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The current approach to estimate the depreciation in the utility of a piece of equipment is to use a single mortality survivor curve over its entire life cycle. This approach has been demonstrated to be inadequate as it has understated the true impact of technological obsolescence. Nowadays, there are so many devices whose utility is very sensitive to technological innovation. For these products, relying on the traditional historical mortality approach simply leads to a gross error in the estimation of life cycle values such as depreciation in their utility or their life cycle cost. This paper contains three distinctive parts. In the first part, the paper presents analogical derivations of various growth curves and the rationale which leads to the establishment of a statistical methodology for determining the retirement rate due to wear and tear, failure by accidents, and/or simply by age related deterioration. Another significant development presented in this first part is the derivation of the obsolescence chart for a given product. The paper goes on to describe a method to combine the impact of both traditional mortality influence and technological influence on the life cycle of the property. The second part of the paper is used to demonstrate the results of the proposed combined quantitative forecasting methodology via a case study which involves the substitution of mechanical memory devices by solid state (flash) memory devices. This paper discusses the importance of combining the effects of mortality and technological obsolescence when conducting an economic forecast.

Introduction

To determine the replacement cost of a device, the first thing that was considered was the likelihood of the a device's demise of them over time. To examine the likelihood of device demise, a historical mortality analysis (HMA) was conducted. To do a HMA, a time interval of interest is set up and the number of devices goes from one state (functional) to another (not functional) are counted within the interval of time.

Since the rise of computers in the 1970s, forecasters have begun to realize that machinery does not have to malfunction to lose its usefulness [?]. This concept is known as technological obsolescence. Devices suffer technological obsolescence when they lose their utility. Technological obsolescence can also come from expectations in the market. Until the introduction of the computer, and its fast evolution, technological obsolescence was not seen as a large problem because it was not common. HMA considers only when a device physically breaks down. With the increased presence of technological obsolescence, failure rates increase with the passage of time [?].

Development of Methodology

This section will be presented in three parts. The first part will show what a growth curve is and their parts. The second part will show how the growth curve will be used to examine the modes of failure of devices separately and together. The third and final part of this section will show a method of calculating the cost of failure with the use of engineering economics.

Overview of Growth Curves

The growth curve was originally used in the life sciences, but forecasters stated using them after noticing that market systems behaved like biological systems. The market is the ecosystem, the new technology is an invasive species of animal, and an older technology is a native species of animal that gets displaced as the new technology gains market share. Figure ?? shows an example of a common growth curve and its derivative with respect of time. When the a new technology is released into the market, growth is slow because of skeptics in the marketplace. Later, the new technology gains popularity as the new technology proves its superiority over the old technology. After some time, Ernst explained the new technology will mature and the research and development (R&D) expenditures will go from positive to negative in [?]. Ernest also advises against investing in technologies after this stage because improvements are only marginal [?]. After maturity, growth will slow down because the number of available customers shrinks. The new technology reaches maturity at the inflection point of the growth curve. As the market becomes saturated, the growth rate will go to zero. If the growth curve was being applied to device failure, all the devices will be broken at this point. 

Modes of Failure to Consider in Forecasting

The first mode of failure to be considered is called mortality. This occurs when a device meets its demise. Device mortality can be caused by normal wear and tear, accidents, or abuse. One can model the failure of a homogeneous group of devices with a single failure curve. The failure curve is used to model the number of failures that occur as a function of time. The failure survival curve is used to model the number of devices that did not fail (or survive) as time passes. The plot in Figure ?? made by Barreca in[?] shows an example of a mortality survival curve. To create the curve shown in Figure ??, the following two equations are used:

N m (t) = -κ m 1+e -αm(t-βm) + κ m (2.1)
f m (t) = ( N m (t) κ m )(100%) (2.2)
Equation (??) represents the number of devices that survive from mortality (N m (t)) as time (t) passes. The number of devices in the group of interest is κ m . The rate of mortality is α m and the inflection point of the curve is β m . An assumption is that the inflection point of the curve is half the lifespan of the group of devices if the interval of time studied is the lifespan of the group of devices, otherwise the inflection point is when maturity is expected. In Figrue ??, the inflection point is at the year 2015. Equation (??) represents the percent of devices that survive from mortality. The type of curve shown in Equation (??) is known as a logistics curve. κ m is a horizontal asymptote that bounds the curve from above. It is assumed that the number of devices in the group of interest does not exceed its maximum, κ m . If κ m cannot be determined, one or one hundred can used and the forecaster can focus on percentages.

