbolic reasoning mechanism. The

- functional trace facility answers the question "What caused the PO

" simulation to arrive at value V for quantity Q?" This question is e

!; angwered by (qualitative) traces of the computations that led to the he E.!.

:n calculation of V for Q. The symbolic reasoning mechanism answers the o :?iuﬁ

N question "Why did the simulation result (TMC) change in the way it did RN

o from the previous year to this year?” Our first step in anwering this - .}}}1

2 question is to calculate numerically the effect of individual changes .- ;;:{*

‘e in variable values on total change in TMC (the technique is similar to -‘1‘é!¢£

p partial differentiation -~ see Kosy, 1984). We can, for example, after ¢ —r
this calculation, conclude that change in acquisition costs, on their -f}-]

own, would have accounted for half of the total change in TMC. Why,
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Sy however, did acquisition costs change as they did?

In our causal explanation module, we use a backtracking
g rule-based reasoning program to determine the causes of changes in
. variable values (e.g., some top-level goals in the program are the
reasons acquisition costs might have changed as they did). What is

iy‘ perhaps more interesting about this module is that we have interleaved
Xy the symbolic reasoning program with information derived from the
. Gaither simulation. In most symbolic reasoning programs, conclusions
’hp are reached by 1) deduction, or 2) asking the user a question., We
:ﬁ{ can, however, use the simulation and the simulation explanation

) facility as a kind of "oracle™ for a symbolic reasoning mechanism.

. Rising inflation, for example, might account for rising acquisition
;Q: costs, if these costs have, in the last several years, tracked
T inflation.
L
.:i Functional Explanations: In the context of simulation explanation
Ny facilities, the goal of functional explanation is to clarify

simulations by elucidating the functions of simulation model

components. We distinguish between derived concepts, which are the

ctz results of simulation computations, and basic concepts (i.e.,
constants or values input by the user). In our functional explanation
system for the Gaither simulation, which is in the process of being
implemented, users may ask for definitions of any of the basic or
derived concept used in the model. Basic concept definitions (e.g.,
the definition of demand) give an intuitive characterization of the

. concept and describe (where it is appropriate) how one might estimate

‘ its value. In our definitions of derived concepts, we describe how

the derived concept is computed, and we explicate the presuppositions

(and limitations) of its characterization in the simulation model.

E:: Our definition of the derived concept Annual Carrying Costs, for
- example, notes that the model assumes demand is linear and that order
; quantity does not change from cycle to cycle. We are also working on
‘, integrating model comprarisons into our functional explanation system,
7 so that the user can understand where the presuppositions of other
inventory control models differ from the presuppositions of Gaither's
e model.
%
'S Future Directions: We have recently started two projects which extend
o the research described in this abstract. First, we are transferring .
> the rule-based portion of our present explanation system to a :1
PROLOG-based explanation shell (see Sterling, 1985). Second, we would -
o like to test our theory of explanations empirically. We have, in N
e conjunction with Professor Elizabeth Short of the CWRU Department of Y
S Psychology, designed and are in the process of implementing an *‘;'*
experiment to explore the relationship between increased understanding -
:: of the Gaither model and the use of one or another module of our :i;ii},
s explanation facility. ;‘:ﬂ?:
RN
o Notes AT
< 1 RN
o This research was supported in part by the core research program of !5?:
.- the Center for Automation and Intelligent Systems Research through use :::i\?-
e of computing facilities. RO
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ﬂ MODVEX

An Expert System for model validation, maintenance,

coordination and development

James M. McKinion 8l

U. S. Department of Agriculture
Agricultural Research Service
Crop Science Research Laboratory
P.0. Box 35367

Mississippi State, MS 39762-5367

€

MODVEX provides an expert system shell for the simulation models of

/3

tiie Crop Simulation Research Unit (Acock,1985; Baker,1983; Baker,1985).

R MODVEX serves as an inner shell for applying Artificial Intelligence and

O

L

Expert Svstem Technology to the development, testing, and operation of crop

- m_ e -
]
B

and insect models. The outer Expert System shell is the COMAX system

‘.
-,

(Lemmon, 1686; MzKinion, 1685). COMAX is a crop manajement expert systea

.

which evercises crop models to find the optimum crop management strategv.

‘ The MODVEX Expert System shell provides the following capabilities: ;
(1) MCDVEX provides for automatic validation of the model; (2) MODVEX Ef

. N~
2:: sarves as a system for maintaining the proper operation of the models; (3) f
.<iv MODVIY provides for autonmatic conrdination of process-level modules when a .
- model is called for execution; and (4) MCDVEX serves as a nodel development :
W tool whon modules are called for and do not exist in the :odule code base. E

1/ A ceatribution of the USDA-ARS Crop Simulation Research Unit in

., cooperation with tihe Arronomy Department, Mississippli State University and
. the Mississippi Agricultural and Forestry Experiment Statioan.

‘ 2/ The author is: James M. McKinion, Electronics Eagineer, USDA-ARS Crop
Simulation Research Unit, Mississippi State, MS.

