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Abstract. Reliability has always been an important concern in the de-
sign of engineering systems. Recently proposed formal reliability analysis
techniques have been able to overcome the accuracy limitations of tradi-
tional simulation based techniques but can only handle problems involv-
ing discrete random variables. In this paper, we extend the capabilities
of existing theorem proving based reliability analysis by formalizing sev-
eral important statistical properties of continuous random variables, for
example, the second moment and the variance. We also formalize com-
monly used reliability theory concepts of survival function and hazard
rate. With these extensions, it is now possible to formally reason about
important reliability measures associated with the life of a system, for
example, the probability of failure and the mean-time-to-failure of the
system operating in an uncertain and harsh environment, which is usu-
ally continuous in nature. We illustrate the modeling and verification
process with the help of an example involving the reliability analysis of
electronic system components.

1 Introduction

Tragedies such as the industrial accident in the union carbide pesticide plant in
Bhopal India [2], space shuttles Columbia and Challenger accidents [18], and the
high-speed train accident near the village of Eschede in Lower Saxony in Ger-
many [13] all highlight the importance of design reliability in various disciplines
of engineering. The reliability of a system is defined as the probability that it
will adequately perform its specified purpose for a specified period of time under
the specified environmental conditions [14]. The two most popular representa-
tions of the distribution of the lifetime of a system are the survival function and
the hazard function [14]. The survival function describes the probability that a
system is functioning at any time t, and the hazard function describes the failure
risk at a time t.

Traditionally, reliability analysis has been done using paper and pencil and
simulation based approaches. In engineering applications, the paper and pencil
approach very quickly becomes impractical because of the amount of detail in-
volved. Simulation based reliability analysis is popular because of the availability
of a number of automated tools. Unfortunately, the simulation based analysis
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is neither accurate not can it truly model random behavior. Computer simula-
tions rely on floating-point numbers representation of system parameters which
can lead to errors in reliability analysis and thus can have costly consequences.
Moreover, simulation based techniques use pseudo random number generators
for simulating the random behavior and require a large amount of computing
resources. Formal methods based techniques are 100% accurate and allow the
modeling and analysis of true random behavior and thus provide an alternative
approach for reliability analysis of the critical parts of a system.

In this paper, we build on the work of [10] and [11] and formalize important
definitions of the statistical properties of continuous random variables that play
an important role in reliability engineering. The work in [11] deals with discrete
random variables whereas the work in [10] only presents the formal verification
of expectation properties for continuous random variables. In this paper, we
verify a general expression for the second moment of positive continuous random
variables, that range over a positive unbounded interval [0,∞), hence suitable
for modeling lifetime behavior of engineering system components.

E[X2] = lim
n→∞

[
n2n−1∑

i=0

(
i

2n
)2P

{
i

2n
≤ X <

i + 1
2n

}
+ nP (X ≥ n)

]
(1)

where X is the random variable and P represents the probability measure. We
utilize this general expression to verify several important reliability analysis re-
lated statistical properties such as the second moment and variance of the ex-
ponential random variable.

The rest of the paper is organized as follows: Section 2 reviews related work.
Section 3 presents the formalization and verification of statistical properties of
continuous random variables. Section 4 describes the formalization of reliability
theory concepts of survival and hazard functions. For illustration purposes, Sec-
tion 5 presents the reliability analysis of a capacitor. Finally, Section 6 concludes
the paper.

2 Related Work

One of the earliest example of detailed reliability studies in engineering systems
dates back to 1938 [4]. In this study, factors for the improvement of service
reliability for electrical power systems were considered. In the field of electronics
the concepts of reliability were initially introduced after second world war to
improve the performance of communication and navigational systems [16].

In order to predict the reliability one must model the system and its con-
stituent components in such a way that captures the failure mechanisms. For
example in case of electronic systems a method called the part failure method
has been shown to be very accurate [5]. This method has been extensively used
by military engineers to predict useful life times of systems and to develop highly
reliable systems and equipments. This method is based on calculation of failure
rates of individual components that make up the system and then by using appro-
priate formulas transform it into the reliability of the whole system. Standards
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such as [6,7,17] are some of the examples which specify adequate performance re-
quirements and environmental conditions for reliability modeling, analysis, and
risk assessment.

