VIT A

Herb ert \Bert" Kay

, the son of Jack and Olga V eronica Kay

, was

b orn on May 1, 1959, in Boston, Massachusetts. He graduated from Belmont

High Scho ol in June, 1977. In Septemb er, 1977, he entered the California

Institute of T echnology

. He received a Bachelor of Science in Engineering and

Applied Science in June, 1981. After summering in Europ e, he b egan work

as a Development Engineer for the Hewlett-Pack ard Company in their logic

test group in Santa Clara, California. In Octob er, 1986, he to ok a p osition as

a Software Engineer at Mettler Instrumente AG, in Greifensee, Switzerland.

In Septemb er, 1988, he entered The Graduate Scho ol of The University of

T exas. On August 4, 1989, he married Margaret Clare Fletcher.

Permanent address: 302 East 41st St

Austin, T exas 78751

This thesis was typ eset

1

with L a

T

E

X by the author.

1

L a

T

E

X do cument preparation system was develop ed by Leslie Lamp ort as a sp ecial

version of Donald Knuth’s T

E

X program for computer typ esetting. T

E

X is a trademark

of the American Mathematical So ciety

. The L a

T

E

X macro pack age for The University of

T exas at Austin thesis format was written by Khe-Sing The.

111

[V an Atta, 1965] Chester Murray V an Atta. V acuum Scienc e and Engine er-

ing. McGraw-Hill, New Y ork, 1965.

[Williams, 1988 ] Brian C. Williams. Minima : A symb olic approach to quali-

tative algebraic reasoning. In Pr o c e e dings of the Sixth National Confer enc e

on Arti�cial Intel l igen c e, pages 264{ 269 , 1988.

[Yip, 1988] Kenneth M. Yip. Generating global b ehaviors using deep knowl-

edge of lo cal dynamics. In Pr o c e e dings of the Seventh National Confer enc e

on Arti�cial Intel l igen c e (AAAI-88), pages 649{6 54 , 1988.

110

complete chemical plants { i. hierarchical, structured mo delling for non-

linear planning. Computer and Chemic al Engine ering, 12(9/10):98 5{1 00 2,

1988.

[LaPelle, 1972] Roland Rutledge LaPelle. Pr actic al V acuum Systems.

McGraw-Hill, New Y ork, 1972.

[LeClair and Abrams, 1988] Steven R. LeClair and F rances L. Abrams. Qual-

itative pro cess automation. In Pr o c e e dings of the 27th National Confer enc e

on De cision and Contr ol, pages 558{56 3, 1988.

[Lewen, 1965] Gerhard Lewen. F undamentals of V acuum Scienc e and T e ch-

nolo gy. McGraw-Hill, New Y ork, 1965.

[Ric hmond et al., 1987] Barry Richmond, Steve Peterson, and Peter V escuso.

An A c ademic User’s Guide to STELLA. High Performance Systems, 13

Dartmouth College Highway

, Lyme, NH, 03768, 1987.

[Roth, 1976] A. Roth. V acuum T e chnolo gy. North-Holland, Amsterdam,

1976.

[Sacks, 1987] Elisha Sacks. Hierarchical reasoning ab out inequalities. In Pr o-

c e e dings of the Sixth National Confer enc e on Arti�cial Intel l igen c e (AAAI-

87), pages 649{654 , 1987.

[Simmons, 1983] Reid Simmons. The use of qualitative and quantitative sim-

ulation. In Pr o c e e dings of AAAI-83, pages 364{3 68, 1983.

[Skorstad and F orbus, 1989] Gordon Skorstad and Ken F orbus. Qualitative

and quantitative reasoning ab out thermo dynamics. In Pr o c e e dings of the

Thir d Internationsal Workshop on Qualitative Physics (QPW-89), 1989.

109

[F usillo and Powers, 1988] R. H. F usillo and G. J. Powers. Op erating pro-

cedure synthesis using lo cal mo dels and distributed goals. Computer and

Chemic al Engine ering, 12(9/1 0):102 3{ 103 4, 1988 .

[Jacquez, 1985] John A. Jacquez. Comp artmental Analysis in Biolo gy and

Me dicine. University of Michigan Press, Ann Arb or, MI, 1985.

[Kahaner et al., 1989] David Kahaner, Cleve Moler, and Stephen Nash. Nu-

meric al Metho ds and Softwar e. Prentice-Hall, Englewo o d Cli�s, 1989.

[Karp and F riedland, 1989] Peter D. Karp and Peter F riedland. Co ordinat-

ing the use of qualitative and quantitative knowledge in declarative device

mo deling. In Lawrance E. Widman, Kenneth A. Loparo, and Norman R.

Nielson, editors, Arti�cial Intel lig en c e, Simulation and Mo deling, chapter 7.

John Wiley and Sons, 1989.

[Kuip ers and Berleant, 1988] Benjamin Kuip ers and Daniel Berleant. Using

incomplete quantitative knowledge in qualitative reasoning. In Pr o c e e dings

of the Sevent h National Confer enc e on Arti�cial Intel lig en c e, pages 324{

329, 1988.

[Kuip ers and Chiu, 1987] Benjamin Kuip ers and Charles Chiu. T aming in-

tractible branching in qualitative simulation. In Pr o c e e dings of the T enth

International Joint Confer enc e on Arti�cial Intel lige nce, page ??, 1987.

[Kuip ers, 1986] Benjamin Kuip ers. Qualitative simulation. Arti�cial Intel li-

genc e, 29:289{ 33 8, Septemb er 1986.

[Lakshmanan and Stephanop oulos, 1988 ] R. Lak-

shmanan and G. Stephanop oulos. Synthesis of op erating pro cedures for

108

[Doyle et al., 1989] Richard J. Doyle, Suzanne M. Sellers, and David J. Atkin-

son. A fo cused, context-sensitiv e approach to monitoring. In Pr o c e e dings

of the Eleventh International Joint Confer enc e on Arti�cial Intel lig en c e,

pages 1231{ 123 7, 1989.

[Dushman and La�erty

, 1962] Saul Dushman and J. M. La�erty

, editors. Sci-

enti�c F oundations of V acuum T e chnique. John Wiley and Sons, New Y ork,

second edition, 1962.

[Duv al, 1988] Pierre Duv al. High V acuum Pr o duction in the Micr o ele ctr onics

Industry. Elsevier Science Publishers, Amsterdam, 1988.

[Dvorak and Kuip ers, 1989] Daniel Dvorak and Benjamin Kuip ers. Mo del-

based monitoring of dynamic systems. In Pr o c e e dings of the Elevent h In-

ternational Joint Confer enc e on Arti�cial Intel lig ence, pages 1238{1 24 3,

1989.

[F orbus and F alkenhainer, 1990] Kenneth D. F orbus and Brian F alkenhainer.

Self-explanatory simulations: An integration of qualitative and quantitative

knowledge. Submitted to AAAI-90, 1990.

[F orbus, 1986 ] Kenneth D. F orbus. Interpreting measurements of physical

systems. In Pr o c e e dings of the Fifth National Confer enc e on Arti�cial In-

tel l igen c e (AAAI-86), pages 113{1 17 , 1986.

[F orsythe et al., 1977] G. E. F orsythe, M. Malcolm, and C. Moler. Computer

Metho ds for Mathematic al Computations, pages 129{147 . Prentice-Hall,

Englewo o d Cli�s, 1977 .

[F ranklin, 1986] Gene F. F ranklin. F e e db ack Contr ol of Dynamic Systems.

Addison-W esley

, Reading, MA, 1986.

BIBLIOGRAPHY

[Berleant and Kuip ers, 1990] Daniel Berleant and Benjamin Kuip ers. Qual-

itative and numerical simulation : Bridging the gap. Submitted to AI

Journal sp ecial volume on qualitative reasoning ab out continuous systems.,

1990.

[Berleant, 1989] Daniel Berleant. A uni�cation of numerical and qualitative

mo del simulation. In Pr o c e e dings of the Mo del-b ase d R e asoning Workshop,

1989.

[Cheung and Stephanop oulos, 1989 ] Jarvis T at-Yin Cheung and

G. Stephanop oulos. Representation of pro cess trends { part i. a formal

representation framework. T echnical Rep ort LISPE-89-05 2, Massachusetts

Institute of T echnology

, 1989.

[Dalle Molle, 1989] David Dalle Molle. Qualitative simulation of dynamic

chemical pro cesses. T echnical Rep ort AI89{107, Arti�cial Intelligence Lab-

oratory

, University of T exas at Austin, Austin, T exas 78712, May 1989.

[de Kleer, 1977] Johan de Kleer. Multiple representations of knowledge in

a mechanics problem solver. In Pr o c e e dings of IJCAI-77, pages 299{30 4,

1977.

[DeCoste, 1990] Dennis DeCoste. Dynamic across-time measurement inter-

pretation. In Pr o c e e dings of the Eighth National Confer enc e on Arti�cial

Intel l igen c e (AAAI-90), pages 373{ 379 , 1990.

107

106

ydot(1) = -flowAB - pumptp + dleak

ydot(2) = flowAB

ydot(3) = -dleak

return

end

105

dleak = 60.*ca*(proom-p)*MQ

ydot(1) = -flowAB - pumptp + dleak

ydot(2) = flowAB

return

end

***------------------------------------------------------

*** Compute the equations.

*** A is y(1), B is y(2).

*** This equation set is for the virtual leak model.

***------------------------------------------------------

subroutine eqnsys(t, y, ydot)

real t, y(*), ydot(*)

real proom, area, Ed, M, mass, MQ, Na, oilspeed

real flowAB1, flowAB2, alpha1, alpha2, theta1, theta2

real p, pumptp, R, temp, theta, ts, volume, Ainit, Binit

real dleak, ca, leakvol

common Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h, c_l, c_h

theta = y(2)/Binit

p = y(1)*M

leakvol = .001*10.

pleak = y(3)/(MQ*leakvol)

alpha = exp(log(c_h)*theta)

f1 = 60.*area*(3.5e19*p)/sqrt(mass*temp)*alpha

f2 = 60.*y(2)/ts

if (abs(f1-f2)/f1 .lt. 0.0001) f1 = f2

flowAB = f1 - f2

if (p .GT. 40.) then

oilspeed = 250.

else

oilspeed = p*(250./39.) - 250./39.

end if

pumptp = oilspeed*p*MQ

ca = 1.5*3.1415926*1.e-6

dleak = 60.*ca*(pleak-p)*MQ

104

if (p .GT. 40.) then

oilspeed = 250.

else

oilspeed = p*(250./39.) - 250./39.

end if

pumptp = oilspeed*p*MQ

ydot(1) = -flowAB - pumptp

ydot(2) = flowAB

return

end

***------------------------------------------------------

*** Compute the equations.

*** A is y(1), B is y(2).

*** This equation set is for the leak model.

***------------------------------------------------------

subroutine eqnsys(t, y, ydot)

real t, y(*), ydot(*)

real proom, area, Ed, M, mass, MQ, Na, oilspeed

real flowAB1, flowAB2, alpha1, alpha2, theta1, theta2

real p, pumptp, R, temp, theta, ts, volume, Ainit, Binit

real dleak, ca

common Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h, c_l, c_h

theta = y(2)/Binit

p = y(1)*M

alpha = exp(log(c_h)*theta)

f1 = 60.*area*(3.5e19*p)/sqrt(mass*temp)*alpha

f2 = 60.*y(2)/ts

if (abs(f1-f2)/f1 .lt. 0.0001) f1 = f2

flowAB = f1 - f2

if (p .GT. 40.) then

oilspeed = 250.

else

oilspeed = p*(250./39.) - 250./39.

end if

pumptp = oilspeed*p*MQ

ca = 5*3.1415926*1.e-4

103

p = y(1)*M

alpha = exp(log(c_h)*theta)

f1 = 60.*area*(3.5e19*p)/sqrt(mass*temp)*alpha

f2 = 60.*y(2)/ts

if (abs(f1 - f2)/f1 .lt. 0.0001) f1 = f2

flowAB = f1 - f2

write (3,*) t, flowAB

15 format (1X, F5.2, 3(E11.5, 3X), I4)

if (IFLAG .GT. 2) goto 100

if (t .GT. timeout) then

print *, "t >", timeout

goto 100

endif

goto 10

100 close(1)

return

end

***------------------------------------------------------

*** Compute the equations.

*** A is y(1), B is y(2).

*** This set of equations is for the basic model.

***------------------------------------------------------

subroutine eqnsys(t, y, ydot)

real t, y(*), ydot(*)

real proom, area, Ed, M, mass, MQ, Na, oilspeed

real flowAB1, flowAB2, alpha1, alpha2, theta1, theta2

real p, pumptp, R, temp, theta, ts, volume, Ainit, Binit

common Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h, c_l, c_h

theta = y(2)/Binit

p = y(1)*M

alpha = exp(log(c_h)*theta)

f1 = 60.*area*(3.5e19*p)/sqrt(mass*temp)*alpha

f2 = 60.*y(2)/ts

if (abs(f1 - f2)/f1 .lt. 0.0001) f1 = f2

flowAB = f1 - f2

102

tout = t

ABSERR = 0.0

RELERR = 1.e-6

ewt = 0

eps = 0.0001

y(1) = Ainit

y(2) = Binit

C Add these lines for the virtual leak model

C leakvol = .001*10.

