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Abstract

Even as access to transactional data has beefotraed by harnessing electronic flows,
use of satellite imagery, research access to linkadtomer level records, and
harmonising collections across jurisdictions, o#icstatisticians are under pressure to
detect significant turning points within respongees and resolutions that cannot be
handled by present estimation methods.

State space models can be used to combine sourdagaoefficiently while respecting
quality demands in advising government decision intakSpecifically we phrase the
measure problem as how to combine high qualityh hegst, unit level information
obtained from a sparse sample with ‘short’ grangapulation views in an optimal
manner with calculable error structure. We indidaie potential of recursive predictive
methods to deliver satisfactory estimates from aggz surveys, and from systems for
monitoring public forest cover and for welfare pamhassurance.
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1. Introduction

The task of an official statistician is changinguilBing purpose-constructed collection
frameworks backed by high profile censuses no lordyerzes work programs. This
established order is being overshadowed by theclsetor authoritative inferential
methods when augmenting expensive, carefully dedigmd executed, collections using
administrative registers of reasonable quality, ahdap byproduct transactional data
(‘big’ data) captured in the course of governmesatgial or commercial business, with
little or no discernible design

National surveys, grounded in sampling theory weeeeloped through the 1930s and
1940s, operationalized from the 1950s and elabdate qualified thereafter. They have
come to be relied on as the principal source oiciaff series even as production
constraints and contested demands on them from ray rfeceted user community

! Encapsulated in remarks by then Director of tile@#nsus Bureau Groves (2011) in a blog post



exposed their limitations. In consequence surveg$aing reconceptualised as only one
of several equipotent sources of data

Broadening the collection base, preserving qualitgd improving responsiveness are to
be achieved within a standing budget constraintcdnsequence methods interest has
moved from the absolute question: how to desigroleeation that can guide policy
positions, to how to manoeuvre ill-fitting operaitsto meet emergent policy challenges.

Adapting the production of statistics in familiatasdardised formats within an
increasingly strange external environment focusgeghtion from the 1990s, and excited
methods activity in at least four directions: aewed effort to harmonise concepts and
methods; a drive to bring models into estimatiostasys within deteriorating conditions
for survey collection (cost and response); appbcadf statistical discipline to database
strategies as use of large data stores in a pdelision environment was grasped;
subjecting the activity of official statistical goction to strictures of quality assurance.
This flowering is manifest in international confeces, themed city meetings; and
regional practitioner workshops initiated during fheriod in question.

Official statistics is evolving from a compendiurh raaterial collected under privilege
and in a controlled statutory environment to beaséd at regular intervals as a quality
guaranteed product, to an information system capguransactions at far finer levels
than previously envisaged in collection frameworkise volumes far larger, more
inchoate and more immediate than in establisheabdaes, and coverage not respecting
state but rather natural boundaries of the actiwityquestion. The policy demand on
official numbers too has changed, partly respondingpening of government to more
players, partly the multi-layering and regionaligatof policy beyond state confines, and
partly because of the compounding of public adnai®n through external impacts,
and through general equilibrium consequences av¥ithahl or social acts (such as global
impacts of unregulated commercial activity in onarket or by one firm). It is now not
sufficient or appropriate to assume a static econonodel for human or firm behaviour
when that behaviour can be tracked in granulaildétaugh time.

Not only does this opening reflect shifting coneepf social structure, geography or
jurisdiction. Deficiencies in accepted frameworKsirference have become apparent:
instrument integrity can no longer exclude the rggnditionality that exists between
individual measures and a social or economic suppPanel surveys have been used both
for convenience and cost, and to capture life eowtatistics (whether dealing with
people or firms) and have as such been stapleifiatee margin of official statistics.
Because of the absence of accepted rules for sttichaference over time their rich
covariance structure has been overlooked in justfyestimates within the official
record. Likewise monitoring the national estate lasailed complex survey designs
along with mapping methods, but is now being pustted¢apture focal damage and
incident effects beyond the reach of either groonderial surveys or remote sensing

2 Although this shift is uneven. As Wallgren and Waén (2011) point out, administrative data plays a
more central role in the conceptualisation of ddfistatistics in the Nordic countries who histatig have
had access to multiple registers for compilingistiat.



systems on their own. Risk assurance in transfgmpat accounting requires selected
full entitlement reviews and access to administeatecords — once again inference can
be built by recursive incorporation of system imf@ation and expert observation.

