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K.R.W. (Ken) Brewer joined the Sampling Section of the Commonwealth Bureau of
Census and Statistics in 1954 two years after its founding by E.K. Foreman. Ken had
been introduced to basic statistics through lectures by G.A. Barnard while studying for a
B.Sc. (Physics) at Imperial College, London. His practical education in survey statistics
came from working in the small group around Ken Foreman whose responsibilities for
sample design and analysis were rapidly expanding. In a matter of months he was being
given samples to design and analyse on his own, with minimal supervision. By the late
1950s, when the bulk of the then Sampling Techniques Branch was busily engaged in
setting up an operational Labour Force Survey, Ken, with three others to help him, was
shouldering responsibility for all the remaining survey work. As the Branch’s activities
returned to a less hectic state, Ken’s interests turned in a more theoretical direction.

Specifically, he became absorbed with the problem of how best to tackle sampling
with unequal probabilities without replacement. His first two published papers in the
Australian Journal of Statistics, Brewer and Undy (1962) and Brewer (1963a), were on
that topic. Shortly afterwards Ken came out with the most original of his early
contributions to sampling theory, Brewer (1963b). He had been concerned with an
entrenched reliance on “design-based”, or as he later described it “randomization-based”,
sampling inference. In that paper he pointed out several areas in which “model-based”
(also referred to as “prediction-based”) inference was more useful. Those five were, in
the words that he used at the time:

“(1) An expression for the conditional variance of a ratio estimator, subject to a
particular sample of population units having been selected

“(2) The optimum probabilities of selection of the individual units in the population

“(3) The likely accuracy of a ratio estimate based on the largest population units
deliberately selected (a “partial collection™)

“(4) The extent of the diminution of the variance of the ratio estimator obtained by
sampling without replacement (with total probability of selection proportional to size
or some function of size) instead of with replacement (with the probability of
selection at each draw proportional to size or the same function of size)

“(5) An extension of the expressions and estimates for conditional variance to two-

stage sampling. (These formulae can easily be generalized to any desired number of
stages.)”
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During the interval between Ken’s 1963 paper and the publication of Royall (1970),
Ken published nothing more on this, later to become highly controversial, topic. Early on
this was because he had become interested in the fundamentals of statistical inference,
but later and far more seriously it was because of the decision made in 1965 to conduct a
Census of Population in the Territory of Papua New Guinea (then under Australian
administration) for which the Commonwealth Statistician had been given responsibility.

Ken was appointed as the Commonwealth Statistician’s Personal Representative for
the conduct of that Census, the bulk of the work for which was being supervised by the
Territory Bureau of Statistics, and carried out in conjunction with its Departments of
Native Affairs, of Agriculture, Stock and Fisheries, and of Public Health. The entire
period between the decision to proceed with the Census and the commencement of the
collection proper was only eleven months. An account of that extremely demanding
activity, which Ken has always admitted could never have been brought to a successful
conclusion without extensive help from Ken Foreman, can be found in Brewer and
Whittington (1969). Ken was to pay a more general tribute to the role in the development
of Australian official survey statistics along Hansen lines played by his Bureau supervisor
in his 2005 E. K. Foreman lecture, published as Brewer (2005).

A useful by-product of the Territory Census was the interest it fostered in the
selection of sample units with unequal probability without replacement, which is
obviously more efficient but considerably more difficult to handle than “with
replacement”. As mentioned above, Ken’s first three papers on the theory of survey
sampling had been on sampling without replacement, but treatments of the same topic
also appeared later in Brewer (1967), Brewer and Hanif (1970) and Brewer (1975).

The 1970s, with the Territory Census safely behind him, were a period during which
Ken was once again able to turn his attention to theoretical statistics. The paper by
Foreman and Brewer (1971) consolidated advances that those two authors had been
making in sampling theory up to that time. They were chiefly concerned with
harmonizing the properties of “randomization-based” and “prediction-based” inference.
The eventual goal was to be able to use both approaches simultancously, but the
achievement of this continued to be elusive. In the meantime Brewer and Mellor (1973)
made a light-hearted case for taking both of these (and especially prediction-based
inference) seriously. A similar style of writing was later used in Brewer and Hanif
(1983), Brewer, Early and Hanif (1984), Hanif and Brewer (1980), Brewer and Hanif
(1991, 1992 and 1994) and in Brewer (2002a).

