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Abstract: Characterizing and testing photovoltaic modules requires carefully made measurements
on important variables such as the power output under standard conditions. When additional data is
available, which has been collected using a different measurement system and therefore may be of
different accuracy, the question arises how one can combine the information present in both data sets.
In some cases one even has prior knowledge about the ordering of the variances of the measurement
errors, which is not fully taken into account by commonly known estimators. We discuss several sta-
tistical estimators to combine the sample means of independent series of measurements, both under
the assumption of heterogeneous variances and ordered variances. The critical issue is then to assess
the estimator’s variance and to construct confidence intervals. We propose and discuss the application
of a new jackknife variance estimator devised by [1] to such photovoltaic data, in order to assess the
variability of common mean estimation under heterogeneous and ordered variances in a reliable and
nonparametric way. When serial correlations are present, which usually affect the marginal variances,
it is proposed to construct a thinned data set by downsampling the series in such a way that auto-
correlations are removed or dampened. We propose a data adaptive procedure which downsamples
a series at irregularly spaced time points in such a way that the autocorrelations are minimized. The
procedures are illustrated by applying them to real photovoltaic power output measurements from two
different sun light flashers. In addition, focusing on simulations governed by real photovoltaic data,
we investigate the accuracy of the jackknife approach and compare it with other approaches. Among
those is a variance estimator based on Nair’s formula for Gaussian data and, as a parametric alternative,
two Bayesian models. We investigate the statistical accuracy of the resulting confidence resp. credible
intervals used in practice to assess the uncertainty present in the data.

Keywords: Bayes; credible interval; decorrelation; jackknife; nonparametric estimation; power
output; resampling; round robin; variance estimation



\protect \relax \protect \edef txr{txr}\protect \xdef \U/txexa/m/n/5 {\OT1/txr/m/n/10 }\U/txexa/m/n/5 \size@update \enc@update http://www.aimspress.com/journal/energy/
http://dx.doi.org/10.3934/energy.2017.125

126

1. Introduction

The characterization and testing of photovoltaic (PV) modules in terms of their electrical properties
and, especially, their energy yield as measured by the power output is an important but expensive
task. There are various factors which influence those electric properties such as the irradiance and its
spectrum, the module temperature and, for some module technologies, to which extent the module has
been recently exposed to light. For tasks such as certification and testing, power output measurements
are taken in a flasher under standard conditions (STC), in order to evaluate the nominal specifications.
There are a couple of situations where rwo data sets are available, such that the question arises whether
one can fuse them (or the statistics calculated from them), in order to improve the estimation and
uncertainty quantification of the true but unknown power output:

e Manufacturers flash each module right at the production line for the purposes of quality control
and monitoring, and in order to sort the modules into power rating classes. Frequently, they hand
out those data to laboratories and customers.

e When a laboratory updates or improves its testing equipment, measurements taken with the new
equipment have smaller variances than observations collected under the old conditions. The dis-
tributional shape of the measurement error may change as well.

e When remeasuring a lot of modules, aging and wearing of measurement devices and modules
may result in measurement series with different variances and distributional shapes.

¢ In round robin experiments (interlaboratory tests) the same modules are analyzed by two (or more)
laboratories. The resulting data sets are expected to have the same mean but different variances.
The shape of the measurement errors’ distribution may also be different.

Those settings have in common that two data sets of the same physical quantity are available, such that
one can assume (at least after careful calibration of the measurement systems) that they have the same
mean. But, since the data are taken under different measurement systems whose accuracy differs and
can not be calibrated for, their variances typically differ. In addition, the shapes of the distributions
of the measurement errors may differ as well and, especially, may be non-normal. Then the question
arises how one can combine the sample means calculated from the data sets, in order to obtain an
estimator of the true power output, which improves upon the estimators calculated from a single data
set.

Estimators designed for that purpose are called common mean estimators and typically make use
of the sample variances to combine the sample means appropriately. Although it is known that their
theoretical performance improves upon the sample mean calculated from a single data set, the question
how to estimate their variance or standard error is delicate and less well studied. In general, more
accurate variance estimators will lead to more accurate confidence intervals, which are highly recom-
mended to quantify the uncertainty present in the data. Known results such as those in [2], where an
exact formula for the variance and bounds for the distribution of a widely used common mean estima-
tor are established, are restricted to the case of normally distributed measurements. In photovoltaics,
however, power output observations are usually non-normal, such that those results can not be used for
data analysis and interpretation. This is also confirmed by the simulations presented in this paper.

In many cases it is a priori known that one series of measurement is more accurate in the sense that
its variance is less or equal to the variance of the other series or even strictly smaller. This knowledge
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can be translated into the constraint of ordered variances instead of the constraint of unequal variances.
Then the question arises how one can incorporate that knowledge in the statistical analysis. This issue
is known in the statistical literature as common mean estimation under ordered variances. Estimation
under order constraints is, in general, more involved, but for the problem studied here the resulting
formulas are easy to implement in practice.

The aim of this article is threefold: First, we review and discuss the above mentioned topics and
problems, i.e. i) how to combine sample means from two data sets satisfying the common mean as-
sumption and, especially, i1) how to assess the estimator’s uncertainty (i.e. its variance resp. standard
error), focusing on data as arising in photovoltaics. Second, we apply a new nonparametric jackknife-
type variance estimator to such data. Due to the form of the common mean estimators for ordered
variances and the two-sample nature of the problem, the well known classical jackknife variance es-
timator can not be applied directly and its statistical consistency does not follow from the literature.
Here we employ new results about common mean jackknife variance estimators as established in [1],
apply it to photovoltaic data and investigate its accuracy by means of a simulation study, which is gov-
erned by real photovoltaic data. Lastly, we propose and investigate a novel data adaptive downsampling
method to decorrelate a data set.

