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ABSTRACT 

During a review of the Advanced Test Reactor safety basis at the Idaho National Laboratory, 
human factors engineers identified ergonomic and human reliability risks involving the inadvertent 
exposure of a fuel element to the air during manual fuel movement and inspection in the canal. 
There were clear indications that these risks increased the probability of human error and possible 
severe physical outcomes to the operator. In response to this concern, a detailed study was 
conducted to determine the probability of the inadvertent exposure of a fuel element. Due to 
practical and safety constraints, the task network analysis technique was employed to study the 
work procedures at the canal. Discrete-event simulation software was used to model the entire 
procedure as well as the salient physical attributes of the task environment, such as distances 
walked, the effect of dropped tools, the effect of hazardous body postures, and physical exertion 
due to strenuous tool handling. The model also allowed analysis of the effect of cognitive 
processes such as visual perception demands, auditory information and verbal communication. The 
model made it possible to obtain reliable predictions of operator performance and workload 
estimates. It was also found that operator workload as well as the probability of human error in the 
fuel inspection and transfer task were influenced by the concurrent nature of certain phases of the 
task and the associated demand on cognitive and physical resources. More importantly, it was 
possible to determine with reasonable accuracy the stages as well as physical locations in the fuel 
handling task where operators would be most at risk of losing their balance and falling into the 
canal.  The model also provided sufficient information for a human reliability analysis that 
indicated that the postulated fuel exposure accident was less than credible. 
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1 INTRODUCTION 
The Advanced Test Reactor (ATR) at the Idaho National Laboratory is primarily used to perform 

tests on materials to be used in other, larger-scale and prototype reactors. The ATR Canal has facilities to 
conduct underwater operations such as experiment examination or removal and also to temporarily store 
completed experiments and used fuel. In reviewing the ATR safety basis, a number of concerns were 
identified involving the handling of fuel elements in the canal.  The primary concern involved the 
inadvertent manual withdrawal of a fuel element from the water during the process of moving the fuel. 
Specifically, it was postulated that if the operator were to fall off the parapet onto the floor, such a fall 
could lead to the fuel being elevated high enough to surface out of the canal water. An abnormal 
radiological event like the accidental raising of an irradiated ATR fuel element out of the water such that it 
remains out of water long enough to melt the fuel element is of key importance because the canal is 



outside the confinement boundary. This means there would be a significant potential for exposure 
consequences to collocated workers and also off-site individuals.  

In response to this postulated event, a preliminary human reliability analysis (HRA) was conducted to 
determine if the probability of having a fuel handling incident was lower than 1.0E-5 (less than 1 in 100 
thousand) and if not, if there were physical and administrative barriers that could be implemented to 
achieve <1.0E-5.  

During on-site observations of the fuel handling task for the purpose of the HRA, several ergonomic 
issues were identified and it was noted in particular that manual handling of fuel by operators involved 
awkward body postures and tool angles that clearly increased the probability of human error and possible 
severe physical outcomes to the operator. Such unwanted outcomes could lead to a safety and health 
event, equipment damage, and/or fuel assembly damage.  

As a result of these additional human factors concerns, the preliminary study was subsequently 
extended to a dual HRA and human factors investigation. This consisted of a study to analyze the physical 
and cognitive human factors issues that may affect human reliability and human performance. In 
particular, the HRA part of the study aimed to estimate the probability of inadvertently raising an 
irradiated ATR fuel element out of the canal long enough to melt and to determine what physical and 
administrative measures could be implemented to preclude such an event from occurring. To provide the 
information needed by the HRA, a task analysis, a detailed study of the operational procedures, and 
assessment of the ergonomic characteristics of the task were conducted. The two parts of the study were 
performed in parallel. 

