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This article is the second in the History of SpaceX series and treats the value-gradient forcing-
function condition that the series opener introduced as the first of seven forcing-function con-
ditions in the seven-plus-three analytical framework. The value-gradient condition requires
that a mission-directed technology venture offer a trajectory of value increments across an
extended development horizon rather than a binary success-or-failure outcome at a distant ter-
minal milestone. This article walks the SpaceX value-gradient trajectory through the Falcon
1 development period from 2002 through 2008, the Falcon 9 development period from 2005
through 2010, and the reusability progression from the 2011 Grasshopper testbed through
the 2015 first successful land landing, the 2016 first successful drone-ship landing, the 2017
first reflight of a previously-flown booster, the 2018 Block 5 introduction designed for ten
reflights, and the contemporary routine-refly cadence that has reached low double digits of
flights per booster. The article contrasts the SpaceX value-gradient pattern with the Iridium
single-bet configuration that concentrated the venture’s value realization at a distant termi-
nal milestone, and treats the deeper historical comparative precedents that establish the
value-gradient mechanic as a load-bearing feature of mission-directed technology develop-
ment rather than a SpaceX-innovation. The article closes with an explicit pattern-extraction
section that states the abstract value-gradient mechanic in a form other informed readers can
recognize in adjacent domains without naming any downstream application.

The Value-Gradient Mapping Problem

The mapping problem for a comprehensive treatment of the value-gradient condition in the
SpaceX case is the question of which technical, organizational, financial, and regulatory ar-
rangements enabled the SpaceX trajectory to realize incremental value at each rung of the
development ladder rather than requiring completion of a monolithic terminal architecture
before any value could be captured. The problem permits several formalizations depending
on the analytical tradition consulted. The learning-curve tradition from Wright 1936 Factors
Affecting the Cost of Airplanes through Alchian 1963 Reliability of Progress Curves in Air-
frame Production, Rapping 1965 Learning and World War II Production Functions, Arrow
1962 The Economic Implications of Learning by Doing, Dutton and Thomas 1984 Treating
Progress Functions as a Managerial Opportunity, Lieberman 1984 The Learning Curve and
Pricing in the Chemical Processing Industries, Adler and Clark 1991 Behind the Learning
Curve, and Argote and Epple 1990 Learning Curves in Manufacturing treats the incremental
cost reductions that accumulate with cumulative production as the primary value-gradient
mechanism. The real-options tradition from Dixit and Pindyck 1994 Investment Under Un-
certainty through McDonald and Siegel 1986 The Value of Waiting to Invest, Trigeorgis 1996
Real Options, and Adner and Levinthal 2004 What Is Not a Real Option treats each rung of
the ladder as a sequential real option whose exercise price is the marginal capital investment
required to reach the next rung and whose payoff is the accumulated value at subsequent
rungs. The iterative-development tradition from Beck 2000 Extreme Programming Explained


https://sgeos.github.io/history/business/aerospace/2026/07/25/spacex_history_framing.html
https://arc.aiaa.org/doi/10.2514/8.155
https://doi.org/10.2307/1909166
https://www.jstor.org/stable/1928223
https://www.jstor.org/stable/2295952
https://www.jstor.org/stable/2295952
https://doi.org/10.2307/258437
https://www.jstor.org/stable/2555589
https://pubsonline.informs.org/doi/10.1287/mnsc.37.3.267
https://www.science.org/doi/10.1126/science.247.4945.920
https://openlibrary.org/search?q=Dixit+and+Pindyck+Investment+Under+Uncertainty
https://academic.oup.com/qje/article-abstract/101/4/707/1904077
https://mitpress.mit.edu/9780262201025/real-options/
https://journals.aom.org/doi/10.5465/amr.2004.11851715
https://www.pearson.com/en-us/subject-catalog/p/extreme-programming-explained-embrace-change/P200000009321

through Cockburn 2002 Agile Software Development, Poppendieck and Poppendieck 2003
Lean Software Development, and Ries 2011 The Lean Startup treats the value-gradient prop-
erty as a design choice at the process level rather than as an emergent property of technical
decisions. The evolutionary-innovation tradition from Nelson and Winter 1982 An Evolution-
ary Theory of Economic Change through Utterback 1994 Mastering the Dynamics of Innova-
tion and Foster 1986 Innovation The Attacker’s Advantage treats the value-gradient property
as a realization of the sector-level evolutionary dynamics that favor incremental variation-
selection-retention over monolithic single-shot design. The present article draws on all four
traditions while adopting the mission-oriented-innovation framework the series opener estab-
lished as the primary organizing structure.

The mapping problem admits several formalizations depending on the level of analysis
adopted. At the technical level, the value-gradient property reflects the architectural choices
that decompose the launch capability into rungs each of which produces independently
valuable output. At the organizational level, the property reflects the process choices that
permit iterative capability accumulation rather than monolithic design-freeze-build-fly cycles.
At the financial level, the property reflects the capital-formation composition that permits
sustained investment across the multi-year horizon between the initial founding and the
eventual commercial-cadence achievement. At the regulatory level, the property reflects
the procurement-mechanism arrangements that admit incremental milestone-payment
structures rather than requiring all-or-nothing contract awards. The article treats each
level explicitly and identifies the SpaceX arrangements that jointly enabled the observed
trajectory.

The general form of the value-gradient causal-mapping problem can be stated compactly as
follows. Let V(t) denote the observed cumulative value realized by firm i at time ¢ across
the development trajectory, and let 755" denote the mission-completion time. The value-
gradient condition requires

dV.(t .
‘g; ) > 0 Vt c [O,Timlsslon]

which is equivalent under integration to the cumulative-value monotonicity

Vi(ty) = Vi(ty) >0 Vi, >t € [O’Emission]

with strict inequality at every sub-interval. The single-bet negation of the condition is char-
acterized by

V;(t) ~0 fortc [07 Timission _ €>7 ‘/i(Timission> — Vterminal

with value realization concentrated at a small terminal interval £ around the mission-
completion time. The compound annual value-realization rate under the value-gradient
trajectory is

1 / (T;nissionito)

V<Tmission>
— AN -1
I ( Vi(to) )

which is finite and well-defined only when V(t,) > 0, requiring the value-gradient condition
to hold from the founding moment forward.

The identification problem for the value-gradient contribution to the SpaceX trajectory is the
question of separating the value-gradient effect from the confounding effects of the other
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six forcing-function conditions and the three capital-formation legs. The identification de-
pends on the ability to specify counterfactual trajectories in which the value-gradient condi-
tion would have failed and to compare the observed trajectory against those counterfactuals.
The counterfactual specifications the article treats include a Falcon-1-only counterfactual in
which the firm concentrates on the small-launch market and does not develop Falcon 9, a
monolithic-Falcon-9 counterfactual in which the firm attempts to develop the full reusable con-
figuration in a single design-freeze-build-fly cycle rather than through the observed iterative
Falcon 9 v1.0 through v1.1 through Full Thrust through Block 5 progression, and an Iridium-
analog counterfactual in which the firm bets the venture on a single terminal architecture
without intermediate value capture. Each counterfactual specification permits comparison
with the observed trajectory through the empirical evidence the article presents.

The value-gradient mapping problem faces several distinctive methodological challenges.
First, the value increments at each rung of the SpaceX ladder are not fully publicly doc-
umented, since the firm is privately held and does not file the securities disclosures a
publicly-traded firm would file. Second, the counterfactual specifications require assump-
tions about firm behavior that the historical record cannot fully constrain. Third, the
boundary between value-gradient and value-capture conditions is contested, with the Value
Capture article A284 treating the value-retention mechanics that the value-gradient trajec-
tory enables. Fourth, the boundary between value-gradient and decomposability conditions
is similarly contested, with the Decomposability article A285 treating the technical rung
structure that the value-gradient trajectory realizes. The article treats each boundary
explicitly and cites the corrective scholarship as it becomes relevant.

Methodological Commitments

The article commits to the same seven methodological positions that the series opener estab-
lished for the series as a whole. These commitments are restated here at compact reference
level for the article’s application.

The first commitment is descriptive-analytical framing rather than prescriptive advocacy. The
article characterizes the value-gradient trajectory descriptively without advocating for its
replication in adjacent sectors and without treating the pattern as normatively desirable in
all its features.

The second commitment is dual-register composition. The article carries both the general-
history register with dates, events, and technical specifications and the abstract-mechanic
register with pattern-extraction in the closing section. The two registers are complementary
rather than competing.

The third commitment is primary-source anchoring. The article cites primary sources for
each substantive claim, with preference for FAA Office of Commercial Space Transportation
launch licenses accessible through the FAA AST database, NASA program documents acces-
sible through the NASA Technical Reports Server, SpaceX press releases accessible through
the SpaceX news archive, and AIAA conference papers accessible through the AIAA Journal
of Spacecraft and Rockets and the AIAA Journal of Propulsion and Power. Secondary sources
including the Berger 2021 Liftoff first-hand account of the Falcon 1 development, the Berger
2024 Reentry account of the subsequent Falcon 9 and Dragon development, and the Daven-
port 2018 The Space Barons comparative treatment provide the reconstructed narrative for
events where primary-source documentation is thin.

The fourth commitment is contested-claim marking. The article identifies claims that remain
contested within the scholarly and journalistic literature and cites primary and secondary
sources on each side rather than presenting one position as settled. Contested claims rele-
vant to the value-gradient trajectory include the value increments realized at each rung, the
counterfactual trajectory absent technical choices, the causal weight to assign to individu-
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als versus institutional-structural conditions, and the reliability improvement trajectory as a
function of engineering process choices.

The fifth commitment is temporal indexing. The article is a snapshot of the value-gradient
trajectory as of mid-2026. The reusability cadence, the per-booster flight count, and the
fairing-recovery record continue to evolve. Specific quantitative claims are date-stamped
where appropriate.

The sixth commitment is terminological transparency. Terms to the value-gradient treatment
appear in the Terminological Note section below and receive cross-reference at each first use.

The seventh commitment is thesis-not-proof framing of the value-gradient closure claim. The
article states as thesis rather than as proof that the SpaceX case closes the value-gradient
forcing-function condition. The closure is supported by the rung-by-rung value realization the
article documents but does not admit rigorous proof against alternative-framework interpre-
tations that the article treats in the Alternative Analytical Frameworks section.

Value Gradient as an Economic Property

The value-gradient property is treated in the article as an economic property of a develop-
ment trajectory that distinguishes trajectories offering incremental value realization from
trajectories requiring monolithic terminal completion for any value capture. The property
has formal characterizations that admit measurement, comparison across firms and sectors,
and identification of the technical and organizational arrangements that enable or preclude
the property.

The formal characterization of the value-gradient property has several concise statements.
Let the value-trajectory function V;(¢) measure the cumulative value realized by firm i at time
t, integrated over all value sources including revenue capture, capability accumulation trans-
ferable to future rungs, reputational credential accumulation, and technical-demonstration
effect on capital formation. The value-gradient condition requires the strict-monotonicity
property

dV(t s
C;; ) > O Vt c [O,Tirmsslon]
and the further absolute-continuity property that ensures the value gains are captured con-
tinuously rather than at isolated jumps

with v;(7) > 0 almost everywhere on [0, 7/55°"]. The negation of the property is the singular-
value trajectory

V.

7

(t) — Vterminal . :ﬂ_[t 2 Timission]

with all value realization concentrated at the terminal time.

The value-source decomposition permits characterization of the channels through which
the value-gradient property is realized. Let Vire"(t) denote the cumulative revenue realized

by firm 4, V;*"(¢) denote the cumulative capability value accumulated, V;"*%(¢) denote the



cumulative reputational credential value, and V2°™°(¢) denote the cumulative technical-
demonstration effect on subsequent capital formation. The aggregate value trajectory
is

Vi(t) = VioU(t) + Vi () + Virea(t) + ViEeme(t) + ()

with ¢,(t) the unattributed residual. The value-gradient condition holds when each channel
exhibits positive derivative across the trajectory, though the condition also allows characteri-
zation under weaker specifications where at least one channel exhibits positive derivative at
each moment.

The learning-curve contribution to the capability-value channel supports the Wright’s Law
formalization

¢;i(n) =¢;(1)-n™%, ~; €[0.10,0.30]

?

with n the cumulative production count and -y, the firm-learning-curve exponent. The cumu-
lative cost savings across the trajectory admits the integral

acem(v) = [ )~ mldn = e 1) [N N]

L=

with the savings growing without bound as N — oo under «; > 0. The empirical estimation
of -, for the Falcon 9 program is documented across the manufacturing-cost trajectory in the
industry-analyst literature and is treated in the-mechanic articles.

The real-options contribution to the value-gradient property permits the backward-induction
recursion

Vvtoption — max {V;exercise’ e—rAt . E [‘/tc:ﬁion ’ Ft]}

with V,#eris the value from exercising the option at time ¢ and E[V, " | F,] the expected
continuation value under the information filtration F,. The aggregate real-options value
across the trajectory is

Voptions-total —

e

T
—rt option
Vi
=0

t

with the SpaceX case admitting the interpretation that each stage of the technical trajectory
constitutes a real option whose exercise price is the marginal capital investment required and
whose payoff is the accumulated subsequent-stage value.

The reliability-through-iteration contribution allows characterization through the Bayesian
posterior on the underlying reliability parameter given the observed test-flight and
operational-flight record. Let R denote the true underlying reliability, and let s successes
out of n total flights be observed. The Bayesian posterior under a Beta prior Beta(ay, 5) is

R | {n,s} ~ Beta(ay + s, 5y +n —s)

with the posterior mean F[R] = (ay+5)/(ay+ 5, +n) converging to the frequentist estimate
as n grows. The value-gradient property is realized through the reliability channel when



successive flights produce posterior updating that reduces the uncertainty on R and permits
the firm to compete for successively higher-value mission awards.

The reusability contribution to the value-gradient property supports the amortization identity

per—ﬂight( k’) — Cstage-hardware

stage k + Crefurb + crecovery—operations

with k the flights per booster before retirement, Cy,ge haraware the one-time manufacturing cost,
Crefurh the between-flight refurbishment cost, and ¢ ¢qoyery-operations the per-flight recovery cost.
The break-even flight count relative to a comparable expendable configuration satisfies

kbreak—even — Cstage-hardware

C —C C

stage-expendable refurb ~ “recovery-operations Crecovery—hardware—amort

and the marginal value from an additional flight beyond the break-even count is the difference
between the expendable cost and the marginal reusability cost. The value-gradient property
is realized through the reusability channel when successive per-booster flight counts drive
continuous reduction in the per-flight cost.

The variance decomposition of the observed value trajectory admits the additive form

Var(V;) = Var(V7™) + Var(V:*P) + Var(Vrd) 4 Var(Viem) 423 Cov(V7, V)
j<k
with the covariance terms typically positive under the value-gradient trajectory reflecting the
joint determination of value across channels by the underlying trajectory progression.

The discount-rate application to the value trajectory yields the present-value trajectory

PV, (t) = /0 v;(T) - e T dT

with r the applicable discount rate. The comparison between the value-gradient trajectory
and the single-bet trajectory under discounting is captured by the differential

7

T
APV — P‘/igradient<T> . P‘/isingle—bet<T) — / Ugradient<7_) e T dr — Vterminal . e*TT
0

which is generically positive under r > 0 since the intermediate value increments are dis-
counted at lower rates than the terminal value. The comparative advantage of the value-
gradient trajectory over the single-bet trajectory grows with the discount rate.

The reliability-through-iteration Bayesian posterior permits the update rule under successive
flight outcomes

P<St+1 | R)- P(R | s;,n,)

P =
(R | 3t+17nt+1) fP<3t+1 | R/) . P(R/ | St7nt) dR’

with the posterior distribution tightening as successive flight outcomes accumulate. The ex-
pected time to achieve a target reliability threshold R%9° satisfies



required

n
L [Tcert] = fcadence

with n™red the required flight count and f°24"® the achievable flight cadence. The value-
gradient trajectory realizes reliability demonstration at higher flight cadence than the single-
bet trajectory can achieve.

Cross-Disciplinary Framings

The value-gradient property draws characterization from several disciplinary traditions be-
yond the mission-oriented-innovation framework the series adopts as primary. The article
treats each tradition as offering distinct analytical leverage on the same underlying prop-
erty while maintaining the mission-oriented-innovation framework as the primary organizing
structure.

The learning-curve tradition traces from Wright 1936 Factors Affecting the Cost of Airplanes
through Arrow 1962 The Economic Implications of Learning by Doing, Alchian 1963, Rapping
1965, and Argote and Epple 1990 Learning Curves in Manufacturing. The framing treats the
value-gradient property as an emergent consequence of the cumulative-production depen-
dence of unit cost. The Wright’s Law formalization takes the log-linear form

logc(n) =loge(l) —v-logn, equivalently c(n)=c(1) -n~"

with « typically empirically estimated at approximately 0.10 to 0.30 across manufacturing
sectors, corresponding to progress ratios of approximately 80 to 90 percent per production
doubling. The empirical estimation of learning-curve exponents across manufacturing sec-
tors and the application to launch-vehicle manufacturing are treated in the Anderson 2023
The Space Economy consolidation of the sector-level literature. The framing captures the
quantitative mechanism by which repeated production drives cost reduction but understates
the discrete-milestone value increments that the SpaceX trajectory realized through the Fal-
con 1 flight 4 orbital success, the Falcon 9 first flight, the Dragon spacecraft first berth with
the International Space Station, and the first successful land landing.

