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Abstract

Kennedy Space Center’'s Knowledge-based Autonomous Test Engineer (KATE) is copa-
ble of monitoring electromechaonical systems,  diegnosing their errors, and even
repagiring them when they crash. A survey of KATE's: developer/modelers revealed
that they were already using o sophisticated set of productivity  enhancing
tools. They did request five more, however, and those make up the body of 'this
report. Inside 1is the tested code of their new: 1) transfer function curve
fitter and 2) Fortron-Lisp traonslotor. 3) To gid in syntax checking their
modeled device frames, three existing struectural consistency checkers are also
" documented here. 4) An automaoted procedure for calibrating knowledge base
admittances is designed here to protect KATE's hardware mockups from inadvertent
hoand volve twiddling. 5) And three alternatives are described for the "pseudo

object,” o programming patch that currently apprises KATE's modeled devices of
their operational environments.

Summary

" When KATE's modelers revealed their need of five new productivity aids this
summer, I set about the task of creoting them. They now have a new Lisp program
that fits straight. lines or exponential curves to rondom time functions, and
another that translates transfer functions written im Fortron into Lisp’s stilt-
ed prefix format. When I storted to streamline their favorite syntax checker, I
discovered that some modelers alreody had what others needed, so I ended up
documenting three existing checkers instead. Guided by a modeler whose hardware
mockup keeps changing, I designed @ control procedure by which KATE automatical-
ly recalibrates admittances in his knowledge base. An essential programming
patch that the modelers call a "pseudo object" hasn't fit neatly into either
KATE's knowledge bases or her shell. Three alternatives are offered here.
Solving modeled fluid dynomics equations off-line could provide KATE the neces-
sary flow time functions when she needs them. If these complicated equations
must be reconfigured and solved on-line, a signol processing onalog computer
model offers a fast way of doing it. Modeling KATE's devices as Thevenin’'s
equivalent two-port networks could enable each object to reveal 1its remote
environment (much os o tronsformer reflects its load resistance to its input)
without the need of extra pseudo objects or equation solving. KATE is about to

get a much needed pass through the Software Development Life Cycle as part . of
her forthcoming translation to the C language.
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I
INTRODUCTION

1.1 ‘KATE

KennedylSpode Center’'s Knowledge-based Autonomous Test Engineer (KATE) mimics
human engineers as they test and repair electromechanical systems. Working in

~ KSC's: Artificiol Intelligence Laboratory, KATE's modelers painstokingly create
" software simulations of the hardware that KATE monitors. (KATE's models <typi-

colly’ take on an appearance like that shown in Figure 1-1.) KATE loter delivers
the sdme inputs to this software model thot the hardware sees, and she compores
their outputs. Showing complete confidence in her software, she blomes the
hardware for any deviotions in modeled and actual outputs. Her diagnoser then
experimentally - fails selected software "devices" in an effort to duplicate the

deviant hardware outputs. Thus KATE is able to isolote the one failed device

that is responsible for the errors. She may then advise her user to bring up «
redundant device, or she moy moke the repair herself, if the user has seen fit
to give her that much control cheod of time. Lotely, users have not seen fit to
give her that much control in her only production application, the shuttle’'s
liquid oxygen tonking operation. In fact, firing room personnel are unwilling

to hear KATE's advice when real problems arise.. NASA is conservative. Systems '
must log hundreds of hours of trouble-free service or show some sort of quolity
assurance pedigree ‘before being placed in a criticol position KATE is not
there yet s

1.2 KATE'S MODEL VERIFICATION TOOLS

Like all Knowledge Bose Engineers, KATE's model builders hove difficulty
mixing human-like reasoning with computer speed and thoroughness in their soft-
ware product. My job this summer hos been make those modelers more productive,
so that KATE's models may go forth ond multiply throughout KSC. I became inti-

»motelyﬁ ocquainted with KATE by observing her modelers ond streomlining their

tools. I coded two new tools for them from scratch in Symbolics ZMACS Lisp.
Also. intending to enhance the code of an existing syntax checker, I ended up
documenting three modelers’ favorite checkers for use by all. I also designed
an .automoted calibration procedure for one of KATE's knowledge bases, ond I
offered three design alternatives to KATE's philosophically awkward "pseudo
ODJéct." Though not immediately executable, these designs helped train me for
next ‘'summer’'s project, and they moy well provide proposal. content for some.
productivity enhancing projects this fall.
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Figure 1-1. KATE's Overview Screen (ALO Model).




II
BUILDING KATE'S MODELS

2.5 'KATEfS CURRENT APPLICATIONS

KATE's most visible applicotion today is LOX, her shuttle 1liquid oxygen
tanking advisor. (KATE does not actuolly advise firing room personnel, but she
is tested as if she were advising them on every shuttle launch.) With 1988 to
15¢0¢ device frames in her knowledge base and 58~ to 75-thousand lines of Lisp
code in her shell, KATE's LOX model is as complicated as her models will 1likely
ever get. Figure 1-1 shows LOX (octuolly this is a schematic overview of anoth-
er very similar KATE model) to be essentially a cryogenic fluid dynomics model,
with a large number of sensors and actuators. Because the oxygen tanking equip-
ment is critical to any launch, failed devices in it can be replaced quickly by
bringing up standby pumps, valves, and sensors along redundont pathways.

A .variety of KATE's earlier feasibility demonstrations can be found around
KSC. An air purge system'with redundant air compressors and power supplies
introduced the new-born KATE to KSC about eight years ago. A mockup of the
Space Station’'s Environmental Control System (fully equipped with heaters,
blowers, and temperature sensors) is ottached to KATE's ECS model. A Launch
Processing System mockup (called "LPS* and "The Little Red Wagon," because it is
mounted on o heavy red cart) is attached to a TI Lisp machine version of KATE.
KATE has been translated into ADA, Common Lisp for the IBM PC, a generic version
for quickly prototyping new models, and it will soon be transloted into C for
the IBM PC (more on KATE's future later).