\f{ The use of company names and brand names is for information only and dous :
. "t e
— not represent an endorsement or warranty by the USDA. ,tjg
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w MODVEX is initially being used for crop model developme:t. When insect :s'j-::
::. .-_:4 r::.r::.-
v simulation models becomes available, MODVEX will be extended to handle :‘\} :"’j
- e Y
-‘3 o
A interactions of the crop models with the insect models. 9_95,‘_.&‘_"
| A
] ote AL L o
o Validatior o
' "
BN A
AR
) P aeld
: R A
" Crop models can be checked for validity by applying the MODVEX < et
-— b f
RTINS
:, system. Standard validation data sets are used In the system's knowledge : el
X . ] L
o base. The rule base incorporates the heuristic knowledge of the “rop T
. e
-] Simulation Research Unit modelers. The user of M.DVEX can then run MODVEX =, T
: to automatically test the validity of the crop model each time improvements
L4
j are nade in the model code to insure integritv. MODVEX generates a report
‘4
which delineates whether or not the model passes the validation test. If : )
S"'.I"'l
y the model fails to pass the test, MODVLX uses its knowledge of model o A
N structure and oparation to determine the source of failure and generate in
N'
; its report the likely source. Once the model can be tested for validity by
:
3 the computer automatically, many opportunities arise for the system user.
»
L]
Development
y)
oo
o
o
‘; One of the first uses of this validation checking capability is to
d
i use MJUDVEX as a model development system. Crop models have a number of
y,
.. paramcters which are either very dJdifficult or impossible to measure.
- However, the numerical range in which the parameter m: st lie is known from
N -~
therm>lrnanies, physical properties, or physinlogical properties. MOUDVEX B B |
. e N
- can b2 used to automatically find the set of parameters which optimize the N '.:a:.
2 RO
o nredictive performance of the crop molel. The rule base of heuristic :..-:.r:.
: SN
knoyledze of model development is used to dynamically prune the search v ."";_!
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v I WaY
‘ AN W
s'w.':
5 Y V0,
<« - d

- I SN A ] WL T .
TN A TN R

LU VR A R B L I I A ORI AT AP

'-_..‘~--\

o
L T




|y

M

,
h

ol
A

, "'l.
L

wnn W

. . e
‘

S

s “a )

r

space so that exhaustive vearch is not used and the model's parameters can
be d termined quickly and economically in terms of computer execution time.
Knowledge of model structure, process structure, soil physics, plant
physiology, and micromete rology were used to build the knowledge base

which provides this capability.

Maintenance

Maintenance in the sense us:d here means proper operation of the
10del. MODVEX serves as a data filter to ensure the proper operation of
the crop model. As such, MODVEX sits between each module in the
operational system and monitor the values passed from module to module.
Again, knowledge of the the model-plant-soil system is used. When critical
state variable values begin to deviate from their expected ranges, the
system user is given a warning that the simulated result may not be valid.
If state variables deviate strongly froa their expected ranges, the system
can be shunted into a "Debug” mode and the user offered a list of actions
to take: (1) Terminate run, (2) User provide value, (3) MODVEX to provide
value, or (4) Continue run as is. The maintenance mode here serves much

lixe a truth raintenance capability.

Coordination

As crop models are reduced to molule forn in relation to plant and
soil! processaes and as different plant species are wodeled, MODVEX serves as
a1 Expert Systca shell to properly choose the appropriate modules to link

together to genarate the chosen plant model. This becomes increasingly
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important as more and more specles ‘dependent processes are described in st
module form. In fact it performs almost like a database query system which
will pick the appropriate modules and submodules in response to selection
by menu or lists of attributes, except in the case of MUDVEX the knowledge
base is required for choosing the proper modules, if they exist, and
informing the user if they do not and whether or not substitutions can be

made and with what degree of error can be expected if substitutes are made.

Application of MODVEX

MODVEX is currently under development for the cotton moda2l GOSSYM
(Baker, 1983). Exte:sions of "ODVEX are plarned for the GLYCIM sovbean
crop model (Acock, 1685) and the WINTER WHEAT crop model (Baker, 1985).
The crop models have been developed on a DiC VAX 11/750 superzinicomputer
using ANSI 1977 FCRTRAN. MODVEX has been developed on a Symbolics 3670
LISY Machine using Inference Corp.'s Automated Reasoning Tool (or ART). In
operation on tho Symbolics 3670, MODVEX uses the LISPFUNCTION extension to
FORTRAN to call LISP functions which actually activate ART frem the LISP
wirld. Thus the FCRTRAN program calls LISP functions which irnitiallize
ART, load the knowledge base from disc, resets the knowledge tase, asserts
data into the knowledge base from the running FORTRAN rrogram, aid runs ART
which then performs the above functions. The MODVEX tool co-ld be the

beginning of a revolution 1n crop modelling.
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ARMY-NASA AIRCREW AIRCPAFT INTEGRATION PROGRAM
Executive Summary

A3] Program Plan

Introduction

4

The purpose of the A’I program is to provide a human factors PN

predictive methodology for use by designers of cockpits and train- e

ing systems for future advanced technology rotoreraft which will R LSRN

resull sn the production of cosl- and performance-effective man- '_f.:j :-r:‘_-:"

machine systems. A specific outcome will be to reduce the risk X o IJ._;

and unezpected cost of errors early in the conceptual and develop- ) EERAX

mental process, and to aid in the evaluation and trade-off analyses -\':-:::

of proposed systems. :-::: 3

"