The real-options tradition traces from Dixit and Pindyck 1994 Investment Under Uncertainty
through Trigeorgis 1996 Real Options, McDonald and Siegel 1986 The Value of Waiting to
Invest, Kogut and Kulatilaka 1994 Operating Flexibility Global Manufacturing and the Option
Value of a Multinational Network, Adner and Levinthal 2004 What Is Not a Real Option Strate-
gic Flexibility Firm Organization and Managerial Work. The framing treats each rung of the
value-gradient trajectory as a sequential real option and captures the value of the optionality
that the rung structure creates. The sequential-option value across the rung sequence allows
the compound-option valuation

o s, B o,V 1) ]

with K, K, the sequential exercise costs at each rung, V™92 the payoff at completion of

the second rung, and EC the risk-neutral expectation. The framing supports application to
the SpaceX case through the interpretation of the Falcon 1 program as an option to enter
the Falcon 9 program, the Falcon 9 v1.0 as an option to develop reusability, the Grasshopper
testbed as an option to attempt orbital-class landings, and the Block 5 introduction as an
option to achieve routine refly cadence.
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The iterative-development tradition traces from the software-engineering-methodology liter-
ature through Beck 2000 Extreme Programming Explained, Cockburn 2002 Agile Software
Development, Poppendieck and Poppendieck 2003 Lean Software Development, Ries 2011
The Lean Startup, Blank 2013 The Four Steps to the Epiphany, and Highsmith 2000 Adaptive
Software Development. The framing treats the value-gradient property as a design choice at
the process level that permits iterative capability accumulation rather than monolithic design-
freeze-build-fly cycles. The SpaceX application admits interpretation through the observed
test-fly-learn cycle in the Falcon 1 program, the incremental Falcon 9 vehicle-block progres-
sion through v1.0, v1.1, Full Thrust, and Block 5, the Grasshopper flight-test program, and the
Starship high-tempo integrated-flight-test campaign. The framing complements the learning-
curve framing by treating the process choices that enable the learning-curve dependence as
first-order objects of analysis.

The evolutionary-innovation tradition traces from Nelson and Winter 1982 An Evolutionary
Theory of Economic Change through Utterback 1994 Mastering the Dynamics of Innova-
tion, Foster 1986 Innovation The Attacker’s Advantage, Christensen 1997 The Innovator’s
Dilemma, Metcalfe 1998 Evolutionary Economics and Creative Destruction, and Beinhocker
2006 The Origin of Wealth. The framing treats the value-gradient property as a realization
of the sector-level evolutionary dynamics that favor incremental variation-selection-retention
over monolithic single-shot design. The application to the SpaceX case permits interpreta-
tion through the treatment of the launch-vehicle sector as an evolutionary competition in
which iterative-fitness-improvement strategies outcompete monolithic-single-bet strategies.
The framing captures the substantial role of historical contingency and path-dependent lock-
in in shaping the sector-level outcome.

The aerospace-engineering-methodology tradition traces from the Skunk Works organizational-
form record documented in Rich and Janos 1994 Skunk Works and Miller 1995 Lockheed

Skunk Works The First Fifty Years through the systems-engineering literature including

Wertz Everett Puschell 2011 Space Mission Engineering, Larson and Wertz 1999 Space

Mission Analysis and Design, and INCOSE 2015 Systems Engineering Handbook. The fram-

ing treats the aerospace-engineering process choices as constitutive of the value-gradient

property. The Skunk Works organizational form specifically illustrates the small-team

autonomous engineering approach that allows the iterative fly-learn-modify cycle the SpaceX

trajectory adopted. The systems-engineering literature provides the verification-validation-

management processes that support the iterative approach.

The prospect-theory tradition traces from Kahneman and Tversky 1979 Prospect Theory An
Analysis of Decision Under Risk through Tversky and Kahneman 1992 Advances in Prospect
Theory and Kahneman 2011 Thinking Fast and Slow. The framing treats the value-gradient
property through the reference-point-dependence of decision-maker valuations that favors
trajectories with continuous small gains over trajectories with distant large gains, and
through the loss-aversion asymmetry that penalizes single-bet configurations whose failure
produces total loss. The value function under prospect theory takes the piecewise-power
form

x® x>0
vi@) = {-A(-:c)ﬁ <0

with «, [ typically empirically estimated at approximately 0.88 and \ typically approximately
2.25 representing the loss-aversion coefficient. The framing applies to the capital-formation
composition that supports the SpaceX trajectory through the interpretation of investor prefer-
ences under the incremental-value-realization pattern the value-gradient trajectory produces.

The escalation-of-commitment tradition traces from Staw 1976 Knee-Deep in the Big Muddy
An Escalating Commitment to a Chosen Course of Action through Ross and Staw 1993
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Organizational Escalation and Exit Lessons from the Shoreham Nuclear Power Plant and
the subsequent behavioral-organizational literature. The framing treats the value-gradient
property through the mechanism by which continuous incremental value realization sus-
tains stakeholder commitment across the multi-year development horizon, and through
the negation mechanism by which single-bet configurations without intermediate value
realization become vulnerable to escalation-driven organizational-persistence failures. The
escalation-persistence expected cost may be written

Tabandon

Cescalation — E Csunk<t) _ Ssalvage

t=t,

with ¢$'"¥(¢) the marginal sunk cost at time ¢ and S*V2% the eventual salvage recovery. The
framing can be applied to the counterfactual analysis of the Iridium single-bet configuration
and to the empirical variation across launch-sector entrant firms.

The path-dependence and increasing-returns tradition traces from Arthur 1989 Competing
Technologies Increasing Returns and Lock-In by Historical Events through David 1985 Clio
and the Economics of QWERTY and Katz and Shapiro 1985 Network Externalities Competition
and Compatibility. The framing treats the value-gradient property through the increasing-
returns mechanism by which early rung achievements produce compounding advantages at
subsequent rungs, and through the lock-in mechanism by which early technical choices con-
strain the subsequent trajectory. The Polya-urn lock-in probability under increasing returns
supports the asymptotic characterization

tlirgo P(technology ¢ dominant) = 7, Z m, =1
(2

with the limiting distribution {,} determined by the early-adoption trajectory rather than

by the terminal-technology fitness alone. The framing captures the role of the Merlin engine

early architectural choices in shaping the subsequent Falcon 9 and Falcon Heavy trajectories,

and the role of the reusability early architectural choices in shaping the contemporary launch

cadence.

The organizational-learning tradition traces from Cyert and March 1963 A Behavioral The-
ory of the Firm through March 1991 Exploration and Exploitation in Organizational Learn-
ing, Levitt and March 1988 Organizational Learning, Argote 1999 Organizational Learning
Creating Retaining and Transferring Knowledge, Argote and Miron-Spektor 2011 Organiza-
tional Learning From Experience to Knowledge, Huber 1991 Organizational Learning The
Contributing Processes and the Literatures, and Fiol and Lyles 1985 Organizational Learn-
ing. The framing treats the value-gradient property as emerging from the organizational
learning mechanisms that convert flight experience into revised routines, revised technical de-
signs, and revised operational procedures. The framing captures the SpaceX organizational-
learning cadence through the fly-learn-modify cycle across the Falcon 1 flights, the Falcon
9 vehicle-block progression, and the reusability flight-test campaign. The Adler and Cole
1993 Designed for Learning A Tale of Two Auto Plants extension provides the comparative
organizational-learning framework within which the SpaceX case admits characterization.

The science-and-technology-studies framing traces from Kuhn 1962 The Structure of Scien-
tific Revolutions through Latour 1987 Science in Action, Bijker 1995 Of Bicycles Bakelites
and Bulbs, Callon 1986 Some Elements of a Sociology of Translation, and Vertesi 2015 See-
ing Like a Rover. The framing treats the value-gradient property through the translation
moves through which the firm assembles the heterogeneous network of engineers, launch-
vehicle components, regulatory reviewers, customers, and infrastructure across each succes-
sive rung of the trajectory. The framing captures the role of demonstration events including
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the fourth Falcon 1 flight, the Falcon 9 first landing, and the SES-10 first refly in stabilizing
the network configuration that subsequent rungs required.

The developmental-state framing traces from Johnson 1982 MITI and the Japanese Miracle
through Amsden 1989 Asia’s Next Giant, Wade 1990 Governing the Market, Evans 1995
Embedded Autonomy, and Chang 2002 Kicking Away the Ladder. The framing treats the
value-gradient property through the state-firm coordination that enables the intermediate
value-realization at each rung, and identifies the NASA COTS program as an instance of the
state-directed capability-development pattern the developmental-state tradition documents.
The state-firm-coordination coefficient admits the compact index form

gov
~ i reg-alignment -
SFCi = qIovrev . ? + wre9 . Cbz g-alig + wcoord . Iiformal coord

total
Ri

with the three weighted components indexing government-revenue share, regulatory-
alignment intensity, and formal-coordination institution presence. The framing captures the
substantive resemblance between the United States space-launch state-firm coordination
and the East Asian developmental-state coordination in other high-technology sectors, while
distinguishing the United States configuration’s greater reliance on venture capital financing
and iterative-development process discipline. The Woo-Cumings 1999 The Developmental
State edited volume consolidates the tradition.

The institutional-economics framing traces from Coase 1937 The Nature of the Firm through
North 1990 Institutions Institutional Change and Economic Performance, Ostrom 1990 Gov-
erning the Commons, Williamson 1975 Markets and Hierarchies, Williamson 1985 The Eco-
nomic Institutions of Capitalism, Williamson 2002 The Theory of the Firm as Governance
Structure, and Acemoglu and Robinson 2012 Why Nations Fail. The framing treats the value-
gradient property through the formal and informal institutional arrangements that shape the
contracts, transactions, and organizational forms that support or preclude the value-gradient
trajectory. The NASA Space Act Agreement authority, the FAA licensing regime, and the
Space Force NSSL procurement architecture each represent institutional configurations that
the framing treats as constitutive of the value-gradient property rather than as exogenous
constraints. The Grief 2006 Institutions and the Path to the Modern Economy provides the
deeper theoretical scaffolding within which the SpaceX institutional configuration permits
historical-comparative placement.

The financial-sociology framing traces from Fligstein 2001 The Architecture of Markets
through Krippner 2011 Capitalizing on Crisis, MacKenzie 2006 An Engine Not a Camera, Ho
2009 Liquidated, Zaloom 2006 Out of the Pits, and Preda 2009 Framing Finance. The framing
treats the value-gradient property through the financial-market institutional configuration
that shapes the accessible capital-raising terms, the acceptable dilution trajectories, and the
plausible exit paths for the SpaceX firm across the multi-decade horizon. The framing draws
attention to the role of the private-market secondary tender offer mechanism in permitting
SpaceX to remain private across multiple decades without an initial public offering, in
contrast to earlier venture-backed technology firms that were compelled to conduct initial
public offerings within a shorter horizon. The value-gradient trajectory in the private-market
configuration exhibits distinct properties from what a comparable value-gradient trajec-
tory in the public-market arrangement would exhibit under the quarterly-reporting and
analyst-scrutiny pressures the public-market structure produces.

The absorptive-capacity framing traces from Cohen and Levinthal 1990 Absorptive Capacity
A New Perspective on Learning and Innovation through the subsequent extension in Zahra
and George 2002 Absorptive Capacity A Review Reconceptualization and Extension, Lane
Koka and Pathak 2006 The Reification of Absorptive Capacity A Critical Review, and Todor-
ova and Durisin 2007 Absorptive Capacity Valuing a Reconceptualization. The framing treats
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the value-gradient property through the firm-level capacity to identify, assimilate, and exploit
external knowledge, and captures the role of the SpaceX engineering team’s absorptive ca-
pacity in converting the accumulated aerospace-engineering knowledge base into the vehicle
configurations across the trajectory. The absorptive-capacity intensity admits the compact
operationalization

ACZ _ f(R & Di? Hzl_luman—capital’ T'inetwork-ties)

with the three inputs indexing internal research-and-development intensity, human-capital
stock, and external-network-tie density. The framing complements the organizational-
learning framing by treating the external-knowledge-absorption channel as distinct from the
internal-learning channel.

The ecosystem-strategy framing traces from Adner 2012 The Wide Lens through Adner 2017
Ecosystem as Structure An Actionable Construct for Strategy, Iansiti and Levien 2004 The
Keystone Advantage, and Jacobides Cennamo and Gawer 2018 Towards a Theory of Ecosys-
tems. The framing treats the value-gradient property through the coordination among the
launch-service, satellite-manufacturing, ground-infrastructure, and customer-application seg-
ments that jointly determine the value-realization at each rung of the trajectory. The fram-
ing captures the role of the Falcon 9 launch capability in unlocking the Starlink satellite-
constellation deployment and captures the role of the Dragon spacecraft capability in unlock-
ing the ISS-crew-transportation service. The ecosystem-value-appropriation identity has the
concise form

ecosystem __ firm appropriation ecosystem-total appropriation
Vi = Vi ¢; +V (11—, )

with 3PP the fraction of the ecosystem value the firm captures. The framing com-
plements the resource-based-view framing by treating the ecosystem-level coordination as
jointly determining the value-realization with the firm-level capability.

The reliability-engineering framing traces from O’Connor and Kleyner 2012 Practical Relia-
bility Engineering through the aerospace-reliability literature including Musa 1998 Software
Reliability Engineering and the NASA Standard 8709.22 on safety and mission assurance for
human-rated missions. The framing treats the value-gradient property through the reliability-
through-iteration mechanism by which successive flight demonstrations tighten the Bayesian
posterior on the underlying reliability parameter. The reliability-growth-modeling literature
including Duane 1964 Learning Curve Approach to Reliability Monitoring and the subsequent
AMSAA reliability-growth model provides the quantitative characterization of the reliability-
improvement trajectory the value-gradient property realizes.

The Falcon 1 Development Period 2002-2008

The Falcon 1 development period from the SpaceX founding in March 2002 through the fourth
Falcon 1 orbital-success flight on September 28 2008 constitutes the first rung of the SpaceX
value-gradient trajectory. The period is documented in the Berger 2021 Liftoff first-hand ac-
count, the Vance 2015 Elon Musk biography, the Isaacson 2023 Elon Musk biography, the
AIAA conference paper The Falcon 1 Launch Vehicle, and the primary-source FAA AST cur-
rent licenses database and the SpaceX news archive. The period exhibits the value-gradient
pattern in which each of the four failed launch attempts and the fifth successful orbital launch
produced identifiable value increments that supported the subsequent Falcon 9 program.

The pre-founding period from 2001 through March 2002 established the initial mission artic-
ulation and the founding team assembly documented in the Vance 2015 biography and the
Davenport 2018 The Space Barons comparative treatment. The founder had exited PayPal in
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2002 following the sale to eBay with approximately 180 million dollars in personal capital and
had formed an initial Mars-outreach mission concept that would deploy a small greenhouse
and transmit imagery from the Martian surface. The founder conducted an exploratory mis-
sion to Russia in October 2001 and February 2002 to investigate the acquisition of refurbished
Dnepr and Cosmos launch vehicles, concluded that the market rates for launch services were
substantially above the cost basis a purpose-built launch vehicle could achieve, and transi-
tioned from a customer-of-launch-services strategy to a producer-of-launch-services strategy
that motivated the SpaceX founding.

Space Exploration Technologies Corporation was incorporated in March 2002 with initial of-
fices at 1310 East Grand Avenue in El Segundo California. The initial founding team included
the founder as chief executive officer and chief technology officer, Tom Mueller as vice pres-
ident of propulsion, Chris Thompson as vice president of structures, and Hans Koenigsmann
as vice president of avionics. Gwynne Shotwell joined in September 2002 as vice president of
business development and became president and chief operating officer in a subsequent ex-
pansion. Mueller had prior experience at TRW where he had developed the TR-107 kerosene-
liquid-oxygen engine that established the technical foundation for the subsequent Merlin en-
gine development. Thompson had prior experience at Boeing on the Delta launch vehicle
structures. Koenigsmann had prior experience at Microcosm on small-vehicle avionics. The
initial team assembled the launch-vehicle-development capability that permitted the firm to
conduct the Falcon 1 program in-house rather than through subcontracting.

The Falcon 1 vehicle development began in mid-2002 with the objective of achieving a small-
payload launch capability at a price point of approximately 6 to 8 million dollars per launch,
an order of magnitude below the price points then prevailing for comparable-capacity launch
services. The Falcon 1 vehicle configuration was a two-stage kerosene-liquid-oxygen liquid-
propellant vehicle with a single Merlin engine on the first stage, a single Kestrel engine on
the second stage, a fairing arrangement for small payloads, and a nominal payload of approx-
imately 570 kilograms to low Earth orbit. The Merlin engine development proceeded from
the TRW TR-107 pintle-injector lineage through progressive iterations that increased thrust
and reduced mass, drawing on the pintle-injector technology previously developed for the
Apollo Lunar Module descent engine and documented in the Sutton 2006 History of Liquid
Propellant Rocket Engines and Sutton and Biblarz 2016 Rocket Propulsion Elements refer-
ences. The Kestrel engine development produced a pressure-fed second-stage engine whose
simplicity reduced development risk relative to a pump-fed configuration.

