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Introduction

G_String is a software tool, using ‘Generalizability Analysis’*, to assess the 
performance of performance assessment tools. It answers the question: 

“What fraction of a test score* measures a specific 
 quality of the test subject being tested, 

rather than some idiosyncrasies of the test itself?”

G_String is intended for the use by Performance Assessment practitioners, rather than for expert 
statisticians with their own preferred statistical software package, such as R or SPSS, yet G_String 
performs the same Generalizability Analysis* as the more general programs, and, additionally, allows 
for ‘D Studies’*, while leading the user step by step through the process.

Besides routine G_Studies*, GS_M also permits G_Studies with replications*, and the generation of
synthetic* test score files. For each of these three calculations, the user has the choice of entering the 
parameters by hand, or to automatically read them in from a prepared script. Such scripts, in turn, can 
be saved automatically, once a design has been entered manually.

This manual also explains the rationale of Generalizability Analysis with a focus on plausibility 
rather than on formal stringency. It will start with explaining the central concept of ‘Variance 
Components’*. Where jargon terms are used, they are marked with an asterisk (*), and explained in 
Appendix 1. Although Generalizability Analysis has applications far beyond the area of performance, 
and learning assessment, we confine the terminology appropriate to the earlier field in order to avoid 
confusion.

The software name ‘G_String’ is derived from the fact that it performs Generalizability Analysis by 
lexically transforming effect Strings. The current incarnation of G_String is GS_M, completed in 
2023, using Java* and JavaFX* versions 17. GS_M runs on Windows, Mac and Linux(Ubuntu), and is 
not dependent on whatever Java libraries are already installed in the user’s operating system. 

GS_M is still based on the original G_String design, developed at McMaster in 2007, but it has 
acquired further functionality. It is supported on the internet at:

https://github.com/G-String-Legacy/GS_MV/wiki

No commercial body ensures the future of G_String. But the above website provides the tools for 
the user community to keep the software up-to-date.

* Explanations for jargon terms in Appendix I. (in performance assessment context)
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Estimating Variance Components
Most of G_String's 'heavy lifting' is done in step 9 by a C++ routine called urGenova designed by 

Prof. Robert L. Brennan, who has kindly given his permission to include it in this software. From the 
raw score data, and the full set of design parameters urGenova extracts estimates of the so called 
'Variance Components' for each facet and their combinations. The variance components, in turn, are 
then used to calculate the G-Coefficients and perform D-Analysis.

The concept of variance components stems from a mathematical theory called 'General Linear 
Model'. The model is called 'linear', because the the result is equal to the simple sum of a mean and 
various effects that determine the outcome. Although its general form is simple to write as a 
mathematical formula, it is somewhat obscure for non-mathematicians to understand. Instead we will 
first apply the concept to the example of a plain multiple choice exam1, and then chat loosely about its 
extension to more complex cases. Fine details are not that important here, and G_String knows how to 
do it.

So, let's start with the 58 students answering 30 MCQ questions either correctly (score 1), or 
incorrectly (score 0). Thus, each student can potentially receive a minimum total score of 0, and a 
maximum of 30. The data file will have 58 rows and 31 columns. The first column contains the 
corresponding student index (to be ignored), the subsequent fields the individual question scores (0 or 
1). The general mean score over all the students and questions is 0.58966 = μ0, which also corresponds 
to the probability of an average student getting the answer to an average question right.

But 'average' student, and 'average' question are theoretical constructs. In reality, students (s) differ 
by their overall ability, questions (q) by their easiness, and different students differ in their ability to 
handle different types of questions (sq interactions). In generalizability jargon these deviations from the
mean are called 'effects'*.

