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Error Reduction in an Operating Environment

Humans ... at our best, we are imperfect machines. At our worst we 
create problems for imperfect machines and other humans. Our 
repeatability is awful. We get bored easily. We make our own 
decisions, in spite of good information and direction.
But, we are the best we have to work with.
Learning to manage human performance is perhaps the biggest 
challenge facing managers at nuclear power plants today. In 
spite of the fact that we are all human, we know much less about 
human performance than we do about plant performance. In 1992, 
Comanche Peak launched an ambitious program to manage human 
performance and reduce human performance errors. Since that 
time, we have reduced our error rate by 88% (see Figure 1)

o

Figure 1 Comanche Peak Total Error Rate: 1992 - present

and our significant error rate by 99% (see Figure 2).
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Figure 2 Comanche Peak Significant Error Rate: 1992 - present
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These large performance improvements were obtained not so much by 
coming up with a new idea, but by coming up with a way to make 
the old ideas work. To understand this program, and why it 
worked, it is first necessary to understand what programs already 
existed and why they were not enough.
The Basis: The three cornerstones for human performance
management are Procedures, Training, and Leadership. All three 
of these elements are oriented towards either teaching 
expectations or reinforcing them. Procedures (taken here broadly 
to mean written communications) when properly done creates an 
archive of best practices, expectations, and other efforts to 
provide a consistent message that avoids the imprecise 
limitations of verbal communication. Training teaches correct 
practices in an effort to make them understood and habitual. 
Leadership daily reinforces these to ensure that the desired 
understanding and behaviors don't drift from acceptable limits.

These three elements are the most accessible levers management 
has to address human performance issues, but they are not enough
to ensure the levels of reliability needed by a nuclear power
plant. Since the late 1970's several new programs have been
embraced to compliment them and some old elements have been
overhauled :
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Figure 4 Traditional Programs for Human Performance Management

Corrective Action Programs are feedback loops intended to correct 
problems when they occur and to learn from those problems in 
order to prevent recurrence of both the problems that occurred 
and a broader class of similar events. These programs track 
repair efforts, determine causes, track preventive efforts and 
provide feedback to the plant personnel. These programs were 
developed in the 1970s. Typical event investigations resembled 
Figure 5 below. Once culpability was established, the analysis 
was complete and the discipline and counseling could begin.

Operator 
Flips the 

Wrong 
Switch

Figure 5 Traditional Endpoint for Corrective Actions in the 1970$
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An old, but potent element is verbal Communication. Verbal 
communication takes place thousands of times every day. However, 
it is such a potent shaping factor for events involving more than 
one person, that small losses of information can create strong 
error provocations. Effective communication is needed up, down, 
and across organizations. Verbal communication suffers from 
imprecision due primarily to the human lack of repeatability. 
The same message is rarely said the same way twice. "Three way" 
communication is the latest effort to transform an activity as 
ancient as mankind into a repeatable, reliable tool.
Self checking1 is a very powerful technique for stopping and 
verifying intended actions prior to actually performing any act 
that would critically effect the intended outcome (e.g., flipping 
a switch, opening a valve, inputting a setpoint, hanging a 
clearance). It typically requires strong, daily support from 
leaders to ensure that self checking behaviors become routinely 
used. The mechanics of self checking vary by situation so a 
common implementation failing is telling workers to self check 
without explaining how to do it for each of the critical tasks 
performed. Also, similar to safety practices, classroom lectures 
are not enough. They must be reinforced in the workplace daily.
Trending2 of corrective action issues complements the analysis of 
single events. Analytical techniques are used to identify when 
corrective actions are not preventing recurrence, and where the 
frequency of events may increase the risk to the plant where the 
significance of each individual event may not.
Root Cause Analysis (RCA) techniques are most effectively applied 
to solve equipment performance problems. RCA is just a logical 
method for breaking down a problem into cause and effect elements 
that can be proven and addressed. The techniques rely on 
demonstrating cause and effect, typically in a linear model. 
Examples include Events and Causal Factor Charting3, Barrier

1 Institute of Nuclear Power Operations (1992) Self Checking. (INPO 92-010)-.
2 Station Performance Trending. A paper on Trending Good Practices devèloped 
through a joint utility effort. To be incorporated in the next revision of 
INPO 89-005, Guideline for the Use of Operating Experience. 1990. (currently 
in draft)
Minnick, L. E., and Reuland, W. B. (1988) . Guidelines for Analyzing and 
Trending Incidents in Nuclear Power Plants. Electric Power Research Institute. 
(NSAC-119).
3 EG&G Idaho, Inc. (1978). Events and Causal Factor Charting (SSDC-14, DOE 
76-45/14, Revision 1). P. 0. Box 1625, Idaho Falls, Id: System Safety 
Development Center.
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Analysis4, Fault Tree Analysis5, MORT^, Savannah River Root Cause 
Tree (now Taproot)7, Kepner-Tregoe8 .
At the time root cause analysis became widely used in utilities, 
the biggest problems facing the plant dealt with basics of 
getting the plant equipment to work right. Its adoption was 
driven by economics. The use of root cause analysis was most 
frequently embraced when it addressed issues involving power 
generation or serious regulatory issues. It won acceptance from 
management when it was able to address high profile events. It 
is best at fixing equipment and some procedural issues. Issues 
involving personnel performance and management performance were 
less often embraced because cause and effect were more difficult
to show, corrective actions more difficult to formulate, and the
effectiveness of corrective actions were more difficult to 
determine.

