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ABSTRACT	

Title:						Holistic	Methodology	for	Stochastic	Space	Mission	Utility	Analysis	

Author:		Ja’Mar	Alexander	Watson	

Advisor:	Dr.-Ing.	Markus	Wilde	

	
	 Analysis	 and	 design	 mechanisms	 have	 a	 profound	 effect	 on	 space	

missions;	 yet,	 space	 mission	 engineering	 is	 a	 discipline	 without	 unanimous	

definition	 and	 implementation.	 Current	 philosophies	 are	 inadequate	 due	 to	

incomplete	mission	 phasespaces,	disaggregated	design	methods,	 exclusion	 of	

constitutive	 relations,	 curtailed	 tradespace	 exploration,	 and	 unsubstantiated	

mission	 concept	 solutions.	 This	 dissertation	 presents	 a	 new	 paradigm	 for	

simultaneously	 developing,	 exploring,	 and	 assessing	 statistically	 validated	

space	 mission	 concepts.	 Stochastic	 modeling	 and	 simulation,	 providing	

multivariate	 mission	 utility	 analysis	 with	 concurrently	 integrated	 tradespace	

exploration,	 risk	assessment,	and	holistic	design,	 facilitates	 the	methodology.	

Backtesting	of	 the	Apollo	 22-!"	crewed	missions	to	the	Moon	and	retrodiction	

of	 Martian	 robotic	 missions	 provide	 verification	 and	 validation.	

Exemplification	 of	 the	 prospective	 human	 spaceflight	 mission	 to	 Mars	

quantifies	 the	 efficacy	 of	 the	methodology	with	 results	 indicative	 of	 an	!"%	

increase	in	mission	utility	and	a	'(%	reduction	in	risk.	
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BOTTOM	LINE	UP	FRONT	

The	 stochastic	 portion	 of	 the	 methodology	 is	 verified	 and	 validated	 by	

backtesting	 the	 Apollo	 ))-!"	 missions	 and	 retrodiction	 of	 Martian	 robotic	

missions,	 achieving	 comparable	 numerical	 prediction	 accuracy	 to	 that	 of	

standard	forecast	models	in	other	prominent	disciplines.	Exemplification	of	the	

human	 Mars	 mission	 indicates	 the	 holistic	 methodology	 is	 capable	 of	

architecting	 a	 new	 mission	 concept	 that	 exceeds	 the	 baseline	 Human	

Exploration	 of	 Mars	Design	 Reference	 Architecture’s	 mission	 utility	 by	 -.%	

while	reducing	risk	by	12%.	 Its	mechanisms	garner	 insights	 into	the	mission,	

including	 the	 need	 to:	 (!)	 institute	 higher-order	 architectural	 redundancy,	

demanding	duplication	of	mission	systems	and	investigation	of	transshipment	

capabilities	during	interplanetary	transit	and	exploration	phases;	(!)	develop	a	

hierarchy	 of	 contingencies	 for	 abort-to-Mars	 scenarios,	 emphasizing	

consideration	 of	 tour-of-duty	 and	 colonization	 end-of-mission	 designs;										

(")	integrate	additional	precursor	evaluations	to	those	present	in	this	research,	

including	human-rated	Mars	ascent	and	areocentric	operations;	(")	mature	the	

iterative	launching	of	a	fully	reusable	propellant	tanker,	increasing	the	mission	

gear	 ratio	 while	 reducing	 mission-critical	 launches;	 (")	 apply	 parallel	

redundancy	 principles	 to	 crewmembers	 in	 acceptance	 of	 partial	 loss	 of	 crew	

mission	outcomes;	and,	(")	further	investigate	the	operational	weather	impacts	

of	 galactic	 cosmic	 radiation	 as	 they	 may	 be	 a	 limiting	 factor	 for	 human	

spaceflight	to	Mars.	
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I. PROLEGOMENA	

	
This	chapter	provides	an	introductory	context	to	the	identified	problems	in	

current	space	mission	analysis	and	design	methodologies	and	the	paradigm	

proposed	to	address	their	limitations.	The	rationale	for	this	paradigm,	along	

with	 selection	of	 the	Human	Mars	Mission	as	exemplar	 for	 this	 research’s	

proposed	methodology,	is	presented	in	detail.	
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!. Context	

Space	mission	engineering	is	a	victim	of	its	own	success.	Its	doctrine,	

developed	 during	 an	 era	 when	 scope	 and	 schedule	 were	 of	 utmost	

importance,	produced	 some	of	mankind’s	 greatest	 achievements.	For	 that	

reason	 traditional	methodologies	are	unparalleled	 in	 their	 contribution	 to	

the	 discipline	 and	 have	 received	 virtually	 unanimous	 reception	 and	

implementation.	However,	more	 than	half	a	century	since	 their	 inception,	

these	 same	mission	 design	methods	 are	 being	 brought	 into	 question	 by	

their	limited	applicability	and	lack	of	specificity	vis-a-vis	today’s	diversity	of	

space	missions.	Moreover,	 the	periodization	of	 these	design	methods	 lose	

efficacy	due	to	a	previously	disregarded	characteristic:	cost.	Without	change	

to	 mission	 design	 philosophies	 this	 facet	 will	 continue	 to	 hinder	 the	

modern	utilization	of	space.		

It	 is	 well	 documented	 that	 mission	 lifecycle	 cost	 reductions	 are	

substantially	 more	 potent	 during	 conceptualization	 !.	 The	 ability	 to	

manufacture	a	more	cultured	mission	design	in	this	early	phase	is	critical	as	

alterations	 further	 downstream	 can	 be	 up	 to	 three	 orders	 of	 magnitude	

more	expensive	!.	Therefore,	 the	ability	 to	 rapidly	mature	a	 space	mission	
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concept	 during	 concept	 development	 and	 experimentation	 (CD&E)	 is	

highly	desirable.	

The	need	to	integrate	cost	in	the	optimization	of	schedule	and	scope	

requires	 a	 change	 in	 mindset	 that	 is	 best	 addressed	 during	 mission	

formulation.	 This	 is	 due	 to	 roughly	 )*%	 of	 the	 mission’s	 cost	 being	

betrothed	at	 the	 end	of	 the	 preliminary	 design	phase	 !.	With	 the	present	

cost	of	space	missions	the	ability	to	reduce	or	eliminate	mission	ambiguity	

in	 front-end	analysis	 can	potentially	save	billions	of	dollars	–	such	a	 large	

reduction	in	mission	cost	is	coupled	with	reduced	schedules	!.	If	this	more	

effective	mission	concept	phase	retains	scope,	then	it	 is	indeed	possible	to	

produce	missions	 that	 are	 ‘faster,	 better,	 cheaper’.	 Capturing	 this	 elusive	

goal	 for	 future	 space	 missions	 is	 the	 purpose	 of	 the	 methodology	

introduced	in	this	dissertation.		

	

!. Paradigm	

Radical	 reductions	 in	 cost	 and	 schedule	 are	 unlikely	 to	 occur	with	

reform	in	just	one	aspect	of	space	mission	design.	Similarly,	such	reductions	

are	not	achieved	by	introducing	lower	cost	mission	systems	or	through	the	

improvement	of	procurement	and	engineering	processes;	 instead,	progress	
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towards	 ‘faster,	better,	cheaper’	 is	a	problem	involving	all	aspects	of	space	

mission	engineering	and	requires	alterations	through	the	synergistic	impact	

of	multiple	complementary	techniques	!.	While	these	specific	techniques	are	

highly	 individual	 to	 each	 prospective	 space	 mission,	 implementation	

requires	a	 change	 in	mission	design	philosophies	by	 the	 introduction	of	a	

new	 paradigm.	 Such	 a	methodology	 is	 capable	 of	 reducing	 space	mission	

cost	by	up	to	a	factor	of	ten	!.	

Currently,	 abstract	 and	 disaggregated	 aerospace	 system	 design	

processes	 plague	 space	 mission	 engineering.	 Most	 mission	 analyses	 are	

nothing	 more	 than	 a	 conglomeration	 of	 vehicle	 designs	 and/or	 mission	

phases	 –	 not	 a	 true	 analysis	 of	 the	 mission	 !.	 This	 approach	 deprives	

interoperability	 of	 design	 choices	 by	 ignoring	 the	 holistic,	 system-of-

systems	nature	of	 space	mission	architectures.	Such	 truncation	eliminates	

emergent	concept	behaviors	and	designs,	 reducing	CD&E	to	meager	 trade	

studies.	This	 drives	 cost	 control	 away	 from	 the	 preliminary	 design	 phase	

where	it	can	be	easily	managed.	

The	 cost	 of	 tradespace	 exploration	 in	 current	 design	 methods	 is	

inordinately	expensive.	In	%&'%,	NASA	used	over	one	million	man-hours	to	

select	just	the	lunar	orbit	rendezvous	architecture	in	the	Apollo	program	!.	
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Such	cost	has	led	to	the	omission	or	severe	restriction	on	front-end	analysis.	

This	often	attributes	to	greater	mission	lifecycle	cost	since	the	preliminary	

mission	design	phase	produces	a	greater	differential	between	concept	and	

deployment.	

The	 current	 reliance	 on	 testing	 and	 evaluation	 (T&E),	 both	

developmental	 and	 operational,	 is	 too	 great	 to	 minimize	 the	 cost	 and	

schedule	 of	 space	 missions.	 Additionally,	 it	 is	 often	 impractical	 or	

impossible	 to	perform	 traditional	T&E	 through	progressive	demonstration	

and/or	 test	 missions	 in	 government,	 military,	 and	 interplanetary	

exploration	missions.	It	is	therefore	of	utmost	importance	to	systematically	

replicate	these	processes	during	the	CD&E	front-end	analysis.	Failure	to	do	

so	 will	 result	 in	 significant	 reduction	 of	 space-based	 capabilities	 and	

operations	simply	due	to	the	shortcomings	of	mission	design	methods.	

Previous	research	has	shown	that	developing	complex	missions	with	

rapidly	 advancing	 technology	 is	 inefficient	 when	 one	 stage	 of	 analysis	 is	

nearly	 complete	 before	 another	 begins	 !.	 This	 is	 due	 to	 premature	

stagnation	 of	 critical	 design	 variables	 in	 preceding	 stages.	 Such	 iterative	

cycling	 of	 design	 stages	 additionally	 increases	 both	 mission	 cost	 and	

schedule	 !.	 More	 often	 than	 not,	 future	 space	 missions	 require	 nascent	
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technologies	 and/or	 callow	 mission	 methodologies	 !",	 meaning	 the	

introduction	of	concurrent	engineering	to	the	proposed	methodology	is	not	

only	capable	of	reducing	cost	by	compressing	schedule	but	is	beneficial	to	

mission	 design	 mechanisms.	 Concurrent	 engineering	 additionally	 allows	

mission	design	to	be	directed	by	all	knowledge	concerning	the	architecture	

and	 its	 operational	 environment.	 Such	 concurrently	 integrated	 processes	

are	capable	of	systematically	reducing	both	cost	and	schedule.	

The	 aforementioned	 has	 become	 so	 overbearing	 that	 cost	 often	

replaces	mission	success	as	the	primary	driver	for	space	missions.	This	has	

caused	a	 loss	of	capabilities	and	abandonment	of	principles	governing	the	

acquisition	of	space	programs	!!.	The	result	of	such	has	 introduced	failures	

in	balancing	schedule,	cost,	and	scope,	giving	birth	to	the	Triple	Constraint	

Theory	 denoting	 the	 infeasibility	 of	 simultaneous	 improvement	 under	

current	 methods	 !".	 The	 effects	 of	 this	 theory	 are	 potent	 –	 even	 before	

consideration	of	other	leading	constraints	such	as	risk.	

Space	missions	do	not	have	standard	cost;	therefore,	it	is	difficult	to	

base	 the	 efficacy	 of	 a	 new	 paradigm	 on	 cost	 reduction.	 This	 has	 led	 to	

complacency	 in	 accepting	 any	 cost	 reduction	 as	 indication	 of	 exemplary	

methods.	 With	 absence	 of	 knowledge	 for	 true	 minimal	 cost	 in	 mission	
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achievement,	 quantification	 is	 transferred	 to	 scope,	 which	 becomes	

expressed	 as	 mission	 utility:	 the	 ability	 to	 satisfy	 mission	 goals	 and	

objectives.	Analysis	of	such	in	pursuit	of	‘faster,	better,	cheaper’	requires	the	

relaxation	 of	 the	 notion	 of	 requirements.	 Requirements	 are	 the	 leading	

driver	 for	 increasing	 the	 scope-to-cost	 ratio,	 but	 this	 is	 only	 true	 if	 the	

requirements	 are	 allowed	 to	 become	 variable	 and	 expressed	 functionally.	

This	 is	 philosophically	 comparable	 to	 Pareto’s	 34/64	 principle	 !".	

Historically,	requirements	are	viewed	as	inflexible	and	the	cheapest	mission	

to	 accomplish	 them	 is	 designed	 irrespective	 of	 this	 ratio.	 This	 has	 single-

handedly	restrained	advancements	in	mission	design.	With	the	removal	of	

the	 traditional	definition	 for	 requirements,	quantification	 is	 transferred	 to	

measures	of	effectiveness	(MoE)	and	figures	of	merit	(FoM),	which	include	

the	 variables	 of	 cost,	 schedule,	 and	 scope.	 Also	 included	 is	 risk,	 which	

quantifies	 a	 design’s	 ability	 to	 transfer	 cost	 into	 scope.	 It	 is	 therefore	

mission	 utility	 analysis	 that	 serves	 as	 the	 foundation	 for	 this	 philosophy,	

and	modeling	 and	 simulation	 (M&S)	has	 become	 an	essential	mechanism	

for	this	in	space	mission	engineering.	
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!. Rationale	

For	decades	M&S	has	helped	ease	the	burden	of	increased	schedules	

in	space	systems	!"	by	allowing	computers	to	mimic	traditional	laboratories	

with	 reduced	T&E	costs	!".	Traditional	 tests	 are	 run	 in	analytical	 scenarios	

that	display	the	operation	of	a	system	without	doing	so	in	a	real	or	all	fully	

plausible	situations	!".	This	 introduced	 the	practice	of	designing	 for	worst-

case	 scenarios	 of	 subsystems,	 not	 only	 dooming	 the	 architecture	 by	

provoking	 unnecessarily	 constrained	 size,	 weight,	 and	 power	 (SW&P)	

budgets,	 but	 also	producing	 an	 architecture	built	 for	 unrealistic	 scenarios	

that	may	not	occur	simultaneously	!".	This	realization	led	to	the	integration	

of	Monte	Carlo	methods,	which	iteratively	run	tests	with	varying	scenarios	

to	 collect	 data	 on	 multiple	 runs	 !".	 This	 is	 impractical	 for	 entire	 mission	

concepts	with	traditional	T&E	methods	but	can	be	performed	using	Monte	

Carlo	 simulations	 for	a	 fraction	of	 the	cost	while	encompassing	almost	all	

likely	 scenarios	 !".	 As	 an	 example,	using	Monte	Carlo,	 thousands	 of	entry,	

descent,	and	landing	(EDL)	simulations	can	be	done	for	the	cost	of	just	one	

drop	 test	 while	 providing	 comprehensive	 understanding	 of	 the	 impact	 of	

atmospheric	variability	!".		
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	 However,	 these	 benefits	 only	 transferred	 to	 the	 subsystem	 level	

making	 it	 difficult	 to	 understand	 how	 design	 choices	 alter	 mission	

accomplishment	 as	 well	 as	 their	 impact	 across	 the	 architecture	 both	 in	

terms	 of	 performance	 and	 operation	 !.	 When	 determining	 how	 an	

architecture	 can	 achieve	 a	 desired	 outcome	 in	 the	 mission,	 realistic	

scenarios	 need	 to	 be	 developed	 in	 which	 to	 test	 architectural							

performance	!".	This	is	mission	utility	analysis,	and	the	only	way	to	perform	

it	 is	 with	 a	 simulation	 of	 the	 mission	 !",	 !".	 It	 then	 becomes	 clear	 that	

individual	 Monte	 Carlo	 analysis	 is	 incomplete	 and	 there	 must	 be	 a	

simulation	 of	 the	 entire	 mission	 !".	 A	 simulation	 as	 such	 in	 a	 realistic	

environment	 incorporating	 a	 comprehensive	 model	 of	 the	 space	 mission	

concept	is	absent	in	current	design	methods.	

	 Now	 that	 the	 entire	 mission	 is	 being	 considered,	 new	 issues	 arise	

when	 trying	 to	 use	 traditional	 methods.	 At	 the	 architectural	 level,	 the	

problem	set	contains	multitudes	of	parameters,	and	analysis	of	alternatives	

(AoA)	 of	 a	 concept	 can	 become	 too	 complex	 to	 determine	 the	

interoperability	 and	 trades	 between	 choices	 !".	 To	 eliminate	 ambiguity,	

tradespace	 exploration	 is	 introduced	 to	 perform	 the	 analysis;	 however,	

effective	AoA	performed	in	a	realistic	mission	environment	is	still	needed.	
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The	 integration	 known	 as	 multi-attribute	 tradespace	 exploration	

with	 concurrent	 design	 (MATE-CON)	 can	 be	 performed	 to	 design,	

simultaneously	explore,	and	evaluate	potential	architectural	concepts	from	

the	tradespace	!.	In	the	end	a	method	for	the	assessment	of	utility	using	an	

AoA	 that	 provides	 rationale	 for	 potential	 solutions	 –	 utilizing	 mission	

objectives	to	evaluate	and	compare	mission	architectures	in	developing	and	

refining	 a	mission	 concept	 is	 developed	!.	 This	method	 is	unparalleled	 in	

space	mission	engineering,	where	 it	 is	becoming	practice	 that	 systems	are	

brought	to	conformance	with	the	simulations	instead	of	the	contrary	!".	

	 What	 is	 considered	 a	 current	 advancement	 in	MATE-CON	 is	 the	

inclusion	of	uncertainty	and	this	is	an	absolute	must	in	utility	simulation	of	

prospective	 space	 missions	 !".	 The	 ability	 of	 M&S	 to	 both	 answer	 and	

produce	 emergent	 exploration	 questions	 plays	 a	 crucial	 role	 in	 this		

addition	!".	The	greatest	advantage	of	Monte	Carlo	simulations	is	the	ability	

to	 give	 designers	 knowledge	 of	 occurrence	 likelihoods	 !".	 With	 such	 a	

capability,	 the	 shortcomings	 of	 traditional	 risk	 assessment	 and	 reliability	

analysis	 can	 be	 augmented.	 Traditional	 risk	 assessment	 and	 reliability	

analysis	methods	have	 proven	 to	 be	 unreliable	 in	 forecasting	 failures	 and	

uncertainty	 because	 they	 arise	 from	 contributions	 not	 modeled	 in	 the	
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analysis	of	proposed	mission	architectures	!".	The	method	presented	in	this	

dissertation,	 incorporating	 many	 sources	 of	 uncertainty	 while	 providing	

holistic	 and	 comprehensively	 stochastic	 analysis	 of	 all	 potential	

architectural	and	operational	designs	in	a	realistic	mission	simulation,	is	the	

launch	 pad	 for	 deploying	 the	 space	 mission	 utility	 analysis	methodology	

needed	to	produce	‘faster,	better,	cheaper’	missions.	

	

!. Exemplar	

No	 prospective	 space	mission	 has	 been	 stagnated	 greater	 than	 the	

horizon	 goal	 of	 human	 spaceflight	 (HSF):	 the	 Human	 Mars	 Mission	

(HMM).	 It	 is	 the	most	ambitious	endeavor	with	unrivaled	complexity	and	

both	 of	 these	 traits	 are	negatively	 correlated	 with	 cost	 !".	 Such	 a	mission	

today	is	viewed	as	having	insufficient	scope	to	initiate	exploration	because	

the	technological	state,	understanding	of	risks,	and	experience	with	HMM	

concept	 of	 operations	 (CONOPS)	 are	 too	 immature	 !".	HMM	 schedules	

have	 regressed	 to	 integrate	 the	 mission	 within	 the	 Evolvable	 Mars	

Campaign	!"	that	aligns	with	the	Global	Exploration	Roadmap	!!	–	effectively	

classifying	the	HMM	as	currently	unpursuable	!".	However,	this	scheduling	

cannot	achieve	optimality	with	scope	and	cost	because	(")	the	budget	for	a	
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long-term	pathways	approach	is	not	sustainable	without	sizeable	increases	

throughout	 the	program	 !";	 (")	 the	proposed	exploration	 roadmaps	would	

not	complete	preparation	 for	a	HMM	 !";	 (")	 it	 is	presumptuous	 to	believe	

that	 systems	can	be	used	 for	other	missions	without	much	change	 !";	 and	

(")	many	technologies	will	need	to	be	developed	for	the	campaign	that	do	

not	contribute	to	the	horizon	goal	 !".	Therefore,	it	is	highly	questionable	if	

the	proposed	designs	will	ever	lead	to	a	utilizable	mission	!.	Consequently,	

the	HMM	 is	nothing	more	 than	 a	 concept	 described	 by	 a	 crude	 problem	

statement	and	 is	devoid	of	any	clear	 solution	paths	or	viable	achievement	

schemes.	It	is	for	these	reasons	the	HMM	serves	as	exemplar	to	the	efficacy	

of	the	proposed	methodology.	
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II. THESIS	

	
Here	 the	 thesis	 is	 presented,	 including	 the	 research’s	 hypothesis,	 a	

statement	of	 the	problems	 this	 research	 identifies,	 the	objectives	 set	 forth	

for	problem	resolution,	and	the	methodology’s	mechanisms	to	accomplish	

these	objectives.		
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!. Hypothesis	

Current	space	mission	design	philosophies	are	inadequate	due	to	(")	

incomplete	mission	phasespaces	which	do	not	holistically	capture	mission	

utility	 altering	 variables,	 (")	disaggregated	 design	methods	which	 neglect	

the	 interoperability	 and	 emergent	 behaviors	 present	 in	 the	 system-of-

systems	 nature	 of	 mission	 architectures,	 (")	 exclusion	 of	 constitutive	

relations	 that	 incorporate	 mission	 variables	 external	 to	 the	 mission	

architecture,	(")	curtailed	tradespace	explorations	which	derive	incomplete	

statistical	 ensembles	 of	 the	 mission,	 and	 (")	 unsubstantiated	 mission	

concept	 solutions	which	 do	 not	 quantify	 mission	 objectives’	 satisfaction.	

Therefore,	 these	 methods	 do	 not	 truly	 analyze	 the	 mission.	 It	 is	

hypothesized	 the	 efficacy	of	 current	 space	mission	design	philosophies	 in	

engineering,	architecting,	and	analyzing	space	missions	can	be	exceeded	by	

a	 holistic	 and	 comprehensive	 space	mission	 utility	 analysis	methodology.	

Stochastic	modeling	and	simulation	of	the	mission,	providing	multivariate	

mission	 utility	 analysis	 with	 concurrently	 integrated	 tradespace	

exploration,	 risk	 assessment,	 and	 holistic	 design,	 facilitates	 simultaneous	

exploration,	 assessment,	 and	 development	 of	 statistically	 validated	 space	

mission	concepts.	
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!. Statement	of	Problems	

The	 HMM	 is	 nebulous	 –	 mission	 systems	 are	 notional	 and	 the	

mission	 architecture	 is	 conceptual.	 Knowledge	 of	 Mars	 is	 riddled	 with	

axioms,	 conjectures,	 misconceptions,	 and	 postulates;	 yet,	 intelligence	 of	

Mars	 is	 never	 a	 global	 variable	 in	 the	 CONOPS.	 Space	 and	 Martian	

planetary	 environments	 present	 uncertain	 boundary	 conditions,	 but	

operational	weather	 is	never	holistically	captured.	Such	neglect	makes	the	

achievement	of	pragmatic	solutions	infeasible.	As	a	future	mission,	HSF	to	

Mars	 may	 require	 callow	 methodologies	 and/or	 nascent	 technologies	 –	

variables	 that	 are	 rarely	 analyzed	 for	 their	 contribution	 to	 mission	

objectives.	 This	 is	 due	 to	 the	 omission	 or	 separation	 of	 tradespace	

exploration	 with	 utility	 analysis.	 Additionally,	 the	 human	 mission	

components	present	unparalleled	complexity	and	variable	factors;	however,	

the	importance	of	the	CONOPS	is	often	unappreciated	in	comparison	to	the	

emphasis	on	mission	architecture	in	concept	definitions.	Furthermore,	the	

inclusion	 of	 ergonomics	 is	 currently	 nonexistent	 in	 mission	 phasespaces.	

Coupled	 with	 budgetary,	 political,	 and	 temporal	 constraints,	 current	

techniques	to	design	the	HMM	do	not	encapsulate	these	problems.		

As	 hypothesized,	 the	 lack	 of	 resolution	 stems	 from	 design	

philosophies	that	do	not	truly	analyze	the	mission.	Their	techniques	often	
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ignore	utility	for	representation	of	one	of	its	constituents.	For	that	reason,	it	

is	 unclear	 if	 any	 of	 the	 proposed	 HMMs	 actually	 accomplish	 mission	

objectives;	 thus,	 these	 solutions	 are	 unsubstantiated.	Without	 concurrent	

consideration	 of	 utility,	 it	 is	 not	 feasible	 to	 conduct	 meaningful	 space	

mission	AoA	or	CD&E.	

	

!. Statement	of	Objectives	

	 In	order	to	simultaneously	address	the	aforementioned	problems	the	

following	research	objectives	are	achieved.	

	

Objective	 *:	Quantify	Mission	Goals	 –	 Facilitating	 the	 computation	 of	

mission	utility	requires	the	quantification	of	mission	objectives.	This	is	the	

introduction	 of	 implicitly	 flexible	 and	 functional	 requirements	 presented	

with	 purposeful	 generality	 and	 freedom	 of	 achievement	 path	 as	 to	 not	

inadvertently	 introduce	bias	or	hinder	solution	domain.	They	are	outlined	

to	allow	selection	of	all	possible	outcomes	in	satisfying	the	chosen	mission	

goals.	The	objective	is	to	quantify	mission	goals	that	replicate	the	purpose	

of	the	HMM.	
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Objective	*:	Enable	Mission	Utility	Simulation	–	The	only	way	to	truly	

assess	mission	utility	is	with	a	simulation	of	the	mission	!".	Accordingly,	it	is	

an	 objective	 to	 simulate	 the	HMM,	 varying	mission	 concept	 components	

that	affect	mission	utility.	The	results	from	these	mission	utility	simulations	

feed	the	analytics	for	HMM	CD&E.	

	

Objective	*:	Incorporate	Precursor	Missions	–	History	does	not	suggest	

missions	 of	 such	 complexity	 are	 attempted	 in	 the	 first	 launch	 of	 the	

program;	however,	such	precursor	missions	at	the	interplanetary	scale	may	

not	be	as	practical	as	in	the	Apollo	program.	Therefore,	an	objective	of	this	

research	 is	 to	 quantify	 the	 effects	 of	 potential	 precursor	 missions	 and	

determine	their	necessity	for	a	HMM.	

	

Objective	*:	Incorporate	Martian	Uncertainty	–	A	substantial	challenge	

of	HMMs	not	present	in	most	mission	utility	simulations	is	the	significant	

level	of	uncertainty.	One	source	of	uncertainty	is	Mars	itself,	as	much	of	the	

initial	 environmental	 model	 is	 undoubtedly	 dubious.	 Therefore,	 the	

composition	of	Mars	as	a	model	should	be	treated	as	nothing	more	than	a	

hypothesis	accompanied	by	constituent	percent	probabilities	of	 falsehood.	

These	 likelinesses	of	true/false	should	be	updated	by	real-time	data	 in	the	
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simulation	 to	 provide	 a	 realistic	 portrayal	 of	 information	 needs	 and	

satisfaction	 in	 the	 HMM	 simulation.	 The	 objective	 is	 to	 replicate	 the	

unfolding	of	a	live	Martian	mission	while	also	being	able	to	determine	how	

initial	knowledge	of	Mars	affects	mission	utility.	

	

Objective	$:	Incorporate	Operational	Weather	–	This	is	also	true	for	the	

constitutive	 relations	 that	 complete	 comprehensive	 simulation	 of	 the	

mission	 concept.	 External	 factors,	 such	 as	Martian	 planetary	weather	 and	

space	 environments,	 are	 critical	 components	 to	 simulating	 a	 realistic	

mission.	 It	 is	 therefore	 also	 an	 objective	 to	 finesse	 these	 factors	 into	 the	

utility	analysis.	

	

Objective	':	Incorporate	Architectural	Uncertainty	–	Another	objective	

is	 to	 capture	 the	 uncertainty	 in	 the	 mission	 architecture,	 both	 in	 the	

physical	models	due	to	their	current	level	of	conception	and	in	the	state	of	

each	mission	due	to	uncertainty	in	system	selection.	Therefore,	inclusion	of	

an	 exhaustive	 mission	 ensemble	 is	 critical	with	 stochastic	 parameters	 to	

replicate	this	uncertainty.	Chaos	theory	predicts	that	even	the	minutest	of	

changes	 at	mission	 initiation	 can	have	profound	 impacts	 on	 final	mission	

utility.	
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Objective	*:	Incorporate	Ergonomics	–	It	is	an	objective	of	this	research	

to	 ensure	 comprehensive	 depiction	 by	 reflecting	 the	 physiological	 and	

psychological	effects	of	the	crew	on	the	mission	–	capturing	the	 impact	of	

human	payloads	on	both	the	design	and	analysis	of	the	architecture	as	well	

as	the	CONOPS.	With	this	addition	of	ergonomics,	the	synthesized	concept	

is	able	to	resemble	a	realistic	HMM.	

	

Objective	*:	Incorporate	Operational	Uncertainty	–	Mission	simulation	

comes	 with	 a	 large	 uncertainty	 of	 mission	 outcomes	 associated	 with	

operational	aspects	of	 the	model.	The	objective	 is	 to	provide	a	solution	to	

handle	 this	uncertainty	 and	 to	account	 for	 all	possible	mission	evolutions	

and	 outcomes,	 including	 not	 just	 mission	 aborts	 but	 also	 a	 hierarchy	 of	

contingencies.	In	this	approach	it	is	the	aggregated	results	over	all	possible	

mission	 phasespace	 trajectories	 that	 represent	 an	 accurate	 calculation	 of	

mission	utility.	

	

Objective	 !:	Assess	Mission	Metrics	 –	Determination	of	mission	utility	

requires	 quantification	 of	 mission	 metrics	 representative	 of	 the	 mission	

objectives.	 Calculation	 across	 all	 concept	 alternatives	 enables	 a	
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substantiated	 solution.	 Therefore,	 an	 objective	 of	 this	 methodology	 is	 to	

assess	the	mission	metrics	to	determine	an	appropriate	HMM	concept.	

	

Objective	*+:	Architect	a	New	Mission	Concept	–	The	beauty	of	mission	

utility	 analysis	 is	 in	 its	 ability	 to	 provide	 comprehensively	 integrated	

solutions	at	the	early	stage	of	concept	assessment.	Identifying	often	unseen	

and	counterintuitive	problem	statements	allows	effective	determination	of	

technological,	 systematic,	 and/or	 operational	 deficiencies.	 Therefore,	 the	

objective	 is	 to	 use	 the	 results	 of	 mission	 utility	 analysis	 to	 provide	 a	

platform	 for	 statistically	 validated	 HMM	 concept	 improvements	 –	

effectively	giving	a	quantifiable	measure	of	this	research’s	contribution.	

	

!. Statement	of	Work	

In	 order	 to	 achieve	 the	 objectives	 outlined,	 the	 following	 tasks	 are	

completed.	Figure	II-1	provides	a	visual	representation	of	the	workflow	and	

an	 introduction	 to	 the	 mechanisms	 of	 the	 proposed	 methodology	 as	 it	

relates	to	the	HMM.	
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Figure	II-!:	Methodology	Flow	Diagram	

	

Task	 !:	Define	Mission	Objectives	 –	Utility	is	a	quantifiable	metric	of	a	

mission’s	 ability	 to	 satisfy	mission	objectives.	 In	order	 to	perform	mission	
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utility	 analysis,	 the	 mission	 objectives	 shall	 be	 defined,	 their	 means	 of	

satisfaction	identified,	and	their	contributions	to	the	computation	of	utility	

mathematically	outlined.	

	

Task	!:	Define	Metrics	–	Though	they	are	often	used	interchangeably,	two	

distinguishable	 definitions	 for	MoE	 and	 FoM	 are	 introduced	 to	 facilitate	

architectural	evaluation	and	comparison.	MoE	are	measures	of	satisfaction	

of	 Task	 (’s	 mission	 objectives	 to	 determine	 mission	 effectiveness.	Utility	

shall	be	a	constituent	of	the	MoE.	On	the	other	hand,	FoM	are	values	that	

do	 not	 directly	 assess	 a	 mission’s	 effectiveness	 but	 provide	 value	 to	

alternatives	across	the	solution	domain.	Both	the	purpose	and	the	method	

of	calculation	shall	be	defined	for	these	metrics.	

	

Task	!:	Model	the	Mission	Arena	–	The	mission	arena:	the	stage	on	which	

all	mission	simulations	occur.	The	arena	shall	be	completed	with	inclusion	

of	modeled	space	weather,	both	solar	and	galactic	sources,	as	well	as	dust	

storms	 to	 complete	 the	Martian	 contribution	 to	 operational	weather.	The	

surface	of	Mars	shall	be	modeled	at	sufficient	fidelity	to	provide	a	statistical	

significance	of	landing	site	selection.	
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Task	 !:	 Model	 the	 Mission	 Architecture	 –	 This	 consists	 of	 the	

exploration,	space,	ground,	and	launch	segments.	The	exploration	segment	

is	further	broken	down	into	the	space	and	ground	elements.	The	modeling	

shall	 conform	 to	 all	mission	 systems	 that	 make	 up	 each	 potential	 HMM	

architecture.	

	

Task	!:	Define	the	Operational	Concept	–	The	CONOPS	shall	be	defined	

in	 a	 fashion	 that	 facilitates	 realistic	 simulation	 of	 the	 modeled	 mission	

architecture.	The	concept	shall	integrate	the	impacts	of	precursor	missions,	

possibilistic	mission	 events	 and	 their	 respective	 contingencies,	 logistics	 of	

mission	 systems,	 apportionment	 of	 exploration	 activities,	 and	 the	

mechanisms	 for	 performing	 scientific	 investigations	 –	 all	 of	 these	 shall	

conclude	in	a	definition	of	HMM	phenomenology.	

	

Task	 !:	 Establish	 the	 Baseline	 –	 To	 establish	 a	 baseline,	 the	Human	

Exploration	 of	Mars	Design	 Reference	 Architecture	 (DRA)	 !",	!",	!"	 and	 its	

nominal	CONOPS	!"	shall	be	simulated	to	accomplish	baseline	performance	

results.	NASA’s	DRA	 is	 the	most	comprehensive	 study	of	a	HMM	to	date,	

and	it	provides	a	reference	against	which	all	future	mission	concepts	can	be	

compared	!".	
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Task	 !:	 Define	 the	 Tradespace	 –	The	definition	shall	enable	AoA	of	the	

baseline	DRA	concept	as	well	as	 tradespace	exploration	with	 the	modeled	

mission	systems	ensemble.	This	will	serve	as	 identification	of	 the	solution	

domain	and	enumeration	of	the	multivariate	inputs	that	are	used	to	achieve	

the	 newly	 architected	 concept.	 It	 shall	 include	 number	 of	 crewmembers,	

mission	 class,	 launch	 configuration,	 orbit	 insertion	 method,	 choice	 of	

propulsion,	use	 of	 in-situ	 resource	utilization	 (ISRU)	 or	 in-situ	propellant	

production	 (ISPP),	 ascent	 method,	 initial	 knowledge	 of	 Mars,	 habitation	

method,	Martian	exploration	method,	choice	of	mobility	and	rover	systems,	

end	 of	 mission	 (EOM)	 design,	 precursor	 missions,	 solar	 indications	 and	

warning	(I&W)	capabilities,	EDL	capabilities,	 landing	site	selection,	choice	

of	 mission	 epoch,	 and	 choice	 of	 redundancy.	 Additionally,	 payload	mass	

shall	be	tradable	between	a	composition	of	crew,	habitat,	mobility	system,	

scientific	equipment,	consumables,	and/or	redundant	mass.	

	

Task	!:	Perform	Mission	Utility	Analysis	–	This	produces	all	of	the	data	

to	be	aggregated	–	the	results	of	which	shall	culminate	in	the	computation	

of	the	metrics	defined	in	Task	1	as	well	as	a	full	spectrum	of	analytics.	In	the	

case	of	multiple	mission	designs,	this	includes	AoA.	In	the	case	of	a	desired	
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improved	mission	 concept,	 this	expands	 to	CD&E.	Both	methods	 shall	 be	

employed	to	demonstrate	the	methodology.	

	 	

Task	!:	Architect	a	New	Mission	Concept	–	The	exact	concept	emerging	

from	the	preliminary	design	phase	is	almost	never	deployed;	therefore,	it	is	

best	to	select	workable	concepts	for	further	development	!".	As	a	final	task	

in	CD&E,	a	statistically	validated	HMM	concept	shall	be	introduced	which	

equals	or	exceeds	the	highest	utility	of	the	baseline	and	alternative	mission	

concepts.	

	

Task	 &':	 Evaluate	 the	 Methodology	 –	As	 a	 final	 task	 the	methodology	

shall	be	evaluated	to	provide	a	measure	of	its	contributions.	This	evaluation	

shall	 further	 the	holistic	methodology	 for	 stochastic	 space	mission	 utility	

analysis.	
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III. DELINEATION		

	
Facets	 of	 the	 research	 that	define	 the	perspective	of	 the	methodology	 are	

delineated.	This	 includes	the	mission	architecture	propositions	considered	

as	well	as	the	supplementary	concepts	to	construct	inputs	for	mission	utility	

analysis.	 Constraints	 are	 detailed	 to	 provide	 boundary	 conditions	 during	

exemplification	of	the	conjectured	human	spaceflight	mission	to	Mars.	The	

ground	 rules	 and	 assumptions	 are	 enumerated	 to	 add	 clarity	 and	

decipherability	 to	 the	 results.	 The	 scope	 limitations	 of	 the	 research	 are	

introduced	by	detailing	the	delimitations.	
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!. Taxonomy	

	 To	 avoid	 the	 reliance	 on	 specific	 mission	 systems,	 the	 following	

generic	 nomenclature	 is	 used	 when	 referring	 to	 the	 following	 types	 of	

mission	 systems.	 This	 clarifies	 its	 specific	 use	 and	bridges	 the	 connection	

between	the	CONOPS.	

	 If	the	crew	uses	a	system	only	during	the	portion	of	the	mission	that	

returns	 them	to	Earth	 it	 is	 referred	 to	as	 the	Earth	Return	Vehicle	 (ERV).	

Similarly,	if	a	system	is	only	used	during	ascent	from	the	Martian	surface	it	

is	considered	to	be	the	Mars	Ascent	Vehicle	(MAV).	These	terms	are	most	

commonly	 used	 in	missions	 utilizing	 the	 pre-deployment	 of	 assets,	 along	

with	a	Mars	Cargo	Vehicle	(MCV).	

	 When	a	system	is	used	for	both	crewed	descent	and	ascent	of	Mars	it	

is	called	the	Descent	and	Ascent	Vehicle	(DAV).	If	this	vehicle	also	provides	

habitation	 to	 the	 crew	 on	 the	 surface	 then	 it	 is	 referred	 to	 as	 the	Mars	

Excursion	Vehicle	(MEV).	A	system	that	only	provides	a	surface	habitat	to	

the	crew	 is	 titled	Habitation	(HAB),	and	 if	 it	 is	used	 for	both	descent	and	

habitation	 then	 it	 is	 the	 Descent	 and	 Habitation	 Vehicle	 (DHV).	

Additionally,	 a	 system	 providing	 travel	 of	 the	 crew	 to	 and/or	 from	Mars	

bears	 the	 name	 Mars	 Transit	 Vehicle	 (MTV),	 and	 if	 this	 system	 also	
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supports	the	crew	during	teleoperation	or	telecollaboration	then	it	is	called	

the	Space	Exploration	Vehicle	(SEV).	

	

!. Design	Reference	Architecture	

	 The	DRA	!",	!",	!"	and	its	nominal	CONOPS	!"	is	the	current	standard	

in	HMM	architectures.	It	is	a	method	utilizing	pre-deployment	of	its	assets.	

The	 mission	 systems,	 an	 unfueled	 MAV	 and	 DHV,	 are	 launched	 and	

integrated	in	low-Earth	orbit	(LEO)	before	injecting	to	Mars.	Once	arriving,	

aerodynamic	Mars	orbit	insertion	(MOI)	is	performed	which	is	followed	by	

EDL	 of	 the	 MAV	 to	 the	 Martian	 surface	 to	 be	 fueled	 by	 propellants	

produced	by	ISPP.	If	pre-deployment	is	successful,	the	crew	of	six	initiates	

its	journey	to	Mars	aboard	an	MTV	constructed	in	LEO.	After	transiting	to	

Mars	 and	 performing	 propelled	 MOI	 utilizing	 nuclear	 propulsion,	 the	

vehicle	docks	with	 the	DHV	to	perform	crewed	EDL	to	 the	 surface.	Upon	

completion	of	the	conjunction-class	surface	exploration	(long	surface	stay),	

the	 crew	 transits	 to	 the	MAV,	which	provides	 ascent	back	 to	 the	MTV	 in	

order	to	return	to	Earth.	

	 The	Austere	!"	version	of	 the	architecture	was	born	amidst	concern	

that	the	scale,	cost,	and	risk	of	the	DRA	was	too	high.	In	this	version	of	the	



	
	

	 	 	30	

architecture,	 the	 pre-deployed	 assets	 are	 scaled	 down	 to	 allow	 direct	

injection	without	autonomous	rendezvous	and	docking	(AR&D)	in	LEO.	To	

reduce	risk	the	architecture	removes	the	use	of	nuclear	propulsion	as	well	

as	 ISPP	 at	Mars.	 For	 the	 crewed	 portion	 of	 the	mission,	 the	MTV	 is	 also	

scaled	 down,	 reducing	 the	 crew	 size	 from	 six	 to	 four.	 Otherwise,	 the	

CONOPS	of	the	mission	are	performed	identically.	

	

!. Alternatives	

Other	mission	architectures	have	been	previously	proposed	 though	

none	 have	 achieved	 unanimous	 reception.	 This	 includes	 Concept																	

!-!-!	!",	!",	ESA’s	HMM	!",	Mars	Piloted	Orbital	Station	(MARPOST)	!!,	Mars	

Direct	 !",	 !",	 and	MarsOne	 !",	 !",	 as	 well	 as	 the	 upgraded	 and	 alternative	

mission	 designs	 of	 MARPOST’s	 Hybrid	 Design	 !!,	 Mars	 Semi-Direct	 and	

Hybrid-Direct	 !",	 !",	 the	 Revised	 Concept	 !-!-!	 !",	 !",	 and	 NASA’s	 Human	

Exploration	 using	 Real-time	 Robotic	 Operations	 (HERRO)	 !"	 architecture.	

This	 research	 capitalizes	 on	 these	 pioneering	 efforts	 through	 design	

implications	and	tradespace	exploration.	Each	is	described	below.	
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!.# Concept	)-!-!		

	 In	 $%&%,	 Jean-Marc	 Salotti	 presented	 the	 1-!-!	 architecture:	 one	 that	

drew	heavily	on	redundancy.	Its	name	signifies	the	crew	being	split	into	4s	

on	the	way	to	Mars,	being	together	as	a	group	of	4	on	Mars,	and	again	split	

into	groups	of	,	on	the	way	back	to	Earth.	At	its	core	the	mission	duplicated	

the	entire	architecture	and	assured	having	humans	present	at	every	critical	

phase	would	reduce	the	risk	of	failure	–	especially	during	the	initial	set	up	

of	 surface	 systems.	 For	 this	 reason,	 the	 all-up	 approach	 was	 chosen	 for	

cargo	deployment.	Despite	this,	the	use	of	ISPP	was	still	able	to	reduce	the	

number	of	launches	needed.	

	 The	 mission	 would	 unfold	 with	 four	 launches	 configuring	 two	

vehicles	in	LEO,	both	carrying	two	humans	and	their	respective	cargo.	This	

would	 allow	 transshipment	 –	 a	 capability	 originally	 presented	 in	 Von	

Braun’s	 “The	 Mars	 Project”	 !"	 that	 is	 not	 present	 in	 any	 other	 proposed	

architecture.	 This	 could	 become	 critical	 in	 the	 event	 of	 system	 failure	

during	interplanetary	travel	to	mitigate	the	lack	of	major	backups.	

	 Upon	 aerodynamic	 orbit	 insertion,	 the	 two	 MEVs	 would	 perform	

EDL	and	land	in	close	proximity	of	each	other	providing	redundancy	of	all	

surface	systems.	Furthermore,	solar	power	for	the	ISPP	could	be	used	since	
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humans	would	be	present	to	manually	deploy	the	arrays	–	a	step	viewed	as	

highly	complex	to	be	done	autonomously.	Additionally,	human	set-up	and	

operation	 of	 ISPP	 systems	 is	 believed	 to	 reduce	 the	 risk	 of	 failure.	When	

surface	operations	 are	complete,	 the	MEVs	would	 ascend	and	 rejoin	 their	

respective	 MTVs	 before	 journeying	 back	 to	 Earth.	 Since	 the	 architecture	

assumed	mass	 would	 be	 allocated	 to	 sample	 return,	 in	 the	 event	 all	 four	

crewmembers	needed	to	travel	in	one	vehicle	due	to	system	failure,	sample	

return	mass	could	be	reduced	to	compensate.	The	impact	of	concept	--!-!	

is	expressed	in	Table	III-1.	
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Table	III-!:	Implications	of	Concept	(-!-!	on	Current	Human	Mars	
Mission	Architectures	

CONCEPT 2-4-2 
Findings 

• Transshipment of  “The Mars Project” conceivably produces the 
greatest reliability and lowest risk for interplanetary transit 

Innovations 
• Duplication of the architecture with simultaneous operations is possible 

for small scale mission systems 
• The complexities of ISPP system and surface power deployments can be 

mitigated with human presence in the all-up approach 
Identified Gaps 

• Even the reduced mass vehicles in this architecture have unproven EDL 
capabilities 

• Not having the ability to ascent at surface operations initiation could 
reflect poorly on mission abort abilities 

Limitations 
• Did not provide elaborate detail on conducting surface operations with 

such limited scientific payload 
• Sacrificed human factors to meet stringent engineering designs 

	 	

Since	 its	original	publication,	a	 revised	2-!-!	concept	has	emerged.	

In	it	Salotti	proposes	splitting	the	MEV	into	two	separate	vehicles	at	Mars,	

one	HAB	and	one	DAV.	This	allows	separate	redundancy	of	mission	systems	

as	well	as	significant	reduction	of	required	EDL	mass	per	vehicle.	

	

!.# European	Space	Agency’s	Human	Mars	Mission	

	 The	architecture	developed	by	ESA	in	$%%&	was	based	on	one	premise	–	

what	 is	 the	 simplest,	 easiest,	 and	 most	 proven	 choice	 to	 be	 made.	
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Consequently	this	became	the	heaviest	of	the	HMM	architectures,	requiring	

!"	 launches	 to	 assemble	 the	 all-up	 system	 in	 LEO.	 ESA	 chose	 the	 all-up	

approach,	under	the	assumption	that	pre-deployment	of	cargo	was	complex	

because	of	autonomous	deployment	on	 the	Martian	 surface	and	 that	EDL	

accuracy	requirements	for	the	crew	to	arrive	in	the	vicinity	would	become	

too	 stringent.	 The	 opposition	 class	 mission	 was	 chosen	 to	 reduce	

consumable	 mass	 and	 ground	 infrastructure	 over	 longer	 surface	 stays.	

Reduction	of	complexity	is	also	the	reason	for	omitting	the	use	of	ISRU.	The	

architecture	 also	 selects	 telecollaboration	 to	 further	 reduce	 surface	 stay	

periods.	

	 While	no	significant	innovations	came	of	this	architectural	study,	it	

does	provide	an	example	of	how	simple	design	choices	can	manifest	into	a	

monolithic	architecture.	Its	implications	are	outlined	in	Table	III-2.	
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Table	III-!:		Implications	of	ESA’s	Human	Mars	Mission	on	Current	
Human	Mars	Mission	Architectures	

ESA’S HMM 
Findings 

• Selecting the simplest systems and mission design will require monolithic 
vehicles 

• Large assembly times in LEO could hinder mission phasing and lead to 
premature degradation 

Innovations 
• N/A 

Identified Gaps 
• Launch system availability will be crucial, particularly for architectures 

requiring numerous launches  
Limitations 

• Did not pursue solutions, innovations, optimizations, or tradespace 
exploration 

	

!.! Human	Exploration	using	Real-time	Robotic	Operations	

NASA’s	 !""#	 HERRO	 architecture	 approaches	 the	 HMM	 from	 a	

different	perspective.	EDL,	ascent,	and	surface	operation	phases	of	a	HMM	

bring	about	uncertain	risks	and	challenges;	therefore,	the	solution	is	not	to	

perform	this	portion	of	 the	mission	at	all	–	at	 least	not	with	humans.	The	

concept	 assumes	 the	 real	 limitation	 to	accomplishing	Martian	exploration	

objectives	is	the	latency	from	round-trip	communications	that	can	reach	//	

minutes	when	Mars	and	Earth	are	maximally	separated.	

	 The	scientific	rovers	are	directly	injected	to	the	prospective	areas	of	

interest	 a	 synodic	 period	 before	 the	 crew	 launches.	 With	 a	 successful	
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deployment,	the	crew	journeys	to	Mars	in	the	LEO	constructed	SEV	which	

will	 remain	 in	 orbit	 for	 teleoperations	 of	 the	 pre-deployed	 assets.	 As	 a	

leading	teleoperations	concept,	 it	has	many	implications	to	HMM	analysis	

(Table	III-3).	

	

Table	III-!:		Implications	of	HERRO	on	Current	Human	Mars	Mission	
Architectures	

HERRO 
Findings 

• The capability of surface rovers can increase significantly with 
teleoperation 

Innovations 
• A Phobos surface base can also be used for teleoperating systems on 

Mars  
Identified Gaps 

• Need for analysis of potential total operation times due to diurnal cycle, 
etc. 

Limitations 
• May not be capable of achieving all anticipated mission objectives  

	

!.# Mars	Piloted	Orbital	Station	

	 	 Similar	to	the	HERRO	architecture	above,	RKK	Energia	developed	a	

teleoperations	 architecture	 throughout	 the	 )*+,’s	 and	 )**,’s	 that	 uses	

minimal	 new	 technology	 and	 allows	 the	 crew	 to	 remain	 in	 orbit	 around	

Mars	 in	 the	 MARPOST	 while	 conducting	 surface	 exploration	 through	

teleoperation	 of	 robotic	 systems	 on	 the	 surface.	With	 the	 official	 written	
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report	 being	 released	 to	 the	 public	 in	 2334,	 the	 MARPOST	 volume	

described	travel	to	and	from	Mars	using	nuclear	propulsion,	and	the	all-up	

architecture	came	complete	with	a	small	lander	depositing	robotic	systems	

at	designated	locations.	

	 The	architecture	has	since	been	enhanced	with	an	additional	hybrid	

configuration.	 This	 alternative	 abandons	 the	 original	 concept	 of	 the	

MARPOST	 completely	 and	 outfits	 the	 lander	 with	 a	 small	 crewed	 cabin,	

allowing	 a	 few	 crewmembers	 to	 be	 involved	 in	 mission	 phases	 the	

MARPOST	concept	sought	to	evade.	The	impact	of	the	original	MARPOST	

design	on	HMM	architectures	is	summarized	in	Table	III-4.	

