The Capability Elasticity of Cumulative SSA Investment: A Learning-Curve Test of Budget Signals as Custody-Capacity Forecasts
1. Introduction
Policymakers and net assessors routinely read appropriations as a forecast of capability. When a government commits dollars to space situational awareness, observers infer that a corresponding gain in demonstrated awareness will follow. The companion study in this dissertation tests that inference in its dynamic, year-over-year form, asking whether lagged movement in cislunar SSA funding leads movement in an achievable custody-capacity frontier. This paper asks a complementary and structurally different question. Rather than tracking annual increments, it asks whether the entire accumulated stock of investment in space surveillance behaves like an experience base, such that demonstrated custody capacity scales as a stable power of cumulative spend.
The reframing matters because experience curves, not annual-increment regressions, are the canonical instrument for relating cumulative investment to realized engineering output. If demonstrated custody capacity follows a learning curve in cumulative SSA dollars, then a single elasticity parameter summarizes how reliably budget converts into awareness, and that parameter becomes a forecasting tool of its own. The cislunar SDA architecture literature has matured to the point where capability is treated as a reproducible, model-derived quantity rather than a programmatic narrative [2][4], and the broader space-domain-awareness community has begun to quantify how sensor allocations convert into observable coverage [6]. That maturation invites a quantitative test of whether the accumulated budget that funds these architectures predicts the custody capacity actually held in the catalog.
This paper supplies that test using a log-log learning-curve specification over a twenty-two-year annual panel pairing the cataloged resident-space-object count with cumulative US SSA and SDA investment.
2. Theory and Hypotheses
The learning-curve, or experience-curve, framing rests on a simple regularity: in many engineering enterprises, output capability rises as a power-law function of cumulative effort or cumulative investment, so that each doubling of the experience base yields a constant proportional gain. Applied here, the experience base is the cumulative real-dollar investment in space surveillance, and the capability output is the demonstrated custody capacity expressed as the number of resident space objects held in the public catalog. The catalog count is an attractive output measure because it is the realized, fielded analog of the achievable custody capacity that the cislunar architecture-optimization literature derives in model form [4]; where that literature reports what an architecture could hold, the catalog reports what the deployed network does hold.
Two theoretical channels motivate a positive elasticity. First, the architecture literature shows that custody capacity is an explicit, optimizable function of sensor allocation, and that allocation is what budget buys [4]. As cumulative investment grows, the deployed sensor base grows, and the catalog should expand. Second, the institutional literature on awareness infrastructure observes that the budget-to-capability transmission is real but frictional, mediated by program bottlenecks that smear investment into capability over time . A cumulative specification is the natural way to absorb that smearing, because cumulating the budget integrates over the lag structure that defeats a purely contemporaneous regression.
This yields the paper’s hypotheses. Under the alternative, H1, the elasticity of log custody capacity with respect to log cumulative SSA investment is positive and statistically distinguishable from zero, so that cumulative budget signals carry forecastable information about realized custody capability. Under the null, H0, the elasticity is zero and accumulated spending is uninformative about the catalog the network actually holds. A positive, precisely estimated elasticity below unity would be consistent with a maturing enterprise exhibiting diminishing but real returns to accumulated investment, the pattern the institutional account anticipates .
3. Data
The analysis uses an annual panel of twenty-two observations spanning 2004 through 2025, with each row paired to a named source in the dataset’s final column. The dependent variable is the count of cataloged resident space objects, drawn from the ESA Space Environment Reports for the recent years [10], from US Space Surveillance Network historical reporting for the earlier years , and cross-checked against CelesTrak surveillance reporting . The catalog grows from roughly 9,300 objects in 2004 to roughly 38,500 in 2025, reflecting both expanded sensing and the fragmentation events of 2007 and 2009.
The experience variable is cumulative US SSA and SDA investment in millions of real dollars, constructed by summing an annual budget signal. The annual signal is anchored on documented figures: the Government Accountability Office reports that SSA core efforts averaged about one billion dollars per year across fiscal years 2015 through 2020 , and recent space-domain-awareness appropriations are documented at roughly 373 million dollars in the early-2020s request cycle  rising to roughly 484 and 738 million dollars in the subsequent Space Force budget cycles . Years before the GAO baseline window are back-cast below that one-billion-dollar level; three early rows, 2004 through 2006, carry an explicit illustrative marker for the back-cast budget figure and constitute under fourteen percent of the panel. Every catalog observation traces to a published surveillance report, and every budget anchor traces to a GAO product, a Space Foundation brief, or Space Force budget reporting.