KATE's Autonomous Launch Operations (ALO) oppliéation suggests her intended
future. Created to supervise unmanned Air Force lounches, the ALO model fea-
tures goal-directed control and unsupervised repair. A hardware mockup at KSC's
Laounch Equipment Test Facility has demonstrated KATE's ability to complete «all
12 LOX tanking procedure steps typically pursued by shuttle firing room person-
nel, even when devices fail. Water in the hardware mockup will be reploced with
liquid nitrogen in a forthcoming demonstration. (Liquid oxygen is not used for
obvious safety reasons.) The ALO-H20 model now includes some 472 fromes, and
the number grows with each requirement for greater modeling precision.

2.2 THE MODEL BUILDING PROCESS

Developing a new application consists of building a software model of the
hardware that KATE is to monitor, and then improving it until it works. The -
model builder usually gets started by studying a ten-pound stack of printed
schematic diagrams (see Figure 2-1). He draws fault trees of the devices he
sees there to appreciate the impoact of every device failure upon the whole
model. Finally he types a Lisp fraome into the Symbolics ZMACS editor for every
device that can fail, every input, and every measurement. The frames look like
database records, in which named slots describe every aspect of the part and its
connections to other parts [1]. Coding a device transfer function can be as
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Figure 2-1. KATE's model building process.
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simple as transcribing a pressure/flow curve off a printed pump specification or
very complicated indeed. 1Its original electronic designer may have drawn. a
hardware controller as a tangled feedback network of filters and amplifiers.
Ten years later, the KATE modeler is compelled to Lisp-code the simplest possi-
ble transfer function for the controller, considered as a single line-replace-

_able unit.

. Before KATE executes o model the first time, thevmodeler tries to remove
frame errors that are obvious by inspection (white box testing) but would be
very hard to isolate during execution {blaock box testing). Automated structural

consistency checkers find or repair simple frame syntax errors (e.g., frame A

outputs to frame B, but B does not input from A). They may also identify frames
that have not been coded yet. Subtle semantic errors (e.g., relays do not
accept input from water pipes) generally are obvious in a visual 1népection of
KATE-generated schematics.

When the frames all look pretty, verification testing begins. The first time
KATE runs a new model, actual (hardware) measurements often deviate from modeled
values, ond KATE blames innocent hardware devices for errors in the model.
KATE's diagnoser thus functions as a system-level model verification tester,

Taking a closer look at the offending measurement, the modeler often finds a

variety of transfer function errors. He may have assumed the wrong time con-
stant in an exponential decay. Perhaops he failed to consider the affect of
ullage (the air above the fluid) pressure that impedes flow into o tank. 1In his
zeal to model very accurately, he may have modeled quontizing'error that ap-

peored on a prior launch data broadcast. (It has happened!) In the latter

stages of knowledge base development, subtle timing errors sometimes occupy the

. modeler. For example, KATE must guess when firing room personnel transition

from stage to stage in the LOX filling procedure (e.g., nobody tells KATE when
fast  fill ceases oand slow fill begins), and her ways of dealing with these
ambiguities can be obscure. :

2.3 MODEL BUILDERS' PROBLEMS

KATE's developer/modelers face problems that range from clerical to very
sophisticated. (See modelers' testimonies in Appendix A.) Typing frames into
the LISP machine ZMACS editor is tedious, compared with using an interactive-
graphics Computer-Aided Design terminal. It is difficult to write the equotions
of 'lines that approximate random time functions. It is just as difficult to
recode Fortran transfer functions in Lisp without a few errors, even for bilin-
gual programmers. Thousand-frame knowledge bases often start out full of syntax

errors. The structural consistency checkers used to find these errors never
find them all. Modelers that use hardware mockups need to recalibrate oadmit-
tances 1in their knowledge bases each time valves on the mockup  change. when

computing input pressure of a device, a modeler sometimes needs more information
than the device model can provide (e.g., upstream driving pressure ond down-
stream back pressure in its external environment). That may lead him to create
a "pseudo object," having no structural relationship with modeled devices ond
no relationship with generic objects in KATE's shell either (becouse it 1is
opplication-specific). KATE's modelers have invented *"soft = landing," which

269



wiggles all modeled measurements to ease the pain of errors that the modeler
. considers tolerable, and "external influence," which accounts for measurement
trends arising outside the declared model domain. With each shuttle  launch

KATE = shows -her developers a few new errors, and her design or code chonges a
‘ little to accommodate an unforeseen operational condition
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. III
KATE'S MODEL VERIFICATION TOOLS

3.1 MODEL VERIFICATION PERSPECTIVE

Someday, KATE's very graphical Knowledge Base Editor will make creating
frames. easy even for the novice end user. Like a CAD terminal, the editor
. provides a -library of device icons that can be picked and placed, moved and
interconnected without ever touching the keyboard. Most knowledge about a
device will be supplied by the editor. If desired, the user can modify default
transfer functions, time delays, units, etc. at the keyboard via a dotabdse-like
fill-in-the-blanks editor interface. KATE's Model Verification Tools are that
part of her Knowledge Base Editor that helps find errors in completed knowledge
bases.

Today, KATE's Model Verification Tools already are used to find errors in
completed knowledge base fromes thot are typed in manually using Symbolics’
ZMACS editor. (See Appendix A for the detoils.) Structural consistency check-
ers find simple frome syntax errors. A family of interactive plotters clarify
troublesome deviations in actual and modeled time functions. KATE’s overview,
schematic, and fault tree graphic displays clarify frame mismatch errors.