2. How doesthistrandate to methods?

We can summarise the methods challenge:

* How to infer across a continuous decision supptetre linear interpolation is no
longer credible

» How to build series where what is of interest i dectly measurable using
available instruments

* How to build an affordable and responsive informatservice that matches the
dynamics of policy at a variety of levels of conttep (topic, geography, legal
statute, sociology, system of production)

* How to justify release of hybrid statistical infoation, equivalently how to assure
credibility to published material — whether in suamn (aggregated) form or in
unit form or as a source for different avenuesté¢ase

 How to assign weight to different sources of cated information — ranging
from purposeful statistical design to ‘big datartsaction capture.

It might equally be expressed as ‘build algorithims.’ using the conceit of Beulens and
colleagues (2012). We interpret an algorithm asthod for extending stochastic design
in time and space using resampling, Bayes theoramnanparametric optimisation, or
equally problem reduction using models and iterat@zierical means.

The inspiration for tackling this problem in itslifgenerality has come from results in
Knottnerus (2003) specifically Chapter 12, buildiorg the concept of model assistance
expounded in Saerndal, et al (1992). Knottnerusahstnates that generalised regression
estimators are special cases of a new class ofiest Estimator (RE) and its recursive
extension (RRE). His figure 12.2 (p347) represehts key result. Knottnerus (2003)
throughout emphasises the familial connection betw@aussian and Bayesian statistics,
and systems theory and numerical analysis. It ésrémarkable convergence in these
results which gives credibility to the program ascalated in Beulens et al (2012)

The RRE offers a solution to the problem of optirpeddiction of an unobservable but
estimable quantity in a granular environment getieerdy a continuous background
process where there is a reasonable postulate roélation between the manifold
evolution and that of the probe (Czaplewski, 2010b)

On the one hand this formulation lends itself, kstched below, to spatial analysis or
process control; on the other it offers to transfothe utility of surveys and
administrative series to deliver decision support & wide class of policy questions,
typically the subject of surveys, but leveraginge thubiquity of statistically
commensurable by-product data, and parametral iatestis generated by prior
knowledge and design.



The elements of this method are a panel or repestedey (the probe) using a
probability design that is time dependent (allowihg sample and the design to change
in time); an independent source of auxiliary datdining a low dimensional high
accuracy support for the probe; a priori correlatieetween key indicator variables and
process-driven (administrative, geographic, denug: fiscal) rules; and frames for
sampling and estimating surveyed quantities. Thennma in which successive
realisations of the probe and support system amgposited will optimise final estimate
efficiencies. The results apply equally to timaesesmoothing and to static calibration.

This would appear to be ignoring the compoundingmwbrs encountered in the drive
toward data integration. Bakker (2011) asks in @absence of an overarching theory
whether integrating source information at unit levan constitute a method at all. As
remedy Zhang (2012) offers a “2-phase life-cycledeioof integrated statistical
microdata” (p43 figl), locating error in the diféat production processes and using an
audit sample derived, “..probabilistic measure rafividual discrepancy”. Zhang takes
the total survey error construction as it appleethe field effects of probability sampling
in the public domain (see Groves et al 2004), gogli@s it to error propagated by an
administrative source and beyond that to errorgratdy across a variety of sources. For
this the RE seems well adapted. Thus Zhang (p5&j)sréo relevance error, an analogue
of system innovation, and later (p53) to “misclésation errors generating noise at the
moment of production, which must be distinguisheoht the [signal]’. Czaplewski
(2010b) has demonstrated advantage of RRE techimudual spatial survey-census
data subject to misclassification. Interpreting pencal equivalence’ (Zhang 2012 p56)
as a step in recursive restriction estimation éffety repositions the microdata problem
within the new sample survey theory expounded bgtiterus.

3. Formalism

We wish to infer qualities of a population of sséitial units evolving in time and within a
given domain topology, that is a way of defininge with rules for decomposition into
subdomains. While the topology is fixed, the bougdaay evolve. The domain topology
would support both administrative regions and samggdrameworks. Observations of the
population come from a high dimensional unit prakpeated at fixed (or floating)
intervals, and represented in the spatial domaim lbiyne delimited probability sample.
The probe collects signals of time and space coatia processes that affect the state of
units of the population for the purpose of estimgtihe evolution of a population key
decision indicator (in time).

To support the probe, a second data source col@estglimension frequently repeated
measures of the population, or some activity ofgbpulation, but giving status insight
through correlation with the probe variables. Thebpe and its support are linked by a
model in the form of a contingency table that edgprobability inference laws applying
to the probe to auxiliary information, itself sutjeto measurement error. In a first
estimation phase this model is used in the sampkgd for the probe — optimal



clustering, stratification and allocation of samaestrata. A second phase builds strength
to the sample estimates in adjustment to courdendrand field defects, and calibration.

