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NASA and U. S. Department of Defense technology readiness level scales are in widespread use and provide inputs
for a variety of systems engineering and project management functions. The common nine-level technology readiness
level scales have ordinal coefficients that both limit their usefulness and introduce errors if mathematical operations
are performed on the technology readiness level scale values (e.g., averaging). The analytic hierarchy process was
used to estimate cardinal technology readiness level scale values. The average of the deviations between the ordinal
coefficients (one through nine) and the analytic-hierarchy-process-estimated cardinal coefficients was 166 %. A high-
quality curve fit of the analytic-hierarchy-process-estimated coefficients was also developed (statistical coefficient of
determination equal to 0.997), which permits the generation of noninteger technology readiness level values for use in

mathematical operations.

Nomenclature
R?> = statistical coefficient of determination
t value (tests the hypothesis that the specified regression

coefficient is zero)

~
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Introduction

HE purpose of this paper is to 1) present the technology

readiness level (TRL) scale commonly used to evaluate
hardware maturity on a variety of aerospace and nonaerospace
applications, 2) discuss the fact that the TRL scale is ordinal and that
common mathematical operations cannot be performed on the scale
values, 3) provide a methodology to calibrate the scale coefficients to
yield cardinal estimates for each TRL value, 4) provide the estimated
TRL cardinal coefficients, 5) present the differences between the
ordinal and resulting coefficients, 6) provide a curve fit of the
cardinal coefficients to permit TRL estimates for fractional values
(1 < TRL < 9), and 7) discuss limitations of the cardinal estimation
methodology and the resulting coefficients. Of these seven items, all
but the first represent new work that advances the state of the art and
can be applied to a wide variety of both aerospace and nonaerospace
programs.

“Technology readiness levels are a systematic metric/measure-
ment system that supports assessments of the maturity of a particular
technology and the consistent comparison of maturity between
different types of technology.”t TRLs have a wide variety of uses in
aerospace systems engineering and project management, including
permitting technology maturation tracking; helping to balance cost,
performance, and schedule; and risk management (via the use of a
condensed, reversed scale to represent the technology maturity
component of probability of occurrence).

Scales involving TRLs or similar proxies for hardware maturity
were developed and used by the U. S. Department of Defense (DOD)
and NASA in the 1980s but more widely used following
dissemination of John C. Mankins’s 1995 paper.” Mankins’s TRL
definitions are given in Table 1.

TRL definitions have been applied and tailored to a variety of
industries beyond NASA and uses other than hardware technology
[1-3]. However, the basic idea associated with these other
applications and uses remains the same as in Mankins’s TRL
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scale.” For example, the DOD TRL scale definitions [3] are
essentially the same as Mankins’s NASA definitions,’ with identical
definitions for levels 1 through 6 and only minor definition wording
changes for levels 7 through 9. The DOD TRL scale definitions are
given in Table 2.

Avariety of different scale types exist, including nominal, interval,
ordinal, calibrated ordinal, estimative probability, and ratio [4-7].
Ordinal scales, as the name suggests, have levels that are monotonic
and rank ordered and coefficient values that are only placeholders for
the true cardinal values. Consider a three-level maturity scale with
coefficients 1, 2, and 3. Here, the maturity of level2 > levell, the
maturity of level3 > levell, and the maturity of level3 > level2. In
this case, the scale is entirely nondecreasing. However, because
coefficients 1, 2, and 3 are only placeholders, we can just as easily
substitute coefficients A, B, and C, where C > B and B > A. (In fact,
this representation is often preferable to using numbers to preclude
people from performing mathematics on the resulting values.)
Ordinal scales that have been calibrated using an additive utility
function (as done with the TRL scale in this paper) are termed
calibrated ordinal scales. Such scales are ratio scales of relative
magnitudes [8]. However, the zero point associated with the resulting
scale may not be meaningful if it 1) falls outside of the range of
derived scale coefficients and 2) does not have physical significance.
Mathematical operations between calibrated ordinal scale
coefficients are generally possible, so long as it is recognized that
the individual coefficients only have relative magnitudes, and the
zero point may lack physical meaning (e.g., in contrast to the Kelvin
and Rankine ratio temperature scales, where the zero point does have
physical meaning).

The TRL scale (Tables 1 and 2) is a nine-level ordinal maturity
scale related to hardware technology. The scale level values are
inverted versus probability of occurrence ordinal scales commonly
used in performing a risk analysis. For example, with a five-level
ordinal probability maturity scale, the least mature level = 5, and the
most mature level = 1. This is the opposite ordering of a TRL scale.

