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Abstract

In the survival and reliability data analysis, parametric and nonparametric methods are used to estimate
the hazard/risk rate and survival functions. A parametric approach is based on the assumption that the
underlying survival distribution belongs to some specific family of closed form distributions (normal, Weibull,
exponential, etc.). On the other hand, a nonparametric approach is centered around the best-fitting member
of a class of survival distribution functions. Moreover, the Kaplan-Meier and Nelson-Aalen type nonparamet-
ric approach do not assume either distribution class or closed-form distributions. Historically, well-known
time-to-event processes are death of living specie in populations and failure of component in engineering
systems. Recently, the human mobility, electronic communications, technological changes, advancements in
engineering, medical, and social sciences have further diversified the role and scope of time-to-event processes
in cultural, epidemiological, financial, military, and social sciences. To incorporate extensions, generaliza-
tions and minimize scope of existing methods, we initiate an innovative alternative modeling approach for
time-to-event dynamic processes. The innovative approach is composed of the following basic components:
(1) development of continuous-time state of dynamic process, (2) introduction of discrete-time dynamic inter-
vention process, (3) formulation of continuous and discrete-time interconnected dynamic system, (4) utilizing
Euler-type discretized schemes, developing theoretical dynamic algorithms, and (5) introduction of concep-
tual and computational state and parameter estimation procedures. The presented approach is motivated
by state and parameter estimation of time-to-event processes in biological, chemical, engineering, epidemio-
logical, medical, military, multiple-markets and social dynamic processes under the influence of discrete-time
intervention processes. We initiate (1) a time-to-event process to be a probabilistic dynamic process with
unitary state. Action, normal, operational, radical, survival, susceptible, etc. and its complementary states,
reaction, abnormal, nonoperational, non-radical, failure, infective and so on (quantitative and qualitative
variables), are considered to be illustrations of a unitary state of time-to-event dynamic processes. A unitary
state is measured by a probability distribution function. Employing Newtonian dynamic modeling approach
and observing the definition of hazard rate as a specific rate, survival or failure probabilistic state dynamic
model is developed. This dynamic model is further extended to incorporate internal or external discrete-time
dynamic intervention processes acting on unitary state time-to-event processes (2). This further demanded
a formulation and development of an interconnected continuous-discrete-time hybrid, and totally discrete-

time dynamic models for time-to-event processes (3). Employing the developed hybrid model, Euler-type
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discretized schemes, a very general fundamental conceptual analytic algorithm is outlined (4). Using the de-
veloped theoretical computational procedure in (4), a general conceptual computational data organizational
and simulation schemes are presented (5) for state and parameter estimation problems in unitary state time-
to-event dynamic processes. The well-known theoretical existing results in the literature are exhibited as
special cases in a systematic and unified manner (6). In fact, the Kaplan-Meier and Nelson-Aalen type non-
parametric estimation approaches are systematically analyzed by the developed totally discrete-time hybrid
dynamic modeling process. The developed approach is applied to two data sets. Moreover, this approach
does not require a knowledge of either a closed-form solution distribution or a class of distributions functions.
A hazard rate need not be constant. The procedure is dynamic. In the existing literature, the failure and
survival distribution functions are treated to be evolving/progressing mutually exclusively with respect to
corresponding to two mutually exclusive time varying events. We refer to these two functions (failure and
survival) as cumulative distributions of two mutually disjoint state output processes with respect to two
mutually exclusive time-varying complementary unitary states of a time-to-event processes in any discipline
of interest (7). This kind of time-to-event process can be thought of as a Bernoulli-type of determinis-
tic/stochastic process. Corresponding to these two complementary output processes of the Bernoulli-type
of stochastic process, we associate two unitary dynamic states corresponding to a binary choice option-
s/actions (8), namely, ({action, reaction}, {normal, abnormal}, {survival, failure}, {susceptible, infective},
{operational, nonoperational}, {radical, non-radical}, and so on.) Under this consideration, we extend uni-
tary state time-to-event dynamic model to binary state time-to-event dynamic model. Using basic tools in
mathematical sciences, we initiate a Newtonian-type dynamic approach for binary state time-to-event pro-
cesses in the sciences, technologies, and engineering (9). Introducing an innovative concept of “survival state
dynamic principle”, an innovative interconnected nonlinear non-stationary large-scale hybrid dynamic model
for number of units/species and its unitary survival state corresponding to binary state time-to-event process
is formulated (10). The developed model in (10) includes dynamic model (3) as a special case. The developed
approach is directly applicable to binary state time-to-event dynamic processes in biological, chemical, engi-
neering, financial, medical, physical, military, and social sciences in a coherent manner. A by-product of this
is a transformed interconnected nonlinear hybrid dynamic model with a theoretical discrete-time conceptual
computational dynamic process (11). Employing the transformed discrete-time conceptual computational
dynamic process, we introduce notions of data coordination, state data decomposition and aggregation, the-
oretical conceptual iterative processes, conceptual and computational parameter estimation and simulation
schemes, conceptual and computational state simulation schemes in a systematic way (12). The usefulness
of the developed interconnected algorithm is validated by using three real world data sets (13). We note

that the presented algorithm does not need a closed-form representation of distribution/likelihood function.
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In fact, it is free from any required assumptions of the “Classical Maximum Likelihood Function Approach”
in the “Survival and Reliability Analysis.”

The rapid electronic communication and human mobility processes have facilitated to transform informa-
tion, knowledge, and ideas almost instantly around the globe. This indeed generates heterogeneity, and it
causes to form nonlinear and non-stationary dynamic processes. Moreover, the heterogeneity, nonlinear-
ity, non-stationarity, further generates two types of uncertainties, namely, deterministic, and stochastic. In
view of this, it is obvious that nothing is deterministic. In short, the 21st century problems are highly
nonlinear, non-stationary and under the influence of internal and external random perturbations. Using
tools in stochastic analysis, interconnected deterministic models in (3) and (10) are extended to intercon-
nected stochastic hybrid dynamic model for binary state time-to-event processes (14). The developed model
is described by a large-scale nonlinear and non-stationary stochastic differential equations. Moreover, a
stochastic version of a survival function is also introduced (15). Analytical, computational, statistical, and
simulation algorithms/procedures are also extended and analyzed in a systematic and unified way (16). The
presented interconnected stochastic model is motivated to initiate conceptual computational parameter and
state estimation schemes for time-to-event statistical data (17). Again, stochastic version of computational
algorithms are validated in the context of three real world data sets. The obtained parameter and state
estimates show that the algorithm is independent of the choice of nonlinear transformation (18).

Utilizing the developed alternative innovative procedure and the recently modified deterministic version of
Local Lagged Adapted Generalized Method of Moments (LLGMM) is also extended to stochastic version
in a natural way (19). This approach provides a degree of measure of confidence, prediction, and planning
assessments (20). In addition, it initiates a conceptual computational parameter and state estimation and
simulation schemes that is suitable for the usage of mean square sub-optimal procedure (21). The usefulness
and the significance of the approach is illustrated by applying to three data sets (22). The approach provides
insight for investigating various type of invariant sets, namely, sustainable/unsustainable, survival/failure,
reliable/unreliable (23), and qualitative properties such as sustainability versus unsustainability, reliability
versus unreliability, etc. (24) Once again, the presented algorithm is independent of any form of survival
distribution functions or data sets. Moreover, it does not require a closed form survival function distribution.
We also note that the introduction of intervention processes provides a measure of influence and confidence
for the usage of new tools/procedures/approaches in continuous-time binary state time-to-event dynamic
process (25). Moreover, the presented dynamic modeling is more feasible for its usage of investigating a more
complex time-to-event dynamic process (26). The developed procedure is dynamic and indeed nonparametric
(27). The dynamic approach adapts with current changes and updates statistic process (28). The dynamic

nature is natural rather than the existing static and single-shot techniques (29).
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Chapter 1

Linear Hybrid Deterministic Dynamic Modeling for Time-to-event Processes

1.1 Introduction

In the survival and reliability data analysis, the main interest is focused on a nonnegative random variable,
say T which describes a time-to-event process characterizing an occurrence of time until a certain event.
Historically, well-known time-to-event processes are deaths in population dynamic and component failures
in mechanical systems [25]. The human mobility, electronic communications, technological changes, ad-
vancements in engineering, medical, and social sciences have diversified the role and scope of time-to-event
processes in cultural, epidemiological, financial, military and social sciences [2, 11, 32, 34, 50].

The study of survival analysis rests on the concept of time-to-event. The mathematical statistics devel-
opment of time-to-event analysis is based on the probabilistic approach and the concept of hazard rate.
Moreover, the time-to-event is described by the closed form expressions of survival function that is deter-
mined by the concept of hazard rate [25, 37, 39]. We note that in general, hazard rate is unknown. This
leads to a problem of determining hazard rate function. This is based on a feasible approach of collect-
ing data set for the time-to-event processes in biological, chemical, engineering, epidemiological, medical,
multiple-markets and social sciences. The hazard/risk rate and survival function estimation problems in
the survival and reliability analysis are centered around the idea of “right censored data” [39]. In fact,
the common conventional understanding for resolving ties between censored and uncensored observations is
adopted by shifting the censored observations slightly to the left of uncensored observations [51]. In short,
the items/individuals/objects in a given sample are decomposed into two mutually exclusive groups, namely,
(a) deaths/failure/removal /non-operational/inactive, and (b) censored/losses/withdrawals.

In the survival and reliability data analysis, parametric and nonparametric methods are applied to estimate
the hazard/risk rate and survival functions [25, 37]. A parametric approach is based on the assumption that
the underlying survival distribution belongs to some specific family of distributions (e.g. normal, Weibull,
exponential). On the other hand, a nonparametric approach is centered around the best-fitting member of
a class of survival distribution functions [26]. Moreover, Kaplan-Meier(KME) [26] and Nelson-Aalen [1, 41]
type nonparametric approach do not assume either distribution class or closed-form distributions. In fact,
it just depends on a data. The Kaplan-Meier and Nelson-Aalen type nonparametric estimation approaches
are systematically analyzed by our totally discrete-time hybrid dynamic modeling process.

In the existing literature [25, 37], the closed-form expression for a survival function is based on the usage

of probabilistic analysis approach. The closed-form representation of the survival function coupled with



mathematical statistics method (parametric approach) is used to estimate both survival and hazard /risk rate
functions. In fact, the parametric approach/model has advantages of simplicity, the availability of likelihood
based inference procedures and the ease of use for a description, comparison, prediction, or decision [37]. In
this work, we initiate an innovative alternative approach for modeling time-to-event dynamic processes. This
approach leads to the development for estimating survival and hazard/risk rate functions. The presented
approach is motivated by a simple observation regarding the probabilistic definition of the survival function
[25]. Moreover, this approach does not require a knowledge of either a closed-form solution distribution or

a class of distributions.

Historically, exponential distributions have been widely used in analyzing survival/reliability data [14, 37].
This was partly due to the mathematical simplicity and the availability of simple statistical methods. An
application of the exponential model with covariates to medical survival data was initiated in Feigl and
Zelen (1965). The assumption of a constant hazard/risk rate function is very restrictive. In fact, it is
often violated. This is due to the fact that in some real life applications, sudden changes in the hazard
rate at unknown times can be encountered due to a major maintenance in a mechanical system or a new
treatment procedure in medical sciences [2]. For example, usually a machine component functions with
a constant hazard/risk rate function A;, until it suffers a shock. After this shock, the component may
continue to operate but with a different constant hazard/risk rate function Ag. In the medical field, there
is usually a high initial risk after a major operation which settles down to a lower constant long-term risk
rate (Anis, 2009). This type of change could occur in multiple times. In view of this, one is often interested
in detecting the locations of such changes and estimating the size of the detected changes. Recently, several
authors [17, 19-21] have proposed estimators based on change point hazard models. A Bayesian approach
for estimating the piecewise exponential distribution [18] and estimating the grid of time-points [15] for
the piecewise exponential model are also available in the literature. In order to incorporate these types of
sudden changes (intervention process) in the hazard rate function, we modify the developed continuous state
dynamic model to an interconnected hybrid dynamic model that is composed of both continuous time state

and discrete time state (intervention process) dynamic processes.

Employing the total time on test (TTT) for undefined censored data beyond the last observation, the
idea of Piecewise Exponential Estimator (PEXE) of a survival function was introduced by [28] and applied
for estimating life distribution from incomplete data. The PEXE has been modified to address the issues

regarding the presence of ties in the data by Whittemore and Keller [51].

The comparison of the PEXE with the KME [27] exhibits the advantage of the PEXE over the KME. For
example, the PEXE is a continuous survival function. Moreover, it exhibits the complete information that
is coming from the censored data. Using a total time test and the PEXE based approach, the estimators
of the hazard/risk rate and cumulative distribution functions on the left closed pairwise consecutive failure
time intervals are determined in Kulasekera and White [30]. The PEXE is further extended by Malla and

Mukerjee [38] with an exponential tail extension in the framework of the Kaplan and Meier [26] nonparametric



estimator approach. Under the presented dynamic framework, we develop the PEXE and new PEXE of Malla
and Mukerjee [38] types in a systematic and unified way. In short, the presented novel approach incorporates
all the existing features such as: incomplete data, issues regarding the ties, exponential tail extensions in the
framework of Kaplan and Meier [26], and so on in a coherent manner.

The organization of this chapter is as follows. In Section 1.2, recognizing the classical probabilistic analysis
model of time-to-event as a dynamic process, we initiate a linear hybrid deterministic dynamic model for time-
to-event processes. Moreover, a fundamental mathematical result that provides a basis for interconnected
continuous-discrete-time and totally discrete-time dynamic processes, is developed. Utilizing the dynamic
model and the main result developed in Section 1.2, basic conceptual analytic algorithms and its special
cases for interconnected continuous-discrete-time and totally discrete-time linear hybrid dynamic models for
time-to-event processes are presented in Section 1.3. In Section 1.4, we outline theoretical and computational
procedures and results for parameter and state estimations for time-to-event processes. Moreover, several
well-known results are exhibited as special cases. In Section 1.5, we present a very general conceptual and
computational algorithm for estimating a hazard/risk rate function for multiple censoring times between

consecutive failure times. These general results include the presented results in Section 1.4 as special cases.

1.2 Linear Hybrid Dynamic Modeling of Time-to-event Process

In this section, based on the probabilistic definition of the survival function, we develop a model for time-to-
event dynamic processes. From the probabilistic definition of the survival function [25, 37, 39] and differential
calculus [3], we recognize that

S(t) — S(t+ At)

A(t)At ~ =0 , (1.2.1)

where S and A are survival and hazard/risk rate functions, respectively. Moreover, from (1.2.1) and differ-

ential calculus [3], we have

ds = —/\(t)Sdt, S(to) =5y, te [to, OO) s (122)

where dS is a differential of a survival function S. In fact, (1.2.2) is a differential equation, and it is an initial
value problem (IVP) [32]. Based on continuous-time dynamic modeling [32], (1.2.2) represents a continuous-
time linear dynamic model of time-to-event processes. In fact, we consider time-to-event processes to be prob-
abilistic dynamic processes. The state of the process is represented by survival/infective/operational /radical
and its complementary state, failure/removal/death/non-operational /normal, and it is measured by a prob-
ability distribution function. Employing Newtonian modeling approach, the instantaneous rate of change of
survival state is directly proportional to the magnitude of the survival. The negative sign in (1.2.2) signifies
that the state of survival is decaying/diminishing/decreasing. A is a positive constant of proportionality. In

general, it is a function of time. This is because of the fact that in general, the time-to-event processes are



non-stationary. The solution of (1.2.2) on the interval [tg, c0) is given by
S(t) = Spexp[—A(t)] , (1.2.3)

where

¢
A) = / Mu)du, (1.2.4)
0
and it is the cumulative hazard/risk rate function.

REMARK 1.2.1 If A(t) = A for t > 0, to = 0,5(0) = 1, then (1.2.3) reduces to the following well-known
exponential distribution function:

S(t) = exp[—At], te€[0,00), (1.2.5)

and a complementary state of the survival state of time-to-event process is represented by
F(t)=1-5(t) =1—exp[—At], te][0,00),

and it is referred as a failure distribution function. Furthermore, we note that survival state dynamic model
(1.2.2) signifies that the time-to-event process is closed (Rosen, 1970), that is, S(t)+ F(t) = 1. It is analogous

to epidemiological dynamic modeling process without removal [32, 50].

The presented motivational observation coupled with the introduction of the idea of continuous-time state
dynamic process (1.2.2) operating under the discrete-time intervention processes further leads to a develop-
ment of a linear hybrid dynamic model [32] for time-to-event processes. It is known [32] that many real world
time-to-event dynamic processes are subject to intervention processes (internal or external). Therefore, it
is natural that time-to-event dynamic processes undergo state adjustment processes. This causes a modifi-
cation of the presented state dynamic processes that are described by simple state dynamic model (1.2.2).
We note that the dynamic state adjustment processes are caused by periodic changes in science, technology,
medicine, culture, socio-economic, environmental conditions and general behavior.

In the following, we introduce a type of hazard/risk rate function. Moreover, using dynamic approach, we

present a development of PEXE [27, 28] in a systematic and unified way.

DEFINITION 1.2.1 Let tg < t1 < tg < ... <ty < trp41 be a given partition of a time interval [tg, T], with tg = 0
and tr11 = 00. Let A1, Ao, ..., Ay+1 be model parameters. A hazard/risk rate function for a nonnegative

random variable T' that characterizes time-to-event processes, is of the following form:

k+1
At) =D =Nl 4)(t), teRy=1[0,00), (1.2.6)
=1

where \; are positive real numbers for j € I(1,k+1), (I(1,1) = {1,2,...,1}); I is the characteristic

i—15t5)

function with respect to [t;_1,¢;). Moreover, T is said to have a piecewise constant hazard function.



DEFINITION 1.2.2 J] denotes the symbol for a product of objects for all positive integers ¢ € I(1, 00) that
ity <t
satisfy the conditions ¢; < ¢; and ¢; <t < t;41 for some j € I(1,n) and for t;,¢;_1,t;11,t € [to, T].

From Definition 1.2.1, we recognize that the sudden changes in the hazard/risk rate function are encoun-
tered due to various types of intervention processes (internal or external) [32]. This causes to interrupt the
current continuous-time state dynamic process (1.2.2). Following the linear hybrid dynamic model [32], a

modified version of time-to-event dynamic model (1.2.2) is represented by:

dS = -\@t)Sdt, S(t;_1)=8;_1, telti_1,t;),
() (J 1) j—1 [J 1 ]) (1.2'7)

Sj=58(t;,tj-1,58-1), S(o) =50, jeI(lk+1),
where S(t;) = S(t; |\ tj—1,Sj-1) describes a very simple form of intervention process generated at an
intervention time t;; ¢, stands for ¢ € [t;_1,;), that is less than ¢; and very close to t;. We note that
System (1.2.7) is interconnected hybrid dynamic system composed of both continuous and discrete time

state dynamic systems. Imitating the procedure described in Ladde and Ladde [32], the solution process of

the IVP (1.2.7) is as follows:

t
S(t,tjfl,ijlp\) = Sj,1 exp [—/ )\(u)du] , forall te [tjfl,tj) . (1.2.8)

tj,1

Furthermore, the solution process of the overall time-to-event dynamic process (1.2.7) on [tg, T) is

tm—1

Jj—1 tm t
S(t,tj—1,S0|A) = So H exp [/ )\(u)du] exp [/ )\(u)du] st €, T),jel(l,k+1). (1.2.9)
m=1 tj—1
REMARK 1.2.2 From (1.2.7) and (1.2.8), we note that the solution process (1.2.8) is indeed PEXE [27, 28].

In the following, we present a very simple fundamental auxiliary result that would be used, subsequently.

Moreover, it exhibits an analytic unified bridge and basis for (1.2.7) and its complete discrete-time version.

THEOREM 1.2.1 Let {t;}§ be a partition of [0,T] and let § be a monotonic nondecreasing function defined

by
B(t) = (1.2.10)
for each j € I(1,n). Let x be a state dynamic process in biological, engineering, epidemiological, human,

medical, military, physical and social sciences under the influence of time-to-event processes. Let x be

described by:



dz = [—a(t)z +y@)]dB(), tE[tj-1.t)), (1.2.11)

T = (1—Oéj)x(tj_,tj_l,l‘j_l)—F’Yj, z(to) = o,

where a and v are real-valued continuous functions defined on [0,00); a; = a(t;) and v; = y(t;). Then

Jj—1
e(t)= [ A —ar)zo+ Y @t t)vi+7;, for t>to, (1.2.12)
k|t <t i=1

where j is the largest integer so that t; <t <tji1, tr <t; and

ot ti)= [[ 1—a), ®tit:)=1 for ieI(0,n).

t; <t; <t

Proof. The theorem is proved by the principle of mathematical induction (PMI) [32]. From (1.2.11), for
j =1, we have

dz = [—a(t) x +~y(8)]dB(), =(to) = xo, t € [to, 1) -

From (1.2.10) and the definition of Riemann-Stieltjes integral [4], we have

x(t) — z(tg) = /t [—a(s)z(s) +v(s)]dB(s) = 0, for t € [to, t1). (1.2.13)
We define
.T(t) = I(t,to,xo) = l’o(t,to,l’o) 5 .To(to) =X for t € [to,tl). (1214)

From (1.2.10), (1.2.11), (1.2.13), and (¢, to, x0) = zo(t] , to, xo) for t € [to,t], we have

xo(t1) — 20(to) =0 —|—/ [—a(s) z(s) +v(s)]dB(s), fort € [to, t1].

t

From this, the continuity of « and ~, the definitions of Riemann-Stieltjes integral [4] and the initial value

problem [32], we have

zo(t1,to, 20) = wo(to) + Atr)[—a(tr)=(t]) +v(81)] — B(E7) [t (t7) + ~(t7)]

= .To(t()) - alxo(tfat07x0) + 71 (1215)
for 5 € [t1,t1]. From (1.2.15) and zo(t1, to, o) = z(t1) = 1 and again z(¢],to, To) = o, We obtain

x1 = z(t] ,to, xo) — cnz(ty ,to, zo) + M

= (1 —a1)zo + . (1.2.16)



Continuing the above argument, we can establish the induction hypothesis [32] as

J
xj = D(t;,to)xo + Z O(t),ti)vi  for a(t;) =,
i=1

where '
J
(I)(tj,ti) = H(l — Oék) ,‘I’(ti,ti) =1 for i€ I(O,TL)
k=1

Now, we consider

dz = [—a(t)z +~(O)]dB(),  (t;) = zj, t € [t tj).

From the definitions of z; and ®, and using the above argument, one can establish the following:

J j—1
zj(t) = x(t, tj,x;) = H 1—ayg)zo + Z@ )i+ fort e[ty tiv) . (1.2.17)
k=1 i=1

Hence

J J
(tj+1’ js T ) H (1 - O‘k)xO + Z (I)(tj’ti)%'y
k=1 i=1 (1.2.18)

Tjt1(tjr1, by, ) = (1 — 1)z + Vg1

Therefore, from (1.2.17) and (1.2.18), we have

i1 = (1= aj41)2; + 750
j+1 1

= H(l - O‘k’)SC() + Z (I)(tj+1,ti)’y
k=1 =1

By the application of PMI and the definition of the IVP regarding hybrid dynamic systems [32], we have

j—1
wt)= I (0 —er)zo+ D @t t)vi+7,
k|t <t i=1
for t > to and ¢ € [tj_1,t;41) . This establishes the Theorem. O

REMARK 1.2.3 From (1.2.10), the hybrid dynamic system (1.2.11), is equivalent to the hybrid dynamic
system

dl‘:Odt, 'T(t'—l):xl—lv te[t'—lati)7
! ! ! (1.2.19)
zj=(1—aj)z(t;,tj-1,2j-1) +7, z(to) =20,

for j € I(1,n). The solution process of (1.2.19) is represented in (1.2.12).

In the following, we present a couple of special cases of Theorem 1.2.1. These special cases illustrate a

systematic way for exhibiting the existing results in Kaplan and Meier [26], Nelson [41], Aalen [1] and Malla



and Mukerjee [38] in the framework of presented innovative dynamic approach.

COROLLARY 1.2.1 If functions « and «y in Theorem 1.2.1 are replaced by functions A and v = 0, then (1.2.12)

reduces to

a(t)= [ @=X)zo, t>to. (1.2.20)

Jlti <t

COROLLARY 1.2.2 If a =0 = zqg in Theorem 1.2.1, then the conclusion of Theorem 1.2.1 reduces to

a(t)= > v, t>ty and tEt;1,t;). (1.2.21)
i|tj_1§t

In the following, we present a definition of cumulative jump process [38] in the framework of hybrid

dynamic model.

ExampLE 1.2.1 Let 13,75, ...,T, be discrete failure times for the discrete-time event process, and 0 = ay <
a1 < as < ... < a, be jumps of a survival function in magnitude. Then the dynamic for the cumulative
jump process is as described in Corollary 1.2.2; and its solution process is exhibited in (1.2.21).

In this example, applying Corollary 1.2.2 in the context of vy = 0, v; = a;, the cumulative jump process is

represented by

j—1
Ajiy = a;, for teltj_1,t;),
) = (1.2.22)
AJ = Z a; , = t]
i=1

From (1.2.22), we recognize that the cumulative jump defined in Malla and Mukerjee [38] is indeed recast
as the discrete time intervention process described by the hybrid dynamic system illustrated in Corollary

1.2.2 at the discrete time ¢; for j € I(1,m) with v = ap =0 and v; = a;.

ExXAMPLE 1.2.2 Under the conditions of Example 1.2.1, the magnitude of the survival function at the failure
times is represented by
1-A;_, for tE[t‘,l,t‘),
S(t) = ! Y (1.2.23)
1—A;, t=t;, jel(l,m),
where vo =1 and z(¢;) = A;. The S(¢) in (1.2.23) is the magnitude of the survival function determined by

the cumulative jump [38] process described in Example 1.2.1.

REMARK 1.2.4 We remark that the continuous-time dynamic model can be exhibited by the cumulative

hazard /risk rate function. In fact, from (1.2.2), we have

dlnS = —A(#)dt, InS(te) = So . (1.2.24)



Based on the solution processes of (1.2.2) and (1.2.7), the solution process of (1.2.24) can be represented as:

S(t) = = t u)au
“In {S(to)] — At to, Sol\) _/to Mu)du . (1.2.25)

and

m—1 ti—1

S(t) - = S u)du t u)du . )
—In {S(to)] = A(t,to|N) ;/t Au)d +/ Au)du, t € [tj—1,t;) . (1.2.26)

respectively. Furthermore, we set z =1n S, Sy =1 and y(t) = —A(t) where S and A are defined in (1.2.24).
From Corollary 1.2.2, we have

In S(t) = —A(t), (1.2.27)
where A(t) = >, ), <; Ai is a cumulative hazard function.

REMARK 1.2.5 We remark that if z is replaced by survival function, S in Corollary 1.2.1, and « and ~ are

replaced by S and A in Corollary 1.2.2; then (1.2.20) and (1.2.21) are replaced by:

Sty =[] @=X)S, t=t (1.2.28)
gl <t
and
St =Y A, t>to, (1.2.29)
i|ti§t

respectively. Moreover, (1.2.28) is the solution process of the discrete-time dynamic system described by
Corollary 1.2.1. Furthermore, dynamic system outlined in Corollary 1.2.1 provides an innovative alternative

approach for finding the discrete-time survival function (Kaplan & Meier, 1958) in a systematic manner.

We utilize the above presented concepts and results in subsequent sections in a systematic and unified

way.

1.3 Fundamental Results for Continuous and Discrete-Time to Event Dynamic Processes

In this section, we utilize hybrid dynamic model (1.2.7) and fundamental analytic Theorem 1.2.1 for time-
to-event process to develop a general fundamental result. The developed result provides basic analytic and
computational tools for estimating survival state and parameters. The presented approach also provides a
systematic and unified way of estimating the parameters and survival functions.

Let z(t) be the total number of units/individuals operating/alive (or survivals) at time ¢, for ¢ € [tg, T]. It
is described by (1.2.11). Let A and S be hazard/risk rate and survival functions of the units/patients/infec-
tives/species/individuals, respectively. Employing a dynamic model for number of units/species/ individuals
coupled with survival state dynamic model (1.2.2) or (1.2.7), we present an interconnected hybrid dynamic

model below.



Following the argument used in developing dynamic models (Ladde & Ladde, 2012), we introduce the

following interconnected system of differential equations:

dS = —AB)Sdt, te[tj_1,t;),

Sj= (1= B)S(t; , tj-1,85-1),  S(to) =1, (1.3.1)

de = (—a(t)z +~(1))dB(),  x(to) =20, tE[tj1,t)),

z; = (1 —oj)z(t; , tj—1,2-1) +75 »

REMARK 1.3.1 We outline a few important observations that exhibit the role and scope of dynamic approach
to illustrate the existing results [20, 26-28, 49] as special cases.
(i) Dynamic system (1.3.1) in the context of (1.2.19) (Remark 1.2.3) is reduced to

dS = —AB)Sdt, te[tj_1,t;),

Sj=(1=B)S(t;,tj —1,8;-1), S(to) =1, (1.3.2)

dxr =0dt, .r(to) =z9, t€ [tj_l,tj),

zj=(1—ay)a(t; tj—1,25-1) +75 -

(ii) From Corollary 1.2.1 in the context of Remark 1.2.5, in particular (1.2.28), system (1.3.1) becomes:

dS =0dt, te€tj_1,t;),

Sj =1 =Aj)Sj-1, (1.33)
de =0dt, z(ty) =20,

rj=1—aj)zj1+7

We note that (1.3.3) is a special version of (1.3.1). In addition, we refer to system (1.3.3) as a totally

discrete-time hybrid dynamic system.

Now, we are ready to present a basic result regarding continuous and discrete time interconnected dynamic
of survival species or objects or thoughts operating under the time-to-event intervention processes. Prior to

the formulation of the fundamental result, we introduce a concept of number of survivals.

DEFINITION 1.3.1 Let z be a function defied by z(t) = x(t)S(t), where S and x are solution process of (1.3.1)
for t € [to, T]. Moreover, for each t € [to, T], z(t) stands for the number of survivals at ¢t under an influence

of time-to-event process.

THEOREM 1.3.1 Let (x,S) be a solution process of (1.3.1). Then the interconnected hybrid dynamic popu-

lation model for time-to-event process (1.8.1) and corresponding intervention iterative process are described

10



by:
dz = =A(t)zdt, =z(tj—1)=2zj—1, for teltj_i,t;), jel(l,k),

(1.3.4)
2(tj) = (1 —a;)(1 = By)z(t;) +v(1 = B5),
and
2(t;) = (1= A(t;)At;) (1 — a;)(1 = Bj)z(tj—1) + 7 (1 = Bj), (1.3.5)
respectively, where z is defined in Definition 1.3.1 and At; =t; —t;_q for j € I(1,k).
Proof. For t € [t;_1,t;), j > 1, from Definition 1.3.1, Remark 1.3.1 and the nature of S, we have
dz(t) = =A(t)z(t)dt . (1.3.6)

This establishes the continuous-time dynamic equation in (1.3.4). The proof of the discrete-time dynamic
part in (1.3.4) and iterative process in (1.3.5) are outlined below. Multiplying the discrete-time iterative

process in (1.3.1) by S(t; ) and noting the fact that S(t;) = S(t; ), we obtain

w(t)S(t;) = (1 —ay)(1 = B;)=(t;)S(t57) + (1 = B;)S(E;) - (1.3.7)

Moreover, using the definition of z, (1.3.7) reduces to

2(t;) = (L= a;) (1 = Bj)z(t; ) + (1 = B;) - (1.3.8)

This establishes (1.3.4).

Applying the Euler-type numerical scheme [8] to (1.3.6) over an interval [t;_1,;], we obtain
2(t;) = 2(tj—1) = —A(tj—1)z(t;—1) At; . (1.3.9)
From (1.3.8) and (1.3.9) , we have
z(t;) = (1 = Ntj)At;)(1 — o) (1 — B)z(tj—1) +v;(1 = B5) . (1.3.10)

(1.3.10) exhibits the discrete time dynamic for survival process corresponding to the continuous-time dynamic
process described in (1.3.4) and the discrete-time intervention process. Moreover, (1.3.10) exhibits the

validity of (1.3.5). This establishes proof of Theorem 1.3.1. O

In the following, we present a few special/trivial cases that exhibit existing results in the framework of

hybrid dynamic of time-to-event interconnected system.

COROLLARY 1.3.1 Let us consider a very special/trivial case of Theorem 1.3.1 as follows:

11



dS = —AB)Sdt, t>to,
de=0dt, t>to, (1.3.11)
l’(tj) :l'(t;,tjfl,xjfl), $(t0) = Zq, ] GI(l,k) .

Applying Theorem 1.3.1 and using (1.3.4) and (1.8.5), (1.8.11) reduces to

dz = —)\(t)zdt, Z(tj_l) =Zj—1, t e [tj_l,tj),

(1.3.12)
Z(tj) :Z(tj_atj—lazj—l) :Z(tj—l)v J GI(l,k)a
and
Z(tj) = (1 — /\(tj)Atj>Z(tj,1) . (1313)
COROLLARY 1.3.2 Let us consider a special case of (1.3.1) as follows:
dS = —-A(t)Sdt, S(tj-1) =951, teltj_1,tj),
(t) (J 1) Jj—1 [J 1 ]) (1.3.14)

S(t;) = S(t;,tj-1,55-1),

where a; is defined in Example 1.2.1. Then applying Euler-type discretization scheme [8] on [¢;_1, tj_], yields
S(t;) = S(tj—1) = =A(tj—1)S(tj—1)At; . (1.3.15)

Moreover, from (1.3.14) and (1.3.15), we have
S(tj) = S(tj—1) = =At;)S(tj—1)At; . (1.3.16)

COROLLARY 1.3.3 Under the assumptions of Theorem 1.53.1 in the context of Remark 1.3.1(ii), (1.3.3) be-

comes:
dz =0dt, =z(tj—1) =21, telti_1,t;),
1) =2 y-1.t9) (1.3.17)
2(t;) = (1 =N —aj)zj—1 + 7,
and
2(t;) = (L= X)X —aj)2(tj-1) +75 - (1.3.18)

This corollary is indeed a totally discrete-time version of hybrid dynamic system operating under discrete-
time intervention process.

Using Definition 1.3.1 and the discrete-time iterative process (1.3.5), we introduce a couple of definitions.

DEFINITION 1.3.2 Let ¢;_1 and ¢; be a pair of consecutive observation times belonging to [0,T]. z(t;_1)

stands for the number of survivals at the time ¢;_; for each j € I(1, k). Moreover, z(t;_1) is the number of

12



survivals under observation over the sub-interval of time [t;_1,tj). z(t;—1)At; is the amount of time spent

under observation/testing/evaluation by z(t;_1) survivals over the length At; of time interval [t;_1,¢;).

DEFINITION 1.3.3 For j € I(1,k), 2(tj—1) — 2(t;) stands for the change in number of survivals over the

interval of time [t;_1,t;] of length At;.

REMARK 1.3.2 The discrete-time processes (1.3.5), (1.3.13), (1.3.16) and (1.3.18) are referred as our nu-
merical schemes with respect to interconnected hybrid dynamic models for a survival population dynamic
processes. Moreover, from (1.3.5), we will introduce three more special numerical schemes, namely, time-
to-event: (i) failure/death/removal/infective, (ii) censored/withdrawn, and (iii) admission/joining/suscepti-
ble/relapsed processes. We further note that the presented numerical schemes allow “ties” with deaths/failure
or censored/quiting process. In addition, the population under the presented observation/supervision process

includes the patient/objects population as a special case.

(i) Foreach j € I(1,k), let us assume that either ¢;_; and t; are consecutive failure/death/removal/infective
times of individual/machine/species, or ¢t;_; and ¢; are censored and failure times, respectively. For
a; =v; = B; = 0, the numerical scheme (1.3.5) for failure/death/removal/infective/etc process data set

is described by
2(t5) = (1= M) At)2(t5-1). (1.3.19)

and hence

2(tj) — 2(tj—1) = = A(tj)2(t;-1)Aty, (1.3.20)

where ¢;_; is either the failure or censored time.

Moreover, a; = v; = §; = 0 in (1.3.5) coupled with (1.3.9) is equivalent to the Kaplan and Meier (1958)
assumption, namely,

z(t; ) — x(t;) = the number of deaths at?; .

That is
2(tjo1) —2(t;) =0 and z(t;) = 2(t]) .

This implies that z(t) is left discontinuous and right continuous at ¢;.

(ii) Let us assume that either t;_; and ¢; are consecutive censored times, or ¢;_; and t; are failure and
censored times, respectively. For a; = §; = 0, and 77 stands for the number of censored objects/infec-
tives/etc at a time ¢;. The numerical scheme (1.3.5) for censored/listed/identified process data set is
described by

2(t;) = (1= Altj)Aty) 2(tj—1) =75 (1.3.21)

where t;_ is either a failure or censored time.

13



(iii)

(iv)

Thus
2(t;) — 2(tj—1) = —A(tj)z(tj—1)At; — 5 (1.3.22)

Again, we note that a; = f; = 0,75, in the context of (1.3.9) is equivalent to the Kaplan and Meier
(1958) assumption, namely,

Z(tj) = Z(tj_

) and z(t;) — z(t;r) =75 -

This implies that z(t) is left continuous and right discontinuous at t;.

Let us assume that ¢;_; is either failure or censored time, and ¢; is a joining/admitting/relapsing time.
For aj = 0 and 7§ denoting the number of objects/infectives that joined the observation process at time

t;. The numerical scheme (1.3.5) for admission/joining/sustainable/recruiting/relapsing process is
2(t;) = (1 = A(t;)Aty) 2(tj—1) + 775 - (1.3.23)

The scheme determined by a;; = 0 in (1.3.5) with (1.3.9) and the addition 7§ in (1.3.23) is equivalent to
z(t;) — 2(t;) = ¢ and 2(t;) = z(t;r)
Remarks (i), (ii) and (iii) remain valid for the iterative processes (1.3.5), (1.3.13) and (1.3.18).

(I) For a; = 0= B; =5 in (1.3.5), (1.3.16) reduces to (1.3.20); for a; = 0 = 3; = ;, (1.3.18) reduces
to z(t;) = (1 = Aj)z(tj-1).
(IT) For aj = 0 = B and v; = —v§ in (1.3.5), (1.3.5) reduces to (1.3.22); for a; =0 = A; and v; = -7,
(1.3.18) becomes
2(ty) — 2(tj—1) = (1 = Aj)z(tj-1) =75 - (1.3.24)

(IlI) For a; = 0 = B and y; = 7§ in (1.3.5), and a; = 0 and ; = 7§ in (1.3.18), (1.3.5) reduces to
(1.3.23), and (1.3.18) reduces to

2(t5) — 2(tj—1) = (1= Aj)z(tj—1) + 75 (1.3.25)

1.4 Estimations of Risk Rate and Survival Functions

Now, we are ready to find an estimate for the hazard/risk rate and survival functions for interconnected

continuous and discrete-time survival state dynamic processes. For the sake of completeness and clarity, we

first introduce a couple of definitions.

DEFINITION 1.4.1 For j € I(1,k), let £;_1 and t; be consecutive change times under continuous-time state

survival dynamic process. The parameter estimate at ¢; is defined by the quotient of change of objects over

the consecutive time change interval [t;_1,t;) and the total time spent by the objects under observation over
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the time interval of length At;.

DEFINITION 1.4.2 For j € I(1,k), let t;_; and t; be consecutive change times for discrete-time state survival
dynamic process. The parameter estimate at ¢; is defined by the quotient of the relative frequency of the
change in the number of survival state over the consecutive time change interval [t;_1,t;) and the number

of objects at the immediate past time, that is, either the change time or the censored time.

REMARK 1.4.1 We observe that the Definitions 1.4.1 and 1.4.2 are consistent with each other. This statement
can be justified in the context of discrete-time iterative scheme (1.3.10) and the continuous and discrete-time
hybrid-type descriptions of survival state dynamic model (1.3.2) and totally discrete-time hybrid dynamic
system (1.3.3).

Now, we are ready to present a main result regarding parameter and survival state estimation problems.
This result includes several existing results as special cases. In the following, we simply state a conceptual

computational algorithm. The detailed proof is given in the supplementary section.

THEOREM 1.4.1 Let us assume that the conditions of Theorem 1.3.1 in the context of Remarks 1.3.1 and
1.3.2(1),(ii) are satisfied.
(a) Forj € I(1,k), ift;—1 and t; are consecutive risk/failure/removal/death/non-operational times in [ty, T]

then an estimate for the hazard/risk rate function at t;j is determined by:

Aty) = Z(ZJ’(t:SAZSj) : (14.1)

and an estimate for the hazard/risk rate function is
At) = A(t;), for teltj_i,t;) and jeI(1,k). (1.4.2)

(b) Forje I(1,k), iftj_1 < t5 <tj, and 1§ is censored time between a pair of consecutive failure times tj_1

and t; in [to,T), then

(i) a change in the number of items/subjects/thoughts that are under observation over the subinterval

[ti—1,t;) of the time interval of study [to,T] is
z(tj-1) = z(t;) — 753 (1.4.3)

(ii) a total amount of time spent under the observation/testing/evaluation of z(t;—1) — z(t;) — 7§

items/patients/infectives/radicals/subjects over the time interval [t;_1,t;) is
2(tj—1) A + 2(t5)Atje,  Atje =t; —t]. (1.4.4)
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(iit) an estimate for the hazard/risk rate function at t; is defined as:

N 2(tj-1) — 2(t;) =5
At = i 1.4.5
(1) 2(tj—1) ALS + 2(t5) At e (1.4.5)
and an estimate for the hazard/risk rate function is
Mt) = Aty), for teltji,t;) and jeI(1,k). (1.4.6)
(iv) Moreover, an estimate for the survival function in (1.3.1) is

7j—1
S(t) = Soexp | Y Am(tm —tm-1) + A; (t—t;-1) |, t € [tj_1,1;). (1.4.7)

m=1

Proof.

(a)

Using the discrete-time iterative scheme (1.3.5), Remark 1.3.2(i) and Definitions 1.3.2, 1.3.3 and 1.4.1,

we have

A(t) = Alty) = Z(Z;jl)lgggj )

for t € [t;—1,t;) and j € I(1, k). This establishes (a).

Let ¢ be a censoring time between two consecutive risk/failure times, ¢;_; and t;. We consider a

partition of [t; 1, ;] : t;_1 <t <t;.

Employing iterative processes in (1.3.22) and (1.3.20) on respective subintervals [t;_1,§] and [t§,¢;], we

have

2(t;) — 2(tj-1) = 2(]) — 2(tj—1) + 2(t;) — 2(t5)

= —A(tj—1) At —f — A(t;)2(t5) Atje

= —A(t;) [2(tj—1) ALS + 2(t5) Atje] — 75 (1.4.8)
From (1.4.8), we obtain:
2(tj—1) — 2(t;) =75 = At;) [2(t—1) AtS + 2(t5) Atye] (1.4.9)

From (1.4.9) and knowing that A(t;) is the hazard/risk rate of change per unit time per unit objec-
t/subject, we conclude that z(t;_1) — z(t;) — 7§ is the number of failure/non-operating objects and
2(tj—1)AtS + 2(t§)Atj. denotes the total amount of time spent by z(t;_1) — z(t;) — 7§ over the the
interval [t;_1,t;). This establishes (i) and (ii).
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To complete the proofs of (iii) and (iv), we utilize Definition 1.4.1 and (1.4.9), and obtain

<o A1) = a(t) = .
A(t;) = 2, )AE T ()AL, for jelI(l,k).

and hence

This establishes proof of the theorem.

REMARK 1.4.2 We note that if t; = ¢; in Theorem 1.4.1(b), then we have “ties” between censored and failure

times. In this case, Atj = At; and At;. = 0. From this, (1.4.4) and (1.4.5) reduce to
Z(tj_l)Atj 5 (1410)

and
z(tj—1) — 2(t;) — 7§
Z(tj_l)Atj

At;) = for je I(1,k). (1.4.11)

This observation justifies Remark 1.3.2 regarding the mixed “ties.”