2 METHODOLOGY 

2.1 Selection of technique 
Due to practical and safety constraints, it was not possible for the human factors team to perform a 

detailed ergonomic assessment and analysis of the canal operators' task. For example, safety requirements 
prevented analysts from approaching operators at the canal for close observation, nor was it possible to 
interrupt the task at certain stages for interrogation of the operators. It was found however that, because 
the task was governed by a strict procedure and operators followed a familiar work pattern, it was possible 
to model the entire process computationally as a task network. It was therefore decided to use the Task 
Network Modeling (TNM) technique to analyze the physical as well as cognitive aspects of the fuel 
handling task. While it would have been possible to develop a conventional hierarchical task analysis from 
the observations, this would not have revealed the critical information obtained through TNM. 

TNM is a computational task analysis technique that is applied to available task information to 
determine if a task might be susceptible to high risk, uncertainty or human performance problems. The 
technique is implemented in discrete-event simulation software for a range of human factors analyses, 
including prediction of operator performance, workload estimates and procedural simulations. Models 
developed with a system like the Integrated Performance Modeling Environment (IPME) can represent 
tasks, operator characteristics, performance shaping factors and the human’s response to them, as well as 
other events in the task environment. Typically, such models produce results by averaging over many runs 
with random distribution of delays, event probabilities and failures. This technique is particularly 
appropriate to analyze human behavior in situations where it is not possible to modify the existing task 
environment to assess the effect of different interventions such as task failures, human error, accidents, 
different technologies, or different environmental conditions. However, instead of developing a purely 
theoretical model of the fuel inspection and transfer task, the model was based upon on-site observations.  

One of the most reliable applications of computational human performance modeling is the VACP 
method (visual, auditory, cognitive, psychomotor) that is used to predict performance. This model is based 
upon the multiple-resource theory (Wickens, 1984) that assumes that the critical path for a task demand 



can be broken down into different elements, each of which makes use of a different ‘resource’ or 
‘channel,’ that is, VACP. The basic principle is that tasks that utilize multiple resources will impose a 
higher workload because each channel can service only one task demand at a time. In other words, the 
VACP components of the task are executed in a serial fashion. From this it can be inferred that a multiple-
resource task will not only take longer to execute, but will also be more prone to error and thus, if such a 
task lies on the critical path of the overall task, its execution or failure will affect the overall task. This 
further implies that any task that does not lie on the critical path can be ignored in the task analysis, since 
it will have no effect on any task combination and variances in the performance - such a task will not 
affect overall task performance. 

The VACP method uses task ratings and a method for estimating operator workload as a function of 
the interaction between the four channels. This enables the analyst to pinpoint periods of high workload 
and investigate modifications to the system that might mitigate the level of workload for the operator. 
Using this technique, each task in the model is assigned a score for each VACP channel. When a task 
executes in the simulation, the VACP values for that task are added by the system to each current VACP 
channel for the operator to get a total score for each channel at that instant in time. Overall operator 
workload for a particular instance in time is obtained by the Workload Index (W/Index), which establishes 
weights representing the amount of demand required for a task in each channel and measures the resource 
demand imposed upon the operator within six resource channels (Visual Perception, Auditory Perception, 
Verbal Cognition, Spatial Cognition, Manual Response, and Speech Response). 

When the task is finished executing in the simulation, individual VACP workload as well as total 
operator workload is reduced by the VACP scores for that task. In this manner the simulation model can 
offer predictive data on the VACP demands placed on the various operators in this scenario. 

In practice, workers could perform more than one task at a time (for example, walking with the fuel 
element while searching visually for the target location in the storage grid) because the interference 
between channels is negligible for many tasks and tasks therefore do not necessarily have to be performed 
in linear sequence. However, during the execution of a series of multiple-resource tasks, the workload 
caused by resource loading may be cumulative and modeling of the VACP elements of a task will help to 
identify the relative workload of the overall task. 

2.2 Outputs of TNM 
One of the outputs of workload analysis is a graphical presentation of an operator’s workload, shown, 

for example, by plotting the percentage of task involvement against a time base. The analysis is used to 
determine whether a combination of tasks requires more task load capacity or time to perform than is 
available. 