INPO's Human Performance Enhancement Program (HPES)9 is less 
rigorous than formal root cause analysis. It specializes in
human performance issues and focuses on items over which
management had some control. Successful implementation relies on 
the analyst’s intuition to complement analysis. Thus, it 
requires a skilled, seasoned worker with strong people skills to 
administer. It is typically a strong analytical technique if the 
right person applies it, but typically a dismal failure if the 
wrong person applies it. Interestingly, good root cause analysts 
are not automatically good HPES analysts and vice versa.
The most successful programs have had an HPES Coordinator who was 
respected and trusted by coworkers and had the ear of the plant 
manager. These programs typically have combined the cause 
analysis structure with an intuitive approach to problem solving

4 EG&G Idaho, Inc. (1985). Barrier Analysis (SSDC-29). P. 0. Box 1625, 
Idaho Falls, Id: System Safety Development Center.
5 Nuclear Regulatory Commission. (1981). Fault Tree Analysis (NUREG-04 92).
6 Johnson, W.G. (1980). Management Oversight and Risk Tree (MORT) safety 
assurance systems. New York: Marcel Dekker, Inc.
7 Paradies, M.W., and Busch, D. A. (1986) . Savannah River Experience Using 
a Cause Coding Tree to Identify the Root Cause of an Incident. Workbook 
Notebook; Third Annual NSAC/ORSERG Workshop. Palo Alto, Ca: Electric Power 
Research Institute.
® Kepner, C. H. And Tregoe, B. B. (1981) The New Rational Manager, 
Research Press, Kepner-Tregoe, INC.
^  I n s t i t u t e  o f  N u c l e a r  P o w e r  O p e r a t i o n s  (1 9 8 8 )  Human Performance Evaluation System 
(HPES) Coordinator Msmual. (IN P O  8 6 - 0 1 6 ,  R e v i s i o n  1 ) .
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(i.e., the analyst could recognize some of the causes absent 
proof and could convince others) . HPES is good at solving 
"tangibly driven" errors such as procedure problems, 
communication problems, personnel/equipment interface problems, 
environmental problems, and traps. HPES is not good at solving 
"intangibly driven" errors (e.g., management/supervision induced 
errors and internal motivation induced errors).
Root Cause Analysis and HPES pushed the understanding of event 
causality back a level by looking at the defenses created to 
prevent human performance problems and why they failed in a given 
event.

active
error

flawed
defences

Figure 6 Human Performance Investigation from the Root Cause Analysis Era

Pressures impeding causal analysis and HPES:10

• Root Cause Seduction: A linear cause and effect model doesn't
account for the interaction between cause and effect for these 
types of errors. For example, in an organization with 
management out of touch, an increasing error rate can 
stimulate increased management pressure to perform. The 
corrective actions taken can add stress to the workers without 
addressing the causes. The increased stress can induce

■̂ -0 C a r r o l l ,  J .  (1 9 9 5 )  Incident Reviews. I n d u s t r i a l  & E n v i r o n m e n t a l  Q u a r t e r l y ,  V o l .  9 ,  

N o . 2 ,  1 7 5 - 1 9 7
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further errors. What then are the causes of these errors? 
Are they found in the circumstances surrounding the specific 
event or in the efforts to prevent it? Finding a root cause, 
even though not enough information is available to do so, 
satisfies one's desire to be able to say we know why something 
happened and what we can do to fix it.

• Sharp end focus: The "sharp end" is where the last human
barriers were located. External analysts tend to attribute 
causal accountability to personnel who were final barriers 
more so than to those whose roles may have been more 
substantial, but were earlier in the chain of events. As 
Carroll states, "It is the operators who 'touch things' that 
tend to be blamed when something goes wrong, not the engineers
who designed the modification.,#11

• Solution Driven Search: Analysts tend to form hypotheses as
to the causes of the event which are shaped by the structure 
of their analytical processes. Analysts further tend to focus 
on information supporting this hypothesis and discount 
information discrediting it. The supporting information
reinforces their hypotheses and increases their resistance to
counter information.12

• Acceptability of Conclusions: Conclusions and subsequent 
corrective actions are shaped by the cultural acceptability of 
those conclusions. Thus, a conclusion, and, therefore, 
solution which is more popular may be chosen over one which 
would be more effective.