During the later 1970s and early 1980s, as this topic was becoming increasingly
adversarial, several more papers appeared that Ken had co-authored with one or more of
E.K. Foreman, R.W. Mellor, D.J. Trewin, A.J. Scott, E-W.H. Ho and M. Hanif. All these
papers were variations on the theme that both approaches were useful, but when
combined invariably one of them (usually if not always the prediction-based) was seen as
subordinate to the other. A comparison of half a dozen possible approaches was presented
in Brewer and Sérndal (1983), and the question as to how nearly model-based prediction
and design-based estimation could ever be reconciled was raised explicitly in Brewer,
Hanif and Tam (1988).
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The decision taken in 1991 to hold an International Conference on Establishment
Surveys (ICES) in Buffalo, N.Y. in 1993 was instrumental in bringing these matters to a
head. The possibility of a complete reconciliation between randomization-based and
prediction-based methods of survey inference was by then a hot issue, and Ken was
recognized as being one of the most active researchers in that area. He had retired from
the Australian Public Service in March 1992 in order to do research at the Australian
National University, so when Phillip S. Kott, as editor for Part B of the envisaged
monograph — the Part that was specifically dealing with Sample Design and Selection,
asked him to write on that topic he decided that he would do his best to bring those two
ideas together in time for the Conference.

This was no small ambition, but by the time Ken set out for the Conference in June
1993 he was confident he had indeed found the answer. The paper he presented was duly
accepted for publication and appeared in Business Survey Methods, the 1995 book that
contained a selection of the papers at that Conference, as Brewer (1995).

Immediately following the Conference, however, Ray Chambers carried out a test of
Ken’s suggested estimator and found it wanting. Ken took note of this, confirmed that it
did indeed need changing, and requested permission to alter the paper before publication,
but found that the Conference officials placed greater emphasis on the integrity of the
publication as being an accurate account of proceedings. As it happened Ken was also
preparing a paper for The Pakistan Journal of Statistics and took that opportunity to
report on the relevant deficiency and how to remedy it. The result was published as
Brewer (1994).

A more comprehensive discussion of the problem and how it could be completely
resolved later appeared as the Survey Methodology article listed below as Brewer
(1999b). Ken there described his method as “Cosmetic Calibration™ after Sdrndal and
Wright’s (1984) article in the Scandinavian Journal of Statistics, which described “a
cosmetic estimator” as one that was readily interpretable both as a design-based and a
model-based estimator. In Brewer (1999b) Ken took the opportunity to define a
“cosmetically calibrated estimator” more narrowly as one for which the randomization-
based and the prediction-based forms were identical. A fuller account of the controversy
between advocates of purely randomization-based and purely prediction-based sampling
inference can also be found in Brewer and Gregoire (2009).

Ken'’s retirement from the Australian Public Service had freed him to devote more of
his time to statistical research. Initially his interests had predominantly been in survey
sampling, but even before his 1999b Cosmetic Calibration article had effectively
eliminated the distance between randomization and prediction inference, he had been
turning much of his attention towards statistical inference and hypothesis testing.

As he then saw it the Frequentist approach in which he had been brought up was
incapable of using the tools of Bayesian inference for hypothesis testing, largely because
the latter either demanded a subjective prior (which by definition could vary from
individual to individual) or else, if they used an objective prior it was always one that
signally failed to provide a convincing result in limiting circumstances. It was largely this
failure that had given rise to the “Lindley Paradox” of Lindley (1957), which
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demonstrated that Frequentists and Bayesians, faced with the same evidence, could come
to contradictory conclusions.