In order to analyze systems formally in a theorem proving environment it is
important to have an infrastructure for reasoning about the underlying mathe-
matical concepts of probability and statistics. Until recently it was only possible
to reason about reliability problems that involved discrete random variable in
a theorem proving environment. Hurd [12] formalized a probability theory and
discrete random variables in the HOL theorem prover [8]. Building upon [12],
Hasan [9] formalized statistical properties of single and multiple discrete random
variables. Hasan [9] also formalized a class of continuous random variables for
which the inverse CDF functions can be expressed in a closed form. Hasan et.
al [11] presented higher-order-logic formalizations of some core reliability theory
concepts and successfully formalized and verified the conditions for almost al-
ways repairability for reconfigurable memory arrays in the presence of stuck-at
and coupling faults. In this paper, we build upon the higher-order-logic formal-
ization of [11], and formalize new representations of the lifetime distributions,
namely the survival and hazard functions, and statistical properties such as the
moments and variance of continuous random variables which was not possible in
the framework presented in [11]. In [10], Hasan et. al formalized expectation for
both bounded and unbounded continuous random variables in the HOL theorem
prover. Their work utilized the Lebesgue integration theory developed in [3] and
[15]. In this paper, we utilize the formalization of Borel sigma algebra of [15] and
several key Lebesgue integral properties of [3].

Other formal methods based techniques, such as probabilistic model checking,
can be used to analyze reliability, however, they do not have support for the
verification of statistical properties (moments and variance) of the commonly
used lifetime distributions [1,19]. The proposed reliability analysis approach on
the other hand is capable of handling both probabilistic and statistical reliability
properties.

3 Statistical Properties of Lifetime Distributions

In this section, we present the formalization of the definitions of several impor-
tant statistical properties of random variables in HOL. These statistical properties
summarize some of the most important aspects of the probability distribution of a
random variable. For example, the coefficients of skewness is a measure of symme-
try of the probability distribution of a random variable. Other formalized defini-
tions include the expectation of a function of a random variable, first, second and
n-th moments, variance, standard deviation, mean absolute deviation, and coeffi-
cients of variation and kurtosis of a random variable, as summarized in Table 1. In
these formalized definitions, rv is a random variable. m represents a probability
space defined as: m = (U , E , P), where U is a sample space, E is a set of events,
and P is the probability measure. The function expec represents the expectation
or the first moment of the random variable.
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Table 1. Statistical Properties and their HOL Formalizations

Property Definition HOL Formalization

expec. h(X) E[h(X)] � ∀m rv h. fun rv m rv h = expec m (λx. h (rv x))

first moment E[X]=μ � ∀m rv. first moment m rv = expec m (λx. rv x)

second � ∀m rv. second moment m rv =
moment E[X2]=μ2 expec m (λx. (rv x) pow 2)

Nth � ∀m rv N. nth moment m rv N =
moment E[XN ]=μN expec m (λx. (rv x) pow N)

variance � ∀m rv. variance m rv = expec m
σ2 (λx. ((rv x) - expec m rv) pow 2)

standard � ∀m rv. std dev m rv =
deviation σ sqrt(variance m rv)

coef. of � ∀m rv. coef of var m rv =
variation σ

μ
(std dev m rv)/(expec m rv)

mean abs. � ∀m rv. m abs dev m rv =
deviation E[|X − μ|] expec m (λx. abs((rv x) - expec m rv))

coef. � ∀m rv. skew m rv = expec m

of E[(X−μ
σ

)3] (λx. ((rv x) - expec m rv) pow 3)
skewness =α3 /((std dev m rv) pow 3)

coef. � ∀m rv. kurt m rv = expec m

of E[(X−μ
σ

)4] (λx. ((rv x) - expec m rv) pow 4)
kurtosis =α4 /((std dev m rv) pow 4)

3.1 Verification of Statistical Properties

The verification of the second moment relation for an unbounded continuous
random variable, given in Equation (1), is described in this section.

Definition 1: Second Moment of a Random Variable
� ∀ rv. second moment (U , E , P) rv =

∫
U rv2 dP

The function second moment accepts a probability space, (U , E , P), and a random
variable rv that maps infinite Boolean sequences to real numbers [9]. In Hurd’s
[12] formalization of the probability space (U , E , P), U represents the universal
set of all Boolean sequences.

Theorem 1 formally states the second moment relation for a positive valued
unbounded continuous random variable.

