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Discrete Event Simulation (DES) Introduction

“Discrete-event simulation concerns the modeling of a system at it evolves over time by a
representation in which the state variables change instantaneously at separate points in time.”

The software tool (Arena) enables modeling of resource constraints, complex logic, equations, and continuous processes.

Examples of planning products include:

» Launch Countdown & Ground Turnaround Timelines

» Mission Specific Launch Windows

» On-orbit operations

» Launch Vehicle, Spacecraft and Ground Architecture Assumptions

Modeling guidelines:
* Model at the level of detail for which there is data.

+ Complete the analysis in time to be useful.

* Model at the level of detail required to provide the answer.

Input analysis sources:
* Historical Data

» Subject Matter Experts

* Program Analysis Products
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Low Earth Orbit Rendezvous for Lunar Missions (2006)

Overview

® On January 14, 2004, President George W. Bush
announced a new Vision for Space Exploration calling
for NASA to return humans to the moon.

® In 2005 NASA decided to use a Low Earth Orbit
(LEO) rendezvous strategy for the lunar missions

developed by the Exploration Systems Architecture
Study (ESAS).

* The LEO rendezvous strategy called for NASA to
develop two rockets using heritage Shuttle hardware.
— A human rated Crew Launch Vehicle (CLV) that will loft
the crew exploration vehicle (CEV — Orion) into LEO.

— A Cargo Launch Vehicle (CaLV) to carry an Earth
Departure Stage (EDS) and a Lunar Surface Access
Module (LSAM — Altair).

* A Discrete Event Simulation (DES) based model of the
LEO rendezvous strategy was constructed.

— The Constellation-Manifest Assessment Simulation Tool
(C-MAST)

— The Constellation-Requirement Assessment Simulation
Technique (C-RAST)

— C-MAST and C-RAST are discrete event simulations
using Rockwell Software’s Arena, plus ExpertFit
by Averill M. Law and Associates and the
Microsoft Office suite of Excel, Word, PowerPoint,
and Visio.

* Explored the ramifications of the LEO rendezvous
strategy.



Low Earth Orbit Rendezvous for Lunar Missions (2006)

* As the EDS and LSAM wait in LEO for the CEV,
their cryogenic propellants are boiling off.

* The EDS was to have enough propellant to
provide 95 days of loiter capability in LEO.

— Ifthe CEV fails to dock with the EDS such that a
TLI burn can’t be initiated during that 95-day period,
then the lunar mission would be lost.

* |s 95 days sufficient?

* The 95-day requirement had a significant impact
upon the design of the EDS.

— A large volume of propellants is required,
and this increases size, weight, and cost.

— Reducing the 95-day requirement would
allow a smaller, lighter, cheaper EDS.

Typical Lunar Reference Mission

2006 Winter Simulation Conference
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EDS = Earth Departure Stage;
CEV = Crew Exploration Vehicle — Orion;

LSAM = Lunar Surface Access Module — Altair;
LEO = Low Earth Orbit; TLI = Trans Lunar Injection
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Low Earth Orbit Rendezvous for Lunar Missions (2006)
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Low Earth Orbit Rendezvous for Lunar Missions (2006)

Model Architecture
* The model picks up at the point in time in which CLV launch constrained to be between 2 + TLI Burn constrained to be during
the CaLV has launched Planned Margin and 2 + Minimum Margin days acceptable TLI windows which are

prior to opening of acceptable TLI window. scenario dependent.
* Assumed the CLV is on the launch pad in a

position to launch in as few as two days. CGEV CalV 95-Day flow diagram.vsd

* Space Shuttle historical data was reviewed to
determine the risk of a delay durmg a two-day CaLV Launch CaLV On-Orbit Boil-Off of EDS Cryo Propellants
period of Pre-Launch Count OpS A discrete Countdown Launch (Need to protect for how many days?)
distribution was developed:
FRR for :
DISC (0.925,0, 0.935,1, 0.944,2, 0.949,3, 0.958,4, CarVy ons Modeled in C-RAST TLI
0.964,5, 0.971,6, 0.975,7, 0.976,8, 0.978,9, cLV : 2N
0.981,10, 0.984,12, 0.989,14, 0.994,21, 0.999,28, Seenano Pependent
1.0,31 CLV Prelaungh Ops after CLV Prelaunch CEV Rendezvous & Prep
,) o _ _ _ FRR but befofe CaLV. Ops after CaLV CCLOV Ltz‘é”"h LaCLn\éh Dock with EDS/ | »| for TLI
The discrete (d/str/butl)on consists of ordered pairs. Tl;e first Launch Launch untdown u LSAM (Flight Day 1) (1 Day)
ordered pair (0,925,0) indicates that the probability of no
delay is 0.925. S / 0 2
The second ordered pair (0.935,1) indicates that the / I
grgggbllltél gfgaZ 51-day delay is 0.01 (the difference between Small probability (~.07) of Probability of encountering delays during Probability distribution for
) anao. )- encountering problems leading to a Launch Countdown and duration of flight day 1 rendezvous
delay and magnitude of delay those delays estimated based upon STS being delayed is
oy . . estimated from STS experience. experience. preliminary.
* Additional delay risks are described on P

subsequent charts.

CLV = Crewed Launch Vehicle — Ares I; CaLV = Cargo Launch Vehicle — Ares V; TLI = Trans Lunar Injection; STS = Space Transportation System (Space Shuttle)
C-RAST = Constellation Requirement Assessment by Simulation Technique; FRR = Flight Readiness Review; CEV = Crew Exploration Vehicle — Orion




Low Earth Orbit Rendezvous for Lunar Missions (2006)
Launch Probability and Delay Durations for Launch Scrubs

The STS historical data through June of 2006 was used to derive launch

Should a delay or scrub occur during the launch countdown, > iat
probabilities probabilities by category for the CLV and CalLV.

there will then be a delay of some number of days before the

next launch attempt' Delays or Scrubs During Launch Countdown
Space Shuttle historical data was reviewed to develop discrete Flight Hardwarc Infrastructurc or .
distributions for three of the delay categories: ga“mh Weather (Less Engine  Operational Ma‘fA’bEr;tgme Total
— Weather ceurs Abort) Prerogative ©
DlSC(079 1 0.90.2 0.953 0.97.5 1.0 23) STS Experience 0.54 0.18 0.18 0.07 0.02 1.00
— Flight Hardware CLV Estimate 0.62 0.17 0.15 0.06 0.01 1.00
DISC(0.35,1, 0.46,2, 0.49,3, 0.54/4, 0.62,5, 100 Minut
0.65,6, 0.70,7, 0.78,8, 0.81,10, 0.84,11, 0.87,12, oo | 090 0.02 0.05 0.03 0.01 1.00
0.89,14, 0.92,18, 0.95,19, 0.97,75, 1.0,99) 29 Minutes to
_ Infrastructure Lounch 0.94 0.00 0.03 0.02 0.01 1.00
DISC(0.53,1, 0.73,2, 0.80,3, 0.93,4, 1.0,7) ,
_ o CaLV Estimate 0.65 0.12 0.15 0.05 0.02 1.00
A delay caused by a problem with the upper stage engine is

modeled as requiring the launch vehicle to be returned to the
Vehicle Assembly Building. The upper stage would be changed
out and the vehicle would then return to the launch pad.



Low Earth Orbit Rendezvous for Lunar Missions (2006)

* The estimated delay in days to Rendezvous & Dock was estimated with a discrete distribution
— DISC(0.80,0, 0.90,1, 0.96,2, 0.99,3, 1.0,4) based upon consideration of various potential sources of delay:

* When the CLV is launched within its launch window can influence how long it takes to achieve rendezvous with the
EDS/LSAM.

* An ascent anomaly or performance delta resulting in achieving a different orbit than planned can delay
rendezvous. Shuttle examples include engine out with abort-to-orbit, and an early MECO.

* Problems with the rendezvous and docking systems such as the secondary propulsion systems, radar systems,
flight control systems, docking mechanisms, and hatches can delay docking.

— Gemini, Apollo, and Shuttle have experienced such problems. Likewise for Russian space vehicles.

* Risks that were not modeled
— Problems with the Service Module, Crew Module, EDS, or LSAM after docking but prior to TLI burn.

* Integration and checkout operations of complex systems with humans in the loop will have the potential to
experience delays.

— Crew health problems resulting in additional time in LEO to make sure crew is OK to press on to moon.