• Other human error root cause methodologies have been developed 
(e.g., HPIP13), but they still face the same limitations.

Why aren't these programs enough? Most of the above programs 
have critical elements involving repetitive human behaviors. 
These behaviors are subject to the pressures of daily work 
practices which can cause bad habits to form. Merely knowing 
what is needed for successful performance is no more likely to be

1 1  I b i d . , p .  1 8 2

s t e r m a n ,  J o h n  D . (1 9 9 4 )  . Learning In and A b o u t  C o m p le x  Sys t e m s .  S y s te m  D y n a m ic s  
R e v ie w  V o l  1 0 ,  n o s  2 - 3 :  J o h n  W i l e y  & S o n s ,  L t d .  p p .  2 9 1 - 3 3 0

■*■3 P a r a d i e s ,  M. E t  a l .  ( 1 9 9 2 )  D e v e l o p m e n t  o f  t h e  NRC's Human Performance Investigation 
Process (HPIP), (N U R E G /C R -5 4 5 5 , S I - 9 2 - 1 0 1 ,  V o lu m e  l )  . N u c l e a r  R e g u l a t o r y  C o m m is s io n .
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successful than knowing about exercise and diet will cause weight 
loss. Some mechanism is needed to induce the desired behaviors 
on a continuous, self correcting basis.
Performance Enhancement Program: Comanche Peak's Performance
Enhancement Program was adopted to address this need. The 
process represents a further step back from the rigor of event 
causal analysis. Rather than addressing the specific causes of 
the daily human performance events, it seeks to address a generic 
root cause analysis of a large class of events. Based on this 
analysis, it establishes expectations for management, 
supervisors, and workers and then tracks error rates in order to 
monitor the successful implementation of these expectations.

The logistics of the program are as follows:

• Plant events are reported on a common form. A committee 
screens these forms each day. One of the screens is to 
identify apparent errors. Apparent errors are events that 
appear to have been substantively caused by inappropriate 
human actions.

• The errors are categorized into three categories: Significant
personnel errors, personnel errors and trend only errors.

• Responsibility is assigned at an organization level (e.g., 
I&C, RP, etc.)

• An appeal process is available if subsequent facts show the 
event is not an error.

• Events over one year old at the time of discovery are 
excluded, since the intent is to give feedback while the 
behaviors surrounding are still known by the involved 
personnel.

• Supervision is intended to be the primary focus of the 
program. Root cause analysis was adequate to "lynch the 
guilty" (i.e., to bring accountability to the working level). 
But the cause and effect of supervision is intangible. A 
group's error rate is a measurement of leadership, even though 
the individual events cannot be causally linked to failures of 
leadership.

• A Performance Enhancement Review Committee is convened for 
each significant personnel error. The committee is made up of

3 9 3
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the Plant Manager or Vice President, a Training manager, the 
HPES Coordinator, and a representative of the performance 
enhancement program. The committee meeting provides direct 
communication between senior management and workers as to why 
prior efforts to prevent the event did not work. At least one 
peer of the effected workers is present. (If the peer would 
have made the same error, then the problem is possibly
systemic). The responsible supervisor and manager are 
present. The focus is the presumed failure of management
controls: Why didn't the barriers put in place work, and why
didn't management know that the barriers would fail? Senior 
management attitude and control is critical.

* The meetings have to be non-punitive (very hard to do,
harder still to convince workers you are doing it).

■ The focus should look at which barriers worked and which did 
not.

■ Barriers were put there by managers and monitored by 
managers for effectiveness.

Errors are trended to track performance. The number of errors 
are normalized by man-hours to account for changes in the work 
load (particularly during outages), thus giving an error rate. 
The group's error rate is compared to the same group's prior 
error rate since reporting thresholds vary by reporting group. 
Absolute rates are not meaningful, but changes in the error 
rate are (decreases are good!). Trending by different time 
spans reveals both short term changes in the work process and 
long term changes in the work culture.

Site Personnel Error Rates

I i 1 I I I I I I i I I | I I I | 5
' Long Term R*te -  -  -  -  Short Term R*te

Figure 7 Typical Error Rate Curve
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• Statistical process control charts14,15 are used to monitor 
changes in error rates.

Personnel Error Statistical Process Control Chart

Figure 8 Control Chart for Detecting Changes in Error Rates

• Changes in the error rate signal changes in the work
environment. This could be a change in the error rate or it 
could be a change in the reporting threshold. To distinguish 
between these two conditions, we look at the percent of errors 
self-reported and the ratio of significant to total errors, or 
ask the people.

• If the error rate is not addressed, the continued rise effects
higher level organization rates, putting pressure on
successive layers of management. This causes mounting levels 
of pressure to fix the problem while bringing increased 
resources to bear.