As previously mentioned, the ordinal TRL coefficients are only
placeholders for the true cardinal coefficients, the scale levels are
only rank ordered, and the interval values between scale levels are
both potentially different and unknown. It is interesting to note that
Mankins' never claimed that the TRL scale level values were cardinal
nor that mathematical operations could be performed on the results.
For example, an item rated as TRL = § [actual system completed and
flight qualified through test and demonstration (ground or space)] is
likely much more than twice as mature as another item rated as
TRL = 4 (component and/or breadboard validation in laboratory
environment). In addition, mathematical operations should never be

John C. Mankins, “Technology Readiness Levels,” NASA Office of Space
Access and Technology White Paper, April 1995; data available at
www.hg.nasa.gov/office/codeqg/trl/trl.pdf [retrieved 2009].
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Table 1 NASA TRL values and corresponding definitions

TRL value

Definition

O 001NN AWK —

Basic principles observed and reported

Technology concept and/or application formulated

Analytical and experimental critical function and/or characteristic proof of concept

Component and/or breadboard validation in laboratory environment

Component and/or breadboard validation in relevant environment

System/subsystem model or prototype demonstration in a relevant environment (ground or space)
System prototype demonstration in a space environment

Actual system completed and flight qualified through test and demonstration (ground or space)
Actual system flight proven through successful mission operations

Table 2 DOD TRL values and corresponding definitions [3]

TRL Value

Definition

NelNe BN e U R N O R S

Basic principles observed and reported

Technology concept and/or application formulated

Analytical and experimental critical function and/or characteristic proof of concept
Component and/or breadboard validation in laboratory environment

Component and/or breadboard validation in relevant environment
System/subsystem model or prototype demonstration in a relevant environment
System prototype demonstration in an operational environment

Actual system completed and qualified through test and demonstration

Actual system proven through successful mission operations

performed on results obtained from ordinal scales, because very large
errors can result [7]. (Irrefutable examples with errors of 600% or
more between ordinal and cardinal scale coefficients can readily be
generated; see [7], p. 262.) While the practice of performing
mathematical operations on results from ordinal scales was
widespread in the DOD and its contractors in the 1980s and 1990s,
this erroneous practice was greatly curtailed by the late 1990s as a
result of language included in the Risk Management Guide for DOD
Acquisition [9] and other sources [6,10,11].

Attempts have been made to relate ordinal TRL values to potential
risk, specifically cost growth and/or schedule slippage, in aerospace
programs [12—18]. However, most of these discussions are subjective
and provide only anecdotal information. Note that values derived
from a TRL or similar scale are only related to a portion of the
probability of the occurrence risk term and have nothing whatsoever
to do with the consequence of occurrence risk term. Hence, TRL
estimates will only be weakly correlated with risk. A simple
illustration of this point follows.

The U. S. Government Accountability Office (GAO) attempted to
relate TRL values to cost growth and schedule slippage. In the case of
a commercial satellite solar array used on the HS 702 (later, the
BS 702, when a portion of Hughes Space and Communications
Company was sold to The Boeing Company), the GAO stated in
July 1999 that the solar array was at TRL = 6 when launched, and
that zero product development cost growth and schedule slippage
existed [19]. However, following satellite launches in late 1999,
2000, and 2001, six satellites that included this solar array design
rather rapidly and unexpectedly experienced problems associated
with reduced onorbit power: so much so that insurance claims were
filed for the six spacecraft totaling $1.04 billion.# An inherent solar
array design flaw led to a higher than expected outgassing of the solar
cells, fogging of the solar array concentrator mirrors, reduced
available power, and diminished satellite operational capability.
While ground tests were performed on the arrays before launch, the
tests did not identify the potential outgassing problem. The resulting
cost and reputation impact of this design flaw was considerable;
clearly, the technology was not as mature as had originally been
estimated. (Even if the TRL value was correctly estimated, the risk
level was effectively much higher than anticipated.) Incredibly, in a
May 2007 presentation [20], the GAO still touted that the same

“Data available at http://www.Ir.tudelft.nl/live/pagina.jsp?id=ed766dad-
dc20-44b8-9153-c89014139d0b&amp;lang=en [retrieved 2010].

commercial satellite solar array with TRL = 6 had zero product
development cost growth and schedule slippage five or more years
after onorbit problems had been observed, more than a billion dollars
in insurance claims had been filed, and redesigns had been
performed. In a communication from Frost and Sullivan in
August 2004, it was stated,” “The disastrous introduction of the
BS 702 serves as an example that there is considerable risk and no
guarantees in being among the first to use a new satellite.”