The A3l program is an Army-NASA exploratory development program with the purpose - " "
of developing a rational predictive methodology for helicopter cockpit system design, 14'-4,
including mission requirements and training system implications, that integrates human e "::',':-j
factors engineering with otber vehicle/system design disciplines at an early stage in the RS ‘{_f_-:j
development process. The program will produce a prototype Human Factors/Computer ' \I\.j
Aided Engineering (HF/CAE) workstation suite for use by design professionals. This "o A
interactive environment will include computational and expert systems for the analysis ‘f ‘ "
and estimation of the impact of cockpit design and mission specification on system per- ) :::.:j
formance by considering the performance consequences from the human component of A
the system. The technical approach is motivated by the high cost of previously unavoid- IS ,::.-_:.
able redesign and retrofit to suboptimal systems, the ever-increasing cost of training sys- e ":"\‘
tems, including simulators, and the loss of mission effectiveness and possibly lives due to A
lll-concelved man-machine design. The methodology developed to achieve the goals of ?'\! Ll
the A3] program might be generalized as a paradigm for the development and planning N f"}\:
of a variety of complex human opeut.ed systems. - \:
RERN

e

Stephen Lakowske RN,

NASA/Ames Research Center s A |

MS 239-19 - z _‘.‘

Moffett Field, CA 94035 R
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Some Cognitive Constraints On
“ Simulation Aids For Programmers

David C. Littman & Elliot Soloway
Cognition and Programming Projest
Department of Computer Science

s Yale University
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For the past three years we have been studying expert software designers and maintainers with
the goal of understanding some of the major cognitive processes that support expertise in
computer programming. One of the most intriguing findings of our work is the extent to which
both designers and maintainers rely on mental esmulation to develop their understanding of

computer programs.

e When program designers are in the process of developing a program to perform some
tasks, they mentally simulate their programs to check the behavior of their evolving
designs against a description of what the program is intended to do.

e When program maintainers have the task of making an enhancement to a program
that they have never before worked with, they spend a great deal of time mentally
simulating the program to figure out how the program is organized and what it does.
Since mental simulation appears to be so important for both program design and program
maintenance, it scems reasonable that program development software should assist designers
with mental simulation. But what fe mental simulation of programs! How does it help

programmers? And what should program development software do? We want to suggest some

tentative answers to these questions.

Our approach to understanding mental simulation has been empirical: we have studied more
than 30 expert, professional software designers and maintainers as well as many novices. Our
experimental methodology presents programmers with design or maintenance tasks that take
approximately three hours to perform. We videotape the programmers as they go about their
tasks while an interviewer prompts them to maintain a running commentary on their problem
solving. We then analyze the transcripts of the sessions for evidence of various kinds of cognitive

activity, such as mental simulation of programs.

As we analyzed the protocols of the novice and expert programmers, we identified five

interesting points about programmers' mental simu!ation of programs:

¢ First, programmers mentally simulate programs in order to build mental, causal
models of programas.

o Second, there arc at least two kinds of mental simulation.
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e Third, programmers coordinate the knowledge provided by both kinds of simulation in
their causal models of programs.

e Fourth, simulation is very useful for reasoning about sncomplete programa.

e Finally, and perhaps most relevant to the issue of constructing useful tools for
programmers, novices did not perform mental simulation as effectively as experts.

Building Mental Models of Programs

Designers and maintainers mentally simulate programs in order to build mental models of
them. That is, they use simulation to acquire knowledge that permits them to construct mental
models that relate the function of the program to its structurc. By performing mental
simulation, programmers discover the “mapping” between what the program does (its function)
and how it does it (its structure.) While both designers and maintainers use simulation to build
their mental models, they seem to use it in “opposite directions.” Designers go primarily from the
intended function of a program to the construction of pieces of structure to add to the their
mental models (and then to the program itself); maintainers appear to add pieces of functionality
to their mental models as they discover how the existing structure of the program embodies its

functions.

Two Kinds of Mental Simulation

Our analysis of the behavior of designers and maintainers revealed two levels of mental
simulation. Rather than using a single monolithic simulation skill, programmers use different
kinds of simulation to acquire different kinds of knowledge. First, structural ssmulation is based
on tracing data flow and control flow. Structural simulation provides the programmer with a
detailed mental model of how the components of the program behave when it runs; structural
simulation does not say why the program does what it does, only what it does. In contrast to
structural simulation, functional simulation gives the programmer a view of the program in
terms of the goals it achieves. Rather than generating information about what the program code

does, functional simulation gives the programmer answers to questions about why the program is
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constructed as it is. Instead of being tied to the low level of data flow and control flow, N

functional simulation is based on tracing what we call goal flow. Tracing goal flow gives the 3 ]

programmer information about how the program achieves its functional goals (i.e., what plans it

uses), and how subgoals cooperate to achieve larger goals.

Coordinating The Two Levels of Simulation -.-_;“
Of particular interest is the observation that programmers appear to use both structural and

functional simulation together to build their mental models of programs. Our current hypothesis _,

about why they use both kinds of simulation is that the different kinds of knowledge the two

levels produce are necessary to understand snteractions among components of the program. A

mental model of just the data flow and control flow level, provided by structural simulation, does

not by stself permit the programmer to understand all interactions since many arise because

program goals must be coordinated (e.g., several subgoals must be coordinated to achieve a major .

goal.) Conversely, if a programmer’s mental model of the program contains only functional v v

knowledge, thenr crucial aspects of the program’s runtime behavior that depend on control flow

and data flow interactions (e.g., satisfaction of preconditions,) may not be understood. Thus, in

order to understand interactions, programmers appear to need a mental model that coordinates -

information from both the structural and functional levels. In fact, we have shown that

programmers who have mental models of programs that coordinate structural and functional -

levels are more successful with program enhancement tasks than programmers who may have

both kinds of knowledge but who fail to coordinate them in their mental models of the program.