In the following, we exhibit the role and scope of Theorem 1.4.1. This is achieved by presenting the

well-known hazard/risk rate and survival functions as special cases.
COROLLARY 1.4.1 Assume that conditions of Corollary 1.3.3 in the context of Remark 1.5.2(iv)(I) are sat-
isfied.

a) For j € I(1,k), if t;—1 and t; are consecutive risk/failure times in [ty,T], then employing Definitions
J J
1.8.2, 1.3.3 and 1.4.2, an estimate for the risk/hazard rate function at t; is determined by:

L) = 2= = 2(t)

At;) = ETYEEE (1.4.12)
and

At) = A(t;), tetj,t)). (1.4.13)

Substituting (1.4.12) into (1.2.28), an estimate for the survival function is obtained as:

st = 1] (1—;\z‘>= 11 (1_W>

’L“t]‘_lgt ’L“t]‘_lgt

= 11 (1_2(51‘1)), t>t, (1.4.14)

i\tj,lgt
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where d; = z(t;—1) — z(t;) is the number of deaths over the consecutive risk/failure time interval [t;—1,t;),

t; <tj_1 <t <t; for somejeI(l,k).

(b) For j € I(1,k), iftj—1 <t <tj, and t§ is censored time between a pair of consecutive risk/failure times
ti—1 andt; in [to,T), then, employing Definitions 1.3.2, 1.3.8 and 1.4.2, an estimate for the risk/hazard

rate function at t; is determined by:

A 2(tj—1) = 2(t;) =7

Alt;) ) , (1.4.15)
and

At) = At), te[tiit) . (1.4.16)

Substituting (1.4.15) into (1.2.28), an estimate for the survival function when t§ is a censored time

between consecutive failure times, t;_1 and t; is given by:

I ()

iltj—1<t iltj—1<t

= 1I (1—22;))7 t>to, (1.4.17)

i|tj,1§t i

)
—~
~
~—
I
—_
I
>
N
I

where © runs over the positive integers for which t; <t;_1, t;_1 <t <t for some j € I(1,k); t;_1,t; are
consecutive failure times for i € I(1,7), and d; = z(t;—1) — z(t;) — ¢ is the number of deaths over the

consecutive failure time interval [t;_1,t;).

REMARK 1.4.3 (a) We remark that (1.4.14) and (1.4.17) are indeed the Kaplan and Meier (1958)-type
survival estimate functions.

(b) In the literature [25, 37], the numbers in the denominator of (1.4.14) and (1.4.17) are referred to as the
number of individuals at risk at ¢; 1 and t§ respectively. Denoting this by n;, we can write both (1.4.14)

and (1.4.17) as:

sty= ] (";d> (1.4.18)

ilt;_1<t ‘
This is the well-known formula cited in the literature [25, 37].

(¢) From Remark 1.2.4, we obtain

Ay=N" 3=, t>1t, (1.4.19)
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where

z(tj—q1) if there are no censors in  [tj_1,t;),
ny=1{ 7 Y (1.4.20)

z(t§) if t§ is a censored time in [t;_1,;) .

This is the estimator introduced by Nelson [41] and [1]. These special cases exhibit the role and scope

of the presented innovative alternative dynamic approach.

In the following, we state a corollary that further illustrates the role and scope of our dynamic approach.

Further details regarding the proof is outlined in the supplementary section.

COROLLARY 1.4.2 Let us assume that the conditions of Corollary 1.8.2 and Example 1.2.2 in the context of
Remark 1.3.2(%i) are satisfied. For j € I(1,n), if tj_1 and t; are consecutive risk/failure times in [to, 7],
then employing Definitions 1.3.2, 1.3.3 and 1.4.2, an estimate for the risk/hazard rate function at t; is

determined by:

t;) = , 1.4.21
and
At) =Aty), teltiaty), (1.4.22)
where a; and Aj_1 are defined in Example 1.2.1.
Moreover, an estimate for the survival function is represented by
S(t) = Sj,1 exp [—S\j(t — tjfl)} fO?" te [tjfl,tj) . (1423)

Proof. Under the conditions of Example 1.2.1 and using the relationship between S, the cumulative jumps
in Example 1.2.2, Corollary 1.3.2(in particular (1.3.16)), an estimate for the risk/hazard rate function at ¢;

is obtained as:
a;

Mtj)= —F 1.4.24
( ]) (1 _ Aj—l)Atj ( )
and an estimate for the risk/hazard rate function is
A(t) = A(t;), for tel[tj_i,t;) and je I(1,m) (1.4.25)
From (1.3.14), using (1.2.8) and (1.4.25), an estimate for the survival function is given by:
S(t) = exp(—A;_1) exp ( —ay(t = tj-1) ) Lt <t <ty (1.4.26)
(1= A1)t —tj-1)

where

J
a:
A = — 1< j<m,Ay:=0,
J ;1—141'—1 >J]=m, Ao
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and A; is the cumulative hazard function. This establishes the proof of the corollary. )

REMARK 1.4.4 The PEXE of Kitchin et al. [28], as well as Kim and Proschan [27] is undefined beyond the
last observed failure time. To rectify that, Malla and Mukerjee [38] provided the following exponential tail

hazard/risk rate estimate:

~ _Am
Atail = %’ (1.4.27)
;(Ij - Jj)
where
t; .
I = / SEM ()t = (1— Aj_1)(t; —tj-1)
tj—1

and

g = /ttj SMN(p) = exp(—f\j_l)(l —Aj_1)(t; —t;1) [1 e (1_%” .

1 aj Aj-1

Thus, under the following assumptions: (i) no ties among the failure times, (ii) the last observation is
uncensored, a new PEXE of Malla and Mukerjee [38] is given by

exp(—A;_1)exp (M) , i <t<t;, jel(l,m)

(1-Aj_1)(tj—tj-1)

S(t) = (1.4.28)

exp(—Apm) exp(—Aeail(t — tm)),  tm <t < 00 .

We further note that the presented dynamic approach does not require the failure function to be invertible.

1.5 Multiple Censored Times Between Consecutive Failure Times

In this section, we further apply the conceptual dynamic results developed in Sections 1.2 and 1.3 to multiple
censored times between consecutive failure times. We present a result that provides a very general algorithm
for estimating a hazard rate function for multiple censoring times between consecutive failure times t;_;
and t; with ¢;_1,t; € [to,T). We further note that the presented results in this section extend the results of

Section 1.4 in a systematic and unified manner.

THEOREM 1.5.1 Let the hypotheses of Theorem 1.3.1 in the context of Remarks 1.3.1, 1.8.2(i) and 1.3.2(ii)
be satisfied. For each j € I(1,m), let t;_1 and t; be consecutive failure times. Let {tj,ll}fil be a finite
sequence of censored time observations over a time interval [t;_q1,t;]. Let 'y;» be the number of objects censored
at time tj_y;, forl € I(1,k;) and {7§};€i1 be a corresponding sequence of observed number of objects/species/-

patients/etc. Then
k;
1. 2(tj1) — 2(t;) — > 7} is a change in the number of items/subjects that is under the observation over
=1
the sub-interval [t;_1,t;] of the time interval of study [to, 7].
kj+1
2. > z(tj—u—1)A(tj—1u) is a total amount of time spent under the observation/testing/evaluation/moni-
=1

toring of z(tj—11-1)
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items/patients/ infectives/subjects on the interval [t;_1—1,t;—1;) for 1 € I(1,k;)) and j € I(1,n).

3. an estimate for the hazard rate function at t; is determined by

k;
2(tj-1) — 2(t;) — ;17}
kj+1 ’
2(tj—u—1)Atj—u)

and an estimate for the hazard rate function is

At) = A(t;), for teltj_i,t;) and jelI(l,n).

(1.5.1)

(1.5.2)

Proof. For each j € I(1,n) and tj_1,t; € PJ, objects/subjects are censored k; times over a partition of

[tj—1,t;] of consecutive failure times. Let P; be a partition corresponding to a given finite sequence of

censored times over the failure time interval [¢;_1,¢;), and let it be represented by

ij : tj_l = tj—lO < tj—ll <...< tj—ll—l < tj—ll <... < tj—lkj,1 < tj—lkj .

where P; is a partition of [t;_1,¢;].

For each j € I(1,n), using the iterative schemes (1.3.20) and (1.3.22) we have

k]
2(t5) — 2(tj—1) = (tj—1) = 2(tj—u-0)] + [2(t;) — 2(tj-1x,)]
1:1
kj+1 k;
= =At) | Y a(ti—u—)At | =Y A,
=1 =1
and hence
kj kj+1
2(tj-1) Z Z #tj-u-1)Alt-w) -
=1 =1

k- .

(1.5.3)

(1.5.4)

(1.5.5)

Thus, z(t;—1)—2(t;)— Z 7% is a change in the number of items/subjects that are under observation over the

k+1

subinterval [t;_1,t;], and Z 2(tj—11-1)A(tj—11) is a total amount of time spent under the observation/test-

1ng/evaluat1on/mon1tormg of z(tj_1;) items/patients/infectives/subjects on the interval [t;_1;_1,t;_1;) for

le€I(1,k;)) and j € I(1,n). These statements establish conclusions 1 and 2 of Theorem 1.5.1.

Finally, from Definition 1.4.1, we obtain an estimate for a hazard rate function at t; € [to, T) as:

k;
2(tj—1) — 2(tj) — l;7§

kjia '
> 2(tj—u—1)A(t-u)
=1
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This establishes (1.5.1).
Moreover,

A(t) = A(t;), for teltji,t;) and jeI(l,n). (1.5.6)

This completes the proof of the theorem. O

COROLLARY 1.5.1 Under the conditions of Theorem 1.5.1 and assumptions of Corollary 1.3.3 in the context

of Remark 1.53.2(iv), an estimate for the hazard rate function at t; is determined by

kj
2(tj1) = 2(t;) = Yo
At) = ) = (1.5.7)

and an estimate for the hazard rate function is \(t) = Atj), fort € [tj_1,t;) and j € I(1,n). An estimate

for the survival function is thus given by

St)= J] A=At t >t t; <tj1 <t<t; for somej € I(1,n). (1.5.8)
it 1<t

COROLLARY 1.5.2 Under the conditions of Theorem 1.5.1 and estimate for the cumulative hazard/risk rate

and survival functions are respectively represented by:

j—1

Altto) = D Amltm —tmo1) + X (E—tj_1) , t € [tj_1,t))

m=1

<

and
-1

S(t,to) =5y exp j\m(tm — tm—l) + 5\]‘ (t — tj_l) ,te [tj_l,tj)
1

3
I

fort>to, tj—1 <t <t; for some jeI(l,n).

REMARK 1.5.1 (a) We remark that the innovative dynamic approach for the development of computational
parameter estimation algorithm (1.5.1) is an alternative approach for the algorithm proposed Kim and
Proschan [27].

(b) The estimates (1.5.1) in the context of (1.2.26) yields the estimate obtained by Kulasekera and White
[30] as special cases.

(c) For continuous-time interconnected hybrid state survival dynamic process, if k; = 0, for some j € I(1,n),
then [ = 0 and 4 = 0 and (1.5.1) reduces to (1.4.1). On the other hand, if k; = 1 for some j € I(1,7),
then { =0 and fy} =75 and (1.5.1) implies (1.4.5).

(d) For discrete-time interconnected hybrid state survival dynamic process, if k; = 0, for some j € I(1,n),
then ! = 0 and 7;-) = 0 and (1.5.7) reduces to (1.4.12). On the other hand, if k; = 1, for some j € I(1,n),
then [ = 0 and »; = 7§ and (1.5.7) implies (1.4.15).
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The presented innovative approach of parameter and state estimation includes the Thaler [49]-type hazard
rate estimation problem as a particular case. To justify this statement, we first introduce a concept of
hazard/risk rate function for responder and non-responder states. In addition, we state a corollary of

Theorem 1.5.1 without its proof. The proof is outlined in the supplementary section.

DEFINITION 1.5.1 For ¢ € I(0,1), Let \o(¢t) and A;(¢) represent the hazard/risk rate functions in the non-

responder and responder states, respectively, at time ¢ [49] .

COROLLARY 1.5.3 Let us assume that the conditions of Corollary 1.3.1 in the context of Remark 1.5.2(i) are
satisfied. For j € I(1,ng), let t;—1 and t; be consecutive risk/failure times in state 0. For j' € (1,nq1), let
tj—1 and t;r be consecutive failure times in state 1. Let zy(t;) be the number of survivals at t; in state 0.
Let z1(t;:) be the number of survivals at t; in state 1. Then an estimate for the hazard/risk rate function

at t; is determined by:

S Lot — z0ltm)] S dy,
Ao(t;) = 2= = m=1 , (1.5.9)

J J
Z ZO(tm—l)Atm Z ZO(tm—l)Atm
m=1

m=1

where dy; is the number of deaths/failures at the jth distinct failure time in state i, and an estimate for the

hazard rate function is

~

Xo(t) = Xo(t;), for telti,t;) and jeI(1,ng) . (1.5.10)

An estimate for the hazard/risk rate function at tj is determined by:

v

$ [a(tns) — 21(t)] S dyy
M(ty) = === == : (1.5.11)

J’ J
Z 21 (tm—l)Atm Z <1 (tmfl)Atm
m=1 m=1

where dyij is the number of deaths/failures at the j'th distinct failure time in state 1, and an estimate for

the hazard rate function is

X () =A(ty), for telty_1,ty) and j €I(1,ny). (1.5.12)

The hazard/risk ratio rate function estimate is given by: /{\0((;”' )), The corresponding estimate of the log
1ty

hazard/risk rate ratio function for patients currently in a response compared to a nonresponse state is given

by:

Xo(t;
ﬁ(t) =In A()(ij) fOI‘,tj_l <t< tj andtj/_l <t< t]‘/ . (1513)
A ()

Proof. Let tg < t1 < ... < tpmo1 <ty < ...<tj1 <t; <...<t, =T be a partition of [ty,T]. Using
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(1.3.13), for fixed i = 0 and j € I(1,np), we have
Zo(tm) — Zo(tmfl) = —)\Q(tm)ZO(tmfl)Atm . (1514)

Summing (1.5.14) from m = 1 to j, we obtain

= —Xo(t) ZJ: 20(tm—1) Aty . (1.5.15)

Rearranging (1.5.15) establishes (1.5.9). The proof of (1.5.11) is similar to the proof of (1.5.9). (1.5.13)
is obtained by taking the natural log of the ratio of (1.5.9) and (1.5.11) . This establishes the proof of the

corollary. o

REMARK 1.5.2 We remark that (1.5.9), (1.5.11) and (1.5.13) are identical to the result obtained in Thaler
[49]. Moreover, the estimates in (1.5.9), (1.5.11) and (1.5.13) were obtained in the framework of an innovative

dynamic approach.

In the following, we state a general theorem that provides a theoretical estimate for the hazard/risk rate

function between two successive change point times, ¢;_; and t;.

THEOREM 1.5.2 Let the hypothesis of Theorem 1.5.1 be satisfied. Let {Tf ™, be a sequence of times(failure/
censor/arrival) that fall between the change point times tj_1 and tj for j = I(1,k). Then an estimate for
the hazard rate function at t; is determined by

Slty1) = 2(t) — 3

Atj) = o ,jel(lLk+1). (1.5.16)
> 2(Tn)A(Th)
m=1
where
0 if T is failure time
My = yie if T3 is censored time (1.5.17)

—yl¢ qf T2 is arrival time

J¢ s the number of objects/items/individuals censored at time T2, ; vI¢ is the number of objects/items /in-
dividuals joining/arriving at time TJ,, and an estimate for the hazard rate function is \(t) = 5\(75]») for

te [tj_l,tj).

Proof. Let 0 = tg <11 <ty <...<tj_1 <t; <...<ty be the partition of [ty,T) corresponding to change

point times.
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For j =1,2,...,k, we consider a partition of [t;_1,t;] as follows:
Pty 1 =T) <T{<T§<T{<..<Tl <T/ <. <TI_ | <TI<Tl =tj. (1.5.18)

Imitating the proof of Theorem 1.5.1, we have

z(t;) — 2(tj-1) =

MN

(2T = (T3, 0)] + [2(t) — 2(T7)

3
-1

[T, AT, = | + [-AT))=(T) At

Il
_

l
— \(t)) [Z 2(T _)ATY,
= =

o
) [Z 2(T? AT,

Z T]m - J ] )At]

l
-y, (1.5.19)

m=1 m=1
and hence
L I+1 A 4
2(tjo) — 2(t) = Y nd, = Aty) Y 2(T5,_)ATY, (1.5.20)
m=1 m=1

Thus, 2(tj_1) — 2(t;) — Y. nJ, is a change in the number of items/subjects that is under the observation

over the subinterval [t;_1,t;] of the time interval of study [to, T] and Z 2(T3)ATY, is a total amount of time
spent under the observation/testing/evaluation of z(TJ,) items/ patlents/ infectives/subjects on the interval
(T2 |, T3) for m € I(1,1)) and j € I(1, k). Finally, from Definition 1.4.1, we obtain an estimate for a hazard

rate function at t; € [to, T) as:

2(tj-1) — 2(tj) — i_l%

Alt;) = I+1 , ’
> 2(T5,_1)ATh,
m=1
Moreover,
A(t) = A(t;), for te[tj_i,t;) and jeI(1,k). (1.5.21)

This establishes the proof of the theorem.
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Chapter 2

Conceptual Computational Algorithms

2.1 Introduction

In this chapter, we outline very general conceptual computational, data organizational and simulation
schemes. The computational and simulation algorithms are based on the fundamental theoretical result
(Theorem 1.5.1) developed in Section 1.5. In Section 2.2, conceptual computational parameter and state
estimation schemes are developed. Conceptual and computational simulation algorithms are given in Section
2.3. The developed computational schemes are applied time-to-event datasets to estimate hazard/risk rate

and survival functions in a systematic and unified way in Section 2.4.

2.2 Conceptual Computational Parameter and State Estimation Scheme
The theoretical computational algorithm for interconnected continuous-time hybrid dynamic process (1.3.1),

is as follows:
kj+1

k;
2(tj—1) Z Z 2(tj—u-1)Atj—u), (2.2.1)
=1 1=1
and the conceptual computational algorithm for totally discrete-time hybrid dynamic process (1.3.3) is
k;
2(tj-) Z = At;)z(tj-1;) - (2.2.2)

Here P) i tg <t; <...< tji—1 <tj <...<tyis a partition of failure times over the time interval [0, T). Let
P; be a partition corresponding to a given finite sequence of censored times over the failure time interval

[tj—1,t;), and let it be represented by
T]’ : tj,1 = tj,10 < tj,11 <...< tjfllfl < tj,u <...< tjflkj_l < tjflkj . (223)

For j € I(1,n), A is the hazard rate function; z(t) stands for the number of survivals at time ¢; 'yg» denotes
the number of objects censored at the time ¢;_1;,5 € I(1,m) and | € I(0,k;), k; € I(0,00). For the

continuous-time hybrid dynamic process (1.3.1), an estimate of the survival function is represented by
S(t,to) = Soexp | D Amltm — tm—1) + X (t—t;-1)| , t € [tj_1,t;)for t > to. (2.2.4)
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For the totally discrete-time hybrid dynamic process (1.3.3), an estimate of the survival function is repre-

sented by

St = J[ A=A, t=t. (2.2.5)

iltj_1<t

First, we construct a detailed flowchart for the general conceptual computational algorithm developed in

Section 1.5.
A partition Py of [0, T] of data
observation time
Formation of consecutive failure subintervals
of [0, T]: [tj—1,t5], tj—1,t; Efpg
Discrete Data set Continuous
A check for censored times: yes Estimate A(t;) Estimate A(¢;) yes A check for censored times:
t5_ 1 € [tj—1,t5), 1 € 1(0, ky) (2.2.2) (2.2.1) 51 € [tj—1,t5), L € 1(0, ky)
no no
Estimate A(t;) Estimate A(¢;)
(2.2.2) with v} =0 (2.2.1) with v} =0
Estimate S(t) for Estimate $(t) for
teltj_1,t;) (2.2.5) teltj—1,t;) (2.2.4)

Flowchart 1.: Conceptual Computational Algorithm

We observe that the conceptual computational algorithm (Flowchart 1) is composed of two sub-conceptual

computational algorithms, namely, continuous-time and discrete-time hybrid dynamic processes.

2.3 Conceptual and Computational Simulation Algorithms

A pseudocode for a simulation scheme for both interconnected continuous-time and totally discrete-time

hybrid dynamic processes are outlined below:
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for j =1 to N do for j =1 to N do

Compute kj, z(t;—1), z(t;) Compute kj, z(t;—1), z(t;)
if k; = 0 then if k; = 0 then
Compute z(t;—1)At; Compute z(t;—1)
else else
kj kj+1 J
Compute Z"/;, Z z2(tj—11—1)A(tj-11) Compute Zv§, z(t_j_lkj)
=1 =1 1=1
end if end if
Compute A(t;), S(t) Compute A(t;), S(t)
end for end for
Simulation Scheme 2a.: Pseudocode for interconnected Simulation Scheme 2b.: Pseudocode for totally discrete-time
continuous-time hybrid dynamic process hybrid dynamic process

Moreover, a flowchart for the simulation algorithm for parameter and state estimation problems for intercon-
nected continuous-time (1.3.1) and discrete-time (1.3.3) hybrid dynamic processes are provided in Flowchart

3.

/ Input data /

Discrete Data set Continuous
yes « yes .
Censored times? >——>| Estimate A(¢;) (2.2.2) Censored times? >»——> Estimate \(¢;) (2.2.1)
no no
Estimate A(t;) (2.2.2) with 'yﬁ. =0 Estimate A(t;) (2.2.1) with 'y; =0

/ Estimate S(t), t € [tj_1,t;) (2.2.5) %— / Estimate S(t), t € [tj_1,t;) (2.2.4) %—

Stop

Flowchart 3.: Simulation Algorithm for interconnected hybrid dynamic processes
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We note that flowchart for simulation algorithm (Flowchart 3) is composed of two sub-simulation algo-

rithms, namely, continuous-time and totally discrete-time hybrid dynamic processes.

2.4 Applications to Time-to-event Datasets

In the following, using the conceptual computational algorithm, we exemplify our theoretical procedure by
estimating hazard rate and survival functions of two data sets in a systematic and unified way. The first
data set can be found in [26].

ILLUSTRATION 2.4.1 Suppose that out of a sample of 8 items the following are observed:

Table 1: Dataset used by Kaplan and Meier [26]

Order of Time of Cessation Cause of
Time Notation

Observation of Observation Cessation
1 0.8 Failure ty
2 1.0 Censored t11
3 2.7 Censored t19
4 3.1 Failure ta
5 5.4 Failure t3
6 7.0 Censored ta1
7 9.2 Failure ty
8 12.1 Censored

We note that the data set in Table 1 is for the totally discrete-time hybrid time-to-event dynamic process
(1.3.3). In view of this, we apply the totally discrete-time parameter and state estimation schemes (2.2.2) and
(2.2.5). In short, we utilize the discrete-time conceptual computational sub-algorithm (Simulation Scheme
2b) “pseudocode” and simulation sub-algorithm (Flowchart 3).

For t € [to,t1), there are no censored times between [to,t1). Therefore, k; = 0, and from Remark 1.5.1(d)

and hence using (2.2.2) we have

~ R Z(to)—z(tl) _].
At =A== = 5

Utilizing (2.2.5), the corresponding survival function is given by

N 1, for te [to,tl),

17)\1:%, for t:tl.



For t € [t1,t2), we note that there are two censored times between ¢; and 5. So, kj = ko = 2. Hence

2
Y =ntrn=1+1=2.
=1

Also, z(tj_1x;) = z(t12) = 5. Thus, from Remark 1.5.1(d) and hence applying (2.2.2), we have

2(t2) — 2(t2) — 3 AL

Sy a =
Ata) = Ao = o <.

Utilizing (2.2.5), the corresponding survival function is thus given by

. %a for te[tl,tz),
S(t) = R 2 R -
(1_)‘j):H(1_)‘J):E’ for t=ty.
k|tj§t J=1
There is no censoring time between the interval [t2,t3) = [3.1,5.4). Therefore, k; = 0, and from Remark

1.5.1(d) and hence using (2.2.2) we obtain

Ats) = Z(ti@;(“) -5

Once again, utilizing (2.2.5), the corresponding survival function is thus given by

y for te [tg,tg),

i

10

3 A

H(l—)\j):%, for t =13 .
Jj=

Continuing in this manner, we record the estimates for hazard rate and survival functions in the following

table with the last column exhibiting the survival function estimate as obtained by Kaplan and Meier [26].

Table 2: Kaplan and Meier Survival estimates for data set given in [26].

Failure Times  Survivals Hazard Rate Function  Survival Function

L =(t;5) A(t5) S(t5)
0.8 7 1/8 7/8
3.1 4 1/5 7/10
5.4 3 1/4 21/40
9.2 1 1/2 21/80
(12.1) 0 1/2 21/80

Using the dataset in [27] and theoretical computational algorithm, Theorem 1.5.1, we illustrate the esti-
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mation of hazard rate and survival functions, systematically.

ILLUSTRATION 2.4.2 Suppose that seven items (new) are put on test at time 0. Each item is observed until
it fails or until it is withdrawn, whichever occurs first. The resulting set of observation [27] is shown in Table

3 in order of occurrence.

Table 3: Data from Kim and Proschan [27]

Order of Time of Cessation Cause of Time Notation Finite sequence Size of Number of

Observation of Observation Cessation of censored Time sequence Censored
0 0
1 2.0 Failure t1 = to1 = t1o
2 3.5 Censored t11 ) I1a
3 4.5 Censored t1o -tz he =2 iz
4 6.2 Failure to = t13 = tag
5 8.0 Censored toy {ti—uti_, ks=1 {4412,
6 8.8 Failure tg = too
7 11.3 Failure ta

The data set in Table 3 is for the interconnected continuous-time hybrid dynamic time-to-event dynamic
process (1.3.1). In view of this, we apply the continuous-time parameter and state estimation schemes (2.2.1)
and (2.2.4). In short, we utilize the continuous-time conceptual computational sub-algorithm (Simulation
Scheme 2a) “pseudocode” and simulation sub-algorithm (Flowchart 3).

For [0,t1) , since there are no censored times in between [0,¢1), k; = k; = 0. Thus from Remark 1.5.1(c)
and using (2.2.1) we have

z(to) — 2z(t1) 1

M= oo ) T

Thus A(t) = £ ~ 0.0714 for t € [to, t1) = [0,2.0).

For the estimate on [t1,t2) = [2.0,6.2), we note that there are two censoring times between [¢;,t3), hence

kj:k2:2and

2
Y m=ntrn=1+1=2

Thus from Remark 1.5.1(c) and thus applying (2.2.1), we have

2(t) — #(ts) ’“; Wt - 2(t) — 3

3 _ = _ = 1
Alt2) = =55 I T 208
> 2(tu-1)Aty > 2(tu—1)Aty
=1 =1
Thus, A(t) = 50, for t € [2.0,6.2).
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On the interval [t2,t3) = [6.2,8.8), we have only one censoring time in between the two failure times. So,
k; = ks = 1. Thus from Remark 1.5.1(c) and hence, using (1.5.1), we obtain
S
to) — 2(t3) —
= T S 1
3) = 3 = = —,
tog) At taor)At 7
S 2(tar1)Alay 2(t20)Atar + 2(t21) Atan
=1
Hence, \(t) = i, fort €[6.2,8.0).
There is no censoring in the interval [t3,¢4). Thus,
N t3) — z(t 1
M) = A2 _ L
Z(tg)At4 2.5
which implies that A(t) = 7= = 0.4, for ¢ € [8.0,11.3). Following this estimation procedure we have
00714 0<t<t; =2
A 0.0481 t; <t <ty =6.2
Alt) = (2.4.1)

0.1429 1y <t <t3 =88

04 tz3 <t<ity,=113.

To obtain the estimate of survival function, we use (2.2.4) or we apply the solution process described in

Section 1.2 regarding (1.2.7) and obtain exponential pieces on successive intervals between failure times that

are joined to form a continuous function. Thus,

exp(—0.0714t) 0<t<?2

exp[—0.1429 — 0.0481(t — 2)] , 2<1t<6.2

S(t) = { exp[0.3448 — 0.1429(¢ — 6.2)] , 6.2 <t < 8.8 (24.2)
exp [0.4591 — 0.4(t — 8.8)] , 88<t<11.3
no estimator, t>11.3

REMARK 2.4.1 These are the same results obtained by using the method proposed by Kim and Proschan

[27).
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Chapter 3

Interconnected Nonlinear Hybrid Dynamic Modeling for Time-to-event Processes

3.1 Introduction

In survival and reliability analysis, parametric methods are often applied to estimate the hazard/risk rate
and survival functions [37]. A parametric approach is based on the assumption that the underlying survival
distribution belongs to some specific family of distributions (e.g. Weibull, log-logistic, exponential etc).
Mostly, classical likelihood-based models, methods and its extensions/generalizations are developed and
utilized [9, 25, 36, 37].

The log-logistic distribution [9, 12, 24, 36, 43] has played a significant role in the survival data analysis. In
this chapter, we present an alternative approach for modeling nonlinear time-to-event processes in biological,
chemical, engineering, epidemiological, medical, military, multiple-markets and social dynamic processes.
This approach does not require any knowledge of either a closed form solution distribution or a class of
distributions. Our innovative approach leads to development of a nonlinear dynamic model for time-to-event
processes.

The human mobility, electronic communications, technological changes, advancements in engineering,
medical, and social sciences have diversified and extended the role and scope of time-to-event processes in
biological, cultural, epidemiological, financial, military and social sciences [2, 11, 33, 34, 50]. It is known that
sudden changes in the hazard rate/risk at unspecified or specified times are frequently encountered in engi-
neering and medical sciences [2]. These changes could occur multiple times. As a result of this, investigators
[17, 19, 21] are often interested in (a) detecting the location of the changes, and (b) estimating the sizes of the
detected changes. For incorporating intervention processes, we transform a continuous nonlinear state dy-
namic model into an interconnected nonlinear hybrid dynamic model composed of both continuous-time and
discrete-time state (intervention) dynamic processes. The presented approach is motivated by parameter and
state estimation problems of continuous-time time-to-event processes. The developed approach us directly
applicable to time-to-event dynamic processes in biological, chemical, engineering, financial, medical, physi-
cal, military and social sciences. A by-product of the transformed interconnected nonlinear hybrid dynamic
model is derivation of theoretical discrete-time conceptual computational dynamic process. Employing the
transformed discrete-time conceptual computational dynamic process, we introduce notions of data coordi-
nation, state data decomposition and aggregation, theoretical conceptual iterative processes, conceptual and
computational parameter estimation and simulation schemes, conceptual and computational state simulation

schemes.

33



The organization of the presented work in this chapter is as follows. A few basic existing concepts and
observations are outlined in Section 3.2. Recognizing the rapid growth and increased efficiency and speed in
communication, science and technology in the 215 century, we develop a nonlinear dynamic model for time-
to-event process in Section 3.3. Fundamental theoretical results for nonlinear hybrid dynamic processes are
outlined in Section 3.4. In fact, interconnected transformed nonlinear hybrid dynamic survival state system
and transformed discrete-time conceptual computational interconnected dynamic algorithm are developed.
The approach is motivated by the preliminary work initiated in [5]. In Section 3.5, we develop very general
theoretical and computational procedures and results for parameter and state estimations for the time-to-

event dynamic process.

3.2 Basic Existing Concepts and Observations

For the better understanding of the development of nonlinear and non-stationary dynamic algorithm of
time-to-event data analysis, we outline a few existing features and ideas in the theory of survival analysis,
as well as make some observations.

Historically, it is known [25] that the study of time-to-event processes is centered around the medical and
engineering sciences. Mostly, classical likelihood based models, methods and its extensions/generalizations
are developed and utilized [25]. The study is based on the concepts in the theory of probability and stochas-
tic processes. In particular, probabilistic concepts of hazard rate function A and survival/failure probability
distributions of a random time variable T form a core of concepts. We note that for ¢ € R, F(t) is a
cumulative probability distribution of T', and S(t) is a survival function of time-to-event process. Moreover,
S(t)+F(t) = 1. In the existing literature, these probabilistic functions are treated to be evolving/progressing
mutually exclusively corresponding to two mutually exclusive time varying events. We refer to .S and F' as
cumulative distributions of two mutually disjoint output processes with respect to two mutually exclusive
time-varying events of a random dynamic process in any discipline. This kind of random dynamic process
can be thought of as the Bernoulli-type of stochastic process. Corresponding to these two output processes
of the Bernoulli-type of stochastic process, we associate two dynamic states of a binary choice/option/ac-
tion. Indeed, a stochastic binary-state dynamic process ({ action, reaction}, {normal, abnormal}, {survival,
failure}, {susceptible, infective}, {operational, non-operational}, {radical, non-radical}, and so on) exhibits
abstractions and generalizations of Newton’s 3'4 law of dynamic motion process ({reaction}).

A Logistic-type survival distribution function has been introduced through a random time transformation.
Moreover, the logistic distribution was introduced by recognizing the properties of the solution of logistic
population dynamic model in the literature [25, 37]. We further note that the hazard rate function satisfies
the conditions: A > 0, and lim;_, [ fot )\(s)ds} = 0o. This is a very restrictive assumption. In the following,
using basic tools in mathematical sciences, we initiate a Newtonian-type dynamic approach for time-to-event

processes in sciences, technologies, and engineering.
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3.3 Motivations and Model Formulation

We recognize the rapid growth and increased efficiency and speed [2, 33, 34, 45, 46, 50] in communication,
science, engineering and technology in the 215 century. Under continuous advancements in science and
technology, the study of time-to-event processes in medical and engineering sciences have been significantly
improved, and can be easily extended to other disciplines that are conceptually similar but apparently differ-
ent. In fact, the scientific and technological changes are playing a role for extension to dynamic processes in
business, economic, management, military and social sciences [11, 33, 34, 45, 46, 50]. It is known that clas-
sical likelihood based models and methods of time-to-event models are very restrictive. For example, most
of the time-to-event processes studied in the literature [25, 37] are focused on exclusively either failure or
survival state dynamic of time-to-event processes. In fact, in economic/financial /social sciences, the group of
human beings are interacting with a fellow human consumer /associate or a user of similar goods/services/in-
formation/knowledge /background/entities easily and more frequently for making a decision choice. Recently
[46], introducing the concept of network externality process and its dynamic principle, the consumer group
network influence has led to the definition of network externality value. Moreover, network good value is
determined by a current market share/size. It has been further remarked that the collection of network
externality functions includes sub-classes of survival/failure functions with finite domain of operation. We
associate two mutually time-to-events in sciences and technologies with respect to two mutually exclusive
dynamic states operating/functioning in the sciences, engineering and technologies to develop a dynamic
model.

In this chapter, we initiate a nonlinear dynamic model for time-to-event processes in biological, medical,
business, economic, management, military and social sciences as a binary-state probabilistic dynamic process
interacting or influencing simultaneously instead of mutually exclusively (isolated manner). Let survival/op-
erating/susceptible/action/normal and failure/non-operating/infective/ inaction/abnormal be probabilistic
states of a time-to-event dynamic process in sciences, engineering, financial, medical, military, technological
and social disciplines. Let us denote the probabilistic measures of these two dynamic states by S and F,
respectively.

For this purpose, we introduce a dynamic principle for a binary state time-to-event process as:

Survival Principle: A specific survival state probability measure differential rate over an interval of time
[t,t + At] of a time-to-event binary-state dynamic process is directly proportional to the product of failure

state probability measure and the length of the interval At:

%ocht,
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that is

dS = —\(t)SFdt

—A\()S(1 — S)dt, (3.3.1)

where A is a nonnegative function of proportionality; dS stands for a differential of survival state proba-
bility measure over an interval of length At = dt; % denotes a specific survival state probability measure
differential rate over the length of time interval At; negative sign in (3.3.1) signifies that survival state prob-
ability decreases as t increases; and 1 — S represents a potential of failure; in addition, 1 — S characterizes
instantaneous effects of the failure state on the dynamic of survival state. Moreover, the differential of S in
(3.3.1) is directly proportional to the product of the variance SF of binary state dynamic of time-to-event
process and time At. The function of proportionality may depend on time, probabilistic measure states of
Bernoulli-type dynamic process, and parameters of time-to-event process.

The development of nonlinear survival state dynamic model (3.3.1) motivates to study a very general

survival state dynamic model of time-to-event process described by
dS = —-SA(t,S)dt, S(tg) = So, (3.3.2)

where X is a continuous function defined on R x R into R, and it is smooth enough to assure the existence,
uniqueness, and the non-negativity of solution process of (3.3.2) with 0 < § < 1, whenever 0 < Sy < 1.

Moreover, the solution process S(t,to, So) is increasing in Sy for each (¢,t9) € R x R.

In the following, we present an example that exhibits the role and scope of the presented dynamic modeling

approach.

ExaMpPLE 3.3.1 We consider the following very simple dynamic model for the binary state time-to-event

dynamic process. We consider

ds = (*ﬂss + Ots)dt, S(to) =50, 0< 5y <1,
(3.3.3)

dF = (=BrF + ar)dt, F(ty) = Fo, 0 < Fy < 1,

where S, o, Br and ap are positive real numbers; these positive parameters satisfy the following conditions:
0 <oy < B and ap < fBp. S(t) = exp[—F(t — t0)]S0 + 3 (1 — exp[—Bs(t — to)]) and F(t) = exp[—Bp(t —
to)]Fo+ 3= (1 —exp[—Br(t —to)]) are solution processes of (3.3.3). Moreover, 0 < F((¢) < 1and 0 < S(t) < 1.
In addition, F'(t) + S(t) = 1, provided g = s = B and as + ap = S.

REMARK 3.3.1 As of now, we do not have any real world data to justify the validity of its usage. In

fact, this opens a new avenue to undertake a study of time-to-event process. We note that this example
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provides a theoretical illustration for the measure of sustainability /unsustainability, stability /unstability,

sustainable/unsustainable invariant sets, and attainable/unattainable sets.

REMARK 3.3.2 Let (t9,Sp) be a given initial condition. The initial data (tp,Sp) together with (3.3.1) is
referred to as the initial value problem (IVP)[33]. Employing an elementary technique, the initial value

problem

ds = —)\(t)S(l — S) dt, S(to) =S5 te [t07 OO) s (334)

has a unique non-negative solution.

Moreover, the closed form solution process of (3.3.4) is represented by

S(t) = Sto) e [ f, } . (3.3.5)

1 — S(to) + S(to) exp[ S ]

The solution representation in (3.3.5) can be rewritten as

1 1
S(t) = , Sty) =———F——, 3.3.6
O = e mO —aw)] "= Trewato) (3:3.6)
where H(t) = H(to) + ft s)ds and a(tg) = H(tp) — In {1;?;2%0)}
From (3.3.6), we further note that
Ft) = ! (3.3.7)
~ L+expla(to) — H(1)] -
F in (3.3.7) can be referred as a generalized logistic distribution.
In the following, we exhibit a well-known log-logistic distribution as a special case of (3.3.4).
EXAMPLE 3.3.2 Let us consider a transformation,
=InT=a+0cX (3.3.8)

where o € R,0 > 0, and a random variable X has the standard logistic cumulative distribution [25]. Under

the transformation (3.3.8), (3.3.4) reduces to

1
ds = ——S(1 - S)dt, S(to) = So.
g

with A = L, H(t) = 2 and a(t) = —In {—1550] 4 Into,

o

The nonlinear survival dynamic model described by (3.3.2) is too restrictive. It does not address the
problems of external intervention processes generated by the usage of modern scientific, engineering, medical

and technological tools/products/procedures/etc. In order to incorporate updated tools for the betterment
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of services/results/benefits, dynamic model (3.3.2) needs to be modified. For this purpose, we introduce a

definition and modify dynamic model (3.3.2).

DEFINITION 3.3.1 Let tg < t; < to < ... <ty < txy1 be a given partition (P) of a time interval [to, T], and
th+1 < 00. Let Ay, Ag, ..., Ak+1 be model parameters. We associate a finite increasing sequence {tj_1}§211 of
intervention process corresponding to the partition (P) of the overall time interval [¢g, T] of study. Moreover,
we decompose [tg, T] by the finite sequence of subintervals {[t;_1,t;) fill of [to,T]. A hazard/risk rate

function for a nonnegative random variable T' that characterizes time-to-event processes is of the following

form:

)\1 0<t<ty

Ne  h<t<t
NOEE S ’ (3.3.9)

A1 2>t
where \; are positive real numbers for j € I(1,k+ 1), (I(1,1) ={1,2,...,1}).

From Definition 3.3.1, we recognize that the sudden changes in A(t) are encountered due to various types
of intervention processes (internal or external) [33]. It is known [33] that many real world time-to-event
dynamic processes undergo state adjustment processes, periodically. Due to constant changes in science,
technology, medicine, cultural, environmental, educational, financial and socio-economic changes/behavior,
continuous-time dynamic processes are frequently interrupted by discrete-time events. This results in a
modification of (3.3.2) under the influence of intervention process. Following the nonlinear hybrid dynamic

model [33], a modified version of the time-to-event dynamic model (3.3.2) is described by

dS = —SA(t, S)dt, S(ti_1)=S,_1, te[tj_1,t;),
( ) (J 1) j—1 [J 1 ]) (3.3.10)

Sj :A(t;,S(t;,tjfl,ijl)), S(to) :So, J GI(l,k‘),

where X is defined in (3.3.2); A is a Borel-measurable survival state discrete-time intervention rate function;
S(t;) = S(t;,tj—1,Sj-1) represents the left-hand limit of survival state function at time ;. We note that
System (3.3.10) is an interconnected nonlinear hybrid dynamic system composed of both continuous and

discrete time survival state dynamic systems.

REMARK 3.3.3 The hybrid dynamic model corresponding to (3.3.4) is as:

dS = -AB)SA = 9)dt, S(ti1)=0S,_1, te[t;_1,t;),
()( ) (] 1) j—1 [] 1 ]) (3.3.11)

Sj = S(t;,tj,th,l), S(to) = 507 j € I(l,k’)
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Imitating the procedure described in [33], the solution process of the initial value problem (IVP) (3.3.11)

is as follows:
1

S(t,tj—1,5;-1) = )
j j 14+ 1_3;57:1 exp [fttj,l A(s) ds}

tetj_1,t;). (3.3.12)

Furthermore, the solution process of the overall time-to-event dynamic process (3.3.11) on [to, T] is

1
S(t,tjfl, ijl) = — p , t€ [tQ,T), (3313)
1+ —>=Lexp [ftJ A(s) ds}
where
1
Sj_1= T ) , for jelI(l,k). (3.3.14)
1+ 15050 Hlexp {ft,l A(s) ds}

Moreover, from (3.3.13), we obtain that

1_S(t,t]‘,1,Sj,1) o 1—5]‘,1 /t
I S(t,t;—1,5,-1) =In S, + A(s)ds, t € [to, 7], (3.3.15)

tj71

is the log odds of survival at time t.

In the following, we develop basic theoretical results that lay down a foundation for the development
of an innovative approach for state and parameter estimation of time-to-event dynamic process. Most
of the parameter estimation methods in the survival analysis literature are centered around the closed
form representation of likelihood functions, whereby, the entire data set has been utilized to estimate the

parameters on the overall interval [to, T] of study.

3.4 Fundamental Results for Nonlinear Hybrid Dynamic Process

In this section, we employ dynamic model (3.3.10) and Euler-type discretization scheme [8] to develop a fun-
damental theoretical results. The presented analytic results provide the basis for conceptual computational

tools for survival state and parameter estimation problems in time-to-event data analysis processes.

Let x(t) be total number of units/individuals operating/alive (or survivals) at time ¢ for ¢ € [to, T). Let
A and S be the hazard rate and survival state functions of units/patients/infectives/species/individuals
described by (3.3.2), respectively. Using a dynamic model for number of units/species/individuals/infectives
coupled with hybrid survival state dynamic model (3.3.10) that forms a large-scale dynamic system, we
present an interconnected nonlinear hybrid dynamic model of time-to-event process (INHDMTTEP).

Following the argument outlined in developing dynamic models in [5, 33|, we introduce the following

systems of nonlinear and non-stationary differential equations:
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dx = I/V(t7 S:I:)dn(t) s x(t0> =X, t e [tj,htj) s

vy =i+ J(t;, St tj-1, Sj—1)x(t;  tj-1,2j-1),Tj-1) (3.4.1)
dS = —S\(t,8)dt, >0, S(to) = So,

Sj = Sj,1 + A(t;, S(t;J]‘,l,SJ‘,l)), S(to) =5,

where S is a survival state function;the finite sequence of subintervals {[t;_1,t;) fill is defined in Def-
inition 3.3.1; X is defined in (3.3.2); W is a continuous function defined on [t;_1,t;) x R into R for
J € I(Lk); J(t;, 5t tj—1,S-1)x(t; tj—1,xj—1), wj—1) = n; W(t;, S(t;,tj-1,85-1)a(t;  tj—1,5;-1)) —
n;-r_IW(tj_l, Sj-1wj-1); m; and 77;7_1 are positive constants; n is a function of bounded variation defined on
[tj—1,t;) into R; A is defined in (3.3.10). In addition, it is assumed that (3.4.1) has a solution process [33].