In Figure ??, Barreca showed how to determine the retirement rate of devices at six years. Because Barreca saw the equation in his figure can be seen as an average, it can also be used to used to determine probabilities. The following equation is a more refined method of the one in Figure ??:

Pr m (t) = f m (t)-f m (t+1) f m (t) (2.3)
Equation (??) represents the probability of a device failing by mortality. To find out the probability of failure at given time, an estimate of the number of failed devices at the next period is needed.

The second mode of failure to consider is technological obsolescence. This mode of failure is often neglected. A device is considered to be technologically obsolescent if it fails to meet performance expectations. A device can be technologically obsolescent even if the device can function.

To examine how a group of devices fail by technological obsolescence, an obsolescence chart is used. This kind of analysis is called a substitution analysis. The purpose of a substitution analysis is to examine how a technology gets displaced from the market when a newer version enters the market. The Figure ?? from [?] is an example of an obsolescence chart. In nature, the obsolescence chart almost models the amansalism mode of relationship [?] and [?]. As the new technology and the old technology interact in the market, the old technology is negatively affected because it cannot perform as well as the new technology. In nature, an example of amansalism is smaller plants being shaded out by larger plants [?].

The methodology in this paper includes making obsolescence charts such as the one by Barreca in [?] the has three curves. The first curve is the market share of the new technology which is represented by Equation ??. The percent of the new technology's market share as time passes is f marknew (t). The rate of growth for the new technology is α mark and β mark is the inflection point of the new technology's curve for market share. An assumption is that a new technology will take half of the market share in half the time to market saturation. To determine the percent of market share lost by the old technology, flip Equation (??) over and use Equation (??).

f marknew (t) = 1 1+e -α mark (t-β mark ) (2.4)
f markold (t) = -1 1+e -α mark (t-β mark ) + 1 (2.5)
The market share of the old technology drives its obsolescence. If a technology is losing market share, its operators and/or vendors will want to upgrade to the new technology regardless of the state of the old technology. This is the third curve in the obsolescence chart. The concern here is whether or not a device becomes fully obsolescent before or after the all the market share is lost. This is shown as a shift of the market share curve. The shift can be made by multiplying α mark and β mark by factors a f and b f respectively as shown in Equations (??) and (??).

α tech = a f * α mark (2.6)
β tech = b f * β mark (2.7) f oldobsol (t) = -1 1+e -α tech (t-β tech ) + 1 (2.8)
Equation (??) represents the percent of old technology the survive technological obsolescence as time passes. Equation (??) is used to determine the probability of failure by obsolescence.

Pr obsolecence (t) = f oldobsol (t)-f oldobsol (t+1) f oldobsol (t)
(2.9) Equation (??) from [?] represents to combined probability of failure. The devices of the the old technology assumed to fail by mortality or obsolescence, not both at the same time.

Pr total (t) = Pr mortality (t) + ((1 -Pr mortality (t)) * Pr obsolescence (t))

(2.10) 

Associating a Cost To a Failure

An engineering economics approach is used for determining the cost of a failure. A common tool used in engineering economics is the cash flow diagram. A basic example is shown in Figure ??. All cost of activities of using a device over time such as operation and maintenance (O and M) and its failure are "compressed" into an amount called the present value (PV) to give all cash flows in a diagram equal merit.

Because some devices can be used for long lengths of time (years), one must consider the effects of inflation and market opinion. Inflation is the rise in prices. Inflation can be caused by increase in demand (demand pull inflation) or increase of price of inputs needed to manufacture products such as materials and labor (cost pull inflation). Figure ?? from [?] shows how the phenomenon such as inflation and market affect the value of money over time. The opposite of inflation is known as deflation. Equation ?? is used to determine the cost of failure at a given time. A is the acquisition cost, i in f lation is the inflation rate, and i interest interest rate of the market.

Cost f ailure = A * (1 + i in f lation ) t * (1 + i interest ) -t * Pr total
(2.11)

Case Study

The case study for this paper will be an extension of a study of computer hardware by Beach in [?] from a cloud computing service provided by the website blackblaze.com. The owner is BlackBlaze Inc. A constraint of this methodology is that it can only be used to examine the replacement of one group of technologies by another. The first part of this section will explain what the new technology is and the market that it is entering. The second part of this section will explain the group that is getting replaced. The third section will show the steps used to determine the probability of failure and is cost of the old technology.

New Technology of Concern and Market Bounds

The market of concern in this case study is the part involves data storage devices. The new technology group for this case is known as "flash" devices. These devices are solid state in nature meaning that they do not need moving parts to function. Examples of flash memory devices are USB (Universal Serial Bus) drives, the BIOS (Basic Input/Output System) chips in computers and memory cards.

Old Technology of Concern

The group of technologies that are being replaced are data storage devices that are mechanical in nature. Examples of devices in this group are floppy disks and the hard drive in Figure ?? from [?]. They typically work like record players. They have the data stored on a magnetic disk and is retrieved by an arm that moves across the disk as the disk spins. 