	

Table	III-!:	Implications	of	the	Mars	Piloted	Orbital	Station	on	
Current	Human	Mars	Mission	Architectures	

MARPOST 
Findings 

• Can accomplish HMM objectives through ingenuity of mission design 
instead of technology 

Innovations 
• Round-trip communication delays can be mitigated with teleoperation 

from areocentric orbit 
Identified Gaps 

• Psychological and physiological effects, and risks of sustaining humans 
outside Earth’s environment, will be challenging 

Limitations 
• Original architecture designed for opposition class missions only 
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!.# Mars	Direct	

	 	 The	Mars	Direct	architecture,	presented	by	Robert	Zubrin	and	David	

Baker	 in	 !""#,	 changed	 the	 philosophy	 of	 HMM	 design.	 Mars	 Direct	

became	 the	 first	 major	 concept	 to	 rely	 on	 ISPP	 for	 surface	 ascent	

propulsion.	 This,	 along	 with	 a	 split	 cargo	 approach,	 allowed	 significant	

reduction	in	SW&P	of	mission	systems,	allowing	direct	injection	to	Mars.	

	 The	 original	 design	 shows	 the	 mass	 feasibility	 of	 conducting	 the	

mission	with	 two	 slender,	directly	 injected	 vehicles.	 The	 first	 would	 be	 a	

cargo	 vehicle	 that	would	 also	 serve	 as	 the	ERV.	 It	would	 aerodynamically	

insert	into	orbit	at	Mars,	perform	EDL	at	the	landing	site,	and	begin	ISPP	to	

produce	 propellant	 for	 ascent	 and	 return	 to	 Earth.	 The	 second	 vehicle	

consisted	 of	 the	 crew,	 the	 DHV,	 and	 most	 of	 the	 scientific	 equipment	

payload.	 Upon	 completion	 of	 the	 long	 stay	 surface	 operations,	 the	 crew	

would	board	the	ERV	and	complete	the	return	leg	of	the	trip.	

	 Although	 the	 architecture	 revolutionized	 HMM	 approaches,	 the	

mission	was	received	as	too	risky.	From	this	criticism,	the	Mars	Semi-Direct	

and	Hybrid-Direct	missions	 sought	 to	compromise.	The	Mars	Semi-Direct	

architecture	splits	the	first	cargo	vehicle	into	two	modules,	one	being	a	pre-

fuelled	ERV	left	in	areocentric	orbit	and	the	second	being	a	MAV	utilizing	
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ISPP	at	the	landing	site.	This	requires	only	one	third	of	the	ISPP	as	the	Mars	

Direct	architecture	along	with	 the	ability	 to	reduce	surface	power	systems	

and	make	a	 larger	ERV.	However,	 the	cost	of	 this	decision	 is	 the	need	 for	

AR&D	in	Mars	orbit	and	loss	of	the	ERV	volume	on	the	surface	for	use	by	

the	crew.	

	 As	 an	 alternative,	 the	 more	 mass-efficient	 Mars	 Hybrid-Direct	

architecture	assumes	the	same	split	of	the	cargo	vehicles,	but	only	the	ERV	

cab	structure	is	left	in	areocentric	orbit,	and	its	propellant	is	still	produced	

on	 the	 surface	 of	 Mars	 via	 ISPP	 along	 with	 the	 MAV	 propellant.	 This,	

however,	 combines	 the	 operational	 disadvantages	 of	 both	 previous	 Mars	

Direct	architectures.	Mars	Direct’s	innovative	approach	incorporating	ISPP	

has	evolved	into	a	staple	for	concepts	utilizing	technological	advancements.	

The	 implications	 of	 the	 Mars	 Direct	 architecture	 are	 presented	 in	 Table	

III-5.	
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Table	III-!:	Implications	of	Mars	Direct	on	Current	Human	Mars	
Mission	Architectures	

MARS DIRECT 
Findings 

• The use of nuclear in-space propulsion improves payload mass to Mars’ 
surface 

• Propulsive orbit insertion delivers less payload than aerodynamic 
maneuvers 

Innovations 
• ISPP significantly reduces initial mass in LEO 
• Direct injection to Mars using a NTP upperstage increases payload mass 

Identified Gaps 
• Alternatives to surface solar power on Mars still require development 

Limitations 
• Presented two alternatives simultaneously (ISPP and direct injection) 

without analyzing them independently 
• The mission makes design trades for cost and mass that are not entirely 

risk-averse 
	

!.# Mars	One	

	 	 Another	 major	 change	 in	 HMM	 objectives	 was	 directed	 by	 the	

release	 of	 the	 Mars	 One	 architecture	 in	 $%&$.	 The	 idea	 was	 central	 to	

colonization,	 meaning	 the	 architecture	 was	 designed	 for	 the	 crew	 not	 to	

return	to	Earth.	Furthermore,	the	architecture	swaps	the	no	longer	needed	

ISPP	for	ISRU	of	consumables.	

	 The	architecture	assumes	pre-deployment	of	directly	injected	MCVs	

that	 can	 be	 further	 integrated	 on	 the	 surface	 robotically	 to	 form	 a	 larger	

modular	HAB.	This	would	be	followed	by	the	launch	of	the	crew	using	the	
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pre-deployed	assets	as	 their	new	home	on	Mars.	 In	emergencies	with	 this	

approach,	attempts	to	return	to	Earth	would	be	considered	higher	risk	than	

simply	 seeking	 shelter	 on	 the	 surface.	The	 implications	 of	Mars	One	 are	

overviewed	in	Table	III-6.	

	

Table	III-!:	Implications	of	Mars	One	on	Current	Human	Mars	
Mission	Architectures	

Mars One 
Findings 

• It is not difficult to achieve public engagement for a HMM 
Innovations 

• ISRU can be expanded beyond propellant to consumables 
• Modularity of habitats can lead to the construction of larger, more fail-

safe habitable zones 
Identified Gaps 

• Much of the surface elements requires significant R&D 
Limitations 

• Independent investigation by MIT concluded the concept does not 
possess near-term feasibility 

• Limited scientific viability with colonization as primary driver 
	

Summation:	With	all	 of	 the	primary	propositions	 introduced,	Table	 III-7	

provides	a	concise	list	of	their	architectural	definitions	as	proposed.	
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Table	III-!:	Propositions’	Architectural	Definitions	

	

	

!. Supplements	

	 The	 supplemental	 mission	 architectures	 of	 the	 Mars	 Project	 !",	

Interplanetary	Transport	System	(ITS)	!!,	Cycling	Pathways	to	Occupy	Mars	

(CPOM)	!",	!",	 Red	Dragon	!",	 Inspiration	Mars	!",	!",	 and	Mars	 Base	Camp	

(MBC)	 !"	are	 presented.	 They	 are	 incorporated	 as	 supplemental	 concepts	

that	alone	do	not	represent	concepts	at	the	scale	of	this	research,	or	do	not	

perform	 original,	 initial,	 and/or	 direct	 exploration	 of	 Mars,	 but	 have	

uniquely	valuable	constituents	and	contributions	that	can	be	added	to	the	

tradespace.	
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!.# The	Mars	Project	

	 	 During	the	 +,-.’s,	Wernher	von	Braun	developed	Das	Marsprojekt,	

which	would	 later	 be	 translated	 and	 published	 in	 English	 in	 4567	 as	 The	

Mars	Project.	It	marked	the	first	significant	technical	publication	of	a	HMM	

concept.	The	publication	was	extremely	ambitious,	detailing	the	feasibility	

of	 a	HMM	more	 than	a	decade	before	 the	 first	human	was	ever	 launched	

into	space.	

The	mission	heavily	resembled	the	voyage	of	the	ancient	explorers	as	

an	all-up	concept	designed	with	 a	 crew	of	 23	across	 ten	monolithic	 ships	

and	 even	 included	 the	 capability	 of	 transshipment	 visiting	 between	 the	

astronauts.	These	ships	would	need	to	be	assembled	in	LEO,	requiring	:;<	

launches	 of	 ,-	 reusable	 launch	 vehicles.	 The	 ten	 craft	 would	 orbit	Mars,	

send	&'	astronauts	to	the	surface	in	two	MAV	and	one	landers,	ascend	back	

to	orbit	 in	 the	MAVs,	 and	 journey	back	 to	Earth.	The	presentation	of	 the	

mission	displayed	a	very	brief	but	comprehensive	overview	of	a	HMM.	

From	 a	 mission	 approach	 standpoint	 The	 Mars	 Project	 has	

progressively	become	outdated,	as	the	only	knowledge	of	Mars	in	the	4567’s	

was	 from	 Earth	 observations	 plagued	with	misconceptions.	 CONOPS	 like	

astronauts	 using	 telescopes	 from	 orbit	 to	 look	 for	 landing	 sites	 and	
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deploying	sounding	rockets	to	test	Mars’	atmosphere	are	components	that	

are	 no	 longer	 necessary.	 Although	 its	 release	 came	 during	 a	 time	 when	

heavy	 lift	 launch	 vehicles	 and	 in-space	 propulsion	 were	 the	 major	

breakthroughs	 that	 led	 to	 the	 mission	 to	 be	 considered	 possible,	 from	 a	

technology	 standpoint	 The	 Mars	 Project	 was	 able	 to	 demonstrate	 the	

technical	feasibility	of	such	an	endeavor	even	in	the	3456’s,	albeit	with	the	

requirement	 of	 hundreds	 of	 launches	 split	 between	 dozens	 of	 reusable	

launch	vehicles.	Along	 the	way	 the	publication	uncovered	critical	 insights	

that	 are	 still	 being	 incorporated	 and	 addressed	 in	 today’s	 HMM	

architectures.	While	 its	scale	 is	 too	 large	for	this	research,	 its	 implications	

serve	to	direct	the	approach	of	the	methodology	and	are	summarized	below	

in	Table	III-8.	
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Table	III-!:	Implications	of	The	Mars	Project	on	Current	Human	Mars	
Mission	Architectures	

MARS PROJECT 
Findings 

• Spacecraft would have the capacity to carry to Mars a fully loaded lander 
with sufficient consumables 

• SSTO ascent from Mars can be done with ease 
Innovations 

• In-space rendezvous configuration can help to overcome launch mass 
limitations 

• System failure during interplanetary travel can be overcome with 
transshipment capabilities 

Identified Gaps 
• Non-propulsive orbit insertion and EDL would further increase payload to 

surface capabilities 
• Low-thrust, non-impulsive propulsion could lower propulsive mass 

requirements 
Limitations 

• Did not consider human influence in the mission 
• Made numerous simplifications to facilitate slide rule calculations 

	

!.# Interplanetary	Transport	System	

	 In	$%&',	Elon	Musk	unveiled	the	ITS,	an	architecture	description	of	

SpaceX’s	 original	Mars	 Colonial	Transporter	 plan.	 The	 central	 idea	 of	 the	

concept	 is	 the	 iterative	 fueling	 of	 the	 all-up	 asset	 through	 repetitive	

launching	 of	 a	 fully	 reusable	 propellant	 tanker.	 This	 allowed	 the	 system	

departing	 for	 Mars	 to	 increase	 its	 payload	 fraction	 by	 allowing	 the	 large	

amount	 of	 propellant	 to	 be	 stored	 in	 one	 large	 tank.	 After	 propellant	

siphoning	in	LEO,	the	large	spacecraft	would	travel	to	Mars,	land,	and	begin	
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ISPP.	At	the	conclusion	of	the	surface	mission	it	would	ascend	and	return	to	

Earth.	While	 the	 concept’s	 scale	 is	 too	 large	 for	 this	 research,	 it	 is	 the	

iterative	 launching	 of	 a	 reusable	 propellant	 tanker	 that	 is	 added	 to	 the	

tradespace	for	both	launch	and	Mars	ascent.	

	

!.# Inspiration	Mars	

	 The	mission	developed	by	 the	 Inspiration	Mars	Foundation	 in	$%&'	

expands	 on	 an	 idea	 originally	 proposed	 by	 Gaetano	 Crocco	 in	 ,-./	 and	

capitalizes	on	a	unique	opportunity	to	initiate	human	exploration	of	Mars.	

The	mission	is	designed	similarly	to	Apollo	3	–	purely	as	a	human	flyby	of	

the	planet	and	therefore	needs	no	surface	systems.	What	it	does	represent,	

however,	 is	a	chance	 to	gather	priceless	data	and	 test	both	 the	 initial	and	

final	stages	of	a	full	expedition.	This	can	be	done	cheaply	as	it	requires	less	

ΔV	to	perform	a	Mars	flyby	than	to	execute	a	lunar	surface	mission.	Despite	

its	limitations	on	technological	insight,	the	Inspiration	Mars	mission	could	

provide	 assurance	 that	 humans	 can	 indeed	 complete	 the	 interplanetary	

journey	 to	 Mars	 and	 back	 and	 how	 doing	 so	 will	 affect	 the	 crew	 and	

CONOPS.	 Its	 mission	 concept	 is	 therefore	 added	 to	 the	 tradespace	 as	 a	

precursor	mission.	
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!.! Cycling	Pathways	to	Occupy	Mars	

	 	 Another	 concept	 integrated	 indirectly	 is	 the	 CPOM	 cyclers.	 It	

replaces	 spacecraft	 for	 the	 direct	 transport	 from	 Earth	 to	Mars	 and	 back	

with	 cycler	 spacecraft	 in	 heliocentric	 orbits	 performing	 repeated	 fly-by	

maneuvers	 around	 the	 two	 planets.	 In	 the	 original	 proposal,	 each	 cycler	

takes	 two	and	one-seventh	years	 to	complete	one	orbit;	however,	 this	can	

be	altered	along	with	the	number	of	cycling	vehicles.	In	the	CPOM,	one	leg	

of	the	cycler	is	completed	in	less	than	six	months	and	the	other	in	about	56	

months.	Hyperbolic	rendezvous	with	the	cyclers	 is	 required,	demanding	!	

km/s	 ΔV	 at	 Earth	 and	 !"	 km/s	 at	 Mars.	 The	 cyclers	 are	 added	 to	 the	

tradespace	as	part	of	the	launch	design	trade	for	interplanetary	transit.	

	

!.# Red	Dragon	

	 The	 Red	 Dragon	 uncrewed	 landing	 precursor	 mission,	 originally	

released	 in	 *+,,,	 is	 continually	 being	 revised	 and	 redefined.	 The	mission	

proposes	 performing	 a	T&E	mission	 to	 gather	 priceless	 data	 and	 insights	

into	HMM	 sized	 EDL	 as	well	 as	 critical	 surface	 elements.	 Such	 a	mission	

would	mature	surface	ISPP,	ISRU,	habitation,	and	power	systems,	as	well	as	



	
	

	 	 	48	

increase	understanding	of	EDL,	transits,	and	intelligence.	Such	a	mission	is	

added	to	the	precursor	mission	tradespace.	

	

!.# Mars	Base	Camp	

	 Lockheed	Martin’s	!"#$	MBC	architecture	 is	a	redefinition	of	ESA’s	

HMM	architecture.	Therefore,	its	design	does	not	provide	original	input	to	

the	tradespace	but	will	ultimately	be	analyzed	during	CD&E.	It	is	included	

here,	 however,	 because	 it	 serves	 as	 a	 potential	method	 for	 condensing	 all	

proposed	 precursor	 mission	 principles	 into	 one	 endeavor,	 as	 its	 mission	

plan	is	more	versatile	than	that	of	ESA’s.	

	

!. Constraints	

Here	 the	 constraints	 altering	 the	 research’s	 approach	 to	 the	HMM	

are	enumerated.	

	

Budgetary:	A	HMM	is	often	compared	to	the	Space	Race,	where	the	United	

States	 and	 the	 former	 Soviet	Union	 spent	 immense	 efforts	 to	 ensure	 they	

were	 the	 frontrunners	 in	 space	 exploration.	 Figure	 III-1	 shows	 the	

development	 of	 NASA’s	 budget	 before,	 during,	 and	 after	 the	 Space	 Race.		
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The	figure	shows	that	NASA	received	approximately	four	times	its	average	

percentage	 of	 the	U.S.	 federal	 budget	 during	 the	 peak	 of	 the	 Space	Race,	

topping	off	at	*.*,%	in	,.//	!",	!".		

	

	
Figure	III-!:	NASA’s	Annual	Budget	from	Inception	to	the	Present	as	a	

Percent	of	the	U.S.	Federal	Budget	

	

While	 the	 federal	 budget	 and	 its	 equivalent	 in	 U.S.	 dollars	 are	

dynamic	 statistics,	 the	 figure	 does	 provide	 visual	 representation	 of	 the	

substantial	 decrease	 in	 government	 emphasis	 and	 expenditures	 placed	 on	

space	 exploration.	 While	 it	 is	 foreseeable	 that	 NASA	 would	 provide	 a	

leadership	 role,	many	 other	 space	 agencies	 that	 also	 aim	 towards	 human	
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exploration	of	Mars	have	combined	budgets	comparable	to	NASA’s	!".	The	

privatization	 of	 this	 industry	 has	 provided	 a	 spark	 in	 rejuvenating	 the	

discipline	 but	 these	 commercial	 entities	 are	 still	 well	 behind	 the	

accomplishments	 that	 government	 agencies	 achieved	 decades	 ago	 in	 the	

realm	 of	 human	 space	 exploration;	 however,	 a	 HMM,	 if	 not	 relying	 on	

Apollo	 era	 budget	 increases,	 would	 require	 significant	 cooperation	 from	

commercial	 and/or	 international	 agencies	 !".	 Such	 dichotomy	 leaves	 the	

cost	of	a	HMM	open-ended	and	should	not	be	used	as	a	limiting	constraint.	

	

Political:	Despite	the	aforementioned	budgetary	decreases,	humans	remain	

a	staple	in	space	exploration.	Figure	 III-2	shows,	from	NASA’s	inception	to	

the	present,	the	annual	HSF	budget	in	fiscal	year	-./0	dollars	!".	
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Figure	III-!:	NASA’s	Annual	Human	Spaceflight	Budget	in	Fiscal	Year	

!"#$	USD	from	Inception	to	the	Present	

	

Yet,	unlike	many	of	the	scientific	missions,	the	White	House	 is	a	deciding	

factor	in	HSF	!".	Therefore,	the	development	of	a	HMM	concept	is	not	only	

constrained	by	engineering	and	costs	but	also	by	politics	!".		

	 While	 Apollo	missions	were	measured	 in	 days,	 a	 conjunction-class	

HMM	would	take	years	to	complete.	When	considering	multiple	flights	and	

potential	 precursor	missions,	 a	Mars	 campaign	 would	most	 likely	 stretch	

across	multiple	administrations	with	potentially	different	visions	 for	space	

exploration.	In	hindsight,	this	was	a	major	reason	for	the	cancellation	of	the	
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Constellation	 program	 !".	 In	 a	 Mars	 campaign	 requiring	 long	 mission	

durations	 with	 few	 intermediate	 results,	 it	 is	 likely	 the	 total	 program	

lifecycle	 will	 be	 a	 limiting	 factor	 !".	 Although	 international	 and/or	

commercial	 missions	 usually	 provide	 greater	 resiliency	 to	 these	

uncertainties	 !",	 most	 other	 entities	 outside	 the	 U.S.	 are	 still	 pursuing	

crewed	LEO	and	lunar	missions	instead	of	expressing	immediate	interest	in	

Mars.	Therefore,	political	culture	is	a	constraint	on	the	HMM	schedule.	

	

Risk:	Also	connected	to	the	political	constraint	 is	that	of	risk,	particularly	

as	 it	 pertains	 to	 the	 risk	of	 crew	 fatality.	 In	 the	Apollo	program,	with	 the	

exception	 of	 one,	 all	 moonwalking	 astronauts	 joined	 NASA	 from	 U.S.	

military	 service.	 Several	 of	 who	 were	 test	 pilots.	 A	 combination	 of	 the	

inherent	 crewmember	 acceptance	 of	 occupational	 risk	 with	 the	 political	

pressure	applied	by	the	Space	Race,	the	Apollo	HSF	enterprise	was	able	to	

proceed	despite	its	risks	!!.	Today	however,	with	a	less	heightened	political	

climate	in	reference	to	human	space	exploration	and	uncertainty	regarding	

operating	entity(s),	there	is	greater	risk	aversion	as	it	relates	to	loss	of	crew	

(LoC).	For	this	reason,	the	metric	of	risk	vies	with	that	of	utility	and	mission	

outcomes	with	any	LoC	component	cannot	be	accepted	as	successful.		
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!. Conjecture	

Following	 the	 introduction	 of	 the	 considered	 propositions	 and	

accompanying	constraints,	the	definition	of	a	HMM	is	delineated	for	clarity.	

	

Exploration	vs.	Colonization:	The	Augustine	Commission	concluded	the	

ultimate	goal	of	human	exploration	is	to	chart	a	path	for	human	expansion	

into	 the	 solar	 system	 !".	 It	 becomes	 clear	 the	 concept	 of	 a	 HMM	 is	 not	

classified	 by	 exploration	 nor	 colonization	 but	 both.	 The	 returns	 of	 a	

Martian	campaign	are	only	limited	by	the	duration	for	which	humans	are	at	

Mars	and	by	the	number	of	robotic	and	scientific	systems	that	are	at	their	

disposal	 !"	 !!.	 Additionally,	 it	 is	 inefficient	 to	 first	 develop	 systems	 for	

exploration	 and	 then	 later	 for	 colonization	!".	 Therefore,	 the	 inclusion	 of	

colonization	 is	 for	 the	 purpose	 of	 initial	 scientific	 investigation	 and	

exploration.	 However,	 scientific-centric	missions	 should	 also	 be	 aimed	 at	

acquiring	knowledge	for	colonization	to	satisfy	the	identified	ultimate	goal	

of	HSF.	

	

Crewed	vs.	Robotic:	Logistically,	unless	artificial	intelligence	is	developed	

that	can	mimic	or	exceed	the	capacity	and	capability	of	a	human	being,	it	is	
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clear	that	humans	are	still	an	absolute	necessity	to	work	alongside	robotic	

technology	in	the	exploration	of	space	!".	For	this	reason,	it	is	not	a	matter	

of	 human	 or	 robotic	 exploration	but	 a	 plan	 to	 integrate	 both	 in	 order	 to	

maximize	 the	 mission.	 Therefore	 a	 HMM	 is	 an	 investment,	 not	 only	 for	

human	presence	on	the	surface,	but	also	for	extended	and	expedited	science	

return	from	the	planet.	It	is	foreseeable	that	when	all	costs	associated	with	

Mars	exploration	are	tabulated,	a	HMM	could	offer	 the	greatest	return	on	

investment.	The	 human	 payload,	 therefore,	 is	 a	mandatory	 inclusion	 that	

cannot	be	augmented	without	the	invention	of	artificial	intelligence.	

	

Mars	 vs.	 The	Martian	 System:	A	HMM	is	just	that:	a	human	spaceflight	

mission	 to	 the	 planet	Mars	 –	not	 its	moons	 and	 not	 its	 vicinity.	 Though	

Phobos	 and	 Deimos	 could	 prove	 to	 be	 valuable	 assets	 in	 the	 human	

exploration	 of	 Mars,	 their	 exploration	 require	 vastly	 different	 mission	

architectures,	of	potentially	 equal	development	 time	and	effort,	 to	 that	of	

missions	to	the	planet	Mars	itself.	As	previously	mentioned,	pursuit	of	such	

targets	 in	 conjunction	 with	 Mars	 could	 permanently	 hinder	 the	 horizon	

goal.	Therefore,	a	HMM	in	this	dissertation	assumes	direct	missions	to	the	

planet	and	does	not	utilize	its	moons.	
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Roadmap	 vs.	 Direct	 Pathway:	 The	 development	 of	 technology	 for	 lunar	

and	 asteroid	missions	 provides	 equivalent	 purpose	 for	 a	 different	 class	 of	

mission	 destinations.	 Though	 Mars	 is	 a	 horizon	 goal,	 this	 should	 not	

discredit	 its	 immediate	 pursuit	 if	 it	 is	 feasible	 to	 do	 so.	 While	 initial	

architectural	development	for	lunar	and	asteroid	missions	will	be	necessary	

for	 future	 human	 spaceflight	 to	 other	 low-gravity	 airless	 bodies,	 Mars	

demands	an	architecture	capable	of	exploring	a	world	with	an	atmosphere,	

satellites	of	 its	own,	and	the	challenges	of	a	variably	complex	planetology.	

Therefore,	 an	 architecture	 designed	 to	 explore	 the	Moon	 and	 asteroids	 is	

not	 equivalent,	 and	 lunar	 roadmap	 missions	 are	 not	 addressed	 in	 this	

research.	

	

Blitzkrieg	vs.	Campaign:	Besides	limited	testing	here	at	Earth,	Mars	is	the	

only	object	in	the	inner	solar	system	that	offers	the	environment	of	a	HMM.	

However,	even	if	direct	and	elaborate	developmental	and	operational	T&E	

could	 be	 performed	 in	 the	 Martian	 environment	 before	 the	 first	 human	

mission	 ever	 flew,	 significant	 resources	 would	 need	 to	 be	 attributed	 to	

sustain	 and	 achieve	 this	 goal.	With	 a	 synodic	 period	 of	 12	 months	 and	

interplanetary	 transits	 optimizing	 in	 the	!	 –	!	months	 range,	 the	 time	 it	
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would	 take	 to	 execute	 a	 Mars	 exploration	 program	 with	 extensive	 T&E	

missions	would	not	allow	for	a	realistic	completion	time	of	the	exploration	

program.	 This	 means	 the	 historic	 HSF	 approaches	 of	 Apollo	 are	 not	

practical	for	HMMs.	Instead,	a	singular,	direct	mission	standpoint	is	taken	

in	developing	the	utility	analysis.	

	 	

!. Ground	Rules	

	 Combining	 the	 core	 of	 the	 propositions	 with	 the	 constraints	 and	

conjecture	establishes	the	following	ground	rules.	

	

The	 Buddy	 System:	 The	 buddy	 system,	 always	 assuming	 crewmembers	

travel	 minimally	 as	 pairs,	 is	 critical	 to	 success	 and	 safety	 in	 performing	

extravehicular	activity	(EVAs)	!".	Therefore,	grouping	of	crewmembers	shall	

always	assume	the	incorporation	of,	at	a	minimum,	two	crewmembers.	

	

Cost:	 Although	 a	 Mars	 campaign	 can	 continually	 be	 compared	 to	 the	

Apollo	program,	this	cannot	serve	as	a	demand	for	unwarranted	monetary	

resources	 for	 technological	 pursuit,	 innovation,	 and	 advancement,	 nor	

should	 budgetary	 verdicts	 define	 the	 feasibility	 of	HMMs.	 Therefore,	 cost	
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shall	not	be	a	 limiting	factor	 in	tradespace	 inclusion.	 It	will,	however,	still	

serve	its	purpose	as	a	FoM.	

	

Interplanetary	Trajectories:	In	agreement	throughout	most	of	the	human	

Mars	 exploration	 community	 is	 the	 differentiation	 of	 trajectories	 to	Mars	

for	cargo	and	crew	vehicles.	Solving	Lambert’s	problem	for	optimization	of	

transit,	 cargo	 vehicles	 are	 allowed	 the	 minimum	 energy	 trajectories	 to	

maximize	payload	mass.	Crewed	transits,	on	the	other	hand,	must	balance	

the	 trades	 of	ΔV,	 transit	 times	 that	 expose	 the	 crew	 to	 long	 durations	 of	

microgravity	 and	 space	 weather,	 excess	 velocity	 at	 Mars	 arrival	 for	 orbit	

insertion	 (particularly	 aerodynamic	 insertions),	 and	 the	 potential	 of	 free-

return	aborts.	The	optimization	of	 these	 factors	produces	 the	ground	rule	

that	crewed	transits	are	in	the	'	km/s	departure	velocity	class,	which	allows	

roughly	 )**	 days	 transit	 to	 Mars,	 acceptable	 Mars	 aeroentry,	 and	 the	

minimal	 Earth	 return	 period	 among	 ΔV	 transit	 solutions	 for	 free-return	

trajectories	!".	

	

Habitation:	 The	 volume	 (and	 subsequently	 mass)	 of	 habitation	 is	 of	

utmost	 importance	 to	 ergonomics	 in	 the	 mission.	 NASA	 research	 has	
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settled	 upon	 the	 value	 of	 /0	m!	 per	 crewmember	 as	minimum	 habitable	

volume	 for	 long-duration	 exploration	missions	 !".	 However,	 research	 also	

shows	 that	 it	 is	 possible	 to	 make	 habitats	 smaller	 with	 quantification	 of	

their	effects	on	the	crew.	For	this	reason,	00	m!	per	crewmember	is	derived	

as	a	performance	 limit	and	0.0	m!	per	crewmember	as	a	 tolerable	 limit	!".	

The	effects	of	these	volumes	are	discussed	in	VI	§	!.	

	

Mass	Budget:	The	mass	budget	derived	from	each	proposition	shall	always	

reach	 its	 maximum;	 meaning,	 a	 reduction	 in	 subsystem	 masses	 is	

accompanied	 by	 the	 addition	 of	 crew	 or	 tradespace	mass	 (or	 vice	 versa).	

This	 facilitates	 rapid	 calculation	 of	 SW&P	 budgets	 in	 tradespace	

exploration.	

	

Stochastic	Variables:	In	use	of	stochastic	variables,	those	attributed	to	the	

mission	 CONOPS	 shall	 be	 expressed	 possibilistically.	 Probability	 for	 the	

mission	architecture	shall	follow	the	frequentist	view	that	probability	arises	

as	a	proportion	of	outcomes.	Those	associated	with	the	intelligence	of	Mars	

shall	follow	the	Bayesian	perspective	that	probability	arises	from	the	degree	

of	 outcome	 uncertainty.	 All	 probabilistic	 and	 possibilistic	 outcomes	 are	
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determined	by	a	pseudo-random	number	generator	that	represents	a	binary	

success	 or	 failure	 against	 the	 stochastic	 outcome	 percentage	 (Boolean	

logic).	 Intelligence	 possibilities,	 however,	 are	 estimative,	 akin	 to	 the	

structures	of	fuzzy	logic.	

	

Units:	 In	 conformance	 with	 most	 countries	 associated	 with	 potential	

HMMs,	the	exclusive	use	of	the	metric	system	shall	be	strictly	followed.	The	

exception	 is	 the	 use	 of	 tonnes	 (metric	 ton,	 t),	 which	 offer	 SI	 unit-like	

conversion	 from	 the	metric	 unit	 of	 kilograms	 (1,333	 kg	≡	 !	 t).	 All	mass	

calculations	 and	 budgets	 will	 be	 expressed	 in	 this	 unit	 to	 eliminate	

confusion	with	other	measures	of	similar	nomenclature.	

	

!. Assumptions	

	 Underlying	 assumptions	 drive	 the	 quality	 of	 data	 produced	 in	

simulations	!".	While	this	is	more	transparent	at	the	algorithm	level	as	the	

modeling	 approach	 is	 elaborated,	 here	 the	 overall	 assumptions	 of	 the	

research	are	stated.		
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Collaboration:	 As	 the	 concept	 of	 HMM	 has	 evolved	 throughout	 the	

decades,	 international	 and	 now	 commercial	 cooperation	 has	 transitioned	

from	 a	 promotional	 to	 a	 foundational	 state	 !".	 Due	 to	 the	 inability	 of	

forecasting	potential	acquisition	processes,	the	research	will	not	assume	the	

development	of	 any	 systems	 from	a	 specific	 entity.	 Instead,	generic	 terms	

developed	 in	 section	 !	of	 this	 chapter	are	used	 exclusively	 in	 reference	 to	

mission	systems.	

	

Commuter	 Operations:	 It	 is	 assumed	 the	 CONOPS	 follows	 the	

"commuter”	exploration	strategy,	in	which	there	is	a	central	habitat	used	by	

the	 crew	between	 sorties	with	mobility	 systems	 proving	 access	 to	 sites	 of	

scientific	interest	!".	

	

Consumables:	 In	accordance	with	 the	DRA,	 the	 research	assumes	a	 fully	

closed-loop	 environmental	 control	 and	 life	 support	 system	 (ECLSS).	 This	

brings	the	consumables	requirement	to	!.#	kg	per	crewmember	per	day	!".	

In	 addition,	 a	*+%	contingency	of	 the	 total	 required	 consumables	 for	 the	

crew	size	is	included.	
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Crew	Size:	This	research	assumes	the	option	for	!,	$,	or	!	member	crews	as	

part	 of	 the	 tradespace	 exploration.	 This	provides	preliminary	 insight	 into	

the	 impact	 of	 crew	 size	 on	 the	 mission.	 Additionally,	 most	 architectures	

assume	a	baseline	capability	of	1	crewmembers,	providing	analysis	for	both	

reduction	and	expansion	as	well	as	trend	knowledge.	

	
	
Launch	 Segment:	 All	 architectures	 assume	 a	 launch	 mass	 to	 LEO	

capability	of	$%&	t	or	$%	t	direct	injection	to	Mars.	This	is	consistent	with	all	

of	 the	 launch	mass	budgets	of	 the	aforementioned	proposed	architectures	

that	 have	 assumed	 launch	 vehicles	 including,	 but	 not	 limited	 to,	 NASA’s	

Space	Launch	System,	CNSA’s	Changzheng,	or	even	heritage	vehicles	such	

as	NASA’s	Saturn	V	or	FKA’s	Energia	class	launch	systems.	

	

Lossless	Crew:	This	research	assumes	a	successful	mission	is	one	in	which	

no	crewmembers	are	lost;	therefore,	a	mission	involving	a	LoC	outcome	is	

considered	a	failure.	

	

Microgravity	Mitigation:	While	architectural	design	alterations	have	been	

proposed	 to	 circumvent	muscle	 atrophy	 in	microgravity,	 they	 can	be	 very	
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costly	 to	 the	 concept’s	 SW&P	 budgets	 !.	 Instead,	 it	 is	 assumed	 that	

crewmembers	 will	 undergo	 a	medical	 regiment	 in	 conjunction	 with	 the	

normally	scheduled	exercise	–	which	can	be	 just	as	effective	with	virtually	

no	mass	penalty	!".	

	

Number	 of	 Missions:	 It	 does	 not	 seem	 beneficial	 to	 assume	 Martian	

campaigns	 that	 will	 not	 survive	 the	 aforementioned	 constraints.	 In	 this	

case,	only	one	single	mission	cycle	is	analyzed	since	it	currently	cannot	be	

guaranteed	 that	 funding	 or	 political	 support	 will	 remain	 for	 subsequent	

missions.	 This	 is	 true	 if	 significant	 exploration	 goals	 are	 satisfied	 in	 the	

initial	 mission	 or	 if	 it	 results	 in	 catastrophic	 failure.	 In	 fact,	 the	 Apollo	

program	 itself	 already	 began	 seeing	 budget	 reductions	 after	 its	 first			

landing	!".	Therefore,	 this	 research	determines	a	mission	concept	 that	can	

achieve	the	greatest	utility	in	a	single,	initial,	direct	mission.	

	

Parking	Orbits:	All	non-direct	vehicles	depart	from	an	optimized	!"#	km	

circular	 geocentric	 orbit	 by	 a	 two-burn	 escape	 maneuver	 to	 reduce	

gravitational	losses.	At	Mars,	vehicles	are	parked	in	a	*+,	km	by	$$,&'$	km,	
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!	sol,	areocentric	orbit	 to	optimize	 the	 trade	between	MOI,	ascent	AR&D,	

and	landing	site	geometry	!".	

	

Special	 Regions:	 It	 is	 assumed	 the	 Committee	 on	 Space	 Research’s	

protection	 of	 special	 regions	!",	!"	 is	 followed	 for	 placement	 of	 the	 habitat	

but	not	 for	 scientific	 exploration.	This	means	 the	 crew	will	 participate	 in	

any	 and	 all	 scientific	 investigations.	This	 also	 assumes	 that	 sensitive	 and	

planetary	 protection	 sorties,	 such	 as	 the	 search	 for	 extraterrestrial	 life	

(SETL),	will	require	long	traverses.	

	

!. Delimitations	

	 While	the	delimitations	can	become	clear	based	on	what	is	included	

in	the	modeling	and	CONOPS	section,	the	following	enumerates	the	overall	

delimitations	of	the	research:	

	

Degradation:	ESA	research	shows	that	large	assembly	times	in	LEO	could	

lead	 to	 premature	 degradation	 of	modules	!".	 However,	 this	 research	 will	

not	 assume	 such	 degradation	 because	 this	 application	 relies	 on	 assumed	

launch-rate	 and	 campaign	 capabilities.	 This,	 along	 with	 exclusion	 of	
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potential	 degradation	 for	 pre-deployed	 assets,	 exonerates	 this	 effect	 from	

loss	in	reliability.	It	is	deemed	inherent	in	the	system	design	to	account	for	

such	increased	operational	periods.	

	

Launch	 Trades:	 Due	 to	 the	 assumption	 of	 the	 launch	 segment	 and	 the	

focus	on	a	direct	mission	path	 to	Mars,	 the	 launch	of	mission	assets	 from	

places	other	than	Earth’s	surface	are	not	explored.	

	

Low	 Energy	 Transfers:	 This	 research	 does	 not	 include	 low	 energy	

interplanetary	 transfer	 considerations	 which	 removes	 electric	 propulsion	

systems	and	ballistic	 capture	 trajectories.	Firstly,	none	of	 the	propositions	

considered	 in	 this	 research	 use	 low	 energy	 transfers.	 While	 electric	

propulsion	 could	 be	 included	 in	 the	 tradespace,	 its	 use	 is	 prohibited	 in	

crewed	 vehicles	 due	 to	 the	 extended	 periods	 of	 microgravity	 and	 space	

weather	exposure	during	interplanetary	travel.	While	 its	utilization	can	be	

argued	 for	 cargo	 vehicles,	 the	 lengthy	 transfer	 periods	 are	 not	 consistent	

with	mission	design	principles	of	the	concepts	in	this	research	–	particularly	

when	converting	 to	 single	mission	consideration	with	confined	 schedules,	

or	 mission	 designs	 with	 potentially	 urgent	 resupplies.	 Due	 to	 this,	 the	
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incorporation	 of	 low	 energy	 transfers	 would	 ultimately	 require	 the	

development	 of	 multiple	 propulsion	 systems	 for	 the	 mission.	 For	 these	

reasons,	 low	 energy	 transfers	 were	 disregarded	 in	 concept	 developments	

and	are	also	omitted	from	this	research’s	tradespace	exploration.	

	

Opposition	Class	Missions:	Modern	HMM	designs	are	no	longer	in	favor	

of	the	opposition	class	mission	because	of	its	considerable	negative	aspects.	

While	the	overall	mission	length	is	comparable	to	surface	stay	times	in	the	

conjunction	class	missions,	this	is	achieved	with	a	significant	increase	in	ΔV	

and	 the	 requirement	 for	 a	 deep	 space	 maneuvers	 or	 flyby	 of	 Venus.	

Additionally,	 opposition	 class	missions	only	 allow	()	 to	+)	days	worth	of	

exploration	 time	 at	 Mars	 –	 simply	 too	 short	 of	 a	 period	 for	 a	 mission	

duration	 between	 -..	 and	 /-!	 days.	With	 the	 potential	 length	 of	 dust	

activity	on	Mars,	it	is	possible	that	opposition	class	missions	could	result	in	

complete	 missed	 opportunities	 to	 explore	 Mars.	 For	 these	 reasons,	 the	

option	 for	 an	 opposition	 class	mission	 is	 not	 included	 in	 the	 tradespace.	

Shorter	 surface	 operations	 are	 inherently	 present	 in	 the	 telecollaboration	

exploration	design.	

	



	
	

	 	 	66	

Rescue	 Missions:	 In	 construction	 of	 contingency	 options	 of	 the	mission	

phasespace,	 the	possibility	 of	 a	 rescue	mission	 is	 removed.	 In	 this	 case,	 if	

the	 crew	 required	 rescuing,	 it	 is	 instead	 assumed	 the	mission	 resulted	 in	

LoC.	

	

Surface	 Power	 Trade:	 A	 trade	 on	 nuclear	 and	 solar	 surface	 power	 is	

excluded	because	analysis	performed	by	previous	architectures	has	 shown	

the	 choice	 to	 be	 nothing	 more	 than	 preference	 of	 mission	 deployment	

(except	 for	 landing	 sites	 in	 extreme	 environments	 such	 as	 polar	 regions,	

underground,	 craters,	 etc).	 Architectures	 that	 pre-deploy	 cargo	 prefer	

nuclear	power	sources	because	they	are	easier	to	autonomously	deploy	and	

do	not	suffer	dust	sensitivities	to	power	production	the	way	solar	arrays	are	

anticipated	 !".	 They	 are	 also	 preferred	 during	 pre-deployment	 to	 provide	

consistent	 power	 for	 ISPP.	On	 the	 other	 hand,	 architectures	 utilizing	 the	

all-up	approach	will	have	humans	present	when	the	surface	power	source	is	

set	 up,	 meaning	 human	 operation	 can	 mitigate	 the	 need	 for	 complex	

autonomous	 deployment.	 Crewmembers	 are	 also	 available	 to	 provide	

cleaning	of	dust	from	solar	array	surfaces	!".	It	was	also	found	that,	although	

solar	array	systems	would	require	more	weight,	they	are	easier	to	repair	and	
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thus	don’t	require	as	much	redundant	mass.	Alternatively,	the	complexities	

of	 nuclear	 power	 systems	 make	 them	 very	 difficult	 to	 repair	 and	 thus	 a	

second	 (and	 possibly	 smaller	 third)	 nuclear	 power	 system	 for	 emergency	

would	 need	 to	 be	 included.	Emergency	 power	modes	 is	 something	NASA	

admits	 it	 did	 not	 study	 during	 conceptualization	 of	 the	 DRA,	 nor	 did	 it	

study	 the	nighttime	power	modes	 that	could	help	 reduce	 the	size	of	 solar	

arrays.	 Nuclear	 power	 sources	 could	 maintain	 constant	 power	 supply	

through	 the	 night.	 Yet,	 this	 may	 be	 unnecessary	 since	 ISPP	 is	 the	major	

power	need.	Further,	this	is	completed	before	crew	arrival	in	the	pre-deploy	

mission	 choice.	 Not	 to	 mention,	 the	 additional	 radiation	 hazard	 of	 the	

nuclear	 surface	 source	 on	 the	 crew	 sets	 up	 operational	 restrictions	 and	

additional	shielding	mass.	All	the	aforementioned	considerations	effectively	

make	the	two	systems	roughly	equivalent	and	dependent	on	preference.	
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IV. METRICS	

	
Quantification	 of	 mission	 objectives	 is	 accomplished	 through	 the	

implementation	of	metrics.	The	following	sections	 list,	define,	and	explain	

Measures	 of	 Effectiveness	 (metrics	 that	 directly	 assess	 the	 mission’s	

effectiveness	in	satisfying	mission	objectives)	and	Figures	of	Merit	(metrics	

that	provide	merit	to	alternatives	across	the	solution	domain).	
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!. Mission	Objectives	

	 The	 mission	 objectives	 (Table	 IV-1)	 are	 derived	 from	 Mars	

exploration	community	consensus.	The	Mars	Architecture	Working	Group	

(MAWG)	 !",	 with	 the	 Mars	 Exploration	 Program	 Analysis	 Group					

(MEPAG)	 !!,	!"	 providing	 significant	 contribution	 to	 the	 planetary	 science	

objectives,	presents	them.	The	priority	of	objectives	is	consistent	with	their	

assessments	 with	 a	 percent	 of	 mission	 objective	 satisfaction	 developed	

heuristically	 from	 their	 prioritization.	 It	 is	 important	 to	 note	 that	 the	

MEPAG	 agrees	 objectives	 are	 not	 tiered;	 meaning,	 it	 is	 possible	 a	 high	

valued	 sub-objective	 of	 a	 lower	 priority	 objective	 could	 be	 of	 equal	 or	

greater	 value	 than	 a	 low	 valued	 sub-objective	 of	 a	 higher	 priority					

objective	 !".	 From	 the	 table	 it	 becomes	 clear	 the	 greatest	 objective	 for	 a	

HMM	is	the	SETL,	whether	it	be	extinct	or	extant.	
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Table	IV-!:	Mission	Objectives	and	Sub-Objectives	
OBJECTIVE DESCRIPTION VALUE 

1 Life on Mars 50% 
1.1 

 
 

1.2 

Determine Prior Habitability 
Search for Extinct Life 

 
Determine Current Habitability 

Search for Extant Life 

25% 
 
 

25% 

2 Martian Planetology 25% 
2.1 

 
 

2.2 
 
 

2.3 
 
 

2.4 
 
 

2.5 

Determine Current Climate 
Detail Atmosphere and Environment 

 
Determine Geologic Record 
Detail Geologic Processes 

 
Determine Climate History 

Detail Climate Changes 
 

Characterize Planet Interior 
Determine Interior Evolution 

 
Determine Planet Evolution 

Determine Planetary System Evolution 

10% 
 
 

5% 
 
 

5% 
 
 

3% 
 
 

2% 

3 Colonization Preparation 20% 
3.1 

 
3.2 

 
3.3 

 
3.4 

Obtain Knowledge for Orbital Missions 
 

Obtain Knowledge for Surface Missions 
 

Obtain Knowledge for Missions to Moons 
 

Obtain Knowledge for Sustained Presence 

7% 
 

7% 
 

3% 
 

3% 
4 Ancillary Science 5% 

4.1 
 

4.2 
 

4.3 

Study Heliophysics from Mars 
 

Study Astrophysics from Mars 
 

Conduct Public Engagement Activities 

2% 
 

2% 
 

1% 
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Figure	 IV-1	 brings	 to	 attention	 the	 interdependencies	 of	 the	 non-

ancillary	mission	 sub-objectives	!".	This	 identifies	 how	 satisfaction	 of	 one	

sub-objective	 is	 dependent	 on	 the	 means	 of	 identification	 of	 another	

objective.	By	definition,	 this	 is	not	equivalent	 to	 intercorrelation	and	does	

not	need	to	be	mutual	between	sub-objectives.		

	

         DEPENDENCY	
 
 
 
 
 
 
 
 
 

D	
E	
P	
E	
N	
D	
E	
N	
T 

 1.1 1.2 2.1 2.2 2.3 2.4 2.5 3.1 3.2 3.3 3.4 

1.1    X X X      

1.2   X X        

2.1  X  X    X X   

2.2 X X   X       

2.3 X   X        

2.4 X           

2.5        X    

3.1   X    X     

3.2  X X X        

3.3       X     

3.4            

Figure	IV-!:	Mission	Objectives'	Interdependencies	
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To	reference	Figure	IV-1,	a	dependent	sub-objective	is	traced	across	its	row	

to	 determine	 its	 interdependencies.	 If	 a	 cell	 contains	 an	 X	 then	 that	

column’s	 sub-objective	 is	 responsible	 for	 the	 dependency.	 Therefore,	 the	

row	 sub-objective	 is	 dependent	 on	 X	marked	 column	 sub-objectives.	The	

first	 draw	 from	 the	 interdependencies	 is	 the	 high	 coupling	 of	 the	 SETL	

objectives	and	those	associated	with	Martian	planetology.	Even	the	goals	of	

colonization,	 especially	 those	 pertaining	 to	 surface	 missions,	 have	

significant	 dependence	 on	 satisfying	 scientific	 exploration	 goals	 and	

objectives.	For	this	reason,	even	in	missions	where	colonization	is	of	higher	

importance,	interdependent	scientific	objectives	are	of	higher	priority,	thus	

greater	 utility	 value.	 Mission	 utility	 in	 satisfying	 mission	 objectives	 is	

tabulated	 by	 successful	 scientific	 investigations	 which	 are	 discussed	 in							

VI	§	!.	

	

!. Measures	of	Effectiveness	

	 Two	 values	 of	 the	 mission	 have	 the	 greatest	 impact	 on	 its	

worthiness:	 its	 measure	 of	 success	 and	 utility.	 While	 the	 latter	 deals	

exclusively	 with	 preference	 (satisfaction	 of	 selected	mission	 objectives),	 a	

measurement	of	success	serves	as	an	unbiased	discovery	index.	It	is	unwise	
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to	 use	 utility	 as	 a	 single	 metric	 in	 missions	 with	 multiple,	 unequal	

objectives	 when	 their	 weighting	 can	 be	 considered	 highly	 subjective	!.	 In	

the	 event	 that	mission	 objectives	 change	 or	 are	 not	 unanimous	 across	 all	

decision-makers,	 a	 second	 unweighted	 (although	 unrealistically	

unweighted)	 value	 provides	 perspective	 to	 the	 mission’s	 usefulness.	 It	 is	

also	worth	pointing	out	that	mission	objectives	used	for	utility	are	satiable	

but	represent	minimum	levels	of	acceptable	achievement.	A	measurement	

of	 success	 can	 tabulate	 excess	performance.	Four	derived	values	–	 termed	

ability,	productivity,	success,	and	utility	–	constitute	the	MoE	(Table	IV-2):	a	

value	that	directly	assesses	the	mission’s	effectiveness	in	satisfying	mission	

objectives.	

	

Table	IV-!:	Measures	of	Effectiveness	
MEASURE OF 

EFFECTIVENESS 
DEFINITION MEASUREMENT 

Ability 
Ability of mission to perform 

investigations 

Number of investigations 
performed 

(without duplication) 

Productivity Level of mission yield 
Utility of successful 

investigations 
(with duplication) 

Success 
Ability to satisfy mission 

sub-objectives 

Percent of mission objective 
satisfaction 

(unweighted) 

Utility 
Ability to satisfy mission 

objectives 

Percent of mission objective 
satisfaction 
(weighted) 
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!. Figures	of	Merit	

	 In	 contrast	 to	 MoE,	 FoM	 are	 values	 that	 do	 not	 directly	 assess	 a	

mission’s	effectiveness	but	provide	value	to	alternatives	across	the	solution	

domain.	This	is	critical	in	space	missions,	especially	a	HMM,	since	optimum	

solutions	 are	 rarely	 (if	 ever)	 launched.	 Particularly,	 cost	 and	 risk	

considerations	 tend	 to	 override	 missions	 of	 greater	 success	 or	 utility,	

especially	in	HSF.	Without	the	use	of	FoM,	the	objectives-driven	process	of	

constructing	programs	 from	top-level	 science	objectives	has	often	 failed	!".	

The	 FoM	 are	 outlined	 in	 Table	 IV-3	 and	 are	 used	 as	 a	 quantitative	

comparison	between	architectural	alternatives.		
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Table	IV-!:	Figures	of	Merit	
FIGURE OF MERIT DEFINITION MEASUREMENT APPLICATION 

Cost 
Amount of 
resources 
required 

Development: 
number of assets 
Launch: number 

of launches 
Operational: 

mission duration 

Precursor to life 
cycle cost 
estimation 

Flexibility 

Ability to 
operate with 
architectural 

variability 

Deviation of utility 
with change in 

mission systems  

Risk of pursuing 
the concept 

Fragility 
Ability to result 
in LoC or LoM 

from LoS or LoV 

Percent of LoS 
and LoV that 

directly result in 
LoC or LoM 

Directs design 
and contingencies 

Producibility 
Readiness to 

produce concept 
TRL/MRL of 

mission concept 
TRA/MRA 

Resiliency 

Ability to 
maintain utility 
with LoS, LoV, 
and mission 

dynamics 

Deviation of utility 
with LoS, LoV, and 
mission dynamics 

Utility variability 

Risk 
Probability of 
LoC or LoM 

Percent of LoC or 
LoM outcomes 

Limiting Factor 

Robustness 

Ability to result 
in LoC or LoM 
from mission 

dynamics 

Percent of mission 
dynamics that 

directly result in 
LoC or LoM 

Operational 
Dependency 

Temporalness 
Temporal 

variability of 
utility 

Analysis of utility 
epoch 

Seasonal/Solar 
Cycle Effects 

Versatility 

Ability to 
operate in 

different mission 
designs  

Deviation of utility 
with CONOPS 

variations 

Directs design 
and contingencies 
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	 Cost	 is	 analyzed	 from	 an	 engineering	 perspective	 –	 not	 in	 dollar	

amounts	 but	 rather	 in	 the	 number	 of	 assets	 that	must	 be	 developed,	 the	

number	 of	 launches	 required	 for	 the	 mission,	 and	 the	 total	 mission	

operation	 duration.	 These	 factors,	 along	 with	 the	 TRL	 of	 the	 used	

technologies,	has	a	significant	relation	to	the	potential	monetary	cost	of	the	

HMM	architecture.	Here	it	 is	assumed	that	technologies	of	 lower	TRL	will	

require	 higher	 cost	 to	 develop	 and	mature.	 This	means	 the	 producibility	

metric	is	interconnected	to	that	of	cost.	