Theorem 1: Second Moment of an Unbounded Random Variable
� ∀ rv. (∀ s. 0 ≤ rv s) ∧ (∀ x. {s ∣∣ rv s ≥ x} ∈ E)

(∀ x y. x < y ⇒ {s ∣∣ x ≤ rv s < y} ∈ E) ⇒(
second moment (U , E , P) rv =

lim
n→∞

[∑n2n−1
i=0 ( i

2n
)2P

{
s

∣∣∣∣ i
2n

≤ rv s < i+1
2n

}
+ nP

{
s

∣∣∣∣ rv s ≥ n

}])
The first assumption in Theorem 1 states that the random variable rv is positive.
The second and third assumptions guarantee that the sets that arise in this
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verification are measurable events. The entire range of the unbounded random
variable is divided into two main intervals, namely [0, n) and [n,∞). The first
interval corresponds to [0, n2n−1] summation term, while the second term covers
the rest of the positive unbounded interval. It is assumed that the sequence (rvn)
is defined as:

rvn(x) =
∑n2n−1

i=0 ( i
2n

)I⎧⎨
⎩s

∣∣∣∣ i
2n
≤rv s< i+1

2n

⎫⎬
⎭

(x) + nI

{
s

∣∣∣∣ rv s ≥ n

}
(x)

where IA(x) is a real-valued function of a set A, such that: IA(x) = 1 if x ∈ A,
and IA(x) = 0 if x /∈ A.

In order to utilize any definition or property of Lebesgue integration theory
with the above theorem, we first needed to show that the triplet (U , E , P) is a
measure space with a positive measure. We verified these conditions based on
the corresponding theorems available in Hurd’s [12] formalization of the prob-
ability space (E , P) along with the definition of measure in [3] under the given
assumptions.

The convergence of a positive measurable function to the Lebesgue integral
property [3] and the Modus Ponens (MP) rule are then used to split the proof goal
of Theorem 1 into the following five subgoals. They correspond to the monotonic-
ity (equation 2) and positive simple-function requirement on rvn (equations 3,
4, and 5) and the three other assumptions (equation 6) described below [3]:

mono increasing

⎡
⎢⎢⎣
n2n−1∑
i=0

(
i

2n
)2I⎧⎨

⎩s

∣∣∣∣ i
2n
≤rv s< i+1

2n

⎫⎬
⎭

(x) + nI

{
s

∣∣∣∣ rv s ≥ n

}⎤⎥⎥⎦ (2)

⎡
⎢⎢⎣
n2n−1∑
i=0

(
i

2n
)2I⎧⎨

⎩s

∣∣∣∣ i
2n
≤rv s< i+1

2n

⎫⎬
⎭

(x) + nI

{
s

∣∣∣∣ rv s ≥ n

}⎤⎥⎥⎦ ≤ rv(x)2 (3)

lim
n→∞

⎡
⎢⎢⎣
n2n−1∑
i=0

(
i

2n
)2I⎧⎨

⎩s

∣∣∣∣ i
2n
≤rv s< i+1

2n

⎫⎬
⎭

(x) + nI

{
s

∣∣∣∣ rv s ≥ n

}⎤⎥⎥⎦ = rv(x)2 (4)

∃y. lim
n→∞

[
n2n−1∑
i=0

(
i

2n
)2P

{
s

∣∣∣∣ i

2n
≤ rv s <

i + 1

2n

}
+ nP

{
s

∣∣∣∣ rv s ≥ n

}]
= y

(5)(∀i.(i < 2n)⇒
{
s

∣∣∣∣ i
2n

≤ rv s < i+1
2n

}
∈ E) ∧(∀i.0 ≤ i

2n

)∧(FINITE{i|i < 2n})
(6)
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We verified the monotonically increasing property in the first subgoal based on
the following two facts. First, the indicator function in the subgoal only becomes
1 for only one interval or one particular value of i. Second, as the argument of the
sequence, i.e., n, increases the intervals become finer and the resulting value of
the sequence becomes larger and from the way rvn is defined, it is then possible
to show that rv2

n(x) ≤ rv2
n+1(x).

The second subgoal, which corresponds to the pre-conditions for the function
rvn to be a positive simple-function, consists of three subgoals. These three sub-
goals can be discharged based on the third assumption of Theorem 1, arithmetic
reasoning and set theory principles, respectively.

