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Chapter 1. 

Introduction. 

1.1 Man as a system controller. 

The design of machines, processes and systems already has a long history. 

This history can be divided into three different periods (Singleton, 1989) to be 

distinguished by the way in which the operator is involved in the control of a 

system. In the nineteenth century, during the first technological wave, power 

was derived from sources other than human or animal muscles. The output 

of the designed machines was so superior to the output of human or animal 

musdes that the inconveniences of these machines were accepted. The second 

technological wave provided machines and instruments that can detect data 

more accurate and reliable than man through his sehses. At this stage the 

operator still was part of the control loop because it was his task to 

manipulate machine controls based on data presented by instruments. In the 

third technology wave, due to the increase, improvement and refinement of 

control systems, the processes to be controlled became more extensive and 

complex. More accurate product specifications and higher environmental 

demands led to smaller control margins. Computers took over the normal, 

routine based control processes, leaving the operator out of the manual 

control loop. His task changed from a physical demanding direct control task 

to a physical, less demanding indirect control task. This did not lead to 
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easier tasks. AB already said, the processes became more complex, so higher 

demands were set on the diagnostic abilities of the operator to prevent faults 

or to reduce their effects. He has to choose the proper computer programmes 

that are determined by changing short term objectives, and to control the 

start-up and shut-down procedures that also can be partially computerized. 

Tuis type of control is called 'supervisory control' and is quite normal in 

complex systems. Supervisory control can be defined as the control of a semi

autonomous system, through the intermediary of an automate (Sheridan & 

Johanssen, 1976). The automate receives information from sensing devices, 

makes decisions according to the stored programmes and issues commands to 

its effector mechanisms. The human operator performs upper level goal

oriented functions such as planning system activities, programming 

computers, monitoring system behaviour, adjusting parameters when 

appropriate and intervening in the cases of emergency, repair or 

reprogramming. 

1.2 Monitoring behaviour and supervisory control. 

Supervisory control works through mediation of an automate or an 

intelligent controller, either a computer or a human being. This intelligent 

controller must be capable of making autonomous decisions. Several authors 

have described different aspects of human information processing, relevant to 

supervisory control (for example Moray, 1986, Sheridan 1980 and Johannsen 

e.a. 1994). These descriptions just differ in the decomposition of the 

supervisory task but not in the task description as a whole. We will use the 

decomposition of Sheridan (1980) and Johanssen, e.a. (1994). The supervisory 

control task is predominantly cognitive and contains at least the following 

subtasks: 

1. Monitoring of the data presented to the human supervisor. 

2. Leaming and interpretation of the data presented. 
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3. Process tuning or set-point control (learning the process in nonnal 

operating conditions). 

4. Intervention into the process during abnonnal process conditions. 

5. Fault management during malfunctioning (of a plant). 

6. Planning such as starting up and shutting down (a plant). 

So, the first step in supervisory control is monitoring which means that it is a 

necessary hut not sufficient activity. 

Supervisory control becomes more important, not only in the process 

industry but also in other industrial areas such as discrete manufacturing. 

Even in quite different work settings such as operating theatres and intensive 

care departments the importance of this type of control will increase. So, 

monitoring behaviour is becoming more important too. 

To monitor a system is to examine the displayed status information, and to 

decide whether a system is in a nonnal state and under control. In fact, 

monitoring is a shift of attention from one information source to another or to 

one source at different moments. In the process industry operators have to 

monitor processes, consisting of several hundreds of variables, interacting 

with each other. Until about 20 years ago the information on these variables 

was presented by many displays on large control walls (control panels). 

Operators had to walk along these walls to get the information they needed 

and to supervise the process. All information was presented simultaneously 

(parallel) in an analogue way. Now, consoles containing several Video Display 

Units (VDUs) are used to present the process information. These units are 

aften keyboard operated (Kragt, 1992). Because it is not possible to present all 

information on just a few displays, different types of displays have to be 

designed. Van der Schaaf and Kragt (1992) mention overview displays, group 

displays, graphic displays and detail displays. Most of the time operators 

work with graphic displays, containing both a graphical presentation of a 

(sub)process and numeric information of the most important variables. Large 

and complex processes may need 50 graphic displays or even more to present 

the process information. So, with "VDU-instrumentation", an operator has to 
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ask · for the information (sequential presentation) and this information mainly is 

presented numerically. 