	 The	flexibility	metric	analyzes	mission	performance	with	changes	in	

architectural	 components.	 While	 this	 metric	 is	 useful	 for	 AoA,	 it	 also	

provides	 a	 quantitative	 value	 to	 the	 risk	 of	 pursuing	 development	 of	 the	

concept.	 For	 example,	 a	mission	 solution	may	perform	exceptionally	well,	

but	 only	 when	 utilizing	 ISRU.	 If,	 after	 spending	 years	 and	 significant	

resources	 to	 begin	 development	 of	 this	 concept,	 ISRU	of	 consumables	no	

longer	 is	a	 feasible	or	 viable	option	 then	 the	mission	as	 a	whole	 could	be	

significantly	compromised	or	cancelled.	Therefore,	the	interpretation	of	the	

flexibility	 metric	 is	 also	 interdependent	 on	 producibility.	 Conversely,	

versatility	 analyzes	 deviance	 in	 utility	 from	 changes	 in	 the	 CONOPS,	
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meaning	 versatility	 analyzes	 how	 utility	 deviates	 with	 the	 same	 mission	

systems	operating	in	a	different	mission	design.	

	 When	 speaking	 of	mission	 risk	 for	 a	HMM,	 it	 is	mostly	 associated	

with	 the	 percent	 probability	 that	 the	mission	 or	 crew	will	 be	 lost.	When	

determining	the	root	of	such	risk,	the	metric	of	fragility	serves	assistance.	It	

provides	 a	 breakdown	 of	 which	 mission	 systems	 contribute	 to	 mission	

failures	 or	 crew	 fatalities.	 In	 architecting	 the	 new	 concept,	 this	 will	

determine	 which	 components	 and	 their	 dependents	 require	 the	 greatest	

attention.		

In	 reality,	 space	missions	 are	 dynamic	 entities	 and	 are	 not	 always	

executed	 to	 script.	 The	 metric	 of	 robustness	 determines	 which	 mission	

dynamics	contribute	to	LoC	or	loss	of	mission	(LoM).	A	mission	dynamic	is	

an	 event	 during	 the	 mission	 that	 causes	 deviation	 of	 the	 mission’s	

phasespace	 trajectory.	The	 resiliency	metric	 is	 in	 place	 to	 determine	 how	

fragility	and	robustness	directly	affect	mission	utility.	

Temporalness,	 which	 completes	 the	 FoM,	 becomes	 important	 for	

analyzing	not	only	when	a	mission	can	proceed	but	also	when	the	highest	

utility	is	obtained.	Analysis	of	temporal	variability	in	utility	may	show	that	a	

concept	only	performs	well	during	certain	solar	cycles	or	Martian	seasonal	
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periods.	This	provides	insight	into	ways	for	making	the	performance	of	the	

concept	 more	 consistent	 across	 varying	 space	 weather	 and	 Martian	

environments.	Additionally,	it	allows	addressing	limitations	of	the	concept	

to	 specifics	 such	 as	 solar	 particle	 events	 (SPE),	 galactic	 cosmic	 radiation	

(GCR),	 and/or	 dust	 storms.	 The	 culmination	 of	 these	 considerations	

provides	potential	variability	of	the	mission’s	utility	to	external	stimuli.	
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V. MODELING	

	
Presented	in	this	chapter	is	the	mathematical	modeling	framework	used	in	

this	 research	 to	enable	 rapid	utility	 simulation	of	 the	HMM	among	a	vast	

tradespace.	 	 The	 analytical	 model	 is	 achieved	 through	 the	 synergistic	

integration	 of	 analytics,	 ansatz,	 black-box,	 and	 statistical	 mechanics	

techniques.	 Particularly,	 the	 approach	 for	 modeling	 the	 architectures,	

systems,	and	payloads	of	the	mission	concepts	is	elaborated.	
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!. Cognizance	

	 It	 is	 important	 to	 note	 that	 the	 modeling	 and	 CONOPS	 specifics	

presented	 in	 the	 following	 two	sections	are	partially	 irrelevant	–	any	M&S	

method	capable	of	analyzing	utility,	producing	sufficient	data	to	rectify	the	

problems,	and	accomplish	the	objectives	can	replace	them.	An	explanation	

of	 the	 framework	used	 for	 this	research	 is	presented	 in	chapters	V	and	VI	

but	 does	 not	 represent	 a	 ‘sine	 quan	 non’	 of	 the	 proposed	 methodology.	

Inherently,	both	the	baseline	and	alternatives	are	subject	to	identical	M&S	

and	therefore	the	required	AoA	of	space	missions	is	upheld,	within	reason,	

irrespective	of	approach.	The	differential	of	reference	mission	ensemble	and	

actual	deployment	characteristics	is	of	far	greater	statistical	influence.	

	

!. Simulator	

	 For	 this	 research,	 Acolytion’s	 Progspexion	 (PROGnostication	 of	

SPace	EXploration	missIONs)	software	suite	is	used	to	perform	the	mission	

utility	analysis.	Particularly,	its	Human	Mars	Mission	Simulator,	hereinafter	

referred	to	as	the	Simulator,	is	utilized.	As	Principal	Engineer	and	Founder	

of	Acolytion,	and	sole	software	developer	of	Progspexion,	the	software	can	
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be	 customized	 for	 particular	 M&S	 research.	 Progspexion	 is	 currently	

powered	by	MathWorks’	MATLAB	(MATrix	LABoratory).		

	

!. Mars	
	
	 The	modeling	of	Mars	 is	derived	 from	digital	 terrain	elevation	data	

(DTED)	 produced	 from	 the	 Mars	 Global	 Surveyor’s	 (MGS)	 Mars	 Orbiter	

Laser	 Altimeter	 (MOLA)	 mapping.	 For	 every	 latitude	 and	 longitude	

combination	a	measurement	of	 terrain	elevation	 is	 included	!",	!".	DTED	 is	

used	for	landing	site-specific	modeling	parameters.	The	actual	landing	site	

of	 the	 first	 HMM	 has	 not	 yet	 been	 selected.	 The	 MEPAG’s	 Human	

Exploration	of	Mars	–	Science	Analysis	Group	(HEM-SAG)	has	identified	./	

potential	 landing	 sites	 for	 human	 missions	 !!.	 These	 are	 listed	 in	 full	 in	

Appendix	A,	and	graphically	presented	in	Figure	V-1.	
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Figure	V-!:	Martian	Landing	Sites	

	

When	a	mission	simulation	is	run,	one	of	the	12	landing	sites	is	randomly	

selected	and	its	latitude	and	longitude	combination	set	as	the	center	of	the	

landing	ellipses	if	there	are	no	prior	prepositioned	assets.	Additionally,	the	

remaining	 orbital	 elements	 not	 defined	 by	 the	 Parking	Orbit	 assumption	

are	established	by	the	elements	of	Table	V-1,	with	random	selection	of	the	

orbit’s	true	anomaly.	

	

Table	V-!:	Landing	Site	Specific	Parking	Orbit	Orbital	Elements	
ι° ω° Ω° 

| ϕ | 270°, ϕ > 0
90°,            ϕ ≤ 0   

𝜆,                                           ϕ > 0 
𝜆 + 180°, ϕ < 0 and  𝜆 < 0   
𝜆 −  180°,        ϕ < 0 and  𝜆 > 0

 

ϕ	=	latitude	|	λ	=	longitude	
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These	orbital	 elements,	 along	with	 the	preset	 eccentricity	 and	 semi-major	

axis,	 create	 an	 areostationary	 reuleaux	 triangle	 ground	 track	 around	 the	

landing	 site,	 with	 the	 apogee	 (producing	 the	 greatest	 dwell)	 occurring	 at	

the	base	of	the	triangle	with	a	direct	flyover	(Figure	V-2).	

	

	
Figure	V-!:	Parking	Orbit	Ground	Track	

	

The	 purpose	 for	 inclusion	 of	 HEM-SAG	 selected	 landing	 sites	 is	 to	

incorporate	 varied	CONOPS	 from	differing	 surface	 topology	and	does	not	

directly	represent	landing	site	specific	exploration.	
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!. Dust	Storms	

	 The	 standard	 source	of	derivation	 for	Martian	weather	modeling	 is	

the	 NASA	 Ames	 Mars	 General	 Circulation	 Model	 (MGCM)	 –	 the	 Mars	

Global	 Reference	 Atmospheric	 Model	 (GRAM)	 !!	 is	 no	 exception.	 To	 tie	

these	back	into	the	DTED,	both	utilize	MGS’	MOLA	for	altitude	reference.	

For	this	reason,	at	the	fidelity	of	the	model,	the	atmospheric	effects	can	be	

reduced	 to	 a	 scale	 height	 of	 the	 atmospheric	 density	 in	 reference	 to	 the	

MOLA	 areoid.	 The	 Simulator’s	probabilistic	Martian	dust	 storm	model	 is	

also	derived	from	the	MGCM	!"	as	well	as	MGS’	Mars	Observation	Camera	

(MOC)	 !"	 and	Mars	 Reconnaissance	 Orbiter’s	 (MRO)	Mars	 Color	 Imager	

(MARCI)	!".		

	 Local	dust	 storms	are	nearly	a	daily	occurrence	on	 the	planet.	This	

results	in	a	percent	probability	of	encountering	a	local	dust	storm	based	on	

landing	 site	 locale	 and	 the	 current	 Martian	 season.	 This	 probability	 is	

captured	 for	each	 landing	site	and	 included	 in	Appendix	A.	 If	a	 local	dust	

storm	is	encountered,	Table	V-2	shows	the	seasonal	behavior	of	these	dust	

storms.	
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Table	V-!:	Mars	Local	Dust	Storms	(Southern	Seasons)	
SEASON HEMISPHERE DURATION 
Perpetual Northern  1-3 sols 

Vernal Southern 7-21 sols 
Autumnal Southern 7-21 sols 
Summer Southern 7-21 sols 

	

	 A	 synergistic	 interpretation	 of	 data	 and	 observations	 from	 the	

totality	of	NASA’s	remaining	Mars	orbiters	reveals	underlying	regional	and	

global	dust	 storm	patterns	!",	!".	These	are	 tracked	by	 the	 longitude	of	 the	

Sun	(LS)	in	the	table	below	!":	

	

Table	V-!:	Southern	Martian	Seasons	in	Reference	to	the	Longitude	of	
the	Sun	

LS REFERENCE 
0° Autumnal Equinox 

90° Winter Solstice 
180° Vernal Equinox 
270° Summer Solstice 

	

Type	A	 storms	are	 local	 storms	 in	 the	north	 that	migrate	 to	 the	 southern	

hemisphere	 and	 expand,	 becoming	 regional	 dust	 storms	 in	 the	 South.	 In	

contrast,	 Type	 B	 storms	 originate	 in	 the	 southern	 polar	 region	 around	

perihelion	before	expanding	and	becoming	regional	storms,	reaching	as	far	

as	the	southern	mid-latitudes.	Type	C	dust	storms	are	 identical	 to	Type	A	

but	 occur	 during	 the	 southern	 summer	 after	 the	 polar	 activity	 of	 the	 B	
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storms.	Due	to	the	large	differential	of	hemispheric	climates	at	the	time	of	

southern	 regional	 dust	 storms,	 nonpolar	 storms	 have	 the	 potential	 of	

developing	 into	global	storms	–	the	chance	of	this	occurrence	 is	!!.!!%	!".	

This	pattern,	 typically	 referred	 to	 as	 dust	 storm	 season,	 is	 summarized	 in	

Table	V-4.	

	

Table	V-!:	Mars	Regional	Dust	Storm	Season	
TYPE LS LOCALE DURATION (sols) 

A 205°-235° Southern Hemisphere 27-74 
B 245°-295° Southern Polar 56-84 
C 305°-335° Southern Hemisphere 5-28 

	

Therefore,	a	southern	landing	site	during	the	southern	spring	and	summer	

months	has	 the	probability	of	not	only	encountering	 localized	 storms	but	

also	 regional	 and	 global	 dust	 storms.	 While	 northern	 landing	 sites	 are	

usually	unaffected	outside	of	their	perpetual	threat	of	local	storms,	they	can	

be	during	 the	 fall	 or	winter	 (southern	 spring	or	 summer)	 in	 the	 case	of	 a	

global	dust	storm.	

	 To	recap	the	model,	when	a	landing	site	is	selected	for	a	mission,	its	

probability	of	dust	storm	occurrence	is	based	on	its	locale.	That	landing	is	

stochastically	given	an	LS	value	based	on	the	Martian	season.	If	a	dust	storm	

is	determined	 to	be	 encountered,	 that	occurrence	 is	 randomly	 selected	 to	
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start	sometime	during	its	affiliated	season.	Its	type	and	duration	is	therefore	

a	 function	 of	 this	 randomly	 selected	 LS	 value	 and	 landing	 site	

latitude/longitude	 combination.	 If	 the	 crew	 encounters	 this	 dust	 storm	

during	 any	 phase	 of	 the	 mission	 then	 it	 becomes	 part	 of	 the	 CONOPS	

which	is	discussed	in	the	next	chapter.	

	

!. Space	Weather	

The	 modeling	 of	 space	 weather	 to	 capture	 storms	 that	 result	 in	

almost	instantaneous	LoM	or	LoC	is	included	for	space	related	operational	

weather	affects.		

	

!.# Solar	Particle	Events	and	Galactic	Cosmic	Radiation	

One	 acute	 source	 of	 space	 ionizing	 radiation	 is	 SPEs,	 capable	 of	

causing	 single	 event	 anomalies	 of	 mission	 systems	 and	 acute	 radiation	

syndrome	of	 the	 crew.	Particularly,	Carrington-class	events	 are	 capable	of	

resulting	in	rapid	crew	fatality	!".	

The	 probability	 of	 observing	 a	 Carrington-class	 event	 over	 a	 given	

solar	cycle	is	approximately	-.%,	with	the	likelihood	of	encountering	such	a	

storm	being	,-%	!".	This	is	in	agreement	with	the	research	that	such	worst-
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case	events	represent	roughly	12%	of	encountered	SPEs	!".	The	duration	of	

increased	 radiation	 flux	 for	 this	 type	 of	 space	 weather	 event	 is	 anywhere	

from	&	hours	to	+	days	!".	

On	 the	 contrary,	 storms	 of	 increased	 GCR	 fluence	 are	 typically	 an	

order	 of	magnitude	 rarer	 and	 are	 almost	 instantaneous.	GCR	 is	 isotropic,	

and	 therefore,	 such	 a	 storm	 can	 originate	 from	 any	 direction.	 Their	

occurrence	 is	 also	 inversely	 proportional	 to	 SPE.	 The	 latter	 are	 likely	 to	

occur	 during	 periods	 of	 solar	 maximum.	 During	 this	 time,	 the	 Sun’s	

magnetic	field	is	of	greatest	protection	from	GCR.	However,	during	periods	

of	solar	minimum	the	threat	of	SPE	is	relaxed,	but	the	decrease	in	the	Sun’s	

magnetic	 field	 strength	 increases	 GCR	 exposure.	 For	 this	 reason,	 space	

weather	 modeling	 is	 designed	 in	 accordance	 with	 the	 solar	 cycle	 of	 the	

mission	epoch,	as	shown	in	Table	V-5.	

	

Table	V-!:	Space	Weather	Throughout	the	Solar	Cycle	
 Solar Particle Events Galactic Cosmic Radiation 

Maximum  YES NO 
Mid Cycle 12.0% 1.2% 
Minimum NO YES 
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	 This	 modeling	 approach	 is	 chosen	 to	 facilitate	 the	 analysis	 of	 the	

operational	impacts	of	SPEs	and	GCR	storms	on	the	missions.	Additionally,	

the	actual	date	of	the	first	HMM	is	undetermined.	Due	to	this,	the	mission	

can	 either	 occur	 during	 solar	 minimum	 or	 maximum,	 or	 some	 period	

between	 these	 two	 extrema.	 To	 individually	 capture	 the	 impact	 of	 each	

space	weather	contribution	on	 the	missions,	an	extremum	shall	 represent	

its	 respective	 radiation	 storm.	 If	 solar	 maximum	 is	 selected,	 an	 SPE	 will	

occur;	 likewise,	 if	solar	minimum	is	selected,	a	GCR	storm	will	occur.	The	

third	selection	 represents	 the	 true	mean	possibility	of	weather	occurrence	

and	utilizes	the	aforementioned	probabilities.	If	a	space	weather	event	is	to	

occur,	the	arrival	of	the	storm	is	randomly	determined	during	the	mission	

timeline.	If	the	crew	encounters	space	weather	during	the	mission,	then	it	

becomes	part	of	the	CONOPS,	which	is	discussed	in	the	next	chapter.	

	 	

!.# Radiation	Exposure	Induced	Death	

Additionally,	 the	 probability	 of	 radiation	 exposure	 induced	 death	

(REID,	Table	V-6)	 is	a	function	of	the	selected	epoch	of	the	mission	!"	and	

choice	of	exploration	strategy	!!.	
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Table	V-!:	Probability	of	Radiation	Exposure	Induced	Death	
Epoch Probability of REID 

 Surface Orbit 
Solar Maximum 5% 7% 

Solar Maximum with Shielded SPE 6% 8% 
Mid Solar Cycle 6% 8% 

Mid Solar Cycle with Shielded SPE 7% 9% 
Solar Minimum 8% 11% 

	

These	 outcomes	 quantify	 the	 fact	 that	 the	 crew	 may	 still	 incur	 fatal	

radiation	 doses	 before	 the	 conclusion	 of	 the	mission	 even	 if	 not	 directly	

impacted	by	a	space	weather	storm.	The	effect	of	the	date	shows	GCR	is	a	

greater	contributor	to	this	phenomenon.	

	

!. Payload	Systems		

Each	component	of	the	ensemble	is	derived	from	the	analysis	used	to	

establish	 each	 proposition	 discussed	 in	 III	 §	 !.	 As	 a	 result,	 the	 SW&P	

budgets	are	retained.		Inherent	in	each	budget	is	the	payload	mass	fraction,	

which	 produces	 a	 total	 payload	 mass	 delivered	 to	 Mars	 orbit	 (or	

subsequently	Mars’	surface).	This	is	broken	down	into	various	compositions	

of	crew,	scientific	equipment,	redundant	mass,	consumables,	and	mobility	

systems.	The	mass	variation	of	this	budget	is	also	shared	with	crew	habitat	
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volumes.	 Therefore,	 each	 input	 concept	 vector	 defines	 the	 total	 payload	

mass	 and	 its	 constituents.	 In	 the	 tradespace,	 selections	 operate	 on	 this	

payload	 mass	 by	 scaling	 and/or	 recomposition.	 By	 derivation,	 each	

tradespace	 exploration	 is	 a	 tensor-like	 structure	 T	 that	 transforms	 an	

original	concept	vector	M	into	a	new	input	vector	M’	with	variable	payload	

magnitude	and	constitution,	as	shown	in	Equation	V-!.		

	

𝑴!! = 𝑻!!𝑴! (V-1) 
	

It	 is	 this	 vector	 transformation	 that	 facilitates	 AoA.	 In	 summation,	 the	

modeling	process	 for	payload	systems	as	a	whole	 transforms	propositions’	

design	vectors,	listed	in	Table	III-7	of	III	§	!	to	determine	payload	mass	and	

composition.	 Higher	 fidelity	 modeling	 of	 specific	 elements	 of	 payload	

systems	is	detailed	in	their	respective	sections	below.	

	

!.# Crew	

The	 crew	 is	 selected	 in	 size	 and	 modeled	 as	 internal	 payloads	 to	

vehicles	 throughout	 each	 phase	 of	 the	 mission.	 The	 addition	 of	 a	

crewmember	 costs	 the	mass	 budget	 ,--	kg	 –	 this	 also	 includes	 expected	

weight	 from	 space	 suits	 and	 other	 crewmember	 items.	 In	 human	 surface	
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exploration	of	Mars,	it	is	considered	more	economical	to	drive	than	to	walk	

for	distances	in	excess	of	a	mere	/00	m	!";	therefore,	surface	travel	is	almost	

always	performed	inside	a	mobility	system	–	the	only	exception	being	when	

the	crew	is	required	to	perform	an	emergency	surface	EVA	or	a	designated	

landing	 site	 task.	Such	walking	operations	are	 limited	 to	a	 total	of	78	km	

due	 to	 crewmembers’	 portable	 life	 support	 systems	 !".	 The	 details	 of	

logistics	are	discussed	in	VI	§	!	and	ergonomics	in	VI	§	!.	

	

!.# Orbital	Replacement	Units	

	 ORU	mass	is	important	in	modeling	for	determining	the	probability	

of	resolution	(PR,	Figure	V-3)	in	the	CONOPS	variables	as	well	as	perceived	

risk	 in	 the	 ergonomic	 coefficient	 (ε).	 The	 value	 of	 this	 variable	 in	 the	

concept	 design	 vector	 determines	 a	 probability	 of	 sufficient	 spares	 for	

resolution	 by	 the	 assessment	 of	 spares	 requirements	 from	 the	

Massachusetts	Institute	of	Technology	(MIT)	Mars	One	analysis	team	!".	
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Figure	V-!:	Probability	of	Sufficient	ORU	Mass	

	

Here,	with	or	without	in-situ	refers	to	ISPP	or	ISRU	and	only	if	the	asset	is	

not	pre-deployed	 (operational	during	 crewed	portion	of	 the	mission).	 If	 a	

determination	of	sufficient	spare	mass	is	needed,	the	amount	of	ORU	mass	

present	 in	 the	 mission	 stochastically	 determines	 resolution	 by	 the	 above	

chart.	

	

!.# Scientific	Equipment	

The	effects	of	scientific	equipment	are	determined	by	its	mass	value	

in	 the	 concept	 design	 vector	 against	 the	 DRA	 baseline	 expectance	 of	

required	 scientific	 equipment	 mass	 (/.1	 t).	 Additionally,	 it	 serves	 as	 the	
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primary	 driver	 in	 calculations	 for	 probability	 of	 detection	 (PD)	 in	

investigations.	 This	 is	 also	 discussed	 in	 the	 ergonomics	 section	 with	

scientific	robotic	systems	for	teleoperations	detailed	in	VI	§	!.	

	

!.# Consumables	

Consumables	were	already	 laid	out	 in	 the	consumables	assumption	

statement.	To	recap,	!.#	kg	of	consumables	per	crewmember	per	day	!"	are	

required,	 as	 defined	by	NASA,	 along	with	 a	!"%	contingency.	The	use	 of	

ISRU	for	consumables	requires	only	the	contingent	amount.	

	

!.# Mobility	Systems	

	 Mobility	systems	are	discussed	in	detail	in	VI	§	!.	

	

!. Mission	Architecture	
	
	 Human	space	mission	architectures	are	of	such	complexity	that	it	is	

not	possible	 to	 simulate	 them	as	 a	whole	 at	 all	 concept	 levels.	Subsystem	

and	system	capabilities	are	therefore	correlated	at	the	architectural	system-

of-systems	 level.	 Such	 capability	 driven	 modeling	 implies	 that	 only	 the	
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affecting	 aspects	 of	 the	 system	 are	 reflected	 in	 the	 model	 and	 the	 real	

overall	system	topology	need	not	be	represented	!".	In	a	holistic	perspective,	

the	 model	 developed	 only	 contains	 enough	 fidelity	 to	 showcase	

macroscopic	parameters	 that	affect	mission	utility.	Those	variables	do	not	

depend	on	every	 intricate	detail	of	the	concept.	This	same	principle	 is	 the	

foundation	of	statistical	mechanics	!".	

	 For	 example,	 consider	 Figure	 V-4.	 The	 top	 illustrates	 a	 typical	

thermodynamic	system	under	consideration,	one	with	a	gas	in	an	enclosed	

volume.	To	simulate	this,	one	could	consider	trying	to	model	every	atom	of	

the	 gas	 as	 an	 individual	 system,	 assign	 each	 a	 momentum	 vector,	 track	

energy	 transfers	 and	 so	 forth.	Or,	 more	 realistically,	 one	 can	 holistically	

capture	these	behaviors	at	the	system-of-systems	level	through	a	collection	

of	macroscopic	 variables	 such	 as	 entropy,	 temperature,	 pressure,	 volume,	

etc.		
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Figure	V-!:	Mission	Systems	Modeling	Using	Statistical	Mechanics	

	

Similarly,	 as	 shown	 underneath,	 it	 is	 possible	 to	model	 a	 complex	 set	 of	

mission	 systems	 in	 a	mission	architecture	 by	 translating	 its	 behavior	 to	 a	

state	vector	representative	of	macroscopic	behaviors.	In	this	utility	analysis,	

a	state	vector	(X)	is	constructed	whose	constituents	include	time	(t),	utility	

(U),	 status	of	 the	crew	 (ε),	 all	probabilistic	and	possibilistic	values	 (P)	 for	

the	mission	(event	occurrence	𝑷𝟎,	investigation	detection	𝑷𝑫,	 investigation	

locale	accuracy	𝑷𝑬,	and	problem	resolution	𝑷𝑹),	habitable	volume/mass	H,	
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status	of	 investigations	I,	and	status	of	the	architectural	components	from	

the	input	design	vector	M,	as	shown	in	Equation	V-!:	

	

𝜲 =   𝑡 𝑈 𝜀 𝑷𝟎 𝑷𝑫 𝑷𝑬 𝑷𝑹 𝐻!  𝑰 𝐌 !	 (V-!)	
	

It	is	therefore	this	mission	state	vector	that	completes	the	modeling	of	the	

mission	architecture.	

	

!. Mission	Concept	
	
	 Prospective	 space	 mission	 concepts	 are	 often	 ambiguous	 and	 the	

constituents	of	a	HMM	are	indistinct.	However,	the	absence	of	omniscience	

does	 not	 prevent	 simulation	 of	 these	 concepts.	 This	 is	 due	 to	 the	 utility	

centric	 interest	 of	 the	 simulation,	 and	 therefore	 concerned	 only	 with	

variables	 that	 affect	 mission	 utility.	 This	 is	 further	 benefited	 by	

implementation	of	black	box	theory,	shown	in	Figure	V-5.		

	

	
Figure	V-!:	Illustration	of	Black	Box	Theory	
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Black	Box	Theory	states:	if	it	is	possible	to	define	the	input	and	output,	the	

behavior	of	the	black	box	can	be	inferred	without	knowing	all	or	any	of	its	

internal	 components.	 The	 consequences	of	 this	modeling	 approach	mean	

the	unfolding	of	a	HMM	(black	box)	can	be	characterized	according	to	the	

mission	 outcome	 (output)	 and	 potential	 mission	 concepts	 (input)	 even	

though	the	entirety	of	its	nuances	are	impossible	to	capture.	Therefore,	the	

modeling	 approach	 is	 to	 develop	 a	 sufficient	 black	 box	 surrogate	 to	

replicate	 the	behavior	of	a	HMM	in	order	 to	portray	mission	outcomes	of	

each	individual	concept	as	if	they	were	actually	developed	and	deployed.	It	

is	this	black	box	model	that	enables	mission	utility	simulations	of	otherwise	

unfathomable	prospective	space	mission	concepts.	 	

Once	the	black	box	is	established,	variation	of	the	magnitude	of	the	

input	design	 vector,	M,	 is	 representative	 of	 the	 tradespace	 as	 a	 statistical	

ensemble.	This	 is	used	to	quantify	 the	values	of	 the	 initial	state	vector,	X.	

The	 propagation	 of	 the	mission	 state	 vector	 is	 discussed	 in	VII	 §	 !.	The	

HMM	 modeling	 is	 therefore	 a	 grey-box	 conglomeration	 of	 derived	

mathematical	representations	and	space	exploration	datasets.	
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VI. CONCEPT	OF	OPERATIONS	
	

With	the	static	modeling	complete,	the	dynamics	of	simulating	the	mission	

are	introduced.	This	includes:	(")	the	effect	of	selecting	precursor	missions,	

(")	 decomposition	 of	 the	 mission	 for	 calculating	 possibilities	 of	 mission	

event	 occurrence	 and	 (")	 their	 subsequent	 emergent	 properties,																		

(")	 explanation	 of	 logistics	 for	 mission	 systems	 in	 the	 simulation,																

(")	apportionment	of	the	crewed	exploration	timelines,	(")	development	of	

contingencies	 and	 dynamics	 of	 the	 simulation	 in	 response	 to	 mission	

events,	 (")	explanation	of	 performed	 scientific	 investigations	 in	pursuit	 of	

mission	 objectives,	 (")	 constituents	 and	 computation	 of	 the	 ergonomic	

coefficient,	 (")	 introduction	 to	 the	 variables	 associated	 with	 Martian	

intelligence,	 and	 ("#)	 summarization	 for	 identification	 of	 HMM	

phenomenology.	
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!. Precursor	Missions	

	 The	first	update	to	X	is	a	result	of	selected	precursor	missions	(Table	

VI-1)	!"	–	a	prequel	crewed	cis-lunar	T&E	mission	(Lunar	Gateway),	a	crewed	

Mars	 flyby	mission	(Inspiration	Mars),	and/or	a	prequel	uncrewed	landing	

on	Mars	 (Red	Dragon).	 If	 a	mission	 is	 selected,	 the	 initial	 state	 vector	 is	

updated	by	quantification	assistance	of	 precursor	measurements	 from	 the	

MEPAG	 chartered	 Mars	 Human	 Precursor	 Science	 Steering	 Group	 !".	

Checked	events	incur	the	listed	reduction	to	their	P!	component.	

	

Table	VI-!:	Precursor	Mission	Effects	

EVENT 
P0 

EFFECT 
CREWED 

CIS-LUNAR 
CREWED 

FLYBY 
UNCREWED 
LANDING 

Inadequate Crew Skill 
Development 

-80% ✕ ✔ ✕ 

Unexpected Crew 
Deconditioning 

-80% ✕ ✔ ✕ 

Probability of REID -80% ✕ ✔ ✕ 
Earth EDL LoC -60% ✔ ✔ ✕ 

Earth Loss of Payload -60% ✔ ✔ ✕ 
EOI LoC -60% ✔ ✔ ✕ 

Mars EDL Failure -60% ✕ ✕ ✔ 
Incapable of TMI -60% ✕ ✔ ✔ 

ISPP/ISRU Failure -60% ✕ ✕ ✔ 
MTV LoC -60% ✔ ✔ ✕ 
MTV LoV -60% ✕ ✔ ✔ 

Loss of HAB Power -40% ✕ ✕ ✔ 
Loss of HAB -20% ✕ ✕ ✔ 

SPE/GCR LoC -10% ✔ ✔ ✕ 
SPE/GCR LoM -10% ✔ ✔ ✔ 
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Once	precursor	mission	impacts	transform	the	state	vector,	the	simulation	

of	the	mission	may	commence.	

	

!. Decomposition	

As	 the	 architecture	 is	 propagated,	 progression	 throughout	 the	

mission	 phasespace	 is	 updated	 at	 each	 phase	 or	 event	 by	 the	 stochastic	

operations	tensor-like	quantity	(Ο)	in	accordance	with:	

	

𝑿!! = 𝐎!!𝑿!	 (VI-!)	
	

The	components	of	 the	operator	are	developed	based	on	the	possibility	of	

event	occurrence	(PO)	derived	from	NASA	risk	analysis	!"	and	NASA	funded	

multi-criteria	 decision	 analysis	!".	The	 possibilistic	 values	 specific	 to	 each	

simulation	 are	 determined	 during	 initialization	 from	 values	 of	 the	

transformed	mission	 concept	design	 vector,	M’.	These	possibilistic	 values	

are	listed	in	full	in	Appendix	B	and	represent	the	current	technological	state	

and	 understanding	 of	 their	 perspective	 mission	 events.	 Their	 values	 are	

used	 throughout	 this	 chapter	 and	 represent	 the	 percent	 of	 success	 or	

occurrence,	 unless	 otherwise	 stated.	 The	 mission	 is	 decomposed	 into	

phases	with	corresponding	events.	When	a	phase	is	entered	throughout	the	
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mission	 unfolding,	 event	 occurrence	 is	 determined	 stochastically	 in	

accordance	 with	 the	 selected	 possibilistic	 values.	 In	 the	 event	 of	 failure,	

potential	 contingency	 actions	 are	 programmed	 into	 the	 Simulator.	 These	

are	discussed	in	section	!.	

	

!.# Launch	and	Integration	

All	 missions	 start	 with	 launch	 from	 Earth’s	 surface.	 Post	 launch,	

missions	 that	 require	 integration	 in	 LEO	must	 also	 perform	AR&D.	Table	

VI-2	shows	the	associated	possibilistic	values.	

	

Table	VI-!:	Launch	and	Integration	Probabilities	of	Occurrence	
EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 

Cargo Launch 93.60 96.56 96.56 96.56 
Crew Launch (LoM) 95.50 98.52 98.52 98.52 
Crew Launch (LoC) 96.21 99.26 99.26 99.26 

AR&D Failure 0.00 f(Launches) f(Launches) f(Launches) 
LEO Repair Mission 

Required 
0.00 21.43 41.43 30.00 

	

If	 a	 concept	 requires	 mission	 system	 integration	 prior	 to	 trans-Mars	

injection	(TMI)	through	AR&D	then	its	probability	of	failure	is	a	function	of	

the	 number	 of	 required	 launches	 (NLaunches)	 by	 the	 derived	 equation	

(Equation	VI-!)		
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𝑃!"&! =  22.281 ∗  ln(𝑁!"#$%!!")− 5.2326	 (VI-!)	
	

This	is	valid	for	the	/	to	0/	launches	of	the	tradespace.	The	equation	has	an	

R!	 value	 of	 $.&&&'(	 through	 regression	 analysis	 of	 the	 expected	 launch	

value	data.	

	

!.! Trans-Martian	Injection	

Following	 the	 launch	 and	 integration	 phase	 is	 TMI	 in	 which	 the	

vehicle(s)	are	placed	on	an	 interplanetary	 transit	 trajectory	 to	Mars.	Their	

associated	 Possibilistic	 /	 Probabilistic	 Risk	 Assessment	 (PRA)	 values	 are	

shown	in	Table	VI-3.	

	

Table	VI-!:	Trans-Martian	Injection	Probabilities	of	Occurrence	
EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 

Miss Insertion Window 0.00 4.93 45.71 47.14 
Incapable of TMI 0.00 28.57 31.43 27.14 

LoC 12.86 12.86 22.86 34.29 
Unable to Abort 47.14 47.14 38.57 50.00 

	

If	the	vehicle	is	successfully	placed	into	its	transfer	orbit	from	Earth	to	Mars	

then	it	proceeds	into	the	Mars	transit	(MT)	phase.	
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!.# Mars	Transit	

Following	TMI,	the	mission	systems	enter	MT	where	the	journey	to	

Mars	through	interplanetary	space	is	completed.	The	table	below	shows	the	

values	responsible	for	determining	occurrence	outcomes.	

	

Table	VI-!:	Mars	Transit	Probabilities	of	Occurrence	

EVENT 
SPLIT 

DI 
SPLIT 
LEO 

AU W/ 
MEV 

AU W/ 
HAB 

Cargo LoV 9.00 9.00 9.00 9.00 
Crew LoV 1.00 1.00 1.00 1.00 

Contingency EVA Required 37.14 37.14 38.57 50.00 
Adequate Crew Skill 

Development 
77.14 77.14 72.86 71.43 

Onboard Problem Resolution 70.00 70.00 62.86 65.71 
Unexpected Crew 

Deconditioning 
78.57 78.57 80.00 70.00 

	

The	latter	of	the	possibilistic	values	 in	Table	VI-4	apply	to	those	transiting	

vehicles	that	are	crewed.	

	

!.# Mars	Orbit	Insertion	

If	 the	mission	 system(s)	 successfully	 complete	 the	 journey	 to	Mars	

they	enter	areocentric	orbit	during	 the	MOI	phase	whose	event	outcomes	

are	dictated	by	the	values	displayed	in	Table	VI-5.	
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Table	VI-!:	Mars	Orbit	Insertion	Probabilities	of	Occurrence	
EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 

Mission Abort 24.29 24.29 25.71 28.57 
Aerocapture LoC 37.14 37.14 32.86 34.29 

Orbit Insertion Error 15.65 15.65 25.71 31.43 
AR&D Failure 25.71 25.71 20.00 40.00 

Extended Mars Vicinity 
Phase 

34.29 34.29 30.00 27.14 

	

The	potential	for	aerocapture	LoC	is	only	valid	for	architectures	that	select	

aerodynamic	MOI.	Similarly,	the	AR&D	failure	only	affects	missions	where	

the	 crew	 must	 dock	 and	 transfer	 to	 a	 separate	 pre-deployed	 vehicle	 to	

perform	EDL	to	the	Martian	surface.	

	

!.# Mars	Entry,	Descent,	and	Landing	

Regardless	 of	 exploration	 style	 selection	 in	 the	 tradespace,	 EDL	 to	

the	 Martian	 surface	 is	 required.	 PRA	 values	 for	 this	 mission	 phase	 are	

outlined	 in	 Table	 VI-6.	 The	 difference	 being,	 concepts	 selecting	

teleoperation	from	areocentric	orbit	do	not	perform	crewed	EDL.	
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Table	VI-!:	Entry,	Descent,	and	Landing	Possibilistic	Values	
EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 

Crew Failure f(Mass) f(Mass) f(Mass) f(Mass) 
Cargo Failure f(Mass) f(Mass) f(Mass) f(Mass) 

Abort Required 27.14 27.14 21.43 20.00 
Strenuous Activities 

Required 
31.43 31.43 30.00 32.86 

Crew Injury 25.71 25.71 24.29 24.29 

	

As	indicated	in	the	table	above,	the	probability	of	EDL	failure	is	a	function	

of	the	EDL	system(s)’	mass,	which	was	derived	from	regression	analysis	of	

PRA	data	of	anticipated	outcome	values.	Below	 is	 the	probability	of	cargo	

EDL	failure,	with	an	R!	value	of	).+,-./:	

	

𝑃!"#$ =  4.5807 𝑒!.!""#!	 (VI-!)	
	

Here,	 χ	 denotes	 the	 EDL	 mass	 of	 the	 attempting	 mission	 system,	 valid	

between	the	proposed	values	of	+.-	and	/0.1	t.	The	same	can	be	performed	

for	crewed	attempts	at	EDL:	

	

𝑃!"#$ =  1.9018 𝑒!.!"#$!	 (VI-!)	
	

This	represents	a	probability	of	 failure	over	 the	 *+.-	 to	./.0	 t	crewed	EDL	

mass	range	with	an	R!	value	of	).++,)-.	Crew	EDL	varies	from	that	of	cargo	
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due	to	more	stringent	entry	corridor	requirements	regarding	human-rating,	

g-forces,	heating,	and	so	forth.	

	

!.# Surface	Operations	

Table	 VI-7	 lays	 out	 the	 PRA	 dataset	 used	 for	 determining	 the	

outcome	of	mission	events	on	the	surface	of	Mars,	excluding	the	execution	

of	the	scientific	investigations	themselves.		

	

Table	VI-!:	Surface	Operations	Possibilistic	Values	

EVENT 
SPLIT 

DI 
SPLIT 
LEO 

AU W/ 
MEV 

AU W/ 
HAB 

Loss of Loitering Orbital Vehicle 2.00 2.00 2.00 2.00 
Ascent Repair Required 32.86 32.86 37.14 41.43 

ISPP Failure 22.86 22.86 25.71 28.57 
Mission Abort 30.00 30.00 28.57 35.71 

Mission Constraints and 
Schedule Met 

58.57 58.57 55.71 54.29 

HAB Power Failure 12.00 12.00 6.00 6.00 
Loss of Habitat f(HAB) f(HAB) f(HAB) f(HAB) 

Meet Go/No-Go Criteria for EVA 61.43 61.43 54.29 61.43 

	

This	 includes	 not	 only	 the	 crew	 and	 mission	 systems	 currently	 on	 the	

surface	of	Mars	but	also	the	loitering	vehicles	remaining	in	orbit.	Following	

the	 same	 regression	 analysis	 technique	 previously	 mentioned,	 the	
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probability	 for	 loss	 of	 habitat	 is	 modeled	 based	 on	 the	 selected	 habitat	

design	-	it	is	represented	by	Equation	VI-!	with	an	R!	value	of	$.&.	

	

𝑃!"# =  −
2
3𝜒

! + 6𝜒! −
7
3𝜒 − 2	

(VI-!)	

	
	

where	𝜒	=		
!. Rigid	+	Inflatable	
!. Rigid	
!. Inflatable	
!. In-situ	

	

!.# Ascent	and	Integration	

Once	 surface	 operation	 is	 complete,	 if	 the	 mission	 concept	 is	 not	

designed	 for	 colonization	 then	 the	 crew	 initiates	 ascent	 to	 begin	 the	

journey	back	to	Earth.	The	relevant	values	are	listed	in	Table	VI-8.	

	

Table	VI-!:	Ascent	and	Integration	Probabilities	of	Occurrence	
EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 
Ascent Failure 5.00 5.00 5.00 5.00 

Ascent Delayed 34.29 34.29 37.14 38.57 
Ascent Abort 32.86 32.86 30.00 22.86 

Ascent Orbit Failure 22.86 22.86 25.71 20.00 
AR&D Failure 25.71 25.71 20.00 40.00 

Vehicle Transfer Failure 30.00 30.00 27.14 20.00 
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If	 the	mission	concept	elects	to	perform	direct	entry	return	to	Earth,	then	

the	AR&D	failure	is	not	relevant.	

	

!.# Trans-Earth	Injection	

Following	 the	 Mars	 exploration	 portion	 of	 the	 mission,	 the	 crew	

begins	its	return	to	Earth	to	initiate	the	trans-Earth	injection	(TEI)	phase	–	

its	PRA	values	are	shown	below.		

	

Table	VI-!:	Trans-Earth	Injection	Probabilities	of	Occurrence	
EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 

Delay 0.00 24.29 28.57 34.29 
Incapable of TEI 0.00 27.14 24.29 25.71 

LoC 12.86 12.86 22.86 34.29 
	

There	 are	no	 events	 associated	with	 cargo	 vehicles	 as	 any	mission	 system	

performing	TEI	is	for	the	purpose	of	returning	the	crew	to	Earth.	

	

!.# Earth	Transit	

Table	VI-10	presents	the	possibilistic	values	associated	with	ET.	
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Table	VI-!":	Earth	Transit	Probabilities	of	Occurrence	

EVENT 
SPLIT 

DI 
SPLIT 
LEO 

AU W/ 
MEV 

AU W/ 
HAB 

Crew LoV 1.00 1.00 1.00 1.00 
Contingency EVA Required 41.43 41.43 42.86 44.29 

Onboard Problem Resolution 70.00 70.00 62.86 65.71 
Address Planetary Protection 

Issues 
84.29 84.29 57.14 58.57 

	

These	are	similar	to	the	values	associated	with	MT	minus	the	consideration	

of	 cargo-only	 vehicles	 and	 the	 events	 that	 would	 affect	 the	 ergonomic	

coefficient	for	scientific	investigations	at	Mars.	

	

!.#$ Earth	Entry,	Descent,	and	Landing	

The	final	phase	of	the	mission	is	when	the	crew	performs	Earth	orbit	

insertion	(EOI)	and	EDL	to	return	to	Earth’s	surface.	

	

Table	VI-!!:	Earth	Entry,	Descent,	and	Landing	Possibilities	of	
Occurrence	

EVENT SPLIT DI SPLIT LEO AU W/ MEV AU W/ HAB 
LoC During EOI 18.57 18.57 22.86 24.29 
LoC During EDL 12.86 12.86 27.14 37.14 
Loss of Payload 27.14 27.14 21.43 15.71 

	

Table	VI-11	also	includes	a	probability	for	loss	of	payload,	which	is	the	final	

determination	of	whether	the	sample	return	investigation	(IX)	is	successful.	
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!.## Global	and	Common	Cause	

Lastly,	 there	 are	 global	 variables	 that	 are	 associated	 with	multiple	

phases	 throughout	 the	mission.	This	 includes	REID	of	 the	 crew,	potential	

shielding	of	space	weather	storms,	and	human	error	of	the	crew	responsible	

for	both	LoM	and	LoC.	These	are	shown	below	(Table	VI-12).	

	

Table	VI-!":	Global	and	Common	Cause	Probabilities	of	Occurrence	

EVENT SPLIT DI 
SPLIT 
LEO 

AU W/ 
MEV 

AU W/ 
HAB 

REID f(Epoch) f(Epoch) f(Epoch) f(Epoch) 
Orbital Radiation Shielding 

Successful 
77.14 77.14 70.00 81.43 

Human Error LoM 0.03 0.03 0.03 0.03 
Human Error LoC 0.01 0.01 0.01 0.01 

β CCF Factor 0.01 0.01 0.01 0.01 
γ CCF Factor 0.05 0.05 0.05 0.05 

	

The	probability	of	REID	follows	the	values	outlined	 in	Table	V-6	of	V	§	!,	

which	are	dictated	by	the	start	epoch	relative	to	the	solar	cycle,	as	well	as	

the	 style	 of	 exploration.	 	Common	cause	 failures	 (CCFs)	are	 single	 events	

that	cause	multiple	failures	across	the	mission	and	the	β	and	γ	factors	differ	

by	the	number	of	simultaneous	failures.	
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!. Emergents	

	 There	are	also	additional	possibilistic	mission	events	encountered	by	

the	crew	sprung	by	emergent	scenarios	in	the	simulation	-	these	are	laid	out	

below	(Table	VI-13).	

	

Table	VI-!":	Emergent	Probabilities	of	Occurrence	

EVENT SPLIT DI 
SPLIT 
LEO 

AU W/ 
MEV 

AU W/ 
HAB 

Solar Particle Event f(Epoch) f(Epoch) f(Epoch) f(Epoch) 
Galactic Cosmic Radiation 

Storm 
f(Epoch) f(Epoch) f(Epoch) f(Epoch) 

Dust Storm f(Epoch) f(Epoch) f(Epoch) f(Epoch) 
HAB out of Range Due to 

Inaccurate EDL 
f(EDL) f(EDL) f(EDL) f(EDL) 

Ascent Vehicle out of Range 
Due to Inaccurate EDL 

f(EDL) f(EDL) f(EDL) f(EDL) 

Missed Return Insertion 
Window 

f(Time) f(Time) f(Time) f(Time) 

Abort Required Before ISPP 
Completed 

f(Time) f(Time) f(Time) f(Time) 

Surface Abort Required 
During Colonization 

f(Time) f(Time) f(Time) f(Time) 

	

!.# Space	Weather	Encounters	

The	crew’s	encounter	with	 space	weather	 storms	 is	a	probability	of	

the	mission	start	epoch	relative	to	the	solar	cycle,	as	well	as	which	mission	

phase	 is	 generated	 for	 its	 occurrence,	 and	 selection	 of	 Solar	 I&W	 in	 the	
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mission	concept	design	vector	for	SPEs.	Table	VI-14	shows	the	outcomes	of	

space	weather	encounters	dependent	on	the	current	state	of	the	mission:	

	

Table	VI-!":	Outcome	of	Crew	Space	Weather	Encounters	
SCENARIO SPE w/ WARNING SPE w/o WARNING GCR 

Geocentric Orbit No Effect LoV, PO LoC 
Interplanetary Transit PO LoV, PO LoC 

Areocentric Orbit PO LoV, PO LoC 
Mars Traverse t* LoC LoC 

In-situ HAB No Effect No Effect No Effect 
Other HABs LoS LoC LoC 

*	-	dependent	on	trafficability	to	HAB	and	warning	time	

	

	 The	outcome	differential	due	to	locale	in	the	simulation	stems	from	

the	inherent	!π	radian	protection	of	Mars	while	on	its	surface.	Additionally,	

although	thin,	the	atmosphere	provides	an	equivalent	protection	to	that	of	

!"	to	&"	centimeters	 thick	aluminum	(with	alterations	due	to	 landing	site	

locale	and	 seasonal	 atmospheric	 effects)	!".	 For	 this	 reason,	 the	 chance	 of	

losing	the	crew	to	SPEs	is	different	than	if	encountered	in	space	where	it	is	

expected	that	the	orbiting	or	transiting	mission	systems	will	provide	all	of	

the	radiation	protection.	However,	the	crew	may	still	be	lost	to	an	SPE	on	

the	surface	of	Mars	 since	short-term	organ	dosage	 limits	will	be	exceeded	

even	in	a	spacesuit	or	habitation	!".	
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On	the	contrary,	GCR	storms	require	vastly	different	shielding	than	

SPE.	 On	 orbit	 or	 in	 transit,	 GCR	 protection	 requires	 extremely	 thick	

shielding	that	is	too	heavy	to	add	to	architectures.	On	the	surface,	it	may	be	

possible	 to	 construct	materials	 to	aid	 in	 the	 shielding	of	GCR	storms,	but	

the	 secondary	 radiation	 spectrum	produced	 in	 shielding	 attempts	 is	more	

harmful	to	humans	than	the	actual	GCR	storm.	The	only	exception	to	this	is	

with	 large	amounts	of	regolith	shielding.	 It	may	be	possible	to	avoid	 large	

dosage	 exposures	 in	 shielding	 with	 hydrogen	 rich	 materials	 or	 water	

storages	 !",	 but	 without	 warning	 of	 GCR	 events	 this	 is	 not	 a	 practical	

mitigation	tactic.	Therefore,	it	is	not	considered	feasible	to	avoid	LoC	from	

GCR	storms	unless	in	a	habitat	constructed	of	in-situ	resources.		

	

!.# EDL	Events	

The	maximum	range	of	included	mobility	systems	is	566	kilometers;	

therefore,	a	separation	greater	than	this	amount	between	a	lander	and	the	

central	 habitat	due	 to	 landing	 inaccuracies	 generated	 from	 the	 stochastic	

landing	 error	 ellipses	 eliminates	 the	 possibility	 of	 transit.	 The	 following	

action	 is	 dependent	 on	 the	 mission	 design	 vector	 and	 whether	 or	 not	 a	

MAV	 or	 surface	 ERV	 has	 been	 included.	 The	 mission	 state	 vector	
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determines	 if	 transit	to	this	asset	 is	 feasible	 instead.	These	determinations	

produce	an	averted	mission	dynamic	and/or	possible	LoM	or	LoC.	

	

!.! Timing	Events	

Timing	 of	 the	 mission	 systems	 in	 the	 simulation	 springs	 the	 two	

remaining	emergent	events.	The	first	is	the	potential	of	any	mission	concept	

in	 which	 the	 crew	 transits	 back	 to	 Earth.	 The	 timing	 is	 associated	 with	

initiation	 of	 TEI	 while	 the	 Earth	 return	 window	 is	 still	 open.	 Other	

chronologically	 associated	 events,	 such	 as	 the	 occurrence	 of	 dust	 storms,	

sometimes	 prevent	 the	 crew	 from	 performing	 the	 necessary	 mission	

maneuvers	in	the	allotted	time.	Due	to	the	rescue	mission	delimitation,	any	

mission	that	misses	the	return	window	to	Earth	results	in	a	LoC.	