It is denoted by (z, S). The Flowchart-4 exhibits the structural and operational dynamic of INHDMTTEP.

s(t) 5;

S'_
j—1 g
=1 Aj

5(t) Si+1

Xj—1 x;-_l(t}-_) xj x.f(tj:-l)

tj_1 & tis1

Flowchart 4.: Structural and Operational Dynamic of INHDMTTEP

REMARK 3.4.1 In addition to the conditions on (3.4.1), if W and X are non-negative functions (i.e. W, A > 0),
and if

then (3.4.1) reduces to a partially discrete-time interconnected nonlinear hybrid dynamic system:

dIZOdt, l‘(to):l‘o, te [tj—17tj)7

{ITj = .’Ej,l + J(t;, S(t;,tj,h Sj,l)x(t;,tj,l, acj,l),xj,l) 5 (3 4 2)
ds = —S)\(t,S)dt, t e [tj_l,tj),

Sj=8j—1+At;, S, tj-1,5j-1)), S(to) = So .
EXAMPLE 3.4.1 SA(t,S) = A(¢)S(1 — 5) is an admissible function in (3.4.1) and (3.4.2).

Employing the interconnected hybrid dynamic model for time-to-event process described in (3.4.1), we

present a fundamental result regarding continuous and discrete-time dynamic of survival species or operating

40



objects or thoughts and survival state. Prior to this result, we introduce a few concepts that will be utilized,

subsequently.

DEFINITION 3.4.1 Let z be a function defined by z(t) = x(¢)S(t), where S and z are solution processes of
(3.4.1) for t € [to,T). Moreover, for each t € [tg, T), z(t) stands for the number of survivals/operating units
at ¢.

DEFINITION 3.4.2 The sequence {tj_l}g?:l defined in Definition 3.3.1 is referred to as the conceptual data
collection/observation/intervention sequence over the interval of time [to,T), and sequence of subinterval
{ltj-1, tj)}é?:l is called a continuous-time hybrid system operating subinterval sequence with its right-end-

point as a conceptual data observation time.

Now, we are ready to present a fundamental theoretical result. The presented result provides a foundation
for the development of survival data analysis of time-to-event processes in any field of interest that are

conceptually similar but apparently different [33].

THEOREM 3.4.1 Let (x,S) be a solution process of (3.4.1), and let t;_1 and t; be any pair of consecutive
conceptual data observation times in a given interval of time [to,T). Then the transformed interconnected
nonlinear hybrid dynamic model of survival species and state of time-to-event dynamic process described by

(8.4.1) is reduced to:

dz = —zA(t, S)dt + SW(t, 2)dn(t), =z(tj—1) = zj—1, for t€[tj_1,t;),andjec I(1,k),
dS = —SA(t, S)dt, S(to) = So, (3.4.3)

Zj = Zj—1 + $j,1A(t;, S(t;,tj,h ijl)) + SJJ(t;7 Z(t;,tjfl,xjfl), ‘Tj,l) y Z(to) = Z20,

and corresponding transformed discrete-time conceptual computational interconnected dynamic algorithm

2(t;) = 2(tj-1) — AMtj-1, S(tj-1))2(tj-1)At; + 75 ,2(to) = 20,

S(t;) = S(tj—1) — Atj-1,S(tj-1))S(tj-1)At;, S(to) = So, j € I(1,k),

(3.4.4)

where z is defined in Definition 3.4.1; v; = S(t; )W (t;,z;)) — S(tj-1)W(tj-1,2j-1), and it represents
change in survivals due to either failure/censored/admitted or change-point process; and At; =t; —t;_1 for

jelI(l,k).

Proof.

For t € [tj_1,t;), j > 1, from Definition 3.4.1 and the nature of S, we have

dz(t) = z(t)dS + S(t)dz(¢)
= z(t) [-S(t)A(t, S(t))dt] + S()W (t, S(t)x)dn(t)
= —z(t)A\(t, S(t))dt + S(t)W (¢, z(t))dn(t). (3.4.5)
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This establishes the continuous-time dynamic subsystem in (3.4.3). The proofs of the discrete-time dynamic

subsystem in (3.4.3) and iterative process (3.4.4) are outlined below.

From the discrete-time dynamic of population/species state x and survival state intervention process in

(3.4.1), we have
zj =2zj—1+ a:j,lA(t;, S(t;, tj—1, ijl)) + SjJ(t;, Z(t;, ti—1, .%‘];1), .’Iﬁjfl) (346)

This establishes the discrete-time dynamic subsystem in (3.4.3).

Now, applying the Euler-type numerical scheme [8] to (3.4.5) over an interval [t;_1,t;], we obtain

tj
2(t) — 2(tj—1) = —A(tj-1, S(tj-1))2(t;-1)At; +/ S(s)W (s, z(s))dn(s). (3.4.7)
tji—1
By applying the Riemann-Stieltjes integral property [4], we approximate (3.4.7) as:

2(t5) — 2(tj—1) = =A(tj—1, S(tj—1))z(t—1) Aty + S )W (L5, 2(t5)) — S(tj—1)W(tj-1,2j-1).  (3.4.8)

JoNYg

From (3.4.8), we have
Z(tj) = []. — )\(tjfl, S(tjfl))Atj] Z(tjfl) + ’}/j 5 for ] c I(]., k) 5 (349)

where v; = S(t; )W (t;, 2(t;)) — S(tj—1)W(tj—1,2;-1) is a jump at ¢;, and it represents change in survivals
due to an intervention process. Applying the Euler numerical scheme to the continuous-time dynamic in

(3.4.1) over the interval [¢;_1,¢;] yields
S(tj) = S(tj—1) = A(tj—1,5(tj-1))S(tj-1)At; (3.4.10)

(3.4.9) and (3.4.10) establishes the discrete time conceptual theoretical dynamic for joint survival state
process in the context of joint continuous-time interconnected nonlinear dynamic and the discrete-time in-
tervention component processes (3.4.3). Moreover, (3.4.9) and (3.4.10) exhibits the derivation of (3.4.4). This
establishes the proof of Theorem 3.4.1. Furthermore (3.4.4) is an approximation of transformed intervention

process in (3.4.3). O

REMARK 3.4.2 The transformed theoretical discrete-time computational dynamic process (3.4.4) provides a
basis for the discrete-time conceptual computational and simulation dynamic processes. The Flowchart-4
exhibits the structural and discrete-time operational dynamic of interconnected discrete-time algorithm of

time-to-event data statistic.
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Sj-2 Sj-1 5j Si+1

SD‘I{_]_ .S'Dj 5Dj+1 —
5; 5.
-z -1 5
Zj_ Zj-1 Zj Zj
-2 ) J j+1
2D, zD; ZDjsy —
tj—l r}. t,."+1

Flowchart 5.: Structural and Operational Dynamic of IDATTEDS

Now, using (3.4.2), we present a result that is jointly totally discrete-time interconnected nonlinear hybrid

system.

COROLLARY 3.4.1 Let us consider a very special case of (3.4.2) as follows:

dxr =0dt, Jf(to) =z9, tE€ [t]’_l,t]‘),

zj=wxj1+ (St tj—1, i)zt ti—1, x5-1),25-1),

(3.4.11)
ds=0, te [tj,htj),
S; =981+ A(tj_,S(tj_,tj_l,S]‘_l)),S(tQ) =Sy
Then under the assumptions of Theorem 1.3.1, (3.4.11) reduces to
dz=0dt, =z(tj—1)=2zj-1, te€l[ti—1,t;),
(] 1) Jj—1 [] 1 ]) (3.4.12)
zj = zj—1 @i A, St tj—1,85-1)) + S5 (t 5 2(t  tj—1,xj-1),25-1) . 2(to) = 20, ,
and
2(t;) = 2(tj_1) — AMti—1, S(tj—1))z(tj—1) +v; ,2(to) = Soxo,
() = 2(tj—1) = Atj—1, S(t;-1))2(tj-1) + 75, 2(to) = Soxo (3.4.13)

S(t;) = S(tj-1) — Atj—1,S(tj-1))S(tj-1), S(to) = So, j € I(1,k)

We remark that this corollary is transformed totally discrete-time version of nonlinear hybrid dynamic
system operating under discrete-time intervention component processes.
In the following section, we establish theoretical discrete-time conceptual computational parameter and

state estimation algorithms.

3.5 Theoretical/Conceptual Parameter and State Estimations

Using Definition 3.4.1 and the transformed theoretical discrete-time iterative process (3.4.4), we develop
conceptual computational parameter dynamic estimation algorithms. In addition, parameter and state

estimations are determined conceptually. For this purpose, we introduce a few definitions and notations.
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DEFINITION 3.5.1 Let t;_; and t; be a pair of consecutive conceptual data collection/observation times on
[to,T), and let z(t) be as defined in Definition 3.4.1. z(t;_1) stands for the number of survivals at the time
tj_1 for each j € I(1, k). Moreover, the number of survivals z(¢;_1) are under observation/supervision over
the sub-interval of time [t;_1,¢;) of length At;. z(t;_1)At; is the amount of time spent by z(t;_1) survivals

under observation/testing/evaluation over the length At; of time interval [t;_1,t;).

DEFINITION 3.5.2 For j € I(1,k), let t;_1 and t; be consecutive data observation/supervision times of joint
population/objects/entities and state survival dynamic process. The parameter estimate at t; is defined by
the quotient of change of entities/objects over the consecutive change time subinterval [¢;_1,¢;) and the total

time spent by the entities/objects under observation/supervision over the subinterval [t;_1,%;) of length At;.

DEFINITION 3.5.3 Let {zj_l}’t be an overall sequence of transformed conceptual state data set with re-
spect to the conceptual state data collection/observation time sequence {t;_ 1}j 1, and let {tj_li_l}fil ,
{t§—11—1} =4 and {t?_lm_l}n‘;_l be overall conceptual failure, censored and admitted increasing subsequences

of the overall conceptual data collection time sequence {t;_ 1} respectively. Three subsequences of the

Jj=1>
overall conceptual state data sequence {Zj_l} j=1 associated with the three overall conceptual subsequences

of failure, censored and admitted time subsequences are represented by:

k c ke a ko
{Z]f—li—l}iilv {ijllfl}lzl’ and {ijlmfl}mzl’ (3.5.1)

respectively. These conceptual state data subsequences are called conceptual failure, censored and admitted

state subsequences of {z;_ 1}%_,, respectively. We note that & t+ke+ ke =k

Jj=b

DEFINITION 3.5.4 The union of the boundary point set of the interval [tg, T) and the range of the overall
failure, subsequence {t'jf_li_l}fi irl constitutes a partition of the interval [tg,T),T < oco. This partition of
[to,T),T < oo is termed as overall conceptual failure-time partition of [tg,T), and it is denoted by (P7).

Moreover, P/ C P in Definition 3.3.1.

DEFINITION 3.5.5 For j € I(1,k) and any consecutive pair (t; Lie 1,t§c 1;) of conceptual failure-times for

i € I(1,ky) under the notations tf 100 = t , for ¢ =1 and either | = 1 or m = 1; furthermore, tg)coo =t

if i = j = 1; either t;—likci-&-l = tf—lz’—ll = t]f_lz or tjf licim = t;_ukaﬁl = t] 1; depending on whether
l = ke, +1 0or m = kg, +1; a ji-th consecutive conceptual failure-time subinterval is [t;':ufpt;:u) for

i€ I(1,kyp); t j 1k,- I addition, the conceptual transformed state data associated with the consecutive

conceptual initial failure-times is denoted by z 100 = zf ; and for j =1, zl 0= ZOfOO = zg .

DEFINITION 3.5.6 Let {2571171}521 and {Zﬁlmq}fﬁﬂ be overall censored and admitted conceptual trans-
formed state data subsequences defined in Definition 3.5.3. Let {t_;;_ lp}I; pand {t9_ 4, 1q}]; 1 be concep—
tual subsequences restricted to the j —1i-th consecutive conceptual failure-time subinterval [t [ J—1i—10 b 12) of
overall conceptual censored and admitted subsequences {t§_,; e, and {1 e of times of the over-

all sequence {tj_l} _, of times, respectively. Moreover, the union of the boundary points of [¢/ o1 l,tf 1)
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ke, ka, .
and the range of subsequences {t{_;; ,},2 and {t§_;;,_;,},~; form a sub-partition Pj’:l of P/ and the

+f

partition of j — 1-th subinterval [t;_, i, tffu) . Two subsequences of the overall censored and/or admitted

conceptual transformed state data subsequences {z§_, ,_1}Fe and/or {2?7177171}5;:1 with respect to the two

overall conceptual censored and admitted time subsequences of the overall sequence of times {[t;_1,t;)}

restricted to the j — 1i-th consecutive conceptual failure-time subinterval [t;lh;l, t;':u

k
j=1

) are represented by:

ke, ka,
25 ticip—1tper and {zf 101} g0y s (3.5.2)

respectively. These conceptual transformed state data subsequences are called subsequences of the overall

censored and admitted conceptual state data subsequences {25‘71l71}é€;1 and {Z;‘llmfl}f; of the overall

ke kq
conceptual sequence {z;_1}¥_, of data set, respectively. We note that k. = Y ke, and kg = 3 ka,,.
=1 m=1

Moreover, for p = 1 and ¢ = 1, (3.5.2) reduces to 2§_;; 1o = 2§ 1, ; and 2§ 1, 15 =27 1; respegtively;

J
j— J— c — C a i a H
for p =k, + 2, and ¢ = k,, + 2, we have 25 Vio1k,, 11 = i and 25t ik, 41 = 2 respectively.

REMARK 3.5.1 The transformed discrete-time dynamic process (3.4.4) is referred as conceptual compu-
tational interconnected dynamic algorithm for time-to-event data statistic (IDATTEDS). Moreover, from
(3.4.4), we introduce three more special transformed theoretical numerical dynamic schemes for time-to-event
dynamic processes, namely: (i) abnormal/failure/death/removal/infective/etc species or objects, (ii) cen-
sored/quitting/withdrawn/etc species or objects, and (iii) admitted/joining/relapsed/susceptible/etc species
or objects. We further note that the presented numerical dynamic schemes allow “ties” with deaths/failure or
censored/quiting or admitted/susceptible process. In addition, the population/species under the presented
observation/supervision process includes the abnormal/species/patient/objects/infectives population as a

special case.

(i) For each j € I(1,k), let tjial be either failure, censored or admitting time at ¢;_;. For 'yjf =0,
the transformed discrete-time dynamic component (3.4.4) at t;-c for failure/death/removal/infective/etc

process data set is described by

2(t]) = 1-A(t§i‘§,5(t§i‘;))mﬂ 2(t])  for jeI(1k). (3.5.3)

This together with (3.4.4), one obtains

5 f _ fca — 1, -1 z fial f7z =Zo,
(tj) (t]—l) A(tj S(t )) (t] )At] (to) 0 (354)

S(tj—1) = S(tj—a) = Mt]_y, S(t]_))S(t]_,)At]_,, S(to) = So,

where a pair (tﬁal,tj) stands for either (t;_l,tf), or ( ‘;71,t§) or ( ?71,t]f); t]f, tS_y and t§_; stand for
failure, censored and admitting times, respectively; At‘jf = tf — tjfial

(ii) For each j € I(1,k), let t;‘ifl be either censored, admitting or failure time at ¢;_1. 7§ stands for the
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(iii)

(iv)

conceptual number of censored objects/infectives/quitting/withdrawn/etc at a time ¢§. The transformed
discrete-time component (3.4.4) at t§ for censored/listed/identified process data set is reduced to

2(t5) = [1 S, S )AL () — 15 for e I(Lk), (3.5.5)

where a pair (t°*%,1¢) stands for either (t5_1,t5), (t5_,t5) or (t;fl,tj); At§ =t§ — t;‘ifl. Thus

j—1"]

2(t5) — 2(65) = —A(tj—1, S(tj—1))2(t5)) ALe — 45, 2(to) = 20,

(3.5.6)

S(tj—1) = S(tj—a2) = At]_,, St _,))S(t]_,)At]_,, S(to) = Sy .

i-1>

For each j € I(1,k), let t?ifl be either admitting, censored or failure time at t;_;. 7} stands for the
conceptual number of objects/infectives/etc arriving/joining at a time t§. The transformed discrete-
time dynamic component (3.4.4) at § for admitting/joining/sustainable/recruiting/etc process data set

is represented by

2(19) = |1 = M3, SD)AL | 2(t5) + 48 for jeI(1,k), (3.5.7)
where a pair (t?ifl, t1) belongs to a set: (t?ifl,tg) € {(t7_1,t9), (t5_1,19), (t;_l, t)}; Atg =% — t?ifl
Hence

2(t9) = 2(t5h) = =Altj-1, S(tj-1))=(t5) Atg +42, 2(to) = 20 , (35.8)

S(tj-1) = S(tj—2) = Mt] 2, S(t]_2))S(t]_)At]_ S(to) = So.

Remarks (i), (ii) and (iii) remain valid for the iterative process (3.4.13).

(I) For v/ =0, (3.4.13) reduces to
(t) — 2(t1°%) = =A(tj_1, S(t;_1))2(tY), 2(to) =

z(t5) — 2(t;57) i1, S(tj—1))2(t;27), 2(to) = 20, (3.5.9)
S(tj—l) = S(tj—2) - )‘(t;—zv S(t§'_2))S(t£_2)At§'_1, S(to) =50-

(IT) For v; =~ in (3.4.13), (3.4.13) reduces to
2(t5) = 2(857h) = =A(tj-1, S(t;-1)2(8)) = 75, 2(to) = 20, (35.10)
S(tj1) = S(tj-2) = M]3, S(t]_2))S(t] ) At]_, S(to) = So.

(IIT) For v; = ~§ in (3.4.13), (3.4.13) reduces to
2(t5) = 2(85) = =A(ty-1, S(t-1)2(E) + 75, 2(to) = 20, (35.11)

S(tj—1) = S(tj—2) — A(t]

Jj=2

S(H_))S(_y)At]

i-1

S(to) = So.
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In the following, we present very simple result that provides an insight for the understanding of the
discrete-time dynamic of state and parameter estimation problems. Moreover, the result provides one of the

assumptions of the Principle of Mathematical Induction.

THEOREM 3.5.1 Assume that the conditions of Theorem 3.4.1 in the context of Remarks 3.5.1(i),(ii) and

(i) and Definitions 3.5.5 and 3.5.6 are satisfied.

(a) For j € I(1,k), if t§—1 and t; are consecutive risk/failure/removal/death/non-operational times in
[to,T), T < oo. Then the theoretical/computational estimation algorithm and parameter estimation for
A, S(t)) at t; are described by (i) and (ii) below.

(i)
2(t) = 2(t1_)) = (¢t

i1 i1

SH_ )zt )AL, 2(to) = 20,

! (3.5.12)
S(H_) = S(tj—2) = Mt]_o, S(t]_,))S(t]_,)At]_,, S(to) = Sp.
(i) ; ;
“ z(t_1) — z(th)
A, St _y) == LT——22 Al =tf —] . (3.5.13)

2(t]_)Al]
Moreover an overall conceptual computational estimate for z(t), S(t) and A, S(t)) on the time-

interval of study [ty,T), T < 0o is

S‘(tv g(tj—l)) = 5‘(t;’c—la g(t;‘r—l))v fOT te [t;’c—latf) and ] € I(la k)a
St tj-1,8-1), S(tj—1) =S-1, (3.5.14)
f(t,tj_l,fj_l), f(t]‘_l) = 2]‘_1.

; T c f
(b) Forj € I(1,k), if t;_y <15 <t

VR
tjf;l and t;-c in [to,T),T < oo. Then the theoretical/computational estimation algorithm and parameter

and t§ is censored time between a pair of consecutive failure times

estimation for A(t,S(t)) at t; are respectively determined by :
(i)
A(t]) = 2(t )~ A () [t AR+ 2)A] — 55, 2(t0) = 20,

) = S(tj—2) — A(t]

-2

(3.5.15)
St _)SH_y)Atl_, S(te) = So.

(i)
At~ 2(t) — 5
[z(tf_l)Atfc + z(tj)Atjf} ’

Alty—1,8(t;-1) = (3.5.16)

where At;c =15 - t;lp At;{ = t; —t5 . Moreover an overall conceptual computational estimate
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for z(t), S(t) and A\(t,S(t)) on the time-interval of study [to,T),T < oo is

tY and jeI(1,k),

5‘(ta‘g(tj—l)) = x(tffla S(t;—l))v fO’/’ te [tffla j

~

S(t,t-1,55-1), S(tj-1) = Sj-1, (3.5.17)

2t tj-1,2j-1), 2(tj—1) = &1
(c) Forj € I(1,k), if t§_1 <ty < t;, and t§ is joining/admitting time between a pair of consecutive failure
times tf_l and tf in [to,T), T < oo . Then the theoretical/computational estimation algorithm and

parameter estimation for A(t,S(t)) at t; are determined by

(i)
() = 2(t_) = A, S ) [ A + z(t;.”“)m;f} +42 , 2(to) = 20 5518)
S(tfq) = S(tj—2) - /\(tfﬁa S(t;‘:z))s(t;‘cfz)Atfq 7S(t0) =S
and
(i)
< b e 2(t]_)) — 2(t]) + 49
A5y, 5(t54)) = 7 ’ fa ’ TR (3.5.19)
2]ty + =] At |

where At?f =17 - t;_l, Atf“ = tf — t§. Moreover an overall conceptual computational estimate

for z(t), S(t) and A\(t,S(t)) on the time-interval of study [to,T),T < oo is

At 8(tj—1)) = A, 8t 1)), for teltl i, t]) and jeI(1,k),

Jj=17j

S(t,t; 1,8 1), S(tj_1) =581, (3.5.20)

A(t,tj—1,2-1), 2(tj—1) = Zj—1.

Proof. (a) Let t;-c_l and t; be two consecutive conceptual failure times. In this case, k., = k,; = 0. From

Definition 3.5.5, here ¢ = 1, therefore, for the subinterval [t;‘:ufufpt;fli)vl =17=1, and tjf1 = t;;t;-:l =

tf_loo. Using the theoretical discrete-time iterative scheme (3.4.4) and Remark 3.5.1(i)(1.3.20), we have

At]) = 2(t]_) ~ A¢]

j—1 S(tffl))z(tffl)At; ,Z(to) =20

J

S(t]_y) = S(tj—2) — Mt]_y. S(H_,)S(t_,) Aty S(te) = S

J

This establishes a(i). For the validity of a(ii), from Definition 3.5.1, backward substitution, and using
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Definition 3.5.2, we obtain

S(t,tj1,8;-1), S(tj_1)=S;_1,

2t tj_1,25-1), 2(tj—1) = 2j_1.

for t € [tf_l, t;) and j € I(1,k). This establishes (a)(ii). This completes the proof of (a).

(b) Let t be a censoring time between two consecutive conceptual risk/failure times, t;.:l and t; . We
consider a partition of subinterval [tf_l,tjf) to be iji = [tf_l,tﬁ D tjo1 < t§_4 < tj. In addition, from
Definitions 3.5.5 and 3.5.6, k,, = 0,k., = 1, and 0 + k., + 2 = 3. Thus, the size of iji is 3. We note that
1 =1, since t;-ll = tffw and t;-c = t;Q =tj—1k,,+1-

¢ t¢) and [tS tf ), respectively, and algebraic simplifica-

Employing Remark 3.5.1(ii) in the context of [t]_;,¢; 5t

tions, we have

2(t5) = 2(t]_y) = =M, S _))=(t]_ )AL — 5
and

Z(t;) —2(t5_1) = =A(t5_1, S(t5_1))( 5—1)At§i1 = _)\(tf

j—1

S<t;71))z(t;':1)At£i1 :

Adding and simplifying, we obtain

2(t]) = 2(H_1) = =M1 SE) [ )A6T, + 25 Al | =5,

and hence

2(t]) = () = M, S(H_0) [ )T + 25 AH | =75, 2(to) = =0,

S(tjf'q) = S(tj—2) — /\(tf,Q, S(tffz))s(tffz)At;:h

(3.5.21)
S(to) = So.

This establishes (b)(i).

From (3.5.21) and the backward substitution, we conclude that z(tj-:l

) — z(t;) — 7§ is the number of
failure/non-operating objects and z(tfﬁl)Atﬁl + z(tj)At;f denotes the total amount of time spent by
t/_1,S(t]_})) establishes (b)(ii).

z(t?_l) - z(t{) — 7§ over the the interval [t;_1,;). Hence, solving for A(t;_,,

(¢) The proof of (c) can be constructed by slightly modifying the argument for the proof of (b). This

establishes proof of the theorem. O

In the following, we extend Theorem 3.5.1, for multiple censored and admitting times between two con-

secutive failure times.

THEOREM 3.5.2 Let the hypotheses of Theorem 1.3.1 in the context of Remarks 3.5.1(i), 3.5.1(ii), and
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3.5.1(1tt) and Definitions 3.5.5 and 3.5.6 be satisfied. For each j € I(1,k), and each i € I(1,kyf), let

ke, +1

. . . ka, .
tj-:h;l and t;fli be consecutive failure times. Let {t§_1; 1, 1},%1 {t?_1i_1q—1}q£1+1 be a finite subse-

quences of censored and admitted time observations, respectively, over a consecutive failure-time subinterval

[t;_li_l,tf_”), where k., is the total number of censored objects/species/infective/quitting covered over the

t;'vfu); kq, is the the total number of admitting/entering/joining/susceptible/etc covered

t;‘:uilatﬁu)- Then the theoretical transformed/computational estimation algorithm

subinterval [t;-:h.fl,
over the subinterval |
and parameter estimation for A(t,S(t)) at tj_l.

(i)

are respectively determined by :

kbi-‘rl
Z(tﬁu) = Z(t;':uq) - A(tj‘c—lifh S(t;:uq)) 121 7Z(tj/—li—ll—l)A(tj/—li—ll) — ke, + ka, , 2(to) = 20,
S(t;'c—li—l) = S(tj72) - /\(tj—zi—z’ S(tf—zi—z))s(tf—zi—z)At;'c—u‘—z» S(to) = So.
(3.5.22)
forieI(1,ks),j€I(1,k) and

(i)
! f
5 5 2t 1i1) = 2(t 1) = ke + ki,
)‘(t;fliflv S<t;—1i—1)) = kaA-&-l . ’ te [t;—li—lat;—1i> ’ (3'5'23)
121 Z(t;/—ali—ll—l)A(t;/—ali—ll)

where ky, = ke, + kq, .

Moreover an overall conceptual parameter estimate for z(t), S(t) and A(t, S(t)) on the time-interval of study
[to, T) are determined by

S‘(tvg(t;‘c—li—l)) = S\(tf—li—lvg(tj—li—ﬁ) forte [t;‘c—li—lvt;‘c—li)’ jeI(1,k) and i€ I(1,ky),

S’(t) = S(tatf—u—pg(tf—u—l))» g(tf—u—l) = Sj—1i-1,

B(0) = 2t 11, 2 1))

(3.5.24)

Proof. From Definitions 3.5.5 and 3.5.6, l =p=j=1i= 1,t{;00 =tg and tgiilkbﬁl = tgl and the applica-
tion of Theorem 3.5.1, we note that one of the fundamental assumptions of the Principle of Mathematical
Induction(PMI) [33] is satisfied. For the validity of the application of PMI, we assume that (3.5.22) is valid
for j—1€ I(1,k), and then need to show that (3.5.22) is satisfied for j € I(1,k). For this purpose, we note
that for j € I(1,k), each i € I(1,ky), and tfﬁliil,tﬁli € [to,T], ke, and ko, objects/species/subjects are
censored and admitted over the subinterval [t;_li_l,tf] of consecutive failure times, respectively. Let iP;i be

a partition corresponding to the union of the range of two finite subsequences of censored and admitted times

over the consecutive failure-time subinterval [t;‘:u‘fl’ t;-ci), and let it be represented by
V- — — / / /
Pt tirisi—1 = gm0 = tj1m1 < t;jufn <...< t;aufufl < tjfaueu <...
, y ; (3.5.25)
c/a c/a
< tjfliflkbi < tjfliflk;,iJrl =t
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In short, fP;i is a partition of [t;_li_l,t;_u} with the size of the partition ky, + 2, and ky, =k, + k.

For j € I(1,k) and i € I(1,ky), using the iterative schemes (1.8.20), (5.5.6) and (3.5.8) and noting the
nature of the process /\(tj/—ali—ll—l’ S(tj/_ali_ll_l)) = /\(t;"_li_i7 S(t,{—li—l)) in the context of Definitions 3.5.5
and 8.5.6 forl € I(1, ky,), we have

Z(t;—u) - Z(tf—u—ﬁ == /\(t;'c—u—p S(tf_u—ﬁ)z(tﬁ/ﬁ—l)Atﬁ/ﬁ—l + ’ch'iau—l
kbi
- Z |:)‘<t;/fali71m71’ S(t;/fauflmfl))Z(t;/fauqmq)At;/fauqm + ’Vjc'éaliflmfl
m=2

2/ 2/ 2/ r
+ /\(t;—ali—lkbi ) S(t;—ali—lkbi ))Z(t;—ali—lkbi )Atjikbi—l-l

kbiJrl
= _)‘(tfflifhs(t;flifl)) Z Z(t;/faufllfl)At;/jlifll _kbi :
=1
Hence,
! ! f ! ot e /
c/a c/a
Z(tj—li) = Z(tj—li—l) - A(tj—li—lvs(tj—li—l)) l; Z(tj—li—ll—l)Atj—li—ll — ke; + kay, 2(to) = 20

S(tjf'flifl) = S<t§72i72) - )‘(t572i727 S(t§72i72i72>)S(t§72i72)At§:1i71 aS(tO) = So-
(3.5.26)

This establishes (i).

From (3.5.26), we note that Z(t;‘:liq) — z(t;i) — ke, + ko, s a change in the number of items/subjects that
k}bi+1

t;—li—lvt;]? and 121 z(t;/_au_u_l)A(t;/_ali_ll) is a total amount

are under observation over the subinterval |
of time spent under the observation/testing/evaluation/monitoring of z(t;{fu) items/patients/infectives/-
subjects on the interval [t;/alifllfl’t;/falifll) forl € I(1,ky;), j € I(1,n) and i € I(1,ky). From this and

Definition 3.5.2, and the backward substitution, we obtain

f f
A N 2t ) —z2(ti_1.) — ke, + ke,
Aty 8ty y) = () im1) = 2(810) = Fe, Loteft!_y, g t]) fori€ I(1,ky)and, j € I(1,k).

e /
c/a c/a
l; Z(tj—li—ll—l)A(tj—li—ll)

This establishes (3.5.23). Moreover,

At Sy, 1)) =My, Sy ), forte [ty t]_,), G € I(1,k) and i € I(1,ky)
S(t) = g(tatﬁuqvg(t;fuq)% S(t;':uﬂ) = 5j-1i-1,
2(t)

Aty A, ).

This completes the proof of the theorem.
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In the following, we present a special case, when \(¢, S) takes a specific form.
EXAMPLE 3.5.1 For A(t,S) = A(t)(1 — S), (3.5.23) reduces to

Z(t;—u‘—ﬂ - Z(t;'c—u) — ke, + Ko,

Mty = o cteftl gyt (3.5.27)
(1- S(t;'cflifl)) 121 Z(t;/jlifllfl)A(t;/falifll)

for i € I(1,ky) and j € I(1, k).

EXAMPLE 3.5.2 Let A(t) = %, where o is a parameter to be estimated from empirical data. Then applying

Theorem 3.5.2, we obtain

S f
1 Zt,_'._ 7zt_7kl+k1
T " (51 1)k +EJ 1) = ke, + ka / ctelth o ith), (3.5.28)
I —ti-1 % INOIATID!
TSt | X A )G
= j—1li—11—1

for i € I(1,ky) and j € I(1, k).
In the following, we present a few results that are very special cases of Theorem 3.5.2.

COROLLARY 3.5.1 Let the hypotheses of Theorem 3.5.2 be satisfied except k, = 0. Then the theoretical/-

conceptual estimation algorithm and parameter estimation for A(t,S(t)) at t;i are respectively determined

by:
(i)
ke, +1
Z(tJfL) = Z(tf—u'—l) - )‘(tf—u—lvs(tf—uq)) 21 ’Z(t;’—li—lp—l)A(t;;—li—lp) — ks 2(t0) = 20,
p=
S<t;71i71) = S(t;':ziﬁ) - )‘(t;&iﬁ, S(t§72i72))S(tjfoifZ)At]f'flifl> S(t0> =50
(3.5.29)
(i)

S‘(t;':ufpg(t;fuﬂ)) = . —,te [tj':uflvt;fu) (3.5.30)

fori e I(1,ks) and j € I(1,k). Moreover an overall conceptual computational estimate for z(t),S(t)
and A(t, S(t)) on the time-interval of study [to,T) is

S‘(tvg(t;:liq)) = j‘(t;':lifhs’(t;flifl))’ fort e [tjffli717t;fli)’ Jj€I(,k) and i€ I(1,ky)

S(t) = S‘(t,t;"_li_l, g(t;‘c—li—l))a S(tj‘c—li—l) = Sj-1i-1,

() = 2t t]_p, g, 2ty ).
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COROLLARY 3.5.2 Let the hypotheses of Theorem 3.5.2 be satisfied except k. = 0. Then the theoretical/-

are respectively determined

conceptual estimation algorithm and parameter estimation for A(t,S(t)) at t;-:h-

by:

ka; +1

Z(tfz) = Z(tj‘:uﬂ) - /\(t;‘f—liflv S(t;‘:h’fl)) 21 aZ(t?71i71q71)A(t?71i71q) + ka,, 2(to) = 20
p:

S(t;‘c—u‘—l) = S(tj—m—z) - A(tf—m‘—m S(t;_2z‘—2))S(tf—m—z)Atf—u—l7 S(to) = So.

(3.5.31)
and
(i1)
f f
« A 2(t; 1 1) — 2(t;_1;) + ka,
)‘(t'jf—li—h S(t;'c—li—l)) = ka.+1j : ’ te [t;_li_l,tjf-i) (3-5~32)
) Z(t?—li—lq—l)A(t?—li—lq)
q:

fori e I(1,ks) and j € I(1,k). Moreover an overall conceptual computational estimate for z(t),S(t)
and A(t, S(t)) on the time-interval of study [to,T] is

>

>

(S 1) = Aty Sy, ), fort € [t]_y, 1 t]_1), j€T(1,k) andi € I(1,ky),
S(t) = §(t,t£71i,1,§(t§,1i,1)), g(t;':ufﬂ = Sj-1i-1,

2(t) = 2ty g, 2t ).

The following special case of Theorem 3.5.2 is with respect to the totally discrete-time hybrid dynamic

model for time-to-event dynamic process.

COROLLARY 3.5.3 Let us assume that the conditions of Corollary (3.4.1) in the context of Definitions 3.5.5

and 3.5.6 and Remarks 3.5.1(iw) (I),(II), and (III) are satisfied. For each j € I(1,k), and each i € I(1,ky),

k

Ly a; .
let tj»lh;l and t;‘:u be consecutive failure times. Let {t5_1; 1,},21, {t]_1i—14}4=1 be a finite subse-

quences of censored and admitted time observations, respectively, over a consecutive failure-time subinterval
[t;_li_l,tf_li), where ke, is the total number of censored objects/species/infective/quitting covered over the
subinterval [t;':lifht;’:li); kq, is the the total number of admitting/entering/joining/susceptible/etc covered
over the subinterval [t;_li_l,tf_li). Then the theoretical/conceptual estimation algorithm and parameter
estimation for A(t,S(t)) at t!

(i)

are determined by :

kp, +1

7

Z(tj‘c—li) = Z(tf—li—l) - A(tf—li—lvs(tf—u—l)) [ & Z(t;/—au—ll—l)] — ke, +ka; ,2(to) = 20

S(t;':uq) = S(t;':zifz) - )\(71{722'72’ S(t;72i72))s(t;72i72) ) S(to) = So.
(3.5.33)
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and

(i1)
f f
A N z2(t:_ ;1) — 2t 1) — ke, + ka,
My, 806y, = ) 22 Goa) he ha g (3.5.34)

G—1li—1 b1
121 Z(tg/—ali—ll—l)

respectively for i € I(1,ky) and j € I(1,k).

Moreover an overall conceptual computational estimate z(t),S(t) and for A(t,S(t)) on the time-interval of

study [to,T] is

At Sy, ) =My, SE ), forte [ty t] 1), G € I(L k) and i € I(1,ky),
S(t) = S(¢, tf—lz’—lvs'(tf—u—l))v S(tj—u—ﬁ = Sj-1i-1, (3.5.35)

2@) = é(tvt;'vfufpg(t;fuq))-

Now, we state a very general theorem that provides a theoretical estimate for A(¢,.S) between two consec-

. . . cp cp
utive change point times, ¢;”,, _; and ¢;7,,.

THEOREM 3.5.3 Let the hypotheses of Theorem 1.8.1 in the context of Definitions 3.5.5 and 3.5.6 and Re-
marks 3.4.1, 8.5.1(i), 3.5.1(ii), and 8.5.1(%ii) be satisfied. For each j € I(1,k) and each r € I(1,n), let
t5” 1.1 and t5” . be consecutive change point times. Let {tf,lr,li,l}fiq, {t§—1r—1p—1}221; and {t;_lr_lq_l}];“:q
be the a sequence of failure, censored and admission times respectively in the interval [t;’ilr_l, t;’ilr). kg, ke, ,
and k,,. are respectively, the total number of failures, censored and admitting items/objects/species/etc in the

consecutive change-point subinterval [t5” . ,,¢5” ). Then the theoretical/conceptual estimation algorithm

and parameter estimation for A(t,S(t)) at t¥

()

are determined by:

Sttt fle/
Z(tj[in) = Z(tjlinfl) - /\(tjlinfps(t;gnﬂ)) l; Z(tjflrfllfl)A(tjflrfll)

—ky, — ke, + ka,, 2(to) = 20, (3.5.36)
S 1r_y) = 8P o) = AP gy S(EP 5 _))SEE 5, ) ALE 1 S(to) = So.
and
A S Z(tcglr_l) - Z(tq:lT) - kfr - kCr + kar .
Aoy S0 0) = — J e[t 1t ,), (3.5.37)
l; z(t‘{icgl/’l“(illfl)A(t‘{icl/rill)

respectively forr € I(1,n) and j € I(1,k). ky, = ky, + ke, + ka,. Moreover an overall conceptual estimate
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for z(t), S(t) and \(t,S(t)) on the time-interval of study [to,T) is

:\(tv S(t?ilrfl)) = 5‘(t;!ilrfl’‘SAV(t;;[ilrfl)% fOTt € [t;pflrfht;glr)’ LS I(L”) and.] € I(la k)?

S(t) = S(tat?ilr—l’S(tigh-—l))a S(t;ﬁu‘—l) = Sj—1i-1,

(3.5.38)

Proof. Imitating the proof of Theorem 3.5.2, one can establish the proof of the Theorem 3.5.3. |

REMARK 3.5.2 Corollaries parallel to Corollaries 3.5.1 and 3.5.2 can be formulated.

The following special case of Theorem 3.5.3 is with respect to the totally discrete-time hybrid dynamic model

for time-to-event dynamic process.

COROLLARY 3.5.4 Let us assume that all conditions of Corollary (3.4.1) in the context of Definitions 3.5.5

and 3.5.6 and Remarks 3.5.1(iv) (I),(II), and (III) are satisfied. For each j € I(1,k) and each r €

I(L,n), let t57,, | and t57 be consecutive change point times. Let {t;flrflifl}fi"l, {t§71T71p71}22i, and

{t;{lpqul}qzl be the a sequence of failure, censored and admission times respectively in the interval

[t 15 t5n)- Kyoo ke, and ko, are respectively, the total number of failures, censored and admitting items/ob-
jects/species/etc in the consecutive change-point subinterval [t5”,, ,,t57). Then the theoretical/conceptual

estimation algorithm and parameter estimation for \(t,S(t)) at t;f are determined by:
(i)
k}bTJrl

2(t574,) = 2(t5 1) = A1, S 1,1)) [ pa Z(tf/cl/ralll)‘| —ky, — ke, + ka,, 2(to) = 20,

—

S(t§10—1r—1) = S(t?izr—z) - A(t?izr—za S(t?izr—z))s(t;gzr—z)v S(to) = So,
(3.5.39)

and

] & 2(t50 1, 1) — 2(t50,) — Ky, — ke, + ka,
/\(t;:'zilr—lv S(t;p_lr—l)) = " kb, +1 "

= 20

ste [t 1 t50,), (3.5.40)

respectively. Moreover an overall conceptual estimate for z(t),S(t) and A(t,S(t)) on the time-interval of

study [to,T) is

At g(t;pfnﬂ)) = S\(t;gufl’g(t;pfnfl))v fort € [t52,, 1, t52,,), r € I(L,n) and j € I(1,k),
S(t) = S’(t’t;pflrflﬂg(t;zilrfl))a S’(tjzilifl) = Sj-1i-1,

() = 2(t, 67 11, 2 1 1)).

IS8

(3.5.41)
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Chapter 4

Conceptual Computational and Simulation Algorithms

4.1 Introduction

In this chapter, we outline a conceptual computational dynamic algorithm that includes both (a) survival
state and (b) change point survival state and parameter estimation problems in a systematic and unified
way. For the undertaking of this task, we need to conceptually coordinate the data collection, numerical
scheme and simulation times with theoretical discrete-time dynamic algorithm. In addition, it is essential
to decompose, to reorganize, and re-aggregate a given overall data set in a suitable manner to meet the
overall goal(s). Prior to the development of the scheme, we define, introduce notations and reorganize the
observed data set for the usage of a conceptual computational dynamic algorithm in Sections 4.2 and 4.3.
We outline conceptual computational dynamical algorithms for survival state and change-point survival state
and parameter estimation problems in Sections 4.4 and 4.5. The developed computational algorithms are
then applied to three data sets in Section 4.6. In Section 4.7, the recently developed LLGMM method [44, 45]
is extended and applied to three data sets and results are compared. In fact, LLGMM method provides the

measure of confidence, prediction and planning assessments.

4.2 Data Collection Coordination with Iterative Processes

Without loss of generality, we assume that the real data observation/collection schedule is indeed a finite
sequence {t;_1}%_, corresponding to the partition P of [to,T) defined in Section 3.3. Moreover, the real
world data set and its data observation/collection times are coordinated with conceptual data set sequence

and data collection sequence of times.

4.3 Data Decomposition, Reorganization and Aggregation

Based on our research, we recognize that there are two major problems of interests in a time-to-event dynamic
process, namely: (1) Survival state and (2) change point state estimation analysis problems. For the study
of these problems, we decompose, reorganize and re-aggregate the original real world data set in a respective
framework of (1) Survival state and (2) change point study in a time-to-event process. The original data is
coordinated, decomposed, reorganized, and aggregated with reference to the conceptual data coordination,

decomposition, reorganization and aggregation in the manner analogous to Definitions 3.5.3-3.5.6.
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4.4 Conceptual Computational Parameter and State Estimations Scheme

For the conceptual computational parameter estimation, we use nonlinear discrete-time conceptual com-
putational interconnected dynamic algorithm (3.4.4) for time-to-event data statistic (Flowchart- 1b). The
original state data subsequences are associated with conceptual data set. The decomposition of the original
real world data set into three types of subsequences of data is as defined in the context of Definition 3.5.3.
We consider the original data set as the real data set. For ¢ € (1,k;), conceptual computational dynamic
estimation algorithms in (3.5.22) and (3.5.33) are used for continuous and totally discrete-time real world
data sets, respectively. The parameter and state estimates at tjf'—u are determined using (3.5.23) and (3.5.34)
for continuous and totally discrete-time real world data sets, respectively. Finally, employing the Principle
of Mathematical Induction [33], an overall parameter and state estimations for z(t), S(¢) and A(¢, S(t)) over

the time interval [tg,T) of study are determined from (3.5.24) and (3.5.35).