We consider two cases for the third subgoal. For the case when i < n2n, the
third subgoal is true as there is only one i, say i′, for which the real value of (rv x)
would fall in the interval [ i

2n , i+1
2n ) out of all n2n possible values for i. Thus the

indicator function would be 1 for this particular i only and 0 otherwise, which
means that the summation would be equal to ( i′

2n )2. Now, substituting this value
for the summation in the third subgoal along with the fact that rv x lies in the
interval [ i′

2n , i′+1
2n ) leads to its verification. Similar reasoning and properties of

rvn are used to discharge the case when i ≥ n2n.
The fourth subgoal is proved using the definition of limit of a real sequence,

the monotonicity of the given sequence and reasoning regarding the indicator
function similar to the previous subgoal. Finally, the real sequence in the fifth
subgoal can be verified to be pointwise convergent by verifying that it is mono-
tonic, just like the sequence in the first subgoal since the probability term will
only be non-zero for one particular value of i, either between 0 and n2n inter-
val or when i is greater than or equal to n2n. In both cases, it is shown that
rvn(x) ≤ rv(x) thus concluding the verification of Theorem 1.

3.2 Moments and Variance of Lifetime Distributions

In this section, we utilize Theorem 1 for the verification of the second moment
and variance properties of the exponential random variable. The second moment
for the continuous exponential random variable, is formalized as follows:

Theorem 2: Second Moment of the Exponential(m) Random Variable
� ∀ m. (0 < m) ⇒ (

second moment (U , E , P) (exp rv m) = 2
m2

)
We start the proof process by rewriting the left hand side using the general
second moment theorem for the unbounded random variables (Theorem 1).

lim
n→∞

∑n2n−1
i=0 ( i

2n
)2P

{
s

∣∣∣∣ i
2n

≤ (exp rv m) s < i+1
2n

}

+P

{
s

∣∣∣∣ n ≤ (exp rv m) s

}
= 2

m2

Then using set theory properties and the definition of CDF of the exponential
random variable, we show that
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P

{
s

∣∣∣∣ i
2n

≤ (exp rv m) s < i+1
2n

}
+ nP

{
s

∣∣∣∣ n ≤ (exp rv m) s

}
=
[
(e−m i

2n )(1− e−
m
2n ) + ne−mn

]
We then rewrite the left hand side of the subgoal with the above result and
arrive at the following subgoal.

lim
n→∞

[∑n2n−1
i=0 ( i

2n
)2(e−m i

2n )(1 − e−
m
2n ) + ne−mn

]
= 2

m2

In order to evaluate the limit terms, we first prove the following sum of a sequence
containing terms of type (i2Pi).

∑M−1
i=0(i

2Pi) = PM(M2P2−2M2P+M2−2MP2+2MP+P2+P)
(P−1)3 − P(P+1)

(P−1)3

We then specialize this result for the case when M = n2n and P = e
−m
2n as

follows:

∑n2n−1
i=0 i2(e−

m
2n )i = n222ne

−m
2n

(n2n)

(e−
m
2n −1)

− 2(n2n)(e
−m
2n

(n2n+1))

(e−
m
2n −1)2

+ (e
−m
2n

(n2n)−1)(e
−m
2n )(e

−m
2n +1)

(e−
m
2n −1)3

Using the above results and with a fair amount of rewriting effort together with
product and sum limit theorems, we arrive at the following subgoal.

lim
n→∞ [−n2e−mn] + lim

n→∞

[
− 2ne−mne

−m
2n

2n(1−e
−m
2n )

]
+ lim

n→∞

[
− (e−mn−1)(e

−m
2n )(e

−m
2n +1)

22n(1−e
−m
2n )2

]
+ lim

n→∞ [ne−mn] = 2
m2

We then show that the first and fourth terms on the left hand side of the
above subgoal approach zero as n tends to ∞, that is, lim

n→∞
[−n2e−mn

]
=

0 and lim
n→∞ [ne−mn] = 0.

The evaluation of the second and third limit terms required a lot of rewriting
effort in HOL, and the proof steps are explained in the following. First we prove
the following two limit expressions in HOL using L’hopital’s rule.

lim
x→0

[
xemx

1−e−mx

]
= lim

x→0

[
x(−memx)+emx

0−(−me−mx)

]
= 1

m
, and

lim
x→0

[
x

1−e−mx

]
= lim

x→0

[
1

0−(−me−mx)

]
= 1

m

Then we specialize the above two results for the case when x = 1
2n and show

that lim
n→∞

[
e
−m
2n

2n(1−e
−m
2n )

]
= 1

m
and lim

n→∞

[
1

2n(1−e
−m
2n )

]
= 1

m

Then using the sum and product limit theorem we rewrite the second and
third limit terms as follows:
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lim
n→∞