	 Similarly,	 for	 missions	 that	 simultaneously	 elect	 for	 the	 all-up	

mission	 class	 and	 ISPP,	 it	 is	 possible	 that	 the	 crew	 experiences	 an	 event	

which	demands	abort	from	the	Martian	surface.	However,	in	this	scenario,	

there	is	an	initial	period	in	which	ascent	is	invalid	because	ISPP	has	not	yet	

been	 completed.	 In	 this	 case,	 a	 LoC	 result	 is	 assumed	 since	 the	 crew	 is	

unable	to	abort	when	required.	This	is	also	the	case	in	colonization,	where	
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it	 is	 assumed	 the	capability	 to	ascent	 from	the	Mars	 surface	has	not	been	

included	and	thus	results	in	a	LoC.	

	

!. Logistics	

	 Logistics	 describe	 the	 manner	 in	 which	 the	 mission	 systems	

discussed	 in	 the	modeling	 section	 transport	 between	 the	 aforementioned	

mission	phases.		

	

!.#	 Interplanetary	Transit	

The	 first	 part	 is	 detailing	 transit	 to	 and/or	 from	 Mars.	 This	 is	

dependent	on	 the	mission	class	and	 launch	 trade	variables	of	 the	concept	

design	vector.	In	accordance	with	the	ground	rule	governing	interplanetary	

trajectories,	analysis	of	potential	launch	windows	over	a	decade’s	timeframe	

produces	an	average	and	standard	deviation	of	transit	times	!"-	!".	Shown	in	

Table	VI-15,	 this	 produces	 a	mission	 length	of	 45	months	with	 a	 variable	

departure	date	of	±	,-	days.	

Earth-Mars	 cyclers	 have	 been	 proposed	 as	 an	 alternative	 to	

conventional	 transfer	 trajectories	 for	 almost	 half	 a	 century	 with	 major	

technical	analysis	provided	by	the	former	National	Commission	on	Space	!"	
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and	Florida	Institute	of	Technology’s	(FIT)	Buzz	Aldrin	Space	Institute	!",	!".	

Cyclers	in	this	sense	of	logistics	are	MTV	in	perpetual	transit	between	Earth	

and	 Mars.	 Performing	 flybys	 of	 each	 planet	 allows	 minimal	 correcting	

thrust	to	maintain	cycling	trajectories.	Cyclers	eliminate	the	need	to	include	

large	 habitats	 in	 the	 launched	 crew	 vehicles	 as	 well	 as	 acceleration	 and	

deceleration	of	high	mass	spacecraft	during	respective	trans-injections	and	

orbit	insertions;	however,	they	introduce	high	ΔV	hyperbolic	rendezvous	to	

dock	with	the	cycler	during	Martian	or	Tellurian	flyby.	Cycler	missions	have	

a	duration	of	 $%	months	 and	are	 included	 in	 the	 transit	 logistics	of	Table	

VI-15.	

	

Table	VI-!":	Transit	Logistics	
TRANSIT TYPE TRANSIT DURATION (days) 

Cargo 290 ± 55 
Crew Out 200 ± 20 

Crew Back 170 ± 25 
Cyclers 180 

	

	

!.#	 Entry,	Descent,	and	Landing	

Utilization	 of	 the	 heritage	 Viking	 !"°	 sphere-cone	 aeroshell	 has	

limited	EDL	to	landed	payload	masses	below	'	t	and	landing	sites	below	the	

MOLA	 aeroid	!",	 even	with	 ingenuities	 such	 as	Mars	 Science	Laboratory’s	
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(Curiosity,	MSL)	sky	crane	architecture	and	the	landing	airbags	of	the	Mars	

Environmental	 Survey	 (Pathfinder	 and	 Sojourner,	 MESUR)	 and	 Mars	

Exploration	 Rovers	 (Spirit	 and	Opportunity,	MER)	programs.	 During	 this	

time,	 compression	 of	 landing	 error	 ellipses	has	 occurred,	 however,	 this	 is	

mainly	due	to	significant	improvements	in	EDL	GNC	!".	Analysis	of	the	gear	

ratios	and	payload	mass	fractions	proposed	in	HMMs	determined	that	they	

are	 not	 feasible	 without	 significant	 paradigm	 shift	 in	 Mars	 EDL	

methodologies	 !!.	 Potential	 solutions	 such	 as	 NASA’s	 inflatable	 heat				

shields	 !"-	 !"	 can	 accomplish	 such	 feats	 but	 the	 consequence	 of	 their	

selection	 on	 landing	 accuracy	 performance	 is	 uncertain	 !".	 Due	 to	 the	

uncertainty	 in	 landing	 accuracy,	 if	 an	 EDL	 attempt	 is	 determined	 to	 be	

successful,	a	landing	error	ellipse	is	randomly	selected	from	the	capabilities	

of	 previous	 NASA	 Mars	 exploration	 programs	 !".	 These	 accuracies	 are	

shown	in	Figure	VI-1.	
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Figure	VI-!:	EDL	Landing	Error	Ellipses	in	Kilometers	

	

This	 also	 includes	 future	 (2	 x	 24	 km)	 and	 precise	 landing	 capabilities.	 A	

point	 within	 this	 landing	 error	 ellipse	 is	 stochastically	 chosen	 and	 this	

serves	 as	 the	 landing	 site	 of	 the	 corresponding	 mission	 system	 thus	

completing	the	logistics	of	EDL.	

	

!.#	 Surface	Transit	

Surface	transit	involves	the	movement	of	systems	across	the	Martian	

surface.	 It	 is	 determined	by	 the	 trafficability	 from	 included	DTED	against	

the	capability	of	 the	 transiting	system.	This	calculation	determines	a	 total	

elapsed	 time	 for	 transit.	 Rotocraft	 systems	 determine	 an	 aerial	 point-to-
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point	 path	 for	 the	 system	 based	 on	 its	 modeling	 characteristics	 !".	 The	

difference	for	rotocraft	in	comparison	to	surface	systems	is	the	exclusion	of	

trafficability	in	calculating	transit	duration.		

	

!.!	 Remaining	Logistics	

	 Following	the	modeling	approach	of	the	vehicles	associated	with	the	

phases	of	launch,	ascent,	and	AR&D,	the	transit	of	these	vehicles	is	implicit	

in	the	possibilistic	calculation	of	these	events.	If	the	simulation	determines	

successful	 completion,	 then	 the	mission	 systems	 are	 deemed	 successfully	

transited.	Transit	 is	accompanied	with	the	related	time	lapse	of	the	events	

as	discussed	in	the	upcoming	section.	

	

!. Apportionment	

	 This	 section	 outlines	 the	 apportionment	 of	 time	 throughout	 the	

simulation	in	reference	to	mission	events.	The	summary	of	which	is	shown	

in	Table	VI-16	with	elaboration	of	each	respective	section.		
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Table	VI-!":	Crew	Apportionment	Summary	
EVENT TIME 

Mars Transit MLAUNCH 

MOI 
Orbit Insertion Error 

System Checkout 

1 Sol 
+2 Sols 

1 Sol 
EDL 

Extended Vicinity 
Crew Acclimation 

Unexpected Deconditioning 
Crew Injury 

HL 

+1 Sol (Iterative) 
1 Week 

+1 Week 
+8 – 14 Weeks 

Habitat Transit Trafficability 

All-Up Set-Up 
ISPP (Large Power) 
ISPP (Small Power) 

1 Month 
10 Months 
13 Months 

Testing Phase and Vicinity/Orbit 1 Month 
Surface Operations 

Traverse 
EVA No-Go 

MLAUNCH 

Trafficability 

+1 Sol (Iterative) 
Ascent Transit Trafficability 
Pre-Ascent 

Delay 
AR&D 

Orbit Insertion Error 
System Checkout 

1 Month 
+1 Sol (Iterative) 

1 Sol 
+2 Sols 

1 Sol 
TEI 

Delay 
0 

+1 Sol (Iterative) 
Earth Transit MLAUNCH 

	

The	first	apportionment	is	with	transit	to	Mars,	which	was	discussed	in	the	

previous	section	and	is	followed	by	MOI.		

	



	
	

	 	 	122	

!.# Mars	Orbit	Insertion	

Based	on	the	parking	orbit	assumption,	if	an	AR&D	is	required	with	

a	pre-deployed	asset	MOI	can	take	as	little	as	one	sol	!".	If	there	is	an	orbit	

insertion	 error	 then	 this	 mission	 phase	 time	 duration	 includes	 a	 second	

AR&D	or	MOI	attempt	of	double	duration.	Regardless,	once	docked	or	orbit	

achieved,	 all	 systems	are	 verified	operational	 throughout	 the	 entirety	of	 a	

sol	 before	 EDL	 is	 initiated.	 The	 Mars	 extended	 phase	 possibilistic	 event	

occurrence	 is	 iterative	 and	 a	 sol	 is	 added	 for	 each	 calculated	 occurrence.	

Additional	 time	may	 also	 be	 needed	 to	wait	 for	 the	 dissipation	 of	 a	 dust	

storm	at	 the	 landing	 site	 if	 it	was	 randomly	 selected	 to	 occur	during	 this	

time	!".		

	

!.# Crew	Acclimation	

Once	EDL	is	completed,	surface	operations	are	apportioned	through	

guidance	of	NASA’s	Mars	Surface	Reference	Mission	!".	Due	to	the	effects	of	

microgravity	 during	 transit,	 crewmembers	 are	 expected	 to	 be	 in	 a	

deconditioned	 state	 for	 -	 week	 following	 EDL	 !".	 In	 the	 event	 the	

possibilistic	 outcome	determines	 there	was	 unexpected	 deconditioning	 of	
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the	crew,	this	time	period	is	doubled.	It	is	during	this	period	that	the	crew	

is	focused	on	acclimation	to	Martian	gravity	!".		

	 Also	determined	from	PO	is	potential	injury	of	the	crew	during	EDL.	

Due	 to	 bone	 density	 loss	 during	 the	microgravity	 transit,	 it	 is	 likely	 this	

injury	will	occur	as	a	 result	of	a	bone	 fracture	during	 the	high	g-forces	of	

EDL	!".	While	the	healing	of	such	fractures	in	a	microgravity	environment	is	

still	 an	 area	 of	 active	 research	 !",	 healing	 times	 are	 expected	 anywhere	

between	 '	 and	 *+	 weeks	 !"	 –	 this	 time	 is	 stochastically	 determined	 and	

added	to	the	acclimation	period’s	duration.	

	

!.# Habitat	Transition	

Following	acclimation,	if	the	crew	did	not	land	in	either	an	MEV	or	

DHV,	 focus	shifts	to	transiting	to	the	central	habitat.	The	duration	of	 this	

period	is	calculated	based	on	trafficability.	This	is	therefore	also	dependent	

on	the	quantity	and	capability	of	included	mobility	systems.	Once	the	crew	

in	considered	transitioned	to	the	habitat,	one	of	following	two	phases	may	

commence.	
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!.# Set-Up	Phase	

In	an	all-up	mission	scenario,	 the	crew	 requires	 time	 to	 set	up	and	

verify	operational	all	systems	associated	with	the	central	habitat	as	well	as	

check	and	potential	maintenance	of	ascent	vehicle(s).	This	is	determined	to	

be	a	%-month	period	!".	If	ISRU	or	ISPP	is	selected	in	an	all-up	mission,	it	is	

initiated	 at	 this	 time.	 In	 pre-deployed	 missions,	 this	 PO	 value	 is	 already	

drawn.	Smaller	 ISPP	 systems	delivered	 through	direct	 injection	 require	 '(	

months	 to	produce	 the	necessary	methalox	 for	ascent	!",	while	 larger	 ISPP	

systems	 are	 assumed	 to	 complete	 production	 after	 23	 months	 !".	 In	 pre-

deployed	missions,	ISPP	will	have	already	been	completed.	

	

!.! Testing	Phase	

Once	the	crew	is	considered	acclimated	and	the	set-up	of	the	central	

habitat	 successful	 (if	 required),	 the	crew	begins	 the	 testing	phase.	Testing	

includes	 determination	 of	 operating	 conditions	 for	 ISPP	 and/or	 ISRU	 (if	

selected),	scientific	equipment,	mobility	systems,	and	the	C!	portion	of	the	

architecture.	 It	 requires	 !	 month’s	 time	 !".	 Due	 to	 this	 length,	 local	

investigations	such	as	habitat	sample	collection,	characterization	of	ISPP	or	

ISRU	 environments,	 surface	 observations,	 and	 publicity	 and	 public	
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engagement	events	with	 the	crew	are	assumed	to	be	conducted	 in	case	of	

early	 ascent	 mission	 abort	 !".	 This	 period	 of	 time	 is	 still	 required	 for	

missions	 selecting	 teleoperations	 from	 areocentric	 orbit	 since	 systems	 on	

the	ground	and	the	C!	portion	of	that	architecture	will	still	require	testing.	

In	teleoperation	or	telecollaboration,	orbit	observational	 investigations	are	

performed	during	this	phase.	

	

!.# Surface	Operations	

Following	crew	acclimation,	habitat	set-up,	and	testing	of	all	critical	

systems,	 surface	 exploration	 requiring	 EVAs	 is	 expected	 to	 begin.	 The	

intricate	 details	 of	 this	 portion	 of	 the	 simulation	 are	 discussed	 in	 the	

coming	 sections.	 The	 apportionment	 concerned	 with	 these	 investigations	

relates	 to	 the	 crew’s	 time	 schedule	 (Table	 VI-17)	!".	As	 a	 note,	 a	 *+-hour	

Mars	 clock	 is	 employed	 with	 a	 1.3%	 increase	 in	 the	 associated	 elapse	 of	

seconds,	minutes,	hours,	etc.	to	equate	to	the	23.33	minute	longer	sol.	
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Table	VI-!":	Apportionment	of	Crews'	Surface	Schedule	
WEEKLY SCHEDULE 
Activity Sols/Week 

Mission Support 5.0 
Off Duty 1.5 

Maintenance 0.5 
DAILY SCHEDULE 

Activity Hours/Sol 
Post Sleep 1.0 

Uplink Messages 0.5 
Mission Support 6.5 

Meals 3.0 
Exercise 2.0 

Reporting and Planning 1.0 
Pre Sleep 2.0 

Sleep 8.0 
*assumes	utilization	of	the	-.-hour	Mars	clock	

	

The	major	draw	from	Table	VI-17	is	that	the	crew	executes	surface	mission	

operations	for	,..	hours,	!	days	a	week.	Additionally,	there	is	a	notional	one	

week,	 two	 weeks,	 and	 one	 month	 between	 vicinity,	 local,	 and	 regional	

investigations	 respectively	 to	 allow	 post	 processing,	 caching,	 and	

supplemental	organizing	!".	Also,	the	crew	must	meet	the	go/no-go	criteria	

for	EVA	before	beginning	the	traverse	for	an	investigation,	which	is	a	cyclic	

draw	on	this	possibilistic	outcome	and	an	additional	sol	is	lost	for	each	no-

go	outcome.	Furthermore,	if	a	dust	storm	occurs	during	surface	operations,	

these	are	suspended	until	the	storm	has	ceased.	If	the	storm	is	a	regional	or	
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global	 storm,	 the	 crew	 is	 forced	 to	 return	 to	 the	 habitat	 to	 wait	 out	 the	

storm.	

	

!.# Mars	Ascent	

At	the	end	of	surface	exploration,	if	the	surface	habitat	was	not	part	

of	 an	MEV,	 the	 crew	must	 start	 transit	 to	 the	 ascent	 vehicle.	Duration	 is	

determined	in	the	same	fashion	as	transit	to	the	habitat.	The	period	of	pre-

ascent	 is	 considered	 ()	 sols	 and	 includes	 transition	 of	 the	 ascent	 vehicle	

from	dormant	to	active	preparation	!".	Additionally,	it	is	possible	to	have	a	

delay	in	crew	ascent	from	PO.	The	delay	is	a	cyclic	draw	on	this	possibilistic	

outcome	 and	 an	 additional	 sol	 is	 lost	 for	 each	 delay.	 The	 AR&D	

apportionment	is	also	identical	to	that	of	the	MOI	phase.	At	conclusion,	any	

remaining	orbital	investigations	are	performed	as	pre-TEI	time	permits.	

	

!.# Trans-Earth	Injection	and	Transit	

	 The	final	simulation	time	apportioned	 is	 that	of	returning	the	crew	

to	Earth.	While	Earth	transit	duration	was	laid	out	in	the	previous	section,	

any	delays	in	TEI	are	assumed	to	be	a	loss	of	one	operational	day.		
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!. Contingencies	

	 While	 the	 previous	 sections	 of	 decomposition	 and	 apportionment	

describe	 the	 progression	 of	 the	 mission	 simulation	 and	 its	 timeline,	 this	

section	addresses	 the	preprogrammed	contingency	actions	 taken	when	PO	

determines	 a	 mission	 dynamic.	 As	 discussed	 in	 the	 rescue	 mission	

delimitation,	 this	 depends	 on	 components	 of	 the	mission	 concept	 design	

and	 mission	 state	 vectors	 in	 order	 to	 decide	 actions	 relating	 not	 just	 to	

mission	aborts	but	also	a	hierarchy	of	planned	contingencies.	The	alteration	

of	the	simulation	for	each	mission	phase	and	its	subsequent	events	is	listed	

in	Appendix	C.	Additionally,	mission	dynamics	affect	the	state	of	the	crew	

through	their	ergonomic	coefficient,	which	is	discussed	in	section	!.	

	

!.# Launch,	Integration,	and	Injection	

	 While	 the	 outcome	 of	 the	 crew	 launch	 events	 are	 stated	 in	 their	

classification,	 the	 on-orbit	 contingencies	 for	 AR&D	 are	 sequential.	 There	

are	two	equally	likely	contingency	actions	as	shown	in	Table	VI-18.	
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Table	VI-!":	Launch,	Integration,	and	Injection	Contingencies	
EVENT OUTCOME 

Cargo Launch LoM* 
Crew Launch (LoM) LoM 
Crew Launch (LoC) LoC 

AR&D LoM | Repair 
Repair Mission Required LoM | Window 

Miss Insertion Window Abort Ability† 
Incapable of TMI Abort Ability† 

LoC LoC 
Unable to Abort LoC 

*	=	Dependent	on	Redundancy	
†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	

	

The	first	 is	a	LoM,	assuming	the	mission	 is	called	off	due	to	the	 failure	of	

AR&D.	For	the	second,	it	is	first	determined	if	a	repair	mission	is	required	

by	the	subsequent	PO.	If	so,	it	is	either	assumed	this	is	commenced	in	LEO,	

with	duration	equal	to	a	typical	Hubble	Space	Telescope	repair	mission	of	

!"	 days;	 or,	 the	 mission	 is	 aborted	 since	 a	 repair	 would	 be	 required,	

resulting	 in	 LoM.	 If	 the	 repair	 option	 is	 selected,	 after	 the	 crew	 joins	 the	

integrated	 mission	 systems	 (with	 the	 addition	 of	 !"	 days),	 the	 time	 is	

checked	 in	 the	 mission	 to	 ensure	 the	 insertion	 window	 has	 not	 been	

missed.	 If	 so,	 then	 the	mission	 is	 aborted;	 if	 not,	 then	TMI	 is	 attempted.	

This	is	shown	in	Figure	VI-2.	
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Figure	VI-!:	Crewed	AR&D	Contingency	Fault	Tree	Diagram	

	

In	this	phase	of	the	mission,	an	abort	transitions	into	the	Earth	EDL	phase	

in	order	to	return	the	crew	to	the	surface.	

	 If	propagation	is	for	a	cargo	vehicle,	then	launch	failure	only	means	

LoM	if	there	is	not	a	redundant	launch.	Similarly,	being	incapable	of	TMI	or	

missing	the	insertion	window	results	in	LoM	when	that	vehicle	is	the	only	

of	its	purpose	in	the	architecture.	
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!.# Mars	Transit	

Without	 the	 option	 of	 transshipment,	 this	 phase	 of	 the	 mission	

cannot	include	any	viable	contingency	actions	(Table	VI-19)	in	the	event	of	

crewed	 loss	 of	 vehicle	 (LoV)	 –	 this	 is	 the	 MT	 event	 dependence	 on	

redundancy.	 For	 cargo	 LoV,	 it	 only	 results	 in	 LoM	 if	 there	 is	 not	 a	

redundant	vehicle.	

	

Table	VI-!":	Mars	Transit	Contingencies	
EVENT OUTCOME 

Cargo LoV LoM* 
Crew LoV LoC* 

Contingency EVA Required PD ->Resolution 
Adequate Crew Skill Development ε 

Onboard Problem Resolution LoC* 
Unexpected Crew Deconditioning ε, t 

*	=	Dependent	on	Redundancy	
†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	

	

If	 a	problem	arises	 that	 requires	an	EVA	during	 transit,	 the	crew	must	be	

able	to	detect	the	cause,	determined	by	drawing	on	the	current	value	of	the	

crew’s	PD.	If	the	cause	is	detected,	then	the	crew	must	be	able	to	resolve	the	

problem.	That	outcome	is	determined	based	on	the	PRA	value	presented	in	

the	decomposition	section.	If	not	detected	or	unsuccessful,	the	crew	is	lost.	

This	is	shown	in	Figure	VI-3.	
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Figure	VI-!:	Transit	Extravehicular	Activity	Fault	Tree	Diagram	

	

The	 variable	 ε	 indicates	 a	 change	 to	 the	 ergonomic	 coefficient,	 which	 is	

described	 in	 its	 subsequent	 section.	 The	 change	 in	 time	 variable	 for	

unexpected	 crew	 deconditioning	 was	 introduced	 in	 section	 !	 on	

apportionments.	

	

!.# Orbit	Insertion	

Entering	 the	 MOI	 phase,	 if	 a	 mission	 abort	 is	 required	 the	 crew	

would	directly	enter	into	TEI	as	enabled	by	the	free-return	requirement	of	

the	 interplanetary	 trajectory	 ground	 rule.	 If	 AR&D	 with	 a	 pre-deployed	

asset	for	EDL	failed,	then	the	crew	also	aborts	the	mission	and	enters	into	
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TEI	if	that	associated	vehicle	was	not	responsible	for	ERV	capabilities.	The	

time	 variable	 of	 MOI	 error	 and	 the	 extended	 Mars	 vicinity	 phase	 were	

discussed	in	section	!.	The	potential	contingency	outcomes	are	listed	in	the	

table	below.	

	

Table	VI-!":	Mars	Orbit	Insertion	Contingencies	
EVENT OUTCOME 

Mission Abort LoM, TEI 
Aerocapture LoC LoC 

Orbit Insertion Error ε, t, LoM 
AR&D LoM, TEI 

Extended Mars Vicinity Phase ε, t 
	

!.# Mars	Entry,	Descent,	and	Landing	

In	 the	event	of	 cargo	EDL	 failure,	 this	 results	 in	a	LoM	unless	 that	

particular	system	is	redundant.	For	crewed	EDL,	a	failure	is	LoC.	If	an	abort	

is	 required	 this	 also	 results	 in	 LoC	 since	 EDL	 abort	 is	 assumed	 to	 be	

infeasible.	The	 latter	events	of	Table	VI-21	 again	deal	with	 the	ergonomic	

coefficient	and	the	time	variable.	
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Table	VI-!":	Mars	Entry,	Descent,	and	Landing	Contingencies	
EVENT OUTCOME 

Cargo Failure LoM* 
Crew Failure LoC 

Abort Required  LoC 
Strenuous Activities Required ε 

Crew Injury ε, t 
*	=	Dependent	on	Redundancy	

†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	

	

!.# Surface	Operations	

Due	 to	 this	 research	 assuming	 no	 rescue	 missions,	 if	 a	 loitering	

orbital	 vehicle	 is	 lost,	 then	 this	 results	 in	 LoC.	 If	 there	 are	 no	 redundant	

systems	 or	 the	 mission	 has	 not	 selected	 colonization	 EOM	 then	 the	

outcome	is	the	identical.	The	same	is	true	for	loss	of	system	(LoS)	of	ISPP	as	

shown	in	the	following	table.		
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Table	VI-!!:	Surface	Operations	Contingencies	
EVENT OUTCOME 

Loss of Loitering Orbital Vehicle LoC* 
Ascent Repair Required PD -> PR 

ISPP Failure LoC* 
Mission Abort Ascent 

Mission Constraints and Schedule Met t 
HAB Power Failure PD -> PR 

Loss of Habitat HV -> Ascent* 
Meet Go/No-Go Criteria for EVA  ε, t 

*	=	Dependent	on	Redundancy	
†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	

	

Ascent	vehicle	repair	and	habitat	power	failure	are	able	to	be	repaired,	thus	

follow	 a	 similar	 failure	 mode	 sequence	 as	 previously	 introduced.	 The	

difference	 is	 the	 crew’s	PR	 variable	 is	 instantaneously	drawn	 to	determine	

the	outcome	of	the	resolution.	Its	fault	tree	is	shown	in	Figure	VI-4.	
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Figure	VI-!:	Loss	of	Surface	System	Fault	Tree	Diagram	

	

If	an	abort	from	the	surface	is	required,	the	crew	begins	the	ascent	portion	

of	 the	 mission	 to	 return	 to	 areocentric	 orbit.	 The	 exception	 being	 when	

colonization	is	selected	for	EOM	–	in	this	case	the	result	 is	assumed	to	be	

LoC.	The	effects	of	not	meeting	mission	constraints	and	schedule,	as	well	as	

go	criteria	 for	EVA,	were	discussed	 in	 the	previous	section	of	 this	chapter	

regarding	apportionment,	and	the	effects	of	habitat	volume	on	the	crew	is	

discussed	in	the	upcoming	section	on	ergonomics.	
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!.! Ascent	and	Integration	

Here	it	is	assumed	ascent	abort	is	not	feasible,	and	therefore	ascent	

abort	results	in	LoC.	This	is	the	same	outcome	as	ascent	failure	and	AR&D	

failure.	 A	 delay	 in	 ascent	 and	 initial	 ascent	 orbit	 failure	 follows	 the	

aforementioned	temporal	and	ergonomic	variables,	and	a	failure	to	transfer	

from	the	ascending	vehicle	to	the	transiting	vehicle	after	AR&D	affects	the	

computed	habitat	volume.	This	is	summarized	in	Table	VI-23.	

	

Table	VI-!":	Ascent	and	Integration	Contingencies	
EVENT OUTCOME 
Ascent Failure LoC 

Ascent Delayed ε, t 
Ascent Abort LoC 

Ascent Orbit Failure  ε, t 
AR&D Failure LoC 

Vehicle Transfer Failure HV 

	

	

!.# Trans-Earth	Injection	and	Earth	Transit	

TEI	 and	ET	 contingency	 are	 similar	 to	 that	 of	 TMI	 and	MT	 except	

that	 the	 crew	 cannot	 simply	 abort	 into	 the	 Earth	 EDL	 phase.	 For	 that	

reason,	many	of	 the	 failed	mission	maneuvers	 in	 this	phase	 result	 in	LoC.	

The	contingency	EVA	actions	are	the	same	as	displayed	in	Figure	VI-3.	PRA	
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data	exists	in	the	Simulator	for	addressing	planetary	protection	issues,	but	

it	is	unclear	of	the	immediate	effect	this	will	have	on	a	transiting	crew	and	

therefore	has	no	direct	 impact	 to	 the	 simulation.	These	 contingencies	 are	

listed	below.	

	

Table	VI-!":	Trans-Earth	Injection	and	Transit	Contingencies	
EVENT OUTCOME 

TEI Delay ε, t 
 Incapable of TEI LoC* 

LoC LoC 
Crew LoV LoC* 

Contingency EVA Required PD -> Resolution 
Onboard Problem Resolution LoC* 

Address Planetary Protection Issues None 
*	=	Dependent	on	Redundancy	

†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	

	

	

!.# Earth	Entry,	Descent,	and	Landing	

The	final	phase	of	the	mission	provides	the	return	of	the	crew	to	the	

Earth’s	 surface.	Despite	 this,	 there	are	currently	no	planned	contingencies	

for	 this	phase	and	 failed	maneuvers	 result	 in	LoC	–	 the	exception	being	a	

loss	of	payload,	which	results	in	loss	of	utility	for	investigation	IX	discussed	

in	the	next	section.	Table	VI-25	lists	these	outcomes.	
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Table	VI-!":	Earth	Entry,	Descent,	and	Landing	Failure	Outcomes	
EVENT OUTCOME 

LoC During Orbit Insertion LoC 
LoC During EDL LoC 
Loss of Payload U 

	

	

!.# Common	Cause,	Global,	and	Emergent	Failure	Contingencies	

Lastly,	 CCF,	 global,	 and	 emergent	 event	 contingencies	 are	 laid	 out	

below	in	Table	VI-26.	

	

Table	VI-!":	Common	Cause,	Global,	and	Emergent	Event	Failure	
Outcomes	

EVENT OUTCOME 
β CCF Factor LoC 
γ CCF Factor LoC 

Radiation Exposure Induced Death LoC 
Orbital Radiation Shielding Successful LoC 

Human Error LoM LoM 
Human Error LoC LoC 

Solar Particle Event ε, t‡ 

Galactic Cosmic Radiation Storm ε, t‡ 
Dust Storms ε, t 

HAB Out of Range Due to Inaccurate EDL LoM -> Ascent Range* 
Ascent Vehicle Out of Range Due to Inaccurate EDL LoC* 

Miss Insertion Window LoC 
Abort Required Before ISPP Completed LoC 

*	=	Dependent	on	Redundancy	
†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	
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In	 this	 simulation,	 CCF	 results	 in	 LoC.	 The	 crew	 is	 also	 lost	 if	 radiation	

shielding	is	required,	yet	unsuccessful.	REID	and	the	human	error	outcomes	

are	 as	 defined.	 	 The	 latter	 emergent	 events	 in	 which	 the	 crew	 becomes	

stranded	at	Mars	all	result	in	LoC	since	there	are	no	rescue	protocols.	The	

HAB	being	out	of	range	is	the	only	event	with	a	built	in	contingency,	which	

involves	switching	transit	focus	to	the	ascent	vehicle	for	abort.	

	

!. Investigations	

	 	 The	primary	driver	of	delivering	the	crew	to	the	surface	of	Mars	is	to	

perform	scientific	 investigations	to	accomplish	mission	objectives.	Derived	

from	 the	 mission	 sub-objectives	 are	 -.	 investigations	 !",	 !!,	 !"	which	 are	

listed,	 along	 with	 their	 range,	 mode	 of	 obtainment,	 and	 utility	 value,	 in	

Appendix	B.	An	 instantaneous	 investigation	 value	 (IV)	 is	 also	 captured	 in	

the	mission	state	vector	and	is	a	product	of	the	investigation’s	utility	value	

(IU)	with	the	investigation’s	current	probability	of	existence	(PE)	as	defined	

in	Equation	VI-!.	

	

𝑰𝑽 =  𝑷𝑬 ∗  𝑰𝑼	 (VI-!)	
	



	
	

	 	 	141	

Successful	completion	of	these	investigations	determines	the	final	utility	of	

a	simulated	mission	concept.	

	 	 	Derived	 from	 the	 ground	 rules	 and	 assumptions,	 all	 investigations	

occur	as	a	result	of	traverse	from	the	central	habitat	to	the	site	of	scientific	

interest.	 Since	 real-time	 operations	 are	 not	 possible	 from	 Earth-based	

mission	control	centers,	one	group	of	the	crew	is	always	assumed	to	remain	

in	 the	habitat	 to	 serve	 this	 function	and	 for	 emergency	 situations	!"	while	

the	 other	 groups	 follow	 the	 buddy	 system	 in	 performing	 traverses.	

Therefore,	 missions	 with	 a	 crew	 of	 1	 assume	 3	 simultaneous	 exploration	

groups	with	!	remaining	in	the	habitat.	A	crew	of	)	assumes	.	and	a	crew	of	

!	assumes	(.	

	 	 Three	 distance	 ranges	 classify	 investigations:	 vicinity,	 local,	 and	

regional.	Vicinity	range	 investigations	are	considered	to	be	within	walking	

distance	 of	 the	 habitat	 –	 these	 are	 within	 '((	 m,	 by	 definition	 of	 the	

crewmembers’	 modeling	 parameters,	 and	 are	 accessed	 by	 unpressurized	

mobility	systems	to	transport	scientific	equipment.	This	also	inserts	a	safety	

and	 contingency	 margin	 should	 the	 mobility	 system	 break	 down	 during	

traverse.	Between	'((	m	and	%&	km	are	local	investigations,	which	must	be	

transited	 to	 by	 a	 pressurized	mobility	 system	 or	 an	 aerial	 unpressurized	



	
	

	 	 	142	

mobility	system	!".	Beyond	)*	km	and,	in	this	simulation,	out	to	%&&	km	are	

regional	 investigations.	As	 noted	 in	 the	 apportionment	 section,	 these	 are	

accompanied	 by	 a	 one-month’s	 period	 before	 investigation	 because	 the	

distance	 requires	 pre-caching	 of	 the	 exploration	 route	 (due	 to	 the	

maximum	range	of	-.!	km	of	the	mobility	systems).	When	an	investigation	

is	 required,	 a	 random	 transit	 vector	 is	 generated	 for	 the	 investigation	 site	

with	respect	to	the	central	habitat.	The	unit	vector	may	be	arbitrary	but	the	

magnitude	is	dependent	on	the	range	of	investigation.			

	 	 Based	on	research	conducted	at	MIT,	 it	 is	possible	to	conduct	 local	

investigations	during	traverse	of	regional	ones	(Table	VI-27)	!".	

	

Table	VI-!":	Probability	of	Accessing	Local	Investigations	During	a	
Regional	Investigation’s	Traverse	

No. of 
Local Investigations Probability 

0 40% 
1 40% 
2 20% 

	

However,	the	caching	of	regional	routes	assumes	the	ability	to	only	perform	

one	 regional	 investigation	 per	 traverse.	 For	 non-cached	 sorties,	 it	 is	 not	

possible	to	conduct	multiple	investigations	in	one	traverse	unless	the	sites	

are	 grouped	 in	 one	 small	 region.	 The	MIT	 research	 showed	 that	 78%	 of	
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simulated	 excursions	 attempting	 to	perform	 this	were	 forced	 to	 end	 early	

due	to	the	depletion	of	vehicle	energy	!".	Therefore,	it	is	not	economical	to	

attempt	to	do	so,	and	only	one	vicinity	and	local	investigation	is	performed	

for	each	non-cached	traverse.	The	process	of	performing	investigations	and	

its	transfer	to	mission	utility	are	discussed	in	the	phenomenology	section	of	

this	chapter.	

	

!. Ergonomics	

	 The	 state	 of	 the	 crew	 throughout	 the	 mission	 is	 tabulated	 by	 the	

ergonomic	coefficient	(ε,	Table	VI-28).	It	is	determined	by	physiological	and	

psychological	human	factors	of	the	mission.	This	is	an	area	well	researched	

throughout	the	HSF	community	!",	!!,	!"".	

	

Table	VI-!".	Components	of	Ergonomics	Modeling	
PHYSIOLOGICAL VARIABLE 

Comfort Habitation Volume 
Health Condition, Injury, Radiation 

PSYCHOLOGICAL VARIABLE 
Anxiety Mass of Spares, Redundancy 
Emotion Mission Dynamics 
Isolation Communications Status 
Morale Investigation Outcomes 

	
	



	
	

	 	 	144	

Physiologically,	 the	habitat	volume	plays	a	critical	 role	 in	determining	the	

crew’s	 comfort	!"!.	The	 ratio	 of	 the	habitat	 is	 in	 accordance	with	 the	 limit	

volumes	introduced	in	the	habitation	ground	rule.	Calculation	of	this	ratio	

is	 performed	 for	 every	 habitat	 throughout	 the	 simulation.	 In	 order	 to	

convert	 the	 desired	 habitat	 volume	 into	 a	 mass	 for	 the	 architecture’s	

budget,	 historical	 NASA	 data	 on	 HSF	 modules	 produces	 the	 following	

equation	where	NCREW	denotes	the	number	of	crewmembers	!"#.	

	

𝐻! =  592 ∗  28 ∗  𝑁!"#$ ∗  𝐻! !.!"# 𝑘𝑔	 (VI-!)	
	

	 Psychologically,	the	effects	of	fear,	anxiety,	morale,	and	other	mental	

perturbations	are	quantified	in	the	ergonomic	coefficient.	Each	event	in	the	

mission	is	assigned	a	weight	value	(#)	based	on	NASA	funded	Multi-Criteria	

Decision	Analysis	(MCDA)	!"	–	these	are	 listed	 in	Appendix	D.	This	allows	

calculation	of	ε	changes	when	a	mission	dynamic	occurs.		

	 ESA	research	suggests	a	maximum	of	-	week	for	communications	to	

be	 severed	 !":	 this	 is	 captured	 as	 well	 –	 along	 with	 the	 perceived	 risk	 of	

impending	mission	danger	based	on	the	redundancy	choice	in	the	mission	

concept	 design	 vector	 that	 calculates	 an	ORU	 ratio.	This	 value	 is	 derived	
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from	 MIT	 research	 of	 the	 Mars	 One	 architecture	 as	 described	 in	 the	

modeling	section	of	ORUs	!".	

	 Morale	 of	 the	 crew	 throughout	 the	 mission	 is	 captured	 by	 the	

impacts	of	success	or	failure	in	scientific	investigations.	This	is	based	on	IV	

in	the	mission	state	vector.	It	is	therefore	dependent	on	the	investigation’s	

utility	value	and	PE	value	at	the	time.	

	

!. Intelligence	

Intelligence	 is	 introduced	 to	 quantify	 the	 crew’s	 knowledge	

regarding	 the	mission	 -	specifically	 the	 locale	of	desired	 investigations.	 Its	

inclusion	 is	underlined	by	estimative	probability	!"#	and	 is	captured	 in	 the	

PE	variable	and	subdivided	as	shown	in	Table	VI-29.	

	

Table	VI-!":	Estimative	Probability	of	Martian	Intelligence	
PROBABILITY PE 

True/Fact 99% - 100% 
Certain 93% ± 6% 

Probable 75% ± 12% 
Neutral 50% ± 13% 

Improbable 25% ± 12% 
Doubtful 7% ± 6% 

False/Impossible 0% - 1% 
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Included	in	the	mission	concept	design	vector	is	an	initial	value	of	Martian	

intelligence.	 This	 starting	 value	 is	 allowed	 to	 vary	 between	 certain,	

probable,	and	neutral.	Once	one	of	the	three	estimates	of	initial	intelligence	

is	selected	 in	the	tradespace,	the	value	 is	stochastically	determined	within	

its	allowed	range.		

At	 initialization	of	 simulation,	 this	 intelligence	 value	 is	 assigned	 to	

every	 investigation	 as	 its	 PE	 value	 to	 replicate	 the	 effects	 of	 initial	

intelligence	concerning	the	correctness	of	investigations’	locale.	This	use	is	

similar	 to	 that	 of	 fuzzy	 logic.	 Recall	 from	 Figure	 IV-1	 on	 page	 !"	 the	

interdependencies	of	mission	sub-objectives,	whose	relationship	is	used	to	

update	each	investigation’s	PE	at	the	investigation	site	based	on	a	successful	

or	failed	investigation.	This	quantification	of	intelligence	and	probability	of	

investigation	existence	is	explained	in	the	next	section.	

	

!". Phenomenology	

	 Now	that	all	facets	of	the	CONOPS	have	been	outlined,	defining	the	

phenomenology	 of	 HMMs	may	 capture	 the	 entirety	 of	 the	 crew’s	 surface	

operations.	 This	 follows	 the	Tasking,	 Collection,	 Processing,	 Exploitation,	

and	 Dissemination	 (TCPED)	 methodology	 !"#,	 which	 is	 a	 standard	 in	
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modeling	military	 intelligence	processes	!"#.	All	 aforementioned	values	 are	

therefore	integrated	into	a	realistic	surface	exploration,	as	shown	in	Figure	

VI-5.	

	

	
Figure	VI-!:	The	Cycle	for	Investigations	

	

	 Once	 the	 crew	 is	 ready	 to	 perform	 an	 investigation,	 the	 tasking	

portion	 of	 the	method	 is	 initiated.	Recall	 an	 investigation’s	 instantaneous	

value	IV,	derived	from	the	product	of	its	utility	value	IU	and	its	probability	

of	existence	PE.	All	investigations	are	ranked	by	their	current	value	and	the	

investigation	 of	 highest	 value	 becomes	 the	 highest	 priority	 at	 each	
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investigation	cycle.	The	tasking	portion	therefore	concludes	with	the	crew	

beginning	 its	 traverse	 to	 the	 site	 of	 the	highest	value	 investigation.	 If	 the	

investigation	 is	 regional,	 the	 probability	 of	 also	 obtaining	 additional	 local	

investigations	during	travel	is	stochastically	determined.	

	 Once	 arrived	 at	 the	 investigation	 site,	 the	 collection	 process	 may	

begin.	 Quite	 simply,	 this	 is	 the	 portion	 where	 the	 crew	 performs	 the	

investigation	to	gather	scientific	data	and	information	!"#,	which	is	followed	

by	 the	 processing	 stage	 to	 determine	 the	 outcome	 of	 the	 investigation.	

Probability	 for	 a	 successful	 investigation	 is	 determined	 by	 Bayes’	 Rule	

(Equation	VI-!),	

	

𝑷𝑰 =  𝑷  𝐷  𝐸 )	 (VI-8)	
	

which	is	the	probability	of	the	crew	detecting	the	investigation	(PD),	given	

the	probability	of	its	existence	at	that	location	(PE).	The	former	is	equated	

by	the	sensor	standard	of	probability	of	detection	and	is	calculated	utilizing	

the	 crew’s	 ergonomic	 coefficient	 at	 the	 time	 of	 the	 investigation	 and	 the	

ratio	 of	 included	 scientific	 equipment	 (XSCI)	with	 the	DRA’s	 optimal	 +.-	 t	

value.		
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𝑃! =  
0.4 ∗  𝜀 ∗  𝑋!"# ,     𝑋!"# < 2.5 𝑡  
𝜀,                           𝑋!"# ≥ 2.5 𝑡 	 (VI-!)	

	

Once	this	value	is	computed,	its	outcome	is	determined	by	drawing	on	this	

probability.	

	 This	 outcome	 not	 only	 determines	 the	 end	 result	 of	 the	

investigation,	but	also	allows	exploitation	of	gained	 intelligence	 to	update	

all	PE	associated	with	remaining	investigations	based	on	Bayesian	inference	

!"#.	This	is	possible	due	to	the	MEPAG’s	quantification	of	crosscutting	sub-

objectives	 as	 previously	 shown	 in	 Figure	 IV-1.	 Following	 this,	 the	 crew	

travels	 back	 to	 the	 HAB	 and	 disseminates	 all	 information	 to	 Earth,	 thus	

completing	 the	 TCPED	 process	 for	 that	 investigation.	 The	 time	 lapse	 is	

completed,	dependent	on	the	former	investigation’s	range,	and	this	process	

is	repeated	until	time	no	longer	allows	surface	operations.	
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VII. SIMULATION	

	
This	 chapter	 outlines	 the	 simulation	 activities	 prior	 to	 utility	 analysis.	

Backtesting	the	Apollo	!!-!"	missions	achieves	verification	and	validation	of	

the	 stochastic	 elements	 of	 the	metodology.	The	methodology	 is	 therefore	

verified	 for	accurate	depiction	of	a	historic	space	mission	and	validated	 in	

its	 sufficient	 production	 of	 data	 to	 analyze	 desired	 metrics.	 Prior	 to	

establishment	 of	 baseline	 performance,	 additional	 Martian	 modeling	

components	undergo	testing	through	analysis	vignettes	and	retrodictions	of	

robotic	missions	 to	Mars.	The	 chapter	concludes	by	defining	 the	baseline	

mission	as	the	Design	Reference	Architecture	and	enumerates	constituents	

of	the	tradespace.	
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!. Verification	
	

Following	 the	 same	SoW	 tasks	 laid	 out	 in	 II	§	!,	 the	methodology	

can	be	replicated.	In	this	case,	task	3	for	mission	objectives	is	simply	what	

president	 John	F.	Kennedy	stated	 in	his	 !"#!	speech	–	“achieving	the	goal,	

before	this	decade	is	out,	of	landing	a	man	on	the	moon	and	returning	him	

safely	 to	 the	 Earth.”	 !"#	 	With	 such	 a	 singularly	 directional	 load,	 task	 ,	

provides	only	the	MoE	of	utility	 in	which	the	mission	objective	represents	

its	 entirety.	 To	 facilitate	 validation,	 the	 FoM	 of	 fragility,	 resiliency,	 risk,	

robustness,	and	versatility	are	transferred.	

Task	&:	The	space	mission	arena	in	the	M&S	of	the	Apollo	missions	

includes	 the	 Moon,	 the	 Sun,	 the	 Earth,	 and	 space	 weather.	 Due	 to	 the	

limited	 CONOPS	 of	 the	 missions,	 contributions	 to	 lunar	 modeling	

regarding	 terrain	 elevation	 are	 omitted,	 but	 the	 remaining	 components	

from	 the	 Martian	 model	 remain	 identical	 (except	 the	 inclusion	 of	 Mars	

itself).	Since	 the	mission	 only	 partially	 takes	 place	within	 the	 confines	 of	

Earth’s	magnetic	field,	it	is	still	possible	to	encounter	space	weather	during	

the	 mission,	 and	 its	 method	 of	 inclusion	 is	 also	 identical	 to	 that	 of	 the	

original	Martian	model.	
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	 Task	$	(modeling	mission	systems)	needs	only	to	include	the	launch	

and	space	segments.	Launch	was	achieved	utilizing	the	Saturn	V	(SV).	The	

latter	consisted	of	the	Command	Module	(CM):	the	crew	transit	habitation	

of	 the	 mission,	 the	 Service	 Module	 (SM):	 consisting	 of	 the	 subsystem	

components	 for	 performing	 the	 mission,	 and	 the	 Lunar	 Module	 (LM):	

responsible	for	EDL,	ascent,	and	surface	habitation	of	the	crew	during	the	

lunar	 portion	 of	 the	mission.	When	 the	 CM	 and	 SM	 are	 connected,	 it	 is	

referred	to	as	the	CSM.	

	 Due	 to	 the	 limited	 scope	 and	 historical	 nature	 of	 the	 mission,	

defining	 and	 developing	 the	 CONOPS	 is	 significantly	 reduced.	 Therefore	

task	 &	 consists	 of	 laying	 out	 the	 stochastic	 portion	 of	 the	 mission	

simulation.	 Although	 actual	 PRA	 data	 for	 historic	 NASA	 missions	 is	

protected,	a	 sufficient	model	of	operations	 is	generated	based	on	risk	and	

reliability	 analysis	 of	 the	 mission	 !"#,	 Bayesian	 inference	 !!",	 and	 research	

conducted	 for	other	potential	 lunar	HSF	missions	!!!	 such	as	 the	 cancelled	

Constellation	 program	 !!".	 This	 literature	 review	 effort	 culminates	 in	 the	

following	possibility	of	major	event	occurrences:	
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Table	VII-!:	Major	Lunar	Event	Occurrence	Values	
No. EVENT PO 

1 Launch Success 93.33 
2 CSM Loiter 98.69 
3 CSM Avionics 85.95 
4 CSM ECLSS 94.92 
5 CSM Power 98.17 
6 SM for TLI 99.25 
7 TLI Burn 92.93 
8 Correct Lunar Trajectory 98.69 
9 CSM Habitation 85.71 

10 SM for LOI 99.24 
11 LOI Burn 96.91 
12 LOI Navigation 99.90 
13 ADCS for EDL 99.22 
14 Lunar EDL 94.87 
15 LM Avionics 96.35 
16 LM ECLSS 94.92 
17 LM Power 95.72 
18 LM Habitation 99.93 
19 Lunar Surface Operations 97.76 
20 CM Loiter 99.99 
21 Lunar Ascent 97.41 
22 Rendezvous Maneuver 99.43 
23 ADCS for Docking 99.93 
24 SM for TEI 98.54 
25 TEI 92.71 
26 ADCS for Re-entry 99.22 
27 Re-entry 99.26 
28 β CCF Factor 00.01 
29 γ CCF Factor 00.05 
30 SPE LoC 1.5E-4 
31 SPE LOM 1.5E-3 

		

A	 “baseline”	 of	 performance	 is	 inherent	 in	 the	 fact	 that	 the	Apollo	

program	 consists	 of	 historic	 space	 missions.	 Therefore	 task	 2	 involves	
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gathering	 its	historic	mission	outcomes.	This	 is	 followed	by	 task	3,	which	

defines	 the	 tradespace.	 To	 make	 this	 applicable	 for	 V&V,	 the	 Apollo	

missions	did	 consist	 of	numerous	 landing	 sites	 (Table	VII-2)	!!",	 and	 those	

can	be	“traded”	to	represent	a	tradespace	among	the	mission.	

	

Table	VII-!:	Apollo	Landing	Sites	and	Parking	Orbits	
SITE LAT° LON° ALT (km) Orbit ι 

Descartes Highlands -08.97 15.51 173.00 32.54° 
Fra Mauro -03.65 -17.48 190.79 31.12° 

Hadley-Apennine 26.08 03.66 160.45 29.68° 
Ocean of Storms -03.04 -23.42 190.79 23.42° 

Sea of Tranquility 00.71 23.63 190.95 32.52° 
Taurus-Littrow 20.16 30.77 170.37 28.53° 

	

Additionally,	 redundancy	was	 added	 to	 applicable	 elements	 of	 the	Apollo	

design	 to	 improve	 mission	 performance.	 This	 also	 builds	 upon	 the	

tradespace	 and	 produces	 a	 redundant	 possibilistic	 CONOPS	 through	

integration	of	the	published	PRA	data.	This	version	of	the	model	is	referred	

to	 as	 Model	 with	 Redundancy	 (Model	 w/	 R).	 As	 a	 final	 addition	 to	 the	

tradespace,	the	Bayesian	estimate	of	the	SV	probabilistic	risk	of	failure	prior	

to	Apollo	''	was	+,.,,%	(partial	failure	in	the	Apollo	7	DT&E	mission)	but	

did	 not	 fail	 in	 any	 of	 the	 Apollo	 lunar	 landing	 missions.	 Therefore,	 an	

additional	trade	on	the	SV	launch	to	!%	risk	of	failure	is	added	to	provide	a	
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fully	 redundant	 mission	 design	 representative	 of	 Apollo	 //-!".	 This	 is	

referred	to	as	Model	with	Redundancy	and	Launch	(Model	w/	R&L).	

In	performing	task	0,	the	mission	utility	simulations,	approximately	

!!""	Monte	Carlo	runs	brought	the	mission	results	to	convergence	as	shown	

in	Figure	VII-1.	

	

	
Figure	VII-!:	Apollo	Convergence	Determination	

	

The	results	of	data	aggregation	are	shown	in	Table	VII-3.	These	compare	the	

actual	results	of	the	Apollo	missions	with	the	three	aforementioned	models.	

	

Table	VII-!:	Percent	Apollo	Simulation	Results	
 ACTUAL MODEL w/ R&L MODEL w/ R MODEL w/o R 

Success 85.71 78.55 72.55 42.00 
LoM 14.29 18.91 25.00 47.00 
LoC 00.00 02.54 02.45 11.00 

	



	
							
	

	 	 	156	

The	 simulation	was	 therefore	 able	 to	 replicate	 the	 apparent	utility	 of	 the	

historic	Apollo	missions	 at	!".$%%	 accuracy	 by	 performing	mission	utility	

simulations	 inclusive	 of	 actual	 SV	 performance	 and	 redundancy	

implications	modeling.	Utility	progression	of	 the	models	 indicates	greater	

accuracy	may	be	possible	if	protected	historic	NASA	dataset	can	be	utilized.	

	

!. Validation	
	
	 Showcasing	the	ability	to	quantify	metrics	completes	validation.	

	

Metrics	Analysis:	Following	aggregation	of	the	data,	the	validation	process	

can	 begin	 to	 determine	 if	 the	 M&S	 framework	 produces	 data	 to	 analyze	

metrics	 and	 perform	 analytics.	 Due	 to	 the	 binary	 nature	 of	 utility	 in	 the	

Apollo	 missions,	 its	 average	 value	 is	 equivalent	 to	 the	 percent	 success	

outcome	of	the	mission	simulation.	Utility	of	successful	missions,	therefore,	

is	 always	 ())%	 and	 LoM/LoC	 always	 '%.	This	 held	 true	 across	 the	 three	

models.	 Therefore,	 data	 production	 is	 sufficient	 to	 determine	 the	MoE	 of	

utility.	