In a third phase the back history in model assis&ianation and the (quasi) continuous
back history in the support are recursively comdbine@ optimise characteristics of an
estimator for extending inference to the entirepsupand projecting inference forward in
time, alternatively at one point in time, recurdvénrcorporating measure constraints.
This step is carried out by use of a mathematittar fthat mitigates high variability in
the probe estimates at subdomain levels, and beigions from the support series to
the target indicators in a systematic and in certanditions optimal way.

This method is well suited to dynamic graphicalrespntation, and to advanced methods
of estimate validation. Its generality makes it andidate for a wide class of signal
extraction applications common to official statisti It addresses specifically the
limitations imposed by rising cost to maintain syvquality, and the emerging
availability of low cost universal transaction datluded to in the introduction.

It operates for production of indicators, and ingdly for error estimation, representing
data quality in terms of signal extraction and nueaserror filtering. Effectively it
remains a design based method, but assisted bysenes models supporting recursion
(state space modelling in discrete time); and nm®ttel association (mapping) between a
design-based estimation procedure and administhgtiyenerated auxiliary information
on the population (generalised regression). Thipragch conforms to and partly
generalises the steps Zhang (2012) proposes teptwadise and measure the statistical
properties of integrated official data. It rematosbuild and demonstrate it in realistic
settings. We sketch three cases where a solutidheze lines is suggestive.

4. Applying Restriction Estimation

4.1 Panel and Repeated Surveys

Consider a complex survey design to collect pomiainformation on one or more
occasions from one or several samples of clustenéd located in time (one or several
waves) and space (stratified interpenetrating @rlapping clusters). The information is
needed to support policy decisions concerning & toppublic interest. Represent this
requirement as an ordered set of statistical indisaand attached reliance measures.

Reliance measures are derived from an analysissiduals to a generalised regression
model of target variables against auxiliary infotima at the probe points,

The estimation apparatus incorporated in the sudesygn provides an initial value at
points corresponding to the survey reference aondetlsubdomains for which reliable
survey estimates can be obtained. It is desirgaredict the values that target indicator
set takes within a continuous support — typicadigmard to the present (it is unusual for
probe reference points to coincide with reportimges) and beyond to a predictive near



future, and to subdomains appropriate to the pditiyation (planning regions; basins of
contagion etc.) with optimal variance/ bias prosrattached to the predictor.

The probe is supported by an address registergitias accurate counts of a particular
target domain (low income households) by housebtiacture and residential location,
updated fortnightly; together with some demograpdme economic information. The
correlation between target and auxiliaries is afiddy sample error in the probe. The
latter is bounded by the areal support allowed H®y gurvey. It is used to wrap these
correlations into the sample design (constructibrirame, stratification, allocation of
sample to strata) and estimation procedures aathlesst benchmarks. This leaves out the
error implied in the selection/ availability of qugrt (coverage bias, lags, other response
and scope limitations, cost).

A Bayesian recursion procedure produces a predictiodel that extends beyond the
point in time probe estimators, with formal propest The system is refreshed
historically, so that predictions from the modeh dze refined through each iteration of
the probe. This recurrence predictor

a) Builds strength from previous probes and continuswsport evolution

b) draws attention to covariate models allowing foplagation in optimal designs
and improved fixed point estimates

c) allows dynamic predictions in space (subject todbmain topology defining the
state vector

while remaining within a formal design frameworkitiwa straightforward theoretical
exposition. The quality of estimates is conditiofdthe availability and quality of the
support, and the predictive capacity of the filtemd will be reflected in the credibility
properties of the indicators.

Where the support assistance is concentrated aind ip time and has low power in
modelling performance (diffuse case) the restnctiredictor reduces to the survey
estimate with its limited inference capability. Waeupport variables span the dynamic
predictive space, the predictors assume (contijupusperties of the support itself.
Between these extremes the predictor optimally ¢oesbthe information from the probe
and the support, improving on both as informatioarses

4.2 Payment Process Contr ol

The probe is a repeated stratified random sampteeguof customers with annual
refreshment of sample design, trimesterly fieldigsand data return and quarterly public
release. Model assistance (generalised regresssonjsed for published estimates.
Calibration is against marginal totals (outlays @awerage customer numbers) that are
derived from the accounting system on a fortnightftrtnight basis. The series is
supported by an administrative database of so@alrgy transactions, assembling

% Measured by the covariance matrix relating aamjliand target variables -



customer characteristics typically required foredetining eligibility for payment. The
database is used in designing and drawing the sarapd to link probe information to
payment history (forwards and backwards).