4.5 Conceptual Computational State Simulation Scheme

We utilize the common sense ideas, namely, range of finite sequence of data collection time, the initial relative
frequency of the survival and the range of relative frequency. In addition, we employ the fundamental prop-
erties of solution process of initial value problems in the theory of differential equations [33], in particular, the
continuous dependence of solutions with respect to initial data and other properties. We identify the initial
data (to, So, z9) for various choices of Sy. The best estimates are obtained when near optimal convergence
is achieved for a particular choice of initial survival state, So. In summary, the Conceptual Computational

Algorithm consists of three-step nested processes.

4.5.1 Change Point Data Analysis Problem

In this subsection, we address the usage of the study of time-to-event process. A Change-point process in the
time-to-event process measures the effects of intervention process. Here, again the overall pair of sequence
of discrete-time interconnected state dynamic data set is characterized by single right-end point data set
with two consecutive change point dynamic process. A sequence of two consecutive change point times is
assumed to be a single subsequence of overall sequence {tj,l}é?:l of conceptual state data observation times.
The sequence of two consecutive change point times is denoted by {t;’i 11ty for r € I(1,n) with n < k.
Generally, using the time-to-event state dynamic data set, the change point sequence of times is estimated.
A change point process in the time-to-event process measures the effects of intervention process. The rest of
the data collection coordination with conceptual iterative process is parallel to the survival state problem,
except notations. Except for notational changes (for example, replacing [t;':ufp t;:li) by [t 1,1, t571,))s
entire conceptual computational procedure regarding the survival state data analysis problem is imitated
for the change-point problem analogously. For i € I(1,n) the conceptual computational dynamic algorithms

in (3.5.36) and (3.5.39) are used for continuous and totally discrete-time real world data sets, respectively.
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The parameter and state estimates at t;zi 1 are determined using (3.5.37) and (3.5.40) for continuous and
totally discrete-time real world data sets, respectively. Finally, employing the Principle of Mathematical
Induction, an overall parameter and state estimation for z(t), S(¢) and A(t, S(t)) over the time interval [to, T)
of study are determined from (3.5.38) and (3.5.41). In summary, the Conceptual Computational Algorithm

is outlined in Flowchart 6.
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Update Sy

no

initial data: To, 205 SO > RF

A partition PJ of [Tp, T] of data observation time and

Failure time «— Failure or Change point time —{ Change point

yes

l— Data set

Discrete

Both censored
and addmitted
times?

no

Either k., =0
or k,, =0

Stop

Optimality test for
A ZS

yes

kg, =0

o

Continuous

Both censored
and addmitted
times?

yes

Optimality test for

Update Sy

no

no
| Either k., =0
or kg,
AZS
ke, =0

. =0

Flowchart 6.: Conceptual Computational Algorithm
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Stop




We present an algorithm and a flowchart for the simulation schemes described above.

Given tg, Sg and zg
for j=1to k do
if Failure time then
for i =1 to ks do
Compute ke, , kq, z(t]f;ufl),z(tjf-i)
if Continuous then

kbiJrl
Compute Y, z(ti/_ali_ll_l)A(t;/_aM_”)

else
kbi-‘rl y
c/a
Compute lZ:1 z(tjflifllil)
end if
Compute 5\, 2and S
end for
else

Change point analysis
end if

end for

Algorithm 7.: Simulation Scheme
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Failure
time
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Stop

Both
yes censored
< and
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Optimality Either
test for ke, =0
L A 2,8 or kg, =0

Failure or

point time

Change

Change
point

Continuous

Both
censored yes
and
addmitted
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no
Either Optimality
ke, =0 test for
or kai =0 A 2,8 J
yes
ke, =0
ko, =0

no

Update So

Flowchart 8.: Simulation Algorithm for Survival and Change point Data Analysis Problems
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4.6 Applications to Time-to-event Datasets

In this section, using the conceptual computational algorithm, we exemplify our theoretical algorithms and
procedures for estimating parameters and survival state for three datasets. 96 locomotive control failure data
set in number of thousand miles [37, 47|, a follow-up time and vital status of 100 subjects in the Worcester
heart attack study [23] and data set describing time (in months) of death and losses of a sample of 8 items

found in [26] that was analyzed by[38].

ILLUSTRATION 4.6.1 The data in Table 4 was discussed in [37, 47] regarding the number of thousand miles at
which different locomotive controls failed in a life test involving ninety-six controls. The test was terminated
after 135,000 miles, by which time thirty-seven failures had occurred. Fifty-nine locomotive controls were
censored at 135,000 miles.

We apply the developed conceptual computational algorithm. Employing (3.5.28) with k, = 0, we demon-
strate our innovative alternative approach for finding parameter and survival function estimates on consec-

utive failure time intervals.

Table 4: Locomotive control Life-test Dataset [37, 47]

Frequency Frequency

of Survival of Survival
Data. Failure/ Failure or Data. Failure Failure ot
Observathn Censor Time or Operatmg Observatlgn or or Operatlng
per 1000 miles Censors units at ¢;: per 1000 miles  Censor Time Censors units at ¢;:
at t; 2(t;) at 2(t;)
to =1.0 Initial 96 tao = 91.5 Failure 1 76
t1 =22.5 Failure 1 95 to1 = 93.5 Failure 1 75
to = 37.5 Failure 1 94 tos = 102.5 Failure 1 74
ts3 = 46.5 Failure 1 93 tog3 = 107.0 Failure 1 73
ty = 48.5 Failure 1 92 tog = 108.5 Failure 1 72
ts = 5H1.5 Failure 1 91 tos = 112.5 Failure 1 71
te = 53.5 Failure 1 90 tog = 113.5 Failure 1 70
t7 =54.5 Failure 1 89 tor = 116.0 Failure 1 69
ts = 57.5 Failure 1 88 tog = 117.0 Failure 1 68
tg = 66.5 Failure 1 87 tog = 118.5 Failure 1 67
t10 = 68.0 Failure 1 86 tsg = 119.0 Failure 1 66
t11 = 69.5 Failure 1 85 t31 = 120.0 Failure 1 65
t12 = 76.5 Failure 1 84 t3o = 122.5 Failure 1 64
ti3 =77.0 Failure 1 83 t3z3 = 123.0 Failure 1 63
t14 = 78.5 Failure 1 82 t3y = 127.5 Failure 1 62
t15 = 80.0 Failure 1 81 tss = 131.0 Failure 1 61
tig = 81.5 Failure 1 80 t3g = 132.5 Failure 1 60
ti17 = 82.5 Failure 1 79 t37 = 134.0 Failure 1 59
t1s = 83.0 Failure 1 78 t3gs = 135.0 Censored 59 0
tlg =84.0 Failure 1 7

We utilize the range of finite sequence of data collection time. We note the initial relative frequency of

the survival locomotive control to be %. In fact the range of relative frequency is [0.6146,0.9896]. We

chose initial survival probability to be Sy = 0.985,0.989,0.99,0.999,0.9999, 0.99999, 0.999999 and applied
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the conceptual computational simulation algorithm for consecutive failure-time subintervals. The results are
recorded in Table 5. The simulation results exhibits the almost optimal convergence of survival state proba-
bility estimates for Sy = 0.99999. We then conclude that the best survival state estimate is for So = 0.99999
for the locomotive control data set. This was further reaffirmed by the application of the modified version of
LLGMM method that assures a certain degree of confidence in the survival state estimates. In addition, the
modified version of LLGMM method provides a test for the best optimality of state and parameter estimates.
Moreover, it provides a confidence interval for the survival state estimates. Furthermore, it also provides the

measure of significance for the usage of new procedures/tools/etc.
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Table 5: Estimates 6(t;—1;) = 6;-1; and S’(tj,h-,l) = Sj,u,l using Sp = 0.985, 0.98900, 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 using (3.5.28)
with k, = 0 and the procedure outlined in Chapter 4

Consecutive

Failure time

interval, So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
[tj—1i—1,tj—14)
Gj—14 S 1i1 0j—1i S 1i1 Gj—14 Si-1 G S;—1ic1 6j-1i Sj—1i-1 6j—1i  Sj—1i—1 &j—1i  Sj—1i-1
1,22.5) 30.9600 0.9850 22.7040  0.9890 20.6400 0.9900 2.0640 0.9990 0.2064  0.9999 0.0206  0.99999 0.0021  0.999999
22.5,37.5) 1.5998 0.9747 1.3491 0.9787 1.2865 0.9797 0.7224  0.9886 0.6660  0.9895 0.6603  0.9896 0.6598  0.9896

37.5,46.5) 0.8014 0.9645 0.7130 0.9684 0.6909 0.9694 0.4921 0.9782 0.4722  0.9791 0.4702  0.9792 0.4700 0.9792
46.5,48.5) 0.1831 0.9542 0.1676 0.9581 0.1637 0.9591 0.1289  0.9678 0.1254  0.9687 0.1250  0.9687 0.1250  0.9687
48.5,51.5) 0.3189 0.9440 0.2971 0.9478 0.2916 0.9488 0.2426 0.9574 0.2377  0.9582 0.2372  0.9583 0.2371  0.9583
51.5,53.5) 0.2343 0.9337 0.2209 0.9375 0.2176 0.9384 0.1874  0.9470 0.1844  0.9478 0.1841  0.9479 0.1841  0.9479

) 0.1288 0.9234 0.1225 0.9272 0.1209 0.9281 0.1067  0.9366 0.1053 0.9374 0.1052  0.9375 0.1051  0.9375
54.5,57.5) 0.4254 0.9132 0.4072 0.9169 0.4026 0.9178 0.3618  0.9262 0.3577  0.9270 0.3573  0.9271 0.3572  0.9271

53.5,54.5

57.5,66.5) 1.3372 0.9029 1.2867 0.9066 1.2741 0.9075 1.1605 0.9158 1.1491  0.9166 1.1480 0.9167 1.1478  0.9167
66.5,68.0) 0.2107 0.8927 0.2035 0.8963 0.2018 0.8972  0.1858  0.9053 0.1842  0.9062 0.1840  0.9062 0.1840 0.9062
68.0,69.5) 0.2231 0.8824 0.2163 0.8860 0.2146 0.8869 0.1993  0.8949 0.1978  0.8957 0.1976  0.8958 0.1976  0.8958

) 1.0947 0.8721 1.0643 0.8757 1.0568 0.8766  0.9885  0.8845 0.9817  0.8853 0.9810  0.8854 0.9810  0.8854
76.5,77.0) 0.0758 0.8619 0.0739 0.8654 0.0734 0.8663 0.0691  0.8741 0.0687  0.8749 0.0686  0.8750 0.0686  0.8750
77.0,78.5) 0.2399 0.8516 0.2343 0.8551 0.2329 0.8559  0.2204 0.8637 0.2191  0.8645 0.2190 0.8646 0.2190 0.8646

78.5,80.0) 0.2486 0.8414 0.2432 0.8448 0.2419 0.8456  0.2298  0.8533 0.2286  0.8541 0.2285 0.8542 0.2285 0.8542
80.0,81.5) 0.2565 0.8311 0.2514 0.8345 0.2501 0.8353 0.2386  0.8429 0.2374  0.8437 0.2373  0.8437 0.2373  0.8437
81.5,82.5) 0.1759 0.8208 0.1726 0.8242 0.1718 0.8250 0.1644 0.8325 0.1637 0.8332 0.1636  0.8333 0.1636  0.8333
82.5,83.0) 0.0907 0.8106 0.0891 0.8139 0.0887 0.8147 0.0852  0.8221 0.0848  0.8228 0.0848  0.8229 0.0848  0.8229
)
)

83.0,84.0 0.1877 0.8003 0.1846 0.8036 0.1838 0.8044 0.1770  0.8117 0.1763  0.8124 0.1762  0.8125 0.1762  0.8125
84.0,91.5 1.4434 0.7901 1.4213 0.7933 1.4158 0.7941 1.3662 0.8013 1.3612  0.8020 1.3607  0.8021 1.3607  0.8021
91.5,93.5) 0.3658 0.7798 0.3606 0.7830 0.3592 0.7838 0.3474  0.7909 0.3462  0.7916 0.3461  0.7917 0.3461  0.7917
93.5,102.5) 1.6638 0.7695 1.6413 0.7727 1.6356 0.7734 1.5849  0.7805 1.5798  0.7812 1.5793  0.7812 1.5792  0.7812

[
[
[
[
[
[
[
[
[
[
[
[69.5,76.5
[
[
[
[
[
[
[
[
[
[
[

102.5,107.0) 0.7821 0.7593 0.7721 0.7624 0.7696 0.7631 0.7470 0.7701 0.7448  0.7708 0.7445 0.7708 0.7445 0.7708

continued on next page
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Table 5 — continued from previous page

Consecutive

Failure time

interval, So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999

[tj—1i—1,tj—14)
Gji—1i S 1i-1 Gj—1i Si1io1 Gji—1i Sio1 G S;—1ic1 6510 Sj—1i-1 651 Sj—1ie1 Gi—1i Sj—ti-1

[107.0,108.5) 0.2569 0.7490 0.2537 0.7521 0.2530 0.7528  0.2460 0.7597 0.2453  0.7603 0.2452  0.7604 0.2452  0.7604
[108.5,112.5) 0.6935 0.7388 0.6855 0.7417 0.6835 0.7425 0.6656  0.7493 0.6638  0.7499 0.6636  0.7500 0.6636  0.7500
[112.5,113.5) 0.1714 0.7285 0.1695 0.7314 0.1690 0.7322 0.1648 0.7388 0.1644  0.7395 0.1644  0.7396 0.1644  0.7396
[113.5,116.0) 0.4344 0.7182 0.4300 0.7211 0.4288 0.7219  0.4187 0.7284 0.4177  0.7291 0.4176  0.7292 0.4176  0.7292
[116.0,117.0) 0.1737 0.7080 0.1720 0.7108 0.1716 0.7116  0.1677  0.7180 0.1673  0.7187 0.1673  0.7187 0.1673  0.7187
[117.0,118.5) 0.2635 0.6977 0.2611 0.7005 0.2604 0.7013 0.2549 0.7076 0.2543  0.7083 0.2543  0.7083 0.2543  0.7083
[118.5,119.0) 0.0884 0.6874 0.0876 0.6902 0.0874 0.6909 0.0856 0.6972 0.0854 0.6978 0.0854  0.6979 0.0854  0.6979
[119.0,120.0) 0.1790 0.6772 0.1775 0.6799 0.1771 0.6806 0.1737  0.6868 0.1734  0.6874 0.1733  0.6875 0.1733  0.6875
[120.0,122.5) 0.4510 0.6669 0.4474 0.6696 0.4465 0.6703 0.4382 0.6764 0.4374 0.6770 0.4373 0.6771 0.4373 0.6771
[122.5,123.0) 0.0897 0.6567 0.0890 0.6593 0.0888 0.6600 0.0872  0.6660 0.0871  0.6666 0.0871  0.6667 0.0871  0.6667
[123.0,127.5) 0.8150 0.6464 0.8089 0.6490 0.8074 0.6497 0.7938  0.6556 0.7925 0.6562 0.7923  0.6562 0.7923 0.6562
[127.5,131.0) 0.6193 0.6361 0.6149 0.6387 0.6138 0.6394 0.6039 0.6452 0.6029  0.6458 0.6028  0.6458 0.6028  0.6458
[131.0,132.5) 0.2613 0.6259 0.2595 0.6284 0.2591 0.6291 0.2551 0.6348 0.2547  0.6354 0.2547  0.6354 0.2547  0.6354
[132.5,134.0) 0.2611 0.6156 0.2594 0.6181 0.2590 0.6188 0.2551 0.6244 0.2548  0.6249 0.2547  0.6250 0.2547  0.6250
(134) 0.6054 0.6078 0.6084 0.6140 0.6145 0.6146 0.6146
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In the following illustration, we apply the developed algorithm to a follow-up time and vital status of 100

patients in the Worcester heart attack study [23].

ILLUSTRATION 4.6.2 The data in Table 6 below shows follow-up time and vital status(failure or censored)
for 100 subjects in the Worcester Heart Attack Study [23]. We note that there are multiple censored times
occurring between any two consecutive failure times unlike the data set in Table 4, where all censored
times occurred after the last failure time. We note that the initial relative frequency of the survival of
patient data is 0.98. In fact the range of relative frequency is [0.51,0.98]. Here also, we chose initial
survival probability to be Sy = 0.985,0.989,0.99,0.999,0.9999, 0.99999, 0.999999 and applied the conceptual
computational simulation algorithm (3.5.28) with k, = 0 for consecutive failure-time subintervals. The
results are recorded in Table 7. The simulation results exhibits the optimal convergence of survival state
probability estimates for Sy = 0.99999. We conclude that the almost best survival state estimate is for
So = 0.99999 for the Worcester Heart Attack Study data set. This was also confirmed by the application
of the modified version of LLGMM method that assures a certain degree of confidence in the survival state

estimates.
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Table 6: A follow-up time of 100 Worcester Heart Attack study Dataset [23].

Frequency Survival Frequency Survival
Data Failure of or Data Failure of or
Observation or Failure/ Operating Observation or Failure/ Operating
Censor Time Censors units at t;: Censor Time Censors units at t;:
at t; Z(ti) at t; Z(ti)
to = 1.0 Initial 100 tys = 1879  Censored 1 49
t1==6 Failure 2 98 tag = 1883  Censored 1 48
to =14 Failure 1 97 tso = 1889  Censored 1 47
t3 =44 Failure 1 96 ts1 = 1907 Failure 1 46
ty = 62 Failure 1 95 tso = 1912  Censored 1 45
ts = 89 Failure 1 94 ts3 = 1916  Censored 1 44
te = 98 Failure 1 93 tsa = 1922  Censored 1 43
ty = 104 Failure 1 92 tss = 1923  Censored 1 42
tg = 107 Failure 1 91 tse = 1929  Censored 1 41
tg =114 Failure 1 90 ts7 = 1934  Censored 1 40
ti0 = 123 Failure 1 89 tss = 1939  Censored 2 38
t11 = 128 Failure 1 88 tsg = 1969  Censored 1 37
t1o = 148 Failure 1 87 teo = 1984  Censored 1 36
t13 = 182 Failure 1 86 te1 = 1993  Censored 1 35
ti4 = 187 Failure 1 85 teo = 2003  Censored 1 34
t15 = 189 Failure 1 84 tgs = 2012 Failure 1 33
tig = 274 Failure 2 82 tes = 2013  Censored 1 32
t17 = 302 Failure 1 81 tes = 2031 Failure 1 31
tis = 363 Failure 1 80 tes = 2052  Censored 1 30
tig = 374 Failure 1 79 ter = 2054  Censored 1 29
tog = 451 Failure 1 78 tes = 2061  Censored 1 28
tor = 461 Failure 1 it tgo = 2065 Failure 1 27
tog = 492 Failure 1 76 t7o = 2072  Censored 1 26
tog3 = 538 Failure 1 75 t71 = 2074  Censored 1 25
tog = 774 Failure 1 74 t7o = 2084  Censored 1 24
tos = 841 Failure 1 73 t73 = 2114  Censored 1 23
tog = 936 Failure 1 72 t74 = 2124  Censored 1 22
tor = 1002 Failure 1 71 t7s = 2137  Censored 2 20
tog = 1011 Failure 1 70 t7e = 2145  Censored 1 19
tog = 1048 Failure 1 69 t77 = 2157  Censored 1 18
t3o = 1054 Failure 1 68 tys = 2173  Censored 1 17
t3; = 1172 Failure 1 67 trg = 2174  Censored 1 16
t3o = 1205 Failure 1 66 tgg = 2183  Censored 1 15
taz = 1278 Failure 1 65 tg1 = 2190  Censored 1 14
t3q4 = 1401 Failure 1 64 tgo = 2201 Failure 1 13
tss = 1497 Failure 1 63 tgz = 2421 Failure 1 12
tsg = 1557 Failure 1 62 tgq = 2573  Censored 1 11
tsy = 1577 Failure 1 61 tgs = 2574  Censored 1 10
tag = 1624 Failure 1 60 tsg = 2578  Censored 1 9
t3g = 1669 Failure 1 59 tgy = 2595  Censored 1 8
ty0 = 1806 Failure 1 58 tgs = 2610  Censored 1 7
ty1 = 1836 Censored/Alive 2 56 tgg = 2613  Censored 1 6
tyo = 1846 Censored/Alive 1 55 tog = 2624 Failure 1 5
ty3 = 1859  Censored/Alive 1 54 tg1 = 2631  Censored 1 4
tgq = 1860 Censored/Alive 1 53 tos = 2638  Censored 1 3
tys = 1870  Censored/Alive 1 52 tgg = 2641  Censored 1 2
tye = 1874 Failure 1 51 tgg = 2710 Failure 1 1
ty7 = 1876  Censored/Alive 1 50 tos = 2719  Censored 1 0
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Table 7: Estimates &(t;—1;) = 6;-1; and S’(t]-,u,l) = ijufl using Sp = 0.985, 0.98900, 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 using (3.5.28)
with k, = 0 and the procedure outlined in Chapter 4

Consecutive

Failure time

interval, So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
[tj—1i—1,t5—14)
014 Svjflifl 0j—1i ijufl Gj—1i ijl G 5'3'711'71 014 5']'711‘71 014 5}'712‘71 014 ijlifl
[1.0,6.0] 3.7500  0.9850 2.7500  0.9890 2.5000 0.9900 0.2500 0.9990 0.0250  0.9999 0.0025  0.99999 0.0003  0.999999
[6.0,14.0) 4.5341  0.9653 4.0219  0.9692 3.8939 09702 2.7414 0.9790 2.6261  0.9799 2.6146  0.9800 2.6135 0.9800
[14.0,44.0) 9.2600  0.9554 8.4535  0.9593 8.2519 0.9603 6.4373  0.9690 6.2559  0.9699 6.2377  0.9700 6.2359  0.9700
[44.0,62.0) 2.1364  0.9456 1.9856  0.9494 1.9479 0.9504 1.6086  0.9590 1.5747  0.9599 1.5713  0.9600 1.5709  0.9600
[62.0,89.0) 2.6581  0.9357 2.5009  0.9396 2.4616  0.9405 2.1079  0.9490 2.0725  0.9499 2.0689  0.9500 2.0686  0.9500
[89.0,98.0) 0.7044  0.9259 0.6686  0.9297 0.6597 0.9306 0.5793 0.9391 0.5712  0.9399 0.5704  0.9400 0.5703  0.9400
[98.0,104.0) 0.4780  0.9160 0.4568  0.9198 0.4515 0.9207 0.4039 0.9291 0.3991  0.9299 0.3986  0.9300 0.3986  0.9300

[104.0,107.0) 0.2489  0.9062 0.2392  0.9099 0.2367 0.9108 0.2147 0.9191 0.2126  0.9199 0.2123  0.9200 0.2123  0.9200
[107.0,114.0) 0.6171  0.8963 0.5954  0.9000 0.5900 0.9009 0.5412 0.9091 0.5363  0.9099 0.5358  0.9100 0.5358  0.9100
[114.0,123.0) 0.8064 0.8865 0.7809  0.8901 0.7745 0.8910 0.7169 0.8991 0.7112  0.8999 0.7106  0.9000 0.7105  0.9000
[123.0,128.0) 0.4463  0.8766 0.4334  0.8802 0.4302 0.8811 0.4012 0.8891 0.3983  0.8899 0.3980  0.8900 0.3980  0.8900
[128.0, 148.0) 1.8315 0.8668 1.7831  0.8703 1.7710 0.8712 1.6621 0.8791 1.6512  0.8799 1.6501  0.8800 1.6500  0.8800
[148.0,182.0) 2.8591  0.8569 2.7895  0.8604 2.7721 0.8613 2.6156 0.8691 2.6000 0.8699 2.5984  0.8700 2.5983  0.8700
[182.0, 187.0) 0.3612  0.8471 0.3531  0.8505 0.3511 0.8514 0.3328 0.8591 0.3310 0.8599 0.3308  0.8600 0.3308  0.8600
[187.0,189.0) 0.1480 0.8372 0.1449  0.8407 0.1441 0.8415 0.1371 0.8491 0.1364 0.8499 0.1364 0.8500 0.1364  0.8500
[189.0,274.0) 3.2602  0.8274 3.1968  0.8308 3.1809 0.8316  3.0381 0.8392 3.0238  0.8399 3.0224  0.8400 3.0222  0.8400
[274.0,302.0) 1.6114  0.8077 1.5839  0.8110 1.5770 0.8118 1.5152  0.8192 1.5090  0.8199 1.5084  0.8200 1.5083  0.8200
[302.0, 363.0) 3.3074  0.7978 3.2544  0.8011 3.2411  0.8019  3.1218 0.8092 3.1099  0.8099 3.1087  0.8100 3.1086  0.8100
[363.0, 374.0) 0.5139  0.7880 0.5062  0.7912 0.5042  0.7920 0.4868  0.7992 0.4850  0.7999 0.4849  0.8000 0.4849  0.8000
[374.0,451.0) 3.6083  0.7781 3.5569  0.7813 3.5441  0.7821  3.4284  0.7892 3.4169  0.7899 3.4157  0.7900 3.4156  0.7900
[451.0, 461.0) 0.4007  0.7683 0.3953 0.7714 0.3940 0.7722  0.3818  0.7792 0.3806  0.7799 0.3805 0.7800 0.3805  0.7800
[461.0,492.0) 1.2507  0.7584 1.2348 0.7615 1.2308 0.7623 1.1949 0.7692 1.1913  0.7699 1.1910  0.7700 1.1909 0.7700
[492.0,538.0) 1.7864  0.7486 1.7648 0.7516 1.7594 0.7524 1.7108  0.7592 1.7059  0.7599 1.7054  0.7600 1.7054  0.7600

continued on next page
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Table 7 — continued from previous page

Consecutive

Failure time

interval, So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999

tj—1i—1,tj—14)
Gi—1i Sj—1i-1 Gj—1 Sj—1i-1 Gj-u S 1 G Si—1ic1 &j—1i Sj—1i-1 6j—1i Sj—1i-1 G510 Sjo1ie1

[538.0, 774.0) 8.5950  0.7387 8.4963 0.7418 8.4717 0.7425 8.2496  0.7492 8.2274  0.7499 8.2252  0.7500 8.2249  0.7500
[774.0,841.0) 1.7366  0.7289 1.7176  0.7319 1.7129 0.7326 1.6702 0.7393 1.6660 0.7399 1.6655  0.7400 1.6655  0.7400
[841.0,936.0) 2.3168  0.7190 2.2927  0.7220 2.2867 0.7227 2.2325 0.7293 2.2271  0.7299 2.2265 0.7300 2.2265  0.7300
[936.0,1002.0) 1.4764  0.7092 1.4617 0.7121 1.4581 0.7128 1.4252 0.7193 1.4219  0.7199 1.4216  0.7200 1.4215 0.7200
[1002.0,1011.0)  0.1917  0.6993 0.1899  0.7022 0.1895 0.7029 0.1854 0.7093 0.1850  0.7099 0.1849  0.7100 0.1849  0.7100
[1011.0,1048.0) 0.7954  0.6895 0.7883  0.6923 0.7865 0.6930 0.7703  0.6993 0.7687  0.6999 0.7686  0.7000 0.7685  0.7000
[1048.0,1054.0)  0.1266  0.6796 0.1255  0.6824 0.1252  0.6831 0.1227  0.6893 0.1225  0.6899 0.1225  0.6900 0.1225  0.6900
[1054.0,1172.0) 2.5138  0.6698 2.4931 0.6725 24879 0.6732 24413 0.6793 2.4366  0.6799 2.4362  0.6800 2.4361  0.6800
[1172.0,1205.0) 0.6415  0.6599 0.6365  0.6626 0.6352 0.6633 0.6238 0.6693 0.6227  0.6699 0.6226  0.6700 0.6226  0.6700
[1205.0,1278.0) 1.3990 0.6501 1.3885  0.6527 1.3858 0.6534 1.3621 0.6593 1.3597  0.6599 1.3595  0.6600 1.3594  0.6600
[1278.0,1401.0) 2.2505  0.6402 2.2343  0.6429 2.2302 0.6435 2.1936  0.6493 2.1900 0.6499 2.1896  0.6500 2.1896  0.6500
[1401.0, 1497.0) 1.6209 0.6304 1.6096 0.6330 1.6068 0.6336 1.5816 0.6394 1.5790 0.6399 1.5788  0.6400 1.5788  0.6400
[1497.0,1557.0)  0.9581  0.6205 0.9518 0.6231 0.9502 0.6237 0.9359 0.6294 0.9344  0.6299 0.9343  0.6300 0.9343  0.6300
[1557.0,1577.0)  0.3100 0.6107 0.3081 0.6132 0.3076 0.6138 0.3031 0.6194 0.3027 0.6199 0.3026  0.6200 0.3026  0.6200
[1577.0,1624.0)  0.7257  0.6008 0.7212  0.6033 0.7201 0.6039 0.7101 0.6094 0.7091  0.6099 0.7090 0.6100 0.7090 0.6100
[1624.0, 1669.0) 0.6800  0.5910 0.6760 0.5934 0.6750 0.5940 0.6660 0.5994 0.6651  0.5999 0.6650  0.6000 0.6650  0.6000
[1669.0,1806.0) 2.0285  0.5811 2.0171  0.5835 2.0142 0.5841 1.9885 0.5894 1.9859  0.5899 1.9857  0.5900 1.9856  0.5900
[1806.0,1874.0) 0.8921 0.5713 0.8873 0.5736 0.8861 0.5742 0.8752 0.5794 0.8741  0.5799 0.8740  0.5800 0.8740  0.5800
[1874.0,1907.0) 0.3686  0.5610 0.3667  0.5632 0.3662 0.5638 0.3619 0.5689 0.3614  0.5694 0.3614  0.5695 0.3614  0.5695
[1907.0,2012.0)  0.9364  0.5492 0.9317 0.5514 0.9306 0.5520 0.9202 0.5570 0.9191  0.5575 0.9190 0.5576 0.9190 0.5576
[2012.0,2031.0) 0.1408 0.5346 0.1401  0.5368 0.1400 0.5374 0.1385 0.5422 0.1383  0.5427 0.1383  0.5428 0.1383  0.5428
[2031.0, 2065.0) 0.2424  0.5180 0.2414  0.5201 0.2411 0.5206  0.2387 0.5253 0.2385  0.5258 0.2385  0.5258 0.2385  0.5258
[2065.0,2201.0)  0.6657  0.5007 0.6630  0.5027 0.6623 0.5033 0.6562 0.5078 0.6556  0.5083 0.6555  0.5083 0.6555  0.5083
[2201.0,2421.0) 0.6809  0.4760 0.6784  0.4779 0.6778 0.4784 0.6721  0.4827 0.6716  0.4832 0.6715  0.4832 0.6715  0.4832
[2421.0,2624.0) 0.5114  0.4394 0.5097  0.4411 0.5093 0.4416  0.5057  0.4456 0.5053  0.4460 0.5053  0.4460 0.5053  0.4461

continued on next page
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Table 7 — continued from previous page

Consecutive
Failure time

| So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
interval,

tj—1i—1,tj—14)

Gj—1i  Sj-1i-1  Gj-1i Sj—1i-1  Fj-1i Sj-1 G Sj—1i-1  Gj-1i  Sj-1i-1  Gj-1i Sj-1i-1  Gj—1i  Sj-1i-1

[2624.0,2710.0)  0.0479  0.3990 0.0477  0.4006 0.0477 0.4010 0.0474 0.4046 0.0474  0.4050 0.0474  0.4050 0.0474  0.4050
(2710.0) 0.2348 0.2357 0.2360 0.2381 0.2383 0.2384 0.2384
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Table 8: Data set describing time(in months) to death(failure) and losses(censored) [38]

Frequency of  Survival or

Data Failure Failure/ Operating
Observation Censoorr Time Censors units at t;:
at t; Z(tz)
to=0 Initial 8
t1 =0.8 Failure 1 7
ta = 1.0 Censored 1 6
tg = 2.7 Censored 1 5
ty = 3.1 Failure 1 4
ts = 5.4 Failure 1 3
te = 7.0 Censored 1 2
tr = 9.2 Failure 1 1
tg = 12.1 Censored 1 0

In the following illustration, we apply the developed alternative innovative algorithm to a data set used by

[38].

ILLUSTRATION 4.6.3 The data set in Table 8 is originally from [26]. Malla et al. used the data set to
exemplify their approach. Malla et al. assumed that the largest observation 12.1 is uncensored. They also
assumed that 0 = ag < a1 < as < ... < a,, are jumps of the Kaplan Meier [26] survival estimator in
magnitude, and thus obtained a; = 0.125,a5 = 0.175,a3 = 0.175,a4 = 0.2625,a5 = 0.2625. They then

proceeded to calculate the hazard rate function using the following:

Qg

\t) = ——F—— 4.6.1
A = T A A (4.6.1)

where dy, is distinct failure time and Ag = 0, Ay = Zle a; for d,_1 <t < dr,1 <k <m. The survival

estimate on [0, d,,,] was defined as follows:

t
A N [43%

S(t) = S(dx—1)ex —/ ————du| , dr1 <t<dg, 1<k<m. 4.6.2
(t) (dr—-1) Pl s 1 1) Ady, k—1 k ( )

Utilizing (4.6.1) and (4.6.2), the following estimates summarized in Table 9 were obtained.

Table 9: Estimates \(t;) and S(t;_;) using sing the procedure outlined in [38]

Consecutive Failure time N
_ Altj—1:)  S(tj—1i-1)
interval, [tj,1i71 s tjfli)

[0,0.8) 0.1563  1.0000
0.8,3.1) 0.0870  0.8824
3.1,5.4) 0.1087  0.7224
[5.4,9.2) 0.1316  0.5626
9.2,12.1) 0.3448  0.3412
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In the following, we apply our innovative alternative algorithm to the data set in Table 8. Specifically, we
used (3.5.27) in Example 3.5.1 with k,, = 0 for all i for parameter estimation. Additionally, survival state

estimates at the failure times were estimated using the Euler scheme:
S(t) = St 1i1) = A1 )S(H 1) (1= S _,-0))AH, (4.6.3)

We used initial survival probability to be Sy = 0.999,0.9999,0.99999, 0.999999 and applied the conceptual
computational simulation algorithm (3.5.27) for consecutive failure-time subintervals. Optimal convergence
of survival state probability estimates was obtained for Sy = 0.9999. Thus, we conclude that the best survival
state estimate is for Sy = 0.9999 for the data set in Table 8. The results are summarized in Table 10. Again,
these results were confirmed by the application of the modified version of LLGMM method that assures a
certain degree of confidence in the survival state estimates as compared to the estimates obtained in Table

9.

Table 10: Estimates S\(tj,h-) and S’(tj,h-,l) using Sp = 0.99900, 0.99990, 0.99999, 0.999999

Consecutive
Failure time
interval, So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
tj—1i—1,tj—1i—1)
Atj—1)  Stj—rim1)  AMti—1)  Stj-1i-1)  Atj—1)  SEi—ri-1)  Ati-1)  S(tj-1i-1)

[0,0.8) 156.25  0.9990 1562.5  0.9999 15625.0  0.99999 156250.0 0. 999999
[0.8,3.1) 0.5841  0.8741 0.5878  0.8749 0.5882 0.8750 0.5882 0.8750
[3.1,5.4) 0.3971  0.7263 0.3981  0.7269 0.3982 0.7270 0.3982 0.7270
[5.4,9.2) 0.2387  0.5447 0.2390  0.5452 0.2390 0.5453 0.2390 0.5453
[9.2,12.1) 0.5069  0.3197 0.5071  0.3200 0.5071 0.3200 0.5071 0.3200

4.7 Statistical Comparative Analysis with Existing Methods

In the following we exhibit an innovative alternative procedure for finding the parameter and state estimates
at each failure points by using a modification of the Local Lagged Adapted adapted Generalized Method of
Moments (LLGMM) [44].

4.7.1 Modified LLGMM Parameter and State Estimation

In this section, we develop a modified version of the Local Lagged Adapted adapted Generalized Method
of Moments (LLGMM) [44]. This is achieved by by utlizing the developed alternative procedure in Section
3.5 and the LLGMM method. We also make an attempt to coordinate and compare the developed innova-
tive approach for parameter and state estimation of time-to-event process with recently developed LLGMM

approach. We note that the transformed conceptual computational interconnected dynamic algorithm for
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time-to-event data statistic (IDATTEDS) is local. It is centered around each consecutive pair of failure
or change time ordered subinterval [t;:ufp t;-:u) or [t5”,; 1,5 ;) with its right-end-point data observa-
tion/collection process for ¢ € I(1,ky) or i € I(1,k.p). Moreover, parameter and state estimation of the
time-to-event process is relative to each consecutive pair of failure or change time subinterval operation of
the time-to-event dynamic process. This type of parameter and state estimation problem in time-to-event

processes can be characterized by the local single-shot procedure identified by the right-end point of the

j — Li-th consecutive failure or change point subinterval for each i € I(1,ky) or i € (1, kcp).

These observations motivates to extend this single-shot parameter and state estimation problem to a
finite multi-choice local lagged consecutive failure or change time subintervals with right-end-point data
observation/collection process. For this, we introduce a couple of definitions that form a bridge to connect
IDATTEDS approach with the LLGMM approach. From Definitions 3.5.1-3.5.6, we recall that {tffuq}fiu

kg L

k . . . .
{[t;-lh;l, tffu)}iﬂ , Pj’:l, {zj—1i-1};21, {ijfli .21, are increasing sequences of overall consecutive failure-

times, consecutive failure-time subintervals, failure-time partition of [tg,T), conceptual data sequence at

failure-time, sequence of sub-partition of consecutive time subinterval [t]f—li—l?tf—li)V respectively for ¢ €
I(1, ky).
DEFINITION 4.7.1 For each i € I(1,ks) and each m; € I(1,%), a partition of closed interval [tf_u_mi,t;_li]

is called local at a failure-time ¢/ and it is defined by

g—1i

f —4f ! ! !
P ticms = o tiemy <Cotimmr <-o- <tj_pion <ty - (4.7.1)
A my-size consecutive failure time subinterval subsequence {[t;qi H,t]f-,u " +1)}f:17mi of the overall con-

secutive failure time subinterval sequence {[t

f f .
tj—li—?m,’ tj—li)'

f f
17t’

etie qu)}f; is called local lagged moving failure-time

subsequence at t;_li that is a cover of |

-1
U [t;71i+l7t§71i+l+1) = [tfflifmﬂt;fli) : (4-72)

l=—m;

pf

j—li—m;

is a sub-partition of the partition P/.

DEFINITION 4.7.2 For each i € I(1,ky¢) and each m; € I;(1,4), a local lagged moving consecutive failure

! o

time subsequence of subintervals, {[t; ;. 51,4111

)}l_:lfmi at failure time tj‘:u of the size m; is identified
by the restriction of overall failure time state data subsequence {zj,u,l}fil to ij_li_mi in (4.7.1), and it
is defined by

Smig—1i = {F 210} =, - (4.7.3)

Here F is a forward-shift operator, and F~! = B, B is the backward shift operator. m; varies from 1 to 4;

the corresponding local sequence sy, ; at t;‘lli varies from {F'z;_1;})__| to {F'z;_1;})__,,,. As a result
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of this, the sequence defined in (4.7.3) is also called a m;-local moving sequence of failure-time state data

associated with m;-local lagged finite sequence of subintervals at a failure-time tiu for each i € I(1, ky).

In the following, we outline computational scheme for the survival state data analysis problem. Using the
concept of m;-moving sequence of failure-time state data at a failure time t;':ua computational schemes for

the change point problem can be developed analogously.

Hereafter, we utilize Definitions 4.7.1 and 4.7.2, and recast the LLGMM algorithm [44, 45]. For each
m; € I(1,4 — 1), using (3.5.23) and | € I(—m;,—1), we determine estimates of A at each failure time tj‘:u

for the special case of SA(t,S) = SA(t)(1 — S) (without loss of generality), as follows:

—1
> [pti—rirt) = 2(t—vivier) = Koy + kany)

N l=—m;
Amii = - e / / , (4.7.4)
> (11— Fls(tf—u)) 2_31 Z(tj—1i+ln—1)Atj—1i+1n

l:—mi

where A(t,5) = A(t)(1 = S); m; € I(1,i —1); k., is the total number of censored objects/species/infec-

tive/quitting covered over the subinterval [tf_u e t;_” 4141); Ka,y, is the the total number of admitting/en-

@it

tering/joining/susceptible/etc covered over the subinterval [t§71i+l, t“]f"fli+l+1); Ky, oo = ke + Kayyy-

REMARK 4.7.1 For the special case of A(t) = %, (4.7.4) reduces to

-1 l kbi_H-‘rl c/a N .
j—14 n
l >, (1—=F'S(tj—1i)) 21 Z(ﬁj71z‘+lnf1)tc‘/iiwrl+ 1
. =—m; n= j—litln—
Omyi = 1 . (475)
> i) = 2(ti—vivin) = Koy + Fayy ]
l:—mi

In short, the usage of the transformed continuous-time deterministic dynamic hybrid model for time-to-
event process, and discrete-time interconnected hybrid dynamic algorithm of local sample mean lead to an
innovative alternative method for parameter and state estimation problems for continuous-time dynamic

models described by both linear and nonlinear deterministic differential equations.

4.7.2 Computational Algorithm

The numerical approximation and simulation processes need to be synchronized with the existing data

collection process in the context of the partition of [to, T]. For each i € I(1,kf), we assume that t;iu is

the scheduled time clock for the j — 1i-th collected data of the state of the system under investigation. The

iterative and simulation time processes are both tf_h-. For each m; € OS;_1; = I(1,i — 1) at tf from

g j—1%

Definition 4.7.2, we pick a m; local admissible sequence {F'z;_1;})_ Using the terms of this sequence

—m; "

and (4.7.4), we compute the state and parameter estimates of the continuous-time dynamic equation. These

estimates form a local finite sequence of parameter estimates at tf—u corresponding to AS;_1; = {Sm, j—1i :
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m; € I(1,1)} for each i € I(1, ky). The Principle of Mathematical Induction is employed for the development

of a conceptual computational scheme.

S

i —1i be a simulated value of s,,, ;_1; at t.{—l" This

For each admissible sequence in AS;_q;, let z i

engenders an m; local sequence of simulated data {2}, ; ;}m,c0s,_,,- The simulated z;, satisfies the

mi,j—1i

following scheme:

~

251 =2 i1 — Aj—1im1 21 (L= 87y 1) Atjai — ke, + K, (4.7.6)

To find the best estimate of z(t;_1;), let us define
Emag—tivzy-1i = |2(tj=10) = 2, j1s (4.7.7)

to be the absolute error of z(t;-:h-) relative to each member of the term of local admissible sequences
{#m. j—1itmic0s;_, , of simulated values. For any preassigned arbitrary small positive number € and for
each time tjf_u, to find the best estimate from admissible simulated values, we determine the following

sub-optimal admissible set of data at tjf-_u as:
Mjfh‘ = {mi : Eml-,jfli,zg-fu <e for m; € OSj,h‘}. (4.7.8)

Among these collected sub-optimal set of values, the value that gives the minimum Emi,j—1i,2;_y; 18 recorded

as Mm;. The parameters corresponding to m; is referred as the e-level sub-optimal estimates of the true

S

parameters. These sub-optimal estimates are estimated at time t;_li with 7i2;. The simulated value 25, 4,

f
at 15_q;

corresponding to 7; is recored as the best estimate for z(t;_1;) at t;_li. Having obtained the best
estimate for A, we then proceed to find the optimal/best estimate for the survival function at t;':u via the
following:

Stj—1i) = S(tj_1i 1) — Mtj1i, ) S (tj—1i-1)(1 = S(tj_1_1))Atj_1; . (4.7.9)

Finally, an estimate of Sy, j—1; at t{_l‘ corresponding to m; is also recorded as the best estimate for

1
S(tj—1) at t;_u. Moreover, to summarize the computation, a modified LLGMM Conceptual Computational

Algorithm is outlined in Flowchart 9.

REMARK 4.7.2 Equation (4.7.6) specializes to

i i 1 X ) At;_q;
s s s 1_g Ei LA 4.7.10
zmijflz zmi71j71171 &mi,lj—li—l Zmi,ljflzfl( miiljihil)tj—li—l i + i ( )
and (4.7.9) reduces to
. . 1 . . At _1;
S(ti1;) =8tj_15-1) — ————————S(t_1-1) (1 = S(tj_14-1)) —L— . 4.7.11
( -1 ) ( j—1 1) a’(tj71i7mi) ( j—1 1)( ( 7—1 1))tj717;71 ( )
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Initials: T,

29, So > RF

e-suboptimal

For each admissible
m; € 0S;_1; at failure

; f
time Tj_ i

m;-local admissible
adapted finite sequence

{smig—1iHm, at T,

m;- local parameter
estimates Am,; j—14,

f
at Tj—li

e-suboptimal

m; = min =7
m;EM

For M,_q; # 0,

m; € M,_q;

Test for e-sub

optimality m;

nol

Choose the largest m;

For M, # 0, and

no

OSj,h‘ - M, Delete

For Mj—li =0
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no

Simulated estimate

| for z at ijfu is

S
“mg,j—1i

Flowchart 9.: Modified LLGMM Conceptual Computational Algorithm



We present an algorithm and flowchart for the simulation scheme described above.