Photovoltaic data, especially power output measurements, may have quite different distributional
shapes. One major reason for this phenomenon is the fact that PV modules are sorted into power rat-
ing classes. Therefore, methods which are only valid under a specific model for the distribution of
measurement error are not well suited. Consequently, we propose to rely on nonparametric approaches
which adapt automatically to the underlying distribution of the data without constraining the distribu-
tion to belong to a certain parametric class. For comparison, however, we also review, discuss, apply
and investigate a Bayesian approach to the problem.

We present three variance estimators for common mean estimators. As a particular versatile ap-
proach we study jackknife variance estimation, which dates back, in its basic form as a method for
one-sample statistics, to the work of [3]; see also [4], [1] and the references given therein. Jackknifing
represent an easy-to-use and reliable statistical tool, which does neither require restrictive assumptions
such as normally distributed measurement error, nor knowledge of variance formulas for the statistic
of interest, as it estimates the variance of a statistic by recomputing it from certain subsamples. It
is well studied for smooth one sample statistics and has been applied successfully in diverse areas of
application, e.g. to analyze fish production rates, see [5]. The application to common mean estimation
for photovoltaic data discussed and investigated in the present work, however, requires to jackknife a
two sample statistic which is not continuous. So this paper draws on the recent results of [1], where the
jackknife variance estimator is generalized to common mean estimators allowing for unequal sample
sizes (a situation called unbalanced samples) and ordered variances.

When measurements are taken at a dense time grid as, for instance, under high-throughput produc-
tion conditions, one may take this into account by downsampling the data appropriately. We propose
two approaches which aim to eliminate or dampen autocorrelations. In addition to equidistant down-
sampling, we propose a data adaptive data thinning procedure, which downsamples the series at irreg-
ularly spaced time points, in such a way that autocorrelations present in the downsampled series are
minimized. This procedure aims at decorrelation of the measurements based on a lower overall down-
sampling frequency, in order to obtain larger sample sizes. Both the data analysis and the simulations
indicate that this procedure works well.
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We investigate the performance of the estimators under discussion and the corresponding confi-
dence intervals resp. credible intervals for the true power output by a simulation study. Instead of
studying general but restrictive models for the measurement error, we conduct a case-study approach
where the measurement errors follows empirical distributions obtained from real data sets. This, of
course, limits the scope of the conclusion one may draw from the study, but it is based on the grounds
of real empirical data and distributions. We study two sampling strategies in the simulations. In ad-
dition to i.i.d. sampling we consider a resampling procedure related to the block bootstrap, where the
drawn subsamples preserve the dependence structure of the series of measurements. Whereas the clas-
sical bock bootstrap, however, then calculates the statistics from those blocks, we apply the proposed
downsampling procedure at irregularly spaced grid points, in order to decorrelate the subsamples. The
statistics are then calculated from those decorrelated data.

The organization of the paper is as follows. In Section 2, we review the common mean estimation
problem for unequal as well as ordered variances and discuss the most commonly used estimators. Fur-
ther, we discuss and elaborate three approaches to estimate their variability, as required for assessing
the estimation uncertainty and constructing confidence intervals. The procedure based on the jackknife
method draws on recent new results from [1]. Lastly, we review and discuss a Bayesian approach to the
common mean problem as a parametric alternative going beyond the likelihood approach. Section 3
is devoted to the data analysis and presents results from simulations. We analyze the performance of
the various estimation approaches in terms of bias, variance, root mean squared error and the cov-
erage probability of the associated confidence intervals. In addition, we compare our nonparametric
proposal with the Bayesian approach to analyze the data and assess the common mean in terms of a
Bayesian credible interval. The simulations also investigate in some detail the accuracy of the pro-
posed data adaptive thinning procedure based on downsampling. Discussion and conclusions are given
in Section 4.

2. Methodology

In this section we introduce the common mean estimation problem under heterogeneous as well
as ordered variances, discuss estimators aiming at combining the sample means appropriately, and,
especially, propose a nonparametric model-free approach to assess their variability. In addition, we
propose a procedure to decorrelate the samples, when autocorrelations are present. Lastly, we discuss
a Bayesian approach to the common mean problem as a parametric alternative.

2.1. Common mean estimation

Let us review the basic setting of common mean estimation. Suppose we are given two random
samples Xi,...,X, and Y1, ..., Y, of sample sizes n and m. We intentionally allow for the case of un-
equal sample sizes. The common mean assumption asserts that the expectations px and py of both data
sets coincide, i.e. ux = uy, whereas their variances 0% and o3 may differ such that 0% # o3. To sim-
plify notation, we shall denote the common mean by p. The classical common mean model assumes
normally distributed measurements. In the present paper, we shall, however, avoid, by purpose, this
restrictive assumption that is frequently violated in photovoltaic data analysis, and allow for more gen-
eral distributional shapes. The nonparametric approach allows for quite general distributional shapes
as along as higher order moments are finite, see [1] for details, and the Bayesian approach introduces
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a prior distribution for the parameters which leads to more general distributional shapes.

Denote by X, and Y,, the sample means and let S fgn and S %m be the corresponding unbiased variance
estimators. The classical common mean problem under normality seeks convex combinations u =
wX, + (1 —w)Y,, of the sample means, which provide unbiased estimators for ¢ and minimize some
optimality criterion such as mean squared error (MSE)

MSE(@; ) = E(@ — p)°

or equivalently the root mean squared error (RMSE) defined by

RMSE(u; 1) = VE@ — p)*.

