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The Human Reliability Program (HRP) is a personnel security program instituted by the 
Department of Energy for ensuring the reliability and trustworthiness of employees 
having access to Category I quantities of Special Nuclear Material.  To maintain 
certification, each HRP employees must, within a twelve month period, undergo a 
psychological evaluation, complete the necessary security clearance forms, and submit to 
an unscheduled and unannounced Drug and Alcohol (D&A) test. 

To better comply with the criteria of 10 CFR 712, Human Reliability Program, a new 
sampling scheme has been developed at the Idaho National Laboratory (INL) for 
selecting certified HRP employees for D&A testing.  This scheme, called hourglass 
sampling, is an elementary but effective method that incorporates the desirable features 
of traditional finite sampling techniques. 

Per 10 CFR 712, the selection of HRP enrollees for D&A testing must be unpredictable 
and nondiscriminatory, which is interpreted to mean that systematic selection patterns are 
to be avoided and that all HRP participants are to have an equal likelihood of being 
selected.  In addition to being unpredictable and nondiscriminatory, the selection methods 
should be efficient in that all employees are to be randomly selected for D&A testing at 
least once every twelve months and that excessive reselections of the same individuals 
are minimized.  Those employees who have not been randomly picked close to the end of 
their annual renewal date are subject to directed tests, meaning that they are deliberately 
chosen for D&A testing. 

A hypothetical site having 240 employees enrolled in the HRP is used to illustrate the 
advantages and disadvantages of traditional sampling schemes and to demonstrate the 
application of these schemes in the hourglass sampling approach.  In this example, all 
employees are to be tested at least once during January through December; and for each 
of the twelve months, 20 employees are to be selected via a single random sample.  The 
idealistic conditions are also assumed that once selected, all employees are available for 
testing and that no employees are added to or removed from the program during the year. 

The unpredictable and nondiscriminatory features of D&A testing are satisfied through 
the random or “chance” selection of HRP enrollees.  A sample drawn from a finite 
population is called a simple random sample if every possible sample of the same size 
has an equal probability of being selected.  Although the number of unique samples of 
size 20 from a population of 240 is astronomically large, a simple random sample is 
easily drawn by assigning each member of the population a sequential number from 1 to 
240 and using a random number generator (or a table of random digits) to produce 
20 integers between 1 and 240 inclusive.  The selected sample is comprised of those 
individuals being assigned the same numbers as those that were generated. 

For the example site, two probabilities of selection are computed.  One is the probability 
of monthly selection, meaning the probability that an employee is included in the sample 



drawn during any given month.  The other is the probability of first selection, meaning 
the probability that an employee is selected for the first time in a specified month. 

Sampling with Replacement

Sampling “with replacement” means that after a group of HRP employees is drawn in a 
monthly random sample, that group is returned to the population for possible reselection 
in ensuing months.  Thus, in December the population has the same 240 members as it 
had in January.  When random sampling is with replacement, the size of the population is 
unchanged, and the selection of a monthly sample is independent of the selections of 
prior samples.  For a sample of size 20 from a population of 240, the probability that a 
specific employee is selected during each of the twelve months is constant at 
20÷240=0.083.  The associated probability is modeled by a discrete uniform probability 
function.

As stated, random sampling with replacement yields a constant or uniform probability of 
monthly selection, which by definition is nondiscriminatory from a probabilistic 
perspective.  However, replacement sampling is seemingly discriminatory and is 
inherently inefficient, in the sense that some employees will be selected multiple times in 
sequential samples, while others will be chosen only once, or not at all, during an annual 
testing period.  The inefficiency of with-replacement sampling is illustrated by the 
probability of an employee being selected for the first time in a given month.  The 
probability of first selection is the highest in January (0.083) at the outset of the annual 
testing period and is the least in December (0.032) at the end of the testing period.  Thus, 
although the probability of first selection steadily decreases throughout the months, it is 
always nonzero, which means that even during later months, a given employee still has a 
comparatively high likelihood of not having been selected for the first time.  For 
independent samples, the probability of first selection is modeled by a geometric 
probability function. 