C y(3) = proom*MQ*leakvol

IFLAG = 1

print 5

5 format (1X, "time", 5X, "A", 5X, "B", 5X, "p", 5X, "ms")

open (unit=1, file=file//’a’, iostat=iostat)

if (iostat .NE. 0) then

print *, "Trouble opening ", file//’a’, ". Error code",

A iostat

stop

endif

open (unit=2, file=file//’b’, iostat=iostat)

if (iostat .NE. 0) then

print *, "Trouble opening ", file//’b’, ". Error code",

A iostat

stop

endif

open (unit=3, file=file//’flowab’, iostat=iostat)

if (iostat .NE. 0) then

print *, "Trouble opening ", file//’flowab’,

A ". Error code", iostat

stop

endif

10 call rk45(eqnsys, n, y, t, tout, RELERR, ABSERR, IFLAG, WORK,

A IWORK)

tout = tout + dt

print 15, t, y(1), y(2), pressure(y(1)), IFLAG

write (1,*) t, y(1)

write (2,*) t, y(2)

theta = y(2)/Binit

101

R = 62364.

temp = 280.

volume = 90.

M = R*temp/(Na*volume)

MQ = Na/(R*temp)

Ainit = (volume/(0.082*temp))*Na

Binit = 3.*area*MQ

bmax_l = 3.*area_l*MQ

bmax_h = 3.*area_h*MQ

proom = Ainit*M

ts = 1e-13*exp(Ed/(.002*temp))

c_l = bmax_h/(ts*3.5e19*area_h*proom/sqrt(mass*temp))

c_h = c_l

return

end

***--------------------------------------------------

*** Compute the behavior of the system described in

*** the subroutine eqnsys.

*** Inputs: timeout - the stop time of the simulation.

*** dt - simulation step.

*** file - output file.

***--------------------------------------------------

subroutine rootcomputemotion(timeout, dt, file)

real timeout, dt

character file *15

C Change n to 3 for the virtual leak model

parameter (n=2, mint=2, nroot=0, LW=3+6*n)

real tout, ewt, eps, y(n), WORK(LW)

integer IFLAG, IWORK(5)

external eqnsys

real Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h

common Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h, c_l, c_h

real theta, p, alpha, flowab

pressure(A) = M*A

t = 0.

App endix C

Numerical Mo dels for the V acuum System

In Sections 2.4.3 and 2.4.4, numerical mo dels of the v acuum system

were constructed. This section presents the actual mo dels used. The mo dels

were originally constructed using the STELLA system [Richmond et al., 1987 ]

on a Macintosh I I. Later, they were reco ded into FOR

TRAN-77 and run

on an HP 9000 computer so that di�erent simulation algorithms could b e

compared. The example program presented here uses the fourth-order Runge-

Kutta algorithm RK45 describ ed in [F orsythe et al., 1977 ]. The mo dels were

also implemen ted using Gear’s metho d [Kahaner et al., 1989 ] for simulation.

Gear’s metho d proved to b e more accurate and faster than the Runge-Kutta

metho ds b ecause of the sti�ness of the v acuum mo del.

call initcommon

call rootcomputemotion(14.0, 0.1, ’q2-vac-sys.rk45’)

end

subroutine initcommon

real Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h, c_l, c_h

common Ainit, Binit, Ed, proom, M, MQ, area, mass, Na, R, temp,

A volume, ts, area_l, area_h, bmax_l, bmax_h, c_l, c_h

area = 13800.

area_l = 13100.

area_h = 14500.

Ed = 20.

mass = 30.

Na = 6.0235e23

100

99

; (format t "~%Initialized")

(qsim initial-state)

;; Include this if using dynamic envelopes

; (nsim (state-nsim-struct initial-state))

(qsim-display initial-state)

))

98

((A Aroom) (Ainit Ainit))

((theta one) (1. 1.))

((area area0) (area_l area_h))

((m m0) (M M))

((mq mq0) (Mq Mq))

((bmax bmax) (bmax_l bmax_h))

;; These ranges for the real leak only.

; ((proom proom) (proom proom))

;; These ranges for the virtual leak only.

; ((mleak mleak0) (Mleak Mleak))

; ((Leak Leakroom) ((* proom (/ 1.0 mleak))

; (* proom (/ 1.0 mleak))))

((time t0) (0 0))

)

(layout (p theta flowAB pumptp mflowAB)

(speed alpha dA f*alpha nil)

(adsorbrt desorbrt nil nil nil)

(Time A B f nil)

)

)

(defun q2-vac-sys ()

(let ((*state-limit* 50)

(*perform-acc-analysis* nil)

(*check-quantitative-ranges* t)

;; Include this if using dynamic envelopes

; (*use-dynamic-envelopes* T)

(initial-state

(make-initial-state q2-vac-sys

’((A (Aroom nil))

(B (Bmax nil))

(m (m0 std))

(mq (mq0 std))

(bmax (Bmax std))

;; Add this value for leak model

; (proom (proom std))

;; Add these values for virtual leak model

; (leak (Leakroom nil))

; (mleak (mleak0 nil))

)

"Pumping out the volume")))

;; Include this if using dynamic envelopes

; (nsim-init initial-state)

97

(* 60. 3.5E19)))))

;; This function is completely dictated by the laws of gas

;; kinematics.

((M+ B desorbrt)

(upper-envelope (lambda (B) (/ (* 60. B) ts)))

(upper-inverse (lambda (g) (/ (* G ts) 60.)))

(lower-envelope (lambda (B) (/ (* 60. B) ts)))

(lower-inverse (lambda (g) (/ (* G ts) 60.))))

;; This measures the sticking coefficient.

((M- theta alpha)

(upper-envelope (lambda (th)

(- (* 2. (exp (* (log c_h) th)))

c_h)))

(upper-inverse (lambda (a)

(/ (log (/ (+ a c_h) 2.)) (log c_h))))

(lower-envelope (lambda (th)

(/ (+ (exp (* (log c_l) th)) c_l) 2.)))

(lower-inverse (lambda (a)

(/ (log (- (* 2. a) c_l)) (log c_l)))))

;; This envelope is only for the real leak model.

; ((M+ proom-p dleak)

; (upper-envelope (lambda (proom-p)

; (* 60 cleakupper proom-p Mq)))

; (upper-inverse (lambda (dleak)

; (/ dleak (* 60 cleakupper Mq))))

; (lower-envelope (lambda (proom-p)

; (* 60 cleaklower proom-p Mq)))

; (lower-inverse (lambda (dleak)

; (/ dleak (* 60 cleaklower Mq)))))

;; This envelope is only for the virtual leak model.

; ((M+ pleak-p dleak)

; (upper-envelope (lambda (pleak-p)

; (* 60 cvleakupper pleak-p Mq)))

; (upper-inverse (lambda (dleak)

; (/ dleak (* 60 cvleakupper Mq))))

; (lower-envelope (lambda (pleak-p)

; (* 60 cvleaklower pleak-p Mq)))

; (lower-inverse (lambda (dleak)

; (/ dleak (* 60 cvleaklower Mq)))))

)

(initial-ranges ((B bmax) (bmax_l bmax_h))

96

(other

;; This line is for the normal model.

; (ignore-qdirs dA flowAB mflowAB f*alpha adsorbrt))

;; This line is for the real leak model.

; (ignore-qdirs dA flowAB f*alpha adsorbrt flowAB+pumptp)

;; This line is for the virtual leak model.

; (ignore-qdirs dA flowAB f*alpha adsorbrt flowAB+pumptp

; dLeak mdLeak pLeak-p)

(m-envelopes

;; The upper envelope starts at 265, bends at 40 and hits 0

;; at 0.1. The lower envelope starts at 245, bends at 40 and

;; hits 0 at 10.

((M+ p speed)

(upper-envelope (lambda (x)

(if (> x 40.)

(+ (/ (- (* 5. x) 200.) (- proom 40.)) 260.)

(- (* (/ 260. 39.9) x) (/ 26. 39.9)))))

(upper-inverse (lambda (y)

(if (< y 260.)

(* (+ y (/ 26. 39.9)) (/ 39.9 260.))

(* (+ y -260. (/ 200. (- proom 40.)))

(/ (- proom 40.) 5.)))))

(lower-envelope (lambda (x)

(if (> x 40.)

(+ (/ (- (* 5. x) 200.) (- proom 40.)) 240.)

(- (* (/ 240. 30.) x) (/ 2400. 30.)))))

(lower-inverse (lambda (y)

(if (< y 240.)

(* (+ y (/ 2400. 30.)) (/ 30. 240.))

(* (+ y -240. (/ 200. (- proom 40.)))

(/ (- proom 40.) 5.))))))

;; This function is completely dictated by the laws of gas

;; kinematics.

((M+ p f)

(upper-envelope (lambda (p)

(/ (* 60. 3.5E19 p) (sqrt (* mass temp)))))

(upper-inverse (lambda (f)

(/ (* f (sqrt (* mass temp)))

(* 60. 3.5E19))))

(lower-envelope (lambda (p)

(/ (* 60. 3.5E19 p) (sqrt (* mass temp)))))

(lower-inverse (lambda (f)

(/ (* f (sqrt (* mass temp)))

95

; (Mleak (0 mleak0))

; (pleak (0 poff proom))

; (dLeak (minf 0 inf))

; (pLeak-p (minf 0 inf))

; (flowAB+pumptp (minf 0 inf))

; (mdLeak (minf 0 inf))

)

(constraints

((d/dt A dA))

((d/dt B flowAB))

((mult theta bmax B) (one bmax bmax))

((mult speed p pumptp/Mq))

((mult pumptp/Mq Mq pumptp))

((M+ p speed) (poff 0) (proom speed0))

((mult m A p) (m0 Aoff poff)

(m0 Aroom Proom))

((M+ p f) (0 0) (proom f0))

((mult f alpha f*alpha) (f0 alpha0 f0*alpha0))

((mult f*alpha area adsorbrt) (f0*alpha0 area0 f0*alpha0*a))

((add desorbrt flowAB adsorbrt) (g0 0 f0*alpha0*a))

((M+ B desorbrt) (0 0) (Bmax g0))

((M- theta alpha) (0 alphamax) (one alpha0))

;; Add these constraints for the normal model only.

; ((add pumptp dA mflowAB))

; ((minus mflowAB flowAB))

;; Add these constraints for the real leak model only.

; ((add flowAB+pumptp dA dleak))

; ((add flowAB pumptp flowAB+pumptp))

; ((add proom-p p proom) (0 proom proom))

; ((M+ proom-p dleak) (0 0) (inf inf))

;; Add these constraints for the virtual leak model.

; ((mult mLeak Leak pLeak) (mleak0 Leakroom proom)

; (mleak0 leakoff poff))

; ((add p pLeak-p pLeak) (proom 0 proom)

; (poff 0 poff))

; ((minus dleak mdleak))

; ((d/dt Leak mdLeak))

; ((M+ pleak-p dLeak) (0 0) (inf inf))

; ((add flowAB pumptp flowAB+pumptp))

; ((add dA flowAB+pumptp dLeak))

)

(independent m mq bmax area)

94

;;; Leak conductances for a virtual leak.

(defparameter cvleakupper 1.e-5)

(defparameter cvleaklower 1.e-7)

;;; Volume of the virtual leak.

(defparameter vleakvolume (* 10.0 0.001))

;;; ’M’ constant for the virtual leak.

(defparameter Mleak (/ (* R temp) (* Na vleakvolume)))

B.2.2 Mo dels

(define-QDE q2-vac-sys

(text "A vacuum system.")