The connection between cause and effect is difficult to prove in 
human performance issues. As discussed above, some solutions 
never get implemented because the conclusions underlying them 
can't be proven, and are, therefore, unpopular. By being able to 
measure success in the form of error rate reductions, otherwise 
unpopular solutions can be tried. This allows solutions 
targeting unprovable influences (error provoking precursors) in
addition to the more easily identified flawed barriers (see
figure 9 below).

N e l s o n ,  L lo y d  S . ( 1 9 8 4 ) .  The Shewhart Control Chart - Tests fo r Special Causes. 
J o u r n a l  o f  Q u a l i t y  T e c h n o l o g y :  V o l  1 6 ,  N o . 4 .  p p .  2 3 7 - 2 3 9

N e l s o n ,  L lo y d  S .  (1 9 8 5 )  . Interpreting Shewhart Xbar Control Charts. J o u r n a l  o f  
Q u a l i t y  T e c h n o l o g y :  V o l  1 7 ,  N o . 2 .  p p .  1 1 4 - 1 1 6 .
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active
e r r o r

Operator Rips 
the Wrong 

Switch

f l a w e d
defences Training

LTA

error
prevoking
precursors

a. « ^  ^

3 s  3 ! ^  * s  ssr&r

Figure 9 Known but Unprovable Causal Factors Added to Analysis 

Program Strengths:

• It drives change when change is needed, 
improving error rates are left alone.

Organizations with

• It gives quick feedback on progress. The classifications
don't wait on the final determination of cause; they are made 
typically within 24 hours of the discovery of the event.
Therefore, the error rates are very fresh.

• Multilevel analysis of the data is possible (e.g., on the site
level, a multi-departmental level, a departmental level, a
group level.

• The data can be correlated with other trends in the event
database.

• The error rate trends tell when changes based on a single
event (including corrective actions for errors) are
inappropriate. For example, if the error rates are strongly
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declining, then corrective reactions to a single error may be 
counterproductive since changes are likely to interrupt the 
overall progress being obtained.

Program Downsides:

• While the error rate can be a very effective signal that 
something has happened, it doesn't yield information on what's 
happened! This frustrates management. If you don't prepare 
them for this, it can undermine their confidence in the 
program.

• It also induces a tendency to argue the numbers vice explore 
what the data is signaling.

• The fact that there is no clear cause and effect relating 
events makes results suspicious to some.

• It creates pressure on supervision to perform without giving 
any hints on how to do it.

• It is a blunt tool.

• It can be brutal on supervisors who want to change but don't 
know what to do.

• It can provide a disincentive to report.

• As the program is successful, the amount of data shrinks and 
the meanings of trends become less clear.

Management Actions Needed for Success:

• Absorb the pressure from the process without passing it on to 
the workers.

• Rigorously encourage continued reporting of events, even when 
it might hurt the department's error rate.

• Daily reinforce expectations, correct undesired behaviors and 
commend desired behaviors.
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Figure 10 Human Performance Initiatives 1992 - 1997

In addition to the performance enhancement program, several other 
programs were developed to extend the tools for managing 
performance.
Human Performance Days were established to teach basic human
performance issues. These are days in which the entire site 
stands down from work for approximately two hours to discuss
human performance tools, such as the Cue list from INPO's self
checking good practice or INPO's Anatomy of an Event, and to 
celebrate performance accomplishments. These days are scheduled 
prior to periods of increased risk, (for example, at Comanche
Peak, during the late May-early June time frame, errors increase. 
We think this is due to vacation being taken once school lets 
out). In the case of the largest risk of increased error rates, 
unit refueling outages, an additional human performance day is 
scheduled for the middle of the outage. During the rest of the 
year, the days are distributed with one about every 3 months.
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Comanche Peak's Behavior Equals Accident Reduction16 (BEAR) 
program is oriented to industrial safety. Industrial safety 
events are analyzed for the undesirable behaviors associated with 
the events. Behaviors have an advantage over causes in that 
behaviors can be observed in the workplace without requiring an 
event to take place. The behaviors are redesigned to a more 
desirable sequence and workers are trained on them. Observers 
monitor the presence or absence of the behaviors in the 
workplace. Where undesired behaviors are observed, the workers 
are given immediate, confidential feedback. Generalized
statistics from these observations are trended to monitor 
progress and to identify additional behaviors needing to be 
addressed.
In order to find (and steal) new, good ideas, Comanche Peak 
sponsored two workshops on root cause analysis and trending.
This workshop attracted analysts from all over the world and has 
been picked up by a group of utilities. Houston Power and Light 
is hosting the 1998 workshop in San Antonio.
Comanche Peak's self-assessment program is a site wide program in 
which each department forms a team to assess their performance at 
least annually. These teams are run by the department and tend 
to have representatives from the department, the department's 
customers and main interfaces, the Nuclear Overview department, 
and industry peers. Strong senior management support encourages 
critical realistic assessments. Team members receive training on 
self-assessments. Comanche Peak's most recent SALP report 
frequently cites the self-assessment program as a strength in 
each SALP area.
What is the next step?

