The Cost Elasticity of Cited Scientific Output: A Log-Log Productivity Function for Space Science Missions
1. Introduction
A space science mission converts money into knowledge. The dollars committed to a spacecraft are priced and observable before launch; the knowledge the mission produces is realized only afterward, principally through the corpus of refereed publications its data enable. Between those two quantities sits a parameter that decision-makers assume but rarely estimate: the rate at which scientific output scales with cost. This paper estimates that parameter directly.
The question matters because the largest discrete allocations in the civil science budget are concentrated bets. Committing several billion dollars to a single flagship forecloses the alternative of distributing the same sum across a larger number of smaller, competed missions. Whether that concentration is efficient depends on a single empirical fact: if scientific output rises less than proportionally with cost, then a cost-matched portfolio of smaller missions yields more total publications per dollar than one flagship, and the concentration is a net loss in measured science return. If output rises proportionally or faster, the flagship logic is vindicated on its own efficiency terms. The discipline lacks a defensible production function on which that comparison could rest, and programmatic justification still leans on qualitative consensus and on instrument-level cost estimates assembled before launch .
This paper supplies the missing measurement in its simplest, most legible form. It specifies a log-log productivity function in which the log of a mission’s refereed publication count is regressed on the log of its lifecycle cost across a cross-section of twenty-one space science missions. In that specification a single coefficient, the slope on log cost, is the cost elasticity of cited scientific output. That coefficient is the entire object of the study. Its value adjudicates the flagship-versus-portfolio question without recourse to advocacy.
2. Theory and Hypotheses
The economics of space exploration has long been characterized by weak incentives for the efficient allocation of resources and by poor aggregation of the dispersed information that would discipline such allocation . Mission-driven funding for basic science is typically justified through its downstream contribution rather than through any measured rate of return , and the broader space economy is understood to generate value, including a scientific-knowledge return, that conventional financial accounting does not capture . These observations identify a gap but do not close it. None of them supplies the parameter that would let an analyst say whether a marginal dollar of mission cost buys a constant, increasing, or diminishing quantity of published science.
A productivity function closes the gap by treating refereed publications as the measurable output of a production process and lifecycle cost as the priced input. The log-log form is the natural specification because its slope is a scale-free elasticity: the percentage change in output associated with a one percent change in cost. An elasticity of one describes constant returns to scale, where output and cost move in lockstep and the per-dollar yield is invariant to mission size. An elasticity below one describes diminishing returns, where each additional dollar buys less published science than the dollar before it. An elasticity above one describes increasing returns, where larger missions are disproportionately productive and concentration is efficient.
The move from consensus to measured contribution has precedent in adjacent space domains. Mission-oriented evaluation frameworks in the space-domain-awareness community now score the value of a data source against the mission it serves using quantitative, data-driven decision criteria rather than expert assertion . The present paper makes the same move for planetary and space science valuation, replacing the assumed elasticity with an estimated one.
The hypotheses follow directly from the scale interpretation of the slope.
H0: The cost elasticity of cited scientific output equals one. Output scales linearly with cost, so a single flagship and a cost-matched portfolio of smaller missions yield equal expected publications per dollar.
H1: The cost elasticity is less than one. Output scales sublinearly with cost, so a cost-matched portfolio of smaller missions yields greater expected publications per dollar than a single flagship.
The test is falsifiable in the strict sense. An estimated elasticity statistically indistinguishable from one, or greater than one, refutes H1 and sustains the flagship logic; an estimate convincingly below one supports it. The outcome is not known in advance, and any of the bracketing literatures could in principle overturn it.
3. Data
The unit of analysis is the individual mission. The dataset assembles twenty-one space science missions for which both a lifecycle cost and a refereed publication count are documented in named sources.
The output variable is the total number of refereed publications attributed to each mission through the end of 2021, taken from De Marchi and Parmar’s published analysis of the ESA Science Programme mission publication libraries, which are themselves backed by the NASA Astrophysics Data System. Using a single source for the output measure is a deliberate design choice: it imposes one uniform inclusion criterion across every mission, so that differences in publication count reflect differences in scientific productivity rather than differences in how productivity was counted. The set spans an order-of-magnitude range in output, from seventy refereed publications for SMART-1 to several thousand for the longest-lived observatories.
The cost variable is each mission’s lifecycle cost in millions of constant 2024 U.S. dollars. Nominal figures are drawn from NASA, ESA, JAXA, ISRO, and GAO primary sources as reported in mission documentation, converted from euros to dollars at the documented launch-era exchange rate where necessary, and adjusted to constant 2024 dollars with a standard GDP deflator. Costs span from roughly one hundred million dollars for Chandrayaan-1 to several billion for Cassini-Huygens. Every observation carries its source in the data file; one of twenty-one cost figures, the early-1980s Giotto budget, required an inflation conversion of a historical accounting-unit figure and is marked as illustrative on that conversion alone. The supporting variables of operational duration, instrument count, and target class are recorded for context and for the companion specification but do not enter the baseline log-log model.
