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Abstract

Psychometrics questions the use of dichotomous decisions. For these reasons, De Los Reyes and

Wang (2012) favour a continuous funding decision system, in which the funded percentage of a re-

quested grant sum is coupled to the ratings that a proposal receives in the ex ante peer evaluation. In

contrast to the ‘winner takes all’ philosophy in a dichotomous funding decision system, a continuous

system takes the low reliability of peer review ratings into account. Funding decisions are mostly

based on peer review rating systems that have rather low inter-rater reliability. This article aims to use

psychometrics to simulate the two funding decision systems, to compare them to the funding deci-

sion system implemented by a real funding organization, and with this, to investigate for the first time

the effects of measurement errors on funding decisions. We used peer review data from the Austrian

Science Fund (FWF) (N¼ 8,496 proposals), which obviously implements a hybrid funding decision

system. The approval rate at FWF is 44.5%; our findings show that the approval rate would be 32.1%

using a purely dichotomous system and 58.4% using a continuous funding decision system. As the

funded percentage of a proposal’s requested grant sum increases with increasing mean ex ante peer

evaluation of a proposal (r¼ 0.23), the FWF also shows elements of a continuous funding decision

system. Relative to a continuous system, a dichotomous system reduces the approval probability of a

proposal overall. This is even the case for high-quality proposals (approval probability �0.70).
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1. Introduction

Considering research funding at universities today, where university

personnel resources and equipment are hardly adequate for larger re-

search projects, external project funding is essential for research in

many countries, even if Tatsioni, Vavva and Ionanidis (2010) came to

a different conclusion in their analysis of funding resources related to

the papers awarded the Nobel prize: ‘A substantial portion of this ex-

ceptional work was unfunded’ (Tatsioni, Vavva and Ionanidis 2010:

p. 1335). However, funding decisions are mostly based on a peer re-

view rating system that has rather low inter-rater reliability, as a large

number of papers on journal peer review and peer review of grant

proposals have shown (e.g., Cicchetti 1991; Marsh, Jayasinghe and

Bond 2008; Marsh 2008; Bornmann, Mutz and Daniel 2010;

Bornmann 2011; Mutz, Bornmann and Daniel 2012a).

In this article we examine empirically what an alternative ap-

proval decision procedure could look like that explicitly takes the

unreliability in the peer review system into account. With this, we

also want to take up the recently voiced demand that the effective-

ness of different funding methods should be tested (Ioannidis 2011,

2012; Nicholson and Ioannidis 2012). Following the ‘winner takes

all’ philosophy, current funding systems largely use the dichotomous

approach to funding (i.e., small subgroup of total applications
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receives funding, remainder receives no funding). An alternative to

‘winner takes all’ funding systems was sketched theoretically by De

Los Reyes and Wang (2012). De Los Reyes and Wang (2012) uti-

lized concepts from psychometric research and theory, which are

used for the construction of psychological tests. They assumed that

ex ante evaluations of proposals are based mostly on ‘reviewers’

subjective impressions of the scholarly merit of funding proposals’

(De Los Reyes and Wang 2012: 298). Peers are asked to rate pro-

posals subjectively using Likert-type rating scales, which—like the

scales of a psychological test—can be examined psychometrically.

This type of quantitative peer review system is used, for example, by

the National Institutes of Health in the USA, the Australian

Research Council, and the Austrian Science Fund (FWF). For each

proposal, the funding organization has the individual referees’ rat-

ings on the uniform scale. De Los Reyes and Wang have proposed a

continuously distributed funding system, in which the funded per-

centage of a requested grant sum is coupled to the ratings that a pro-

posal receives in the ex ante peer evaluation. For the purpose of

simplification, we use the term ‘continuous funding decision’ and

the term ‘dichotomous funding decision’ instead of ‘continuously

distributed funding system’ and ‘dichotomous funding decision sys-

tem’ in the remainder.

De Los Reyes and Wang (2012) presented a purely theoretical

analysis; their concept has not as yet been put into practice at a re-

search funding organization, and it has not yet been modelled using

data from a research funding organization. As we have access to an

extensive set of data from a research funding agency, we undertook

modelling the concept in an empirical study. In this study we carried

out a psychometrically oriented reanalysis of data on the funding de-

cision procedure used at the FWF. The FWF is Austria’s central

funding organization for basic research (Fischer and Reckling 2010;

Sturn and Novak 2012). A first mention of De Los Reyes and

Wang’s (2012) psychometric concept in peer review research is

found in Marsh, Jayasinghe and Bond (2008), but only here in this

paper the concept is actually fleshed out.

The study focusses on the following questions:

1. Impact: What is the impact of the different funding systems,

pure continuous (scenario I) and pure dichotomous funding deci-

sions (scenario II) on the number of proposals receiving support?

How are the decisions that result from these funding systems to

be assessed, compared to actual practice at the FWF?

2. Fairness: Are women and men, younger and older researchers,

and the different scientific disciplines treated fairly by the differ-

ent funding systems?

3. Reliability: To what extent in the different funding systems do

measurement errors (lack of reliability of the peer review system)

have an effect on approval decisions?

The FWF has implemented a hybrid funding decision system

(including dichotomous and continuous elements). Even though the

referees rate the proposals on a rating scale, the FWF leaves the final

approval decision (approval or rejection) to the FWF Board of

Trustees. Beyond that, the amount of support granted and the ori-

ginally proposed budget differ in over half of the proposals

approved for funding by more than 10% (as is foreseen by the con-

tinuously distributed funding decision system). With the aid of the

FWF data, it was now possible to simulate two extreme situations—

strictly dichotomous funding decisions and continuous funding

decisions. The hybrid funding decision procedure at FWF can be

positioned between the two scenarios.

The article is organized as follows: The approach of De Los

Reyes and Wang (2012) is described in the next section, followed by

both the method part, which illustrates the data and the psychomet-

ric approach, and the result part, structured according to the three

research questions of this study. The article ends with a summary

and discussion of the results.

2. Continuously distributed funding system
approach of De Los Reyes and Wang (2012)

De Los Reyes and Wang (2012) asked whether ‘the process of fund-

ing research proposals’ should ‘be a dichotomous (i.e. “fund/not

fund”) or continuous (i.e. degrees of support beyond fund/not fund)

decision-making process’ (De Los Reyes and Wang 2012: 299). To

answer this question, the researchers assumed that there is a theoret-

ical construct like ‘research fundability’ that can be measured quan-

titatively relying on referees’ ratings. Dichotomous decision making

assumes a dichotomous distribution of research fundability ‘in

which the underlying theoretical question is, “Does the scholarly

merit inherent in a research proposal support its fundability or

not?”’ (p. 299). In contrast, continuous decision making assumes,

statistically, a continuous distribution of fundability based on the

following question: ‘Does a research proposal that achieves some

minimum-degree threshold of scholarly merit inherently warrant

some degree of fundability, commensurate to that merit?’ (p. 299).

De Los Reyes and Wang (2012) favour the latter alternative, as it

has—from a psychometrical perspective—increased validity and

could improve the quality of funding decisions. Fortin and Currie

(2013) reached a similar conclusion in their study on the Natural

Sciences and Engineering Research Council of Canada. They asked

whether it is ‘more effective to give large grants to a few elite re-

searchers, or small grants to many researchers?’ (Fortin and Currie

2013: 1). Their empirical findings showed that ‘funding strategies

that target diversity, rather than “excellence,” are likely to prove to

be more productive’ (1).

De Los Reyes and Wang (2012) favour a ‘continuously distrib-

uted funding system’ for three main reasons: First, when funding de-

cisions are made dichotomously, a quantitative variable is

dichotomized. From the perspective of measurement theory, there is

a loss of information connected with the transition from an interval

scale to a dichotomous scale. Beyond that, dichotomization leads to

a substantial reduction in reliability; here, De Los Reyes and Wang

refer to a study by Markon, Chmielewski and Miller (2011). But es-

pecially pertinent here is the methodological literature on the subject

of the ‘dichotomizing of quantitative variables’ (e.g., MacCallum

et al. 2002; Magnano, Tannonia and Andr�a 2015). According to

McCallum et al. (2002), for example, the reliability for the reliabil-

ity index qxx(3) of 0.80 prior to dichotomization is reduced to 0.60

after dichotomization. A reliability of 0.60 decreases to 0.40 after

dichotomization. Secondly, De Los Reyes und Wang (2012) found

that ‘dichotomous decision-making results in wasted human capital’

and further referred to Ioannidis (2011). As a result of the ‘winner

takes all’ philosophy of dichotomous decision making, researchers

are forced to devote a considerable amount of work time to writing

research proposals that altogether represent more funds and projects

than their research institutes could actually carry out. This is the

practice in view of the fact that there is a low probability that any
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one proposal will receive support. Thirdly, dichotomous decision

making ‘creates uncertainty as to whether funded projects might

have addressed the same or highly similar research aims with less

funding’ (De Los Reyes and Wang 2012: 301). Researchers could be

tempted to raise the budget requested in a proposal by the amount

of the anticipated percentage reduction of the grant sum.

With the percentile-based method used in this study, the total

grant funds of a research funding organization are distributed to

considerably more research funding proposals than is the case with

dichotomous funding decision making. Taking a fictitious example,

De Los Reyes and Wang (2012) showed that in a dichotomous deci-

sion making 10% of the best-rated proposals receive the full pro-

posed budget, but in a continuous decision system, the percentages

increase to 20–26% of the best-rated proposals.

De Los Reyes and Wang (2012: 302) named the following disad-

vantages of a continuously distributed funding system: (1) After

receiving considerably less funding than their originally proposed

budgets, which is to be expected more frequently with continuous

funding than with dichotomous funding, researchers would have to

revise their projects; (2) The continuously distributed funding system

would continue to contain a dichotomous decision component. It is

necessary to identify a minimal threshold for approving a proposal

for funding. As this is often a difficult undertaking, De Los Reyes

and Wang ‘encourage future research to identify optimal thresholds

for reliably and validly distinguishing between clearly meritorious

and not meritorious funding proposals’ (2012: 303).

3. Data and methods

3.1 Data and variables
In this study we reanalysed data that were collected in the context of

the usual review procedures at FWF (Mutz, Bornmann and Daniel

2012a, 2012b, 2013, 2014a, 2014b). The data pool contained all

proposals for research projects called ‘Stand-Alone Projects’ that

were submitted from 1999 to 2009 and make up 60% of all FWF

grants (in addition to stand-alone projects, the FWF also categorizes

proposals as ‘Special Research Program’, ‘Awards and Prizes’, and

‘Transnational Funding Activities’). A total of N¼8,496 proposals,

which were rated by external referees (on average by two to three

referees for each proposal), with complete data for the variables

used in this study were available. At the FWF it is the grant appli-

cant’s task to assign the proposal to the different scientific discip-

lines (maximal 4). They can assign the proposal to more than one

discipline using percentages (e.g. 30% clinical medicine, 70% pre-

clinical medicine). The discipline with the highest percentage is

taken as the proposal’s main discipline (Mutz, Bornmann and

Daniel 2014b: 32).

Of the FWF grant applicants, 17.7% were women and 82.3%

men. Their median age was 45 years (M¼46.7, SD¼9.77,

MIN¼23, MAX¼87). For this study we divided the applicants

into quartiles according to age (younger than age 39, age 39–44, age

45–54, and older than age 54). Overall, the FWF granted support to

44.5%, or 3,788, of the research proposals submitted.

The following five central variables were included in the empir-

ical analysis:

• EXANTE: In an ex ante peer evaluation, referees rated the merit

of each proposal on a continuous scale from 0 to 100 (from poor

to excellent), which is assumed to be interval-scaled for measure-

ment purposes. For the proposals in the data set there were a

total of 23,977 individual referees’ ratings. For the analysis,

however, we used the mean ratings of a proposal as a proposal’s

mean score across all referees (called here EXANTE). The indi-

vidual ratings of a referee and their variability were used in the

reliability analysis.
• Requested grant sum: For each proposal the originally proposed

budget in E was available to us.
• Approved grant sum: In addition to the requested grant sum, the

actually allocated funding support in E was available to us.
• Funded percentage: For each approved proposal, the funded per-

centage of a proposal’s requested grant sum was known. This is

the proportion of the originally proposed budget that the actually

allocated funding support represents.
• Funding decision: For each proposal, the funding decision

(approved or not-approved for funding) was available.

3.2 Funding decision systems
In addition to the funding decision system implemented by the FWF,

two further, contrasting funding decision systems (continuous,

dichotomous) were simulated with the data.

It is characteristic of a continuous funding system that not the

full originally proposed budget is approved but instead only a cer-

tain percentage thereof. This amount depends on the proposal’s

EXANTE: The higher EXANTE is, the higher the percentage of the

requested grant sum that is approved (the highest allocated amount

of funding support would be 100% of the total budget proposed in

the grant application). To create an approval schema for this study,

percentiles of EXANTE are used. The percentiles indicate what per-

centage of the sample of proposals has a score (i.e., referees’ mean

value in EXANTE) that is smaller than the score of a certain pro-

posal (Bornmann et al. 2011: 864f). To create a continuous ap-

proval schema, in addition to the calculation of the percentiles, also

proportions of requested grant sum need to be assigned to the per-

centiles. De Los Reyes and Wang (2012) chose the minimum and

maximum as follows: The highest allocated amount of funding sup-

port would be 100% of the total budget proposed in the grant appli-

cation, and the lowest would be 20% (the ‘floor’).

The percentiles were assigned to the proportions of requested

grant sum as follows: Proposals with EXANTE placing them in the

95th percentile and higher are supported with 100% of the re-

quested grant sum. Proposals that are in the 90th percentile and

higher were supported with 90%. We implemented this schema as

far as the floor, with 5th percentile intervals and dropping the per-

centage of the requested grant sum by 10% for each percentile inter-

val. On the floor, proposals that are in the 43rd percentile and

higher were supported with only 20% of the proposed budget.

Proposals in the 1st–43rd percentile were not approved for any sup-

port. EXANTE scores in the 43rd percentile represented the min-

imum degree of merit that a proposal must meet for funding

approval. Absolute lowest thresholds for approved grant sums,

which certainly make sense for real funding organizations, were not

defined in the simulation in this study. As the total funding budget

available to the FWF we used the total of requested grant sums in

the 3,788 approved proposals: 639.77 million E. With this upper

limit it is ensured that the simulated funding decision systems remain

within the financial limits of the FWF. The number of approved pro-

posals under the continuous funding decision system was deter-

mined using the information on the percentiles, the assigned

proportions, and the total funding budget.
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A dichotomous funding decision system is based on an ‘all-or-

nothing’ or ‘winner takes all’ decision rule. If a proposal is approved

for funding, either 100% of the originally proposed budget is allo-

cated as the amount of funding support, or nothing at all. We simu-

lated this using the data available from the FWF as follows: All

proposals were sorted in descending order by EXANTE scores, so

that the highest rated proposal ranked the highest (1st place) and the

proposal with the lowest score ranked the lowest (Nth place, if N

proposals). The requested grant sums were then cumulated across

the ranking places. For example, the cumulated requested grant sum

of the proposal ranking in third place is the sum of the requested

grant sums of the proposals ranking in the first three places. If in the

ranking sequence the cumulated requested grant sum of a proposal i

exceeds the total funding budget of the FWF, then the proposal that

is one place higher (i-1) is the last proposal to receive funding sup-

port. The ranking place number i-1 indicates the number of sup-

ported proposals. With the discrete funding decision system, the

sum of the requested grant sums of the best proposals does not ex-

ceed the total funding budget of the FWF.

3.3 Reliability analysis
In peer review, ratings can be expected to show systematic effects

(e.g. judgment biases of the referees) and random fluctuations that

were not taken into account above in the comments on simulation

of the two funding decision systems. For example, some referees

may judge a proposal too strictly, others more leniently (Siegelman

1991). Following Graves, Barnett, and Clark (2011), who without

reference to a measurement theory simulated the effect of random

fluctuations on funding decisions using a simple non-parametric

bootstrap procedure, we took a measurement-theoretical approach

here that should help determine the effect of measurement errors on

funding decisions.

To model random fluctuations or random measurement error,

classical test theory is particularly suitable for the following reasons.

First, the approach proposed by De Los Reyes and Wang was

defined within a psychometric framework. Secondly, psychometric

concepts are well established in peer review research (e.g.

Jayasinghe, Marsh and Bond 2003; Marsh and Bazeley 1999).

Thirdly, the true-score concept represents central elements of the

FWF peer review process. The FWF (and probably other funding or-

ganizations) uses the average of the peer referees’ ratings as an em-

pirical base for funding decisions. Classical test theory is a

prominent concept in psychometrics, or the methodology of psycho-

logical testing. Test theory assumes that an observed score is made

up of two elements: a true score, s, and a random error term, e

(Gulliksen 1950; Novick 1966; Lord and Novick 2008):

x ¼ s þ e (1)

With regard to grant peer review, the following can be used as

the observed score x: the individual rating, xji, of a referee i of a pro-

posal j, or the mean peer review rating of a proposal j across all ref-

erees i of that proposal, xj. As individual referees’ ratings in funding

decision procedures are not of interest for the research questions in

this study, we used the overall referees’ mean rating of a proposal

(EXANTE) as the observed score, which can be divided into two

elements as follows:

xj ¼ s j þ e j (2)

The true score, sj, represents the measurement-error-corrected

EXANTE of a proposal j, the so-called expected value E(xj), and

should not be necessarily equated with the mean of xji of a proposal j

across all referees i of a proposal. As stated above, the true score is only

corrected for random fluctuations, represented by ej but not for any

systematic biases. However, as the nonparametric bootstrap procedure

used by Graves, Barnett, and Clark (2011) starts with the individual

referees’ ratings, it certainly overestimates the variability of ratings and

thus the effect of random fluctuations on funding decisions.

The equation above (Equation 2) does not permit separate estima-

tion of the two components sj and ej. Therefore, repeated measure-

ments of the observed scores are necessary. One option is to have a

second set of referees rating the same proposal again. Another possi-

bility for repeated measurements is to divide the referees’ rating of a

proposal into two groups. The mean ratings of the second group serve

as the repeated measurement of the mean ratings of the first group. In

a third option, which we follow here, the inter-rater reliability, in par-

ticular the intra-class correlation, is estimated at the level of the indi-

vidual referees’ ratings in the sense that the single referee’s rating of a

proposal provide for the replicates (Jayasinghe, Marsh and Bond

2003: 287). To complete the measurement error theory, the following

additional assumptions (Equations 5–6) are made, whereby i indicates

the replicate (e.g. referee, different referee set, time point):

E ejijsj

� �
¼ E eji

� �
¼ 0 (3)

r eji; s j

� �
¼ 0 (4)

r ej‘i; eji

� �
¼ 0 j‘ 6¼ jð Þ (5)

r eji‘; e ji

� �
¼ 0 i‘ 6¼ ið Þ (6)

r 2 xj

� �
¼ r 2 sj

� �
þ r2 ej

� �
(7)

The conditional expected value given the true score, and the ex-

pected value in general of the error component, is zero (Equation 3).

The true score and the error component are not correlated (Equation

4). Neither the error component between replicates of referees’ mean

ratings within a proposal (Equation 5), nor the error component be-

tween different proposals (Equation 6) are correlated. Consequently,

the variance of the observed scores, xj, can be decomposed into true-

score variance, r2(sj), and error variance, r2(ej) (Equation 7). The as-

sumptions will be violated, if, for instance, the same referee reviews

different proposals (Equation 6). Possible violations of assumptions of

that kind were not further considered in this study. The model can

also be represented as a multilevel or mixed-effects model, where the

random effects represent the true scores (Kamata, Bauer and

Miyazaki 2008: 346f; Jin and Mesbah 2014).

The reliability of the observed scores, xj, is the ratio of true score

variance and total variance: rtt¼r2(sj)/r
2(xj), which varies between 0

(no reliability) and 1 (perfect reliability). With respect to referees’ ratings,

the following intra-class correlation for the mean rating, qM, provides

for the reliability measure, rtt, using the Spearman-Brown prediction for-

mula (Bartko 1976: 763f; Jayasinghe, Marsh and Bond 2003: 287):

qM ¼ Nq=ð1þ N� 1ð ÞqÞ; (8)

where q is the single-rater reliability or intra-class correlation of in-

dividual referees’ ratings (Spearman-Brown calculation), and N is

the (average) number of referees rating a proposal.

The standard error of measurement, SEM, which is an index

of the variation of the random error, is SEM¼r(xj)�(1-rtt)
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(Harvill 1991: 34), where r2(xj) is the variance of referees’ mean rat-

ings across all proposals. Given the true score of a proposal, the

observed referees’ mean rating of that proposal varies within a 95%

confidence interval of sj 6 1.96 SEM (Dudek 1979).

However, for the research questions in this study, the opposite

case is of interest: Starting with the known observed score (the ref-

erees’ mean rating of a proposal), a score band around an observed

score is calculated to obtain the unknown true score. Based on

Gulliksen (1950), Harvill (1991: 37) provided the following formula

for the score band (especially, the 95% confidence intervals of the

assumed true score):

Mþ rtt xj �M
� �� �

61:96 r xj

� �
� 1� rttð Þð Þ �rttð Þ; (9)

where the term in bracket, [Mþ rtt (xj - M)], is the estimate of the

expected true score of proposal j, and the term, r(xj)(�(1-rtt)) (�rtt),

is the SEM with respect to proposal j. M is the overall average of the

referees’ mean rating of a proposal. If reliability is perfect (rtt¼1.0),

the true score (term in bracket) will be equal to the observed score,

xj. If the reliability is far from perfect (rtt<1.0), the observed score

of a proposal will be shrunk to the mean score M to obtain the ex-

pected true score. Furr and Bacharach (2008: 153) speak of a regres-

sion to the mean effect. The lower the reliability, the higher the

shrinkage. In the extreme case of no reliability (rtt¼0), the expected

true score equals the overall mean score M. Therefore, the referees’

mean rating of a proposal will equal its true score only if the reliabil-

ity is perfect. Eventually, the true scores are nothing but Empirical

Bayes Estimates, as they are estimated in multilevel modelling to ob-

tain expected values for the groups means on the aggregate level

(Mutz and Daniel 2007; Hox 2010: 30). In addition, the confidence

interval of the true scores for a given observed score of a proposal

increases as the reliability approximates 0.5 (maximum).

The parameters in Equation (9) could be estimated based on the

FWF data, so that for each proposal the expected true score and the

95% confidence interval of the true score could be calculated. As

the analysis showed, the overall average of the referees’ mean rat-

ings, M, amounted to 81 (100 point grading scale). The standard de-

viation of the referees’ mean ratings, r(xj), was 12.47. According to

our study on the reliability of the FWF peer review system (Mutz,

Bornmann and Daniel 2012a), the intra-class correlation for the in-

dividual ratings amounted to q¼ .259. Regarding the average num-

ber of reviews of 2.82 referees per proposal, the intra-class

correlation qM for the mean ratings (Equation (8)) could be calcu-

lated (qM¼ .495) and also the reliability coefficient, rtt. For ex-

ample, if the mean rating of a proposal was 90, the expected true

score, sj, of this proposal amounts to [Mþ rtt

(xj�M)]¼ (81þ0.495� (90�81))¼85.5. The assumed true scores

vary within a 95% confidence interval of 6 1.96 r(xj)(�(1-rtt))

(�rtt)¼1.96�12.47� �((1�0.495)� (0.495))¼612.22 units around

the expected true score [73.3, 97.7].

Based on the psychometric approach with true score and error

component outlined above, a simulation could be carried out that

explicitly took into account the reliability of the peer review system.

The analysis was carried out at the level of the calculated true scores.

There were three steps to the simulation:

1. For the referees’ mean rating (EXANTE) of each proposal, the

corresponding expected true score and SEM were calculated (see

Equation (9)).

2. With the help of a random number generator and under the as-

sumption of a normally distributed error component, 10

replicates of true scores for each proposal were obtained, which

were distributed according to the expected true score and the

SEM of a single proposal. Simulated true scores above 100

(below 0) were set to 100 (0).

3. The two funding decision systems (continuous, dichotomous)

were applied to each set of replicates. For each proposal, the

proportion of replicates that received funding was calculated.

The simulation was done not only for different funding decision

systems but also for the different number of referees that was re-

ported in the data for each proposal (1 or single rater reliability,

2, 3, 4, 5, 6, and more referees). Additionally, a simulation was

done for all proposals under the condition of perfect reliability

(rtt¼1.0) of EXANTE.

All analyses were done using the statistical software product SAS

9.4 (SAS Institute Inc. 2014).

Due to non-normally distributed data, in this study we chose the

Spearman rank correlation as the correlation coefficient.

To test whether there were any differences between scientific dis-

ciplines in the overall results, two-dimensional v2-tests were used.

With these analyses, the fairness of funding decisions with regard to

disciplines can be analysed only under the aspect of potential biases

(as only the EXANTE peer evaluation is used). Comprehensive ana-

lysis of fairness questions is possible only if, in addition, project suc-

cess, or an ex post evaluation, is included in the analysis; an

approach of that kind for the examination of peer review processes

regarding the FWF as an example is found in Mutz, Bornmann and

Daniel (2014a).

4. Results

4.1 Funded percentage of grant proposals for different

funding systems
Fig. 1 shows the results of the simulation of the two funding systems

based on EXANTE, or referees’ mean ratings. In the simulation we

examined the funded percentage of a proposal’s requested grant sum

in relation to the percentile rank of a proposal in the EXANTE. The

higher the percentile rank (shown at left) was, the higher the

EXANTE was (meaning, the higher the referees’ mean rating of the

merit of the proposal was).

In the actual (real-life) funding system used by the FWF, 44.5%

of proposals (N¼3,788) were approved for funding, whereas in the

dichotomous funding system (red bars in Fig. 1) only 32.1% of all

proposals (N¼2,726) were approved for funding. This latter per-

centage corresponds to a threshold value for EXANTE of 88.3 (per-

centile rank of 32.1%). With the introduction of a purely

dichotomous funding system, the approval rate would decrease by

12.4%—that is, approximately 28% fewer proposals would be

approved for funding than in the existing funding system at the

FWF.

When we simulate a continuous funding system using the FWF

data, 58.4% of the proposals (N¼4,960) were approved for fund-

ing (blue bars in Fig. 1). The approval rate thus increased by 13.9%

compared to the approval rate with the existing funding system at

the FWF, which means 30.9% more proposals approved for funding

than in the FWF’s hybrid funding system. The approval rate corres-

ponded to a threshold for EXANTE of 81.6. This value was some-

what higher than the mean of EXANTE. Due to a slightly skewed

distribution, the mean value (M¼81) did not equal the median of

EXANTE (median¼84).
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Regarding the hybrid FWF funding system, Fig. 1 made three

things clear (see grey bubbles): First, at around the 55th percentile

rank, there was a sudden change in the funded percentage, the pro-

portion of the originally proposed budget that the actually allo-

cated funding support represents, from about 80% of the

originally proposed budget to 0% (no funding at all). This sudden

change reflected the dichotomous element of the hybrid funding

system used by the FWF. Secondly, however, with decreasing per-

centile rank, also the funded percentage of proposal’s requested

grant sum decreased slightly (see grey bubbles). This decrease re-

flected the continuous element of the funding system: With

decreasing percentile rank, a smaller proportion of the requested

grant sum was approved. Thirdly, the data showed clearly that the

FWF’s funding decisions are not based only on the EXANTE (ref-

erees’ ratings) but that the FWF Board of Trustees (bearing in mind

the EXANTE) made the decisions. For example, some proposals

were not approved for funding even though they had a compara-

tively high percentile rank of higher than 60 (see grey bubbles with

Figure 1. Funded percentage of proposal’s requested grant sum in dependence on the percentile ranks (EXANTE) for different funding systems (red¼dichot-

omous, blue¼ continuous). For the hybrid FWF funding system (see the grey bubbles), the median of funded percentages was calculated for each percentile.

The size of a bubble represents the number of proposals with the same percentile and median value.
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0% funded percentage). There were also proposals with percentile

ranks lower than 70 that were approved for funding (see grey bub-

bles with a funded percentage greater than 0%). In addition to the

FWF Board of Trustees, differing approval rates in the scientific

disciplines could be responsible for the deviations from the

EXANTE as well.

Accurate information on the correlations between EXANTE, re-

quested grant sum, percentage of funding, and approved grant sum

gave the descriptive statistics for the four variables, separately for

approved and not-approved proposals (Table 1). Whereas the re-

quested grant sum of funded proposals did not differ much from the

not-approved projects, there were very definite differences between

funded and rejected proposals in the EXANTE (73.91 versus 89.85).

Some of the values of the funded percentage were conspicuous; they

ranged from a minimum of 0 to a maximum of 158.22. These are

certainly isolated cases, but we did not eliminate them, as they are

real values from a funding agency.

In the next step, we analysed the correlations (Spearman rank

correlation) between EXANTE, requested grant sum, funding

percentage, and approved grant sum (Table 1). With a continu-

ous funding system, the EXANTE should correlate with the

funded percentage of the proposal’s requested grant sum. The

higher the referees’ mean rating of a proposal, the higher the

funded percentage had to be. This association was actually found

in the data, but the correlation was low (r¼0.23). This relation-

ship is higher (r¼0.34), if the correlation is statistically con-

trolled by requested grant sum or if the requested grant sum is

the same for all proposals. With a continuous funding system, be-

sides the funding percentage no other of the variables mentioned

above should correlate with the funded percentage. But this

could not be confirmed by the data. There was a slightly negative

correlation (r¼�0.26) between requested grant sum and funded

percentage: The higher the requested grant sum, the less it was

cut back in the allocated support. Apparently, the requested

grant sums were cut back in the allocated support not only de-

pending on EXANTE but also depending on the amount of fund-

ing originally requested in the proposal.

All in all, the results show that the FWF had a hybrid funding de-

cision system, in which the element of a dichotomous funding sys-

tem (decisions by a Board of Trustees) dominated, but that the FWF

also had elements of a continuous funding system.

4.2 Testing for fairness of the different funding systems
If ratings and decisions are very different for certain groups (e.g.

male and female grant applicants), this is a first indication of viola-

tions of fairness in the system. For this reason we checked for such

indications in the three funding decision systems (FWF, dichotom-

ous, continuous). As potential bias variables we included applicant’s

gender, applicant’s age, and scientific discipline in the analysis,

which could lead to violations of fairness (Table 2). For the cross-

tabulated relationships between approval decision (approved or not

approved for funding) and the three categorical covariates, two-

dimensional v2 tests were calculated. As effect size measure we used

Cramer’s V, which varies from 0 (no relationship or difference) to 1

(perfect relationship).

The results were statistically significant for applicant’s gender

and also applicant’s age, but given the huge sample size and a very

small Cramer’s V, these differences are negligible. But for scientific

discipline larger differences were found for all funding decision sys-

tems, and they were somewhat higher for the dichotomous and con-

tinuous funding decision systems than for the hybrid funding system

implemented by the FWF (Cramer’s V, v2).

More information about possible violations of fairness in differ-

ing handling of the grant applications in the disciplines was revealed

Table 1. Descriptive statistics, shown separately for approved and not-approved proposals, and the correlations for the approved pro-

posals (Spearman rank correlation)

Variable Proposal approved? Descriptive statistics Spearman correlation

N M SD Min Max A B C D

A. EXANTE No 4,708 73.91 12.09 0 97.50

Yes 3,788 89.85 5.14 0 100.00 1.0

Total 8,496 81.02 12.47 0 100.00

B. Requested grant sum (kE) No 4,708 230.48 109.24 4.36 806.60

Yes 3,788 226.43 106.31 4.80 812.46 .06 1.0

Total 8,496 228.67 107.95 4.36 812.46

C. Funded percentage (%) Yes 3,788 77.64 27.78 0 158.22 .23 �.26 1.0

D. Approved grant sum (kE) Yes 3,788 182.84 90.38 3.27 625.26 .21 .88 .16 1.0

Table 2. Testing for differences in approval rates for selected covariates, shown separately for the three different funding decision systems

(N¼ 8,496 proposals)

Covariate FWF Dichotomous Continuous

v2 df Cramer’s V v2 df Cramer’s V v2 df Cramer’s V

Applicant’s gender 4.34* 1 �0.02 2.95 1 �0.02 5.37* 1 �0.03

Applicant’s age 13.22* 3 0.04 37.50* 3 0.07 20.39* 3 0.05

Discipline 314.9* 21 0.19 522.7* 21 0.25 491.3* 21 0.24

*P< 0.05.
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by the approval rates broken down by discipline, separately for

the three funding decision systems (Table 3). For a simplified in-

terpretation of the approval rates, standardized residuals, zres, be-

tween the approval rate per discipline and the overall approval

rate for the specific funding decision system (total) were calcu-

lated. Values higher than 1.96 (97.5th percentile) indicated statis-

tically significant deviations from the overall approval rate.

Because of the standardization, these differences can be compared

not only within a funding decision system but also between the

systems.

The results showed that for all disciplines the approval rates

with the continuous funding decision system were higher and the ap-

proval rates with the dichotomous system were mostly lower than

the approval rates with the FWF funding system (there was one ex-

ception: arts). The approval rates with the FWF funding system

ranged from 0.27 (social sciences) to 0.66 (mathematics), and the

approval rates with the dichotomous system ranged from 0.18 (so-

cial sciences) to 0.56 (arts). In the simulation of the continuous fund-

ing decision system, the approval rate ranged from 0.37 (clinical

medicine) to 0.80 (mathematics).

The disciplines profiting the most from a dichotomous system

were mainly arts and humanities (e.g. historical sciences, linguis-

tics/literature, arts) and mathematics, which showed distinctly

higher approval rates than the average approval across all discip-

lines (which was 0.32). Although—in absolute terms—the rates

were lower than the rates with the FWF funding system, the rela-

tive deviations from the average approval rate were higher (zres).

Disciplines with comparatively poor approval rates with this

system were preclinical medicine, clinical medicine, social sciences,

and technical sciences, whose approval rates were distinctly lower

than the average approval rate of 0.32.

All in all, the results showed that in absolute terms in a continu-

ous funding system more proposals are approved (over all discip-

lines), but in relative terms not all disciplines profit from this (not

profiting are mainly preclinical medicine, clinical medicine, and so-

cial sciences).

In addition, we also examined correlations between the

EXANTE or the requested grant sum and the funded percentage of

proposal’s requested grant sum (rexant, rgrant), separately for discip-

lines. Systematic differences were found, but they were small.

Whereas rexant ranged from �0.02 (psychology) to 0.37 (botany),

the correlations of the requested grant sum were all negative and

ranged from �0.48 (other humanities) to �0.10 (botany). With a

continuous funding decision system, we could expect to find mark-

edly positive correlations between the funded percentage of pro-

posal’s requested grant sum and EXANTE as well as rather negative

correlations between the funded percentage of proposal’s requested

grant sum and the requested grant sum. A continuous decision sys-

tem of that kind was found the most for botany, zoology, preclinical

medicine, and economics/business, with correlations rexant over 0.30

and rgrant below �0.10.

Overall, the results showed that the various scientific disciplines

profited very differently from the different funding decision systems.

There were winners and losers. The calculation of the correlation

coefficients showed that there were elements of a continuous fund-

ing decision system in the hybrid FWF system. These elements were

Table 3. Approval rates and correlations of EXANTE/requested grant sum with funded percentage, shown separately for scientific discip-

lines and funding decision systems

Discipline Nprop FWF Dichotomous Continuous Corr

RateAp zres RateAp zres RateAp zres rexant rgrant

Mathematics 317 0.66 5.78* 0.53 6.47* 0.80 5.07* 0.18 �0.23

Computer sciences 324 0.38 �1.79 0.21 �3.43* 0.51 �1.76 0.17 �0.30

Physics, mechanics, astronomy 745 0.55 4.22* 0.40 3.94* 0.71 4.37* 0.21 �0.29

Chemistry 574 0.45 0.19 0.30 �0.90 0.63 1.52 0.24 �0.14

Biology 1,079 0.48 1.68 0.32 �0.17 0.62 1.72 0.19 �0.18

Botany 204 0.45 0.00 0.32 �0.06 0.56 �0.38 0.37 �0.10

Zoology 256 0.45 �0.01 0.36 0.98 0.58 �0.04 0.31 �0.20

Geosciences 451 0.46 0.56 0.29 �1.06 0.63 1.21 0.02 �0.27

Other natural sciences 87 0.36 �1.25 0.26 �0.93 0.53 �0.67 0.32 �0.28

Technical sciences 449 0.39 �1.92 0.24 �3.17* 0.50 �2.35* 0.13 �0.37

Preclinical medicine 1,245 0.37 �3.87* 0.20 �7.28* 0.48 �4.59* 0.34 �0.11

Clinical medicine 488 0.30 �4.92* 0.19 �5.16* 0.37 �6.21* 0.30 �0.34

Agriculture, forestry, veterinary medicine 121 0.36 �1.49 0.26 �1.26 0.52 �0.91 0.18 �0.25

Social sciences 373 0.27 �5.22* 0.18 �4.91* 0.37 �5.40* 0.15 �0.34

Psychology 99 0.31 �1.98* 0.25 �1.20 0.49 �1.16 �0.02 �0.14

Jurisprudence 89 0.39 �0.74 0.31 �0.10 0.51 �0.97 0.02 �0.14

Economics/business 157 0.35 �1.79 0.26 �1.32 0.45 �2.26 0.36 �0.15

Philosophy/theology 191 0.44 �0.13 0.35 0.73 0.57 �0.24 0.04 �0.30

Historical sciences 559 0.57 4.23* 0.53 8.71* 0.75 5.13* 0.18 �0.24

Linguistic/literature 345 0.54 2.51* 0.49 5.64* 0.68 2.30* 0.14 �0.36

Arts 199 0.55 2.26* 0.56 5.90* 0.78 3.60* 0.05 �0.29

Other area of humanities 144 0.58 2.47* 0.53 4.53* 0.67 1.41 0.01 �0.48

Total 8,496 0.45 0.32 0.58

Note: RateAp¼ approval rate; zres¼ standardized residuals of observed approval to the total approval rate; rexant¼ correlation of EXANTE with funded per-

centage; rgrant¼ correlation of requested grant sum with funded percentage (Spearman rank correlation).

*P< 0.05.
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more or less pronounced depending on the discipline. The results

indicated that factors such as the amount of the requested grant sum

play an important role in the FWF funding system.

4.3 Impact of measurement error on approval rates for

different funding decision systems
The analyses reported so far were on the observed EXANTE—that

is, the referees’ mean rating of a proposal. However, many studies

have pointed out the low reliability of peer review ratings. But

mostly, the studies drew no conclusions from this concerning the

statistical analysis of peer review data (e.g. correlation, regression

analysis) (Mutz, Bornmann and Daniel 2014a). For this reason, in

this study we simulated 10 measurement-error corrected true scores

based on the referees’ mean rating of a proposal (EXANTE)—the

observed scores. We applied the two funding decision systems to

each of the 10 sets of true-score replicates of a proposal to calculate

the probability of approval (approved/not-approved) for each pro-

posal (Figs 2 and 3). As we mentioned above, true score and

observed score are the same only in the case of perfect reliability.

In all other cases, the true score of a proposal varies around an

expected true score within a band. As compared to the referees’

mean rating, the expected true score shrinks towards the overall

mean value.

At first glance, the curves for the two funding decision systems

looked similar (Figs 2 and 3). Actually, we would expect to find a

clear cut-off between the proposals approved and those not

approved for funding, as the two funding decision systems plan

for. In fact, however, we found s-shaped curves like those found

for growth trajectories. With increasing EXANTE the probability

of approval increased exponentially up to an inflection point. After

the inflection point the curve continues to rise but with a continu-

ally decreasing climbing rate. With an increasing number of ref-

erees, the reliability of EXANTE and thus its discrimination power

increased. The curves in the figures were therefore steeper. The

separation of approved and not approved became more distinct.

With perfect reliability there was a clear threshold in the

EXANTE. If the EXANTE of a proposal surpassed this threshold,

the proposal was approved for funding; if not, it was not approved

for funding.

However, a closer look at the figures revealed considerable dif-

ferences between the continuous and dichotomous funding deci-

sion systems. The level of the approval probability was clearly

lower for the dichotomous system than for the continuous funding

decision system. With a dichotomous system, proposals had a

lower probability of being funded than with the continuous fund-

ing decision system. With a dichotomous system, even proposals

with a very good EXANTE rating had a maximal probability of

0.70/0.80 to be approved for funding. If a proposal was rated by

two referees, the approval probability for proposals receiving an

EXANTE of 100 was only 0.60. The lacking reliability of peer re-

view ratings had a considerable effect on approval decisions. The

situation was found to be different with continuous funding deci-

sions, however. Here, the approval probability for very good

EXANTE ratings reached 0.80/0.90. If in this simulation a pro-

posal was rated by two referees, the approval probability for pro-

posals receiving a very good EXANTE of 100 grade points was

0.80. As in the simulation of the continuous system the approval

probability increased overall as compared to the simulation of the

dichotomous system, proposals that received relatively poor

EXANTE still had a certain chance (0.20/0.30) of being approved

for funding.

A continuous funding system increased the possible number of

false positives in a peer review process. False positives were pro-

posals that were supported by a funding agency but later showed no

project success (meaning, for example, no papers on the project

were published, or publications on the project had low citation

rates). With a dichotomous system, there was also a chance that

poorly rated proposals would be approved for funding, but it was

considerably lower. With a continuous funding decision system, a

proposal with an EXANTE of 70 (rated by two referees) had a

chance of approximately 0.30 to be approved for funding; with a di-

chotomous funding decision system, the approval probability

dropped to only 0.18.

5. Discussion

According to De Los Reyes and Wang’s (2012) considerations based

on psychometric research and theory, dichotomous funding decision

systems, which are implemented by many funding agencies, lead to

Figure 2. Dichotomous funding decision system. Figure 3. Continuous funding decision system.
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unreliable funding decisions. As an alternative approach, they there-

fore recommend a continuous funding decision system, which they

consider to have advantages in other aspects as well (higher ap-

proval rate, considering reliability issues,. . .).

Following De Los Reyes and Wang’s (2012) considerations, in

this study we simulated the two funding decision systems using real

data from the FWF and taking measurement errors into account.

We compared the results of the simulations of the two funding sys-

tems with the results of the real (hybrid) decision procedure imple-

mented by the FWF. With this, for the first time in grant peer review

research the effects of measurement errors on funding decisions

were investigated based on a measurement theory (psychometrics).

This study did not aim primarily to prove De Los Reyes and

Wang’s (2012) hypotheses empirically. The evidence follows more

or less analytically from the existing psychometric concepts. Instead,

our goal was to work out the psychometric approach for peer review

research, to estimate the concrete effects of these two systems on the

number of approved proposals, to check the fairness of the systems,

and to estimate how low reliability affects funding decisions.

The analyses yielded the following results, which are structured

in accordance with our research questions:

• Question 1: Impact of different funding decision systems: As ex-

pected, considerable differences in the number of approved pro-

posals result from the different funding decision systems: At the

FWF, 44.5%, or 3,788, of the research proposals submitted were

approved for funding. With a dichotomous funding decision sys-

tem, the number of approved proposals decreases to 2,726 pro-

posals (approval rate: 32.1%); the approval rate thus decreases

by 12.4 percentage points as compared to the approval rate at

the FWF. This means that 28% fewer proposals were approved

than with the hybrid FWF system. With a continuous funding de-

cision system, the approval rate increases by 13.9 percentage

points to 58.4%; the number of approved proposals increases by

30.9% to a total of 4,960 proposals. The analyses show clearly

that the FWF funding system is (as expected) a hybrid system.

Elements of a dichotomous funding decision system predomin-

ate, whereby there is a corrective factor: The funding decisions

are made by a Board of Trustees. The board’s decisions have an

effect mainly in the middle area of the EXANTE scale. But the

FWF funding system also contains elements of a continuous

funding decision system. The higher the EXANTE score is, the

less the requested grant sum is cut in the actual support approved

(r¼0.23). The coefficient is higher if the association is statistic-

ally controlled by requested grant sum (r¼0.34).
• Question 2: Fairness of the funding decision systems: We

checked the fairness of the funding systems with regard to poten-

tial biases concerning applicant’s gender, applicant’s age, and sci-

entific discipline. For age and gender there are no effects worth

mentioning that could indicate potential biases. However, with

regard to disciplines, there are clear differences: The disciplines

that profit the most from a dichotomous system are arts and

humanities (e.g. historical sciences, linguistics/literature, arts)

and mathematics, which show clearly higher approval rates than

the average approval rate of 0.32. Although in absolute terms

more proposals are approved for funding in a continuous fund-

ing system, and this is the case for all disciplines. In relative terms

the disciplines that profit relatively the least from this system are

preclinical medicine, clinical medicine, and social sciences. All in

all, a discipline-specific adjustment of the funding system would

therefore be necessary.
• Question 3: Impact of measurement errors: A decisive argument

against the implementation of a dichotomous funding decision

system set out by De Los Reyes and Wang (2012) is that dichot-

omous funding decisions are less reliable. For this reason, we re-

peated all analyses based on measurement-corrected true scores.

We found that through a dichotomous funding decision system

the approval probability of a proposal decreases. Beyond that,

due to the lack of reliability of the peer review system, even pro-

posals estimated to have very good merit (EXANTE > 90) have

an average approval probability of only 0.70. This is not really a

problem with a continuous system, where the approval probabil-

ity of proposals with a very good EXANTE after all reaches

0.80/0.90. The reduced approval probability in the two systems

occurs due to the fact that with not-perfect reliability, for the cal-

culation of the true score, the observed score (EXANTE) shrinks

towards the mean.

The overall higher approval probability of a proposal in a con-

tinuous funding system applies also to proposals that receive an

only average to below EXANTE from the referees. These pro-

posals, too, have a higher probability of approval. As a result,

the proportion of false positives in a peer review procedure in-

creases, and proposals are approved for funding that later turn

out to be less than successful research projects.

Finally, we would like to point out some limitations of this

study:

• The two funding decision systems investigated in this study were

simulations based on more or less arbitrary determinations.

However, the simulations were based on real data and are not

purely Monte Carlo studies. The advantage of simulations is that

it is not necessary to take into account decision makers, which at

many funding agencies make the final funding decisions.
• We can only speak of violations of fairness as the result of an em-

pirical study if in addition to the potential bias variables we also

include performance measurements (e.g., the research output of

a proposal) in the analysis. This analysis (potential bias versus

real bias) has already been carried out for the FWF (Mutz,

Bornmann and Daniel 2014a). Unfortunately, it was not possible

to consider performance measurements in the analyses of the sys-

tems simulated here.

Given the limitations of this study, we would like to draw the fol-

lowing conclusions and offer some recommendations for the design

of funding systems:

• In the face of the low reliability of the peer review system as it

exists at many funding organizations, a purely dichotomous

funding decision system is problematic. In a system of this kind,

there is a risk (which should not be underestimated) that pro-

posals rated to have very good merit will not be approved for

funding. All in all, in this system, very good proposals have a

lower chance of being approved.
• A continuous funding decision system has psychometric advan-

tages, but with this system also poorly rated proposals have a

chance (which should not be overlooked) of being approved for

funding. This system implies an increased risk of supporting re-

search projects that will show no success later on.
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• Regarding the FWF, we would like to suggest that it would be

easier for the FWF Board of Trustees if only those proposals

within (mid-range) percentile ranks from 0.55 to 0.75

(EXANTE) were discussed and decided. For the other ranges of

EXANTE, a modified continuous decision system could be im-

plemented that is adjusted to the various main disciplines. The

absolute lowest percentile rank threshold for approving funding

could be 0.40 (EXANTE). For the percentile intervals from 0.40

to 0.55 and further from 0.75 to 1.00, a proportional decreasing

funding percentage schema could be developed.

In conclusion, we would like to point out that it is not our ob-

jective in this study to explicitly vote for one or the other funding de-

cision system. Our goal was to present empirical results on the

possible systems that can serve as an empirical basis for discussion

on alternative funding procedures. We hope that in the future espe-

cially aspects of the lack of reliability of peer review ratings will be

taken into account in the examination of funding organizations.
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