In literature, some experimental research on monitoring a few (up to six) 

variables can be found, hut hardly anything is known about monitoring 

several hundreds of variables. Moray(1984, 1986) gave an extensive review on 

this literature and on the available quantitative models on monitoring 

behaviour and supervisory control. He concluded that although the different 

models emphasize different aspects of the various tasks, they have a number 

of aspects in common. In short these matters, which will be discussed in 

more detail in Chapter 2, can be formulated as follows: 

1. All quantitative models are concemed with the strategie and tactical 

direction of attention and not so much with the underlying cognitive 

mechanisms. In fact these models consider the human observer as a 

black box and they just describe the relation between the input and 

the output of this box. The models are not concemed on how the 

human observer actually works. 

2. All models concentrate on dynamic real world tasks or analogues. 

3. Subjects have to train for long periods to build up some kind of 

intemal representation of the tasks, the processes, their disturbances 

and their control abilities. 

4. Most models assume that monitoring behaviour is dependent on 

dynamic and stochastic properties of the information sources, on 

causal relationships between information sources and on pay-off 

structures. 

All models discussed by Moray (1984, 1986) seem to be very promising. 

However, little systematic experimental research \las been carried out with 

regard to the determinants of monitoring behaviour, and if done often 

different experimental methods have been used, making comparison difficult 

or even impossible. 
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1.3 Practical considerations. 

Due to the complex systems which are now prevalent in for example the 

process industry and due to the reduced crew size caused by the introduction 

of the distributed control systems, the individual operator sometimes has to 

monitor several hundreds of information sources. The question then arises 

whether it is possible to switch attention efficiently between all these sources 

and to maintain a certain kind of performance. System designers have to cope 

with questions such as: 

1. How many displays can one operator monitor at the same time? 

2. How many operators are needed to man a plant? 

3. What kind of alarm systems are needed? 

4. How are the graphical presentations to be optimised? 

5. What are reasonable work-rest schedules for operators? 

Until now most of these questions have been answered on the basis of 

practical experience. But as the complexity of the supervised systems grows it 

is no longer acceptable to design systems only on this basis. The safety of 

operators and the population as well as the environment increasingly depend 

on the knowledge and implementation of human factors in system design. As 

Moray (1984) states: 

"There is a vital need to achieve strong theory in the field of attention, for in 

supervisory control it becomes of increasing importance. Man does physically less 

and less, but that does not mean that the information-processing demands on 

people are lessened; and as systems are build, that have hundreds or thousands of 

variables attentional theory will come to be the heart of the design process ". 

So, from a practical point of view sufficient reason exists to investigate man's 

capabilities and limitations when he has to monitor complex systems. 
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1.4 Purpose of the study. 

As already mentioned in section 1.2 little systematic experimental research 

has been carried out in the field of monitoring behaviour, and if done, the 

influence of various determinants on monitoring behaviour has been 

investigated separately. So, little attention is paid to interaction between the 

determinants. Besides, because of the use of different experimental methods, 

comparison between experiments often is difficult. 

Secondly, most models are quantitative. Although they seem very 

promising and challenging, the question arises whether it is possible to set up 

an all-embracing mathematica! model on human monitoring behaviour, 

especially when there are interactions between different determinants. Is it 

not better to develop a more psychologically oriented qualitative model. 

The purpose of this study is to gather experimental evidence on the different 

determinants of monitoring behaviour and on their interactions in order to test 

some hypotheses which arise from existing models. These experimental results can 

also be used to decide whether the mathematical normative approach in modelling 

human monitoring behaviour is that promising as suggested in literature. 