* High occurrence of motion sickness during first few days in orbit. Potential to mask other serious conditions, or
indications of other conditions that could cause flight surgeons to place hold on go for TLI burn.
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Low Earth Orbit Rendezvous for Lunar Missions (2006)

Translunar Injection Window Opportunities

* Mission requirements / constraints provide lunar
injection windows from LEO approximately
every 9 days as shown in the figure.

* Injection Window 1 puts the lunar landing site in
the highly desired “morning” lighting conditions.

* The planned landing site would be available on
a 27-day cycle.

* Window 2 puts the landing site in acceptable
“afternoon” lighting conditions.

* Window 3 puts the landing site in unacceptable
darkness. This Window is not available.

Lunar “Morning”
at Site

Lunar Orbital Motion

Injection
Window #1

@

Injection

Injection Window #3

Window #2

Lunar Night at
Site

Lunar “Afternpon”

at Site

Opportunities to perform the translunar injection are limited.
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Low Earth Orbit Rendezvous for Lunar Missions (2006)
Simulation Results — Cumulative Probability of Achieving Trans-Lunar-Injection

* The cumulative probability increases

stairstep fashion based upon the ability to Cumulative Probability Distribution Function (95 Percent Confidence Band)
perform TLI for Window 1 or Window 2 but for Trans-Lunar-Injection (TLI) Burn
not Window 3. after launch of CaLV 9 days in front of TLI Window 1;
CLV attempts between 5 and 3 days priorto TLI 1, 2, 4, 5, etc.
1. —
* If the loiter capability was only 18 days (not og | sy - PO #1(0)  #8Q) RO
enough to go the Window 2 as a backup) ' Injection g/
the likelihood of achieving TLI is between 0.8 T ~ Window#]  Window#2 - / *************************
0.62 and 0.71. 0741 — - p [~
06 | = I
* A 45-day capability would provide an 054 — — [ -~ - -
increased probability range of 0.79 to 0.85. o4l
o3+ - -] Preliminary | _ _ _ _ _
* Increased capability beyond 45 days Vodel . 1
provides only modest improvement. N e odelassumptions and Inputs | = = = - -
o1+ - - |- must be understood in orderto |
interpret these results.
_Howeve,;intermSOfredUCingIOSSOf 00 re~rrrrrrrrrrrrrrr+r+rr++rrrrr1rrrrrrrrrreererrrerererrrrerrrrrrrrerrrrrrrrrrrrrrrrrr T T T T T T T T T T T
mission risk, the additional loiter 0 9 18 27 36 45 54 63 72 81 90 99
capability would be important. Days G. Cates, 5/2/06
Results for 95Day Study 2006 4 27.xls NASA, KSC (PH-O)
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Launch Order, Launch Separation, and Loiter in the Constellation 1

Launch Solution (2009)

Initial plans called for the Ares V (EDS
and Altair) to be launched first, followed
the next day by the Ares | (Orion).

Orion docks with Altair.

The integrated vehicle loiters in LEO until
the TLI window opportunity opens, at
which time the EDS propels the
integrated Orion—Altair to the Moon.

Successful completion of this “1%%-
launch” solution carried risks related to

— orbital lifetime of the assets

— probability of not launching the
second vehicle within the orbital
lifetime of the first.

Evaluated the launch strategy, including
the order of launch and the planned time
period between launches.
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Launch Order, Launch Separation, and Loiter in the Constellation 1)2-Launch Solution (200
Probability of No Second Launch (PnSL)

Table 1. 1%-Launch Options

P , Launch
Launch Launch ?;gl E]IE)S Opportunities
Order | Separation . o for Second \ . . T
Loiter | Loiter Vehicle Table 6. Comparison of PnSL for 90-Minute and
1 Day | 2 Days 1 24-Hour Separation Cases
2 ) 3 -
2 Days { 3 Days 2 90-Minute 24-Hour PnSL
24-Hour 3 Days 4 Days 3 g g
- 4 Days | 5 Days 4 Separation Separation
4 Days 15 Days 8 I-V I-V
J xi P2 . . r . - -
VI Days 1 2o Days 2 4-Day Orion 5.4% 4-Day Orion 13.0%
1D 1D 1
ay ay ) . -
2 Days 2 Dﬁys 2 4-DH}Y EDE‘} J-Da}f EDS
_ 3 Days | 3 Days 3 /- 7-
90-Minute ;Daysf :; qué :; V-1 . V-1 i f
; DE‘YS = ;3’5 . 4-Day Orion 4.7% 4-Day Orion 14.1%
ayvs 4 Days ) )
2 Days 1 Day 1 V-1 V-I
24-Hour | 3 Days | 2 Days 2 4-Day Orion 1.9% 4-Day Orion 5.5%
_ ~Days } 0 Days 3 14-Day EDS 15-Day EDS
[-V 1 Day 1 Day 1
. 2 Days 2 Days 2
90-Minut
e 3 Days 3 Days 3
4 Days 4 Days 4

90-Minute planned launch separation is better than 24-Hour.
Launch order favors V-1, if the EDS has extended loiter capacity.
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Launch Order, Launch Separation, and Loiter in the Constellation 1)2-Launch Solution (200

Replacement Costs for Transportation Elements — Loss of Crew Risk for a missed TLI Opportunity.

Table 4. Replacement Cost Estimates for Transportation
Elements

Element

Ares I — Marginal Cost

Per Unit Cost
(Ares I Stack
Equiv.

0.40 Al

Orion SM & CM Refurbishment —
Marginal Cost

0.60 AI

Ares V (51.0.48) — Marginal Cost 0.90 AT
Ares V (51.0.47) — Marginal Cost 1.13 AT |
Altair — Fixed Cost 1.19 AT
Altair - Marginal Cost 0.79 AI
Altair - Total 1.98 Al

Table 5. PLOC Estimates for 4-Dayv Orion LEO Mission

Phase

Current
PLOC

CARD
Requirement

Ares I Launch

0.00077 (*/1300)

0.00011 (/o165

LEO Loiter (4-Days)

0.00071 (*/1400)

0.00010 (/9g73)

EDL from LEO

0.00104 (*/s60)

0.00015 (/s770)

Total

0.00253 (M/306)

0.00036 (*/2703)

Launching the Ares I first minimizes expected cost. However, additional risk to crew needs to be considered.

15



Launch Order, Launch Separation, and Loiter in the Constellation 1)2-Launch Solution (200

Comparisons of Figures of Merit (FOMSs)

16

Table 7. Comparison of FOMSs Across Loiter Period Options for V-1 Launch Order
(90-Minute Launch Separation)

0 N
Cost of No Expected Vehicle . . Cost to
Ares V Second . Change in .
. Replacement Cost, per Provide
Loiter, PnSL Launch . . Propellant
Davs (Ares I Stack Crewed Mission Mass, kg Added
. o (Ares I Stack Equiv.) o Loiter
Equiv.)
1 8.7% (111 5) 2.88 Al 0.25 Al -119 0
2 6.8% (IFIU) 2.88 Al 0.20 AI -79 0
3 5.9% (Y169) 2.88 Al 0.17 Al -40 0
4 4.7% (lfgl_—j) 2.88 Al 0.14 Al 0 0
14 1.9% (M/s56) 3.11+ Al 0.06 Al 395 >$1B+
24 1.2% (1f33__3) N/A N/A 834 N/A

Table 8. Comparison of FOMSs Across Loiter Period Options for I-V Launch Order
(90-Minute Launch Separation)

_ Cost of No Expected Vehicle
Ares I . Added
Loiter PuSL Second Launch Replacement Cost, per Loiter Added
Davs’ (Ares I_Stack Crewed )-'Iissiop Mass PLOC
) Equiv.) (Ares I Stack Equiv.) i
1 10.8% (‘s,) 1.00 AI 0.11 AI -119 0.00030
2 8.1% (V/123) 1.00 AI 0.08 AI -79 0.00023
3 7.0% (*/143) 1.00 AL 0.07 AI -40 0.00020
4 5.4% (M155) 1.00 AI 0.05 Al 0 0.00016

I-V order appears optimal if the added loss of crew risk is acceptable.




Risk analysis of on-orbit spacecraft refueling concepts (2010)

Concept of Operations

®* EDS is launched into LEO.

® Multiple expendable tanker
missions fuel the EDS.

® The lunar lander and a crew

module are launched separately.

® The entire stack, including the
EDS, lander, and crew module
are then propelled to the Moon
by the EDS.