A quantitative analysis of TRL value versus schedule change (SC)
was performed using a data set developed by Lee and Thomas [21].
Lee and Thomas estimated a cost-weighted TRL (WTRL) by taking
the TRL of each available component and multiplying it by the
component percent cost (component cost versus total program cost).
The resulting sample contained WTRL, cost, and schedule-related
information for 28 NASA space programs [21].

The SC was estimated from the initial schedule duration estimate
(IDE, years) and the final total schedule duration (FTD, years) data as

SC = (FTD/IDE) )

The author determined that a weak relationship existed when the
WTRL was regressed against the SC with R? ~ 0.26 for several
different equation forms (e.g., linear, modified exponential, and
decay) that were curve fit to the full 28-program sample. Thus, only
about one quarter of the variance in the dependent variable (SC) can
be explained by the regression equation; the other three quarters is
unexplained. (This falls to only about one fifth of the variance being
explained in the dependent variable when the regression results are
adjusted for degrees of freedom.) (Note that if the percent change in
final versus initial schedule durations is regressed against the WRTL,
the resulting R? values are effectively the same for each equation
form as those estimated using the SC.) These results show that
schedule slippage is primarily related (74 + % of the total variance)
to factors other than the hardware development TRL value, and they
are likely related to a number of other items that are not accounted for.
Such factors may include, at a minimum, the following: 1) that the
WTRL data are weighted by a cost fraction: this is unrelated to the
technical and schedule dimensions and introduces another level of
uncertainty into the data subsequently used in regressions between
the WTRL and schedule slippage; 2) other maturity-related
components outside of hardware technology (e.g., design, integra-
tion, manufacturing, and software systems); 3) trades made between
cost, performance, schedule, and risk that affect buyer and seller
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utility (e.g., preferences) but are not solely accounted for by the
hardware TRL; and 4) the TRL scale values are ordinal, not cardinal,
which may introduce an error when the WTRL is estimated and
subsequently regressed.

In addition, the WTRL is estimated at the authority to proceed,
which is when the project development contract was let.8 However,
the SCis a measure of the SC between the final, realized development
schedule and the initial estimated schedule (which corresponds to
IDE). Hence, SC contains two points in time, while WTRL is
measured only at development initiation. The TRL for an item will
change during the course of the program, both due to changes in
maturity as well as refinements in the estimate of the TRL value.
While the former cause will tend to increase the TRL value, the latter
cause may increase or decrease the TRL value, depending upon the
information and the state of the world. For example, in the
commercial satellite solar array case, the actual TRL value (not
the one reported by the GAO) was effectively lower (poorer) than the
reported value. Here, the state of the world did not change, but the
onorbit degradations revealed weaknesses in how the technology
was implemented into the design that were not visible during ground-
based testing. [Attempting to relate TRL values to schedule slippage
does not take into account that programs are often started with an
insufficient budget and/or schedule in order to meet the required level
of performance or the potential changes in cost, performance, and
schedule (and the reason for these changes) that occur during the
course of the development program.]

The remainder of this paper provides five unique results. First, an
approach that calibrates the TRL ordinal scale coefficients given in
Tables 1 and 2, using the analytic hierarchy process (AHP), which
uses an additive utility function [8] is given. The calibrated TRL scale
coefficients are cardinal, and limited mathematical operations can be
performed on them. Second, the resulting cardinal calibration
coefficients for TRL values one through nine are provided: the results
obtained are identical for both the DOD and NASA TRL scales.
Third, the percent deviations between the ordinal and cardinal
coefficients associated with TRL scale values one through nine are
provided. These deviations are substantial. For example, using the
calibrated coefficients, TRL = 8 is approximately six times more
mature than TRL = 4 rather than a factor of two from simply and
incorrectly taking the ratio of the ordinal (uncalibrated) scale
coefficients (8/4 = 2). Fourth, a high-quality curve fit is presented
for the nine calibrated TRL scale coefficients. This curve fit permits
estimates to be made for noninteger TRL values, so long as the
estimates are performed in the obvious, valid range (1 < TRL < 9).
Fifth, the limitations of the resulting methodology used to calibrate
the TRL coefficients and the coefficients themselves are discussed.
The previously mentioned methodology used to generate results will
be discussed, and it can be applied to TRL-like maturity scales other
than the hardware technology scales evaluated in Tables 1 and 2.