Ken, however, refused to accept that the Bayesian analysis of this situation would
necessarily require a subjective prior. In Brewer (2002) (another Pakistan Journal of
Statistics article) he quoted extensively two Bayesian statisticians, Lavine and Wolpert
(1995), as follows:

“Before asking whether [O’Hagan’s (1995)] solution [to the problem as to how to
avoid using a subjective prior] is sensible we want to ask first whether any solution is
sensible.

“Improper priors are often used in the hope that their posteriors approximate well the
posterior that would have resulted from any well-thought-out prior. We typically reason
that ‘my prior is flat compared with the likelihood’, ‘there is much more information in
the likelihood than in the prior’ and therefore ‘my posterior is well approximated by the
posterior from a convenient improper prior.” Then we adopt the improper prior and invest
our effort more productively in other aspects of the analysis.

“But approximation of the prior is not the same as approximation of the Bayes Factor.
When O’Hagan considers an improper prior without considering which proper prior’s
posteriors he is hoping to approximate then we should bear in mind all proper priors with
posteriors similar to that from the improper prior. If those priors were to yield roughly
similar Bayes factors, then it would be possible to associate a Bayes Factor (or a small
range of Bayes Factors) with the improper prior... If, however, there are priors that yield
posterior distributions similar to that from the improper prior, but that yield vastly
different Bayes Factors, then the specification of a Bayes Factor for the improper prior is
problematic at best.”

Lavine and Wolpert next presented a range of proper uniform priors that yielded
roughly the same posterior distributions as O’Hagan’s improper prior (uniform over the
real line) but with Bayes Factors that ranged from 10" up to infinity. They effectively
concluded that no Reference Bayesian hypothesis test could be devised for the problem.

Ken, however, refused to accept that finding a stable Bayes Factor was the only way
out of the problem. He went back to the original exchanges between Lindley and Bartlett
in 1957. There the original “Lindley Paradox” had actually been stated by Lindley as
follows:

“An example is produced to show that if H is a simple [null] hypothesis and x the
result of an experiment, the following two phenomena can occur simultaneously:

“(i) a significance test for H reveals that x is significant at, say, the 5% level;

“(ii) the posterior probability of H, given x, is, for quite small prior probabilities of H,
as high as 95%.

“Clearly, the common-sense interpretations of (i) and (ii) are in direct conflict.”

What is still commonly referred to as “the Lindley Paradox”, however, is actually one
stated by Bartlett only a few months later, namely that when H [the null hypothesis] was

precise, and the variance of the prior distribution over the parameter space of H [the
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complementary alternative hypothesis] was infinite, the probability of H being true was
unity for every finite value of x. Getting around what Bartlett described as this “silly
answer” has arguably remained a perplexing problem for half a century.

Subjective Bayesians get around it by refusing to consider any limiting case, but there
are other statisticians who would regard this as an unduly heavy price. (As to its
attribution, however, Ken, in his 2002b article, pointedly refers to this problem as “the
Bartlett Paradox”.) More importantly, however, Ken then also offered another way to
resolve it, namely to replace the unstable Bayes Factor by a stable Reference Posterior
Odds.

This required a departure from the conventional use of probabilities in that context in
favour of what Ken described as “Lebesgue-style” measures. Those measures were
defined as obeying all the probability laws other than those that constrain them either to
sum or to integrate to unity. In Brewer (1999c) he used such measures to produce a
modified version of the Schwarz (1978)-inspired Bayesian Information Criterion which
was (in its single parameter version) exactly equivalent to the limiting case of a Bayesian
Hypothesis Test.

