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ABSTRACT 

Even though the use of automation is increasing in complex systems, its effect on safety cannot 
be systematically analyzed using current techniques. Of particular interest is task allocation between 
operators and automation. In evaluating its effect on safety, a quantitative definition of degree of 
automation (doA ) is used The definition of do A accounts for the effect of task on safety, irrespective 
of whether the task is carried out by operator or automation. A lso included is the indirect effect due 
to the change in workload perceived by the operator. This workload is translated into stress which 
affects operator performance, expressed as human error probability, and subsequently, safety. The 
approach can be useful for evaluation of existing task allocation schemes as well as in making 
decisions about task allocation between operators and automation. 

I. INTRODUCTION 

Rcccnt trends in design and operation of large, complex, man-machinc systems is one of increasing 
automation. Negative cffects of automation have been discussed by Bainbridgc [1], These cffccts, 
though, haA-e not received too much attention from industries such as nuclear power plants. 
Specifically, "the effect of allocating more and more tasks to automation remains unclear in terms of 
risk" (or safely), as noted by Heslinga [2], Operating history' of nuclear power plants and other 
industries show effects of the automated environment and the operator's role in it. For example, 
accidents involving operators overriding the automatic system, such as Three Mile Island [3], as well 
as aircraft crew being unaware of the autopilot being shut off [4], show that automation can contribute 
to the overall risk. Despite increasing automation, operators continue to play an important role in 
operation of complex systems, albeit in the altered role of a supervisor. 

Thus, it is important to study task allocation between operators and automation with respect to safety. 
Tasks are often allocated using guidelines which include safe operating criteria, as well as strengths 
and limitations of humans and automation. However, methods to evaluate the system safety as a 
function task allocation between operators and automation are scarce or absent. 

The approach presented in this paper is based on a quantitative definition of degree of automation [3]. 
Even though the scale or level of automation has been mentioned in literature, efforts towards 
quantitatively assessing a degree of automation have been scarce or absent to the knowledge of the 
authors. In this paper, degree of automation is considered from two interrelated viewpoints. While one 
perspective looks at how the task influences plant safety, the other perspective looks at how the task 
is perceived by the operator [5,61; mental workload. Automation directly affects safety, namely 
through the tasks that are automated. On the other hand, it indirectly affects safety through how it 
affects operator performance. The approach presented in this paper is based on these two effects. 
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Thc remainder oT the paper is divided into 4 sections. The next section briefly reviews the two 
viewpoints to define the degree of automation. The proposed approach is described in the third section. 
Issues related to safety, task allocation, and possible applications arc discusscd next. Conclusions, 
currant and future implications of the approach arc presented in the last section. 

DEFINING DEGREE OF AUTOMATION 

According to Sheridan [7], degree of automation is related to how many tasks are allocated to humans 
and automation. Wc have proposed a quantitative definition of degree of automation (doA) as a 
function of the ratio of automated tasks and all tasks [5], This definition includes only those tasks that 
can be performed by either the operator or by an automatic system, and excludes tasks that can be 
performed only by operator or only by automation. A simple form of the function is a weighted sum, 
where the weight accounts for the different influences of different tasks. Currently, we are 
investigating other functions, especially to account for dependencies among tasks. 

While describing automation and the difference in tasks, two different but related perspectives became 
apparent. This is shown in Fig. 1. One is what wc have termed an objective viewpoint, which 
considers the effect of task on system performance (referred to as output in Fig. 1). The other 
viewpoint, termed subjective, considers the task as it is perceived by the operator. These arc described 
below. 

Subjective Objective 

Fig. 1 Two viewpoints for degree of automation 

2.1 Effect of task on system perfoimancc 

In general, each task has a distinct effect on the performance of the system. Since not cach task is the 
same with respect to this influence, the definition mentioned above is an attempt to include the 
magnitude of effect on system performance of a given task. It should be noted that this effect is 
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indcpondcnt of whether the task is performed by the operator or by automation. Thus, such a 
viewpoint is termed as an objective viewpoint sincc it is independent of the workload perceived by 
the operator which is discusscd next. This objective cffcct can be assessed from the outputs of the 
system which can be dircctly measured. The question "how important is this task (quantitatively) with 
rcspccl to system performance?" applies to both the operator and to automation. 

According to this viewpoint, the degree of automation is an indication of the fraction of system 
performance that is controlled (or achieved) by automation. 

2.2 Workload perceived by the operator 

The second viewpoint with respect to a task is the workload that is perceived by the operator when 
the task is allocated to the operator. Each task imposes a workload on the operator, and in turn causes 
the operator to perceive a workload; the mental workload. A number of factors such as task 
complexity, task difficulty, etc. influence the perceived workload. While the tasks allocated to the 
operator impose a dircct workload, tasks that are automated impose a monitoring and intervention 
workload on the operator. This is because in tasks that are automated, the operator still acts as a 
supervisor who monitors the automation and intervenes in ease it fails to perform its function. 

According to this viewpoint, the degree of automation refers to the fractional réduction of workload 
due to automation. This includes the small increase in workload associated with the monitoring and 
intervention tasks left after automation. When a task is automated, there is a réduction of mental 
workload for the operator. But, there is a small increase due to the introduction of a new 
monitoring/intervention task. Assessing workload associated with each task, the monitoring workload 
associated with automated tasks would represent this phenomena. The quantitative definition of degree 
of automation is aimed at comprehensively analyzing this effect. 

3. APPROACH TO EVALUATE TASK ALLOCATION 

Using the two viewpoints of degree of automation presented in section 2, the proposed approach to 
evaluate task allocation between operator and automation with respect to safety consists of the 
following steps: 

Evaluate effect of task on system safety; objective measure. 
Assess operator perception of mental workload for each task assigned to the operator; 
subjective measure. 
Estimate human error probability as a function of the mental workload. 
Evaluate effect on safety using results from the previous steps. 