The launch-site selection identified Omelek Island in the Kwajalein Atoll under a lease arrange-
ment with the United States Army Reagan Test Site, providing an equatorial launch trajectory
suitable for the vehicle’s payload profile. The Kwajalein selection followed an unsuccessful
attempt to secure Vandenberg Air Force Base access that was blocked by range-safety con-
cerns and by the interests of incumbent launch providers documented in the Berger 2021
Liftoff narrative and the Vance 2015 biographical treatment. The Kwajalein infrastructure
required the SpaceX team to construct the launch pad, propellant storage, and control fa-
cilities from limited existing infrastructure, and the remote-island logistics constrained the
launch-attempt cadence and increased the per-attempt cost. The launch-vehicle-development
context within which the Falcon 1 program allows placement is developed in the History of
Rocketplanes article treatment of the launch-vehicle lineage from the mid-twentieth-century
ballistic missiles through the contemporary commercial launch vehicles.

The first Falcon 1 launch attempt occurred on March 24 2006 at Omelek Island. The vehicle
experienced a fuel-line failure caused by an aluminum-nut corrosion at approximately 33
seconds after launch and was lost. The post-flight investigation identified the corrosion
mechanism and the specification-change process that had substituted the aluminum nut
for a specification-called stainless-steel nut. The value increment from the first flight,
though the vehicle was lost, included the demonstration that the launch-pad infrastructure,
the propellant-loading procedures, the flight-termination system, and the first-stage boost
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trajectory functioned as designed for the pre-failure interval. The AIAA conference paper
documents the flight and the corrective actions.

The second Falcon 1 launch attempt occurred on March 21 2007 at Omelek Island. The vehicle
achieved first-stage separation and second-stage ignition but experienced a control-system os-
cillation during second-stage burn that ended the flight before orbital velocity. The post-flight
investigation identified the propellant-slosh coupling with the control-system frequency re-
sponse and the corrective actions to damp the slosh dynamics through baffle installation. The
value increment from the second flight included the demonstration of the stage-separation
mechanism, the second-stage ignition sequence, and the flight-control system through the
boost phase. The flight also demonstrated that the vehicle achieved substantially higher alti-
tude and velocity than the first flight, confirming the incremental value-realization property
that the value-gradient condition requires.

The third Falcon 1 launch attempt occurred on August 3 2008 at Omelek Island. The vehicle
experienced a stage-separation collision between the first stage and the second stage caused
by a residual first-stage engine thrust at separation. The post-flight investigation identified
the engine-tail-off transient to the Merlin 1C regenerative-cooling configuration that had re-
placed the earlier Merlin 1A ablative-cooling arrangement, and identified the corrective ac-
tions to lengthen the separation delay. The third failure exhausted the firm’s development
budget and produced the near-death moment that the Anchor Demand article A283 treats at
greater depth. The firm had at that point approximately 4 to 6 million dollars in remaining
cash and no assured capital pipeline. The founder personally contributed additional capital
and negotiated an emergency financing round that permitted the fourth attempt to proceed
within weeks. The cash-runway condition at the near-death moment satisfied

h
ng;ammg N 5 M dollars

~ until-fourth-attempt
Bburn monthly burn

runway =

which required the emergency financing round to permit the fourth attempt.

The fourth Falcon 1 launch attempt occurred on September 28 2008 at Omelek Island. The
vehicle achieved orbital velocity and became the first privately-developed liquid-propellant
launch vehicle to reach orbit, as documented in the SpaceX press release on the Falcon 1
flight 4 success. The mission carried a mass simulator rather than an operational payload.
The success validated the Merlin engine, the Kestrel engine, the stage-separation mechanism,
the flight-control system, and the launch-operations infrastructure across all mission phases.
The value increment from the fourth flight was substantial and immediate, establishing the
firm’s technical credibility with the NASA Commercial Orbital Transportation Services pro-
gram office and creating the conditions for the subsequent Cargo Resupply Services contract
award that arrived on December 23 2008.

The fifth Falcon 1 launch occurred on July 14 2009 with the RazakSAT payload for the
Malaysian national space agency ATSB, constituting the first operational commercial
payload delivered by SpaceX and the first revenue-generating launch of the trajectory as
documented in the SpaceX press release on the fifth Falcon 1 flight. The mission delivered the
RazakSAT to the specified sun-synchronous orbit at approximately 685 kilometers altitude.
The value increment from the fifth flight included the demonstration of operational-payload
delivery capability, the establishment of the commercial-launch revenue channel, and the
validation of the customer-integration and mission-management processes.

The Falcon 1 program subsequently transitioned to the Falcon 1le configuration under devel-
opment but was eventually discontinued in favor of the Falcon 9 as the firm’s baseline launch
vehicle. The Falcon 1 program produced approximately five launches with one operational-
payload success, and the capability accumulated in the Falcon 1 program transferred substan-
tially to the Falcon 9 program through the Merlin engine lineage, the flight-control-system
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heritage, the launch-operations methodology, and the engineering-team experience with the
fly-learn-modify cycle. The value-gradient property was realized across the Falcon 1 pro-
gram through the increment sequence including launch-pad infrastructure demonstration,
first-stage boost demonstration, stage-separation and second-stage ignition demonstration,
orbital-velocity achievement, and operational-payload delivery.

The Falcon 1 program per-attempt cost trajectory supports the estimation

attempt __ fixed attempts variable
Cn - C’carnpaign/ n + Cper-attempt

with C’?j&%aign approximately 100 million dollars of accumulated development cost across the
four failed attempts and the fifth successful attempt, and C;gfgﬁljmpt approximately 6 to 8
million dollars per attempt. The empirical cumulative-cost trajectory across the five attempts
totaled approximately 130 to 150 million dollars including the vehicle manufacturing, the
Kwajalein infrastructure amortization, and the operational personnel cost.

The cumulative capital burn across the Falcon 1 program admits the integral characterization

Rrounds

T
Kcum(T) — Kfounder+ Z Ir+/ Cburn(T) dT
0

r=1

with K™der approximately 100 million dollars of founder portable capital contributed, I - the
round-r external investment injections that supplemented the founder capital, and c®"™ (7) the
operational burn rate that consumed the accumulated capital. The 2008 near-death moment
corresponds to the point at which the accumulated capital plus committed rounds approached
exhaustion before the fourth-attempt success unlocked the CRS-1 anchor demand.

The marginal reliability update from each Falcon 1 attempt permits the Beta-posterior update

R | {n;,s;} ~ Beta(ag + s;, 8 + 1; — 5;)

with the fourth attempt success producing the posterior mean E[R | n =4,s = 1] =2/6 =
0.33 under uniform prior Beta(1, 1), and the fifth attempt success producing E[R | n =
5,s = 2] = 3/7 ~ 0.43. The posterior evolution across the Falcon 1 attempts illustrates the
reliability-demonstration channel through which the value-gradient property was realized.

The Falcon 9 Development Period 2005-2010

The Falcon 9 development period from the initial 2005 announcement through the first suc-
cessful flight on June 4 2010 constitutes the second rung of the SpaceX value-gradient tra-
jectory. The period exhibits the value-gradient pattern in which the incremental capability
accumulation from Falcon 1 supported the Falcon 9 development, the NASA COTS Round 1
award provided the anchor demand that the Anchor Demand article A283 treats at greater
depth, and the Falcon 9 first-flight success validated the medium-lift capability that opened
the subsequent commercial-launch and Cargo Resupply Services business. The period is doc-
umented in the Berger 2024 Reentry account, the NASA COTS Report, the NASA COTS 2011
Program History, and the primary-source SpaceX Falcon 9 User’s Guide.

The initial Falcon 9 announcement in September 2005 identified a medium-lift launch vehi-
cle with approximately 9 tonnes to low Earth orbit capability using nine Merlin 1A engines
on the first stage and a single vacuum-optimized Merlin engine on the second stage. The
Falcon 9 architectural choice for nine engines on the first stage differed substantially from
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the single-engine or twin-engine configurations that dominated the medium-lift market. The
nine-engine configuration permitted engine-out capability where the vehicle could complete
the mission after loss of one first-stage engine, provided the total production volume required
for learning-curve cost reduction, and permitted the direct manufacturing scaling from the
Falcon 1 single-Merlin production line. The nine-engine choice was contested internally and
by external commentators as a reliability risk, with the Berger 2024 narrative documenting
the engineering arguments.

The NASA Commercial Orbital Transportation Services program had been announced in Jan-
uary 2006 as documented in the NASA COTS solicitation announcement with a stated ob-
jective of stimulating the emergence of private-sector cargo and crew transportation to the
International Space Station following the anticipated Space Shuttle retirement. The COTS
Round 1 solicitation received twenty-one proposals and awarded two Space Act Agreements
in August 2006 to Rocketplane Kistler and to Space Exploration Technologies Corporation.
The Rocketplane Kistler award was for approximately 207 million dollars and covered the
K-1 reusable two-stage vehicle. The SpaceX award was for approximately 278 million dol-
lars and covered the Falcon 9 vehicle and the Dragon spacecraft. The COTS Round 1 was
structured as a milestone-payment fixed-price agreement under the Space Act Agreement au-
thority rather than under the Federal Acquisition Regulation, which permitted the payment
structure to be contingent on demonstrated milestone completion rather than on cost incur-
rence, providing the value-gradient realization mechanism the anchor procurement produced.
The procurement-mechanism analog for large-program sole-source authority appears in the
SBIR Phase III sole-source authority the SBIR Phase III article treats, and the comprehensive
SBIR-program context is developed in the SBIR series opener.

The Falcon 9 v1.0 configuration adopted the Merlin 1C first-stage engine that had replaced the
earlier Merlin 1A ablative-cooling arrangement with a regenerative-cooling structure adapted
from the Falcon 1 flight-3 lessons. The Merlin 1C produced approximately 556 kilonewtons
of sea-level thrust, and the nine-engine first-stage cluster produced approximately 5000 kilo-
newtons total sea-level thrust at liftoff. The second-stage Merlin 1C vacuum variant produced
approximately 445 kilonewtons of vacuum thrust with a substantially extended nozzle for
vacuum-optimized specific impulse. The engine performance characteristics are documented
in the Sutton 2006 History of Liquid Propellant Rocket Engines and Sutton and Biblarz 2016
Rocket Propulsion Elements references and in the SpaceX press releases and AIAA confer-
ence papers.

The launch-site selection for Falcon 9 identified Cape Canaveral Space Launch Complex 40
as the primary launch site under a lease arrangement with the United States Air Force.
The SLC-40 selection followed the deactivation of the Titan launch vehicles that had previ-
ously used the pad, and the SpaceX team refurbished the pad infrastructure for the Falcon
9 configuration. The launch-pad modifications included the propellant loading system for
kerosene-liquid-oxygen, the transporter-erector configuration for the horizontal-integration-
then-vertical-erection approach the SpaceX team adopted, and the launch-control-center in-
tegration.

The Falcon 9 first flight occurred on June 4 2010 from SL.C-40 and achieved successful orbital
insertion of a Dragon Qualification Unit boilerplate spacecraft as documented in the SpaceX
press release on the first Falcon 9 flight. The flight validated the Merlin 1C engine cluster per-
formance, the octaweb engine-mounting configuration, the propellant-loading and countdown
procedures, the flight-control system, the stage-separation mechanism, and the second-stage
vacuum-optimized burn. The value increment from the first flight was substantial and imme-
diate, establishing the medium-lift capability that opened the commercial-launch market and
the subsequent Cargo Resupply Services execution. The Berger 2024 narrative documents
the engineering path to the first-flight readiness.

The Dragon C1 mission occurred on December 8 2010 as the first Dragon spacecraft orbital
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flight under the COTS Demonstration 1 milestone as documented in the SpaceX press release
on the Dragon C1 mission. The mission achieved orbital insertion, two orbital revolutions, and
successful reentry and Pacific Ocean recovery, becoming the first private-sector spacecraft
to be recovered from orbit. The Dragon C1 success validated the pressurized-cargo config-
uration, the propulsion system for orbital maneuvering, the thermal-protection system for
reentry, the parachute deployment sequence, and the ocean-recovery procedures. The value
increment from the Dragon C1 mission was substantial, unlocking the subsequent Dragon
C2/C3 mission to the International Space Station.

The Dragon C2/C3 mission occurred on May 22 2012 as the combined COTS Demonstration 2
and Demonstration 3 milestone. The Dragon spacecraft rendezvoused with the International
Space Station, was captured by the Canadarm?2 robotic arm and berthed at the Harmony mod-
ule, transferred cargo to and from the station, and departed and reentered successfully. The
mission constituted the first private-sector spacecraft to berth with the ISS and validated the
rendezvous and proximity-operations capabilities, the berthing procedures, and the cargo-
transfer processes. The value increment from the Dragon C2/C3 mission included the valida-
tion of the capability required for the operational Cargo Resupply Services contract execution.

The Commercial Resupply Services contract announced on December 23 2008 as documented
in the NASA CRS-1 Award Announcement with initial awards to SpaceX for approximately 1.6
billion dollars covering 12 cargo missions to the International Space Station established the
anchor-demand transition that the Anchor Demand article A283 treats in detail. The CRS-1
award was received four days after the successful fourth Falcon 1 launch and converted the
firm’s status from a development-stage venture with limited commercial revenue prospects
to a firm with a multi-year anchored revenue backlog sufficient to sustain the Falcon 9 devel-
opment and the subsequent commercial-launch business development.

The Falcon 9 v1.0 vehicle-block progression to Falcon 9 v1.1 introduced in September 2013
constituted the third rung of the value-gradient trajectory within the Falcon 9 program. The
v1.1 configuration adopted the Merlin 1D engine with approximately 654 kilonewtons of sea-
level thrust and improved specific impulse, extended the first-stage propellant tanks for in-
creased delta-v capacity, and rearranged the nine first-stage engines from the earlier tic-tac-
toe arrangement to the octaweb structure with eight engines around a central engine. The
v1.1 configuration also incorporated the initial reusability elements including the grid fins
and the landing legs, and the v1.1 first flight on September 29 2013 conducted the first con-
trolled first-stage descent though not the first successful land landing that came later. The
engineering path from v1.0 to v1.1 documented in the Berger 2024 narrative illustrates the
value-gradient pattern of incremental capability accumulation within a vehicle-block progres-
sion.

The Falcon 9 v1.1 first commercial success occurred on December 3 2013 with the SES-
8 geostationary-transfer-orbit mission for the SES satellite operator as documented in the
SpaceX press release on the SES-8 mission, constituting the first geostationary-transfer-orbit
mission for SpaceX and opening the commercial geostationary launch market that the incum-
bent United States providers had previously dominated. The pricing on the SES-8 mission
at approximately 60 million dollars established the pricing baseline that the subsequent com-
mercial geostationary-launch market followed. The value increment from the SES-8 mission
included the demonstration of the mission-profile capability for geostationary transfer orbit
and the establishment of the commercial customer relationship with SES that supported the
subsequent commercial launch backlog.

The COTS milestone-payment structure of the SpaceX Space Act Agreement takes the form

Kmilestones

Z P];nilestone
p‘/iCOTS —
£ (1+7)te
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with P,;“ﬂesmne the payment at milestone k and ¢, the achievement time. The SpaceX COTS
Round 1 agreement structured the 278 million dollar commitment across approximately
twenty milestones ranging from initial design-review milestones through the Dragon C1
flight and the Dragon C2/C3 flight, providing the milestone-by-milestone value-realization
channel that the value-gradient property required.

The nine-engine first-stage engine-out reliability capability allows the reliability calculation

cluster . 9 k 9—k
R = Z k Rengine(]' - Rengine)

k=8

with R, the individual-engine reliability. Under Ry, = 0.99, the cluster reliability ac-
cepting one engine-out is approximately 0.9962, exceeding the individual-engine reliability.
The nine-engine configuration exploited the engine-out capability to increase system reliabil-
ity beyond the individual-engine baseline, illustrating the redundancy-based-value-realization
channel that the Falcon 9 architectural choice enabled.

The learning-curve realization for the Merlin engine production across the Falcon 9 vehicle-
block progression supports the log-linear estimation

log CMerlin (n) = log cMerlin<1> — TMerlin log n

with Yyenin €mpirically estimated in the industry-analyst literature at approximately 0.15 to
0.20 across the observed production trajectory. The cumulative-production cost reduction
is documented in the trade-press coverage though the SpaceX proprietary cost data is not
publicly available.

The Falcon 9 delta-v capacity for geostationary-transfer-orbit missions admits the rocket-
equation derivation

Av=1,,-g,-In (mmm:ﬂ)

mﬁnal

with 1 sp the specific impulse, g, the standard gravity, and the mass ratio determined by the
vehicle-block-propellant capacity and payload configuration. The Falcon 9 Full Thrust config-
uration delivers approximately 8300 kilograms to geostationary transfer orbit in expendable
mode and approximately 5500 kilograms in reusable mode, and the delta-v capacity constraint
determines the mission-profile envelope the vehicle supports.