Analytic Hierarchy Process Methodology
and Implementation

TRL scales are ordinal with increasing maturity relative to the
level number. For example, TRL = 9 is more mature than TRL = 8,
TRL = 4 is more mature than TRL = 3, TRL = 2 is more mature
than TRL = 1, and so on. The AHP was used to estimate the cardinal
coefficient value for each ordinal TRL scale value. While this
approach has been used to calibrate risk analysis probability of
occurrence and consequence of occurrence scales for the past
16 years on a variety of programs, the application and results
presented in this paper are the first known use of AHP (or related
methodologies) to estimate calibrated TRL scale coefficients.

The relative magnitude scale values are estimated by expert
opinion (e.g., knowledge and experience) making paired compar-
isons [8] in terms of how much more mature (ready) TRL scale level
nisthan TRL scalelevel n — 1, and so on. Forexample, if TRL = 91is
judged to be twice as mature (or ready) as TRL = 8, then the pairwise

SDale Thomas, NASA Marshall Space Flight Center, personal
communication, July 2009.

comparison value for these two scale increments is equal to 2.0. For
TRL =9, there are eight pairwise comparisons made (TRL =9
versus TRL = 8 through TRL =9 versus TRL = 1). Similarly,
seven pairwise comparisons are made for TRL = 8 (TRL = 8 versus
TRL = 7 through TRL =8 versus TRL = 1), and one pairwise
comparison is made for TRL =2 (TRL =2 versus TRL = 1).
Hence, the total number of pairwise comparisons that have to be
made for the TRL scale are the sum of

8+7+6+5+44+34+24+1=36

The pairwise comparisons are used to populate a square matrix
containing an equal number of rows and columns. Thus, in the nine-
level TRL scale case, the matrix has 81 entries [36 entries in the upper
triangle, 9 diagonal entries that are self comparisons (for which the
values are 1.0, e.g., TRL = 9 versus TRL = 9), and 36 entries in the
lower triangle]. The numbers in this matrix represent the maturity
dominance of the criterion in the column heading (individual scale
levels, such as TRL = 9) over the criterion in the row heading (again,
individual scale levels; e.g., TRL = 5); see [8], p. 13. “Because a
relative ratio scale is used, the matrix is reciprocal which means that
the numbers, which are symmetric with respect to the diagonal, are
inverses of one another, a;; = 1/a;;.” (For example, if TRL =9 is
deemed to be twice as mature as TRL = 8, then the TRL = 8 is half
as mature as TRL = 9.)

In general, n(n — 1)/2 pairwise comparisons (or n items taken
two at a time, nC2) are needed if n is the number of elements being
compared above the diagonal populated with values of 1.0; see [8],
p. 14. (Thus, with nine TRL scale levels, 9 x 8/2 = 36 pairwise
comparisons are needed.)

“The pairwise comparisons are converted to a relative ratio scale
by estimating the eigenvector of the square matrix,” as described
previously; see [8], p. 16. With the Expert Choice® software package
(81, p. 79)%

Eigenvector computation is based upon the normalized row
sums of the limiting power of a primitive matrix (and hence also of a
positive matrix). To obtain this vector the matrix is raised to powers.
Fast convergence is obtained by successively squaring the matrix.
The row sums are calculated and normalized. The computation is
stopped when the difference between these sums in two
consecutive calculations of the power is smaller than a prescribed
value.

For the nine-level TRL case, the eigenvector consolidates the 81
relative maturity (readiness) ratios of the matrix into nine measures of
readiness. “This new scale is formally called the derived scale. Itis an
important property of this scale that the sum of the numbers is always
1.00” ([8], p. 15).

While the previous process may appear somewhat complicated,
the TRL evaluation in this paper is a simplistic hierarchy with a single
criteria (and, by extension, a single subcriteria). A more complex (but
still simple) evaluation, for example, would be the calibration of cost,
performance, and schedule consequence of occurrence ordinal
scales, with a single criteria (consequence of occurrence), and three
subcriteria (one each corresponding to cost, performance, and
schedule consequences). Here, each subcriteria includes an n-level
ordinal scale. An even more complex risk analysis evaluation would
be the calibration of various hardware, software, and integration
ordinal probability of occurrence scales, where each of these items
(e.g., hardware) corresponds to an individual criteria, and each scale
within the criteria (e.g., hardware: design/engineering, manufactur-
ing, technology, threat) is a separate subcriteria. As in the last
example, each subcriteria includes one or more n-level ordinal
scales. David Graham, of the U.S. Air Force, likely first developed
the approach of applying AHP to ordinal probability of occurrence
scales in 1994 [7]. The first AHP application to a series of probability