Mentally Simulating Incomplete Programs
A programmer does not need a complete program in order to simulate it mentally. For
example, we observed expert program designers engage in functional simulation as soon as they

bad an initial, sketchy idea of how their programs should accomplish the main goals they wanted

their programs to achieve. As they filled in their designs, their functional simulations became
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more detailed and provided them with more precise information for evaluating whether their
designs were meeting the requirements. In addition, as they defined the manner in which
modules communicated through parameters, and decided on the execution order of the modules,

they began to perform structural simulations to evaluate control flow and data flow.

Simulation Is Part of Expertise
Not ail our programmers simulated their programs. In fact, novices either failed to simulate
them or did not do so with the same skill as experts. Novices' poor simulation appeared to be

attributable to three deficits:

e Novices did not know when to simulate programs. While they performed some
mental simulation, they appeared unable to determine when it would provide them
with information necessary to build a good mental model of the program.

o Novices did not know what parts of the program to simulate to obtain knowledge
they lacked. Sometimes novices wanted to discover how a part of the program
worked and performed simulation to do so. Frequently, however, they could not
identify the rclevant parts of the program to simulate to answer the questions that led
them to attempt simulation.

e Novices did not know how to simulate programs to build good mental models. When
novices identified relevant parts of the program to simulate, they failed to simulate
them with, for example, informative test cases. In addition, they often failed to make
correct inferences about the state of the program even when they did perform the
correct simulation.

In contrast, experts almost always knew when to simulate, what parts of the program to
simulate, and they were very astute at drawing appropriate inferences from their simulations.
Conclusions

What does all this mean for cognitively based support systems for programmers? We believe
that our empirical approach to studying the cognitive activities of programmers yields useful
information that can provide constraints on the design of intelligent support systems for
programmers. At the very least, our data suggest that programmer support systems will have to

take account of the central role simtlation plays in program development and enhancement. It

seems to us that a major issue implied by the importance of mental simulation is how to help

programmers use ssmulation to busld their mental models of programs. Based on our
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observations of experienced programmers, we believe that support systems will have to 1) help

programmers perform both structural and functional simulation and 2) help them coordinate the

AP ATS )A

A

results of simulations.

A

)

In order to help programmers coordinate simulations at the structural and functional levels,
support systems will need to address the critical problem of how to give the programmer the
information that he or she needs when it is required.

Instead of simply inundating the

programmer with information, the support program must provide the “right information” at the

B Darii v rd

“right time.” We currently believe that the most reasonable approach to this problem is itself a

.

» 7
o a e,

knowledge-based simulation tack. A cognitively based programmer support system will have to
simulate the user's reasoning so as to understand the user’s emerging mental model of the
program, determine what information would help the user to develop a “correct” mental model of

the program, and then provide it.
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’ Modeling of a Military C3
(Command, Control, and Communication)
' System

': Using Discrete Event

b and
0 Al Techniques

oy D. J. Roberts
. J. D. Morgeson
J. S. Dreicer
.- H. W, Egdorf
AN
e Los Alamos National Laboratory
P.O. Box 1663
gf-. Los Alamos, New Mexico 87544
ABSTRACT

With their inherent complexity, military C* systems are difficult to model. Because of the enor-
mous quantities of communications traffic and transient data generated by a military operation, the
‘ human decision-making process is not always conducted with full utilization of all available data.

a Because of the transitory nature of data in these operations, it can be difficult to define the rules that the
human decision-makers use.

. Operating under funds supplied by the Los Alamos National Laboratory Institutional Supporting
v Research and Development (ISRD) 1986 Program, the authors have developed a simulation of a pro-

posed military C3 system. The purpose of the project was two-fold. First, the authors wished to leamn

,".\’ the potential of the selected simulation environment for simulating C* systems. Second, if successful,
the prototype simulation would be used to demonstrate the design methodology for producing such
) simulation systems.

TN
Y 1. The Simulation Environment
" The desired simulation environment would blend traditional discrete event simulation techniques

with expert system-like capabilities to execute the complex decision-making events. In order to realisti-
R cally represent the behavior of a military operation, the model must have the ability t0 maintain the
"ground truth" regarding the operation, as well as the individual entities’ perceptions of the truth.
Further, the entities must be able to leamn, as facts regarding the operation become known to them. For
o example, a town containing a fuel depot might have been destroyed by the enemy. However, this fact
* is unknown to an entity in the simulation requiring fuel. His decision process regarding where to send

€ a re-fuel team could therefore cause him to dispatch his team to the destroyed depot. Upon arrival, the
_ re-fuel team would then have access to the "ground truth" concerning the status of the depot, and his
e perception of the depot’s status can be updated.
- The hardware that was selected for this project was a Symbolics! 3600 with 1 megabyte of
e",’-"'
! Symbolics is a trademark of Symbolics, Inc.
e
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memory and a 380 megabyte disk. KEE? was chosen as the software with which to implement the
simulation, Utilizing KEE’s ability to interface with the Symbolic’s native Zetalisp, a discrete event
simulation controller was written in LISP to drive the simulation. The complex C? (Command and
Control) events were written in KEE’s RuleSystem2. The less complex physical events (such as a refu-

eling operation) were coded in LISP and invoked as KEE methods. The suite of actors (entities) within
the model were defined by KEE units.

2. The Physical System That Was Modeled

One of the military systems that has been proposed for national defense is the Midgetman Mobile
Intercontinental Ballistic Missile (MICBM) system. The system as proposed would consist of a number
of mobile launcher organizations that could be deployed throughout a region of the United States. A

launcher organization would be comprised of the launcher vehicle and other support equipment and per-
sonnel.