When the model is executed, it sums the workload ratings within each visual, auditory, cognitive and 
physical resource and across concurrent tasks. The critical points within the task are therefore identified.  

Workload assessment techniques are typically used to answer typical questions such as: Does the 
operator (or team of operators) have the physical and mental capability to perform the required tasks? 
Does the operator have enough spare capacity to take on additional tasks? Does the operator have enough 
spare capacity to cope with emergency situations? Can the task or equipment be altered to increase the 
amount of spare capacity? Can the task or equipment be altered to increase/decrease the amount of mental 
workload? 

Analysts can use this data to determine whether undue workload is imposed on any particular 
operator and if any workload mitigation strategies are necessary. When proposals are made for introducing 



new devices or methods into the current baseline activities, the impact of the workload and potential 
failures can then be used to inform or suggest requirements for design modifications.1 

2.3 Analysis of the task environment and ergonomic concerns 
The ATR canal task observations were conducted over two days during a scheduled reactor outage. 

Two canal operators and a lead canal operator per shift were responsible for the fuel inspections. 
Operations were observed by three human factors observers and activities were recorded on video. An 
operational sequence analysis was performed and the resulting operational sequence diagram (OSD) as 
well as the video were compared with the written procedures for consistency and extensively verified by 
operators. 

The observations showed that the canal workers displayed good teamwork, coordination and 
communication with their work supervisor.  The ergonomic difficulties and safety hazards that were 
observed were discussed with the supervisor and crew and all confirmed that, although operators were 
well-practiced and vigilant, these were cause for concern.

Figure 1 and Figure 2 illustrate the ATR canal area where the fuel transfer task is performed and the 
typical postures assumed by operators when handling and inspecting fuel elements. 

 

  

Figure 1: Use of grappling tools to handle fuel 
elements 

Figure 2: Use of inspection fixture to inspect element 
under water 

 

The 3-D layout in Figure 3 illustrates two of the hazardous body positions observed during task 
performance. The manikin on the right illustrates the operator with the left foot braced on the side of the 
platform. This is the position assumed typically when the operator needs to exert maximum effort to lift 
the element out of the storage rack at the far side of the canal. On-site observation has clearly indicated the 
amount of effort required for this task in the operator’s exhaustion and perspiration during this task. It is 
conceivable that prolonged holding of this posture and undue exertion could be a precursor to a slipping 
accident. The manikin on the left illustrates the awkward body position assumed when inspecting the fuel 
element underwater at the inspection fixture. A significant amount of body weight extends over the water 
especially when inspecting elements through the bottom end. Because of this the operator is forced to 

1  A comprehensive explanation of human performance modeling and discrete event simulation is beyond the 
scope of this paper. For more information see Dahn and Laughery (1997), Fowles-Winkler (2003), and Keller 
(2002). 



grasp structures nearby for support. From an ergonomic and safety point of view this is a questionable 
practice. 

 
Figure 3: Operators with positive latching tool in various positions 

2.4 Construction of the Model 
The first step in developing a discrete event simulation is to construct the network diagram as a 

graphical representation of the process flow. Figure 4 shows the IPME task network model that was 
constructed from the observations and the OSD. The network indicates that some tasks are performed in a 
linear sequence, while some are performed concurrently (the tasks preceded by <M>). Tactical branching 
decisions (that is, where the outcome of a decision is deterministic) are indicated by <T>, and probabilistic 
decisions by <P>. This task network was used to obtain all the simulation results. 

A number of basic principles and assumptions influenced the design and execution of the model: 

1. Fuel handling tools with proper ergonomic design are used. Variations in tool manipulation were not 
modeled. 

2. Errors in task execution sequence (items 1 through 6 in Table 1 below) were modeled but play no 
appreciable role in errors leading to fuel element exposure. 