[
2ne−mn e

−m
2n

2n(1−e
−m
2n )

]
= (2)

(
lim
n→∞ [ne−mn]

)(
lim
n→∞

[
e
−m
2n

2n(1−e
−m
2n )

])
= (2)(0)( 1

m
) = 0

lim
n→∞

[
− (e−mn−1)(e

−m
2n )(e

−m
2n +1)

22n(1−e
−m
2n )2

]
=

lim
n→∞ [−(e−mn − 1)] lim

n→∞

[
e−mn

2n(1−e
−m
2n )

](
lim
n→∞

[
e−mn

2n(1−e
−m
2n )

]
+ lim

n→∞

[
1

2n(1−e
−m
2n )

])
=

( 1)( 1
m
)( 1

m
+ 1

m
) = 2

m2

Finally, we substitute these limits in the above subgoal and show that the left
hand side is equal to the right hand side thus completing the proof of the second
moment of the exponential random variable.

Theorem 3: Variance of the Exponential(m) Random Variable
� ∀ m. (0 < m) ⇒ (

variance (U , E , P) (exp rv m) = 1
m2

)
The verification steps for the variance of the exponential random variable involve
some rewriting using the definition of the variance and the expectation and the
second moment theorems. The resulting subgoal ( 2

m2 ) − ( 1
m )2 = 1

m2 is easily
shown to be true, based on arithmetic reasoning, thus completing the proof of
the variance of the exponential random variable.

4 Reliability Theory Formalization

In this section, we present the formalization of the concepts of survival and
hazard functions.

4.1 Survival Function

The survival function represents the probability that a component is functioning
at one particular time t and is formalized in HOL as follows:

Definition 2: Survival Function
� ∀rv. survival function = (λt. 1 - CDF rv t)

where CDF is the cumulative distribution function of random variable rv. Both
survival function and CDF in HOL are of type (((num → bool) → real) → real
→ real).

Theorem 4: Survival Function, Exponential(m) Random Variable
� ∀ m t. (0 < m) ∧ (0 ≤ t) ⇒

(survival function (λs. exp rv m s) t = (λs. e−ms) t)

Theorem 4 was verified using the definitions of survival function and CDF of
exponential random variable together with set theory properties. If T represents
the Time-to-Failure of an electronic system component, for example, then using
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Theorem 4, we can now formally reason about probabilities of failure events at
any time t i.e., P{T ≤ t}, or between any two times t1 and t2, i.e., P{t1 ≤ T ≤ t2}.

Besides Theorem 4, we also formally verified three important existence prop-
erties of the survival function in HOL:

Property 1: Survival function at time 0 is equal to 1
� ∀rv. (∀x. CDF in events bern rv x) ⇒

(survival function rv 0 = 1)

where the assumption of Property 1 ensures that events of the type {s|fs ≤ x},
which define the CDF, are in the sample space.

Property 2: Survival function approaches 0 for very large values of times
� ∀rv. (∀x. CDF in events bern rv x) ⇒

(λn. survival function rv ((λn. &n) n)) → 0

and

Property 3: Survival function is a non increasing function
� ∀rv a b. (a<b) ∧ (∀x. CDF in events bern rv x) ⇒

(survival function rv b ≤ survival function rv a)

4.2 Hazard Function

The hazard function or instantaneous failure rate is used to model the amount
of risk associated with a component at a given time t and is formalized in HOL
as follows:

Definition 3: Hazard Function
� ∀rv t. hazard function rv t = @l.

((λa. (survival function rv t - survival function rv (t + a))
/ ((a) (survival function rv t))) → l) 0

The HOL function hazard function takes as input a random variable rv and a
real value t and returns a real value l such that the incremental parameter a in
the above definition approaches zero.

Using the definitions of hazard function, survival function, and CDF of ex-
ponential random variable we formally verify that the hazard function of an
exponential random variable is a constant and is given by its parameter m.