For known variances the optimal, i.e. minimum variance unbiased estimator, can be calculated and is
given by the weight w = no /(no3 + mo%). When the variances are unknown and therefore need to be
estimated, a natural choice is the Graybill-Deal (GD) estimator, see [6], which uses the random weight
w=nS}, [(nS3, +mS% ). It can be expressed as

2 2

o nSy, - . mSy, -
nS§m+mS§n " nS%,m+mS§(’1 "

Observe that this estimator is obtained from the minimum variance unbiased estimator by substituting

the unknown variances by their unbiased estimators.

2.2. Estimation under ordered variances

In photovoltaics one has often a priori knowledge about the precision of the measurements. For
instance, when combining data sets from two laboratories one of them may systematically produce
better measurements due to better equipment, longer experience or superior expertise. Then we wish
to combine the sample means under the additional constraint of ordered variances 0% < o2. In this

case it is natural to consider the ordering of the variance estimators S% and S3 . It has been shown
that, under the assumption of normality, the so-called Nair estimator

- 2 2
GNain) _ { M . Sxn < Sym
n - n m 2 2
n+mX" + n+m Ym’ SX,n > SY,m’

improves upon the GD-estimator x in terms of the MSE. This means, if the samples are in agreement
with the order constraint, one uses the GD-estimator. Otherwise, one switches to the simpler estimator
which weights the sample means by the sample sizes, which is also formally obtained when S f(n =S %’,m’
1.e. when projecting (S )zf,n,S im) onto the set {(s1,52) : 0 < 57 < 55 < oo} of admissible values (under
the order constraints) for the pair of variances. There exist more complicated estimators for ordered

variances, but we confine ourselves to the above proposal, due to its simplicity for practical use.

2.3. Variance estimation

Recall that the variance of the sample mean X,, can be easily estimated by the standard error S i’n /n.
For non-random weights the variance of a convex combination wX, + (1 — w)Y,, can be estimated
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52 52 . — . .
by w*=2£ + (1 — w)*—22. For the common mean estimator 7 it is, however, much more complicated
to assess and estimate its variability, since the weights are random. Assuming normally distributed
measurements, [2] obtained an exact formula for the variance in terms of an infinite series,

2 (o)
VarGp) = —x/" S+ 10~ a) [B1/2 + i,m/2+2) + (m/m)aB(n/2 + i +2,m/2)].

B(n/2,m/2) £
where S(x, y) denotes the S-function. This formula suggests the estimator

2 M
—~2 SX,n/n

7= B 2 i+ 1)(1 = a)' |B(n/2 +i,m/2 +2) + (m/n)(S%,/S3,)B(n/2 + i+ 2,m/2)|,

where the infinite sum is replaced by a finite sum taking into account the terms up to the index M.
The constant M can be rather small; indeed M = 10 suffices for practical purposes, since the series in
the exact formula converges quickly. We investigate in the simulation study whether the estimator 6%
nevertheless works for practical purposes, i.e. non-normal data sets.

The exact formula behind the estimator 6:%, however, no longer holds for non-normal data. An
alternative approach makes use of the fact that the central limit theorem for i, which holds true under

rather weak assumptions and, especially, for non-normal measurements, suggest the variance estimator

2 2 2 2
S m ntmg?2 4 mS ntm g2
— nSy,,+mSy,, n = Xn ns? +mS 2, m = Ym

Ym Ym
2 = ’
n+m

which is consistent as long as the observations have a finite fourth moment.

The jackknife is a versatile and useful statistical tool for statistical problems such as bias and vari-
ance estimation. It has been studied extensively for one-sample problems and has been recently ex-
tended by [1], on which our exposition draws, to two-sample problems and the common mean problem
under ordered variances as discussed here.

The basic idea is to create replicates of the statistic of interest by leaving out one of the available
observation and recalculate the test statistic from that subsample. In this way, one obtains » replications
of the test statistics which can be used to estimate its variability. For equal sample sizes, n = m, the
classical jackknife approach can be used as follows: First, pair the observations, (X, Y1), ..., (X,, ¥,).
Now omit the ith pair and calculate u_; = u((Xi, Y1),...,Xi_1, Yii1), Xis1, Yis1)s - . ., (X, ¥y)) for i =
1,...,n. Then the jackknife variance estimator for Var(u) is defined by

ﬂ,--zy]

There are two drawbacks of this approach: First, pairing of the observations is arbitrary and the estimate
may depend on how data points have been paired. Second, the approach fails for unequal sample sizes.

In [1] jackknife variance estimation for two sample statistics and especially common mean estima-
tors has been studied from a theoretical viewpoint and extended to unequal sample sizes and the case
of ordered variances. That new jackknife variance estimator is calculated as follows: First, fuse the
data sets and write

-1
Var(i) = ——

(Zl""’Zn+m) = (Xl”"’Xn7 Yl""’Ym)’
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ie. Zy,...,7Z, are the measurements of the X-sample and Z,,, ..., Z,,,, are the measurements of the
Y-sample. Let u_; denote the common mean estimator obtained when leaving out the ith measurement.
From those leave-one-out estimators we calculate the pseudo values

&E=nu— (- D, i=1,...,n+m.

The jackknife variance estimator is then given by

= T+ :
n4m ' n+m?
with
n
=) G-
i=1
and
n+m
T = P Z(-fz—f)z

Observe that the recalculation of the estimator also covers the weights used to combine the sample
means. In this way the jackknife automatically takes into account the variability of the common mean
estimator which is due to random weights.