	 Analysis	 of	 select	 applicable	 FoM	 requiring	 post-data	 processing	

assists	 in	 validation.	The	 calculation	 of	 risk	 is	 already	 presented	 in	Table	
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VII-3.	The	FoM	of	 fragility	determines	 the	percentage	of	LoS/LoV	directly	

attributing	 to	 LoC/LoM.	 Conversely,	 robustness	 determines	 what	

percentage	of	mission	dynamics	directly	results	in	LoC/LoM.	These	FoM	are	

successfully	calculated	and	are	presented	in	Table	VII-4.		

	

Table	VII-!:	Apollo	Mission	Fragility	and	Robustness	
 FRAGILITY ROBUSTNESS 
 LoM LoC LoM LoC 

Model w/ R&L 94.59 05.41 66.00 34.00 
Model w/ R 96.48 03.52 53.85 46.15 

Model w/o R 93.18 06.82 46.15 53.85 
	

Due	 to	 the	 absence	 of	 partial	 satisfaction	 of	 utility	 and	 the	 results	 of	 the	

fragility	 and	 robustness,	 the	 metrics	 of	 resiliency	 and	 versatility	 simply	

compute	a	delta	of	the	average	utility	values	presented	in	Table	VII-3	of	the	

previous	 section.	 This	 concludes	 the	 metrics	 analysis	 portion	 of	 the	

validation.	

	

Analytics:	 Contributions	 to	 utility	 of	 all	 three	 mission	 models	 indicated	

failure	of	 the	CSM’s	habitation	as	a	major	 contributor	 to	mission	 failures.	

This	is	demonstrated	in	the	following	figures.		
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For	Model	w/	R&L	(fully	redundant,	Figure	VII-2).	

	

	
Figure	VII-!:	Proportion	of	Failure	Contributions	in	Fully	Redundant	

Apollo	Missions	
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Model	w/	R	(redundant,	Figure	VII-3).	
	

	
Figure	VII-!:	Proportion	of	Failure	Contributions	in	Redundant	

Apollo	Missions	
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Model	w/o	R	(non-redundant,	Figure	VII-4).	
	

	
Figure	VII-!:	Proportion	of	Failure	Contributions	in	Non-Redundant	

Apollo	Missions	

	

The	 differential	 in	 these	 failure	 contribution	 proportionalities	 also	

additionally	 verifies	 the	 Simulator’s	 effectiveness	 of	 alterations	 to	 the	

modeling	 input.	Moreover,	 this	 was	 the	 reason	 for	 failure	 of	 the	 actual	

Apollo	 &'	mission,	 reassuring	 the	accuracy	of	mission	 failures	 in	 this	V&V	

process.	
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Additionally,	 the	 CSM	 as	 an	 entire	 mission	 system	 dominated	 the	

cause	 for	 LoV.	Figure	 VII-5	provides	 visual	 representation	 of	 this	 analysis	

with	 the	 fully	 redundant,	 redundant,	 and	 non-redundant	 models	

segmenting	the	outer,	middle,	and	inner	concentric	circles	respectively.	

	
Figure	VII-!:	Ratio	of	Simulated	Apollo	Mission	Vehicle	Failures	

	

In	 summary,	 for	 the	highest	accuracy	model,	 the	CSM	accounted	 for	over	

!"%	of	 vehicle	 failures	 and	 the	 failure	 of	 its	 habitation	 tabulated	 roughly	
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!"%	of	mission	failures,	effectively	replicating	the	source	of	the	only	failed	

Apollo	mission	(Apollo	'()	and	the	numerous	CSM	anomalies	encountered	

in	Apollo	().	

To	 add	 context	 to	 the	 FoM	 calculations,	 the	 mission	 fragility	

performed	 well.	 However,	 it	 failed	 to	 allow	 any	 successful	 mission	

outcomes.	 This	 is	 likely	 due	 to	 the	 jettisoning	 of	 the	 LM	 prior	 to	 TEI,	

making	the	Apollo	/0	solution	impossible	post	 lunar	 landing.	Additionally,	

the	sensitivity	of	systems	through	the	re-entry	phase	and	the	likely	aborting	

of	the	mission	in	case	of	vehicle	failure	prior	to	lunar	EDL	also	contributed	

to	no	successful	mission	outcomes	with	a	LoV	occurrences.	Once	again,	the	

CSM’s	habitation	overwhelmed	LoV	fragility,	with	rare	LoC	outcomes	likely	

occurring	from	CSM	ECLSS	and	LM	power	failures.		

Similarly,	robustness	was	unable	to	achieve	successful	missions	when	

maneuver	 events	 were	 failed	 and	 indicated	 the	 mission	 design	 was	 not	

favorable	 for	 avoiding	 LoC	 in	 such	 a	 case.	 The	 low	 probability	 of	 failed	

events,	however,	made	 this	 effect	minimal.	Major	contributors	 to	 reduced	

robustness	of	the	simulated	Apollo	missions	were	entry	into	incorrect	trans-

lunar	trajectories,	failed	TLI	burns,	and	unsuccessful	ascent	from	the	lunar	

surface.	
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As	expected,	the	trade	of	landing	site	produced	a	correlation	of	+.+-,	

showing	it	potentially	had	no	effect	on	the	mission	outcome.	This	was	also	

apparent	for	the	actual	Apollo	missions,	mostly	due	to	the	lack	of	variation	

in	 EDL	 among	 the	 sites	 and	 a	 near	 absence	 of	 CONOPS	 for	 surface	

operation	to	rely	on	varying	 lunar	topography.	The	MoE	of	utility	and	the	

FoM	 of	 fragility	 and	 robustness,	 along	 with	 the	 total	 number	 of	 failure	

events	 in	 !!""	Monte	Carlo	 runs	of	each	of	 the	 three	mission	models,	are	

used	to	provide	correlational	and	intercorrelational	values	of	metrics	(Table	

VII-5).	

	

Table	VII-!:	Correlation	and	Intercorrelation	Among	Apollo	Mission	
Metrics	

 
Utilit

y 
Events 

LoM 
Fragility 

LoC Fragility 
LoM 

Robustness 
LoC 

Robustness 
Utility X -0.99 -0.59 -0.72 -0.88 -0.88 
Events 

 
X 0.51 0.64 0.92 0.92 

LoM Fragility 
  

X -0.99 -0.13 -0.13 
LoC Fragility 

   
X 0.29 0.29 

LoM 
Robustness     

X -1.00 
LoC 

Robustness      
X 

	

	 Although	it	is	true	that	correlation	does	not	equal	causation	in	most	

instances,	correlation	does	provide	a	quantifiable	metric	for	the	behavior	of	

causation.	This	 is	particularly	useful	 in	stochastic,	complex	systems	where	
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interoperability	and	emergent	behaviors	are	not	fully	understood	or	cannot	

be	 comprehensively	 captured,	 thus	 making	 absolute	 determination	 of	

causation	 impractical.	 It	 is	 also	 useful	 from	 a	 holistic	 designer’s	 or	

operator’s	 perspective	 because	 correlation	 can	 statistically	 implicate	

architectural	and/or	operational	 components	 for	alteration.	Particularly	 in	

experimental	 design,	 defining	 the	 underlying	 facet	 of	 causation	 is	 not	 a	

necessity	 since	 input	 manipulations	 can	 be	 tabulated	 for	 output	

differentials	 even	without	 understanding	 any	 of	 the	 process’	mechanisms.	

Recall	the	definition	of	Black	Box	Theory	in	Chapter	V	which	explains	this	

modeling	phenomena.	

Table	 VII-5	 quantifies	 the	 expected	 utility	 relationships	 of	 failure	

events	and	the	ability	to	result	in	LoC	or	LoM.	The	high	negative	correlation	

signifies	these	mission	concept	properties	as	driving	the	decrease	of	utility.	

The	actual	failure	events	themselves	showed	high	correlation	in	increasing	

the	 ability	 to	 result	 in	 LoC/LoM	 for	 mission	maneuver	 failures,	 but	 only	

modest	 correlation	 for	 increasing	LoC/LoM	 from	LoV/LoS.	This	 is	 further	

supported	by	the	fact	that	as	mission	system	fragility	 increases,	the	ability	

to	 result	 in	 LoC/LoM	 from	 failed	 mission	 operations	 has	 little	 to	 no	

correlation.	As	expected	and	by	definition,	the	LoC	and	LoM	components	of	
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fragility	are	purely	negatively	correlated.	This	is	the	same	for	the	LoC/LoM	

components	 of	 robustness.	This	 is	 due	 to	 separate	 tabulation	 of	 LoC	 and	

LoM	outcomes,	despite	the	fact	that	LoC	technically	also	results	in	LoM.	

	 Due	to	the	historic	nature	of	 the	Apollo	missions	 in	this	M&S	V&V	

effort,	the	predictive,	prescriptive,	and	enterprise	architecting	portion	of	the	

analytics	 are	 omitted.	 The	 methodology	 would	 continue	 into	 task	 ,-	 for	

design	 synthesis	but	validation	has	 successfully	been	achieved.	To	 finalize	

this	V&V	with	evaluation:	following	a	roughly	-.%	accurate	depiction	of	the	

Apollo	 missions	 and	 demonstrated	 capturing	 of	 data	 to	 produce	 desired	

metrics	and	analytics,	the	stochastic	mission	utility	analysis	methodology	is	

considered	verified	and	validated	for	space	missions.	

		

!. Vignettes	

	 Following	 V&V	 of	 the	 methodology,	 the	 same	 reassurance	 is	

achieved	 for	 additional	 modeling	 components	 necessary	 for	 the	 HMM	

through	 simulation	 of	 analysis	 vignettes.	 Each	 vignette	 is	 simulated	 one	

billion	times	to	capture	the	convergence	value	by	the	law	of	large	numbers.	

These	 simulated	 results	 are	 compared	 against	 predicted	 values	 for	 M&S	
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V&V.	 To	 note,	 it	 is	 common	 practice	 to	 calibrate	 modeling	 components	

when	 their	 output	 is	 not	 equivalent	 to	 the	 desired	 values;	 however,	 that	

step	 is	 omitted	 in	 this	 V&V	 as	 the	 compared	 values	 are	 themselves	 a	

prediction	and	do	not	represent	exact	values	from	which	adjustment	should	

occur.	

	

!.# Operational	Weather	

To	simulate	the	HMM,	operational	weather	is	introduced,	requiring	

the	 M&S	 of	 space	 weather	 (SPE	 and	 GCR)	 events,	 as	 well	 as	 Martian	

weather	 (dust	 storms).	 The	 first	 set	 of	 analysis	 vignettes	 involves	

performing	 surface	 operations	 to	 test	 the	 Martian	 dust	 storm	 modeling.	

This	 is	performed	 in	both	 the	northern	and	 southern	hemispheres,	which	

have	 distinct	 weather	 patterns.	During	 each	 vignette,	 local,	 regional,	 and	

global	dust	storm	encounters	are	tabulated	to	compare	expectations.	

	 For	 the	 analysis	 vignettes	 of	 the	 northern	 hemisphere,	 sites	 of	

previous	 landers	 with	 differing	 weather	 predictions	 are	 chosen.	 This	 is	

accompanied	 not	 only	 by	 data	 used	 to	 formulate	 the	model,	 but	 also	 by	

observations	from	Earth	and	the	Viking	program	during	its	missions	!!".	The	

results	are	shown	in	Table	VII-6.	
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Table	VII-!:	Results	of	Dust	Storm	Encounters	At	Northern	Landing	
Sites	During	Analysis	Vignettes	

LANDER LANDING SITE LOCAL 
  PREDICTED SIMULATED 

Beagle 2 Isidius Planitia 80.00 80.60 
Phoenix Vastitas Borealis 70.00 70.53 
Viking 1 Chryse Planitia 90.00 90.67 
Viking 2 Utopia Planitia 90.00 90.67 

	

The	predicted	value	of	regional	dust	storms	for	all	landing	sites	was	6.66%,	

and	an	equivalent	value	was	simulated	for	the	analysis	vignette.	Similarly,	a	

global	percent	 for	 all	 analyzed	 landing	 sites	was	one	 third,	 and	a	value	of	

!!.#$%	was	simulated.	

	 The	same	analysis	vignette	is	performed	for	the	southern	hemisphere	

–	one	for	the	polar	region	and	one	for	sites	mid-latitudes	and	above.	For	the	

region	from	equatorial	towards	mid-latitudes,	former	landing	sites	and	sites	

of	differing	weather	conditions	are	chosen.	Results	are	displayed	below	 in	

Table	VII-7.	
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Table	VII-!:	Results	of	Dust	Storm	Encounters	At	Southern	Landing	
Sites	Above	Mid-Latitudes	During	Analysis	Vignettes	

LANDER LANDING SITE LOCAL 
  PREDICTED SIMULATED 

Curiosity Gale Crater 90.00 90.67 
Opportunity Meridiani Planum 90.00 90.67 

Spirit Gusev Crater 90.00 90.67 
N/A Centauri Montes 60.00 60.45 
N/A Hellas Basin 50.00 50.37 
N/A Mangala Valles 80.00 80.60 

	

Within	 the	 vignette,	 all	 landing	 sites	 achieved	 a	 percent	 probability	 of	

encountering	 a	 regional	 dust	 storm	 at	 !".$%%	 -	 there	 is	 no	 comparison	

value	for	this	modeling	component.	As	in	the	previous	model,	the	predicted	

one-third	 probability	 of	 a	 global	 dust	 storm	 encounter	was	 simulated	 at	

!!.#$%.	

	 No	spacecraft	has	ever	successfully	landed	on	Mars	below	12	degrees	

south	latitude.	Due	to	this,	the	analysis	vignette	consists	of	several	potential	

landing	 sites	 with	 differing	 weather	 conditions	 and	 are	 compared	 to	

observational	values	constituting	the	model.	
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Table	VII-!:	Results	of	Dust	Storm	Encounters	At	Southern	Landing	
Sites	Below	Mid-Latitudes	During	Analysis	Vignettes	

LANDING SITE LOCAL 
Potential Predicted Simulated 

Newton Crater 50.00 50.37 
Proctor Crater 40.00 40.30 

Southern Polar Cap 60.00 60.45 
White Rock 90.00 90.67 

	

In	addition,	 the	analysis	 vignette	also	provides	 the	 seasonal	occurrence	of	

encountered	 storms,	 against	 the	 records	 of	 orbiters	 and	 observers	 (Table	

VII-9)	!!".	

	

Table	VII-!:	Results	of	Seasonal	Dust	Storm	Encounters	During	
Analysis	Vignettes	

LS RANGE SOUTHERN SEASON PREDICTED SIMULATED 
0°-90° Autumn 03.00 08.75 

90°-180° Winter 28.00 25.72 
180°-270° Spring 28.00 54.65 
270°-360° Summer 67.00 66.46 

	

The	discrepancy	following	the	vernal	equinox	is	due	to	the	recent	discovery	

(post	 collection	of	 comparative	dataset)	 that	Type	A	 regional	 dust	 storms	

pervade	the	spring	season.	Thus,	the	comparative	dataset	becomes	outdated	

in	 reference	 to	 modern	 observations	 that	 were	 used	 to	 model	 the	 dust	
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storms.	 This	 was	 maintained,	 however,	 since	 it	 is	 the	 only	 information	

available	to	compare	the	annual	dust	storm	behavior.	

	 Similar	 analysis	 vignettes	 are	 performed	 to	 assess	 space	 weather	

occurrence	 for	missions	 during	 solar	maximum,	 solar	minimum,	 and	mid	

solar	cycle.	These	results	are	listed	in	the	tables	below.	

	

Table	VII-!":	Results	of	Solar	Particle	Event	Encounters	During	
Analysis	Vignettes	

EPOCH PREDICTED SIMULATED 
Solar Maximum 12.00 12.00 
Solar Minimum 0.00 0.00 
Mid Solar Cycle 12.00 12.00 

	

Table	VII-!!:	Results	of	Galactic	Cosmic	Radiation	Storm	Encounters	
During	Analysis	Vignettes	

EPOCH PREDICTED SIMULATED 
Solar Maximum 0.00 0.00 
Solar Minimum 1.20 1.20 
Mid Solar Cycle 1.20 1.20 

	

	

!.# Autonomous	Rendezvous	and	Docking	

Following	launch,	AR&D	is	simulated	prior	to	TMI.	Here,	a	vignette	

involving	three	unmanned	vehicles	and	a	fourth	crew	launch	are	performed	

to	 replicate	 the	 mission	 integration	 required	 for	 the	 DRA.	 While	 the	
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probability	 algorithm	 obtains	 a	 //./1%	 fit	 for	 the	 launch	 range	 of	 the	

tradespace,	 NASA	 states	 that	 the	 probability	 of	 AR&D	 failure	 for	 its	

required	(	launches	equals	!".$$%.	After	performing	Monte	Carlo	runs	of	

this	vignette,	the	mean	outcome	of	AR&D	failures	simulated	!".$$%.		

Additionally,	 it	 is	 presumed	 that	AR&D	 failure	 could	be	 as	 little	 as	

!"%	and	as	high	as	,"%	across	the	tradespace.	Simulating	another	vignette	

at	the	minimal	*	launches	to	perform	AR&D,	and	a	third	at	the	maximum	of	

!"	 launches	 (maximum	 in	 the	 tradespace),	 produced	 )*.,,%	 and	 0*.)1%	

respectively.	These	results	are	captured	in	Table	VII-12.	

	

Table	VII-!":	Results	of	Autonomous	Rendezvous	and	Docking	
Failure	Analysis	Vignettes	

LAUNCHES PREDICTED SIMULATED 
2 10.00 10.21 
4 26.00 25.66 

12 50.00 50.13 
	

Figure	VII-6	displays	 the	predicted	data	points	 in	 reference	 to	 the	derived	

algorithm	in	the	simulator,	which	has	an	R!	value	of	!.###$.	
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Figure	VII-!:	AR&D	Regression	Analysis	

	

!.! Entry,	Descent,	and	Landing	

Regardless	of	exploration	method,	Mars	EDL	is	required	in	a	HMM.	

The	 difference	 between	 surface	 exploration,	 teleoperation,	 and	

telecollaboration	 is	 the	 number	 and	 size	 of	 crewed	 versus	 cargo	 landers.	

Here,	 two	 sets	 of	 vignettes	 are	 performed	 to	 determine	 the	 simulation’s	

ability	to	reach	expected	probabilities	of	EDL	failure.	The	first	set	involves	a	

crew	vehicle,	simulated	at	the	minimum,	maximum,	and	baselines	masses.	

In	simulating	the	crewed	EDL	vignette,	the	following	results	were	obtained.	
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Table	VII-!":	Results	of	Crewed	Entry,	Descent,	and	Landing	Failure	
Analysis	Vignettes	

TONNES PREDICTED SIMULATED 
13.8 05.00 04.91 
40.0 27.12 29.69 
46.5 50.00 46.40 

	

Furthermore,	 the	 predicted	 values	 are	 shown	 graphically	 in	 Figure	 VII-7	

against	the	derived	algorithm,	which	has	an	R!	value	of	!.##$!%.	

	

	
Figure	VII-!:	Crew	EDL	Regression	Analysis	

	

The	 second	 set	 of	 vignettes	 involves	 a	 cargo	 vehicle,	 also	 at	 the	DRA	and	

extrema	mass	values.	Its	simulated	results	are	shown	in	Table	VII-14.	
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Table	VII-!":	Results	of	Cargo	Entry,	Descent,	and	Landing	Failure	
Analysis	Vignettes	

TONNES PREDICTED SIMULATED 
00.8 05.00 04.75 
40.0 19.00 27.38 
46.5 50.00 36.61 

	

NASA	DRA	values	were	included	in	the	computational	analysis	of	the	cargo	

EDL	dataset	since	regression	analysis	could	still	produce	an	algorithm	with	

a	#$.&'%	fit	as	shown	in	Figure	VII-8.		

	

	

	
Figure	VII-!:	Cargo	EDL	Regression	Analysis	

	

The	DRA	divergence	towards	the	endpoint	of	the	predicted	range	skews	the	

agreement	of	predicted	and	simulated	outcomes	around	its	./	t	data	point.	
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This	was	allowed	 in	the	cargo	EDL	model,	as	NASA	has	been	significantly	

more	 successful	 at	 this	 task	 than	 any	 other	 space	 agency	 –	 allowing	 for	

reduced	possibilistic	failure	rates.		

	

!.# Habitation	System	Failure	

Once	 EDL	 is	 completed,	 mission	 systems	may	 now	 operate	 at	 the	

Martian	surface.	With	this	comes	the	possibilistic	outcome	of	their	system	

failures;	 however,	 habitation	 systems	 require	 additional	 modeling	

components	 due	 to	 variations	 of	 composition	 in	 the	 tradespace.	 To	 test	

these,	four	vignettes	involving	occupation	of	each	type	of	habitation	system	

(rigid,	inflatable,	rigid	with	inflatables,	and	in-situ)	are	performed.	Over	the	

one	 billion	 runs,	 the	 following	 results	 are	 obtained	 for	 the	 possibilistic	

outcome	of	habitation	system	failure.	

	

Table	VII-!":	Results	of	Surface	Habitation	Failure	Analysis	Vignettes	
SYSTEM PREDICTED SIMULATED 

Rigid + Inflatable  1.00  1.00 
Rigid 12.00 12.00 

Inflatable 27.00 27.00 
In-situ 42.00 42.00 
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With	no	 outliers	 and	 a	 coefficient	 of	 determination	 of	 0.2	 (Figure	 VII-9),	

there	is	statistically	no	difference	in	the	predicted	and	simulated	outcomes	

of	surface	habitat	failures,	as	shown	in	Table	VII-15.	

	

	
Figure	VII-!:	Habitat	Failure	Regression	Analysis	

	

!. Scenarios	

	 Here,	MSL’s	Curiosity	mission	 is	 simulated	 to	 test	 the	performance	

of	cargo	deployment	to	Mars.	Just	like	the	Apollo	missions	to	the	Moon,	it	is	

not	 possible	 to	 know	 exact	 values	 for	 pre-mission	 probabilities	 but	 the	

Simulator’s	 output	 values	 can	 be	 numerically	 compared	 to	 actual	
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performance.	 In	 essence,	 the	 Curiosity	 mission	 was	 a	 success	 but	 its	

probability	 of	 successful	 execution	 and	 risk	 of	 failure	 cannot	 be	 precisely	

determined.	

	 Curiosity	was	 launched	 from	 an	Atlas	 V	 launch	 vehicle,	 entering	 a	

brief	semi-parking	orbit	before	departing	to	Mars.	At	Mars,	the	-.-	t	vehicle	

performed	 direct	 entry.	 After	 performance	 of	 the	 descent	 and	 landing	

stages,	 the	!""	kg	Curiosity	 rover	was	deposited	to	 the	surface	of	Mars	at	

Gale	Crater	!!".	The	Simulator	retrodicts	that	the	probability	of	MSL	success	

was	between	!!.!#	and	().*+	percent.	The	range	is	given	as	the	difference	

in	 utility	 between	 redundancy	 implications	 in	 the	 model,	 similar	 to	 that	

detailed	 in	backtesting	of	 the	Apollo	missions.	Also	 similar	 to	Apollo,	 the	

utility	may	represent	a	percent	of	mission	success	with	a	singular	objective.	

	 In	 fact,	 this	 same	 scenario	 can	 be	 run	 for	 all	 of	 NASA’s	 previous	

robotic	programs:	Mars	Scout	Program	(Phoenix,	MSP)	!!"	(Phoenix),	MER	!!"	

(Spirit	 and	Opportunity),	Mars	 Surveyor	 Program	 !!"	 (Mars	 Polar	 Lander),	

MESUR	!"#	 (Pathfinder	with	Sojourner),	 and	Viking	!"!	 (Viking	 (	 and	+),	as	

well	 as	 an	 orbiting	 vehicle	 and	 the	 future	 rovers	 conjectured	 in	 the				

HERRO	!"	architecture.	The	results	of	these	scenarios	are	listed	below.		
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Table	VII-!":	Utility	and	EDL	Error	of	Robotic	Mars	Mission	Scenarios	

NAME LAUNCH ENTRY 

EDL 
MASS 

kg DUPLICATE 

UTILITY 
RANGE 

% 

EDL 
ERROR 

km 
HERRO Direct MOI 11700 NO 77.42 - 89.94 2.53 
Orbiter Direct MOI N/A NO 83.90 – 97.92 N/A 

MSL LEO Direct 3300 NO 77.73 - 92.68 5.52 
MSP LEO Direct 582 NO 78.23 - 93.27 26.05 
MER LEO Direct 827 YES 94.38 - 96.74 38.28 

Survey LEO Direct 494 NO 73.53 - 92.39 N/A 
MESUR LEO Direct 584 NO 73.51 – 92.37 55.28 
Viking LEO MOI 1050 YES 81.21 - 89.54 77.67 
	

If	 a	 program	 consisted	 of	 duplicate	 landers,	 the	 value	 presented	 is	 the	

percent	probability	 that	 at	 least	one	of	 the	 landers	was	 successful.	This	 is	

done	 to	 test	 cargo	 deployment	 duplication	 in	 the	 Simulator.	 It	 was	 also	

attempted	to	test	the	effect	of	technology	readiness	level	(TRL)	and	mission	

readiness	 level	 (MRL)	 maturation,	 using	 the	 tradespace	 to	 replicate	 its	

effects.	Both	of	these	were	successfully	displayed	in	the	utility	values.	As	a	

note,	all	of	the	historic	missions,	except	the	Mars	Polar	Lander	of	the	Mars	

Surveyor	Program,	were	successful.	

	 Also	 inherent	 in	 the	 scenarios	 is	 the	 testing	 of	 the	 EDL	modeling	

approach.	 The	 EDL	 error	 is	 presented	 as	 the	 average	 ground	 distance,	 in	

kilometers,	in	which	the	vehicle	landed	away	from	its	targeted	landing	site.	

Model-wise,	 it	 tests	 the	stochastic	algorithms	responsible	 for	selecting	 the	
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ellipse	and	generating	the	EDL	error	distance.	Compared	to	actual	results,	

MSL	 and	 MSP	 experienced	 roughly	 average	 EDL	 error,	 while	 MER	

performed	 well	 above	 average,	 even	 exceeding	 the	 later	 performance	 of	

Phoenix	(Figure	VII-10).	

	

	
Figure	VII-!":	Comparison	of	Simulated	and	Actual	EDL	Downrange	

Errors	

	

!. Tradespace	
	
	 All	 mission	 design	 options	 are	 added	 to	 the	 model	 to	 facilitate	

tradespace	 exploration.	 All	 constituents	 are	 shown	 in	Figure	 VII-11.	 Each	
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subsection	that	follows	describes	the	method	for	tradespace	inclusion.	Bear	

in	 mind,	 the	 modeling	 methods	 for	 the	 tradespace	 are	 exclusive	 to	 this	

analysis,	and	the	values,	ratios,	and	proportionalities	most	certainly	do	not	

hold	true	outside	of	the	tradespace	used	for	this	research.	

	

	
Figure	VII-!!:	Mission	Tradespace	

	

	

!.# Mission	Class	

The	first	design	trade	is	for	Earth	departure	and	decides	whether	to	

send	cargo	for	the	mission	a	synodic	period	prior	to	crewed	vehicle(s)	-	this	
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is	 considered	 a	 pre-deployed	 or	 split	mission.	 It	 is	 also	 possible	 for	 both	

cargo	 and	 crew	 to	 travel	 at	 relatively	 the	 same	 time	 or	 even	 in	 the	 same	

vehicle(s)	and	this	is	referred	to	as	the	all-up	approach.	This	is	handled	by	

the	time	of	deployment	of	mission	systems	in	the	simulation.	

	

!.# Launch	and	Ascent	Design	

Four	 approaches	 to	 deployment	 are	 included	 in	 this	 analysis;	 !)	

direct:	 the	 direct	 injection	 into	 an	 interplanetary	 transfer	 orbit;	 4)	 the	

incremental	 launch	 of	 a	 large	 vehicle	 that	 is	 constructed	 in	 LEO	 or	

areocentric	orbit	by	AR&D:	this	is	the	LEO	option	in	the	launch	trade	and	

the	AREO	option	in	the	ascent	trade;	#)	cycler:	the	hyperbolic	rendezvous	

with	a	Earth-Mars	cycler	vehicle;	and,	1)	siphon:	the	repetitive	launching	of	

a	 fully	 reusable	 propellant	 tanker	 for	 the	 interplanetary	 transfer	 vehicle.	

This	 is	 modeled	 through	 the	 number	 of	 launches	 and	 AR&D	maneuvers	

that	are	required.		

	 In	addition,	the	cycler	option	assumes	just	one	cycling	vehicle	flyby	

per	deployment;	meaning,	it	assumes	only	one	vehicle	per	deployment.	This	

option	 also	 increases	 the	 probability	 of	 TMI	 or	 TEI	 failure	 due	 to	 the	

introduction	of	a	hyperbolic	rendezvous.	This	increase	is	equivalent	to	the	
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decrease	 in	 MRL	 of	 a	 typical	 interplanetary	 injection	 compared	 to	 the	

hyperbolic	 rendezvous:	 +"".""%	 at	 Earth	 and	 +!!.!!%	 at	 Mars.	 AR&D	

possibilistic	 values	 are	 used	 to	 construct	 the	 vehicle	 in	 LEO	 before	 the	

maneuver.	The	launch	window	option	of	±23	days	is	also	reduced	to	±	*	day,	

which	 allows	 for	 three	 orbit	 revolutions	 (nominal,	 as	 well	 as	 one	 orbit	

before	and	after)	to	initiate	the	hyperbolic	rendezvous	before	the	additional	

ΔV	 and	 catch-up	 time	 make	 the	 maneuver	 infeasible	 with	 the	 budgeted	

propellant.	The	additional	propellant	mass	for	the	architecture	mass	budget	

can	be	computed	using	a	derivation	of	the	ideal	rocket	equation.	

	

𝑀!! =  𝑚 ∗  1−  𝑒
!∆!

!!"!! 	 (VII-!)	

	

ISP	(specific	 impulse)	 is	 determined	 to	 be	!""	 s	 for	nuclear	based	 on	 the	

Nuclear	Engine	for	Rocket	Vehicle	Application	(NERVA)	program	and	%!"	s	

for	chemical	propulsion.	This	is	also	used	for	the	propellant	mass	reduction	

during	MOI.	The	!	km/s	∆𝑉	at	Earth	and	!"	km/s	∆𝑉	at	Mars	derived	from	

the	 CPOM	 !"	 are	 used	 for	 all	 architectures.	 Cycler	 missions	 are	 also	 of	

greater	duration,	which	increases	the	consumables	requirement	of	the	crew	

if	not	relying	on	ISRU.	
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	 Additionally,	 the	 siphon	 option	 increases	 payload	 capacity	 at	 the	

payload	mass	fractions	of	the	ITS	and	ESA	all-up	architectures.	Due	to	the	

method	 of	 propellant	 delivery,	 one	 or	 more	 additional	 launches	 are	

required,	 but	 the	 number	 of	 required	 launches	 for	 mission	 systems	 is	

reduced.	 The	probability	 of	AR&D	 failure	 is	 also	 increased,	 and	 its	 rate	 is	

equivalent	 to	 the	 MRL	 ratio	 for	 AR&D	 and	 propellant	 depot	 transfer	

(+##.##%).	 The	 overall	 probability	 of	 failure	 is	 not	 a	 function	 of	 the	 total	

number	of	 launches,	but	an	 iterative	chance	of	 failure	 for	each	propellant	

tanker	 launch	 with	 the	 additional	 complexity	 of	 propellant	 transfer	 (the	

tanker	 is	not	a	part	of	 the	 final	 integration).	If	used	for	ascent	 from	Mars,	

one	 additional	 launch	 is	 required	 and	 the	 same	 increase	 in	AR&D	 failure	

probability	is	applied.	

	

!.# Interplanetary	Propulsion	

To	 enable	 tradespace	 exploration	 across	 both	 interplanetary	

propulsion	 means	 expressed	 in	 the	 delineation,	 the	 option	 for	 chemical	

propulsion	 is	 added	 to	 the	 model.	 In	 accordance	 with	 the	 mass	 budget	

ground	rule,	the	remaining	concept	design	variable	for	alteration	following	

a	 trade	 in	 propulsion	 system	 is	 payload	 mass.	 The	 magnitude	 of	 change	
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from	selection	is	also	dependent	on	the	launch	design	as	displayed	in	many	

of	the	proposed	architectures	studying	both	chemical	and	nuclear	options.	

	 In	the	case	of	performing	EDL	from	an	indirect	TMI,	a	trade	from	a	

nuclear	 to	 chemical	 propulsion	 decreases	 payload	 mass	 by	 !"%.	

Correspondingly,	 a	 swap	 of	 chemical	 propulsion	 for	 a	 nuclear	 increases	

payload	mass	by	!"%.	If	the	vehicle	performing	MOI	does	not	perform	EDL	

and	is	responsible	for	the	return	of	the	crew	to	Earth,	the	associated	payload	

mass	alterations	are	-!"%	and	+"#$%	respectively	!".	

	 For	 missions	 utilizing	 direct	 injection,	 the	 trade	 on	 interplanetary	

propulsion	 represents	 a	 trade	 of	 the	 vehicle’s	 upperstage	 for	 TMI.	 Since	

these	vehicles	are	limited	to	the	capacity	of	just	one	launch,	their	gear	ratios	

differ	 for	 crew	 and	 cargo	 vehicles	 as	 a	 consequence	 of	 the	 interplanetary	

trajectories	ground	rule.	Here,	a	crewed	MT	vehicle	trading	to	nuclear	from	

chemical	propulsion	experiences	a	!"%	increase	 in	payload	mass	or	a	!"%	

decrease	in	payload	mass	for	the	vice-versa	trade.	In	contrast,	cargo	vehicles	

experience	 a	 !"%	 increase	 and	 !"%	 decrease	 respectively	 !".	 The	 single	

launch	 restriction	 also	 makes	 the	 differential	 in	 gear	 ratio	 due	 to	 EDL	

choice	for	this	design	negligible.	
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	 The	 possibilistic	 value	 for	mission	 event	 occurrences	 involving	 the	

propulsion	system	were	generated	assuming	nuclear	propulsion.	If	chemical	

propulsion	 is	 chosen,	 these	 associated	 events	 decrease	 by	 the	 percent	

increase	of	TRL	from	nuclear	to	chemical	propulsion:	11%.	

	

!.# Mars	Orbit	Insertion	

The	 trade	 of	 capturing	 the	 vehicle	 into	 an	 areocentric	 orbit	 upon	

arrival	 at	 Mars	 is	 broken	 down	 into	 aerodynamic	 and	 propulsive	

approaches.	 They	 involve	 utilizing	 the	 Martian	 atmosphere	 in	 an	

aerobraking/aerocapture	 fashion	or	 a	 propulsive	 deceleration	 respectively.	

Such	a	trade	has	been	extensively	researched	in	formation	of	both	the	DRA	

and	Mars	Direct	architectures.	

	 While	 propulsive	MOI	 is	 well	 established,	 aerocapture	 is	 a	MRL	 5	

maneuver	 !"".	 It	 is	 performed	 by	 a	 targeted	 trajectory	 through	 the	 upper	

Martian	atmosphere,	bringing	the	vehicle	very	close	 to	 its	desired	parking	

orbit.	After	the	aerodynamic	portion,	an	orbit	 insertion	burn	is	performed	

to	 raise	 periapsis	 out	 of	 the	 atmosphere,	 thus	 completing	 MOI.	 With	

designs	to	salvage	the	launch	shroud	as	the	TPS	for	this	maneuver,	it	can	be	

enabled	with	just	a	small	amount	of	propellant	for	the	post	periapsis	MOI.	
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This	is	in	contrast	to	the	large	amount	of	propellant	that	needs	to	be	carried	

to	Mars	 for	 a	 propulsive	MOI	!".	 By	 removing	 this	 excess	 propellant	 and	

associated	 tankage	 mass,	 an	 additional	 )).))%	 of	 payload	 mass	 can	 be	

inserted	 into	 areocentric	 orbit.	 Conversely,	 propulsive	 MOI	 delivers	 /0%	

less	payload	mass	than	aerodynamic	MOI	maneuvers	!".	Since	the	failure	of	

any	 aerodynamic	 MOI	 has	 already	 been	 researched	 and	 captured	 in	 the	

possibilistic	 event	 values,	 there	 are	 no	 further	 changes	 to	 the	 concept	

design	vector	from	this	trade.	

	

!.! Exploration	Type	

The	 mission	 may	 choose	 between	 three	 approaches	 to	 exploring	

Mars:	 ')	EDL	 to	 the	 surface,	4)	 teleoperation	 from	areocentric	orbit,	 or	 ;)	

telecollaboration	 which	 is	 a	 combination	 of	 the	 previous	 two.	 This	

significantly	alters	the	phasespace	trajectory	of	the	mission	concept	and	is	

handled	by	introducing	telepresence	behavior.	
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!.# In-situ	Propellant	Production	

Methane	and	oxygen	are	the	leading	candidates	for	fuel	and	oxidizer	

of	ISPP	!".	There	is	significant	research	throughout	the	literature	that	details	

their	production	from	Martian	in-situ	resources	!",	!"#,	!"#.	Therefore,	though	

it	 is	 TRL	 !,	 ISPP	 is	 a	 highly	 researched	 area	 of	 HMMs.	 The	 National	

Research	 Council	 identified	 that,	 on	 average,	 removing	 ISPP	 capability	

would	increase	the	initial	mass	in	LEO	by	$%%	to	$)%	and	the	gear	ratio	by	

!"%	 to	 '(%	 !".	 This	 assessment	 of	 payload	 mass	 held	 true	 across	 all	

propositions’	analyses	utilizing	AoA	of	BYOP	and	ISPP,	with	most	nearing	

the	 latter	due	 to	 ISPP	 sizing	uncertainty.	 For	 this	 reason,	 the	 selection	of	

ISPP	increases	the	payload	capacity	 in	the	concept’s	design	vector	by	78%	

but	unlocks	 the	possibilistic	 events	 associated	with	 ISPP	 in	 the	CONOPS.	

Analysis	of	Mars	Hybrid	Direct	architecture	has	computed	that	ISPP	can	be	

utilized	 for	Mars	 ascent	 as	 well	 as	 TEI	 !".	This	 is	 captured	 in	 the	 siphon	

design	trade	at	Mars.	

	

!.# In-situ	Resource	Utilization	(Consumables)	

One	aspect	of	ISRU	for	consumables	is	extracting	water	and	oxygen	

for	 life	support	!"#.	Many	of	these	processes	are	the	same	reactions	used	in	
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ISPP	 !"#.	 In	 addition,	 robotic	 missions	 have	 shown	 hydrated	 minerals	

abundant	on	Mars’	surface	!".	In	particular,	gypsum	may	be	widely	available	

at	water	concentrations	between	-.%	and	1.%	and	even	 flowing	aqueous	

solutions	 are	 present	 at	 large	 slopes	 and	 recurrent	 slope	 lineae	 !"#.	

Therefore,	the	ISRU	of	oxygen	and	water	on	Mars’	surface	for	consumables	

is	 equivalent	 to	 that	 of	 ISPP,	 with	 an	 additional	 margin	 for	 regolith	

extraction.	

	Agronomy	 is	 also	 a	 consideration	 in	 ISRU	 of	 food.	 Viking	 has	

provided	 significant	 ground	 truth	 data	 that	 suggests	Martian	 soil	 is	 quite	

fertile	 for	plant	growth	!".	 In	addition,	 significant	 research	has	 shown	that	

soil	dependencies	can	be	eliminated	or	augmented	by	hydroponics.	In	this	

approach	 it	 is	 possible	 to	 produce	 algae,	 cyanobacteria,	 duckweed,	 grains	

and	 legumes,	 as	 well	 as	 subterranean	 crops	 like	 potatoes	 and							

groundnuts	!"#,	!"#.	

	 While	 ISRU	 of	 consumables	 can	 replace	 the	 consumption	 of	 food,	

water,	 and	 oxygen,	 it	 is	 not	 apparent	 that	 it	 can	 replace	 or	 substantially	

alleviate	the	ECLSS	for	habitation.	According	to	an	investigation	by	MIT	on	

this	topic,	an	attempt	to	do	so	would	require	the	need	to	produce	nitrogen	

for	 habitat	 safety	 and	 could	 in	 fact	 introduce	 a	 toxic	 atmosphere	 for	 the	
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crew	!".	 For	 this	 reason,	 selection	 of	 ISRU	 for	 consumables	 eliminates	 all	

mass	 associated	 with	 consumables	 cargo	 denoted	 in	 the	 consumables	

assumption,	 except	 the	 ()%	 contingency.	 Its	 mass	 penalty	 on	 the	

architecture	 is	 equivalent	 to	 ISPP	 and	 increases	 to	 45%	 when	 used	 in	

conjunction,	since	it	will	only	tax	additional	production.	This	is	because	the	

production	of	oxygen	is	the	main	driver	of	ISPP	!".	

	

!.# In-situ	Resource	Utilization	(Materials)	

Since	materials	for	building	are	high	mass	for	cargo	transport	to	the	

Martian	surface,	crucial	materials	such	as	plastics	and	metals	can	be	made	

or	 extracted	 or	 produced	 !"#.	 The	main	 production	 material	 is	 iron,	 and	

subsequently	 carbonyl	 iron,	 which	 is	 overwhelming	 abundant	 on	 Marts.	

Additionally,	the	four	main	alloying	elements	for	steel	(carbon,	manganese,	

phosphorus,	 and	 silicon)	 are	 prevalent	 on	 Mars,	 other	 alloying	 elements	

such	 as	 chromium,	 nickel,	 and	 vanadium	 are	 also	 present,	 and	

decomposition	can	obtain	pure	components	of	nickel,	chromium,	osmium,	

iridium,	ruthenium,	rhenium,	cobalt,	and	tungsten	!".		

Aluminum	can	be	extracted	from	Martian	alumina,	which	comprises	

!%	of	the	Martian	surface	by	weight.	Silicon	dioxide	or	silica	comprises	/0%	



	
							
	

	 	 	190	

of	the	Martian	surface	by	weight	and	can	be	used	to	create	silicon.	The	silica	

can	 also	 be	 used	 to	 create	 ceramics;	 however,	 glass	 cannot	 be	 produced	

from	 the	 silica	 until	 all	 iron	 oxide	 has	 been	 removed.	 If	 hydrogen	 is	

incorporated	 it	 is	 also	 possible	 to	 produce	 ethylene.	 For	 construction,	 it	

should	also	be	noted	that	the	presence	of	gypsum	on	Mars	could	be	used	to	

make	 plaster	 or	 baked	 to	 produce	 lime	 that,	 combined	 with	mortar,	 can	

produce	cement.	Additionally,	gypsum,	being	aqueous	in	nature,	is	ideal	for	

creating	bricks	!".	Therefore,	the	materials	for	producing	in-situ	resources	

are	abundant.	This	supports	both	in-situ	habitation	as	well	as	materials	for	

additive	manufacturing	(0-D	printing)	in	the	tradespace	of	ORU	mass.		

	

!.# Habitation	(Rigid)	

Habitation	 vehicles	 and	 systems	 stretch	 across	 both	 the	 space	 and	

surface	elements.	It	is	their	SW&P	that	is	of	primary	concern	to	determine	

the	mass	penalty	against	 the	architecture	and	 the	volume	 impacts	against	

the	 crew’s	 ergonomic	 coefficient.	 For	 the	 surface	 element,	 a	 point	 mass	

located	at	the	 landing	site	 location	following	EDL	represents	 it.	When	the	

crew	is	collocated	with	this	coordinate	the	crewmember	is	said	to	be	in	the	

habitat.		
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!.#$ Habitation	(Inflatable)	

Inflatable	 space	 habitats	 are	 derived	 from	 Bigelow	 Aerospace’s	

evolution	 of	 the	 NASA	 TransHab	 concept.	 In	 comparing	 their	 B<<=	 to	

standard	 rigid	construction	of	 the	 ISS’	Destiny	Module,	 inflatable	habitats	

are	able	to	offer	roughly	./0%	the	volume	with	a	one-third	increase	in	mass	

!"#.	Therefore,	selection	of	inflatable	habits	in	a	concept	follows	this	concept	

vector	alteration,	affecting	variable	considered	in	the	ergonomic	coefficient	

status	of	the	crew	and	architecture	mass	budget.	

On	the	surface,	 inflatable	habitats	are	able	 to	expand	rigid	ones,	as	

proposed	 in	 the	Mars	 Base	 /0	 concept	 !"#.	Here	 the	 inflatable	 structure	 is	

added	 as	 an	 expansion	 to	 a	 rigid	 structure	 of	 the	 tolerable	 mass/volume	

limit.	 This	 inherently	 offers	 redundancy	 against	 the	 inflatable	 habitat	

failure.	The	effect	on	habitation	possibilistic	failure	for	these	design	trades	

was	discussed	in	the	decomposition	section	of	the	CONOPS	chapter.	

	

!.## Habitation	(In-situ)	

Unlike	 inflatable	 habitats	 that	 were	 conceived	 by	 analyzing	 future	

capabilities,	 in-situ	 habitats	 were	 idealized	 by	 analyzing	 ancient	

civilizations.	 Methods	 to	 construct	 habitats	 from	 in-situ	 resources	 are	
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evident	 among	 ancient	 ruins	 across	 the	 Earth.	 The	most	 notable	 are	 the	

subterranean	cities	across	Cappadocia,	Turkey	(most	notably	Derinkuyu)	!"#,	

the	 Ellora	 Caves	 located	 in	 Maharashtra,	 India	 !"#,	 and	 the	 temples	 and	

pyramids	 of	Giza,	 Egypt.	 These	 three	main	 structure	 types	 (underground,	

carved,	 and	 terrace)	 have	 been	 investigated	 for	 their	 construction	 !"!	 and	

analyzed	 for	 utilization	 of	 Martian	 habitats	 !"#.	 This	 includes	 in-situ	

construction	by	the	crew,	derived	from	the	Coral	Castle	 in	Florida,	United	

States	!"".	

	 The	capability	for	such	habitation	is	possible	for	all	landing	sites	due	

to	the	Martian	terrain	and	the	utilization	of	regolith.	Due	to	the	presence	of	

hexavalent	 chromium	 and	 perchlorates,	 the	 system	 mass	 of	 inflatable	

habitats	must	be	 transferred	over	 to	ensure	a	hermetic	design,	 along	with	

the	expected	mass	of	mobile	field	units	researched	by	Los	Alamos	National	

Laboratory	!"#,	!"#.	Such	additions	lead	to	the	increase	of	the	habitation	mass	

component	 of	 the	mass	 budget	 by	 22%	with	 the	 achievement	 of	 optimal	

volume	for	the	crew.		
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!.#$ Mobility	Systems	

VI	§	!	details	the	logistics	in	which	mobility	systems	are	used.	Here,	

the	 mass	 and	 capabilities	 are	 detailed.	 Mobility	 systems	 can	 be	 either	

pressurized	 or	 not,	 and	 are	 of	 small,	 medium,	 or	 large	 relative	 size.	 The	

pressurized	 rovers	 are	 derived	 from	 the	 DRA	 !",	 while	 the	 unpressurized	

rovers	 are	 derived	 ratios	 of	 the	 lunar	 rover	 !"#.	 In	 addition,	 a	 suborbital	

mobility	capability	is	included	for	pressurized	logistics	–	this	requires	ISPP	

and	 is	 based	 on	 SpaceX’s	 RedDragon	 !"#.	 An	 aerial	 system	 is	 inserted	 for	

unpressurized	logistics	derived	from	NASA	rotocraft	research	!"#.	These	are	

listed	in	Table	VII-17.	

	

Table	VII-!":	Mass	and	Speed	of	Mobility	Systems	
TYPE SIZE MASS (t) SPEED (m/s) 

Pressurized 

Suborbital 6.5 N/A 
Large 3.5 3.0 

Medium 1.5 0.5 
Small 0.5 0.1 

Unpressurized 

Aerial 2.5 40.0 
Large 0.3 5.0 

Medium 0.2 3.6 
Small 0.1 1.8 

	

For	 the	 non-suborbital	 mobility	 systems,	 the	 speed	 is	 considered	 a	

maximum,	and	is	altered	by	trafficability	in	the	model.	Mobility	systems	are	
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run	with	modest	capacity	–	they	only	support	a	crew	of	two	and	are	capable	

of	$%%	km	total	distance	or	-	weeks	duration	before	requiring	resupply	!".	

	

!.#$ Rovers	

Modeled	 specifically	 for	 teleoperation,	 scientific	 rovers	 are	 also	

modeled	 by	 relative	 size	 in	 the	 same	 fashion	 as	 mobility	 systems.	 Small	

rovers	are	modeled	after	the	MER	Spirit	and	Opportunity	!!".	The	medium-

sized	 rovers	 are	derived	 from	 the	MSL	Curiosity	 rover	!!"	with	 an	order	of	

magnitude	 increase	 in	 speed	 to	 match	 lunar	 rovers	 of	 equivalent	 size.	

Lastly,	 larger	 rovers	 are	 taken	 from	 the	 potential	 rovers	 presented	 in	 the	

NASA	HERRO	architecture	!".	The	aerial	option	is	equivalently	derived	from	

its	mobility	counterparts.	The	suborbital	trade	is	identical,	and	in	this	case	

represents	a	mobility	system	for	teleoperated	rovers.	Model	parameters	for	

scientific	rovers	are	detailed	below	where	mass	is	broken	into	rover	mass	for	

systems	deployed	on	the	surface	and	EDL	mass	for	systems	deployed	from	

orbit	and	performing	independent	transit	to	the	surface.	
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Table	VII-!":	Mass	and	Speed	of	Scientific	Rovers	
SIZE MASS (t) EDL MASS (t) SPEED (m/s) 

Suborbital 6.0 6.0 N/A 
Aerial 5.6 20.5 60.0 
Large 3.5 11.7 1.00 

Medium 0.9 3.3 0.40 
Small 0.2 0.8 0.05 

	

	

!.#$ Solar	Weather	Indications	and	Warnings	

A	system	for	alerting	the	crew	of	impending	SPEs	is	not	only	critical	

in	 surface	 exploration	 but	 also	 transits	 !".	 SPEs	 are	 unpredictable	 to	 the	

extent	 that	 warning	 times	 at	Mars	may	 be	 as	 short	 as	 ()	minutes	 if	 only	

relying	 on	 the	 Earth	 and	 its	 current	 solar	 sensor	 assets.	 Improvement	 on	

this	time	is	possible	with	solar	sensors	to	monitor	behavior	and	infer	solar	

storm	probabilities	!"#.	Warning	times	are	dependent	on	the	positioning	of	

these	SPE	 I&W	assets;	 in	 this	model	 they	are	placed	at	 the	Sun-Mars	 first	

Lagrange	point	 for	 including	 a	Mars	 SPE	 I&W	upgrade.	The	 concept	may	

instead	or	additionally	upgrade	the	Earth’s	SPE	I&W	architecture	with	the	

placement	 of	 two	 new	 sensor	 systems	 –	one	 at	 the	 (th	 and	 %th	 Sun-Earth	

Lagrange	points.	The	option	between	Earth	reliant	processing	and	on-board	

processing	 (OBP)	 is	 also	present.	 	 If	 a	 solar	 storm	 is	determined	 to	occur	
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during	the	mission,	the	inclusion	of	these	solar	I&W	sensor	system	can	both	

increase	 the	warning	 times	 to	 the	crew	as	well	 as	 increase	 the	probability	

that	 the	 storm	 is	 sensed	 (PS).	 The	 indications	 portion	 of	 the	 sensor	 was	

described	in	the	CONOPS.	Below	are	modeling	parameters	of	the	solar	I&W	

sensor	system	design	options	!"#.	