• Address the downside of performance enhancement

■ Doesn't tell where to look => need to know what's 
not working,

■ Defensive reaction to being tagged with an error => 
need to collect data when there's no error present,

■ Supervision needs to know what to do => needs 
something observable, and

16 TU Electric behavior observation program for industrial safety based on 
model program by Behavioral Science Technology, Inc.

7  n  a
j  > 9
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■ Reduced data with success of the program => Need to 
increase data capture.

• Alternative Is Change the paradigm.

■ Encourage self-reporting by declaring " amnesty" 
for self-reported events.

■ The events would count toward site total, but not 
departmental goal.

■ Monitor ratios of self-reported to other errors.

■ Possibly set goals for rate of self-reporting (more 
is good!)

• Alternative 2 : Force an increase in first line
supervision's percentage of time coaching and counseling 
"in the field".

■ Increase reporting of prior unreported events

■ Increase knowledge of intimate details of daily work 
effort which collectively drive many of the events.

■ Force management to deal with issues keeping 
supervisors tied to their offices.

• Alternative 3: Target specialized initiatives with
clusters of performance issues-^. e.g.,

■ Circadian training for shift workers

■ Deferring maintenance away from high risk times of 
day

■ Reducing number of people in Control Room during 
start-ups

■ Task analyses from critical tasks.
• Alternative 4: Behavior observations

■ Look at significant events and identify 
" behaviors" associated with the e v e n t s 1 ^ # 
(Behaviors must have influenced severity).

H u g h s ,  G . (1 9 9 4 )  Keeping i t  simple and Getting Results. W o rk b o o k  N o t e b o o k ;  E l e v e n t h  
A n n u a l  NSAC/ORSERG W o r k s h o p .  P a l o  A l t o ,  C a :  E l e c t r i c  P o w e r  R e s e a r c h  I n s t i t u t e .
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■ Design " right way" for the behavior and train 
people on the right way.

* Do peer observations looking for occurrence of 
behaviors and give immediate feedback to observed 
workers.

■ Observers meet weekly with Plant Manager to discuss 
the findings. This helps insure observations take 
place and gives insight to Plant Manager on both the 
problems and the progress.

■ Calculate the percentage of time job done perfectly 
for both single observations and for groups of 
observations.

■ Set goals for percentages for each group.

■ Trend results.

Behaviors for Total Personnel Errors

5% 2%

16%

■  SELF 10 INADEQUATE ■  INFORMAL/MI □  BAD/INCOMPL
CHECKING REVIEW OF SSING ETE

DOCUMENTS COMMUNICATI ASSUMPTION
ON

■  INADEQUATE H i OTHER ■  FAILURE TO i §  FAILURE TO
PREPARATION/ ENSURE REFOCUS
REVISION OF BARRIER IN
DOCUMENTS PLACE

Figure 11 Behavior Breakdown for Observation Period

-1-® Daniels, Aubrey, C . ( 1 9 9 4 )  . Bringing Out the Best in People. McGraw-Hill, Inc. 
New York, N Y .
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Figure 12 Typical Trend of Behavioral Observations in Percent Observed Correct 

■ Use error rates as measure of success.
Hypothetical Examples of Behaviors : 
Imprecise communications (differing nomenclature leads to 
implicit assumption) coupled with self-checking leads to a wrong 
unit event.

With Unit 1 operating and Unit 2 in an outage, an operator
is tasked with isolating an RHR pump on train A, Unit 1.
Instead, he isolates the RHR pump on train A, Unit 2. In 
the prior week, the operator correctly performed this 
evolution on train B, Unit 1. He used the same procedure, 
had essentially the same pre-job brief. Trains A and B look 
very much the same in physical layout. Units 1 and 2 are 
mirror images of each other. All are properly labeled and 
color coded. In the tasks immediately before and after this 
event, the operator performed flawlessly. Past observations 
of the operator, and interviews of coworkers indicate that 
the operator is very conscientious about self-checking as 
part of the task. The only thing noteworthy discussed in 
the post event analysis was that during both this week's and 
last week's pre-job briefs, the pumps were referred to as 
"train A(B) RHR pump" with no specific discussion of unit. 
The operator doesn't know why he made the mistake; he thinks 
he may have been preoccupied with a problem he'd noticed on 
Unit 2 equipment earlier that day.



Error Reduction in an Operating Environment

Communication during the pre-job brief is a behavior that 
might have avoided the problem, but it can not be shown to 
have been a cause.
Self checking was performed (probably) but was not 
effective. This is an observable behavior, but a cause 
(it's more a statement of the problem than a cause).