17

Emplace | Crew Module/Lander
EDS(ampty) docked to Ens for transfer
in LEO

I

Launch 1: Launches 2-X:
EDS Tanker flights
Figure 1. EDS Refueling Concept of Operations

Launch X+2:
Lunar Lander Crew Module
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Risk analysis of on-orbit spacecraft refueling concepts (2010)
Risks analyzed using iterative simulation

* Large number of opportunities for mission failure
— If 8 refueling flights are required, then

* 11 launches are required, Orbital

* 10 rendezvous and docking events, R‘:Afuz"rl‘g
ode

* 8 propellant transfer events. (ORM)

* Each having potential to disrupt the mission.

— Although each individual event may be * Required Launches
g y * Probability Distributions I

accomplished with high reliability, the total number for Launch Schedule * Launch / Rendezvous /
of events could still result in low overall mission Transfer Failures
reliability. « Delay Periods
* EDS maximum time in LEO Manifest
— May be limited by design lifetime, propellant boil-off, Assessment
and MMOD risk Simula}tion
— Some maximum period of time in which all of the T(el\?lgr;%e

planned launches must take place.

— Lifetime of the EDS can be extended to some
extent; however, this adds mass, and cost.

18



Risk analysis of on-orbit spacecraft refueling concepts (2010)
Simulation flow of on-orbit refueling and associated risks

Probability of Mission Success through TLI is the oyl 5
. conditional probability of completing all stages
the EDS and included all
subsequent operations ® —) ° Mission
1 1 rob. o Success
required to achieve Trans / ® sﬁ)“?? ® E ® ® Through
. . aun » B & TLI
Lunar Injection (TLI). TN S 6 !;; /%msw\
. 1 : 2~
* Risks that were modeled: ! B
. rob. of Prob. of 1 :
— Ascent failures Laurr Laurch il B LR prob ot ro.of o o Prt, o
Sucosss (per launch) (per launch) ! ! 1 g:;z:gs ?RF Launch yod-o
— Launch delays ! ! o Suecess et
! |
— Automated Rendezvous and ! ! N N
Dock (ARD) failures ﬂ es I} 1| SN
— Failure to complete TLI within | = ) b 0 =47 o
the lifetime limit of the EDS it : I : I : I”Ii ‘| E?;{iiﬁ”’” o pimera
Failure 1 e Failure
* Main factors that were studied | 448 WA i
— Number of propellant flights ¥ Fars ot 05 | o of I T Y Y Y \
launch resuits in auncl | ilure of the Lander ailure of the Crew
- E D S I i f e ti m e mission failure :’;E:;‘;".ucrﬁ) (per \~ 4 l\ - ‘\ [aFu'n',ch Qr’;t\t?\’DL{'eszﬂs faiﬂ(’;h 'or'Af.EgD ._fc‘esu.’ts
Up to X tanker fiights w-’ffg’; ealter {ha;m (); tanker in mission failure in mission failure
— Number of available spare s cmed oy s o, o e -
! mission fails Mission Failure
propellant fllgh ts * * * Faffurg to .'a_unph & rendezvous any * *
_ ! ! ) Hotims rosutsin foos of isaions ! !
fime =0 EDS On-Orbit Lifetime —
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Risk analysis of on-orbit spacecraft refueling concepts (2010)

Overall Probability of Proceeding to TLI
1.00 l
. ——— — — " ‘ Constellation Launch & Rendezvous Prob.
.. : ’ " T — . _ * 120 Day EDS Lifetime
0 080H .- . . T ——
0N - . " — -
[}] & ——.—
O . T -
Q . . - - 'S T
=] S .. 90 Day EDS Lifetime
“U_) 0.60 N '--_-.
(=] “em. --.
2 el
= oL I
o) Tl -em. -
0.40 L - -
.l.g ~~._‘.-‘- -._.___-~_- -
- T -m .
T T "
020 1 a—— A - Upto 2 Tanker Refly Attempts e .-
®--——--- @ - Upto 1 Tanker Refly Attempts TTTee
W l - Up to 0 Tanker Refly Attempts
0.00
0 1 2 3 4 5 6 7 8 9 10
Number of Planned Tanker Launches
Up to 0 Tanker Refly Attempts Up to 1 Tanker Refly Attempts Up to 2 Tanker Refly Attempts
_ EDS Loiter Duration _ EDS Loiter Duration _ EDS Loiter Duration
30 60 90 120 30 60 90 120 30 60 90 120
[+] 0.55 0.70 0.80 0.83 0.58 0.76 0.87 0.90 0.60 0.76 0.87 0.90
'S @ 1 0.40 0.60 0.70 0.74 0.46 0.73 0.85 0.89 0.48 0.73 0.85 0.90
c g 2 0.31 0.53 0.62 0.65 0.39 0.71 0.83 0.88 0.41 0.71 0.84 0.89
|-_=|| E 3 0.24 0.46 0.55 0.58 0.31 0.68 0.81 0.87 0.35 0.70 0.83 0.89
a3 4 0.16 0.40 0.48 0.52 0.22 0.65 0.78 0.84 0.24 0.67 0.81 0.87
‘s 3 5 0.10 0.35 0.42 0.46 0.15 0.61 0.76 0.82 0.17 0.64 0.79 0.86
o & 6 0.06 0.29 0.37 0.41 0.09 0.56 0.72 0.80 0.10 0.60 0.77 0.86
2 i 7 0.02 0.24 0.32 0.36 0.04 0.52 0.69 0.77 0.04 0.56 0.75 0.84
E 'l_“ 8 0.01 0.20 0.28 0.32 0.01 0.47 0.65 0.74 0.02 0.52 0.72 0.82
F4 9 0.00 0.17 0.24 0.28 0.00 0.43 0.60 0.71 0.00 0.47 0.68 0.80
10 0.00 0.14 0.21 0.25 0.00 0.38 0.56 0.68 0.00 0.43 0.65 0.78
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Near Earth Asteroid

High Earth Orbit

HEO CPS 1 é I

(5 day orbit period)

Dock Alf
Elements

Dock All
Elements

~2 d Transit
~2 d Transit

REM
~2 d Transit DSH MPCV with crew
CcPs1 CPS 3

21

14d at NEA

302 d Transit

DSH checkout
atHEOS9 d

Staging Location
of DSH is Target
Dependent (TBD)]

Acronyms
CPS—Cryogenic Propulsion Stage
DSH — Deep Space Habitat

EDL — Entry, Descent & Landing

MPBCV — Multi-Purpose Crew Vehicle
NEA — Near-Earth Asteroid

REM — Robotic & Exploration Module
SM —Service Module

NEA

Continues
at NEQ

35 d Transit

. ~/
DSH

»
o

\13

MPCV S0



Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Model Overview

Same figure will be used again in 2013 and 2014 papers

22

Analyst sets control variables in the Arena file including risk factor settings.
Simulation logic implements all activities from manufacturing completion through departure window.
Risk models provide opportunities for activities to be delayed or for elements to fail.

Excel DRM
Definition

Workbook

Analyst enters Design Reference Mission

(DRM) information:

* Departure window

» Launch dates based upon workforce
capacity, crew launch buffer and internal
margin within each processing flow

Discrete Event Simulation Excel Output
Arena Model File g Workbook

Results from each of the 1,000 replications are sent to the
Excel output file. Information includes control variables
from the simulation, when launches occurred and what, if
anything, caused a loss of mission. Response graphics in
the output dashboard are automatically updated after each
run.




Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Flight Hardware Elements Entity Routing Within Model

Manufacturing
Completion Risk
Models

VAB Integration &
Delay Risk Models

Pad Countdown
Preps & Delay
Risk Model

Transitto HEO,
Rendezvous & Dock,

LOM Risk Models

Offline
Processing &
Delay Risk
Models

Flt HW
Delivery to
VAB Buffer

Transportation &
Delay Risk

Models

VAB Transfer to Launch
Ops Pad Delay Risk
Buffer Model

Ascent LOV-
Abort Risk
Model

Pad Ops Launch Countdown
Buffer Delay Risk Model

In-Space System
Reliability LOM Risk
Models

Launch
Buffers

Departure
Window

Same figure used in 2014 paper

VAB = Vehicle Assembly Building; HEO = High Earth Orbit; LOV = Loss of Vehicle; LOM = Loss of Mission
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Processing Delay Probabilities

* Risk models account for
potential delays during a
launch campaign.

* Developed using historical
data from the analogous
Space Shuttle operations.

* Each delay probability has an
associated delay distribution.

