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ABSTRACT: Availability, maintainability, and reliability are the main tenets of the standard OSD RAM-C report. The RAM-C
report documents the sustainment and support metrics of a fielded system throughout its life-cycle and enables the ability to
track performance to the Key Performance Parameters (KPPs) and Key System Attributes (KSAs) documented in a program’s
requirements documentation. How are these metrics determined in the first place, and how do they relate to the overall
concept of affordability of a system? The methodology behind these optimizations is rudimentary but are informative for both
cost analysts and systems engineers involved in conducting trade-off analysis during early life-cycle conceptual design of a
system. This topic will illustrate these interactions through a time-stepped simulation of system use, maintenance, failures,
repairs, and associated costs.
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Overview

® Reliability, Availability, Maintainability, and Cost (RAM-C)
® Reliability: How often is the system breaking down?
® Avalilability: How often is the system available for use?
® Maintainability: How easy is the system maintenance?

® Cost: How expensive are the sustainment activities?

® Explore interactions between RAM metrics and lifecycle cost

® Goal to maximize 7 RAM metrics and minimize resulting cost

" Introduce logistics modeling technique to identity tradeoffs
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Impacts to Cost Estimating & Project Management

Notional Operational Concept for Strike: -
2 " '

Project Management/
RAM-C Report/Collected Data Cost Estimating Team

~E8—84

Improvements for the User/Operator

— R &

Updated Cost Estimate

Navy Concept for Strike Mobil€ Tare

Operational Environment
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What's the Big Deal?

Life Cycle cost

Annual cost

Investment Disposal

Research and

< > Engineering and Disposal
Material solution analysis manufacturing development
and technology maturation

and risk reduction Production and development

Sustainment
Source: Adapted from DOD. | GAO-20-195G

® Operating & support (0&S) costs generally most significant
" 55%-69% of total lifecycle cost for most systems (space systems 15%)

® Minimizing O&S cost drivers critical to reducing lifecycle cost
S9°AUGUR
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Reliability

® Reliability: likelihood a system is functioning at a certain time

® Relies on a probabilistic failure model

® Multiple failure analysis models based on data and/or scenario

® Highly reliable systems fail less often

" Lower number of failures in a unit time

" Less severe wear-out during usage

® Three Little Pigs

= Straw: low reliability

= Stick: medium reliability

" Brick: high reliability (low failures
9 AUGUR
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Failure Analysis Basics

" Time to failure of a system, T, has a PDF f(t) and a CDF of F(t)

® Reliability is the likelihood a failure hasn’t occurred at time t
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Failure Analysis Basics

Reliability Function Probability Density Function
Probability that an item is functioning at time t > 0 Negative of the derivative of the Reliability Function

R(t) = P(T = t) f(t) = —R'(t)

MTBF = E[T] = . tf (t)dt

Hazard Function Cumulative Hazard Function
Instantaneous failure rate of an item attimet =0 Cumulative failure rate of an item at timet =0

L

h(t) = JLH) H(t) = | h(r)dt
0
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Types of Failure Analysis Models

“ Exponential:

" Constant failure rate =2 system age/use doesn’t change failure rate

® Useftul for shorter timespans
® Subset of Weibull

" Weibull:

“ Enables constant or monotonically increasing/decreasing failure rates
" Older systems less reliable than newer ones

" Subset of Exponentiated Weibull
“ Exponentiated Weibull:

" Useful for lifecycle system modeling

" Enables “bathtub curve” failure rates

S9°AUGUR
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Exponential Failure Model

Reliability Function Probability Density Function
Probability that an item is functioning at time t > 0 Negative of the derivative of the Reliability Function

R(t) = e f(t) = e

1
MTBF = p

Hazard Function Cumulative Hazard Function
Instantaneous failure rate of an item attimet =0 Cumulative failure rate of an item at timet =0

h(t) = 2 H(t) = At
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Exponential Failure Model

Reliability Function
Probability that an item is functioning at time t > 0

R(t) = e

Hazard Function Cumulative Hazard Function
Instantaneous failure rate of an item attimet =0 Cumulative failure rate of an item at timet =0

h(t) = 2 H(t) = At
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Exponential Failure Model