Theorem 5: Hazard Function, Exponential(m) Random Variable
� ∀ m t. (0 < m) ∧ (0 ≤ t) ⇒

(hazard function (λs. exp rv m s) t = m)

The hazard function gives an indication of how a component ages. Its units are
usually given as the number of failures per unit time. A larger hazard function
suggests that the component is under greater risk of failure. Using Theorem 5,
we can now formally reason about the amount of failure risks associated with a
component when operating under certain stress conditions. The results presented
in this section are 100% accurate, completely general and exhaustive as opposed
to simulation based techniques where approximate numerical results are available
for a very restricted set of parameters.
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5 Reliability Analysis of a Capacitor

Capacitors are an essential component of many electrical systems ranging from
basic electronics used in medical devices to avionics used in aircrafts, artificial
satellites and space shuttles. Uninterruptable power supplies and inverters com-
monly used in renewable energy power systems contain capacitors for filtering
and smoothing of rectified power line voltages. Moreover, they are used in elec-
trical power transmission and distributions networks for power factor correction.
Their reliability is absolutely essential for correct behavior of electronics used in
safety critical systems and in efficient operation of electrical power systems.

Exponential distribution is the most appropriate distribution for modeling
the reliability behavior of a capacitor. The exponential probability distribution
parameter in reliability theory is sometimes also called the failure rate. Definition
4 gives the base failure rate for a capacitor [5].

Definition 4: Base Failure Rate, Capacitor
� ∀ A B VRop Ns Top NT G H.

res failure rate base A B VRop Ns Top NT G H =
(A) (real pow (real pow (VRop / Ns) H + 1) B)
(exp (real pow ((Top + 273) / NT) G))

where A is the adjustment and B is the shaping factor (specified in [5]), VRop is the
electrical stress ratio and is defined as the ratio of the operating to rated power.
Ns is a stress constant, Top is the operating temperature, NT is the temperature
constant, and G and H are called the acceleration constants (specified in [5]).
The HOL function real pow takes two real numbers as input and returns a real
number. The returned number is equal to the first argument raised to the power
of second argument of the function (i.e., real pow A b = Ab). exp represents the
exponential function. In the part failure method, the quality and environment
stress factors are used to adjust the base failure rate of a component according
to the operating environment and expected stress levels. The definitions of these
two factors are given in [5] and are formalized in HOL as follows.

Definition 5: Quality Stress Factor
� ∀ quality.

cap stress factor quality quality =
(if quality = 0 then 15 / 10 else
(if quality = 1 then 1 else
(if quality = 2 then 3 / 10 else
(if quality = 3 then 1 / 10 else 3 / 100))))

Definition 6: Environment Stress Factor
� ∀ environment.

cap stress factor environment environment =
(if environment = 0 then 1 else
(if environment = 1 then 1 else
(if environment = 2 then 2 else
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(if environment = 3 then 4 else
(if environment = 4 then 5 else
(if environment = 5 then 7 else
(if environment = 6 then 15 / 2 else
(if environment = 7 then 8 else 15))))))))

The HOL formalization of these stress factors accepts a natural number as input
and returns the corresponding stress value. The formalization of the capacitor
part failure rate, operating in a certain environment under certain electrical
stress levels, is given in Definition 7.

Definition 7: Part Failure Rate, Capacitor
� ∀ A B VRop Ns Top NT G H n m.

cap failure rate part A B VRop Ns Top NT G H n m =
(cap failure rate base A B VRop Ns Top NT G H )
(cap stress factor environment n) (cap stress factor quality m)

5.1 Capacitor Lifetime Model

The capacitor life time in HOL is modeled using a function that takes as input
the capacitor failure rate and returns a function of exponential random variable
of type ((num→bool)→real).

Definition 8: Capacitor Lifetime Model
� ∀ A B VRop Ns Top NT G H n m. cap lifetime model
cap failure rate part A B VRop Ns Top NT G H n m = (λs. exp rv
(cap failure rate part A B VRop Ns Top NT G H n m) s)

5.2 Verification of Reliability Properties

The survival and hazard functions and three important statistical properties of
capacitor life time are presented in this section.

Survival and Hazard Functions. Theorems 6 and 7 formally prove the sur-
vival and hazard function properties of the capacitor.

Theorem 6: Survival Function, Exponential Random Variable
� ∀ A B VRop Ns Top NT G H n m t.

(0 < t) ∧ (0 < A) ∧ (0 ≤ B) ∧ (0 ≤ G) ∧ (0 ≤ H) ∧
(0 < Ns) ∧ (0 < NT) ∧ (0 ≤ VRop) ∧ (VRop ≤ 1) ∧
(0 ≤ n) ∧ (0 ≤ m) ⇒ (survival function (λs.
exp rv (cap failure rate part A B VRop Ns Top NT G H n m) s) t
= exp(-(cap failure rate part A B VRop Ns Top NT G H n m) t))

All assumptions except for (0 < t) ensure that the capacitor part failure rate
(cap failure rate part A B VRop Ns Top NT G H n m) is a positive real number.
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Theorem 7: Hazard Rate, Exponential Random Variable
� ∀ A B VRop Ns Top NT G H n m t.