SRB = Solid Rocket Booster;
MLP = Mobile Launch Platform;
VAB = Vehicle Assembly Building;

RSRM = Reusable Solid Rocket Motors;
SSME = Space Shuttle Main Engine;
MPS = Main Propulsion System;
SLS= Space Launch System
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Delays to Start of SRB

Delays to Core Stage

Delays to Payload to

Delays to SLS

Delays to Countdown

) Mate / . .
Stacking SLS Mate Readiness for Rollout Readiness
Upper Stage Mate
Delay Delay Delay Delay Delay
Subcatego Subcatego Subcatego Subcatego Subcategor
" gLy Prob o oLy Prob Y 8oty Prob Y oLy Prob Y £oLy Prob
MLP Post 0.1682 ;/Ail(crane 0.1193 VABCrane g Range 0.0476 1SDR]13 In(tiucid h  0.0571
Launch Problems | robiems, ' Problems ’ Availability ' elays to Laune ’
MLP etc.) Countdown Start
RSRM SSME-MPS
VAB Problems 0.1405 Segment 0.0158 Orbiter 0.6076 SRB/RSRM 0.0667 induced Delays to 0.1274
(Crane, etc.) ’ Delivery ' Availability ’ induced delays | ~ Launch ’
Delays Countdown Start
VAB Major Mods SRB-RSRM SSME induced fnd“ro;lglim t
/ Major 0.0190  Stacking 0.3274  Miscellaneous 0.0286 Mauced 19.03g1 | HAUCCAERYSEO g 0416
. delays Launch
Maintenance Problems
Countdown Start
MLP Stack Prep | 0667 Cold Weather | 0.0381 Monoball 0.1000  Ground Systems  0.0429
Delays induced delays
Crawler . . .
0.0095 | Miscellaneous | 0.0286 Flight Crew | 0.0000  Flight Crew 0.0000
Transporter
Aft Booster M'lscellaneous Miscelleous Flight
. 0.0190 Flight 0.0467 0.0262
Delivery Delays Hardware
Hardware
Miscellaneous 0.0286

File: GOMES STS Based Risk Factors 2009_10_02 R1.xlsx
Sheet: SLS Risk Factor Table




Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

* Risk model to account for
delays for the VAB to pad
transfer operation stemming
from adverse weather delays,
ground equipment failures,
and flight hardware problems,
known as 11th hour delays.

* Based upon the Space Shuttle
history of vehicle transfers
between the VAB and the
launch pads
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Run Chart of 11th Hour Delays to Space Shuttle Vehicle Transfer w\Weather Delays

from the VAB to the Launch Pad
(STS-1 through STS-134)

O Ground Delays

BFlightHardware Delays

5

w
Days Delayed

T
N

rrrrrrr

STS-Mission

File: Pad SSV TA Days 2011_10_20.xIs Sheet: 11th Hour Delay to Pad Arrival 10/20/2011 14:08




Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Launch Countdown Delay Risk: Estimated SLS — MPCYV (Orion)

Launch T-O Cumulative Distribution Functions | ===STS (through 132)
Relative to initial planned T-0 on Day 0.
== SLS - MPCV
0.94
1.0 . —— |
0.9 _ T
08 / / 0.85
2 /
= 0.7 /
©
s 06 {
& 8.553 I
() .
-% /0.44
S 04
§ 0.3
3 .
0.2
0.1
0.0
0 10 20 30 40 50 60 70 80 90
T-O Day
C-RAST Results 2010_10_22R1.xls CDF for SLS-MPCV and STS
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Model Dashboard

* Inputs
Launch Campaign Plan
Processing Assumptions
Shelf-Life Durations
Risk Factors Active
Risk Probabilities
* Outputs

— HEO Durations

— Failures

— Success Probability

5x2 = Five days per week, two shifts per day; FLT HW =
Flight Hardware; KSC = Kennedy Space Center; LCD =
Launch Countdown; DSH = Deep Space Habitat; CPS =
Cryogenic Propulsion Stage; MPCV = Multi-Purpose
Crew Vehicle (Orion); LAS = Launch Abort System; HEO
= High Earth Orbit; REM = Robotic & Exploration
Module; FWD = Forward
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SLS Type? SRB |
Processing 12/31/24 712125 11126 713126 102127 714127 - HEl_%g”[r)a“o"
assumption N . N N 'g -0 to - Mlepa;tl.’:;e)
"Gy2" L1 Offline Ops (Average wi inand Max)
A 800
Launch 1 Flow [ I
A 700 1
L to'L2 L1to L2 Buffer 20
Spacing
) 600
148 L2 Offline Ops
) 500 4
Launch 2 Flow [ x| i m
J > 400 4 355
L2toL3 L2to L3 Buffer 20 =] 13221
Spacing 1 300 1
L3 Offline Ops 207
160 - 200 -
Launch 3 Flow B om 231 1 117 ]
b 100 A 41
Crew Buffer 3 127
J 0 . SE21E
HEO Ops 030 DSH CPS Citdw
Shelf Life Durations Success Probability
Days from Planned Manufacturing Completion to: 10
Planned Launch (lower value) & Actual Launch (upper value) Rendezvous
&Dock 0.9
800
Ascent 08
Reliability .
700 + 07
Crew Health ’
600 T 0.6 4
500 + System 0.5 1
Reliability Launch ]
400 4+ Campaign 0.4
300 281 280 284 0.3 1
] 219 207 208 ] 0.2 4
178 173
200 + . - - 0.1 4
100 +— 163 162 - 154 139 0.0 1
101 89 920 96
0 + + + + + + Launch | System | Crew | Ascent Rendezv Failure Probabili
Akt RSRM FWD Core Upper DSH/ CPS Orion Campaign |Reliability | Health |Reliabity| %5 & | Total Success Probability
Skirts Segments  Assy's Stages Stages REM Block 2 Dock
251 66 6 38 41 402 0.598
FLTHW | Offline | online LcD Complex Crew DSH CPS Crew |CPSAR| Crew R DSH REM oPs MPCY Crew Orion LAS
to KSC | Processi Cargo Ascent | Ascent [ Ascent | and D and D .
Delay Delay Launch . . Loss Loss Loss Loss Health Integration
§ o Delay |ng Delay Risk? Risk? Launch Model? LOV LoV LoV Failure Failure Risk? Risk? Risk? Risk? Risk? L tion?
Risk Settings: | gisk> | Risk? K S Moder? | MOde? [ miske | Risk? | Riske | Riske | Risk? K K Sk K 5" | Risk Probability Setting | ~°%2"°"*
Yes Yes Yes Yes STS STS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Neutral Online
1.5E-02 | 1.5E-02 | 1.5E-02 | 5.0E-02 1.0E-02 | 1.0E-04 | 1.0E-04 | 1.0E-04 | 1.0E-04 | 9.7E-05
Excel File: DRM Model Info File 2011_12_01.xls 121212011 12:19
Worksheet: Results Sheet Example
Arena Model File: DRM SLS Macro Sim 2011_12_01.doe
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

T

Five Days Per Week x One Shift Per Day Processing (5x1)

Apophis (NEA) Launch and Assembly Campaign

112124 71324 1/2/25 714125 1/3/26 7/5/26 1/4127 716127
Offline Processing [ ; 1

Flight Hardware Buffer

Integrated Processing (VAB) |
VAB Flow Buffer | 1stLaunch Processing
Pad Pre-Launch Operations 1 |
T-0 |
Pad and ML Refurb | ™

Buffer between L1 and L2 1

Offline Processing [ |

Flight Hardware Buffer
Integrated Processing (VAB) 2nd Launch Processing E—

VAB Flow Buffer

Pad Pre-Launch Operations |
T-0 1
Pad and ML Refurb ]

Buffer between L2 and L3
Offline Processing [ 1

Flight Hardware Buffer .
Integrated Processing (VAB) | 3rd Launch Processing I

VAB Flow Buffer

Pad Pre-Launch Operations |
T-O0

Launch to HEO 1
HEO Maintenance |

Crew Launch Buffer

1st TDI Opp

Departure Window Duration i
Last TDI Opp

DSH&REM Space Duration |

CPS (B2) Space Duration

MPCV_Crew Space Duration

In-Space Pre-Departure Operations =

Processing Assumption? "5x1"
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

2-shift Processing (5x2)
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Apophis (NEA) Launch and Assembly Campaign

Offline Processing

Flight Hardware Buffer
Integrated Processing (VAB)
VAB Flow Buffer

Pad Pre-Launch Operations
T-O

Pad and ML Refurb
Buffer between L1 and L2

Offline Processing

Flight Hardware Buffer

Integrated Processing (VAB)
VAB Flow Buffer

Pad Pre-Launch Operations
T-O0

2nd Launch Processing

1/2/24 713124 1/2/125 7/4/25 1/3/26 715126 114127 716127
| [E—
| —
] 1stLaunch Processing
| m
| 1
| |
 —

Pad and ML Refurb
Buffer between L2 and L3
Offline Processing

Flight Hardware Buffer

Integrated Processing (VAB)

VAB Flow Buffer |

Pad Pre-Launch Operations
T-O0

3rd Launch Processing

Launch to HEO

HEO Maintenance

Crew Launch Buffer
1st TDI Opp
Departure Window Duration i

Last TDI Opp

DSH&REM Space Duration |
CPS (B2) Space Duration

MPCV_Crew Space Duration

In-Space Pre-Departure Operations

Processing Assumption?

||5X2||




Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Risk Factor Settings for Optimistic, Neutral, and Conservative Cases

* Paper provides the basis of estimate for each of the
risk factor settings

* Ascent Failure Probability Estimate Example

— Optimistic estimate based upon SLS goal 1 in 250 failure rate,
which equates to a 0.4% chance of an ascent failure.