Let us briefly discuss consistency issues. Recall that a statistical estimator 0, for a parameter (or
characteristic) 6§ = 6(F) depending on the underlying distribution F of the data is called consistent,
if 6, converges in probability to 6, as the sample size n tends to co. Consistency is an indispensible
statistical property. It allows, amongst other properties, to replace the unknown asymptotic variance,
o?(T,), of a statistic T, satisfying a central limit theorem such that T, ~approx N(,un,oﬁ(T)/n) for
large n, by such a consistent estimator c>(T,,). This allows to employ the normal approximation to
construct procedures for statistical inference. [4] provide general theoretical results for one-sample
statistics which are asymptotically equivalent to a linear statistic in the sense that the remainder term
is of negligible order in terms of second moments. Indeed, for the one sample problem, consistency of
the jackknife has been establishes for general classes of statistics such as M estimators, rank statistics
and continuously Gateaux differentiable statistical functionals, see e.g. [7] and [8]. In [1] it is shown
that the new two-sample jackknife variance estimator o5 is consistent for the variance of a large class
of common mean estimators including estimations such as the Nair estimator, which is based on a
discontinuous function of the unbiased variance estimators, under weak assumptions.

Although the jackknife represents a quite general statistical tool, its validity in the sense of con-
sistency as a statistical estimator relies on the assumption of independent and identically distributed
random samples. This restriction is, of course, not limited to the jackknife discussed above, but also
applies to other statistical approaches designed for i.i.d. random samples such as the Bayesian ap-
proach discussed below. In order to handle correlated series of measurements, we propose below a
downsampling procedure to decorrelate the data.

2.4. Confidence interval

As shown in [1], the common mean estimators discussed above are asymptotically normal, which
allows us to construct confidence intervals for the true unknown mean (power output) given a valid

AIMS Energy Volume 5, Issue 1, 125-148.



132

variance estimator. Given a variance estimator o for Var(x), one calculates the interval

Cl = [ﬁ— Q1—a/25:,ﬁ— %—a/zﬂ 5

where q;_,/, denotes the (1 —a/2)-quantile of the standard normal distribution, 1.e. ®(q_n2) = 1—a/2.
Then for large enough sample sizes it holds

PueCh~1-a,

such that CI represents an approximate confidence interval with nominal coverage probability 1 — a.
This follows from the validity of the central limit theorem for common mean estimators with random
and possibly non-smooth weights (under ordered variances), see [1].

2.5. Data thinning for decorrelation and massive data sets

Depending on how the PV modules are characterized, there may be serial correlation present in the
data, i.e. we are given time series and not i.i.d. samples. Such correlations can result, e.g., from the
high-frequency data acquisition required for high-throughput production processes. By appropriately
downsampling the data one can obtain thinned data sets which aim at eliminating or at least substan-
tially damping autocorrelations without changing the marginal distribution of the observations. Going
beyond a simple downsampling approach, one may downsample the series at an irregularly spaced
grid, in order to obtain a downsampled subseries which minimizes autocorrelations. To the best of
the author’s knowledge, this approach is novel and has not yet been studied in the literature. In the
simulation study we investigate to which extent this data-adaptive approach leads to accurate results.

Downsampling, sometimes also called subsampling (such that it can be confused with the subsam-
pling method related to the bootstrap for time series, see e.g. [9], means that one re-samples a series of
observations at a lower sampling frequency by taking only each {th observation, where £ > 1 is a natu-
ral number. Often, one assumes that the time series has been obtained by sampling from a continuous
time signal X(¢) at equidistant time points ¢; = iA, such that

X; = X(t;)) = X(iA), i=1,...,n,

for some sampling period A corresponding to a sampling frequency f = 1/A; In this context down-
sampling aims at sampling that signal at a lower sampling frequency f” = 1/A’ < f.

If the data is {-dependent, i.e. two observations are independent whenever their time lag is larger
than ¢, then the resulting downsampled data set consists of independent and identically distributed
data. An important special case of a {-dependent series is a moving average process of order g = € — 1
with i.i.d. innovations. For other forms of dependence, serial correlations could still be present in the
downsampled series, but usually the autocorrelations will be substantially dampened, depending on
how quickly the autocorrelation functions decays. Downsampling can also be an effective tool when
dealing with massive production data, i.e. too large data sets, whose analysis would require too much
computing resources.

Let us denote the original and possibly serially correlated data set by Xi,...,X,, assuming the
observations are ordered in time. Downsampling outputs the series

Xthin,i = X[i? l = la LA am9
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where m is the largest integer less or equal to n/¢€. n/m is called the downsampling rate.

The thinned data set Xin 1, . - ., Xininm Obtained by this downsampling approach now represents a
subsample of size m from the original data set with sample mean and variance close to the sample
mean and variance of the original data sets, such that a common mean estimator calculated from the
thinned data sets will be close to the estimate calculated from the original series as well. But since
the downsampled series can be assumed to be (approximately) i.i.d, the assessment of the estimator’s
variability can be based on simpler formulas which assume i.i.d. data.