The Merlin engine thrust-to-weight ratio evolution across the engine progression admits the
compact tabulation. The Merlin 1A produced approximately 340 kilonewtons of sea-level
thrust at approximately 800 kilograms engine mass for a thrust-to-weight ratio of approxi-
mately 43. The Merlin 1C reached approximately 556 kilonewtons at 630 kilograms for a ratio
of approximately 90. The Merlin 1D reached approximately 654 kilonewtons at approximately
470 kilograms for a ratio of approximately 142, and subsequent uprated Merlin 1D+ variants
exceeded 850 kilonewtons at approximately 470 kilograms for a ratio of approximately 184.
The thrust-to-weight ratio evolution permits the concise expression

engine engine

Tn — TO . (1 + )n
engine engine gr
n mg

with g, the compound thrust-to-weight-ratio growth per engine generation, empirically ap-
proximately 0.45 per generation across the observed progression.
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The Reusability Progression 2011-2026

The reusability progression from the 2011 Grasshopper testbed program through the con-
temporary routine-refly cadence constitutes the fourth and continuing rung of the SpaceX
value-gradient trajectory. The progression is documented in the SpaceX press release on
the first Falcon 9 landing of December 2015, the SpaceX press release on the SES-10 first
refly of March 2017, the Berger 2024 Reentry narrative, and the primary-source FAA AST
launch-license records. The progression exhibits the value-gradient pattern in which each in-
cremental milestone from the initial sub-orbital vertical takeoff and vertical landing testbed
through the operational routine refly produced measurable value increments in cost reduc-
tion, cadence achievement, and reliability demonstration.

The Grasshopper testbed program initiated in 2011 developed a Falcon 9 first-stage-derived
vertical takeoff and vertical landing testbed at the McGregor Texas test facility. The Grasshop-
per vehicle consisted of a Falcon 9 first-stage tank with a single Merlin 1D engine, fixed land-
ing legs, and a steel thrust-reaction structure. The Grasshopper conducted a progressive
flight-test campaign from the initial September 21 2012 first hop at approximately 1.8 meters
altitude through progressively higher altitudes of 5.4 meters in November 2012, 40 meters
in December 2012, 80 meters in March 2013, 250 meters in April 2013, 325 meters in June
2013, 744 meters in August 2013, and 744 meters with lateral divert in October 2013. The
program concluded in October 2013 with the vehicle retired to make room for the Falcon 9
Reusable Development Vehicle FO9R Devl program. The Grasshopper program specifically
validated the vertical-landing guidance and control, the propellant-management for the throt-
tled hover-and-land maneuver, and the engine-throttling capability required for the terminal
landing phase.

The Falcon 9 Reusable Development Vehicle FOR Dev1 program continued the vertical-landing
development from April 2014 through August 2014 with a Falcon 9 v1.1 first-stage-derived
vehicle at McGregor Texas. The FIR Dev1 vehicle incorporated the operational grid fins and
steerable landing legs that the subsequent orbital-mission first-stage recovery would require.
The program conducted approximately five flights culminating in the August 22 2014 flight
loss caused by a blocked sensor that triggered the flight-termination system in-flight. The
FI9R Dev2 vehicle intended for higher-altitude testing was never completed as the SpaceX
team transitioned to attempting orbital-mission first-stage recovery directly.

The first orbital-mission first-stage recovery attempts began in April 2015 with the CRS-6
mission. The first-stage descent to the autonomous spaceport drone ship Just Read the In-
structions in the Atlantic Ocean landed hard and toppled, though the descent-and-guidance
profile was substantially executed. The CRS-6 recovery attempt was followed by the CRS-7
mission on June 28 2015 that experienced a second-stage overpressure event resulting in ve-
hicle loss without opportunity for recovery testing. The Jason-3 mission on January 17 2016
attempted a drone-ship landing at the Pacific Ocean drone ship Of Course I Still Love You and
landed successfully then toppled due to a locking-collar failure on one landing leg.

The first successful first-stage landing occurred on December 21 2015 with the Orbcomm-2
mission. The Falcon 9 first stage separated at approximately 78 kilometers altitude and re-
turned to Landing Zone 1 at Cape Canaveral, executing the boost-back burn, entry burn, and
landing burn sequence to touch down within the designated landing zone. The Orbcomm-2
landing constituted the first successful vertical landing of a first-stage booster returning from
an orbital-class mission and validated the technical capability that the subsequent reusabil-
ity progression required. The value increment from the Orbcomm-2 landing was substan-
tial and immediate, establishing the technical demonstration that permitted the subsequent
operational-cadence development.

The first successful drone-ship first-stage landing occurred on April 8 2016 with the CRS-8
mission at the Atlantic Ocean drone ship Of Course I Still Love You. The drone-ship landing
extended the recovery envelope to missions requiring higher first-stage propellant expen-
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diture that precluded return-to-launch-site recovery. The value increment from the CRS-8
landing included the operational demonstration of the drone-ship recovery method for the
high-energy missions that constituted a substantial fraction of the commercial-launch mix.

The first reflight of a previously-flown first stage occurred on March 30 2017 with the SES-10
mission. The first stage that had previously flown the CRS-8 mission in April 2016 was refur-
bished and reflown for the SES-10 geostationary-transfer-orbit mission, becoming the first
orbital-class rocket first stage to be reflown as documented in the SpaceX press release on
the SES-10 first refly. The refurbishment process required approximately eleven months and
was substantially more complex than the design-target refurbishment. The SES-10 reflight
specifically validated the multi-flight capability that the subsequent Block 5 configuration was
designed to support at higher cadence.

The Falcon 9 Full Thrust configuration introduced in December 2015 with the Orbcomm-2 mis-
sion incorporated the densified-propellant approach with subcooled liquid oxygen and rocket-
propellant-1 at reduced temperature, permitting increased propellant mass in the existing
tank volume and increased delta-v capacity for the reusability recovery propellant reserve.
The Full Thrust configuration constituted the technical enabler for the recovery-with-payload
mission profile the subsequent operational cadence required.

The Falcon 9 Block 5 configuration introduced with the Bangabandhu-1 mission on May 11
2018 constituted the reusability-focused arrangement designed for ten reflights without ma-
jor refurbishment and for human-rating certification required by the Commercial Crew pro-
gram. The Block 5 configuration included titanium grid fins that replaced the earlier alu-
minum grid fins to withstand higher entry temperatures, a redesigned octaweb thrust struc-
ture for improved refurbishment, hardened composite-overwrapped pressure vessels adapted
from the CRS-7 loss investigation, and engineering-margin improvements throughout the ve-
hicle. The Block 5 configuration constitutes the operational baseline for the contemporary
Falcon 9 fleet.

The contemporary routine-refly cadence as of the drafting date includes individual boosters
with double-digit flight counts. The booster serial numbers and flight counts are documented
in the trade-press coverage at SpaceNews, Ars Technica Space Coverage, and NASASpace-
flight. The record-holding boosters have reached flight counts in the low twenties as of the
drafting date, and the operational-fleet median flight count has increased consistently across
the past several years. The value increment from the contemporary routine-refly cadence
includes the per-launch cost reduction that has permitted the annual launch cadence to ex-
ceed one hundred launches per year and the mass-to-orbit delivery rate that has substantially
reshaped the sector-level competitive landscape.

The fairing-recovery progression developed the second recoverable-hardware element be-
yond the first stage. The fairing halves separate at approximately altitude and reenter through
the atmosphere under initial ballistic trajectory, deploy parachutes and steer to a target re-
gion, and are recovered either by drone-ship netting on ships including Ms. Tree and Ms. Chief
or by ocean recovery followed by refurbishment. The fairing recovery record includes the ini-
tial May 2019 first successful net catch, the subsequent transition to primarily ocean recov-
ery, and the contemporary refurbishment-and-refly cadence for the fairing halves. The value
increment from the fairing recovery is smaller than the first-stage recovery increment but
non-trivial, since each fairing half represents approximately six million dollars of hardware.

The second-stage recovery has not been achieved on Falcon 9 as of the drafting date. The
Falcon 9 second stage continues to be expendable, and the engineering choices that would
enable second-stage recovery are treated in the Starship program that the Decomposability
article A285 treats at greater depth. The Starship program pursues fully-reusable two-stage
configuration and constitutes the technical successor to the Falcon 9 reusability trajectory.

The Grasshopper altitude progression permits the exponential-growth characterization
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with h,, the altitude at flight n, h, approximately 1.8 meters at the first flight, and \ ap-
proximately 1.0 across the eight-flight campaign that reached 744 meters at the final flight.
The exponential-growth trajectory illustrates the test-fly-learn cadence acceleration that the
value-gradient trajectory can achieve under the iterative-development process discipline.

The first-stage descent kinematics for the propulsive-landing recovery admit the three-burn
sequence characterization. The boost-back burn imparts velocity change

- cos(0

Avboostback =2y

stage-sep stage-sep )

With vgi,0e sep the stage-separation velocity and 6
The entry burn reduces the entry velocity to

the stage-separation flight-path angle.

stage-sep

v Av
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with v, the ballistic-descent peak velocity. The landing burn achieves zero velocity at touch-
down through the specific thrust modulation

Utouchdown = Uterminal — T- Atburn/ m
with 7" the landing-burn thrust, A¢, ., the burn duration, and m the vehicle mass. The three-
burn sequence coordination requires precise timing and propellant-margin management.

The per-flight cost trajectory across the reusability progression allows the sequential-flight
cost estimation

. 1
Cper—ﬂlght<k) — cexpendable . E . ¢ + (1 _ ¢)

with ¢ the recoverable-hardware fraction of the expendable cost. Under ¢ = (0.7 representing
approximately 70 percent of the expendable cost in the recoverable first stage, and under k
ranging from 1 for the first flight to 15 for the record-holding boosters, the per-flight cost falls
from the expendable baseline to approximately 35 percent of that baseline at the maximum
flight count observed.

The Falcon 9 booster life distribution across the operational fleet supports the empirical dis-
tribution

N

total

with n, the number of boosters that have flown exactly k times and NV, the total booster
count in the operational history. The distribution as of the drafting date is right-skewed with
a mode at the middle single-digit flight counts and a long tail extending to the low double
digits for the record-holding boosters.

The refly cadence dynamics admit the mean-time-between-flights characterization

Tobservation
Zk ng - (k - 1)
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with the denominator counting the total refly events across the operational fleet. The MTBF
has declined from approximately 6 months at the initial reflight cadence in 2017 to approx-
imately 3 to 4 weeks at the contemporary cadence, illustrating the cadence-improvement
channel through which the value-gradient property is realized.

The recovery-envelope constraint for the first-stage propulsive-landing recovery admits the
payload-versus-delta-v characterization

initial
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with AvVeY the recovery-burn-sequence delta-v cost that reduces the payload capacity, typ-
ically approximately 1500 to 2000 meters per second for return-to-launch-site recovery and
approximately 800 to 1200 meters per second for drone-ship recovery. The recovery-envelope
constraint determines the mission-profile allocation between recoverable and expendable con-
figurations across the operational fleet.

The Block 5 design-target reflight-count trajectory permits the reliability-limited cap
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with k9°519" the design-target ten reflights without major refurbishment and k™1l ( R) the
reliability-limited flight count determined by the observed booster-life reliability distribution.
The empirical Block 5 booster life has reached the low double digits at the record-holding
boosters, exceeding the initial ten-reflight design target and illustrating the reliability-margin
conservatism of the design-target specification.

The Iridium Single-Bet Contrast

The Iridium global-communications-constellation program from the initial 1988 Motorola con-
cept through the November 1999 bankruptcy filing constitutes the canonical single-bet con-
trast against which the SpaceX value-gradient trajectory allows comparative characterization.
The Iridium case is documented in the Finkelstein and Sanford 2000 Learning from Corporate
Mistakes The Rise and Fall of Iridium and the Bloomberg 1999 contemporaneous business-
press coverage. The case exhibits the single-bet configuration in which the venture’s value
realization was concentrated at a distant terminal milestone requiring completion of the full
66-satellite constellation before any commercial service could commence, with negation of
the value-gradient property producing the vulnerability the observed bankruptcy realized.

The Iridium initial concept originated at Motorola in 1988 with the vision of a global satellite-
telephone network that would provide voice-and-data service to handheld devices anywhere
on Earth’s surface. The technical architecture required a low-Earth-orbit constellation of
66 satellites organized in six orbital planes with eleven satellites per plane at approximately
780 kilometers altitude. The constellation architecture required cross-link communication
between satellites, satellite-handheld communication at Ka-band and L-band frequencies, and
ground-gateway infrastructure at multiple sites globally. The full-constellation architecture
meant that no commercial service could commence until substantially all 66 satellites were
deployed and the cross-link and ground-gateway infrastructure was operational.

The Iridium consortium was formed in 1991 with Motorola as majority shareholder and in-
ternational investors including Sprint, Kyocera, Lockheed Martin, Raytheon, and multiple
national telecommunications operators. The total consortium investment reached approxi-
mately 5 billion dollars across the development and deployment phase from 1991 through
1998. The satellite manufacturing was conducted by Lockheed Martin and Motorola through
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the Iridium Manufacturing partnership, and the launch operations used Delta II, Proton, and
Long March 2C vehicles across multiple launch providers.

The constellation-completion condition for the Iridium architecture required substantially all
66 satellites to be deployed and operational before commercial service could commence, ad-
mitting the compact form

VIridium<t) =0 if N

hreshold

operational(t> < Nt resho

with Nthreshold anproximately 60 satellites required for global-coverage service. The value-
realization condition admitted no partial-completion service configuration, illustrating the
single-bet architectural vulnerability.

The Iridium constellation deployment proceeded from the first Delta II launch on May 5 1997
through the completion of the initial constellation in May 1998, with subsequent replacement
launches for satellite failures. The commercial service commenced on November 1 1998
with the availability of the Iridium handheld satellite phone that retailed at approximately
3000 dollars and the per-minute call rate at approximately 3 to 8 dollars depending on the
calling profile as documented in the Iridium World Communications press release archive.
The commercial service faced immediate market challenges including the bulky handheld
device, the substantially higher price than terrestrial cellular alternatives, the requirement
for line-of-sight to the satellite that precluded indoor use, and the substantial competition
from the expanding terrestrial cellular network that the market-emergence forecasts had not
anticipated.

The Iridium subscriber acquisition fell substantially below the projected trajectory. The ser-
vice acquired approximately 55000 subscribers by June 1999 against a forecast of approx-
imately 500000 subscribers at that point, producing revenue substantially below the debt-
service requirements. The revenue shortfall triggered technical covenant defaults on the ap-
proximately 3.4 billion dollars of debt financing, and the Iridium Chapter 11 bankruptcy filing
occurred on August 13 1999. The bankruptcy specifically illustrated the single-bet vulnera-
bility that the full-constellation architecture had required completion before any commercial
service could commence, so the venture had no opportunity to test the market-response as-
sumption incrementally, adjust the pricing or product configuration before full deployment,
or recover invested capital through partial-constellation deployment.

The subscriber-acquisition shortfall yields the compact characterization

Nacmal(t) — NforecaSt<t) _ 55000 — 500000 — 0.9
Nforecast(t) - 500000 N ‘

shortfall ratio =

with the negative 89 percent shortfall producing the debt-service failure. The revenue-to-
debt-service ratio can be written as

Roperating<t> Nactual . A R PUmonthly .12

RDS = . = —
Dservice (t) T Dprincipal

with ARPU™™™Y the average revenue per user per month. Under ARPU™™™Y = 300 dol-
lars, DPrircipal — 3 4 hillion dollars, and r = 0.10 representing the effective debt-service rate,
the actual RDS at Iridium’s Chapter 11 filing was approximately 198 /340 = 0.58, substantially
below the sustainability threshold of unity.

The Iridium bankruptcy proceeded through the Chapter 11 restructuring under Judge Cor-
nelius Blackshear in the United States Bankruptcy Court for the Southern District of New
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York. The consortium assets including the satellite constellation, the ground infrastructure,
and the intellectual property were transferred through the bankruptcy proceeding at approx-
imately 25 million dollars sale price to the newly-formed Iridium Satellite LLC in December
2000, representing approximately a 0.5 percent recovery on the original 5 billion dollar in-
vestment. The salvage value reflected the substantial fixed-cost investment sunk into the
constellation that had no meaningful alternative use, illustrating the asset-specificity prob-
lem that the single-bet configuration created.

The Iridium salvage-to-investment recovery ratio has the form
Gsale 25 M dollars

salvage — : — = 0.005
p K invested 5000 M dollars

with the two-hundredfold write-down illustrating the extreme asset-specificity penalty
that the single-bet configuration produced. The comparison with the SpaceX trajectory
supports the observation that no single failure event in the SpaceX Falcon 1 through Falcon
9 through reusability progression produced comparable asset-specificity penalty, since the
value-gradient trajectory preserved the substantial fraction of the accumulated capability
across each failure event.

The Iridium bankruptcy timeline allows the brief characterization from commercial service
commencement at ¢, = November 1 1998 through Chapter 11 filing at {; = August 13 1999
through asset sale at t, = December 2000

Treilure — ¢ —t, ~ 9.5 months

with the 9.5-month time between commercial-service commencement and bankruptcy filing
illustrating the speed at which the market-response failure was realized under the single-bet
configuration. The comparison with the SpaceX trajectory admits the observation that the
fly-learn-modify cycle across the Falcon 1 flights spanned approximately 2.5 years between
the first and fourth flights, and that intermediate-flight information supported successive en-
gineering revisions rather than concentrating all information at a distant terminal moment.

