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1. INTRbDUCTION

. The behavior of fanlt-tolerant computing systems.can be modeled
as continuous~time Markov processes on large state spaces. Calculation
of reliability is equivalent to computing transient probabilities of
states of the Markov process corresponding to system failure. The state
spaces are often very large, and thus efficient computaticnal methods
are required_in order to .alculate state probabilities. The CARE III
approach has been developed to solve this problem; it is presented by
Stiffler, Bryant, and Guccione (8] and further discussed by Trivedi and
Geist [9]. The "randomization" technique is an alternate approach which
is of considr -ble interest in its own right and which will be useful in
validating the CARE III approach for systems with moderate state spaces.

The vandomization modeling and computational technique will be

illustrated on a simplified model of a fault-tolerant system consisting
of three compohents similar .to one presented by Trivedi and Geist [9].

Figure 1 shows the behavior of a single component. Initially the component

\
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The randomization technique for computing transient probabilities
of Markov processes is presented. The technique is applied to a Markov
process model of a simplified fault-tolerant computer system for illus-
trative purposes. It is applicable to mucli larger and more complex
models. Transient state probabilities are computed, from which reli-~
abilities are derived. A new accelerated version of the randomization
algorithm is developed which exploits "stiffness” of the models to gain
increaged efficiency. A great advantage of the randomizaton approach
is that it easily allows probabilities and rellabllitles to be computed
to any predetermined accuracy.
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Figure 1.--Single component veliability

model: state space,

transitions, and rates.
is fault-free, but after an exponential holding time with rate ) an
"active" fault occurs. From the active state the fault may become "be-
nign" and later become active and continue alternating between active
and benign, TFrom the active state the fault may be "detected" (by diag-
nostics) or generate an "evror." ‘This error may lead to detection of
the fault and system reconfiguration or to "failure" of the system.
Figure 1 shows the six states of a component, the possible transitions,
anc the rates-at.whinh they occur.  We shall apply the-randomizatiou
procedure to a system consisting of three independent components. The
state space of the three-component system is shown in Figurc 23 also

shown are the possible transitiens of the Markov process and their rates.

" The model has 18 states and 31 transitions. The sht {¥, AA, AE, BF, FD,

XXA} is defined as "system failure," and the goal is to compute the

SR SR e 11 | N
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Tigure 2.--A three~component system relialbility model:
state space, transitions, and rates.

pfobability of absorption of the preocessin this set at time L'I , the

3
mission completion time. Note that this model is similar to one pre-

sented by Trivedi and Geist [9, p. 46]. It has a small state space, but

it serves well as an illustrative example. The randomization technigque
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can be efficiently applied to models with much larger state spaces. It
should be useful in analyses of two fault-tolerant computing systems
developed under NASA sponsorship: SIFT [10] and FTMP [5].

The papér is structured as follows. Section 2 contains the stan-
dard randomization algorithm for computing transient probabilities of
Markov processes. In Section 3 a new accelerated version of the random-
ization procedure is developed; it explﬁits the fact that models of many
fault-tolerant computing systems are "stiff," i.e., the model has very
fast and very slow transition rates. Section 4 gives computational re-
sults for the standard and accelerated algorithms applied to ten differ-
ent versions of the three-component moﬁel of Figure 2. Section 3 con-
tains summary comments and a brief discussion of other approachas, Two
appendices contain listings of FORTRAN programs of the two algorithms.
Additional information on the randomization technique may be found in

Gross and Miller [3].

2, THE STANDARD RANDOMIZATION ALGORITHM

Let {X(t), t 2 0} be a continuous-time Markov process on a
finite state space S = {1,2,...,m} . 'The state probability vector at
time t is denoted TW(t) = Cnl(t), nz(t), ress ﬂm(t)) , where ﬁs(t) =
PCX(t) = s] , 8 €S . Two different characterizations of the stochastic
nature of {X(t), t 2 0} are ugeful: (i) the infinitesimal generator
and (ii) a randemized Markov chain.

All Markov processes can be characterized by an inditial discribu-

tion W(0) and an infinitesimal generator
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" The qij's are the transition rates which are depicted in Figures 1 and
2. The infinitesimal generator Q seems to be the most natural way to
describe the stochastic nature of the Markov models of fault-tolerant
computing systems.

Any Markov process on a finite state space can be represented as

a discrete time Markov chain "randomized" by a Poisson process. Define

A = max q. (2.1)
ieS *
and
; ) : .
co P=Q/A+1I, (2.2)

where I is the ddentity matrix; P d1is a stochastic matrix. Let
{Yn, n=0,1,2,...} be a Markov chain on § with transition matrix P

and initigl.distribution j(O) . Let {N(t), t =0} be a Poisson pro-

cess with rate A which is independent of {Yn, n=0,1,2,.,..}

Then
{YN(t)‘ t 2 0} is a Markov process with generator @ and initial dis-

tribution u(0) and hence is probubillstically identiecal to <X(t), t = 0}

-5 =
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(The relationship between sample paths of {Yn’ n=0,1,2,...},
{N(t), t 20} , and {YN(t)' t 2 0} d4s shown in Figure 3.) This con-
struction makes it possible to compute transient probabilities of a
Markov process with generator Q from transient probabilities of a
Markov chain Y with transition matrix P and a Poisson process N
with rate A . The transient probabiliries of Y are denoted é(n) =
C¢l(n), ¢2(n), veey ¢m(n)) , where ¢s\n) = PCYn = g) , s€8 . The
randomization formula is

=]

P(X(t) = s) P(X(t) = s | 8(t) = n) P(N(E) = n)

n=0

= 7 P(Y_ = s) P(N(E) = n)
n=0

or equivalently,

'
[++]

ae) = pn) 2

n=0 ~

(At) (2.3)

See Gross and Miller [3] for additional discussion and details. (Equa-
tion (2.3) can also be found in Cinlar [1, p. 259].)

The infinite series in Equation (2.3) must be truncated for com-
putational purposes. Let
k =At

n
T(g,t) = min[k: P(N(E) > k) € g] = min[k: ;e 1ﬁAt)
' : . n=0 )

>1-¢€ (2.4)
where € equals the acceptable error (specified by the user). The com-
putiecdional version of Equation (2,3) is

r{e,t) e-At(At)n

ALY = Yoood)
” n=0 =

(2.5)

!

Truncation of the infinite series invelves a probability loss of at most
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Figure 3.--Example of randomization: Markov chain Y , Poisson process
N(t), and randemized chain X(t).