(0 < t) ∧ (0 < A) ∧ (0 ≤ B) ∧ (0 ≤ G) ∧ (0 ≤ H) ∧
(0 < Ns) ∧ (0 < NT) ∧ (0 ≤ VRop) ∧ (VRop ≤ 1) ∧
(0 ≤ n) ∧ (0 ≤ m) ⇒ (hazard function (λs.
exp rv (cap failure rate part A B VRop Ns Top NT G H n m) s) t
= cap failure rate part A B VRop Ns Top NT G H n m)

The proof of Theorem 7 involved rewriting with the definitions of survival and
hazard functions, part failure rate and the CDF of the exponential random
variable. The limit term is simplified using L’hopital’s rule.

Statistical Properties. We formally verified several statistical properties of
the capacitor lifetime using the proposed reliability analysis method in the HOL
theorem prover. Three of which are presented below, namely, the mean, the
second moment, and the variance of Time-to-Failure of the capacitor.

Theorem 8: Mean Time-to-Failure (MTTF), Exponential(m)
� ∀ A B VRop Ns Top NT G H n m t.

(0 < t) ∧ (0 < A) ∧ (0 ≤ B) ∧ (0 ≤ G) ∧ (0 ≤ H) ∧
(0 < Ns) ∧ (0 < NT) ∧ (0 ≤ VRop) ∧ (VRop ≤ 1) ∧
(0 ≤ n) ∧ (0 ≤ m) ⇒ mttf (U , E , P) (λs.
exp rv (cap failure rate part A B VRop Ns Top NT G H n m) s) =

1
(cap failure rate partABV RopNsTopNTGHnm)

Theorem 9: Second Moment of Time-to-Failure, Exponential(m)
� ∀ A B VRop Ns Top NT G H n m t.

(0 < t) ∧ (0 < A) ∧ (0 ≤ B) ∧ (0 ≤ G) ∧ (0 ≤ H) ∧
(0 < Ns) ∧ (0 < NT) ∧ (0 ≤ VRop) ∧ (VRop ≤ 1) ∧
(0 ≤ n) ∧ (0 ≤ m) ⇒ second moment (U , E , P) (λs.
exp rv (cap failure rate part A B VRop Ns Top NT G H n m) s) =

2
(cap failure rate partABV RopNsTopNTGHnm)2

Theorem 10: Variance of Time-to-Failure, Exponential(m)
� ∀ A B VRop Ns Top NT G H n m t.

(0 < t) ∧ (0 < A) ∧ (0 ≤ B) ∧ (0 ≤ G) ∧ (0 ≤ H) ∧
(0 < Ns) ∧ (0 < NT) ∧ (0 ≤ VRop) ∧ (VRop ≤ 1) ∧
(0 ≤ n) ∧ (0 ≤ m) ⇒ variance (U , E , P) (λs.
exp rv (cap failure rate part A B VRop Ns Top NT G H n m) s) =

1
(cap failure rate partABV RopNsTopNTGHnm)2

The proofs of the above statistical properties were greatly facilitated by corre-
sponding exponential random variable statistical properties, described in Sec-
tion 3. It is important to note that the reliability analysis results proved in this
section are completely generic expressions rather than numerical values as is the
case in simulation based techniques. Moreover these results are 100% accurate
as we are dealing with real numbers rather than floating point numbers as is the
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case in simulation based techniques. Such analysis was not previously possible
in a theorem proving environment and we believe it to be a major step forward
in the direction of the formal reliability analysis of engineering systems.

6 Conclusions

In this paper, we presented an approach for the reliability analysis of engineer-
ing systems in the sound environment of the HOL theorem prover. The ap-
proach builds upon existing formalizations of continuous random variables. We
presented the formalization of two commonly used lifetime distribution repre-
sentations, namely the survival and hazard functions. We also presented the for-
malizations of several important statistical properties of random variables and
the formal proof of a general expression for the second moment of a continuous
random variable using probability, measure and Lebesgue integration theories.
We then used this expression to prove the second moment and variance relations
for the exponential random variable. The usefulness of the proposed reliability
analysis method was demonstrated with the help of reliability analysis of a ca-
pacitor, an essential building block in electrical and electronic systems. The HOL
formalization and proof effort described in this paper took approximately 110
man-hours and consists of around 4000 lines of HOL code.