(quantity-spaces

(p (0 poff proom))

(A (0 Aoff Aroom))

(dA (minf 0 inf))

(B (0 bmax))

(area (0 area0))

(theta (0 one))

(pumptp (0 inf))

(pumptp/mq (0 inf))

(mq (0 mq0))

(speed (0 speed0))

(flowAB (minf 0 inf))

;; This variable is only for the normal model.

; (mflowAB (minf 0 inf))

(alpha (0 alpha0 alphamax)) ; 0 needed for mult constraint

(f*alpha (0 f0*alpha0 inf))

(f (0 f0))

(desorbrt (0 g0 inf))

(adsorbrt (0 f0*alpha0*a inf))

(m (0 m0))

(bmax (0 bmax))

;; Add these variables for the leak model only.

; (proom (0 proom))

; (dLeak (minf 0 inf))

; (flowAB+pumptp (minf 0 inf))

; (proom-p (0 inf))

;; Add these variables for the virtual leak model only.

; (Leak (0 Leakoff Leakroom))

93

(defparameter area 13800.)

(defparameter area_h 14500.)

(defparameter area_l 13100.)

;;; Avagadro’s number (#molecules/gram_mole)

(defparameter Na 6.0235e23)

;;; A constant needed to convert from # molecules to pressure.

(defparameter M (/ (* R temp) (* Na volume)))

;;; A constant needed to convert from throughput in ul/sec to

;;; # molecules/sec

(defparameter Mq (/ Na (* R temp)))

;;; Soujourn time of a molecule

(defparameter ts (* 1.e-13 (exp (/ Edsorp (* .002 temp)))))

;;; Saturation pressure in microns.

(defparameter psat 76.)

;;; Max molecules adsorbed into the wall of the chamber.

(defparameter bmax (* 3 area Mq))

(defparameter bmax_h (* 3 area_h Mq)) ; 1

(defparameter bmax_l (* 3 area_l Mq)) ; 5

;;; Initial number of molecules in A

(defparameter Ainit (* (/ volume (* 0.082 temp)) Na))

(defun pressure (A)

(* M A))

;;; Room pressure

(defparameter proom (pressure Ainit))

;;; C doesn’t vary

(defparameter c_h (/ bmax_h

(/ (* ts 3.5e19 area_h proom)

(sqrt (* mass temp)))))

(defparameter c_l c_h)

;;; Leak conductances for a real leak.

(defparameter cleakupper 0.01)

(defparameter cleaklower 0.001)

92

(qsim init)

; (nsim (state-nsim-struct init))

(qsim-display init)))

B.2 V acuum Mo dels

In Sections 2.4 and 2.5.1, qualitative mo dels for a v acuum system

were develop ed. This section presents the complete Q2-augmented mo dels for

these systems. Comment lines indicate statements that are added or deleted

to the basic mo del to form the fault mo dels.

B.2.1 Constan ts

;;;-----------------------------------------------------------------

;;;

;;; Problem constants and functions

;;;

;;;-----------------------------------------------------------------

;;; Note that all pressures are in microns, volumes are in liters,

;;; times are in minutes, distances are in cm, temperatures are in

;;; Kelvin.

;;; Gas constant (in micron-liters/deg-gram_mole)

(defparameter R 62364.)

;;; Molecular weight of gas.

(defparameter mass 30.)

;;; Energy of desorption.

(defparameter Edsorp 20.)

;;; Temperature (deg Kelvin)

(defparameter temp 280.)

;;; Volume of the vacuum chamber (liters)

(defparameter volume 90.)

;;; Surface area of the vacuum chamber (sq cm)

91

(outflowa (0 inf))

(netflowa (minf 0 inf))

(amountb (0 inf))

(outflowb (0 inf))

(netflowb (minf 0 inf)))

(constraints

((M+ amounta outflowa) (0 0) (inf inf) )

((ADD outflowa netflowa inflowa))

((d/dt amounta netflowa))

((m+ amountb outflowb) (0 0) (inf inf) )

((add outflowb netflowb outflowa))

((d/dt amountb netflowb)))

(independent inflowa)

(other

(ignore-qdirs netflowb)

(m-envelopes

((M+ amountA outflowA)

(upper-envelope (lambda (x) x))

(upper-inverse (lambda (y) y))

(lower-envelope (lambda (x) (if (< x 20) (/ x 2)

(+ (/ x 5) 6))))

(lower-inverse (lambda (y) (if (< y 10) (* y 2)

(* 5 (- y 6))))))

((M+ amountB outflowB)

(upper-envelope (lambda (x) x))

(upper-inverse (lambda (y) y))

(lower-envelope (lambda (x) (if (< x 20) (/ x 2)

(+ (/ x 5) 6))))

(lower-inverse (lambda (y) (if (< y 10) (* y 2)

(* 5 (- y 6)))))

))

(initial-ranges ((inflowA ifa*) (5 10))

((time t0) (0 0)))))

(defun nsim-fill-cascade-from-empty ()

(let ((*check-quantitative-ranges* t)

; (*use-dynamic-envelopes* T)

(init (make-initial-state cascaded-tanks-w-ranges

’((inflowa (ifa* std))

(amounta (0 nil))

(amountb (0 nil)))

"Fill from empty")))

; (nsim-init init)

App endix B

Qualitativ e Mo dels and Initializations

The QSIM system used in this work is written in Common LISP

running on T exas Instruments Explorer and Symb olics 3600 machines. Sp ecif-

ically

, the examples in this thesis were run using an exp erimental version of

QSIM called NQ with release date March, 1990. The public release of QSIM

can b e obtained by request form Professor Benjamin Kuip ers, Department of

Computer Sciences, The Universit y of T exas at Austin, Austin, TX, 78712

(kuip ers@cs.utexas.edu).

B.1 Simple T ank Mo dels

In Chapters 2 and 3, purely qualitative, Q2-augmented, and dy-

namic envelop e qualitative mo dels were develop ed for the bathtub and the

two-tank cascade. As an aid to understanding the use of these metho ds, the

complete Q2-augmented mo del of the two-tank cascade is presented together

with initialization co de. Statements b eginning with a comment character

(\;") indicate statements that are included when p erforming dynamic enve-

lop e simulation.

(define-QDE Cascaded-tanks-w-ranges

(text "Two cascaded tanks")

(quantity-spaces

(inflowa (0 ifa* inf))

(amounta (0 inf))

90

89

Sorbtion This term refers to the pro cess by which gas or v ap or is taken up

by a solid. There are two typ es of sorption; absorption, in which the gas

dissolves into the interior structure of the solid, and adsorption in which

the gas adheres to the surface of the solid. These two pro cesses have

di�erent mechanisms and are therefore distinct. In v acuum engineering,

the remov al of sorb ed gases from chamb er walls is critical to prop er

op eration.

Conductance This measures the ability of a pip e or ori�ce to p ermit gas

ow. Conductance in gas ow is analogo us to conductance in electrical

ow. It is measured in liters/sec.

Throughput The throughput of a pump measures the ow rate of gas through

the pump. It is measured in micron-liters/sec. Its equation is

thr oug hput = pumpspeed � pr essur e

R This is known as the gas c onstant. It is used to convert b etween the

numb er of moles of a gas and its pressure via the formula P V = nRT .

F or pressure in microns, volume in liters, and temp erature in degrees

Kelvin, R = 62364 micron-liters/degK-mole.

N

A

This is Av agadro’s numb er. It measures the numb er of molecules of a gas

in one mole. N

A

= 6:0235 � 10

23

.

App endix A

V acuum T erms and Equations

This app endix explains a numb er of terms and equations from the

�eld of v acuum engineering and kinetic gas theory

. More details on these

terms can b e found in [Duv al, 1988 ], [Lewen, 1965 ], and [Roth, 1976 ].

Pressure The pressure of a gas is a measure of the impulse of the gas

molecules hitting the walls. Pressure is measured in a v ariety of units.

The most common ones used in v acuum engineering are torr, millibars,

and microns. The relation b etween these units is

1torr = 1:33 millibar = 1000 microns

Atmospheric pressure (more correctly termed standar d atmospheric pr es-

sur e) is de�ned to b e 760 torr. F or v acuum applications, pressures are

group ed into four ranges. These ranges are shown in T able A.1.

Range Pressure (torr)

Low and medium v acuum 760 to 10

�3

High v acuum 10

�3

to 10

�5

V ery high v acuum 10

�6

to 10

�8

Ultra-high v acuum < 10

�9

T able A.1: Degrees of v acuum and pressure ranges

88

87

One approach is to use more of the qualitative information ab out the

b ehaviors to guide the construction of extremal systems.

� Region transitions should b e integrated into the metho d.

� A metho d for tightening the predictions of the metho d is needed. At

present, the dynamic envelop e predictions are sometimes wider than the

Q2 predictions.

� Presently

, the dynamic envelop e metho d uses the results of the Q2 al-

gorithm but the reverse is not true. By integrating the two, dynamic

envelop es could b e used to further reduce the ranges used by Q2 and

p erhaps eliminate more b ehaviors. The combination of the two metho ds

could also b e used to infer trend information ab out b ehaviors for times

b eyond the end of the dynamic envelop e simulation interv al.

86

In cases where measurement acquisition is exp ensive, the increased ac-

curacy of the predictions may allow fewer measurements to b e made

and errors to b e detected so oner.

Although the v acuum systems describ ed in this thesis used qualita-

tive simulation to predict b ehaviors, they do not demonstrate the full p ower

of the qualitative metho d. One adv antage of qualitative reasoning is that it

can simulate all p ossible b ehaviors of a system that are consistent with the

given constraints. F urther, systems which exhibit discontinuities can also b e

simulated using op erating region transitions as was shown in the two-tank

cascade. Since the v acuum system mo dels had only one b ehavior each and

did not require op erating region transitions, the adv antages of qualitative sim-

ulation over numerical simulation are not as clear as they would b e with a

highly dynamic system. Another problem with the v acuum system is that it

is extremely \sti� " and is therefore di�cult to simulate with a simple di�er-

ential equation solver such as Runge-Kutta. This limited the typ e of system

that could b e simulated.

5.5 F urther W ork

The integration of qualitative and quantitative reasoning metho ds

is an area with many interesting problems. I fo cus here on extensions to the

dynamic envelop e metho d as describ ed in this thesis as well as on the e�ects

of this metho d on systems monitoring.

� The typ es of systems that the metho d applies to could b e enlarged.

As mentioned ab ove, the unrestricted use of multiplication is simple to

implement. Problems with oscillatory systems may b e more di�cult.

85

reasoning, numerical results can b e gathered even though the mo del is

not numerically precise.

� In pro cess monitoring and control tasks, qualitative mo dels can b e used

to provide a metho d for dynamically determining v ariable alarm thresh-

olds and to classify anomalous b ehavior by simulating fault mo dels.

This work has also contributed the following results :

� Qualitative simulation is a tractable metho d for simulating asp ects of

v acuum system dynamics.

� The dynamic envelop e metho d combines qualitative and quantitative

simulation so that b oth representations can b e used in problem solv-

ing. It pro duces all b ehaviors asso ciated with a particular mo del, and

it provides detailed numerical ranges for each b ehavior. Because the

qualitative simulation guides the use of numerical simulation so that

only plausible sets of initial conditions are simulated, needless simula-

tions are not run. F urthermore, the dynamic envelop e simulation can

b e conditionally applied to a subset of the b ehaviors of a mo del. This

means that its use can b e limited as computational resource demands

change. Because the envelop e systems are automatically generated from

Q2-augmented QDEs, the metho d can b e used with any existing Q2

mo del.

� In monitoring tasks, the dynamic envelop e metho d improves the predic-

tive p ower of Q2-augmented qualitative mo dels b oth in accuracy (mean-

ing that fault hyp otheses can b e more easily eliminated) and failure de-

tection time (meaning that there is more time to recover from failures).

84

stract a measurement stream into qualitative v alues and then select p ossible

b ehaviors by comparing measurement segments to states in the total envision-

ment graph. By hyp othesizing measurement errors, DA

TMI also manages to

interpret noisy sensor data. By contrast, the dynamic envelop e metho d aug-

ments the qualitative b ehavior with numerical envelop es that are guaranteed

to b ound any solution of the system and then compares the measurement

data directly

. This approach has the adv antage that distinctions b etween

mo dels can b e detected over interv als where their qualitative b ehaviors are

identical. F urthermore, by recomputing the envelop es as new measurements

are receiv ed, the b ounding solutions can b e further tightened. Measurement

faults can also b e mo deled by assuming that the measurement data itself

represents a range rather than a precise p oint.