It is not our purpose to develop a new model in addition to the already 

existing models but to decide which of the existing ones are the most 

promising. 

This thesis discusses a number of laboratory experiments. This means that 

simplified tasks are used. For example, subjects only have to monitor four 

information sources in one graphical display. A laboratory study meets the 

problem of translation to real-world situations. However, the strength lies in 

rigorous experimental control, which mostly is not possible in real-world 

situations. Therefore a combination of laboratory and field studies is the best 

in understanding monitoring behaviour. 
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1.5 Contents of the thesis. 

Chapter 2 deals with existing models of monitoring behaviour. Models 

from Senders, Smallwood, Carbonell, Sheridan, Kvälseth, Gay and Curry, 

Maule and van Delft will be briefly discussed. In the experiments data are 

acquired by means of the observing response method. This means that 

subjects actively have to ask for information. In Chapter 3 this experimental 

method will be discussed. In the Chapters 4 to 7, four experiments will be 

presented in detail. In Chapter 4 the influence of bandwidth on monitoring 

behaviour is investigated and the experimental method is validated intemally. 

In Chapter 5, the effects of both changing the bandwidth and the number of 

events, and the influence of local signal features will be discussed. Chapter 6 

deals with the influence of correlation between signals, and Chapter 7 with 

the effect of pay-off structures. Finally the thesis will end with a general 

discussion, and by drawing conclusions (chapter 8). 
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determinants 

Chapter 2. 

Determinants of monitoring 

behaviour. 

2.1 Introduction. 

In the process industry, operators have to supervise processes. They have 

to identify a process state, to determine whether this state is (not) normal, 

9 

and if necessary to intervene (see also Section 1.2 for a description of the 

operator's task). To identify the state they must have knowledge about the 

relevant process variables which are measured and displayed on VDU 

screens. But it is not possible (and necessary) to observe or pay attention to 

all variables or information sources simultaneously. They only can look at one 

source at the same time, so they continuously have to decide which source to 

observe and consequently which source not to observe. This is called 

monitoring. Moray (1986) defines monitoring as the act of (re)directing 

attention from one source to another, or to one source at different moments. 

Since 1960 a number of authors developed different quantitative models to 

predict monitoring behaviour, that is to predict the timing of observations 

and the division of the observations over different sources. Bach of these 

models that we will call monitoring behaviour models, stresses different 
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aspects of monitoring behaviour. Same models primarily describe the 

dependency of the behaviour on the dynamics and the relative importance of 

information sources and consider the observer to be ideal (he forgets 

nothing). Other models on the contrary stress the observer's cognitive 

limitations or even their willingness to observe the sources in terms of costs

benefits relations. Sheridan and Ferrel (1974) and Moray (1984,1986) among 

others gave extensive reviews of these models. 

In this Chapter, we will first describe, and next discuss some of the 

monitoring behaviour models. Senders' models (Section 2.2) are primarily 

based on the dynamics of the sources; Carbonell (Section 2.3) introduced the 

queuing approach; Sheridan (Section 2.4) developed a model that emphasizes 

the internal 'costs-benefits' relationships; Kvàlseth (Section 2.5) developed a 

decision theoretic model; Maule (Section 2.6) and Van Delft (Section 2.7) 

performed experiments by using the observing response method. In Section 

2.8 a short review of other monitoring models will be given, and then in 

Section 2.9 a number of arguments for a more psychological approach of the 

monitoring problem will be given. We consider "monitoring", "sampling" and 

"observing" to be exchangeable terms. The same is the case for the terms 

"variable", "source" and "signal". 