This problem has been a fruitful area for continuing research. New results are due to
be published this year by Ken with collaborators Genevieve Hayes and A.N. Gillison that
argue if the actual or implied null hypothesis (H) is diffuse, Fisher’s use of his p-statistic
to distinguish between what is significant at the 95% level and what is not so significant
is broadly justified, but when H has a precise location, the requirement for 95%
significance becomes, as has been argued by Berger and Delampady (1987), Berger and
Sellke (1987) and Sellke, Bayarri and Berger (2001), something like p = 3. The mixture
of foundational reflection, active collaboration, rigour and scientific application that this
illustrates are recurring themes over Ken’s remarkably productive career.
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K.R.W. (Ken) Brewer joined the Sampling Section of the Commonwealth Bureau of Census and Statistics in 1954 two years after its founding by E.K. Foreman. Ken had been introduced to basic statistics through lectures by G.A. Barnard while studying for a B.Sc. (Physics) at Imperial College, London. His practical education in survey statistics came from working in the small group around Ken Foreman whose responsibilities for sample design and analysis were rapidly expanding. In a matter of months he was being given samples to design and analyse on his own, with minimal supervision. By the late 1950s, when the bulk of the then Sampling Techniques Branch was busily engaged in setting up an operational Labour Force Survey, Ken, with three others to help him, was shouldering responsibility for all the remaining survey work. As the Branch’s activities returned to a less hectic state, Ken’s interests turned in a more theoretical direction. 



Specifically, he became absorbed with the problem of how best to tackle sampling with unequal probabilities without replacement. His first two published papers in the Australian Journal of Statistics, Brewer and Undy (1962) and Brewer (1963a), were on that topic. Shortly afterwards Ken came out with the most original of his early contributions to sampling theory, Brewer (1963b). He had been concerned with an entrenched reliance on “design-based”, or as he later described it “randomization-based”, sampling inference. In that paper he pointed out several areas in which “model-based” (also referred to as “prediction-based”) inference was more useful. Those five were, in the words that he used at the time:


“(1) An expression for the conditional variance of a ratio estimator, subject to a particular sample of population units having been selected


“(2) The optimum probabilities of selection of the individual units in the population


“(3) The likely accuracy of a ratio estimate based on the largest population units deliberately selected (a “partial collection”)


“(4) The extent of the diminution of the variance of the ratio estimator obtained by sampling without replacement (with total probability of selection proportional to size or some function of size) instead of with replacement (with the probability of selection at each draw proportional to size or the same function of size)


“(5) An extension of the expressions and estimates for conditional variance to two-stage sampling. (These formulae can easily be generalized to any desired number of stages.)”



During the interval between Ken’s 1963 paper and the publication of Royall (1970), Ken published nothing more on this, later to become highly controversial, topic. Early on this was because he had become interested in the fundamentals of statistical inference, but later and far more seriously it was because of the decision made in 1965 to conduct a Census of Population in the Territory of Papua New Guinea (then under Australian administration) for which the Commonwealth Statistician had been given responsibility. 



Ken was appointed as the Commonwealth Statistician’s Personal Representative for the conduct of that Census, the bulk of the work for which was being supervised by the Territory Bureau of Statistics, and carried out in conjunction with its Departments of Native Affairs, of Agriculture, Stock and Fisheries, and of Public Health. The entire period between the decision to proceed with the Census and the commencement of the collection proper was only eleven months. An account of that extremely demanding activity, which Ken has always admitted could never have been brought to a successful conclusion without extensive help from Ken Foreman, can be found in Brewer and Whittington (1969). Ken was to pay a more general tribute to the role in the development of Australian official survey statistics along Hansen lines played by his Bureau supervisor in his 2005 E. K. Foreman lecture, published as Brewer (2005). 



A useful by-product of the Territory Census was the interest it fostered in the selection of sample units with unequal probability without replacement, which is obviously more efficient but considerably more difficult to handle than “with replacement”. As mentioned above, Ken’s first three papers on the theory of survey sampling had been on sampling without replacement, but treatments of the same topic also appeared later in Brewer (1967), Brewer and Hanif (1970) and Brewer (1975). 