Since the MICBM system does not exist, the authors "designed” the hypothetical MICBM system,
specifying the physical assets and attributes of a launcher organization. The following is a list of the
physical equipment comprising a launcher organization, and the assets and attributes of the equipment:

Vehicles (5 types)
1 Lift capacity, tons
2 Fuel capacity, gallons
3 Fuel type
4 Fuel consumption, MPG
5 Speed, MPH
6 Mean Time Between Failures (MTBF)
7  Vehicle hauling capacity (cubic feet and tons)
8  Vulnerability number (used to measure the vehicle’s susceptibility
to explosion blast effects)
9 Radiation protection factor

Electrical Generators (4 types)
1 Capacity, kW
2 Fuel consumption, gal/hr
3 Fuel type
4  Weight, tons
5 MTBF, hours

Radios (5 types)

1T Minimum and maximum broadcast range ]
2 Minimum and maximum frequency range
3 Power consumption, kW
4  Type of data, digitized (BAUD), voice

2 KEE (Knowledge Engincering Environment) is a trademark of IntelliCorp of Mountain View California,
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ADP Equipment (2 types)
1  Electromagnetic Pulse (EMP) vulnerability
2 MTBF
3 Power consumption, kW

3. Actors (Entities) in the Model

The following is a list of the suite of actors, or entities that the model uses to represent the pro-
posed MICBM system:

(1) Launcher Organizations, 1 to N may be represented within the model.

(2) A Command Actor represents a fixed hardened command post. Other actors (Launcher Organi-
zations, Supply Teams, Reconnaissance Teams) communicate with the Command Actor via
radio or land line. This actor can grant or deny requests from other actors, or order other actors

- to action.
T (3) A Threat Actor represents enemy intelligence. It possesses a suite of sensors (overhead detec-
o tion systems, radio direction finding systems, etc.) that can detect Launcher Organizations or
Z; o other mobile actors, or fixed depot sites. Upon detection, this actor has the capability to launch a

nuclear attack against the actor, or a depot.

N (4) A Terrain Advisor/Master performs two functions. First, it maintains the ground truth regard-
ing the "world” of the model. All information regarding sites, routes, actors, etc., damaged or
destroyed by conventional or nuclear attack is maintained by the Terrain Master.

o0 Second, the Terrain Advisor responds to an actor’s request for route information utilizing the
f;} actor’s perceptions of the "world".

(5) A Pseudo-Actor represents an information net whereby observations made by civilians, ham
radio operators, police, etc., can be broadcast to any actor within receiving range. These observa-
tions may be of damaged or destroyed sites, cities, highways, or other actors.

4. Operational Concept and Problem Statement

To the largest extent possible, it was desired that the design of the simulation allow the
specification of the operational concept to remain flexible and easily changed. This was accomplished
by defining the C? (decision-making) events in KEE’s RuleSystem2. The natural-language syntax of
KEE’s RuleSystem2 is more easily learned and understood than LISP code. In this way the client can
change any aspect of the operational concept by simply changing the rules defining the event of
interest.
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h:, The problem statement to be answered by this prototype simulation is as follows:

{.= How survivable and effective is the MICBM system in the event of global nuclear war?
Pi To answer this question, the model reports the following information:

{-‘j: (1) Numbers of launchers damaged or destroyed before they could carry out their mission,

(2) Numbers and types of personnel losses,

"o (3) Amount of communications traffic that was not received, and
b“' (4) Information regarding enemy detection.

o 5. Summary

Qf,\ The Symbolics/KEE environment is richer than other traditional simulation environments such as

SLAM, SIMAN, GPSS, and SIMSCRIPT. Combining an artificial intelligence shell like KEE with a
powerful object-oriented programming language like Zetalisp can result in a discrete event modeling

capability superior in many ways to others currently in existence. The authors are satisfied with the
"—. results of the prototype MICBM simulation and are preparing general "how-to" documentation for
designing such simulations.
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In April 1985, the first demonstration of the
Strategic Automatic Discovery System (STRADS) was achieved.
This first phase system consisted of an application of
Douglas Lenat's machine-learning technique, EURISKO, to the
problem of generating Middle East strategic scenarios as
a potential tool for geopolitical analysts. EURISKO had

already been applied with promising results to several
other domains, including:

© Championship designs of naval fleets (winning
a national tournament against human competitors
the two years in which EURISKO was allowed to
enter the tournament)

o Discovery of novel, viable 3D VLSI designs

o Discovery of mathematical concepts

The ultimate contribution of Discovery systems in
the present application -- generation of strategic
scenarios -- is that of conceptual blockbusting: aiding
human analysts in the difficult, time-consuming and crucial
process of developing a range of useful scenarios to support
policy and thereby help to reduce surprise.

The application itself breaks new ground in the
use of simulation technology to aid geopolitical analysts.
As has been well documented, the human analyst is beset by
a number of cognitive, epistemological and institutional
constraints on scenario generation: the symptoms are

frequently expressed as "mind set," "bias," "mirror imaging"
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ﬁ and the like. Further, the global geopolitical problems RO
XY [l
confronting these analysts tend to defy mathematico- -5 g

statistical approaches -- for example, the historical WU f;?