Probability Density Function
Negative of the derivative of the Reliability Function

f(&) = 2e™

1
MTBF = p

Hazard Function Cumulative Hazard Function
Instantaneous failure rate of an item attimet =0 Cumulative failure rate of an item at timet =0

h(t) = 2 H(t) = At
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Exponential Failure Model

Reliability Function Probability Density Function
Probability that an item is functioning at time t > 0 Negative of the derivative of the Reliability Function

R(t) = e f(t) = e

1
MTBF = p

Cumulative Hazard Function
Cumulative failure rate of an item at timet =0

H(t) = At
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Exponential Failure Model

Reliability Function Probability Density Function
Probability that an item is functioning at time t > 0 Negative of the derivative of the Reliability Function

R(t) = e f(t) = e

Cumulative Hazard Function
Cumulative failure rate of an item at timet =0

H(t) = At
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Bathtub Curve (Exponentiated Weibull)

Decreasing Constant Increasing
Failure | Failure | Failure
Rate | Rate | Rate
| |
| |
| |
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%"Infant Rate
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Exponentiated Weibull Failure Model

Reliability Function Probability Density Function
Probability that an item is functioning at time t > 0 Negative of the derivative of the Reliability Function

R(t) = 1 — (1 — e_()lt)k)a f(t) — ak}l(at)k—l(l _ e—()lt)k)a—le—(/lt)k

Hazard Function Cumulative Hazard Function
Instantaneous failure rate of an item attimet =0 Cumulative failure rate of an item at timet =0

L

H(t) = f h(t)dt
0

akl(/lt)k‘l(l — e‘(’”)k)a_l
1 - (1—e-@%)"
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Exponentiated Weibull Failure Model

Reliability Function
Probability that an item is functioning at time t > 0

Probability Density Function
Negative of the derivative of the Reliability Function

—(At)k k-1

Rt)=1-(1g5 _ e~ ya-1,-an)"

Cumulative Hazard Function
Cumulative failure rate of an item at timet =0

L

H(t) = | h(t)drt
0
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Maintainability

" Measures for ease of performing/providing maintenance

" Time in between maintenance activities
" Time to conduct maintenance activities

" Logistical delays to maintaining a system

" Two types of maintenance activities

" Preventative maintenance: conducted regularly to prevent failures

" Corrective maintenance: conducted in response to a failure

® High maintainability = infrequent/short downtime

S9°AUGUR
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Preventative Maintainability

" Frequency: Preventative Maintenance Interval (Tpy,)

Uptime

I - = .. . A . .
°M " Prevenative Maintenance Activity Qty

® Duration: Mean Preventative Maintenance Time (MPMT)

Total Prevenative Maintenance Time

MPMTN==
Prevenative Maintenance Activity Qty

S9°AUGUR
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Corrective Maintainability

" Frequency: Mean Time Between Failure (MTBF)

Uptime
MIBF = —mMm—M——————————
Corrective Maintenance Activity Qty

“ Duration: Mean Time To Repair (MTTR)

Total Corrective Maintenance Time

MITR= —m—mm—X———
Corrective Maintenance Activity Qty

S9°AUGUR
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Overall Maintainability

® Frequency: Mean Time Between Maintenance (MTBM)

Uptime
MI'BM = —/—
Maintenance Activity Qty

® Duration: Mean Maintenance Time (MMT)

MTTR  MPMT

_|_
v — MIBE ™ Tpy
1 1
MTBFE © Ty,

S9°AUGUR
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Overall Maintainability (Plus Logistical Delays)

“ Frequency: Mean Time Between Maintenance (MTBM)

Uptime
MI'BM = —/—
Maintenance Activity Qty

“ Duration: Mean Maintenance Delay Time (MMDT)

SDT = Supply Delay Time

MDT = Maintenance Delay Time MTTR + SDT + MDT MPMT

_I_
MMDT = — 288 Tem TBlF - QY
MTBE * T,
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Availability

® A measure of how often a system is ready for use

® Largely a function of reliability and maintainability
® Probability a system will be available to perform its mission at any time