3. Factors such as heat, physical workload and ergonomic layout have the potential to result in slips, 
falling and precursors such as inattention. These were not included in the environmental and crew 
parameters in the model due to time constraints. However, the special attention that was paid to VACP 
components of each task compensated to some extent for the marginal contribution these factors may 
have had to the workload results obtained. 
 

Each task in the model was defined to a sufficient level to allow realistic physical and mental 
workload values to be estimated and to determine which resources (or combination of resources) are 
required for each task. A numerical value was assigned to each of the four human performance 
dimensions: visual, auditory, cognitive and psychomotor – VACP. The values were based on the scales 
developed from prior research [8]. The VACP model input parameter values as well as the typical task 
durations were verified in a work session with ATR canal operators. 



 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: IPME Task Network Model of a Fuel Handling Task 



In this diagram the task nodes numbered 46, 47, 9 and 282 represent tasks performed exclusively by 
the lead canal operator (acting as supervisor). The task nodes numbered 11, 13, 14, 24, 25, 27, 62 and 38 
are tasks where a significant probability of failure has been identified. The floating nodes on the right of 
the diagram represent concurrent tasks (nodes numbered 70, 71 and 72), failure and recovery events 
(nodes 50 and 51) and termination events (nodes 53 and 44). 

Each task in a model is assigned three sets of parameters: 1) The operator who is assigned to perform 
the task, 2) Task mean time and standard deviation based on a normal or gamma distribution curve.3 and 
3) the VACP workload values (assigned by selecting the most appropriate task type from the tables 
embedded in the IPME system). The mean execution times and standard deviation were based upon the 
on-site observations. Some of the values were assigned a random value, as indicated by the variability of a 
specific work condition such as the distance operators would walk to transfer fuel elements. These 
parameters were reviewed and verified by all participants in this study, including the ATR operators. 

The rating scale for the visual, auditory, cognitive and psychomotor components of specific types of 
tasks has been embedded in IPME. These values are based upon prior research and are selected from the 
embedded tables by the analyst after consideration of the specific type of task. 

The VACP weights were assigned according to the specific nature of the canal operator’s task. For 
example, a visually intensive task such as inspecting through the bottom end of the fuel element, or 
inspecting plate 194 for damage, were weighted heavier than a task with minimal visual requirements. 
Similarly, a manual task such as rotating the inspection fixture or lifting a fuel element at the side of the 
canal farthest from the operator, were given a high rating for psychomotor workload. 

Specific parameters that influence the execution of the model are event probabilities that determine 
the outcome of specific operator actions (both successful tasks and task failures) and the task overall. 
These were set as follows, based upon operating experience and information provided by ATR staff: 

Table 1: Model Parameters 

Item Parameter Probability 

1 Tool dropped < 0.01 (i.e. less 
than 1 in 100) 

2 Failed to lock pin < 0.001 
3 Fuel element dropped (due to failure 

to lock pin) 
< 0.0001 

4 Slip/fall <0.0001 
5 Fuel damaged <0.001 
6 Debris found <0.1 

 
In the initial verification of the model constructs, IPME has flagged four tasks as critical as a result of 

the total demand on VACP channels and also the effect that task failure would have on overall 
performance. A critical task is defined as one where a failure may cause injury to the performer or co-

                                                
2  Tasks in IPME are numbered in the order they were entered during development of the model and do not 

change when task nodes are reordered in the network. 
3  A gamma distribution is often used to represent the time for a human operator to complete a task because of 

the typical front-loading and interest-attenuation of task performance. 
4  “Plate 19” is the fuel plate on the outside (convex side) of the fuel assembly that is most prone to physical 

damage by bumping against protrusions and other objects in the canal. A full description of the configuration 
of an ATR fuel element and the associated safety requirements is beyond the scope of this paper. 



workers, delay the process, damage systems, or cause overall failure of the mission. IPME treats any task 
exceeding the criticality threshold of seven as a critical task. 