In fact, there is a set of effects (ν) associated with each facet*, as well as with their various permitted
combinations. The size of each set is determined by the sample size of its corresponding facet. Thus, 
the General Linear Model postulates that the score (Xi,j) for student i answering question j can be 
expressed as: 

(Equation 1)

Where    stands for the ability effect of student i,    for the easiness effect of question j, and   
for their cross-effect (interaction), with: 

    ,  and   

Let us now examine the properties of effects for a given facet, or interaction of facets. Since the 
individual students’ ability effects are essentially independent from each other, they must be considered

1 https://github.com/G-String-Legacy/GS_MV/wiki/Clinical-Clerkship-Grading
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to be random values, and because of equation (1a) they must be more or less symmetrically distributed 
around zero, which holds for the effect sets of all facets and of their respective interactions. As in most 
distributions, values get rarer, the further you deviate from zero. That, in fact, describes a bell-curve 
distribution. Each effect set distribution has its own variance*, and we call these the 'variance 
component'* of the corresponding facet. Most importantly, under the General Linear Model the 
variance of a sum is the sum of its component variances.

The variance components , and  
are measures of the different effects' spread for 
their corresponding facets. On this diagram the 
distribution of the 58 students' ability effects, as
extracted by urGenova from the data file, are 
shown as a histogram in blue. The histogram 
resembles a bactrian more than a dromedary. 
One might be tempted to infer that the class is 
split into strivers and slackers. But that would 
be a wrong conclusion. For the data were, in 
fact, created by a random number generator 
(G_String Simulation).

 

The variance component for students' performance comes out as , which corresponds to a 
standard deviation of 0.2. The red curve shows the corresponding ideal Gaussian distribution with a 
variance of 0.04, and a mean of 0. 

There are two reasons for the discrepancy between actual and expected data. Firstly, 58 students 
represent a relatively small statistical sample, and secondly, the continuous effect values can only 
express themselves as either score 0, or score 1, which leads to large rounding errors.
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G Coefficients

A good test has to measure what it claims to measure. Performance tests provide mean test scores 

for candidates   ,  but claim to rate their ability.

The more the test scores of candidates reflect their ability, the more generalizable is the test.

The test results of record are the mean performance scores of each individual student achieved on 
the test. But desired ranking of students depends on their actual ability. As we have seen  in equation 1, 
the performance depends on other factors as well, besides mere ability. So the indicator of test quality 
(G Coefficient) is the ratio of the variance of estimated student ability effect to the variance of their 
mean performance scores. In other words: "how much of the test score variance is explained by the 
ability effect variance?". Mathematically, that looks like this:

(Equation 2)

More generally speaking, the literature recognizes two types of G Coefficients: Eρ2, and Φ, 
depending on how the student score variance has been defined. Unfortunately we don't get around 
looking more carefully at 'variance', and how it is calculated. 

Let us consider a set of N random numbers yk, where k ranges from 0 to N-1. 

As we have seen, its arithmetic mean is calculated as: 

(Equation 3)

while the harmonic mean results from:

(Equation 4)

and its variance:

(Equation 5)
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It turns out, however, that the mean  no longer has a fixed value, it now has its own, admittedly 
smaller variance (variance of the mean):

(Equation 6)

Let us now get back to the output of urGenova, after it has processed the data entered, we are 
looking at the variance components for the two facets - student, question, and their interaction:

    Where the variance components for the different facets and combination are to be found in column 
‘VC’. 

We are left with figuring out, how to express  in terms of the calculated variance 
components. We must keep in mind that we are interested in the variance of the ‘facet of 
differentiation’* in relationship to the total score variance, i.e. averaged over all ‘facets of 
generalization’*. This leads us to the following expression:

(Equation 7)

where σ2(τ); stands for the sum of all variance components that contain the facet of differentiation, 
but no facets of generalization (Brennan's Rule I.). 

Depending on the type of G Coefficient we want to calculate, formula (7) becomes:

(Equation 7a)

or

(Equation 7b)

where σ2(Δ) is the sum of all variance components, except for σ2(τ) itself, divided by the size product of
the respective facets of generalization (Brennan's Rule II.), and σ2(δ) the sum of all variance 
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components that contains the facet of differentiation and at least one facet of generalization, divided by 
the sample size product of such. (Brennan's Rule III.)