Viewed from a similar but different perspective, the probability of sequentially drawing 
unique monthly samples, in which the selected employees are totally different from those 
drawn in all previous samples, rapidly decreases during succeeding months.  The 
probabilities described above are summarized in Table 1. 

Table 1 
Sampling With Replacement 

Probability of: Jan Feb Mar Apr . . . Oct Nov Dec
Monthly Selection 0.083 0.083 0.083 0.083 . . . 0.083 0.083 0.083

First Selection 0.083 0.076 0.070 0.064 . . . 0.038 0.035 0.032
Unique Sample 1.000 0.917 0.764 0.573 . . . 0.004 0.001 ~0.000

A concluding example of the inefficiency of sampling with replacement is illustrated by 
the number of simple random samples required to ensure a small likelihood that a given 
employee remains unselected.  Specifically, the with-replacement sampling of 
20 employees per month from a population of 240 would require at least 35 random 
samples (700 D&A tests extending over nearly a three-year period) to yield a probability 
less than 0.05 that a given person is not selected for the first time.  



As noted, sampling with replacement unavoidably results in the repetitive selection of 
certain individuals, which is a desirable feature in terms of continually monitoring 
employee behavior.  It might also serve as a possible deterrent to prohibited conduct 
because the employees are in constant anticipation of potential retesting.  Albeit “fair” 
from a probabilistic perspective, sampling with replacement might be perceived as unfair 
or discriminatory to those persons who are selected multiple times, especially when 
compared to those who are not selected at all.  Furthermore, those employees who are not 
yet been picked close to the end of their annual renewal date are then subject to directed 
tests, which creates an unintentional predictability in the selection process.  

Although random or chance selections are intended to prevent systematic or foreseeable 
patterns, they do have long-run predictability, in terms of the anticipated selection 
frequency or the expected number of selections.  Table 2 summarizes the probabilities of 
selection frequencies and the associated number of employees that are expected to be 
selected at that those frequencies, for the with-replacement sampling of 20 employees per 
month from a population of 240.  As shown, the probability of not being selected during a 
year (0.352) is almost as great as the probability of being selected only one time (0.384).  
Furthermore, the probability of being selected twice (0.192), is half as great as the 
probability of being selected once, resulting in an equal number of tests.  All total, about 
63 of the 240 employees can expect to be selected more than once, for nearly 
148 additional tests. 

Table 2 
Sampling With Replacement 

Selection Frequency Probability Number of Employees Number of D&A Tests 
0 0.352 84.48 0.00
1 0.384 92.16 92.16
2 0.192 46.08 92.16
3 0.058 13.96 41.89
4 0.012 2.86 11.42
5 0.002 0.42 2.08

Total 1.000 240 240

Sampling without Replacement

Sampling “without replacement” means that once a simple random sample is selected, the 
drawn members are not returned to the population for possible reselection in ensuing 
months.  For the hypothetical site, twelve consecutive samples of 20 HRP employees are 
drawn without replacement, at one sample per month from January through December.  
Thus, the population is empty after drawing the December sample, and all 240 employees 
have been selected one time.  Obviously, all monthly selections are unique, in that the 
employees drawn in a given sample are totally different from those drawn in prior or 
ensuing samples. 

Sampling without replacement is clearly efficient, in the sense that all employees are 
selected during the year, and they are selected only once, thereby eliminating excessive 
repeat testing and any consequent grounds for discrimination.  However, the lack of 
repeat selections removes the provision for continued surveillance of employee behavior, 
and it too introduces an element of predictability in the selection process because once 
initially tested, the employees do not anticipate future retesting. 