- € , thus all probabilitics (of states or subsets of states) will have an

error between -g and 0. Note that the rvandemization formula (2.3)

- reduces the caleulation of transient probabilities of a Markov process
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to those of a Markov chain and underlying Polssun process, both of which
are more amenable to exact numerical evaluation,

The ¢'s are computed recursively using the relation from stan-
dard Markov chain theory:

$(0) = m(0)

‘ . (2.6)

g(n + 1) = o(o)P , n20,
(Note that Equatiom (2.6) involves only nonnegative numbers, a fact
that contributes to numerical stability of the algorithm.) The matrix
P 1is usually sparse and thus the above matrix multiplication should be
performed by an appropriate algorithm. Such a multiplication algorithm
is described by Gross and Miller [3]. The number of operations in this
algordithm is propoftional to the sum of the number of states and the
number of transitions, e.g., 49 for the system of Figure 2. The programs
in the appendices use this multiplication algorithm.

In short, the standard randomization computational algorithm com-
putes A and P from the generator Q using (2.1) and (2.2), respec~
tively., It computes the truncation point T(e,t} from (2.4), then the
Q(n)'s using (2.6) recursively, accumulating in Equation (2.3) to give
Ea(t) . This algorithm was applied to ten versions of the model in Fig-

ure 2. The results are summnarized in Section 4.

3. AN ACCELERATED ALCGORITIM USING SELECTIVE RANDOMIZATION
A close investigutioﬁ of the standard randomization algorithm
and the model of the three-component system in Figure 2 suggests a way
to speed up the algorithm for this lkind of model, In the three=component

model states 0 , D, and DD have very long mean holding times because

ORIGINAL PAGRE [
-8 - _ OF POOR QUALITY,
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the component failure rate A is very small, All cther nonabsorbing
states have much shorter holding times. The absorbing states have infi-
nite holding times, The process {X(t), t 2 0} spends most of its time
in the stotes with long holding times. The Marikov chain {Yn; n=20,1,...}
tends to sit in these states for many occurrences of t)e underlying Poisson
process {N(t), t = 0} , making a null transition at each occurrence,
By eliminating the computation involved in these null transitions for
the states with the longest holding timeé, the speed of the algorithm
can be increased,

Consider a modification of the model for the three-component system
of Figure 2, The states AD , BD , ED , DD, FD , and DDA are each
split into two states in order to distinguish whether or not the first
fault 1s detected before the second fault occurs. The modified model is
shown in Figure 4; it has 26 states and 42 transitions. This modification
reveals (in Figure 5) a special block tree structure which can be ex-
ploited in an accelerated randomization algorithm. The structure con-
.sists of the process alternating between states with long holding times
(Sl’ 53, SS’ and S9 in Figure 5) and short holding times (52 and 84),
not recurning to any subset after leaving it, and f£inally being absorbed
into a terminal set of states (SG’ S7, 58’ Slo). Larger, more realistic
models of many fault-tolerant systems will tend to have this same struc-
ture. Such a model is depicted in Figure 6. States with no undetected
faults will have leng holding times while those with undetected faults
will be short. (Systems that countain processes with significantly dif-
ferent time scales are called "seiff" in the litevature on differential

equations.)

n
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Figure 4,--Three-component system reliability .
model: modified state space with
tree structure,
The acecelerated randomization algorithm is based on a semi-Markov
process representation of the Markov precess {X(t), t = 0} + (Ross
{7] presents Markov processes as a special case of semi-Markov processes.)
This representation 1s also an extension of an idea called "selective

randomization' by Melamod awl Yadin [6]. Selective randomization is

- 10 -
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Figure 5,--Block structune of modified state space of
three-component system relinbility model.

similar to randomization execept that thg Markev chain is randomized by a

.Poisson process only while it is in a subset SR ‘of the state space § .

The Markov chaln is given arbitrary exponential holding times for the

set 8% = § - 8, of exceptional states. (In the model. of Ffgures 4 and

R

5, SR=S2U84 .} Let

- 11 -
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Figure 6.--Trec~like state space and transitions for a general model of
Fault~tolerant computexrs. (The initial state and states with
all faults detepcted have very long mean holding times. States
with undetected faults have very short mean holding times.
System failure states have infinite holding times.)

A= max q. = max dg ' (3.1)

scsR seS

and define a substochastic transition matrix DP* ,

q. .
TSR Le sy
”i,“*lﬁi-i-a q, > 0, 1 € 8% (3.2)
Ay i g 7 e 2R _ '
= T 3
\0 qi 0, i & &% ,

=12 -
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Then {X(t), t 2 0} can be characterized as a semi-Markov procéss with
transition matyix P% and exponential holding times with rates {ri,

i € S} , where r, = A for ie 8, and xr, = q for 1 & 8% . (Thus

the process is uniquely determined by m(0) , P* , A, and {qi, ie 8%} )
Let {Zh’ n=0,1,...} be the embedded Markov chain with substochastic
transicion matrix P#* , and let N*%(t) equal the number of transitions of
Z in [O,f] , noting that 2 may make transitions 1 =+ 1 for i e SR but
not for i € S% . Denote the transient probability vectors for 2 by

‘ ¥(n) , i.e., P(n) = C¢l(n), cevy wm(njj , where ws(n) = P(Zn = 5) .,

The processes Z and N* are dependent. The selective randomization

formula is

o

L p(x(e) = s, NA(L)

n=0

P(X(t) = s) 1)

It

s, N#& () = n)

u
it~18
~
[
]

=0 1
(3.3)

I
Ir

o
1 P(Z.
=0 n

g) l’CN*(t) =1 | Zn = s:)

It

) @Scn) P(N*(t) = n | z_ = s)

n=0
The accelerated randomization algorithm is based on Equation (3.3). The
U's can be coﬁpu?cd fecursively, |
w0y = u(0)
Yo+ 1) = Yn)r*

- (3.4)

In addition the quantities PCN*(C} = u.] Zn =-s) must: be computed, o
the infinite series in Equation (3.3) must be truncated to achieve the

desired numerical nccuracy.

- 13 -
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We note, for each subset S, of 8§ din Figure 5, that

PCN*(t) = | Z“ = s) , 8§ E Si » takes a constant value; for

i = 1,2,---,10 3y

s) ’ s €S

Ai’n(t) = P(¥%(t) = n | Z L
for n amnd s such that P(Zn = g) # 0 . Thus to use Equation (3.3)

it suffices to compute Ai,n(t) » £ =1,2,..,.,10 . As an example, con-
sider ‘Aa,n(t) ; this also equals the probabiIity of {N¥%(t) = n} given
{x(t) € SA} occurs, A typical sample path dgpicting this situation is
shown in Figure 7. 1In order to compute the probability of n oeccurrences
in [0,t] we revert to the standard randomization construction: the
holding time in state O has an exponential distribution with race 3A .