Not checking package leads to missed QC holdpoint?
A mechanical foreman is responsible for reviewing a work 
package to identify what support from other organizations is 
needed. During one such review, the foreman fails to notice 
that buried in the midst of quality independent verification 
(QIV) holdpoints done by peers there is one holdpoint for 
which QC verification is required. The verification is 
performed as a QIV and quality control personnel are never 
involved. The foreman was experienced with both the task 
(infrequent, but performed several times in the past) and 
with the work order format.
The method for package review can be analyzed for desirable 
behaviors. Those behaviors can make such events less 
likely, and can be monitored in the routine work. Their 
absence or presence do not explain the slip and are not 
causes of the events.

High Radiation Area not locked
Placement of a used filter in a fuel building storage room 
resulted in the room's becoming a high radiation area. An 
RP tech was sent to lock the room. To ensure that only RP 
keys would open the door, he obtained an RP core, removed 
the core from the existing door lock, installed the new 
core, pulled the door closed. Later that day, an NRC 
inspector noticed the changed posting on the door, tested 
the lock, and found the door unlocked. The RP tech had 
successfully performed this evolution many times in the 
past. The door was different from others in that it did not 
automatically lock when pulled shut.
Although it is tempting to assign responsibility to the 
difference in door design, there is no evidence that it 
played a role.
The physical "rattling" of a door to check the lock is an 
observable, easily established behavior.

4 03
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Chosen Alternative: Proactive Interventions and Indicators for
Human Performance:

Figure 13 Human Performance Initiatives Under Development

In order to understand how to develop meaningful indicators of 
future human performance, one must first be able to model the 
cause and effect relationship for such events. From such a 
model, one can identify those key indicators which precede human 
performance events and whose presence have a substantive 
influence on the outcome.
Strategies for crafting effective performance indicators can be 
seen by examining the "Anatomy of an Event"19 shown in Figure 14 
below:

19 Muschara, A and Reeder, T. Human Performance Fundamentals Course Student 
Notebook. National Academy for Nuclear Training, Institute of Nuclear Power 
Operations, Atlanta, Ga.
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Error Provoking 
Precursors

Figure 14 Variation on INPO's Anatomy of an Event

This model can be reduced to four major areas that could yield 
proactive indicators:
The first area that could yield performance indicators is 
e l i m i n a t i n g  t h e  " t r i g g e r  e v e n t " .  This triggering event is often 
an active error (an error for which there is an immediate adverse 
consequence). The frequency of behaviors associated with active 
errors could be sampled and used as indicators of the probability
of triggering an event.20 The reaction to such indicators would 
be to reduce the number of active errors. There is relatively 
quick feedback as to whether one's actions are well targeted. As 
such, this is the area most utilities use to attack error rates. 
If the program is successful, the amount of available data will 
drop and the meaning of the indicator will diminish.
The second fruitful area concerns f i n d i n g  a n d  f i x i n g  t h e  f l a w e d  
d e f e n s e s  a n d  e r r o r  p r o v o k i n g  p r e c u r s o r s .  To construct
indicators, one must look at worker and leader behaviors 
associated with finding problems and fixing them, and one must 
look at organizational factors concerning whether such behaviors
are supported or discouraged.21 One such program would be a work

20 This area clearly meets the burden of having a substantive influence on the 
outcome of the event. It can be considered proactive because the behaviors 
associated with active errors occur without adverse consequences throughout 
the work process. Therefore, the rate of occurrence of such behaviors is a 
measure of the probability that they will occur when the right latent errors 
are present to turn the error into an event.
21 This area meets the burden of "substantive influence" by virtue of the 
fact that for systems with multiple layers of protection, flawed defenses and, 
to a lessor extent, error provoking precursors must be present at the time of 
the active error for the event to occur. Reducing the average age of these
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place observation/behavioral monitoring program that looks at 
both workers and leaders. The leader observations are probably 
the most critical of the two. This would be coupled with an 
organizational assessment that would need to be performed 
periodically. The program should encourage the desired behaviors
and factors and discourage the undesired ones22.
The third area is in the actual g e n e r a t i o n  o f  f l a w e d  d e f e n s e s  a n d  
e r r o r  p r o v o k i n g  p r e c u r s o r s  (i.e., if we do it right the first 
time, we don't have to worry about finding and fixing the
problems before they bite us)23. At first sight, behaviors and 
organizational factors for this area would be similar to those 
for fixing active errors. In both cases, the strategy is to 
improve the efficiency of the work such that errors are 
decreased. Unlike active errors, efforts to reduce rates of 
latent errors lack short-term feedback. This means they lack a 
built-in mechanism that allows in-process improvement of 
effective solutions while abandoning ineffective ones.
The fourth area is in the r e a c t i o n  o f  w o r k e r s  to trigger events 
or active errors. This area focuses primarily on mitigating 
rather than preventing the event. Most utility training programs 
have long focused on this area. As this area does not prevent 
events, it is unlikely to be useful for large scale event 
reduction.