® Inherent, achieved, operational, and generalized operational subtypes

" Uptime: time a system is in use or is in standby mode
® Downtime: time a system is being maintained /repaired
Uptime

Availability = —
PALADIELY Uptime + Downtime

S9°AUGUR
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Inherent Availability

® Availability as a function of corrective maintenance downtime

" Uptime: time between unplanned system failures (MTBF)

" Downtime: time spent performing corrective maintenance (MTTR)

M TB F . Uptime in calculation
Al _ . Downtime in calculation
MTBF + MTTR . Not included in calculation
Logistics delay time
Failure Planned Maint. @

Uptime

Downtime

S9°AUGUR
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Achieved Availability

® Availability as a function of corrective maintenance downtime

" Uptime: time between unplanned system failures (MTBF)

" Downtime: time spent performing corrective maintenance (MTTR)

A M T B M . Uptime in calculation
a _———— . Downtime in calculation
MTBM + MMT . Not included in calculation
Logistics delay time
Failure Planned Maint.

Uptime

Maintenance {
Downtime

S9°AUGUR
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Operational Availability

® Availability as a function of corrective maintenance downtime

" Uptime: time between unplanned system failures (MTBF)

" Downtime: time spent performing corrective maintenance (MTTR)

M T B M B Uptime in calculation
A 0O — T o B Downtime in calculation
M TB M + M M D T Bl Not included in calculation
Logistics delay time
Failure Planned Maint.

Uptime

Repair ‘

Maintenance {

Downtime
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The “Illities”

® RAM metrics are generally required Key System Attributes (KSAs)

" Design trade space with the “illities”, cost, risk, & performance

® High maintainability /reliability typically come at a compromise

® Performance analysis with life cycle cost analysis enables value engineering

Performance

Reliability /Maintainability

S9°AUGUR
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Example Impact to Cost Estimating (Reliability)

Early Conceptual Design Test & Evaluation Post-Fielding

Repair Cost Estimate Over Time

$80,000

$70,000

$60,000

$50,000 - =

-—
---_-
- _—--
--_—
-—
—

$40,000 - . .
- - == Point Estimate

$30,000 - — Cost Range

$20,000

Annual Repair Cost Estimate Value

$10,000

$-

Early Concept Test & Evaluation Post-Fielding

Lifecycle Phase
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Probabilistic Model
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System Maintenance Profile Model

® Explore interactions between RAM metrics and lifecycle cost
® Goal to maximize 7 RAM metrics and minimize resulting cost \

® Identifty tradeoffs and optimal system fleet configurations

" Developed statistical model to simulate fleet lifecycle
® Time-step model to simulate weekly fleet behavior/activities
® Failures, repairs, replacements, maintenance activities captured

® Resulting RAM-C metrics + lifecycle costs derived

® Similar techniques can be applied for real-world applications

S9°AUGUR
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System Maintenance Profile Model

Mission Requests _ —
@ Operating/Mission Env:

: m
I
I | No Failure
« Total time
System Pool: « System MTBF

Failure Model:

Failure Handling .
o o o o Fallure
grgdrgrgy Repairable Failures: -
-_— e = - : Maintenance
. . . . Repairable Percent Model:
ébébéb:b MTIR _ Time since
BER Falilures: maintenance

BER Percent
Remove from pool

Post mission
maintenance
MTBM
MTTM
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System Maintenance Profile Model

Mission Requests _ —
E Operating/Mission Env:

: m
I
I | No Failure
« Total time
System Pool: « System MTBF

Failure Model:

Failure Handling .
° o o © Failure
grgdrgrgv Repairable Failures: -
_ e— = = : Maintenance
. . . . Repairable Percent Model:
ébébéb:b MTTR _ Time since
BER Fallures: maintenance

BER Percent
Remove from pool

Post mission
maintenance
MTBM
MTTM

S9°AUGUR



Presented at the ICEAA 2026 Professional Development & Training Workshop - www.iceaaonline.com/nfk2026

System Maintenance Profile Model

Mission Requests
@ Operatlng/M|SS|on Env:

I @
I - .
! Fallure. Model: No Failure
« Total time
System Pool: « System MTBF

. . . . Failure Handling Failure
g’ e g’ Ao g’ o g’ o Repairable Failures: Maintenance
) ) ) ) Repairable Percent Model:
E’b E’b E’b E’b MTTR Time sincé
BER Failures: maintenance

BER Percent
Remove from pool

Post mission
maintenance
MTBM
MTTM
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System Maintenance Profile Model

Mission Requests _ —
@ Operating/Mission Env:

: m
: Failure Model:
« Total time
System Pool: « System MTBF

No Failure

Failure Handling .
° o o ® Failure
grgrgr “4a Repairable Failures: -
_— e— = = : Maintenance
. . . . Repairable Percent Model:
ébébéb:b MTTR _ Time since
BER Fallures: maintenance

BER Percent
Remove from pool

Post mission
maintenance
MTBM
MTTM
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System Maintenance Profile Model

Mission Requests _ —
E Operating/Mission Env:

: m
I
I | No Failure
« Total time
System Pool: « System MTBF

Failure Model:

Failure Handling .
o o o o Fallure
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System Maintenance Profile Model

Mission Requests
E Operatlng/M|SS|on Env:
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I - .
: Fallure. Model: No Failure
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System Pool: « System MTBF

. . . . Failure Handling Failure
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System Maintenance Profile Model

Mission Requests
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System Maintenance Profile Model

Mission Requests _ —
@ Operating/Mission Env:

: m
I
I | No Failure
« Total time
System Pool: « System MTBF

° o o o Failure Handling
ébébéb:b Repairable Failures:

Repairable Percent
MTTR

BER Fallures:
BER Percent
Remove from pool
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Failure
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System Maintenance Profile Model
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System Maintenance Profile Model
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System Maintenance Profile Model

Mission Requests _ —
@ Operating/Mission Env:

: m
I
I
« Total time
System Pool: « System MTBF

Failure Handling Failure

Failure Model:

No Failure

g’ e g’ Ao g’ o : o Repairable Failures: Maintenance
) ) ) ) Repairable Percent Model-
E’b E’b E’b :b MTTR Time since

BER Failures: maintenance
BER Percent Post mission
Remove from pool maintenance

MTBM
MTTM
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System Maintenance Profile Model

Mission Res

M Failure Model

/Y

I No Failure
I Go to post-mission maintenance
I
l System False o Failure
Usage
Time (t) Exponentiated Welbull True Dete.rmlne X% Repenble Ralluie
Hazard Function Failure me— Co t .
h(t, A, a, k) Type o to repair
Random Maintenance
Number 100%-X% Model:
() ()
(r) '
!’ o !’ o [f enough systems are out Time since
Random Number BER Failure of commission, additional .
Generator [0,1] System out of Commission systems will be added to mamtehar.\ce
the fleet Post mission

maintenance
MTBM
MTTM
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System Maintenance Profile Model /\

Simulate system /fleet lifecycle
at individual timesteps

Operating/Mission Env: U

Mission Requests

4]

| No Failure
* Total time
System Pool: « System MTBF

Failure Model:

Failure Handling .
o o o o Fallure
grgdrgrgy Repairable Failures: -
_— = = - : Maintenance
. . . . Repairable Percent Model:
ébébéb:b MTIR _ Time since
BER Falilures: maintenance

BER Percent
Remove from pool

Post mission
maintenance
MTBM
MTTM
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System Maintenance Profile Model

®" SMPM run to demonstrate interdependencies between cost and interdependencies

" Model setup:

" 10-year fleet lifecycle simulated at weekly timesteps

= 59% of system failures are BER; system restock after 25% fleet BER
® 100 iterations of each model permutation

" Costis exponentially related to reliability

" Tpy isindependent of A = preventative maintenance doesn’t “reset” failure likelihood

Model Parameter Options

Maintenance

S9°AUGUR

Variable ->| Fleet Qty A k a Repair Time Interval . Maint
(hrs.) Time (hrs.)
(hrs.)