The 1970s, with the Territory Census safely behind him, were a period during which Ken was once again able to turn his attention to theoretical statistics. The paper by Foreman and Brewer (1971) consolidated advances that those two authors had been making in sampling theory up to that time. They were chiefly concerned with harmonizing the properties of “randomization-based” and “prediction-based” inference. The eventual goal was to be able to use both approaches simultaneously, but the achievement of this continued to be elusive. In the meantime Brewer and Mellor (1973) made a light-hearted case for taking both of these (and especially prediction-based inference) seriously. A similar style of writing was later used in Brewer and Hanif (1983), Brewer, Early and Hanif (1984), Hanif and Brewer (1980), Brewer and Hanif (1991, 1992 and 1994) and in Brewer (2002a). 



During the later 1970s and early 1980s, as this topic was becoming increasingly adversarial, several more papers appeared that Ken had co-authored with one or more of E.K. Foreman, R.W. Mellor, D.J. Trewin, A.J. Scott, E.W.H. Ho and M. Hanif. All these papers were variations on the theme that both approaches were useful, but when combined invariably one of them (usually if not always the prediction-based) was seen as subordinate to the other. A comparison of half a dozen possible approaches was presented in Brewer and Särndal (1983), and the question as to how nearly model-based prediction and design-based estimation could ever be reconciled was raised explicitly in Brewer, Hanif and Tam (1988).



The decision taken in 1991 to hold an International Conference on Establishment Surveys (ICES) in Buffalo, N.Y. in 1993 was instrumental in bringing these matters to a head. The possibility of a complete reconciliation between randomization-based and prediction-based methods of survey inference was by then a hot issue, and Ken was recognized as being one of the most active researchers in that area. He had retired from the Australian Public Service in March 1992 in order to do research at the Australian National University, so when Phillip S. Kott, as editor for Part B of the envisaged monograph – the Part that was specifically dealing with Sample Design and Selection, asked him to write on that topic he decided that he would do his best to bring those two ideas together in time for the Conference. 



This was no small ambition, but by the time Ken set out for the Conference in June 1993 he was confident he had indeed found the answer. The paper he presented was duly accepted for publication and appeared in Business Survey Methods, the 1995 book that contained a selection of the papers at that Conference, as Brewer (1995). 



Immediately following the Conference, however, Ray Chambers carried out a test of Ken’s suggested estimator and found it wanting. Ken took note of this, confirmed that it did indeed need changing, and requested permission to alter the paper before publication, but found that the Conference officials placed greater emphasis on the integrity of the publication as being an accurate account of proceedings. As it happened Ken was also preparing a paper for The Pakistan Journal of Statistics and took that opportunity to report on the relevant deficiency and how to remedy it. The result was published as Brewer (1994). 



A more comprehensive discussion of the problem and how it could be completely resolved later appeared as the Survey Methodology article listed below as Brewer (1999b). Ken there described his method as “Cosmetic Calibration” after Särndal and Wright’s (1984) article in the Scandinavian Journal of Statistics, which described “a cosmetic estimator” as one that was readily interpretable both as a design-based and a model-based estimator. In Brewer (1999b) Ken took the opportunity to define a “cosmetically calibrated estimator” more narrowly as one for which the randomization-based and the prediction-based forms were identical. A fuller account of the controversy between advocates of purely randomization-based and purely prediction-based sampling inference can also be found in Brewer and Gregoire (2009).



Ken’s retirement from the Australian Public Service had freed him to devote more of his time to statistical research. Initially his interests had predominantly been in survey sampling, but even before his 1999b Cosmetic Calibration article had effectively eliminated the distance between randomization and prediction inference, he had been turning much of his attention towards statistical inference and hypothesis testing. 



As he then saw it the Frequentist approach in which he had been brought up was incapable of using the tools of Bayesian inference for hypothesis testing, largely because the latter either demanded a subjective prior (which by definition could vary from individual to individual) or else, if they used an objective prior it was always one that signally failed to provide a convincing result in limiting circumstances. It was largely this failure that had given rise to the “Lindley Paradox” of Lindley (1957), which demonstrated that Frequentists and Bayesians, faced with the same evidence, could come to contradictory conclusions. 