4. Method
The estimator is ordinary least squares applied to the log-log specification, with the natural log of publication count regressed on the natural log of lifecycle cost. The slope coefficient is the cost elasticity of cited scientific output. Heteroskedasticity-robust standard errors are reported, which is appropriate given the wide dispersion in mission scale and the likelihood that residual variance is not constant across that range.
The test of interest is whether the estimated elasticity differs from one. Because the parameter is read off the log-log slope, the comparison reduces to asking whether the value one lies inside the confidence interval for that slope. An interval lying entirely below one would support H1; an interval containing one would leave H0 standing. The same regression also yields the implied scaling factor, the multiplicative change in output associated with a doubling of cost, which translates the abstract elasticity into a quantity a program planner can use.
5. Findings
The fitted productivity function returns an estimated cost elasticity of cited scientific output of 0.612, with a heteroskedasticity-robust standard error of 0.271. The coefficient is statistically distinguishable from zero at the five percent level, with a p-value of 0.024, so the data reject the null of no cost-output relationship: larger missions do produce more refereed science. The regression explains a modest share of the cross-mission variance, with an R-squared of 0.152, which is consistent with the prior expectation that cost is one driver of publication output among several and that target class, mission longevity, and instrument complement carry additional signal not present in the single-regressor baseline.
The central test concerns the elasticity relative to one. The point estimate of 0.612 lies below one and points in the direction H1 predicts: a doubling of lifecycle cost is associated with roughly a 1.53-fold increase in publications rather than the twofold increase that constant returns would require, implying that per-dollar output falls as missions grow. This is the sublinear signature that would favor a distributed portfolio. The evidence is directional rather than decisive, however. The ninety-five percent confidence interval for the elasticity runs from 0.081 to 1.144 and therefore contains one. On the strict terms set out in Section 2, the data do not reject H0: an elasticity of exactly one remains statistically admissible, and the apparent diminishing returns cannot be distinguished from constant returns at conventional confidence. The honest reading is that the point estimate favors sublinear scaling while the interval is too wide to rule out the linear benchmark.
The constant term is estimated at 2.628 with a standard error of 1.693 and is not individually significant, with a p-value of 0.121. This is unremarkable in a log-log productivity function, where the intercept fixes the output level at unit cost and is not the parameter of interest. The substantive content of the regression is concentrated in the slope, and the slope tells a single coherent story: cost and cited output move together, the relationship is less than proportional in the point estimate, and the imprecision of that estimate is itself a finding about how few large missions exist to learn from.
6. Discussion
The estimate carries a clear message and an equally clear caution. The message is that the data are consistent with diminishing returns to mission scale: the best single guess is that a doubling of cost buys appreciably less than a doubling of published science, which is exactly the condition under which spreading a fixed budget across more, smaller missions would raise total science return. A program office reading only the point estimate would find quantitative support for a more distributed portfolio. The caution is that the same data cannot exclude constant returns, because the confidence interval reaches just past one. The flagship logic is not refuted; it is left standing on a wide interval rather than on consensus.
Three features of the design bound the interpretation. First, the output measure is cited publication count, which proxies scientific knowledge imperfectly and omits value realized in datasets, engineering heritage, and public good that the literature does not capture ; the estimand is explicitly the elasticity of refereed output and makes no claim on uncited value. Second, cost and scientific ambition are jointly determined, since more ambitious missions both cost more and are designed to publish more, so the single-regressor elasticity is a conditional association rather than a structural causal parameter; the companion specification conditions on instrument count and target class to absorb the observable ambition signal. Third, and most consequentially, the population of large space science missions is small, and the width of the confidence interval is the direct statistical expression of that scarcity. The imprecision is not a defect of the method but a property of the world: there are only so many flagships from which to estimate a flagship elasticity.
The contribution is therefore a measurement with a known error bar rather than a verdict. It converts the flagship-versus-portfolio question from one settled by advocacy into one settled, provisionally, by an estimated parameter whose point value favors the portfolio and whose interval keeps the flagship in contention. That is the appropriate posture for a question that the efficiency concerns endemic to government-directed exploration  make worth measuring even where a fully precise estimate is out of reach. The natural extension, pursued in the companion paper, is to add controls for duration, instrument complement, and target class so that the elasticity is estimated net of the most obvious confounders, and to test whether the sublinear point estimate survives that conditioning.
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Specification