We are currently working on the formalization of other lifetime probability
distributions such as Weibull and Gamma distributions to further enhance the
proposed reliability analysis approach. The proposed method at this time allows
one to define arbitrary lifetime distributions as long as a closed form expression
for its CDF inverse exists, which makes it suitable for a large set of reliability
analysis problems in engineering. We also plan to conduct the reliability analysis
of multi component systems with and without redundancy.

References

1. Baier, C., Haverkort, B., Hermanns, H., Katoen, J.P.: Model Checking Algorithms
for Continuous time Markov Chains. IEEE Transactions on Software Engineer-
ing 29(4), 524–541 (2003)

2. Broughton, E.: The Bhopal Disaster and its Aftermath: A Review. Environmental
Health 4(6), 1–6 (2005)

3. Coble, A.: Anonymity, Information and Machine-assisted Proof. PhD Thesis, Uni-
versity of Cambridge, Cambridge, UK (2009)

4. Dean, S.M.: Considerations involved in making system investments for improved
service reliability. EEI Bulletin (6), 491–496 (1938)

5. U. S. Department of Defence. Reliability Prediction of Electronic Equipment, Mil-
itary handbook, MIL-HDBK-217B (1974)

6. U. S. Department of Defense. Reliability-Centered Maintenance (RCM) Require-
ments for Naval Aircraft, Weapon Systems, and Support Equipment, MIL-HDBK-
2173 (1998)

7. FIDES. Reliability Methodology for Electronic Systems (2009)



Formal Lifetime Reliability Analysis 97

8. Gordon, M.J.C., Melham, T.F.: Introduction to HOL: A Theorem Proving Envi-
ronment for Higher-Order Logic. Cambridge University Press, Cambridge (1993)

9. Hasan, O.: Formal Probabilistic Analysis using Theorem Proving. PhD Thesis,
Concordia University, Montreal, QC, Canada (2008)

10. Hasan, O., Abbasi, N., Akbarpour, B., Tahar, S., Akbarpour, R.: Formal Reasoning
about Expectation Properties for Continuous Random Variables. In: Cavalcanti,
A., Dams, D.R. (eds.) FM 2009. LNCS, vol. 5850, pp. 435–450. Springer, Heidelberg
(2009)

11. Hasan, O., Tahar, S., Abbasi, N.: Formal Reliability Analysis using Theorem Prov-
ing. IEEE Transactions on Computers 59(5), 579–592 (2010)

12. Hurd, J.: Formal Verification of Probabilistic Algorithms. PhD Thesis, University
of Cambridge, Cambridge, UK (2002)

13. Investigative Documentary on National Geographic Channel. Derailment at
Eschede (High Speed Train Wreck), Seconds From Disaster (2007)

14. Leemis, L.M.: Reliability, Probabilistic Models and Statistical Methods (2009)
15. Mhamdi, T., Hasan, O., Tahar, S.: On the Formalization of the Lebesgue Inte-

gration Theory in HOL. In: Interactive Theorem Proving. LNCS, vol. 6172, pp.
387–402. Springer, Heidelberg (2010)

16. Myers, R.H., Ball, L.W.: Reliability Engineering for Electronic Systems. Wiley,
Chichester (1964)

17. Institute of Electrical and Electronics Engineers. IEEE Standard Reliability Pro-
gram for the Development and Production of Electronic Systems and Equipment,
IEEE 1332 (1998)

18. Rogers Commission report, Report of the Presidential Commission on the Space
Shuttle Challenger Accident, vol. 1, ch.4. p. 72 (1986),
http://history.nasa.gov/rogersrep/v1ch4.htm

19. Rutten, J., Kwaiatkowska, M., Normal, G., Parker, D.: Mathematical Techniques
for Analyzing Concurrent and Probabilisitc Systems. CRM Monograph Series,
vol. 23. American Mathematical Society, Providence (2004)

http://history.nasa.gov/rogersrep/v1ch4.htm

	Formal Lifetime Reliability Analysis Using Continuous Random Variables
	Introduction
	Related Work
	Statistical Properties of Lifetime Distributions
	Verification of Statistical Properties
	Moments and Variance of Lifetime Distributions

	Reliability Theory Formalization
	Survival Function
	Hazard Function

	Reliability Analysis of a Capacitor
	Capacitor Lifetime Model
	Verification of Reliability Properties

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