The performance indicator around which the sergeduilt is mispayment rate (the
consolidated discrepancy between what is paid ay entitlement, represented as
proportion of total outlay for performance monit@yiand assurance purposes). This rate
requires an elaborate (and expensive) survey apsai@ be accurately and consistently
determined. The high cost of approaching individuetomers and the low incidence of
mispayment motivate optimally compositing surveyd asmdministrative information.
Furthermore representing the target measure dteredi time series makes the recasting
of the problem from one of audit to one of statsti process control natural, and
accessible to service managers, and policy analysts

This apparatus incidentally allows a broader apitinn to the health of the payments
system as a whole — measuring performance agagm&rgly accepted social security
objectives through using household structural imfation picked up in the probe — but
not collected administratively - to extend the aatyaof administrative data resource.
This use suggests application to ad hoc customeregs with more general topic
coverage; and adds to the case of regular morofdise customer population to evaluate
attitudes, circumstances and capacities on anplayfihents. See (Horn 2008).

4.3 Forest Resour ce Estimation

The probe is a simple systematic sample of permaP8b)s on a 5-km grid that covers
the entire USA, 120000 of which reside in foresEorest and tree-level field
measurements are made for a 10-percent non-ovartpppterpenetrating subsample
each year. Each panel supports a design-unbiagedaes for indicators of forest
condition and extent, with independent samplingrsramong panels. The PSUs within
each panel are re-measured once every ten yedrsrmiaecadal changes for each PSU
are known. This permits design-unbiased estimdtde@adal change from each panel.

In addition, remotely sensed imagery from spacedd@atellites is available each year.
These include pixel-level measurements of reflectedtispectral light. The synoptic
coverage is well suited for detection of changelsuml use and catastrophic disturbances
(e.g., large wildfires). While relatively rare at annual time-scale and across extensive
landscapes, these changes can be significant nregafg, scantly represented in a sparse
systematic sampling frame, and the subject of ingpbranalyses. The set of pixels fully
covers the entire nation, and are thus, analognasiministrative information in surveys
of human endeavours.

Forest dynamics have long been studied with assistdrom deterministic process
models, which predict annual changes in forest amitipn at the scale of an individual
PSU. There has been a long history of determinesticnometric models that predict
changes at broad landscape-scales driven by mddtetsood products and competing
land uses. While these models are often fit withJR&el data from sample-surveys of



forests, predictions from those models are rarebduo improve time-series of sample-
survey estimates.

Presently, annual estimates for large areas takéotin of a five-year moving average of
estimates from the most recent five panels. Allefxwithin a single-date of remotely
sensed imagery are classified into the categorfesfavest” and “nonforest”, the
geographic location of each PSU is registered ioithagery. Furthermore, each PSU is
classified regarding its geopolitical membershig.(estate, municipality), and these are
cross-classified with the binary remotely sensedegmies for post-stratification.
Geopolitical post-stratification assures that astatistics agree with official census
statistics.

While these methods are simple and robust, thehal@ limitations. In any dynamic
landscape that is not at equilibrium, the five-yemving average suffers from lag-biased
if the moving average is treated as an estimataroaflitions during the terminal year.
Analyses of changes over time are limited to measwhanges for each PSU over ten
years, and the moving average confounds interpratabf annual changes. Many cross-
classified strata have few PSUs. Post-stratificapcecludes potential gains from many
other sources of remotely sensed data, especietgction of rapid changes in land use
and catastrophic disturbances. These simple metlaods insufficient for reliable
estimates for small areas using wealth of availabbeliary information.

Model-based estimators could gain strength from @fierementioned deterministic

models. However, model-based estimators pose fisks prediction bias. Risk may be

managed through judicious attention to residudkedthces between model predictions
and unbiased sample survey estimates. Analysessiofuals can reveal patterns in model
prediction errors. The resulting surprises can adesarly symptoms of unexpected
change and focus attention on subtle trends inlypooodelled deterministic processes.
More details are in (Czaplewski and Thompson 2008).

