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Abstract: National statistical organizations (NSOs) have encountered increasing needs to improve efficiency and
data quality, while they also expand suites of statistical information products and services. Efforts to meet these

goals often center on integration of data from multiple data sources, e.g., surveys, administrative records, sensors,
and web scraping; and on expansion of platforms through which statistical information is disseminated and used.

The practical impact of these efforts can involve numerous trade-offs among competing effects of scale, scope, and
complexity. These effects may in turn require re-examination of stakeholder priorities within the space of statistical
information; features of prospective data sources; the architecture and adaptability of systems for ingest and
management of data, and for production and dissemination of estimates; changing requirements for personnel in
high-priority technical areas; the measurability and stability of related cost structures; and multi-dimensional criteria
for data quality. This paper explores these issues, with emphasis on three points.

(1) Operational definitions of “scale,” “scope” and “complexity” within the broad context of current and
prospective systems for statistical information production, dissemination, and use.

2 Production:; Application of those definitions to current practice and literature for sample surveys,
administrative record systems, sensor networks, web scraping and record linkage. These applications lead to
exploration of trade-offs among scale, scope and complexity effects among multiple dimensions of efficiency and
data quality in production of estimates for large-scale population aggregates and finer-scale small domains.

3) Dissemination and use: Evaluation of scale, scope and complexity effects related to anticipated groups of
data users; their patterns of data use; and related features of data dissemination systems. User groups include
segments of stakeholders who access and use statistical tables, graphs and maps provided through public-domain
websites; and more specialized researchers who may integrate and analyze microdata within restricted-access
environments. These groups vary in their patterns of use of published results and related quality measures, and in the
substantive context within which they interpret numerical results.

1. Introduction: “Doing More with Less” in Production, Dissemination and Use of Public-Stewardship
Statistical Information?

National Statistical Organizations (NSOs) often are asked to “do more with less” in response to constraints on
budgets, accompanied by requests for expansion of their portfolios of statistical information products and services,
e.g., greater granularity of publication; fundamentally new estimands (e.g., based on new substantive measures Y);
expanded dissemination tools; and customization to address an expanded data user base that may have
heterogeneous needs for support. This has led NSOs to explore in depth a wide range of options for refinement of
methodology and technology for data capture, integration and estimation (e.g., Beaumont, 2020; Lohr, 2021), and
expanded capabilities for data dissemination and user support (e.g., Clark, 2020, and references cited therein).

Practical decisions about the development and implementation of these options (e.g., Holt, 2007; Pfeffermann, 2015)
often involve the ways in which both stakeholder value and efficiency of operations can be associated with the
effects of scale (anchored in the number of similar cases), scope (involving the variety of cases handled through a
system) and complexity (from dependencies, other constraints, and network effects within the system). The effects
of scale, scope and complexity have the potential to produce gains in efficiency based on specified metrics, but those
prospective benefits are not guaranteed, and depend on case-specific empirical results.
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For NSOs, four concepts can be useful in exploration of these issues. First, addressing the above-mentioned needs
can involve an expansive approach to design of statistical information systems, including NSO decisions on priority
stakeholder information needs; resulting priorities for target estimands; exploration and selection of survey and non-
survey data sources; platforms for dissemination of aggregate estimates, modeled (“synthetic) data, and microdata;
and all supporting actions related to methodology, technology and management. Second, NSO decisions also
require careful attention to a large space of environmental factors that have important effects on stakeholder
information priorities; availability and properties of current and prospective data sources; and stakeholder navigation
and use of the statistical information produced by the NSO. Third, direct measurement of value delivered to
stakeholders by NSOs can be very challenging, so we often use multiple measures of quality as partial indicators of
stakeholder value. Biemer et al. (2017), National Academies (2017) and Brackstone (1999) give examples of quality
measures. For this article, measures of accuracy, relevance, comparability, cross-sectional and temporal granularity,
punctuality, interpretability and accessibility will be of principal interest. Fourth, evaluation of efficiency generally
involves numerous fixed and variable components of cost. Groves (1989), Karr and Last (2006) and Wagner et al.
(2020) give examples of cost models for NSOs. Cost models for data users also are important in the production and
dissemination of public-stewardship statistical information.

The following notation can help in use of these four concepts to explore the effects of scale, scope and complexity.
Let the vector Z represent the environmental conditions within which the statistical organization is operating; and let
the vector X = (X;, X;) represent the full set of design decisions by the statistical organization, where X, is the sub-
vector of design factors for which we explore scale, scope and complexity effects; and X, is the remaining sub-
vector of X. In addition, let the vectors X = (Xp,, X5, ) and Zy represent the “baseline” design settings and
environmental conditions, respectively, in which we will anchor our analyses; and let Cz and Vgo equal the
expected cost incurred, and stakeholder value delivered, respectively by the statistical organization in producing and
disseminating estimates of the parameter vector 8 under the baseline conditions. We consider a schematic model:

C(X’Z! V) = CB + g(XllXZPZ; V) + eC (M-C)

where g () is a function with known form such that g(Xg,, X5,,Z5 ; ¥) = 0; the error term e, has a mean zero and
distribution function that may depend on X and Z; and y is a parameter vector.