Results
	Term
	Coef.
	Std. err.
	t
	p
	95% CI

	const
	2.6282
	1.6931
	1.5523
	0.1206
	[-0.6902, 5.9467]

	_ln_x
	0.612
	0.2712
	2.2568
	0.024
	[0.0805, 1.1435]


Fit: N = 21 R2 = 0.1521 elasticity_b = 0.612 progress_ratio_2^b = 1.5284
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Figure 1. Refereed publication output versus lifecycle cost across 21 space science missions, log-log axes, with the fitted productivity function. The slope is the estimated cost elasticity of cited scientific output.
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)
	mission
	launch_year
	duration_yr
	pubs
	instruments
	target_class
	cost_musd_2024
	source

	Cassini-Huygens
	1997
	20
	2227
	12
	outer_planet
	5200
	Pubs: De Marchi & Parmar 2024, ESA Mission Publications, Table 2 (2227 refereed thru 2021). Cost: Cassini-Huygens total ~US$3.26B (1997 dollars; NASA Cassini quick-facts / Wikipedia Cassini-Huygens, incl. $1.4B dev, $704M ops, $54M tracking, $422M launch), GDP-deflator adjusted to ~2024 USD.

	Mars Express
	2003
	18
	1464
	7
	inner_planet
	460
	Pubs: De Marchi & Parmar 2024, Table 1 (1464). Cost: orbiter budget EUR150M excl. Beagle-2 (Wikipedia Mars Express citing ESA), EUR->USD ~1.13 (2003) and deflator to 2024 USD.

	Rosetta
	2004
	12
	1314
	21
	small_body
	1900
	Pubs: De Marchi & Parmar 2024, Table 1 (1314). Cost: total ~EUR1.3B / US$1.8B (Wikipedia Rosetta citing ESA), deflator to 2024 USD.

	Venus Express
	2005
	9
	737
	7
	inner_planet
	320
	Pubs: De Marchi & Parmar 2024, Table 1 (737). Cost: ESA investment ~EUR220M incl. dev+launch+ops (ESA Venus Express FAQ), EUR->USD ~1.24 (2005) and deflator to 2024 USD.

	Huygens
	1997
	8
	222
	6
	outer_planet
	470
	Pubs: De Marchi & Parmar 2024, Table 1 (222). Cost: Huygens probe element ~US$300-422M of Cassini-Huygens (NASA / Wikipedia Cassini-Huygens); midpoint ~$360M (1997 dollars) deflator to 2024 USD.

	SMART-1
	2003
	3
	70
	7
	moon
	200
	Pubs: De Marchi & Parmar 2024, Table 1 (70). Cost: total EUR110M / ~US$170M (Wikipedia SMART-1 citing ESA), deflator to 2024 USD.

	Giotto
	1985
	7
	266
	10
	small_body
	240
	Pubs: De Marchi & Parmar 2024, Table 1 (266). Cost: approved budget ~80M accounting units (1980) (Wikipedia Giotto citing ESA); ECU80M nominal deflator to 2024 USD. [illustrative inflation conversion of an early-1980s ECU budget figure]

	Ulysses
	1990
	19
	1950
	9
	heliophysics
	2400
	Pubs: De Marchi & Parmar 2024, Table 1 (1950). Cost: joint ESA/NASA mission ~US$1.4B (NASA Ulysses / Wikipedia Ulysses), 1990-dollar basis deflator to 2024 USD.

	Cluster
	2000
	21
	2962
	11
	magnetosphere
	600
	Pubs: De Marchi & Parmar 2024, Table 1 (2962). Cost: Cluster II EUR315M at 1999 conditions incl. mfr+launch+ops+40% payload (Wikipedia Cluster II citing ESA), EUR->USD ~1.07 (1999) and deflator to 2024 USD.

	INTEGRAL
	2002
	19
	1904
	4
	astronomy
	520
	Pubs: De Marchi & Parmar 2024, Table 1 (1904). Cost: ESA cost EUR330M incl. spacecraft+2yr ground ops, excl. launch/payload (ESA ‘Mission accomplished for Integral’ 2025), EUR->USD ~0.95 (2002), plus launch/payload share, deflator to 2024 USD.

	XMM-Newton
	1999
	22
	6963
	3
	astronomy
	1250
	Pubs: De Marchi & Parmar 2024, Table 1 (6963). Cost: EUR689M at 1999 conditions incl. construction+launch+2yr ops (Wikipedia XMM-Newton citing ESA), EUR->USD ~1.07 (1999) and deflator to 2024 USD.

	ISO
	1995
	3
	2062
	4
	astronomy
	1000
	Pubs: De Marchi & Parmar 2024, Table 1 (2062). Cost: EUR480.1M satellite (Wikipedia Infrared Space Observatory citing ESA), EUR->USD ~1.31 (1995) and deflator to 2024 USD.