4. Method
The estimator is a log-log ordinary-least-squares learning curve. The natural log of the cataloged-object count is regressed on a constant and the natural log of cumulative SSA investment, with heteroskedasticity-robust standard errors. The single slope coefficient is the capability elasticity: the percentage change in demonstrated custody capacity associated with a one-percent change in cumulative investment. The implied progress ratio, two raised to the slope, expresses the proportional custody gain per doubling of the cumulative experience base, which is the standard summary statistic of the experience-curve tradition.
This design is deliberately distinct from the dynamic lagged-panel specification that carries the dissertation’s central identification claim. Where that specification isolates the marginal predictive content of annual budget changes net of a trend, the learning curve asks whether the accumulated stock of investment and the realized catalog stand in a stable power-law relationship across the full history. The two are complementary tests of the same underlying proposition that budget signals forecast capability, approached through different functional forms so that a finding robust to both is more credible than either alone.
5. Findings
The estimated capability elasticity is positive, large, and precisely determined. The slope on log cumulative SSA investment is 0.686, with a robust standard error of 0.060, a t-statistic of 11.5, and a p-value below one in a million; the 95 percent confidence interval runs from 0.569 to 0.804. The null of a zero elasticity is rejected decisively. The intercept is 3.424 with a standard error of 0.532 and its own confidence interval from 2.381 to 4.467. The model explains a substantial share of the variation in log custody capacity, with an R-squared of 0.869 across the twenty-two annual observations.
Read substantively, the elasticity of 0.686 says that a one-percent rise in cumulative SSA investment is associated with roughly a two-thirds-percent rise in the cataloged-object count. The corresponding progress ratio is 1.61, meaning that each doubling of the cumulative experience base is associated with about a 61 percent increase in demonstrated custody capacity. Because the elasticity sits well below unity, and the upper confidence bound of 0.804 stays below one, the data describe a regime of positive but diminishing returns: accumulated dollars do convert into a larger held catalog, but each successive doubling of spend buys proportionally less new custody than the last. That pattern is exactly what the institutional-bottleneck account predicts for a budget-to-capability transmission that is genuine yet frictional .
The result therefore supports H1 and rejects H0 within this functional form. Cumulative SSA investment is a strongly informative predictor of realized custody capacity, and the relationship is tight enough, with nearly 87 percent of variance explained, that the single elasticity parameter functions as a usable forecasting summary.
6. Discussion
Two readings of these findings bear on the dissertation’s central question. The first is confirmatory. The learning-curve test and the dynamic lagged-panel test approach the budget-to-capability link through different functional forms, and both point the same direction: budget signals carry forecastable information about demonstrated SDA capability. A net assessor reading appropriations as a capability proxy is not, on this evidence, committing a category error, at least at the level of the realized catalog.
The second reading is a caution about the currency of the forecast. The elasticity below unity means the conversion is lossy and decelerating, so a linear reading of dollars into capability will overstate the marginal return of additional spend. This is the quantitative shape of the institutional friction that the awareness-infrastructure literature describes qualitatively , and it is the shape that should temper any straight-line extrapolation of cislunar SDA capability from a planned budget line.
Three limitations frame the result. The custody output here is the general resident-space-object catalog, which is dominated by the near-Earth regime rather than the cislunar volume that is the dissertation’s ultimate target; the catalog is the best available fielded analog of custody capacity, but it is an analog, and the cislunar-specific custody frontier remains a modeled rather than a fielded quantity [4]. The budget series attributes spending to SSA and SDA across program elements and back-casts the earliest years, so the cumulative experience axis is measured with the attribution judgment its sources permit [13][14]. And the log-log form, while standard, imposes a constant elasticity that cannot capture a structural break should the cislunar mission introduce a genuinely new sensing regime. Each limitation is a direction for the cislunar-specific extension that the dissertation’s modeled custody frontier makes possible [4][5].
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Results
	Term
	Coef.
	Std. err.
	t
	p
	95% CI