In the standard randomization, PO,O =1 = (3\A) = (A - 3A)/A and

pO,A = 3A/A, and thg transition to A will wzeur on the (i 4+ 1)st
occurrence of the underlying Poisson process with probability

A n A - 3A)/A)i , 1 =0,1,2,... . Similarly the holding time in
state D has an exponential distribution with rate 2\ and the process
will leave D after being'there for exactly j occurrences of the un-

derlying Poisson process with probabilicy (ZA/A)C(A - ZA)/AJj

n}

can occur, depending on the number of occurrences of {N(t), t 2 0}

j =10,1,2,... . Consequently uli:re are many ways that {N%(t)

that happen while {X(t), t > 0} is holding in O or D. Combining all

these facts gives

- 14 -
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Holding in Poisson Holding in Poisson
State O, Process State D, Process

T0 {rate A) TD (rate A)

Flgure 7.--A typleal sample path of process on modified
state space for three-component systenm.

[20] o0 1
A4,n(t) = EO JE %% (Ajek) 2 (A ZA) P{N(t) = n+it]}
= of °f ﬂ(n ;\)1 A(A ZA) oM iy I
1=0 j=0 A (bt ) !

ax M A YL Cane o -ac (A-h,\)cl
A J\A-2x e - e kgo

) ( A )“‘1 VY “El (=301 ]
A-3A k=0 . k!

Then analysis of Al '(t) Eor other scts is based on the same prineciple.
’

~ These quantities are:

- 15 -
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Al,n(t) = e ! n=0,
3A n

Az’n(t) = T 33 f.?l(n) r ne2l ’

N LS _aan-l oo >
AB,n(t) 3a2 fz(n) 3a3 fa(n) . nz2,

- 22 ! >
A4,n(t) T A AB,H(L) ! n2,
AS,n(t) = 332-2 fl(n) - 632“2 f2(n) +“Bag"2 fs(n) ) n=23,

) (3.

Aﬁ,n(t) = Eo(n) - 3ag-2 fz(n) + 2a§_2 f3(n) ’ n=3,

_ n¥3 n-3 _ n-3
A?,n(t) = fo(n) - Sal fl(n) + 3a, fz(n) a, f3(n) )

n-.l - . >
AS,n(t) = fo(n) - a4 fs(n) » nz2,
. _ §. n-1 n-1 - ~
Ag’ (L) 2 al fl(n) ) EI.3 £3( ) s n= 2,
' N _3 n-2 1 n-2 . <
AlO,n(L) = fo(n) 7 31 fl(n) + 5 1 £3(n) , nz3,
where, for i = 0,1,2,3 ,
. n—~-L . qk
£ (n) = e—l}u.. _ E-AL [(A—;tc?:)t.]
i k=0 !
a, = L.
i A-1A

These equations provide the required probabilities for Equation (3.3).
To complete the specification of the accelerated vandomization
algorithm it is necessary to give a truneation rule for the infinite

series in Equation (3.3). Note that

- 16 -
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P(N*(t) S i) = z Z pr(t) € Si’ N%(t) ,_“)
' n=0 i=1
£ 10
) nZO iél P(A“ ¢ Si) Ai,'n(t) (3.6)
i ;
- Ay, a(t) P (n)
n=0 =1 8 seS; ®
and define -
T (e, L) = min[ﬁ: PCN*(C) < 23 >1-¢| . G

Thus, to summarize the acecelerated randomization algorithm: the Efs
are computed recursively using Equation (3.4) and the A's are computed
using (3.5) with the products being accumulated in Equations (3.3) and
(3.6) until the truncation peint T* of Equation (3.7) is met, at which
point the algoritihm terminECGs, yielding probabilities which ara aceurate
to within € of the exact values.

" The accelerated randomization algovithm was prograﬁmed (see the
appendix for FORTRAN listing) for the model of Figure 4 and executed for
the same ten versions of the system ds the'standdrd algorithm; 'Results.

are summarized in Section 4.

4, COMPUTATTIONAL RESULTS

The standard randomization algorithm and the accclcrnte& randomi~
zation algorithm have been programmed in FORTRAN forv the system depicted
in Figures 2 and 4, respectivaly. Lisbings df the programs appear in
the appendix., Ten cases wore run with diflerent sets of pavameter values.
Tﬁe input valﬁcs for the different casecs nre'givcn in Tnbie I. (Note

that eases 3 and 4 and cases 5 and 6 ave identical except for the user

- 17 =
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CASES COMPUTED

Parameters
Case . :
A o g 3 Y p q by E
1 w10 1 10 100 100 .99 1 1077
2 10 10 1 10 100 .100 .99 10 1070
3 10 10 10 10 100 100 .99 1 107
4 10 1 10 10 100 100 .99 1 107
5 102 10 10 10 10 100 .99 10 1070
6 02 10 10 10 w00 100 .99 10 107
7 107 100 100 100 10" 10" 99 1 107
g 1000 100 100 1200 10" 10* .99 10 107
o 103 10 10d 10 % wf 99 1 1070
10 100 100 100 100 20 10" 99 1 107

specificed error bound, € .) The programs were run on The George Wash-
ington University's IBM 37d/4341.

The execution times of these randomization programs are propor-
tional to the product of the btruncation points (T or T%) ﬁnd the sum of
the number of states plus the number of transitions. The nccelérnted
version requires move CPU time for each term in the randomization for-
mula (3.3) because the weights Ai,n(t) , L= 1,2,,,.,10 recuire more
computatlon time. However, for systems with large state spaces this
will be insignificant compared to the calculation in Equation (3.4).

Thus performance is more accurately predicted by the number of terms

- 18 -
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multiplied by 18 + 31 = 49 for the standard algorithm and 26 + 42 = 68
for the acceleratad algorithm. The number of terms (truncation point)
and CPU times in seconds are summarized in Table IT. In most cases the
accelerated algorithm appears to be far superior.

The actual probabilities computed are presented in Table III,
The probabilities listed are for the accelerated modification. The
probabilities from the standard algorithm agree completely with these
numbers and may be recovered from Table III by summing the protzbilities

for the split states, e.g., P(AD) + P(AD') .

TABLE IT

PERFORMANCE OF RANDOMIZATION ALGORITHMS:
NUMBER OF TERMS REQUIRED AND CPU TIME

Standard Algorithm Accelerated Algorithz
case No. Terms CPU Seconds No. Terms CPU Seconcs
1 194 3.20 159 6.50
2 1424 19.54 1233 48.81
3 204 3.12 130 5.40
4 193 3.06 95 4.05
5 1522 20,02 206 8.39
6 1492 20.23 143 5.79
7 1522 20,01 174 7.16
8 13656 174.51 208 8.40
9 4383 56.43 95 4,03

10 1522 19.59 7 143 5.86

T
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Randomization appears to be a good way to compute reliabilities
for Markovian fault-tolerant computing systems with state spaces of mod-
erate size. Oross and Miller [4) have solved Markov processes with
20,000 states and 200,000 trapnsitions using the standard randomization
procédure. It is certainly feasible to use the approach on Markovian
models of fault-tolerant systems of comparable or even larger size,

The accelerated randomization algorithm gives a significant sav-
ings in CPU time for most examples. There should be an even greater
savings for larger systems. Furthermore, this accelerated implementation
is applicable to any passage time problem, the exceptional set S% being
the target states (with holding times set to infinity). This has appli-
cation in computing fault-recovery~-time distributions for fault-tolerant
systems.