Four tasks received a criticality rating of 8 or more: 1) Transporting fuel elements to inspection 
fixture, 2) Attaching hook and remove fuel element from storage, 3) Inspecting through bottom end box, 
and 4) Rotating fixture as necessary to remove debris. 

Failure of these critical tasks (for example, the operator slipping and falling into the water) would 
affect completion of the overall task.5 

2.5 Model execution and results 
The simulation was set to 10 fuel elements per simulation run, which correlates with the average 

number of fuel transfers before operators take a break. Six experimental trials were conducted and the runs 
per trial were varied from 1 to 1,000 for a total of 2,400 simulated fuel transfers. For each trial the 
sampling rate was set to record the following values at a rate of once per minute of real task time: 1) the 
average task time per operator, 2) average VACP values per operator, and 3) workload index per operator

The following diagrams present results from the sixth experimental trial. This trial simulated the 
interaction of crew members with the primary canal operator. The crew members consisted of the lead 
canal operator, the primary canal operator, the secondary operator (whose role is to assist the first operator 
and to provide rescue in the event of a mishap), and the Reactivity Control Technician. In comparison 
with the previous trials where no crew interaction was simulated, Figure 5 shows only a marginal effect of 
the crew interaction upon the workload of the primary operator. This is considered a realistic 
representation of the work conditions during fuel inspection and transfer. 

 

 
Figure 5: Average VACP ratings – Trial 6 with Crew Interaction 

 

                                                
5  It should be noted that although these potential failures were safety issues worthy of concern, for the purpose 

of the HRA part of the study they did not contribute to exposing a fuel element above water. 



 
 

Figure 6: VACP graph 

 

 
Figure 7: Workload Index Graph 

 
 

Both graphs show the fluctuation in workload caused by the variable loading of these channels. For 
example, some tasks have minimal visual or cognitive components, whereas others have maximum 
psychomotor components.  

Overloaded 

Strenuous 
manual task 

Cognitively & Visually 
intensive task  

“Inspect plate 19 for damage” 

(VACP results for a single run, i.e. 1 fuel element) 

Overloaded 

(Workload Index results for a single run) 



The overload peaks shown in the graphs are associated with specific task sequences shown in Figure 
4 with varying levels of VACP channel loading: 

• Node 23: Inspect plate 19 for damage – hazardous body position. 

• Node 24: Rotate inspection fixture – physically intensive, requires the most effort of all tasks. 

• Node 25: Inspect fuel element through bottom end box - visually intensive, with decision-making, 
coupled with hazardous body position. 

 
Other task steps that exceed or approach the overload level are also reflected in the graph: 

• Node 62: Rotate fixture as necessary to remove debris - physically intensive. 

• Node 32: Inspect fuel element for damage - visually intensive, with decision-making. 

• Node 30: Attempt to remove debris – requires fine motor control. 

• Node 27: Rotate inspection fixture upright – moderately physical, visually intensive, with decision-
making. 

• Node 38: Transport fuel element to storage - requires vigilance. 

The overlapping graph lines in Figure 6 are an indication of the level of interaction or “interference” 
between VACP channels. This happens when the VACP values assigned to specific tasks are high enough 
to cause a significant increase in workload, as seen in the graph. 

From the mean times assigned to each discrete task, the model calculated task times as follows: 

Table 2: Task Times 

Average time for fuel inspection at the inspection 
fixture 

4.5 minutes 

Average task time per inspection and transfer for the 
primary operator (i.e. excluding interaction with other 
crew members/operators). 

16 minutes 

Total average task time per inspection and transfer for 
whole crew. 

28 minutes 

 

These results predict that on average it will take approximately 4.6 hours for 10 fuel inspections and 
transfers. Although there is significant variability between individual fuel transfers, these times correlate 
well with the actual times observed over 24 actual fuel transfers. 