Given initials tg, Sy, 20, €,

for i =1 to kf do
for m; =1 to ¢ do
Compute A, j—1i
for m; =0 to i do
S = . .
Compute 25, 515 Sy j—1iz 1
end for
end for
end for
if Sz <€ then
Save 1m;
else
Find 77; that minimizes Zp,; j1i2;_,,
end if

. . s ~ . .
Compute Ay, j—14s P j—1i 0 S j—1i-

Algorigthm 10.: Simulation scheme
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/ Input data, € /

Initial Ty, 29, So > RF

j\mi,jfuﬁmi € I(1,4)

I

s =
Fmg,g—1i s Sma,j—lizj 1 Update Sy

l

Choose m; with
, - no
Repeat for each j Is By jotiyzy 0 < €7

-
— 3| min E .
M By d,25 14

as m;

yes

Save m; as m;

A

)\fni,jfli , Smi,jflia Zg,j—1i

no

yes

Record

Flowchart 11.: Modified LLGMM Simulation Algorithm

We note that the above presented innovative algorithm is valid for state and parameter estimation problems
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for continuous-time dynamic models described by linear hybrid deterministic differential equations for time-

to-event processes. We further note that algorithm also allows for the admission/joining of individuals/items.

REMARK 4.7.3 We remark that intervention processes provide a measure of influence of new tools/proce-
dures/approaches in continuous time states of time-to-event dynamic process. In particular, it generates
a measure of the degree of sustainability, survivability, reliability of the system. This further leads to
sustainable/unsustainable, survivable/failure, reliable/unreliable binary state invariant sets. In addition,
intervention processes provides the comparison between the past and currently used tools/procedures/ap-

proaches/attitudes/etc.

ILLUSTRATION 4.7.1 [Application of LLGMM-type Conceptual Computational Algorithm to the datasets in
Tables 4, 6 and §]

We apply the above procedure to the three datasets in Tables 4, 6 and 8 by utilizing (4.7.5), (4.7.10), and
(4.7.11) with € = 0.001. The results are summarized in Tables 33, 34 and 11, respectively.

Table 11: LLGMM Based Estimates using Sy = 0.99900, 0.99990, 0.99999, 0.999999 using procedure outlined
in Subsection 4.7.2

So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
o M Netime Simigme AN—tims Si—lae Nj—timg Sicigms Aj—lims Si—Lmg
0.8 1 156.25 0.8741 15625 0.8749  15625.0  0.8750  156250.0  0.8750
3.1 1 0.5841 0.7263  0.5878 0.7269  0.5882 0.7270  0.5882 0.7270
5.4 1 0.3971 0.5447  0.3981 0.5452  0.3982 0.5453  0.3982 0.5453
9.2 1 02387 0.3197  0.2390 0.3200  0.2390 0.3200  0.2390 0.3200
121 1 0.5069 0.0000  0.5071 0.0000  0.5071 0.0000  0.5071 0.0000

REMARK 4.7.4 We remark that using the LLGMM-type estimation approach yields the almost close simu-
lation results as the estimation procedure outlined in Illustrations 4.6.1 and 4.6.2 with the added bonus of

survival estimates at the last failure time for both data sets in Tables 4 and 6.

In the following, we compare the IDATTEDS and modified LLGMM results with the existing methods,
namely, Maximum Likelihood and Kaplan-Meier approach.
4.7.3 Overall Statistical Comparison with Existing Approaches

In this subsection, the presented simulation results is compared with the existing methods, namely, Maximum
Likelihood [25] and Kaplan-Meier [26] estimates. The simulation results are recored in Tables 12 and 13. In

Table 14, we compare our results with Kaplan-Meier and Malla et al. estimates.
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Table 12: Comparison of survival function estimates for data set in Table 4

Failure I L Maximum Ii/al'gilsrn_ Failure I L Maximum Iﬁs;:rn_
Time: D L Likelihood tvpe Time: D L Likelihood tvpe

A G Method: Est}i,rIr)late A G Method: Est)i,rlzr)late

T M T M

T M T M

E Based E Based

D D

S S
ti—1i S(tj—1:) Sj—1iMi  Sarr(tj—14) Srear(tj—1:) ti—1i  S(tj—1:) Sj—1iM  Sarr(tj—14) Srear(tj—1:)
225 0.9896 0.9896 0.9941 0.9896 91.5 0.7917 0.7917 0.8139 0.7917
37.5 0.9792 0.9792 0.9781 0.9792 93.5 0.7812 0.7812 0.8052 0.7813
46.5 0.9687 0.9687 0.9623 0.9686 102.5 0.7708 0.7708 0.7650 0.7708
48.5 0.9583 0.9583 0.9581 0.9583 107.0 0.7604 0.7604 0.7442 0.7604
51.5 0.9479 0.9479 0.9513 0.9473 108.5 0.7500 0.7500 0.7373 0.7500
53.5 0.9375 0.9375 0.9465 0.9375 112.5 0.7396 0.7396 0.7186 0.7396
54.5 0.9271 0.9271 0.9440 0.9271 113.5 0.7292 0.7292 0.7139 0.7292
57.5 0.9167 0.9167 0.9362 0.9167 116.0 0.7187 0.7187 0.7022 0.7188
66.5 0.9062 0.9062 0.9094 0.9063 117.0 0.7083 0.7083 0.6975 0.7083
68.0 0.8958 0.8958 0.9045 0.8958 118.5 0.6979 0.6979 0.6905 0.6979
69.5 0.8854 0.8854 0.8995 0.8854 119.0 0.6875 0.6875 0.6881 0.6875
76.5 0.8750 0.8750 0.8746 0.8750 120.0 0.6771 0.6771 0.6834 0.6771
77.0 0.8646 0.8646 0.8727 0.8646 122.5 0.6667 0.6667 0.6717 0.6667
78.5 0.8542 0.8542 0.8670 0.8542 123.0 0.6562 0.6562 0.6694 0.6563
80.0 0.8437 0.8437 0.8612 0.8438 127.5 0.6458 0.6458 0.6483 0.6458
81.5 0.8333 0.8333 0.8553 0.8333 131.0 0.6354 0.6354 0.6321 0.6354
82.5 0.8229 0.8229 0.8514 0.8229 132.5 0.6250 0.6250 0.6252 0.6250
83.0 0.8125 0.8125 0.8494 0.8125 134.0 0.6146 0.6146 0.6183 0.6146
84.0 0.8021 0.8021 0.8453 0.8021

Table 13: Comparison of survival function estimates for data set in Table 6

Failure I L Maximum I;Z‘Ie)ilj‘:‘ Failure I L Maximum IﬁESSr?_
Time: D L Likelihood tvpe Time: D L Likelihood tvpe

A G Method: Est)i,rIr)late A G Method: Est)i,rlr)late

T M T M

T M T M

E Based E Based

D D

S S

ti—te  S(tj—1:) Sj—1i,mi  Sarp(tj—1i) Srear(tj—1:) ti—te S(tj—1i) Sj—1i,mi  Sarp(tj—1i) Srear(tj—1:)

6.0 0.9800 0.9800 0.9928 0.98 936.0 0.7200 0.7200 0.6753 0.72
14.0 0.9700 0.9700 0.9856 0.97 1002.0 0.7100 0.7100 0.6627 0.71
44.0 0.9600 0.9600 0.9636 0.96 1011.0 0.7000 0.7000 0.6611 0.70
62.0 0.9500 0.9500 0.9521 0.95 1048.0 0.6900 0.6900 0.6543 0.69
89.0 0.9400 0.9400 0.9364 0.94 1054.0 0.6800 0.6800 0.6533 0.68
98.0 0.9300 0.9300 0.9314 0.93 1172.0 0.6700 0.6700 0.6330 0.67
104.0 0.9200 0.9200 0.9282 0.92 1205.0 0.6600 0.6600 0.6276 0.66
107.0 0.9100 0.9100 0.9266 0.91 1278.0 0.6500 0.6500 0.6161 0.65
114.0 0.9000 0.9000 0.9230 0.90 1401.0 0.6400 0.6400 0.5979 0.64
123.0 0.8900 0.8900 0.9183 0.89 1497.0 0.6300 0.6300 0.5846 0.63
128.0 0.8800 0.8800 0.9158 0.88 1557.0 0.6200 0.6200 0.5766 0.62
148.0 0.8700 0.8700 0.9060 0.87 1577.0 0.6100 0.6100 0.5740 0.61
182.0 0.8600 0.8600 0.8903 0.86 1624.0 0.6000 0.6000 0.5681 0.60
187.0 0.8500 0.8500 0.8881 0.85 1669.0 0.5900 0.5900 0.5625 0.59
189.0 0.8400 0.8400 0.8872 0.84 1806.0 0.5800 0.5800 0.5463 0.58
274.0 0.8200 0.8200 0.8524 0.82 1874.0 0.5696 0.5699 0.5386 0.5688
302.0 0.8100 0.8100 0.8420 0.81 1907.0 0.5576 0.5580 0.5350 0.5566
363.0 0.8000 0.8000 0.8205 0.80 2012.0 0.5428 0.5459 0.5239 0.5402
374.0 0.7900 0.7900 0.8169 0.79 2031.0 0.5258 0.5288 0.5220 0.5233
451.0 0.7800 0.7800 0.7924 0.78 2065.0 0.5083 0.5112 0.5185 0.5046
461.0 0.7700 0.7700 0.7894 0.77 2201.0 0.4832 0.4927 0.5053 0.4685
492.0 0.7600 0.7600 0.7802 0.76 2421.0 0.4461 0.4548 0.4855 0.4325
538.0 0.7500 0.7500 0.7672 0.75 2624.0 0.4050 0.4164 0.4688 0.3604
774.0 0.7400 0.7400 0.7089 0.74 2710.0 0.2384 0.3871 0.46208 0.1802
841.0 0.7300 0.7300 0.6945 0.73

80



Table 14: Comparison of survival function estimates for data set in Table 6

Failure I L Maximum  Kaplan-Meier-
Time: D L Likelihood type

A G Method: Estimate

T M

T M

E Based

D

S

ti—1i S(tj—1)  Sj—1imu Swp(tj—1)  Skar(tj—1i)

0.8 0.8741 0.8741 0.8824 0.8750
3.1 0.7263 0.7623 0.7224 0.7000
5.4 0.5447 0.5447 0.5626 0.525
9.2 0.3197 0.3197 0.3412 0.2625
12.1 0.0000 0.0000 0.126 0.2625
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Chapter 5

Stochastic Hybrid Dynamic Modeling for Time-to-event Processes

5.1 Introduction

Parametric and nonparametric methods are often applied to estimate the hazard/risk rate and survival
functions in the study of survival and reliability data analysis [25, 37]. A parametric approach is based
on the assumption that an underlying survival distribution function belongs to some specific family of
distributions (e.g. exponential, loglogistic, lognormal, Weibull, etc). Mostly, classical likelihood based
models, methods and its extensions/generalizations are developed and utilized [9, 25, 37]. On the other
hand, a nonparametric approach is centered around the best-fitting member of a class of survival distribution
functions [26]. Moreover, Kaplan [26] and Nelson-Aalen [1, 41] type nonparametric approaches assume neither
distribution class nor closed-form distributions.

The human mobility, electronic communications, technological changes, advancements in engineering,
medical, and social sciences have diversified and extended the role and scope of time-to-event processes in
biological, cultural, epidemiological, financial, military and social sciences [2, 11, 33, 34, 50]. It is known
that sudden changes in the hazard rate/risk at unspecified or specified times are frequently encountered
in engineering and medical sciences [2]. These changes could occur multiple times. As a result of this,
investigators [17, 19, 21] are often interested in (a) detecting the location of the changes, and (b) estimating
the sizes of the detected changes. For incorporating intervention processes, we transform a continuous
state dynamic model into an interconnected hybrid dynamic model composed of both continuous-time and
discrete-time state(intervention) dynamic processes.

In this work, we present an alternative approach for modeling time-to-event processes in biological, chem-
ical, engineering, epidemiological, medical, military, multiple-markets, and social dynamic processes. This
approach does not require any knowledge of either a closed-form solution distribution or a class of distribu-
tions. Our innovative approach leads to the development of a stochastic dynamic model for time-to-event
processes.

The developed approach is directly applicable to time-to-event dynamic processes in biological, chemi-
cal, engineering, financial, medical, physical, military and social sciences. A by-product of the transformed
interconnected stochastic hybrid dynamic model is a mixture of theoretical continuous-discrete-time concep-
tual computational dynamic process. Employing the transformed discrete-time conceptual computational
dynamic process, we introduce notions of data coordination, state data decomposition and aggregation, the-

oretical conceptual iterative processes, conceptual and computational parameter estimation and simulation
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schemes, conceptual and computational state simulation schemes.

The organization of the presented work is as follows. Recognizing the rapid growth, increased efficiency
and speed in communication, science and technology in the 21%% century, we develop a stochastic dynamic
model for time-to-event process in Section 5.2. Fundamental theoretical results for stochastic hybrid dynamic
processes are also presented in Section 5.3. In fact, interconnected transformed stochastic hybrid survival
state dynamic system and transformed discrete-time conceptual computational interconnected dynamic al-
gorithm are developed. The approach is a continuation of the recently initiated work in [5, 6]. In Section
5.4, we present very general theoretical and computational procedures and results for parameter and state

estimations for a time-to-event dynamic process.

5.2 Motivation and Model Development

The rapid electronic communication and human mobility processes have facilitated to transform the infor-
mation, knowledge and ideas almost instantly around the globe. This indeed generates heterogeneity that
engenders nonlinear and non-stationary dynamic processes. Moreover, the heterogeneity, nonlinearity, non-
stationarity, further generate uncertainties both deterministic and stochastic. In view of this, it is obvious
that nothing is deterministic. In short, the 215% century problems are highly nonlinear, non-stationary and
under the influence of internal and external random perturbations.

The mathematical models of dynamic processes under randomly varying environmental perturbations are
described by two major approaches: (a) Newtonian mechanics and (b) random flow characterized by proba-
bilistic models [31]. The random flow approach under a probabilistic law leads to deterministic differential
equation known as Kolmogorov’s backward (master) equation. The Newtonian approach generates stochas-
tic/random differential equations. Using these methods, one determines distribution and moment functions
[25]. In general, the flows are described by explanatory or covariate variables or functions of explanatory/-
covariate variables. Dynamic flows are described by dynamic equations. Certain flows depend on either its
deterministic or random parameters that may be subject to vary by explanatory variables. The dynamic
flows can be visualized by either a family of curves or a single unique curve. For a covariate dependent pa-
rameter varying smooth dynamic flow u(a(t, z)), the rate of Du(a(t, z)) in the direction of covariate variate

variables (¢, z) is described by %‘ [%a(t,x) + %a(t,x)].

In the following, we present an illustration that motivates to develop dynamic models of time-to-event pro-
cesses in engineering, medical, economic, social and technological sciences. This dynamic model can be con-
sidered as stochastic and deterministic parametric variation of a flow described by u (fot a(s)ds, fg J(s)dw(s)> .
Moreover, the rate of u in the direction of A(t) = f(f a(s)dt and € = fot o(s)dw(s) is represented by
du = %u(/\, E)a(t)dt + %U(A, E)o(t)dw. We present a few illustrations to exhibit this idea.

83



ILLUSTRATION 5.2.1 Let us consider a linear stochastic differential equation of It6-Doob -type [33]
dz = —a(t)x dt + o(t)x dw, z(ty) = zo, (5.2.1)

where z is a generic state of dynamic process; o and o are univariate dynamic rate parameters that are
referred to as drift and diffusion time-varying rate functions. w is a standard Wiener (Brownian motion)
process. For a detailed justification, see [33].

We note that the following stochastic process [33],

a(t, to, m0) = o exp [/tt - [a(s) + 202(5)} ds + /t a(s)dw(s)] (5.2.2)

to

is the unique solution process of (5.2.1) for the given initial data (to, o), that is, z(t, to, xo) satisfies stochastic
differential equation (5.2.1). We further note that the solution process (5.2.2) is non-negative, whenever the
initial state xg = x(to,t0, o) is a non-negative random variable defined on a complete probability space,
(Q, F, P) that is independent of the Wiener process. In addition, if 0 < zy < 1 and « is a positive function,

Under the above specified conditions, we have

lim — Efz(t + At) — a(t)| Fi] = —a(t)a(t) <0 for ¢ > to, (5.2.4)
A—0 At

where F; is a sub-c-algebra of F under which z(t) is measurable. Hence (z(t),F}) is non-negative su-
permartingale [35, 42]. Furthermore, for xg = 0, x(¢,t0,z¢) = 0, for all ¢ > to; for zg = 1, z(t, to,x0) =

exp [ftto — [a(s) + 302(s)] ds + ftto J(s)dw(s)] We further assume that, as ¢t — oo,

u: (;0’2(8) + a(s)) ds] — 0. (5.2.5)

We note that

y(t) = (1 ~ pexp Utt _ {a(s) + 502(3)} ds + /ta(s)dw(s)D  ylte) =1 — o, (5.2.6)

to

for t > tg, and 0 < 29 < 1; Moreover, y in (5.2.6) is a solution process [33] of the following differential
equation:

dy = a(t)(1 —y(t))dt —o(t)(1 —y(t))dw, y(to) =1—x0. (5.2.7)

From (5.2.2) and (5.2.7), we have
z(t)+yt)=1 for t>t. (5.2.8)
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From (5.2.3) and (5.2.8), we conclude that z(¢) and y(t) are indeed stochastic versions of survival and
failure functions, respectively. Furthermore, it is known [33] that z(¢,to,z) has log-normal probability dis-
tribution function with mean, E [ln z(¢, tg, zo)] = E [Inzo] + ftto —[a(s)]ds and variance, Var [ln z (¢, tg, zo)] =
Var(Inzg) + ft'; o2(t)ds for each t > tg.

From (5.2.7), we define a differential of hazard rate function as:

At w(t)) = % = a(t)dt — o(t)dw(t) . (5.2.9)

We present another illustration that provides a stochastic version of survival function.

ILLUSTRATION 5.2.2 We consider a following stochastic differential equation
dz = az(l —z)dt + czdw, x(ty) = zo. (5.2.10)

The solution process of (5.2.10) for constant functions « and o is

2t to, 20) = % _ To exp [(a — %02)@ —t9) + o(w(t) — w(to))] (5.2.11)
» L0, 1+ ftto O-1(s,tp)ds 1+ axg ftto exp [(a — 202)(s — to) + o(w(s) — w(ty))] ds ’
where
®(t,tg) = exp {— (a - ;a2> (t—to) —o(t — to)] , (5.2.12)
and
O (t,ty) = exp [(a = ;az) (t—to) + ot — to)] : (5.2.13)

For a > 0, if zy > 0, then x(t) = x(t,to, zo) > 0, for t > ty9. Moreover, if a < %02, then 0 < z(¢) < 1, and
z(t) + y(t) = 1, for t >ty whenever
:170<I>*1(t,t0)

£ =1- . : 5.2.14
y(t) 1+ axg j;o exp [(a — 202)(s — to) + o(w(s) — w(to))] ds ( )

Further, we note that y(t) satisfies:

dy = ay(1 —y)dt — o (1 —y)dw(t), yo=1—1x0. (5.2.15)

This justifies that z determined by (5.2.10) with 0 < 29 < 1 is a stochastic version of the survival function.

Let us assume that there are k individuals/items under a study having independent random failure times.
Let T; be a time to failure of the j-th subject/entity, j =1, ..., k. In general, failure times 77, ..., T} are not

completely observable. In fact, one only observes (Tj,éj),j € {l,...,k} = I(1,k), where ¢; is a censoring
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indicator, describing whether T} or only a lower bound to T} is observed. Thus

T, =T; if 6;=1,
o ! (5.2.16)
T, >T; if 6;,=0,j€l(l,k).

We remark that each TJ is a random time. At T’ i, the value of the corresponding ¢; is available. In addition,

and we know whether the corresponding event is either a failure or a censoring.

In the following, we imitate the argument used in developing dynamic models in [5, 6, 33]. We then intro-
duce an interconnected stochastic hybrid dynamic model of a time-to-event process described by following a

large-scale nonlinear and non-stationary stochastic differential equations:

de =W (t™, Sz)dn(t), z(To) = xo, te€[Tj-1,Ty),j€I(l,k),

z;=x(T; ) + fTJj (W)W (u™, S(wz(uw)dn(u), z(T;)=z;,
y (5.2.17)

dS = —SA(t, S)dt + So(t, S)dw(t), t>0, S(Ty) = So,

S =81y, Tj-1,5-1),

where z(t) is the total number of units/individuals operating/living under the study at time ¢, for
t € [To,7]; t~ and t* stand for t~ < t < t* and they are very close to ¢; T;_1,T}; are consecutive ob-
servation/study/evaluation times in [Ty, T); S is a survival state function; (7 ) and S(7}) stands for
(T, Tj—1,2;-1) and S(T} ", Tj-1,5;-1) respectively; for each j € I(1,k), T}, (T},d;), o and w are inde-
pendent stochastic processes defined on a complete probability space (€2, F, P) and F; measurable ; w is a
standard Wiener process, and F; is a sub-c-algebra of F; A is a continuous function defined on R} x R into
R; n is a function of bounded variation; W is defined on Ry x R into R, and is a continuous function on
(tj+1,t5), where t;_q,t; € [to,T), and are consecutive points of discontinuities of 7; W satisfies conditions at
t;’s so that the initial value problem of Riemann-Stieltjes differential equation has unique solution [48]. It is

assumed that (5.2.17) has a solution process [33].

5.3 Fundamental Results for Stochastic Hybrid Dynamic Process

In this section, we develop a fundamental theoretical results. The presented analytic results provide the basis
for conceptual computational tools for survival state and parameter estimation problems in time-to-event

data analysis processes.

DEFINITION 5.3.1 Let z be a stochastic process defined by z(t) = x(t)S(t), where S and x are solution process
of (5.2.17) for t € [to,T). Moreover, for each t € [to,T), z(t) stands for the number of survivals/operating

units/entities at ¢.
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In the following, imitating the definition given in [25], we define an appropriate conditioning event using

the concept of history or filtration.

DEFINITION 5.3.2 [7] Let the history process (G;) be defined by G = {(7},6;) : T; < t}. Then G, C F.
This means that all G; measurable processes are F; measurable and independent of intervention/observation

processes. Furthermore, G; = Gr,_, forall Tj_; <t < Tj+. This implies that G,- = Gr,_, for T; 1 <t <Tj.

For easy reference, we present a couple of results that provides a basis for the development of theoretical

and computational dynamic results, subsequently.

LEMMA 5.3.1 [83] Let V be a function defined on Ry X R, and suppose %—‘;7%—‘; and %ZZ exist and are

continuous for (t,y) € Ry X R into R. Let us consider a system of stochastic differential equations:

dy = g(t,y)dt + A(t,y)dw. (5.3.1)
Then
AV (t,) = LV{L )t + VI A ), (5:32)
where
Lev) = 2vi) + ot 2viy + 2o (Lovie pAd AT () (5.3.3)
s o Y g(t,y 6y Y B 8y2 Y Y Y . 0.

In the following, we present a result that provides a foundation for the development of the study of time-
to-event dynamic processes in any field of interest. We present a general result that sheds light and insight

on the solution process of Riemann-Stieltjes type ordinary differential equation [48].

LEMMA 5.3.2 Let tp_1 and ti be a pair of ordered consecutive points of discontinuities of n in the time
interval [tg, T). Let us assume that the initial value problem described by the Riemann-Stieltjes type ordinary
differential equation in (5.2.17) has a solution, x(t) = z(t,tg, zo) for t > tg. Then the structure of solution

has a following representation:

de =W (t—, Sz)da(t),
z(t,to, x0) = x(t, ty—1,x5—1) for tE€ [ty_1,t),k € I(1,00) (5.3.4)

o =x(ty  th—1, Th—1) + W, Sfor t=ty, x(to) = 20,

where v, = x(tz') —a(t, ,th—1,2Tp—1) s a jump size of x(t,ty—1,xx—1) at ty, for k € I(1,00),z(ty) = xo; o is

a continuous function of finite variation, and n = o+ s; s is a Saltus function [4, 22, 40].

Proof. We recall that in the theory of differential equations, the solution of initial value problem is right-hand
continuous at an initial time, tg. Furthermore, every function of bounded variation [4, 22, 40]:
(a) is the difference of two monotonic increasing functions («, 3), and also the sum of its Saltus function, s,

and continuous function of bounded variation, a: n = a + s;
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(b) is differentiable almost everywhere; its derivative is integrable; its points of discontinuities are of the
following type: n(tT) = lim, ¢+ n(u), n(t~) = lim,_,;- n(u), and a jump of n at ¢ is An(t) = n(t*) —
n(t™).

In view of the above observations, in general, the qualitative behavior of initial value problem (5.3.4) at ¢

is described by

t

z(td) = 2(to) + lim [ x(w)W(u,2(u))dn(u).

t—td Jto
Hence
xo + x(tHOW (S, zo(tI))[n(td) — n(ty)], if jump An(td) #0,
sty =17 (tg )W (tg , zo(tg ) n(tg) — n(to)] (tg) (5.35)
zg, if jump An(ty) =0.

We set xg = x(tg) = z(ty ). From this, we rewrite (5.3.5) as:

z(ty) = x(ty) +x(ty )Wty , z(tg ) An(te), An(te) #0,

w(ty) = x(ty ), jump An(tg) =0.

(5.3.6)

Obviously, z(t]) = z(ty ) +Ax(to), where Ax(ty) = x(ty )W (ty , x(ty ) An(ty ) is a jump of z at ty. Moreover,
x(t{) is considered to be an initial value of = at ¢ = to, and it depends on an immediate past knowledge/his-
tory of z. In the light of this observation, the initial value problem in (5.3.4) can be considered as initial
value problem of generalized ordinary functional differential equations [48].

Using this initial data in (5.3.6), we define a solution as follows:

de =2W(t—, Sz)da(t),
x(t, to, z0) = x(t, to, ko) for t € [to,t1), (5.3.7)

1 :x(tl_atmﬂ?o)‘f"h, for t:t1,ﬂf(t0):.]j07

where v, = x(t]) — x(t] ,to, 7o) is a jump of x at ¢t = t;. We continue this process, and then apply the

principle of mathematical induction [32] to conclude that (5.3.4) is valid for any k € (1, 00). O

COROLLARY 5.3.1 Let T; and T;_1 be a pair of consecutive data observation/collection/failure/censored
times; let {tjr, }72, be a subsequence of the sequence {ty}3>, in Lemma 5.8.2, and tjx, € [Tj_1,T}] for

jelI(l,n) andl € I(1,00). Then from Lemma 5.3.2, we have

dz = 2W(t~, Sz)da(t),
CL’(t, To,l'o) = x(t,To,iﬂj,l) fOT’ t e [Tj,l,Tj), ] S I(l,n), (538)

wj = (T}, Tj—1,xj-1) + 202, Vil +75,  for t=T;, x(Tp) = 9.
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where 7 denotes jump size at observation/study time T}, and Ve = oo Vik stands for total jump size
currently not under observable/study time sub-sequence {Tjx, }32, over a jth-consecutive pair of observation
time interval [T;_1,T};); moreover, due to the finite variation nature of n and the nature of W, vj and v;}°

are finite over the interval [Tj_q,T}].

REMARK 5.3.1 We remark that under the assumptions of Lemma 5.3.2, for k € I(1,00), t;; <t} < t;, we
have left-hand z(t;) —s(¢; , tk—1, x—1) and right-hand jumps of solution process (¢, tx—1, xx—1) at tx. More-
over, if a solution process z(t,t;—1,2k—_1) is continuous from the left or/and right, then x(tx,tx—1, k1) =

x(t, ,tk—1,Tr—1) or/and x(tﬁ,tk,mk) = x(t, tx, ) ), respectively.

REMARK 5.3.2 We further remark that the Riemann-Stieltjes type ordinary differential equation in (5.2.17)

can be reformulated by the following system of hybrid dynamic system:

dr = aWi_1(t7, Sx)da(t), t€E [tp_1,tx), k€ I(1,00),
k1 ( )da(t) [tr—1,tk) (1,00) (5:3.9)

ok = wr-1 + 2 ) Wi (), Stz (b)) Aaltr) +
where n, = ai+ Sk, 7x and oy are defined in Lemma 5.3.2, accordingly; Wy, is a rate function corresponding

to a jump time fx_1.

REMARK 5.3.3 A few additional features of Riemann-Stieltjes integrals with respect to a function of bound-
ed/finite variation 7 [4, 22, 40] are outlined . For ¢, < t, < t;, k € I(0,00); An(t) = n(t}) — n(ty),
An(ty,) = n(te) —n(ty ),

x(tg) = xk—l—x(t;:)W(tz,x(tz))An(tZ') — m(t;:)—xk = x(tZ')W(tZ',ac(t;:))A(tg) = right-hand jump at

vy = a(ty) = a(ty) + ()W (e, 2(t,)An(ty) = ap —x(ty) = ()W (G, w(ty) An(ty)

= left-hand-jump at tx.

Adding the above right-hand and left-hand jumps of x at t;, we obtain an overall jump size at t; in the

context of W and n:
z(t)) —z(ty) = x(tOWEE, () Ant)) + z(t, )W (L, , x(ty, ) An(ty ) = overall jump att,.  (5.3.10)

From (5.3.10), we draw a few special cases:

(1) z(t}) = 2(t; )+7k, where 4 stands for the jump at ¢y, and v, = W (¢, z(t0) An(t))+W (¢, x(t;,)) An(ty,).
We note that for k € 1(0,00), x(t,) = x(t; ,th—1,Tk—1),t" € [trh—1,lx).

(2) o =xK-1 + ];Z’El z(s)W (s, z(s))da(s) + i for t = ty;

(3) = [l Wt 20—t Wt ey Dn(to)+ ot )W (6 a(t)—a (W (ot )In(te);
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(4) 9 = W () ) = ()W (b5 () )=l (G W (2 ()= (5 )W (t 2ty ) In(t).
We note that (3) and (4) are identical.

Furthermore, we observe that

(i) If W and n have left and right-hand limits and are discontinuous at (f, ), then (3) is valid. This leads
to the development of a discrete-time iterative dynamic process at ti, for k € I(1,00). This iterative
process is called as “discrete-time intervention process.”

(ii) For k € I(0,00), if W is either left or/and right continuous on [tx_1,%;) X R and has both left and
right-hand limits in z at ¢, then (3) remains valid. Here, the jump is due to the discontinuity of W
in x. Again, this discrete-time dynamic process is referred as impulse type response/impulsive process

[48]. The folowing two cases of (ii) are of great interest in the study of time-to-event dynamic processes:

1. Kaplan and Meier [26] type assumption: For k € I(0, 00), if W is left discontinuous (W has left-hand
limit that is different from its value) and right-continuous.
2. Kaplan and Meier [26] type assumption: For k € I(0,00), if W is right discontinuous (W has
right-hand limit that is different from its value) and left-continuous.
(iii) If W is continuous in (tx,z) € {tx} x R,n is discontinuous at t, then (3) remains valid. Moreover,
Vi = (tR)W (e, 2 (k) An(ty))-
(iv) If n has either left or right continuity at ¢; and W has left-and right-hand limits at x, then x is left-hand

continuous at tx, and

(overall jump size att;) = (either right or left-hand jump atty,) = x(£5)W (¢, 2(t5)) An(ti)
= a(t)W (ty, 2 () (1) — n(tr))

Moreover, if 7 is continuous at t, then W is discontinuous at (tx, ).
(v) If i is continuous from the right at ¢z, then z has right continuity at ¢, and

(overall jump size at ¢;) = (left-hand jump atty) = x(t, )W (¢, , z(t,))(n(te) — n(ty)) = V-
Now, we are ready to present a fundamental result in the theory of time-to-event dynamic processes.

THEOREM 5.3.1 Let (z,.5) be a solution process of (5.2.17), and let Tj_1 and T; be any pair of consecutive
conceptual data observation times in a given interval of time [Ty, T). Let z be defined in Definition 5.5.1.
Then the transformed interconnected hybrid dynamic models of survival species and state of time-to-event

dynamic process described in (5.2.17) are as:
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dz = —zA(t, S)dt + zo(t, S)dw + W (t, z)da, 2(Tj-1) = zj—1,

zj=2(T; ) +27°+ 27, 2(To) = 20,

AV (t,z) = LV (t, 2)dt + zo(t, S) 2V (¢, 2)dw + LV (t, z)da , (5.3.11)
V(Ty,2) = VT, 2(T;, Tya, 1)) + GEV(T), 2(T5), Ax(T3) A(Ty)

dS = —SA(t, S)dt + So(t, S)dw, S(To) = So, t € [Tj_1,T;) , j € I(1, k),

where 2(T;) = 2(T; , Tj-1,zj-1) and

STy 2(T)).A2) = g ZVIT] 2(T]) + 0A(T;)d0 and  A=(Ty) = «(T}") — =(T}),
LV(t,2) = LV (t,2) + £2%0%(t, 8) 25V (t, 2) (5.3.12)

LAV (t,2) = %V(t, z) — zA(t, S)%V(t,z),

LoV (t, z) = zW(t,z)%V(hz) .

Proof. For t € [Tj_1,T;), j > 1, from Definition 5.3.1, the nature of S and z in (5.2.17), and applying the

It6-Doob stochastic differential formula to z [33] and Corollary 5.3.1, we have

dz = d(zS) = xdS + Sdz + (dz)(dS)
=z [fS)\(t*, S)dt 4+ Sol(t, S)dw] + SeW(t™, Sz)dn + W (t~, (Sz))dn[—SA(t, S)dt + So(t, S)dw]

= —2A(t,S)dt + zo (¢, S)dw + W (t~, z)dey, for(t,2) € [T;—1,T;) x R. (5.3.13)

This establishes the first component of the continuous-time dynamic subsystems in (5.3.11). The proof of
the iterative processes z in (5.3.11) is outlined below.

Employing Definition 5.3.1, Remark 5.3.2, and (5.3.8), we have z(Tj*) = gc(T;7 Ti_1, zj,l)S(T{, T;-1,5;-1)
and 2(T;") = S(T;)=(T;"). «(T;) and S(T;) are as defined in (5.2.17). From the discrete-time dy-
namic of population/species x, (5.3.10), survival state process S in (5.2.17) and its continuity together with

S(T;) =~ S(u) ~ S(Tf) for T;” <u < Tj+, we have

2;8; = S(T; ) [2(T] ) + 4 + %)

=2(T;) +77° +175- (5.3.14)

Using Lemma 5.3.1, the proofs of continuous and discrete-time dynamic process z in (5.3.11), the proofs of
continuous and discrete time generalized transformed dynamic processes V (¢, z) in (5.3.11) can be formulated,
analogously [31].

This completes the proof of Theorem 5.3.1. O
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EXAMPLE 5.3.1 For V(t,z) = 22, (5.3.11) reduces to:

d(2?%) = —[222X(t, S) — 2%202(t, 9)]dt + 2220 (¢, S)dw + 22W (t~, z)da,

_ (5.3.15)
5 = (2T}, Tjo, 2j-1))° + Go (T, (1)), Ax(T))) Ax(Ty)
where O (T5, 2(T5), A2(T})) = 2(=(T;) + LA2(Ty)).
EXAMPLE 5.3.2 For V(t,2) =Inz, (5.3.11) becomes:
d(Inz) = [-A(t, S) — 302(t,9)]dt + o(t, S)dw + W (™, z)da, (53.16)

Inz; =In2(T7, Tjo1, zj-1) + QL (T5, 2(T5), Az(T)) A=(T5)

W _ —
where 5-(T;7,2(T;), A fo m

In the following, we develop a very general result that provides a theoretical computational tool to de-
termine theoretical algebraic observation equations for a conceptual computation of state and parameter

estimates. The proof of the result follows by using the standard mathematical reasoning [34, 35, 42].

THEOREM 5.3.2 Let us assume that the conditions of Theorem 5.3.1 are satisfied. Then transformed discrete-

time interconnected theoretical computational dynamic algorithm is described by:

AZJ‘_—ZJ 1)\( j— 1,SJ 1)AT +Zj 1U(TJ 1,SJ 1)AU)( )-I—].—ww-f—’)/j, (To):

AV(Ty, zj) = LV(Tj—1, 1) AT, + 2(T5-1)0(Tj—1, S-1) 2V (Tj-1, zj—1) Aw(Ty) + TV + 49",

AS; = =81 MTj-1,8j-1)ATj + Sj—10(Tj-1, Sj—1)Aw(T;), S(To) = So, j € I(1,k),
(5.3.17)
and moreover
]E(AZJ | gj_l) = _Zj—lA(Tj—th—l)ATj + F;Lo +’}/jq, Z(To) =20,
. . . 2 ) 27 . 2 .
E {(AZJ E(Az | Gj-1))" [ G- 0(Tj-1,5j-1)z; 1 AT}, (5.3.18)

E[AV(T;,2) | Gja] = LV(Tj-1, 2 ) ATy + T5% 777,

E {(AV(Tj,Zj) —E(AV(T},2) | G-1)) | Qj—l} =07 427, (ZV(Tj_1,2-1))" ATy,

where Az; = zj — zj_1; Az(Tjr,) = z(TjJ,;l) (Tﬁﬂ) =} and Az(T;) = Z(TJr) - z(T ) =770+ 5 are
jumps at Ty, for Tjy, € (Tj—1,T;] and T}, respectively; the total jump > ;= Az(Tjy,) and a continuous-time

change of survivals, z;_1W (T;_1,z;—1)Ac(T}) over the j-th interval of observation [T;_1,T;) are given by:

T~ 00
Ly +97 = /T 2(s)W (s, z(s))da(s) + 777 +5 = ZAZ(Tjkl) + 2 AW (Tj-1, zj—1)Ac(T;), (5.3.19)
=1 =1
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where 7, I denote number of survivals not currently under observation; v stands for number of sur-
vivals under observation; moreover, I'}? +~7 represents a change in survival state due to either censored/ad-
mitted/birth/natural death/ immigration/emigration process and their combinations; for Tj,, € (Tj-1,Tj),
AV(Tjn,) = V(T 2(T) = V(T 2(T)) = 28> and AV(Ty) = V(T 2(T) = V(T 2(T7)) = 42
stand for a jumps of V' at Ty, and Tj, respectively; the overall jump of V' and a continuous-time change of

survivals on the j-th interval of observation [T;_1,Tj) is as:

T; e i
D gt = [ LV s ao)dals) + o0 a5 = 3 V() + LT,z Ba(Ty), (5320)
=1

T 1 =1

where v} and 77" stand for number of survivals not observed under the transformation V' and v7" denotes
the number of observed survivals; furthermore, I'7°" + 77" represents the transformed change in survival
state due to either censored/admitted /birth/natural death/immigration /emigration process and their combi-
nations; AT; =T —Tj_1, Aw(T;) = w(Ty) —w(Tj_1) for j € I(1,k); Gr,_, = G;_1 is the joint filtration of

dynamic process up to time T;_1 and intervention/observation processes at Tj+.

Proof. Using The Euler-Maruyama-type numerical schemes [29] for survival state interconnected large-scale
dynamic system (5.3.11) over the j-th observation time interval [T}_1,T}), Corollary 5.3.1 and employing

the standard arguments, we obtain

Azj = =zj a1 MTj1, 8- 1) ATy + 210 (Tj1, Sj—1) Aw(Ty) + 2 A W(Tj1, 2-1) Aa(Ty) + 77 + 75,
Z(To) =20,
AV(Tj,2j) = LV(Tj-1,2j-1) ATy + 2(Tj-1)0 (Tj—1, Sj—1) &£V (Tj-1, 2j-1) Aw(T})

+LY(Tj-1, 2zj—1)Aa(Ty) + 77" + 757,

AS; = —S; A MTj_1,8;_1)AT; + S;_10(Tj_1,S;-1)Aw(Ty), S(Tp) = So, j € I(1,k).
(5.3.21)

From (5.3.19) and (5.3.20), (5.3.21) reduces to (5.3.17). Moreover, from (5.3.17), (5.3.18) follows, imme-

diately. This completes the proof of the theorem.
O

In the following, we apply Theorem 5.3.2 to Examples 5.3.1 and 5.3.2. The developed results will be used,

subsequently.

EXAMPLE 5.3.3 For V in Example 5.3.1, using (5.3.15), the discrete-time system (5.3.18) reduces to:
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E(Azj[Gj1) = =21 A(Tj1, 8- 1)AT; + T3 + 77, 2(To) = 20,

;o ; ; 2 : = 2 . . 2 .
E {(AZJ E(Azj [Gj-1))" | 93_1} g (T]—laS]—l)nglATJ ) (5.3.22)
E[A(ij) | gj_l] = [72>\(Tj_1, Sj_l) + 0'2(Tj_1, Sj—l)] ijilAirj + F?O’U + ’)’;'w P

2
E [(Azf —E(A27) [ Gj-1))" | gj,l} =40%(Tj-1, 8j-1)7j 1 ATj,
where 'Y, %, 497, and 7 are defined in (5.3.19) and (5.3.20) in the context of V' in Example 5.3.1.

EXAMPLE 5.3.4 For V in Example 5.3.2, the system of observation equations in (5.3.18) becomes:

E(AZJ | gj,l) = _ijl/\(ijh ijl)ATj + ]_'*;w + ’7;? y Z(To) =20,

5 — ; : 2 . = 2 . . 2 .
E [(AZ] E(Az; | Gj-1))" | gj—l} o (Tj—laSJ—l)ZJ—lATJ ) (5.3.23)
E[AI(z) | Gj-1] = — [M(Tj-1,8;-1) + 502(Tj_1,S;1)] AT; + 7% + 457,

E [(Aln(zj) —E(Aln(z) [ G;-1))* | gj,l} = 0*(Tj-1,8;-1)AT;

where I'}9?, T"?, 49, and ~¢ are determined by (5.3.19) and (5.3.20) in the context of V' in Example 5.3.2.

REMARK 5.3.4 (i) In order to identify and illustrate the role and scope of our presented study, we specify

the following structure of Riemann-Stieltjes ordinary differential equation in (5.2.17):

dz = 2W,(t, 2)dne + 2Wi (t, 2)dn, + 2Wi(t, 2)dn; + 2Wa(t, 2)dng + 2 We (¢, 2)dne + 2Wi(t, z)dn + 2 W, (t, 2)dn, ,

(5.3.24)
where a,b,i,d, e,l, and o stand for arrivals/admitted, natural birth, immigration, natural death, emigration,
leaving and observation, respectively; W,, Wy, W;, Wy, W, Wi, and W, are corresponding rate functions;
Nay Mo, Nis Nds e, N, and 1, are corresponding cumulative probability distribution or increasing functions.
Under this type of structural considerations, the structure of «; in Lemma 5.3.2 and in general under
transformation 77 are represented by v; = v + 7;’ + 73- — 'y;l -5 = 75- =75 and 7} =" + 7;—"’ + 7;-” - ’Y?v -
v — 'yjl-” -5, where fy;,’y?,’y;», 'yf,fyjf,’y;», 0 TRl A ’yf“, 7}”, 'y;-i”, Y5 'yé”, and 77" are non-negative integers.
(ii) Moreover, for the comparison of the presented approach with the existing methods in the time-to-event
statistical data analysis, we further represent the structure of 7; and ~; as follows: v; = 7' + 77 and

v o_

v; v + 779, where vf = A + 7% = 7 + 97 97 and 47°Y denote the total number of

data sizes that are not under the observation/study corresponding to the overall ; and 7v; data sizes,

respectively; 7§ and 7{* are composed of non-observed 7', 7

] and observed 77, 77*" data, respectively;

oov oav

V50 =" =5 and 777 = 47" —79"; 77 is composed of failure or right-censored data representing of number
of failure 'y]’.c and censored 7§ data. It is hoped that in the 21-st century and beyond, this type of structural
representation would play a very significant role in studying time-to-event dynamic processes. In fact, this
representation allows one to investigate the effectiveness, efficiency, measure, change, etc of treatments, and

taking administrative actions or making intervention processes.
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In the following section, we establish theoretical discrete-time conceptual computational parameter and

state estimation algorithms.