The randomization algorithm is quite easy to implement., The main
difficulty encouﬂtered in larger systems would be generation of the Q
matrix. It is necessary to have an automatic way for the computer to
generate Q or a sparse representation of it, Fortunatwely, the SERT
methodology (see Gross and Miller [3]) can be applied to models of
fault-tolerant systems to overcome this difficulty.

The usual approach to computing transicnt probabilities for
Markev processes is solution of the Kolmogorov Forward equation

) =ae,  t20.
- S
This is an initial value sysﬁém with m(0) pgiven. There are two general
.approaches: (1) numerical integration techniques such as Runge-Kuﬁta,
hredictor~corrdctor, ate., aﬁd (ii) exponentiation [E(t) = E(O)th].by

computing the spectrum, computing the Taylor series, or other means.

PR
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The randomization technique has a distinct advantage aver these ap-
preoaches in that a bound on the global exrror can be set by the user,

and it is achieved with certainty. Furthermore, Grassmann [2] has shown
randomization to be more efficient for some queuing systéms.

Another advantage of the randomization approach is that it is a
"somputational probability" technique. Computational probability is an
emerging discipline concerned with numerical solution of applied prob-
ability problems. The probabilistic structure of the model is exploited
to obtain efficient numerical algorithms and to evaluate the performance
of algorithms. In this particular application, probabilistic reasoning
led to the accelerated algorithm. Another benefit of the probabilistic
analysis is that Equation (2.3) just involves nonnegative numbers,
creating numeyical stability. TFinally, the probabilistic point of
view leads to efficient numerical algorithms for computing other quanti-
ties of interest, for example, occupancy time distributions and expecta-
tions which can be used in a performability analysis.

Over all, it appears that the randomization technique i1s a very
promising methodology for calculating reliabilities and related quan-=

tities for Markovian fault-tolerant computing systems,
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CHOno

)

L]

SO0 NG

Goa

e CRSTAR(3Y

“ 1
|GINAL PAGE IS T~469
82 POOR QUALITY '

THIS FROGRAN IS SPECIALIZED FOR A FARTICULAR

HARKOV PROCESS WITH =

18 STATES , 32 TRANSITIONS , 6 ABBOREING STATES ,
ANt ONE INITIAL STATE ¢ E.G. STATE NO.1 )

THE ALSORBING STATES ARE : STATVES NOD. 4,7,8,13, /,18

B L e R L L L e e R T g - b e e e yee e S Rk ma

INTEGER TSTAR(S0)

DOURLE FRECISION RSTAR{S0),FSTAR(50) |

DOUBLE FRECISION FHIOLD(25),FHINEW(25),FROC25) ,RLOPRD(25)
IOUBLE FRECISION RLAMDA,ALFHA,RETA,DELTA,RHD,QUE,EFSILD
DOUBLE FRECISION ERROR,TO,LT,TERM,TRSUM,FRLT,RLANAX,RK,COUN

P I I e T o S I T el e

REALIN INFUT FARAMETERS

READ, RLAMDA,ALFHA, BETA,DELTA,RHO, QUE,EFSILO
PRINT, * LANDA @ 7 RLAHDA
PRINT, ¢ ALFHA : ,ALFHA
FRINT, * BETA , BETA
FRINT, < DELTA : *,DELTA
FRINT, * RHO ¢ RHDO
FRINT, < QUE ’ , QUE
FRINT, ¢ EFSILON:z’,ERSILO
REAL, TO
REAL, ERROR
FRINT, * ERROR : 7,ERROR

| READ(S,7)  (TSTARCI),I=1,50)
7 FORMATC15T14/15T4/1514/514)
NN = 18 -

O . T T Y
er um a3

CONSTRUCT THIZE RSTAR VECTOR

RSTARLT) -~ 3 % RLAMDA
RETARC2) = 3 # RLAMDA
o ALRPHA E CRHO R IERTA 42 e oREAMDA S
ALFHA
RHO
DELTA
2 4 RLAMDA
- ( BETA + 2 % RLAHDA )
BETA ' '
2 4 RLAMIMA

RETARC4)
RETAR(T) .
RETARC(S)
RSTAR(7)
RETAR{B)
RETARCT)
RETAR(10)

oy oo R

i

RETARCT1) = = ( EPSILO + @ % KLAMDA )
RETARC12) = QUE % EFSILOD

RSTARCI3Y = ( 1.0 - QUE ) # EMSILO
RSTaf(t4) = 2 & RLAMDA

RETAR(IS) = -~ 2 % RLAMDA

RETARCIS) = 2 & RLAMUA

RETARCIZ)Y = 0.0

RETARC18) = 0.0

RSTAR(19) = 0.0

- 27 -
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¢ ORIGINAL PACE & prstaR(20) ~ { BETA + ALPHA + RHD # DELTA + RLAMDA )

OF POOR QUALITY RSTAR(21) = RETA
RETARC22Y = ALFNA
RETAR(23) = RHO
RETARC(24) = DELTA
RETAR(2S) = RLANDA
RSTAR(24) = = ( 2 & RETA + RLAMDA )
RETAR(27) = 2 % RETA
RETARI2B) = RLAHDA
RETAR(RY) = - ( BETA + EFSILD + RLAMRA )
RETAR(30) = LETA -

RSTAR(31) QUE. + EFSILO
RSTARC32) = ¢ 1.0 - QUE ) & EFSILO

RSTAR(3Z) = RLAMDA
RETAR(34) = = ¢ BETA + RLANDA )
RSTAR(35) = BETA
RESTAR(I4) = RLANDA
KRETAR(37) = 0.0 |
RSTAR(EB) = = ( ALPHA + RHO + RELTA + RLANGA )
RETAR(39) = ALFHA
RSTARCA0) = RHO
RETARCA1) = LELTA
RETAR(AZ2) = RLAMIA
RSTAR(43) = = ( EFSILO + RLANUA )
RETAKCA4) = QUE # ERSILD
RSTAK(45) = (1.0 - QUE ) @ EFSILO
RETAR{46) = RLAMDA
RETARCAT) = = RLAMIA
RETAR(AB) = RLAMDA
RETAR(A9) = 0.0
RETAR(S0) = 0.0
v
G
00 18 1m1, NN
~= {8 - PHIGLICIY = 0.0
| - FHIOLDCT) = 1.0
¢ COMPFUTE  RLAMAX
RLAMAX = RSTAR(1)
N0 19 T=2,59 | ,
IF ¢ RETARCI) .LE. RLAMAX ) RLANAX = RSTAR(I)
19 CONTINUE
- RLAMAX = = RLANAX
FRINT, © RLAMAX z *,RLANAX
" |
| COUN = DLOG( RLANAX % TO )
¢
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CONSTRUCTION OF THE #STaR VECTDOR

no 20 I1=1,%0

FSTARCI) = RETAR(I)/RLAMAX

oo 21 I=1,30 '