Application of Methodology

The first part of the case study will involve examining device mortality. The cloud computing service studied 25,000 hard drives that they purchased around the year 2009. Table ?? contains the percentage of the cloud computing provider's hard drives that survive as time passes. Fitting the survival curve from Table ?? into Equation ?? gives α m becoming 0.7045 and β m becoming approximately 5.79. Equation (??) represents the number of Blackblaze's hard drives that fail as time passes. The fit was good because the R 2 value was .9649. This means that all the hard drives are expected to fail around the year 2021 (12 years from the year 2009). Now, the obsolescence of Blackblaze's hard drives will be discussed. To do this, the market share of flash memory devices must be examined. Table ?? from [?] shows the market share of flash memory devices.

Fitting the curve in Table ?? with the Equation ?? makes α mark about 0.2047 and β mark about 17.3. The fit was good because the R 2 value was 0.9107. Equation (??) represents the market share of flash memory devices as time passes. Expected market saturation will happen in the year 2040 (50 years from the year 1990). Equation (??) represents the market share of mechanical memory devices as time passes.

f marknew (t) = 1 1+e -0.2047(t-17.3) (3.2)
f markold (t) = -1 1+e -0.2047(t-17.3) + 1 (3.3)
An assumption of the case study is that competition in cloud computing is high and Blackblaze Inc. will upgrade their servers whenever possible. Blackblaze Inc. will not wait till the market share of mechanical hard drives to diminish to purchase a flash memory device. This will make the obsolescence curve left of the market share curve. For now the values of a f and b f 2 and 0.8 respectively. Equation ?? represents the percent of Blackblaze's hard drives the survive obsolescence. Figures ?? and ?? contain the obsolescence chart and the plots for probability of different types of failure respectively. Year zero for these two plots in this case study is the year 1990. Looking at the year 2009 (year 19) of the obsolescence chart, one can determine that the hard drives are almost obsolescent. At this time, there is a 32.1% probability that a hard drives will fail. 

Conclusion

Because of technological obsolescence, operators of devices do not wait till a device meets its demise to removed from the market. If technological obsolescence is not considered in failure analyses, the cost associated with failures can be grossly miscalculated.

Overall, as time passes, the cost of failure increases. The area of concern for Blackblaze Inc. is the upper left of Figures ?? and ?? (when market interest rates is low and inflation is high). This occurs when the market is shrinking. This was likely in 2008 -2014. The area of with the best situation is the lower right corner (when market interest is high and money is experiencing deflation). Both plots appear symmetrical about the line from the upper left corner to the lower right corner.

This paper has explained how to combine the effects of failure by malfunction and changes in performance. Because some devices are kept for long periods of time, the life cycle cost model must consider the effects of inflation and market interest to estimate the cost of replacement.
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 1 Figure 1. A growth curve (bottom) and its derivative (top).
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 2 Figure 2. A mortality survival curve with retirement rate calculation [?].
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 3 Figure 3. An obsolescence chart example [?].
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 4 Figure 4. Cash flow diagram example.
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 5 Figure 5. Cash flow example showing effects of inflation and the market[?].
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 6 Figure 6. A computer hard drive with internal components exposed [?].

  Figure ?? shows the number of hard drives that survive mortality as time passes. Year zero is the year 2009.
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 7 Figure 7. Mortality survival curve for hard drives.
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 8 Figure 8. Obsolescence chart for hard drives.
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 9 Figure 9. Probability of loss by both modes of failure and the total probability.
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  Figures ?? and ?? show the plots for the cost of failure when the hard drives are five and ten years old respectively. It was assumed that the hard drives were $100 each. Overall, as time passes, the cost of failure increases. These plots were made with 2009 as the reference.
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 10 Figure 10. Plot for cost of failure in 2014.
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 11 Figure 11. Plot for cost of failure in 2019.

Table 1 .

 1 Hard drive survival rates [?].

	Year	Hard Drive Survival Rate (%)
	2009 (0)	98
	2010 (1)	95
	2011 (2)	93
	2012 (3)	90
	2014 (4)	77

Table 2 .

 2 Market share of flash memory devices [?].

	Year	Percent Total Memory Market
	1990 (0)	0.3
	1991 (1)	1
	1992 (2)	1.8
	1993 (3)	3
	1994 (4)	2.7
	1995 (5)	3.5
	1996 (6)	7.2
	1997 (7)	9.2
	1998 (8)	10.8
	1999 (9)	14.1
	2000 (10)	21.6
	2001 (11)	30.5
	2002 (12)	28.7
	2003 (13)	36.1
	2004 (14)	33.1
	2005 (15)	38.3
	2006 (16)	34.4