When random sampling is without replacement, the results of a given month’s sample are 
dependent upon the selections in prior samples.  The size of the population steadily 
decreases, and the probability that an employee is selected during a month—which 
presupposes that the employee had not been selected during a previous month—is 
conditional upon the size of the population in the month that the sample is drawn.  Thus, 
the probability of monthly selection is not constant but steadily increases during the year, 
as the size of the population decreases.  On the other hand, the probability of an 
employee’s first (and only) selection during a specified month remains constant at 
0.083 per month and is modeled by a discrete uniform probability function.  The 
probabilities of selection for sampling without replacement are shown in Table 3. 

Table 3 
Sampling Without Replacement

Probability of: Jan Feb Mar Apr . . . Oct Nov Dec
Monthly Selection 0.083 0.091 0.100 0.111 . . . 0.333 0.500 1.000

First Selection 0.083 0.083 0.083 0.083 . . . 0.083 0.083 0.083

Table 4 emphasizes the certainty of once-only selection during a year, when sampling 
20 HRP employees without replacement from an initial population of 240.

Table 4 
Sampling Without Replacement

Selection Frequency Probability Number of Employees Number of Tests 
1 1.000 240 240

Hourglass Sampling

In order to capitalize upon the desirable features of sampling with replacement and 
without replacement, the hourglass sampling scheme incorporates a hybrid sampling 
technique involving two populations, namely a primary and a secondary population.  
With this hybrid approach, all HRP employees are initially placed in the primary 
population at the beginning of the calendar year, and sequential simple random samples, 
generally of a fixed size, are then drawn without replacement until the population is 
empty.  This means that at the beginning of the calendar year, every person has an equal 
and constant probability of first selection from the primary population and is guaranteed 
to be tested at least once annually.  Due to the random selection, however, the time of 
initial selection from the primary population is unpredictable. 

Once drawn from the primary population and having undergone initial D&A testing, the 
employees are not returned to the primary population but are transferred instead to the 
secondary population for potential reselection in the ensuing months.  Consequently, the 
secondary population begins filling after the initial draw from the primary population; 
and every time that the primary population is subsequently sampled (February through 
December, for this example), the secondary population is also sampled.  However, the 
sampling from the secondary population is with replacement.  Thus, as the primary 
population decreases at a constant rate by the sequential removal of a fixed number of 
employees, the secondary population increases at the same rate through the accrual and 
retention of previously tested employees.  Furthermore, the combined size of the 
decreasing primary population and the increasing secondary populations is constant, 
yielding the hourglass analogy. 



The with-replacement sampling from the secondary population is achieved by drawing a 
fixed percentage of the number of persons currently in that population.  Hence, the size of 
this sample does not remain constant but increases in proportion to the size of the 
secondary population at the time the sample is drawn.  Consequently, once in the 
secondary population, each person has a constant probability of being reselected during 
each month.  Furthermore, the objective of maintaining suspense on the part of each HRP 
employee is retained, that is, all employees, whether or not initially picked from the 
primary population or reselected from the secondary population, always anticipate a 
future selection; but again, the time of any selection is unknown.   

For the hypothetical site, Table 5 shows the decreasing/increasing sizes of the 
primary/secondary populations, respectively, resulting in a combined population size, 
which is fixed at 240 each month.  Table 5 also shows the constant size of the primary 
sample at 20 per month and the increasing size of the secondary sample, which is 
arbitrarily set at 5% of the existing size of the secondary population.

Table 5 
Primary Secondary 

Month Population  Size Sample Size Population Size Sample Size  
Jan 240 20 0 0
Feb 220 20 20 1
Mar 200 20 40 2
Apr 180 20 60 3

: : : : :
Oct 60 20 180 9
Nov 40 20 200 10
Dec 20 20 220 11

Total Sampled  240 Total Sampled  66

For the hourglass sampling method, Table 6 shows the probabilities of selection and 
reselection frequencies and the associated number of employees drawn from both the 
primary and secondary populations. 