IF ( PBTARCI) .GT. 0.0 ) 60 TO 21
FSTARCI) = 1.0 + PBTARCI)
CONTINUE

K = 0

LT = - RLAMAX # T

IF ¢ LT .6T. =120 ) THEN DO
TERH = DEXF( LT )

ELSE DD

TERM = 0.0

END IF _

TRSUM = TERM

g 27 I=1,NN

PROCI) = PHIOLDCI) * TERN
IF ( TRSUM .BT. ¢ 1.0 - ERROK ) ) GO TD 100
CONTINUE

FRLT = LT

K o= Ko+ 1

R = K

CALL TRUNCC(COUMN,RK,FRLT,LT,TERN)

CALL EVAL(NM,FHIOLD,PSTAR, TSTAR,FHINEY)
Do 22 I=1,NM

FHIOLD(I)Y = FHINEW(I)

FROCTY = FROCI) + PHINEWCIY % TERH

TREUM = TRSUM + TERN ' ‘
IF ¢ TRSUM .GE. ¢ 1.0 - ERROR ) )Y GO TO 1090
GO TO 29

CONTIHUE

Do 110 I=1,NM : :

RLOPROCI) = NLOGIO(FROCIY)

COmMTINUE ’

URITE(SH,130)

L BRI B I R I TR I R O B B R LR RN B R Y B # oa s S N EE NN RS AN EERY RSN NN RN S

FORMAT(" /77 7,08, TSTAR 7,20%,7 RETAR <, 30K,7 FETAR 7,/

no 135 I=1,50 |

WRITEL6,140) TSTAR(I) ,RETAR(I),FETARCT)

FORMATC #,7%,14,7%,F28.23,4%,F28.23)

CONTINUE

URITE(4,150) K |
FORMATC? “/77 <,¢ NUMBER OF TERNS SUMBED :,117)
WRITE(S,160) TO

FORMATCS #//< #,7 TIHE OF INTEREST :/,F10.6)
WRITE(6,162)

FORMNATC? 777777 ¢ ,4%," THE LOGARITHM OF THE FROBABILITIES

N0 165 I=1,MH . |
WRITE(S,170) I,RLOFRD(I),FROCT)

- 29 -
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170  FORMAT(” 77/ 7,89X,”7 LOGFRO(Z,I3,” ) =
165 CONTINUE
STOF
END
C

[:'I.lhl-l.l.lllll.l -----

¢

T-469

¢ F30.26,5%,F30.25)

SUBROUTINE EVAL{HN,PHIOLD,PSTAR, TSTAR,FHINEW)

DOURLE PRECISION FHIOLIO(25),PETAR(S0) ,PHINEW(2S)

INTEGER TSTAR(S0)
DOUELE PRECISION FHI
D0 33 J=1,NN
FHINEW(J) = 0.0
33  CONTINUE
I = 0
0B 2 J=1, NN
I =14 1
FHIJ = PHIOLIC¢D) -
FHINEW(J) = FHIJ ® PFSTAR(T) + FHINEN(J
Ml = TSTARCI)
IF { MJ .EQ. 0 ) GO TO 2
no 1 Ket,MJ
T =14 1
LJE = TSTAR(T)

)

1 FHINMEWCLJKY = FHINEW(LJIK} + FHIJ # FSTARCI)

2 COMTINUE
FETURN
END

oSN o]
. -
=
[
2
.
1
L]
»
L
-
x
2
£
T
-
(Y
x
&
.
-
.
z
.
.
-
3
1
a

SUEROUTINE TRUNC(COUM,RK,FRLT,LT,TERHN)
BOURLE FRECISIONM COUN,RK,PRLT,LT,TERM
LT = PRLT + COUH - DLOG¢ RK )
IF ¢ LT .6T. =120 ) THEN L0
TERM = NEXF( LT )
———— b o w EtG—E- E]l::l I T T U -
TERM = 0.0
ENDNIF

RETURHN
=T
W
e m et e s n e JEND OF PROGRAMT LK
- 30 -
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THIS FPROGRAM I8 SPECIALIZED FOR A PARTICGULAR
HARKOV FROGESS UITH =

286 S8TATES , 42 TRANSITICNS , 10 ARSORBING STATES

INFLICIT REAL#8(A-H, 0-Z), INTEGER{I-N)
INTEGER TSTAR{(6E) :

DIMENSION RSTAR(SB),PETARCSLE)

DIMENSTON PHIOLD(Z24) ,PHINEUCRE) ,FROC2S),RLOFPRO(2S)
DIMENSION FIKC10),FEI¢10),DLACY)

DIVENSION COUNC4),8T(4),PRET(4),FRLT(4)

DDURLE PRECISION LT(4)

DOURLE FPRECISION ALG(3) ,FY(4)

DATA XL/Z1.00D0-42/

e w WM m mm meg bab bef emd et 4w mm v e S e M mm e e B dm % v A M g e ey S RS mm b S AR G b] SN M M (R v g Y e G gmE S Ay BbE e S ey ded G A

READIN INFUT PARAHETERS

REAN, RLAMDA,ALFHA,BETA,DELTA,RHO,QUE,EFSILO
*

PFRINT, * LAMDA :7,RLAMDA
FRINT, © ALRHA 37 ,ALFHA
FRINT, * EETA :,BETA
FRINT, * LELTA :*,DELTA
FRINT, * RMO  :*,RMO
FRINT, © QUE  ¢*,QUE
FRINT, * EPSILON:”,EFSILO

REND, TO

REAL, ERROR

PRINT, * ERRQR :*,ERROR
REAT, NN

B e e A 4 e B R m AR A e g

REAN(S,1) CTETAR(I) , I=1,48)

THE 0L FARAMETER VECTOR

DLACL)Y = 3 % RLAMDA
DLat?) = 2 & RLAMDIA
DLACE) = RLANUA
ILAac4) =-9.0 -

DXF1 w DENP( = ¢ OLACTY w TO))
FRINT, © DXE1 :? NXP

CDXPDZ = DEXFC - O DLACE) ® TO))