3.1 Evaluate effect of task on safety 

Tasks are designed to operate the system within operating safety boundary, and when anticipated 
incidents happen, to keep it or bring it within limits of safe operation. At this level of analyzing tasks, 
tasks that can be performed either by the operator or by automation are of interest. In other words, 
tasks that can only be performed by operator or by automation are excluded. For the tasks analyzed, 
the question of interest is how important each task is with respect to the safety of the system. 
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Rclativc cffcct of cach task on safety can be studied using a number of techniques. System analysis 
can be done to evaluate how cach task affccls the parameter which is affected by the task. This is 
done by linking the task to a model of the physical behavior of system. For example, when a task 
deals with safety injection (verifying or starting safety injection pump), the effcct of the task is 
identified in terms of safety injection flow. Subsequently, the cffect of safety injection flow on safety 
(in terms of peak clad temperature or saturation conditions) is evaluated. 

One technique wc are considering is the use of a task network for performing such analysis. The tasks 
analyzed arc arranged as a network of series or parallel tasks. Parallel tasks refer to the tasks that are 
independent of each other, while tasks in series typically refer to an automated task where automation 
performs the control task and the operator performs the task of monitoring the automation. Safety is 
thus influenced by the automated and monitoring tasks. 

Associated with each task is a measure, which indicates how strongly the task influences system 
safety. Wc are considering the use of such a network to systematically analyze the effect of one or 
more tasks on system safety. 

The result consists of relative ranking of the tasks as they affect safety as well as a quantitative index 
indicating how critical the task is with respect to safety. 

3.2 Evaluate operator woridoad 

Operator workload related to the tasks that arc to be performed by the operator can be evaluated using 
a number of means. The so-called mental load assessment techniques can be used to achieve this. On 
the one hand, physiological measurements such as heart rate, heart rate variability, etc. are used to 
correlate to mental load. Others employ subjective judgements from the operators. Examples of such 
techniques are Cooper-Harper scale [8],NASA-TLX [9], RMSE [10], The first two have been applied 
to study mental load for pilots, while the last has been applied to bus drivers. While physiological 
measurements have been used in other applications such as pilot workload estimation, they are 
typically not found in task analysis of nuclear power plants. 

An interesting question that arises when evaluating operator workload pertains to the correlation 
between individual workload and total workload. We suspect that when workload for individual tasks 
are evaluated, the total workload when the operator is asked to perform all the tasks is more than the 
sum of workloads associated with individual tasks. 

In computing the total workload, the automated tasks that the operator has to monitor and/or intervene 
are included to portray a realistic picture of the situation in the control room. This helps us to 
systematically investigate the effect of automation on total workload perceived by the operator. Using 
different measures for monitoring and total workload, the increase in monitoring workload can be 
compared with decrease in total workload. 

3.3 Estimate human error probability 

Human error probabilities are estimated as follows. In the first step, for the tasks that are assigned to 
the human operators, basic human error probability (HHP) values can be obtained from one of the 
standard techniques such as THERP [11], SLIM-MAUD [12], HCR [131. Secondly, the workload that 
was obtained in the previous step is translated into a stress value for the associated task. The stress 
is subsequently used to adjust the basic HEP. The methods mentioned above include mechanisms to 
adjust the basic HEP to reflect an increase or decrease due to stress being non-optimal or optimal. 
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3.4 Evaluate effect on safety 

Safety is evaluated by combining the results of tlic First 3 steps. This is done as follow s. From the first 
step, cffcct of each task on system safety is used to list the tasks in terms of importance with rcspcct 
to safety. Subsequently, for the tasks allocated to the operators. HEP values are used to computc the 
compounded probability that affects safety. For automated tasks, the failure probability of automation 
is combined with HEP values of monitoring tasks to compute effect of the automated tasks on safety. 
Lastly, the effect of all tasks on safety is combined. 

4. ISSUES RELATED TO APPLICATION 

Tl\e approach presented in this paper has helped us identify different areas of further investigation and 
application. From the analysis to assess workload for tasks, a correlation of individual task load and 
total task load could be found. This would help us in arriving at an understanding of interactions and 
dependencies among tasks. From assessing the workload related to tasks related to automation, effects 
of automation on operators can be systematically evaluated. 

As one of the outcomes of the method that will result from the approach presented here, a correlation 
of automation and safety will be developed. This would lead into insights into how the level of safety 
is affccted by automation (through objective or subjective measures). With automation continually 
increasing, such a corrélation would provide a structured way to perform retrospective analyses such 
as evaluation of task allocation, as well as to pcrfomi prospective analyses such as making décisions 
about how many and which tasks to automate. 

5. CONCLUSIONS AND APPLICATIONS 

As large, complcx systems show trends of increasing automation, effccts of automation on system 
perfonnance becomes important. Specifically for nuclear power plants, methods to evaluate effect of 
automation on levels of risk are non-existent. The approach presented in this paper aims at 
development of a method to achieve this objective. Direct effect of automation on safety as well as 
indirect effect due to operator workload perception form die basis for developing a quantitative 
definition of degree of automation. The approach combining two related analyses to evaluate the 
overall effect of automation on safety. One part of the analysis focusses on how a task influences 
safety, irrespective of whether it is performed by operator or automation. The other part of the analysis 
considers the workload associated with tasks that are fully or partly carried out by the operator. 

Currently, we are using a simple laboratory system to implement and test the principles mentioned in 
this paper. Experiments using this system are being conductcd to develop some of the correlations 
mentioned in this paper. Using these correlations, the approach will be extended for application to 
power plants. 
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