The Iridium successor Iridium Satellite LLC operating under the reduced cost basis and the
discount-priced handset acquired approximately 250000 subscribers by 2005 and reached
approximately 500000 subscribers by 2010, becoming a viable business at the reduced-cost
basis. The Iridium NEXT next-generation constellation deployment from 2017 through 2019
used the Falcon 9 launch vehicle for the deployment missions, constituting one of the more
remarkable instances of the successor-firm-benefiting-from-original-investment pattern the
venture-failure literature identifies. The SpaceX contract to launch the Iridium NEXT con-
stellation provided approximately 500 million dollars of launch revenue to SpaceX across the
2017-2019 deployment period.

The value-gradient contrast between the SpaceX and Iridium trajectories permits compact
characterization through the value-trajectory functions. The SpaceX Falcon 1 through Falcon
9 through reusability trajectory realized identifiable value increments at each rung including
the incremental technical capability from each Falcon 1 flight, the anchor-demand transition
following the fourth Falcon 1 success, the Falcon 9 first flight capability, the Dragon space-
craft ISS berthing capability, the reusability first landing, the operational reflight cadence,
and the contemporary hundred-launches-per-year capability. The Iridium trajectory concen-
trated value realization at the November 1998 commercial-service commencement with no
substantial intermediate value capture across the seven-year development-and-deployment
period. The vulnerability the Iridium trajectory exhibited was the impossibility of adjust-
ing the venture in response to information gained during the development period, since the
incremental information had no operational-adjustment channel available. The advantage
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the SpaceX trajectory exhibited was the availability of the incremental adjustment channel
at each rung, permitting the technical, organizational, and commercial adjustments the ob-
served trajectory demonstrated.

The parallel single-bet cases in the launch-and-satellite-communications sector include the
Globalstar low-Earth-orbit constellation that filed for Chapter 11 bankruptcy in February
2002 after similar market-emergence failure, the Teledesic Internet-in-the-sky constellation
that never launched satellites and dissolved in 2002 after Bill Gates and Craig McCaw had
invested approximately 200 million dollars, the ICO Global Communications middle-Earth-
orbit constellation that filed for Chapter 11 in August 1999, and the OneWeb constellation
that filed for Chapter 11 in March 2020 after depleting approximately 3.4 billion dollars in
invested capital before reorganization under the Bharti Global consortium. Each single-bet
case exhibits the negation of the value-gradient property that the SpaceX trajectory closes.
The broader single-bet-failure literature that treats the tail-risk mechanics is developed in the
Startup Failure series treatment.

Deep Historical Comparative Precedents

The value-gradient mechanic invites comparison with several deep historical precedents that
illustrate the pattern across earlier eras and adjacent domains. The precedents establish
the value-gradient property as a load-bearing feature of mission-directed technology develop-
ment rather than a SpaceX-innovation, while also identifying the arrangements that enable
or preclude the property in different institutional contexts.

The Wright Brothers aeronautical development from approximately 1899 through the Decem-
ber 17 1903 first powered flight illustrates the canonical value-gradient pattern in aeronau-
tical technology development. The Wrights conducted a progressive experimental campaign
from initial 1899 kite experiments through 1900 glider tests at Kitty Hawk, 1901 glider tests
with revised airfoils and control surfaces, 1902 glider tests that established the three-axis con-
trol system, and finally the 1903 Flyer powered flight. The cumulative-flight record across
the Wrights’ campaigns takes the compact tabulation

Nomeative = N1soo + Nigoo + Nigor + Nigoa + Nigoz & 4+ 124100 + 700 4 4
with the cumulative approximately 820 glider and powered flights across the four-year cam-
paign, illustrating the high-cadence iterative-development pattern that supported the incre-
mental capability accumulation. The parallel Langley aerodrome program funded by the
Smithsonian and the United States War Department at approximately 50000 dollars pursued
a substantially more monolithic development pattern that culminated in two catastrophic
launch failures in October and December 1903, illustrating the single-bet negation of the
value-gradient pattern in the same historical moment. The Crouch 2003 Wings A History of
Aviation from Kites to the Space Age documents the trajectory.

The Whittle turbojet development from the 1930 Whittle patent through the May 15 1941 first
flight of the Gloster E.28/39 illustrates the value-gradient pattern in gas-turbine propulsion
technology. Whittle progressed from the initial theoretical concept through bench tests of
the WU experimental engine in 1937, subsequent bench tests of the W.1 engine in 1940, and
the W.1 flight-test integration in the Gloster E.28/39. The parallel Heinkel HeS 3 program
at Ernst Heinkel Flugzeugwerke in Germany under Hans von Ohain proceeded on a parallel
timeline and produced the first flight of a turbojet-powered aircraft on August 27 1939 with
the He 178. The value-gradient property was realized across both programs through the
incremental capability accumulation from theoretical concept through bench tests to flight
tests. The Golley 1987 Whittle The True Story documents the trajectory.

The Boeing 707 development from the 1952 Dash 80 prototype through the October 26 1958
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first commercial flight illustrates the value-gradient pattern in commercial jet aviation. Boe-
ing invested approximately 16 million dollars of internal capital in the Dash 80 prototype at a
time when the company’s net worth was approximately 30 million dollars, constituting a sub-
stantial bet-the-company decision. The Dash 80 first flew on July 15 1954 and served as the
demonstrator for the configuration that subsequently evolved into both the KC-135 military
tanker and the 707 commercial airliner. The value-gradient property was realized through
the demonstration of the commercial-jet configuration to potential customers including Pan
American World Airways, which placed the initial launch order for 20 aircraft. The Newhouse
1982 The Sporty Game and Serling 1992 Legend and Legacy document the trajectory.

The Skunk Works P-80 Shooting Star development from the initial 1943 XP-80 through the De-
cember 1944 combat introduction illustrates the value-gradient pattern in wartime jet-fighter
development under the Lockheed Skunk Works organizational form. The P-80 development
proceeded from the initial XP-80 completion in 143 days from contract award through sub-
sequent XP-80A and YP-80A prototype configurations to the operational P-80A. The value-
gradient property was realized through the incremental capability accumulation at each con-
figuration and through the rapid iteration that the small-team autonomous engineering ap-
proach permitted. The Rich and Janos 1994 Skunk Works and Miller 1995 Lockheed Skunk
Works document the organizational-form choices that enabled the value-gradient property.

The Redstone-Jupiter-Saturn family lineage from the 1953 Redstone first flight through the
1975 Apollo-Soyuz Test Project last Saturn flight illustrates the value-gradient pattern in
liquid-propellant rocket development. The Redstone medium-range ballistic missile was the
first operational United States rocket to use liquid oxygen and kerosene propellants, provid-
ing the technical capability that transferred to the Jupiter intermediate-range ballistic missile,
the Jupiter-C sounding-rocket configuration that launched Explorer 1 in January 1958, the
Juno launch vehicle family, and subsequently the Saturn I, Saturn IB, and Saturn V heavy-lift
launch vehicles that supported the Apollo Program. The value-gradient property was realized
through the incremental capability accumulation across the family lineage under Wernher von
Braun’s technical direction at the Army Ballistic Missile Agency and subsequently at NASA
Marshall Space Flight Center. The Bilstein 1996 Stages to Saturn and Neufeld 2013 Von
Braun document the trajectory. The Apollo Guidance Computer development that supported
the Saturn V and Apollo mission execution is developed in the Apollo Guidance Computer
article, and the aerospace-computing historical trajectory within which the Redstone-Jupiter-
Saturn lineage allows placement is developed in the Aerospace, Programming Languages,
and Information Technology Co-Development series opener and the Contemporary Snapshot
article.

The Space Shuttle development from the initial 1969 concept through the April 12 1981 first
orbital flight illustrates the negation of the value-gradient pattern in NASA-directed reusable-
launch-vehicle development. The Shuttle program pursued a substantially monolithic devel-
opment architecture in which the reusable-orbiter configuration required completion of the
full development program before any operational capability could be demonstrated. The vul-
nerability the Shuttle program exhibited included the twelve-year development period with-
out substantial intermediate capability demonstration, the fixed technical configuration that
constrained subsequent adjustment, and the reliability and cost performance that fell sub-
stantially below the initial design targets. The Jenkins 2001 Space Shuttle The History of the
National Space Transportation System documents the trajectory. The contrast with the Fal-
con 9 iterative vehicle-block progression illustrates the value-gradient property’s institutional-
configuration requirements.

The Buran Soviet shuttle development from the 1974 program initiation through the Novem-
ber 15 1988 single unmanned orbital flight illustrates a case in which the venture com-
pleted the terminal-configuration demonstration but never realized substantial operational
value. The Buran orbiter flew once on the November 1988 mission, and the program was
suspended in 1990 and cancelled in 1993 following the Soviet Union dissolution. The value-
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gradient negation is illustrated by the substantial fixed-cost investment approximately 20
billion 1980s-dollars-equivalent that produced only the single flight of the configuration, with
no operational-service value realization. The Hendrickx and Vis 2007 Energiya-Buran docu-
ments the trajectory.

The Concorde supersonic-transport development from the 1962 Anglo-French agreement
through the 1976 first commercial flight through the 2003 retirement illustrates a case of
substantial technical achievement without matching commercial value realization. The Con-
corde program produced twenty airframes across the Aérospatiale and British Aircraft Cor-
poration joint development, entered commercial service in January 1976 with Air France and
British Airways, and operated for approximately 27 years before retirement following the
July 25 2000 Air France Flight 4590 accident and the subsequent commercial-viability degra-
dation. The value-gradient contrast with the parallel Boeing 747 wide-body development
illustrates the configuration-choice consequences where the 747 subsonic wide-body arrange-
ment achieved substantial commercial value across a fifty-year operational period while the
Concorde supersonic structure achieved substantially lower commercial value. The Owen
1997 Concorde Story of a Supersonic Pioneer documents the trajectory.

The Manhattan Project from 1942 through 1945 illustrates the case of state-directed mission-
oriented technology development under wartime urgency in which the value-gradient prop-
erty was realized through the intermediate technology demonstrations including the Chicago
Pile-1 first sustained nuclear chain reaction on December 2 1942, the X-10 Graphite Reactor
plutonium production, the Y-12 electromagnetic separation and the K-25 gaseous diffusion
uranium enrichment, and the July 16 1945 Trinity test that preceded the operational deploy-
ment. The intermediate demonstrations produced the incremental capability accumulation
that the mission-completion required, illustrating the value-gradient property in the state-
directed configuration. The Manhattan Project cost trajectory has the concise characteriza-
tion

CManhattan<t) ~ ('total [1 _ ef)\(tfto)]

cumulative

with C*%®! approximately 2 billion 1945 dollars equivalent to approximately 34 billion 2024
dollars and A approximately 0.6 per year across the 39-month project duration. The asymp-
totic approach to the terminal cost illustrates the front-loaded fixed-cost pattern the mission-
directed configuration required. The Rhodes 1986 The Making of the Atomic Bomb docu-
ments the trajectory.

The DARPA Grand Challenge autonomous-vehicle competition series from 2004 through
2007 illustrates the case of prize-mechanism-driven value-gradient development in the
autonomous-vehicle sector. The 2004 first Grand Challenge produced no vehicle completing
the 240-kilometer desert course, though the top finisher completed approximately 12 kilome-
ters before failure. The 2005 second Grand Challenge produced five vehicles completing the
course, with Stanford Racing Team’s Stanley winning in approximately 6 hours 54 minutes.
The 2007 Urban Challenge tested vehicles in a simulated urban environment and produced
six finishing vehicles. The value-gradient property was realized across the three competi-
tions through the incremental capability accumulation from the initial partial-completion
demonstration through the successful desert-course completion to the urban-environment
completion. The Bonvillian 2018 DARPA and the Advanced Research Projects Agency
documents the DARPA institutional configuration that enabled the pattern.

The Human Genome Project from 1990 through 2003 illustrates the case of state-directed
biomedical mission-oriented development in which the value-gradient property was realized
through intermediate chromosome-sequencing milestones and the competitive-response ac-
celeration triggered by the Celera Genomics parallel private-sector effort. The initial project
timeline projected completion by 2005 at approximately 3 billion dollars, and the competi-
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tion from Celera compressed the completion timeline to 2003 at approximately 2.7 billion
dollars while producing the reference-genome and shotgun-sequencing methodologies that
transferred to the subsequent biotechnology sector. The value-gradient property was re-
alized through the incremental chromosome-sequencing milestones and the accompanying
analytical-tool development. The Collins 2010 The Language of Life documents the trajec-
tory.

The Iridium NEXT next-generation constellation deployment from 2017 through 2019 consti-
tutes a case where the original Iridium single-bet architecture was replicated in the successor
firm but under substantially different economic conditions. The Iridium NEXT deployment
used the Falcon 9 launch vehicle across ten missions carrying six to ten satellites per launch.
The launch-services arrangement between SpaceX and Iridium Communications was valued
at approximately 500 million dollars across the deployment period. The successor firm oper-
ated under the reduced cost-basis established through the original Iridium bankruptcy and
the discount acquisition of the operational constellation and infrastructure, illustrating the
successor-firm dynamics that the single-bet-failure literature identifies as a distinct value-
realization channel that operates outside the original venture’s trajectory.

The Tesla Roadster to Model S to Model 3 progression from the 2008 Roadster introduction
through the 2012 Model S introduction to the 2017 Model 3 introduction illustrates a par-
allel value-gradient trajectory in the same founder’s adjacent firm. The Tesla progression
exhibits the rung structure of a small-volume high-price niche vehicle Roadster, a larger-
volume higher-price mainstream-luxury vehicle Model S, and a mass-market lower-price ve-
hicle Model 3, with each rung producing identifiable value increments including commercial
revenue, capability accumulation, and reputational credential accumulation that supported
the subsequent rungs. The value-gradient property was realized across the Tesla trajectory
through the incremental capability accumulation from the Roadster battery-and-drivetrain
integration through the Model S full-vehicle architecture to the Model 3 mass-production
capability. The Vance 2015 biographical treatment documents the parallel-firm dynamics.

The Airbus A300 to A320 to A380 family progression from the 1972 A300 first flight through
the 1988 A320 introduction to the 2005 A380 introduction illustrates the value-gradient pat-
tern in commercial-airliner development through the European Airbus consortium configura-
tion. The Airbus progression exhibits the rung structure of the wide-body twin-engine A300,
the narrow-body single-aisle A320 that competed directly with the Boeing 737, the wide-body
twin-aisle A330 and A340, and the extra-large A380 that attempted the super-jumbo market
segment. The value-gradient property was realized through the incremental capability accu-
mulation across the family, though the A380 outcome illustrates the single-large-bet risk that
the value-gradient trajectory typically avoids, with the A380 program discontinued in 2021
after failing to achieve the market-share and pricing targets that the initial development had
projected. The Mclntyre 1992 Airbus Industrie history and Chadeau 1996 Airbus Industrie
History document the trajectory.

The International Space Station assembly from the 1998 Zarya first launch through the 2011
completion of the primary configuration illustrates the multi-decade iterative-deployment
pattern in the state-directed international-cooperation arrangement. The ISS assembly pro-
ceeded through approximately forty individual assembly missions across Space Shuttle, Pro-
ton, Soyuz, and subsequent Falcon 9 launches, with each mission adding modules, trusses,
solar-array segments, and outfitting hardware. The value-gradient property was realized
through the incremental capability accumulation at each assembly milestone including the
first Zarya-Unity connection, the first crew occupancy in November 2000, the successive
laboratory-module attachments, and the eventual full-configuration operation. The case illus-
trates the value-gradient property in a distinct institutional configuration from the SpaceX
private-firm form.

The Boeing 787 development from the 2004 program launch through the 2011 first commer-
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cial flight illustrates a bet-the-company case in commercial-airliner development that con-
sumed approximately 20 billion dollars in initial development cost against an initial 10 bil-
lion dollar target. The 787 development pursued substantial technical innovation through
the composite-airframe construction, the electrical-systems architecture, and the supplier-
integration approach that required assembly of components from suppliers across multiple
continents. The value-gradient trajectory was substantially disrupted by the development de-
lays, battery-fire incidents, and quality-control issues that produced substantial cost overrun
and delayed commercial-service commencement. The case illustrates the vulnerability of the
value-gradient trajectory to technical-and-supply-chain challenges when the incremental ca-
pability accumulation across the trajectory is inadequate. The Newhouse 2007 Boeing versus
Airbus documents the trajectory.

The NASA Constellation Program from the 2005 initiation through the 2010 cancellation illus-
trates a case in which the value-gradient trajectory was interrupted by political-and-budgetary
discontinuity before the mission-completion milestone. The Constellation Program pursued
the development of the Ares I crew launch vehicle, the Ares V heavy-lift launch vehicle,
and the Orion crew vehicle to support the Vision for Space Exploration architecture that
projected human lunar return by 2020 and subsequent human Mars exploration. The Pro-
gram consumed approximately 9 billion dollars across the five-year duration before cancel-
lation under the Obama administration policy decision documented in the NASA Authoriza-
tion Act of 2010. The cancellation illustrates the strategic-patience sub-property failure that
the value-gradient trajectory requires, because even a technical trajectory that satisfies the
architectural-decomposability, incentive-structure, and process-discipline sub-properties can
be interrupted by political-and-budgetary discontinuity when the mission commitment does
not sustain across the multi-year horizon. The transition from Constellation to the Commer-
cial Crew Program that subsequently benefited SpaceX illustrates the replacement-trajectory
that emerged from the cancellation.