FRINT, ¢ BXP2 :*,DXP2
DXP3 = LEXF( = ¢ QL3 = TO))
FRINT, ¢ DXP3 :*,BXP3

CONSTRUCT THE RSTaRR  VECTOR

RETARCT)
RETARCZ)
RETAR(S)
- RETAR )

0.0
0.0

N

{ ALPHRA & RHY o+ DELTA + 2 ¢ RLAMDA
ALFHA '



RETAR(S)
RETAR(4)
RESTAR(7)
RETAR(B)
RETAR(9)

RETARC10)
RETARC11)

RETAR(12)
RETAR(13)
R8TAR(14)
RETARC1S)
RETARC16)
RSTARL{17)
RETAR(18)
RETAR(TY)
RETARC20)
RETAR(R21)
RETAR(Z22Z

RETAR(ZE)
RSTAR(24)
RETAR(2E)
RETAR(24)
RETAR(27)
RETAR(29)
RETARCZR)
RETAR{30)

RSTAR(31)

RSTAR(I2)
RETAR(3Z)

T RETAR{34)

RSTAR(35)
RETAR(34)
RSTAR(37)
KETAR(38)
RETARL39).
RETARC40)
RSTAR(41)
RETARCA2)
RSTAR(43)
RETAR(44)
RSTAR{AS)
RETARCAE)
RETAR (A7)
RETARCAE)

RETAR(49)

RETAR{E0)
RETNRCE1)
RSTAR(ESZ)
RETAR(SS)
RSTAR(S4)
RETARCSS)
RETAR({TA)

oo nou
R~ 1 Ik

@ omomok W@ ¥ oFou N nnonouwowunoaoRn

o onHME L % unonogoH

¢ ALPHA
= ALFHA

[N

g 000

#onon
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DELTA
# RLAMIA
( RETA + 2

& RLAMIA
¢ EPSILO +
# EFSILO

.0 - QUE
RLAMIA

DELTA
BETA
RLAMIA

2 4 BETA + RLAHLA )
2 @& BETH .
RLAMDA
{ BETA + EPFSILO + RLAMIA
# EPSILO
BETA
i.0 - QUE
RLAMDA

¢ RLAMIA )

# RLAHDA
# EPSILO

{( ALFHA + BETA + RMHO + DELTA +
ALFHA

i

# EPSIILO

RETA + RLANOA )

BET#
RLaAMDIA

ALFHA -+

ALFHA

RLAMDA
IELTA
- ( EPSILO + RIAMDA )
1.0 - QUE
RLAMDA

4 EFSILO

= DELTA
s RLAHDA

RRQO + TELTA

% EPSILO

BETH + RLLAMDA )

RETA

RLAMOA
¢ BEPSILD + RLAMDA )
# EFSILO
.0 - QUE Y

# EPSILG

T~469

RLAMDNG )

+ RLAMDA )

+ RHD + OELTA + ELAMDA )
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REBTAR(SY)
R8TART{G8)
RETAR(S?)
RSTAR(&60)
RETAR(A1)
RETAR(&2)
RETAR(463)
RETAR(A4)
RSTAR(&LS)
RETAR(A4)
RETAR(S7)
RSTAR(48)

u
» a o= %

i

fiou HOH
L] x t ) -

i

iin

CTOoOOTODIOOCO

S C OO DO OO

if

g 5 I=1,26
FHIOLOCT) =
5  CONTINUE

FHIOLD(1)

9.0

1.0

c
: CONMUTE  RILAMAX
c |
RLAMAX = RSTAR(1)
0 11 I=2,48
IF ( RSTAR(I) .I.E. RLAMAX ) RLAMAX = RSTAR(IL)
11 CONTINUE |
RLANAX = -~ RLAMAX
FRINT, * RLAMAX ©7,RLAMAX
c

-

e COHBTRUGCTION OF -THE PBTAR VECTOR iyt ooty

G
1

o 17 I=

17 FSTAR(ID)
Do 21 I=1,48
IF ¢ PSTARCI) LGT. 0.0 ) GO TO 29
FSTARCL) = 1.0 + FSTARYI)

21 CONTINUE
FSTARCT) = 0.0
FSTARCAT) = 0.
FSTAR(SS) = 0.
FSTAR(GY)
FETAR(SE)
FSTAR{SY)
FSTARC40)
FSTARCGT)
FSTAR(62)
FSTAR(43)
FSTAR(SA)
FSTARCAS)
FSTARCGS)
FSTAR(48)

468
RETARCI)/RLAMAX

woH o EBN
<

LTI S H

(=T -l = B &)
. r oz

u

S o O oD
L) . & ®r = %X
O Do DD OSSOSO O DD
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ALG(1) = RLLAMAX / ( RLAMAX - ILAC1) )
ALGC2) = RLAMAX 7/ ( RLAMAX - DLAC2) )
ALG(3) = RLAMAX / ( RLAMAX ~ TLA(I) )
enesasansaaunrenes START CALCULATIONS K

K 0
TRSUM =

ng 24 I=
PRO(YI) =
CONTINUE
FROCT)
TRSUHN
IF ¢

0.0
1,26
0.0

HEXP(
FROC?)

TREUM .GE.

( TLACt)Y # TO ))

=3

FRST(I)
LTCD)
FRLTC(I)
FI(I)
COUNCTI)

[~

Honohn

OLOGC(RLAKAY = DLACI)) # °
K o= 1

CONTINUE

o 27 T=1,10

FIK(I) = 0.0

CALL EVALCNN,PHIOLI,FSTAR, TSTAR , FHINEW)
CALRULATE THE ST{(X,TO0,K) QUANTITIES

IF ¢ K .G6T. 1 ) GO TO 31

0o 29 I=1,4

LTCIY = ~ RLAWAX # TO

IF ( LICI) LBT. =120 ) THEN IO
ST(I) = BEXF{ LTC(I) ) -
ELSE 10

ST(I) = 0.0

END IF

CONTIMUE
FRINT, -
FRINT, -
FRINT, *
FRINT, *
50 TO 33
CONTINUE
R = K

I =1
Call.
I o= 2
K RK + 1.0

Calt. SUN(I,RK,FRS

8T{1,70,1) :
ST(2,T0,1) :
8T(3,T0,1) =

) ST
L ST
L BT

(

s
I
-~

)
)
3)
)

SUM(I,HH,PRST,FRLT,BUUN,TERN,LT,ST)

- '35 -

( 1.0 -~ ERROR )} GO TO 333

e M it ey S e W Lk T bt b M A e S b lw A ey b B bk B MR e M i fef M R G P B eGSO Les Ay (o (NS SES e v by S Sae mm GEE S g R bt A G b A G M G b
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T,FRLT,COUN, TERM,LT,ST)
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R = RK + 1.0 _