	Hipparcos
	1989
	4
	2692
	1
	astronomy
	1100
	Pubs: De Marchi & Parmar 2024, Table 1 (2692). Cost: ~EUR600M in year-2000 conditions incl. ops+data processing (Wikipedia Hipparcos citing ESA), EUR->USD ~0.92 (2000) and deflator to 2024 USD.

	Herschel
	2009
	4
	3284
	3
	astronomy
	1550
	Pubs: De Marchi & Parmar 2024, Table 1 (3284). Cost: EUR1,100M incl. spacecraft+payload+launch+ops+science ops (Wikipedia Herschel Space Observatory citing ESA), EUR->USD ~1.39 (2009) and deflator to 2024 USD.

	Planck
	2009
	4
	2742
	2
	astronomy
	980
	Pubs: De Marchi & Parmar 2024, Table 1 (2742). Cost: ~EUR700M incl. spacecraft+payload+launch+ops (Wikipedia Planck citing ESA), EUR->USD ~1.39 (2009) and deflator to 2024 USD.

	Gaia
	2013
	8
	6403
	1
	astronomy
	1050
	Pubs: De Marchi & Parmar 2024, Table 1 (6403). Cost: ~EUR740M / ~US$1B incl. mfr+launch+ground ops (Wikipedia Gaia citing ESA), deflator to 2024 USD.

	CoRoT
	2006
	7
	238
	1
	exoplanet
	240
	Pubs: De Marchi & Parmar 2024, Table 1 (238). Cost: EUR170M (Wikipedia CoRoT citing CNES/ESA), EUR->USD ~1.26 (2006) and deflator to 2024 USD.

	Solar Orbiter
	2020
	2
	114
	10
	heliophysics
	1600
	Pubs: De Marchi & Parmar 2024, Table 1 (114, partial; launched 2020). Cost: US$1.5B total ESA+NASA (Wikipedia Solar Orbiter), deflator to 2024 USD.

	BepiColombo
	2018
	4
	71
	16
	inner_planet
	2200
	Pubs: De Marchi & Parmar 2024, Table 1 (71, partial; cruise phase). Cost: EUR1.65B / US$1.86B est. 2017 (Wikipedia BepiColombo citing ESA), deflator to 2024 USD.

	ExoMars 2016
	2016
	6
	138
	6
	inner_planet
	1100
	Pubs: De Marchi & Parmar 2024, Table 1 (138). Cost: ExoMars first-phase programme EUR1.5B with Schiaparelli EUR230M (ESA / phys.org 2016, tweaktown 2016); TGO is the orbiter remainder ~EUR1.0B+, EUR->USD ~1.11 (2016) and deflator to 2024 USD.

	Chandrayaan-1
	2008
	1
	164
	11
	moon
	110
	Pubs: De Marchi & Parmar 2024, Table 2 (164; ESA junior partner). Cost: ISRO mission ~US$80M (ISRO / Wikipedia Chandrayaan-1), deflator to 2024 USD.


Variable construction
	Variable
	Definition
	Construction / source

	pubs
	Total refereed publications attributed to mission i through end of 2021 under a single uniform inclusion criterion (the dependent output measure)
	De Marchi & Parmar (2024), ESA Mission Publications, Tables 1 and 2; counts assembled from the ESA mission publication libraries backed by the NASA Astrophysics Data System (ADS)

	cost_musd_2024
	Mission lifecycle cost in millions of constant 2024 U.S. dollars (the priced input / regressor)
	Per-mission published lifecycle cost from NASA, ESA, JAXA/ISRO, or GAO primary sources via mission infoboxes; converted EUR->USD at the documented launch-era rate and adjusted to constant 2024 USD with a standard GDP deflator

	duration_yr
	Operational duration in years (launch to end of operations; ongoing missions capped at 2021)
	De Marchi & Parmar (2024) ‘Operations’ column, Tables 1 and 2

	instruments
	Count of distinct science instruments in the payload complement (ambition proxy)
	Mission press kits, ESA/NASA mission pages, and mission-design documentation

	target_class
	Categorical science target (inner_planet, outer_planet, small_body, moon, heliophysics, magnetosphere, astronomy, exoplanet)
	Mission documentation

	mission
	Mission identifier
	Author-assigned label keyed to the source


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

	const
	2.6282
	1.6931
	1.5523
	0.1206
	[-0.6902, 5.9467]

	_ln_x
	0.612
	0.2712
	2.2568
	0.024
	[0.0805, 1.1435]


Fit: N = 21 R2 = 0.1521 elasticity_b = 0.612 progress_ratio_2^b = 1.5284
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