The Toyota Production System evolution from the 1948 Ohno-directed initial development
through the contemporary lean-production architecture illustrates the value-gradient pat-
tern in manufacturing-methodology development. The Toyota Production System progres-
sion through the jidoka autonomation principle, the just-in-time inventory system, the kan-
ban production-control mechanism, the andon quality-control mechanism, and the kaizen
continuous-improvement discipline exhibits the incremental capability accumulation across
the multi-decade horizon. The value-gradient property was realized through the incremental
production-cost reduction and quality-improvement achievements that jointly determined the
subsequent competitive positioning against the Detroit Big Three automakers. The Womack
Jones Roos 1990 The Machine That Changed the World documents the trajectory, and the
Liker 2004 The Toyota Way consolidates the treatment. The application of the Toyota Produc-
tion System principles to the SpaceX manufacturing operations at the Hawthorne facility is
documented in the Berger 2024 Reentry narrative.

The Bell Labs technical trajectory from the 1925 AT&T-Western-Electric consolidation through
the 1984 AT&T divestiture illustrates the case of substantial value-gradient realization in the
technology-development-under-regulated-monopoly configuration. The value-gradient real-
ization included the transistor 1947, information theory 1948, the C programming language
1969-1972, the Unix operating system 1969-1973, and substantial additional capability across
the six decades of the Bell Labs operational period. The case illustrates the value-gradient
property in a distinct institutional configuration from the SpaceX private-firm venture-capital-
backed form. The Gertner 2012 The Idea Factory documents the trajectory. The Silicon Valley
industrial substrate that emerged from the defense-contracting and Bell-Labs-adjacent capa-
bility is developed in the Silicon Valley from Defense Contracting article, and the software-
defined aerospace context within which the contemporary SpaceX trajectory operates is de-
veloped in the Software-Defined Aerospace article.
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Historiographical Gap and Recent Scholarship

The scholarly literature specifically on the SpaceX value-gradient trajectory remains substan-
tially thinner than the scholarly literature on the surrounding aerospace-sector and mission-
oriented-innovation contexts. The gap is partly attributable to the firm’s status as a privately
held company that does not file securities disclosures, partly to the ongoing character of the
reusability trajectory the article treats, and partly to the methodological challenge of sepa-
rating the value-gradient effect from the other seven-plus-three conditions the series treats.

Primary Source Documentation

The primary source documentation for the Falcon 1 development period consists of the AIAA
conference paper on The Falcon 1 Launch Vehicle, the SpaceX press release on the Falcon 1
flight 4 success, the FAA AST licensing filings accessible through the FAA AST current licenses
database, and the NASA Commercial Orbital Transportation Services Program documents ac-
cessible through the NASA COTS Report. The primary source documentation for the Falcon
9 development period consists of the SpaceX Falcon 9 User’s Guide, subsequent AIAA confer-
ence papers, the NASA COTS 2011 Program History, and the GAO 2011 Commercial Cargo
Program report. The primary source documentation for the reusability progression consists
of the individual FAA AST licensing filings for each Falcon 9 mission, the SpaceX press re-
leases for the key milestones documented in the SpaceX news archive, and the technical
papers presented at the International Astronautical Congress and the AIAA SPACE Forum
conferences.

Biographical Literature

The biographical literature on the value-gradient trajectory is dominated by the Berger 2021
Liftoff first-hand account of the Falcon 1 development that draws on extensive interviews
with the engineering staff who conducted the program. The Berger 2024 Reentry extends
the Berger treatment to the Falcon 9 and Dragon development period. The Vance 2015 and
Isaacson 2023 general biographies of the founder provide the founder-centered treatment
that complements the Berger engineering-team-centered treatment. The Davenport 2018 The
Space Barons and Fernholz 2018 Rocket Billionaires provide the comparative-firm perspec-
tive across SpaceX, Blue Origin, Virgin Galactic, and the broader commercial-space entrant
set.

Business Case Study Literature

The business case study literature treats the SpaceX value-gradient trajectory in multiple
case-study contexts including specific Harvard Business School cases, the Anadol Cohen
Ferrari 2018 SpaceX case study developed at INSEAD, the Rosenbloom and Christensen
1998 Technological Discontinuities Organizational Capabilities and Strategic Commitments
framework applied to launch-sector transitions, and various additional MBA-program cases.
The disruptive-innovation framework developed in Bower and Christensen 1995 Disruptive
Technologies Catching the Wave has been applied to the SpaceX case in multiple treatments,
though the framework applies with substantial qualification to the launch-sector context
where the sustained government-anchor demand differs from the classical low-end-entrant
disruption pattern the framework’s originating case studies documented. The related
Christensen 1997 The Innovator’s Dilemma applied at higher institutional aggregation and
the Adner 2012 The Wide Lens ecosystem-strategy framework provide the complementary
treatments the business-strategy literature has developed. The Nelson 1959 Simple Eco-
nomics of Basic Scientific Research foundational treatment of the R and D economics under
uncertainty provides the deeper theoretical grounding within which the case-study literature
operates.
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Aerospace Engineering Literature

The aerospace-engineering literature treats technical elements of the value-gradient trajec-
tory including the Merlin engine progression, the Falcon 9 avionics evolution, the reusability
guidance-and-control, and the propellant-densification technology in conference-paper and
journal-article contexts including the AIAA Journal of Spacecraft and Rockets and the ATAA
Journal of Propulsion and Power. The literature is substantially thinner than the correspond-
ing literature on legacy launch vehicles because the SpaceX firm has published less openly
than the NASA-contractor or defense-contractor firms whose technical trajectories have been
extensively documented in the aerospace-engineering literature. The propulsion-system text-
book literature relevant to the Merlin and Raptor engine architectures includes Sutton 2006
History of Liquid Propellant Rocket Engines, Sutton and Biblarz 2016 Rocket Propulsion El-
ements, Huzel and Huang 1992 Modern Engineering for Design of Liquid-Propellant Rocket
Engines, and Turner 2008 Rocket and Spacecraft Propulsion. The space-mission-engineering
textbook literature includes Wertz Everett Puschell 2011 Space Mission Engineering and Lar-
son and Wertz 1999 Space Mission Analysis and Design. The launch-vehicle-design literature
includes Curtis 2013 Orbital Mechanics for Engineering Students and Prussing and Conway
2013 Orbital Mechanics.

Reusability and Landing Guidance Literature

The reusability guidance-and-control literature has expanded following the observed SpaceX
first-stage recovery record. The literature includes Blackmore 2016 Autonomous Precision
Landing of Space Rockets that documents the convex-optimization guidance approach
the SpaceX landing algorithms adopted, Acikmese and Ploen 2007 Convex Programming
Approach to Powered Descent Guidance for Mars Landing that provides the theoretical
foundation for the approach, Acikmese Carson and Blackmore 2013 Lossless Convexification
of Nonconvex Control Bound Constraints on the technical improvements, and additional
conference-paper literature at the AIAA Guidance Navigation and Control Conference
series. The landing-guidance mathematics supports application beyond launch-vehicle
recovery to lunar and Mars-surface landing, providing the technology-transfer channel the
Generality-Forcing article A286 treats at greater depth.

Space Economics Literature

The space-economics literature treats the value-gradient trajectory at the sector-level in jour-
nals including Space Policy and the Journal of Space Safety Engineering and specialist space-
economics publications. The Hertzfeld 2002, Peeters 2018, and Weinzierl 2018 treatments
provide the space-economics framework within which the value-gradient trajectory admits
characterization. The Anderson 2023 The Space Economy consolidates the sector-level treat-
ment. The related Adilov Alexander Cunningham 2018 An Economic Analysis of Earth Or-
bit Pollution addresses the low-Earth-orbit-constellation externality question that the value-
gradient trajectory’s Starlink spinoff has intensified. The Weeden and Chow 2012 Taking a
Common-Pool Resources Approach to Space Sustainability provides the traffic-management
framework.

Emerging Reusability Literature

The emerging literature on launch-vehicle reusability specifically has developed following the
observed SpaceX first-stage recovery record. The literature treats technical questions includ-
ing the guidance-and-control for propulsive landing, the refurbishment process, the reliabil-
ity implications of reuse, and the cost-reduction empirical estimates. The literature includes
papers on the Merlin engine reflight record documented in Blackmore 2016 Autonomous
Precision Landing of Space Rockets and the theoretical foundations in Acikmese and Ploen
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2007 and Acikmese Carson and Blackmore 2013 on the convex-optimization powered-descent-
guidance approach the SpaceX landing algorithms adopted, the Falcon 9 booster life distri-
bution, and the fairing recovery record. The literature also treats the competitive-response
implications for the incumbent launch providers whose expendable-vehicle cost structures
cannot match the SpaceX reusable-vehicle cost structure. Related emerging literature on the
optical-astronomy interference from low-Earth-orbit satellite constellations includes Walker
et al 2020 Impact of Satellite Constellations on Optical Astronomy that the reusability-driven
cadence expansion has substantially intensified.

Comparative-Firm Literature

The comparative-firm literature on the value-gradient trajectory treats the contrast between
SpaceX and the adjacent-firm trajectories. The Blue Origin New Shepard suborbital vertical
takeoff and vertical landing testbed has followed a parallel technical trajectory to Grasshopper
but has not yet transitioned to the orbital-class recovery cadence that the SpaceX operational
trajectory reached. The Rocket Lab Electron small-launch vehicle has attempted first-stage
recovery through helicopter capture in the Neutron program development. The comparative-
firm analysis is treated in the Comparative Cross-Sectional Analysis section of the series
opener and receives fuller treatment in the closing article A292. The related trade-press
comparative coverage appears in SpaceNews, Ars Technica, NASASpaceflight, and special-
ist newsletters including Payload and Payload Research. The European sector comparative
coverage appears in European Spaceflight.

Legal and Policy Literature

The legal-and-policy literature that treats the regulatory-and-institutional context within
which the value-gradient trajectory operates includes the Journal of Space Law and the
Space Legislation Review with attention to the launch-licensing, spectrum-allocation, and
export-control regimes the trajectory operates within. The Space Policy Online policy-context
coverage provides the policy-analysis complementary to the academic-journal treatment.
The Public Administration Review treats the COTS procurement-mechanism innovation in
the public-administration disciplinary context.

Business Press Coverage

The business press coverage of the value-gradient trajectory in the New York Times, Wash-
ington Post, Bloomberg, and Wall Street Journal provides the business-context reporting com-
plementary to the trade-press technical coverage. The SpaceX corporate news and press-
release archive is accessible through the SpaceX news archive. The NASA news and program-
documentation archive is accessible through the NASA history archives and the NASA Tech-
nical Reports Server and the NASA OIG database. The GAO reports and Congressional tes-
timony records are accessible through the GAO reports database, the CRS reports database,
and the Congressional record. The Department of Defense contract announcements are ac-
cessible through the DOD contracts announcements, and the Space Force announcements
are accessible through the Space Force news.

Regulatory and Technical Framework

The value-gradient trajectory operates within a regulatory and technical framework that con-
strains and enables the value-realization mechanisms across the trajectory. The framework
includes the FAA launch-licensing regime, the NASA Space Act Agreement authority, the Fed-
eral Communications Commission spectrum-allocation regime, the National Environmental
Policy Act environmental-review requirements, and the technical standards that govern the
launch-vehicle certification.

31


https://arc.aiaa.org/doi/10.2514/1.27553
https://ieeexplore.ieee.org/document/6392376
https://noirlab.edu/public/products/techdocs/techdoc003/
https://noirlab.edu/public/products/techdocs/techdoc003/
https://sgeos.github.io/history/business/aerospace/2026/07/25/spacex_history_framing.html
https://sgeos.github.io/history/business/aerospace/2026/07/25/spacex_history_framing.html
https://spacenews.com/
https://arstechnica.com/science/space/
https://www.nasaspaceflight.com/
https://payloadspace.com/
https://payloadspace.com/research/
https://europeanspaceflight.com/
https://airandspacelaw.olemiss.edu/journal-of-space-law/
https://www.mcgill.ca/iasl/
https://spacepolicyonline.com/
https://onlinelibrary.wiley.com/journal/15406210
https://www.nytimes.com/section/science/space
https://www.washingtonpost.com/business/technology/
https://www.washingtonpost.com/business/technology/
https://www.bloomberg.com/
https://www.wsj.com/tech
https://www.spacex.com/updates/
https://history.nasa.gov/
https://ntrs.nasa.gov/
https://ntrs.nasa.gov/
https://oig.nasa.gov/audits/
https://www.gao.gov/reports-testimonies
https://crsreports.congress.gov/
https://www.congress.gov/congressional-record
https://www.defense.gov/News/Contracts/
https://www.spaceforce.mil/News/

The FAA Office of Commercial Space Transportation launch-licensing regime under 51 U.S.C.
Chapter 509 as codified through the Commercial Space Launch Act of 1984 and subsequent
Commercial Space Launch Amendments Act of 2004 and U S Commercial Space Launch Com-
petitiveness Act of 2015 governs the launch-license requirements for each SpaceX mission.
The launch-license process requires the FAA to determine that the launch operation meets
the public-safety, national-security, and financial-responsibility requirements the Act specifies.
The regulatory implementation appears in 14 CFR Part 450 for launch and reentry licensing
and in the broader 14 CFR Chapter III for FAA commercial space regulations. The launch
licenses for the Falcon 1 flights, the Falcon 9 flights, and the reusability-relevant recovery
operations are documented in the FAA AST current licenses database.

The NASA Space Act Agreement authority under 51 U.S.C. 51302 enabled the milestone-
payment fixed-price COTS Round 1 agreement that provided the anchor demand for the Fal-
con 9 development. The Space Act Agreement authority differs from the standard Federal
Acquisition Regulation procurement mechanism by permitting the payment structure to be
contingent on demonstrated milestone completion rather than on cost incurrence, providing
the residual-claim incentive that the value-gradient trajectory exploited. The NASA Space
Act Agreements Guide documents the authority. The complementary Other Transaction Au-
thority available to the Department of Defense under 10 U.S.C. 2371b provides the analog
procurement mechanism for defense-agency use. The NASA Authorization Act of 2010 con-
firmed the NASA transition from Space Shuttle operations to the mixed-provider portfolio
the value-gradient trajectory subsequently developed. The National Aeronautics and Space
Act of 1958 established the original NASA authority within which the Space Act Agreement
mechanism operates.

The Federal Communications Commission spectrum-allocation regime governs the spectrum
use for the Falcon 9 vehicle telemetry, the Dragon spacecraft communications, and the subse-
quent Starlink constellation. The FCC filings for the Starlink constellation include the initial
FCC Starlink authorization of March 2018 and the subsequent FCC Starlink Generation 2
authorization of December 2022, accessible through the FCC filings database. The related
radiofrequency-coordination requirements at the international level are governed by the In-
ternational Telecommunication Union process documented in the ITU Radio Regulations. The
export-control regime governing launch-vehicle technical data appears in the International
Traffic in Arms Regulations codified at 22 CFR Parts 120 through 130.

The National Environmental Policy Act environmental-review requirements govern the launch-
site environmental impact assessments including the Kwajalein Falcon 1 launch site, the Cape
Canaveral SLC-40 site, the Vandenberg SLC-4E site, the Kennedy Space Center LC-39A site,
and the Boca Chica Starbase launch site. The environmental review process has produced
the mitigation requirements and operational constraints that shape the launch-cadence and
mission-profile capabilities at each site.

The technical standards that govern the launch-vehicle certification include the NASA Stan-
dard 8709.22 on safety and mission assurance for human-rated missions, the Range Safety re-
quirements enforced at Cape Canaveral and Vandenberg, the NASA orbital debris mitigation
standards that govern the debris-avoidance requirements, and the certification requirements
for the Commercial Crew Program under the NASA Commercial Crew Program 2014 frame-
work. The NASA Office of Inspector General evaluations of the COTS, Commercial Crew, and
Human Landing System programs are documented in the NASA OIG 2013 COTS evaluation,
NASA OIG 2019 Commercial Crew evaluation, and NASA OIG 2021 HLS evaluation respec-
tively. The corresponding Government Accountability Office evaluations are documented in
GAO 2009 COTS evaluation, GAO 2019 Commercial Crew evaluation, and GAO 2022 HLS
evaluation. The Federal Acquisition Regulation Part 15 framework within which the alter-
native cost-plus procurement operates is documented in the FAR Part 15 on contracting by
negotiation and the NASA FAR Supplement. The reusability-relevant technical standards
include the certification pathway for reflight of a previously-flown first stage that required
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demonstration of the refurbishment process, the flight-hours-based reliability analysis, and
the configuration-management processes.

The Space Force National Security Space Launch certification pathway required the Fal-
con 9 vehicle to obtain certification under the Space Force National Security Space Launch
framework across successive NSSL Phase 1A 2018 award, NSSL Phase 2 award of August
2020, and NSSL Phase 3 Lane 2 award of October 2024 program stages. The certifica-
tion requirements addressed the reliability demonstration through successful flight record,
the mission-assurance process compliance, and the technical margin requirements for the
national-security payload category. The GAO 2023 evaluation of the National Security Space
Launch program provides the Government Accountability Office review of the NSSL procure-
ment mechanism. The United States Space Force institutional context within which the NSSL
procurement operates is developed in the What Does the United States Space Force Do article
treatment.