Cleverly conceived as KATE's Model Verification Tools are, her modelers agree
that a few good tools are missing. More insightful frame syntox checkers are
olways needed. Coding transfer functions would be much eosier if o curve fitter
could recite the equations of straight line and exponential plotted data. And
careless errors could be prevented if a program could convert transfer functions
from familiaor algebraic (infix) notation into Lisp’s stilted prefix notation.
Tedious calibration of KATE's ALO-H20 knowledge base admittances (which happens
frequently) should be automated. Clever as KATE'’s pseudo objects may be, they
do not fit well into either her opplication-specific knowledge bases nor her
generic shell. Solutions are offered for all of these model verification tool
problems below. They range from executable code to proposal- reody design to
white papers on o better pseudo object. ’

3.2 LEAST-SQUARES CURVE FITTER

Modelers frequently need a transfer function equation that mimics a plotted
‘measurement time function. Though random variables, the time functions general-
ly oare approximately straight lines or exponentials thot rise or fall toward

some asymptote. Symbolics’ Generra 8.1 operating system fits least-squares
straight 1lines to plotted random variables, but it does not reveal their equa-
tions. KATE's  modelers need a least-squares curve fitter with an optional

capability of taking the log of its time coordinates.

Such a program appears in Appendix B [2]. Given two lists of x and y coordi-
nates, it returns three parameters: the slope, the y-axis intercept, and the
sample correlation coefficient of the given points. First the program computes
means, variances, and covariances of all of the x and y coordinates:
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Xmean = (x1 + ... 4 xn) J n, ‘ ‘ »4\;
Xvar = (x1*2 o4 xn~2) / n,
XYcovar = (x1 * vl + ...4 xn * yn) / n,

:The equation of the least-squares 1ine, y = o + b x, is then defined by the
" slope, - ' o

XYcovar - XMeanq“ Ymean
var - Xhecﬁ*é
the y-axis intercept,
a = Ymean - b * Xmean.
‘The sample correlation coefficient,
XYcovar -~ Xmean % Ymean
SQRT(XVOP‘; Xmean~2) * SQRT(Yvor -.Ymeqn‘z)'

approaches 198% when the straight line fits the data well or falls below 80%
when it fits poorly. )

No design diagram is attached to this program, which is obviously crafted to S

be more reodable than efficient. Abelson and Sussman [3] contend that Lisp is
so powerful that it may be used as o design language to describe Lisp code.
Especially in caoses like this one, where control flow 1is obvious, carefully
crafted Lisp can be olmost English-1ikée. To the simple test cases for this
curve fitter, its modeler-customer (Scott Budzowski) ddded a graphical output.
He composed this enhoncenent at the keyboard, testing each module as he complet-
ed it, in about 18 minutes -- it was d lot of fun to watch.

3.3 FORTRAN-TO-LISP. TRANSFER FUNCTION TRANSLATOR

Most good Lispers can tronslate a device trdnsfer function from .ordinary
" olgebraic (infix) notation,

p_out = pump_coef * rpm.‘ 2/ max;rpms_squared.
into Lisp's prefix notation, | |
(setq p_out (* pump_coef (/ (square rpm) mdx_rpmSLSqudred))j.
wifh very few careless errors. But KATE's torgeted‘end’users are not Lispers.

They are ordinary Electrical Engineering graduotes whose first computer language
is Fortran. Both KATE's AI Lab developers ondvheh end users can benefit from a
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tool that translates functions from infix (algebraic, Fortran) to prefix (Lisp)
“notation.

Such .a translator appears in Appendix C. The simple first version insists
that binary operators be in the middle of three-item lists. (It olso accepts
unary operators in two-item lists.) This list length constraint frees it from
having to handle operator precedence (e.g., multiplying before adding in w + x *
v),“but it forces the user to add o lot of parentheses to a valid Fortran func-
tion.  The modeler that requested this program thought this burden too great.

‘The more complicated second translator in Appendix C handles operator prece-
dence very nicely, allowing the user to string any number of operations together
in each parenthetical expression. Token from Winston and Horn's LISP textbook
[4], this more complicated version does not handle unary operators gracefully.
"They  must be made to look.like binary operators by adding a nil to their 1lists

before translation, and removing the nil after translation.

A Warnier-Orr Data Structured System Design Diagram precedes the second pro-
‘grom's Lisp code as documentation. The design shows in plain English that the
translator 1is fiercely recursive; in fact, it hard to follow without a design. -
Designing code makes it readable to its coder and other code auditors, such as
module test engineers, and thus makes code more error free and reliable. The .
several test cases attached to the translator complete its documentation pack-
age, further enhancing its reliability by demonstrating its capabilities ond.
limitations. Sound configuration management requires that design and test data
be attached to every coded module in a production software system.

3.4 A BETTER STRUCTURAL CONSISTENCY CHECKER

Perhaps the reader can tell from the survey in Appendix A that a structural
consistency (i.e., frame syntax) checker means several different things to
several different modelers. Bob prefers to repair his errors one cotegory at -a
time, so he needs a syntax checker that can be modified to check one fraome slot
at a time. Charlie’'s syntax checker keeps him apprised of what frames remain to
be ‘coded in his evolving knowledge base, so he doesn't care which slot it
checks. Steve wants to be told about as many kinds of syntax errors as possible
in his complete and:almost perfect knowledge base, with o minimum of user inter-
action. Mark wants his Mondo syntax checker to quietly fix the .errors it finds.