Ken, however, refused to accept that the Bayesian analysis of this situation would necessarily require a subjective prior. In Brewer (2002) (another Pakistan Journal of Statistics article) he quoted extensively two Bayesian statisticians, Lavine and Wolpert (1995), as follows:



“Before asking whether [O’Hagan’s (1995)] solution [to the problem as to how to avoid using a subjective prior] is sensible we want to ask first whether any solution is sensible.



“Improper priors are often used in the hope that their posteriors approximate well the posterior that would have resulted from any well-thought-out prior. We typically reason that ‘my prior is flat compared with the likelihood’, ‘there is much more information in the likelihood than in the prior’ and therefore ‘my posterior is well approximated by the posterior from a convenient improper prior.’ Then we adopt the improper prior and invest our effort more productively in other aspects of the analysis. 



“But approximation of the prior is not the same as approximation of the Bayes Factor. When O’Hagan considers an improper prior without considering which proper prior’s posteriors he is hoping to approximate then we should bear in mind all proper priors with posteriors similar to that from the improper prior. If those priors were to yield roughly similar Bayes factors, then it would be possible to associate a Bayes Factor (or a small range of Bayes Factors) with the improper prior... If, however, there are priors that yield posterior distributions similar to that from the improper prior, but that yield vastly different Bayes Factors, then the specification of a Bayes Factor for the improper prior is problematic at best.”



Lavine and Wolpert next presented a range of proper uniform priors that yielded roughly the same posterior distributions as O’Hagan’s improper prior (uniform over the real line) but with Bayes Factors that ranged from 10-10 up to infinity. They effectively concluded that no Reference Bayesian hypothesis test could be devised for the problem. 


Ken, however, refused to accept that finding a stable Bayes Factor was the only way out of the problem. He went back to the original exchanges between Lindley and Bartlett in 1957. There the original “Lindley Paradox” had actually been stated by Lindley as follows: 



“An example is produced to show that if H is a simple [null] hypothesis and x the result of an experiment, the following two phenomena can occur simultaneously:


“(i) a significance test for H reveals that x is significant at, say, the 5% level; 


“(ii) the posterior probability of H, given x, is, for quite small prior probabilities of H, as high as 95%.



“Clearly, the common-sense interpretations of (i) and (ii) are in direct conflict.”



What is still commonly referred to as “the Lindley Paradox”, however, is actually one stated by Bartlett only a few months later, namely that when H [the null hypothesis] was precise, and the variance of the prior distribution over the parameter space of 
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 [the complementary alternative hypothesis] was infinite, the probability of H being true was unity for every finite value of x. Getting around what Bartlett described as this “silly answer” has arguably remained a perplexing problem for half a century. 



Subjective Bayesians get around it by refusing to consider any limiting case, but there are other statisticians who would regard this as an unduly heavy price. (As to its attribution, however, Ken, in his 2002b article, pointedly refers to this problem as “the Bartlett Paradox”.) More importantly, however, Ken then also offered another way to resolve it, namely to replace the unstable Bayes Factor by a stable Reference Posterior Odds. 



This required a departure from the conventional use of probabilities in that context in favour of what Ken described as “Lebesgue-style” measures. Those measures were defined as obeying all the probability laws other than those that constrain them either to sum or to integrate to unity. In Brewer (1999c) he used such measures to produce a modified version of the Schwarz (1978)-inspired Bayesian Information Criterion which was (in its single parameter version) exactly equivalent to the limiting case of a Bayesian Hypothesis Test. 


This problem has been a fruitful area for continuing research. New results are due to be published this year by Ken with collaborators Genevieve Hayes and A.N. Gillison that argue if the actual or implied null hypothesis (H) is diffuse, Fisher’s use of his p-statistic to distinguish between what is significant at the 95% level and what is not so significant is broadly justified, but when H has a precise location, the requirement for 95% significance becomes, as has been argued by Berger and Delampady (1987), Berger and Sellke (1987) and Sellke, Bayarri and Berger (2001), something like p = 3. The mixture of foundational reflection, active collaboration, rigour and scientific application that this illustrates are recurring themes over Ken’s remarkably productive career.
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