The question arises whether one can draw a larger subsample with the above properties by down-
sampling at a lower downsampling rate, in such a way that the autocorrelations are minimized. This can
be achieved as follows by downsampling at an irregular grid: Fix m <nandletl1 <i; <:---<i, <n
be m integers. Then the associated thinned (downsampled) series is X;,, X;,,...,X;,. Consider the
optimization problem to select the grid iy < --- < i,, of size m in such a way that the first, say, r auto-
correlations of the resulting subseries are minimized. This means, 1 < i] < --- < iy < n are selected
such that

MX,m(iT’ ey l;) < MX,m(il 5 e lm)

forall1 <i <--- <i, < n, where My ,,(iy, ..., i,)is a measure which penalizes autocorrelations, e.g.
My (i ..o im) = hmlaX rﬁx,m(h; iyeeeslm)l (D
=1,..., r
where

ﬁX,m(h; il, ey lm) = ?X,m(h; il, sy lm)/:}?Xm(o» ila ey lm)

with
1 m—h . .
Fan(hiin, o) = — Zl(xi, = X)Xy, = Xon)
=
and X,, = iZ?’:] X, is the lag-h autocorrelation coefficient of the series sampled at the grid i; <

- < 1. Instead of the maximal autocorrelation one could also use a sum of squares criterion in
(1). The above combinatorial optimization problem over the set of ordered sequences of m integers
from the set {1,...,n} is characterized by its highly nonlinear objective function My ,(ij,...,i,). An
exhaustive search over the whole solution space D = {(iy,...,i,) e N : 1 < i) < -+ < i, < n}
is, in practice, infeasible. Therefore, we propose to conduct a random search algorithm where, say L,
randomly drawn sets of ordered indices are drawn. Then one uses that set which leads to the optimal
value of the objective function.

2.6. Bayesian approach

Let us contrast the above nonparametric approach with a Bayesian common mean model as studied
in [10]. Let us briefly review the basics; for a comprehensive exposition we refer to [11]. The Bayesian
approach assumes that the parameter 6 of a stochastic model for the observed data is random and
distributed according to a prior distribution 7(6) over the domain ®. The data X is assumed to follow a
known parametric model given the parameter, i.e.

X6 ~ f(x0).
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This means, the conditional distribution is modeled by a parametric family f(-|6), 8 € O, of distri-
butions, typically given by densities, given the parameter §. The joint distribution is then given by
(X,60) ~ f(x|@)m(6) and the posterior distribution of the parameter 6 given (i.e. having observed the
data) x is

[ f(x10)7(6)
[ f(denn(@)der

Usually, the prior belongs to some class of distributions, such that n(6) = n(6;n) for some hyper
parameter 7, typically allowing for explicit formulas. In some case, e.g. for the important class of
exponential families, a conjugate prior exists, such that the posterior distribution is of the prior form,
i.e. m(6;n,) for some value 7, depending on the observed data. In this case, the calculation of the
posterior, i.e. processing the observed data, is simply given by a transformation of the parameter 7.

The common mean model as studied in [10] assumes Gaussian models, N(u, 0'?), i = 1,2,
given the parameter 6 = (u,o0,03,) or, alternatively, (u, crf,o%). The joint density of the samples
x = (x11,...,X2,) given the parameter is

0 x ~ f(Olx) =

2
1
6,01, || iexp | —=—=[(n: — 1s? + ni(u — x;)*
p(xlf, oy ‘TZ)OCi:I o P( 20_1_2[(71 )s; +ni(p = x;)7]

where sl.2 = n,-l—l Zj: (X j—}i)z and x; = nl Z;‘: | Xij Letus discuss the choice of the priors. For laboratory
data as studied in this article, where the precision could vary to some extent but is controlled for, such
that large values are highly unlikely, the conjugate prior for the precisions is not adequate, since it
has a long right tail. Instead, vague priors such as p(t;) o« 1/7;, i = 1,2, are more appropriate and
a constant (improper) prior for the common mean. The prior n(6, 071, 03) = 1/(0710), corresponding
to independence of the variances, is also called righ-Haar prior, see e.g. [12]. It arises as the limit
of the conjugate prior for @, — 0. Alternatively, one could use uniform distributions, implementing
the principle of indifference over some finite interval or use improper priors, which are, however, not
implemented in standard statistical software and thus have to be approximated by proper flat priors.
Jeffreys priors are given by 1(6)!/? where I(6) is the information matrix. For a Gaussian model this
leads to 7r(,u,<72) = 1/0?% a prior which is often not recommended, whereas the single-parameter
Jeffrey priors are m(1) = 1 and (o) = 1/0. The choice of the prior is a great concern in a Bayesian
analysis and may have a noticeable effect on the analysis. See [12] for a recent thorough discussion
and references to the literature.

Bayesian inference relies on the posterior distributions of the parameter 6 given the observed
data, f(6|x), which is used for prediction, point estimation and the construction of credibility in-
tervals. The latter is usually constructed by central quantiles of the posterior distribution, e.g.
CI = [q(0]x)q/2, q(0]x)1-0/21, Where g(6]x), denotes the p-quantile of the posterior distribution f(6)]x).
As explicit formulas are only available in special cases, one relies on simulation methods, especially
Monte Carlo Markov Chain (MCMC), in order to sample from the posterior distributions. Those sam-
ples are then used to make inference.

The question arises how the posterior distribution behaves when the sample size increases. A pos-
terior, m(6|x,), is called consistent, if 7(6|x,)(U) converges to 1, as n — oo, for any neighborhood of the
true parameter value 6, governing the data (i.e. X ~ f(x|6). For smooth priors, Schwartz’s theorem
ensures consistency, provided for every neighborhood U one may find a statistical test for Hy : 6 = 6,
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against H, : 6 ¢ U with power strictly greater than size and if the prior assigns positive probability to
the set of parameter values for which the Kullback-Leibler distance between f(:|0) and f(:|6) is small.
But this result does not apply to uniform priors or improper priors. Here results of Ibragimov and
Has’minskii ensure consistency under general conditions, see [13], on which our discussion draws, for
further discussion and references.

Consistency is an important aspect and a Bayesian model for which consistency does not hold
should certainly not be used, since then the procedure does not learn the correct model even for infinite
sample size and yields a biased guess of the distribution of the data. However, in the presence of
consistency, for large sample sizes the dependence of the posterior distribution on the prior vanishes
and the posterior distribution is close to the true but unknown model f(x|6,). If the model is, however,
misspecified, i.e. if the true distribution fy(-) of the data differs from f(x|¢") for all & € O, then the
Bayesian analyst works with a misspecified model for the data.