— Neutral estimate set at 1.5%, consistent with the Delta Il launch
vehicle’s demonstrated reliability through 149 launches and the
Space Shuttle’s demonstrated reliability over 135 missions.

— Conservative estimate of 3% value was consistent with the
Soyuz launch vehicle history (over 700 flights).
* Crew Health Example

— An entity representing each crew member is created for the
crew health risk model where there is a daily probability that a
significant medical event will develop prompting need to abort
the mission and return the crew to earth.

— Inputs for the crew health risk were based upon work performed
by NASA’s Integrated Medical Model (IMM) project team.
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Risk Factors Optimistic  Neutral = Conservative

Ascent LOV-LOM Probability

4.00E-03 1.50E-02 3.00E-02
(Cargo Launches
Ascent Abort 400E-03 | 1.50B-02 | 3.00E-02
(Crew Launch) R R haa
CPSto DSH / REM Automated 1 50B.02 5 00E-02 1 00E.01
Rendezvous & Dock Failure R R R
MPCYV to DSH Rendezvous & 5 00E.03 1 00E-02 5. 00E.02
Dock Failure (Crew assisted) R R R
DSH Daily Loss Probability 1.00E-05 1.00E-04 5.00E-04
REM Daily Loss Probability 1.00E-05 1.00E-04 5.00E-04
CPS Block 2 Daily Loss

- 1.00E-05 1.00E-04 5.00E-04

Probability
MPCYV Daily Loss Probability 1.00E-05 1.00E-04 5.00E-04
Crew Health LOM

7.19E-05 9.72E-05 2.05E-04

(Daily risk per crew member)




Five Days Per Week x Two Shifts Per Day Processing (5x2); Optimistic Settings

* QOverall success probability is
low

* Failure to launch all the assets
in a timely fashion is the main
risk.

Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

FLT HW = Flight Hardware; KSC = Kennedy Space
Center; LCD = Launch Countdown; DSH = Deep
Space Habitat; CPS = Cryogenic Propulsion Stage;
MPCV = Multi-Purpose Crew Vehicle (Orion); LAS =
Launch Abort System; HEO = High Earth Orbit; REM =
Robotic & Exploration Module; FWD = Forward
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SLS Type? SRB |
Processing 12/31/24 712125 11126 713126 112127 714127 HEO Duration
assumption , , . . (T-0 to HEO Departure)
"Gy 2" L1 Offline Ops (Average with Min and Max)
1 800
Launch 1 Flow B mo
1 700 +
Litol2 L1 to L2 Buffer 20
Spacing
1 600 1
120 L2 Offline Ops
) 500 +
Launch 2 Flow o "
1 o 400 T
L2toL3 L2 to L3 Buffer | 8 (=) 200 277
Spacing L3 Offline Ops 12600
120 i 200 4 157
Launch 3 Flow [ 20 a3
J 100 + 126 37
Crew Buffer | 0 o woim
HEO Ops _ DSH CPS Ctéw
Shelf Life Durations - Success Probability
Days from Planned Manufacturing Completion to: R s 1.0
Planned Launch (lower value) & Actual Launch (upper value Hpienius
( ) (upp ) CrsiEHaiiiih 0.9
800
0.8
700
0.7
600 06
500 0.5
400 0.4
0.3
300 Launch 5
200 180 179 183 0 Campaign o
) m 118 106 107 - 106 0.1 :.:
100 +— . = 0.0 -
135 134 || || 126 - " :
0 73 61 62 69 Launch | System | Crew | Ascent Rendezv | ¢ e -
Akt RSRM FWD Core Upper DSH/ CPS Orion Campaign |Reliability| Health |Reliabilty| %S & | Total Success Probability
Skirts ~ Segments  Assy's Stages Stages REM Block 2 Dock
814 0 1 3 2 820 0.180
FLT HW | Offline . Complex Cre DSH CPS Crew |CPSAR | CrewR Orion LAS
to KSC |[Processin Online LCD Cargo w Ascent | Ascent | Ascent and D and D DSH REM cpPs MPCY Crew ! .
Delay Delay Launch ) ) Loss Loss Loss Loss Health Integration
. . Delay | g Delay Risk? Risk? Launch " LoV LoV LoV Failure Failure Risk? Risk? Risk? Risk? Risk? o
Risk Settings: | Risk? | Risk? 1SK 1SK? | Model? | Model? | picko> | Risk? | Risk? | Risk? | Risk? 1K 1SK 1SK ISk 18k? | Risk Probability Setting | Location?
Yes Yes Yes Yes STS STS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Optimistic Online
4.0E-03 | 4.0E-03 | 4.0E-03 | 1.5E-02 5.0E-03 | 1.0E-05 | 1.0E-05 | 1.0E-05 | 1.0E-05 | 7.2E-05
Excel File: DRM Model Info F|_Ie 2011__1_2__01_F|gure512_13 plus.xlsx 11712023 14:25
Worksheet: 5x2 120-Day Spacing Optimistic
Arena Model File: DRM SLS Macro Sim 2011_12_01.doe




2-shift Processing; Optimistic Settings; Added Margin to 1%t Launch Flow

* Success probability
substantially improved.

* Added campaign margin and
required delivery of flight
hardware earlier.

* Increased shelf-life durations
required.

* Failure to launch all the assets
in a timely fashion remains the
main risk driver.

Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

FLT HW = Flight Hardware; KSC = Kennedy Space
Center; LCD = Launch Countdown; DSH = Deep
Space Habitat; CPS = Cryogenic Propulsion Stage;
MPCV = Multi-Purpose Crew Vehicle (Orion); LAS =
Launch Abort System; HEO = High Earth Orbit; REM =
Robotic & Exploration Module; FWD = Forward
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SLS Type? SRB |
Processing 12/31/24 712125 11126 713126 112127 714127 HEO Duration
assumption , , . . (T-0 to HEO Departure)
"Gy 2" L1 Offline Ops (Average with Min and Max)
i 800
Launch 1 Flow B Twoomm 14
1 700 +
Litol2 L1 to L2 Buffer 20
Spacing
1 600 1
120 L2 Offline Ops
) 500 +
Launch 2 Flow o "
1 o 400 T
L2toL3 L2 to L3 Buffer | 8 (=) 200 282
Sp1a20(|)ng L3 Offline Ops ! 228 ! 161
1 200 + 539
Launch 3 Flow [ ) 11531
1 100 + 126 41
Crew Buffer 0 o  m2om
HEO Ops _ DSH CPS Ctéw
Shelf Life Durations - Success Probability
Days from Planned Manufacturing Completion to: 1.0
Planned Launch (lower value) & Actual Launch (upper value) systeffsrutzvous &
Crash Moyck 0.9
800
0.8
700
0.7
600 06 1
500 0.5 1
404 403 407 04
T w2 s w '
0.3
260
300 + 347 346 - - - 350 225 ] Launch 0.2 1
200 285 273 274 - | Campaign ’
231 0.1 1
100 188 0.0 -
0 + X Launch System Crew Ascent Rsn:zzv Failure Success Probabili
Akt RSRM FWD Core Upper DSH/ CPS Orion Campaign |Reliability| Health |Reliability| Total ty
Skirts ~ Segments  Assy's Stages Stages REM Block 2 Dock
324 5 5 10 6 350 0.650
FLT HW | Offline . Complex Cre DSH CPS Crew |CPSAR | CrewR Orion LAS
to KSC |[Processin Online LCD Cargo w Ascent | Ascent | Ascent and D and D DSH REM cpPs MPCY Crew ! .
Delay Delay Launch ) ) Loss Loss Loss Loss Health Integration
. ) Delay | g Delay Risk? Risk? Launch " LOV LoV LoV Failure Failure Risk? Risk? Risk? Risk? Risk? o
Risk Settings: | Risk? | Risk? 1sK ISK? | Model? | Model? | Risk? | Risk? | Risk? | Risk? | Risk? 1Sk 1Sk 1SK¢ 1SK¢ 18K? | Risk Probability Setting | Location?
Yes Yes Yes Yes STS STS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Optimistic Online
4.0E-03 | 4.0E-03 | 4.0E-03 | 1.5E-02 5.0E-03 | 1.0E-05 | 1.0E-05 | 1.0E-05 | 1.0E-05 | 7.2E-05
Excel File: DRM Model Info File 2011_1_2__01__F|gure512_13 plus.xlsx 11712023 14:25
W orksheet: 5x2 120-Day M1_90_14 Optimistic
Arena Model File: DRM SLS Macro Sim 2011_12_01.doe
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