The work on SIMGEN as describ ed in [F orbus and F alkenhainer,

1990] is also related to the work describ ed in this thesis. It, to o, generates

a standard numerical simulation by extracting the relev ant information from

a qualitative mo del. It di�ers in that it generates an exact numerical mo del

based on a library of prede�ned functions rather than generating a b ounded

mo del expressing the inexactness of the qualitative mo del. As such, it is

not particularly suited to tasks such as pro cess monitoring in which an exact

numerical mo del cannot b e found.

5.4 Conclusions

This research has underscored the following p oints of previous work

:

� Qualitative mo dels are useful for representing and simulating systems

which are inexactly de�ned. With the addition of partial qualitative

83

The �rst limitation is a sub ject for active research.

5.3 Related W ork

There has b een considerable interest in the combination of quali-

tative and quantitative reasoning. This work includes the development of

combined qualitative representations (see [deKleer, 1977, Simmons, 1983,

Sacks, 1987, Cheng and Stephanop oulos, 1988, Kuip ers and Berleant, 1988,

Williams, 1988, Yip, 1988, Karp and F riedland, 1989, Skorstad and F or-

bus, 1989] ) and the use of numerical and qualitative knowledge for pro-

cess monitoring [Dvorak and Kuip ers, 1989 ] and pro cess planning [F usillo and

Powers, 1988, Lakshmanan and Stephanop ou los, 1988, LeClair and Abrams,

1988]. The metho ds and software describ ed in [Kuip ers and Berleant, 1988 ]

and [Dvorak and Kuip ers, 1989 ] (Q2 and MIMIC) are integral parts of this

research. Recently Berleant and Kuip ers have extended Q2 to provide a sin-

gle representation for b oth qualitative and quantitative simulation [Berleant,

1989, Berleant and Kuip ers, 1990]. In their metho d, called Q3, the range of a

qualitative v ariable is narrowed through an adaptive discretization technique

that sub divides qualitative interv als. As the interv als are further sub divided,

the ranges shrink and the accuracy of the prediction increases. In contrast,

dynamic envelop es use direct numerical simulation. In particular, for an ac-

curate set of envelop e functions, Q3 can provide an arbitrary level of accuracy

by sub dividing to a �xed level of granularity . T o reach a very �ne level may

require many sub divisions. Dynamic envelop es will provide a �ne level of

accuracy with a �xed simulation cost, but only over �xed p erio d of time.

This research also relates to the measurement interpretation theories

A TMI [F orbus, 1986 ] and DA

TMI [DeCoste, 1990 ]. Both of these metho ds ab-

82

5.2 Limitations of the Dynamic En v elop e Metho d

In Chapter 3, the following limitations of the dynamic envelop e

metho d were discussed:

� When the extremal system generation pro cess successfully completes

the system can b e simulated. However, it is not always the case that

this pro cess will complete. F or instance, for the system x

0

= v , v

0

= �x,

the extremal system which contains x is x

0

= v , v

0

= �x which contains

b oth x and x terms. This typ e of equation set is common to systems

that have oscillatory b ehavior.

� Because multiplication is nonmonotonic over the real numb ers, multi-

plication of two lower b ounds which are negative may result in an upp er

b ound for the pro duct.

� The b ounds predicted by the dynamic envelop e metho d are not always

smaller than the Q2 predictions. This is b ecause the extremal systems

do not represent the same system as the QDE { they simply represent

b ounding solutions.

The third limitation is addressed by intersecting the Q2 and the

dynamic envelop e predictions. The resulting prediction is then at least as

tight as the original Q2 prediction.

The second limitation is also easy to �x. Since multiplication is a

monotonic function over a given quadrant of the real plane and the QSIM

b ehavior description has the prop erty that all signs are uniform over any

time interv al, the simulation metho d can detect when the b ehavior is crossing

a b oundary and can recompute a new set of equations based on the new

quadrant.

81

of the mo dels. In addition, Q2 included numerical ranges in its prediction of

v ariable v alues.

The Q2 algorithm relies on range propaga tion and the mean v alue

theorem to make predictions across time interv als. This metho d, while suf-

�cient to drive the range propagation metho d, results in fairly weak predic-

tions across time interv als. As a means of tightening these predictions, a

new metho d for v ariable range prediction was describ ed called the dynamic

envelop e metho d. With this metho d, ordinary di�erential equations are gen-

erated based on the QDE and are simulated numerically to get b ounds on the

state v ariables of the mo del. These v alues can then b e used to determine the

b ounds on the non-state v ariables. The dynamic envelop e metho d works with

the Q2 algorithm and uses the same information as Q2 uses. The tank mo dels

were simulated using dynamic envelop es and in all cases, the predictions were

tighter than with Q2 alone.

The Q2 system generates predictions with numeric ranges. The ex-

istence of numeric ranges p ermits the qualitative mo dels to b e used in moni-

toring tasks as the predictions can b e compared against sensor data. MIMIC

is an example of a system that uses qualitative mo dels in this way

. It con-

structs a set of p ossible mo dels for a pro cess, retaining only those that are

consistent with observ ations. Consistency is determined by simulating the

p ossible mo dels using Q2 and comparing the simulated results to the obser-

v ations. Another version of MIMIC was constructed that used the dynamic

envelop e metho d to tighten predictions. Both systems were run on two sets of

test data for the v acuum system. In b oth cases, the dynamic envelop e version

outp erformed the standard version either in accuracy of diagnosis or in sp eed

of problem detection.

Chapter 5

Conclusions and F urther W ork

5.1 Summary of Researc h Conducted

This thesis describ ed the construction of qualitative mo dels using

QSIM for multi-tank systems and the application of these mo dels in mon-

itoring and diagnosis systems. First, mo dels for some simple tank con�gu-

rations (the bathtub, two cascaded tanks, and the u-tub e) were presented.

These mo dels demonstrated that useful simulation results could b e obtained

for systems that are inexactly de�ned. Next, as an example of a real-world

application, a v acuum system of the typ e that is used in semiconductor pro-

cessing was qualitatively mo deled. This typ e of system is di�cult to mo del

mathematically b ecause the exact relations b etween mo del v ariables are sel-

dom known. A mo del of the working system, a system with a real leak, and

a system with a virtual leak were constructed.

While the qualitative mo dels gave correct b ehaviors for these sys-

tems, their predictions were fairly weak, determining only the general shap e

of the v ariable curves. F urthermore, the QSIM mo deling language did not

provide a way to relate the rates of di�erent monotonic constraints. T o over-

come these problems, the mo dels were recast using the Q2 system which aug-

ments qualitative reasoning with partial numerical information ab out mono-

tonic constraints and v ariable v alues. When simulated with Q2, the additional

quantitative information reduced the numb er of p ossible b ehaviors for some

80

79

Figure 4.5: Envelop es for the A v ariable with recomputation of envelop es

after every sensor reading.

are indep endent of time), the simulation can b e restarted using any av ailable

sensor data as an initial condition for the corresp onding mo del v ariable. If no

sensor data is av ailable for a v ariable then the range predicted by the simula-

tion so far is used. Note that b ecause the simulation assumes that all v ariables

are ranges, sensor error can b e mo deled by \blurring" the measurements so

that they b ecome a range. Figure 4.5 demonstrates the use of this metho d on

the working v acuum mo del. Note that although the predicted envelop e tight-

ens immediately after a new reading, it quickly returns to the range predicted

by the original simulation. This is due to b oth the extreme sti�ness of the

v acuum system mo del equations and the fact that there is no data for the B

v ariable (the gas dissolved in the wall). Nevertheless, these new envelop es do

provide a tighter b ound on the b ehavior and therefore represent an improved

alarm threshold for the A v ariable.

78

(a) Leak conductance [0.001 0.001]

(b) Leak conductance [0.1 0.1]

Figure 4.4: The e�ect of leak conductance on envelop e predictions (compare

with Figure 3.5).

77

Dataset MIMIC Dynamic envelop e MIMIC

Normal No mo dels eliminated REAL-LEAK eliminated at t = 4

Real leak REAL-LEAK at t = 9 REAL-LEAK at t = 4

T able 4.1: Final candidate sets for each test run. The time that the �nal

candidate set was determined is also included for cases where the candidate

set shrunk.

ther fault mo del, the dynamic envelop e version was also able to eliminate the

p ossibility of a real leak. The dynamic envelop e metho d therefore improved

the preciseness of the diagnosis for this dataset.

Both systems unambiguously identi�ed the real leak, although the

unimproved system to ok twice as long to detect it as the dynamic envelop e

system b ecause the qualitative distinctions b etween b ehaviors o ccurred after a

quantitative distinction. In this case, the dynamic envelop e metho d shortened

the time to failure detection.

This improvemen t is in part due to the magnitude of the hyp oth-

esized leak in the leak fault mo del. Figure 4.4 shows that for a leak that is

an order of magnitude smaller, the two mo dels overlap more. In this case,

it would b e more di�cult to rule out either mo del given a particular set of

sensor data. Figure 4.4b shows that for a leak that is an order of magnitude

greater, the envelop es b ecome distinct even earlier.

4.4 Recomputation of En v elop es Based on Sensor

Data

The envelop es can b e further tightened by reev aluating the envelop e

computations after each measurement. The idea here is that sensor data for

mo del v ariables can further pin down the state of the system at the time of

the measurement. Since the QDE is autonomous (i.e., the deriv ative functions

76

Blo cdiagram of the MIMICBowith broken mo dules changed from the standard diagram of the mo di�ed system used The monitoring systems were tested with two datasets { one a working system and one from a system with a real leak of 5� 10

�liters/sec there was no exp erimental data for the system, the numerical mo dels describ ed in Chapter 2 were used to the able 4.1 summarizes the results of the �nal sets of b oth systems included the \no faults" mo del when tested on the mal dataset, indicating that the data is consistent with a working However, whereas the standard MIMIC system was unable to eliminate

corresp onds to a gasket leak caused by a roughly ground seal in a pip e of 5 thecurrentsimulationstate ofeachmo delwiththeobserv v ariable of the simulation state do es not match the observ ations, then mo del is tally simulated to the next qualitative timep oint and v v alues of this new state are pro cess continues up to �xednumb erof simulationsteps at whichp oint the mo delis removedfrom candidate set if it still do es not match the observ more observ taken, the actual b ehavior of the pro cess b ecomes b etter known, and thediagnosis b ecomesmoreMonitoring theIn this section,

MIMIC is used to monitor the v acuum system scrib ed in Chapter qualitative mo dels describ ed in Chapter 2 a working mo del and two fault mo However,describ ed in Chapter since the virtual leakmo del isnotdistinguishablefrom thenormalmo del the medium to high v acuum range, it is not considered there wonly two mo dels, the mo del construction p ortion of MIMIC was removed the initial candidateset wasde�ned to include all the mo Oney with simulatingamo delofacomplex systemisthe mo del will never b e exact and therefore neither will its needed is a metho d for pro ducing the tightest b ounds p ossible for the mo ByaugmentingQ2withdynamicenvelop egeneration,weimprove themo predictionsand thus pro duce b etter b ounds for alarm o test the utility of dynamic envelop es for this purp ose, a mo version of MIMIC was constructed that could incrementally simulate envelop es for a mo del as new sensor data was votherwise functioned identically to the �rst 4.3 is a blo c

basiccycleof MIMIC.

Another metho d for monitoring complex systems is to mo del b ehavior of the system and use it to determine thresholds over p erio ds dynamic b ehavior so that continuous monitoring is p mo b e based on a structural and functional description of the system whicis simulated to pro duce b ehasimulated b ehaviors would then vide nominal v alues for the observed v ariables over of the system could also b e simulated and used for This metho d has b een used in a numb er of systems [Doyle et al.such system is MIMIC. MIMIC do es b oth monitoring and nosis by using qualitative mo dels of a pro basic cycle of the b egins by reading pro cess v ariables from the basis of these v ues, it selects a set of fault hyp otheses with which to construct and a set of Q2-augmented QSIM mo mo dels are then simulated compared to the sensor mo dels whose predictions match the serv are retained and those that do not are discarded as they do a plausible mo del for the current state of the pro cess shown graphically in Figure As new observ ations are read, the set of existing plausible mo (also called the andidate set) is tracked by comparing the v ariable v arious magnitudes and that thesystemmovessmo othly and quicklyto newequilibriumstate whenthe setp ointisccontrolareoftenbasedon mathematical formulaethattakeintoaccounttheof the pro cess, the sensors, andthe control elemenall but the systems, suchacontrolfunctioncanb edi�cult toderive

[ranklin,ormorecomplexsystems,pro cess monitoringand controlisb ecause there are more p ossible control actions and op erating mo This increased y leads to a more complex dynamic resp onse whicmeans that the system is even harder to control when changing op mo the numb er of p ossible disturbances to the system with its y (i.e., there are more p ossible comp onents that fail) and its coupling to the external environment.