The Bayesian notion corresponding to the frequentist’s notion of a confidence interval is the concept
of a credible interval (or set): A set Cp = Cp,, depending on the observed data x is called a-credible set,
for a given prior &, if P(6 € Cp/|x) > 1 — a. Notice that here the posterior distribution of the parameter
given the observed data x is used to set up the coverage probability, whereas the frequentist’s approach
is to calculate that probability with respect to the distribution of the data and requiring that it is larger or
equal to the nominal confidence level, for each fixed value of the non-random but unknown parameter.

3. Data Analysis and Simulations

3.1. Data analysis

The data used in this paper for simulation and data analysis consists of power output measure-
ments under STC of 385 modules obtained from two sun flashers. One of those series are taken at
TUV Rheinland Energy GmbH, the other series was made by the manufacturer using another flasher
device. Analyzing the data shows that X = 178.6614 and s> = 3.543361, whereas y = 178.2499
and s§ = 4.917217. Although the sample means are quite close, the measurement uncertainty differs
substantially. Both data sets are non-normal, as statistically confirmed by the Shapiro-Wilk test for
normality.

Figure 1 depicts a quantile-quantile plot of both series (bold line), i.e. the sample quantile functions
are plotted against each other. It can be seen that the shapes of distributions differ substantially. This
data set is an example where the flash data from the manufacturer can not be easily used to infer the
distributional shape of measurements taken in the laboratory and would require a deeper investigation
going beyond the scope of the present article.

In order to illustrate the data thinning procedure discussed in Section 2.5, both data sets were down-
sampled by taking every 6th data point, i.e. £ = 6. Figure 1 compares the quantile-quantile plot of the
original series and the corresponding curve of the equidistantly downsampled series (dashed line).
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Figure 1. Quantile-quantile plots of the original data sets and the equidistantly thinned
series (dashed line).
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Figure 2. Autocorrelation function of the equidistantly thinned manufacturer data.

The autocorrelation functions of the downsampled manufacturer and laboratory data are shown in
Figure 2 and 3. Those plots also show confidence intervals for a nominal confidence level of 99%, in
order to allow for multiple testing of the £ — 1 = 5 hypothesis tests about the lag & autocorrelations for
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h =1,...,5, against the strong white noise null hypothesis. Note that the global significance level is
then given by @ = 5%. One can notice that both the manufacturer data and the laboratory data show
no significant serial correlations.
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Figure 3. Autocorrelation function of the equidistantly thinned laboratory data.

The above preprocessing results in data sets of size 65. In order to obtain larger thinned data sets,
we downsampled the series at an irregular grid of size m = n/3 = 128. As described in the previous
section, the grid was obtained by a random search. Figure 4 shows the trajectory of the objective
function for 1, 000 iterations. This number of iterations was also used in the simulations.

The associated quantile-quantile plot is shown in Figure 5 and the autocorrelation functions are
depicted in Figure 6 and 7. It can be seen that even for a smaller downsampling rate of n/m = 3
instead of 6 the proposed data-adaptive approach minimizing autocorrelations leads to samples whose
quantile-quantile plot is quite similar to the quantile-quantile plot of the original data. Simultane-
ously, the irregularly space downsampled series show no significant autocorrelations, such that an i.i.d.
assumption is justifiable from a statistical point of view.
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Figure 4. Illustration of the random search algorithm to find an optimal irregularly
spaced grid.
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Figure 5. Quantile-quantile plot of the data sets thinned by downsampling at an irreg-
ularly spaced grid of size 128.
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Figure 6. Autocorrelation function of the manufacturer data downsampled at an irreg-
ular grid of size 128.
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Figure 7. Autocorrelation function of the laboratory data downsampled at an irregular
grid of size 128.

The common mean is estimated by 178.40 with jackknife standard error 0.194 when using the
Graybill-Deal estimator and by 178.36 with a jackknife standard error 0.171 when relying on the Nair
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estimator for ordered variances. Here, for illustration, we applied Nair’s estimator with the second
sample having the smaller variance estimate, since otherwise both estimators coincide.

Fixing the nominal confidence level at 95%, let us illustrate the confidence intervals discussed
above. The asymptotic confidence interval for the common mean using the Nair estimator is given by

Cl,, =[177.86,178.72]

whereas the jackknife variance estimator leads to the tighter confidence interval

Cliu = [178.03,178.78].

The simulation study below shows that, overall, the jackknife confidence intervals are more accurate
from a statistical point of view and should therefore be preferred in data analyses.

As suggested by a referee, we also investigated the Bayesian approach. We studied two Bayesian
models with non-conjugate priors. For model B1 the priors were selected as

6 ~ N(180,20%), (o, 0) = 1/(010).

The flat normal prior for 6 is used as a proxy for an improper constant prior. The specification for
the second Bayesian model (B2) assumes that the uncertainty about the standard deviations can be
modeled by uniform distributions over the interval [1.5; 3], i.e.

6 ~ N(180,20%), n(o;) ~ U(1.5;3), j=1,2.

Computations were done using R and JAGS. Markov Chain Monte Carlo (MCMC) simulations to sam-
ple from the posterior distributions were conducted with a burn-in-period of 1, 000 runs. Then a sample
of size 5,000 was simulated from the posterior distribution of the common mean parameter given the
data, in order to determine the credible interval. Figure 8 shows the Gelman-Rubin diagnostics plots
for model B1, which are passed, when running four MCMC chains. For model B2 the Gelman-Rubin
plot leads to a similar result indicating convergence of the MCMC chain and is therefore omitted.
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Figure 8. Gelman-Rubin diagnostics plot for model B1.