Initially, I understood that KATE's consistency checking file contained just
two programs. Mondo-Consistency-Checker repairs five kinds of syntax errors (see
Table 3-1), and wimpy but modifiable Check-KB points out all syntax errors of
one = kind. Most modelers waonted the greater power of Mondo, - but without its
repair feature, which tended to add unpredictable errors to their already frag-
ile knowledge bases. Intent upon defanging Mondo to satisfy the needs of all, I
first drew a module hierarchy chart to document its performance (see Figure 3-
1). As I drew, I discovered a third progrom, Check-All-Frames, which is much
more. powerful (see Table 3-1 ogain) thon the other two but dusty from disuse. I
‘ended up documenting all three of KATE's unmodified syntax checkers to better
serve the diverse needs of KATE's several modelers.
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TABLE 3-1. What KATE's Structural Consistency Checkers Test.
‘CHECK-KB tests only instance-level frames for input/output reciprocity (now):

instance 1evel frame A

ih$tdncé-level frame B
inputs slot: B

outputs slot: A

A A
n
0
"
V. W

MONBO-CONSISTENCY-CHECKER répairs 4 Kifids of reciprocal frame reférences:

top- level frome D ‘ FETES . mid-1ével framé €
kinds slot: € {=ddy ko slot: D
imid-16Vél frame B ‘ ¢a=iy instance-16vel frome B
instancés slot: A _ (===} dio slot: B
‘mid-level frome F (==23 instancé-1evél frons €
pérts slot: E (=d3) ~ dpo slot: F
instdncé-16vel frame 6 (===3 iristance-16ével fraﬁé H
draw-connects slot: H ¢==sy draw-connects §lot: 6

CHECKAALL—FﬁKMéS tests fromes for thé following (optionglly int&rdctively):

Top- Ievel Frames : ‘ ‘ .

1. Does a parts, apo, instancés, or aic §lot bceidéntally appéar herse?
Mid-level Frames: » N
2. Wrong typé of input or ig&en name (e §:; numéric)?
3. 18 outpuﬁs, outplit- funct1on : or‘unité slot missing?
4. 18 any of these mi531ng its Vol
5 1s an dutput referred to iH dn output

‘deldy s16t not défined in this Frde
Thistance Frames: A
6. wWrong type of irput or Sutput name?
7. 1con plotting coordinates missing or not in (system x y) form?
All Frames:

3. is it not d frome’

9. No slots?

18. 18 d siot éempty?

11. 14 noménélatire missing?

12. S16ts of an unknown type’

Does thaot frome reférréd to id @ 816t 6f theé typs bélow rbt refer back?

N

fuﬁétions dnits, tol8rance, or
'$ butputs $iot?

13, top-level kinds Siot (===3 mid-level ako slot
14, mid-1evél indtdnces slot (2==3% instarice-1ével aio slot
15. mid/instonce levéel input glbt ¢ > mid/instunce level output slot

16. instancé-level parts sibt EEETS ifstance-1évél apo slot
17. instonce-level druw-connects tEEED ihstonce=- level draw-connects
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[setup-rd-types | [check-kb ] [mondo-consistency-checker |

[check-top-Tevel-frame | [check-mid-level-frame | [check-inst-level-frame ] |[fix-hterarchy | |check-outs |

Lcheck-aH-frames ] [check-frame=-1 | {generic-check-all-frames |

[check-frame |

’ 1
f[check-instance-slot | (Level 3) [check-mid-siot | [check-top-siot |

lcheck-mid-input-value | -
lcheck-mid-output-value |

J | icheck-mid-icon-value |
[check-mid-output-functions-facet |
[check-mid-units-facet |
[check-mid-delay-facet |
[check-mid-tolerance-facet |

Icheck-instance-input-value |
|check-instance-output-value
[check-instance-coordinates-facet |
jcheck-units-facet |

[check-delay-facet |
[check-current-value-value |

- Many modules at all levels also
cal1[MSGJto print error messages. [match-facets |
All Level-3 modules also call
{check-inverse-value. ] and |check-nomenclature-value |

Figure 3-1. Consistency Checking file hierarchy chart.



Mondo's typical printout appears in Figure 3-2a. It counts five kinds . of

‘errors (printing the tallies on the termindl screen), and repdirs them, but does
not ‘point them out to the user. As such; it is less of o tester more of o
compiler, dccepting d mere skeletoni of thé intended frames &nd - producing o
" working kriowledge bdse: Changes Mondo idkés if thé knowlédge buseé dre fot
_permanent; ond the original knowledgé bose can beé reloaded over the rephiréd ohé
1f desired. C

Check-KB's typical printout appears in Figure 3-2b. It points out syntax
errors so thaot the useér can corréct them hifmsélf (and ledrn not to make the sdmie
mistakes néxt time). Changing just @ line or two of code in Chéck-KB rediFects
its attentidr to6 any slot of interest in thé frames being tested. Check=KB's
printout 1s often leéngthy; so it is written to file KB=LISTING instéad of the

user’s §créen. Its input nomindlly comes firem file ALO-KB>ALO<H36. Both file

namés car be reddily changéed, of coursé; by Médifying its Lisp code:

Written 4n 1988 for on earlier version of KATE, Check-All-Fromes opparéfitly
doesn’t work ot all fow. But 1t§ dbility to point out 32 different kinds of
frame syntdx errors piqués many modelers® interests. (See Table 3-1 ond Par-
rish' dissertation [6] fOr Wore détailed documentation. ) Upgrading Check-Al11-
Frames to work with toddy's KATE would fréally pay premiufs in modélers’' produe=
~ tivity, dnd it should be consideréd ih any futiure KATE = eontract hegotiGtions.
when it is ready, the test plon of Appendix D will verify its performance.