There are several metho ds for dealing with this added some applications, the easiest thing to do is to simply ignore the b ehathe system b etween equilibrium a predetermined constrategy is used, and once the system settles down to an equilibrium p oincan b egin is exactly the strategy used to v acuum pump down pro system is pump ed down for some (the �xed control strategy) and once it has reached a new equilibrium,deviation from the desired pressure is measured and a new control taken (e.g., continue pumping to maintain the pressure or call the man). problem with this approach is, of course, that there are p otenp erio ds of time over which the system state is not b eing ailures during this time may even result in a catastrophic b ehavior wgo undetected until it was to late to

generalizedpro cess monitoringand controlitoring and control systems p erform these three tasks, although the constepis sometimesp erformedbyan outside agent (for instance,human invention may b e required to op en a v alve or call for service).The pro will normally have one or more op erating mo des, each corresp some steady-state equilibrium p oint of the task of the monitoring and control system is to maintain the pro cess function at equilibrium p oint in the face of disturbances and to \gracefully" change system state when the op erating mo de is cThe y of the three monitoring and control tasks v aries resp ect to the y of the underlying pro cess chemical pro cess control systems, the detection and diagnosis steps are simple.Deviations are determined by computing the di�erence b etween pro cess v ariables and a �xed set of equilibrium v alues for the v ariables oint of the Andeviation, no matter how small, is on to the control control task, however, is fairly complex in it must guarantee that the setp oint is maintained in the face of conThe key elements of such systems op erate continuously and cannot b e stopp a subset of the system v ariables and parameters can b e b ehavior of the system v aries continAgeneralpro cess monitoringand controlsystemmustkeepanamic system running ator near its optimal op eratingp oindo this,must p erform three of deviations in pro cess v ariables from their nominal v Since some deviations may b e to o small to matter, a threshold is so that deviations smaller than the threshold are are often called alarm esholds b ecause they signal imp tant evenDiagnosis of a deviation is signi�cant then it is imp ortanto determine what caused some systems, the mapping is simple and so this task may b e relativelysystems, determining the cause of a deviation may b e Control of the system to return it to nominal b ehavior based on fault complex systems with multiple faults, this mainvolvea substantial planning

Figure 4.1 illustrates the interaction b etween these tasks and pro cessfunctionwithwhich theyarepro cess

ecessQualitativmo dels can predict the b ehavior of systems over Their abilityto simulateinexact mo dels makes them a promising approacsimulating impreciselycharacterizedpro cesses such as the v acuum Chapter Augmenthese mo dels with numeric envelop es not improvetheir e accuracy but also p ermits their use in pro cess toring applications, where predictions must b e numericallycompared to from the pro MIMIC[Dvorak andKuip ers,

]systemb eenpreviously develop ed tomonitorcontinuouspro cessesusingqualitativmo chapterdescrib espro cess monitoringingeneralandthenscrib es the application of MIMIC to the v acuum pump down describ es a new version of the MIMIC system that uses the dynamic envelop metho d of Chapter

3and compares it tothe previous version of MIMIC asmeans of ev aluatingthe dynamic envelop e metho cess

Monitoring

Pro cess monitoring and control systems are of vital imp ortance applications where a system must continuously op erate in the face of cing such as chemical pro cessing, energy pro aeronautics, and automotive engine control use forms of pro cess

Normal model

Leak Q2

# molecules time, min

1e+16

1e+18

1e+20

1e+22

1e+24

0.00 5.00 10.00 15.00

of dynamicenvelop esimulationof theA v ariablefor v acuummo delsofChapter minimal system,andthesecondelement corresp ondingtonilv alue in an elementpreventsthe sp onding system from b eing simtrolisalsoonecontrolv ariable*use-dynamic-envelopesis set toT when usingdynamic envelop es and acuum The dynamic envelop e metho d was applied to the Q2-augmenv acuum mo dels of Chapter 3.5 shows a comp osite plot of the velop es for the A v The dynamic envelop e metho d improved the dicted b ound for this v plot also shows that after t = 4, is very littleoverlap b etween the real leak mo del and the other two mo Note that this separation of b ehavior v alues was not observ able in the mo dels.

nonoverlap of envelop es suggests that it should always b e p ble to detect a real leak after four minThis idea will b e pursued in next c the dynamicenvelop emetho d uses exactlythe same representation as do es Q2, there is very little additional syntax needed use the metho examples in App endix B demonstrate the use of functionsand v ariablesde�nedb elothe extremalequations can b e automaticallyare no additional v ariables needed from the QDE. In order to minimithe computation of unnecessary non-state v ariables, only those mentioned the NSIM-PARAMETERSslot are are two pro cedures that are called to use dynamic velop nsim-initializone or morensim-structs based on the QDEs used inor-statesnsim-structmaintainsthe informationneededcontrol the simfunction is normally called with state list returned by the QSIM function make-initial-state&key

:start

:stop

:sim-step

:save-step

Begin the numerical simulation using the nsim struct struct thesp eci�ed start,stop,andsimulation

Savthe evsave-step time ct is used to prevent the simlation of either the maximum or um argumenb e a two-element list, the �rst element corresp onding the QDEsunder ation, ifAand B esions suchthat�or � is a term of a al ession then

L(Aand

L(B ) must e ositive al this assumption, the pro of of Theorem 2 is Chapter 5 we describ e a metho d for removing this

Givthat the assumptions in Theorem 2 are met, the needed to construct the extremal systems is automatically generated by dynamic envelop e remains is to set the initial conditions the state v ariables and then solve the systems with a numerical di�erensolver such as Runge-Kutta or Gear’s metho d

[Kahaneret al.,or non-statev ariables, equationscan b ederived that express the v ariable terms of state v ariables and constants and these can b e solved at each ulationthe numericalsimulationdo es not relyon any prop oftheQ2solution,itcanb erunindep endently oftheQSIMthat thenumericalsimulation can b erunselectively whilestillp acomplete qualitative simcomplete simulation algorithm theach initial state of the QDE, generate its extremal

QSIM and the Q2 algorithm to generate all p ossible b ehaSimthe extremal systems numericallyfor all initial

Inthe Q2 and dynamic envelop e b ounds for each v ariable at eacsimulationtimep oin L(A�U(B <�and so Condition 2 is any x

and y

such A = L(A) andB=

(B then

L(A� U (B = A � B either

L(A) < A (B > then

L(A�

(B < A � and therefore

Condition 3 is f

= �B then g

� L(�B ) = �(B Condition 1 any x

and y

such that

(B > B then

�(B < �B and 2 is B = (B then

�(B =

�B any x

and y

sucthat

(B > B then

�(B < �B and therefore

Condition 3 is f

= A�B then g

� L(A�B ) = L(A)�L(B ).

Conditionisa problemwithConditions 2and any x

and y

sucthatL(A) < A and L(B ) < B then it is p ossible that L(A� L(B A� B HoweveifwerestrictL(A)and L(B )to thep ositivereals, whavL(A� L(B < � B Givthis assumption, Condition 2 = L(A) and B = L(B ) then L(A� L(B = � B either L(A) < or L(B ) < then, with the ab ove assumptions L(A� L(B ) < � therefore Condition 3 is same assumptions will also serve in pro of for g

� (� B f

=A � then g

� L(A � B ) = L(A) � (B tion 1 is the assumption that

L(A) and L(B ) are p ositive reals is clear that

L(A(B <

B .Given this assumption,

Condition 2 If A = L(A) and B = (B then

L(A�

L(B ) = A � B either

L(A) < or (B > B then, with the ab ove assumptions

L(A�

(B < A � Condition 3 is similar argument holds for g

� (� B of our restrictions to multiplication and division, we madd the following assumption to our f

=ctheng

� L(c)

=l ow al (c).Condition1 istriviallytrueasCondition l ow al (c)

<c or l ow al (c)

=c, Condition 3 is Nowassumethat L(A)(y

)isa minimal expressionfor A(x

L(B )(y

) is a minimal expression for B (x

), and (B )(y

is a maximal pression for B (x

If f

=(A), 2then g

�L((A))=l ow ()(L(ACondition 1 is met since no new state v ariables are intro any x

y

sucthat

L(A) < A then g

= l ow ()(L(A)) < l ow ()(A) < f

and so Condition 2 is that for all x

L(A) < Ag

< f

Now assume that for all x

L(A) = Ag

< f

if l ow () < g g

f

if l ow () = Condition 3 is satis�ed as wIf f

= (A), 2 then g

� L((A)) = l ow ()((A1 is met since no new state v ariables are intro any x

and y

such (A> A then g

= l ow ()((A< l ow ()(A) < f

and so Condition 2 is that for all x

(A> Ag

< f

Now assume that for all x

(A= Ag

< f

if l ow () < g g

f

if l ow () = Condition 3 is satis�ed as wf

= A+B then g

� L(A+B ) = L(A)+L(B Conditionanyx

andy

suchthatL(A) < A andL(B ) < B thenL(AL(B <+and so Condition 2 is any x

and y

such = L(A)andB=

L(B )thenL(A+L(B ) = A+B either L(A)

<A L(B )

<then

L(A+

L(B ) <A + and therefore

Condition 3 is If f

= � then g

� L(� B = L(A�

(B dition 1 is any x

and y

such that

L(A) < A and (B > allx

2 x

, y

isab ounded statev ariableofx

such@ g

@ y

� bound(y

) = bound(y

� bound(y

) 6= bound(y

� y

R

x

y

x

, 9

x

2x

y

6x

then g

Rf

8

g

(x)Rf

(x)or8

g

(x) = f

(xeprove the theoremforL(f

)pro offor(f

iseb eginbyprovingthetheoremfor the\ground" expressionsx

andcf

= x

theng

� L(f

) =

isab oundedstatev g

� or Condition 2, we consider two = i e have either y

= x

, in which case the third antecedent is y

6= x

in which case the �rst antecedent is 2 is 6= i Assume thaty

= x

have either y

= x

, inwhich case third antecedent is false or y

6= x

in which case g

< f

Condition 2 is Condition 3 is triviallymet since f

(x) = g

(x

L(e

(e

x x

l ow al (c al (c

(Ag2 l ow ()(L(A

()((A

(Ag 2 l ow ()((A

()(L(A

+

L(A) + L(B

(A+ (B

�

L(A) � L(B

(A� (B

�

L(A) � (B

U (A� L(B

A �

L(A) � (B

U (A� L(B

�

�(A

�L(A

ransformation rules for generating extremal

Using the ab ove pro cedure, we

= �whicrequires b oth

x.

e now show that each equation y

= g

(y

) is an extremal as de�ned in De�nition

Theorem A e an ODE system with a state variable x

whose tive quation is x

= f

(x

)= g

(y

) e the quation d by the ansformation L(f

) or (f

)= g

(y

) is an quation for x

prove this, we must show that the transformations L(f

(x

)) (f

(x

satisfy the three conditions of De�nition 2

One p ossible solution to this problem would b e to form a fourth order system in

,

x,

. Unfortunately such a system is unstable and cannot b e simulated numerically a compatiblesetof equations amounts to1) assigning anexpressiontoeachno de,and2)lab elingitwitheither anLorabutb oth. can b e done as follows a no de x

from which all other no des are reachable

Lab x

Lthe rules in able 3.3, form L(f

willassign an expressiontox

andwill lab eleachno deadjacenttox

Rep Step2foreach adjacentno deusingitslab el toselect the prop column fromable

Continthispro cessuntil allno desarelab and have extremal expressions at any p oint, a no de receivesb oth an L and a U lab then the pro This might happ en if there are cycles in the pro cess pro duces one extremal pro ducea rerun the algorithm lab eling the no de in Step 1 with a an LWhensuccessfully completed,thispro cess will pro duce twopro cessmay notcomplete, however,due tocon icting b onsome ofthev suchcases,thismetho dcannotb eexample,consider the x

= �

W assume that theQDE system is not partitioned and so thegraph is connected thetranslation pro cess, T and ADD constraints aretransformed indivision,multiplication,subtraction, and addition De�nition general equation g is one that includes only state onstant variables, aints, or aints, and whose +, - , *, or general form G of a QDE is the set of al for its state Assumption A QDE an e d so that it is ducible to a of extremal In order to generate b ounds for a system, a maximal and a equation for each state v ariable in the system must b e to �nd these systems is describ ed b elouses the functions L(e) and (ewhich take an expression and return a minimal maximalexpression as de�ned in able also return a b ound lab (designated by a lower or upp er bar in the the table, the l ow al (c) returns the lower b ound for the v ariable range of the constant cThis v alue will b e less than or equal to cfunction al (c)returns upp er b ound for the v ariable range of c. function l ow () returns lower envelop e of the monotonic function assume that if g is a of the vector y then for all y either l ow () < g or l ow () = , but l ow () � compute the extremal systems, we view the QDE as a whoseno desarethe statev ariables andwhoseedgesarede�nedby thetions x

= f

(x

) such that for each x

there is an edge from x

to each x

2 x prediction afterapproximatelyt=disparityexistsb ecausesystems are not \true" solutions of the system { they only guaranb ound the example p oints out that over a given interv al,dynamic envelop es donot necessarily provide tighter b oundsdo es Q2 at every p oint within the interv al.