2.2 Senders' models. 

The pioneering approach in the development of quantitative sampling 

behaviour models was made by Senders (1955, 1964, 1965, 1966a, 1966b, 

1983). He based his models on the experiments of Fitts e.a. (1950) in which 

eye movements of pilots in a cockpit were measured during an instrument 

landing approach, and on the communication theory of Shannon and Weaver 

(1950). The underlying assumption in Senders' models is that monitoring 

behaviour is guided by the attentional demands of dynamic information 

sources (signals). This attentional demand is generated by the operator's 
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uncertainty about a time-varying signal state. This uncertainty may originate 

from limitations in human cognitive information processing or from the 

dynamics of the signals. When a signal makes an attentional demand, 

attention wil1 be directed to that signal by moving the eyes. So, attention is 

the driving force behind eye movements. He expressed the sampling 

behaviour in terms of eye movement characteristics, that is in the sampling 

frequency F. (the mean number of samples or eye fixations per second) and 

in the fixation duration (the mean fixation time per sample). 

Senders firstly developed a 'periodic sampler model' (PSM). As stated by 

him in (1983) " ... this global, 'open-loop' model assumes that an observer observes 

the state of a variable or signal at certain moments, that the task is to reconstruct the 

observed signal, that the actual state is of no importance for monitoring behaviour 

and that the observer has perfect memory ... ". He assumes the human observer to 

be a dassical Shannon communication channel and that he (the observer) will 

sample a signa! with a certain regularity. He defined the bandwidth Was the 

highest frequency component in the sampled signal. The PSM model predicts 

that an observer will sample a signal i with a sampling frequency Fs,i that is 

twice the bandwidth W;, so: 

Besides, the PSM daims that the fixation duration Di for signal i is 

proportional to the amount of information (in bits) that has to be extracted 

from signal i, which is dependent upon the RMS-value (Root Mean Square) 

Ai of that signal (A1 = sqrt[{a(t)-amfJ, where a(t) is the time-dependent 

amplitude of that signal and amis the mean amplitude), divided by the 

permissable RMS error of readout Ei. For signal i, the sample duration Di 
equals to: 
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where Kis a constant that is determined by the observer's information 

processing rate, and C is a constant that accounts for the minimum fixation 

duration (when the eye "jumps" toa new signal it needs a certain time before 

the information processing can start). The time demand a signal places on an 

ideal observer is equal to the product of the sample frequency and the sample 

duration. 

The derivation given above considers just one signa!. When multiple 

signals have to be sampled the time demand is considered to be the sum of 

the time demands of the individual signals. If possible each individual 

instrument is sampled with a fixed time interval between samples. In the 

PSM model no causa! relations between signals are taken into account. 

Besides, all signals are considered to be of equal importance and the actual 

observed signa! state does not influence monitoring behaviour. 

For multiple instrument tasks( for example N signals), Senders also 

defined a 'Random Constrained Model' (RCM). The sample duration is the 

same as in the PSM model, the mean sample frequency too. But the time 

interval between two samples of the same signa! is no longer fixed. The 

monitoring behaviour can be described analogous to the selection of a marker 

from an urn of markers, in which marker i represents signal i. The occurrence 

of a certain marker i is proportional to the bandwidth Wi of the signa! it 

represents. With N different signals this urn contains N different markers. An 

observer selects a marker (i), casts it back into the urn, looks at signa! i for a 

duration Di and then selects another marker. So the probability of sampling 

signa! i is: 

N 

pi=WJ!.Wi, 
j=l 

in which Wi is the bandwidth of signa! i (the highest frequency component in 

signa! i) and ~Wi is the sum of the individual bandwidths of the N signals. 

The RCM model allows to compute transition probabilities Pi,i' that is the 
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probability of first sampling signa! i and next signa! j. When no causa! 

relations between signals exist, Pq is equal to P1,1 and is Pil'ï· Because a 

transition from signa! i to itself is possible but is considered as a longer than 

usual sample duration, some adjustments depending on the sampling 

frequency have to be made. 

In the RCM model too, no causal relations between signals are taken into 

account, no understanding of the 'meaning' of the signal is required and the 

actual observed signa! state does not influence monitoring behaviour. 