Both Brennan's Rule II, and Brennan's Rule III require summing variances of means for facets of 
generalization. According to equation 6 this requires division of the sample variance by the total 
number of sample items. For set variances of single facet sets, this is simply the sample size of this 
facet. For purely crossed facets, it becomes the product of the facet sample sizes. But in the case of 
nested facets, there are multiple sample sizes, depending on the value of the nesting facet. In this case it
becomes necessary to first calculate a mean of sample sizes for the nested facet. But it is no longer the 
arithmetic mean, the harmonic mean is required.

By general convention, Eρ2 should have at least a value of 0.80 for 'High Stakes Exams'.

As it turns out,  Eρ2  = 0.93 for this case with 30 questions. But as we have seen, once we know the 
test design, the sample sizes, and the variance components, estimating Eρ2  and Φ for a combination of 
different generalization sample sizes becomes a simple arithmetic operation. That’s what D Analysis 
does.
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Elements of a Performance Test
Performance tests are an essential part of an educator’s job. Just as a carpenter can not create quality

furniture without a ruler, educators need to regularly assess the performance of their charges, and adapt 
the teaching strategies accordingly. But performance tests also play a role in rewarding, holding back, 
qualifying, or even dismissing students. High stakes tests, therefore, have to be defensible for both 
ethical and legal reasons. That’s where test quality comes in.

A performance test consist of a set of subjects encountering a set of tasks that challenge the subjects 
to perform at their optimal level. Often it is necessary to classify both subjects (e.g. by class, gender or 
age), and tasks (e.g. by content area, or required skill set), and sometimes by raters. These different 
classification systems represent additional facets beyond subjects and tasks.

It is also the purpose of Generalizability Analysis to unravel the contribution of the various facets to 
performance quality.
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Installing G_String GS_M
GS_MV installers can be freely downloaded as .deb (for Linux.ubuntu), .msi (for Windows), 

or .dmg (for mac) from https://github.com/G-String-Legacy/GS_MV/releases.

  Installation is straight forward for .deb and .msi. Just click on the downloaded installer. The 
installation of GS_MV-2.0.7.dmg is a bit trickier because of Apple’s monopolist policy. The installer 
has to be downloaded first on a non-Apple computer, then copied on an usb-stick. The usb-stick can 
then be plugged into a Mac and installed from there.

For all three installations, the first time G_String is started, it will automatically create a working 
directory called ‘G_String_Working_Directory’, and copy the appropriate machine language version of
urGenova into this working directory. Should you accidentally erase that directory, just start G_String 
again.

G_String looks like this, when you first start it. At the very top is the menu bar:

• File
◦ Start over
◦ Save Results
◦ Exit

• Action
◦ Manual G Study
◦ Scripted G Study
◦ Manual Replications
◦ Scripted Replications
◦ Manual Synthesis
◦ Scripted Synthesis

• Preferences
◦ Change Preferences

• Help
◦ Contextual Help

◦ Background
◦ urGenova Manual
◦ About G_String_M
◦ About urGenova
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Standard Manual G Study
Next we run through all 10 steps of a regular G Study using the example of an ‘Objective Structured 
Clinical Examination’ (OSCE)2:

The Story

The Salerno Medical School runs an 'Objective Structured Clinical Exam' at the end
of the first clinical year. The OSCE is organized in 10 station circuits run over three
days, one circuit each on morning, afternoon and evening. A total of 85 students will
take the exam. The stations have been carefully designed and reviewed by a panel
of 18 professors. At each station students are rated for competence in 5 areas by 2
independent raters on a 4 point scale.

We start by selecting ‘Action’ from the menu, and pick ‘Manual G Study’, because we don’t have a 
corresponding script as yet.