. . A . A

failure of various probability based attempts to predict > -cax

international events at analytically meaningful levels of CE gﬁg

detail and which also are credible and actionable for

analysts prior to the event. More to the point is a -

L

»
-
>
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system such as STRADS which raises the readiness of analysts

by powerfully searching for, and discovering, characteristic

scenarios for various times and places, this allowing a
certain cognitive rehearsal and exercising which raises
analysts' ability to interpret new signals of actual events
during time-critical periods. Hence the measure of
effectiveness for STRADS is less directly that of providing
predictive accuracy than that of promoting analytic
readiness. This is not to overlook the fact that a

discovery system of great power can help considerably to

monitoring developments in the Middle East. Several additional
Middle East specialists also reviewed the knowledge base.

safely narrow and focus the vision of the human geopolitical :;,—f~
analyst to realms of highly likely eventualities. Nor is A
it to obscure the basic ability of a machine learning 7 :afi
system efficiently to discover new heuristics for }fittf
geopolitical analysis. };A?'
ol

Overview of STRADS 1. In sum, the system developed _ ;ii

under Phase 1 entailed these efforts: ;% ﬂsgs
Knowledge Acguisition. As a first step, project ?jaéﬁf

team members performed research into political, military, fifjgiﬂ
economic, cultural, meteorological and other characteristics . 5?;
of a selected set of Middle Eastern and other (such as e pele
U. S. and USSR) actors. In preparing the knowledge base, -"!;;
project team members consulted geopolitical analysts working gf Eﬁi
for the Commander-in-Chief, Pacific, and responsible for ] ;?:
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Knowledge Base Structuring. The second step was EDAIAN

to enter into the computer a working knowledge base ‘\\

sufficient to allow demonstration of concept feasibility. '\ibsﬁ

This machine knowledge base consisted of a frames-and- 3?&1:

slot representation in which chief military, political, 3%;35

economic and cultural characteristics of over a dozen g%q:.

countries and organizations associated with the Middle d%i;;

East, together with the U. S., U.S.S.R., Japan, NATO and andals

other countries and organizations, were represented. There Etikﬁ
were over 450 individual slots describing each actor. -3_
N

Development of Rules, Families of Rules -- at

present there are about one hundred rules -- to permit

scenario generation were then developed. These consisted

of several rule-types, including:

1. Natural Event Rules: governing environmental
events (earthquakes, etc.), deaths of leaders,
and other events.

2. Stopping Rules: governing the termination of

scenarios as a function of violation of time

assessments and/or occurrence of pre-defined

events (e.g., the onset of certain types of
conflict).

3. Reacting Rules: governing causal interactions

among actors in developing scenarios (e.g.,
military readiness reactions of one country to
hostile activities in another).

4. Rippling Rules: governing the proliferation of
effects of local events out to other actors in
the knowledge base (e.g., effects of local economic
changes on region at large).
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Development of Control Structure. The relatively

complex control structure cannot be explained in the

! present allocated space. However, I note that this complex o E&S
g control structure is designed to meet future requirements ;5 2;:
ﬂ as the rule sets and knowledge base increase in size and ﬁfhéﬁay
‘ sophistication. It is best discussed here with reference ?f ﬁhj\
= to these major aspects. e ?--
"7

;j 1. Time: The simulation time interval varies depending e

= .

on the characteristics of the scenario. A large A

time gap may occur when no events are scheduled. -

.
3

However, smaller increments are regquired when -

ot

there is a lot of activity.

Ny e 3
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Rule Organization: The rules have been organizegd e

2

2

hierarchically by type. This organization allows

.
.

/

3

P

the system to control which rules are considered o

»
»
.

1" e

at particular points during the scenario.

3. Displayed Information: During scenario generation,

we have reasonable control over what information
is displayed to the user. This will allow us to

build customized user interfaces during Phase II.

Development of a Demonstration Scenario-Generation
Capability. The final task in developing the prototype
system was to generate initial scenarios to explore concept

feasibility and application. e
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AI AND SIMULATION AT TASC

Marc R. Halley C14]

The Analytic Sciences Corporation
8301 Greensboro Drive

Ste. 12000

McClean, VA 22182

For the past three years, the AI group at TASC has been
involved in applying AI and simulation techniques to the
problems of collection and resource management. Collection
management involves allocating and tasking multiple sensors to
collect selected information. This task requires knowing
tremendous amounts about the information to be collected plus
knowing how to effectively allocate resources to collect the
most important information.

We have developed a series of resource advisor programs
which have dealt with mission planning, situation assessment,
and real time mission execution. I will describe the mission
planning system which combined AI expert system techniques with
mathematical programming and simulation.

The TASC Mission Planner Expert System is a
"multi-level" system which gives advice about mission
planning. It combines a '"surface level'" model of production
rules with a '"deep'" model of mathematical optimization and

simulation.

Every day the mission planner must develop a deployment
of resources to collect the information he is tasked to
collect. The mission planner faces a variety of issues in
choosing a deployment: tasking priorities, resource
constraints, geography, time, collection objectives, and
collection characteristics. Previous attempts at decision aids
for collection management used mathematical programming to
develop complicated "deep'" formal models to allocate resources

to tasks.

However, several problems occurred. The mathematical
models did not account for all the input variables and are so
complex that it took a mission planner 5 hours to set up a
simulation run.
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An expert system was built to aid the planner in
developing resource deployments. (Figure 1) Expertise was
taken from mission planners and encoded as production rules.
These production rules take as input an intended collection
goal, and on the basis of expert knowledge, produce a
deployment plan. The deployment plan is based on heuristics
and therefore, may be only 80% acceptable and not
mathematically optifhal. The computer generated deployment
plan is then passed into the '"deep'" mathematical simulation to
produce a more precise plan. In most cases, however, the
surface level production system proved to be just as good as
human experts, and reduced the time to develop a deployment
plan from 5 hours to 10 minutes.

The production rule system was built on a Xerox 1108
LISP machine using Interlisp-D and the KEE knowledge
engineering tool.

The mathematical model was written in FORTRAN on a VAX
11/780. The Xerox 1108 was connected to the VAX via an
Ethernet local area network. Plans generated on the Xerox were
shipped electronically to the VAX where detailed mathematical
treatment was performed. The total plan generation scenario
was reduced from 5 hours to 10 minutes.

The expert system had 6 parts. (Figure 2) The
planning sequence started with Menu oriented entry of
collection goals. These collection goals were then passed to a
planning and inference module which contained 190 rules and 270
frames and produced a deployment plan. This plan contained the
allocation of resources to collection goals.

The reasons for each of the results could be explained
using a rule tracing capability. The plan could also be
modified by the human mission planner if he thought that

selected portions of the computer generated plan were not
correct.
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IR,

‘ The human edited deployment plan can then be sent
=S across the Ethernet to the VAX and entered into the simulation
program. This program simulated the proposed resource

Lo deployment and calculated the consequences of the proposed
;ﬁ. decisions. The human mission planner can then continually
o modify portions of the simulation for fine tuning. The AI
1‘. program also contained a module to acquire new information from ..
N the mission planner. If any collection goals were not known, SASARES
A the system would prompt and build new frames to put in the AL UN
knowledge structure. }Zﬁtx-
-f-.:-' X ‘\::\ '. N
el The FORTRAN simulation used the techniques of P
¢ operations research, notably mathematical optimization and

allocation.

The mission planning expert system (Figure 3) used
multiple AI programming techniques: frame based knowedge

t} representation with multiple inheritance, rule based reasoning

| S and explanation, object oriented programming, and bit map
graphics. Approximately 6 man months were spent acquiring the

- knowledge to do planning.

.

N The expert system was later evaluated against human

e planners to determine if the computer generated plans

ﬁi‘ reproduced expert knowledge. (Figure 4). Test cases were
given to 2 human experts and the computer; answers were
generated and given back to the same human experts for

e evaluation. The answers were evaluated on a scale of 1 to 6.

b A score of 1 meant unacceptable deployment, while a score of 6
meant a perfect deployment. A score above 3 meant an

1!! acceptable answer, while a score below 3 meant an unacceptable
answer.

wod

v . In 16% of the cases the humans gave the computer a

ﬂ} higher score than the humans. 1In 50% the computer and humans

rar tied, and in 32% of the cases the computer was scored lower

& than humans. In no cases, however, was the computer score

- rated unacceptable (less than 3), while in one case the humans

AN rated their own solution unacceptable (less than 3). It also
must be remembered that the human took an hour to generate a

) plan while the computer took 3 minutes.
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Knowledge Base Design and Electronic Troubleshooting " I:;ZS?Z

. 'I s -,

James H. Alexander :‘? U aee

g A X
:j Al Department ,‘_::}_::_
0 Computer Research Lab RN
4 . - o -
. Tektronix Laboratories NI,
. Beaverton, OR 97077 o 3l
7.-.( .:,..:\'i

£, RN
- ABSTRACT ok
In general, my work* has focused upon the development of a knowledge engineering DATDADA

methodology. This has resulted in the conception of Ontological Analysis. On a more specific p——

j:; level, I have been building expert systems for diagnosing failures of electronic instruments. The oo e
construction of these systems involved the creation of models simulating the operation of elec- iy i:‘,-.:}.
< tronic instruments. Practically, the development of these diagnostic expert systems has many :-:'.:-::;
Nes implications for the production, and field support of electronic products. RN
~ L el
1. Top level research: Ontological Analysis _-_,_-::

- S S

- Today, the design of knowledge bases requires the involvement of an expensive and highly ::Zj -:.::.:
- trained knowledge engineer. Typically, the knowledge engineer will analyze a problem, select a RN
- problem solving technique, select a knowledge representation, and implement a rule base. This :-'_';-;:
process is guided by the knowledge engineer’s experience on an ad hoc basis. My colleagues and '* o 4

1 have developed a methodology for the analysis of problems. The goal of this research is to N S

~ develop an articulatable (and teachable) method for creating knowledge-based systems. A paper }l::{j
N we are presenting at AAAI-86 proposes a methodology which is an outcome of this work: onto- S -:t-::-j
N logical analysis (Alexander et al., 1986). NV
~ NS
- The basis of ontological analysis is a principled decomposition of a problem domain. We SRR
borrowed from denotational semantics the use of domain equations as a tool for describing a -?;Rr AL

knowledge engineering problem. The process begins by identifying in the static ontology of a Sy el

problem. The static ontology describes the basic elements and relationships between elements in o '_-'_'-‘_-:.:

a domain. Second, a dynamic ontology represents the operations that can be performed upon the 2 N ‘_‘_-Z:;-

elements described in the static ontology. Finally, the epistemic ontology contains domain equa- RV

tions describing the methods for selecting appropriate operations to execute at any given time. - —

Using this high level analysis technique, a knowledge engineer is able to scope out a prob- _ ."'_Ljf:'

lem without committing to a knowledge representation or inference scheme. Rather the ontologi- Lol

cal analysis permits the knowledge engineer to examine the problem in detail and the production ;{::-

of the ontological analysis guides the selection of appropriate knowledge engineering methods. RN

- oy

< 2. Electronic Troubleshooting with expert systems X
~ e :__.-_:.
:: The Knowledge Engineering group at Tektronix has constructed a number of expert sys- RN ::-."}.j
: tems for troubleshooting. The troubleshooting project is important for ensuring continued quality N
product support. Ficld Service Technicians are increasingly faced with a wide variety instru- = ,'.:-:‘_:f

ments to repair, so many that it is difficult to make sure that all technicians are trained to repair _;f Ll .