5. Discussion

The idea behind the recursive restriction estimaarot entirely new — as Czaplewski
points out it is equivalent to the multivariate quosite indicator and a form of the static
the Kalman filter for which there exists a largerature (Czaplewski 2010a p19). What
is surprising is the natural way that it can be fmuuse to settle theoretical problems
surrounding de facto hybrid estimation employedofficial statistics. 20 years ago
model-assistance brought auxiliary data into samspleey theory and introduced the
generalised regression estimator but left unreslallie cross over between sampling and
measurement error. Rephrasing the problem in Bagderms it is possible to bring both
sorts of error together in a unified theory, resipgcdesign principles, while allowing for
extra design constraints outside of the samplirtngsp

The robustness of the theoretical apparatus asidse methods remain limited by
availability of algorithms required for heavy dutatrix manipulations. Even here RRE



has something to offer through its link to the Kamfilter: “the engineering perspective
contributes essential solutions ..to numerical |enois [that have] posed a stubborn
obstacle to optimal estimation” Czaplewski op kitother developments — in this case in
data linkage and automated edit and imputation Rl reports important progress in
developing workable data matching and linking altpons. It is not farfetched to imagine
rephrasing the data linkage problem — until knowgédy computational, within the
language of recursive restriction estimation.

References

Bakker, B. (2011). Microintegration, Statistical eds paper (201108), The Hague/
Heerlen: Statistics Netherlands.

Buelens, B., Boonstra, H. J., van den Brakel, dad) P. (2012). Shifting paradigms in
official statistics, from design-based to modeldshsto algorithmic inference,
Discussion paper (201218), The Hague/ Heerlenis8tat Netherlands.

Czaplewski, R. L. and Thompson, M. T. ( 2009). @mnities to improve monitoring of
temporal trends with FIA panel data. In: McWitha, Will, Moisen, Gretchen;
Czaplewski, Ray, comps. Forest Inventory and Ansly§IA) Symposium 2008;
October 21-23, 2008; Park City, UT. Proc. RMRS-I&B6 Fort Collins, CO: U.S.
Department of Agriculture, Forest Service, Rockyudtain Research Station. 55 p..
Available at URL=http://www.treesearch.fs.fed.us/pubs/3336Accessed January
2013)

Czaplewski, R. L. (2010a). Recursive Restrictiortirgstion: An alternative to Post-
Stratification in surveys of land and forest covB®gs. Pap. RMRS-RP-81. Fort
Collins, CO: US Department of Agriculture Forestvsee, Rocky Mountain Research
Station. 32p.. Available at URL=http://www.treesearch.fs.fed.us/pubs/36116
(Accessed January 2013)

Czaplewski, R. L. (2010b). Complex Sample Survetintzion in Static State-Space,
Gen. Tech Rep. RMRS-GTRR-239. Fort Collins, CO: DkEpartment of Agriculture,
Forest Service, Rocky Mountain Research Statiordpl2?Available at URL
http://treesearch.fs.fed.us/pubs/361A6cessed January 2013)

Czaplewski, R. L., Thompson, M. T., Moisen, G. @0X2). An efficient estimator to
monitor rapidly changing forest conditions, pp 4. In Moving from status to
trends: Forest Inventory and Analysis (FIA) sympasi2012. Eds Randall S. Morin;
Greg C. Liknes,. Gen. Tech. Rep. NRS-P-105. NewtdSquare, PA: U.S.
Department of Agriculture, Forest Service, North&esearch Station. [CD-ROM].
478 p. Available at URLhttp://treesearch/pubs/423QXccessed January 2013.)

Groves, R. M., Fowler, F. J., Couper, M., LepkowskiM., Singer, E., Tourrangeau, R.
(2004). Survey Methodology, New York: Wiley



Groves, R. M. (2011). The Future of Producing So@ad Economic Statistical
Information, Directors Blog: US Census Bureau. Aalsle at URL=
http://directorsblog.blogs.census.gov/2011/09/@8ftiure-of-producing-social-and-
economic-statistical-information-part{iAccessed January 2013)

Horn, S. (2008). Quality Assurance surveys and RragAdministration, Proc European
Conf. Quality in Official Statistics: ISTAT. Avaitde at
URL=http://q2008.istat.it/sessions/7.html (Accekdanuary 2013)

Knottnerus, P. (2003). Sample Survey Theory — s@ythagorean Perspectives, New
York: Springer-Verlag.

Saerndal, C. E., Swensson, B. and Wretman, J. 892)1 Model Assisted Survey
Sampling, New York: Springer-Verlag.

Wallgren, A. and Wallgren, B. (2011) To understdine Possibilities of Administrative
Data you must change your Statistical Paradigmt.P8&ction on Survey Research
Methods Section, American Statistical Associatiovailable at URL=
http://www.amstat.org/sections/srms/Proceedings/¢P@tml| (Accessed January
2013)

Winkler, W. E. (2011). Cleaning and using admiraste lists: Enhanced practices and
computational algorithms for record linkage and eitwlg/ editing/ imputation, Proc.
Section on Survey Research Methods Section, Anrerigtatistical Association.
Available at URL= http://www.amstat.org/sections/srms/Proceedings/¢Patml
(Accessed January 2013)