2 See details at: https://github.com/G-String-Legacy/GS_MV/wiki/Objective-Structured-Clinical-Exam
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Step 1 – Project Name

The field for the project name is still empty, so fill it in,

and go to the Next Step.
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Step 2 – Project Description

Enter  a project description as detailed, as you like. But remember, adding the details does not cost you.
At some future date, when you will review the project and results, the details will be handy.

And go to the Next Step.
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Step 3 – Facet of Differentiation

The Facet of Differentiation in our case is the ‘Candidate’. We label it with the lower case character ‘c’.
‘Candidate’ is nested (in Circuit), and there are 4 more facets to come:

Then go on to Next Step.
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Step 4 – Facets of Generalization and Stratification

And now enter the other four facets:
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Step 5 – Sequence of Facets in the Scores-Data File

Use the Mouse ‘grab-move-drop’ function to change the order of facets to match their order in the data 
file, and make sure that the label ‘c’ carries an asterisk, since the data file adds a new row, every time  
the candidate index changes. Any label can carry the asterisk, just click on it.
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Step 6 – Crossed and Nested Facets

Again with ‘grab-move-drop’ establish the correct study design:
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Step 7 – Scores-Data File Adjustment

After clicking on Next Step, a file selection box appears:

Pick the desired Scores-Data file.

Skip the first column to tell G_String that the ‘Candidate’ index should be ignored:
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Step 8 – Sample Sizes
Next you have to step through all 5 facets to select the sample sizes for the current project by 

entering the desired values:
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Step 9 – urGenova Results

Decide whether you want the parameters, you have entered, as a script, or not.

Scroll the window almost to the bottom, in order to be able to inspect the Variance Component for each
facet (in column ‘VC’).
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Step 10 – G Coefficients

In this window you get a further view on the G_String results so far. You have the option to now 
perform D Studies by entering various values into the mean sample size level fields at the top right, 
and get the new G Coefficients after clicking Next Step each time.

When you are done, don’t forget to save all the results with File > Save Results.
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G Study with Replication
Most of the time all the sample sizes are fixed as part of the study design, or a few have to be adjusted 
at the time, the G Study is run. However, a major exception exists, It occurs in situations, when the 
sample sizes of a facet of generalization nested in the facet of differentiation differ from subject to 
subject, such as in the evaluation of resident, or clinical clerk rotations, or of teachers by students.

Even though urGenova would allow specifying such a situation in the script, this is very cumbersome, 
and error prone extra work. The ‘Replication’ option of G_String makes short shrift of it. The sample 
size is extracted directly from the scores-data file. But only one facet can be replicating.

When you choose the replication option as action, only step 4 differs from that of the simple G Study, 
and the program won’t prompt you for the corresponding sample sizes.

Let us consider Clinical Clerkship Rotations3. In replication mode, the ‘replicate’ option is offered for a
facet, when ‘nested’ has been selected. But the asterisk must have been set either on the facet of 
differentiation, or its directly nested facet of generalization.

3 https://github.com/G-String-Legacy/GS_MV/wiki/Clinical-Clerkship-Grading
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Synthetic Data Files
The ‘Synthesis’ action can be of interest to designers of complex studies, or to educators of 
Generalizability Analysis. Rather than having to feed G_String a data-score file, the program generates 
a synthetic data-score file, based on parameter data entered.

As illustration, we use our familiar MCQ example. Most of the steps in Synthesis correspond to the G 
Study format. We only discuss here those steps that differ.

Up to, and including step 6 nothing has changed. The analytic step 7 read in the empirical data file, 
obviously, is no longer relevant here. Instead, we skip directly to the sample size sequence.

In step 8 we enter specifications for the score, such as lowest possible score (Floor), highest possible 
score (Ceiling), and the Mean (μ0). Floor and Ceiling are entered as integers, while Mean is entered as 
decimal number.