INumerous AHP estimation software exists and includes both commercial
(e.g., Expert Choice, Decision Lens SuiteTM, and SuperDecisionsTM) and
noncommercial packages.
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Table 3 Estimated calibrated TRL coefficients (raw and adjusted)

Ordinal TRL values AHP-estimated AHP-estimated TRL

TRL values values adjusted

t0 9.0 (TRL 9)
1 0.01 0.26
2 0.02 0.53
3 0.03 0.71
4 0.04 1.14
5 0.07 1.97
6 0.10 2.74
7 0.16 4.26
8 0.25 6.81
9 0.33 9.00

Table 4 Percent deviation between ordinal and AHP-estimated

TRL coefficients
Ordinal TRL ~AHP-estimated adjusted Percent deviation ordinal vs
values TRL values AHP estimated

1 0.26 284.6
2 0.53 277.4
3 0.71 3225
4 1.14 250.9
5 1.97 153.8
6 2.74 119.0
7 4.26 64.3
8 6.81 17.5
9 9.00 0.0

scales was likely performed by Graham, Jason Dechoretz (MCR),
and the author in 1994.

Results

The author has estimated the 36 pairwise comparisons for the TRL
scales given in Tables 1 and 2. He then derived the resulting
eigenvector (calibrated coefficients) using the Expert Choice
software package and the methodology described previously. The
calibrated ordinal coefficients for the TRL scales (Tables 1 and 2) are
given in Table 3. The resulting eigenvector was identical to the
eigenvector estimated using an online AHP calculator module, which
is available to internet users free of charge.”x The module will
estimate the eigenvector for a single criteria and subcriteria having
one to nine levels; hence, it is suitable for estimating™ coefficients for
the nine-level TRL scale.

Both coefficients calculated directly from Expert Choice (raw) and
those adjusted to 9.0 for the TRL 9 coefficient are provided. (In the
former case, the coefficients resulting from the eigenvector resultin a
sum to 1.01, which is effectively 1.00, given rounding for the nine
coefficients. In the latter case, each calibrated coefficient was
multiplied by 9/0.33 = 27.27 to obtain coefficients adjusted to 9.0
for TRL 9.)

The calibrated TRL coefficients presented in Table 3 have a small
random noise component (as measured from Expert Choice AHP
calculations and the online AHP calculator). Random noise is akin to
inconsistency, ranging from 0 to 1.0, and is a “number closely related
to the principal eigenvalue of the (square) matrix” ([8], p. 13),
previously discussed. Inconsistency is “an adjustment needed to
improve the consistency of the comparisons” ([8], p. 84). On a scale
that ranges from zero to one, the overall inconsistency should be
about 10% (0.1) (see [8], p. 84) and ideally smaller than this. While a
consistency index value close to zero is desirable, it should not result

**This is available at http://www.isc.senshu-u.ac.jp/~thc0456/EAHP/
EAHP_manu.html and http://www.isc.senshu-u.ac.jp/~thc0456/EAHP/
AHPweb.html [retrieved 2010].

T There was no difference in the pairwise comparison scores between the
NASA and DOD TRL scales; hence, the resulting AHP-estimated TRL values
are the same for these two scales.

Table 5 Difference and percent difference in adjacent TRL
(X observed) values

TRL values AHP-estimated Difference in  Percent difference in

X observed TRL values AHP-estimated AHP-estimated
TRL values TRL values
1 0.26 N/A N/A
2 0.53 0.27 N/A
3 0.71 0.18 —33.3
4 1.14 0.43 138.9
5 1.97 0.83 93.0
6 2.74 0.77 -7.2
7 4.26 1.52 97.4
8 6.81 2.55 67.8
9 9.00 2.19 —14.1

from gaming the pairwise comparisons to drive the inconsistency
down. The consistency index estimated by both Expert Choice and
the online AHP calculator for the pairwise comparisons associated
with the results in Table 3 was 0.01, which corresponds to a very
small random noise term. This very low consistency index resulted,
in part, from Mankins’s" clear and carefully defined wording used for
each TRL scale level: ambiguous or subjective wording would have
contributed to a larger consistency index.