Contemporary Comparative Landscape

The contemporary space-launch landscape as of 2026-07-25 exhibits the value-gradient tra-
jectory characteristics that the SpaceX case has established as the sector-level benchmark.
The comparative analysis identifies the value-gradient closure or negation status across the
sector-level competitor set.

The Blue Origin trajectory has pursued a parallel technical value-gradient pattern through
the New Shepard suborbital vertical takeoff and vertical landing testbed, the BE-4 engine
development, and the New Glenn orbital heavy-lift launch vehicle. The New Shepard first suc-
cessful vertical landing occurred on November 23 2015 approximately one month before the
SpaceX Orbcomm-2 first-stage landing, though the New Shepard suborbital vehicle differs
substantially from the orbital-class first-stage that the SpaceX Orbcomm-2 landing demon-
strated. The New Glenn first flight occurred in January 2025 and achieved orbital insertion,
though the first successful first-stage landing was not achieved on the initial flight. The value-
gradient closure remains partial as of the drafting date, with the operational reflight cadence
not yet approaching the SpaceX Falcon 9 baseline.

The Rocket Lab Electron trajectory has achieved operational status since the second Elec-
tron flight on January 21 2018 and has conducted first-stage recovery attempts through he-
licopter capture beginning in May 2022, though the operational reflight cadence has not
been achieved. The Neutron medium-lift vehicle in development is intended to provide first-
stage recovery through vertical landing similar to the Falcon 9 recovery mode. The value-
gradient closure remains partial through the operational small-launch cadence but has not
yet extended to the operational reusability cadence.

The United Launch Alliance Vulcan Centaur trajectory has achieved operational status with
the first successful flight on January 8 2024 and has conducted subsequent operational mis-
sions. The Vulcan vehicle is an expendable configuration and does not pursue first-stage
recovery, so the value-gradient closure through the reusability channel is negated by archi-
tectural choice. The value-gradient closure through the incremental-capability channel is
partial through the Vulcan Centaur variant progression.

The Chinese commercial-space entrant firms including LandSpace, iSpace, Galactic Energy,
and CAS Space have achieved partial technical demonstration but operate under state-
adjacent governance arrangements that differ substantially from the SpaceX private-firm
form. The value-gradient trajectory across the Chinese firms is documented in the trade
press and industry-analyst coverage but has not yet reached the operational reflight cadence.

The European entrant firms including Isar Aerospace, Rocket Factory Augsburg, and Orbex
have raised substantial venture capital but have not yet achieved operational launch cadence,
so the value-gradient trajectory is at the pre-operational stage.
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The Indian firm Skyroot Aerospace, the Japanese firm Interstellar Technologies, and addi-
tional national and commercial launch providers exhibit similar earlier-stage positions on the
value-gradient trajectory.

The dollar-per-kilogram-to-orbit trajectory across the launch-provider set as of the drafting
date reflects the reusability-driven cost reduction the SpaceX value-gradient trajectory
achieved. The Falcon 9 dollar-per-kilogram to low Earth orbit under the reusable configura-
tion is approximately 1500 dollars per kilogram, substantially below the approximately 8000
dollars per kilogram for the Delta IV Heavy and Atlas V arrangements that dominated the
pre-Falcon-9 sector and below the approximately 2700 dollars per kilogram for the Falcon 9
under an expendable structure. The projections for the Starship fully-reusable configuration
under the vehicle-recovery assumptions publicly stated indicate a further reduction toward
approximately 200 to 400 dollars per kilogram, though the cost-reduction realization depends
on the Starship operational-cadence achievement that remains under development.

The dollar-per-kilogram comparative ratio between the SpaceX Falcon 9 and the alternative
launch providers may be written

DPKFalcon 9
DPKalternative

DPK —
PFalcon 9 vs alternative —

€ [0.20, 0.50]

with the ratio typically between 0.20 and 0.50 depending on the reference orbit and the
payload configuration, indicating the SpaceX advantage by a factor of two to five across
the alternative-launch-provider set. The launched-mass Herfindahl-Hirschman index in the
United States commercial launch sector

2
US launch __ d;
HHI - Z ( Qtotal )

1€US providers

has increased from approximately 0.15 in the mid-2000s under the fragmented Delta and At-
las configuration to approximately 0.65 as of the drafting date under the SpaceX-dominant
arrangement, reflecting the market-share concentration the value-gradient trajectory pro-
duced.

Comparative Cross-Sectional Analysis

The value-gradient sub-property framework permits application to the launch-sector-firm
comparative analysis at the cross-sectional level as of the drafting date. The article treats the
comparative analysis at framing level and provides the sub-property closure vector for each
candidate firm, with the full closure vector treatment across the seven-plus-three framework
reserved for the closing article A292.

Blue Origin exhibits partial closure across the value-gradient sub-properties. The firm sat-
isfies the architectural-decomposability sub-property through the New Shepard suborbital
vehicle and the New Glenn orbital vehicle as sequential rungs. The firm partially satisfies the
process-discipline sub-property through the iterative New Shepard flight-test campaign but
has not achieved the operational-flight cadence that the SpaceX Falcon 9 operation demon-
strates. The firm satisfies the strategic-patience sub-property through the founder single-
owner control that maintains commitment across the multi-decade horizon. The firm par-
tially satisfies the demand-configuration-absorption sub-property through the Space Force
NSSL Phase 3 Lane 2 award of October 2024 and the NASA Human Landing System Sustain-
ing award of 2023 but has not achieved comparable operational-revenue scale. The value-
gradient closure vector ¢y Origin exhibits at least one zero component, with the unclosed

sub-property identifiable as the process-discipline operational-cadence achievement.
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Rocket Lab exhibits distinct partial-closure pattern. The firm satisfies the architectural-
decomposability sub-property through the Electron small-launch vehicle, the Neutron
medium-lift vehicle under development, and the Photon satellite bus product. The firm sat-
isfies the process-discipline sub-property through the operational Electron launch cadence
that has approached weekly cadence at peak. The firm satisfies the incentive-structure
sub-property through the substantial anchor-demand share from United States national-
security-launch customers and the acquisition of satellite-components businesses. The firm
satisfies the strategic-patience sub-property through the New Zealand-United States founder
arrangement and the public-market listing following the 2021 initial public offering, though
the public-market configuration exposes the firm to the quarterly-reporting capital-market
pressure that the SpaceX private-market arrangement avoids. The firm partially satisfies
the demand-configuration-absorption sub-property through the operational small-launch
revenue but has not yet achieved category-dominating-spinoff scale.

Firefly Aerospace, Relativity Space, ABL Space Systems, and Astra Space each occupy
distinct positions in the value-gradient sub-property closure landscape. Firefly Aerospace
has achieved operational status with the Alpha small-launch vehicle and the Blue Ghost lunar-
lander program, satisfying the architectural-decomposability and partial process-discipline
sub-properties. Relativity Space has developed the Terran R medium-lift vehicle under
an additive-manufacturing production approach that has faced substantial development-
schedule slippage, illustrating the process-discipline vulnerability the value-gradient
trajectory requires. ABL Space Systems has developed the RS1 small-launch vehicle. Astra
Space attempted small-launch operations, experienced multiple failures, and has since piv-
oted the business model, illustrating the strategic-patience challenge under public-market
financing pressure.

The United Launch Alliance operates the Vulcan Centaur launch vehicle that replaced
the Atlas V and Delta IV lineage and provides the Space Force National Security Space
Launch second provider under the Phase 3 Lane 2 configuration. The ULA case satisfies the
demand-configuration-absorption sub-property through the substantial Space Force revenue
but has not achieved comparable architectural-decomposability through reusability, has not
achieved incentive-structure alignment with the reusability-cost-reduction incentive under
the expendable-vehicle architectural choice, and operates under a joint-venture governance
arrangement between Boeing and Lockheed Martin that differs substantially from the SpaceX
standalone-firm arrangement. The ULA case illustrates the incumbent-firm value-gradient
trajectory that has not closed the reusability-based sub-property configuration the SpaceX
case realized.

Northrop Grumman Innovation Systems, formerly Orbital Sciences and Orbital ATK, oper-
ates the Antares medium-lift vehicle for NASA Cargo Resupply Services missions and the
Minotaur small-lift vehicle for defense missions. The firm illustrates the case of a legacy
commercial-space entrant that achieved value-gradient sub-property closures through NASA
Cargo Resupply Services and Space Force procurement but did not close the reusability-based
sub-property configuration. The firm’s absorption into Northrop Grumman through the 2018
acquisition illustrates the corporate-strategic transition that the standalone-firm configura-
tion resists.

The international launch-provider set includes several firms that exhibit distinct partial-
closure patterns. The Chinese commercial-space entrant firms including LandSpace, iSpace,
Galactic Energy, and CAS Space have achieved partial technical demonstration but operate
under state-adjacent governance arrangements that differ substantially from the United
States private-firm form. The European entrant firms including Isar Aerospace, Rocket
Factory Augsburg, and Orbex have raised substantial venture capital but have not yet
achieved operational launch cadence. The Indian firm Skyroot Aerospace and the Japanese
firm Interstellar Technologies exhibit similar earlier-stage positions on the value-gradient tra-
jectory. The comparative international sector coverage appears in the trade-press coverage
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at SpaceNews, European Spaceflight, and specialist industry-analyst publications.

The comparative cross-sectional analysis at the value-gradient sub-property level indicates
that no adjacent-firm case closes the joint conjunction of all five sub-properties across the
observed trajectory as of the drafting date. The partial-closure patterns across the adjacent-
firm set identify the mechanic on which each case falls short, and the pattern-identification
supports the value-gradient closure singularity that the article identifies in the SpaceX case.
The closing article A292 develops the comparative cross-sectional analysis at greater depth
including the closure-vector scoring across the full seven-plus-three framework.

Data Sources and Reconstruction Methodology

The article draws on a combination of primary and secondary sources to reconstruct the value-
gradient trajectory across the Falcon 1, Falcon 9, and reusability development periods. The
data-source composition is documented here at framing level so that the reader can evaluate
the empirical basis on which the article’s claims rest.

The primary-source layer includes NASA program documents accessible through the NASA
Technical Reports Server and the NASA history archives, Government Accountability Office
reports accessible through the GAO reports database, NASA Office of Inspector General re-
ports accessible through the NASA OIG database, Congressional Research Service reports
accessible through the CRS reports database, Federal Aviation Administration Office of Com-
mercial Space Transportation launch-license records accessible through the FAA AST current
licenses database, Federal Communications Commission satellite authorization records acces-
sible through the FCC filings database, Space Force announcements accessible through the
Space Force news, Department of Defense contract announcements accessible through the
DOD contracts announcements, Congressional testimony transcripts accessible through the
Congressional record, the Iridium Chapter 11 bankruptcy filings and subsequent SEC filings
accessible through the SEC EDGAR database of the Iridium Chapter 11 filing, and SpaceX
corporate press releases accessible through the SpaceX news archive.

The secondary-source layer includes the trade-press coverage identified in the Historio-
graphical Gap section, the biographical literature dominated by Berger 2021 Liftoff, Berger
2024 Reentry, Vance 2015 Elon Musk, Isaacson 2023 Elon Musk, Davenport 2018 The
Space Barons, and Fernholz 2018 Rocket Billionaires, the case-study literature developed
for MBA-program instruction, and the academic disciplinary literature described in the
Historiographical Gap section.

The reconstruction methodology combines direct citation of primary sources where available
with reconstructed narrative drawn from the secondary-source cross-verification where pri-
mary sources are inaccessible or non-existent. Specific reconstruction challenges arise for the
SpaceX private-firm internal-decision-making process reconstruction, the cost-and-schedule
metrics that the firm does not publicly disclose, and the supplier and contractor arrangements
that are subject to confidentiality restrictions. The article flags each reconstruction where
the primary-source anchoring is thin or contested and identifies the evidential basis on which
the reconstruction rests.

The empirical-record limitations include the SpaceX private-firm status that precludes ac-
cess to the Securities and Exchange Commission filings that a publicly-traded firm would
file, the classification restrictions on the national-security payload record, the confidential-
ity restrictions on the contract-award terms in some NASA and Space Force procurements,
and the private-firm human-resources data restrictions that preclude access to the personnel-
trajectory records. The article acknowledges these limitations explicitly and constructs the
analytical treatment on the accessible empirical record.

The dataset availability for quantitative empirical analysis is substantial but incomplete. The
launch-cadence and payload-mass record for the SpaceX operational fleet is available through
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the FAA AST licensing database and the trade-press cross-verification. The NASA program-
cost record for the COTS and Commercial Crew programs is available through the GAO eval-
uations and NASA OIG reports. The SpaceX per-launch pricing and per-flight cost record is
not publicly disclosed and must be estimated from trade-press coverage and industry-analyst
reconstructions. The Starlink subscriber record and per-subscriber revenue are not publicly
reported and must be estimated from FCC filings and industry-analyst reconstructions. The
article treats each estimation explicitly and identifies the estimation methodology where rel-
evant.

The Iridium comparative-case data availability is substantially higher than the SpaceX case
since Iridium World Communications was a publicly-traded firm through 1999 and its Chapter
11 bankruptcy proceedings produced substantial public disclosure of the subscriber acquisi-
tion, revenue, and debt-service records the article draws on. The subsequent Iridium Satellite
LLC successor-firm data is less publicly available since the successor operated under private
ownership, but the Iridium NEXT constellation deployment record via Falcon 9 launches pro-
vides substantial cross-verification against the SpaceX operational record.

Alternative Analytical Frameworks

The value-gradient framing the article develops is one of several analytical frameworks the
surrounding literature applies to the SpaceX Falcon 1 through Falcon 9 through reusability
trajectory. The article treats the alternative frameworks at framing level and identifies the
analytical leverage each framework provides.

The engineer-hero framing developed in aerospace-industry trade press and the Berger 2021
Liftoff narrative treats the SpaceX trajectory as the outcome of the individual engineering
capability of the founding team including Tom Mueller, Chris Thompson, Hans Koenigsmann,
and the engineers who joined the firm across the trajectory. The framing captures several
important features including the technical choices attributable to individual engineering de-
cisions and the organizational-culture consequences of the founder-plus-engineering-team
configuration. The framing understates the institutional-structural conditions the mission-
oriented-innovation framing emphasizes.

The disruptive-innovation framing developed in Bower and Christensen 1995 and applied
to the SpaceX case in multiple treatments frames the SpaceX trajectory as the disruptive
entrant displacement of the incumbent United Launch Alliance through lower-cost simpler-
architecture launch-vehicle configuration. The displacement-threshold condition the framing
formalizes admits the compact form

Pentrant(t> < Pincumbent(t) and Qentrant(t) > Qmainstream-threshold

with the entrant’s price below the incumbent’s price at the observed date and the entrant’s
quality reaching the mainstream-adequacy threshold that the mission-critical customer seg-
ments require. The framing captures several important features including the pricing differ-
ential and the reliability-through-iteration approach, but understates the government-anchor
demand pull that financed the initial fixed-cost investment and the procurement-mechanism
transition the value-gradient trajectory exploited.

The military-industrial framing developed in Hunter 2016 and Weiss 2014 frames the SpaceX
trajectory as an entrant into the United States defense-industrial base whose comparative ad-
vantage lies in the fixed-price procurement mechanism and the engineering-process choices
that permit the value-gradient property to be realized. The framing captures several impor-
tant features including the Space Force National Security Space Launch certification progres-
sion and the procurement-mechanism competitive advantage. The framing understates the
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reusability trajectory and the Mars-transportation mission commitment that motivated the
technical choices.

The Silicon Valley experimentation framing developed in the venture-capital-adjacent trade
press and the Ries 2011 Lean Startup literature frames the SpaceX trajectory as an appli-
cation of the Silicon Valley fail-fast-and-iterate methodology to the aerospace sector. The
framing captures the iterative-development pattern of the Falcon 1 flights and the reusability-
progression flight-test campaign. The framing understates the substantial capital-intensity,
regulatory-constraint, and mission-criticality differences between the software-sector context
the methodology originated in and the aerospace-sector context the SpaceX trajectory oper-
ates in.

The physics-limited framing developed in the aerospace-engineering education literature
frames the launch-vehicle capability trajectory as constrained by the physics of the Tsi-
olkovsky rocket equation and the engine-cycle-and-performance tradeoffs that constrain the
achievable specific impulse and thrust-to-weight ratio. The Tsiolkovsky rocket equation

sets the fundamental delta-v capacity limit for a given specific impulse and mass ratio,
and the additional gravity-loss and drag-loss terms reduce the payload-delta-v achievable
for surface-launch missions. The framing captures the physical constraints that shape the
launch-vehicle design space and allows the interpretation that the SpaceX architectural
choices reflect near-optimal solutions within the physics-constrained design space. The
framing understates the institutional and organizational choices that shape the trajectory
within the physics-constrained space.

The regulatory-arbitrage framing developed in the space-law literature frames the SpaceX
trajectory as an exploitation of the procurement-mechanism transition from the traditional
cost-plus Federal Acquisition Regulation contracts to the milestone-payment Space Act Agree-
ment mechanism. The framing captures the regulatory-mechanism advantage the SpaceX
trajectory exploited but understates the technical, organizational, and financial choices that
permitted the firm to compete effectively under the milestone-payment mechanism.