factors (fixing the problems) reduces the number present at the time of the 
error and, therefore, reduces the probability of the event. Both flawed 
defenses and error provoking precursors precede the event, so this indicator 
would be proactive.
22 In many organizations, finding and fixing problems starts with an 
admission of "guilt" and involves diverting resources from "important" tasks. 
Thus the organization that finds and fixes more problems is generally- 
considered more problematic. Organizations which truly support these 
activities are generally referred to as "enlightened". The reason they must 
be enlightened is that there is a act of faith involved in launching such 
corrective actions. As discussed above, cause and effect chains are blurred 
under such conditions, so corrective actions are launched with the faith that 
"if we eliminate enough problems, things have to get better." The possibility 
that the diversion of manpower will not result in increasing problems in the 
short term is discounted by a similar act of faith.
23 This area meets the burden of "substantive influence" by virtue of the 
fact that flawed defenses and, to a lessor extent, error provoking precursors 
must be present at the time of the active error for the event to occur. 
Reducing the number of such factors reduces the probability of the event.
This is clearly proactive as it precedes the events typically by long 
stretches of time.
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Which to Use? In terms of "bang for the buck", the biggest for 
relatively immature error reduction programs is to monitor active
errors24. As stated above, once a plant's efforts mature, this 
indicator will begin to lose its usefulness. Essentially, as the 
number of events begins to drop, the amount of data available 
with which to draw inferences also drops. Therefore, the time 
lag between the occurrence and feedback lengthens. Since much of 
the effectiveness comes from the feedback while the events are 
still fresh in the minds of the affected individuals, the success 
of the program adversely impacts it's future potential.

Of the remaining three areas, we suspect the one that looks at 
"finding and fixing" latent errors and error provoking precursors 
is the most "doable". Monitoring the creation of latent errors 
is more elusive and would have to come later. It is difficult to
prove this conclusion, but we believe it to be so25.

To implement a program based on "finding and fixing", programs 
such as Comanche Peak's BEAR program or Calvert Cliff's WRAP
program26 could be used as a model for the observation part. 
However, outside expertise would be needed to determine the 
behaviors associated with finding and fixing errors. Similarly, 
how to measure objectively the organizational factors supporting 
these behaviors would need similar expertise. Some sources where 
work of this sort has been performed are the University of

24 This is what Comanche Peak's Performance Enhancement program watched.
25 The logic discounting the area of "preventing latent errors" is based 
the large number of them present in the aftermath of an event. Essentially, 
if they were easy to spot before the event, we'd recognize their creation more 
frequently in our daily actions. We don't and so they must be difficult to 
recognize before the event, and almost invisible at the time of their 
creation. Similarly, for the area of "reactions to triggers", this area is 
necessarily after the trigger, so the event is in progress. It is unlikely 
that corrective actions targeted so late in the sequence of events will result 
in orders of magnitude improvements.
26 The BEAR and WRAP programs are behavioral observation/modification 
programs designed to identify critical behaviors associated with industrial 
safety. Although the framework is quite adaptable to the more general field 
of human performance, there are subtle differences from industrial safety 
human performance, and focused research would be required.
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Manchester27 (presumably under the guidance of James Reason) and 
the Brookhaven National Laboratory.28

Problems with Getting "Buy-in" for the Indicators: There is a 
significant gap between perception and reality in how cause and 
effect operates for human performance issues. In order to 
understand the issues involved in getting buy-in from the users 
of the indicators, one has to understand this gap.

Modeling Cause and Effect for Human Performance Issues: After an
event, people typically consider the relationship between cause 
and effect to be a simple linear one: if (cause 1 and cause 2 and 
cause 3, etc.) occur, then the event will happen. Each of these 
causes can be considered to be the result of similar causal
chains and so on. In the end, the event will happen if a
specific chain of causes occur. This view of cause and effect is
emotionally satisfying29 and tends to be true for equipment 
problems and to a lesser extent, for "trap-induced" human errors. 
(A trap-induced human error is an error that is caused by the 
circumstances surrounding the event so strongly that there is 
little chance of success once people are put in those
circumstances.) In this model, anything that aggravates or 
mitigates the event, but whose absence does not prevent the event 
are contributing factors.

At first blush, this model works for human performance events. 
Consider a simple event: a worker flips the wrong switch at a 
time in which there is also an error in the clearance for the 
work and a flawed design. This chain results in a spill of 
contaminated fluid. The above model would say that if the worker 
fails to self check and if the operator fails to align the 
clearance properly and if the worker fails to identify this error 
during a clearance walk down and if the engineer fails to design 
the system properly and if the post design testing fails to

27 Reason, James, Managing the Risks of Organizational Accidents, to be published by Ashgate 
(Aldershot, UK) in the autumn, 1997, p. 104-123.
28 Haber, S.B., O'Brien, J.N., Metlay, D.A., and Crouch, D.A., "Influence of Organizational Factors 
on Performance Reliability," NUREG/CR-5538,1991.
29 Carroll, John S., Incident Reviews in High-Hazard Industries: Sense Making and Learning Under 
Ambiguity and Accountability, Industrial and Environmental Crisis Quarterly, Vol. 9, No. 2. 175-197
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detect this error, the spill will take place. Break these chains 
anywhere and the spill doesn't take place.