Percent deviations between the ordinal and cardinal coefficients
associated with TRL scale levels 1 through 9 are given in Table 4. The
average percent deviation was 166, and in each case, the AHP-
estimated and adjusted cardinal coefficient was less than or equal to
the ordinal TRL value. In fact, in five of the nine cases (TRL = 1 to
5), the deviation between the estimated and adjusted cardinal and
ordinal coefficients was greater than 150%.

As shown in Table 4, the ratio of the AHP-estimated adjusted TRL
values was substantially different than that for the ordinal TRL
values. For example, using the AHP-estimated adjusted coefficients,
TRL = 8 is approximately six times (5.97) more mature than TRL =
4 rather than a factor of two from simply and incorrectly taking the
ratio of the ordinal (uncalibrated) scale coefficients (8/4 = 2). (The
ratio of several other TRL values also showed substantial variations
from equivalent ratios of the AHP-estimated adjusted TRL values
versus ordinal values. But again, the raw TRL values are only ordinal
placeholders, and performing mathematical operations on them will
lead to erroneous results.)

The difference and percent difference in adjacent AHP TRL (X
observed) values are given in Table 5. The largest differences in
adjacent AHP-estimated TRL values are between TRL = 6 and 7,
TRL =7 and 8, and TRL = 8 and 9. However, the largest percent
differences in adjacent AHP-estimated TRL values are between
TRL =3 and 4, TRL =4 and 5, and TRL = 6 and 7, and they range
from 93 to 139%. While it may appear that the highest payoff in
improving maturity may occur for the TRL = 3 and 4, TRL =4 and
5, and TRL = 6 and 7 cases, this is perhaps an overly simplistic
perspective given the financial investments needed and the resulting
timeline, and additional performance-related criteria will vary on a
case-to-case basis.

A curve fit was then performed on the AHP-estimated adjusted
TRL values, given in Tables 3 and 4. The purpose of this curve fit was
to provide an approach to estimate noninteger TRL values (e.g.,
TRL = 5.6), so long as the estimates were performed in the obvious,
valid range of 1 <TRL <9. (Having a method to estimate
noninteger TRL values would provide, for example, the ability to
more accurately estimate an average or WTRL value or TRL value
standard deviation for a series of components, etc.)

Several criteria for accepting the curve fit were established before
the process began. While these criteria are not inviolate, each is
desirable to insure that the resulting curve fit is of high quality. First,
the selected equation with derived coefficients had to be smooth,
continuous, and without changes in the sign of the first and second

#A consistency index of zero corresponds to no measurable inconsistency
in the pairwise comparisons.
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Table 6 Selected TRL curve fit equation form 9
Equation form and statistics Value 8
Equation form Y=o+ X 7
R? 0.997 0 g
Degrees of freedom adjusted R? 0.996 2
Fit standard error 0.180 25
F value 2330.0 g
L2 4
g
o 3
Table 7 Coefficient curve fit statistics 2
for selected equation form 14 & - Ordinal cosfficients
Parameter Statistics ~ Coefficient «  Coefficient 0 " = Fofimated cardinal cosficients
Value 0.346 0.012 ! 2 8 4 5 6 7 8 9
Standard error 0.082 0.0002 TRL
t value 422 48.27 Fig. 1 Graphical representation of ordinal and estimated TRL
95% lower bound 0.152 0.011 coefficients.
95% upper bound 0.540 0.013
Probability > |¢| 0.004 0

derivatives over the range of 1 < TRL < 9. Second, the resulting
equation had to have as few coefficients as possible to retain
relatively high degrees of freedom for the nine values used in the
curve fit. Third, the ¢ statistic of each curve fit coefficient had to be
much greater than zero, and the corresponding probability level
associated with the ¢ statistic for each coefficient had to be much less
than 0.05. Fourth, the 95% confidence interval lower and upper
bounds for each estimated coefficient could not cross the zero value.
Fifth, the resulting equation coefficient of determination (R?) had to
be fairly high (e.g., greater than 0.90 if possible), as should the R?
adjusted for degrees of freedom.

More than 2000 equation forms were evaluated against the nine
AHP-estimated adjusted coefficient values given in Tables 3 and 4.
The selected equation form is

TRL predicted = o + B*(TRL observed)? )

The selected equation (in terms of X and Y) and summary statistics
are given in Table 6.

Curve fit statistics for the individual coefficients of this equation
are given in Table 7.

Predicted values of the AHP-estimated adjusted TRL values (Y
predicted), along with the difference between the Y predicted and the
AHP-estimated adjusted TRL values (Y residual) and the
corresponding residual percentage (Y residual percentages) are
given in Table 8. { Note that Y predicted is identical to TRL predicted
[Eq. (2)], and X observed is the same as TRL observed [Eq. (2)]}. The
average Y residual percentage from Table 8 is —1.7%: a relatively
small value.