	

Table	VII-!":	Solar	Weather	Indications	and	Warning	Modeling	
Parameters	

UPGRADES SCENARIO WARNING 
TIMES (min) 

PROBABILITY OF 
SENSING 

None 
At Mars 13.3 50.0% 
Transit 30.5 71.2% 

Mars Only 

At Mars 13.3 71.8% 
At Mars w/ OBP 28.7 71.8% 

Transit 30.5 71.9% 
Transit w/ OBP 30.5 71.9% 

Earth Only 
At Mars 13.3 83.3% 

At Mars w/ OBP 24.6 83.3% 
Transit 30.5 90.4% 

Transit w/ OBP 30.5 90.4% 
Earth and  

Mars 

At Mars 13.3 91.4% 
At Mars w/ OBP 28.8 91.4% 

Transit 30.5 90.4% 
Transit w/ OBP 30.5 90.4% 

	

At	this	time	it	is	not	considered	feasible	to	perform	I&W	of	GCR	storms	and	

thus	that	potential	system	is	omitted	in	the	tradespace.	
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!.#! Epoch	

The	mission	may	 be	 chosen	 to	 start	during	 either	 solar	minimum,	

maximum,	or	mid	solar	cycle.	If	the	architecture	is	of	the	pre-deploy	class,	

than	 the	 pre-deployment	 takes	 place	 during	 the	 preceding	 epoch	 to	 that	

chosen	 for	 the	 mission	 start.	 The	 modeling	 of	 solar	 cycles	 is	 already	

included	in	the	model	as	discussed	in	V	§	!.	

	

!.#$ Initial	Intelligence	

Introduced	in	VI	§	!	was	the	inclusion	of	Martian	intelligence	in	the	

CONOPS.	 Here,	 its	 initial	 value	 in	 the	 concept	 design	 vector	 is	 traded	

among	the	values	of	certain,	probable,	and	neutral	to	capture	the	effects	of	

initial	knowledge	regarding	Mars	on	the	mission.	

	

!.#$ Precursor	Mission(s)	

VI	§	!	outlines	the	three	precursor	missions	that	may	be	selected	in	

this	 portion	 of	 the	 tradespace.	 They	 include	 a	 crewed	 cis-lunar	 mission,	

crewed	 flyby	 of	Mars,	 an	 uncrewed	 landing	 on	Mars,	 or	 any	 combination	

thereof.	This	is	included	to	capture	the	effects	of	precursor	missions	on	the	
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HMM	outcome	and	to	determine	their	necessity.	They	are	traded	by	their	

associated	P!	values	as	discussed	in	its	prospective	CONOPS	section.	

	

!.#$ Redundancy	

While	the	inclusion	of	ORUs	in	the	model	was	required	to	simulate	

the	DRA,	a	few	other	methods	of	redundancy	from	various	propositions	are	

introduced	to	complete	its	effect	on	the	tradespace.	This	includes	complete	

duplication	 of	 all	 non-crewed,	 non-transit	 mission	 system,	 modeled	 by	

Equation	VII-!	and	the	subsequent	propagation	of	the	redundant	system	in	

the	mission.		

	

𝑃!′ =  1−  (1−  𝑃!)!	 (VII-!)	
	

Secondly	it	includes	a	transshipment	capability,	which	requires	the	splitting	

of	the	crew	into	two	separate	transit	vehicles	that	travel	at	identical	times.	

The	duo	mission	redundancy	option	assumes	transshipment	crew	splitting,	

as	well	 as	a	duplication	of	all	 crewed	systems,	as	 in	Concept	/-!-!.	ORUs	

may	be	produced	on	Mars	utilizing	5-D	printing.	Such	an	approach	requires	

two	systems,	one	for	plastics	and	one	for	metals	!"#.	The	capability	results	in	
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an	$.&	t	reduction	in	required	ORU	mass	!"!	but	must	be	pre-deployed	to	the	

Martian	surface	(along	with	the	selection	of	ISRU)	to	be	considered	viable.	

Lastly,	 for	 pre-deploy	 class	 missions,	 all	 pre-deployed	 assets	 can	 be	

duplicated.	

	

!.#$ End	of	Mission	

There	are	three	trades	for	the	design	of	the	mission	at	the	conclusion	

of	 exploration.	 Return	 assumes	 returning	 the	 crew	 back	 to	 Earth	 at	 the	

predetermined	 time	 introduced	 in	 the	 logistics	 section	 of	 the	 CONOPS	

chapter.	The	tour-of-duty	option	also	assumes	the	returning	of	the	crew	to	

Earth,	but	only	once	exploration	 is	 completed	at	Mars.	 Sustainability	past	

the	 period	 of	 a	 typical	 return	 mission	 is	 confirmed	 by	 either	 continued	

operation	of	in-situ	systems	or	the	successful	deployment	of	a	cargo	vehicle	

to	 the	 crew’s	 exploration	 location	 every	 synodic	 period.	 Lastly,	 the	

colonization	option	assumes	no	return	of	the	crew	to	Earth.	Similar	to	the	

tour-of-duty	option,	the	crew	continues	exploration	until	completion	of	the	

mission	with	 identical	check	 for	 in-situ	operation	or	successful	delivery	of	

sustaining	cargo.	
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!.#$ Landing	Site	

Though	 stochastically	 selected	 for	 the	 mission	 and	 not	 externally	

traded,	it	is	possible	to	code	the	model	to	only	select	a	specific	landing	site,	

only	 select	 one	 in	 a	 specific	 geographic	 region	 (only	 northern	 or	 only	

southern	 landing	 sites,	 etc.),	 or	make	 a	 selection	 of	 certain	 qualification	

(such	as	only	those	below	the	areoid).	This	provides	insight	into	the	effects	

of	 varying	 dust	 storm	 weather	 on	 the	 mission,	 and	 metadata	 can	 also	

provide	the	effect	of	initiating	the	mission	at	various	Martian	seasons.	

	

!.#$ Entry,	Descent,	and	Landing	Accuracy	

Just	as	the	landing	site,	while	it	is	randomly	selected	in	the	mission,	

the	EDL	accuracy	selection	can	be	manually	overridden.	The	trade	therefore	

includes	the	EDL	accuracy	during	the	years	3456	(Viking	–	!""	x	%&"	km),	

!""#	(MESUR	–	!"	x	%""	km),	%""*	(MER	–	!"	x	%&"	km),	!""+	(MSP	–	!"	

x	#$$	km),	)$#)	(MSL	–	!	x	$%	km),	a	future	capability	of	7	x	7!km,	and	a	

precise	trade	option,	as	shown	in	Figure	VI-1	on	page	!!".	
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!.## Crewmembers	

Lastly,	the	mission	may	select	its	number	of	crewmembers	–	either	',	

!,	 or	 &.	 In	 reference	 to	 this	 section,	 the	 concept	 design	 vector	 is	 affected	

through	habitat	volume	and	mass,	and	consumables,	as	well	as	number	of	

traverse	 groups	 with	 a	 change	 in	 crew	 size.	 The	 number	 of	 included	

mobility	or	rover	systems	is	also	equivalent	to	the	number	of	crewmember	

pairs	(additional	for	redundancy).	

	

!. Propagation	

	
	 Following	incorporation	of	a	tradespace,	the	potential	mission	paths	

in	the	Simulator	updates	to	Figure	VII-12.	
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Figure	VII-!":	Mission	State	Diagram	with	Tradespace	

	
In	combination	with	the	contingency	actions	presented	in	VI	§	6,	the	abort	

sequences	are	deduced.	These,	however,	are	much	more	dynamic	in	nature	

and	do	not	represent	predetermined	paths	throughout	mission	simulation.	
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VIII. RESULTS	

	
The	 results	 of	 simulation	 for	mission	utility	 analysis	 are	presented	 in	 this	

chapter.	 Firstly,	 the	 baseline	 results	 of	 the	Design	Reference	Architecture	

are	 displayed.	 From	 this,	 comparing	 the	 simulation	 results	 to	 those	 of	

default	mission	definitions	from	the	proposed	mission	concepts	completes	

an	analysis	of	alternatives.	This	 is	 followed	by	a	sequential	presentation	of	

simulation	results	facilitating	concept	development	and	experimentation	of	

the	human	Mars	mission	as	a	whole.	
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!. Aggregation	
	
	 Data	 from	 the	 Simulator	 is	 aggregated	 and	 the	 outputs	 are	 listed	

below:	

MoE:	
• Utility	 (Median,	 Mean,	 Mean	 Absolute	 Deviation,	 Standard	

Deviation,	Maximum,	Minimum)	
o Utility	only	when	the	mission	is	successful	
o Utility	only	when	the	crew	launches	

• Success	(Mean,	Standard	Deviation,	Maximum,	Minimum)	
• Productivity	(Mean,	Standard	Deviation,	Maximum,	Minimum)	
• Ability	(Mean,	Standard	Deviation,	Maximum,	Minimum)	

	
FoM:	

• Mission	Length	(Mean,	Standard	Deviation,	Maximum,	Minimum)	
• Number	of	Assets	
• Number	of	Launches	
• Fragility	(LoM,	LoC)	
• Producibility	
• Resiliency	(Overall,	Vehicles,	Systems,	Dynamics)	
• Risk	(LoM,	LoC)	
• Robustness	(LoM,	LoC)	
• Temporalness	(Autumnal,	Winter,	Vernal,	Summer,	Solar	Maximum,	

Solar	Minimum,	Mid	Solar	Cycle)	
	

Higher	Fidelity	Results:	
• End	Status	
• Was	there	a	Mission	Dynamic?	
• Was	there	a	Loss	of	Vehicle?	
• Was	there	a	Loss	of	System?	
• Final	Mission	Phase	
• End	Event	
• Abort	Phase	
• Abort	Event	
• Landing	Site	
• EDL	Accuracy	
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• Was	there	an	SPE?	If	so,	when?	
• Was	there	a	GCR?	If	so,	when?	
• Was	there	a	Dust	Storm(s)	encounter?	
• Habitat	Failure?	
• ISPP	Failure?	
• ISRU	Failure?	
• Initial	Intelligence	Value	
• Ascent	Vehicle	Ground	Distance	
• Habitat	Ground	Distance	
• Parking	Orbit		

	
BlackBox:	

• Utility	as	a	function	of	time	
• Probability	of	existence	as	a	function	of	time	
• Ergonomic	coefficient	as	a	function	of	time	
• Event	log	
• Investigation	log	
• Habitat	volume	as	a	function	of	time	
• Scientific	mass	as	function	of	time	
• ORU	mass	as	a	function	of	time	
• Status	log	
• Mission	phase	log	

	

!. Baseline	

	 The	DRA	completed	/	million	Monte	Carlo	runs,	which	was	sufficient	

to	exhibit	convergence	behavior	(Figure	VIII-1).	
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Figure	VIII-!:	DRA	Convergence	Behavior	

	

It	 was	 found	 that	 the	 pre-deployment	 phase	 of	 the	 mission	 alone	 was	

exceptionally	 difficult.	 In	 the	 DRA	 this	 includes	 two	 aerodynamic	 MOIs,	

one	of	a	DHV	and	an	unfueled	MAV.	The	MAV	then	performs	EDL	to	the	

Martian	 surface	 and	 attempts	 to	 initiate	 ISPP.	 It	 is	 this	 pre-deployment	

sequence	that	failed	in	/0./2%	of	simulations.		

	 As	shown	in	Figure	VIII-2,	the	sequence	of	four	launches,	two	AR&D	

integrations,	 and	 two	 TMIs,	 accounted	 for	 %&.()%	 of	 pre-deployment	

failures,	 with	 the	 subsequent	 completion	 of	 the	 two	 nuclear	 TMIs	 of	 the	

integrated	 stacks	being	 the	greatest	 single	 contributor.	Aerodynamic	MOI	
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and	EDL	of	the	-.	t	MAV	rounded	out	the	top	failure	events	at	45.78%	and	

!.#$%	respectively.	

	

	
Figure	VIII-!:	DRA	Pre-Deployment	Failure	Events	

	

	 However,	the	mission	is	sequential,	and	the	above	results	are	due	to	

the	fact	that	launch,	AR&D,	and	TMI	are	the	initial	mission	events	for	pre-

deployment,	 thus	occur	more	often	 than	subsequent	phases	when	 failures	

are	 present.	 Figure	 VIII-3	 shows	 that	 when	 the	 two	 cargo	 vehicles	
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successfully	 initiate	 Mars	 transit,	 the	 leading	 cause	 of	 pre-deployment	

failure	from	then	on	is	the	aerodynamic	insertion,	which	comprises	,-./0%	

of	failures.	

	

	
Figure	VIII-!:	DRA	Post	TMI	Pre-Deployment	Failure	Events	

	

Similarly,	proceeding	the	MOI	phase	of	pre-deployment,	the	leading	cause	

of	 failure	 is	 loss	 of	 the	 cargo	 vehicle	 during	 EDL	 as	 displayed	 in	 Figure	
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VIII-4.	Here	it	comprises	-../0%	of	failures,	with	ISPP	failure	contributing	

!".$!%.	

	

	
Figure	VIII-!:	Post	MOI	Pre-Deployment	Failure	Events	

	

	 Although	 only	 representing	 the	 remaining	 !%	 of	 mission	

simulations,	 results	 for	 the	post	 pre-deployment	 (PPD)	crewed	portion	of	

the	mission	are	still	obtained	by	isolating	the	runs	in	which	pre-deployment	

was	 successful.	Of	 these,	 only	 slightly	more	 than	one	percent	 successfully	
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saw	the	crew	complete	the	mission	and	return	to	Earth;	meaning,	the	DRA	

successfully	completed	the	mission	in	only	1.13%	of	the	total	simulations.	

The	 failures	 for	 the	 crewed	 portion	 of	 the	 mission	 are	 shown	 in	 Figure	

VIII-5.	
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Figure	VIII-!:	Post	Pre-Deployment	Mission	Failure	Events	
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	 An	abort	was	required	in	!".$$%	of	the	missions	in	which	the	crew	

initiated	 its	 journey,	 resulting	 in	 a	 LoM.	 These	 contributing	 events	 are	

shown	in	Figure	VIII-6.		

	

	
Figure	VIII-!:	DRA	Post	Pre-Deployment	LoM	Events	

	

Again,	 these	 failure	 events	 are	broken	down	 into	post-TMI	and	post-MOI	

mission	failure	events,	shown	in	Figure	VIII-7	and	Figure	VIII-8	respectively.	
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Figure	VIII-!:	DRA	Post	Pre-Deployment	Post-TMI	LoM	Events	
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Figure	VIII-!:	DRA	Post	Pre-Deployment	Post-MOI	LoM	Events	

	

However,	 only	 !"."$%	 of	 aborts	 were	 actually	 successful,	 with	 the	

remaining	resulting	in	LoC.	These,	along	with	events	that	directly	resulted	

in	LoC	are	broken	down	in	Figure	VIII-9.	
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Figure	VIII-!:	DRA	LoC	Events	

	 	

The	following	figures	break	down	the	LoC	contributing	events	into	phases.	

The	first	is	for	events	on	the	way	to	Mars	(Figure	VIII-10).	

	

Launch	

TMI	

TMI	Stranded	

Mars	Transit	

Mars	Transit	
LoV	

Mars	Transit	
HAB	

Mars	
EDL	

MTV	Loiter	MAV	Damaged	

Ascent	

Ascent	Abort	

MTV	AR&D	

TEI	LoV	

TEI	

Earth	Transit	
LoV	

Earth	Transit	
HAB	 EOI	

Earth	EDL	 CCF	

REID	 Human	
Error	

GCR	 MAV	Range	 Miss	
Return	
Window	



	

	 	 	216	

	
Figure	VIII-!":	DRA	LoC	Events	to	Mars	

	

This	is	followed	by	events	at	Mars	(Figure	VIII-11).	

	
Figure	VIII-!!:	DRA	LoC	Events	at	Mars	
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After	which,	displayed	are	Martian	return	events	(Figure	VIII-12).	

	

	
Figure	VIII-!":	DRA	LoC	Events	Returning	from	Mars	

	

Post-TMI	LoC	events	are	also	broken	down	(Figure	VIII-13).	
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Figure	VIII-!":	DRA	Post-TMI	LoC	Events	

	

Figure	VIII-14	displays	LoC	events	post-MOI.	

	
Figure	VIII-!":	DRA	Post-MOI	LoC	Events	
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Figure	VIII-15	outlines	post-HAB	LoC	events.	

	
Figure	VIII-!":	DRA	Post-HAB	LoC	Events	

	

LoC	events	Post-TEI	are	shown	in	Figure	VIII-16.	

	
Figure	VIII-!":	DRA	Post-TEI	LoC	Events	
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Additional	 results	 of	 the	 DRA	 performance	 in	 this	 baseline	

simulation	 can	 be	 expressed	 from	 the	metrics.	 The	 above	 demonstrated	

significant	LoM	outcomes	during	mission	simulation,	which	is	supported	by	

the	 results	 of	 the	 risk	metric	 in	Table	 VIII-1.	However,	 this	 is	misleading	

with	so	many	pre-deployment	failures.	The	risk	is	then	recalculated	for	PPD	

when	the	crew	launches.	To	clarify,	although	the	mission	is	also	loss	in	LoC	

outcomes,	 the	 LoM	 percentages	 are	 tabulated	 for	 simulations	 where	 the	

mission	is	loss	but	the	crew	is	not.	This	helps	distinguish	mission	outcome	

factors.	 However,	 by	 absolute	 definition,	 the	 cumulative	 LoM	 outcome	

percentage	is	the	sum	of	LoM	and	LoC	totals.	

	

Table	VIII-!:	DRA	Risk	
ALL	 PPD	

LOM	 LOC	 LOM	 LOC	
!".$%%	 !.#$%	 !".!$%	 !".""%	

	 	

Resiliency	results	show	that	overall	the	DRA	is	able	to	handle	perturbations	

in	its	intended	phasespace	trajectory	with	little	to	no	change	in	utility	when	

mission-altering	events	occur.	Splitting	resiliency	into	its	two	components,	

the	 same	 is	 true	when	 only	 a	mission	 dynamic	 occurs	 during	 simulation;	

but,	the	average	utility	of	the	mission	is	reduced	by	nearly	67%	when	a	LoS	

or	 LoV	 occurs.	 With	 these	 mission	 system	 losses,	 the	 metric	 of	 fragility	
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demonstrates	that	LoM	was	the	result	in	23.56%	of	these	cases	and	LoC	in	

!.#$%.	Additionally,	 the	robustness	metric	shows	#:.;<%	LoM	and	!.#!%	

LoC	in	mission	dynamic	instances.	This	of	course	is	skewed	by	dominance	

of	pre-deployment	failure.	If	only	considering	when	the	crew	launches,	the	

resiliency	 indicates	 that	 the	 average	 utility	 doubles,	 the	 resiliency	 with	

mission	dynamics	exhibits	equivalent	behavior,	and	the	resiliency	with	LoS	

and	LoV	shows	about	a	*+%	decrease	 in	utility.	PPD	 fragility	 is	+.!"%	for	

LoM	and	().+,%	for	LoC;	robustness	alters	to	,-./0%	LoM	and	/5.56%	LoC.		

	 Results	 of	 temporal	 variability	 showed	 little	 variance	 in	 utility	

between	 the	 mid	 solar	 cycle	 epoch	 and	 solar	 maximum,	 but	 exhibited	 a	

!".$%%	decrease	when	selecting	solar	minimum.	This	is	due	to	GCRs.	There	

is	 no	 statistically	 significant	 variation	 in	 utility	when	 varying	 the	 starting	

Martian	 season	 during	 simulation,	 with	 autumnal,	 winter,	 vernal,	 and	

summer	utilities	being	roughly	equivalent.	

	 The	 DRA	 was	 able	 to	 achieve	 as	 a	 maximum	 its	 45	 feasible	

investigations	of	the	-.	(cannot	achieve	investigation	XIII	since	the	concept	

does	 not	 include	 exploration	 of	 Phobos	 or	 Deimos	 and	 cannot	 achieve	

investigation	XV	because	the	crewed	MOI	is	not	aerodynamic).	Therefore,	

its	maximum	utility	 in	the	mission	 is	/0.0%,	which	 it	was	able	 to	achieve.	

However,	the	average	of	these	metrics,	as	well	as	success	and	productivity,	
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over	 all	 simulations	 is	 extremely	 low,	mostly	 due	 to	 the	 pre-deployment	

failures.	As	a	final	result,	the	average	utility	of	the	simulations	in	which	the	

crew	was	able	to	complete	the	mission	without	LoC	or	LoM	is	$$.&'%.	

	 Lastly,	 the	higher	 fidelity	 results	of	 the	 simulation	are	 listed	 in	 the	

table	below.	

	

Table	VIII-!:	DRA	Higher	Fidelity	Results	
Result	 Value	

Mission	Dynamic	Occurrence	 99.40%	
End	Phase	Mode	 PD	TMI	
End	Event	Mode	 TMI	
Abort	Occurrence	 98.24%	
Abort	Phase	Mode	 PD	TMI	
Abort	Event	Mode	 PD	TMI	

Pre-Deployment	Failure	 94.98%	
Dust	Storm	Encounter	 94.07%	

LoS	 2.36%	
LoV	(Cargo)	 94.20%	
LoV	(Crew)	 2.80%	
HAB	Failure	 0.04%	

HAB	Power	Failure	 0.04%	
	

These	 results	 reinforce	 the	 previous	 figures	 and	 provide	 insight	 into	 the	

simulation	 at	 a	 deeper	 level.	 The	 most	 significant	 result	 not	 previously	

discussed	 is	 the	 fact	 that	 both	 a	 mission	 dynamic	 and	 a	 dust	 storm	

encounter	occur	in	almost	every	mission.	
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!. Defaults	
	
	 Following	 establishment	 of	 the	 baseline,	 AoA	 is	 initiated	 by	

simulating	 the	default	concepts.	The	mission	concepts,	as	defined	 in	 their	

respective	 publications,	 were	 introduced	 in	 the	 delineation	 chapter	 and	

shown	in	Table	III-7	on	page	!".	Figure	VIII-17	shows	the	box-plot	results	of	

simulating	these	default	mission	concepts.	

	

	
Figure	VIII-!":	Utility	of	Default	Concepts	

As	seen	in	the	figure,	the	median	value	of	utility,	as	well	as	the	interquartile	

range	(IQR),	of	all	mission	concepts	 is	zero,	 indicating	an	overwhelmingly	

high	 number	 of	mission	 failures.	 The	 red	 outlier	marks	 indicate	 both	 the	
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distribution	 of	 remaining	 outcomes	 as	 well	 as	 potential	 maximum	

achievement	of	utility.		

	 Figure	VIII-18	displays	the	median	and	IQR	for	values	only	when	the	

crew	launches.	

	

	
Figure	VIII-!":	Utility	of	Default	Concepts	When	the	Crew	Launches	

Median	and	Interquartile	Range	
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greater	 dispersion	 of	 data.	 Overall,	 the	 results	 remove	 the	 effect	 of	 pre-

deployment	 on	mission	 concepts	 of	 the	 split	mission	 class	 and	 show	 the	
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potential	of	cargo	deployment	improvement.	The	figure	below	displays	this	

same	 results	but	 relative	 to	 the	baseline	 for	AoA.	This	 relative	measure	 is	

quantified	 by	 mean	 and	 standard	 deviation.	 The	 difference	 between	 the	

measures	of	the	mean	and	median	reinforce	the	fact	that	mission	outcomes	

that	are	not	failures	are	outliers.		

	
Figure	VIII-!":	Relative	Utility	of	Default	Concepts	

Mean	and	Standard	Deviation	

	

	 Lastly	for	utility,	the	median	value	of	simulations	in	which	the	crew	

successfully	completes	the	mission	without	LoC	or	LoM	is	presented	below.	

Here	the	bars	represent	the	median	absolute	deviation	(MAD).	
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Figure	VIII-!":	Utility	of	Default	Concepts	During	Successful	Missions	

Median	and	Median	Absolute	Deviation	
	

The	 figure	 above	 represents	 a	 measure	 of	 relative	 maximum	 utility	

achievement.	 The	 results	 uncover	 significant	 differential	 in	 these	 utility	

values	 in	 comparison	 to	 those	 of	 all	 mission	 simulations.	 The	 results	

therefore	indicate	the	potential	of	CD&E.	

	 Beyond	MoE,	 the	most	 concerning	FoM	 is	 risk,	which	presents	 the	

percent	 probability	 of	 LoM	 and	 LoC	 in	 the	 mission.	 For	 the	 default	

concepts,	this	metric	is	displayed	below.	
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Figure	VIII-!":	Risk	of	Default	Concepts	

	

Again	these	values	are	presented	for	PPD	when	the	crew	initiates	its	portion	

of	 the	 mission,	 removing	 the	 skew	 of	 significant	 pre-deployment	 failure	

LoM	outcomes.	
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Figure	VIII-!!:	Risk	of	Default	Concepts	When	the	Crew	Launches	

	

Even	with	the	removal	of	pre-deployment,	Figure	VIII-22	shows	that	almost	

all	simulations	across	all	mission	concepts	result	in	either	LoM	or	LoC,	with	

a	 substantial	 shift	 to	 LoC	 outcomes	 in	 PPD	 since	 the	 crew	 is	 involved	 in	

every	 simulation.	 Overall,	 results	 of	 investigating	 the	 outcome	 of	 default	

mission	concepts	are	quite	unfavorable	for	the	HMM.	

	

!. Best-Case	Scenario	

	 Following	the	discovery	of	the	difficulty	to	perform	the	mission	from	

simulation	of	default	concepts,	the	maximum	achievable	value	of	utility	for	
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the	default	concepts	is	determined.	This	is	first	addressed	by	simulating	the	

best-case	scenario	(Figure	VIII-23):	simulating	the	mission	but	removing	all	

mission	dynamics	and	LoS/LoV.	 It	 is	 therefore	a	measure	of	utility	 for	 the	

performance	 of	 a	 perfect	 mission.	 The	 only	 remaining	 factors	 are	 the	

constitutive	 variables	 of	 the	 operational	 weather.	 Additionally,	 the	

randomly	selected	landing	error	ellipse	is	reduced	to	the	selection	of	either	

the	precise	or	future	!	x	!$	kilometer	accuracy.	The	latter	is	included	due	to	

unavoidable	 uncertainty	 of	 the	 topographically	 forced	 winds	 of	 Mars’	

atmospheric	environment,	which	can	produce	EDL	errors	 in	excess	of	one	

kilometer	even	for	perfectly	executed	EDL	phases.	!"	.	

	

	
Figure	VIII-!":	Utility	of	Default	Concepts’	Best-Case	Scenario	
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	 Though	 the	 best-case	 scenario	 is	 an	 unrealistic	 simulation,	 it	 does	

establish	 a	maximum	achievable	 utility	 for	 the	 default	 concepts.	 In	 doing	

so,	the	simulations	display	a	segregation	of	results.	This	can	be	seen	more	

clearly	in	terms	of	the	median	and	MAD	–	shown	in	Figure	VIII-24.	

	

	
Figure	VIII-!":	Median	Utility	of	Default	Concepts'	Best-Case	Scenario	

Median	and	Median	Absolute	Deviation	

	

These	results	are	very	similar	to	the	data	obtained	from	successful	mission	

simulations	 of	 the	 default	 concept	 but	 have	 significantly	 reduced	

dispersion.	 Despite	 this	 being	 a	 best-case	 scenario,	 some	 concepts	 still	

display	 relatively	 low	 values	 of	 utility.	 This	 result	 stems	 from	 inadequate	
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consideration	of	ergonomics	in	the	architecture,	resulting	in	overwhelming	

physiological	 and	psychological	 impacts	 to	 the	 crew	 regardless	 of	mission	

execution.	

	 The	 metric	 of	 risk	 is	 also	 shown	 for	 these	 best-case	 scenarios,	 as	

presented	below.	

	

	
Figure	VIII-!":	Risk	of	Default	Concepts'	Best-Case	Scenario	

	

With	the	performance	of	a	perfect	mission	comes	the	reduction	of	overall	

percent	 risk	 by	 an	 order	 of	magnitude.	 The	 remaining	 LoC	 outcomes	 are	

due	to	operational	weather	encounters	and	REID,	while	the	LoM	outcomes	

arise	from	losses	of	cargo	systems/vehicles	due	to	the	space	environment.	
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	 These	therefore	also	represent	a	statistical	minimum	of	percent	risk	

for	 the	 default	 mission	 concepts,	 true	 under	 the	 given	 assumptions	 of	

weather	impacts.	The	results	of	best-case	scenario	simulations	present	one	

major	 impact	 to	 HMM	 CD&E:	 no	 matter	 how	 perfectly	 the	 mission	 is	

performed,	if	the	architecture	does	not	sufficiently	accommodate	the	crew	

then	 the	 mission	 utility	 will	 remain	 low	 due	 to	 ergonomic	 impacts	 that	

deplete	successful	scientific	investigations.	

	

!. Crew	Accommodation	

	 Following	 best-case	 scenario	 simulations,	 the	 tradespace	 is	 used	 to	

accomplish	crew	accommodations.	 It	 is	 the	 first	phase	 in	which	simulated	

mission	 concepts	 veer	 from	 the	 default	 definitions.	 In	 this	 initial	

exploration,	 only	 architecture	 design	 trades	 that	 are	 directly	 able	 to	

maximize	 the	 ergonomic	 coefficient	 are	 considered.	 The	 crew	 size	 and	

surface	 systems	 are	 held	 constant	 during	 this	 phase	 along	 with	 mission	

design	variables.	In	the	below	figure,	it	can	be	seen	that	this	alteration	does	

indeed	 improve	 the	 mission	 concepts’	 performances	 in	 the	 best-case	

scenario.	
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Figure	VIII-!":	Utility	of	Crew	Optimized	Best-Case	Scenario	

	

With	the	best-case	completed,	the	results	of	these	crew-optimized	concepts	

in	a	normal	mission	simulation	are	shown	below.		
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Figure	VIII-!":	Utility	of	Crew	Optimized	Concepts	

	

These	results	show	that	although	the	maximum	performance	of	the	concept	

is	 significantly	 improved	with	 accommodation	 of	 the	 crew	 in	 the	mission	

architecture,	this	improvement	does	not	transfer	to	the	performance	of	the	

concepts	 in	 mission	 simulations.	 Figure	 VIII-28,	 however,	 does	 show	 an	

increase	 to	 the	 IQR	 for	 pre-deployment	 concepts	 that	 reach	 PPD.	

Therefore,	 there	 is	 slight	 improvement	 over	 the	 default	 results	 but	 not	

sufficient	to	increase	the	median.	
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Figure	VIII-!":	Utility	of	Crew-Optimized	Concepts	When	the	Crew	

Launches	

	

The	same	PPD	effect	is	shown	in	the	relative	utility	along	with	an	increase	

of	the	mean	and	broadening	of	the	standard	deviation.	
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Figure	VIII-!":	Relative	Utility	of	Crew-Optimized	Concepts	

	

The	 potential	 of	 this	 optimization,	 however,	 is	 realized	 in	 the	 results	 of	

simulations	 in	 which	 the	 mission	 is	 successful.	 Those	 utility	 values	 are	

compared	below	using	the	median	and	MAD	values.	
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Figure	VIII-!":	Utility	of	Crew-Optimized	Concepts	During	Successful	

Missions	

	

	 The	 results	 of	 the	 risk	 metric,	 however,	 are	 relatively	 unchanged.	

The	 remaining	 architectural	 factor	 is	 the	 inclusion	 of	 surface	 systems,	

which	 allow	 for	mobility	 and	 scientific	 investigations	 on	Mars’	 surface	 or	

teleoperation	 from	 areocentric	 orbit.	 Results	 indicate	 that	 even	 with	

improved	 ergonomics	 from	 crew	 optimization,	 if	 the	 crew	 cannot	

sufficiently	 complete	 the	 allotted	 investigations	 in	 the	 surface	 duration,	

then	 utility	 will	 still	 experience	 reductions	 due	 to	 mission	 concept	

definition.	
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!. Surface	Exploration	
	
	 To	 address	 the	 aforementioned	 lapse	 in	 surface	 exploration	

performance,	 the	 tradespace	 is	 opened	 up	 to	 include	 crew	 size	 as	well	 as	

surface	systems.	It	should	be	noted	that	the	above	crew-optimized	concept	

results	 are	 used	 to	 guide	 understanding	 of	 architectural	 tradespace	

exploration	 affects.	 While	 crew	 optimization	 is	 still	 a	 requirement,	 the	

tradespace	 is	 left	open	and	 these	crew-optimized	concepts	 themselves	are	

not	 held	 constant.	 Figure	 VIII-31	 summarizes	 the	 results	 of	 surface	

exploration	optimization.	

	

	

Figure	VIII-!":	Utility	of	Surface	Exploration	Optimized	Concepts	
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	 While	 the	 distribution	 can	 be	 seen	 to	 slide	 more	 towards	 the	

maximum	 level	 of	 utility	 achievement	 compared	 to	 the	 default	 results,	

these	 values	 are	 still	 considered	 outliers	 and	 the	 median	 utility	 of	 all	

mission	 concepts	 remain	 zero.	 Similar	 to	 the	 overall	 results,	 the	 PPD	

performance	is	also	relatively	unchanged.	However,	a	shift	in	the	dispersion	

of	the	data	does	create	change	in	the	relative	results	(Figure	VIII-32).	

	
Figure	VIII-!":	Relative	Utility	of	Surface	Exploration	Optimized	

Concepts	
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The	process	improvement	displays	itself	in	the	results	of	successful	missions	

of	the	surface	exploration	optimized	concepts	as	shown	below.	

	

	

Figure	VIII-!!:	Utility	of	Surface	Exploration	Optimized	Concepts	
During	Successful	Missions	

	

While	 many	 of	 the	 concepts	 are	 still	 unchanged,	 Mars	 Direct	 showed	

significant	improvement	in	this	optimization	process	and	has	risen	from	the	

worst	to	the	best	concept	in	terms	of	median	utility	and	displacement.	

	 Again	 the	 metric	 of	 risk	 is	 relatively	 unchanged.	 It	 now	 becomes	

clear	that	no	architectural	reconfiguration	can	produce	significant	increase	
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in	utility	or	decreases	in	risk	when	considering	all	mission	simulations,	and	

that	 a	 complete	 redefinition	 of	HMM	concepts	must	 be	 created	 from	 the	

available	 tradespace.	 This	 is	made	 hopeful	 by	 the	 results	 of	 the	 best-case	

scenario	simulations	that	alter	the	effect	of	mission	execution.	

	

!. Apollo	Benchmark	

	 In	 place	 of	 the	 best-case	 scenario,	 the	 architecturally	 optimized	

concepts	 are	 simulated	 against	 the	benchmark	of	 the	Apollo	missions.	As	

the	only	HSF	mission	beyond	LEO	and	one	in	which	the	utility-to-risk	ratio	

was	 sufficiently	 high	 to	 pursue	 3	 missions,	 it	 provides	 insights	 into	 the	

mission	concepts	to	answer	the	question:	If	the	Mars	exploration	portion	of	

the	 HMM	 could	 be	 performed	 as	 easily	 as	 Apollo,	 what	 utility	 could	 be	

accomplished?	 This	 is	 the	 first	 step	 in	 understanding	 the	 impact	 of	

components	for	mission	design	in	the	tradespace.	

	 Merging	the	PO	values	for	the	lunar	mission	with	that	of	the	current	

HMM	 enables	 these	 simulations.	 This	 is	 done	 before	 opening	 up	 the	 full	

tradespace	 to	 include	mission	design	 trades	 in	order	 to	determine	a	more	

realistic	performance	benchmark.	While	these	results	are	plotted	below,	 it	

should	 be	 noted	 that	 the	 obtained	 utility	 is	 not	 fully	 relevant	 to	 each	
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concept	because	if	the	HMM	could	truly	be	performed	as	easily	as	a	lunar	

mission,	the	mission	concept	approach	would	also	drastically	change.	

	

	

Figure	VIII-!":	Utility	of	Architecturally	Optimized	Concepts	at	
Apollo	Difficulty	

	

Though	 the	 median	 result	 for	 all	 concepts	 is	 still	 zero,	 the	 decrease	 in	

difficulty	 significantly	 increased	 the	 IQR	 for	 concepts	 of	 limited	 mission	

phases	 (all-up	or	colonization)	or	with	 transshipment	 (Concept	)-!-!	and	

its	 revised	 version).	 The	 increase	was	 large	 enough	 for	 the	 Revised	 *-!-!	

concept	that	its	dataset	no	longer	contains	any	outliers.		
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While	there	is	improvement	in	utility	for	some,	the	concepts	do	not	

achieve	comparable	utility	to	that	of	the	Apollo	missions.	They	do,	however,	

noticeably	improve	over	the	baseline	results,	as	shown	below	in	the	relative	

plot.		

	

	
Figure	VIII-!":	Relative	Utility	of	Architecturally	Optimized	Concepts	

at	Apollo	Difficulty	

	

The	 greater	 change	 in	 results	 is	 shown	 in	 the	 next	 two	 figures,	 which	

displays	the	risk	and	PPD	risk	respectively.	
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Figure	VIII-!":	Risk	of	Architecturally	Optimized	Mission	Concepts	at	

Apollo	Difficulty	

	

While	 the	 reductions	 in	 risk	 across	 the	 board	 are	 modest,	 there	 is	 a	

significant	shift	from	LoC	outcomes	to	LoM.	This	is	especially	true	of	all-up	

concepts.	 These	 results	 again	 demonstrate	 the	 significant	 challenge	 with	

the	 pre-deployment	 phase.	 The	 decrease	 in	 total	 risk	 is	 much	 more	

pronounced	for	the	PPD	results.	
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Figure	VIII-!":	Risk	of	Architecturally	Optimized	Mission	Concepts	at	

Apollo	Difficulty	When	the	Crew	Launches	

	
	
The	 results	 therefore	 show	 a	 decrease	 in	 necessity	 of	 the	 pre-deployment	

phase	as	the	mission’s	probability	of	successful	execution	increases.	This	is	a	

demonstration	 of	 the	 coupling	 of	 architectural	 design	 trades	 and	 the	

playspace	of	the	mission	design	and	CONOPS.	

	

!. Experimentation	

	 With	 the	 above	 results	 providing	 rich	 insights	 into	 the	 effects	 of	

architectural	 tradespace	 components,	 a	 full	 tradespace	 exploration	 is	

opened	for	a	statistically	guided	experimental	search	of	the	Pareto	frontier.	
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The	exception	is	the	trade	on	mission	class,	which	was	found	to	violate	the	

mass	 budget	 ground	 rule.	 The	 results	 of	 analyzing	mission	 design	 trades	

separate	 from	 the	 architectural	 constituents	 are	 omitted	 since	 the	 crew	

accommodation	results	showed	the	mission	couldn’t	be	successful	without	

modifications	for	ergonomic	consideration.		

	 The	 results	 in	obtaining	 these	optimized	 solutions	 from	 tradespace	

exploration	are	plotted	below.	

	

	
Figure	VIII-!":	Utility	of	Optimized	Concepts	

	

Hybrid-Direct	 and	 Semi-Direct	 reduce	 to	 identical	 solutions	 and	 are	

expressed	as	H/S	Direct.	This	is	the	same	for	the	MARPOST	and	MARPOST	
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Hybrid	mission	 concepts,	 referred	 to	 simply	 as	MARPOST.	 The	 plot	 also	

shows	 a	 very	distinct	multimodal	 result.	The	modes	 are	 tiered	by	 level	 of	

utility	achievement	and	listed	below.	

	

Table	VIII-!:	Tiered	Results	of	Optimized	Concepts	
Tier	&	 Tier	&	 Tier	&	 Tier	&	

Austere	

Concept	)-!-!	
Mars	Direct	
Revised	(-!-!	

ESA	HMM	
HERRO	
Mars	One	

DRA	
H/S	Direct	
MARPOST	

	
		

The	alterations	required	for	each	concept	is	listed	below.	
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Table	VIII-!:	Unique	Concept	Alterations	for	Optimization	
CONCEPT	 MISSION	

DRA	
Chemical	Propulsion	

Propelled	MOI	for	Cargo	
Siphon	Launch	

Austere	
Medium	Mobility	

Propelled	MOI	for	Cargo	
Siphon	Launch	

Concept		
2-4-2	

Inflatable	Habitat	
Siphon	Launch	

ESA	
EDL	Exploration	
Medium	Mobility	
Siphon	Launch	

HERRO	

EDL	Exploration	
Inflatable	Habitat	

Propelled	MOI	for	Cargo	
Siphon	Launch	

H/S	Direct	 Aerial	Mobility	
Propelled	MOI	for	Cargo	

MARPOST	

Aerial	Mobility	
Chemical	Propulsion	
EDL	Exploration		
Siphon	Launch		

8	Crew	
Mars	Direct	 Too	Mass	Limited	

Mars	One	
Aerial	Mobility		
Propelled	MOI		
Siphon	Launch	

Revised	2-4-2	 Propelled	MOI	
Siphon	Launch	

	

In	 addition,	 every	 concept	 selected	 the	 mid	 solar	 cycle	 mission	 epoch,	

initial	intelligence	of	certain,	all	pre-cursor	missions,	luggage	consumables,	
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duplication	 redundancy,	 no	 solar	 I&W,	 and	 colonize	 EOM.	 While	 it	 is	

possible	many	 of	 the	 concepts	made	 the	 above	 alterations	 due	 to	 SW&P	

budget	constraints,	it	represents	an	optimization	while	still	maintaining	the	

core	competencies	of	the	concept.	

	 Though	 not	 achieving	 high	 values	 of	 utility,	 it	 is	 the	 first	

optimization	 in	which	 the	median	utility	and	 IQR	of	 utility	 outcomes	 for	

the	 concepts	 displayed	 nonzero	 values	 when	 considering	 all	 mission	

simulations.	The	process	of	experimentation	was	also	able	to	optimize	the	

concepts	sufficiently	to	exceed	the	Apollo	benchmark	of	the	architecturally	

optimized	concepts.	Additionally,	the	optimized	concepts	do	show	sizeable	

improvement	over	their	default	designs	(Figure	VIII-39).	
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Figure	VIII-!":	Relative	Utility	of	Optimized	Concepts	

	

The	PPD	 results	 in	Figure	VIII-40	 show	 the	 impact	 of	 pre-deployment	 on	

the	 final	 ranking	 of	 the	 optimized	 concepts.	 For	 example,	 the	 DRA,	

MARPOST,	and	Austere	missions	obtain	 identical	median,	 IQR,	and	MAD	

for	PPD	results;	meaning,	the	cause	of	the	Austere	mission	becoming	a	Tier	

!	concept	stems	from	its	pre-deployment	design.	The	same	can	be	said	for	

the	H/S	Direct	concept,	which	significantly	outperforms	 its	Tier	2	ranking	

in	PPD	results.		
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Figure	VIII-!":	Interquartile	Range	of	Optimized	Concepts	When	the	

Crew	Launches	

	

For	 concepts	 choosing	 the	 split	 mission	 class	 design,	 obtaining	 no	

improvement	 in	 these	 result	points	 to	 limitations	 in	 the	utility	due	 to	 the	

crewed	portion	of	the	mission.	
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Figure	VIII-!":	Utility	of	Optimized	Concepts	During	Successful	

Missions	

	

	 Successful	mission	results	demonstrate	the	optimized	behavior,	as	all	

concepts	achieve	high	values	of	utility	with	extremely	low	distribution.	The	

Mars	Direct	 concept,	 and	 its	derivatives,	 achieves	 slightly	higher	utility	as	

they	perform	aerodynamic	MOI	with	the	crew,	offering	additional	utility	as	

an	investigation.	Lastly,	the	risk	of	these	optimized	results	is	plotted	below.	
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Figure	VIII-!":	Risk	of	Optimized	Concepts	

	

In	 comparison	 to	 the	 improvements	 on	 risk	 of	 the	 architectural	

optimization	 steps,	 the	 full	 tradespace	 optimization	 significantly	 reduced	

the	overall	risk,	though	the	initial	LoM	risk	is	greater.	This	means	the	risk	of	

LoC	is	substantially	decreased.	
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Figure	VIII-!":	Risk	of	Optimized	Concepts	When	the	Crew	Launches	

	
	

The	 same	can	be	 seen	 in	 the	 above	PPD	 results,	with	a	 slight	 shift	 to	 the	

LoC	outcomes	since	the	crew	is	involved	in	all	mission	simulations.	Overall	

the	 experimentation	 process	 utilizing	 a	 full	 tradespace	 exploration	

statistically	improved	all	concepts	over	the	baseline	and	default	results.	
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IX. ANALYTICS	

	

Analytics	is	a	deeper	analysis	of	the	simulation	dataset	itself	and	is	the	final	

step	 in	 completing	 utility	 analysis.	 A	 high-level	 demonstration	 of	

descriptive,	 predictive,	 and	 prescriptive	 analytics	 is	 portrayed.	 This,	 along	

with	 the	enterprise	 architecting,	 is	 the	 establishment	of	 statistical	 validity	

for	 selections	 in	 the	newly	architected	HMM	concept.	These	are	preceded	

by	both	sensitivity	and	metrics	analysis.	
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!. Sensitivity	

To	better	understand	the	statistical	significance	and	influence	of	the	

Simulator	on	analytics,	a	sensitivity	analysis	is	first	conducted.	This	includes	

sensitivity	 of	 prominent	 input	 parameters	 as	 well	 as	 sensitivity	 of	 the	

propagating	 PRA	 dataset	 and	 other	 stochastically	 determined	 variables	

within	the	simulation.	

	 The	 first	 sensitivity	 analysis	 is	 that	of	 the	PRA	dataset.	To	perform	

this,	each	component	of	the	PO	variable	is	individually	altered	by	±	+%.	The	

baseline	mission	 is	 then	 simulated	 to	 detect	 changes	 in	 utility.	 Doing	 so	

identified	the	following	mission	events	as	producing	greater	than	!%	change	

in	mean	utility.	

	
• Crew	Launch	(LoM)	
• Incapable	of	TMI	
• MT	Contingency	EVA	
• MOI	Mission	Abort	
• Mars	Crewed	EDL	Failure	
• Surface	Operations	Mission	Abort	
• Areocentric	AR&D	Failure	
• Areocentric	Vehicle	Transfer	Failure	

	
Secondly,	the	 input	parameters	that	are	fed	into	the	algorithms	developed	

by	regression	analysis	are	tested	in	a	similar	manner.	This	includes,	for	both	

cargo	 and	 crew,	 EDL	 at	 Mars	 and	 AR&D	 Integration	 in	 LEO.	 The	 EDL	
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masses	were	altered	at	±	#%	and	the	latter	was	altered	for	±	+	vehicle.	All	of	

these	factors	produced	changes	in	mean	utility	of	slightly	more	than	0%.		

	 Sensitivity	 of	 the	 stochastic	 variables	 is	 then	 determined.	 Those	 of	

interest	 are	 the	 randomly	 determined	 landing	 sites	 and	 EDL	 accuracy.	

Figure	 IX-4	 shows	 the	 relatively	 equivalent	 selection	 of	 the	 HEM-SAG	

designated	landing	sites,	which	was	desired	in	the	Simulator.	

	

	
Figure	IX-!:	Distribution	of	Landing	Site	Selection	

	

For	determination	of	 the	 stochastic	EDL	accuracy	 selection,	 the	 results	of	

the	 landing	 error	 distances	 are	 analyzed.	 The	 following	 plot	 displays	 the	

cumulative	distribution	function	of	EDL	error	distances.	
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Figure	IX-!:	Landing	Error	Distance	Cumulative	Distribution	

Function	

	

It	 depicts	 the	 percent	 probability	 that	 a	 landing	 error	 distance	 in	 the	

simulation	will	be	within	the	specified	value	in	kilometers.	Furthermore,	its	

distribution	can	be	seen	in	the	following	histogram.	
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Figure	IX-!:	Distribution	of	Landing	Error	Distances	

	

It	can	been	that	 the	corresponding	stochastic	 technique	 for	 selecting	EDL	

accuracies,	 and	 subsequently	 the	 EDL	 landing	 error	 distances,	 favors	 a	

centralized	capability	of	MSP’s	Phoenix	 lander.	This	 is	due	 to	 the	 random	

selection	 of	 error	 ellipses	 and	 not	 the	 error	 distances	 themselves.	 In	 this	

selection	 scheme,	 there	 is	 overlap	 of	 the	 small	 error	 ellipses,	 and	 thus	

greater	stochastic	selection.	

	

!. Metrics	

	 While	the	MoE	of	utility	and	the	FoM	of	risk	were	already	quantified	

in	the	 last	chapter	to	display	results,	 the	remaining	metrics	are	presented.	



	

	 	 	260	

Figure	 IX-4	 shows	 the	 other	MoE	 in	 relation	 to	 utility.	 As	 expected	 they	

demonstrate	an	equivalent	relation	and	dependence	within	each	mission.	

	

	
Figure	IX-!:	Measures	of	Effectiveness	of	Optimized	Concepts	

	

One	 thing	 worth	 noting	 is	 the	 quantification	 of	 success	 (unweighted	

satisfaction	of	mission	objectives),	which	in	this	instance	is	greater	than	the	

utility	value.	This,	along	with	the	results	showing	high	LoM	and	abort	rates,	

is	an	indication	that	the	higher	valued	surface	investigations	are	often	not	
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being	 completed.	 Since	 there	 are	 +,	 investigations,	 the	 success	 metric	

approach	 allots	 !.!!%	 to	 each	 investigation.	 With	 the	 potential	 for	

satisfaction	of	several	investigations	during	orbital	mission	maneuvers	and	

observations,	 this	 further	 shows	 the	 lack	of	 objectives	 satisfaction.	This	 is	

also	 supported	 by	 the	 low	 ability	 values	 (number	 of	 attempted	

investigations)	 which	 demonstrates	 that	 even	 Tier	 I	 results	 are	 only,	 on	

average,	performing	roughly	a	third	of	 the	total	possible	 investigations	 for	

each	 concept	 (less	 than	 !"	 feasible).	 The	 previous	 results	 for	 best-case	

scenarios	 rule	 out	 the	 possibility	 that	 this	 is	 due	 to	 time	 inability	 in	

performing	 the	 surface	 investigations.	 Since	 investigation	 XXX	 (publicity	

events)	is	the	only	duplicable	event	in	this	research,	it	is	evident	the	utility	

and	 success	 distribution	 is	 due	 to	 the	 completion	 of	 lower	 valued	

investigations.	

	 To	add	to	the	risk	metric,	Table	IX-1	quantifies	the	remaining	FoM.		
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Table	IX-!:	Figures	of	Merit	of	Optimized	Concepts	

	
	
	

Due	 to	 the	 high	 level	 of	 aborts	 and	 failures,	 the	 operational	 time	 of	 the	

mission	is	expressed	as	a	maximum	value	in	the	simulation.	The	average,	or	

median	 value	 in	 this	 case,	 has	 no	 direct	 use.	 The	 shorter	 durations	

combined	 with	 the	 total	 accomplishments	 in	 the	 best-case	 scenarios	

indicate	that	the	mission	timeline	is	easily	able	to	accomplish	the	maximum	

investigations.	 If	 the	apportionment	estimate	of	 this	 research	 is	very	close	

to	the	actual	values,	the	mission	should	increase	either	the	distances	or	the	

number	of	 investigations	during	the	roughly	./0	day	surface	mission.	The	

remaining	 subsets	of	 cost	 (the	number	of	 launches	and	vehicles	 required)	

show	that	the	architectural	complexity	of	mass	total	and	distribution	have	

no	 bearing	 on	mission	 success,	 as	 these	 values	 vary	 significantly	 even	 for	

architectures	within	identically	tiers.		
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	 The	 results	 of	 flexibility	 are	 asterisked	 since	 they	 are	 partial;	

meaning,	 the	 metric	 of	 flexibility	 was	 not	 derived	 from	 an	 exhaustive	

tradespace	 exploration.	 Since	 the	 database	 of	 simulation	 results	 contains	

only	 the	 simulations	 necessary	 for	 CD&E,	 the	 value	 of	 utility	 under	

architectural	 variability	 is	not	 exact.	However,	 it	 can	be	 clearly	 seen	 from	

the	 table	 that	 all	 optimized	 concepts	 are	 quite	 inflexible	 to	 changes	 in	

mission	 systems	 since	 the	values	 are	markedly	negative.	The	 same	can	be	

said	 for	versatility	as	 it	pertains	 to	deviations	 in	mission	design.	Although	

not	 complete,	 it	 clearly	 shows	 large	 decreases	 in	 utility	 as	 the	 mission	

design	veers	from	the	optimal.	