CALL SUN(I,RK,FRST,PRLT,COUN,TERM,LT,ST)

I = 4

RK = RH + 1.0

CALL SUMCI,RK,PRST,FRILT,COUN,TERN,LT,8T)
33 CONTINUE

FI(1) = IIXP1 -~ 8T(1)
FI(2) = DXP2 - §T(2)
FI(3) = DXF3 -~ ST(3)
FI¢ary = 1.0 =~ 8T(4)
....... v COLCULATE THE FIK “ 8 wuiwwioneronesonanrnaoasnonsososnnnss

PIK(1) = 0.0

CaLL THOC(DLA,RLAMAX,ALG, K, FI,XXX)
FIR(2) = XXX

CALL THREECALG,H,FI,XXX)
PIK(3) = XXX

CALL FOURCDLA,RLAMAX,FIK,XXX)
PIK(4) = XXX

CALL FIVECALG,K,FI,XXX)
FIK(S) = XXX

CALL SIXCFI,ALE,K,XXX)

PIK(A) = XXX

GALL SEVENC(FY,ALEG,K,XXX)
FIK{?) = XXX

CALL ETBHT(FL,ALG,K,XXX)
FIK{B) = KX¥ ' :

CALL NINECALG, K, FT,NXX)
PIK(9) = XXX

CALL TEN(FI,ALG,K,XXX)
FIK(10) = XXX

e S e 0 TE e hud s e TS Sw P IR M AR A LmE S G T W dem FRE v M ek Pt ke AR TH4 mm DRE mm b o G e b bn mm B be s bem st b e b sk e B UER G e

P e et e SA e bm omm Mok sy we e et ver s e VA ke v W R e mm G Md VRS B GA B B4 A G RA R e S g PR Bk B M BE T mm S ) P mm Rem med s b e ek s bt ek . dnm e g pem

DO 34 Y=1,10
IF ¢ FIK(Y) .LE. XL ) THEN RO
FINCI) = 0.0
ELSE 10 |
PIH(T) = PIKCT)
END IF
34 CONTINUE
00 35 Ta1,MN
IF ¢ FHINEUCI) L. XL ) THEN RO
CPHTHEM{I) = 0.0
ELSE I
FHINEW(D) = PHINEUC(T)
END IF
35 COWTINUE
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FRO(1) = PROCT) + FHINEWCI) % PIK(1)
DD 38 122,10
PROCT) = PROCI) + PHINEW(I) & FIK(2)

T=409

38  CONTINUE
PROCII) = PROCIT) + PHINEW(11) & PIK(3)
00 39 I=132,14
FROCI) = PROCI) + PHINEW(I) & PIK(4)

39  CONTINUE
PROCIS) = FROCIS) + PHINEWC1S) % PIH(S)
B0 40 I=16,17
PRDEI) = FROCI) + PHINEW(I) # FIK{S) .

40 CONTINUE
FROCI1B) = PRO(IBY + FHINEWCIB) # PIK(7)
DO 41 I=19,24
PROCI) = FROCI) 4 PHINEWCI) w PIK(S)

A1 CONTINUE
FROC25) = FRO(25) + PHINEW(25) # PIK(9)
PROCZ4) = PRO(24) + PHLINEM(24) % FIK(10)

----------------- CHECK IF YOU AGIEVED THE TRUNCﬁTIUN POINT ~===em
KO A4 I=1,10

A4 PSICI)Y = 0.0
FSI(1) = PHINEW(1)
0 45 1=2,10

45 PSI(2) = FSI(2) + FHINEW(I)
FBI(3) = FHINEW(1T} SRR
DO 46 I=12,14

Aé  PEICA) = PSI(A) + PHINEW(D)
FEICS) = FHINEW(!S)
no 47 I=1é,12 -

47  PSI(4) = PSI(S) + PHINEU(D)
PFSI(F) = FHINEW(1B)
00 48 I=19,24

48  FSI(B) = FHICH) + PFHINEWCD)
FEI(Y) = FHINEW(23)
FSIC10) = FHINEU(24)
no S0 T=1,10

50 TRSUM = TRSUN + PSICI) # FIK(I)
IF ( TRSUN .GE. ¢ 1.0 — ERROR )) GO TO 333
{ o= Kok 1
oo 51 I=1,4
PRETCI) = STLL)
FRLT(I) = LTI

51 CONTINDL
no 55 f=1, NN

55  PHIOLUCI) = FHINEW(I)

. GO TO 25 .
333 CONTIHUE
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ﬂ T-4069
ORIGINAL PAGE 5
OF POOR QUAL“’Y
SUMHA = 0.9
Do 73 I=1,NN
SUMNA = SUNMA + FROCT)
73 RLOPROCI) = DLOGIOCHROCIN)
PRINT, “ SUM OF PROBARILITIES “,SUHMA
WRITE(S,130)
130  FORMATC” “//7¢ 7,9%,7 TSTAR 720X, RETAR #,30X,” FSTAR *,//)
Do 1349 I=1,48
WRITE(&,140) TSTARCI) ,RETARCL) ,FPETARCI)
140 FORMAT(Y 7,7X,I4,7X,F28.20,6%,F28.20)
135 CONTINUE
WRITE(S,150) K
190 FORMATC(Y 7//7¢ 7,7 NUNBER QF TERMS SUHMEDR :7,17)
WRITE(S,140) TO
160 FORMATC(” “//7 7,7 TIHE OF INTEREST :7,F10.6) ‘
URITE(S,162) i ?
162 FORMATC” “//7/7/77 7 ,4X,” THE LOGARITHM OF THE FROBABILITIES XS ¥ 79
N0 145 I=1,NN '
WRITECA,170) I,RLOFROCI),FROCY)
170 FORMAT(Y “//° 7,8X,” LOGPRD(Z,I3,.”7 ) = 7 ,FI0,246,9X,F30,246)
149 COMTINUE
STOF
END
¢ .
[: mmmmmmmmmmmmmmmmmmm TR R el M AR e e ot e e P S S A S e 4 At A e b P SR b b A b b R G e arm e A e

I~
T

~— - SUEROUTINE BVALCHMN,PHIOLD,FSTAR;TSTAR, FHINEW)
DOUBLE PRECISION PHIOLL(24) ,FPETAR(SG8) ,FHINEW(R2S)
INTEGER TESTARCAGE)
HOURLE PRECISION PHIJ
DaTa XK/1.00E-62/
00 77 J=i, NN
FHINEWCSY = 0.0