In addition, we use a related vector V, of the multiple dimensions of stakeholder value conveyed by production and
distribution of estimates of 8 using a system with design X under environmental conditions Z

VQ(X, Z, a) = VBB + hvg(Xl,Xz,Z; a) + eyo (M'V)

where hy(+) is a function with known form such that hyg(Xp1, X552, Z5 ; a) = 0; the error term e, has mean zero
and distribution function that may depend on X and Z; and « is a parameter vector.

Within the context defined by models (M-C) and (M-V), one could obtain a preferred scale, scope or complexity
effect if a specified change in X; leads to a very substantial improvement in the stakeholder value profile

Vo (X, Z; «) while incurring little or no increase in the cost profile C(X, Z; y). Conversely, a scale, scope or
complexity effect may reduce aggregate efficiency if the change in X; leads to little or no improvement in the
stakeholder value while incurring substantial increases in cost. For example, such problematic cases may occur for
sample surveys in which major increases in the nominal sample sizes may reduce sampling error variance, and incur
correspondingly large increases in fieldwork costs, while not necessarily reducing other sources of error arising from
problems with, e.g., the sampling frame or the survey instrument. In addition, the framing provided by (M-C) and
(M-V) makes clear that in some cases, a prospective scale, scope or complexity effect attributed to a given change in
X; may be contingent on the other design sub-vector X, and the environmental factors Z, e.g., through interaction
effects captured in the functions g(X;, X5, Z; y) and hy¢(X1, X5, Z; «); and also may be subject to uncertainties
reflected in the error terms e; and ey . Similarly, if there are strong interactions with Z, and if Z is highly volatile,
then it may be difficult or impossible to make productive use of observed scale, scope and complexity effects, even
if those effects nominally are quite large for some Z. Consequently, reports of empirical results for scale, scope and
complexity effects in a given pilot study or other setting warrant careful evaluation within the context of the above-
mentioned models.



Additional complications arise because in work with statistical information systems, we often do not have detailed
measures of all components that contribute to stakeholder value, nor even to a given dimension of data quality; and
also lack detailed measures of some fixed and variable components of cost. Thus, discussion of scale, scope and
complexity effects may be limited to analysis of certain proxy variables intended to reflect some notable dimensions
of quality or cost, but acknowledged to present only a partial picture of cost-quality trade-offs.

The remainder of this article explores these ideas in additional depth for cases that may be of special current interest
to NSOs. Sections 2, 3 and 4 focus on scale, scope and complexity effects, respectively; each section considers
examples in data collection and information production; and in dissemination and use of statistical information
dissemination and use. Section 5 suggests some areas in which additional study may be warranted.

2. Scale: Measured Units, Estimands and Data Users - Beyond n'/2

Over the past decade, the statistical community has developed increasing interest in the application of data science
and statistical methodology ““at scale” and in assessment of the resulting benefits conveyed to stakeholders through
improved efficiencies of scale. See, e.g., Jordan (2019), Meng (2018) and the extensive literature on “big data.”

In one sense, NSOs have considered scale effects for many decades, largely within the context of sample surveys.
One simple example arises in two-stage sampling of n out of N primary sampling units, and m out of M secondary
sampling units from each selected primary unit. The resulting sample mean has a sampling error variance equal to
n71(1 — N"n)S2 + n~tm™1(1 — M~1m)SZ , where S? and S are measures of dispersion within and across
primary sampling units, respectively (per expression (10.8) in Cochran (1977)). For the same design, a variant on
Cochran (1977, Section 10.6) leads to the relatively simple linear cost model C = Cy + Cyn+ C,nm, where Cy, C;,
and C, are constants. Thus, for population structures with constant M and m, and increasing N and n, data quality (as
reflected in the proxy measure of the inverse of the sampling standard error) is improving relatively slowly with
n'/2, while costs are increasing linearly in n. Similar comments apply to extensions of such analyses to account for
design effects attributed to use of stratification, additional stages of sampling, and unequal weighting; and also for
“fraction of missing information” analyses arising from work with incomplete data.