	 The	fragility	metric	quantifies	 the	ability	 to	handle	LoS/LoV	during	

the	 mission	 in	 terms	 of	 LoC	 and	 LoM	 outcomes.	 It	 shows	 optimized	

concepts	are	much	better	at	handling	these	losses	in	the	architecture	than	

their	 predecessors.	 For	 comparison,	 some	 of	 the	 default	 mission	 results	

displayed	 total	 fragility	 values	 approaching	 45%.	 This	 ties	 into	 the	

robustness	metric	(ability	to	handle	mission	dynamics)	that	displays	similar	

results.	For	this	comparison,	some	default	concepts	had	an	excess	of	&'%	of	

mission	 dynamics	 result	 in	 either	 LoM	 or	 LoC.	 The	 higher	 values	 of	 the	

MARPOST,	 particularly	 for	 LoM,	 indicate	 the	 architecture	 is	
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“uncomfortably	 optimal”	 as	 over	 ()	 design	 changes	were	 needed	 to	 reach	

this	result	for	this	concept.		

The	resiliency	metric	quantifies	changes	in	utility	from	fragility	and	

robustness	 and	 consequently	 increases,	 surpassing	 the	 default	 mission	

concepts.	 However,	 this	 is	 due	 to	 the	 significant	 reductions	 in	 LoM/LoC	

outcomes	 and	 is	 a	 result	 of	 the	definition	of	 the	metric.	Default	 concepts	

exhibited	 little	 change	 from	 dynamics	 and	 system/vehicle	 losses	 because	

most	 of	 the	 simulations	 in	 the	 mission	 experienced	 these	 perturbations.	

While	 some	 type	 of	 mission	 dynamic	 is	 still	 prevalent	 in	 the	 optimized	

concepts,	the	number	of	simulations	involving	a	loss	is	significantly	reduced	

for	most	mission	concepts.	

	 The	 readiness	 values	 of	 producibility	 indicate	 the	 optimized	

concepts	 selected	 technologies	and	mission	design	of	 relatively	high	TRLs	

and	MRLs	respectively.	In	fact,	the	optimized	readiness	level	of	the	HMM	as	

whole	may	be	close	 to	 the	..01	value	as	shown	by	most	of	 the	concepts	–	

the	exceptions	being	Concept	/-!-!	and	HERRO	which	selected	 inflatable	

habitat	designs	purely	due	to	mass	budget	constraints.	

	 Lastly	 the	 temporal	 variability	 of	 utility	 in	 regards	 to	 the	 Martian	

season	 is	 negligible.	While	 the	 metrics	 do	 show	 positive/negative	 results	

unanimously	 for	certain	seasons,	 the	values	are	not	statistically	significant	
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as	they	are	less	than	the	mean	absolute	deviation	for	utility.	For	the	epoch	

regarding	space	weather,	the	mid	solar	cycle	was	the	best	choice,	with	slight	

deviation	if	guaranteed	an	SPE	(solar	maximum)	and	significant	reductions	

when	encountering	GCR	(solar	minimum).	 	

	

!. Descriptive	

	 The	descriptive	portion	provides	 correlational	 values	 of	 parameters	

to	 utility	 as	 well	 as	 covariance	 and	 inter-correlations	 among	 each	 other.	

This	 makes	 it	 possible	 to	 manufacture	 utility	 as	 a	 function	 of	 impacting	

variables.	 It	 provides	 description	 of	 aggregated	 data	 in	 the	 simulation	

(Table	IX-2).	

	

Table	IX-!:	Aggregates	of	Optimized	Concepts	

	
	

The	 table	 shows	 that	 perfect	 missions	 are	 a	 rare	 occasion,	 as	 a	 mission	

dynamic	occurs	in	nearly	all	missions	for	all	concepts.	
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	 The	mode	for	end	phase	and	end	event	indicates	the	mission	ends	on	

Earth	in	most	simulations,	despite	the	fact	that	the	tradespace	optimization	

selected	colonization	on	Mars.	This	 and	 the	high	percent	values	 for	 abort	

indicate	a	dire	need	to	address	contingencies.	In	fact,	all	concepts	have	an	

abort	phase	mode	and	abort	event	mode	that	arise	before	the	crew	attempts	

EDL	 to	 the	Martian	 surface.	 This	 is	 the	 same	 for	 the	mode	 of	 simulation	

ending	 events.	The	 fact	 that	 the	 end	 events	mostly	do	not	 fall	within	 the	

end	phase	shows	that	most	abort	scenarios	in	these	concepts	are	successful	

in	brining	the	crew	back	to	Earth,	and	that	there	are	more	successful	aborts	

than	there	are	LoC	outcomes	from	these	end	events.	As	expected,	the	abort	

events	do	coincide	with	their	respective	abort	phases.	

	 The	 optimization	 process	 significantly	 decreased	 the	 percentage	 of	

pre-deployment	 failures	 compared	 to	 the	 baseline	mission.	 This	 is	 due	 to	

the	introduction	of	redundant	pre-deployed	vehicles,	as	well	as	the	siphon	

method	 for	 non-direct	 concepts.	 	 The	 latter	 improves	 pre-deployment	

because	 it	 reduces	 the	 number	 of	mission	 critical	 launches	 that	 result	 in	

LoM	in	the	case	of	 failure.	By	separating	mission	systems	from	propellant,	

the	 mission	 systems	 can	 be	 brought	 to	 orbit	 in	 fewer	 launches,	 and	 the	

failure	of	a	propellant	tanker	only	assumes	a	delay	in	the	mission.	
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	 The	aggregate	analysis	also	shows	that	the	behavior	and	interaction	

characteristics	of	and	with	dust	storms	may	be	of	significant	importance	as	

the	crew,	in	nearly	all	missions,	encountered	a	dust	storm.	It	also	shows	the	

LoV	 outcomes	 are	 highly	 individual	 to	 each	 concept.	 Lastly,	 the	 LoS	 and	

loss	of	HAB	power	values	are	 low	across	the	board.	This	 is	due	to	the	fact	

that	 these	 are	 systems	 which	 the	 crew	 can	 fix,	 and	 at	 ergonomic	

optimization,	more	often	than	not	is	able	to	repair.	The	loss	of	HAB	values	

are	low	but	will	still	need	to	be	addressed	since	a	loss	of	this	portion	of	the	

architecture	leads	to	LoC	without	a	surface	abort	ability.	

Following	the	results	and	analytics	thus	far,	it	is	determined	that	the	

concepts	actually	converge	onto	two	distinct	solutions.	This	was	not	found	

directly	 from	 CD&E	 in	 the	 Simulator	 because	 the	 framework	 does	 not	

include	number	of	vehicles	as	a	trade	(except	in	redundancy	trades).	Also,	

due	 to	 the	 mass	 budget	 ground	 rule	 that	 allowed	 rapid	 mass	 budget	

calculations	and	maintained	the	principles	of	each	concept’s	design,	the	size	

of	the	vehicles	was	not	traded.	While	this	allowed	tradespace	exploration	of	

the	core	competencies	of	each	individual	mission	concept,	this,	along	with	

the	omission	of	mission	class	in	the	tradespace,	is	the	reason	the	solutions	

segmented	 into	 four	 tiers.	 In	 actuality,	 The	 HERRO	 and	 Mars	 One	

architectures	 of	 Tier	 .	 would	 converge	 into	 a	 single	 solution.	 In	 fact,	 the	
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remaining	 pre-deployed	 missions	 would	 all	 converge	 into	 this	 single	

solution,	which	closely	resembles	the	Mars	One	mission	concept.	The	all-up	

mission	concepts	would	also	converge	into	a	single	solution	obtained	by	the	

ESA	HMM	optimization.	This	solution	is	a	resemblance	of	an	abridged	ITS	

mission	 concept.	 It	 is	 abridged	 because	 its	 scale	 is	 reduced	 to	 that	

considered	 in	 this	 research	 and	 the	 ITS	 vehicle	 does	 not	 return	 back	 to	

Earth.	Therefore,	the	Optimized	Mars	One	and	Abridged	ITS	concepts	shall	

proceed	into	the	following	analytics	processes.	

	 Table	IX-3	lists	the	correlation	and	intercorrelation	values	for	higher	

fidelity	data	in	the	simulation	of	the	optimized	Mars	One	mission.	Though	

it	 is	 true	 that	 correlation	 does	 not	 equal	 causation	 in	 most	 instances,	

correlation	does	provide	a	quantifiable	metric	for	the	behavior	of	causation.	

This	 is	 particularly	 useful	 in	 stochastic,	 complex	 systems	 where	

interoperability	and	emergent	behaviors	are	not	fully	understood	or	cannot	

be	 comprehensively	 captured,	 thus	 making	 absolute	 determination	 of	

causation	 impractical.	 It	 is	 also	 useful	 from	 a	 holistic	 designer’s	 or	

operator’s	 perspective	 because	 correlation	 can	 statistically	 implicate	

architectural	and/or	operational	 components	 for	alteration.	Particularly	 in	

experimental	 design,	 defining	 the	 underlying	 facet	 of	 causation	 is	 not	 a	

necessity	 since	 input	 manipulations	 can	 be	 tabulated	 for	 output	
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differentials	 even	without	 understanding	 any	 of	 the	 process’	mechanisms.	

Recall	 the	definition	of	Black	Box	Theory	 in	chapter	V	which	explains	this	

modeling	phenomena.	Though	the	values	of	Table	IX-3	will	be	lessened	due	

to	 the	 high	 number	 of	 variables	 being	 considered	 and	 the	 complex	

emergent	 and	 interoperable	 behaviors	 of	 the	 HMM,	 this	 top	 level	

quantification	of	variables	indicates	areas	that	require	further	investigation	

for	this	particular	concept.	Quantifying	these	values	over	multiple	variable	

runs	or	across	numerous	concepts	can	provide	the	relationship	of	variables	

for	 Mars	 exploration	 as	 a	 whole.	 This	 is	 not	 performed	 here	 since	 the	

tradespace	exploration	was	not	exhaustive.	

	

Table	IX-!:	Correlations	and	Intercorrelations	of	the	Optimized	Mars	
One	Concept	

	

	

The	 table	 shows	 that	 mission	 dynamics	 and	 loss	 of	 crew	 vehicles	 are	

negatively	 correlated	 to	 a	 moderate	 degree.	 Combining	 these	 results	
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showing	their	failure	modes	and	events	indicates	the	reduction	of	these	two	

features	as	having	the	greatest	impact	on	utility	for	the	optimized	Mars	One	

concept	at	its	selected	mission	epoch.	Since	the	primary	end	event	for	this	

concept	was	the	occurrence	of	crew	vehicle	failure	during	MT,	this	directly	

points	to	this	sequence	of	the	mission	as	requiring	alteration.		Secondly,	the	

failure	 of	 surface	 habitat	 or	 its	 power	 subsystem	 also	 shows	 noticeable	

negative	correlation.	In	addition,	there	is	a	slight	correlation	between	crew	

LoV	and	mission	dynamics.	These	also	support	the	results	in	Table	IX-2.	

	 The	process	 is	 repeated	 for	 the	abridged	ITS	concept	and	shown	in	

Table	IX-4.	

	

Table	IX-!:	Correlations	and	Intercorrelations	of	the	Abridged	ITS	
Concept	

	

	

It	shows	similar	behavior	concerning	the	mission	dynamics	and	the	habitat.	

With	 such	 a	 multivariate	 tradespace	 and	 variables	 which	 do	 not	 possess	
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consistent	 occurrence,	 this	 step	 in	 the	 descriptive	 analytics	 is	 not	 as	

indicative	for	all	variables	as	in	the	Apollo	V&V.	

	

!. Predictive	

	 The	 predictive	 portion	 of	 the	 analytics	 produces	 predictive	 design	

trends	and	mission	utility	as	a	function	of	mission	concept	variables.	From	

this,	it	is	possible	to	provide	predictive	analyses	for	future	mission	concepts	

whose	synthesis	is	outside	of	the	Simulator’s	tradespace.	This	further	allows	

refinement	of	the	HMM	problem	statement.	

	 There	are	three	types	of	predictive	analytics	that	can	be	performed.	

The	 first	 set	 of	predictions	 to	 compute	 are	 those	 that	 are	 not	 part	 of	 the	

tradespace	 but	 can	 be	 calculated	 through	 manual	 alteration	 of	 the	

Simulator’s	inputs.	An	example	to	address	is	that	of	EDL.	One	driving	factor	

of	 mission	 success	 is	 the	 mass	 of	 the	 EDL	 systems.	While	 the	 Simulator	

works	 to	 keep	 EDL	 mass	 at	 the	 concept’s	 designated	 value,	 a	 predictive	

analysis	for	the	reduction	of	EDL	mass	can	be	obtained	by	manually	altering	

the	EDL	mass	of	the	corresponding	mission	systems.	Doing	so	produces	the	

following	figure.	
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Figure	IX-!:	Utility	as	a	Function	of	EDL	Mass	Reduction	for	the	

Optimized	Mars	One	Concept	

	

Here	 it	 can	 be	 seen	 that	 as	 the	mass	 of	 EDL	 systems	 in	 the	 architecture	

decreases,	the	utility	of	the	missions	slightly	increases.	This	same	prediction	

can	 be	 performed	 for	 the	 size	 of	 the	 crew.	 The	 tradespace	 included	 crew	

sizes	of	(,	*,	and	.;	however,	predictive	analytics	can	provide	the	utility	of	a	

mission	 of	 greater	 crew	 sizes.	 Figure	 IX-6	 shows	 the	 trend	 of	 utility	 as	 a	

multiplicative	of	.	crewmembers	in	the	optimized	Mars	one	concept.	
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Figure	IX-!:	Utility	as	a	Function	of	Crew	Size	for	the	Optimized	Mars	

One	Concept	

	

A	decrease	in	utility	is	evident	for	this	variable.	

	 The	second	type	is	for	variables	which	are	part	of	the	tradespace,	but	

do	not	extend	across	the	desired	range	for	analysis.	An	example	variable	for	

this	 type	 is	 the	 initial	 intelligence	 value.	 In	 the	 Simulator,	 only	 certain,	

probable,	 and	 neutral	 are	 allowed	 as	 initial	 values	 since	 it	 is	 assumed	 a	

mission	would	not	proceed	with	 lesser	knowledge	of	Mars.	To	predict	 the	

value	of	utility	for	the	optimized	Mars	One	concept	at	an	initial	intelligence	

value	 of	 doubtful,	 a	 statistical	 extrapolation	 can	 be	 used	 to	 determine	 its	

possible	 value	 (Figure	 IX-7).	Here	 the	 X	 value	 corresponds	 to	 the	 initial	
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intelligence	value	in	descending	order	of	the	table	presented	on	page	!"#	in	

VI	§	!	(X	=	%:	True/Fact	->	X	=	%:	False/Impossible).	

	

	
Figure	IX-!:	Initial	Intelligence	Utility	Function	for	the	Optimized	

Mars	One	Concept	

	

The	 derivation	 is	 therefore	 able	 to	 predict	 utility	 as	 a	 function	 of	 initial	

intelligence	(Equation	IX-!).		

	

𝑈 =  −0.3649𝑋! −  0.6757𝑋 +  24.341	 (IX-!)	
	

The	 corresponding	 visual	 fit	 and	 coefficient	 of	 determination	 (R!)	

statistically	 show	 the	 level	 of	 fitness	 for	 this	 prediction.	 It	 is	 therefore	

possible	 to	predict	 that	utility	would	reduce	 to	a	mean	value	of	/."#	at	an	
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initial	 intelligence	 value	 of	 doubtful.	 This	 extrapolation	 can	 also	 be	

performed	for	initial	values	in	excess	of	probable.	Here	the	utility	function	

predicts	 a	 utility	 value	 of	 12."#	 if	 all	 knowledge	 concerning	Mars	 can	 be	

considered	to	be	factual.	In	addition,	it	is	possible	to	perform	interpolations	

if	 partial	 intelligence	 values	 are	 desired.	These	 statistical	 analyses	 can	 be	

performed	for	any	variable	of	the	mission	concept	if	desired.	

	 The	third	type	is	to	use	analytics	to	predict	values	that	are	both	not	

in	the	tradespace	and	cannot	be	replicated	by	manual	manipulation	of	the	

Simulator’s	inputs	(assuming	its	code	cannot	be	altered).	This	is	most	often	

useful	for	mathematically	predicting	‘what	if’	scenarios	outside	the	scope	of	

the	Simulator.	For	example,	the	predictive	analytics	below	are	performed	to	

determine	the	effect	of	removing	the	mass	budget	ground	rule.	This	would	

enable	the	alteration	of	vehicle	numbers	and	sizes	in	a	mission	concept.	

Figure	 IX-8	 displays	 the	 probability	 of	 successful	 cargo	 EDL	 at	

various	 levels	 of	 redundancy.	 “Single”	 is	 plotted	 as	 reference	 of	 just	 one	

vehicle	without	the	redundancy.	This	is	useful	since	only	N+!	redundancy	is	

coded	 in	 the	 Simulator’s	 tradespace.	 “Split”	 is	 defined	 as	 the	 total	 mass	

being	split	between	N+X	vehicles.	For	example,	a	12	t	lander	at	N++	would	

convert	to	two	%&	t	landers,	N+#	to	three	&'.''	t	landers,	etc.	This	provides	

prediction	 for	 the	 effect	 of	 changing	 vehicle	 numbers	 and	 sizes.	 The	
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“duplicate”	is	defined	as	an	identical	number	of	N+3	vehicles;	meaning,	N+-	

is	 two	 '(	 t	 vehicles,	 N+1	 is	 three	 '(	 t	 vehicles,	 and	 so	 forth.	 The	 name	

“duplicate”	 indicates	 parallel	 redundancy	 in	 which	 only	 one	 of	 the	 N+X	

vehicles	 is	 required	to	be	successful.	 In	the	Simulator,	 redundancy	greater	

than	N+(	is	not	in	the	tradespace.	

	

	
Figure	IX-!:	Probability	of	Cargo	EDL	Success	with	Redundancy	

	

As	expected,	the	“duplicate”	redundancy	obtains	the	greatest	success	rates,	

and	 was	 chosen	 by	 all	 architectures	 for	 cargo	 during	 the	 optimization	

process.	However,	direct	transfer	of	these	plots	to	utility	is	only	applicable	

for	 the	 Abridged	 ITS	 concept	 since	 it	 is	 an	 all-up	 mission.	 For	 pre-
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deployment,	the	effects	of	adding	additional	launches,	injections,	and	orbit	

insertions	 for	 increasing	 number	 of	 vehicles	 also	 alters	 the	 utility.	As	 an	

example,	according	to	the	graphs,	the	directly	injected	cargo	lander	should	

perform	almost	 identically	 to	 splitting	 the	 vehicle	 amongst	 two	half-sized	

mission	systems	at	the	mass	of	the	optimized	Mars	One	concept;	but,	due	

to	the	previously	mentioned	holistic	mission-level	effects,	the	single	vehicle	

outperforms	the	split	since	less	vehicles	must	be	deployed.		

	

	
Figure	IX-!:	Utility	of	N+,	Redundant	Optimized	Mars	One	Concept	

	

In	 hindsight,	 this	 is	 the	 reason	 the	 Austere	 architecture	 declined	 in	

performance	compared	to	the	HERRO	and	Mars	One	missions.	However,	it	
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may	 still	 be	 possible	 to	 place	 multiple	 cargo	 landers	 on	 a	 single	 vehicle	

during	pre-deployment.	

	 The	 same	 prediction	 is	 performed	 for	 crewed	 EDL.	 While	 the	

predictions	 are	 the	 same	 as	 for	 cargo	 vehicles,	 the	 duplicate	 redundancy	

adds	 another	 layer	 of	 prediction	 since	 the	 lossless	 crew	 ground	 rule	 does	

not	allow	for	crewed	parallel	redundancy.	

	

	
Figure	IX-!":	Probability	of	Crew	EDL	Success	with	Redundancy	

	

Figure	IX-10	shows	that	for	lower	massed	vehicles,	the	single	and	split	EDL	

performance	are	roughly	equivalent;	but,	for	higher	mass	crew	vehicles,	it	is	

much	more	beneficial	to	split	them	up	into	multiple	smaller	vehicles.	Again,	
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it	may	be	possible	to	have	multiple	smaller	landers	on	one	deployed	vehicle.	

Regardless	of	 this,	manual	alteration	of	the	Optimized	Mars	One	concept,	

which	utilizes	a	-.	t	crew	lander,	predicts	the	system-of-systems	level	effect	

on	splitting	up	the	crew	vehicle	(Figure	IX-11).	

	

	
Figure	IX-!!:	Utility	as	a	Function	of	Split	Redundancy	for	the	

Optimized	Mars	One	Concept	

	

The	 figure	 shows	 that	 despite	 needing	 to	 propagate	 additional	 crew	

vehicles,	this	disaggregation	increases	the	average	utility	of	the	mission	up	

to	N+!	redundancy	before	seeing	a	decrease.	In	addition	to	the	EDL	effect,	

a	great	portion	of	this	increase	is	due	to	the	transshipment	capability	added	

to	 the	 architecture	 by	 splitting	 up	 the	 vehicles.	Additionally,	 all	 of	 these	

utility	 values	 exceed	 the	 Mars	 One	 optimized	 value.	 Therefore,	 this	
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predictive	 analytics	 was	 not	 only	 able	 to	 identify	 the	 limitations	 of	 the	

chosen	ground	rules,	assumptions,	and	delimitations	of	the	research,	it	was	

also	able	to	overcome	them	and	produce	a	greater	level	of	optimization.		

	 Ironically,	this	is	the	solution	sought	after	in	the	+-!-!	concepts,	but	

those	 architectures	 duplicate	 the	 crewed	 vehicles	 without	 reducing	 their	

individual	masses.	They	are	also	of	 the	all-up	mission	class,	which	 further	

reduces	 performance	 (mission	 class	 was	 not	 traded	 during	 optimization).	

Therefore,	 a	 new	 frontrunner	 in	 the	 AoA	 emerges	 from	 the	 predictive	

analytics	shown	in	Figure	 IX-11.	It	 is	a	merger	of	the	Mars	One	and	2-!-!	

concepts,	 hereinafter	 referred	 to	 as	 the	 Enhanced	 1-!-!	 Concept.	 A	

comparison	 of	 the	 utility	 and	 the	 risk	 with	 the	 Optimized	 Mars	 One	

concept	is	shown	below.	
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Figure	IX-!":	Utility	of	Optimized	Mars	One	and	Enhanced	--!-!	

Concepts	

	

	
Figure	IX-!":	Risk	of	Optimized	Mars	One	and	Enhanced	--!-!	

Concepts	
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Though	 the	 risk	 and	median	utility	 do	 not	 improve	much,	 the	 IQR	 does	

show	 a	 displacement	 of	 the	 dataset	 more	 towards	 its	 maximum.	 This	

explains	the	greater	mean	utility	values	in	Figure	IX-11.	

	

!. Prescriptive	

The	prescriptive	analytics	is	a	quantitative	instruction	for	improving	

the	mission	concepts.	From	this	it	is	possible	to	produce	statistically	guided	

amendments,	 additional	 investigations,	 contingencies,	 and	 preliminary	

principles	for	conducting	HMMs.	It	seeks	to	expand	and	give	application	to	

the	 previous	 steps	 of	 analytics,	 similar	 to	 the	 way	 analysis	 qualitatively	

elaborates	and	interprets	results.	

A	great	example	would	be	to	leverage	the	analysis	concerning	crewed	

EDL	redundancy.	It	is	clearly	demonstrated	in	Figure	IX-10	that	duplication	

with	parallel	redundancy	would	decrease	the	risk	of	EDL	failure,	which,	 in	

these	 concepts,	 increases	 utility.	 The	 instruction	 would	 therefore	 be	 to	

remove	 the	 lossless	 crew	 ground	 rule	 to	 mathematically	 determine	 the	

viability	of	partial	LoC	outcomes.		
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Though	the	Simulator	assumes	LoC	is	a	failed	mission,	the	data	used	

to	 produce	Figure	 IX-10	and	Figure	 IX-11	can	be	 set	 up	 as	 a	 comparative	

dataset	as	shown	below.	Doing	so	allows	projection	of	utility	values	for	the	

case	of	allowing	parallel	redundancy	in	crewed	EDL	(Figure	IX-14).	

	

	
Figure	IX-!":	Projection	of	Utility	with	Redundant	Crew	

	

It	can	be	seen	that	the	probability	of	EDL	success	continues	to	increase	in	

parallel	 redundancy	 of	 the	 crew	 and	 the	 point	 of	 diminishing	 returns	 is	

beyond	the	 investigated	N+1	 limit.	Using	this	prescription	 it	 is	possible	to	

recreate	 Figure	 IX-11	 but	 assume	 duplication	 of	 crewed	 vehicles	 in	 the	

Enhanced	)-!-!	concept.	
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Figure	IX-!":	Utility	as	a	Function	of	Parallel	Redundancy	for	the	

Enhanced	)-!-!	Concept	

	

Therefore,	 within	 the	 range	 of	 N+1	 redundancies,	 instructing	 the	

disaggregation	of	 crewed	 vehicles	 and	 removing	 the	 lossless	 crew	 ground	

rule	would	improve	utility	by	more	than	*+%.	

	

!. Enterprise	Architecting	

	 The	 concomitant	 enterprise	 architecting	 relates	 the	 analytics	 to	

program	level	actions	for	the	concept.	This	includes	potential	collaboration	

between	 entities,	 identification	 of	 stakeholders,	 initiation	 of	 research	 and	

development	(R&D),	and/or	technological	investments	required	to	develop	

the	 concept,	 as	 well	 as	 a	 potential	 roadmap	 for	 the	 realization	 of	 the	
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mission.	Such	an	example	would	be	SpaceX,	who	is	responsible	for	several	

of	the	components	represented	in	optimized	concepts.	The	siphon	method	

was	 selected	by	 all	 concepts	not	directly	deploying	 their	 crewed	vehicle	–	

SpaceX	 is	 currently	 pursuing	 iterative	 launching	 of	 a	 fully	 reusable	

propellant	 tanker	 in	LEO.	The	 company	 is	 also	 in	 charge	of	 the	proposed	

Red	 Dragon	 mission	 –	 an	 example	 of	 the	 uncrewed	 landing	 precursor	

mission	 that	 was	 unanimously	 selected	 in	 tradespace	 exploration.	

Furthermore,	 an	 abridged	 version	 of	 its	 ITS	 mission	 architecture	 is	 the	

optimized	solution	for	all-up	concepts.	

	 The	sensitivity	results	can	even	be	used	to	direct	R&D.	It	is	common	

practice	in	M&S	for	parts	of	the	model	to	be	augmented	by	traditional	real-

world	hardware	 test.	Similarly,	M&S	can	clarify	 testing	or	determine	what	

needs	 to	 be	 tested,	 and	 does	 not	 necessarily	 mean	 the	 replacement	 of	

traditional	testing	!".	Therefore,	the	Simulator	would	be	able	produce	more	

accurate	results	following	the	R&D	of	launch	vehicle	crew	abort	and	crewed	

Mars	 EDL	 capabilities	 as	 well	 as	 Pre-MOI	 and	 Martian	 surface	 abort	

scenarios.	

	 In	 addition,	 early	 program	 actions	 could	 be	 essential	 to	 ensuring	

prominent	 concept	 limitations	 are	 addressed.	 These	 would	 include	 the	

developmental	 and	 operational	 T&E	 of	 the	 impact	 of	 LEO	 integration	 on	
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TMI	 capabilities,	 standard	 operating	 procedures	 for	 contingency	 EVAs	

during	 interplanetary	 transit,	 and	 post	 surface	 exploration	 areocentric	

AR&D.	Entities	 which	 provide	 expertise	 in	 these	 areas	 or	mission	 critical	

acquisitions	may	prove	to	be	beneficial	to	the	HMM.	
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X. ANALYSIS	

	
The	 primary	 purpose	 of	 this	 chapter	 is	 to	 interpret	 the	 aforementioned	

results.	 A	 formal	 discussion	 as	 it	 relates	 to	 both	 the	 mission	 and	 the	

methodology	 is	 included,	 along	 with	 an	 explanation	 for	 interpretation	 of	

stochastic	simulation	results.	
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!. Interpretation	

	 When	 interpreting	 the	 results	 of	 stochastic	 experiments,	 it	 is	 of	

utmost	importance	to	keep	in	mind	the	nature	of	probability.	Though	some	

of	 its	 shortcomings	are	negated	by	 the	partial	 introduction	of	possibilistic	

models	and	fuzzy	logic,	its	results	should	not	be	confused	with	the	behavior	

of	deterministic	nor	traditionally	stochastic	models.	Lesser	values	represent	

a	 low	 probability	 of	 occurrence	 (probabilistic)	 or	 a	 low	 degree	 to	 which	

occurrence	is	viewed	as	being	possible	(possibilistic)	!"#.	This,	however,	does	

not	mean	they	are	of	less	priority.	Even	values	on	the	order	of	hundredths	

should	not	be	confused	with	impossibility	–	instead,	their	occurrence	in	the	

simulation	 is	 actually	 confirmation	 that	 they	 are	 indeed	 plausible	 events	

and	 outcomes.	 Instead,	 interpretation	 of	 stochastic	 results	 should	 always	

navigate	the	Decision-Making	Triangle	(Figure	X-1).	
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Figure	X-!:	Decision-Making	Triangle	

	

In	 essence	 the	 cycle	 states	 that	 when	 an	 occurrence	 is	 analyzed	 in	 the	

mission,	 its	 risk	 must	 be	 understood	 to	 direct	 tradespace	 selections	 in	

addressing	the	occurrence.	Once	this	trade	is	made,	an	understanding	of	its	

scope	 is	 required	 to	 determine	 its	 impact	 on	 utility.	 It	 is	 only	 after	 this	

quantification	that	the	true	cost	of	the	occurrence	can	be	understood.	For	

example,	 consider	 ‘Event	 A’	 at	 +%	 occurrence	 which	 results	 in	 LoC	 and	

‘Event	B’	at	$!%	occurrence	which	results	in	a	one-sol	delay	in	the	mission.	

It	 is	of	habit	 to	 ignore	an	event	such	as	Event	A	because	 its	occurrence	 is	

considered	 rare;	however,	 its	 cost	of	occurrence	 is	 significant.	A	decision-

maker	will	have	to	decide	if	a	trade	for	further	reduction	to	the	risk	of	LoC	

is	 of	worth,	 even	 if	 it	means	 significant	 reduction	of	utility.	On	 the	other	
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hand,	Event	B	may	be	the	most	frequent	event	in	the	simulation	but	if	the	

cost	 of	 occurrence	 can	 be	 considered	 negligible	 then	 the	 decision-maker	

may	 decide	 to	 take	 no	 action.	 This	 argument	 may	 seem	 trivial	 in	 this	

example	but	this	train	of	thought	 is	often	forgotten	when	interpreting	the	

results	of	stochastic	simulations.	

	

!. Methodology	

	 Though	 not	 able	 to	 achieve	 similar	 utility	 and	 risk	 to	 that	 of	 the	

Apollo	 missions,	 the	 methodology	 is	 able	 to	 significantly	 improve	 the	

performance	 over	 baseline	 and	 default	 standards.	 In	 doing	 so,	 the	 utility	

analysis	uncovers	substantial	insights	in	the	human	spaceflight	exploration	

of	 Mars	 and	 the	 potential	 mission	 designs	 to	 pursue	 such	 a	 feat.	 The	

optimized	 concepts	 reduce	 into	 a	multi-modal	 solution	 separated	 by	 four	

tiers	 of	 performance.	 These	 further	 reduced	 into	 two	 concepts,	 one	 pre-

deployed	and	one	all-up	mission	through	the	analytics	process.	

	 Since	the	default	missions	all	obtained	a	median	utility	value	of	zero,	

their	 improvements	 in	 utility	 are	 evident	 from	 the	 plots	 following	CD&E.	

The	concepts	also	noticeably	improved	obtainment	of	the	maximum	utility	

possible	based	on	their	feasible	investigations	(Figure	X-2).	The	results	show	
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almost	 perfect	 obtainment	 of	 the	 maximally	 achievable	 utility	 for	 the	

optimized	concepts	as	shown	in	the	below	figure.	

	

	
Figure	X-!:	Percent	Obtainment	of	Maximum	Achievable	Utility	for	

Optimized	Concepts	

	

However,	 as	 Figure	 X-3	 displays,	 the	 utility	 of	 successful	 missions	 as	 a	

percent	 of	 the	 absolute	maximum	 achievable	 utility	 (maximum	utility	 for	

the	 concept	 at	 any	 point	 during	 CD&E)	 is	 of	 a	 slightly	 lower	 percentage;	

meaning,	 the	 concepts	 reduced	 the	 maxima	 in	 the	 process	 of	 achieving	

greater	median	results.	
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Figure	X-!:	Percent	Obtainment	of	Absolute	Maximum	Achievable	

Utility	for	Optimized	Concepts	

	

The	 risk	 was	 also	 significantly	 decreased	 during	 this	 research.	 Figure	 X-4	

shows	 the	 HERRO	 architecture	 specifically	 was	 able	 to	 exceed	 a	 89%	

reduction	in	risk	across	all	simulations.	
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Figure	X-!:	Percent	Decrease	in	Risk	During	Optimization	

	

Moreover,	the	methodology	provided	substantial	decrease	in	the	probability	

of	LoC	outcomes	(Figure	XI-5).	
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Figure	X-!:	Percent	Decrease	in	Risk	of	LoC	During	Optimization	

	
	
The	above	figure	shows	that	three	separate	mission	concepts	exceed	78%	

reductions	in	the	risk	of	LoC.	

	

!. Concept	Development	

	 Trades	 on	 precursor	 missions	 and	 EOM	 design	 offer	 the	 greatest	

improvements	 on	 utility.	 	 Specifically,	 selecting	 for	 colonization	 in	 the	

mission	 was	 a	 primary	 driver	 in	 the	 improved	 performance	 of	 optimized	

concepts.	The	simulations	suggest	it	is	easier	to	resupply	the	crew	on	Mars	
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than	 to	 attempt	 a	 return	back	 to	Earth,	 albeit	with	 the	 limited	 long-term	

consideration	of	colonization	that	is	included	in	this	research.	Earth	return	

is	 further	hindered	by	 the	 shortcomings	 of	 available	 precursor	missions	 –	

none	of	which	perform	developmental	or	operational	T&E	for	Mars	ascent,	

areocentric	 AR&D,	 or	 TEI	 with	 HMM	 systems.	 This	 uncertainty	 must	 be	

addressed	 if	 colonization	 is	 to	 be	 an	 unfavorable	 EOM	 choice.	 As	 an	

acknowledgement,	 this	 selection	 of	 colonization	 also	 eliminated	 the	

possibility	 for	 teleoperation	 or	 telecollaboration	 solutions	 since	 the	

Simulator	 assumes	 colonization	 takes	 place	 on	 the	 Martian	 surface.	 This	

particular	 solution	 shall	 be	 addressed	 during	 design	 synthesis	 in	 the	 next	

chapter.	

	 Of	 the	 precursor	 missions	 available	 for	 selection,	 an	 uncrewed	

landing	had	 the	greatest	 impact	on	utility,	 followed	closely	by	 the	crewed	

flyby	mission.	The	cis-lunar	mission	had	a	much	more	negligible	impact	to	

the	success	of	the	concept.	It	is	therefore	recommended	that	its	necessity	be	

revisited	 when	 architecting	 the	 new	 mission	 concept,	 particularly	 when	

multiple	 precursors	 are	 being	 selected	 (as	 was	 the	 case	 during	

experimentation).	

	 As	 previously	 discussed,	 the	 siphon	 method	 for	 launch	 and	

integration	is	highly	sought	after	during	tradespace	exploration	for	systems	
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that	 require	multiple	 launches	 with	 AR&D	 in	 LEO.	 This	 is	 the	 case	 with	

larger	vehicles	such	as	crewed	mission	systems	and	all-up	concepts.	This	is	

due	 to	 the	 fact	 that	 later	mission	critical	 launches,	which	result	 in	LoM	if	

failed,	 are	 swapped	with	 iterative	 launching	of	 a	propellant	 tanker,	which	

only	results	in	a	mission	delay	in	the	case	of	failure.	Therefore,	it	is	a	trade	

that	both	increases	payload	capacity	and	decreases	LoM	risk	during	launch	

and	integration.		

	 It	is	worth	mentioning	that	the	cycler	method	also	faired	very	well	in	

tradespace	exploration	and	offered	an	alternative	to	the	siphon	method	for	

smaller	vehicles	that	could	still	be	directly	injected.	Particularly,	cyclers	are	

able	 to	provide	a	 transiting	vehicle	with	maximal	habitat	volume	 for	crew	

state	 optimality	 –	 something	 smaller	 vehicles	 often	 cannot	 afford	 with	

restricted	 mass	 budgets.	 With	 the	 removal	 of	 large	 habitat	 volumes	 the	

remaining	payload	mass	is	able	to	increase	despite	the	need	for	additional	

propellant	 in	 performing	 hyperbolic	 rendezvous.	However,	 it	 is	 this	 same	

hyperbolic	AR&D	with	the	cycling	vehicle	that	increased	risk	to	the	point	of	

noticeable	reductions	in	average	utility.	If	the	MRL	of	this	maneuver	can	be	

increased,	 the	 use	 of	 cyclers	 should	 be	 revisited	 for	 concepts	 utilizing	

smaller	crew	vehicles.	
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Alternatively,	 cargo	 launches	 favored	 the	 direct	 injection	 method,	

both	 for	 pre-deployment	missions	 and	 for	 all-up	missions	 simultaneously	

transiting	multiple	vehicles.	This	is	preferred	for	the	smaller	cargo	vehicles	

in	order	to	avoid	the	added	complexities	of	integration	in	LEO.	While	this	is	

currently	 needed	 in	 a	 HMM,	 the	 Apollo	 benchmark	 results	 indicate	 an	

inverse	proportionality	between	 the	necessity	 to	pre-deploy	cargo	and	 the	

ease	in	performing	the	mission.	

Aerodynamic	MOI	should	be	avoided	at	all	costs	until	 its	reliability	

can	be	 proven.	This	 led	 to	 the	 selection	 of	 propulsive	MOI	 in	 all	mission	

concepts	 that	 could	 afford	 the	 additional	 propellant	 in	 the	 architecture.	

Consequently,	 this	eliminated	nuclear	propulsion	as	an	optimal	choice	 for	

in-space	 systems	 –	 the	 reason	 being	 attributed	 to	 the	 lower	 TRL	 of	 the	

technology.	 Coupled	 with	 its	 increase	 to	 risk	 across	 numerous	 mission	

phases	(and	now	with	the	addition	of	propulsive	MOI	and	EOI)	ultimately	

leads	to	its	omission.	However,	with	a	strong	capability	to	alleviate	payload	

budget	constraints	and	reduce	the	number	of	required	launches,	it	is	highly	

recommended	 that	 nuclear	 propulsion	 be	 revisited	 as	 technology	 to	

increase	 its	 TRL.	 Previous	 programs,	 such	 as	 NERVA,	 make	 this	 TRL	

increase	 significantly	 less	 than	 other	 technologies	 considered	 in	 the	
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tradespace.	 Such	 an	 action	 would	 ultimately	 see	 its	 risk	 impact	 to	 the	

mission	reduced.	

As	discussed	in	the	analytics	section,	redundancy	has	a	tremendous	

effect	on	the	design	of	the	mission.	The	optimized	concepts	indicated	that	

some	 type	 of	 redundancy	 must	 be	 implemented	 during	 interplanetary	

transit	 periods	 of	 the	mission.	 This	 is	 of	major	 concern	 as	 only	 the	 --!-!	

concept	addresses	this	issue.	It	is	therefore	pertinent	that	concepts	reinstate	

this	 capability	 in	 their	 mission	 definitions.	 Transshipment,	 as	 defined	 by	

Salotti	 in	 derivation	 from	 Von	 Braun,	 is	 the	 current	 frontrunner	 in	 this	

solution	since	optimization	shows	disaggregating	the	crew	vehicles	for	EDL	

increases	 mission	 success	 probability.	 Reinvestigating	 potential	 missions	

aiming	 to	 return	 the	 crew	 to	 Earth	 will	 distinguish	 the	 trades	 between	

transshipment	 as	 a	 standalone	 feature	 and	 conducting	 complete	

duplication	of	the	architecture.	Many	of	the	other	redundancy	options	were	

discussed	at	length	during	analytics.	

The	TRL	of	 the	 additive	manufacturing	 /	 2-D	printing	 redundancy	

option	must	be	improved	to	make	its	selection	viable.	This	was	also	the	case	

in	 selecting	 ISRU	 of	 consumables.	 Even	 in	 the	 case	 of	 colonization,	 the	

mission	 success	 to	 risk	 ratio	was	 optimized	when	 resupply	was	 chosen	 in	

place	 of	 in-situ	 production	 reliance	 of	 consumables	 and	 ORUs.	 The	
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usefulness	of	 ISPP	of	 return	propellant,	 as	well	 as	 the	Mars	ascent	 siphon	

method,	 proved	 to	 be	 greater,	 but	 its	 purpose	 was	 diminished	 when	

colonization	 became	 the	 primary	 EOM	 choice.	 It	may	 still	 be	 revisited	 if	

development	of	return	capabilities	is	desired.	

The	 quantification	 of	Martian	 intelligence	must	 occur	 to	make	 the	

estimative	probability	more	accurate.	Regardless	of	such	an	effort,	it	is	clear	

that	 initial	 intelligence	 of	 Mars	 alters	 the	 mission	 outcome	 even	 during	

execution	 of	 a	 perfect	 mission.	 Therefore,	 during	 the	 period	 of	 HMM	

incubation,	 the	 gain	 of	 knowledge	 regarding	Mars	 should	 not	 be	 stalled.	

Doing	so	will	require	and	place	a	heavy	burden	on	precursor	mission(s)	to	

replace	this	acquisition.		

	During	the	surface	exploration	optimization	study,	it	was	found	that	

crew	 size	 was	 inversely	 related	 to	 mobility	 system	 capability	 (or	 rover	

system	capability	for	teleoperation	missions).	For	surface	exploration,	crew	

sizes	 of	 (	 required	 advanced	 mobility	 systems,	 such	 as	 those	 of	 the	

proposed	 rotocraft,	 to	 overcome	 only	 having	 one	 exploration	 group	 for	

investigations.	 Crews	 of	 *	 did	 not	 need	 these	 advanced	 systems,	 but	 still	

required	 advancements	 to	 current	 mobility	 systems,	 such	 as	 those	

presented	 in	 the	 large	 to	medium	mobility	 systems.	 At	 a	 crew	 size	 of	 9,	
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advancements	were	deemed	unwarranted	and	current	mobility	 systems	of	

the	medium	size	accomplished	desired	utility	values.		

During	 this	 portion	 of	 the	 research,	 it	 was	 also	 found	 that	 if	

advanced	 unpressurized	 aerodynamic	mobility	 systems	 could	 be	 used	 for	

longer	 transits	 across	 the	 Martian	 surface,	 pressurized	 mobility	 could	 be	

reduced	 to	 the	 small	 size	 requirements	 and	 used	 only	 for	 backup	 or	

commuter	 habitation.	 This	 combination	 saved	 on	 the	 mass	 budget	 in	

comparison	to	large	pressurized	mobility	systems	for	long	regional	transits	

accompanied	 by	 smaller	 unpressurized	 mobility	 systems	 for	 local	 and	

vicinity	 investigations.	 The	 suborbital	mobility	 option	was	 unnecessary	 in	

this	 research	due	 to	 the	 range	 limit	of	 .//	km	 for	 regional	 investigations.	

The	 technology	 does,	 however,	 possess	 potential	 advantages	 if	 it	 can	 be	

shown	to	open	up	a	new	range	of	global	 investigations	while	still	allowing	

the	central	habitat	design.	This	would	ultimately	drive	the	reemergence	of	

ISPP	necessity	as	well.	

For	 investigations	 via	 teleoperations,	 aerodynamic	 rovers	 enabled	

full	mission	investigations	for	smaller	crew	sizes.	At	a	crew	size	of	8,	 large	

rover	 systems	 were	 sufficient	 for	 surface	 exploration.	 These	 large	 rovers,	

however,	are	still	an	advancement	to	current	technologies.	These	results,	of	

course,	 are	 based	 on	 the	 current	 assumptions	 concerning	 the	 central	
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habitat	 design	 of	 investigations,	 the	 method	 of	 inclusion	 regarding	 the	

locale	 of	 the	 investigations	 themselves,	 and	 the	 scheduling	 algorithms	

developed	for	the	pairs	of	crewmembers	performing	surface	exploration.	A	

true	mathematical	comparison	between	the	efficacies	of	crew	exploration	to	

that	 of	 teleoperated	 rovers	 from	 areocentric	 orbit	 must	 be	 continually	

developed	to	further	solidify	these	trades.	

	 The	addition	of	Solar	I&W	capabilities	had	no	effect	on	the	mission.	

Even	at	solar	maximum,	where	the	Simulator	guarantees	the	occurrence	of	

an	SPE	during	the	mission,	Solar	I&W	did	not	produce	changes	in	utility	or	

risk	 that	 were	 greater	 than	 the	 median	 absolute	 deviation	 or	 standard	

deviation.	 This	 is	 also	 true	 for	 missions	 at	 solar	 maximum	 without	 any	

change	to	the	solar	 I&W	capabilities.	Therefore,	under	the	assumptions	of	

the	Simulator’s	operational	weather	model	concerning	SPEs,	these	systems	

are	not	of	importance.		

	 This	 verdict	 quickly	 changes,	 however,	 when	 discussing	 GCR.	

Simulations	 during	 solar	 minimum	 (modeled	 as	 guaranteed	 GCR	 storm)	

were	substantially	worsened	both	in	terms	of	utility	and	risk.	For	example,	

the	Enhanced	*-!-!	concept	experienced	 roughly	)*%	reduction	of	utility	

and	 %&%	 increase	 in	 LoC	 risk	 for	 the	 mission.	 The	 inclusion	 of	 in-situ	

surface	habitation	barely	eased	this	 impact	since	GCRs	can	occur	at	many	
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portions	of	the	mission	in	which	the	crew	is	not	inside	the	surface	habitat.	

Since	 this	 is	 an	area	 that	 is	not	 very	well	understood,	 it	 is	best	 to	 further	

research	GCRs	as	operational	weather	and	the	development	of	any	potential	

I&W	schemes	or	technologies.	Therefore,	GCR	could	be	a	limiting	factor	of	

future	HMMs.	
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XI. MISSION	ARCHITECTING	

	

All	 of	 the	 knowledge	 acquired	 during	 analytics	 and	 analysis	 are	 used	 to	

construct	 statistically	 validated	 improvements	 to	 the	HMM.	This	 includes	

further	 investigation	 of	 the	 optimal	 concepts:	 the	 Enhanced	 *-!-!	 pre-

deployment	concept	as	well	as	 the	all-up	Abridged	ITS.	Creative	solutions	

from	mission	architecting	and	manual	manipulation	of	Simulator	inputs	are	

used	 to	 arrive	 at	 solutions	 that	were	 not	 obtained	 during	 the	 automated	

tradespace	exploration.	 Such	 solutions	 include	 the	 trade	on	mission	class,	

the	 alteration	 of	 vehicle	 numbers	 and	 sizes,	 abort-to-Mars	 contingencies,	

and	 potential	 colonization	 solutions	 that	 still	 utilize	 teleoperation	 and	

telecollaboration	exploration	techniques.	
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!. Martian	Mothership	

	 For	 this	 concept,	 an	 optimization	 of	 knowledge	 garnered	 from	 the	

analytics	 process	 produces	 a	 newly	 architected	 solution.	 First	 a	

confirmation	of	the	disaggregation	of	crew	and	cargo	at	the	mass	values	of	

this	mission	 is	 revisited	when	expanding	on	 the	Enhanced	3-!-!	 concept.	

Figure	XI-1	states	the	utility	 is	 indeed	greatest	when	only	the	crew	is	split	

for	EDL	to	the	Martian	surface.	The	overall	risk	for	these	trades	is	relatively	

the	same.	

	
	

	
Figure	XI-!:	Disaggregation	Trade	Utility	in	the	Enhanced	+-!-!	

Concept	
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To	 determine	 the	 architectural	 configuration,	 an	 analysis	 concerning	 the	

phase	 in	 which	 disaggregation	 of	 the	 crew	 occurs	 is	 performed.	 This	

considered	the	trade	of	splitting	the	crew	into	multiple	vehicles	at	mission	

initiation	 (launch)	or	 splitting	 the	crew	after	MOI.	At	 the	same	 time,	 it	 is	

confirmed	 that	 non-direct	 TMI	 of	 crew	 vehicles	 is	 also	 optimal	 for	 the	

Enhanced	)-!-!	concept.	The	results	of	utility	are	shown	below.	

	
	

	
Figure	XI-!:	Disaggregation	Phase	Trade	Utility	for	the	Enhanced	--!-

!	Concept	

	

Figure	 XI-2	 shows	 that	 by	 grouping	 the	 crew	 into	 one	 vehicle	 through	

launch,	 TMI,	 MT,	 and	MOI	 performs	 better	 than	 splitting	 the	 crew	 into	

multiple	 vehicles	 at	 Earth.	 This	 also	 allows	 continued	 utilization	 of	 the	
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siphon	 launch	 trade	 that	 proved	 to	 be	 optimal	 during	 AoA.	 The	 risk	

concerning	 these	 trades	 confirms	 that	 the	 siphon	 option	 is	 safer	 for	 the	

crew	than	direct	injection.	This	concept	will	therefore	group	the	crew	into	

one	vehicle	that	has	its	propellant	loaded	in	LEO	via	the	siphon	method.	

	

	
Figure	XI-!:	Disaggregation	Phase	Trade	Risks	for	the	Enhanced	--!-!	

Concept	

	

The	results	of	Figure	XI-4	confirm	the	selection	of	cargo	deployment	

method	during	this	manual	tradespace	exploration.	It	is	seen	that	direct	

injection	of	the	cargo	elements	is	favorable	in	terms	of	utility.	
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Figure	XI-!:	Cargo	Deployment	Trade	Utility	for	the	Enhanced	--!-!	

Concept	

	
	

This	is	also	true	in	terms	of	risk	(Figure	X-5).	Therefore,	the	cargo	for	this	

concept	 will	 be	 directly	 injected	 during	 pre-deployment	 a	 synodic	 period	

before	the	crew	initiates	its	journey	in	one	large	vehicle	constructed	in	LEO	

using	 the	 siphon	 method.	 The	 crew	 vehicle	 then	 separates	 into	 smaller	

vehicles	 after	 MOI	 for	 EDL	 at	 Mars.	 This	 concept	 shall	 bare	 the	 name	

Mothership	 for	 the	 exploration	 type	 that	 it	 emulates.	 It	 most	 closely	

resembles	an	abridged	version	of	the	Mars	Project.	
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Figure	XI-!:	Cargo	Deployment	Trade	Risks	for	the	Enhanced	--!-!	