T

2-shift Processing; Conservative Risk Factors; Added Margin in 3" Launch; Added 40-day Crew Buffer

SLS Type? SRB |

* Success probability is 50-50 HEO Duraton

Processing
12/31/24 7/2(25 1/1‘/26 7/3‘/26 1/2/27 714127 (T-0 to HEO Departure)

assumption

* Changed to Conservative Risk 52| L1 0fine ops | | resoe i g2
. . Launch 1 Flow B Jewoommm 4
Factors, which substantially R . ) 0 |
increase loss of mission risk. 1
. . Launch 2 Flow B °
* Added Margin in 3" Launch ) Lao | 0

300 | 1 3(I)4 !

Spacing .
Flow and a Crew Buffer 1o | -OMine O | wl L
Launch 3 Flow [ — 1 52
H H g 100 +
— Increases crew time in earth Crow Buffer 0 2w
. . 1 0 : —=
orbit, but substantially reduces HEO Ops 030 DSH  CPS  Cidw
launCh Campalgn I’ISk Shelf Life Durations : Success Probability
R i R Days from Planned Manufacturing Completion to: Rend N 1.0
endezvous Launch
[ ] System rel Iablllty IS the |arg est 500 Planned Launch (lower value) & Actual Launch (upper value) oot Can:lpaign 0.9
R R . Ascent 0.8
1 Reliabilit
contributor to loss of mission
. 600 + 06
Crew Health
risk, but others are also w0 ] w0 e 05 |
. r 379 367 368 0.4 4
400 + 344
significant 0s |
300 T 347 346 350 System 0z |
200 1 285 273 074 075 Reliability 0.1 |
100 1 188 0.0 1
0 t t t t t t t - Launch | System | Crew | Ascent Rendzzv Failure s Probabili
FLT HW = Flight Hardware; KSC = Kennedy Space S e om e o s ow conpon | o oo 3t | o s Prvaiy
5 irts egments ssy's ages ages ocl
44 306 19 71 37 477 0.523
Center; LCD = Launch Countdown; DSH = Deep
M . — ] ] . FLT HW | Offline . Complex DSH CPS Crew |[CPSAR | CrewR :
Space Habitat; CPS = Cryogenic Propulsion Stage; oSG |processn| Onine | LoD | CZEY] Crow | e | mecent | Ascom | anaD | anaD | DM | REM | CPS | weev | crew oron LAS
MPCV = Multl-Purpose Crew Vehicle (OI‘IOI’I); LAS = Risk Settings: ESEZ QR?:EV Risk? | Risk? ":Aao“'d”eﬁg Model? ;ig;/? é‘i‘;:/? é‘g‘:/? ':Rali‘;rf ':Rali‘;rf Risk? | Risk? | Risk? | Risk? | Risk? | i proponie soring | Location?
. = . = Yes Yes Yes Yes STS STS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Conservative Online
Launc ort System; HEO = High Earth Orbit; REM
. . 3.0E-02 | 3.0E-02 | 3.0E-02 | 5.0E-02 1.0E-02 | 5.0E-04 | 5.0E-04 | 5.0E-04 | 5.0E-04 | 2.1E-04
Robotic & Exploratlon Module; FWD = Forward Excel File:  DRM Model Info File 2011_12_01_Figures12_13.xIsx 11512023 19:47
W orksheet: 5x2 Con 100, 156-30-14, 40 -
Arena Model File: DRM SLS Macro Sim 2011_12_01.doe
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

T

1-shift Processing; Optimistic Risk Factor Setting; Added Additional Campaign Margin; Crew Buffer

* Success probability is greater
than 0.9.

* Added large amount of margin
to the third launch campaign.

* Greatly increased shelf-life
capability requirement.

* No dominant risk. Essentially
an equal mix of:

Launch campaign

System Reliability

Crew Health

Ascent Reliability

Rendezvous & Dock

FLT HW = Flight Hardware; KSC = Kennedy Space
Center; LCD = Launch Countdown; DSH = Deep
Space Habitat; CPS = Cryogenic Propulsion Stage;
MPCV = Multi-Purpose Crew Vehicle (Orion); LAS =
Launch Abort System; HEO = High Earth Orbit; REM =
Robotic & Exploration Module; FWD = Forward

SLS Type? SRB |
Processing 11124 712124 11125 713125 112126 714126 113127 75127 HEO Duration
assumption ; , ; \ . , (T-0to HEO Departure)
"Exq" L1 Offline Ops (Average with Min and Max)
1 800
Launch 1 Flow B woomm 4 705
1 700 + -
Ltol2 L1 to L2 Buffer 0 16681
Spacing
. 1 600 +
188 L2 Offline Ops 518
) 500 + 1
Launch 2 Flow m_ _mo° ” 524 14631
1 § 400 +
L2toL3 L2 to L3 Buffer | 0 200
Spacing L3 Offline Ops
436 | 1
200 233
Launch 3 Flow [ — T -
1 100 +
Crew Buffer 40 m47m
R 0 t } =
HEO Ops _ DSH CPS Ctéw
Shelf Life Durations - Success Probability
Days from Planned Manufacturing Completion to: 1.0
Planned Launch (lower value) & Actual Launch (upper value) Rendezvous &
Dock 0.9 +
800
667 666 Launch 0.8 1
700 +— 637 Ascent Campaign
580 Reliability 0.7 1
600 1 543 520 522 I 526 = 06 |
598 597
500 L 05 -
= 02|
400 474 451 453 461 :
Crew Health 0.3 4
300
System 0.2 4
Reliability
200 243 0.1
100 0.0
0 f t t t t + Launch | System | Crew | Ascent Rendezv Failure P il
Akt RSRM FWD Core Upper DSH/ CPS Orion Campaign |Reliability| Health |Reliability| S & | Total Success Probability
Skirts ~ Segments  Assy's Stages Stages REM Block 2 Dock
25 14 14 14 6 73 0.927
FLT HW | Offline . Complex DSH CPS Crew |[CPSAR | CrewR :
to KSC |[Processin Online LCD Cargo Crew Ascent | Ascent | Ascent and D and D DSH REM cpPs MPCY Crew Orion L.AS
Delay Delay Launch ) ) Loss Loss Loss Loss Health Integration
. ) Delay | g Delay Risk? Risk? Launch " LOV LoV LoV Failure Failure Risk? Risk? Risk? Risk? Risk? o
Risk Settings: | Risk? | Risk? 18K ISK? | Model? | Model? | Risk? | Risk? | Risk? | Risk? | Risk? 1Sk 15K 18K ISk 18K? | Risk Probability Setting | Location?
Yes Yes Yes Yes STS STS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Optimistic Online
4.0E-03 | 4.0E-03 | 4.0E-03 | 1.5E-02 5.0E-03 | 1.0E-05 | 1.0E-05 | 1.0E-05 | 1.0E-05 | 7.2E-05
Excel File: DRM Model Info File 2011_12_01_Figurel2.xlsx
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Worksheet:

5x1 Opt 188, 436-210-14, 40

Arena Model File:

DRM SLS Macro Sim 2011_12_01.doe

1/15/2023 19:39
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Launch and Assembly Reliability Analysis for Human Space Exploration Missions (2012)

Estimated Maximum Success Probabilities for Achieving the Trans-NEA-Injection

* Risk settings have a significant influence on the results Estimated Maximum =52 Processing
L. Success Probabilities 5x1 Processing
— Optimistic o
0.933
— Neutral n
0.9
— Conservative 0927
H . . . 08 0.783
* The launch campaign processing assumption is more -
influential with the conservative risk settings 07 0.749
0.6
2 0.523
% 05 =
2
& 04
0.416
0.3
0.2
0.1
0.0 T T
Optimistic Neutral Conservative
Risk Settings
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Launch and assembly reliability analysis for Mars human space
exploration missions (2013)