KATE's configurdtion managers should keép 6 c1686+F éye ofi such poWérful modeling'

tools in the future and prevent théir obs0195cence

3.5 AUTOMATED ADMITTANCE MEASUREMENT
Workmen fréquently upset KATE'S ALO<H20 modél by &djusting hand valves in its
~ hardware méckup. WhHen dctudl ddmittances disogréé with modeled dadmittances in
her - knowledge bdse, KATE's siiuldteéd pressures and fiows differ from thosé in

the .real w6rld, arid §hé blames a hordwaré device - fdilure. - Minor ddmittonce

différences tan lead KATE to moké subtie redsoning errors that cost her moédeler
sigrificant debugging effert. After discovering the sourcée of these obseiire
errors, Hé §t111 Has to6 manual FémeasUre Voive ddmittancés Gnd edit them into
the Kri6wledgé base. KATE's ALO-H20 dicdeler neéeds & way of uutomuticaliy cali-
brating thésé framé tdmittaonces before évery deménstration:

KATE'§ cdﬁtﬁﬁi faciiity éari sét up thé s6lencid valvés in the ALO=H20 hard-
waré mockup ifi configurations that énablé mecsuring key flows ahd pressures.
Then KATE cdn use thess pressures ond flows to calculate 011 cdmittances in the
knowiedge Base dutonaticdily.

The test procédure in Appendix E éroblés KATE to diséover &1l 22 admittances

(see Table 3-2 ard Figure 3-3 for their définitions) that appsar i the ALO-H20

knowledge base frames. It can be &xécutéd o8 & control proceduré (séé similar
examples 1in the knowledge base fiié 6: >KATE>ALO-KB>CONWROL PROCEDURES) béfore

‘each rufi 6f the model. The admittdncés 6di, Gn, dnd Gp must be updated for évery

. proceduré during model eéxecution, éirice théy depénd upor valvé positions. Puip
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Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot! -’

Placing ITERATE-IT into an inversion slot!

. Placing ITERATE-IT into an inversion slot!
Pldcing ITERATE-IT into an inversion slot!

Placing ITERATE-IT into an inversion slot!

AIO errors: 27 _

INSTANCES errors: 133

AKO errors: 12

KINDS errors: 45

APO errors: 1

PARTS errors: 4

OTHERS errors: @

CONNECTION errors: 42

AIO errors: @
INSTANCES errors: §

- AKO errors: @

KINDS errors: #

APO errdrs: @

PARTS errors: @
OTHERS errors: ¢
CONNECTION errors: @

(a)

Frame RV1#2's input P-IN doesn't jibe with frame NIL's output NIL.
Frame CVi@4's input P-IN doesn’t jibe with frome NIL's output NIL.
Frame TX1@1's input TEMP-IN doesn't jibe with frame NIL's output NIL.

Frome RV181’s input P-IN doesn’'t jibe with frame NIL's output NIL.

(b)

Figure 3-2. Consistency Checkers’printouts: o) Mondo's, b) Check~KB's.
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TABLE 3-2.
ADMITTANCE DEFINITIONS

Fig. © Name[1] Definition[1] ALO-H20[2] FlowRatePres[3]
" Tank pressurization circuits.... ‘ .

AT st_vent_odmit storage tank ullage vént admittarice p.7 -

A2 st_up_admit " % " pressurization network " p.9 : -

A3 vt_vent_admit vehicle tank ullage vént admittcnee p.24 : -

A4 vt_up_ocdmit " " * pressurization network " ‘p

.25 -

Pump . circuits...

A5 pump_circuit_admit From ST to PX1@86, used by SVif4.  p.11,12 p.2
AB pumps_odmit Nonlinear flow change with pressure.p.11,12 -
A7 pump_to_4_way_admit From pumpi{or 2) to PX105. - p.1
A8 suction_line_admit From ST to PX115. - p.6
A9 recirculation_admit from PXig6 to ST. p.13 p.2
Aa recirc_line_admit From P1 to GA1@3. - p.6
Ab No name. = A9 - Aa, from above. - -
As No name. = A6 + A7, from dabove. ' o= -
Ar No naome. From PX1#5 to PX186. - -
Vehicle tank fill Circuits....

Ac transfer_ line_odmit Long piping & FCV183. p.14 p.6
Ad fast_fill eircuit_odmit SV167(8) and FM1g2. p.16 p.4
Ae final_fill circuit_admit MEV1g1 @ 33% and FM181. p.19 p.4-
Af replenish_circuit_odmit Ditto, adjust % to hold VT level. p.17 p.4

Vehicle tank drain circuits.... ‘
Ag tsm_drain_essist_admit  From PRU163 thru SV112 & SV116 to otmos p.28 -

Ah drain_admit From PX1¢8 thru SV116 to atmosphere p.18 -
Ai No name. Negligible wrt H20-carrying drain. - -
Aj nozzle_ admit "onongy11g " 0 (= 2, 5) _ p.26,21 -
Ak bleed_admit Homouogyigg v o w p.21 -
(NOTE: "tsm" = tail service mast.) '
Miscellany.

- -~ rv_odmit_max = 18 (not a measurement) P24 -
Am tank_fill_admit PX186 to VT or drain,: whichever open p.2,4 .-
An upper_fill circuit_admit PX111 to VT or drain, " - ' p.6
Ap skid_adinit From PX198 to PX111. - -

(NOTE: tank_fill, upper_fill, and skid admittances vary with procedure.)

NOTE: Comments in the following listings provided these definitions:
1.  G:>KATE>ALO-KB>CONTROL-PROCEDURES
2. G:>KATE>ALO-KB>ALO-H20
3. G:>KATE>ALO-KB>FLOW-RATE-PRESSURES
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Figure 3-3. The ALO model’s admittances: a) perspective (compore with Figure 1-

1), b) admittances labeled as they appear

in ALO‘s knowledge base frames.



admittaonces must be measured in isolation or gleaned from pump specificotions
before the admittance measuring procedure begins. This test procedure should be
coded in Lisp and added to the procedures file above to enhance the ALO-H20
model and modeler productivity.

By the way, the admittance meosurement proceduré was designed earlier to
measure only the admittances of the niné hand valves. This design was abandoned
when the modeler realized upon inspection that it would not help him calibrate
his 22 knowledge base admittances. Am I glad I completed a design before cod-
ing! The aborted design succeeded in pointing out a serious error, and. thus
served a very useful purpose. The design we abandoned also mistakenly assumed
that pipe admittances are negligiblé compared with valve admittances. Laborato-
ry researchers at Marshall Space Flight Center uppdrently still think that is
true [6].