To understand why this model doesn't work, examine the first 
cause: self checking. The causes for failing to self checking 
cannot be mapped onto our simple model. A first-level model for 
the causes of this failure would likely look more like that shown 
in Figure 15 below:

active
error

flawed
defences

error
prevoking
precursors

latent
organizational
factors

Figure IS Typical Human Performance Issue Cause and Effect Chain
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Rather than clear cause and effect chains, this model can be 
considered as having causes connected to effects by probabilities 
of influence (represented by the arrows). Consider just one of 
the causal chains: the presence of understaffing causes a
probability of schedule pressure, but does not consistently cause 
schedule pressure. Schedule pressure in turn increases the 
likelihood that the employee's training is less than adequate to 
ensure that the operator will consistent flip the appropriate 
switch. The understaffing also directly decreases the likely 
efficiency of the training.
Repeatability is not a feature of human performance. Because of 
the probabilistic nature of the cause and effect relationships, 
all of the "causes" can exist and yet the event need not take 
place. For the above example, in spite of never having performed 
this job, and problems associated with training, with procedures, 
with schedule pressure and with supervisor feedback, the mechanic 
can operate the desired switch properly. In fact, this is often 
the more likely outcome.
This model also suggests that breaking the causal chain does not 
guarantee that the employee will operate the switch correctly. 
There is a probability that the employee will operate the wrong 
switch even in the absence of all of these causes.
So how does this impact buy-in? Several pragmatic problems emerge 
from this model with respect to performance indicators. The 
first problem involves the difficulty in satisfying management 
that what is being measured have a causal relationship to the 
frequency of events. The causal model of events is not the 
linear cause and effect that most people intuitively want. It is 
a nonlinear model of probabilities in which cause and effect 
links are blurred sufficiently that most people cannot "see" the 
resulting relationships. It doesn't result in the "warm, 
comfortable feeling" that most people use to validate' conclusions 
and thus make it difficult for decision makers either to accept 
or to initiate corrective actions.
A second problem is the difficulty in constructing corrective 
actions. Given the uncertainty involved in each of the causal 
links, corrective actions don't ensure that the next occurrence 
has been prevented, but must be constructed to preclude not the 
next event, but a majority of future similar events. One must be 
content with reducing the frequency of the event in lieu of 
preventing all such future events. This impacts the perceived 
usefulness for such indicators.

41 0



Error Reduction in an Operating Environment

A third problem is that the various probabilities intrinsic to 
the model are unlikely to be known. Therefore, the relative 
contributions of the causes are not known. Thus, even if one 
convinces everyone that the causes have been found, they can't be 
prioritized as to which are more important to fix.
Getting "Buy-in" for the Indicators: Creating indicators based on 
qualified expertise goes part of the way towards getting buy-in 
from the utilities. Getting expert acknowledgement is important 
for buy-in on a problem that lacks clear cause and effect and for 
which short term feedback is absent. However, to convince a 
skeptical audience, and to allow confirmation and prioritization 
of the targeted behaviors and factors, some method to link the 
monitored items to their effects is needed. The model in figure 
15 above may look like a root cause analyst's nightmare, but it 
is a commonplace model for the new field of "Knowledge Discovery 
in Databases" or "datamining" for which there are canned 
solutions30. It should be possible to build a mathematical model 
which takes the inputs (i.e., the leader and worker behaviors and 
the organizational factors over time) and accurately predicts 
the resulting error rates. This model, then, would provide the 
confirmation that the changes to processes and behaviors are 
necessary and, by allowing prioritization of the targeted 
cultural issues and behaviors. This is important because all 
such changes take a long time, and focusing on critical ones 
therefore saves time. Needless to say, this is also an area 
where outside expertise would be needed.
Conclusion: Just because we're human doesn't mean we can't learn
and improve. The effort to manage human performance is hard in 
part because the nuclear industry is already so good that 
learning opportunities are less common. Thus, when the lightning 
does strike, the number of latent problems available to combine 
can be larger. In order to manage future risks while maintaining 
low error rates, we must become as knowledgeable about the 
mechanics of human performance as we are about our plant 
performance. We must implement a wide variety of programs and 
do all of these things while operating plants that are making 
electricity more reliably and at a lower cost with record setting 
safety performance.

30 for examples see:
Hinton, Geoffrey E. and Jordan, Michael I. (1996). Learning Methods fo r  Prediction, Classification, Novelty 
Detection and Time Series Analysis

Musick, Charles R. (1994). B elief Network Induction. Dissertation for PhD at University of Ca., Berkley, p. 145.

Aha, David W. (1995). Machine Learning. A tutorial at the Fifth International Workshop on Artificial 
Intelligence and Statistics. Ft. Lauderdale, FI. p. 36.
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