* Multiple launches and assembly of multiple Mars Transfer Vehicles

* Constrained departure windows of approximately 60 days that repeat on a
26-month cycle

* Fundamental tension between adding margin to the launch schedule and
the amount of in-space risk exposure

* Several factors are interconnected in how they influence Launch and
Assembly Reliability for missions that require multiple launches and have a
constrained departure window

— Launch availability, launch spacing, mission hardware (element) time limits, crew
health, in-space system reliability, departure window constraints, and availability of
spares

* Challenge — Structure total launch and assembly reliability to result in an
acceptable probability of mission success
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Launch and assembly reliability analysis for Mars human space exploration missions (2013)

Mars Design Reference Architecture 5.0 Mission Profile
: NTR Reference Shown (Pre-Deploy Strategy)

In-Situ propellant production for Ascent Vehicle o Crew: Ascent to high Mars orbit

Aerocapture / Entry, Descent & Land Ascent Vehicle o
Crew: Prepare for Trans-

Earth Injection
Aerocapture Habitat Lander
into Mars Orbit

Crew: Use Orion to
transfer to Habitat Lander;
then EDL on Mars

Cargo:
~350 days
to Mars

- o Crew: Jettison drop
tank after trans-Mars injection
~180 days out to Mars

0 Crew: ~180 days

Crew back to Earth

Transfer
Vehicle

4 Ares-V Cargo
Launches

FH‘; ~26 ' ,T: ! ~30
il months ik j1 months Orion direct
11l - - | E <% > Earth return
”ti — ijl._",.‘i-""'—-—-
e — e — 6
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Launch and assembly reliability analysis for Mars human space exploration missions (201 "

Scenarios that were studied

* Mars Transfer Vehicle (MTV)
Propulsion Type

— Nuclear Thermal (NTR)
— Chemical (Chem)
* Deployment Strategies for MTVs
— Pre-Deploy
— All-Up
* SLS Lift Capacity
— 105t
— 130t
* Ground Processing Architecture
— Single String — 5x2 Processing
— Dual String — 5x3 processing
* Spares
— 0 1,0r2
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MTV| MTV | Number | Cargo
Case P Denl ¢ S[S Ground S
yo| 0P| UEPOY 0 . |Architecture pares
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5x2
SANTR | AlUp — 1O Fging
4 10 130 t 0.1.2
5 Chemm Pre- | 8and5 | 105t Dual T
6 Deploy | 6and 5 | 130t Strin 5x3
7 {aqr | Pre- [L6and4 | 105t ;
8 Deploy | Sand4 | 130t
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Launch and assembly reliability analysis for Mars human space exploration missions (201 3)

Summary Results — Single String Ground Processing Architecture — 5x2 Processing
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Launch and assembly reliability analysis for Mars human space exploration missions (201 3)

Summary Results - Dual String Ground Processing Architecture — 5x3 Processing
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International Human Mission to Mars (2014)
Analyzing a Conceptual Launch and Assembly Campaign

In July of 2013, U.S. Congressman Kennedy * NASA's "Human Exploration of Mars: Design Reference

of Massachusetts successfully offered an
amendment to H.R. 2687, the National
Aeronautics and Space Administration
Authorization Act of 2013.
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International Participation — The President should
invite the United States partners in the
International Space Station program and other
nations, as appropriate, to participate Iin an
international initiative under the leadership of the
United States to achieve the goal of successfully
conducting a crewed mission to the surface of
Mars.

Architecture 5.0" (DRA 5.0) was our point of departure.
* DRA 5.0 assumed use of NASA launch vehicles.
* Developed concepts utilizing a mixed fleet of NASA Space

Launch System (SLS), U.S. commercial and international
launch vehicles.

— Potential to reduce the campaign duration.
— Added complexity.

— The reliability of the launch and assembly campaign
utilizing SLS launches augmented with commercial and
international launch vehicles was analyzed and
compared using discrete event simulation.



International Human Mission to Mars (2014)
Analyzing a Conceptual Launch and Assembly Campaign

* Three Mars Transfer Vehicles (MTVs)
sent to Mars. Each MTV to propel one of
the three major payload elements
required at Mars to conduct the mission.

Mars surface habitat (SHAB) that the crew uses
to descend to the Mars surface and where they live
in and work from during their stay on Mars

Mars descent / ascent vehicle (MDAV) that is
used to descend exploration gear to the Mars
surface and then at the conclusion of the Mars
surface mission to ascend the crew back to Mars
orbit;

Deep space transit habitat (HAB) that the crew
would live in during their transit from Earth orbit to
Mars orbit and back.

* The MTVs were to be assembled in earth
orbit and each would require multiple
launches of the SLS
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In-Situ propellant production for Ascent Vehicle °

Aerocapture / Entry, Descent & Land Ascent Vehicle °

Aerocapture Habitat Lander
into Mars Orbit °—

Crew: Use Orion to
transfer to Habitat Lander;
then EDL on Mars

Q Crew: ~180 days

back to Earth

Cargo
Vehicles

Transfer
Vehicle

Ares-| Crew Launch
° 3 Ares-V Cargo Launches

Orion direct

B
' “il ol B l ‘l g - - Earth return
8 1] kN e ‘i:‘l. ___




International Human Mission to Mars (2014)

* Three campaigns were developed with all
using a commercial crew vehicle
— 4 SLS - 1 Spare SLS

— 3 SLS + 6 Commercial — International
Partner Launchers

— 3 SLS + 11 Commercial — International
Partner Launchers

* The size of the buffers and the launch
spacing were adjusted to maximize the
reliability of the campaign.
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Days Relative

4 SLS

3 SLS + 6 CIP

2SLS + 11 ClPoig

to Opening of + 1 Spare SLS + 1 Spare Each + 1 Spare Each
TMI Window + Commercial Crew + Commercial Crew + Commercial Crew
60
0
28-day crew launch buffer 28-day crew launch buffer 28-day crew launch buffer
-30 Commercial Crew Commercial Crew Commercial Crew
~270 days of ~270 days of =210 (rir?k})lls OfMT\,] laltl)ncf}fl &
MTV MTV assembly campaign buffer
launch & assembly campaign launch & assembly campaign
buffer buffer
-240 SLS: Spare (as-needed)
-300 Delta IV H: Orion & SM
SLS: S -neede SLS:S -neede
-315 pare (as-needed) pare (as-needed) Ariane V: Contingency Food
-330 Delta IV H: Orion & SM Falcon H: Inflatable Trans-Hab
~105-Day
-345 Launch-to-Launch Ariane V: Contingency Food  |[SLS: NTR Prop Module
Turnaround
Falcon H: Inflatable Trans-Hab
-390 aroon T AnTRabTe TSP ™A tlas V: H2 Tank
-405 SLS: NTR Prop Module SLS: NTR Prop Module Delta IV H: H2 Tank
-420 Ariane V: H2 Tank
435 ~105-Day ~105-Day Falcon H: H2 Tank
-450 Launch-to-Launch Launch-to-Launch SLS: In-Line Tank
Turnaround Turnaround
-495 Falcon H: Saddle Truss
510 SLS: In-Line Tank SLS: In-Line Tank Soyuz Power System & ZBO
Cryo-Coolers
525 H2B: 2nd Docking Module;
Fwd RCS Prop
~105-Day ~105-Day -
540 Launch-to-Launch Launch-to-Launch Atlas V: Short Saddle Truss
Turnaround Turnaround
-615 SLS: Saddle Truss / Drop Tank [SLS: Saddle Truss / Drop Tank
660 ~105-Day Soyuz: Power System & ZBO
Cryo-Coolers
Launch-to-Launch -
H2B: 2nd Docking Module;
-685 Turnaround
Fwd RCS Prop
-690 Atlas V: Short Saddle Truss
-720 SLS: Payload Elements




International Human Mission to Mars (2014)

Launch Delay Risks for Various Launch Vehicles — Delay Relative to Original Planned Date

* SpaceflightNow.com’s launch
schedule has about a 6-month to
one-year horizon, meaning that
when a planned launch date is set
on their schedule, the planned
launch is 6 to 12 months away.

* The schedule is updated with any
changes to the launch date.

* Once the launch has actually
occurred, the history of delays is
documented in their launch log.