Senders also constructed two Conditional Sampling Models (CSM 1 and 

CSM 2). In these models the task is not to reconstruct the signals completely 

but to check wether these signals are exceeding some limit L, so the timing of 

the next sample to be taken is a function of what was read on the preceding 

sample. In the multiple instrument case an observer has to divide hls 

attention between the signals in such a way that the chances that one of the 

signals exceeds the limit L unnoticed, are minimized. The assumptions 

underlying these models are: 

1. The signals to be observed are bandlimited, random Gaussian signals 

with mean µ (µ=0) and standard deviation cr. The autocorrelation 

function of such a signal i is: 

p(t) = sin(27tWït)/(21tWit) 

p(t) = 0 

for 0 :; t :;; 1/(2Wi), 

fort> l/(2Wi). 

2. The observer has to check whether a signal exceeds a certain limit L. 

3. Sampling costs are small compared to the costs of exceeding the limit 

L. 

Suppose that at time t a signal is sampled with a value V1 , then the expected 

value of the signa! at time t+'t is: 
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For 't > 1/(2W;), E[V(t+'t)] will be equal to 0. The standard deviation cr('t) will 

increase as a function of 't: 

cr( 't) = crsqrt{l-p( 't)2}. 

With the help of the above functions, a Z-score Z(t+'t), being the distance 

between L and E[V(t+'t)], expressed in cr-units, can be calculated and is: 

Z(t+'t) = {L-E[V(t+-t)]}/O"('t). 

The probability that a signal will exceed the limit L, P{V(t+'t)>L} is at 

maximum when Z(t+'t) is at minimum. 

The different conditional sampling models CSMl and CSM2 differ in the 

assumptions that are made about the moment of sampling. The first model 

assumes that the next sample will be taken when Z(t+'t) is at minimum, the 

second assumes that the next sample will be taken when Z(t+'t) is equal to 

some arbitrary chosen value, for example L/cr . Ina multiple signal situation, 

the signal, with the highest probability of exceeding the limit L, could be 

sampled. 

Senders (1983) defined another CSM model, again based on the 

reconstruction of a signal (CSM 3), a signal reconstructor with imperfect 

memory (RSM model) and proposed a queuing approach. We don't want to 

elucidate these approaches in this context, however the queuing approach 

will be discussed in section 2.3. 

As Moray (1984) remarked, despite their limitations Senders' models 

provide strong predictions of sampling strategies. Senders (1965) himself was 

well aware of these limitations. The most important limitations are: 

1. Senders based his model on the theory of communication of Shannon 

and Weaver, supposing that the human observer is an ideal sampler 

with a perfect memory. This however is not the case. Especially when 

more signals have to be sampled and when these signals are rather 



determinants 

slow, forgetting the observed signa! values will be an important 

reason to observe the signals again. 

15 

2. Correlations or functional relations between signals are not induded 

in the multiple signal models. Properly speaking he did not construct 

real multiple signal models. He just considered the N-signal 

monitoring task to be the sum of N 1-signal monitoring tasks which is 

certainly not the case. 

3. Intemal or extemal pay-off structures are not incorporated in his 

models. 

When one wants to include these aspects, the models will become much more 

complex, in contrast with the remarkable simplicity of Senders' models. 

In a number of experiments Senders validated his models. He a,sked 

subjects to check four or six instruments and measured their eye-movements. 

The experimental results were a confirmation of the basic assumptions of his 

models, particularly of the PSM model. However, he could not validate the 

conditional sampling models because he could not link the monitoring 

behaviour with actual signal values. His work will be discussed in more 

detail in Chapters 4 to 7. 

In one of the experiments he also introduced correlation between a number 

of signals. Their correlation coefficients were 0.50 in a training and 0.81 in a 

experimental situation. However he did not find a significant effect on 

monitoring behaviour. 

2.3 Carbonell's queuing approach. 

Together with Ward and Senders, Carbonell (1966, 1968) proposed a 

"queuing model of many-instrument visual sampling" which is also based on 

the information theory and on the concept of different signals, competing for 

the attention of the observer. This model is based on the following 

assumptions (Carbonell, 1966): 
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1. An observer can observe only one signal at the time. 

2. In deciding which signal to observe, the observer tries to minimize 

the risk involved in not observing other signals. 