The launch-cost-supply-side framing developed in the space-economics literature frames the
value-gradient trajectory as a supply-side cost-reduction phenomenon that drives the demand-
side market-expansion the sector has exhibited. The inverse-supply-curve response to cost
reduction takes the form

Qdemand(P) —A- Pfe, e>0

with € the price elasticity of demand for launch services, empirically estimated at approx-
imately 1.0 to 1.5 across the launch-services sector under industry-analyst reconstruction.
The reduction in P from approximately 8000 dollars per kilogram to approximately 1500 dol-
lars per kilogram produces a projected demand expansion by a factor of approximately 5 to 10
under the estimated elasticity, consistent with the observed launch-cadence expansion. The
framing captures the dollar-per-kilogram-to-orbit trajectory and the launch-cadence expan-
sion that followed the cost reduction. The framing complements the value-gradient framing
by treating the cost-reduction channel as the primary value-realization mechanism, while the
value-gradient framing treats the cost-reduction channel as one of several channels through
which the value-gradient property is realized.

The political-economy critique framing developed in the Marxist and post-Marxist traditions
from Foster and McChesney 2011 The Endless Crisis through Zuboff 2019 The Age of Surveil-
lance Capitalism and Srnicek 2017 Platform Capitalism frames the SpaceX value-gradient
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trajectory as an instance of the contemporary capital-concentration pattern in which state-
financed capability transfers to private ownership under institutional arrangements that con-
centrate the resulting surplus in a small number of billionaire proprietors. The framing cap-
tures the value-appropriation channel from the NASA-financed Falcon 9 development to the
private-ownership Starlink line of business as raising distributive-justice questions the arti-
cle otherwise treats descriptively rather than normatively. The framing intersects with the
platform-monopoly framing in the antitrust-adjacent conclusions but derives them from a dis-
tinct theoretical scaffolding.

The public-choice and rent-seeking framing developed in Buchanan and Tullock 1962 The
Calculus of Consent, Stigler 1971 The Theory of Economic Regulation, and Krueger 1974 The
Political Economy of the Rent-Seeking Society frames the SpaceX value-gradient trajectory
as an instance of the rent-extraction pattern in which private firms benefit from state-created
contracting opportunities that exclude potential competitors. The rent-transfer identity can
be written as

Renti _ ﬂ_?bserved o 7I_;:ompetitive-benchmark

with the rent equal to the difference between the observed provider profit and the coun-
terfactual competitive-benchmark profit that arm’s-length market arrangements would pro-
duce. The framing captures the concern that the milestone-payment procurement mechanism
and the NSSL certification thresholds may exclude potential competitors and concentrate
the resulting surplus in the incumbent provider set. The framing understates the mission-
articulation and capability-development conditions that the mission-oriented-innovation fram-
ing emphasizes.

The national-champion framing developed in the state-capitalism scholarship frames SpaceX
as an effective United States national champion in the space-launch sector under a configura-
tion of state-firm coordination that can be compared with the national champions of France,
Germany, Japan, South Korea, and China across other high-technology sectors. The fram-
ing captures the substantial government-anchor share of revenue and the strategic-industry
positioning of the SpaceX firm. The framing understates the dual-class founder-control gov-
ernance structure and the vertical-integration pattern that distinguish the SpaceX case from
the classical national-champion pattern which typically features either state-ownership or
diversified-shareholder governance rather than dual-class founder control.

The actor-network-theory framing developed in Latour 1987 Science in Action, Callon 1986
Some Elements of a Sociology of Translation, and Law 1987 Technology and Heterogeneous
Engineering frames the SpaceX value-gradient trajectory as a heterogeneous network of hu-
man and non-human actors whose alignment constitutes the technical outcomes the firm
achieves at each rung. The framing treats the translation moves through which the firm
assembles the network across engineers, launch-vehicle components, regulatory reviewers,
customers, and infrastructure across each successive rung as first-order objects of analysis.
The framing complements the mission-oriented-innovation framing by treating the mission
articulation itself as an object of network-building rather than as an exogenous input.

The mission-oriented-innovation framing developed in Mazzucato 2013 and Mazzucato 2021
and adopted as primary by the series treats the SpaceX Mars-transportation mission commit-
ment as the primary organizing force that shapes the technical, organizational, and financial
choices across the trajectory. The framing captures the coherence of the value-gradient tra-
jectory as a mission-directed capability accumulation and supports the interpretation of the
rung structure as the decomposition the mission requires. The framing is the primary frame-
work the series adopts and admits the value-gradient specification the article develops.

The evolutionary-economics framing developed in Nelson and Winter 1982 An Evolutionary
Theory of Economic Change and Metcalfe 1998 Evolutionary Economics and Creative Destruc-
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tion frames the SpaceX value-gradient trajectory as a realization of the sector-level evolution-
ary dynamics that favor iterative fitness-improvement strategies over monolithic single-shot
design. The framing captures the competitive-selection dynamics between the SpaceX iter-
ative approach and the incumbent expendable-vehicle approach, and permits the interpre-
tation that the reusability progression represents a technological trajectory selected under
the sector-level evolutionary pressure. The Beinhocker 2006 The Origin of Wealth extension
provides the popular-audience synthesis of the tradition.

The resource-based-view framing developed in Wernerfelt 1984 A Resource-Based View of
the Firm and Barney 1991 Firm Resources and Sustained Competitive Advantage, extended
in Teece Pisano Shuen 1997 Dynamic Capabilities and Strategic Management, frames the
SpaceX trajectory as an instance of firm-capability accumulation across the four value-
gradient sub-properties. The resource-heterogeneity index the framing tracks has the
form

Hi: Z wr'<Vr'Rr'Ir'Nr)

reresources

with w,. the resource weight and the four V-R-I-N factors indicating value, rarity, inimitability,
and non-substitutability of resource r. The framing captures the role of the SpaceX in-house
engineering capability that permitted the iterative-development pattern the trajectory real-
ized, and captures the role of the vertical-integration decisions that retained the capabilities
within the firm boundary rather than transferring them to subcontractors. The framing ap-
plies to the competitor firms whose resource configurations differ from the SpaceX arrange-
ment.

The complexity and systems-of-systems framing developed in the Maier 1998 Architecting
Principles for Systems-of-Systems and Sage and Cuppan 2001 On the Systems Engineering
and Management of Systems of Systems literature frames the SpaceX trajectory through the
coupling between the launch-vehicle subsystem, the ground-infrastructure subsystem, the
customer-payload subsystem, and the regulatory-review subsystem that jointly determine the
mission-execution outcomes. The framing captures the complexity of the launch-vehicle en-
terprise and the system-integration challenges the SpaceX trajectory addressed at each rung.

Pattern Extraction

The value-gradient mechanic that the SpaceX Falcon 1 through Falcon 9 through reusability
trajectory illustrates allows abstract characterization in a form other informed readers can
recognize in adjacent domains. The pattern-extraction section states the abstract mechanic
without naming any downstream application.

The abstract value-gradient mechanic is the property of a mission-directed technology devel-
opment trajectory that produces identifiable value increments at each rung of the develop-
ment ladder rather than concentrating value realization at a distant terminal milestone. The
property has several load-bearing sub-properties that jointly enable the observed pattern.

First, the trajectory must be architecturally decomposable into rungs each of which produces
independently valuable output. The architectural decomposition requires technical choices
that permit intermediate-configuration operation, organizational choices that permit iterative
capability accumulation, and commercial choices that permit intermediate revenue capture.
The architectural-decomposability requirement is treated in greater depth in the Decompos-
ability article A285 under the decomposability-condition framework the series applies.

Second, the trajectory must operate under an incentive structure that rewards intermediate
value capture rather than penalizing it. The incentive-structure requirement rules out pro-
curement mechanisms that reward the provider only upon terminal-configuration delivery and
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rules out capital-formation compositions that require sustained investment across the trajec-
tory without intermediate return realization. The milestone-payment fixed-price procurement
mechanism the NASA COTS Round 1 agreement adopted illustrates the incentive-structure
configuration that supports the value-gradient property.

Third, the trajectory must include a process discipline that identifies and captures the inter-
mediate value increments as they become available. The process-discipline requirement rules
out organizational forms that overlook intermediate value in pursuit of the terminal configura-
tion and rules out engineering cultures that prioritize elegance-of-solution over incremental-
value-capture. The SpaceX organizational culture that permitted the operational commercial
launches during the Falcon 1 program despite the failed launch attempts, that permitted the
Dragon C1 orbital reentry demonstration ahead of the operational ISS mission, and that per-
mitted the incremental Falcon 9 vehicle-block progression illustrates the process-discipline
configuration.

Fourth, the trajectory must include a strategic patience that maintains commitment to the
terminal-configuration mission across the multi-year horizon while capturing the intermedi-
ate value at each rung. The strategic-patience requirement distinguishes the value-gradient
trajectory from the opportunistic-pivot trajectory in which the venture abandons the terminal-
configuration mission in response to intermediate opportunities. The SpaceX commitment
to the Mars-transportation mission across the observed trajectory illustrates the strategic-
patience configuration.

Fifth, the trajectory must operate under a demand configuration that supports intermediate-
value absorption. The demand-configuration requirement rules out markets that value only
the terminal-arrangement deliverable and admits markets that value intermediate-structure
capability. The space-launch-sector demand configuration that valued each rung of the
SpaceX trajectory including the small-payload capability of Falcon 1, the medium-lift capabil-
ity of Falcon 9, the reusability cost-reduction, and the mission-profile capabilities illustrates
the demand-arrangement that supports the value-gradient property.

The value-gradient mechanic thus requires the joint satisfaction of five sub-properties includ-
ing architectural decomposability, incentive-structure alignment, process discipline, strate-
gic patience, and demand-configuration absorption. The SpaceX trajectory closes all five
sub-properties across the observed history, and the counter-example cases identified in the
article negate one or more sub-properties.

The joint-satisfaction probability under independence-of-sub-properties permits the product
form

5
VG closure __
Pindep - H Pg
k=1

with p, the marginal closure probability for sub-property k. Under order-of-magnitude
estimates p,, ~ 0.2 across the five sub-properties, the independence-adjusted joint clo-
sure probability is approximately 3.2 x 107%. The sub-properties exhibit substantial
positive correlation through the founder-alignment, capital-formation-composition, and
architectural-decomposability mechanisms that jointly determine multiple sub-properties,
so the correlation-adjusted joint probability generally exceeds the independence baseline.
Under a Gaussian-copula correlation-adjustment approximation with pairwise correlation r,
the joint probability allows the approximate form

VG closure .~ pPVG closure | X E
Pcorr ~ Pindep exp (T O-jo-k>

i<k
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with o, = /p,(1 — p,.) the marginal standard deviation of the sub-property closure indicator.

The five-sub-property joint-satisfaction condition may be written

5
VG closure = /\ o
k=1

with ¢, the closure indicator for sub-property k and the conjunction requiring all five sub-
properties to be closed. The closure vector for a candidate case j is

ij = (9,1, P52, )3 Pja P55) € 10, 1}°

with the candidate’s value-gradient closure occurring when gbj = 1. The counter-example

cases exhibit closure vectors with at least one zero component, and the zero component iden-
tifies the sub-property on which the case fails. The Iridium trajectory specifically negated
the architectural-decomposability sub-property through the full-constellation single-bet archi-
tecture and negated the demand-configuration absorption sub-property through the market-
emergence-timing failure. The Space Shuttle trajectory specifically negated the incentive-
structure sub-property through the NASA cost-plus procurement mechanism and negated
the process-discipline sub-property through the NASA organizational-culture constraints that
the Vaughan 1996 The Challenger Launch Decision documents. The Concorde trajectory
specifically negated the demand-configuration sub-property through the supersonic-transport
market-emergence failure. The Buran trajectory specifically negated the strategic-patience
sub-property through the Soviet-Union-dissolution political discontinuity.

The abstract value-gradient mechanic can be applied to any mission-directed technology de-
velopment context in which the terminal-configuration mission requires multi-year develop-
ment horizon and the surrounding institutional arrangement supports or precludes the joint
five-sub-property satisfaction. The evaluation of any candidate application context requires
the systematic evaluation of the five sub-properties against the technical, organizational, fi-
nancial, regulatory, and demand-configuration conditions the candidate application faces.

Cross-References to the Series

The article specifically cross-references the series opener A281 where the seven-plus-three
analytical framework is established and where the value-gradient condition is introduced as
the first of seven forcing-function conditions. The article extends the framework treatment
through the value-gradient mechanic elaboration.

The article forward-references the subsequent articles that will treat the other forcing-
function conditions and the capital-formation legs, including the Anchor Demand article
A283 that treats the December 2008 CRS-1 anchor-demand transition following the fourth
Falcon 1 orbital success, the Value Capture article A284 that treats the value-retention
mechanics that the value-gradient trajectory enables, the Decomposability article A285 that
treats the technical rung structure the value-gradient trajectory realizes, the Generality-
Forcing article A286 that treats the Mars-transportation mission requirements driving
generic capability generation, the Governance article A287 that treats the dual-class super-
voting governance structure preserving founder control across the multi-round dilution,
the Portfolio-Patience article A288 that treats the internalized portfolio configuration, the
Government-Anchor Capital-Formation Leg article A289 that treats the fixed-price milestone-
payment procurement mechanism, the Patient-Private Capital-Formation Leg article A290
that treats the multi-round private-market capital formation, the Category-Dominating
Commercial Spinoff article A291 that treats the Starlink line of business, and the closing
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article A292 that synthesizes across the framework and projects the SpaceX arc forward
through 2050.

Terminological Note

The article adopts terminology consistent with the series opener terminology conventions.
Specific terms particular to the value-gradient treatment are defined here.

Value trajectory refers to the cumulative value realized by a firm across the development
horizon, integrated over all value sources including revenue capture, capability accumula-
tion, reputational credential accumulation, and technical-demonstration effect on subsequent
capital formation.

Value increment refers to the value realization at a rung of the development trajectory.
Value increments admit measurement in currency units for revenue-channel increments, in
capability-metric units for capability-channel increments, and in reputation-metric units for
reputational-channel increments.

Rung refers to a milestone in the development trajectory that produces an identifiable value
increment. Rungs may be sequenced in a strict-order dependency structure or in a partial-
order structure that admits parallel-track progression.

Value-gradient property refers to the property of a development trajectory that satisfies the
strict-monotonicity condition on the value trajectory across the development horizon. The
property permits several equivalent formalizations documented in the Value Gradient as an
Economic Property section.

Value-gradient closure refers to the closure of the value-gradient forcing-function condition
by a candidate case. The closure allows binary characterization in the closure vector the
seven-plus-three framework produces, though the underlying property supports continuous
measurement in the value-increment magnitudes.

Reusability progression refers to the technical trajectory from expendable-vehicle operation
through partial-reusability first-stage recovery to full-reusability configuration. The reusabil-
ity progression is an instantiation of the value-gradient property within the launch-vehicle
sector context.

Vehicle-block progression refers to the sequence of configuration variants within a single
launch-vehicle family that incorporate incremental technical improvements. The vehicle-
block progression is an instantiation of the value-gradient property within a single-vehicle
development context.

Load-Bearing Open Questions

The article identifies several load-bearing open questions that admit exposition within the
article scope but do not admit full resolution given the current state of the primary-source
and scholarly-literature record.

The value-increment-quantification question asks the magnitude of the value increments
at each rung of the SpaceX value-gradient trajectory. The quantification depends on the
currency-unit measurement for revenue-channel increments, the capability-metric mea-
surement for capability-channel increments, and the reputation-metric measurement for
reputational-channel increments. The private-firm status of SpaceX limits the empirical
evidence available for the quantification.

The counterfactual-trajectory question asks the trajectory that would have occurred under al-
ternative choice-configurations that negate one or more sub-properties of the value-gradient
mechanic. The counterfactual-trajectory identification requires substantial assumption about

43


https://sgeos.github.io/history/business/aerospace/2026/07/25/spacex_history_framing.html

firm behavior under alternative configurations that the historical record cannot fully con-
strain.

The reusability-limit question asks the maximum flight count per booster that the reusability
progression can achieve, and the per-flight cost reduction the maximum represents. The
current record includes boosters reaching low double-digit flight counts, but the saturation
limit is not yet empirically observed and depends on the engineering-margin choices and the
failure-mode distribution the operational fleet exhibits.

The Starship-transition question asks whether the Starship fully-reusable configuration will
achieve the operational cadence the Falcon 9 partial-reusability arrangement has demon-
strated, and whether the fully-reusable structure will produce the projected further cost re-
duction. The question is treated in the-mechanic articles that follow.

The sector-competitive-response question asks the timeline and configuration under which
the alternative launch providers will match or exceed the SpaceX value-gradient trajectory.
The competitive-response depends on the technical, organizational, and financial choices
each alternative provider makes, and the institutional configuration each provider operates
within. The question is treated in the closing article A292.

The value-gradient-generalization question asks the extent to which the value-gradient me-
chanic admits application to adjacent sectors beyond space launch. The generalization de-
pends on the extent to which the five sub-properties of the mechanic can be jointly satisfied
in the candidate sector, which requires the systematic evaluation the article’s Pattern Extrac-
tion section identifies as the evaluation methodology.

The Iridium-successor question asks the extent to which the Iridium-successor trajectory op-
erating under the reduced cost basis of the Iridium Satellite LLC configuration achieved the
value-gradient property that the original Iridium trajectory negated. The successor-trajectory
documentation indicates that the reduced cost basis permitted the subscriber acquisition that
the original trajectory could not sustain, but the value-gradient closure remains contested.
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