5.4 Theoretical/Conceptual Parameter and State Estimations

For the sake of completeness, we recall a few definitions [6]. These definitions will be utilized for developing
the conceptual parameter and state estimations. The presented work is not limited to a particular pool of
objects/subjects in time-to-event dynamic processes in biological, chemical, engineering, medical, economic,
financial, and social sciences. Moreover, the current study of time-to-event dynamic processes is treated
as open dynamic processes. This allows us to expand the role and scope of time-to-event dynamic pro-
cesses beyond the processes in engineering and medical sciences. In the light of this, the population under
consideration of study is grouped into two categories, namely, (1) the sub-population under study/observa-
tion/supervision, and (2) a remaining part of population not currently considered under study/observations.
The study allows the members of these sub-population groups to move from one group into the other. It is
assumed that the overall size of the population of time-to-event dynamic process is n = ng + n,, where n,
and n,, stand for the total overall sizes of the sub-populations under observation/study and not under obser-

vation/study at an initial time Tj, respectively. The study is considered to be over an interval of time [T, 7).

Now, for the sake of completeness, we outline a few definitions [6] that will be used, subsequently.

DEFINITION 5.4.1 For j € I(1,k), let T;_; and T} be consecutive data observation/supervision times of joint
population/objects/entities and state survival dynamic process. A parameter estimate at T is defined by the
quotient of change of entities/objects over the consecutive change time subinterval [T;_;,7};) and the total
time spent by the entities/objects under observation/supervision over the subinterval [T;_1,T}) of length

AT]' = Tj — Tj—l-

DEFINITION 5.4.2 Let {Zj—1}§:1 be an overall sequence of transformed conceptual state data set with re-
spect to the conceptual state data collection/observation time sequence {Tj,l}é‘?:l , and let {ij_li_l}fil ,
{ch—ll—l}gtl and {T]@_lm_l}fg':l be overall increasing conceptual failure, censored and admitted subse-
quences of the overall conceptual data collection time sequence {7;_1} 9?:1 , respectively. Three subsequences

of the overall conceptual state data sequence {zj_l}?zl associated with the three overall conceptual subse-

quences of failure, censored and admitted time subsequences are represented by:

kg c ke a ka
{25—11—1}1217 {ijufl}z:p and {ijlmfl}m:17 (5.4.1)

respectively. These conceptual state data subsequences are called conceptual failure, censored and admitted

state subsequences of {zj_l}é?:l, respectively. We note that ky + k. + k, = k.
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DEFINITION 5.4.3 The union of the boundary point set of the interval [ty,T) and the range of the overall
failure subsequence {ijflifl}fi -1H constitutes a partition of the interval [to, T),T < oco. This partition of

[to, T),T < oo is termed as the overall conceptual failure-time partition of [to, T), and it is denoted by (P7).

DEFINITION 5.4.4 For j € I(1,k) and any consecutive pair (ijflifl771jffli) of conceptual failure-times for
i € I(1, ky) under the notations ij—IOO = ij_l for i = 1 and either [ = 1 or m = 1; furthermore, T({oo =Ty if
1 = j = 1; either ij_lkn = ij_li forl = 1+k.,,i=2or ij_lka_ = ij_h- depending on whether [ = k., +1 and
i=2orm=ky +1andi=2;a ji-th consecutive conceptual failure-time subinterval is [Tj]: Lie1s ijfli) for
i € I(1,ky). In addition, the conceptual transformed state data associated with the consecutive conceptual

f
z

initial failure-times is denoted by z;_;o, = z]f_l and for j =1, 2{710 = 23;00 = z(J; .

DEFINITION 5.4.5 Let {2571171}521 and {Zﬁmq}fﬁd be overall censored and admitted conceptual trans-
formed state data subsequences defined in Definition 5.4.2. Let {ch_li_lp}gzl and {Tj“_li_lq}];“:"1 be concep-
tual subsequences restricted to the j—1i-th consecutive conceptual failure-time subinterval [T]'-f_li_l, ij_li) of
overall conceptual censored and admitted subsequences {T5_; , }re and {18 101 }Fa_ of times of the over-
all sequence {Tj—1}§:1 of times, respectively. Moreover, the union of the boundary points of [ij_li_l, ij_li)
and the range of subsequences {ch_li_lp};zl and {t;_u_lq}’;‘gl form a sub-partition ij_l of P/ and the
partition of j —1i-th subinterval [ijfufu Tj]:li) . Two subsequences of the overall censored and/or admitted
conceptual transformed state data subsequences {z]qfuq}f% and/or {Z}lqmq}fffﬂ with respect to the two
overall conceptual censored and admitted time subsequences of the overall sequence of times {[T}_1, Tj)}?:l

restricted to the j — 1i-th consecutive conceptual failure-time subinterval [ij—li—17 T/ ) are represented by:

Jj—14

, ke, Ka,

{Z§f1if1p71}p:1 and {Z;'lflifqul}q:17 (5.4.2)
respectively. These conceptual transformed state data subsequences are called subsequences of the overall
censored and admitted conceptual state data subsequences {2571171”;1 and {z;-llmfl}f;l of the overall

ke kq
conceptual sequence {zj_l};?:l of data set, respectively. We note that k. = > k. and k, = > kg, -

=1 m=1
Moreover, for p =1 and ¢ = 1, (5.4.2) reduces to 2§_;; ;o = 2j_1;_ and 2 _;; 15 = 2§ 4, 4, respectively;

respectively.

— — c — ~C a — ~Q
for p =k, + 2, and ¢ = k,, + 2, we have 25 Yioike 41 = i and 25 1i 1k, 41 = Zjis

In the following, we outline a very general fundamental conceptual results for the development of state
data observation system. Observation of dynamic systems are in the frame-work of right-censored data

observation process conceptual setting [25, 37].

LEMMA 5.4.1 Let the hypotheses of Theorem 5.3.2 and Remark 5.3.4 be satisfied. From (5.3.17), the trans-

formed discrete-time dynamic observation components are developed below:

(a) Foreachje I(1,k), let ij_ccl‘ be either failure, censored or admitting time, and ij is the failure/death/re-
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moval/ infective/etc observation time. Then 77 =~¢ = ~v¢¥ = 79" = 0(that is v = 0), and

E(Azj|Gj1) = =2 aMTL, S 1) AT + 170, 2(Ty) = 20, j € I(1, k),
E [(Azj —E(Az [G;1))" | gj—l} = oX(T]%},8;1)23, AT
E[AV(T], 2) | G;1] = LV(T)_ 1, 2 ) AT + T3,

2 ca 2
E [(AV(Tf,Zj) ~E(AV(T)], %) | gj—l)) | gj—l} = o> (Tf<1,8j-1)23_1 (&V(Tj-1,2-1))” AT/,

AS; = =S; Ny, S5-1) AT + 8;-10(T) 1, S5-1) Aw(T)) , S(To) = So.
(5.4.3)
where a pair (T4, TT) stands for either (T7_,, TY), or (T¢_,,T!) or (1%, T)); T, T¢ | and T®
J=1 7y =g p Ve =L =gl 25 g1 Jj—1
stand for failure, censored and admitting observation times, respectively; Aij = ij — ij_all; Aw(ij) =
w(T]) = w(Tf);
(b) For each j € I(1,k), let T;f{ be either censored, admitting or failure observation time, and T is a

censored/listed observation time. Then 7]‘-’0 = %C-, YoV = %C-”, and

E(Azj] Gjo1) = —2j i NI, Sj-1)ATS + T80 — ¢ 2(Tp) = 0,
E [(Azj ~E(Az [G5-1))° | gj,l} = (o(T}, 8j-1)21)? AT}
E[AV(T¢, 2)) | Gj—1] = LV(T§%, 2j_1) AT + 1700 — 450,

E [(AV(T;, %) — E(AV(TE, ) | G51))” | gj_l} — AT, 8, 1)22, (ZV(Tyo1,25-1))° AT

7

ASj = =8 INT]_y, ;- 1)AT] +8;10(T] ), Sj-)Aw(T)), S(To) = So,
(5.4.4)
where a pair (chf{,TjC) stands for either (Tf_,T5),(Tf,Tf) or (ij—qu)i ATS = T — chf{; 5
stands for the number of censored objects/infectives/quitting/withdrawn/etc observation time T5;
(¢) For each j € I(1,k), let ijl_c{ be either admitting, censored or failure observation time, and T is a

admitting/joining/ recruiting/etc observation time. Then Ve =777 = 7", and

E(Az|Gjo1) = —2j A NI, S5 1) AT + T + 497, 2(Ty) = 20,
E [(Azj ~E(Az [ G-1))7 | gj—l] = (o(T], Sj-1)z-1)?ATY,
E[AV(T}, 2) | Gj-1] = LV(T7<], 25— 1) ATS + T + 457,

2 ac 2 o
E[(AV(T}, %) —E(AV(T}, %) | 6,-1)) | Gim1| = (L7, 83-0)23_y (ZV(T-1,2-1))” ATY,

)

AS; = —S; NIy, S 1)AT! + S;10(T]_,, S;-1)Aw(T) ), S(Tp) = So

(5.4.5)
where a pair (Tja_c{,T]‘»l) belongs to a set: (T;%,Tf) € {(Tj‘-lfl,TJq),(Tijl,Tj‘.l),(ij_l,ijl)}; AT} =
T — ijl_c{; v¢ stands for the conceptual number of objects/infectives/etc arriving/joining observation

time qu.
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Proof. Employing (5.3.17), (5.3.18) and Remark 5.3.4 in the context of right-censored data collection process,
the proofs of (a), (b), and (c) can be easily constructed. The details are left to the reader.

O
Using Examples 5.3.1 and 5.3.2, the developed conceptual results in Lemma 5.4.1 are illustrated.

ExXAMPLE 5.4.1 For V' in Example 5.3.1, the systems of observation equations (5.4.3), (5.4.4), and (5.4.5)
reduces to:

E(Azﬂ gj,l) = —ijlA(T]-f_c‘i, jfl)Aij + F}w ,Z(To) =2y,

E [(AZJ' —E(Az [ G;1))° | gj—l] = o2(T]Y, S;-1)2, AT

E[Az | Gj] = [*2/\(ijf‘f75j—1) + 02(ijf‘{,5j_1)] 22 AT 4Ty

, (5.4.6)
E [(Azg —E(A22 ]G5 1) | gj,l} — 40X(T1e, 5, )24 AT
ASj = —S; A MT]_y, 8 )AT! + S 10(T]_y, S—1) Aw(T] ), S(Th) = S,
E(Az|Gj-1) = =2 AT}, S5 1) AT + 150 — 45, 2(To) = 2,
E [(AZJ‘ —E(Az | G5-1))" | Qj—l} = o%(Tj2], 8j-1)27_ | AT},
E[A2] | Gj] = [—2A(Tji{, Si—1) + o2 (T, Sj_l)} 22 AT 4 Tov — o0 (5.4.7)
E (A2 ~E(A22]G;1))" | 51| = 403(T5%, 55 1)1 ATY,
ASj = =83 MLy, S ) AT, + 810 (T4, Si-) Mu(T) , S(To) = So.
and
E(Az|Gj1) = =2 A NI, ;1) ATS +T7° 4+ 429, 2(Ty) = 2,
E [(AZJ' ~E(Az | G;-1)7 | gj_l} = 02(T}), S 1)22 | AT?,
E[A22 ]G] = [~2MT7<, 8jm1) + XT3l 85-1)| 22, ATP + T3 44207, (5.4.8)
E [(Az; —E(A22) | G,1))° | gj,l] — 40T, S, )24 ATE,
ASj = =S NT)_, ;-1 AT + 8510(T)_, Sj-1) Aw(T) , S(Ty) = So
respectively.

EXAMPLE 5.4.2 For V' in Example 5.3.2, the systems of observation equations (5.4.3), (5.4.4), and (5.4.5)
becomes
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E(Az | Gj1) = =2 NI, ;) AT 4170, 2(Th) = 2,

E [(Azj ~E(Az | G;-1))° | gj_l} = oX(T/%}, 8;-1)22_ AT,

E[AIn(z;) | G5-1] = = [MTLS, S50) + 50T, 85)| AT 1707,
E[(AIn(z) ~E(A () | 6;-1)) | Gi-1] = o*(T]%, 5,-)AT]
AS; = —8; NIy, S;)AT! + S;10(T], Sj)Aw(T]), S(To) = So.,

E(Az | Gjo1) = 2 NI, Sj-1)ATS +T7° — 45, 2(To) = 20,

E[(Azj—E(Azﬂgj—l)) | Gj- 1} = o} (T{*, 8j_1)22 | ATY

E[AIn(z) | G5-1] = = NI, 850) + S02(T32], 8;-0)| ATg + T — 522,

E[(Amn(z) ~ E(AI(z) | ;1)) | G5 | = o315, 85 0)ATY,

AS; = —8; A MT]_y, S;1)AT! + S;10(T]_, Sj—1)Aw(T]), S(To) = So
and

E(Az | Gjo1) = =21 AT, S;_)) AT +T7° 4490 2(Tp) = 2,

E [(AZJ‘ —E(Az | Gi-1))? | gj,l] = 02(T79, 8;-1)72_, ATY

E[AIn(z)) [ Gj—1] = — [A(T;‘f{, Si—1) + 30217, Sj_l)] AT 4 TP 49 |

E[(Amn(z) = B(AI(z) | ;1)) | G5 | = oX(T7<], 85 ) AT

ASj = —S;AMT]_y, 8 1)AT! + S 10(T]_1, S 1) Aw(T] ), S(Ty) = So.
respectively.

(5.4.9)

(5.4.10)

(5.4.11)

On the basis of the above discussions, we present a very simple result that provides an insight for the

understanding of the development of discrete-time conceptual computational dynamic of state and parameter

estimation problems.

assumptions of the Principle of Mathematical Induction [32].

Moreover, the results provide a systematic mathematical basis for the usage of the

LEMMA 5.4.2 Assume that the conditions of Lemma 5.4.1 are satisfied and let ij_l and ij be a pair of

consecutive failure/risk/death/etc observation times.

(a) For j € I(1,k), ijfl and ij are consecutive risk/failure/removal/death/non-operational observation

times in [Ty, T),T < co. Then the theoretical/computational parameter estimation algorithm is given by

E(Azj|Gj1) = =2 MT 1, 8 0) AT +T7¢  2(Th) = 2,

2

[AV(T 2 | Gja] = [Ldv( —1%i-1) + QZJ 1‘72(ij717Sj—l)%V(TJfflvzj—l)} ATJ‘f + I

ASj = =8 MT]_y, 8)AT] + 8;10(Tf_y, 5j-1) Aw(T]), S(Tv) = So
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parameter estimations at ij are determined by:

—E(Az]Gj-1) + 17 f f f
ATy =T5 —Tj_4,

)

X(Iﬂf— 7S'—1) =
j—1*7 ijlA/_ij
(5.4.13)

21! S ) =2 E[AV(T, 2)) | Gja] = 17" — LV(T)_y, 1) AT

i1 2j-1) = ’

’ 22 25V (Tj1,21)AT

where LV (t, z) is defined in (5.3.12).
T]ffl,ij) are determined by:

Using parameter estimates in (5.4.13), local state estimations on |

AS; = -8, MT],. S
Azj = =2 NI, 85-0)AT] + 206(T) ),

,1)ATJ'-f + S’jflﬁ(ij_l, S'J,l)A’w(ij) , S(T()) = S’o N j S I(l, k),
Si—)Aw(T!) + ;. 2(To) = %o
(5.4.14)

Moreover, estimate of solution process (S, z) of interconnected dynamic system (5.3.11) is represented
by:
S(t,Tj-1,8-1), S8(Tj-1) = 8j-1,5 = S(Ty) forte [T]f_1a1}f), (5.4.15)

T‘,l) = 733;1, 20 = Z(To)

2, Tj-1,2j-1), 2(T;

(b) For j € I(1,k) and ij_l < Ty < ij, where T5 is censored time between a pair of consecutive fail-

ure observation times ij_l and ij in [Ty, T),T < oco. Then the theoretical/computational parameter

estimation algorithm is described by:

Sj*l) |:Zj,1Aijc + Z(/T]C)AT;J[} + 1’*;}0 — ’y; N Z(T‘()) =Z0,

E(Az]Gj-1) = =ATL,,
E[AV(T], %) | Gj-1] = LV(T)_ ), 25 ) AT + LIV (T§, 2(T5)) AT} +T50 — 457+
S0%(Ty1, Sm0) [ V(T2 DOATS 4 2(T) SV (T3, AT)AT
ASj = —8; A MT] 1, S 1)AT! + S;10(T] 1, Sj-1)Aw(T]), S(Ty) = So;
(5.4.16)

parameter estimations at T]f are described by;

A CE(AzjGjy) + T — ¢
MTL,, 85m1) = B I
(21 AT 4+ 2(10) AT |

62T, 851) =
E[AV(Tf Z) | Gi_ ]_ LdV(Tf o )Ach +LdV(T-C Z(TC))ATCf 4 Tmov _ cv
5 jo % Jj—1 j—1~j—1 J J J J J 7
Z?‘q% (Tj—l,zj—1)ATij + zQ(TjC)gL;V(TJ?,z(TJ‘?))AijC ’
(5.4.17)
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where AT =T¢ — T | AT =T —T¢; LIV (t,2) is defined in (5.3.12).
Using the local parameter estimates in (5.4.17), local state estimates of (5.4.14) on [ijfl,T]f) are deter-
mined. Again, solution process (S,z) of (5.3.11) are represented as in (5.4.15).

(c) For j € I(1,k) and ij_l <7y < ij, where T} is joining/admitting time between a pair of consecutive
failure observation times ij71 and ij in [to,7T), T < oo. Then the theoretical/computational parameter
estimation algorithm is given by:

E(Az]Gjm1) = ~AT/ .. 5;-1) [zj,lAT.“f n z(T@)AT.f“} +T70 4499 2(Tp) = 20,

EIAV(T], 2) | Gj1] = LV(T]y, 2 ) AT + LWV (T¢, 2(T0) AT 4700 4 y9a0 4

LA Ty, 85-) [2 Z V(T 2 omyf“+z?(Tﬁ@WTf,z(Tf))ATff},

ASj = —S; ANT]_y, 81)AT! + S;_10(T sj,l)Aw(T]f),S(To)zso;

7
j—1

(5.4.18)

parameter estimation are given below:

—E[Az(T)|Gj—1] +T7° + 75
[zj_lAij U4 (T AT }

NI, S5) =

AT ), 85 1) =
EIAV(T! (1)) | Gj-a] = (LUV(TL 2 ) ATS® + LAV (T3, 2(T) AT} + Tper 4 900

gV (T 5 ) AT+ 2(T)) J V(T (Ty)) AT

J

(5.4.19)
where AT =T¢ —T! | AT/ = T] — T#:LV (¢, 2) is defined in (5.3.12).
Using the parameter estimates in (5.4.19), local state estimates on [ijfl, ij) are computed from (5.4.14).

In addition, state estimates are as described in (5.4.15):

Proof.

(a) Let Tf ; and Tf be two consecutive conceptual failure times. In this case, k., = k,, = 0. From Definition
5.4.4, here i = 1. Therefore, for the subinterval [T e 1,Tlf_h-),l =i=1, and ij—n = ij;ij_1 =
ijfmo- Using the theoretical discrete-time iterative scheme (5.3.17), (5.3.12) and (5.4.3), we have

E(Azj]Gjo1) = =2zt MT]_y, S 1) AT + 170 2(Ty) = 2,
E[AV(vaZj) | Gj] = LdV( —1z-1) + 2ZJ 1‘72(Tyf717 ijl)aL;V(Tgfflejfl)] Aij + I

AS; = —S; NIy, S;_)AT! + S;10(T]_,, S Aw(T] ), S(Th) = So.
(5.4.20)
From Definition 5.4.1, the validity of (5.4.12) is then established. Solving for A and using backward

substitution process, the validity of (5.4.13) follows immediately.
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Now, we use A = A and ¢ = & determined by (5.4.13) to solve the system in (5.4.14). Moreover, the
solution processes S and z in (5.3.11) are estimated by using an initial data and estimated parameters
(5.4.15). This completes the proof of (a).

(b) Let T¥ be a censoring time between two consecutive conceptual risk/failure times, ij_l and ij . We
consider a partition of a subinterval [T’:17 Tf) to be Pf [Tf 15 T] |+ Tj—1 < Tf y <Tj. In addition,
from Definitions 5.4.4 and 5.4.5,k,, = 0,kc, = 1, and 0+ ke, +2 = 3. Thus, the size of P/, is 3. We note
that ¢ = 1, since Tf = Tf 10 and Tf = ijQ = Tj-1k.,+1. Employing Lemma 5.4.1(b) and (a) in the
context of [T [ _1,T%) and [T, Tf) respectively. We note the fact that [T 1 Tf) [Tf LT UITY, ij),

we have

E(Azjfﬂ Qj_l) + E(Azjcf| gj_l) = —2,’]‘_1)\(7_‘].]:17 Sj_l)AT’jfc + F;"o — fy(' — A(ch_p Sj_l)Z(TjC)AT;f

J

J J

E(Az]Gj-1) = AT, ;0) 2 AT 4 2(1¢ )Ach] +T70 — 4. (5.4.21)

By repeating the above argument and using Lemma 5.4.1 (b) and (a), we obtain

EIAV(T],2) | G51) = [LV(TL 12 0) AT 4+ LV (TF, 2(T))ATY | +
1 2 2 82 f fc 2 c 62
5705108500 [ VT, s )ATS 4 21

A (5.4.22)

V(T¢, 2(T§) AT

Hence

B(A2]Gj1) = ~NTLy, 8j-1) [21 AT/ + 2(T)ATST| 4170 = 55 2(Ty) = 20,
E[AV(T, 2;) | Gjo1] = LV(TL 1, 2-1) ATS® + LAV(T, 2(T) AT +T700 — 457+

%02(Tj,1,sj,1) [f V(T 2 ) AT 4+ 22(T) ZQV(T]Q,Z(T]?))AT;f]

AS; = —S; A MT_1, 8 )AT] + S _10(T)_1, S;—1) Aw(T) ), S(Ty) = S -
(5.4.23)

First, solving for A\ and then using backward substitution process, we determine 2.

Hence, this es-
tablishes (5.4.17). Now, substituting the estimates of A and o into the third equation in (5.4.23), the
survival state estimate is obtained. This establishes (b). Moreover, using parameters in (5.4.17), solution
process (5, z) of (5.3.11) are estimated.

(¢) The proof of (c) can be constructed by emulating the proof of (b) with slight modifications.

This establishes proof of the theorem. |
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EXAMPLE 5.4.3 For V(t,z) = 22, (5.4.13), (5.4.17) and (5.4.19) reduce to

—E(Azj|Gj1) +17°

NI, 854) =

f_mf _pf
, AT =1/ -1/,

Zj_lAij
(5.4.24)
A ]E[A(ZQ) ‘ g'—l] _ [nov .
UQ(ij_h Sjil) - jzz 1JATf : + 2)\(ij—17 Sj*l) )
= J
S\(T 1 S; 1) = _E(AZJ‘ gj*l) + F?O — 'yjc
s [ZJ’ﬂAT]fc—l—z(TJ?)ATij} ’
(5.4.25)
~ ]E[A(Z2) | g ,_1} _ Tnov Jr’)/c.v R
02(ij_17 Sj_1) = j cfj J fca ATy 1, ),
[Zﬂz—lATj + 22(T§) AT, ]
and
NT 8, 1) = —E[Az|Gj 1] +T5° +~9°
/8 )= |
o [ijlAija + Z(quf)ATJ{lf}
(5.4.26)
E[A(22) | G;_q] — Dnov — Aoav )
62T, S;-1) = A Gyl =57 =g o o
[Zﬂz’—lAija + 22T AT }

respectively. We note that the parameter estimates in (5.4.24) to (5.4.26) are valid under an approximation

assumption of %:‘Z/(t*, z2,Az) & z.
EXAMPLE 5.4.4 For V(t,2) = Inz, (5.4.13), (5.4.17), and (5.4.19) reduce to

—E(AzGj-1) +17°

NG _ f_pf f
T, S50 = e , AT/ =1/ T/,
j—18dj
(5.4.27)
R E[Aln(z;) | Gj—1] =T |
&%(Tj-1,Sj-1) = 2[ | ])AT? =5 + M1, 80|
J
< 5 —E(Azj|Gj1) +T7° — 75
A(Tj-1,8(Tj-1)) = - fcj - ’ cfj
[ZHATj + 2(TE) AT
(5.4.28)
A X E[AIn(z;) | Gj_1] — D700 40
0.2(71]'—1aS(Tj—1) =-2 [ j) | . } . ! + A(T‘jf—lv S(j}f—l)) ’

f
AT
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and
—E[AInz[G; 1] + 77 +7°

|21 AT + (13 ATy

ATy, S5-1) =

(5.4.29)

E[AlIn(z;) | Gj_1] — TPV — 0%
AT-f : — )‘(ij—p Sj—l) )
J

respectively. Again, we note that the parameter estimates in (5.4.27) to (5.4.29) are valid under an approx-

; : : OV (41— 1 Azy 1
imation assumption of F-(t7,2,Az) = x; In(z + 5%) = <.

In the following, we extend Lemma 5.4.2, for multiple censoring and admitting times between two consecutive

failure times.

THEOREM 5.4.1 Let the hypotheses of Lemma 5.4.2 be satisfied. For each j € I(1,k), and each i € I(1,ky),
let ij—lz'—l and ij_li be consecutive failure times. Let {Iyg_li_lp_l}];:fl, {TJ‘?_H_Iq_l}5‘;"1+1 be a finite
subsequences of censored and admitted time observations, respectively, over a consecutive failure-time obser-
vation subinterval [ijflifl, ijfli), where ke, is the total number of censored objects/species/infective/quitting
over the subinterval [ij_li_l,ij_li); ka, is the total number of admitting/entering/ joining/susceptible/etc
over the subinterval [Tgf—u—lngf—u)~ ['? is the total number of objects/entities not under observation in

the study over the subinterval [T]ffupr]ffu)- Then the theoretical transformed/computational estimation

algorithm and parameter estimation for A(t,S(t)) and o*(t,S(t)) at ij_l.

, are determined by :

kbi-‘rl
E[Az 1| Gjovi-1) = = MT{ 41, 8j1i-1) [ l; AT AT | +T70 = ke, + K, 2(t0) = 0,
; ! / / /
E[AV(quivzj—li) | Gj—1i-1] = > %V(ijufufpZ(ijufuq))Aijufu_

k?biJrl

A(ij—u—lvsjflifl) l Z Z(chﬁi—ll—l)%V(T]‘Cﬁi—ll—laZ(chﬁi—uq))Achﬁi—ll +

kbq‘, +1

c/a 2 c/a c/a c/a
%02(1’]{”71,5]-_”_1) l > 22(Tjili—ll—l)%V(T‘ilifllfl’Z(Tjilifllfl))ATjilifll

+
=1 /

nov cv av
LF0Y — kel + ka) s

AS; 1= =S 1 MT i 1, S5 ) AT |+ S5 1o (TE 1, S5 1-1)Aw(T] ), S(Th) = S,
(5.4.30)
forieI(1,ky),je€I(1,k);

parameter estimates are represented as:
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N —E[Az1i|Gj-1i1] + T5%; — ke, + ka,
A(@f—11—175j—1i71) = T 1 ’ s tE [ij—li—lvij—li)
L c/a c/a
121 Z(ijufuq)AT 1i—11
ATy, .S 1) =
| e / / / ]
nov v v (/ a c/a c/a
[AV( _1ir Zj—13) | Gj—vima] = U724, + kS, — kg, — 121 8V( Dimn— 2T 1) AT L,y
; il el / / /
c/a o c/a c/a c/a
= AT_y;-1,Sj-1i-1) l; (100 1) 5z V(L (T ))AT Ly
i (i 92 v (e / /
c/a c/a c/a
2 ( 11 10— 1)8z2V(Tj—1i—ll—1’Z(Tj—li—ll—l))A,‘rj—li—ll

(5.4.31)
where ky, = ke, + kaq, .
Moreover an overall conceptual state and parameter estimates for z(t),S(t), A(t,S(t)) and o(t,S(t)) in

(5.3.11) on the time-interval of study [to,T) are determined by

A A

(t,Sj10-1) = MT{1,_1, Sjmvimn), Jort € [Ty, TL10), j € I(L,k) and i € I(1,ky)
(t:85-151) = 6(T) 1, 1, Sj1i1),
S@t) =S, Tj—1i-1,8j-1i-1), S(Tj-1i-1) = Sj-1i-1,

2(t) = é(tT —1i—1)7 (ij—li—l»'

>

@5

Q>

(5.4.32)

Proof. From Definitions 5.4.4 and 5.4.5, | = p=j =i =1 T000 = Tp and T, 01 Lk, +1 Tof1 = Tlf, for
i = 1, and the application of Lemma 5.4.2, we note that one of the fundamental assumptions of the Principle
of Mathematical Induction(PMI) [33] is satisfied. For the validity of the application of PMI, we assume
that (5.4.30) and (5.4.31) are valid for some j — 1 € I(1,k). We need to justify the induction hypothesis,
that is (5.4.30) and (5.4. 31) are satisfied for j € I(1,k). For this purpose, we note that for j € I(1,k),
each i € I(1,ky), and T i 1,Tf € [Ty, 7] with k., and k,, being number of censored and admitted
objects/species/subjects over the subinterval [T i1 -f T?] of consecutive failure times, respectively. Let (P;-ci
be a partition of [ 113 ij ] corresponding to the union of the range of two finite subsequences (censored

and admitted times) over the consecutive failure-time subinterval [ i 17TJ];) These subsequences are

represented by

c/a c/a

/
:PI 1t flz 11— 1*T li—10 = Tflz 1 <Tjlyn <. <TCC{7, -1 <T;lq 4, <-
/ / f
<T° (iz 1ks, <TC (iz 1kp, +1 — Tj-]i . (5433)
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f
In short, T; is a partition of [T [ —1im1 L

1;) with the size of the partition ky, + 2, and ky, = ke, + kq,-

For j € I(1,k) and ¢ € I(1,ky), using the iterative schemes (5.4.12), (5.4.16), and (5.4.18) and noting the

nature of the processes A\(T

o2 (ij_

/11 11— 17S(T;£{ii

E[Azj_1; [ Gj1] = —A(Tf

—1l—1)) =

ATy, 0 Si-1im1),s
1i—i»Sj—1i—1) in the context of Definitions 5.4.4 and 5.4.5 for [ € I(1, ky,), we have

2(pc/a
o (T;”

j—1i—1ij71i71)Z(T Ti— 1)ATfC{? 10+ 1752 10, :FA/_]/ll 10

1i—11-1°

S(T!

c/a —
Sicuo1)) =

Ky,
- Z |: C/aiz 1m— 1’S(chiliiflmfl))Z(chfiiflmfl)ATC/aiz lm:| +Zrn010 q:ZrYJC/alz 10
I=
- AT C/(L Ly, S(T C/iz 1ky, Nz(T C/LL 1ks, )ATjJ;kbi+1
—kbi"!‘l ks, by
:_A(T]f—u—lvsjflifl) Z(chﬁz'—ll—l)Achﬁi—u +ZF?311'71171:FZ'Y;/GM 11-1
—kbi"rl ]
= N1/ S 1i T AT +T70,, F "
(Tj_1i-1,Sj-1i-1) 2( j—li—ll—l) j—1i—11—1 j—1i T Vj—14
=1
_kb,i"rl ]
= _)‘(ij—u—lvsjflifl) Z(chitii—1l—1)ATjC£lii—1l—1 +F] 1i — ke; + ka, -
=1
Similarly, we find that
k}hi+1 a
[AV( —1i02j=1) | Gj-1i-1] = Z atv( C/iz 1—1% (chiqifllfl))Achfiifll_
=1
kbi+1 a
>‘(ij—1i—1’Sj—1i—1) Z Z(T]’Ciﬁi—ll—l)av(T;/?z 1U-1% (Tjﬁi—uq))ATfﬁi—ll +
=1
2 2/mc/a c/a c/a c/a
50 (ij—u—lvsj—li—l) Z z (Tjili—ll—l)@V(Tg 1i—11—1> (Tjili—ll—l))ATj—li—ll +

=1

Zrnmiz 10— 1¥Z% Li—11—1
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Hence,

kbiJrl
FAs gl = _)‘(ij—u—p Srmim) [ l; Z(erili—ll—l)ATjili—ll + I3 = ke, + ka, , 2(to) = 20,
! / / /
IE[AV(T].f_U,zj,U) | Gj—1i-1] = Z: %V(Tj‘—u—ll—lvZ(Tj—u—ll—l))ATj‘—u—ll_
/ N / / /
>‘(Tj—1i—1’Sj—1i—1) l; Z(Tj—li—ll—l)%V(Tj—li—ll—l’Z(Tj—li—ll—l))ATj—li—ll +

1 f Ry 41 c/a o2 c/a c/a c/a

502(Tj—1i—1a Sj-1i-1) l; 22(Tj—u—ll—l)WV(Tj—li—ll—pZ(Tj—u—ll—1))ATj—1i—1l +

rev — kg + kgt
ASj i = =S i MLy 1, S )AT i+ S5 1ia0(T 1, Sj-u) Aw(T) ), S(To) = So,

(5.4.34)
This establishes (5.4.30).
Using the backward substitution approach and solving for A and o2 establishes (5.4.31). Moreover,

:\(t, Sj—li—l) = /A\(ijfli,p Aj_li_l), for t € [ijfli,pTJffli)’ .7 S I(l, k) and 7 € I(l, kf) ,

A

5(t,Sj-1i-1) = 6(T) 11,95 1i1), (5.4.35)
S(t) = (t’ijflifhgj*li*l)v S(ijflifl) = gjflifl’
2(t) = 5(th]f71i7172j—1i—1)~

This concludes the proof of the theorem. |

COROLLARY 5.4.1 Let the hypotheses of Theorem 5.4.1 be satisfied except kg, = 0 = k.. Then the theoreti-
cal/conceptual estimation algorithm, parameters, A(t, S(t)), o2(t,S(t)), state and solution process estimates

are determined by (5.4.12), (5.4.13), (5.4.14) and (5.4.15) respectively, as a special case of Theorem 5.4.1.

EXAMPLE 5.4.5 From Lemma 5.4.2, Examples 5.4.1 and 5.4.3, the theoretical transformed/computational

estimation algorithms, parameter and state estimations determined by :

k?biJrl
E[Az 1 | Gjrioa] = =My 1,85 1im1) l S AT AT | T3 = ke, + ha, 2(t0) = 20,
=1
X el /
]E[A(z?,h-) | Gj—1i-1] = |:—2A(ij71i,173j—1i—1) +02(7}f71i71,5‘j—1¢—1)} l; ZQ(ijufufl)Aijufu

+I7Y — kgl + kg

AS; 1= =S 1 NI 1, Sj1i-) AT+ S5 1o (TE 1, S5 0o1)Aw(T] ), S(Th) = S,
(5.4.36)

forie I(1,ky),j € I(1,k);
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parameter estimates are given by:

« A —E[Azj_1i|Gj1] + T — ke, + ka,
)‘(ij—li—l’ Sj-1i-1) = kb_+f - ’ BAS [T]f—li—lvTJf—li)a
z; Z(T](Z(iifllanchiiifll
X N E[A(27_1;) | Gjorima]) + 700 + k&Y — k2 .
UQ(TJfﬂiqv Sj_1i-1) = k]bA+11 : = + 2)\(ij,”,1, Sj-1i-1), t € [ijflifl’TJffll
lzl 22(771?1—11—1)AT]‘C1‘L'—15
(5.4.37)

Moreover, if k, = 0 = k. then the theoretical/conceptual estimation algorithm and parameter estimation for
A(t, S(t)) and o(¢, S(¢)) at ijl = ij reduces to (5.4.12) and (5.4.24) as special cases. An overall conceptual

parameter estimate for z(t), S(t), A(t, S(t))and o(t, S(t)) on the time-interval of study [Ty, T) are determined
by (5.4.35).

EXAMPLE 5.4.6 From Lemma 5.4.2 and Examples 5.4.2 and 5.4.4, the theoretical transformed/computational

estimation algorithm and parameter estimation for (¢, S(¢)) and o(¢,S(t)) at T]'-f_li are determined by :

k:bl.-f—l

E[Az 1; | Gjnim1] = =MT 4 1, 85-1i-1) [ l; AT AT | + T80 = ke, + ka, , 2(To) = 20,

E[AIn(zj-1:) | Gj-1i-1] = [)\(Tf_psj—u—l) — Lo, Sj—u—l)]

kbi+1 /
c/a
l; Acrj—li—ll

I3 — R e

ASjri = =81t NIy 1y 8- )ATY i+ Sj1im10 (T, Sj-nim1) Aw(T) ), S(To) = So,

(5.4.38)
and parameter estimates are as:
« N E[Azj_1;| Gj_1] + T + k¢, — ka,
)‘(ijflifl’ Sj-t1i-1) = — kb.+Jl : = T e [T]ffliflvijfli)v
121 z(chﬁi—ll—1)A(chﬁ¢—1z)
. A ]E[A III(Z',M) | g ',17;,1] + 1"73011 + kgv — kg'g ~ N
62(Tj—1i-1,Sj-1i-1) = —2 ! kb.—jH £ . =+ )\(7}]:11-,1, Si—1i-1)]|
ZZ:I AT'jci{ii—ll
(5.4.39)

for i € I(1,ky),j € I(1,k), and t € [T, |, T]_,,), where ko, = ke, + ka,. Moreover, if k, = 0 = k.. Then
the theoretical/conceptual estimation algorithm and parameter estimation for A and o at iji = ij reduces

to (5.4.12) and (5.4.27). An overall conceptual parameter estimate for z(t), S(t), A\(¢, S(t))and o (¢, S(t)) on
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the time-interval of study [Ty, T) are determined by (5.4.35).

Now, we state a very general theorem that provides a theoretical estimate for (¢, S) and o (¢, S) between

. . . cp cp
two consecutive change point times, T57,, _; and T;7,,.

THEOREM 5.4.2 Let the hypotheses of Lemmas 5.4.1 and 5.4.2 be satisfied. For each j € I(1,k) and each

rel(l,n), letT;?,, | and T;”,, be consecutive change point times. Let {T]fflrfliq}fi% {5y 1}p iy

and {Tq71r71q71}lqcaf1 be the a sequence of failure, censored and admission times, respectively, in the j — 1r-
th change point time interval [T o 1,t§p 1) kg ke, and kg, are the total number of failures, censored
and admitting items/objects/species/etc in the consecutive change-point subinterval [chflr_l, chflr), respec-
tively. I'77 is the total number of objects/entities not under observation in the study over the subinterval

[Tfflril,chflr). Then the theoretical transformed/computational estimation algorithm and parameter esti-

mation for \(t,S(t)) and o2(t,S) at T”

o1y are determined by:

kp,+1
E[Azj 1 | Gjo1r—1] = =MT;P 1,1, Sj-17-1) [ PORETUSEAARTIRY ViV LA

™

)Y + 170 — ky, — ke, + ka,

2(To) = 20,
kp,.+1
EAV(T? zjo1) | Gioreoa] = 30 2V 2T AT~
k41
>‘(chflr—175j—1r—1) l 12:1 (Tf/iia 11— 1) V(Tf/iia 11-11 7% (jyf—/iiill—l))ATf/iz/all +
Ky, +1
LoUTP 1. Sim1r-1) [ = AT ) V@ A )aT e |+

Dy — k! — ey ke

ASj1r = =Sj-1ra M0y, 1, Sjo1r- ) AT+ Sj1r10 (T, Sjo1r-1) Aw(T324,) , S(To) = So,
(5.4.40)

forr e I(1l,r),j € I(1,k) ; and parameter estimates are as follows:
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E[Azj 15| Gj—1ia] + T2 + ke, — ka,

MTGE 1y, Sjm1rm1) = ——— 5 e T, 1 T50,),
12: (Tf/i/all I)ATf/i/all
l:1 3 k2

&2(T’Cp1r 1 Sj-1r-1) =

E[AV(T,, zj-1r) | Gyoara] = T30 + kfY + ke — kg

1r»
bt 0 i /e f/ela f/ela
- l; V(T —1r—11— 1’ (T —1r—11— 1))AT —1r—11
kbr+1
_)‘(T 1r— 1a5j71r71) l; (Tf/h{ 11— 1) V(Tf/1{ 1U-1>7 (Tf/lv/” 1U— 1))AT]’f—/1£—1l
’ et pflela flela flela flela 7
l; 22(T —1r—1i— 1) V(T 1r—11—-1% (T 1r—11— 1))AT 1r—11

i (5.4.41)

fort e [T, |\ T",), where ki =k +kI +k; .

Moreover an overall conceptual parameter estimate for z(t), S(t), A(t,S(t)) and o(t,S) in (5.3.11) on the

time-interval of study [to,T) are determined by

At Sjoirm1) = My, Sjmirmr), fort € [T57,, 1, T5P,,), j € I(1,k) and r € I(1,n),
&(t, Sj—1r—1) = 6(T5F 1,1, Sj1r-1)

( j—1 1) ( 1r—1>j—1r 1) (5.4.42)
S(t) S(t Tcplr 17‘SJ 1r— 1) S(chplr 1) ijlrflv

2(t) = 2(t, T] =1 Zj—1r—1)-

Proof. The proof of the theorem follows from the proof of Theorem 5.4.2 with appropriate modifications. O
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Chapter 6

Conceptual Computational Algorithms

6.1 Introduction

In this chapter, we outline a conceptual computational dynamic algorithm that includes both (a) survival
state and (b) change point state and parameter estimation problems in a systematic and unified way. We
develop conceptual computational dynamic algorithms for survival state and parameter estimation problems.
Prior to the development of the scheme, we define, introduce notations and reorganize the observed data set
for the usage of a conceptual computational dynamic algorithm in Sections 6.2 and 6.3. We outline concep-
tual computational dynamical algorithms for survival state and change-point survival state and parameter
estimation problems in Section 6.4. The developed computational algorithms are illustrated by applying to
three real world data sets in Section 6.5. In Section 6.6, the recently developed LLGMM method [44, 45] is
extended and applied to three time-to-event data sets. The computational results are compared with existing
methods in Section 6.7. The modified LLGMM method provides the measure of confidence, prediction and

planning assessments in Section 6.8.

6.2 Data Collection Coordination with Iterative Processes

Without loss of generality, we assume that the real data observation/collection schedule is indeed a finite
sequence {Tj,l};?:l corresponding to a partition P of [Ty, T). Moreover, the real world data set and its data
observation/collection times are coordinated with conceptual data set sequence and data collection sequence

of times.

6.3 Data Decomposition, Reorganization and Aggregation

Based on our research [5, 6], we recognize and present tools for solving two major problems of interests in
a time-to-event dynamic process, namely: (1) survival state and (2) change point state estimation analysis.
For the study of these problems, we decompose, reorganize and re-aggregate the original real world data
set in a respective framework for (1) survival state and (2) change point study in a time-to-event process.
The original data is coordinated, decomposed, reorganized, and aggregated with reference to the conceptual
data coordination, decomposition, reorganization and aggregation in the manner analogous to Definitions

5.4.2-5.4.5 and earlier work [6].
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6.4 Conceptual Computational Parameter and State Estimations Scheme

For the conceptual computational parameter estimation, we use discrete-time conceptual computational
interconnected dynamic algorithms (5.3.17) and (5.3.18) for time-to-event data statistic. The original state
dynamic data subsequences are associated with conceptual data set. The decomposition of the original real
world data set into three types of subsequences of data is reorganized in the context of Definition 5.4.2.
We consider the original dynamic data set as the real data set, and organize/coordinate in the context of
conceptual data set. For ¢ € (1, k), conceptual computational dynamic estimation algorithms in (5.4.30) are
used for continuous and discrete-time real world data sets, respectively. The parameter and state estimates
at ijfu are determined using (5.4.31) for continuous and discrete-time real world data sets and a choice of
initial value S(Tp) = Sp. Knowing the continuous dependence of solution process of continuous-time dynamic
system (5.3.11) and using an initial relative frequency of a given data set, a choice of initial time and initial
value Sy is made. In fact, the solution of (5.3.11) is increasing with respect to Sp. In view of this, the optimal
choice of initial value Sy is based on the stability of the mean-square deviation of the states corresponding
to the choice of the closest two initial values Sy. Finally, employing the Principle of Mathematical Induction
[32], an overall parameter and state estimations of z(t), S(t), A(¢,S(t)) and o over the time interval [to, T)

of study are determined from (5.4.32).