3.6 BETTER PSEUDO OBJECTS

KATE's modelers invented pseudp objects to apprise ordinary objects of remote

pressures and flows in a complicated fluid flow circuit. The fluid flow output
of a valve, for example, depends not only upon that valve itself but also upon
the backpressure of its downstream load and the driving pressure of its upstream
fluid supply. In KATE's ALO-H20 model, PX-106 is called the "all knowing"
pressure. The rather complicated fraome of this pseudo object evidences influ-

ence of far ranging pump flows and admittonces. All other pressures and flows

in the circuit can be readily computed from the keystone pressure PX-106, with-
out the necessity of solving multiple simultoneous differentiol equations.
Equation solving takes too much time, and it would interfere with KATE’s failure
diagnosis process. [6]

A pseudo object typically starts out looking like any ordinary object (i.e.,

a frome-modeled device), but then it starts growing like a cancer. ‘Initiclly
the flow through a device may be specified as a function of only 1local pres-
sures. when modeled flows or pressures deviate from actuals, the modeler

searches for any measurable time function which correlates well with actual
flow, and then "mixes it in" with his original transfer function. These .incre-
mental improvements continue until the pseudo object’s transfer function becomes
a sort of multiple regression equation, combining the weighted contributions of
many remote flow and pressure measurements throughout the circuit. A part of
the specific opplication's knowledge base, the pseudo object describes the
functioning of only one fluid flow circuit.  But it is distinctly different from
those true objects in the knowledge base which ‘define the structure of the
circuit. . Stepchildren of the modeling process, pseudo objects do not fit well
into ‘either KATE's knowledge bases nor her shell. - Furthermore, a single key-
stone pressure cannot be found in circuits that have multiple flow loops.

I resolved . to find some alternatives to pseudo objects thaot would not run
aground of the limitations imposed by on-line equation solving. Three .alterna-
tives. are -advanced below as proposal-ready philosophical white papers. The
modelers’ evaluations follow each description.
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3.6.1 OFF-LINE EQUATION SOLVER ALTERNATIVE

If KATE needs on equation solver, but the equations aren't soluble in real
time, why not solve all the equations KATE will need off-line and feed their
anolytic solutions to KATE as she needs them? A different solved equation 1is
ploced into the modeled knowledge base for every configuration of valves (e.g.,
every ‘subprocedure in the LOX tanking procedure). Mathematica easily solves
these simultaneous differentiol equations for all modeled flows and pressures as
functions of time.

Consider the application of this technique to KATE's ALO-H20 model. During
this model’'s slow fill subprocedure, only 12 of the 26 valves are open, produc-

ing the rother simple two-loop circuit of Figure 3-4. The modeler writes the
two flow equations: :

£172 (1/0HV185~2+1/aHV187°2+1/aSV185~2+1/aF101°2+1/aCVIB4~2+1/aFM1$3~2)
+ (£f1-£2)"2 (1/aFCVIB1°2+1/0HV1B4~2) = k * RPM182, (1)
.S‘fz dt / aVT181 = (f2-f1)~2 (1/aHV184~2+1/aFV181)
+ f2°2 (1/urcv1¢3*2+1/0FM1¢1*2+1/usv111*2+1/QSV113“2). (2)

O0ff-line, Mathematica solves these for the time functions, f1 and f2, in terms
of the circuit constonts. The modeler codes f1 and f2 as pseudo object transfer
functions for KATE to use throughout the slow fill procedure. Other objects 1in

the knowledge base may refer to these flows in computing their own output pres-
sures: '

poutSVig5 = pinSVigs - f1°2 / aSV1g5~2,

or even these time functions can be computed off-line.

Solving systems of simultaneous differential equations off-line moves the
complexity out of KATE’s shell that Whitlow found she couldn't bear [8]. This
technique handles multiple loop flow models well. Constraining the valve clo-
sures of a particular modeled procedure also simplifies off-line equation solv-
ing. A smoll fraction of the original complexity (i.e., the flow time func-
tions) moves into ‘the knowledge base, where the modeler can handle it more
cleverly than KATE could in her shell. Steve laments, however, that KATE’s
diagnoser would have to been modified to accommodate this procedure. The diog-
noser currently twiddles valves, in an effort to duplicate erred hardware meas-
urements, thus 1invalidating the simplified model aoand 1its off-line solution.
Apparently these equations must be solved on-line.

3.6.2 ANALOG COMPUTER ALTERNATIVE

Is there a novel way to solve these equations on-line very rapidly? VYes,
Abelson and Sussman suggest that the equations be solved by a signal processing
onalog computer [3]. Including the tank pressurization circuits, the ALO-H20
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Figure 3-4. The simplified slow fill model.
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model in slow fill includes four flow loops. Kirchoff's Law states that the sum
of 911 the pressures around a loop must be zero. Four simultoneous equations
stote these sums in terms of the four flow rates around the loops of Figure 3-5.