* We compared the initial planned
launch date to the actual launch
date to create cumulative launch
delay distribution functions.
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International Human Mission to Mars (2014)
Estimated launch countdown delay risk for SLS — Delay Relative to Initial Launch Attempt

Launch T-O Cumulative Distribution Functions
Relative to initial planned T-0 at start of launch countdown
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International Human Mission to Mars (published in 2014)
Launch countdown delay risk for Atlas V and Delta 4 — Delay relative to initial attempt

Combined Atlas V & Delta IV Launch Countdown Delay CDF
64 Launches Through Launch September of 2013
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International Human Mission to Mars (2014)
Estimated daily failure probability for spacecraft in earth orbit

* As elements loiter in earth orbit, there is the potential
that system failures will result in loss of mission.

* Difficult to develop accurate risk models of MTV
elements that have not been dGSIg ned/bU||t yet Estimated Daily Failure Probability for Spacecraft in Earth Orbit

Days on Orbit
* For risk modeling during the on-orbit assembly R At S A
campaign, it was assumed that each of the 4 major
MTV elements (NTR Prop, In-Line Tank, Drop Tank,
and Payload Elements) were analogous to an Earth \
1.0E-04 e

1.0E-03
orbiting spacecraft.

* Used risk model developed by Saleh and Castet

— They analyzed a select portion of Ascend’s [now
Seradata] SpaceTrak database.

* 1,584 spacecraft launched between January 1990
and October 2008

— They developed a spacecraft reliability model as a
function of time spent on orbit.

Daily Failure Probability

1.0E-05

Saleh, J.H. and Castet J-F., Spacecraft Reliability and Multi-State Failures: A Statistical Approach, Wiley, 2011
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International Human Mission to Mars (2014)
Overview of Risk Models

* Manufacturing, Processing & Launch Campaign
Risks

* Ascent Loss of Mission Risk

* Automated Rendezvous & Docking Risk
* Element System Failure on Orbit

* MMOD Caused Failures on Orbit

* Crew Medical Risk
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Risk Factors PrLom
130t SLS 3.317E-02
Ascent Non-SLS launch
on-as faune 1.780E-02
vehicles
Rendezvous, |Automated
Proximity (between MTV 1.030E-02
Operations & | Elements)
Docking/ i
0C g' Cre.w Directed 4350603
Connection (Orion to MTV)
MTV Element |1st day on orbit 2.892E-03
reliability (per Continue Saleh and Castet
Element per reliability model (Equation 1) for
day on orbit) subsequent days on orbit

MMOD (per Element per day on orbit)

1.000E-05

Health (per person per day on orbit)

9.720E-05

Earth orbit departure
burn by NTR propulsion module

1.200E-02




International Human Mission to Mars (2014)

Analyzing a Conceptual Launch and Assembly Campaign

Estimated reliability is below 0.90 for all options.

— Potential that one could lose a significant portion, and potentially all, of the
investment made towards a human mission to Mars.

— What level of predicted reliability will be required prior to committing to a
multi-billion dollar launch and assembly campaign of international
importance?

The 4-SLS option has the highest launch and assembly campaign
reliability.

The 3-SLS and 2-SLS have similar estimated reliability results.

— Interesting that the 2-SLS case appears to be slightly better.

— The reduced duration of the 2-SLS case, and the corresponding reduced
on-orbit system reliability risk, may account for the differential.

Options in which 1 or 2 of the SLS launches are replaced by
commercial and international partner launch vehicles seem
sufficiently reliable to warrant further study.
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The Exploration of Mars Launch & Assembly Simulation (2016)

* The ‘Exploration of Mars Launch & Assembly Simulation’ was developed to model
launch operations for the next several decades of human exploration of space.

* The model currently provides two capabilities.
— Analyze launch campaign success probability

* Assembly of Mars Transfer Vehicles that will be used to transport crews to
Mars.

* Discrete Trans-Mars-Injection windows that occur on an approximate 26-month
cycle.

— An animation feature

* Allows users to visualize mission operations from the perspective of looking
down upon the solar system

* Compressed timescale (visualize 40 years in a few minutes)

* Enhances the ability to comprehend the scale and complexity of the Mars
campaign options under study
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The Exploration of Mars Launch & Assembly Simulation (2016)

Notional Evolvable Mars Campaign Manifest

* The SLS launches depicted EFT4 i 1088 o0,

EM-1 EM-2 s EM-4  EM-S
between 2028 and 2046 notionally Py 20/ Crw | Mamlien | Gy Gy G Grovt G|l -l i
support a crewed mission to — b I 1
Phobos in 2033, followed by 4 Y 4 o0 ‘o " e & @ "
crewed missions to Mars in 2039
and 2043. ﬁ h i :-: * * ﬂ

° Subsequent missions to Mars 2514 2015 = 2016 = 2017 2018 = 2019 = 2020
could require additional launches
during the 2042-2046 time-frame.
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n n U non RRRRF
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2028 2029 2030 2031 2032 2033 2034

2035 = 2036

2037

M

2038 = 2039 = 2040 = 2041

2045

P

2046

51




The Exploration of Mars Launch & Assembly Simulation (2016)
Flight Hardware Elements Entity Routing

Manufacturing of Delay Transportation to Delay Buffer |
Mission Elements Fisl Launch Site Eidls (Margm) !
I
£ e e e e e e e e e o e
L > Offline Delay Transportation to Delay Buffer
Processing Risk VAR Risk (Mar gin) :
1
(oo
:_ - Launch Vehicle Delay Cptional Wet Diress Delay Buffer |
Assembly Fids Eehearsal Risk (Mar gin) :
e e
|
. N Payload Delay Integrated Testing Delay Buffer
Integration Risk & Rollout Preps Risk (Mar gin) :
R e |
|
Ll Rollout to Delay Preparations for Delay Buffer
Launch Pad Risk Launch Countdown Risk (Mar gin) |
ettt |
| —»  Model Entity To Ascent Submodel
1
1
1
- Laurch Delay LOM if Launch is Too Late
Countdown Risk
Model Entity to Launch Pad & WML

LOM = Loss of Mision

Eefurbishment Submodel ML= Mobile Launcher
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The Exploration of Mars Launch & Assembly Simulation (2016)
Gantt Chart for the Mars 2039 Opportunity

Launch to Launch Critical Path 107  days | Shift Assumption: ~ 5x3 Optimized? No

TEI = Trans Earth
Injection Propulsion
Module

MSL = Mars Surface
Logistics

EOI = Earth Orbit
Insertion Propulsion
Module

TMI = Trans Mars
Injection Propulsion
Module

MAYV = Mars Ascent
Vehicle
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The Exploration of Mars Launch & Assembly Simulation (2016)

“Optimized” Mars 2039 Gantt Chart

Launch to Launch Critical Path

Shift Assumption:

Optimized? Yes

TEI = Trans Earth
Injection Propulsion
Module

MSL = Mars Surface
Logistics

EOI = Earth Orbit
Insertion Propulsion
Module

TMI = Trans Mars
Injection Propulsion
Module

MAYV = Mars Ascent
Vehicle
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“Optimized” Gantt Chart

The starting point Scenario A showed the
Mars 2039 mission having a low probability of
launching all elements to meet the departure
window.

Scenario B increased duration of the crew
launch opportunity to 60 days.

For Scenarios C - G, the available margin
was increased by shifting planned launch
dates earlier, adding more margin across the
campaign, including the final launch.

Scenarios D and E progressively increased
the crew launch window by another 30 days
in each case.

Scenario F, added a mobile launcher and an
integration high bay.

Scenario G added the capability to launch a
replacement mission with the added optimistic
assumption that the grounding duration after
an accident would be minimal.

ML = Mobile Launcher
HB = High Bay
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The Exploration of Mars Launch & Assembly Simulation (2016)

"Split" Concept with 5X3 Processing
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Evolvable Mars Campaign Simulation Animation
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The Exploration of Mars Launch & Assembly Simulation (2016)

Conclusions and Forward Work

* Capability to perform launch and assembly campaign Forward work

reliability risk analysis and visualization * Modeling additional risk factors that are in play relative to

— evolving to meet the demands. achieving Trans-Mars-Injection (TMI) windows.
— new features have been added to enhance the value of e \jodeling post TMI risks.
the tools. * Reduce time and effort required to produce the animation
— latest findings are consistent with previous analyses feature.
* Launch and assembly campaign reliability remains a top * Develop additional animation features that drill down into
overall risk. key areas
* Keys to providing high reliability include: — launch processing

— timely availability of launch vehicles and spacecrafft,
— adequate ground processing margin,
— availability of ground processing infrastructure,

— ability to launch the crew early relative to the closing of
the TMI window,

— wherewithal to return to flight quickly after failures.

— critical flight operations
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