6.4.1 Change Point Data Analysis Problem

In this subsection, we address the scope of the study of a time-to-event process. A change-point process in the
time-to-event process measures the effects of intervention process. Here, again the overall pair of sequence of
discrete-time interconnected state dynamic data set is characterized by single right-end point data set with
two consecutive change point dynamic process. A sequence of two consecutive change point times is assumed
to be a single subsequence of overall sequence {Tj,l}le of conceptual state dynamic data observation times.
The sequence of two consecutive change point times is denoted by {chf 11ty for r € I(1,n) with n < k.
Generally, using the time-to-event state dynamic data set, the change point sequence of times is estimated. A
change point process in the time-to-event process measures the effects of intervention process. The rest of the
data collection coordination, decomposition/aggregation and organization with conceptual iterative process
is parallel to the survival state problem, except notations. Except for notational changes (for example,
replacing [ij_li_l,ij_li) by [T5%1,_1,T;"1,)) , entire conceptual computational procedure regarding the
survival state data analysis problem is imitated for the change-point problem, analogously. For i € I(1,n),
the conceptual computational dynamic algorithms in (5.4.40) are used for continuous and discrete-time real
world data sets. The parameter and state estimates at 7, are determined using (5.4.41) for continuous
and totally discrete-time real world data sets, respectively. Finally, employing the Principle of Mathematical
Induction, an overall parameter and state estimation for z(t), S(t), A(¢,S(t)) and o(t, S(t)) over the time

interval [tg,T) of study are determined from (5.4.32) and (5.4.42). In summary, a flowchart that depicts the
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estimation procedure is exhibited in Flowchart 12. Here, we choose Tp, Sy, and zg so that Sy > RF', where
RF denotes a relative frequency at the initial time Ty. A similar flowchart incorporates the study of the

change-point problem.
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A partition PJ of [Tp, 7] of data observation time and
initial data: Ty, 20, S0 > RF

Each j € I(1,k),i € I(1,ky),
consecutive failure subintervals

Update So

no

Failure time or
Change points

(!

Each j € I(1,k),i € I(1,ky),
consecutive change point subintervals

Ti)

j—1lr—1"jr

ﬁ Data set ﬁ

f
[Tj—li—l’
Discrete
yes Both censored
no and addmitted
times?
no
thimality test for Either k¢, =0
N Z2,S or ka; =0
yes Deterministic
or ke, =0
Stochastic
stop
yesT
Optimality test for

A0, 2,8

i

Continuous Update So
Both censored yes
and addmitted no
times?
no
Either ke, =0 Optimality test for
or ka; =0 A2, S
Deterministic yes
ke, = 0 —> or no
Stochastic
stop
Tyes
Optimality test for

Flowchart 12.: Conceptual Computational Algorithm

114

A G,2,8




Given Ty, Sy and zg
for j =1to k do
if Failure time then
for i =1to k¢ do
Compute ke, , kaq, , Z(ij—u—1)7 z(iji)
if Continuous then
Ky, +1

Compute > Z(T]‘Cﬁi—ll—ﬁA (chﬁi— )

else
kbi, “+1

Compute Y Z(chﬁiqlq)
enii if
Compute \, 2, o2 and S
end for
else
Change point analysis

end if
end for

Algorithm 13.: Simulation Scheme

We present an algorithm for the simulation schemes described above.
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Flowchart 14.: Simulation Algorithm for Survival and Change point Data Analysis Problems
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6.5 Illustrations

In this section, using the conceptual computational algorithm, we exemplify our theoretical algorithms
and procedures for estimating parameters and survival state for three data sets: (i) the number of million
revolutions failure times for each of 23 ball bearings [37], (ii) the length of remission in weeks for control group
of leukemia patients, and (iii) the length or remission in weeks for the treated group of leukemia patients. The
leukemia control and treated groups of patients were analyzed by Cox in his original proportional hazards

paper [13]. This was based on the method of proportional hazards.

ILLUSTRATION 6.5.1 The data below show the length of remission in weeks for control group of leukemia

patients that was analyzed by Cox in his original proportional hazards paper [13].

Table 15: Control Group Dataset [13]

Frequency of  Survival/

Data
. Failure Failure Operatin
O]f)servatlon Censor Ti/me Censoré unli)ts at t;g:
in weeks

at ¢; z(t;)
to=0 Initial 21
t1 = Failure 2 19
to =2 Failure 2 17
t3 =3 Failure 1 16
ts =4 Failure 2 14
ts =5 Failure 2 12
te =8 Failure 4 8
tr =11 Failure 2 6
tg =12 Failure 2 4
tg = 15 Failure 1 3
tlg =17 Failure 1 2
t11 =22 Failure 1 1
t1g = 23 Failure 1 0

We note that data set has no censored or arrival times. Thus, k, = 0 = k.. We demonstrate our innova-
tive alternative approach for finding parameter and survival function estimates on consecutive failure time
intervals (locally) by employing computational scheme outlined in Section 6.2. We note the initial relative
frequency of the survival locomotive control to be %. Employing the initial relative survival state frequency,
we chose an initial survival probability to be Sy = 0.99,0.999,0.9999, 0.99999,0.999999. First, we choose
V(t,z) = 22. We then apply conceptual computational algorithms (5.4.24). The simulation/computational
results are recoded in Table 16. Second, making a choice of V(¢,z) = Inz, we apply conceptual computa-
tional algorithms (5.4.27) for consecutive failure time intervals. The computational results are exhibited in
Table 17 . The simulation results in Tables 16 and 17 show that the estimates are stabilized for Sy > 0.9999.
This justifies the almost certain optimal convergence of survival state probability estimates for Sy > 0.9999.
Thus for the leukemia data set, we conclude that the best survival state estimate is assured at So = 0.99999.
Moreover, the results in Tables 16 and 17 indicate that our innovative approach is independent of the choice

of nonlinear transformation V' (¢, z) so far as the obtained system of algebraic equations can be solved.
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81T

Table 16: Estimates using Sp = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by employing conceptual computational algorithm (5.4.24)

Consecutive

Failure time

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999

interval,

(Tj-1,T5)
0,1 0.0952 0.0952 0.9900 0.0952 0.0952 0.9990 0.0952 0.0952 0.9999 0.0952 0.0952 0.99999 0.0952 0.0952 0.999999
1,2 0.1053 0.1053 0.8958 0.1053 0.1053 0.9040 0.1053 0.1053 0.9048 0.1053 0.1053 0.9049 0.1053 0.1053 0.9049
2,3) 0.0588 0.0588 0.8017 0.0588 0.0588 0.8090 0.0588 0.0588 0.8097 0.0588 0.0588 0.8098 0.0588 0.0588 0.8098
3,4) 0.1250 0.1250 0.7546 0.1250 0.1250 0.7614 0.1250 0.1250 0.7621 0.1250 0.1250 0.7622 0.1250 0.1250 0.7622
4,5) 0.1429 0.1429 0.6604 0.1429 0.1429 0.6664 0.1429 0.1429 0.6670 0.1429 0.1429 0.6670 0.1429 0.1429 0.6670
5,8) 0.1111 0.1925 0.5662 0.1111 0.1925 0.5713 0.1111 0.1925 0.5718 0.1111 0.1925 0.5719 0.1111 0.1925 0.5719
8,11) 0.0833 0.1443 0.3776 0.0833 0.1443 0.3810 0.0833 0.1443 0.3814 0.0833 0.1443 0.3814 0.0833 0.1443 0.3814
11,12) 0.3333 0.3333 0.2833 0.3333 0.3333 0.2858 0.3333 0.3333 0.2861 0.3333 0.3333 0.2861 0.3333 0.3333 0.2861
12,15) 0.0833 0.1443 0.1890 0.0833 0.1443 0.1907 0.0833 0.1443 0.1909 0.0833 0.1443 0.1909 0.0833 0.1443 0.1909
15,17 0.1667 0.2357 0.1418 0.1667 0.2357 0.1430 0.1667 0.2357 0.1432 0.1667 0.2357 0.1432 0.1667 0.2357 0.1432
17,22 0.1000 0.2236 0.0945 0.1000 0.2236 0.0954 0.1000 0.2236 0.0955 0.1000 0.2236 0.0955 0.1000 0.2236 0.0955
22,23) 1.0000 1.0000 0.0473 1.0000 1.0000 0.0477 1.0000 1.0000 0.0478 1.0000 1.0000 0.0478 1.0000 1.0000 0.0478
(23) 0.0001 0.0001 0.0001 0.0001 0.0001

Table 17: Estimates using Sp = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by employing conceptual computational algorithm (5.4.27)

Consecutive

Failure time

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999

interval,

(T-1,T;)
0,1] 0.0952 0.0952 0.9900 0.0952 0.0952 0.9990 0.0952 0.0952 0.9999 0.0952 0.0952 1.0000 0.0952 0.0952 1.0000
1,2) 0.1053 0.1053 0.8958 0.1053 0.1053 0.9040 0.1053 0.1053 0.9048 0.1053 0.1053 0.9049 0.1053 0.1053 0.9049
2,3) 0.0588 0.0588 0.8017 0.0588 0.0588 0.8090 0.0588 0.0588 0.8097 0.0588 0.0588 0.8098 0.0588 0.0588 0.8098
3,4 0.1250 0.1250 0.7546 0.1250 0.1250 0.7614 0.1250 0.1250 0.7621 0.1250 0.1250 0.7622 0.1250 0.1250 0.7622
4,5 0.1429 0.1429 0.6604 0.1429 0.1429 0.6664 0.1429 0.1429 0.6670 0.1429 0.1429 0.6670 0.1429 0.1429 0.6671
5,8) 0.1111 0.1925 0.5662 0.1111 0.1925 0.5713 0.1111 0.1925 0.5718 0.1111 0.1925 0.5719 0.1111 0.1925 0.5719
8,11) 0.0833 0.1443 0.3776 0.0833 0.1443 0.3810 0.0833 0.1443 0.3814 0.0833 0.1443 0.3814 0.0833 0.1443 0.3814
11,12) 0.3333 0.3333 0.2833 0.3333 0.3333 0.2859 0.3333 0.3333 0.2861 0.3333 0.3333 0.2861 0.3333 0.3333 0.2862
12,15) 0.0833 0.1443 0.1890 0.0833 0.1443 0.1907 0.0833 0.1443 0.1909 0.0833 0.1443 0.1909 0.0833 0.1443 0.1909
15,17) 0.1667 0.2357 0.1418 0.1667 0.2357 0.1431 0.1667 0.2357 0.1432 0.1667 0.2357 0.1432 0.1667 0.2357 0.1432
17,22) 0.1000 0.2236 0.0946 0.1000 0.2236 0.0954 0.1000 0.2236 0.0955 0.1000 0.2236 0.0955 0.1000 0.2236 0.0955
22,23) 1.0000 1.0000 0.0473 1.0000 1.0000 0.0478 1.0000 1.0000 0.0478 1.0000 1.0000 0.0478 1.0000 1.0000 0.0478
(23) 0.0001 Inf Inf Inf Inf
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ILLUSTRATION 6.5.2 The data below are number of million revolutions failure times for each of 23 ball bear-

ings. The data was analyzed in Lawless[37].

Table 18: Ball Bearings Dataset [37]

Frequency of  Survival/

Data
. Failure Failure Operatin,
Observamon Censor Ti/me Censoré unIi)ts at t?:
in weeks

at ti Z(tl)
to=0 Initial 23
t1 = 17.88 Failure 1 22
to = 28.92 Failure 1 21
t3 = 33.00 Failure 1 20
ty = 41.52 Failure 1 19
ts = 42.12 Failure 1 18
te = 45.60 Failure 1 17
tr = 48.40 Failure 1 16
ts = 51.84 Failure 1 15
tg = 51.96 Failure 1 14
tip = 54.12 Failure 1 13
ti11 = 55.56 Failure 1 12
tio = 67.80 Failure 1 11
t13 = 68.64 Failure 2 9
t14 = 68.88 Failure 1 8
t15 = 84.12 Failure 1 7
tig = 93.12 Failure 1 6
t17 = 98.64 Failure 1 5
tig = 105.12 Failure 1 4
tlg = 105.84 Failure 1 3
tog = 127.92 Failure 1 2
tor = 128.04 Failure 1 1
too = 173.40 Failure 1 0

Again, we note that data set has no censored or arrival times. Thus, k, = 0 = k.. We also note that the
initial relative frequency of the survival of ball bearing data is 0.9565. Using the initial relative frequency
of ball bearing dataset, we chose initial survival probability to be Sy = 0.99,0.999,0.9999, 0.99999, 0.999999.
We demonstrate our approach by picking two choices of V (¢,2) to construct observation equations. First,
choosing V (¢, 2) = 22 and applying the conceptual computational simulation algorithms (5.4.24) for consec-
utive failure-time intervals, the simulation results are summarized in Table 19. Choosing V (¢,2) = Inz and
then applying conceptual computational simulation algorithms (5.4.27) for consecutive failure-time subinter-
vals. The results are recored in Table 20. The simulation results in Tables 19 and 20 show that estimates are
stabilized for Sy > 0.9999. In other words, optimal convergence of survival state probability estimates are
reached for Sy > 0.9999. We then conclude that the almost best survival state estimate is for So = 0.99999
for the ball bearings data set. Moreover, the results in Tables 19 and 20 also confirm the parameter and

survival state estimates are independent of the choice of V' (¢, z).
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Table 19: Estimates using Sp = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by employing conceptual computational simulation algorithm (5.4.24)

Consecutive

Failure time

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
interval,
[Tj-1,T3)

j\j &j S’j,1 j\j 6'] S’jfl j\j leg] S’jfl 5\]' &j S’jfl :\j &J S’jfl
[0,17.88) 0.0024 0.0103 0.9900 0.0024 0.0103 0.9990 0.0024 0.0103 0.9999 0.0024 0.0103 0.99999 0.0024 0.0103 0.999999
[17.88,28.92) 0.0041 0.0137 0.9470 0.0041 0.0137 0.9556 0.0041 0.0137 0.9564 0.0041 0.0137 0.9565 0.0041 0.0137 0.9565
[28.92,33.00) 0.0117 0.0236 0.9039 0.0117 0.0236 0.9122 0.0117 0.0236 0.9130 0.0117 0.0236 0.9131 0.0117 0.0236 0.9131
[33.00,41.52) 0.0059 0.0171 0.8609 0.0059 0.0171 0.8688 0.0059 0.0171 0.8695 0.0059 0.0171 0.8696 0.0059 0.0171 0.8696
[41.52,42.12) 0.0877 0.0679 0.8179 0.0877 0.0679 0.8253 0.0877 0.0679 0.8261 0.0877 0.0679 0.8262 0.0877 0.0679 0.8262
[42.12,45.60) 0.0160 0.0298 0.7749 0.0160 0.0298 0.7820 0.0160 0.0298 0.7827 0.0160 0.0298 0.7827 0.0160 0.0298 0.7828
[45.60, 48.40) 0.0210 0.0352 0.7319 0.0210 0.0352 0.7386 0.0210 0.0352 0.7392 0.0210 0.0352 0.7393 0.0210 0.0352 0.7393
[48.40,51.84) 0.0182 0.0337 0.6889 0.0182 0.0337 0.6951 0.0182 0.0337 0.6958 0.0182 0.0337 0.6958 0.0182 0.0337 0.6958
[51.84,51.96) 0.5556 0.1925 0.6459 0.5556 0.1925 0.6517 0.5556 0.1925 0.6523 0.5556 0.1925 0.6524 0.5556 0.1925 0.6524
[51.96,54.12) 0.0331 0.0486 0.6030 0.0331 0.0486 0.6084 0.0331 0.0486 0.6090 0.0331 0.0486 0.6091 0.0331 0.0486 0.6091
[54.12,55.56) 0.0534 0.0641 0.5599 0.0534 0.0641 0.5650 0.0534 0.0641 0.5655 0.0534 0.0641 0.5656 0.0534 0.0641 0.5656
[55.56,67.80) 0.0068 0.0238 0.5169 0.0068 0.0238 0.5216 0.0068 0.0238 0.5221 0.0068 0.0238 0.5221 0.0068 0.0238 0.5221
[67.80, 68.64) 0.2165 0.1984 0.4739 0.2165 0.1984 0.4782 0.2165 0.1984 0.4786 0.2165 0.1984 0.4786 0.2165 0.1984 0.4786
[68.64, 68.88) 0.4630 0.2268 0.3878 0.4630 0.2268 0.3913 0.4630 0.2268 0.3917 0.4630 0.2268 0.3917 0.4630 0.2268 0.3917
[68.88,84.12) 0.0082 0.0320 0.3448 0.0082 0.0320 0.3480 0.0082 0.0320 0.3483 0.0082 0.0320 0.3483 0.0082 0.0320 0.3483
[84.12,93.12) 0.0159 0.0476 0.3018 0.0159 0.0476 0.3045 0.0159 0.0476 0.3048 0.0159 0.0476 0.3048 0.0159 0.0476 0.3048
[93.12,98.64) 0.0302 0.0709 0.2587 0.0302 0.0709 0.2610 0.0302 0.0709 0.2613 0.0302 0.0709 0.2613 0.0302 0.0709 0.2613
[98.64,105.12) 0.0309 0.0786 0.2156 0.0309 0.0786 0.2175 0.0309 0.0786 0.2177 0.0309 0.0786 0.2178 0.0309 0.0786 0.2178
[105.12,105.84) 0.3472 0.2946 0.1725 0.3472 0.2946 0.1741 0.3472 0.2946 0.1742 0.3472 0.2946 0.1742 0.3472 0.2946 0.1742
[105.84,127.92) 0.0151 0.0709 0.1294 0.0151 0.0709 0.1306 0.0151 0.0709 0.1307 0.0151 0.0709 0.1307 0.0151 0.0709 0.1307
[127.92,128.04) 4.1667 1.4434 0.0863 4.1667 1.4434 0.0871 4.1667 1.4434 0.0872 4.1667 1.4434 0.0872 4.1667 1.4434 0.0872
[128.04,173.40) 0.0220 0.1485 0.0433 0.0220 0.1485 0.0437 0.0220 0.1485 0.0437 0.0220 0.1485 0.0438 0.0220 0.1485 0.0438
(173.40) 0.0000 0.0000 0.0000 0.0000 0.0000
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Table 20: Estimates using Sop = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 using conceptual computational simulation algorithm (5.4.27)

Consecutive
Failure time
So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
interval,
[Tj-1,T5)
5\j &j Sj,1 j\j &j S’j,1 j\j 5']' Sj,1 j\j 6’j Sj,1 5\j &j S’jfl
[0,17.88) 0.0024 0.0103 0.9900 0.0024 0.0103 0.9990 0.0024 0.0103 0.9999 0.0024 0.0103 1.0000 0.0024 0.0103 1.0000
[17.88,28.92) 0.0041 0.0137 0.9470 0.0041 0.0137 0.9556 0.0041 0.0137 0.9564 0.0041 0.0137 0.9565 0.0041 0.0137 0.9565
[28.92, 33.00) 0.0117 0.0236 0.9039 0.0117 0.0236 0.9122 0.0117 0.0236 0.9130 0.0117 0.0236 0.9131 0.0117 0.0236 0.9131
[33.00,41.52) 0.0059 0.0171 0.8609 0.0059 0.0171 0.8688 0.0059 0.0171 0.8695 0.0059 0.0171 0.8696 0.0059 0.0171 0.8696
[41.52,42.12) 0.0877 0.0679 0.8179 0.0877 0.0679 0.8253 0.0877 0.0679 0.8261 0.0877 0.0679 0.8262 0.0877 0.0679 0.8262
[42.12, 45.60) 0.0160 0.0298 0.7749 0.0160 0.0298 0.7820 0.0160 0.0298 0.7827 0.0160 0.0298 0.7827 0.0160 0.0298 0.7828
[45.60, 48.40) 0.0210 0.0352 0.7319 0.0210 0.0352 0.7386 0.0210 0.0352 0.7392 0.0210 0.0352 0.7393 0.0210 0.0352 0.7393
[48.40,51.84) 0.0182 0.0337 0.6889 0.0182 0.0337 0.6952 0.0182 0.0337 0.6958 0.0182 0.0337 0.6958 0.0182 0.0337 0.6958
[51.84,51.96) 0.5556 0.1925 0.6459 0.5556 0.1925 0.6517 0.5556 0.1925 0.6523 0.5556 0.1925 0.6524 0.5556 0.1925 0.6524
[51.96,54.12) 0.0331 0.0486 0.6030 0.0331 0.0486 0.6085 0.0331 0.0486 0.6090 0.0331 0.0486 0.6091 0.0331 0.0486 0.6091
[54.12,55.56) 0.0534 0.0641 0.5599 0.0534 0.0641 0.5650 0.0534 0.0641 0.5655 0.0534 0.0641 0.5656 0.0534 0.0641 0.5656
[55.56, 67.80) 0.0068 0.0238 0.5169 0.0068 0.0238 0.5216 0.0068 0.0238 0.5221 0.0068 0.0238 0.5221 0.0068 0.0238 0.5221
[67.80, 68.64) 0.2165 0.1984 0.4739 0.2165 0.1984 0.4782 0.2165 0.1984 0.4786 0.2165 0.1984 0.4786 0.2165 0.1984 0.4786
[68.64, 68.88) 0.4630 0.2268 0.3878 0.4630 0.2268 0.3914 0.4630 0.2268 0.3917 0.4630 0.2268 0.3917 0.4630 0.2268 0.3918
[68.88,84.12) 0.0082 0.0320 0.3449 0.0082 0.0320 0.3480 0.0082 0.0320 0.3483 0.0082 0.0320 0.3483 0.0082 0.0320 0.3483
[84.12,93.12) 0.0159 0.0476 0.3018 0.0159 0.0476 0.3045 0.0159 0.0476 0.3048 0.0159 0.0476 0.3048 0.0159 0.0476 0.3048
[93.12,98.64) 0.0302 0.0709 0.2587 0.0302 0.0709 0.2610 0.0302 0.0709 0.2613 0.0302 0.0709 0.2613 0.0302 0.0709 0.2613
[98.64,105.12) 0.0309 0.0786 0.2156 0.0309 0.0786 0.2176 0.0309 0.0786 0.2177 0.0309 0.0786 0.2178 0.0309 0.0786 0.2178
[105.12,105.84) 0.3472 0.2946 0.1725 0.3472 0.2946 0.1741 0.3472 0.2946 0.1742 0.3472 0.2946 0.1742 0.3472 0.2946 0.1742
[105.84,127.92) 0.0151 0.0709 0.1294 0.0151 0.0709 0.1306 0.0151 0.0709 0.1307 0.0151 0.0709 0.1308 0.0151 0.0709 0.1308
[127.92,128.04) 4.1667 1.4434 0.0863 4.1667 1.4434 0.0871 4.1667 1.4434 0.0872 4.1667 1.4434 0.0872 4.1667 1.4434 0.0872
[128.04,173.40) 0.0220 0.1485 0.0434 0.0220 0.1485 0.0438 0.0220 0.1485 0.0438 0.0220 0.1485 0.0438 0.0220 0.1485 0.0438
(173.40) Inf Inf Inf Inf 0.0000
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In the following illustration, we apply our innovative alternative algorithm to a data set consisting of multiple

censored times between consecutive failure times.

ILLUSTRATION 6.5.3 The data in Table 21 below show the length of remission in weeks leukemia patients
under the influence of treatment study [13]. We note that there are multiple censored times occurring between
any two consecutive failure times unlike the data sets in Tables 15 and 18. Here also, we exemplify our
approach by picking two choices of V/(¢, z) to construct observation equations. First, we choose V (¢, z) = 22
and apply (5.4.37) with k, = 0 for consecutive failure time intervals. The results are recorded in Table 22.
Choosing V(t,z) = Inz and applying conceptual computational simulation algorithm (5.4.39), we obtain
estimates that are summarized in Table 23. The computational results in Tables 22 and 23 show that the
estimates are stabilized for Sy > 0.9999. Thus for the data set in Table 21, we conclude that the best survival
state estimate is attained at the initial value for So = 0.99999. In addition, the results in Tables 22 and
23 indicate that our alternative approach is independent of the choice of nonlinear transformation V' (¢, z)

provided that the obtained system of algebraic equations can be solved.

Table 21: Treated Group Dataset [13]

Frequency of  Survival/

Data
. Failure Failure Operatin,
O]f)servatlon Censor Ti/me Censoré unli)ts at tf:
in weeks

at t; Z(tl‘)
to=0 Initial 21
t1, =6 Failure 3 18
to =6 Censored 1 17
t3 =17 Failure 1 16
ty =9 Censored 1 15
ts = 10 Failure 1 14
te = 10 Censored 1 13
tr =11 Failure 1 12
ts =13 Censored 1 11
tg = 16 Failure 1 10
tig = 17 Censored 1 9
ti11 =19 Censored 1 8
tio = 20 Censored 1 7
t13 = 22 Failure 1 6
t1a = 23 Failure 1 5
ti5 = 25 Censored 1 4
ti6 = 32 Censored 2 2
ti7 = 34 Censored 1 1
tis = 35 Censored 1 0
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Table 22: Estimates using Sp = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by employing conceptual computational algorithm (5.4.37)

Consecutive
Failure time
So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
interval,
(Tj-1,Tj)
j\j 6’j S’jfl 5\]' &j Sj,1 Xj 5’j Sj,1 :\j 6j S’j,1 j\j &j Sj,1
[0,6) 0.0238 0.0583 0.9900 0.0238 0.0583 0.9990 0.0238 0.0583 0.9999 0.0238 0.0583 1.0000 0.0238 0.0583 1.0000
[6,7) 0.0588 0.0588 0.8486 0.0588 0.0588 0.8564 0.0588 0.0588 0.8571 0.0588 0.0588 0.8572 0.0588 0.0588 0.8572
[7,10) 0.0213 0.0566 0.7988 0.0213 0.0566 0.8061 0.0213 0.0566 0.8068 0.0213 0.0566 0.8069 0.0213 0.0566 0.8069
[10,11) 0.0769 0.0769 0.7479 0.0769 0.0769 0.7547 0.0769 0.0769 0.7553 0.0769 0.0769 0.7554 0.0769 0.0769 0.7554
[11,16) 0.0175 0.0532 0.6904 0.0175 0.0532 0.6967 0.0175 0.0532 0.6973 0.0175 0.0532 0.6974 0.0175 0.0532 0.6974
[16,22) 0.0200 0.0966 0.6299 0.0200 0.0966 0.6356 0.0200 0.0966 0.6362 0.0200 0.0966 0.6363 0.0200 0.0966 0.6363
[22,23) 0.0204 0.3065 0.5544 0.0204 0.3065 0.5594 0.0204 0.3065 0.5599 0.0204 0.3065 0.5600 0.0204 0.3065 0.5600
(23) 0.5450 0.5499 0.5504 0.5505 0.5505

Table 23: Estimates using Sp = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by employing conceptual computational algorithm (5.4.39)

Consecutive
Failure time
So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
interval,
(Tj-1,T5)
S\j &j Sj_l 5\]' a'j Sj_l j\j 5']' Sj_1 ;\j &j Sj_l 5\]' 5']‘ gj_1
[0,6) 0.0238 0.0583 0.9900 0.0238 0.0583 0.9990 0.0238 0.0583 0.9999 0.0238 0.0583 1.0000 0.0238 0.0583 1.0000
[6,7) 0.0588 0.0588 0.8487 0.0588 0.0588 0.8564 0.0588 0.0588 0.8571 0.0588 0.0588 0.8572 0.0588 0.0588 0.8572
[7,10) 0.0213 0.0566 0.7988 0.0213 0.0566 0.8061 0.0213 0.0566 0.8068 0.0213 0.0566 0.8069 0.0213 0.0566 0.8069
[10,11) 0.0769 0.0769 0.7479 0.0769 0.0769 0.7547 0.0769 0.0769 0.7554 0.0769 0.0769 0.7554 0.0769 0.0769 0.7554
[11,16) 0.0175 0.0532 0.6904 0.0175 0.0532 0.6967 0.0175 0.0532 0.6973 0.0175 0.0532 0.6974 0.0175 0.0532 0.6974
[16,22) 0.0200 0.0966 0.6299 0.0200 0.0966 0.6356 0.0200 0.0966 0.6362 0.0200 0.0966 0.6363 0.0200 0.0966 0.6363
[22,23) 0.0204 0.3065 0.5544 0.0204 0.3065 0.5594 0.0204 0.3065 0.5600 0.0204 0.3065 0.5600 0.0204 0.3065 0.5600
(23) 0.5450 0.5499 0.5505 0.5505 0.5505
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6.6 Modified LLGMM Parameter and State Estimation

In this section, we develop a modified version of the Local Lagged Adapted Generalized Method of Mo-
ments(LLGMM) [44, 45]. This is achieved by utilizing the developed alternative procedure in Section 5.4
and the LLGMM method. We note that the transformed conceptual computational interconnected dynamic
algorithm for time-to-event data statistic process is local. It is centered around each consecutive pair of

ordered failure time subinterval [T jffh;l, T j’:li

) with its right-end-point data observation/collection process
for i € I(1,ks), and j € I(1,n). Moreover, parameter and state estimations of the time-to-event process
is relative to each consecutive pair of ordered failure or change time subinterval of operation of the time-
to-event dynamic process. This type of parameter and state estimation problem in time-to-event processes
can be characterized by the local single-shot procedure identified by the right-end point of the j — 1i-th

consecutive failure or change point subinterval for each ¢ € I(1, ky).

These observations motivate the extension of the presented local single-shot innovative parameter and
state dynamic estimation procedure developed in Section 5.4 to a finite multi-choice local lagged consecutive
failure or change time subintervals with right-end-point data observation/collection process. For this, we
recall [6] a couple of definitions that form a bridge to connect our developed innovative approach with the

LLGMM approach. For easy reference, we present some of the useful definitions.

DEFINITION 6.6.1 For each ¢ € I(1,ky) and each m; € I(1,1), a partition of closed interval [ijflifmi?ijfli]
is called local lagged at a failure-time ijfli, and it is defined by:
Pl =Tl <Tl .  <...<Ti, ,<Tl,. (6.6.1)

A my-size consecutive ordered failure time subinterval subsequence {[T]!:1 S ij

tis141) e, of the overall

consecutive ordered failure time subinterval sequence {[ij—li—l’T_’]f—li) fil is called local lagged moving
failure-time subinterval subsequence at ij—u that forms a cover [16] of [ij—u—m,;v ij_li):

-1

U @ e W) = 1 T - (6.6.2)

l:*’rni

pf

i is a sub-partition of the overall partition P/ in Definition 5.4.3.

DEFINITION 6.6.2 For each ¢ € I(1,ky) and each m; € I1(1,4), a local lagged moving consecutive ordered
failure time subsequence of subintervals, {[ij—u ‘0 ij—u i +1)}l;1_m1 at failure time ij_li of the size m; is
identified by the restriction of overall failure time state data subsequence {zj,li,l}fi . with ijflifmi
(6.6.1), and it is defined by:

in

Smy,j—1i = {Flzj—li}?:—m,; . (663)
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Here F is a forward-shift operator, and F~! = B, where B is the backward shift operator [10]. m; varies
from 1 to ¢, so also the corresponding local sequence sy, ; at ijfu in (6.6.3) varies from {F'z;_1,}%_ | to
{F'z_1;})__, .1 As aresult of this, the sequence defined in (6.6.3) is also called a m;-local moving sequence
of consecutive failure-time state data associated with m;-local lagged finite sequence of subintervals at a

failure-time T]ffli for each i € I(1, ky).

In the following, we outline computational scheme for the survival state data analysis problems. Using
the concept of m;-moving sequence of failure-time state data at a failure time T]-ffh-, computational schemes
for the change point problem can also be formulated and developed, analogously.

Hereafter, we utilize Definitions 6.6.1 and 6.6.2, and recast the LLGMM algorithm [44, 45]. For each
m; € I(1,i+1), and | € I(—m;, —1), using (5.4.31) we determine estimates of A and o2 at each failure time

ijfu as follows:

—1
> | EAz 1| Gmrint) 17200 — ke + kaw}

N l:—mi
>\i,m1 - 4 kbi+l+1 / / )
c/a c/a

l > 21 Z(Tj—li+ln—1)ATj—1i+ln

=—m; n=
~2
Ui,mi =

EIAV(TL i Zimvieis) | Gimrit] +T7%%, 0+ ki,
5 Pt / / /
o c/a c/a c/a
I=—m,; 21 av(ijliJrlnfl’Z(ijliflJrlnfl))AijliJrln
n=
; Fdl el / / /
c/a o c/a c/a c/a
*A(Tj—li—ij—li—l) Zl Z(Tj—1i+ln—1)EV(Tj—li-s-ln—laZ(Tj—lz‘—1+ln—1))ATj—u-Hn
n=
2
= TR c/a 52 c/a c/a c/a
l > 21 22(Tj_1i+ln—1) WV(Tj_m-zn—pZ(Tj—1i—1+ln—1))ATj_liJrln
=—m; n=
i (6.6.4)
where k= kg?, — kg s m; € I(1,i— 1); k,,, stands for the total number of censored objects/species/in-

fective/quitting covered over the subinterval [ij—u +Z’ij—1i )i K denotes the total number of ad-

Q41
mitting/entering/joining/susceptible/etc covered over the subinterval [Tj]:u s ijfu 4i41); Ky, is the total

number of failures covered over the subinterval [ijfli s ijfli ia1)i Kb = ke +ka -

125




REMARK 6.6.1 In the case where k;, = 0, Then (6.6.4) reduces to

—1

) liz [— E(Azjri41]Gin) + 15211
)\ =—m;

j,my T )

f
> zj+lATj+1+1

l:*’r’n]‘

l:—mi

—1
2 02 f f
2 oz V(T 2in) AT

f nov 1o} f f
i E[AV(T] 1115 zji1) | G + 1790, 4 — EV(@-JFU?‘H)AY}JFH?
o
52 =9 l=—m; ZjJrl/\j,mj @V(Tj+lvzj+l)A1}+l+1
Jmg

(6.6.5)

In short, the usage of the transformed continuous-time stochastic dynamic hybrid model for time-to-event

process (5.3.11) and discrete-time interconnected hybrid dynamic algorithms of local sample mean lead to

an innovative alternative method for parameter and state estimation problems for continuous-time dynamic

models described by both linear and nonlinear stochastic differential equations.

EXAMPLE 6.6.1 Using the parameter estimates in Example 5.4.5, (6.6.4) becomes:

—1

> | E@z vl Gy—vi) T4 — ke + kam}

N l:—mi
)\z,mi - 1 kbi+l+1 y y
c/a Cc/a
> > Z(Tj—1i+ln—1)ATj—li+ln
l=—m,; n=1

Z [E(AZ]2‘+Z+1| gj+l) - F?gli-&-l + kci+l - kai+[:|

~

2/\j,mj :

N l=m;
Uim‘? = — } ; +
c/a Cc/a
z > AT )? AT
.
If in addition, k; = 0, then (6.6.6) reduces to:
—1
liz [E(A2j+z+1| Gj1) + 15201
)\j’m]- = — I — 9
> Zj+lAij+1+1
lzfmj
l > ]E(Azj+l+1| Gjri) — i
A =—m; 2
Jz,mj = —1 P +2Xjm; -
l > AT
=—m;
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EXAMPLE 6.6.2 Employing the parameter estimates in Example 5.4.6, (6.6.4) reduces to:

—1

A liZ —E(Azj—rivi41Gj—1i+1) + 1500 — ke + k‘am}
Aismi = / 1 kbl / / 7
> Z_:l z(jyfli+ln71)A1}71i+ln
I=mmi n= (6.6.8)
—1 nov
. N = [EIAIN(AZ; 100) | Gd] = T2y + ey = Ry,
Ujam' == Jym —1 c/a
! Zl:*’rﬂj AT]*{’I*‘Fl
If in addition, k; = 0, then (6.6.8) becomes:
-1
l > [— E(Azj 141 Gjr) + 15724,
)\jymj _ =—m; - 7
liZ AT AT 141
o (6.6.9)
, . iz, [E[A In(Azjri41) | Gjga] — F?Tim}
6—j,mj = *2 )\j7mj + —1 f
lefmj AT’j+l+1

6.6.1 Computational Algorithm

The numerical approximation and simulation processes need to be synchronized with the existing data
collection schedule process in the context of the partition of [tg,T]. For each ¢ € I(1,k;) and j € I(1,n),
we assume that ij_li is a failure scheduled time clock for the j — 1i-th collected data of the failure state
of a system under investigation. From Definition 6.6.2, for each m; € OS;_1; = I(1,1) at ij_u, we pick
a m; local admissible sequence {Flzj,li}lo:_mi. Using the terms of this sequence and (6.6.4), we compute
the state and parameter estimates of the continuous-time dynamic model (5.3.11) for a choice of initial
values S(Tp) = Sp specified in Sub-section 6.4. These estimates form a local finite sequence of parameter
estimates at ij—u‘ corresponding to AS;_1; = {zm, j—1: : m; € I(1,4)} for each i € I(1,ks). The Principle
of Mathematical Induction [33] is employed for the development of a conceptual computational scheme.

For each admissible sequence in AS;_1;, let z;, 4, be a simulated value of z,, ;j—1; at ijfli' This

engenders an m; local sequence of simulated data {25, ;_1;}m;cos; - The simulated z;,  ;_;; value satisfies

the following scheme:

~

Zi_ .= Z$71i71 — )\jflifl ijliflAijli + 5'3’711'71 Z;fliflij,h‘ - kci + k’ai. (6610)

To find the best estimate of z(Tj]:h-) with a best choice of initial state (Section 6.4), let us define a mean-
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square estimate error of Z(ij_”) to be

2
Emi,jfli,zj'fli = (Z(ij—li) - zfni,jflz) (6611)

relative to each member of the term of local admissible sequences {2;,. ;_1;}m;c0s;_, , of simulated values.
For any preassigned arbitrary small positive number € and for each failure time ijfh-, we find the best
estimate from admissible simulated values. We determine the following sub-optimal admissible set of size of

moving average at ij_u as:
Mjfu = {ml : Emiyjfli»zjfli <e for m; € OSj,M}. (6612)

Among these collected sub-optimal set of values, the value that gives the minimum =,,,, ; 1;.;_,, is recorded
as Mm;. The parameters corresponding to m; is referred as the e-level sub-optimal estimates of the true
parameters. These sub-optimal estimates are estimated at time ijqz‘ with ;. The simulated value 25, .4,
at ij_li corresponding to 7; is recored as the best sub-optimal estimate for dynamic state z(7T);_1;) at ij_li.

Having obtained the best estimate for A and o2, we then proceed to find the best sub-optimal estimate for

the survival state function at TjJ:M via the following discrete-time simulation dynamic process:

A

S(Tj—1i) = S(Tj—li—l) - S’(Tj—li—l):\(Tj—li—h Si—1i—1)ATj_1; + S’(Tj—u)&(:’}—li—h Si_1i—1)Aw(Tj-14)
(6.6.13)
Finally, an estimate of Sy,, j—1: at ij_u corresponding to 17, is also recorded as the best estimate for survival
state S(Tj_1;) at ijfli. Moreover, a conceptual computational modified LLGMM algorithm is outlined in
Flowchart 15. Here, we choose Ty, Sy, and zg so that Sy > RF', where RF denotes a relative frequency at

the initial time Tj.
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Initials: T,
29, So > RF

no

For each admissible

— m; € OS;_1; at failure

: f
time Tj_li

m;-local admissible

adapted finite sequence

{Smoj—1i}f—_, at T,

m;- local parameter

estimates A, j—1i,

~ f
Om;,j—1i at T;_q;

Simulated estimate

f .
for z at iju is

S
Zmi,i—1i

ZS

e-suboptimal estimate

i i1 for z

yes e-suboptimal

Choose the largest m;

For Mj_li 7& @,

Test for e-sub

m; € Mj_1;

optimality 7,

For M,,, # ), and

no

OSJ‘_U - M, Delete

For ./\/ljfu = @

Flowchart 15.: LLGMM-type Conceptual Computational Algorithm
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We present an algorithm and flowchart for the simulation scheme described above.
Given initials Tg, So, zo, €,
for i =1 to k¢ do
for m; =1 to i do
Compute Ay, j—1is Om, j—1i
for m; =0toido
S = . .
Compute 25, ; 1i5 Zmij—1iz;_;
end for
end for
end for
if Emiiz_1 <€ then
Save m;
else
Find 7i; that minimizes =, j_142,_,,
end if

. . . . . S . . .
Compute )\mi,g—m Oy, j—1i 5 Zamy j—14 0 Smi,jflr

Algorigthm 16.: Simulation scheme
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/ Input data, € /

Initial Ty, 29, So > RF

A j—1is Omgj—1i,Mq € 1(1,4— 1)

Repeat for each j

I

ZS = . .
my,j—1i o —=mi,j—14,25 1

Update Sy

l

Choose m; with

no

= ? N
Is By j—tizy1 <€ >——— min Ep, i

as m;

yes
Save m; as m;
A vis Oing i
no

Mbng =1 Orng ji—Tis Sing,j—1is Zing j—1i

yes

Record

Flowchart 17.: LLGMM-type Simulation Algorithm
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In the following, we give illustrations on how to apply modified LLGMM method to three data sets in
Tables 15, 18 and 21.

ILLUSTRATION 6.6.1 [Application of LLGMM-type Conceptual Computational Algorithm to the datasets in
Table 15 ]

We apply the modified LLGMM procedure to the dataset in Table 15. Using (6.6.7), (6.6.10), and (6.6.13)
with € = 0.001, the results are summarized in Table 24. Utilizing (6.6.9), (6.6.10), and (6.6.13) with e = 0.001,
the results are exhibited in Table 25.

ILLUSTRATION 6.6.2 [Application of LLGMM-type Conceptual Computational Algorithm to the datasets in
Table 18 ]

We apply the above procedure to the dataset in Table 18. Employing (6.6.7), (6.6.10), and (6.6.13) with
e = 0.001, the results are summarized in Table 26. Utilizing (6.6.9), (6.6.10), and (6.6.13) with ¢ = 0.001,

the simulation results are recorded in Table 27.