1 guarantees that if extremal systems can b e found for system A then these extremal systems will b ound A, but it do es not how to generate these section describ es how the dynamic velop e metho d is implemented, with sp eci�c details on the metho d by whicextremal systems are constructed from the The steps in constructing the dynamic envelop es for a QDE the state v a general form for the this general form, construct the extremal The state v ariables are easily identi�ed as the second memb ers of D/DT constrainthe purp oses of numerical simulation, the deriv ative each state v ariable needs to b e de�ned as a function of state and indep endenv ariables the QDE normally includes other

\placeholder" v must b e \unwound" into a set of general pro cess starts the D/DT constraints and replaces each placeholder v ariable with an sion that contains no simplify the numb er of cases,

QDEs assumed to use only

D/DT, , , T, ADD, and MINUS constrain

Dyn env Q2

Amounta

Time 0.00

5.00

10.00

15.00

20.00

0.00 5.00 10.00 15.00

Dyn env Q2 Amountb Time 0.00

10.00

20.00

30.00

40.00

50.00

60.00 0.00 5.00 10.00 15.00

envelop esfor thetwotank cascadewithQ2 range diction sup erimp anexampleofthemetho d, considerthecaseofthetwoinsectionThe equations for this system are A l � l ow A(Al ow A(A� l ow B (B us assume that l is precisely known and that l ow is b bb(A) < l ow A(A< a(Aand l ow is b ounded b(A) < l ow B (B <

(B envelop e systems for this QDE are l � a( b(

� (

A l � b(A

a(A�

(B Note that these systems do not represent physically meaningful mo dels of cascade as the out ow of A do es not equal the in ow of B. They do, howevb the solutions of the QDE.

Figure 3.4 shows the plots for these twsystems together with the outline of the range predicted by envelop e for B has an \optimistic" upp er b ound with resp ect to

0 then eithery

=x

in which case by De�nition 2, Part 3 whave that R x

, or there exists some x

2 x

such that y

6= x

whichcasebyDe�nition2,Part2wehave thatRx

If 1 then by Lemmas 7 and 8 we have that (m= x

(m� m � and(Rx

(aaylorexpansionforx

andy

givx

(+"=x

"x

" x

(

j +" x

(

(+O (" y

(t+"=y

"

(

j +"

(

(+O (" assumptiony

= x

the case

N 0 we have R "x and for arbitrarilysmall"y

(+ "R x

(+ "and the two v ariables do thecase N 1, we have that all terms of the series but last are equal and so once again y

(+ "R x

(+ "and so the twv ariables do not Putting together these cases we see that y

do es not cross x

at te can now prove Theorem of Theorem that at time t

crosses x

and that this is the �rst time that any v ariable of � crosses a v ariable ALemma 2 we have that for some j 6= i y

:R

x

at t

y

R

x

at t = 0, we must have that y

crosses x

at some time t

< t

contradicts our assumption that t

is the earliest time for a crossing therefore there can b e no such

never crosses x

and � x

for all t bLemma6wehaveg

�f

andso thej thtermsofthesumsequiv alent.d(x f

=then either g

� f

(in which the terms equal) or g

6= f

this case,by

De�nition 2, Part

2(if y 6= x) Part 3 (if y = x) we have g

R f

and (N

y

g

6x

(N

x

f

The relation b etween these unequal terms is dep endent on the signs the partial deriv atives.

There are two cases to bound(y

= bound(y

By Lemma 5 we have (N

y

> 0 and so (R x

(bound(y

6= bound(y

Lemma 1 we have g

:R

=;y

f

andby

Lemma 5 we hav(N

y

y:R

x implies

�ywehav(N

y

g

R

y

x

(N

x

f

so(R

x

(e are nowin a p ositiontoprove

Lemma of of LemmaAanytwe haveeithery

Rx

or y

=x

y

Rx

thenclearly y

do es not crossx

at ttherefore,that y

=x

twocasesto= x and g� this case, � � A and soy = x for all time greater thant andso y

do es not cross x

at t9

y

6x

or9

g

6= f

Assumethat theclosestdiscrepancyo ccurs at adistancex knothat (m� x

(mfor 1 � m � that remains is to show (x

(Expanding thesetermsgivx

(@ x

()

@ x

f

(@ ()

@ y

g

By assumption (� x

(and (N

y

x

(N

x

for all j the discrepancy is at N by Lemma 6 we have g

� f

for all x

such d(x x

< NLemma4 wehavex

(N

x

=0 ford(x x

�x

(N

x

6= 0 we havethat f

�g

and so (� x

(Lemma the assumptions of emma 2, if the closest ancy x is at N then (R x

(b oth termsgivx

(@ x

()

@ x

f

(@ ()

@ y

g

romLemma7 wehave8

(N

y

x

(N

x

or each x

, there are two cases consider d(x x

� By Lemma 4 we havx

(N

x

= 0 so the jth term of the sum v d(x x

< ByDe�nition4wehavethatd(x f

< N d(x f

< equaltozeroandx

(N

x

�similarresultholds ifbound(x

) 6bound(x

een A and A discrepancy can o ccur at any no de in the graph as either a ferenceinstatev ariablev aluesb etweenAand �or a di�erenceinderiv ativfunction v

De�nition 2, Part 3 we know that iftwo deriv ativev are equalthen thederiv ativefunctionsare identicfor at f

�g

if f

is less than N awafrom x

Lemma et the closest ancy to x e at l 6= i, d(x x

< y

= x

l , if d(x x

< g

f

e now prove that a discrepancy from x will �rst a�ect N + time deriv ativeof x

we show that time deriv atives less N b e equiv alent in A and � (Lemma we show that the N deriv ativecause y

to turn towards the correct side of x

(Lemma Lemma the closest ancy en A and � is units awayx and8

1�m�;(m� x

(mprove the result by induction on N = 1thend(x x

<whichimplies� x byLemmaNow assume that the lemma is true for prove it for N that the closest discrepancy is at N our assumption, w

d(x x

�Bytheassumption thatthelemma istrueforx

(N

x

0, so this must b e d(x x

< In this case, d(x

; f

<1 by De�nition Howevesince d(x

;x

N we have d(f

x

> 0 and so by Lemma f

x

= x

(N

x

= Lemma d(x x

� bound(x

) = bound(x

) x

(N

x

� 0bound(x

6= bound(x

) x

(N

x

� 0result is proved by N 1 then the result follodirectlyfrom De�nition 2, Part Now assume that the lemma is true for seek to prove if bound(x

) = bound(x

) x

(N

x

� 0 and if bound(x

) 6= bound(x

) x

(N

x

� 0, given that d(x x

� N x

(N

x

giv@ x

(+1)

@ x

k =1

@ x

(

@ x

@ x

f

@ x

(

@ x

@ f

@ x

Lemma x

(N

x

x

= 0 and so the �rst term in parentheses is Assume that bound(x

) = bound(x

Nofor each x

such bound(x

= bound(x

), we havf

x

� 0 by De�nition 2, Part 1 x

(N

x

� by the assumption that the lemma is true for x

(N

x

f

x

eacx

such that bound(x

) 6= bound(x

) g

x

� 0 x

(N

x

� 0 so once x

(N

x

f

x

� all terms of the sum are greater eomthederivative quation forx tothederivative function x d(x x j = 1 + d(x

; x

that

(except for x

itself ) a state v ariable is always one closer to x than its deriv ative also that for any deriv ativf

, d(f

x

= 0 if and only if x

2 x

observ ation leads to following

Lemma l j , if d(f

x

6= 0f

x

= 0e now show that state v ariables further away than

N have e�ect on the time deriv ative of x

(Lemma 4) and that the b ound of x

will a�ect the sign of x

(N

x

(Lemma Lemma any N 1 and any j , if d(x x

� x

(N

x

0result is proved by = 1 then d(x x

� implif

x

x

x

0 by Lemma that the lemma is true for seek to prove that d(x x

� N x

(N

x

= this partial deriv ative giv@ x

(+1)

@ x

k =1

@ x

(

@ x

@ x

f

@ x

(

@ x

@ f

@ x

Since d(x x

� N we know that d(x x

� and x

(N

x

=0 by assumptionthatthelemmaistrueforx

(N

x

x

= 0andso�rsttermof the expressioninparenthesesis determinethev alue thesecondtermof theexpressioninparentheses,weconsidertwo

ODE systemand itsdigraph ro oted at x

in ODE e can view the ODE system as a digraph whose no des are deriv ativeand whose links p oint from state v ariables to their deriv tivfunctions (see Figure assume that the ODE system is not comp into separate systems, so for any x

, there is a path to every v ariable in the can represent the \distance" from x to any v ariable or deriv ativefunction as the minimum graph distance b etween De�nition distance om the derivative quation for x to a state able x

d(x x

x

2 x

min(d(x x

= n � and x

2 x x

statev ariableofinterestinLemmathat y

= x

at tx

�rst time deriv ative of x

thatx

�f

g

x

Theset of state v ariables thatdirectlya�ect x

(i.e., x f

(x

x

(mmth time deriv ative of x

graph distance from x to the closest b etween A and � (see

Section that N where n is the numb er of equations in the able for the lemmas and de�nitions in this The next section proves some useful prop erties of ODE systems that ob the de�nition of extremal particular, the notion of a distance a statev ariable orderiv ative function from x is de�ned and the folloprop are provorderiv ative functions further away thana�ect time deriv ative of x

or y

relative v alues of bound(y

) and bound(y

) a�ect the sign of the deriv ativeofy

Given these prop erties of systems and distances, the next provthe following prop erties Iftheclosestdiscrepancyb etween x andisatthe�rstderiv ativesof x

and y

areidentical.

the closestdiscrepancyb etweenx and is at(R x

( ordertoprovethistheorem,we�rstshow thaty

cannot crossx

giventhat y

is on the correct side of x

at some timetLemma that systems A and � e d as in emt,if8

,y

R

x

attimettheny

esnotoss x

attof are attempting to prove that y

remains on its of x

shortly after time t if it is on the correct side of x

at time tclearly true if y

(t) R x

(ty

(t) = x

(t) then we wish to show that y

(") R x

("therefore seek to identify the discrepancies b etween the twODE systems and to determine how they a�ect x

and y

. mao ccur b ecause of di�erences in the state v ariables or the deriv ative the two can determine the e�ect of the discrepancies bforming aylor expansions ab out t for x

and y

and comparing successivcan view each ODE system as a digraph whose no des are deriv ativeof the system and whose edges p oint from state v to their deriv ative functions (see Figure we cho ose no de x