NSOs also encounter many other scale-effect issues. Within the area of data capture and production of estimates,
NSOs have directed special attention toward sources (e.g., administrative records, or other non-survey data sources
like web scraping or sensors) that can produce data for a very large number of units at a very small incremental cost
per unit, thus leading to large reductions in the nominal sampling error variance for estimators computed from such
data. However, extending section 1comments on surveys with large nominal sample sizes, thoroughgoing analyses
of scale effects for non-survey data sources generally will require balanced consideration of cost functions for
additional design features that contribute to the “accuracy” dimension of data quality (e.g., population coverage,
linkage errors, incomplete-data patterns, and variable-definition issues), and that also may contribute to other
dimensions of data quality like relevance, comparability and interpretability. In addition, both scale and scope
effects warrant careful attention during the development, operation, and maintenance of edit and imputation
procedures for data from both sample surveys and non-survey data sources. Of special note are edit procedures that
require substantial costly person-time for follow-up with a responding unit to verify the quality of a specified survey
response or administrative-record entry. Also, both quality and cost measures can be influenced by edit and
imputation procedures based on machine learning methods

In the dissemination and use of statistical information products, scale effects can depend heavily on the nature of the
data to be disseminated, and features of the dissemination channel. For previously prepared data products (e.g.,
tables, graphs and maps), there can be high fixed costs for preparation and storage, while the incremental cost of an
additional user’s access can be relatively modest. Evaluation of that incremental cost becomes more complicated
when a high-profile data release leads to a very high short-term surge in system access requests; buffering such a
surge can prevent system overload, but in itself can incur substantial costs. Data dissemination and usage through a
restricted-access facility can have a very different cost profile, especially if the NSO must expend substantial effort
on, e.g., review of access applications; security monitoring of usage patterns; and disclosure-protection review of
analysis results before clearance for public release. Such cases may display relatively limited efficiencies of scale,
and it can be of interest to determine whether workflow management tools, or alternative approaches, can help in
cost management.



3. Scope: Variety of Data Sources, Processing Options, and Patterns of Stakeholder Information Usage

For some general background on scope effects, and distinctions between scale and scope effects, see, e.g., Panzar
and Willig (1981), Goldhar and Jelinek (1983), Hernandez-Villafuerte et al. (2017) and references cited therein. In
some cases, expansion of scope can improve per-unit efficiency through amortization of certain fixed costs over a
wider range of units. Conversely, expansion of scope can degrade per-unit efficiency if the added units require a
high level of expensive customization. Consequently, evaluation of scope effects in statistical information systems
can require careful attention to the specific types of heterogeneity under consideration; and the impact of each type
of heterogeneity on quality and cost profiles in data capture, estimation, dissemination, and information use.

As with scale effects, some areas of NSO work have considered variants on scope effects for many decades. It is
arguable that classical randomization-based design and inference produce some extraordinary scope effects, in the
sense that the resulting point estimators and interval estimators have satisfactory properties for a very wide range of
populations, under mild mathematical conditions. In other cases, efficient NSO management of scope effects can
depend heavily on timely incorporation of information about the heterogeneity of units. For example, customary
stratified sampling can produce substantial efficiency gains, provided the sample design incorporates stratification
information that includes strong predictors of conditional means at the unit level. Other examples include work
with analysis of incomplete survey data, e.g., formation of weighting cells from groups of units with approximately
equal estimated response propensities; and formation of imputation cells from groups of units with approximately
equal estimated conditional means. In addition, development and estimation of generalized variance functions for
sample surveys often requires classification of estimators into groups, within which variance function coefficients
are approximately equal. We also encounter scope effects in several dimensions of survey data collection. For
instance, in work with online survey instruments or other forms of self-response, one must address heterogeneity in
the quality of responses; and in the amount of online “help desk™ support required, when applicable. Also,
collection of data across multiple languages can lead to changes in both cost functions and data quality profiles;
special interest may center on trade-offs between increased costs and improved data quality that might result from
efforts to collect survey responses in one additional language (i.e., moving from L —1 languages to L languages).

In capture and integration of data from non-survey data sources, scope effects can be especially notable in
consideration of cost-quality trade-offs when an NSO considers movement from S-1 to S administrative record
data sources. Cost issues may include effort required in negotiation with external partner organizations that might
provide those data (which might improve overall accuracy through enhancement of population coverage); and also
may include technical work related to ingestion of such data from heterogeneous administrative-record systems, and
related to navigation of heterogeneous patterns of metadata (which might improve accuracy, comparability and
interpretability of results). In addition, scope effects can arise in small domain estimation, for which use of expanded
sets of data sources may improve accuracy and granularity of published estimates, but may require increased costs to
carry out more refined modeling and related diagnostic work (e.g., Rao and Molina, 2015).