Concept	

	
	
Additionally,	 as	 discussed	 in	 the	 analysis,	 a	 concept	 of	 this	 nature	 could	

benefit	even	further	with	the	consideration	of	crew	parallel	redundancy.	If	

the	 crew	 is	 split	 into	 many	 smaller	 vehicles	 for	 Mars	 exploration,	 it	 is	

worthwhile	 to	 consider	 the	 loss	 acceptance	 for	 one	 or	more	 of	 the	many	

disaggregated	crew	vehicles.	This	would	not	only	increase	average	utility	as	

shown	during	analytics,	but	would	drive	down	the	overall	risk	of	failing	the	

mission.	

	 Lastly,	 a	 change	 in	 abort	 philosophy	 is	 performed	 for	 the	mission.	

The	analytics	 section	 showed	 the	difficulty	 in	 returning	 the	crew	 to	Earth	
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and	that	MOI	abort	was	a	 leading	mission	dynamic.	These	 two	events	are	

highly	conflictive	if	the	strategy	remains	to	abort	to	Earth.	Therefore,	if	the	

Mothership	itself	is	treated	as	a	possible	habitation	in	orbit,	it	is	possible	to	

change	the	CONOPS	to	reflect	an	abort-to-Mars	strategy.	Even	aborts	from	

the	Martian	 surface,	 as	 seen	 in	 the	analytics	of	 colonization	missions,	 can	

still	eliminate	Earth	as	a	mandatory	return	point	if	the	architecture	contains	

both	a	surface	and	orbital	habitation.	To	determine	if	this	abort	strategy	is	

more	 successful	 than	 embarking	 on	 the	 difficult	 return	 to	 Earth,	 the	

Mothership	mission	 is	 again	 simulated	with	 the	Mothership	 containing	 a	

HAB	for	surface-to-orbit	or	orbit-to-surface	transshipment.	

	

	
Figure	XI-6:	Abort	Strategy	Trade’s	Utility	for	the	Mothership	Concept	
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The	results	of	Figure	XI-6	are	visually	significant.	Combining	the	abort-to-

Mars	and	EOM	colonization	strategies	is	the	most	impactful	design	

alteration	of	this	research.	It	allows	the	crew	to	successfully	abort	

hazardous	condition	while	still	remaining	at	Mars	to	continue	the	mission.	

The	same	improvement	is	shown	for	the	risk,	albeit	with	a	greater	chance	in	

LoC	outcomes.	

	

	
Figure	XI-!:	Abort	Strategy	Trade's	Risk	for	the	Mothership	Concept	

	

With	 the	 crew	 remaining	 at	 Mars,	 the	 LoC	 outcomes	 are	 greater	 due	 to	

failed	 cargo	EDL	during	 resupply	missions;	 however,	 as	 previously	 stated,	
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this	 performance	 can	 be	 improved	 with	 the	 investigation	 of	 higher-order	

redundancy.	

	 Lastly,	 with	 both	 an	 orbital	 and	 surface	 habitation,	 the	 trade	

between	 surface	 only	 exploration	 and	 teleoperations	 is	 performed	 (Figure	

XI-8)	–	assuming	robotic	systems	are	part	of	the	architecture’s	pre-deployed	

assets.	

	

	
Figure	XI-8:		Exploration	Type	Trade's	Utility	of	the	Mothership	

Concept	

	

With	the	ability	to	continue	exploration	even	during	surface	or	orbital	abort	

sequences,	the	median	mission	utility	and	IQR	are	both	improved.	The	

same	improvement	is	also	transferred	to	risk.	
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Figure	XI-!:	Exploration	Type	Trade's	Risk	for	the	Mothership	

Concept	

	

The	 Mothership	 concept	 is	 therefore	 further	 improved	 with	

teleocollaboration	 capability.	 It	 is	 also	 easier	 to	 resupply	 the	 crew	 if	 they	

can	be	partially	reached	in	areocentric	orbit,	thus	reducing	the	mass	needed	

for	EDL	to	reach	the	Martian	surface,	further	reducing	LoC.	

	

!. Martian	Space	Station	

	 Here,	 the	 Abridged	 ITS	 concept	 is	 experimented	 in	 architecting	

colonization-centric	 teleoperation	 and	 telecollaboration	 concepts	 to	
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determine	their	utility.	Displayed	below	are	results	statistically	supporting	

design	trades	during	manual	tradespace	exploration.	The	process	is	similar	

to	that	used	in	development	of	the	above	Mothership	concept.	

	 Again	 the	 negative	 impact	 of	 splitting	 cargo	 at	 the	mass	 values	 of	

these	concepts	is	confirmed	as	shown	in	Figure	XI-10.	

	
	

	
Figure	XI-!":	Cargo	Deployment	Trade	Utility	for	the	Abridged	ITS	

Concept	
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The	same	trade	on	its	deployment	method	is	made	in	the	below	figure.	

	

	
Figure	XI-!!:	Pre-Deployment	Trade	Utility	for	the	Abridged	ITS	

Concept	
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This	is	also	repeated	for	the	risk	concerning	the	pre-deployment	trade.	
	
	

	
Figure	XI-!":	Pre-Deployment	Trade	Risks	for	the	Abridged	ITS	

Concept	

	

	
Therefore,	 direct	 injection	 is	 indeed	 the	 best	 mechanism	 for	 delivering	

cargo	to	Mars	for	this	concept	as	well.	

	 In	 order	 to	 investigate	 teleoperation	 and	 telecollaboration,	 the	

exploration	 styles	 and	 optimizations	 of	 the	 ESA	 HMM,	 HERRO,	 and	

MARPOST	 concepts	 are	 revisited.	 A	 trade	 not	 performed	 by	 any	 of	 these	

concepts	 was	 the	 pre-deployment	 of	 the	 major	 crew	 vehicle	 used	 for	

areocentric	operations	 -	 the	 results	of	which	are	 shown	below.	The	 trades	
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are	to	send	this	vehicle	uncrewed	during	cargo	pre-deployment	or	to	send	it	

crewed	after	cargo	pre-deployment.		

	
	

	
Figure	XI-!":	Space	Station	Deployment	Trade	Utility	

	

Since	 this	 vehicle	 is	 now	 designed	 for	 areocentric	 colonization	 instead	 of	

returning	back	to	Earth,	it	becomes	clear	that	it	behaves	more	like	a	space	

station	 than	 a	 transit	 vehicle.	 Therefore,	 this	 concept	 shall	 bear	 such	 a	

name	in	representation	of	its	defining	characteristic.	The	risks	of	the	trade	

are	plotted	below.	
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Figure	XI-!":	Space	Station	Deployment	Trade	Risks	

	

The	 results	 indicate	 a	decision	 trade	between	method	and	 risk	 that	 could	

ultimately	be	decided	by	preference	or	FoM.	With	a	modular	space	station	

approach,	 transshipment	 capabilities	 are	 also	 inherent.	 As	 the	 analytics	

section	pinpointed,	the	removal	of	redundancy	for	crewed	vehicles	proved	

to	 be	 disastrous.	 Furthermore,	 with	 the	 crew	 continuously	 in	 space,	 this	

could	 prove	 to	 be	 more	 reliant.	 As	 more	 of	 these	 features	 are	 removed,	

performance	 regresses	 back	 to	 the	 Tier	 1	 performance	 of	 the	 optimized	

concepts.	
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Figure	XI-!":	Utility	of	a	Martian	Space	Station	With	and	Without	

Redundant	Habitation	

	

It	 is	 understood	 that	 accomplishing	 the	 arrival	 of	 crewmembers	 to	 the	

Martian	surface	may	be	pertinent	when	pursuing	a	HMM.		Figure	XI-16	and	

Figure	 XI-17	 display	 both	 the	 utility	 and	 the	 risk	 of	 performing	

telecollaboration	from	the	Space	Station	as	opposed	to	just	teleoperations.	

	
	



	

	 	 	319	

	
Figure	XI-!":	Exploration	Style	Trade	Utility	for	the	Martian	Space	

Station	Concept	

	

Here	the	median	utility	is	roughly	the	same,	but	the	probability	of	a	higher	

utility	outcome	 is	greater	when	the	crew	performs	exploration	 from	Mars’	

surface.	
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Figure	XI-!":	Exploration	Style	Trade	Risks	for	the	Martian	Space	

Station	Concept	

	

Accordingly,	 it	 is	 a	 trade	 between	 the	 utility	 to	 risk	 ratios.	 As	 previously	

stated,	 however,	 when	 crew	 EDL	 is	 being	 performed,	 the	 simultaneous	

incorporation	 of	 disaggregation	 and	 partial	 LoC	 outcome	 acceptance	 will	

shift	the	trade	more	towards	the	selection	of	telecollaboration.	

	 It	is	also	understood	that	the	acceptance	of	not	returning	the	crew	to	

Earth	at	the	conclusion	of	the	primary	mission	may	also	be	a	hurdle.	Since	

this	is	seemingly	easier	to	do	from	a	Space	Station	in	areocentric	orbit	than	

from	the	surface	of	Mars,	this	is	displayed	in	the	trade’s	risk	of	Figure	XI-18.	
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Figure	XI-!":	Exploration	Style	Trade	Risks	of	the	Martian	Space	

Station	Concept	with	Crew	Return	to	Earth	

	

With	 the	 change	 coming	 after	 performance	 of	 the	mission,	 utility	 would	

remain	the	same.	However,	it’s	clear	that	an	attempt	to	return	the	crew	to	

Earth	 would	 increase	 the	 overall	 LoC	 outcomes.	 This	 is	 also	 another	

scenario	where	partial	LoC	outcome	consideration	could	be	beneficial.	With	

a	 return	 to	 Earth	 using	 the	 Space	 Station,	 this	 concept	 now	 closely	

resembles	the	MBC	concept.	

	 Lastly,	many	consider	such	an	orbital	mission	to	not	truly	be	a	HMM	

but	 a	 precursor	 to	 a	 surface	 exploration	 mission.	 To	 demonstrate	 the	

statistical	 impact	of	 this	 Space	Station	 concept	 as	 a	precursor	mission,	 its	

results	 are	 compared	 in	 Figure	 XI-19.	 The	 results	 of	 being	 a	 precursor	
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mission	 are	 achieved	 by	 simulating	 the	 concept	 without	 any	 of	 the	

precursor	missions	of	the	tradespace.	

	

	
Figure	XI-!":	Comparison	of	Space	Station	Concept	Risks	as	a	

Precursor	Mission	

	

Therefore,	 performing	 the	 Space	 Station	 mission	 as	 a	 precursor	 would	

increase	both	the	overall	risk	as	well	as	the	LoC	risk.	
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!. Mars	Accreted	Reconnaissance	Station		
	
	 The	 third	 mission	 architected	 is	 the	 MARS	 (Mars	 Accreted	

Reconnaissance	 Station)	 Concept,	 which	 is	 an	 integration	 of	 the	

Mothership,	 Space	 Station,	 and	 Mars	 precursor	 missions	 into	 one	

architecture.	Here	the	Mothership	for	crew	transit	to	Mars	is	a	module	for	

the	Martian	Space	Station.	Over	time,	these	transit	modules	develop	a	full	

Space	 Station	 by	 accretion.	 From	 this	 orbital	 outpost,	 it	 is	 possible	 to	

conduct	 uncrewed	 EDL	 precursor	 missions	 and	 a	 potential	 add-on	

uncrewed	ascent	mission,	as	well	as	additional	reconnaissance	necessary	to	

increase	Martian	intelligence.	The	deployment	of	a	crew	from	Earth	to	work	

in	areocentric	orbit	can	replicate	 the	benefits	of	 the	crewed	 flyby	prequel,	

while	also	boosting	prerequisites	for	Martian	surface	exploration.	Since	the	

Mothership	concept	already	assumes	crew	EDL	to	colonize	on	the	Martian	

surface,	 this	 can	 be	 performed	 from	 the	Martian	 Space	 Station	when	 the	

crew	 is	prepared	 to	do	 so	 after	precursor	operations.	 In	 essence,	 it	 allows	

surface	 colonization	of	 the	 crew	with	 the	 additional	margin	of	 a	 compact	

precursor	schedule	–	all	with	the	benefit	of	a	single	architecture	during	one	

mission.	 Additionally,	 having	 both	 an	 orbital	 and	 surface	 habitation	

designed	 for	 long-term	 accommodations	 allows	 a	 Mars	 exploration	
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equivalent	 of	 transshipment,	 as	 derived	 during	 the	 architecting	 of	 the	

Mothership	concept.	

	 Furthermore,	emergency	ascent	and	return	vehicles	can	be	included	

in	 the	 architecture	 with	 the	 Space	 Station.	 This	 will	 open	 the	 door	 for	 a	

sample	 return	 component	 as	 well	 as	 the	 tour-of-duty	 EOM	 trade.	 With	

tour-of-duty	 enabled,	 the	 utility	 does	 not	 change	 but	 the	 risk	 for	 LoC	

increases	as	shown	in	Figure	XI-20.	

	

	
Figure	XI-!":	EOM	Trade	Risks	for	the	MARS	Concept	
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within	 its	 own	 architecture,	 its	 simulation	 does	 not	 represent	 a	 true	

comparison	 of	 utility.	 Instead,	 Figure	 XI-21	 displays	 performance	 against	

post-precursor	mission	utility.	

	

	

Figure	XI-!":	Utility	of	the	MARS	Concept	With	Precursor	Missions	
and	After	Precursor	Missions	

	

The	 figure	shows	 that	 the	median	utility	 is	 significantly	 increased	with	an	

increase	 in	 the	 probability	 of	 higher	 utility	 outcomes	 if	 performed	 after	

precursor	missions.	 It	 is	 also	 seen	below	 that	 there	 is	 a	 slight	decrease	 in	

risk,	with	a	similar	shift	from	LoC	to	LoM	outcomes	if	only	considering	the	

MARS	Concept	performance	after	precursor	missions.		
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Figure	XI-!!:	Risk	of	The	MARS	Concept	With	Precursor	Missions	and	

After	Precursor	Missions	

	

Lastly,	 the	 colonization	 and	 transshipment	 are	 capitalized	 upon	 by	

switching	the	abort	strategy	to	that	of	abort-to-Mars	(Figure	XI-23).	
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Figure	XI-!":	Abort	Strategy	Trade's	Utility	for	the	MARS	Concept	
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The	same	is	shown	for	the	risk	(Figure	XI-24).	

	

	
Figure	XI-!":	Abort	Strategy	Trade's	Risk	for	the	MARS	Concept	

	

The	 change	 in	 median	 utility	 is	 as	 transformative	 as	 the	 Mothership	

concept	but	the	dispersion	of	primary	mission	outcomes	does	not	increase	

with	the	change	in	abort	strategy.	

	 Such	a	concept	 is	closest	 to	 the	CPOM	architecture.	The	difference	

being	 the	 removal	 of	 the	 cyclers	 and	 transition	 of	 pre-landing	 operation	

from	 the	 surface	 of	 Phobos	 to	Mars	 orbit.	 It	 is	worth	noting	 that	 Phobos	

may	 serve	 as	 a	 suitable	 replacement	 for	 constructing	 the	 Reconnaissance	
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the	scope	of	 this	 research.	Furthermore,	although	Phobos	 is	 tidally	 locked	

and	has	the	closest	orbit	of	any	moon	in	the	solar	system,	its	orbit	around	

Mars	is	fixed	and	cannot	be	changed	the	way	a	Space	Station	could,	which	

would	alter	MOI,	ascent,	AR&D,	and	teleoperations.	

	

!. Ensemble	

	 The	 concepts	 architected	 above,	 therefore,	 present	 a	 set	 of	

statistically	 justified	improvements	to	the	HMM.	Below	is	a	progression	of	

the	utility	throughout	this	research.	From	the	baseline	performance,	to	the	

Optimized	 Mars	 One	 concept,	 to	 the	 Enhanced	 4-!-!	 concept	 derived	

during	analytics,	and	finally	to	the	newly	architected	mission	concepts.	
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Figure	XI-!":	Utility	Progression	of	HMM	Concepts	using	the	

Methodology	
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This	same	progression	is	shown	for	the	HMM	risk	(Figure	XI-26).	

	

	
Figure	XI-!":	Risk	Progression	of	HMM	Concepts	using	the	

Methodology	
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Table	XI-1	displays	the	prominent	aggregates.	

	

Table	XI-!:	Progression	of	Aggregates	for	HMM	Concepts	Using	the	
Methodology	
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Figure	XI-27	and	Table	XI-2	show	the	MoE	and	FoM	respectively.	

	

	

Figure	XI-!":	Progression	of	Measures	of	Effectiveness	Using	the	
Methodology	

	

Table	XI-!:	Progression	of	Figures	of	Merit	Using	the	Methodology	
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As	 indicated,	 the	 end	 events	 of	 the	 architect	 concepts	 can	 be	 addressed	

with	high-order	cargo	 redundancy.	The	Mothership	and	Mars	concept	are	

only	delays	for	scientific	investigations	since	the	abort	strategy	is	to	remain	

at	 Mars.	 The	 MoE	 and	 FoM	 follow	 similar	 relations	 as	 shown	 in	 the	

analytics.		

Each	 concept,	 therefore,	 represents	 a	 potential	 solution	 dependent	

on	 the	 space	 exploration	 culture	 leading	 up	 to	 the	 HMM.	 Figure	 XI-28	

displays	the	potential	placement	of	the	architected	mission	concepts.	

	

	

Figure	XI-!":	Ensemble	of	Architected	Human	Mars	Mission	Concepts	

	

It	is	stated	that	the	Mothership	concept	offers	the	direct	mission	approach	

with	 the	 MARS	 concept	 offering	 an	 equivalent	 single	 mission	 campaign.	

The	Mothership	concept	preceded	by	a	Space	Station	is	a	more	conservative	

approach	to	a	HMM	campaign.	All	HMMs	initiated	with	a	Phobos	Outpost	
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assume	 this	 is	 done	 as	 a	 stepping-stone	 to	Mars’	 surface	 from	 lunar	 base	

capabilities.	

	 Regardless	 of	 disposition	 concerning	 how	 to	 perform	 a	 HMM,	 the	

Mothership	concept	achieves	the	greatest	median	utility,	best	probability	of	

a	high	utility	outcome,	lowest	overall	risk	and	LoC	risk,	and	offers	a	direct	

exploration	approach	to	Mars.	It	should	therefore	serve	as	the	new	baseline	

mission	 for	 future	 HMMs,	 dependent	 on	 precursor	 mission	 strategies.	 If	

these	wish	to	be	condensed	 into	a	single	architecture,	an	 improved	MARS	

Concept	could	serve	to	rival	the	Mothership’s	selection.	

	

!. Benchmark	

	 To	 establish	 a	 new	 benchmark	 of	 performance,	 the	 Motherhsip	

concept	 is	 analyzed.	 The	 HMM	 has	 now	 progressed	 to	 the	 point	 where	

!".$%%	 of	missions	 are	 successful.	 Figure	 XI-29	 visually	 shows	 the	 small	

percentage	 of	missions	 that	 have	 events	 prematurely	 ending	 the	mission.	

This	performance	is	achieved	despite	still	having	a	mission	dynamic	occur	

in	$%.'(%	of	missions.	
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Figure	XI-!":	Outcome	of	Mothership	Missions	

	

	

The	small	percentage	of	non-successful	outcomes	is	broken	down	in	Figure	

XI-30.	

Success	
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Figure	XI-!":	Mission	Dynamics	in	Mothership	Missions	

	

To	determine	their	occurrence	in	the	mission,	the	outcomes	are	separated	

to	show	pre-deployment	failures	(Figure	XI-31).	
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Figure	XI-!":	Mothership	Pre-Deployment	Failures	

	

As	 previously	 stated,	 many	 of	 these	 failures	 can	 be	 addressed	 with	 the	

investigation	 of	 higher-orders	 of	 redundancy	 in	 cargo	 vehicles.	 The	

continued	effect	of	operational	weather	may	change	in	continued	research	

of	space	weather	events.	

	 This	 is	 also	 the	 case	 for	 LoM	 outcomes	 as	 shown	 in	 Figure	 XI-32.	

Here,	 most	 of	 these	 are	 contributions	 from	 pre-deployment,	 with	 a	 very	

small	addition	from	human	error	during	the	crewed	portion	of	the	mission.	
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Figure	XI-!":	Loss	of	Mission	Outcomes	in	Mothership	Missions	

	

Figure	 XI-33	 decomposes	 the	 outcomes	 in	 a	 similar	 fashion	 but	

demonstrates	 LoC	 events.	 As	 determined	 during	 the	 sensitivity	 analysis,	

shifting	 the	 landing	 accuracy	 from	 internally	 stochastic	 to	 tradespace	

selectable	will	allow	further	determination	of	its	impact	in	producing	MAV	

Out	of	Range	outcomes.	
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Figure	XI-!!:	Loss	of	Crew	Outcomes	in	Mothership	Missions	

	

Furthermore,	 additional	 research	 into	 operation	 weather	 for	 HMMs	 will	

determine	a	more	accurate	representation	of	REID	outcomes.	

	 Lastly,	 new	 contingencies	 need	 to	 be	 developed	 with	 a	 change	 in	

abort	strategies	from	abort-to-Earth	to	abort-to-Mars.	While	aborts	in	LEO	

can	continue	to	place	the	crew	back	on	Earth,	Figure	XI-34	shows	that	with	

the	abort-to-Mars	strategy,	standard	operating	procedures	need	to	be	put	in	

place	for	handling	aborts	while	on	Mars’	surface.	
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Figure	XI-!":	Abort	Phases	During	Mothership	Missions	

	

Or	more	specifically,	as	shown	in	Figure	XI-35,	how	to	handle	aborts	during	

scientific	transit	and	investigations	will	need	to	be	determined.		
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Figure	XI-!":	Abort	Events	During	Mothership	Missions	

	

Therefore,	it	is	possible	that	in	further	research	the	Mothership	concept	can	
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XII. CONCLUSION	

	

In	 conclusion,	 the	 methodology’s	 framework	 is	 outlined,	 along	 with	

summation	 of	 its	 results	 and	 findings	 and	 their	 inherent	 limitations.	 The	

research	 is	 concluded	 with	 statements	 addressing	 future	 work	 and	 the	

applicability	of	the	methodology	to	other	disciplines.	
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!. Framework	

	 Mission	objectives	are	quantified	to	produce	a	set	of	metrics.	These	

metrics	are	split	between	MoE,	which	directly	measure	a	mission’s	ability	to	

satisfy	 its	objectives,	 and	FoM,	which	quantify	 the	value	of	 alternatives	 in	

achieving	 those	 mission	 objectives.	 The	 Simulator	 is	 used	 to	 provide	 a	

platform	 for	mission	utility	 analysis.	 It	 provides	modeling	 of	 the	mission,	

inclusive	 of	 operational	 weather,	 ergonomics,	 and	 uncertainty	 at	 the	

system,	 architectural,	 mission,	 and	 enterprise	 levels.	 It	 enables	 input	 of	

HMM	architectures	across	a	vast	 tradespace	without	 the	need	 to	alter	 the	

Simulator	 itself.	 This	 and	 a	 comprehensive	 replication	of	HMM	CONOPS	

enable	quantification	of	 the	metrics	 in	analyzing	mission	utility.	Analytics	

of	 the	 Simulator’s	 dataset	 provides	 mathematical	 input	 in	 architecting	

statistically	 validated	 concepts	 in	 advancing	 the	 HMM.	 This	 framework	

makes	 it	 possible	 to	 then	 reevaluate	 the	 HMM	 after	 development	 and	

experimentation	of	its	mission	concepts.	

	

!. Summation	

	 The	 mechanisms	 of	 the	 methodology	 garnered	 insights	 into	 the	

mission,	 including:	 (/)	 pre-deploy	 mission	 concepts	 perform	 statistically	
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better	than	all-up	concepts,	however	the	Apollo	benchmark	results	indicate	

the	necessity	to	pre-deploy	assets	diminishes	as	the	difficulty	of	performing	

the	 mission	 decreases;	 (+)	 benefits	 of	 the	 uncrewed	 landing	 and	 crewed	

flyby	precursor	mission	transfer	well	 to	 the	mission,	while	 the	crewed	cis-

lunar	precursor	mission	has	no	 impact	on	 the	mission	outcome;	 (2)	EOM	

design	favors	colonization	as	it	is	easier	to	resupply	the	crew	on	Mars	than	

attempt	to	return	them	to	Earth;	(/)	the	TRL	of	ISRU	is	too	low	to	augment	

this	Earth	resupply	need,	however	ISPP	is	beneficial	for	missions	requiring	

Mars	ascent;	(,)	utilization	of	the	siphon	method	for	Mars	ascent	is	worthy	

of	 R&D	 but	 is	 negligible	 with	 the	 suggested	 colonization	 EOM	 design;						

(")	the	EOM	design	impact	also	demonstrates	a	significant	improvement	to	

the	mission	by	converting	 the	mission	contingency	hierarchy	 to	an	abort-

to-Mars	 strategy;	 (,)	 redundancy	 is	 critical	 to	 mission	 success	 and	 the	

research	suggests	instituting	transshipment	capabilities,	particularly	during	

interplanetary	transit	and	areocentric	exploration	phases;	(")	maturation	of	

the	 iterative	 launching	of	 a	 fully	 reusable	 propellant	 tanker	 in	 the	 siphon	

method	effectively	increases	the	mission	gear	ratio	while	reducing	mission-

critical	 launches;	 (")	optimal	 launch	configurations	are	different	 for	 cargo	

and	crew	–	cargo	prefers	direct	 launch	to	Mars,	rather	crew	uses	AR&D	in	

LEO	 utilizing	 the	 siphon	 method	 (except	 the	 MARS	 Concept),	 and	
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maturation	of	the	hyperbolic	rendezvous	could	advocate	the	cycler	method	

for	small	crew	vehicles;	(12)	there	is	a	strong	coupling	of	MOI/EOI	methods	

and	 propulsion	 system	 selection	 –	 propulsive	 orbit	 insertion	 vastly	

outperforms	 its	 aerodynamic	 counterpart	 which	 contributes	 to	 the	

preference	of	chemical	propulsion	over	nuclear	systems	due	to	the	repeated	

uses	 of	 the	 system	 in	 missions	 relying	 on	 propulsive	 insertion	 methods;				

("")	 the	 remaining	 mission	 gaps	 and	 shortcomings	 are	 related	 to	 the	

omission	of	human-rated	Mars	ascent	and	areocentric	operation	precursor	

evaluations,	 as	well	as	 the	 lack	of	HMM	CONOPS	development;	 (<=)	both	

dust	storm	encounters	and	MD	occur	in	almost	all	missions	and	therefore	

are	 significant	 in	 the	 generation	 of	 pragmatic	 HMM	 concept	 solutions;				

("#)	 application	 of	 parallel	 redundancy	 principles	 to	 crewmembers	 in	

acceptance	of	partial	LoC	outcomes	significantly	 increased	mission	utility;	

("#)	solar	I&W	systems	are	not	useful	to	the	mission	as	alteration	of	risk	and	

mission	utility,	even	during	missions	where	an	SPE	is	guaranteed,	were	not	

statistically	 significant;	 (./)	 GCR	 is	 detrimental	 to	 the	 mission	 as	 its	

occurrence	 overwhelming	 increases	 LoC	 outcomes,	 even	 in	 the	 case	 of	

employing	in-situ	habitation	shielding	methods;		("#)	crew	size	is	inversely	

proportion	to	surface	mobility	size	–	crews	of	)	require	advanced	mobility	

systems	and	aerodynamic	 rovers	during	 teleoperations,	 crews	of	.	 require	
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upgraded	 mobility	 systems	 and	 substantial	 rovers	 during	 teleoperations,	

and	 crews	 of	 ,	 can	 use	 currently	 projected	 mobility	 systems	 and	

teleoperation	 rovers;	 and,	 ("#)	 Mars	 intelligence	 clearly	 impacts	 mission	

outcome	but	its	 improvement	is	beyond	the	scope	of	this	research	(except	

precursor	 missions)	 as	 it	 usually	 pertains	 to	 observations,	 scientific	

missions,	and	rover	exploration	that	are	performed	prior	to	the	HMM.	

	

!. Confirmation	

	 The	hypothesis	of	the	research	is	indeed	confirmed.	The	framework	

of	the	methodology	allowed	the	research	to	increase	the	utility	of	HMMs	by	

!"."%	over	the	baseline	DRA	mission	utility	while	reducing	the	mission	risk	

by	$%.'%%.	This	makes	the	HMM	comparable	to	the	Apollo	missions	to	the	

Moon	 in	 terms	 of	 utility,	 albeit	 with	 greater	 risk.	 The	 efficacy	 of	 the	

methodology	 is	 therefore	 achieved	 by	 converting	 high-level	 mission	

objectives	 into	quantifiable	mission	outcomes	 for	reforming	space	mission	

analysis	and	design.	
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!. Limitations	

	 As	 with	 any	 simulation,	 particularly	 in	 stochastic	 forecast	 models	

relying	on	numerical	predictions,	 the	 results	are	 inherently	 limited	by	 the	

nature	 of	 probability.	 However,	 this	 can	 be	 augmented	 by	 systematic	

interpretations,	 as	 discussed	 in	 XI	 §	 !.	 Additionally,	 the	 accuracy	 of	 the	

utilized	 datasets	 is	 uncertain	 and	 is	 based	 on	 estimates;	 therefore,	 the	

results	and	findings	of	this	dissertation	are	indicative.		

While	 subtle,	 it	 is	 the	 methodology’s	 need	 to	 quantify	 impacts	 to	

utility	 that	 often	 limits	 its	 comprehensive	 and	 accurate	 depiction.	

Particularly	in	HSF	with	very	limited	historical	missions,	it	may	be	regarded	

as	 exceedingly	 difficult	 to	 mathematically	 capture	 the	 complexities	 of	 a	

human	throughout	an	interplanetary	space	mission.	However,	as	discussed	

in	V	 §	 !,	 being	 cognizant	 of	 equivalent	 impacts	 across	 AoA	 still	 provides	

value	to	the	utility	analysis.		

	 It	is	the	CD&E	portion	of	mission	utility	analysis	that	is	much	more	

hindered	 by	 hidden	 limitations	 such	 as	 the	 selected	 ground	 rules,	

assumptions,	delimitations,	and	datasets	used	to	construct	the	model.	All	of	

these	 aspects,	 particularly	 for	 a	 mission	 as	 undeveloped	 as	 the	 HMM,	

provide	 uncertain	 deviations	 from	 reality	 that	 cannot	 be	 overcome	 by	
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stochastic	 techniques.	 Ultimately,	M&S	 is	 limited	 in	 its	 capacity	 by	 these	

aspects,	and	therefore,	so	too	is	the	methodology.	

	

!. Future	Work	

	 M&S	 of	 space	 missions	 is	 a	 very	 active	 area	 of	 research.	 It	 is	

anticipated	 there	 will	 be	 much	 future	 work	 contributing	 to	 the	

advancement	of	the	methodology	and	continuation	of	HMM	research.	For	

example,	 NASA	 has	 an	 entire	 technical	 roadmap	 devoted	 to	 the	

advancement	of	M&S,	which	particularly	pinpoints	Monte	Carlo	and	PRA	as	

areas	of	priority	!"#.	Advancement	 in	these	 fields	will	certainly	 increase	the	

fidelity	of	the	methodology.	

	 In	analysis,	many	areas	of	improvement	for	both	the	M&S	approach	

and	 HMMs	 were	 identified	 and	 elaborated.	 The	 methodology	 would	

therefore	benefit	from	the	incorporation	of	these	capabilities	in	the	utilized	

Simulator	 and	 further	 investigation	 of	 the	 science	 and	 technology	 areas	

concerning	 HMMs.	 Particularly,	 as	 the	 HMM	 is	 updated,	 so	 too	 will	 the	

M&S	and	methodology	to	produce	more	relevant	results.	
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!. Applicability	

	 In	this	particular	case,	the	methodology	was	used	for	space	mission	

utility	 analysis.	 In	 reality,	 the	 framework	 applies	 to	 anything	 or	 anyone	

seeking	 to	 define	 the	 best	 solution	 for	 achieving	 objectives	 and	 goals.	 In	

essence,	 the	 journey	 towards	 becoming	 more	 accomplished	 is	 a	 mission,	

and	 this	methodology	presents	 guiding	principles	 for	 engineering	mission	

achievement.	This	philosophy	is	applicable	to	any	domain.	In	the	same	way	

that	 fields	 such	 as	 operations	 research	 and	 systems	 engineering	 have	

evolved	from	an	application,	to	definite	frameworks	and	methodologies	–	it	

is	 foreseeable	 that	 the	 holistically	 technical	 approach	 of	 mission	

engineering	will	carve	a	discipline	of	its	own	and	that	mission	engineering	

will	be	offered	as	a	degree	program	at	academic	institutions.	
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XIII. APPENDICIES	
	

A. Landing	Site	Modeling	Parameters	

Table	XIII-!:	List	of	Landing	Sites	
NAME LAT° LON° ALT (km) DS% 

Aram Chaos 02.6 -021.0 -3.44 90 
Argyre Floor Deposits -51.5 -041.0 -1.96 10 

Arsia Lobate Glacial Deposit -07.4 -123.8 6.34 90 
Arsia Mons -04.8 -126.3 4.53 90 

Atlantis Chaos -34.8 -177.4 -0.93 90 
Centauri Montes -38.7 096.7 -1.73 60 

Central Alba Patera 40.7 -109.6 7.49 90 
Chasma Boreale 82.6 -047.3 -3.03 40 
Chryse Planitia 27.0 -041.0 -4.15 90 

Coloe Fossae Dichotomy Boundary 41.3 054.2 -1.95 90 
Complex Tectonic Ridges -66.0 140.0 3.84 50 

Dorsa Argentea Formation -71.8 -067.3 2.70 30 
Eastern Hellas Basin Massifs -38.7 097.0 -0.98 50 

Eastern Olympus Mons 17.7 -128.2 1.85 90 
Elysium Planitia 05.0 150.0 -3.33 90 

Floor of Valles Marineris -07.0 -072.7 -4.91 90 
Gale Crater -05.1 137.5 -2.35 90 

Gusev Crater-Columbia Hills -14.6 175.4 -2.58 90 
Hecates Tholus 32.0 150.3 4.68 90 

Hellas Basin Floor -41.9 069.6 -5.86 50 
Hesperia Planum -23.3 110.6 1.89 60 

Hesperian Calderas -59.4 060.7 3.10 40 
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Holden-Eberswalde Craters -24.0 -033.6 -1.74 60 
Huygens Ridge -12.3 066.3 1.99 60 

Isidis Basin Floor 12.0 088.5 -3.45 80 
Jezero Crater 18.4 077.7 -2.38 90 
Kasei Valles 21.0 -073.8 -0.84 90 
Lyot Crater 50.3 029.1 -4.84 90 

Mangala Valles -18.0 -149.4 -0.41 80 
Mawrth Vallis 25.3 -019.3 -3.35 80 

Medusae Fossae Formation 01.6 -173.2 -3.72 90 
Meridiani Region -02.0 -005.5 -2.02 90 

Mie Crater 48.5 139.7 -4.61 90 
Milankovic Crater 55.0 -146.5 -3.79 90 

Newton Crater Gully Sites -40.5 -157.9 -0.76 50 
Nili Fossae 24.2 079.4 -0.32 90 

Nilosyrtis Mensae 35.0 071.0 -1.49 80 
North Polar Cap 86.0 079.0 -0.86 40 

Northeast flanks of Arsia Mons -07.4 -121.2 1.61 90 
Olympia Planitia 75.0 180.0 -3.08 20 

Olympus Mons Caldera Floor 18.3 -133.0 2.05 90 
Peak Magnetic Anomalies -60.0 175.0 2.67 50 

Proctor Crater -47.5 030.2 1.61 40 
Slope Streaks 14.4 -118.2 3.23 90 

South Polar Cap -88.0 030.0 6.47 60 
Syria Planum -07.7 -100.5 7.32 90 

Syrtis Major Planum 07.0 069.0 0.51 70 
T-Shaped Valley 37.6 024.0 -2.35 90 
Terra Cimmeria -70.0 180.0 2.97 30 
Terra Sirenum -39.3 -161.7 2.74 60 

Thaumasia Valley Networks (Warrego) -38.6 -089.4 5.41 60 
Utopia Basin Floor 43.8 117.0 -3.77 90 

Utopia Planitia 28.5 134.4 -3.64 90 
Valles Marineris -06.2 -070.0 -5.01 80 

Vastitas Borealis Formation 65.7 020.2 -2.76 70 
Walls of Dao Vallis -33.7 092.5 -1.59 50 

Western Olympus Mons Scarp 19.6 -139.7 -0.97 90 
White Rock -80.0 025.2 0.66 90 
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B. Possibilistic	Mission	Event	Values	

	
Table	XIII-!:	List	of	Possibilistic	Mission	Event	Values	

PHASE (EVENT) SPLIT DI 
SPLIT 
LEO 

AU W/ 
MEV 

AU W/ 
HAB 

Launch/Integration 
    

Cargo Launch 93.60 96.56 96.56 96.56 
Crew Launch (LoM) 95.50 98.52 98.52 98.52 
Crew Launch (LoC) 96.21 99.26 99.26 99.26 

AR&D 0.00 
f(Launch

es) 
f(Launch

es) 
f(Launch

es) 
LEO Repair Mission Required 0.00 21.43 41.43 30.00 

TMI 
    

Miss Insertion Window 0.00 4.93 45.71 47.14 
Incapable of TMI 0.00 28.57 31.43 27.14 

LoC 12.86 12.86 22.86 34.29 
Unable to Abort 47.14 47.14 38.57 50.00 

Mars Transit 
    

Cargo LoV 9.00 9.00 9.00 9.00 
Crew LoV 1.00 1.00 1.00 1.00 

Contingency EVA Required 37.14 37.14 38.57 50.00 
Adequate Crew Skill 

Development 
77.14 77.14 72.86 71.43 

Onboard Problem Resolution 70.00 70.00 62.86 65.71 
Unexpected Crew 
Deconditioning 

78.57 78.57 80.00 70.00 

MOI 
    

Mission Abort 24.29 24.29 25.71 28.57 
Aerocapture LoC 37.14 37.14 32.86 34.29 

Orbit Insertion Error 15.65 15.65 25.71 31.43 
AR&D Failure 25.71 25.71 20.00 40.00 

Extended Mars Vicinity Phase 34.29 34.29 30.00 27.14 

EDL 
    

Crew Failure f(Mass) f(Mass) f(Mass) f(Mass) 
Cargo Failure f(Mass) f(Mass) f(Mass) f(Mass) 
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Abort Required 27.14 27.14 21.43 20.00 
Strenuous Activities Required 31.43 31.43 30.00 32.86 

Crew Injury 25.71 25.71 24.29 24.29 
Surface Operations 

    
Loss of Loitering Orbital 

Vehicle 
2.00 2.00 2.00 2.00 

Ascent Repair Required 32.86 32.86 37.14 41.43 
ISPP Failure 22.86 22.86 25.71 28.57 

Mission Abort 30.00 30.00 28.57 35.71 
Mission Constraints and 

Schedule Met 
58.57 58.57 55.71 54.29 

HAB Power Failure 12.00 12.00 6.00 6.00 
Loss of Habitat f(HAB) f(HAB) f(HAB) f(HAB) 

Meet Go/No-Go Criteria for 
EVA 

61.43 61.43 54.29 61.43 

Ascent/Integration 
    

Ascent Failure 5.00 5.00 5.00 5.00 
Ascent Delayed 34.29 34.29 37.14 38.57 
Ascent Abort 32.86 32.86 30.00 22.86 

Ascent Orbit Failure 22.86 22.86 25.71 20.00 
AR&D Failure 25.71 25.71 20.00 40.00 

Vehicle Transfer Failure 30.00 30.00 27.14 20.00 

TEI 
    

Delay 0.00 24.29 28.57 34.29 
Incapable of TEI 0.00 27.14 24.29 25.71 

LoC 12.86 12.86 22.86 34.29 
Earth Transit 

    
Crew LoV 1.00 1.00 1.00 1.00 

Contingency EVA Required 41.43 41.43 42.86 44.29 
Onboard Problem Resolution 70.00 70.00 62.86 65.71 
Address Planetary Protection 

Issues 
84.29 84.29 57.14 58.57 

Earth EDL 
    

LoC During Orbit Insertion 18.57 18.57 22.86 24.29 
LoC During EDL 12.86 12.86 27.14 37.14 
Loss of Payload 27.14 27.14 21.43 15.71 
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Common Cause Failures 
    

β CCF Factor 0.01 0.01 0.01 0.01 
γ CCF Factor 0.05 0.05 0.05 0.05 

Global 
    

Radiation Exposure Induced 
Death 

f(Epoch) f(Epoch) f(Epoch) f(Epoch) 

Orbital Radiation Shielding 
Successful 

77.14 77.14 70.00 81.43 

Human Error LoM 0.03 0.03 0.03 0.03 
Human Error LoC 0.01 0.01 0.01 0.01 

Emergent     
Solar Particle Event f(Epoch) f(Epoch) f(Epoch) f(Epoch) 

Galactic Cosmic Radiation 
Storm 

f(Epoch) f(Epoch) f(Epoch) f(Epoch) 

Dust Storm f(Epoch) f(Epoch) f(Epoch) f(Epoch) 
HAB out of Range Due to 

Inaccurate EDL 
f(EDL) f(EDL) f(EDL) f(EDL) 

Ascent Vehicle out of Range 
Due to Inaccurate EDL 

f(EDL) f(EDL) f(EDL) f(EDL) 

Missed Return Insertion 
Window 

f(Time) f(Time) f(Time) f(Time) 

Abort Required Before ISPP 
Completed 

f(Time) f(Time) f(Time) f(Time) 

Surface Abort Required During 
Colonization 

f(Time) f(Time) f(Time) f(Time) 
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C. Mission	Event	Contingencies	

	
Table	XIII-!:	List	of	Mission	Contingencies	by	Event	

PHASE (EVENT) OUTCOME 
Launch/Integration   

Cargo Launch LoM* 
Crew Launch (LoM) LoM 
Crew Launch (LoC) LoC 

AR&D LoM | 5 
Repair Mission Required Abort | 6 

TMI   
Miss Insertion Window 9† 

Incapable of TMI 9† 
LoC LoC 

Unable to Abort LoC 
Mars Transit   

Cargo LoV LoM* 
Crew LoV LoC* 

Contingency EVA Required PD ->14 
Adequate Crew Skill Development ε 

Onboard Problem Resolution LoC* 
Unexpected Crew Deconditioning ε, t 

MOI   
Mission Abort TEI 

Aerocapture LoC LoC 
Orbit Insertion Error ε, t, LoM 

AR&D LoM 
Extended Mars Vicinity Phase ε, t 

EDL   
Cargo Failure LoM* 
Crew Failure LoC 

Abort Required  LoC 
Strenuous Activities Required ε 

Crew Injury ε, t 
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Surface Operations   
Loss of Loitering Orbital Vehicle LoC* 

Ascent Repair Required PD -> PR 
ISPP Failure LoC* 

Mission Abort Ascent 
Mission Constraints and Schedule Met t 

HAB Power Failure PD -> PR 
Loss of Habitat HV -> Ascent* 

Meet Go/No-Go Criteria for EVA  ε, t 
Ascent/Integration   

Ascent Failure LoC 
Ascent Delayed ε, t 

Ascent Abort LoC 
Ascent Orbit Failure  ε, t 

AR&D Failure LoC 
Vehicle Transfer Failure HV 

TEI   
Delay ε, t 

 Incapable of TEI LoC* 
LoC LoC 

Earth Transit   
Crew LoV LoC* 

Contingency EVA Required PD -> 44 
Onboard Problem Resolution LoC* 

Address Planetary Protection Issues LoC 
Earth EDL   

LoC During Orbit Insertion LoC 
LoC During EDL LoC 
Loss of Payload U 

Common Cause Failures   
β CCF Factor LoC 
γ CCF Factor LoC 

Global   
Radition Exposure Induced Death LoC 

Orbital Radiation Shielding Successful LoC 
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Human Error LoM LoM 
Human Error LoC LoC 

Emergent  
Solar Particle Event ε, t‡ 

Galactic Cosmic Radiation Storm ε, t‡ 
Dust Storms ε, t 

HAB Out of Range Due to Inaccurate EDL LoM -> 60* 
Ascent Vehicle Out of Range Due to Inaccurate EDL LoC* 

Miss Insertion Window LoC 
Abort Required Before ISPP Completed LoC 

Surface Abort Required During Colonization  LoC 
*	=	Dependent	on	Redundancy	

†	=	Not	Equivalent	for	Crew	and	Cargo	
‡	=	Dependent	on	Time	of	Occurrence	
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D. Mission	Event	Weights	
Table	XIII-!:	List	of	Mission	Event	Weights	

PHASE (EVENT) WEIGHTS 
Launch/Integration 4.96 

Cargo Launch 2.45 
Crew Launch (LoM) 2.46 
Crew Launch (LoC) 87.22 

AR&D 2.45 
Repair Mission Required 5.42 

TMI 4.96 
Miss Insertion Window 2.30 

Incapable of TMI 8.00 
TMI LoV/LoC 87.22 

Unable to Abort 2.48 
Mars Transit 8.56 

Cargo LoV 6.42 
Crew LoV 6.43 

Contingency EVA Required 67.41 
Adequate Crew Skill Development 4.12 

Onboard Problem Resolution 11.42 
Unexpected Crew Deconditioning 4.20 

MOI 9.60 
Mission Abort 46.59 

Aerocapture LoM/LoC 21.29 
Orbit Insertion Error 15.75 

Extended Mars Vicinity Phase 16.37 
EDL 9.60 

Crew Failure 29.77 
Cargo Failure 29.77 

Abort Required  38.29 
Strenuous Activities Required 1.07 

Crew Injury 1.10 
Surface Operations 15.14 

Loss of Loitering Orbital Vehicles 15.94 
Ascent Repair Required 15.89 

ISPP Failure 15.95 
Mission Abort 16.10 
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Mission Constraints and Schedule Met 0.62 
HAB Power Failure 15.95 

Loss of Habitat 15.95 
Meet Go/No-Go Criteria for EVA  3.60 

Ascent/Integration 5.54 
Ascent Failure 18.12 

Ascent Delayed 23.90 
Ascent Abort 5.47 

Ascent Orbit Failure  8.21 
AR&D Failure 39.26 

Vehicle Transfer Failure 5.04 
TEI 5.54 

Delay 33.33 
 Incapable of TEI 33.33 

LoC 33.34 
Earth Transit 12.91 

Crew LoV 16.19 
Contingency EVA Required 67.41 

Onboard Problem Resolution 11.42 
Address Planetary Protection Issues 4.98 

Earth EDL 11.60 
LoC During Orbit Insertion 14.15 

LoC During EDL 74.95 
Loss of Payload 10.90 

Common Cause Failures 0.00 
β CCF Factor 50.00 
γ CCF Factor 50.00 

Global 11.61 
Radiation Exposure Induced Death 0.00 

Orbital Radiation Shielding Successful 12.85 
Human Error LoM 17.42 
Human Error LoC 17.47 

Miscellaneous 0.00 
Solar Particle Event 17.42 

Galactic Cosmic Radiation Event 17.42 
Dust Storm 17.42 
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E. Investigation	Values	

	
Table	XIII-!:	List	of	Scientific	Investigations	

No. Investigation 

Sub-
Objectiv

e Obtain Range 
Utilit

y 

I 

Identify past habitable 
environments and 

characterize its 
habitability 

1.1 Detect Regional 12.5 

II 
Identify biosignatures 

of prior ecosystem 
1.1 Detect Regional 12.5 

III 

Identify present 
habitable environments 

and characterize its 
habitability 

1.2 Detect Regional 12.5 

IV 
Identify biosignatures 
of current ecosystem 

1.2 Detect Regional 12.5 

V 

Determine processes 
that control the 

composition, dynamics, 
and exchange of the 

upper-atmosphere and 
plasma environment 

2.1 Detect Orbit 5.0 

VI 

Determine processes 
that control the 

composition, dynamics, 
and exchange of the 
surface and lower-

atmosphere 

2.1 Detect Local 5.0 

VII 

Characterize geologic 
environments and 

processes relevant to 
the crust 

2.2 Detect Local 2.5 

VIII 
Determine age of 
geologic units and 

2.2 Detect Regional 2.5 
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events on Mars 

IX 

Find and interpret 
physical and chemical 

records of past climates  
2.3 Detect 

Regional 
and 

Sample 
Return 

2.5 

X 
Determine present 
escape rates of key 

species  
2.3 Detect Orbit 2.5 

XI 
Identify and evaluate 

manifestations of crust-
mantle interactions 

2.4 Detect Local 1.5 

XII 

Determine the age and 
processes of accretion, 

differentiation, and 
thermal evolution 

2.4 Detect Regional 1.5 

XIII 
Determine the geologic 

composition and 
interior of the moons 

2.5 N/A N/A 1.0 

XIV 
Determine the material 

and impactor flux of 
Mars’ environment 

2.5 Detect Orbit 1.0 

XV 

Characterize 
atmospheric effects on 

aerobraking and 
aerocapture for HMMs 

3.1 Auto MOI 3.5 

XVI 

Determine orbit 
environment of high 
areocentric orbit that 

effects HMMs 

3.1 Auto TEI 3.5 

XVII 
Characterize 

atmospheric effects on 
EDL for HMMs 

3.2 Auto EDL 1.4 

XVIII 

Determine if 
biohazards and 

ionization are present 
in surface 

environments of HMMs 

3.2 Detect Vicinity 1.4 

XIX 
Characterize 

atmospheric ISRU  
around surface 

3.2 
Auto 

or 
Detect 

ISPP/ 
ISRU 

or 
1.4 



	
	

363	

	
References	(	!",	!!,	!"	)	

	
	
	
	

environments of HMMs Vicinity 

XX 
Determine landing site 

hazards in a HMM 
3.2 Auto MOI 1.4 

XXI 
Determine Aeolian dust 

effects on HMM 
systems 

3.2 Auto Ascent 1.4 

XXII 
Determine the 

planetary properties of 
the moons for HMM 

3.3 Detect Orbit 1.5 

XXIII 
Determine surface and 
orbital environment of 
the moons for HMMs 

3.3 Detect Orbit 1.5 

XXIV 

Characterize aqueous 
environments and 

locale of water 
3.4 Detect Local 1.5 

XXV 
Provide detail maps of 
potential landing sites 

3.4 Observe Orbit 1.5 

XXVI 
Conduct solar 

observations from 
Mars’ surface 

4.1 Observe Vicinity 1.0 

XXVII 
Conduct solar 

observations from Mars 
orbit 

4.1 Observe Orbit 1.0 

XXVIII 
Conduct laser ranging 

on Mars’ surface 
4.2 Observe Vicinity 1.0 

XXIX 
Conduct laser ranging 

from Mars orbit 
4.2 Observe Orbit 1.0 

XXX 
Conduct publicity 

events with astronauts 
4.3 Auto HAB 1.0 
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F. Mission	and	Technology	Readiness	Levels		

	
Table	XIII-6:	Technology	and	Mission	Readiness	Levels	

Mission Maneuver / Technology Readiness Level 
AR&D (Geocentric) 9 

Chemical Propulsion 9 
Propulsive MOI 9 

Scientific Rovers on Mars 9 
Teleoperation of Mars Rovers 9 
<= 1 Tonne Mars Cargo EDL 9 

AR&D (Areocentric) 8 
Siphon (Geocentric) 8 

Hyperbolic Rendezvous (Geocentric) 7 
Inflatable Habitats (Space) 7 

Rigid Habitats on Mars 7 
Siphon (Areocentric) 7 

Transshipment 7 
Unpressurized Mobility on Mars 7 

Hyperbolic Rendezvous (Areocentric) 6 
Nuclear Propulsion 6 
Aerodynamic MOI 5 

ISPP on Mars 5 
Martian Ascent 5 

Suborbital Mars Flights 5 
> 1 Tonne Mars Cargo EDL 4 

Crewed Mars EDL 4 
Inflatable Habitats on Mars 3 

ISRU on Mars 3 
Pressurized Mobility on Mars 3 
Rotocraft Systems on Mars 3 
In-situ Habitation on Mars 2 
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