Slf1 dt / Cst = £1°2 [ A1°2, | ~ o (1)
k * RPMIB1 = (£2°2)(1/AB"2+1/A6~21/A7~2+1/Ar"2) + (f2-f3)"~2 (1/A0”2+1/Ab"2),
‘ (2)

(f3-2)72 (1/A172+1/Ab"2+1/A0"2) + £3°2 (1/Ac™2+1/Ae~2) + (f3-f4)"2/A3"2 = ¢,
, (3)

(fu-f3)"2 / A3"2 = J}a dt / Cvt. ' (4)

After these equations are differentiated, a fast signal processing analog com-
puter con solve them simultaneously.

df1/dt = A1 / 2 Cst. ' (1)

df2  df3 (f2-f3) (1/A0™2+1/Ab"2) :

e B e e ————— ———————— (2)
Cdt dt 2 (1/AB~241/A672+1/A772+1/Ar~2) + (f2-f3) (1/Aa"2+1/Ab"2)

df3 [ df1 f3-f1  df2 : dfi ]

—— = [ = e 4+ ——~ (f3-f2) (1/AD"2+1/Aa"2) + --- (f3-f4)/A3"2 ] x

dt [ dt A1~2 dt dt ]

T(F3-F1)(1/A172+1/Ab 2+1/A0"2)+ F3(1/Ac™2+1/Ae~2)+ (F3-F4)[/A3~2]~-1,(3)
dft/dt = 2 df3/dt + (A3"2 / Cvt) * f4 [ (f4 - £3) (%)

Figure 3-6 renders these equations graphically as an analog computer block
diogram. Abelson and Sussman tell how to code signal processors that have
troublesome = feedback 1loops like these. Essentially they recommend that the
fedback input be a global, given some initial value. That volue is wused to

compute on output, and the output thus provides a new fedback value for the next
sampling period.

The simple multiﬁly—occumulate operations inherent in these signal processor

- difference equations run much faster than o generol purpose simultaneous equa-~

tion solver. Thus KATE's diagnoser can freely reconfigure valves on-line and
can expect to harvest accurote flows and pressure values in real time. Integra-
tors in the analog computer are inherently stable, thus combatting the conver-
gence problem Whitlow encountered with his flow solver [8]. Experiments with
Gensym*s G2 progrom, however, indicate that any equation solver obscures device

failures to some extent [6]. Is there a compromise between equation solving and
our current pseudo objects?
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3.6.2 TWO-PORT ALTERNATIVE

The final olternative strives to distribute the complexity of KATE's pseudo
objects over all the trueobjects, without requiring equation solving. The frame
of every object describes the device itself, as well as all downstream (up-
stream) objects viewed through its input (output) port. Modeled objects are
like o series of dirty windows, through which o viewer sees both the nearest
window and other windows beyond. We obtain a Thevenin’s equivalent circuit (to
embody both local and remote devices) for each viewing port of every modeled
device. Just the equivalent circuits of the two devices on either side of it
are sufficient for computing any modeled pressure.

Thevenin's Law reduces a hydraulic network of any complexity to a single
pressure source and a series admittonce. It states that the equivalent pressure
is the pressure that can be measured at the network's output. Furthermore, the
equivalent admittance is that measured at the output when all network pressure
and flow sources set to zero. (The admittance of a pressure source alone .is
zero.)

Figures 3-7 and 3-8 show how Thevenin's Law is applied to two-terminal de-
vices and pipe tees in a hydraulic circuit. Looking into the input port of o
two-port device in Figure 3-7a reveals the admittance itself and the equivalent
circuit of all devices connected to its output. Furthermore, 1its internal
admittance and the equivalent circuit of oll devices connected to its input are
visible at its output port. Thus, the device may be rendered as the equivalent
circuit in Figure 3-7b, in which its input and output admittances and pressures
may be computed.

Ain = An + Ao, Aout An + Ai,

Pin = Po, Pout Pi.

Similarly, the equivalent circuit of a pipe tee connected to the three devices
shown 1in Figure 3-8a can be redrown as the equivalent circuit of Figure 3-8b

with the following parameter definitions.

Ain

"

1/ (1/A0c + 1/Ab),

Aout

1/ (1/AL + 1/Ab),

Aby = 1 / (1/AL + 1/ho),

Pin = Po + (Pb - Po) * (Ao + Ab)"2 [/ A0"2,
Pout = Pb + (Pi - Pb) * (Ab + Ai)"2 [/ Ab™2,
Pby = Pi + (Po - Pi) * (Ai + Ao)"2 [ Ai™2.

with these definitions, we can model pressures and flows anywhere in a hy-
draulic circuit simply by referring to their adjacent devices. The affects of
all remote devices are handled recursively by equivalent circuit formulas in the
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Figure 3-7. Thevenin's equivalent of a two-port device: a) device environment, b)
equivalent device model.

287




Connected Devices

7 N /7 N .
Pi Po 2
N\ Al Ao
l .
. { Ao
( ) + Connected
Device
a OL
1 /
E
Pin —_— Pout
Ain /.\ Aout
—» IN "/ ‘——-< > \/ 1 OUT -—r
Pby
+
Aby
BY
equ:tg;;:tz’;:\"ic:h:;:gir.!’S equivalent of a pipe tee: a)‘device'envi.r‘onment. b) ’”\\

288




S

68¢

PX101
P4out
" Adout ¢ ASID PSin
- O + -
B +\/
- Flow -

Figure 3-9. Two-port modeling an ALO-H20 pressure.



connected fromes. For example, fluid flowing from tee 4 to tee 5 in a section
of KATE's ALO-H20 model (see Figures 3-9 and 1-1),

Flow = SQRT(P4out - P5in) * (A4out + ASin).

And the pressure PX181 at that node,
PX181 = Phout + (Flow / Akout)"2.

Can the two-port object model flows and pressures in multiple loop circuits,
or do infinite recursions result? No problem. Every remote device is viewed in
the same direction as the local device for which an equivalent circuit 1is
sought. Shown in Figure 3-18 is the former example in which we viewed tee 4's
output port. Looking into tee 4's output port, we see the output ports of SVig2
and tee 3. Looking into tee 3's output port reveals the output ports of SVi1§1
and HV1@3. Viewing HV1@3, SVig1, and SV182's output ports reveals the output
ports of tee 2 and tee 1 and the bypass port of tee 2. Finally, 1looking 1into
the bypass and output ports of tee 1 reveals the output port of PRU182, which is
defined. No viewing step reflects back upon the viewer; no infinite recursion
occurs in the equivalent circuit modeling process. A coding suggestion appears
in Appendix F.