For data dissemination and use within a public-goods environment, scope effects can arise from heterogeneity in,
respectively, the principal data users and uses; the dimensionality and structure of the data products; the nature of
privacy protection required for the data; and the required extent of in-depth interaction between the NSO and
individual data users. Some users focus on a small number of cells in specific published tables (e.g., monthly sales
or price-index values for particular product categories), so their interest in quality may center on accuracy,
relevance, and comparability across categories and time. Other data users may have strong interest in highly
exploratory analyses of many tables, and of related maps and high-dimensional graphs; their quality focus may
include the above-mentioned criteria, but also may emphasize accessibility and discoverability of many cell entries,
related metadata features, and incorporation of high-quality graphical options. Still other data users may use a
restricted-access facility to produce specialized analyses, potentially including linkage with other microdata sources.
The latter case may involve highly variable user needs for guidance on available data and metadata; for
computational capabilities; and for review of prospective product releases to ensure compliance with applicable
disclosure-protection requirements. For all of these options, the associated scope effects related to costs may depend
heavily on the prevalence of distinct cases requiring highly labor-intensive, customized support.



4. Complexity: Dependencies, Other Constraints, Network Effects and Related Uncertainties

Within the context of schematic models (M-V) and (M-C), evaluation of dependencies, other constraints, and
network effects can lead to further analyses. These include examination of interactions between X and Z, and among
components of X; constraints imposed on specified features of the design; constraints imposed on individual
observations; threshold requirements for specified quality or cost measures; and uncertainties related to the
measurement of stakeholder value, quality, cost and environmental factors.

NSOs have longstanding experience with some complexity effects arising from sample surveys. For example, data
collection instruments may include additivity checks, e.g., for reported components of income or expenditures. In
addition, personal-visit interview surveys often encounter notable constraints on time-specific availability of data
collection personnel with training in the use of a specified survey instrument. For this scheduling constraint, one
also encounters uncertainties due to unscheduled absences or unexpectedly long travel times.

In work with the capture and integration of survey and non-survey data sources, additional complexity effects can
arise from the need for systems that make extensive use of modeling; and model lack of fit can have a substantial
impact on the both the quality and cost of the resulting statistical information products. For example, indications of
a poor model fit may make it inadvisable to publish estimates at the fine level of cross-sectional granularity that may
be preferred; and efforts to improve model fit through use of additional regressors may increase production costs.

For data dissemination and use, important complexity effects can arise through networks of data users, especially
when they actively share, and build upon, colleagues’ predominant empirical results, as well as related well-
documented code, edited data, and metadata. In addition, there can be special interest in complexity effects related
to transparency, reproducibility and replicability (NASEM, 2019) of empirical results obtained through work within
restricted-access microdata enclaves. Both cases can have effects on costs for both data users and NSOs.

Also, in keeping with ideas developed by Perrow (1999) and others, one can evaluate the extent to which the use of
“complex and tightly coupled systems” in production of statistical information may increase the risks of specified
system failures that may lead to substantial degradation of the stakeholder value in (M-V) and substantial increases
in costs in (M-C). The cost issues may include direct costs of mitigation efforts after a failure has occurred; costs of
monitoring for early detection of system degradation or changes in Z; and costs of more fundamental system
changes to provide a more fault-tolerant design. Such phenomena can occur in systems for capture and integration of
data (e.g., with complexity arising from uncertainties in features of ingested administrative record data; and limited
capacity for real-time checking of the resulting input data quality); and for dissemination and use (e.g., with
complexity arising from incomplete or insufficient curation of edited microdata, code and documentation).

5. Closing Remarks

One could explore several additional issues related to scale, scope and complexity effects in statistical information
production systems. First, in some cases one could extend the schematic models (M-V)-(M-C) and the qualitative
comments in this paper to specific measures of size (for scale effects), heterogeneity (for scope effects) and
complexity, aligned with particular indicators of stakeholder value, estimates of fixed and variable cost components,
as well as design factors X and environmental variables Z. Second, much of the current discussion of value focused
on measures of data quality, essentially as proxies for use value, i.e., value conveyed to stakeholders through current
use of the product. One also could consider assessment of scale, scope and complexity effects anchored in option
value, i.e., value conveyed to stakeholders by prospective future use of a given suite of statistical information
products, or related production processes. Third, in keeping with standard analyses of “disruptive innovations” and
“sustaining innovations” (e.g., Christensen et al., 2015), one could expand the “scope effect” analysis of Section 3 to
develop separate analyses of scale, scope and complexity effects for separate suites of statistical information
products intended for fundamentally different groups of data users. Differences among these suites might include
separate vectors of estimands 6 based on distinct subpopulations or distinct measurements; separate stakeholder
groups with very distinct expectations regarding prospective quality priorities; and separate production and
dissemination process designs X that may lead to very different realized quality profiles and cost functions. Finally,
one could connect many of these statistical information production system issues with some of the broad general
literature on scale, scope and complexity effects in computer science and information technology management.
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