Table 6 
Primary Population  (Sampling without replacement) 

Selection Frequency Probability Number of Employees Number of Tests 
1 1.000 240 240

Secondary Population (Sampling with replacement) 
Reselection Frequency Probability Number of Employees Number of Tests 

0 0.766 183.861 0.00
1 0.197 47.34 47.34
2 0.033 7.83 15.65
3 0.004 0.89 2.68
4 ~0.000 0.07 0.29

Total 1.000 240 66
1 Includes the last 20 members drawn from the primary population in December 

Table 7 shows the number of reselected employees and the corresponding number of 
retests for the hourglass sampling approach, in comparison to the with-replacement and 
without-replacement sampling schemes. 



Table 7 
Reselection Comparison 

Method Number of Reselected Employees Number of Retests 
With Replacement 63 148

Without Replacement 0 0
Hourglass 56 66

As shown in Table 7, the hourglass sampling scheme requires an additional 66 D&A tests 
above the 240 required for testing each employee one time.  However, all 240 employees 
are tested at least once, and the total number of reselected employees (56) is less than 
would be realized through replacement sampling from a single population (63).  
Furthermore, due to the fewer number of reselections with hourglass sampling, the 
number of retests is greatly reduced from 148 to 66, while still retaining a constant 
awareness of potential retesting on the part of each employee. 

Table 8 shows the probability of an employee’s first reselection (and the expected 
number of employees being reselected for the first time) from the secondary population 
on the nth draw after being added to the secondary population. 

Table 8 
Secondary Population (Hourglass) 

Draw of First Reelection Probability Number of Employees 
Not Reselected 0.766 183.861

1st  0.046 11.00 
2nd 0.040 9.50 
3rd 0.034 8.12 
4th 0.029 6.86 

: : : 
10th 0.005 1.26 
11th 0.002 0.60

Total 1.000 240.00 
1 Includes the last 20 members drawn from the primary population in December 

A key benefit of the hourglass sampling approach is that the selection methods are clearly 
nondiscriminatory.  The probability of an employee’s first (and only) selection from the 
primary population is constant at 0.083 per month.  Once selected from the primary 
population, the probability of monthly reselection from the secondary population—
regardless of when the employee was added to the secondary population—is constant 
also at 0.05 per month.  In this regard, however, the following caveat should be noted.
As is characteristic of the geometric probability function, Table 8 shows that once placed 
in the secondary population, the highest probability of an employee’s first reselection 
occurs early, that is, shortly after being placed in the secondary population.  If coupled 
with an early initial selection from the primary population, an employee can therefore 
expect a greater number of reselections from the secondary population.  Thus, even with 
hourglass sampling, the assurance of constant vigilance of employee behavior means that 
those persons, who “by chance” are picked from the primary population early in the year, 
can expect to be selected more frequently throughout the year.  As demonstrated, 
however, the total number of reselections should be less than would be realized with 
traditional replacement sampling. 



Performance Test

The newly developed hourglass sampling method was performance tested by comparing 
the expected number of selections against the observed number of selections in simulated 
samples of the 249 INL participants that were enrolled in the HRP at the time.  (The 
number of participants was rounded to 250 for simplifying the calculations.)  All total, 
49 simple random samples were drawn from the primary and secondary populations.  
From the initial primary population of 250 employees, 25 random samples, each of size 
ten, were drawn without replacement until the population was empty.  After each draw 
from the primary population, the sampled employees were added to the secondary 
population for possible reselection.  Thus, after drawing the initial sample from the 
primary population, 24 additional random samples were drawn with replacement from the 
secondary population, with one sample being drawn each time that the primary 
population was subsequently sampled.  The increasing sample size from the secondary 
population was arbitrarily set at 10% of the current population size.

In comparison to the example site, the performance test used a more frequent first 
selection from the primary population and a greater percentage of reselections from the 
secondary population, to ensure representative results for comparing the expected versus 
the observed number of selections.  The increased sampling frequency and the greater 
sampling percentage were used for evaluation purposes only; they are not necessarily the 
prescribed or recommended values. 