(or ) the ro ot of the graph, we can describ e the e�ect of a discrepancy b etween and � as a di�erence in the v alue of one of the time deriv atives of x

and y

turn out that for a discrepancy away from x

(or ) in the (m= x

(mfor 1 � m � (R x

(for some so, by virtue their aylor expansions, y

(+ "R x

(+ "thus proving the de�nitions and lemmas in this section use the notation scrib in able notation works equally well for system � by of x and y and g and so all lemmas proved for A also for � y

x

, 9

x

2x

y

6x

g

R f

8

g

(x)Rf

(x)or8

g

(x) = f

(x)ecall g

anemal essionforf

withresp ecttox

De�nition

2statesthatg

will b eanextremal expression forf

if each b oundedstate v ariable monotonically in uences g

, 2)wheny

= x

y is onthe

\correct side" ofx, g

will alsob e onthe correct side off

, andg

isonthecorrectsideoff

atevery p ointinthestatespaceoftheNote thatif g

= f

at some p ointin the statespace then g

� f

by Part

3theDe�nitionA : x

= (xean

ODEsystem with statectorx. � : = g (y ) is an extremal system for A if, for l i, = g

(y

) is quation for x

and in l quations y

esents the same ound x

An extremal system � is comp osed of a set of maximum and mum equations such that each state v ariable of A is represented by either upp er or a lower b ounded state v ariable, but not b With these de�nitions, the following general result can b e proven Theorem A : x

= (xe an ODE �:=g (y ) e emalsystemforAthat for li, y

R

x

at t = 0for t, y

(t) R

x

(t) determinedbytheb ound ofHowever,someconditions, ittocompareexpressionsinx

andy

using thecomparisondetermined by x

and y

thiscase,the R

y

the expression (y

) R

y

(x

R

y

<if y

� also applies to a vector in which case it stands for a vector of relations sucthat for each element y

2 y , y

R x

following lemma relates to b Lemma bound(y

) 6= bound(y

) then (g

R f

) � (g

:R

=;y

f

)prove the lemma for the case bound(y

) = Lsimilar pro holds for bound(y

) = that bound(y

) = means(g

R

y

f

� (g

<f

)R

y

>able 3.1, R

y

>:R

=;y

� < andso(g

< f

) � (g

:R

=;y

f

Extremaland

De�nition A : x

= (xe an ODE system with state ctor xx

2 x, let x

= f

(x

) e the quation for the derivative of x

e x

� is the set of state variables that f

ctly ends on. Then = g

(y

) an extremal equation for x

lx

x

, y

is a d state variable of x

such @ g

@ y

� bound(y

) = bound(y

� bound(y

) 6= bound(y

� y

R

x

Dyn env

Q2

Amount

Time 0.00

5.00

10.00

15.00

20.00

0.00 5.00 10.00 15.00

envelop esfor thebathtub withQ2 range sup erimp RR

:R :R

de�nition of op State x ea state variableof someODE

epr esent the lower and er ounds on x and e le d the b ounded v ariables of xBounded what follows, y refers to either the upp or lower b ound of xfunction bound() equals L if y � and y

xThe R, R

, :R:R

represeninequalities b etween yxas de�nedinablethat y R ximplies�y :R

xalso applies to deriv ative functions such R < in g

R f

if g

is the deriv ativefunction for y

and bound(y

)=Lthese lettheirsolutions b e

(t)

A(t)resp ectively

(0) � A(0)

A(3:canshowthatforall t,

(t)<A(t)

A(t) asfollorelation b etween and AAany time t we have

< A (in which case

is clearly alowerb oundatt),

>A,or

=A

>A thenbythere must b esometime t

<t where

=Atherefore consider the case where

(t

) = A(t

) and we seek to show that do es not cross ovA at t

(A(t

)) < (A(t

at t

we must have that

< A an arbitrarily small " and thus do es not cross A at t

similar argumenshows

A(t

")>A(t

+ "and

A do es not cross A at t

The e�ect of this metho d can b e seen on the bathtub mo del of tion mo del is of the same form as Equation 3.1 where the function is � (x).

3.2 plots the envelop es de�ned b

A and p erimp osedwiththeQ2 rangepredictionsforthebaththatb oundson the system have b een tightened, esp ecially for v alues near t = and as t ! 1systems of coupled equations, the ab ove metho d can b e by noting that to guarantee that the state v ariable in Equation was a lower b ound of A we must �nd an expression for the deriv ativeof is less than

(Awhenever

= Asystems of ODEs, this may mean to minimize some v ariable A we may need to maximize some other v B .

These considerations are now

Note that in this example, the b ounding

ODEs

(Equations 3.2 and 3.3) are in instances of the QDE (Equation

3.1). In general, however, this is not the F or instance, if A

= A � then

=

B determinefrom the state and constant v information to simulate the envelop es setofstate v

A setof equationsfor thederiv ativesof thestate v ariables, and foreach\other" v envelop esforthemonotonic initialv aluesforallstate v ariablesand constanNotethat a Q2-augmentedQDE containsallofthis Sincea QDE, evena Q2-augmented one, representsa set of some metho d is neededto construct a tractable set of equations that b set of p ossible metho d describ ed here derives extremal the Q2-augmented illustratethe metho d on a simplecase, consider thesingle-v A

= (A(3:an unknown monotonically increasing

b known,computable functions such that

(x) <(x

(xforallxenvelop forA(t)b eanyparticularsolutiontoEquation\minimum"

=

(

(3:a

\maximum"

A

(A(3:

v x with deriv ative,this amounts to solving the x(t

n) =x(t

) + (t

n� t

)(t where (t

) isin theinterv al [(t

); (t

nthis interv al can b e from the v alues of y at the two surrounding timep oints, Q2 do es not need reason ab out the b ehavior of the system during [t

t

nand so its over the interv al is simply that x falls somewhere b etween the minimum maximumrange v alues of x(t

) and x(t

nforms a b ox in the x-t dynamic envel e d attempts to shrink this b ox by replacing use of the mean v alue theorem with explicit integration by using the x(t

n) = x(t

) t

nt

Sp eci�callyb ounding ordinary di�erential equation

(ODE) systems derivethe QDE are numericallyev aluated using the Q2 envelop es and the in parallel with the normal Q2 approach the b ene�ts of b oth qualitativeand quantitativereasoning as all p b ehaof the system are simulated

[Kuip ers,

1986 ], and tighter nb ounds are deduced yielding more accurate predictions of each b ehaof the goal of dynamic envelop e simulation is to determine the upp lower b ounds of every v ariable of interest in the QDE at every p oinin is done by forming a system of ODEs from the QDE simulating them using standard numerical tecdo this, the of mo del v ariables is divided into three groups;

state v ariables, constant indep endent) parameters, and \other" intermediate v ariables

(which can b

↑ . . . . . ↑ . . . . . °

                                 INFFULL [50 100]

                                 A-5 [5 20]

                                 0 [0 0]

T0 T1

A

Q2 of

onding to of using

Predictions of thee can ulate yeoutreasoner, the can these eakals. is tasks detection of nature and .that the erattempts inate the range al an plot of

Figure [tt]in the range 20] ws that and ually has de�nition it use more ly ecause in tion propagation alue ranges

[2.36e24,

[2.36e24,

[3.10e17,

[3.10e17,

[1.36e21,

[2.69e20,

of coarseis

.dels, en

.del virtual The of the al predictions is to eakness .

.range es vide timecannot predict system will e these e a that out ariable

the A(T1) the orking er subset of the the

↓

.

.

.

.

.

↓

.

.

.

.

.

°

                                 AROOM [2.36e+24 2.36e+24]

                                 AOFF [3.10e+17 3.10e+19]

                                 0 [0 0]

T0 T1

A

°

.

.

.

.

.

↓

.

.

.

.

.

°

                                 BMAX [1.36e+21 1.50e+21]

                                 B-38 [2.99e+20 8.51e+20]

                                 0 [0 0]

T0 T1

B

↓

.

.

.

.

.

↓

.

.

.

.

.

°

                                 AROOM [2.36e+24 2.36e+24]

                                 A-459 [3.10e+17 2.36e+24]

                                 AOFF [3.10e+17 3.10e+19]

                                 0 [0 0]

T0 T1

A

°

.

.

.

.

.

↓

.

.

.

.

.

°

                                 BMAX [1.36e+21 1.50e+21]

                                 B-39 [2.69e+20 1.50e+21]

                                 0 [0 0]

T0 T1

B

↓

.

.

.

.

.

↓

.

.

.

.

.

°

                                 AROOM [2.36e+24 2.36e+24]

                                 AOFF [3.10e+17 3.10e+19]

                                 0 [0 0]

T0 T1

A

°

.

.

.

.

.

↓

.

.

.

.

.

°

                                 BMAX [1.36e+21 1.50e+21]

                                 B-40 [2.99e+20 8.51e+20]

                                 0 [0 0]

T0 T1

B

of using same plots and

.dels wn 2.25b and the .for

.out these orking and virtual discussed, the at pressures that ranges while not really in

Pumping speed, liters/sec

Pressure, torr

0.00

50.00

100.00

150.00

200.00

250.00

1e+00 1e+02 1e+04 1e+06

del’s for �. equations �((c)) c�((c)) cequations to when h is all �< �for of \A" .e initial er ed in is on the surface of basic using adds information can realleak conductance range [0.001, es for ( areer Cla conductance [10�10�for the virtual del onding

↑

.

.

.

.

.

↑

.

.

.

.

.

°

. . . . .

°

. . . . .

°

                                        INF

                                        FULL [50 100]

                                        A-463 [5 20]

                                        0 [0 0]

T0 T1 T2

AMOUNTA

°

.

.

.

.

.

↑

. . . . .

↑

. . . . .

↑

.

.

.

.

.

°

                                        INF

                                        FULL [50 100]

                                        A-469 [5 20]

                                        0 [0 0]

T0 T1 T2

AMOUNTB

ank efore

↑

.

.

.

.

.

↑

.

.

.

.

.

°

                                 INF

                                 FULL [50 100]

                                 A-465 [5 20]

                                 0 [0 0]

T0 T1

AMOUNTA

°

.

.

.

.

.

↑

.

.

.

.

.

°

                                 INF

                                 FULL [50 100]

                                 A-466 [5 20]

                                 0 [0 0]

T0 T1

AMOUNTB

Both Figure of tanks delsisfor are

(speed(.(

; t(�en um eed of is 250

.for (speedwn wn The actual een(.de�ned 2.2 therefore es. holds ( ate(it is

=t) and offor (�to fall e and

(text with 0) (lambda (lambda (if x x (/ (if y y 5 del

↑ . . . . . ↑ . . . . . °

                                 INF

                                 FULL [50 100]

                                 A-462 [5 20]

                                 0 [0 0]

T0 T1

AMOUNT

↓ . . . . . ↓ . . . . . °

                                 INF

                                 N-21 [5 10]

                                 0 [0 0]

                                 MINF

T0 T1

NETFLOW

of tub functions functionera er ell as functions.initial rangesforariables as ell of Note that is to this for ery .

will use as h

.information is 2.21 tub (.and

�set wn additional has led to of viors are of tank when (A

(, this duced y viors due the .

rates of the the er to w addition, are

.The are range theprobably the

(andwidely condition[Roth,

] e rately and mass used mate equations is for of desorption [

.soise2.3 and 2.4 cesses abstracting w is ed it is at w w with t tub .and y tofurther constrain has and

[t,areciated

.ciated with h range es form [ h�functions assumed the propagation algorithm used ossible of QDE a�ecting the .ereecause as ellas simplify these statedfor

\sti�ness" problem

.[orsythe al.,.umerical ato theacuumed wn thefor this came [2.16 of data ell results thedeldata themidrange can the pli�ed pump used a .simpli�ed so could t

.to of as do gas desorption ispressure the individual a ariable that ary er particular, as mass, of wn

A

B

# molecules time, min

1e+19

1e+20

1e+21

1e+22

1e+23

1e+24

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

A

B

# molecules time, min

1e+21

3

1e+22

3

1e+23

3

1e+24

3

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

A

B

# molecules time, min

1e+20

1e+21

1e+22

1e+23

1e+24

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

Figure results for

↓ .

.

.

.

.

↓ .

.

.

.

.

°

                                 AROOM

                                 AOFF

                                 0

T0 T1

A

°

.

.

.

.

.

↓ .

.

.

.

.

°

                                 BMAX

                                 B-0

                                 0

T0 T1

B

↓ . . . . .

↓ . . . . .

°

                                 AROOM

                                 A-13

                                 AOFF

                                 0

T0 T1

A

° . . . . .

↓ . . . . .

°

                                 BMAX

                                 B-1

                                 0

T0 T1

B

↓ .

. . . .

↓ .

. . . .

°

                                 AROOM

                                 AOFF

                                 0

T0 T1

A

° . . . . .