The two-port alternative is attractive because it is so similar to the origi-
nal pseudo object idea. Thus it would be the easiest alternative to implement
under KATE's current architecture. It offers more precision than the ALO-H20
model’s all-knowing P1, because it exactly reflects the affects of remote de-
vices (it is not the trial-and-error result of "mixing in" correloted measure-
ments). A two-port object truly is an "object," retoining the devices' struc-
tural position in the circuit. Yet in its greater complexity, it accounts for
the modeled device'’s environment, without need to resort to all-function pseudo
objects. Like o neural network, each device is awore of its only nearest neigh-
bors, yet that is enough to model the whole circuit, os viewed in one direction
from a single point. This alternative does not obscure the affects of failed
devices as an equation solver does; thus it is more compatible with KATE's
diagnoser. It is hard to say in detail just how diagnosis might be affected by
implementing the two-port pseudo object alternative.
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v
RESULTS AND DISCUSSION

4.1 My MODEL VERIFICATION TOOLS

I oadded five useful tools to KATE's Model Verification Toolkit this summer.
The already coded transfer function curve fitter and translator will moke build-
ing new models easier, starting immediately. Documentation of KATE's three
structural consistency checkers makes two of them available right away to oll
modelers, and the more powerful third will be useful os soon as it can be en-
hanced to match KATE's new knowledge boses. Bob hos already decided to code the
my outomated oadmittonce caolibrator design in his spaore time, with or without
funding. Evidently he expects it to boost his productivity. Several stimulat-
ing discussions of the three pseudo object alternative white papers revealed
some useful ideas in the first two, even if they are not altogether workable.

The third alternative may enable KATE to embraoce multiple flow applications that
previously could not be modeled.

4.2 KATE'S FUTURE

How else can we maoke KATE's modelers more productive? There are two answers
to that question. Traditional computer-automation aids, such as Computer Aided
Design terminals, serve the end user. Mostly clerical, this modeler’s task ' can
be described in a series of very predictable steps for which KATE’s responses
are (hopefully) well known. KATE's end user needs a highly interactive grophi-
cal Knowledge Base Editor for creating fromes, a Check-All-Frames syntax checker
that doesn’t miss a thing, and more refined on-line plotting facilities for
debugging tronsfer functions. But KATE's end user hasn't shown up for work yet.
And 1it’'s o good thing, because his Knowledge Bose Editor isn’'t ready. KATE's
developer/modelers have more difficult productivity problems. Redesign and
recoding efforts (e.g., softlanding and external influences) spring up regularly
in response to modeling problems that are currently beyond KATE's grasp. Weekly
reports of these incremental changes in KATE provide evidence that she is a
prototype, not a production program.

Production programs olways pass through o Software Development Life Cycle
(see Figure 4-1) before their release to end users. The development steps along
the left of this "waterfoll® chart start with a proposal phase, and proceed to a
rapid prototyping sessions with the new customer if the proposal is successful.
The raopid prototype uses powerful computers (like Symbolics) and powerful 1lan-
guages (1ike Lisp) to quickly define required system performance ond user inter-
actions before design begins. Design occurs in three top-down phases: ' system
design to cllocate jobs to subsystems, preliminary design to find the best path
to module 1implementation, and detoiled design to specify the performance of
every software module. Coding follows. According to plans written during the
design phoses, testing proceeds from the bottom-up along the right side of the
waterfall chart. Module testers diligently seek errors in modules, so that
coders can remove them and increase product quality. Errors repaired here are
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27¢ times cheaper to fix than those found during production use. [7] In the
software integration phase, modules are added to the evolving system, one at a
time from the bottom-up, as module interface errors are discovered and eliminat-
ed. The hardware/software integration phase sees working subsystems being
" Jjoined together with a similar testing goal. " The system testing phase scruti-
nizes -the complete system's responses to user commands, looking for errors the
system engineer inadvertently designed in. Acceptance tests convince the cus-
tomer that the system is ready for production use. Instollation tests qualify
each copy of the system for work at the user’s site, or... they moy provide

content for . a new proposal. Thus begins another trip through the Software
Development Life Cycle.

For the past several years, KATE has been stuck in one proposal and rapid
prototyping cycle after another. Her errors have been costly to fix, but her
conceptual design has gradually matured to the point of convincing some that she
will be able to handle critical tasks at KSC someday. Soon KATE will win her
long-awaited ride through the Software Development Life Cycle. Folks here refer
to the event as "recoding KATE in the C language for higher speed ond 1lower
cost,”™  but you and I realize that Symbolics’ Lisp mochines are for prototyping
and that C-programmed PCs are KATE's logical target system. Given an alert
Computer Scientist as Configuration Manager, KATE will soon be as error free and
incredibly reliable os KSC's other launch equipment. She will have the pedigree
that she needs to win positions of responsibility and respect around KSC.
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Iv
CONCLUSIONS

KATE had some wonderful Model Verification Tools before I came, and now she
has a few more {transfer function curve fitter, translator, aond three documented
syntax checkers). She has the prospect of some even more powerful ones in the
foreseeable future (outomated admittonce calibrator and better pseudo objects).
Her forthcoming "recoding in C" promises a error-purging turn through the Soft-
ware Development Life Cycle. '

With NASA. and Boeing's able leadership, I have trdined myself foﬁ ‘KATE
development work next summer by: ‘

1. Surveying KATE's modelers.

2. _Coding two new Model Verification Tools.

3. Enhancing some existing tools.

4. Designing a new tool.

5. Writing white papers on a better modeling technique.
I'm already looking forward to next summer.

KATE 1s an incredibly clever artificially intelligent computer program whose
time has come. It is thrilling to be counted part of her development team Just
as she begins to turn a profit.
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