A graphical representation of the ordinal and estimated TRL
coefficients is givenin Fig. 1. The dashed line with diamonds in Fig. 1
represents the ordinal TRL coefficients. The slope of the line as
drawn is 45 deg, but the y-axis values are an ordinal representation

and simply placeholders for true cardinal coefficient values. The
upward sloping curve (with positive first and second derivatives) in
Fig. 1 is the fitted curve of the form:

Y predicted = 0.346 + 0.012 x X3

[Eq. (2) with coefficients from Table 7]. The square points about this
curve are the AHP-estimated TRL adjusted values given in Tables 3,
4, and 8. The only time the selected equation form (Table 6) or
corresponding curve (Fig. 1) should be considered is when
noninteger estimates of TRL are needed. In such cases, note the
residual magnitude and percent error given in Table 8 for each
estimated TRL value. For example, for TRL = 5.6, the Y predicted
value using Eq. (2) is 2.45, and a linear interpolation of residual
values in Table § yields an estimated Y residual of —.072.

From Tables 4 and 8, the average of the nine ordinal coefficients is
5.0. Note, this is effectively an invalid result, since the average of
ordinal numbers is generally meaningless. However, this result is
presented to contrast it with the average of the nine AHP-estimated
TRL values, which is 3.1, or about a 60% difference. Hence, using
ordinal TRL coefficients may overestimate the technical maturity of
an item when mathematical operations are performed on values
corresponding to TRL levels 1 through 8. This is graphically
illustrated in Fig. 1, where the AHP-estimated TRL coefficient values
are less than the corresponding ordinal values for all but TRL =9
(which is the normalization point to fix the AHP-estimated values to
the ordinal values).

Use the following procedure to perform mathematical operations
on TRL values. First, convert integer TRL scores (e.g., 5) to TRL-
estimated values adjusted to 9.0, with the results given in Tables 3 and
4. For TRL scores involving fractional values (e.g., 5.6), use Eq. (2)
to estimate TRL-predicted values. Second, perform the desired
mathematical operations on the estimated and/or predicted values.
(Only valid mathematical operations should be considered.) Third,
convert the resulting value(s) back to observed TRL using Eq. (3),
which is derived from Eq. (2):

Table 8 Selected equation predicted TRL values and residuals

TRL values, AHP-estimated TRL values, Y Predicted: Y Predicted:
X observed adjusted TRL values Y predicted AHP-estimated AHP-estimated
Y residual Y residual, %
1 0.26 0.36 —0.10 —37.8
2 0.53 0.44 0.09 16.5
3 0.71 0.67 0.04 5.6
4 1.14 1.11 0.03 22
5 1.97 1.85 0.12 6.3
6 2.74 2.94 —0.20 -7.3
7 4.26 4.46 —0.20 —4.8
8 6.81 6.49 0.32 4.7
9 9.00 9.10 —0.10 —1.1
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TRL observed = [(TRL predicted — &)/ 8](/? 3)

Any item that is a medium or high risk should always be carried
independently of results generated by mathematical operations on a
series of risks or roll ups, for example, to higher work breakdown
structure levels. Otherwise, risks can be overlooked that can reappear
later in the project as problems that are very difficult to handle ([7],
p. 295). Similarly, when using ordinal or AHP-estimated TRLs,
unadjusted TRL values should be carried for each item, and values
below a particular predetermined threshold (e.g., TRL = 6) should
be reported for such items, no matter what mathematical operations
or roll ups are performed. (For example, if the average TRL is
estimated for n different hardware components in a given subsystem
using the AHP-estimated TRL values, the lowest component TRL
level value present in the subsystem should be separately reported.)
In addition, the lowest TRL value should be carried forward without
modification for each successive level of integration. For example, if
a system is composed of components and subsystems, TRL values
should first be estimated for appropriate components (e.g., those that
are developmental items and not proven off-the-shelf items). The
subsequent subsystem TRL is thus the lowest TRL value of any
component contained in the subsystem plus the equivalent of TRL
for integrating the components into the subsystem and other
appropriate considerations (e.g., design/engineering, manufacturing,
support, and threat). Similarly, the system-level TRL is the lowest of
the subsystem-level TRL scores coupled with the equivalent of the
TRL for integrating the subsystems into the system, plus other
appropriate considerations. All components, subsystems, and
systems that have TRL values below the minimum threshold required
by the program should be identified and documented, and
appropriate action should be taken to evaluate and alleviate the
shortfalls [22].