We show here the forms with MCQ synthesis parameters already entered:
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In step 9 G_String has already figured out for which facets, and facet combinations variance 
components are required. We guess variance values and experiment, until we find a resulting data set 
that meets our requirement.

Next, G_String offers the option to save the synthesis script, and then prompts for where to save the 
resulting synthetic score-data file.

Finally, it provides a summary feedback of the synthesis:

To keep enterprising graduate students from generating fake experimental results, G_String weaves a 
signature into the synthetic data file. On analyzing as G Study, the saved results show a ‘Sig’ < 10 at 
the very end. In contrast, empiric studies show ‘Sig’ >> 10.
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Problems
The current version of G_String has evolved over 16 years. It comprises over 7000 lines of source 
code, and compiles to about 80 Mb. But the author had little assistance in debugging the program. It is, 
therefore not surprising, when all kinds of little bugs may still raise their nasty heads from time to time.
Many problems have been caught and fixed over the years, and some are probably still lurking.  This, 
however, is not unusual in complex software, and it is the reason, why computer programs need to be 
updated periodically.

So don’t panic, if the program should suddenly behave in an unusual way. Here are some rational steps 
to help  you with unexpected situations:

1. Exit, and restart the program, Then try to copy the previous sequence of steps, and check if the 
same problem happens again. If so, write down the step, where the problem occurred (bottom 
right).

2. Copy the most appropriate template4 matching your problem, try to run it from the script, and 
check if your problem arises as well. If so, your installation might have become compromised.

3. If not, we might be dealing with a new bug. Open the most recent log file in the current data 
directory.

4.  Go to the ‘Discussion forum’5 and start a new discussion. Give a detailed explanation of what 
you were trying to do, what happened, in which step it occurred, and what the log file said. 
Hopefully, other members of the user group will help you solving the problem. Possibly, they 
may raise it to an ‘Issue’6. That means usually that a software expert has to become involved.

In order for this problem solving sequence to function, it is necessary that the user group coalesces, and
provides mutual support, if necessary even contributing to the cost of hiring a programmer, when the 
author of G_String is no longer around.

The core of the G_String website7 on GitHub contains all the technical information, an expert would 
need to solve the problem.

4 https://github.com/G-String-Legacy/GS_MV/wiki/Hands-on-Examples
5 https://github.com/G-String-Legacy/GS_MV/discussions
6 https://github.com/G-String-Legacy/GS_MV/issues
7 https://github.com/G-String-Legacy/GS_MV
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Appendix I:   Explanation of Jargon Terms

Where Generalizability Analysis is applied in fields other than performance assessment, such as dog 
shows, or price rating for art objects, the terminology needs to be adapted accordingly.

D Study: ‘what if’ analysis after performing a G Study by varying various sample sizes in order to 
reach a desired compromise between test effort and Eρ2.

Effect: amount the task score of a Candidate deviates from the mean due to each facet.

Facets: are the various factors of a particular assessment design that affect actual candidate 
performance scores.

Facet of Differentiation: the candidate for whom we are attempting to estimate performance quality.

Facets of Generalization: the facets that define define the rating process.

Facets of Stratification: allow candidates to be rated within subcategories.

Generalizability Analysis, G Study: see chapters ‘Estimating Variance Components’ and 
‘G Coefficients’.

Java: high level computer programming language requiring extensive libraries.

JavaFX: special syntax and library for graphic display, assisting Java.

Replications: special case of G Study where the sample size of tasks is not fixed, but varies from 
candidate to candidate. These sample sizes are extracted automatically from the data file.

Score: ordinal, numerical performance rating (per candidate and task), either criteria based, or by rater. 

Synthesis: generating an artificial data file corresponding to a desired test design and variance. 
components.

Task: individual challenge on which the performance of a candidate is scored.

urGenova: Machine language routine created by Robert L. Brennan to efficiently calculate Variance 
Components.

Variance: amount of variation in data set; see definition in Equation 5.

Variance Components: a set of variances, one for each facet.
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