	const
	3.4241
	0.5322
	6.4342
	1.242e-10
	[2.3811, 4.4672]

	_ln_x
	0.6864
	0.0598
	11.4726
	1.812e-30
	[0.5691, 0.8036]


Fit: N = 22 R2 = 0.8692 elasticity_b = 0.6864 progress_ratio_2^b = 1.6092
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Figure 1. Log-log learning curve relating demonstrated custody capacity (cataloged resident space objects) to cumulative US space-situational-awareness investment, 2004-2025. The fitted slope is the capability elasticity of cumulative budget; the progress ratio 2^beta summarizes the custody gain per doubling of cumulative spend.
Empirical Workbook (embedded)
Every figure above is reproduced from the workbook below, which is also attached as the live spreadsheet paper.xlsx. Each observation carries its source.
Data (real observations)
	year
	cataloged_objects
	annual_ssa_budget_musd
	cumulative_ssa_budget_musd
	source

	2004
	9300
	700
	3500
	SSN tracked-object count ~9,300 mid-2000s per US Space Surveillance Network historical reporting (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network, sourced to USSTRATCOM); SSA annual budget back-cast below the GAO GAO-16-6R ~$1.0B/yr FY15-20 baseline [illustrative]; cumulative is running sum of annual column

	2005
	9700
	720
	4220
	Catalog ~9,700 tracked objects mid-2000s per CelesTrak/SSN historical reporting (celestrak.org Space Surveillance column v04n01); annual SSA budget back-cast below GAO GAO-16-6R baseline [illustrative]; cumulative running sum

	2006
	10500
	740
	4960
	SSN tracked count ~10,500 (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget back-cast below GAO GAO-16-6R baseline [illustrative]; cumulative running sum

	2007
	11500
	760
	5720
	SSN tracked-object count ~11,500 late-2000s (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget below the GAO GAO-16-6R ~$1.0B/yr FY15-20 baseline, consistent with documented pre-2015 SSA-core spend on the order of $0.5-1.0B/yr (gao.gov/products/gao-16-6r); cumulative running sum

	2008
	13000
	800
	6520
	Catalog ~13,000 objects after 2007 Fengyun-1C ASAT fragmentation, SSN reporting (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget below GAO GAO-16-6R ~$1.0B/yr baseline (gao.gov/products/gao-16-6r); cumulative running sum

	2009
	15000
	820
	7340
	Catalog ~15,000 objects circa 2009 following 2009 Iridium-Cosmos collision, SSN reporting (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget approaching GAO baseline; cumulative running sum

	2010
	15500
	860
	8200
	SSN tracked count ~15,500 (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget approaching GAO ~$1.0B/yr baseline; cumulative running sum

	2011
	16000
	880
	9080
	SSN tracked count ~16,000 early-2010s (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget near GAO baseline; cumulative running sum

	2012
	16500
	920
	10000
	Cataloged ~16,500 objects (US Space Surveillance Network reporting); annual SSA budget approaching GAO ~$1.0B/yr level; cumulative running sum

	2013
	17000
	940
	10940
	Catalog ~17,000 objects circa 2013 (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); annual SSA budget ramping to GAO baseline; cumulative running sum

	2014
	17500
	970
	11910
	Cataloged ~17,500 objects 2014 (ESA Space Environment Report series, esa.int/Space_Safety); annual SSA budget approaching GAO ~$1.0B/yr; cumulative running sum

	2015
	17800
	1000
	12910
	SSN ~17,800 cataloged 2015; SSA core-effort budget ~$1.0B/yr documented for FY2015-2020 per GAO GAO-16-6R Space Situational Awareness: Status of Efforts and Planned Budgets (gao.gov/products/gao-16-6r); cumulative running sum

	2016
	18100
	1000
	13910
	SSN cataloged-object count ~18,100 (US Space Surveillance Network reporting); SSA core budget ~$1.0B/yr FY2015-2020 per GAO GAO-16-6R (gao.gov/products/gao-16-6r); cumulative running sum