10 0.01 1.5 0.5 50 500 10
25 0.004
50 0.002
Options 100 0.001
200 0.0008
0.0005
0.0004
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System Maintenance Profile Model

" System procurement unit cost increases exponentially with A

" Vary the value of A across the model runs

" «= 0.5 and k = 1.5 are fixed values for every simulation = bathtub curve

Average of Sys_UC
A vs System Procurement Unit Cost
(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona = 0.5, k=1.5)
$16,000.00
$14,000.00
- $12,000.00
S
o $10,000.00
S $8,000.00
S
£ $6,000.00
Y
(7p)
$4,000.00
$2,000.00
- 0 — —_— _ -
0.0004 0.0005 0.0008 0.001 0.002 0.004 0.01
A (Failure Rate)
Sys_Lambda -
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SMPM Results - MTBF

® Simulated MTBF inversely related to A

® Larger fleet sizes increases MTBF

" Mission operations split amongst larger pool of individual systems

“ Lower per unit usage time

Average of S

Avs MTBF
(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k=1.5)

2000
&
E 1500 Total_System_Qty ~
E m10
L; 1000 m 25
=
= m 50
¥ 500
2 I i

; EEEEE semmm HEmEm ..o

0.0004 0.0005 0.0008 0.001 0.002 0.004 0.01
A (Failure Rate)
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SMPM Results - Availability

" Similar behavior with fleet size & A as with MTBF

® Lower values of A decreases downtime due to system failures
" Larger fleet size further reduces failures & downtime

" “Rebounding” with high values of A = “consumables” effect

Average of Availability

A vs Availability

(100 model runs; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k= 1.5)

1.05
1
"?‘ Total_System_Qty ~
:E 0.95 2 10
00 0.85 m 50
< 08 I = 100
0.75 m 200

0.0004 0.0005 0.0008 0.001 0.002 0.004 0.01
A (Failure Rate)
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SMPM Results - Missions Supported

" Mission requests without available system = mission unsupported
" Maintenance, repairs, BER failures, & systems already on mission impact this
" Lower values of A drastically reduces mission requests that are unsupported

" Fleet size is ultimately a limiting factor

Average of Missions_Unsupported_Percent

A vs Unsupported Mission Percentage
(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona = 0.5, k = 1.5)

Total_System_Qty ~
m 10
m 25
I I I m 50
m 100
Illl II.. III II = 200

0.0004 0.0005 0.0008 0.001 0.002 0.004
A (Failure Rate)

100%

N A OO ©@©
S 2 2 2
S>> o o S~

Avg Unsupported Mission %
<
=

Sys_Lambda ~
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SMPM Results - Lifecycle Cost

" Goal to identify tradeoffs with cost, RAM metrics, & mission performance

" A = 0.0005 results in extremely high fleet lifecycle cost

= System configurations with A = 0.0005 removed from analysis consideration

A vs Fleet Lifecycle Cost
(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k= 1.5)

$300,000,000

$250,000,000

o

(=]

(&)

Q $200,000,000 Total_System_Qty ~

% m10

(«}]

£ $150,000,000 =95

@ m50
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SMPM Results - Lifecycle Cost

= Sufficiently large fleet sizes follow parabolic arc with A (n = 50)

" Large values of A drive cost by having large O&S costs

= Small values of A drive cost through procurement/investment cost

" Indicates there is “optimal” configuration from cost perspective

Average of Lifecycle_Cost

A vs Fleet Lifecycle Cost
(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k= 1.5)

$45,000,000
$40,000,000
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SMPM Results - Procurement vs O&S Cost

. P r O Cu r e m e nt C O S tS T A vs Fleet Procurement Cost

(100 model ru simulation @ 1 week timesteps; Exponentiated Weibull Distributiona = 0.5, k = 1.5)
$300,000

" Behave as expected

$250,000
$200,000 Total_Syste
m10
m25

$100,000 m 50
" O&S costs |||| “ll ] o

® Materials for repairs/maintenance

® Driven by unit cost and quantity

$150,000

Avg Fleet Procurement Cost

)\(Fallure Rate)

® Labor during repairs/maintenance

Avs Fleet O&S Cost
(100 model runs; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona = 0.5, k= 1.5)

m25
m50
m 100
I m 200

® BER replacements 44500000
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© $20,000,000
z
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A (Failure Rate)
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SMPM Results - 0&S Costs