3 CONCLUSIONS 
A detailed examination of the tasks modeled in the simulation revealed that operator assignment, and 

consequently operator workload, as well as the probability of human error, in the fuel inspection and 
transfer task are influenced by two key factors: 

1. The serial or concurrent nature of the task: For example, the "primary canal operator" normally 
performs tasks in a relatively serial fashion because only one fuel element can be handled at a time. 
All other members of the crew (i.e., lead canal operator, second operator and RCT) however, perform 
supportive tasks concurrently with the first operator. The fact that the second operator sometimes 
takes over from the first operator was not modeled because on-site observation has not indicated any 
significant effect on overall task execution. It is conceivable, however, that such hand-overs provide a 
slight rest period for the operator who had been relieved. No reliable method was found to model this 
effect. 



2. The physical characteristics of the task environment: The layout and configuration of the canal as well 
as the size, shape and weight of fuel elements and handling tools impose a set of procedures and work 
practices that can at best be seen as compromises. This means that fuel handling is essentially a task 
that has been fit to the system, instead of the other way around. 
 

The analysis further indicated that the overall task workload was within an acceptable range. 
However, workload of certain activities was near the caution level and there were indications that the 
visual, cognitive and psychomotor workload can peak near the overload level, especially on tasks that 
combine visual inspection with manual exertion. Because overall workload was near the caution level, 
very little spare capacity remained for the operator to take on additional tasks. In either case it is not 
desirable to add additional tasks, due to the safety concerns. 

By simulating the outcome of task failures such as a dropped tool and also more serious failures like 
a dropped fuel element and slipping and falling into the canal, it was established that the operator had 
sufficient spare capacity to cope with abnormal situations. Because a probability of 0.0001 was assigned 
to the operator falling into the pool, the IPME model has not generated this low-probability event in a total 
of 2400 simulated fuel transfers. However, other less serious incidents are not ruled out. The workload 
imposed by the physical and visual tasks limits spare capacity, but this was not regarded as a factor in the 
operator’s ability to cope with abnormal situations. It was more likely that the normal work process would 
be suspended by the supervisor or the operators themselves to respond to such situations. 

The simulation made it possible to recommend improvement of various physical aspects of the task. 
For example, the fuel inspection task is visually intensive due to the fact that the fuel element is under 
water and can only be viewed from a distance of approximately 12 ft (3.6m). Any method that would 
decrease the visual strain would not only decrease the time needed for a thorough inspection, but would 
also improve the reliability of the inspection. In addition, methods were recommended to decrease the 
time needed for fuel transfer and also to improve safety by decreasing the physical strain of handling the 
inspection feature and transferring the fuel. 

The development and analysis of the task network model for the ATR fuel handling task has 
demonstrated that human performance associated with a well-defined procedure such as fuel handling can 
be predicted using a simulation of the workload in much the same way that a manufacturing process can 
be analyzed by means of a simulation of its resources and throughput. The use of the multiple resource 
theory and the scale values of human resource components allow a simulation to provide qualitative and 
quantitative predictions of workload during system development. However, discrete event simulation is 
particularly valuable in situations where safety, environmental and cost factors make the use of 
conventional task analysis method impractical. Discrete event simulation is an indispensable tool for 
human performance analysis where various hazards indicate the potential for human or system failure and 
thus for the designer to explore and propose alternative designs and work practices. 

The parallel investigation of the original postulated human failure event that had prompted this study 
was also concluded successfully. In fact, human performance modeling provided substantial empirical 
information that aided the analysis of the human error. The human reliability analysis concluded that the 
event for exposure of a fuel element during inspection and manual transfer operations was less than 
credible, with a probability of less than 1.0E-05. 

This project demonstrated that discrete event simulation can be a very effective method to perform 
task analyses and to examine process safety through the identification and analysis of human task failures 
as well as environmental factors that are most likely to occur and the points in the process most vulnerable 
to severe consequences. 
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