A simple computer program was written to select the random samples from both 
populations.  At the beginning of the performance test, the names of the 250 persons then 
enrolled in the HRP (the initial primary population) were sorted in alphabetical order and 
were assigned consecutive numbers from 1 to 250.  This assigned number formed the 
employee’s unique identity that remained with that employee throughout the performance 
test.  After the initial sample from the primary population, the existing members within 
each population were resorted alphabetically and were consecutively renumbered from 
one to however many were in the population at the time of the draw.  This new number, 
was a temporary or interim assignment that was used solely for drawing the pending 
sample and would change again as each group of ten employees was withdrawn from the 
primary population and added to the secondary population.

Using standard software library functions, uniformly distributed random numbers 
between zero and one were then generated, each of which was then multiplied by the 
number of persons (denoted by Np) in the population to be sampled.  The integer portion 
of the product was incremented by one, to form a transformed random number having a 
discrete uniform probability function in the interval from one to Np inclusive.  The 
members of the sample were then selected by matching the generated numbers to those 
individuals having the same temporary numbers. 

Figure 1 is a plot of the employee’s unique identity (ID) versus the order in which that 
employee was initially drawn from the primary population (#Draw).  As evidenced by the 
exhibited random pattern, the selection method was unquestionably effective. 



Figure 1 

For the performance test, Table 9 shows the close agreement between the expected and 
the observed frequency of employee reselection from the secondary population. 

Table 9 
Secondary Population (Sampling with replacement) 

Reselection 
Frequency

Probability Expected  
Number of 
Employees 

Observed
Number of 
Employees  

Expected
Number of 
Tests

0 0.371 92.821 901

1 0.292 72.88 84 72.88
2 0.185 46.29 33 92.58
3 0.095 23.64 25 70.92
4 0.039 9.80 16 39.20
5 0.013 3.34 1 16.70
6 0.004 0.95 1 5.69
7 0.001 0.23 0 1.58
8 ~0.000 0.05 0 0.37

Total 1.000 250 250 300.00
1 Includes the remaining 10 employees drawn in the last sample from the primary 
population

Although not explicitly shown in Table 9, the expected number of total reselections is 
157.18 (250-92.82), while the observed number is 160 (250-90), resulting in 
300 additional D&A tests beyond the 250 required for testing each employee one time. 

Table 10 shows the probability of first reselection on the nth draw from the secondary 
population and the close agreement between the expected and the observed number of 
employees reselected for the first time on the nth draw after being placed in the secondary 
population.



Table 10 
Secondary Population (Sampling with replacement) 

First
Reselection  

Probability Expected Number 
of Employees 

Observed Number of 
Employees  

Not reselected 0.371 92.821 901

1st 0.096 24.00 29 
2nd  0.083 20.70 22 
3rd  0.071 17.82 15 
4th  0.061 15.31 17 
5th  0.052 13.12 14 
6th  0.045 11.22 14 
7th  0.038 9.57 6 
8th  0.033 8.13 8 

: : : : 
23rd  0.001 0.20 0 
24th  ~0.000 0.09 0

 1.000 250 250 
1 Includes the remaining 10 employees drawn in the last sample from the primary 
population

Lastly, given that an employee is reselected from the secondary population, for this 
performance test, the expected value for the draw in which reselection occurs is 5.8, 
while the observed average value of the draw for reselection is 5.1.  The average draw 
applies to either the initial or a subsequent reselection from the secondary population.  
Note, however, that the observed value for the number of draws is an averaged value.
Those employees picked early from the primary population will have more opportunities 
for reselection in ensuing samples from the secondary population and will therefore have 
a larger value for the average draw from the secondary population.  On the other hand, 
those employees picked later from the primary population will have fewer chances for 
reselection and therefore a lower value for the average draw from the secondary 
population.