The mean of the (simulated) posterior distribution is 178.32 and for model B1 the credible interval
is simulated as [178.15, 178.47]. For model B2 we obtain the interval [178.19, 178.46]. Both intervals
are tighter than the nonparametric intervals, but the simulations below show that the nominal coverage
probability of 95% is not reached.

3.2. Simulations

The aim of the simulation study was to investigate the statistical quality of the discussed variance
estimators for common mean estimation and, especially, the accuracy of the associated confidence resp.
credible intervals for the common mean in terms of their coverage probabilities. Further, the aim was
to analyze how the proposed data adaptive procedure to decorrelate time series measurements works
for the problem at hand.

3.2.1. LI.D. Sampling

The simulations address all three variance estimators for the Graybill-Deal common mean estimator.
The jackknife variance estimator was also applied to the Nair estimator for ordered variance, but we
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do not report the results, since they were quite similar to the results for the Graybill-Deal estimator.
In particular, we are interested in investigating the accuracy of the jackknife approach. We focus on
the case that the measurements follow the empirical distribution of the given industrial PV data set
of power output measurements. This means, we benchmark the methods with real PV distributions
instead of using simulation models for the measurement errors. The data sets were calibrated in such
a way that both of them have the same mean by transforming the Y-data using the calibration function
k(y) = y—0.4415 calculated from the full original data. Then, for various sample sizes random samples
were drawn from both data sets to mimic future testing of modules.

Since usually large flasher lists are available from the manufacturer, we were interested in highly
unbalanced samples where the sample size of the Y-sample (from the manufacturer or previous exper-
iments) is much larger than the sample size of the X-sample taken in the laboratory. Here the question
is to which extent measurements taken at the production line can substitute lab measurements of higher
quality. A similar situation occurs when a data set of a lot is available and additional test measurements
are made, in order to check the current power output. If there is no evidence for a loss of power, one can
combine the data to estimate the true power output using both data sets. The sample size required to
decide, on statistical grounds, whether or not the lot is in agreement with the specs, can be determined
using the PV-specific acceptance sampling methods provided by [14], [15], [16] and [17].

We evaluated the variance estimators in terms of their bias, variance and RMSE. Those quantities
reflect systematic deviations (bias), estimation error (SE) and the overall statistical quality (RMSE).
The main purpose, however, of estimating the variance of the common mean estimator is to calculate a
confidence interval, in order to assess the precision resp. uncertainty of the point estimate for the mean
power output given the available data. Since for a confidence interval the real coverage probability that
the calculated confidence interval indeed contains the unknown true power output is of main interest.
Therefore, we determined, by simulation, the true coverage probabilities of the confidence intervals,
for each method of variance estimation.

The sample size n of the X-sample representing high-quality laboratory measurements was chosen
between 10 and 30. The sample size m of the second data set representing measurements from the
manufacturer (or previous data of lower accuracy) was set equal to the sample size from the lab and
then further increased up to 200. For each combination obtained in this way, the statistical measured
discussed above were determined for the variance estimator b\'% based on Nair’s formula, the estimator
o3 arising from the central limit theorem and the jackknife variance estimator 6%. Each quantity was
estimated based on 10, 000 simulation runs. The nominal confidence level for our study was chosen as
95%.

The simulation study also covers the two Bayesian models discussed above. For each simulation
run samples of size 5, 000 from the posterior distribution were simulated by the MCMC approach with
a burn-in period of 1, 000, in order to determine the credible intervals for the common mean.

The results are shown in Table 1. Concerning the interpretation of the numbers given there, it is
important to note that the columns SE and RMSE provide measures for the accuracy of the variance
estimator and not of the common mean estimator. Especially, SE is the square root of the variance
of the variance estimator of the common mean estimator and not its standard error. The coverage
probabilities of the confidence resp. credible intervals for the common mean are denoted by py,;, for
Nair’s method, p,; when using the variance estimator based on the asymptotic normality, p . for the
confidence interval based on the jackknife variance estimator of the GD common mean estimator, and
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the coverage probabilities for the two Bayesian credible intervals are denoted by p¢;_p; for model B1
and pc;_p, for model B2.

It can be seen that the variance estimator based on Nair’s formula does not work properly. The
asymptotic variance estimator provides very good results in terms of the RMSE and is better in this
respect than the jackknife variance estimator. But the accuracy of asymptotic confidence intervals, p,;
is poor compared to the highly accurate confidence intervals based on the jackknife, p .

The Bayesian approach is disappointing. The coverage probabilities pc;-p; for model B1 are no-
ticeably lower than the nominal coverage probability 95% even for large sample sizes. This indicates
that the Bayesian intervals are too optimistic in terms of the uncertainty. This effect is even more
pronounced for the Bayesian model B2.

In all cases we studied here the confidence intervals constructed from the jackknife variance es-
timator are highly accurate and definitely outperform the other approaches. Even when it comes to
highly unbalanced samples the jackknife’s assessment of the estimator’s variability and the associated
confidence interval are highly reliable from a statistical point of view.
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Table 3 provides, for the same settings as above, the expectations of the variance estimators based
on the asymptotic formula and the jackknife. In addition, their ratio is given. On average, the asymp-
totic formula provides smaller variance estimates than the jackknife, which, however, give too tight
confidence intervals with lower than nominal coverage probabilities, see above. When the sample
sizes increase, the ratio gets closer to 1, the limiting value due to the consistency of both estimators.

Table 3. Accuracy of Variance Estimators and Confidence Intervals

n m Asymptotics Jackknife Ratio

10 10 0.045 0.062 0.725
10 25 0.027 0.034 0.797
10 50 0.016 0.019 0.839
10 100 0.009 0.010 0.885
10 200 0.005 0.005 0.915
20 20 0.024 0.028 0.853
20 50 0.014 0.015 0.904
20 100 0.008 0.009 0.937
20 200 0.005 0.005 0.960
30 30 0.016 0.018 0.902
30 50 0.012 0.013 0.925
30 100 0.008 0.008 0.949
30 200 0.004 0.004 0.969

3.2.2. Time series

The following second set of simulations assumes that the measurements form weakly dependent
time series and investigates the accuracy of the proposed downsampling approach with a random search
to minimize the serial correlations. In order to get insights into the statistical accuracy, a subsampling
simulation approach was used where the simulated data sets consist of real blocks of real calibrated
measurements to preserve autocorrelations present in the real data, cf. [9] and the references given
therein.

For each given sample sizes n and m subsamples of consecutive measurements from the original
data sets were drawn, starting at a randomly chosen index. In other words, block bootstrap resampling
was applied, a procedure which yields subsamples which contain the serial correlations present in a
real time series of length equal to the block size. Those subsamples drawn according to the block
bootstrap scheme were, however, not directly used to calculate the statistics. Instead, we applied the
proposed data thinning procedure, in order to decorrelate them. Each subsample was downsampled to
sample sizes n’ = n/3 and m’ = m/3, respectively, at irregularly spaced grid points using the proposed
random search optimization algorithm, in order to minimize the autocorrelations up to the lag r = 8.
The random search algorithm was applied with 1,000 randomly selected sets of strictly ordered grid
points. The grid points leading to the minimal value of the objective function (1) among those 1,000
candidate sets was then used as the final simulated thinned data set. Then the variance estimators and
confidence intervals were calculated from those thinned series of length n” and m’. Table 2 provides
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the results for a couple of sample sizes leading to sample sizes of the downsampled series between 30
and 100. Each table entry is based on 5, 000 simulation runs.

The simulation results demonstrate the high accuracy of the jackknife confidence intervals, which
perform, for the cases studied here, better than the asymptotic confidence intervals, especially for
smaller sample sizes. The Bayesian credible intervals again lead to substantially lower than nominal
coverage probabilities indicating that they produce too optimistic, i.e. too narrow intervals.

4. Discussion and Conclusions

Common mean estimators allow to combine data sets collected using different measurement sys-
tems such as a flasher at the production line of a manufacturer and a flasher of a testing laboratory,
e.g. to determine the power output of PV modules. Similarly, two data sets are available, when data is
collected at two time points when two laboratories characterize the same modules. As both the mea-
surement uncertainty in terms of the standard deviation of measurement errors and the distributional
shape of the measurement error may differ substantially, the question arises how one can assess the
standard error of such a common mean estimator. This is of substantial practical importance and is
also needed to set up improved confidence intervals for the true but unknown power output of the PV
modules under investigation, which combine the information contained in both series of measurements.

We discuss three statistical approaches to estimate the variance of common mean estimator and
construct confidence intervals and two Bayesian models leading to Bayesian credible intervals. Those
approaches were evaluated by simulating their performance, focusing on the coverage probability of
the confidence resp. credible intervals as the most important statistical property. In the simulations
the measurement errors follow real world distributions. Here two simulation approaches were studied,
namely i.i.d. sampling assuming the original data sets satisfy the i.i.d. assumption and a nonpara-
metric subsampling procedure with data adaptive data thinning to decorrelate the subsamples. The
latter approach assumes that the measurement series are weakly dependent time series and downsam-
ples the series at irregularly spaced time points in such a way that the autocorrelations present in the
downsampled series are minimized.

The results show that, for all settings studied here, the jackknife variance estimator is preferable.
It leads to accurate estimates of the estimator’s standard error and, most importantly, the jackknife
outperforms the other approaches in terms of the accuracy of the coverage probability of the corre-
sponding confidence intervals, on which our study focuses. This even holds true for highly unbalanced
samples where the sample sizes differ substantially. As a result, our results show that one can improve
the efficiency significantly by combining a series of test measurements with an additional data set of
observations with larger measurement errors. However, we do not recommend to use the extreme cases
investigated in the simulations (such as n = 20 and m = 200), as any decision including estimates of
the true power output should be based on a sufficiently large sample of high-quality test measurements.
In addition, we compare our nonparametric proposal with a Bayesian approach where the common
mean and the variances are assumed to follow prior distributions. It turns out that the Bayesian credi-
ble intervals are noticeably less accurate than the confidence intervals based on the jackknife variance
estimator.

Those conclusions apply to both sampling approaches studied in this paper and, especially, demon-
strate that the proposed data adaptive downsampling procedure to decorrelate the measurement series
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works well and leads to accurate nonparametric confidence intervals for the photovoltaic data studied
here. Over all, the jackknife confidence intervals based on the jackknife variance estimator leads to
highly accurate confidence intervals and improves upon the asymptotic confidence intervals based on
the central limit theorem, especially for smaller sample sizes. The Bayesian models lead to credible
intervals, which are too narrow in view of estimation uncertainty inherent to the true underlying distri-
butions, and therefore result in substantially lower than nominal coverage probabilities as evident from
the Monte Carlo simulations.

We may conclude that the real-data driven simulations illustrate that the jackknife variance estima-
tion provides an easy-to-use, reliable and powerful approach to determine the precision of the common
mean estimator and calculate confidence intervals. The resulting confidence intervals are highly ac-
curate and avoid model errors as they do not impose restrictive assumptions on the distribution of the
data.
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