77 LONTIMUE

I = 0
no 81 J=1, NN
I =1+ 1

FHIJ = FHIOLLCJS)
FHINEUCS) = PHIJ # PSTAR(L) + FHINEW(J)
#J = TSTAR(I)
IF ( MJ .EQ. 0) GO TO &1
L0 79 KK=1,4J
I o= 1 + 1
LJ = TSTARCT) .
IF ( FHIJ LLE. XK LOR. FSTARCL) JLE. XK ) THEN 00
FHINEWCLJK) "= FHINEW(LJK)
ELSE I0 | |
PHINEW(LJK) = FHTNEM(LJIK) + FHIJ « PSTARCD)
END IF -
7% CONTINUE
B1  CONTIHUE
RETURMN
EN

- 38 -
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ORIGINAL PAGE IS
OF POOR QUALITY

T ey e Bl b A em e Be MR M N G e G fue B gt U FBE B jin B A4 e bum P S jud e G By TN S0 So s bow S e (e T G my b fup b B4 Swe P e T B Ser B b s pay e

SUBROUTINE THO(NLA,RLAMAX,ALG,K,FI,XXX)
DOUBLE PRECISION DLAC4),ALGCI),FI(4)
DOUBLE PRECISION RLAMAX, XXX

XXX = ALGCT ) #mK

XXX = XXX # DLACT) & FX(1) / RLAMAX
RETURN

END

e v e A G ks e e L 4 Y G RS g B JAS foih M A PS8 B G (A g SN B da4 (e S g 0 o Nl (e A8 N A P e b Ay G B A e B bt O

SURROUTIME THREE(ALG,K,FI,X%XXX)

IOURLE PRECISION ALG(3),FI(4)

DOURLE PRECISION XXX

XXA = ( ALG(2) s 1{ - 1)) % 3 4 FI(2) _

RAX = XX = O C ALGCO )k K ~ 1 )Yy = 3 # FI1(1) 3
RETURN

END

B T e T Tl R e e L L Ll R L L T R e

BUBROUTINE FOUR(DLA,RLAMAX,FIK,XXX)

-  DOURLE FRECISION BLACAY,PIN{10)

HOUBLE PRECISION RLAMAX, XXX
AXX = DLAC2Y & PIK(3)Y / RLAMNAX
RETURH

ENI

- g g e M e kap P IR Al G B8 b Beh S D g e B4 AL M g A S UL et P P IR e $RS Hee d et PR e e FEE ML ey JOY G4t R B KR P g R M U el e ded S W s e P - b

SUBROUTINE FIVEC(ALG,H,FI,XXX)
DOUEBLE PRECISION ALG(3),FIC4)
DOUELE FRECISION XXX

IF ¢ R .6T. 1 ) GO TO 1000

AXX = 0.0

GO T0 1004 '

( ALGCE)ea{K=~2)) # 3 & FI(F)

1005 XXX = :
XXX = XXX - O 0 ALGE2Y#a(M=-2)) = & % FI(2) )
XXX = XXX + ¢ ALGC1)#:(K=-2)) & 3 & FI{1) )
1006 CONTINUE
RETURN
END

S ma At ww T AE e et am A S EE M s fHE SRR B e P e dmm ame S bt 46 S84 G M LR RS L HR) bt dem B Y e FHS bt bmn i Ie e brb wr brm me S s faeg S TES ek R Fre e v mE N e e bem el e

SURRUUTINE SIX(FT,ALG,HK,XXX)
DOUVRBLE FRECISION FI(4),4LGC3)
DOUDLE FRECISION XXX

IF (R .GT. 1 ) GO TO 1011

- 39 ~
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XXX = 0.0
RETURN

1011 XXX = FIt4) = ( ( ALGL2)ww(K~=2) ) & F w FI(2) )
XX®% = XXX + { ( ALGCU Y wdR=2) )y % 2 % FI{1) )
REYURN
ENY
SUBRROUTINE SEVENIFI,ALG,H,XXX)

DOUBLE PRECISION FI(4),aLGC3)
DOUERLE PREGCISTON XXX

IF (K JBT. 2 ) 60 TO 10921 '
AXX = 0.0

RETURN

1021 XX4 = FId4) = ¢ ¢ ALGCIYaw({-3) ) % 3 & FI{3) )
AR = X% 4+ (¢ ALB{2)wa(H=-3) ) * 3 & FI(2) )
NEX = AXA = ¢ ¢ ALGOy#adl-3) ) & FI(1) )
RETURN
END
SURRCUTINE EIGHT(FT,ALG, K, XXX)

R “DOURLE -FREGISTON FIC4), ALGCEY
LOUBLE FPRECISION XXX
XXX = FI(4) - ¢ ( ALGCi)sm{H~-1) ) & FL{1) )
RETURN
ENU
C __________________________ Lk S am Greh WS P fmm prm b 4D SM AL AL G W i ASE BT U s E Sww e heh Se MR WAL Bk e W PR v g0) Mer SVE wa s B Hem i fom A MR by
[
SUBROUTLNE NINE(ALG,KE,FI,XXX)
DOURLE PRECTISION ALG(3),FT{4)
DOURLE FPRECISION XXX
RARX = ¢ ALELCAY e {H~1) ) & F w FIL3)Y ) /2
Xuw = XAN = ( ( ALGO1 Ykl l=1)y o 3 ¢ FI0YY ) /2
RETURN
ENY
c . _
SUBROUTINE TERIFI,ALG,H,X¥X)
BOUBLE FRECISION FIC(4) ,ALGCI)
NOUBLE PRECTHBIUN XXX
IF ¢ 1 .67, t ) 60 TO 1031
Xxd = 0.0
RETURN .

TO31 XXX = FI(ay = ¢ ¢ ALSE3 e{i{=-2) Y &« 3 % FIL(3)Y Y. /2 2
XL = XXX 4 O 0 ALBCIyam{l=-2) )+ FILY) ) /7 4
RETURH
END
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SUBROUTINE SUMCI,RK,PRST,FRLT,COUN,TERM,LT,ST)

T-469

UOUDLE FRECISION FRSTC(A4),FRLT(4),COUNC4) ,LT(4),8T(4)
LDOUBLE PRECISION RR,TERN

RK = RK - 1.0

CALL TRM(T,RK,FRLT,COUN,LT, TERM)
ST{I) = PRST(I) + TERM

RETURN
END

SUBROUTINE TRMCI,RK,FPRLT,COUN,LT,TERM)
DOUERLE FRECISION FRLT{A) ,COUNCAY,LT(4)

DOUBLE FPRECISION TERM,RK

LT{LY = PRLTC(IY + COUNCIY -

TLOGCRK)

IF ¢ LT{I)Y LBT. - 590.0 ) GO TO 500

TERM = 0.0
RETURN
500 TERM = DBEXF( LT(I)
RETURN
END

)

.-- 41 -~
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