↓ .

. . . .

°

                                 BMAX

                                 B-4

                                 0

T0 T1

B

Figure for A seal forms all), 1:5� L, of 0:liters as hosen, of the leak ws umerical 2.19 magnitude the almost tical

\A" is at eing leak has small of

The equations A�

(A;�hput(A

(A;ate(..ate(

� ate( as monotonically function of erleak 2.19c vior of there vior where brium at of this is ly vior basic is reasonable since

.othcase forms as and of 10� again, is one case system although t e or of 10� seal), 5 forhosen ws al plot that e in Figure that

Virtual second gas caused y the or .ed the esy e ecause er tenance

.aor for example). virtual di�ers a real leak a t of can itto all out it sodeled another �nite gas loadthe gas con�guration y another that t the leak can as equation ate page except hange, hanges erall e for

.in the virtual

[.with hined conductance

.erimeter L Cl= [34A] 60

Cl(ppoom microns, microns, is frommicron-liters molecules is molecules/second..to for A=�

(A;hput(A

(Aas monotonically er 2.19b vior for e y of e ori�ce ermit

Simulated

Exp1

Exp2

Exp3

Pressure, microns time, min 1e+00

1e+01

1e+02

1e+03

1e+04

1e+05

1e+06

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

.data [

]simpli�ed is high midrange are of t failures can .most of a as as in [ y hannels that the that h can e as of Aand w through et material (see actual A theof Aused acuum range 10�roughly ground up to 10�highly widths 0:1 ending on that of unit a t ed the

A B

# molecules time, min 1e+19

1e+20

1e+21

1e+22

1e+23

1e+24

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

flowAB

# molecules/min x 1018

time, min

-160.00

-140.00

-120.00

-100.00

-80.00

-60.00

-40.00

-20.00

0.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

.the of in all decreases w gas ys of alls and initially to wn til is

= ((c)c

3:10t� is ws the the umerical predicts general with time and to to y that the del a of class could the del this, the to es e cess, to del .assumptions out functional and .

not ted in del and y butand e

.than umerical del that .the although our and diagnosis relies the del the Figure the correlation this in [

]. umerical ell for oth and, olated to sure, the

↓ . . . . .

↓ . . . . .

°

                                 AROOM

                                 AOFF

                                 0

T0 T1

A

°^._. . . .

↓ . . . . .

°

                                 BMAX

                                 B-0

                                 0

T0 T1

B

* .

. . . .

*

. . . .

                       . *

                                 INF

                                 0

                                 MINF

T0 T1

FLOWAB

one of �, pumpspeed, the alue It

[al, ] The

.a system with a liter

.ute eed this, linear ximation of as surface 13800 cm the 90 as .

� alue B .hosen e 10assumes 10 is ximately 2 of that this assumption, [and of on that e the rate. � an tial

� that this balance

(text "A # in 0 out # in of pump (pumptp/mq

/ # / pump 0 gas 0 gas f0*alpha0 # on f0*alpha0*a inf)) ; # / # B) p p mflowAB A poff) p (0 alpha f*alpha)

(f0*alpha0

B desorbrt)

(Bmax (0 alphamax)

(independent del for pumpspeed , pump t to and is to N=(RNis equations A�

(A;�hput(A

(A;..ate(

� ate( hput Equation ed and Equation

2.13 ws the del for .of ts �and desorbratedA ignored hatter

A,.this to the system the pressure ofumerical basic ed kdel and a generating test cess test Chapter using f de�ned ate=�By ignoring the qdirs on these

.ulation no es tions for dA and f*alphasince primarily detailed vior A

.loss of

Pumping speed, liters/sec

Pressure, torr

0.00

50.00

100.00

150.00

1e-04 1e-03 1e-02 1e-01 1e+00 1e+01 1e+02

(from [] to as there w out of Pump can of es gas the ecause as hmark" from pressure pump and a of

.e is wn to zero is ultimate of pump and t due hanical clearances it from the er of

= (2:

[] [

, assumed gas a single er of edarea (p(p3:�10[=pT(pthe a area p the er mass

.the of gas in degrees in s/(�sec). � or that t will is of measures of sites surface an for �al studies on osition is � [ at h

.==t(2:tthe t that an .

at site (this wn sojourn time wn [t= tE=(Rtthe of

10�Eof R the gas wn a

[.hosen .for it data cess ing tests Chapter as system, al oth y vide this

, the umerical theydata [ comparison problem this the during wn .

where gas t the cess as e (see Figure The ‘A’ the gas ‘B’ the gas ed in not een of of wn of h that [ ofcess isery A om y ha certainof gas and pressure, .the the acuum the at pump the simple similar with .

the side that some ater pumps erate acuum 0.01 are to most of of ing" { a gas y .alls of the er desorbsand y increases er ecomes at [ the (10�to 10�

10�microns) there are trivial to .

gas ed

.of through thesis Desorption the cess y gases are adsorption from . k" dels hpressuresof 10�torre andas a t ng a Because this t .acuum there is a monitoring that when ofduring is during

30 can h time and can as cus The in cess is practical sorption with the is 1000 .

↑ . . . . . ↑ . . . . . °

                                 INF

                                 A-1

                                 0

T0 T1

AMOUNTA

°_{. .} . . . ↑ . . . . . °

                                 INF

                                 A-2

                                 0

T0 T1

AMOUNTB

*_{. .} . . . *_{. . . . .} *

                                 INF

                                 0

                                 MINF

T0 T1

FLOWAB

one of tsthe t

[isthese tedIn section, dels can used tis fabrication of steps as e erformed are , ultra-high acua can e e

(text 0) 0) 0 (independent netflowa

↑ . . . . . ↑ . . . . . ↑.....↑ . . . . . ↑ . . . . . °

                                        INF

                                        FULL

                                        A-405

                                        A-403

                                        0

T0 T1 T2

AMOUNTA

°_{. .} . . . ↑ . . . . . ↑.....° . . . . . ° . . . . . °

                                        INF

                                        FULL

                                        0

T0 T1 T2

AMOUNTB

efore

↑ . . . . . ↑ . . . . . ° . . . . . ° . . . . . ° INFFULLA-3970

T0 T1 T2

AMOUNTA °^{. . . . . ↑ . . . . . ↑ . . . . . ↑ . . . . .} °^{INFFULLA-4060}

T0 T1 T2

AMOUNTB

briumefore Figureviors of o in parallel so a w (see this system A(A;

(A;)(e del wn net owA, amtdi�, owABon del predicts for dition

=and (see .dels this can as in 2.10 w a of ..for .

othcase, .viors qdirs a uation wn hatter." classes ds tothe higher y algebraically of .

[] [ d, are viors to [ers more are for it algebraic from of will Using d on del still of to .the and these ossible of of �rst ws tank hing tank and thecase, with As more are added to the the e .and more

[Dalle

(text "Two ((amounta del o-tank ating gionansitionsregion based t y s clause in QDE is a .and that

QDE the new 2.5 for this ow of erating astank and tank acts is with ect A B = �QSIM predicts a o-tank system tanks tub and second �rst so is one (see Figure for A� A(AA(A

(these and umerical ulation to determine the state to ossible it the tank is assumed when ws, t the remains the um the Therefore, one o-tank a and the del ermits

↑ . . . . . ↑ . . . . . °

                                 INF

                                 FULL

                                 A-0

                                 0

T0 T1

AMOUNT

↓ . . . . . ↓ . . . . . °

                                 INF

                                 N-0

                                 0

                                 MINF

T0 T1

NETFLOW

= 0 tub

↑ . . . . . ↑ . . . . . °

                                 INF

                                 FULL

                                 0

T0 T1

AMOUNT

↓ . . . . . ↓ . . . . . °

                                 INF

                                 N-0

                                 0

                                 MINF

T0 T1

NETFLOW

←

0 exactly when

↑ . . . . . ↑ . . . . . ↑

                                 INF

                                 FULL

                                 0
T0 T1

AMOUNT

↓ . . . . . ↓ . . . . . ↓

                                 INF
                                 N-0
                                 N-1
                                 0
                                 MINF
T0 T1

NETFLOW

ub of Figure the of ulating the tub condition .= 0 � three viors hingecomes full, when or, due y in the relation � (text 0) del (Afunction t tank cases where the and tually e ed

.for wn w increasing of ater in t stands set ossible monotonically increasing functions (including es any of of is general than .

a eci�c alue for

QSIM .algorithm generating completeinitial states) initial then a and �lters

.tellas .t states cycles a of a of teed of it generate ones [ description ariables uniform y can at t

.simplest tal system the terms, cess ws w a w through the equation that determines the tub A= (Astate if al (i.e., is considered to e of ery qspace set oints

These ts are generated y QSIM the called qval.esthe of and on del ondthe equationsamathematical e), .out ow).and osition, city)t h ((e decreasing((de;

etainofvalues constrain alues in y with is a monotonically increasing Also, a .of onds of this as ( e) with onding (0state the initial stateall initial states are state t together a a tial equation QDE tysical in In del,tsariables can e the .the of , and er of (and real e therefore abstraction mathematical and a tial tion is to y a del t of

.del osed A and their .a a space an of ely on the real a of for is y time ariable e a landmark een o in qspace to qmag

(or qdir) of ariable canthe or and deling t e cesses e that out other .at based .

cessinthe jargon ulation, .dels and �elds substances al

.and ws rates, and planning the substances and t and hapter duces reasoning QSIM dels thenan cess in the tal y.dels e using the QSIM [dels and .

inconsiders ing as to e as of can in de�nes d and .that uses

.theon results out inexact d then to e monitoring problem the area { of of ulti-tank dels QSIM with to of discusses ving of time y a \dynamic systems reexamined using the and alue d comparing of with.of and future to esystem,sameas a al wn, edel of system,

.in a this is ducing e viors a single of and ulation deling and ulation vide a reason out .of reasoning systems the [ of of ordinary tial equations of the to as tial equation QDE. ulation of for These teed ODE algorithm has use umerical information addition more Q2 [and range ranges a system er a has as

[and .e cess MIMIC of the a system ell eci�c of and of sensor to of is capable monitoring for do its are ose to .

propagation eration system.

.these s often to of a detect from ating of to detect deviations construct a of based theoretical empirical standing and the of to .of read from dels .y can y equation y hof the y not to al and actual an can sometimes es a the of on this not for systems dynamics[ reasoning ulating with diagram with dules hanged standard : : predictions ..: : : : : : : : : : for with of after

: : : : : : : :

and [: : : : : : : : : : : : : [

: : leak .: : : : : : : : : : results acuum : :

: : del

: : : : : : : of using : : : : viors cascaded using : : eed : : : : : : : : : viors and virtual leak : : : of using : : : : for range osed. : : : : : : : : : : : : : and digraph x: : : for o cascade Q2 : : : : : : : : :

dynamic the A .of : : : : : : :

and : : of

: : : : : : : : : : : : del

: : : : : : : of : : : : : : : : : : : : : : : : : del o-tank : : : : : viors of : : : : : : : : : : : : : : del e. : : : : : : : one : : : : : : :

wn a

: : : : pump eed e (from [] del : : : one acuum .: : :

umerical ulation of in all decreases w is out y ery o egins wn til is : : : : :

ranges of : : : : : : : : : : for

.: for equations. : for time that the candidate included for the shrunk. : : : : : : : : : of and .: : : : :

: : : : : : : of : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

dels and ank : : : : : : : : : :

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

dels: : : : : : : : : : : :

: : : : : : : : :

: : : : : : : : : :

a�ecting : : : : : wledge e

: : : : : the e

: : : : : : : : : : : : : : : : : : : : : : : : : : : : :

State : : : : : : :

: : : : :

ODE Systems : : : : : : : :

een: : : : : : : : : : : : : : : : : :

of extremal : : : : :

: : : : : : : : : : :

: : : : : : : : : : : : : es acuum : : : : :

cess : : : : : : : : : : : : :

: : : : : : : of : : : : : : : of es Based on : : : : : : : : : : : : : :

of of and : : : : : : : : : : : : : : : : :

t : : : : : : : : : : : : : : : : : : : : : : : of a del : : : : : : : : : : : : : : : ank : : : : : : : : : : : : : : : : : : : : o-tank

: : : : : : : : : : : : : : : : : : : : :

the eReasoning , of part IRI-8904454, .

Ganced and the y of at ,

GNOSIS WS

Graduate of exas of for MASTER OF

GNOSIS WS ervisor: