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ABSTRACT

This article examines the rating criteria used in a laboratory proficiency testing program that

is based upon a laboratory's performance over one year. Statistical power of the current

criteria is calculated. Alternative criteria based on z-scores are proposed. Compared to the

current criteria, the proposed criteria _are more powerful in detecting poor laboratory

performance and more flexible in detecting bias or poor precision. The proposed criteria can

be easily adjusted for various needs and the estimates of bias and precision of each

partiCipating laboratory can be obtained using the z-scores.
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Introduction

To ensure the quality of analyses associated with lead abatement, a proficiency testing

program, the Environmental Lead Proficiency Analytical Testing (ELPAT) Program, was started

in the Fall of 1992 (see Groff and Schlecht, 1996b, or Schlecht and Groff, 1996):'The ELPAT

Program rates laboratories based upon their analysis of lead containing samples. Over the first

three years of the ELPAT Program ,88-92% of participating laboratories are rated proficient.

These ELPAT ratings are then used in conjunction with onsite evaluations of laboratory

operations by two organizations, the American Association for Laboratory Accreditation

(A2LA) and the American Industrial Hygiene Association (AIHA) to accredit laboratories.

A2LA and AIHA accreditations are then used by the U.S. Environmental Protection Agency

(EPA), the National Institute for Occupational Safety and Health (NIOSH), and the National

Safety Council (NSC) to recommend qualified laboratories to the public. As of early 1996,

over 400 environmental lead laboratories participating in the ELPAT Program. Results of the

program are published in quarterly columns of the American Industrial Hygiene Association

Journal (AIHAJ) and American Conference .of Governmental Industrial Hygienists (ACGIH)

Applied Occupational and Environmental Hygiene Journal (AOEHJ).

The ELPAT Program uses a simple criteria based upon the number of acceptable results to rate

a laboratory's performance (Esche, Groff, Schlecht, and Shulman, 1994). In this article, the

statistical power of the current criteria is calculated. Alternative criteria based upon z-scores

and a harmonized proficiency testing protocol (Thompson and Wood, 1993) have been

proposed for the ELPAT Program. With the z-scores, bias and precision of a participating

laboratory can be estimated. Then, an accuracy score depending on the bias and precision

is used as the test statistic. Tables showing the statistical power for the alternative criteria

are provided. Compared to the current criteria, the proposed criteria are more powerful in

3



detecting poor laboratory performance. and more flexible in control of detecting bias or

detecting poor precision and can be easily adjusted for various needs.

The ELPAT Program and Its Rating Criteria

Samples of three sample types - paint chips, soils, and dusts on wipes at four lead levels for

each sample type are sent to participating laboratories each quarter (termed a round).

Laboratories are evaluated at NIOSH by comparing each laboratory's result against an

acceptable performance range. The acceptable performance range is based upon consensus

values from reference laboratories and is modeled after the evaluation procedures currently

used in an industrial hygiene proficiency testing program, the Proficiency Analytical Testing

(PAT) Program ( see Schlecht and Groff, 1995, or Groff and Schlecht, 1996a). The criteria

proposed in this article could be applied to rate the over 1400 industrial hygiene laboratories

participating in the PAT Program.

Laboratories which have been rated proficient on the previous ELPAT round and are

accredited by either A2LA or AIHA are selected as reference laboratories. Results from

reference laboratories are used to determine the performance limits for each sample. After

data from reference laboratories are collected and extreme reference laboratory results are

Winsorized to the highest result (for the top 5 percent) or the lowest result (for the bottom 5

percent) remining in the set, the mean ± 3 standard deviations of the reference laboratory

data become the acceptable performance range. (Using a large number of laboratories (> 30)

as reference laboratories and treating reference laboratory outliers reduce the influence that

anyone reference laboratory has on ELPAT performance limits.) Laboratory results are

acceptable if they fall within the performance limits. Results falling outside the performance

limits are designated as outliers. Laboratories are rated based upon their performance in the
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ELPAT Program over the last year (i.e., four rounds) for each lead sample type. A laboratory

is proficient for the lead sample type if:

1. All four results on each round have been reported and all eight results are designated as

acceptable for the last two consecutive rounds; or

2. Three-fourths or more of the results reported in the last four consecutive rounds (up to

16 results) are designated as acceptable..

A rating of nonproficiency indicates that a serious analytical problem has been identified and

warrants immediate corrective action by the laboratory and follow-up by cooperating

laboratory accreditation organizations. A nonproficient rating also results in immediate

removal of the laboratory from the list of laboratories recognized by the EPA National Lead

Laboratory Accreditation Program (NLLAP) which is used by EPA, NIOSH, and the National

Safety Council Hotline to recommend qualified laboratories to the public.

Power Calculation Based on the Current Criteria

A proficiency rating in the ELPAT Program is actually a statistical hypothesis test. Each

participating laboratory is compared to reference laboratories. A laboratory is rated proficient

if its results agree with ELPAT reference laboratory results. Under the assumptions given

below, a laboratory's performance can be characterized by two parameters: bias and precision.

The bias is the relative deviation from the true value and the precision is the uncertainty

measured by relative standard deviation. Since the true value is unknown, the bias is defined

as the relative deviation of a laboratory's mean from the reference laboratory's mean and the

reference laboratories are assumed to be unbiased.
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To evaluate the current rating criterion and later to compare it with the proposed rating

criterion, we need to examine the statistical power of the testing program under each criterion.

To compute the power, assumptions are needed although they are not required for

implementing a rating criterion. The assumptions that are reasonable and almost satisfied in

the ELPAT Program are:

(11 All measurements are independent from laboratory to laboratory, round to round, and

sample to sample.

(2) All measurements are normally distributed random variables.

(3) All reference laboratories have an identical distribution at each concentration level with

a mean equal to the true value, and have a constant precision for all concentrations and

for all testing rounds.

(4) Each laboratory under test has a constant bias and a constant precision for all

concentrations, and for all testing rounds.

To define the bias and precision clearly, let T be the true value and x be a measurement of T

by the laboratory under test. Suppose that the mean and the standard deviation of the

random variable x are J.1 and (It' respectively. Then, the bias and precision of this laboratory

are defined by

8 = (J.1-T)/T and CVt = at IJ.1,

respectively. Here, bias is a relative bias and precision is a relative standard deviation IRSD)

or coefficient of variation ICV). 80th the bias 8 and the precision CVt are assumed to be

constants.. For a reference laboratory, the measurements are assumed to be unbiased

(mean =T) and the precision, denoted by CV, =ar fT, is also a constant. 8ased on these

assumptions, the ELPAT Program is testing participating laboratories with hypotheses

Ho: 8 = 0 and CVt = CVr vs H,: 8 ;z!: 0 or CVt > Cvr •
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The null hypothesis implys that the participating laboratory does not differ from the reference

laboratories in performance and the alternative hypothesis implys that the participating

laboratory differs from the reference laboratories with either different mean or worse precision.

Let X and Y be the numbers of results not acceptable in the first two rounds and-the last two

rounds, respectively. Under the assumptions above, X and Yare mutually independent, and

both of them have the same binomial distribution B(8,q), where q is the probability of having

an outlier (a result not acceptable) in one analysis. According to the current ELPATcriteria,

a result is an outlier if it is outside the performance limits, which are the sample mean ± 3

standard deviations of reference laboratories. This probability can be calculated by

q = Prob( Ix -xI > 30 ), ,

where xr and 0, are the sample mean and sample standard deviation of reference

laboratories' results.

Let

and

z = (x-x,)/o, (1 )

Then under our assumptions, z/A has a noncentral t-distribution with n-1 degrees of freedom

and a noncentrality parameter 0 = B/(ACV,). Define p = a t I a " a ratio of the two standard
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deviations (STD). Then the STD ratio p = (B + 1)CV/CV, is a constant by our assumptions.

Therefore,

q = probe Iln_1(5)1 > 3tA ). (2)

Let Ez and E4 be the event that a participating laboratory is rated proficient by the two- and

four-round criteria and E4 be the complement event of E4 • Note that X and Yare mutually

independent and X + Y has a binomial distribution B(q,16). Given the relative bias B and the

ratio p, the probability that a participating laboratory is rated proficient by the four-round

criterion is

4

P4 = Prob(E4) = Prob(X+Y~4) = LC1
i
sq i(1-q)16-i,

i;O

where Cm
k = m!/(k!lm-k)!) is the binomial coefficient.

The probability that a participating laboratory is rated proficient by the two-round criterion is

The probability that a participating laboratory is rated proficient either by the two-round

criterion or by the four-round criterion is then given by
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= P4 +Prob(X>4)Prob(Y=O)

8

= P4+P2L C~q ;(1-q)B-;.
;=5

It can be seen that the probability P2' P4' and p are functions of q. From (2), the probability.

q is determined by bias 8, STD ratio p, and the precision of reference laboratories ev,. Given

p and ev" the values of q are symmetric about 8 since the noncentral t-distribution is

symmetric about its noncentrality parameter and the noncentrality parameter is symmetric

about the bias.

With these formulas, the statistical power (1-p) to detect poor laboratory performance can be

calculated. For bias from 0 to 0.3 by 0.05 and the STD ratio from 1 to 3 by 0.5, the

probability q and the probability of non-proficient rating 1-pz, 1-P4' and 1-p are provided in

Table 1. In our calculations, we set n = 35 and ev, = 0.1 since these values are typical of the

number of reference laboratories and the relative standard deviations of reference laboratories

that have been reported over the first two to three years of ELPAT Program operations.

From Table 1, we can see that the chance to fail the two-round criterion is much greater than

the chance to fail the four-round criterion. A laboratory has to perform extremely well to pass

the two-round criterion. This criterion is designed to provide an opportunity for those

laboratories that have poor performance in the previous two rounds to demonstrate their

proficiency. Adding the two-round criterion to the program reflects the policy that the most

recent performance is more valuable in rating participating laboratories. The two-round
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criteriondoes not benefit the laboratories with no improvement in their performance. This can

be seen from Table 1 that there are not much difference between the power for the four-round

criterion and the overall criterion.

The z-Score and Accuracy Criterion

A statistical rating procedure may have several characteristics. One desirable characteristic

is simplicity: that a procedure be easy to implement and understand. Another important

feature is the statistical power of the criteria to detect laboratories with poor analysis quality.

Gaining some power may require sacrificing some simplicity. In this section, we examine the

z-score, which has been suggested in an IUPAC/ISO/AOAC Harmonized Proficiency Testing

protocol, adopted by some proficiency testing programs in the United States and abroad

(Thompson and Wood, 1993). Considerable effort is underway to develop protocols for

proficiency testing which might be used by multiple proficiency testing programs to facilitate

international recognition of proficiency testing programs and related laboratory accreditation

programs. Based on z-scores, a laboratory's bias and precision can be estimated. To take

both the bias and precision into account, an accuracy score derived from NIOSH accuracy

criterion is used as the test statistic. (The NIOSH accuracy criterion is a criterion that has

been widely used for twenty years in the industrial hygiene field to evaluate analytical

methods.)

The z-score defined by equation (1) is indirectly used by the current ELPAT rating procedure

by converting the z-score to a binary score as an outlier indicator. By conversion to a binary

score, considerable information contained in the z-score is lost. According to the previous

analysis, the z-score divided by f.. has a noncentral t-distribution. It is known that a t­

distribution approaches a normal distribution when its degrees of freedom go to infinity (i.e.,
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Johnson and Kotz, 1970). So, a t-distribution with large degrees of freedom, say greater than

30, can be approximated by a normal distribution with the same mean and the same standard

deviation. Suppose that n is the number of reference labs. Then the mean and standard

deviation of each z-score can be derived through the mean and standard deviation of the

noncentral t-distribution (see Johnson and Kotz, 1970, pages 203-204). The,rare given by

and

repectively.

= v(n-1)/2 r(n/2-1) ISh
IJz r«n -1 )/2)

(3)

(4)

Now, let z"".,zm be the z-scores corresponding to results from the laboratory under test.

Under our assumptions, these z-scores are mutually independent with an identical distribution.

Let z and Oz be the sample mean and sample standard deviation of the m z-scores. Set

Replace CV, by its e$timate and solve the two equations to get estimates for bias Band

precision CVt :

B = Z'cVr r«n-1)/2)

v(n-1)/2 r(n/2 1)

11

(5)



For large n, (3) and (4) can be approximated by

Then, the bias and precision estimates can be simplified as

B "" zGVr

(6)

(7)

(8)

With the bias estimate and precision estimate available, we may consider the NIOSH accuracy

criterion (Bartley and Fischbach, 1993; Fischbach, Song, and Shulman, 1996). The NIOSH

accuracy, denoted by A, is defined as the maximum absolute error relative to the amount T

being measured, such that the interval ((1-AlT, (1 +AlT) will cover a future measurement x

with 95 % confidence. That is,

Prob((1-A) T<x«1 +A)1) = 0.95

or

x-T
Prob( -A<-<A) = 0.95.

T

Under the assumption that x - N(,u,02),

where ¢( ) is the cumulative distribution function of standard normal distribution.

12
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From equation (10), accuracy A is a function of bias B and precision CVt • According to the

NIOSH accuracy criterion, an analytical method should demonstrate its accuracy A ~ 0.25.

We may adopt this criterion by estimating accuracy A with bias estimate and precision

estimate given by (5) and (6), or by (7) and (8). However, this might be too complicated since

there is no explicit expression for the accuracy function. To keep it simple, we may consider

using the sample mean and sample standard deviation of z-scores instead of using the bias

estimate and precision estimate. Further, we may define a score such that it is a simple

function of the mean and standard deviation of the z-score. A simple and general function

which takes both bias and precision into account is

(11 )

where a, b, a, and Pare fixed for a specific criterion. These constants can be adjusted for the

needs of various criteria. The two parameters Jlz and Gz are estimated by the sample mean and

sample standard deviation of z-scores. Such defined accuracy score (11) does not have the

meaning defined by (9), but it should be close for some selected values of a, b, a, and P , and

by being defined this way, it gives us the flexibility in balancing the two components.

To determine a reasonable critical value, we need to know or be able to calculate the

distribution function of the accuracy score estimator. Given a critical value C, the probability

Prob( A ~ C ) is the probability that a laboratory is rated proficient under the accuracy

criterion. This probability can be calculated by
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Prob(A~C) = JJ fz{x) fo,(Y)dxdy
alxl Q <byP s C

P';(C-alxIQ)/b

J fz{x)foz(y)dxdy
o

Q..;cra

= J fz{X)Foz~J(C-aIXla)/b~X
_Q..;cra

Q..;cra ~ )
= J (fz{X)+fz{-X»Foz\V(C-alxla)/bdX .

o

here and afterwards, f~(x) and F~ (x) denote the probability density function and cumulative

probability function for the random variable C;, respectively.

Note that the z-score has an approximate normal distribution. So approximately,

Therefore, the probability distribution function of the sample mean of z-scores is given by

where ~( ) is the probability distribution function of standard normal distribution, and

Set m = 8 for a two-round criterion and m = 16 for a four-round criterion.
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Under the conditions that CV, =O. 1 and n =35, the probability for a laboratory getting a

nonproficient rating will be a function of parameters 8, p, a, b, a, P, and C. This probability

is symmetric about 8 because the integrant, especially fz{x)+fz{ -x) ,is symmetric about 8.

This can be seen by the following facts:

(1) The sign of 8 determines the sign of 8 .

(2) The sign of 8 determines the sign of J.lz •

(3) ~ is a symmetric function.

The probability values of Prob(A::;Cl, called the statistical power, for the two-round and the

four-round criteria are calculated and listed in Tables 2 and 3, respectively. In each of the two

Tables, criteria based on A", and A;.,2 scores with a =b = 1 are compared to the current

criterion. To achieve similar power with the current criteria, three critical values are selected

for each of the two A-scores. From the two Tables, we see the proposed criteria raise power

more rapidly than the current criteria when the bias and precision ratio are moderate. The

power curves of the proposed criteria are flatter than the current criteria when both the bias

and precision ratio are small, or when either the bias or the precision ratio is large. These

properties of the proposed criteria are desired because a proficiency testing program should

be able to catch the laboratories with poor performance (large bias or poor precision), and

meanwhile, let the laboratories with small bias and good precision pass the test. To visualize

the power curves and the difference between the current and the proposed criteria, the

probabilities of getting a nonproficient rating in four-round by the two criteria are plotted in

figures 1 and 2, respectively.

To see the effect of weight (a,b) in the A-score, power values for the four-round A",-scores

with weight (a,b) =(2/3,4/3), (1,1), and (4/3,2/3) are calculated and listed in Table 4. We see
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that changing the weight results in changing the power. More weight on bias (a> b) makes

the criterion more sensitive to the bias and less sensitive to the precision, in other words,

more powerful to detect large bias and not so powerful to detect poor precision (see figure 3).

Reversing the weight will reverse the sensitivities (see figure 4). So, adjusting the weight can

obtain criteria for specific programs with different needs. The difference in power sensitivity

can be well seen from the two plots

Summary

In this article, we examined the current ELPAT rating criteria by computing statistical power.

The current criteria are simple, but less powerful compared to the proposed criteria that use

z-scores. This is because the current criteria do not use all of the information contained in the

z-scores. By changing weights of the bias and precision components, the proposed criterion

can be adjusted for greater sensitivity to a laboratory's bias or precision. Using the z-scores,

one can estimate the participating laboratories' bias and precision.
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Table 1. The Probability q and Probabilities of Non-Proficient Rating Under
the Current (Two-Round, Four-Round, and Overall) Rating Criteria

p IBI q l-P2 1-P4 1-p

1.0 0.00 0.006 0.04 0.00 0.00
. 1.0 0.05 0.011 0.09 0.00 0.00

1.0 0.10 0.033 0.24 0.00 0.00
1.0 0.15 0.085 0.51 0.01 0.01
1.0 0.20 0.182 0.80 0.15 0.15
1.0 0.25 0.329 0.96 0.65 0.64
1.0 0.30 0.508 1.00 0.97 0.97

1.5 0.00 0.055 0.36 0.00 0.00
1.5 0.05 0.068 0.43 0.00 0.00
1.5 0.10 0.106 0.59 0.02 0.02
1.5 0.15 0.172 0.78 0.13 0.13
1.5 0.20 0.265 0.91 0.42 0.42
1.5 0.25 0.379 0.98 0.79 0.78
1.5 0.30 0.506 1.00 0.97 0.96

2.0 0.00 0.144 0.71 0.07 0.07
2.0 0.05 0.156 0.74 0.09 0.09
2.0 0.10 0.192 0.82 0.18 0.18
2.0 0.15 0.248 0.90 0.36 0.36
2.0 0.20 0.323 0.96 0.63 0.62
2.0 0.25 0.411 0.99 0.85 0.85
2.0 0.30 0.506 1.00 0.97 0.96

2.5 0.00 0.239 0.89 0.33 0.33
2.5 0.05 0.249 0.90 0.36 0.36
2.5 0.10 0.275 0.92 0.46 0.46
2.5 0·.15 0.318 0.95 0.61 0.61
2.5 0.20 0.374 0.98 0.78 0.77
2.5 0.25 0.440 0.99 0.90 0.90
2.5 0.30 0.513 1.00 0.97 0.97

3.0 0.00 0.325 0.96 0.63 0.63
3.0 0.05 0.332 0.96 0.66 0.65
3.0 0.10 0.351 0.97 0.71 0.71
3.0 0.15 0.382 0.98 0.79 0.79
3.0 0.20 0.423 0.99 0.88 0.87
3.0 0.25 0.472 0.99 0.94 0.94
3.0 0.30 0.527 1.00 0.98 0.98
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Table 2. Probabilities of Non-Proficient Rating Under Two Different
A-Score Criteria (Compared to the Current Two-Round Criterion)

A -M 2 +S 2
P 181 l-P2 A,.1 = 1M.! +S. 2,2 - 2 2

C=2 C=2.5 C=3 C=4 C=4.5 C=5

1.0 0.00 0.04 0.11 0.01 0.00 0.01 0.00 0.00
1.0 0.05 0.09 0.31 0.08 0.01 0.04 0.02 0.01--
1.0 0.10 0.24 0.73 0.38 0.12 0.22 0.14 0.08
1.0 0.15 0.51 0.95 0.79 0.47 0.63 0.52 0.42
1.0 0.20 0.80 1.00 0.97 0.84 0.92 0.88 0.82
1.0 0.25 0.96 1.00 1.00 0.97 0.99 0.98 0.97
1.0 0.30 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.5 0.00 0.36 0.62 0.31 0.11 0.35 0.26 0.19
1.5 0.05 0.43 0.72 0.43 0.20 0.42 0.33 0.25
1.5 0.10 0.59 0.88 0.69 0.44 0.62 0.53 0.44
1.5 0.15 0.78 0.97 0.89 0.72 0.83 0.76 0.70
1.5 0.20 0.91 0.99 0.97 0.91 0.95 0.92 0.89
1.5 0.25 0.98 1.00 1.00 0.98 0.99 0.98 0.97
1.5 0.30 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 0.00 0.71 0.89 0.70 0.45 0.75 0.68 0.61
2.0 0.05 0.74 0.91 0.75 0.52 0.78 0.72 0.65
2.0 0.10 0.82 0.95 0.85 0.68 0.85 0.80 0.75
2.0 0.15 0.90 0.98 0.93 0.84 0.92 0.89 0.86
2.0 0.20 0.96 0.99 0.98 0.94 0.97 0.96 0.94
2.0 0.25 0.99 1.00 0.99 0.98 0.99 0.99 0.98
2.0 0.30 1.00 1.00 1.00 1.00 1.00 1.00 0.99

2.5 0.00 0.89 0.97 0.89 0.75 0.92 0.89 0.85
2.5 0.05 0.90 0.97 0.90 0.77 0.93 0.90 0.87
2.5 0.10 0.92 0.98 0.94 0.84 0.95 0.93 0.90
2.5 0.15 0.95 0.99 0.97 0.91 0.97 0.95 0.94
2.5 0.20 0.98 1.00 0.99 0.96 0.98 0.98 0.97
2.5 0.25 0.99 1.00 0.99 0.98 0.99 0.99 0.99
2.5 0.30 1.00 1.00 1.00 0.99 1.00 1.00 1.00

3.0 0.00 0.96 1.00 0.96 0.89 0.97 0.96 0.95
3.0 0.05 0.96 1.00 0.96 0.90 0.97 0.96 0.95
3.0 0.10 0.97 1.00 0.97 0.92 0.98 0.97 0.96
3.0 0.15 0.98 1.00 0.98 0.95 0.99 0.98 0.97
3.0 0.20 0.99 1.00 0.99 0.97 0.99 0.99 0.98
3.0 0.25 0.99 1.00 1.00 0.99 1.00 0.99 0.99
3.0 0.30 1.00 1.00 1.00 0.99 1.00 1.00 1.00
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Table 3. Probabilities of Non-Proficient Rating Under Two Different
A-Score Criteria (Compared to Current Four-Round Criterion)

A2 ,2 = M/ + S/p lSI 1-P4 A", = IM,I +S,
C=3 C=3.5 C=4 C=6 C=6.5 C=7

1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.0 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.0 0.10 0.00 0.01 0.00 0.00 0.00 0.00 0.00
1.0 0.15 0.01 0.19 0.01 0.00 0.03 0.01 0.00
1.0 0.20 0.15 0.76 0.25 0.02 0.44 0.31 0.20
1.0 0.25 0.65 0.99 0.81 0.31 0.94 0.89 0.81
1.0 0.30 0.97 1.00 0.99 0.85 1.00 1.00 ·0.99

1.5 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
1.5 0.05 0.00 0.04 0.00 0.00 0.01 0.01 0.00
1.5 0.10 0.02 0.25 0.05 0.00 0.07 0.04 0.02
1.5 0.15 0.13 0.65 0.28 0.06 0.33 0.24 0.16
1.5 0.20 0.42 0.93 0.69 0.32 0.74 0.65 0.55
1.5 0.25 0.79 0.99 0.94 0.72 0.96 0.93 0.90
1.5 0.30 0.97 1.00 1.00 0.95 1.00 1.00 0.99

2.0 0.00 0.07 0.18 0.04 0.01 0.25 0.18 0.12
2.0 0.05 0.09 0.31 0.10 0.02 0.30 0.22 0.16
2.0 0.10 0.18 0.61 0.32 0.11 0.47 0.38 0.30
2.0 0.15 0.36 0.86 0.63 0.34 0.71 0.63 0.55
2.0 0.20 0.63 0.97 0.87 0.65 0.90 0.86 0.80
2.0 0.25 0.85 1.00 0.97 0.88 0.98 0.97 0.95
2.0 0.30 0.97 1.00 1.00 0.98 1.00 1.00 0.99

2.5 0.00 0.33 0.59 0.29 0.10 0.71 0.64 0.56
2.5 0.05 0.36 0.67 0.39 0.17 0.74 0.67 0.60
2.5 0.10 0.46 0.82 0.60 0.36 0.82 0.77 0.70
2.5 0.15 0.61 0.94 0.81 0.61 0.91 0.87 0.83
2.5 0.20 0.78 0.98 0.94 0.82 0.97 0.95 0.93, -
2.5 0.25 0.90 1.00 0.99 0.94 0.99 0.99 0.98
2.5 0.30 0.97 1.00 1.00 0.99 1.00 1.00 1.00

3.0 0.00 0.63 0.86 0.64 0.38 0.93 0.90 0.86
3.0 0.05 0.66 0.89 0.69 0.45 0.93 0.91 0.87
3.0 0.10 0.71 0.93 0.80 0.61 0.95 0.93 0.91
3.0 0.15 0.79 0.97 0.91 0.78 0.98 0.96 0.95
3.0 -0.20 0.88 0.99 0.97 0.91 0.99 0.98 0.98
3.0 0.25 0.94 1.00 0.99 0.97 1.00 0.99 0.99
3.0 0.30 0.98 1.00 1.00 0.99 1.00 1.00 1.00
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Table 4. Comparison of A,-Score Criteria with Unequal Weights
(a,b) for Critical Value C = 3.5 and a + b = 2

p lSi A", = aiM,l +bS,
a = 2/3 a=1 a=4/3
b=4/3 b=1 b= 2/3

1.0 0.00 0.00 0.00 0.00
1.0 0.05 0.00 0.00 0.00
1.0 0.10 0.00 0.00 0.00
1.0 0.15 0.00 0.01 0.05
1.0 0.20 0.05 0.25 0.57
1.0 0.25 0.32 0.81 0.97
1.0 0.30 0.75 0.99 1.00

1.5 0.00 0.01 0.00 0.00
1.5 0.05 0.02 0.00 0.00
1.5 0.10 0.09 0.05 0.04
1.5 0.15 0.28 0.28 0.30
1.5 0.20 0.57 0.69 0.75
1.5 0.25 0.84 0.94 0.97
1.5 0.30 0.96 1.00 1.00

2.0 0.00 0.24 0.04 0.01
2.0 0.05 0.32 0.10 0.04
2.0 0.10 0.52 0.32 0.19
2.0 0.15 0.74 0.63 0.52
2.0 0.20 0.89 0.87 0.83
2.0 0.25 0.97 0.97 0.97
2.0 0.30 0.99 1.00 1.00

2.5 0.00 0.70 0.29 0.07
2.5 0.05 0.74 0.39 0.15
2.5 0.10 0.84 0.60 0.37
2.5 0.15 0.92 0.81 0.66
2.5 0.20 0.97 0.94 0.87
2.5 0.25 0.99 0.99 0.97
2.5 0.30 1.00 1.00 1.00

3.0 0.00 0.92 0.64 0.23
3.0 0.05 0.93 0.69 0.31
3.0 0.10 0.96 0.80 0.52
3.0 0.15 0.98 0.91 0.74
3.0 0.20 0.99 0.97 0.89
3.0 0.25 1.00 0.99 0.97
3.0 0.30 1.00 1.00 0.99
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Figure 1. Current four-round criterion Figure 2. Proposed four-round criterion with equal
weight: Probability = Prob( IM zl + 5z> 3.51
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Figure 3. Proposed four-round criterion with more
weight on bias:
Probability = Prob((41 M zl + 25zl/3 > 3.51

Figure 2. Proposed four-round criterion with more
weight on precision:
Probability = Prob((21 M zl +45zl/3 > 3.51
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