Average of 05_Material_Cost

Avs Fleet O&S Material Cost

(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona = 0.5, k = 1.5)
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Average of Labor_Costs

Avs Fleet O&S Labor Cost
(100 model runs; 10 year simulatinn@ 1 weektimesteps; Expunentiated Weibull Distributiona= 0.5, k= 1.5)

$45,000,000

$40,000,000
@ $35 000,000
Q
§ $30,000,000 —
E $25,000,000 m 10
S $20.000,000 m 25
< =50
2 $15,000,000
w $10,000,000 =100
E , ) m 200

$5.000,000 . I
$_
0.0008 0.001 0.002 0.004 0.01
A (Failure Rate)
Sys_Lambda .Y

S9°AUGUR



Presented at the ICEAA 2026 Professional Development & Training Workshop - www.iceaaonline.com/nfk2026

SMPM Results - System BERs

Average of BER_Costs
A vs Fleet O&S BER Cost
(100 model runs; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k=1.5)
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Avs Fleet BER Failures
(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona=0.5, k= 1.5)
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SMPM Results - Tradeoff Analysis

Average of Lifecycle Cost Awal_Ratio

A vs Lifecycle Cost/Availability Ratio
(100 model runs; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona = 0.5, k=1.5)
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(100 modelruns; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k=1.5)
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SMPM Results - Tradeoff Analysis

Average of Lifecycke_Cost_Awal_Rabao

A vs Lifecycle Cost/Availability Ratio
(100 model runs; 10 year simulation @ 1 week timesteps; Exponentiated Weibull Distributiona= 0.5, k= 1.5)
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SMPM Results - Tradeoff Analysis

® Multi-objective optimization

" 4-variable Pareto frontier

* Independent: A and tleet qty (n)

® Dependent:
= Availability

0.4
Availability

(0.85

® Missions Unsupported

03

® Knee points (red lines)

= Set of “optimal” pairs
“A =0.00107&n =75
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Other Considerations

® Example focused on availability & missions supported
® Performance specific metrics could be incorporated
" Top-speed, altitude, TNT equivalency, memory, bandwidth, etc.

® Risks and uncertainty were not considered

" Project risks, mission engineering risks, overall variability, etc.

® Lifecycle costs should be as comprehensive as possible

® Supply chain, depots, shipping & handling, etc.
® Ground Rules and Assumptions will vary by scenario

® Tailor the specifics of analysis based on current problem scope
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Summary

" Interdependencies between RAM metrics, cost, & performance

® Identify tradeofts and relationships between each

= Select meaningful metrics for stakeholders and scenario

® Model tor identitying these tradeofts and relationships

® Exponentiated Weibull distribution vs. exponential distribution

® Timestep model to simulate system logistics across lifecycle
* Identity satistactory parameter configurations
® Multi-objective optimization

® Traceability to stakeholder needs
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How to go from X to Y?

Y

(oo | e | e
x =
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Exponential Failure Rates Example

A particular system component undergoes reliability testing. 5
prototypes are run for 20 hours nonstop. Prototype 2 fails after
14 hours and prototype 5 fails after 11 hours. What is the MTBF
and failure rate? What is the reliability after 100 hours?

1

" Since failure rate is constant: A =

MTBF
~ Uptime = 20+14+4+20+20+11

" MTBF = s = 42.5 hours

"l= ——=—— =0.0236 failures per hour

MTBF  42.5 hours
- R(t) — oAt — ,—0.02361

" R(100) = ¢~00236+100 _ () 0944 — 9,449
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Systems in Series and Parallel

" Issue with previous abstraction is lack of component detail

® Everything is calculated at the system level

® Relies on metrics collected at the system level

" There is a need to estimate based on component data
= Easier to collect component/subsystem data
" Testing isolates individual components

® Can estimate system reliability using component details
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Systems in Series and Parallel

Series Parallel

Component 1

Component 1 Component 2

Component 2
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Systems in Series and Parallel

Series Parallel

Component 1

Component 1 gulltleg COMponent n

Component n
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