ILLUSTRATION 6.6.3 [Application of LLGMM-type Conceptual Computational Algorithm to the datasets in
Table 21 |

We apply the above procedure to the dataset in Table 21. Using (6.6.6), (6.6.10), and (6.6.13) with ¢ = 0.001,
the results are recorded in Table 28. Utilizing (6.6.8), (6.6.10), and (6.6.13) with ¢ = 0.001, the simulation

results are summarized in Table 29 .
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Table 24: Modified LLGMM Based Estimates using So = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by by utilizing (6.6.7), (6.6.10), and (6.6.13) with e = 0.001

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
ij o Ajng o Ogang Signg Ny g Sjang Ajang Ogamg Siag Ajng O S, Ajiig  Ohrhy S,y
0 0.0952 0.0952 0.9900 0.0952 0.0952 0.9990 0.0952 0.0952 0.9999 0.0952 0.0952 0.99999 0.0952 0.0952 0.999999
1.00 1 0.0952 0.0952 0.8958 0.0952 0.0952 0.9040 0.0952 0.0952 0.9048 0.0952 0.0952 0.9049 0.0952 0.0952 0.9049
2.00 1 0.1053 0.1053 0.8017 0.1053 0.1053 0.8090 0.1053 0.1053 0.8097 0.1053 0.1053 0.8098 0.1053 0.1053 0.8098
3.00 1 0.0588 0.0588 0.7546 0.0588 0.0588 0.7614 0.0588 0.0588 0.7621 0.0588 0.0588 0.7622 0.0588 0.0588 0.7622
4.00 1 0.1250 0.1250 0.6604 0.1250 0.1250 0.6664 0.1250 0.1250 0.6670 0.1250 0.1250 0.6670 0.1250 0.1250 0.6670
5.00 1 0.1429 0.1429 0.5662 0.1429 0.1429 0.5713 0.1429 0.1429 0.5718 0.1429 0.1429 0.5719 0.1429 0.1429 0.5719
8.00 1 0.1111 0.1925 0.3776 0.1111 0.1925 0.3810 0.1111 0.1925 0.3814 0.1111 0.1925 0.3814 0.1111 0.1925 0.3814
11.00 1 0.0833 0.1443 0.2833 0.0833 0.1443 0.2858 0.0833 0.1443 0.2861 0.0833 0.1443 0.2861 0.0833 0.1443 0.2861
12.00 1 0.3333 0.3333 0.1890 0.3333 0.3333 0.1907 0.3333 0.3333 0.1909 0.3333 0.3333 0.1909 0.3333 0.3333 0.1909
15.00 1 0.0833 0.1443 0.1418 0.0833 0.1443 0.1430 0.0833 0.1443 0.1432 0.0833 0.1443 0.1432 0.0833 0.1443 0.1432
17.00 1 0.1667 0.2357 0.0945 0.1667 0.2357 0.0954 0.1667 0.2357 0.0955 0.1667 0.2357 0.0955 0.1667 0.2357 0.0955
22.00 1 0.1000 0.2236 0.0473 0.1000 0.2236 0.0477 0.1000 0.2236 0.0478 0.1000 0.2236 0.0478 0.1000 0.2236 0.0478
23.00 1 1.0000 1.0000 0.0001 1.0000 1.0000 0.0001 1.0000 1.0000 0.0001 1.0000 1.0000 0.0001 1.0000 1.0000 0.0001

Table 25: Modified LLGMM Based Estimates using So = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by utilizing (6.6.9), (6.6.10), and (6.6.13) with ¢ = 0.001

Sop = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
ij mj )‘j,ﬁlj ij’fﬂj Sj’fnj )‘j,’ﬁlj O'j’mj Sj,’rﬁj )‘j,’rﬁj Jj,’fnj Sj,ﬁz]' )\j’ﬁl]. Uj,’rﬁj Sj,’r?lj Aj’mj ijmj Sj,’rﬁj
0 0.0952 0.0984 0.9900 0.0952 0.0984 0.9990 0.0952 0.0984 0.9999 0.0952 0.0984 0.99999 0.0952 0.0984 0.999999
1.00 1 0.0952 0.0984 0.8958 0.0952 0.0984 0.9040 0.0952 0.0984 0.9048 0.0952 0.0984 0.9049  0.0952 0.0984 0.9049
2.00 1 0.1053 0.1092 0.8017 0.1053 0.1092 0.8090 0.1053 0.1092 0.8097 0.1053 0.1092 0.8098  0.1053 0.1092 0.8098
3.00 1 0.0588 0.0600 0.7546 0.0588 0.0600 0.7614 0.0588 0.0600 0.7621 0.0588 0.0600 0.7622  0.0588 0.0600 0.7622
4.00 1 0.1250 0.1306 0.6604 0.1250 0.1306 0.6664 0.1250 0.1306 0.6670 0.1250 0.1306 0.6670  0.1250 0.1306 0.6670
5.00 1 0.1429 0.1503 0.5662 0.1429 0.1503 0.5713 0.1429 0.1503 0.5718 0.1429 0.1503 0.5719 0.1429 0.1503 0.5719
8.00 1 0.1111 0.2193 0.3776 0.1111 0.2193 0.3810 0.1111 0.2193 0.3814 0.1111 0.2193 0.3814 0.1111  0.2193 0.3814
11.00 1 0.0833 0.1585 0.2833 0.0833 0.1585 0.2859 0.0833 0.1585 0.2861 0.0833 0.1585 0.2861 0.0833 0.1585 0.2861
12.00 1 0.3333 0.3798 0.1890 0.3333 0.3798 0.1907 0.3333 0.3798 0.1909 0.3333 0.3798 0.1909  0.3333 0.3798 0.1909
15.00 1 0.0833 0.1585 0.1418 0.0833 0.1585 0.1431 0.0833 0.1585 0.1432 0.0833 0.1585 0.1432  0.0833 0.1585 0.1432
17.00 1 0.1667 0.2686 0.0946 0.1667 0.2686 0.0954 0.1667 0.2686 0.0955 0.1667 0.2686 0.0955  0.1667 0.2686 0.0955
22.00 1 0.1000 0.2780 0.0473 0.1000 0.2780 0.0478 0.1000 0.2780 0.0478 0.1000 0.2780 0.0478  0.1000 0.2780 0.0478
23.00 1 1.0000 Inf Inf 1.0000 Inf Inf 1.0000 Inf Inf 1.0000 Inf Inf 1.0000 Inf Inf
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Table 26: Modified LLGMM Based Estimates using So = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by utilizing (6.6.7), (6.6.10), and (6.6.13) with e = 0.001

0.0309 0.0786 0.1725 0.0309 0.0786 0.1741 0.0309 0.0786 0.1742 0.0309 0.0786 0.1742 0.0309 0.0786 0.1742
0.3472 0.2946 0.1294 0.3472 0.2946 0.1306 0.3472 0.2946 0.1307 0.3472 0.2946 0.1307 0.3472 0.2946 0.1307
0.0151 0.0709 0.0863 0.0151 0.0709 0.0871 0.0151 0.0709 0.0872 0.0151 0.0709 0.0872 0.0151 0.0709 0.0872
4.1667 1.4434 0.0433 4.1667 1.4434 0.0437 4.1667 1.4434 0.0437 4.1667 1.4434 0.0438 4.1667 1.4434 0.0438
0.0220 0.1485 0.0000 0.0220 0.1485 0.0000 0.0220 0.1485 0.0000 0.0220 0.1485 0.0000 0.0220 0.1485 0.0000

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
ij My Ny Gy Siong o Xy Oimg Siang Ajmy o Ciang Siomy Ay iy Siomy gy Tiang S
0 0.0024 0.0103 0.99 0.0024 0.0103 0.999  0.0024 0.0103 0.9999 0.0024 0.0103 0.999999 0.0024 0.0103 0.999999

17.88 1 0.0024 0.0103 0.9470 0.0024 0.0103 0.9556 0.0024 0.0103 0.9564 0.0024 0.0103 0.9565 0.0024 0.0103 0.9565
28.92 1 0.0041 0.0137 0.9039 0.0041 0.0137 0.9122 0.0041 0.0137 0.9130 0.0041 0.0137 0.9131 0.0041 0.0137 0.9131
33.00 1 0.0117 0.0236 0.8609 0.0117 0.0236 0.8688 0.0117 0.0236 0.8695 0.0117 0.0236 0.8696 0.0117 0.0236 0.8696
41.52 1 0.0059 0.0171 0.8179 0.0059 0.0171 0.8253 0.0059 0.0171 0.8261 0.0059 0.0171 0.8262 0.0059 0.0171 0.8262
42.12 1 0.0877 0.0679 0.7749 0.0877 0.0679 0.7820 0.0877 0.0679 0.7827 0.0877 0.0679 0.7827 0.0877 0.0679 0.7827
45.60 1 0.0160 0.0298 0.7319 0.0160 0.0298 0.7386 0.0160 0.0298 0.7392 0.0160 0.0298 0.7393 0.0160 0.0298 0.7393
48.40 1 0.0210 0.0352 0.6889 0.0210 0.0352 0.6951 0.0210 0.0352 0.6958 0.0210 0.0352 0.6958 0.0210 0.0352 0.6958
51.84 1 0.0182 0.0337 0.6459 0.0182 0.0337 0.6517 0.0182 0.0337 0.6523 0.0182 0.0337 0.6524 0.0182 0.0337 0.6524
51.96 1 0.5556 0.1925 0.6030 0.5556 0.1925 0.6084 0.5556 0.1925 0.6090 0.5556 0.1925 0.6091 0.5556 0.1925 0.6091
54.12 1 0.0331 0.0486 0.5599 0.0331 0.0486 0.5650 0.0331 0.0486 0.5655 0.0331 0.0486 0.5656 0.0331 0.0486 0.5656
55.56 1 0.0534 0.0641 0.5169 0.0534 0.0641 0.5216 0.0534 0.0641 0.5221 0.0534 0.0641 0.5221 0.0534 0.0641 0.5221
67.80 1 0.0068 0.0238 0.4739 0.0068 0.0238 0.4782 0.0068 0.0238 0.4786 0.0068 0.0238 0.4786 0.0068 0.0238 0.4786
68.64 1 0.2165 0.1984 0.3878 0.2165 0.1984 0.3913 0.2165 0.1984 0.3917 0.2165 0.1984 0.3917 0.2165 0.1984 0.3917
68.88 1 0.4630 0.2268 0.3448 0.4630 0.2268 0.3480 0.4630 0.2268 0.3483 0.4630 0.2268 0.3483 0.4630 0.2268 0.3483
84.12 1 0.0082 0.0320 0.3018 0.0082 0.0320 0.3045 0.0082 0.0320 0.3048 0.0082 0.0320 0.3048 0.0082 0.0320 0.3048
93.12 1 0.0159 0.0476 0.2587 0.0159 0.0476 0.2610 0.0159 0.0476 0.2613 0.0159 0.0476 0.2613 0.0159 0.0476 0.2613
98.64 1 0.0302 0.0709 0.2156 0.0302 0.0709 0.2175 0.0302 0.0709 0.2177 0.0302 0.0709 0.2178 0.0302 0.0709 0.2178

1

1

1

1

1
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Table 27: Modified LLGMM Based Estimates using So = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by employing (6.6.9), (6.6.10), and (6.6.13) with e = 0.001

0.0309 0.0845 0.1725 0.0309 0.0845 0.1741 0.0309 0.0845 0.1742 0.0309 0.0845 0.1742 0.0309 0.0845 0.1742
0.3472 0.3235 0.1294 0.3472 0.3235 0.1306 0.3472 0.3235 0.1307 0.3472 0.3235 0.1308 0.3472 0.3235 0.1308
0.0151 0.0808 0.0863 0.0151 0.0808 0.0871 0.0151 0.0808 0.0872 0.0151 0.0808 0.0872 0.0151 0.0808 0.0872
4.1667 1.7942 0.0434 4.1667 1.7942 0.0438 4.1667 1.7942 0.0438 4.1667 1.7942 0.0438 4.1667 1.7942 0.0438
0.0220 Inf Inf 0.0220 Inf Inf 0.0220 Inf Inf 0.0220 Inf Inf 0.0220 Inf Inf

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
ij myo Ajng Ogang Sy X gy Sjang Ajong TGy Siag Ay O S,y Ajihg  Ojany Sj,my
0 0.0024 0.0104 0.99 0.0024 0.0104 0.9990 0.0024 0.0104 0.9999 0.0024 0.0104 0.99999 0.0024 0.0104 0.999999

17.88 1 0.0024 0.0104 0.9470 0.0024 0.0104 0.9556 0.0024 0.0104 0.9564 0.0024 0.0104 0.9565 0.0024 0.0104 0.9565
28.92 1 0.0041 0.0139 0.9039 0.0041 0.0139 0.9122 0.0041 0.0139 0.9130 0.0041 0.0139 0.9131 0.0041 0.0139 0.9131
33.00 1 0.0117 0.0240 0.8609 0.0117 0.0240 0.8688 0.0117 0.0240 0.8695 0.0117 0.0240 0.8696 0.0117 0.0240 0.8696
41.52 1 0.0059 0.0174 0.8179 0.0059 0.0174 0.8253 0.0059 0.0174 0.8261 0.0059 0.0174 0.8262 0.0059 0.0174 0.8262
42.12 1 0.0877 0.0692 0.7749 0.0877 0.0692 0.7820 0.0877 0.0692 0.7827 0.0877 0.0692 0.7827 0.0877 0.0692 0.7827
45.60 1 0.0160 0.0304 0.7319 0.0160 0.0304 0.738 0.0160 0.0304 0.7392 0.0160 0.0304 0.7393 0.0160 0.0304 0.7393
48.40 1 0.0210 0.0359 0.6889 0.0210 0.0359 0.6952 0.0210 0.0359 0.6958 0.0210 0.0359 0.6958 0.0210 0.0359 0.6958
51.84 1 0.0182 0.0344 0.6459 0.0182 0.0344 0.6517 0.0182 0.0344 0.6523 0.0182 0.0344 0.6524 0.0182 0.0344 0.6524
51.96 1 0.5556 0.1969 0.6030 0.5556 0.1969 0.6085 0.5556 0.1969 0.6090 0.5556 0.1969 0.6091 0.5556 0.1969 0.6091
54.12 1 0.0331 0.0498 0.5599 0.0331 0.0498 0.5650 0.0331 0.0498 0.5655 0.0331 0.0498 0.5656 0.0331 0.0498 0.5656
55.56 1 0.0534 0.0658 0.5169 0.0534 0.0658 0.5216 0.0534 0.0658 0.5221 0.0534 0.0658 0.5221 0.0534 0.0658 0.5221
67.80 1 0.0068 0.0245 0.4739 0.0068 0.0245 0.4782 0.0068 0.0245 0.4786 0.0068 0.0245 0.4786 0.0068 0.0245 0.4786
68.64 1 0.2165 0.2119 0.3878 0.2165 0.2119 0.3914 0.2165 0.2119 0.3917 0.2165 0.2119 0.3917 0.2165 0.2119 0.3917
68.88 1 0.4630 0.2358 0.3449 0.4630 0.2358 0.3480 0.4630 0.2358 0.3483 0.4630 0.2358 0.3483 0.4630 0.2358 0.3483
84.12 1 0.0082 0.0335 0.3018 0.0082 0.0335 0.3045 0.0082 0.0335 0.3048 0.0082 0.0335 0.3048 0.0082 0.0335 0.3048
93.12 1 0.0159 0.0501 0.2587 0.0159 0.0501 0.2610 0.0159 0.0501 0.2613 0.0159 0.0501 0.2613 0.0159 0.0501 0.2613
98.64 1 0.0302 0.0753 0.2156 0.0302 0.0753 0.2176 0.0302 0.0753 0.2177 0.0302 0.0753 0.2178 0.0302 0.0753 0.2178

1

1

1

1

1
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Table 28: Modified LLGMM Based Estimates using So = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by by utilizing (6.6.6), (6.6.10), and (6.6.13) with e = 0.001

So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999

ij My Ajmg  Ogang Sjang Ajang Ogay Siay Ay Ohamg Simy Ajang gy Simg Ajang Ogmmg Simy
0 0.0238 0.0583 0.0900 0.0238 0.0583 0.9990 0.0238 0.0583 0.9999 0.0238 0.0583 0.99999 0.0238 0.0583 0.999999

6.00 0.0238 0.0583 0.8486 0.0238 0.0583 0.8564 0.0238 0.0583 0.8571 0.0238 0.0583 0.8572  0.0238 0.0583 0.8572

7.00 0.0588 0.0588 0.7988 0.0588 0.0588 0.8061 0.0588 0.0588 0.8068 0.0588 0.0588 0.8069  0.0588 0.0588 0.8069

10.00 0.0213 0.0566 0.7479 0.0213 0.0566 0.7547 0.0213 0.0566 0.7553 0.0213 0.0566 0.7554  0.0213 0.0566 0.7554

0.0769 0.0769 0.6904 0.0769 0.0769 0.6967 0.0769 0.0769 0.6973 0.0769 0.0769 0.6974  0.0769 0.0769 0.6974
0.0175 0.0532 0.6299 0.0175 0.0532 0.6356 0.0175 0.0532 0.6362 0.0175 0.0532 0.6363  0.0175 0.0532 0.6363
0.0187 0.0759 0.5593 0.0187 0.0759 0.5644 0.0187 0.0759 0.5649 0.0187 0.0759 0.5650  0.0187 0.0759 0.5650
0.0258 0.0842 0.5450 0.0258 0.0842 0.5499 0.0258 0.0842 0.5504 0.0258 0.0842 0.5505  0.0258 0.0842 0.5505

—_
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o
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Table 29: Modified LLGMM Based Estimates using So = 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 by by utilizing (6.6.8), (6.6.10), and (6.6.13) with ¢ = 0.001

Sop = 0.99000 Sp = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
ij ﬁ’LJ )‘j,ﬁlj Uj,’rhj Sjy’fnj )‘j,’fnj O'j’mj Sj,’r?lj )‘j,’rﬁj Jj,’rhj Sj,ﬁlj )\j’ﬁl]. Uj,’r?lj Sj,’r?lj )‘j,ﬁlj ijmj Sj,’r?lj
0 0.0238 0.0614 0.9900 0.0238 0.0614 0.9990 0.0238 0.0614 0.9999 0.0238 0.0614 0.99999 0.0238 0.0614 0.999999
6.00 1 0.0238 0.0614 0.8487 0.0238 0.0614 0.8564 0.0238 0.0614 0.8571 0.0238 0.0614 0.8572  0.0238 0.0614 0.8572
7.00 1 0.0588 0.0600 0.7988 0.0588 0.0600 0.8061 0.0588 0.0600 0.8068 0.0588 0.0600 0.8069  0.0588 0.0600 0.8069
10.00 1 0.0213 0.0587 0.7479 0.0213 0.0587 0.7547 0.0213 0.0587 0.7554 0.0213 0.0587 0.7554  0.0213 0.0587 0.7554
11.00 1 0.0769 0.0790 0.6904 0.0769 0.0790 0.6967 0.0769 0.0790 0.6973 0.0769 0.0790 0.6974  0.0769 0.0790 0.6974
16.00 1 0.0175 0.0551 0.6299 0.0175 0.0551 0.6356 0.0175 0.0551 0.6362 0.0175 0.0551 0.6363 0.0175 0.0551 0.6363
22.00 2 0.0187 0.0893 0.5593 0.0187 0.0893 0.5644 0.0187 0.0893 0.5649 0.0187 0.0893 0.5650  0.0187 0.0893 0.5650
23.00 6 0.0258 0.1548 0.5450 0.0258 0.1548 0.5500 0.0258 0.1548 0.5505 0.0258 0.1548 0.5505  0.0258 0.1548 0.5505
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REMARK 6.6.2 We remark that using the LLGMM-type estimation approach yields the almost close simu-
lation results as the estimation procedure outlined in Illustrations 6.5.1, 6.5.2, and 6.5.3 for both data sets

in Tables 15, 18, and 21.

In the following, we compare alternative innovative approach and modified LLGMM results with the well-

known existing methods, namely, Maximum Likelihood and Kaplan-Meier approach.

6.7 Statistical Comparative Analysis with Existing Methods

In this subsection, the presented simulation results (with optimal initial data choice Sy = 0.99999) is com-
pared with the existing methods, namely, Maximum Likelihood [25] (by fitting a lognormal distribution to

the data sets) and Kaplan-Meier [26] estimates. The simulation results are recored in Tables 30, 31, and 32.

Table 30: Comparison of survival function estimates for leukemia data set in Table 15

Maximum Kaplan-Meier-

Failure Time: Innovative Approach Modified LLGMM Likelihood type
T; S(Tj) Sjm; Method: Estimate
Snr(Ty) Srm(Ty)
0 0.99999 0.99999 1 1
1 0.9049 0.9049 0.9783 0.9048
2 0.8098 0.8098 0.8950 0.8095
3 0.7622 0.7622 0.7894 0.7619
4 0.6670 0.6670 0.6865 0.6667
) 0.5719 0.5719 0.5943 0.5714
8 0.3814 0.3814 0.3891 0.3810
11 0.2861 0.2861 0.2629 0.2857
12 0.1909 0.1909 0.2325 0.1905
15 0.1432 0.1432 0.1641 0.1429
17 0.0955 0.0955 0.1321 0.0952
22 0.0478 0.0478 0.0805 0.0476
23 0.0001 0.0001 0.0734 0.0000
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Table 31: Comparison of survival function estimates for ball bearings data set in Table 18

Maximum Kaplan-Meier-

Failure Time: Innovative Approach Modified LLGMM Likelihood type
T; S(Ty) S Method: Estimate
Snrr(Ty) Sxcnr (T)
0.00 0.99999 0.99999 1 1
17.88 0.9565 0.9565 0.9924 0.9565
28.92 0.9131 0.9131 0.9938 0.9130
33.00 0.8696 0.8696 0.8947 0.8696
41.52 0.8262 0.8262 0.7916 0.8261
42.12 0.7827 0.7827 0.7836 0.7826
45.60 0.7393 0.7393 0.7364 0.7391
48.40 0.6958 0.6958 0.6978 0.6975
51.84 0.6524 0.6524 0.6500 0.6522
51.96 0.6091 0.6091 0.6489 0.6087
54.12 0.5656 0.5656 0.6195 0.5652
55.56 0.5221 0.5221 0.6002 0.5217
67.80 0.4786 0.4786 0.4493 0.4783
68.64 0.3917 0.3917 0.4399 0.3913
68.88 0.3483 0.3483 0.4373 0.3478
84.12 0.3048 0.3048 0.2940 0.3043
93.12 0.2613 0.2613 0.2310 0.2609
98.64 0.2178 0.2178 0.1988 0.2174
105.12 0.1742 0.1742 0.1666 0.1739
105.84 0.1307 0.1307 0.1634 0.1304
127.92 0.0872 0.0872 0.0895 0.0870
128.04 0.0438 0.0438 0.0892 0.0435
173.40 0.0000 0.0000 0.0270 0.0000

Table 32: Comparison of survival function estimates for leukemia data set in Table 21

Maximum Kaplan-Meier-

Failure Time: Innovative Approach Modified LLGMM  Likelihood type
T; S’(Tj) Sj,mj Method: Estimate
Smr(Ty) Sk (Ty)
0 0.99999 0.99999 1 1
6 0.8572 0.8572 0.9228 0.8571
7 0.8069 0.8069 0.8978 0.8067
10 0.7554 0.7554 0.8184 0.7529
11 0.6974 0.6974 0.7920 0.6950
16 0.6363 0.6363 0.6684 0.6318
22 0.5650 0.5650 0.5456 0.5416
23 0.5505 0.5505 0.5278 0.4513
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6.8 Forecasting

In this section, we sketch an outline of a forecasting problem. An e-sub-optimal simulated value Sj-ym], at
time ij is used to define a forecast S]{ m, for Sj at a time ij .
Imitating the computational procedure outlined in Section 6.6, we find the estimate of the forecast S ]f y

at time T as follows:

Sl =8 = Nty 1,0, AT + 10,1 S

S
J,1 J—1,m;_1 J—1,m; 1

AW; (6.8.1)

where the estimates Aj 1,5, , and O'? are determined by using (6.6.5), respectively. We note that

71,1”7’7,]'71

ij,mj is the e-sub estimate for S; at time 7}.

To determine S7

L 2 . f . .
it 1m0 Ve need A and o7 ;. . The forecasted estimate 57 ;, = is used as the estimate of

At ti S ; st o 2 te \s . = :
S; at time T and also to estimate A; y, and o5 5, . Hence, we write Ajm; = Ag s 851,80y
)

j—7hj+17 77?Lj+27"')
Similarly, we write 62 . = o2 \ . Tofind S, . . we use the following estimates:
Y, Jy1j Sj,ﬁlj_*_l,ijﬁzj_'_z7.--,Sj717s.7').‘y7ﬁj Ry J+1,7;0 g
Nidlri, = A 5
I+l Sf—rhﬁ?’sf—mj+37"‘Sj*1’syf-,mj’Saj‘cﬂ,m;‘ﬂ’mﬁl
2 _ 2
ag; I =0 N .
JH1041 sj,mjJrz,sj,mj+3,.4.Sj,1,s;f’mj,s]f%mjﬂ,mj+1

Continuing this process in this manner, we use the estimates

A —1.%; = f f f N
JHn=1,14n-1 Sj—rnjtnsSi—mjrnt1rS5-1,57 5 550 1y~~sj+n,lymA LTS
J i+ i+
2 _ 2
g 1 =0 f f f . .
Jj+n—1m;4n_1 ijmj+”’sj*mj+"+17"'S-7_1’Sj,mj7Sj+1,7hj+1""Sj+n—1,1hj+1m-7+1

: f
to estimate SjJrn)mHn.

6.8.1 Prediction/Confidence Intervals

To be able to assess the future uncertainty, we now discuss the prediction/confidence interval. We define the

100(1—a)% confidence interval for the forecast of the state ng,mj at time 7 as ij,mj +21_0/205 10,1 ngfl,mj,l .

The 95% confidence interval for the forecast at time ij is given by

st

J,mj

(

7,1

~1.960; 1., ,S]

=11

+ 1.96034_177;%1SJJ.[_MLJ?]) : (6.8.2)

where the lower end denotes the lower bound of the state estimate and the upper end denotes the upper

bound of the state estimate.
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Figure 18.: Simulated and forecasted survival function estimates for Table 15
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Chapter 7

Conclusions and Future work

In the area of survival/reliability analysis, most of the research work is centered around the probabilistic
analysis approach. In general, a closed-form probability distribution is not feasible. The presented dynamic
modeling is more appropriate for complex and more diversified time-to-event processes. This alternative
approach does not require knowledge of either a closed-form probability distribution or a class of distribu-
tions. It does not require restrictive conditions on hazard rate functions. The time domain of a survival
function need not be positively infinite. The influence of human mobility, rapid electronic communication
devices, frequent technological changes, the rapidly growing knowledge, tools and procedures, advancements
in biological, engineering, medical, military, physical and social sciences have generated a greater influence
for the expansion of time-to-event processes beyond engineering and medical sciences. Naturally, these ideas
motivated to initiate, formulate and develop an innovative interconnected dynamic modeling approach for
generalized version of time-to-event processes under randomly varying environments in biological, chemical,
engineering, epidemiological, medical, multiple-markets and social dynamic processes through discrete-time
intervention processes under deterministic perturbations. The presented innovative alternative modeling
approach enhances our motivation to develop parameter and state estimation procedures. Moreover, the
parameter and state estimation approach is dynamic. The dynamic nature is more natural rather than
the existing static and single-shot approach. Moreover, it is a nonparametric approach. The dynamic ap-
proach adapts with current changes and updates the statistic process. This plays a very significant role in
parameter and state estimation problems in a systematic and unifying way. Recently developed LLGMM
approach is extended to the problems in the time-to-event dynamic processes in a systematic and unified
way. On the other hand, the MLE is centered on the parameter and state estimates using the entire data.
In addition, the LLGMM stabilizes the parameter and state estimation procedure with a finite and small
size data set. On the contrary, the MLE, does not have this flexibility. Intervention processes provide a
measure of influence of new tools/procedures/approaches in continuous-time states of time-to-event dynamic
process. In particular, it generates a measure of the degree of sustainability, survivability, reliability of the
system. This further leads to sustainable/unsustainable, survivable/failure, reliable/unreliable binary state
invariant sets. Moreover, intervention processes provide the comparison between the past and currently used
tools/procedures/approaches/attitudes/etc. In fact, the full force of the role and scope of our innovative
modeling approach for time-to-event processes is currently under investigation.

The procedures developed in this work provides insights, tips, and tools for undertaking similar tasks

in context of stochastic framework. In fact, it allows to have a time-varying covariate state influence on

143



the dynamic of a complex survival/reliability of systems. This is the basis for future work in modeling
time-to-event processes. Moreover, the parameter and state estimation approach is dynamic. The dynamic
nature rather than the existing algebraic approach plays a very significant role in state and parameter
estimation problems in a systematic and unifying way. In the future, we plan to introduce time dependent
covariates(external and internal) in the developed models and consider more complex time-to-event dynamic
studies. Furthermore, we also plan to extend the developed models and algorithms to include recurrent

events and competing risks events.
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Appendix A
Modified LLGMM Estimates Corresponding to Datasets in Tables 4 and 6
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Table 33: LLGMM Based Estimates using Sy = 0.985, 0.98900, 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 using using procedure outlined in
Subsection 4.7.2.

So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
t;,” m; o145, Sj_14,My 014, Stj_15,My  oj_14,My  Sj_15,My  0j_14,M  Sj_14,My 014, Sj_14,My  0j_14,M  Sj_15,My 0514, Sj_14,My
22.5 1 30.9600 0.9747 30.9600 0.9787 20.6400 0.9797 2.0640 0.9886 0.2064 0.9895 0.0206 0.9896 0.0021 0.9896
37.5 1 1.5998 0.9645 1.5998 0.9684 1.2865 0.9694 0.7224 0.9782 0.6660 0.9791 0.6603 0.9792 0.6598 0.9792
46.5 1 0.8013 0.9542 0.8013 0.9581 0.6909 0.9591 0.4921 0.9678 0.4722 0.9687 0.4702 0.9687 0.4700 0.9687
48.5 1 0.1831 0.9440 0.1831 0.9478 0.1637 0.9488 0.1289 0.9574 0.1254 0.9582 0.1250 0.9583 0.1250 0.9583
51.5 1 0.3189 0.9337 0.3189 0.9375 0.2916 0.9384 0.2426 0.9470 0.2377 0.9478 0.2372 0.9479 0.2371 0.9479
53.5 1 0.2343 0.9234 0.2343 0.9272 0.2176 0.9281 0.1874 0.9366 0.1844 0.9374 0.1841 0.9375 0.1841 0.9375
54.5 1 0.1288 0.9132 0.1288 0.9169 0.1209 0.9178 0.1067 0.9262 0.1053 0.9270 0.1052 0.9271 0.1051 0.9271
57.5 1 0.4254 0.9029 0.4254 0.9066 0.4026 0.9075 0.3618 0.9158 0.3577 0.9166 0.3573 0.9167 0.3572 0.9167
66.5 1 1.3372 0.8927 1.3372 0.8963 1.2741 0.8972 1.1605 0.9053 1.1491 0.9062 1.1480 0.9062 1.1478 0.9062
68.0 1 0.2107 0.8824 0.2107 0.8860 0.2018 0.8869 0.1858 0.8949 0.1842 0.8957 0.1840 0.8958 0.1840 0.8958
69.5 1 0.2231 0.8721 0.2231 0.8757 0.2146 0.8766 0.1993 0.8845 0.1978 0.8853 0.1976 0.8854 0.1976 0.8854
76.5 1 1.0947 0.8619 1.0947 0.8654 1.0568 0.8663 0.9885 0.8741 0.9817 0.8749 0.9810 0.8750 0.9810 0.8750
77.0 1 0.0758 0.8516 0.0758 0.8551 0.0734 0.8559 0.0691 0.8637 0.0687 0.8645 0.0686 0.8646 0.0686 0.8646
78.5 1 0.2399 0.8414 0.2399 0.8448 0.2329 0.8456 0.2204 0.8533 0.2191 0.8541 0.2190 0.8542 0.2190 0.8542
80.0 1 0.2486 0.8311 0.2486 0.8345 0.2419 0.8353 0.2298 0.8429 0.2286 0.8437 0.2285 0.8437 0.2285 0.8437
81.5 1 0.2565 0.8208 0.2565 0.8242 0.2501 0.8250 0.2386 0.8325 0.2374 0.8332 0.2373 0.8333 0.2373 0.8333
82.5 1 0.1759 0.8106 0.1759 0.8139 0.1718 0.8147 0.1644 0.8221 0.1637 0.8228 0.1636 0.8229 0.1636 0.8229
83.0 1 0.0907 0.8003 0.0907 0.8036 0.0887 0.8044 0.0852 0.8117 0.0848 0.8124 0.0848 0.8125 0.0848 0.8125
84.0 1 0.1877 0.7901 0.1877 0.7933 0.1838 0.7941 0.1770 0.8013 0.1763 0.8020 0.1762 0.8021 0.1762 0.8021
91.5 1 1.4434 0.7798 1.4434 0.7830 1.4158 0.7838 1.3662 0.7909 1.3612 0.7916 1.3607 0.7917 1.3607 0.7917
93.5 1 0.3658 0.7695 0.3658 0.7727 0.3592 0.7734 0.3474 0.7805 0.3462 0.7812 0.3461 0.7812 0.3461 0.7812
102.5 1 1.6638 0.7593 1.6638 0.7624 1.6356 0.7631 1.5849 0.7701 1.5798 0.7708 1.5793 0.7708 1.5792 0.7708
107.0 1 0.7821 0.7490 0.7821 0.7521 0.7696 0.7528 0.7470 0.7597 0.7448 0.7603 0.7445 0.7604 0.7445 0.7604
108.5 1 0.2569 0.7388 0.2569 0.7417 0.2530 0.7425 0.2460 0.7493 0.2453 0.7499 0.2452 0.7500 0.2452 0.7500
1125 1 0.6935 0.7285 0.6935 0.7314 0.6835 0.7322 0.6656 0.7388 0.6638 0.7395 0.6636 0.7396 0.6636 0.7396
1135 1 0.1714 0.7182 0.1714 0.7211 0.1690 0.7219 0.1648 0.7284 0.1644 0.7291 0.1644 0.7292 0.1644 0.7292
116.0 1 0.4344 0.7080 0.4344 0.7108 0.4288 0.7116 0.4187 0.7180 0.4177 0.7187 0.4176 0.7187 0.4176 0.7187
117.0 1 0.1737 0.6977 0.1737 0.7005 0.1716 0.7013 0.1677 0.7076 0.1673 0.7083 0.1673 0.7083 0.1673 0.7083
1185 1 0.2635 0.6874 0.2635 0.6902 0.2604 0.6909 0.2549 0.6972 0.2543 0.6978 0.2543 0.6979 0.2543 0.6979
119.0 1 0.0884 0.6772 0.0884 0.6799 0.0874 0.6806 0.0856 0.6868 0.0854 0.6874 0.0854 0.6875 0.0854 0.6875
120.0 1 0.1790 0.6669 0.1790 0.6696 0.1771 0.6703 0.1737 0.6764 0.1734 0.6770 0.1733 0.6771 0.1733 0.6771
1225 1 0.4510 0.6567 0.4510 0.6593 0.4465 0.6600 0.4382 0.6660 0.4374 0.6666 0.4373 0.6667 0.4373 0.6667
123.0 1 0.0897 0.6464 0.0897 0.6490 0.0888 0.6497 0.0872 0.6556 0.0871 0.6562 0.0871 0.6562 0.0871 0.6562
1275 1 0.8150 0.6361 0.8150 0.6387 0.8074 0.6394 0.7938 0.6452 0.7925 0.6458 0.7923 0.6458 0.7923 0.6458
131.0 1 0.6193 0.6259 0.6193 0.6284 0.6138 0.6291 0.6039 0.6348 0.6029 0.6354 0.6028 0.6354 0.6028 0.6354
1325 1 0.2613 0.6156 0.2613 0.6181 0.2591 0.6188 0.2551 0.6244 0.2547 0.6249 0.2547 0.6250 0.2547 0.6250
134.0 1 0.2611 0.6054 0.2611 0.6078 0.2590 0.6084 0.2551 0.6140 0.2548 0.6145 0.2547 0.6146 0.2547 0.6146
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Table 34: LLGMM Based Estimates using Sy = 0.985, 0.98900, 0.99000, 0.99900, 0.99990, 0.99999, 0.999999 using procedure outlined in Subsection

4.7.2

So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
t;,li m; o5 14,My  Sj_15,Mi o 15,My  Sj_15,M;  oj_15,M;  Sj_15,M;  oj_14,My  Sj_15,M;  0j_14,My  Sj_15,Mi  0j_15,M;  Sj_145,M; 0 15,M;  Sj_14,My

So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
tf,h» m;  oj_1i,my  Sj_14,Mi  0j_14,M;  Stj_15,My  0j—14,M  Sj_1i,My  0j_14,M  Sj_1i,Mi  0j_14,M;  Sj_15,M 0j—15,My Sj_14,My 014, Sj_14, My
6.0 1 3.7500 0.9653 2.7500 0.9692 2.5000 0.9702 0.2500 0.9790 0.0250 0.9799 0.0025 0.9800 0.0003 0.9800
14.0 1 4.5341 0.9554 4.0219 0.9593 3.8939 0.9603 2.7414 0.9690 2.6261 0.9699 2.6146 0.9700 2.6135 0.9700
44.0 1 9.2600 0.9456 8.4535 0.9494 8.2519 0.9504 6.4373 0.9590 6.2559 0.9599 6.2377 0.9600 6.2359 0.9600
62.0 1 2.1364 0.9357 1.9856 0.9396 1.9479 0.9405 1.6086 0.9490 1.5747 0.9499 1.5713 0.9500 1.5709 0.9500
89.0 1 2.6581 0.9259 2.5009 0.9297 2.4616 0.9306 2.1079 0.9391 2.0725 0.9399 2.0689 0.9400 2.0686 0.9400
98.0 1 0.7044 0.9160 0.6686 0.9198 0.6597 0.9207 0.5793 0.9291 0.5712 0.9299 0.5704 0.9300 0.5703 0.9300
104.0 1 0.4780 0.9062 0.4568 0.9099 0.4515 0.9108 0.4039 0.9191 0.3991 0.9199 0.3986 0.9200 0.3986 0.9200
107.0 1 0.2489 0.8963 0.2392 0.9000 0.2367 0.9009 0.2147 0.9091 0.2126 0.9099 0.2123 0.9100 0.2123 0.9100
114.0 1 0.6171 0.8865 0.5954 0.8901 0.5900 0.8910 0.5412 0.8991 0.5363 0.8999 0.5358 0.9000 0.5358 0.9000
123.0 1 0.8064 0.8766 0.7809 0.8802 0.7745 0.8811 0.7169 0.8891 0.7112 0.8899 0.7106 0.8900 0.7105 0.8900
128.0 1 0.4463 0.8668 0.4334 0.8703 0.4302 0.8712 0.4012 0.8791 0.3983 0.8799 0.3980 0.8800 0.3980 0.8800
148.0 1 1.8315 0.8569 1.7831 0.8604 1.7710 0.8613 1.6621 0.8691 1.6512 0.8699 1.6501 0.8700 1.6500 0.8700
182.0 1 2.8591 0.8471 2.7895 0.8505 2.7721 0.8514 2.6156 0.8591 2.6000 0.8599 2.5984 0.8600 2.5983 0.8600
187.0 1 0.3612 0.8372 0.3531 0.8407 0.3511 0.8415 0.3328 0.8491 0.3310 0.8499 0.3308 0.8500 0.3308 0.8500
189.0 1 0.1480 0.8274 0.1449 0.8308 0.1441 0.8316 0.1371 0.8392 0.1364 0.8399 0.1364 0.8400 0.1364 0.8400
274.0 1 3.2602 0.8077 3.1968 0.8110 3.1809 0.8118 3.0381 0.8192 3.0238 0.8199 3.0224 0.8200 3.0222 0.8200
302.0 1 1.6114 0.7978 1.5839 0.8011 1.5770 0.8019 1.5152 0.8092 1.5090 0.8099 1.5084 0.8100 1.5083 0.8100
363.0 1 3.3074 0.7880 3.2544 0.7912 3.2411 0.7920 3.1218 0.7992 3.1099 0.7999 3.1087 0.8000 3.1086 0.8000
374.0 1 0.5139 0.7781 0.5062 0.7813 0.5042 0.7821 0.4868 0.7892 0.4850 0.7899 0.4849 0.7900 0.4849 0.7900
451.0 1 3.6083 0.7683 3.5569 0.7714 3.5441 0.7722 3.4284 0.7792 3.4169 0.7799 3.4157 0.7800 3.4156 0.7800
461.0 1 0.4007 0.7584 0.3953 0.7615 0.3940 0.7623 0.3818 0.7692 0.3806 0.7699 0.3805 0.7700 0.3805 0.7700
492.0 1 1.2507 0.7486 1.2348 0.7516 1.2308 0.7524 1.1949 0.7592 1.1913 0.7599 1.1910 0.7600 1.1909 0.7600
538.0 1 1.7864 0.7387 1.7648 0.7418 1.7594 0.7425 1.7108 0.7492 1.7059 0.7499 1.7054 0.7500 1.7054 0.7500
774.0 1 8.5950 0.7289 8.4963 0.7319 8.4717 0.7326 8.2496 0.7393 8.2274 0.7399 8.2252 0.7400 8.2249 0.7400
841.0 1 1.7366 0.7190 1.7176 0.7220 1.7129 0.7227 1.6702 0.7293 1.6660 0.7299 1.6655 0.7300 1.6655 0.7300
936.0 1 2.3168 0.7092 2.2927 0.7121 2.2867 0.7128 2.2325 0.7193 2.2271 0.7199 2.2265 0.7200 2.2265 0.7200
1002.0 1 1.4764 0.6993 1.4617 0.7022 1.4581 0.7029 1.4252 0.7093 1.4219 0.7099 1.4216 0.7100 1.4215 0.7100
1011.0 1 0.1917 0.6895 0.1899 0.6923 0.1895 0.6930 0.1854 0.6993 0.1850 0.6999 0.1849 0.7000 0.1849 0.7000
1048.0 1 0.7954 0.6796 0.7883 0.6824 0.7865 0.6831 0.7703 0.6893 0.7687 0.6899 0.7686 0.6900 0.7685 0.6900
1054.0 1 0.1266 0.6698 0.1255 0.6725 0.1252 0.6732 0.1227 0.6793 0.1225 0.6799 0.1225 0.6800 0.1225 0.6800
1172.0 1 2.5138 0.6599 2.4931 0.6626 2.4879 0.6633 2.4413 0.6693 2.4366 0.6699 2.4362 0.6700 2.4361 0.6700
1205.0 1 0.6415 0.6501 0.6365 0.6527 0.6352 0.6534 0.6238 0.6593 0.6227 0.6599 0.6226 0.6600 0.6226 0.6600
1278.0 1 1.3990 0.6402 1.3885 0.6429 1.3858 0.6435 1.3621 0.6493 1.3597 0.6499 1.3595 0.6500 1.3594 0.6500
1401.0 1 2.2505 0.6304 2.2343 0.6330 2.2302 0.6336 2.1936 0.6394 2.1900 0.6399 2.1896 0.6400 2.1896 0.6400
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Table 34 — continued from previous page

So = 0.985 So = 0.98900 So = 0.99000 So = 0.99900 So = 0.9999 So = 0.99999 So = 0.999999
t;,li m;  oj_1q,My  Sj_14,My  0j_14,M;  Stj_15,My  oj_14,Mi  Sj_14,mMy 0514,y Sj_14,My 0j_15,M;  Sj_1i,My 014,y Sj_14,My 014, Sj_14,My
1497.0 1 1.6209 0.6205 1.6096 0.6231 1.6068 0.6237 1.5816 0.6294 1.5790 0.6299 1.5788 0.6300 1.5788 0.6300
1557.0 1 0.9581 0.6107 0.9518 0.6132 0.9502 0.6138 0.9359 0.6194 0.9344 0.6199 0.9343 0.6200 0.9343 0.6200
1577.0 1 0.3100 0.6008 0.3081 0.6033 0.3076 0.6039 0.3031 0.6094 0.3027 0.6099 0.3026 0.6100 0.3026 0.6100
1624.0 1 0.7257 0.5910 0.7212 0.5934 0.7201 0.5940 0.7101 0.5994 0.7091 0.5999 0.7090 0.6000 0.7090 0.6000
1669.0 1 0.6800 0.5811 0.6760 0.5835 0.6750 0.5841 0.6660 0.5894 0.6651 0.5899 0.6650 0.5900 0.6650 0.5900
1806.0 1 2.0285 0.5713 2.0171 0.5736 2.0142 0.5742 1.9885 0.5794 1.9859 0.5799 1.9857 0.5800 1.9856 0.5800
1874.0 6 0.9324 0.5614 0.9269 0.5637 0.9255 0.5643 0.9131 0.5694 0.9119 0.5699 0.9118 0.5699 0.9118 0.5699
1907.0 1 0.3682 0.5496 0.3663 0.5519 0.3658 0.5524 0.3615 0.5574 0.3611 0.5579 0.3610 0.5576 0.3610 0.5580
2012.0 19 1.1562 0.5378 1.1472 0.5400 1.1449 0.5405 1.1247 0.5454 1.1226 0.5458 0.1342 0.5580 1.1224 0.5459
2031.0 1 0.1398 0.5211 0.1392 0.5231 0.1390 0.5237 0.1376 0.5283 0.1374 0.5288 1.1224 0.5459 0.1374 0.5288
2065.0 1 0.2409 0.5037 0.2398 0.5057 0.2396 0.5062 0.2372 0.5107 0.2370 0.5112 0.2370 0.5112 0.2370 0.5112
2201.0 13 0.9086 0.4856 0.9031 0.4875 0.9017 0.4880 0.8894 0.4922 0.8881 0.4927 0.8880 0.4927 0.8880 0.4927
2421.0 1 0.6684 0.4482 0.6660 0.4500 0.6653 0.4504 0.6598 0.4544 0.6592 0.4548 0.6592 0.4548 0.6592 0.4548
2624.0 8 0.5512 0.4106 0.5488 0.4122 0.5481 0.4126 0.5426 0.4161 0.5420 0.3961 0.5420 0.4164 0.5420 0.4164
2710.0 2 0.2751 0.3818 0.2742 0.3832 0.2740 0.3836 0.2721 0.3868 0.2719 0.3871 0.2719 0.3871 0.2719 0.3872
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