The same methodology used to generate results given in Tables 3—
8 and Fig. 1 can be applied to TRL-like maturity scales, other than the
hardware scales evaluated in Tables 1 and 2. In fact, the methodology
application is direct and easy for simulation, software, biomedical,
manufacturing, and related maturity-based applications that
currently exist [1-3]. In these particular cases, the nine-level scales
will also have 36 pairwise comparisons that must be evaluated. (The
number of comparisons is nC2, where n is the number of scale
levels.) It is strongly recommended that an independent analysis to
estimate scale coefficients be performed for each TRL-like scale,
rather than simply using the coefficient and curve fit results for the
hardware maturity TRL scale presented here.

Conclusions

Several enhancements have been developed and described in this
paper for using widely distributed TRL values and similar maturity-
based readiness level scales. These enhancements include
1) application of AHP methodology to provide estimates of cardinal
TRL coefficients derived from the original ordinal TRL scale, 2) the
resulting cardinal TRL values, and 3) a high-quality curve fit to
permit estimation of noninteger TRL values.

The TRL scale developed by Mankins’ and similar scales
developed for other applications (e.g., software and manufacturing)
can be very helpful in estimating the level of maturity (or readiness)
for selected items. However, TRL and similar readiness (maturity
based) scales are only weakly correlated with risk, because they are
unrelated to the consequence of occurrence and only partially
represent the probability of the occurrence term. TRL scale levels are
also ordinal, not cardinal, and the user has no cardinal indication of
how much more mature (ready) one TRL value is versus another. (For
example, TRL = 8 is not simply two times more mature than
TRL = 4.) Similarly, mathematical operations cannot be performed
on results obtained from ordinal scales, such as the TRL scale,
because the ordinal scale (coefficient) values are only placeholders
for actual but unknown cardinal coefficients, and the resulting error
magnitudes can be quite large. Given limitations of the ordinal TRL
scale, a procedure was developed to estimate corresponding cardinal
coefficients for each TRL value. Mathematical operations, such as

computing the average or weighted average, can then be performed
on the cardinal coefficients without introducing errors resulting from
the use of ordinal scale coefficients.

The AHP was used to determine cardinal coefficients for the nine
TRL scale levels from 36 estimated pairwise comparisons. (The 36
pairwise comparisons correspond to nine items taken two at a time, or
9C2.) When the estimated coefficient for TRL = 9 is constrained to
9.00, the other eight coefficients are all less than their corresponding
ordinal level values. Mathematical operations can be performed on
the AHP-estimated coefficients, because they are cardinal (albeit
relative), not ordinal. Thus, the ratio of one TRL value to another
(e.g., TRL = 8 to TRL = 4, which is 5.96) provides an estimate of
the relative level of maturity (readiness) between the estimates,
whereas any such ratios between the original ordinal scale values are
practically meaningless and can lead to substantial errors. Similarly,
the differences between adjacent scale level coefficients provide an
estimate of how much more mature one TRL level is versus another.
The resulting ratios and differences can provide the user with
information to better allocate resources in order to change (typically
increase) an item’s TRL value versus other items with typically
higher TRL values.

The AHP-estimated cardinal coefficients also permit mathemat-
ical operations (e.g., simple or weighted averages and standard
deviation) to be performed on TRL values. This provides the user
with a method of comparing TRL values between two different units
(e.g., subsystems or systems), thus contrasting the maturity of the
units themselves. (From an overall maturity and potential contractual
perspective, the minimum TRL value should also estimated and
reported for each unit.)

A very high-quality curve fit (involving a simple third-order
relationship) of the AHP-estimated cardinal coefficients was
developed (R?> =0.997) that allows estimates to be made and
subsequent computations to be performed with fractional TRL
values. The curve fit permits the direct estimation of noninteger TRLs
(e.g., 5.6) for which the resulting values can be used in mathematical
operations without introducing errors associated with ordinal TRL
coefficients. The mathematical results can, in some cases (e.g.,
average or weighted average), be converted back to observed TRL
estimates using an inverse relationship derived from the curve fit.

While the AHP procedure was specifically applied to the TRL
scale in this paper, it can also be directly applied to other ordinal
scales, such as manufacturing and software readiness levels to
estimate corresponding cardinal coefficients for these scale values.
As mentioned, this can be done for both readiness level scales as well
as a variety of other scales used in risk analysis and other
applications.
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