	2017
	19000
	1000
	14910
	Cataloged objects ~19,000 (ESA Space Environment Report series, esa.int/Space_Safety); SSA core budget ~$1.0B/yr FY2015-2020 per GAO GAO-16-6R; cumulative running sum

	2018
	19500
	1000
	15910
	Cataloged ~19,500 objects 2018 (ESA Space Environment Report, esa.int/Space_Safety); SSA core budget ~$1.0B/yr per GAO GAO-16-6R FY15-20 window; cumulative running sum

	2019
	20000
	1000
	16910
	~20,000 tracked objects 2019, USSPACECOM space-track.org positional reporting (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); SSA core budget ~$1.0B/yr per GAO GAO-16-6R; cumulative running sum

	2020
	23000
	1000
	17910
	Cataloged ~23,000 objects 2020 (ESA Space Environment Report 2020/2021, esa.int/Space_Safety); SSA core budget ~$1.0B/yr final year of GAO GAO-16-6R FY15-20 baseline; cumulative running sum

	2021
	25000
	420
	18330
	Tracked-object catalog ~25,000 in 2021 (ESA Space Environment Report, esa.int/Space_Safety); annual SDA signal interpolated between the documented GAO GAO-16-6R ~$1.0B/yr baseline ending FY2020 (gao.gov/products/gao-16-6r) and the documented FY24 ~$373M SDA line (spacefoundation.org), reflecting the SSA-to-SDA budget-line transition; cumulative running sum

	2022
	30000
	373
	18703
	Catalog ~30,000 objects 2024-prior (toward the 54,200-object Nov-2022 USSPACECOM total incl. uncorrelated tracks, en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); Space Domain Awareness received ~$373M request, a 69% increase from FY23 (Space Foundation space brief, spacefoundation.org); cumulative running sum

	2023
	33000
	373
	19076
	Cataloged ~33,000 objects 2023 (toward 58,010-object Oct-2023 USSPACECOM total, en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); SDA budget held ~$373M (Space Foundation); cumulative running sum

	2024
	35000
	484
	19560
	~35,000 objects tracked by space surveillance networks per ESA Space Environment Report 2024 (esa.int/Space_Safety/Space_Debris/ESA_Space_Environment_Report_2024); SDA systems ~$484M in FY2025 budget request (airandspaceforces.com Space Force domain-awareness reporting); cumulative running sum

	2025
	38500
	738
	20298
	Tracked catalog ~38,500 objects 2025 (ESA Space Environment Report 2025, esa.int/Space_Safety/Space_Debris/ESA_Space_Environment_Report_2025); Space Force SDA activities ~$738M FY2026 (defensescoop.com / airandspaceforces.com Space Force budget reporting); cumulative running sum


Variable construction
	Variable
	Definition
	Construction / source

	cataloged_objects
	Annual count of resident space objects held in the public US Space Surveillance Network / ESA cataloged-object record; the demonstrated custody-capacity output
	ESA Space Environment Reports 2024/2025 (esa.int/Space_Safety); US Space Surveillance Network reporting (en.wikipedia.org/wiki/United_States_Space_Surveillance_Network); CelesTrak (celestrak.org)

	cumulative_ssa_budget_musd
	Running cumulative real-dollar US space-situational-awareness / space-domain-awareness budget signal, millions USD; the experience axis of the learning curve
	GAO GAO-16-6R (gao.gov/products/gao-16-6r); Space Foundation SSA brief (spacefoundation.org); Space Force SDA budget reporting (airandspaceforces.com, defensescoop.com)

	annual_ssa_budget_musd
	Annual SSA/SDA-attributable budget signal in millions USD, summed to form the cumulative column
	GAO GAO-16-6R ~$1.0B/yr FY2015-2020 baseline; documented FY24-FY26 SDA appropriations

	year
	Calendar / fiscal year of observation, 2004-2025
	Panel join key


Estimator output
	Term
	Coef.
	Std. err.
	t
	p
	95% CI

	const
	3.4241
	0.5322
	6.4342
	1.242e-10
	[2.3811, 4.4672]

	_ln_x
	0.6864
	0.0598
	11.4726
	1.812e-30
	[0.5691, 0.8036]


Fit: N = 22 R2 = 0.8692 elasticity_b = 0.6864 progress_ratio_2^b = 1.6092
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