- S

*The work described in this abstract was done in collaboration with the other members of the Knowledge En- ::' X .

gineering Group: Mike Freiling, Sherri Shulman, Steve Rehfuss, and Steve Messick.
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all instruments. With a set of knowledge based assistants, it will be possible to distribute repair
knowledge evenly among technicians. A well designed troubleshooting assistant will make most
technicians (but primarily novice technicians) more efficient.

This work has grown out of an early experiment in constructing the FG502-TASP (Troub-
leshooting ASsistant Prototype; Alexander and Freiling, 1985), which was an expert system for
assisting a technician with repairing a simple electronic instrument, the Tektronix FG502 func-
tion generator. The FG502-TASP consisted of a knowledge-base sufficient to diagnose 80-90 per-
cent of the most frequent instrument failures. One of the key features of this system was the way
it communicated with the end user. The system made strong utilization of graphics such as circuit
board pictures, and schematics. The graphics were coordinated so that the user could quickly
cross reference parts from a schematic location to a circuit board location. In addition, the system
guided the diagnosis by using pointers to indicate precisely where measurements need to be
made. The success of this experiment convinced us that strong graphics support is a crucial com-
ponent to any troubleshooting system.

Subsequent work on troubleshooting focused upon building a general troubleshooting
mechanism which could be used to build troubleshooting systems for a whole family of elec-
tronic instruments (Alexander ez al., 1985). The goal was to build a domain specific inference
engine, which would facilitate later construction of troubleshooters. The resulting inference
engine (HIPE for Hierarchical Inference Processing Engine, Rehfuss ez al., 1985) contains a gen-
eral scheme for trouble shooting called top-down localization. The top-down localization scheme
systematically selects tests beginning with the output modules of an instrument. Step by step it
exonerates modules and tests modules closer to the inputs. Once a module is deemed bad, the
scheme will drop into that module and repeat the procedure at the more detailed level.

Most of the general design decisions for troubleshooting applications are encapsulated in
HIPE, thus obviating the need for the knowledge engineer to worry about such decisions when
designing a new troubleshooting application. Instead the knowledge engineer can concentrate on
problems specific to the current application. HIPE has been used to implement a troubleshooting

system for repairing the Tektronix 2236 oscilloscope and is being used in the development of
other in-house systems.

One of the continuing topics of interest in this project is the addition of stronger models of
the device-under-test to our knowledge base. Currently, the system relies on a very weak model
of instrument operation. The level of abstraction used by HIPE presently is one of describing the
modules within an instrument, and indicating the causality one module has upon another module.
However, in the future we expect to have stronger simulation models of the instrument. The
inclusion of knowledge regarding the functionality of each module will allow the expert systems
to reason about the operation and interaction of modules, thus creating the possibility of more
powerful and accurate troubleshooting schemes.
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Simulating Processes
over Multiple Abstraction Levels*
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e Abstract
T 7 s . - .
In dealing with model complexity, most simulation systems have resorted to representing either
oo a restricted part of an overall system or a qualitative model of the entire system. Examples of
restricted simulations are control systems for electro-mechanical systems (such as helicopter control
or control of an engine). Examples of qualitative model simulations can be found in the qualitative
i reasoning literature[l). The use of either a restricted or single-level qualitative model is acceptable D
when an analyst is playing the combined roles of model creator, analyzer, and verifier. But what SN
N, if an analyst is creating a simulation model that is to be studied and utilized by a arbitrary group }_:{_:-':_:-
o of individuals? Some individuals will have a deep knowledge commensurate with that of the model :‘,::_:::'_:
creator. Others may have only a layman’s knowledge of the system; they may want to learn about .’ T
* the system by using an exploratory simulation approach. D

Some simulation systems have taken a combined discretc/cantinuaﬁs approach when studying
processes. Examples are systems written using the GASP(4] language and special-purpose combined

L. simulations implemented in an arbitrary general purpose language such as PL/I or FORTRAN.
< Payne(3] gives a concise overview of combined simulation approaches. The combined approach
"-. yields a simulation capability which includes discrete event simulation with the ability to optionally
., monitor certain variables such as displacements and derivatives in motion equations.
:'_f-:'_ Our approach to simulation promotes the view that complex systems require a better overall
organizational approach to studying processes over time. Specifically, we propose a method of
e simulation which defines a process model over an arbitrary number of abstraction levels. We will EPCAL
o exploit the process abstraction associated with systems, thereby facilitating a more comprehensible | Lol
* model organization and a great reduction in time complexity due to partitioning. Combined dis- "}i‘,}
N crete/continuous models can be better represented since it is possible to view some aspects of the :::.j
::::: discrete model as being abstractions of the continuous model; one is able to separate these abstrac- ‘:J,:_f:
tions into virtual machines that may execute independently of one another and still communicate :'5}.'::
A via an abstraction bridge (which will be termed interfacing). -::
Y *This research is supported by NASA Johnson Space Center Contract NAS9-17239, Army Research Office Grant '\‘:-::-::
DAAG?29-84-K-0061 and NSF CER Grant MCS-82-19196 :::'_. -
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