3. This risk is represented by the probability that the signals, not being 

observed, exceed a certain threshold L, which may lead to some 

catastrophic result with which costs are associated. 

4. The time involved in reading a signal is supposed to be constant 

(about 1/3 s.). If an observer looks longer at a signal this will be 

considered as successive samples of the same signal. 

5. The observer's visual sampling task is part of a feedback loop closed 

through his control action. 

6. In reality, the signals to be observed are not of the zero mean 

Gaussian type, but due to control action the mean of the signal will 

be of the form exp(-J<it) with ki is the control coefficient. 

Given the above assumptions, Carbonell could compute the costs of 

sampling, in terms of missing costly events. The cost C(t} of not sampling any 

signal is: 

N 

C(t) = ~ [i;P;(t}/{l-P1(t}}], 

where: N = Number of signals. 

t = Observation time. 

C(t) = The cost of not sampling any signal at a certain observation 

timet. 

<; = Costs associated with exceeding the threshold for signal i. 

P;(t) = Probability that a certain signal i will exceed its threshold. 

The denominator {l-P;(t)} in the equation ensures that even signals with low 

associated costs eventually have to be sampled. The costs of looking at signal 

j at time t cm is then: 
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The subject's strategy is to minimize these costs. So, he will sample that signal 

that minimizes C';(t). The costs associated with sampling the signals are 

calculated and put into a queue in which the signal with the lowest cost is 

put on the first position. This signal is sampled, whereafter the costs 

associated with sampling the signals, are calculated and put into a queue 

again. This process goes on and on. For a certain signal, ·the probability of 

exceeding the threshold is dependent upon the characteristics of that signal 

and on the moment of the last observation. 

Carbonell developed a computer simulation of the model and simulated 

the sampling with certain signal characteristics. The outcome of this 

simulation was that, when variances in signals increase are low, periodical 

sampling will be originated. However, when variances are high the sampling 

behaviour will be aperiodical. Carbonell also performed a validation 

experiment with subjects. The results were well in agreement with the 

simulation studies, although the model required some tuning to the 

participating subjects. 

According to Carbonell this tuning is, among others, caused by the 

incomplete knowledge of the highly complex human dedsion process and of 

the real meaning of a risk threshold for a subject. 

Taken together, one can condude that Carbonell's approach, based on the 

concept of different signals competing for the attention of the observer is a 

very promising one. At each sampling moment the decision as to what signal 

to look at is based on comparing, for the different signals, the combined effect 

of exceeding a threshold and the costs associated with the exceeding. So, the 

signals queue for the observer's attention and the signal with the highest 

priority at a certain instant is served. This means that in a many-signal 

situation, the moment of sampling a certain signal is not only dependent on 

it's own characteristics, but also on the characteristics of other signals. It is 

possible to indude in Carbonell's model, dynamica} signal properties, 
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thresholds, costs-benefits relations and causal relationships and to analytically 

solve the problem; this however leads to rather complex analytical formulas, 

the relevance of which needs thorough consideration. 

2.4 Kvälseth's decision theoretic model. 

Kvälseth (1978, 1979) performed some experiments based on the 

monitoring of one, discrete signal. In all hls experiments subjects had to ask 

for information by pressing a button. In the first series of experiments he 

manipulated the ratio of the costs of sampling and the costs of exceeding a 

threshold L, and the variance of a signal. He perfonned analyses on the basis 

of information theory in which information gain, entropy and redundancy 

measures at the moment of sampling were used. He concluded that: 

1. Subjects seemed to tolerate a relatively high degree of uncertainty 

(large entropy). 

2. This tolerance was dependent upon the variance of the monitored 

signals. 

3. This tolerance was not dependent upon the ratio between the costs of 

sampling and the costs of exceeding a threshold. 

4. The information gain and redundancy were not affected by the 

tolerance and the mentioned ratio. 

Kvälseth (1978, 1979) also developed two decision theoretic models on 

sampling behaviour, one model for passive monitoring and another model 

with control action. He tried to validate these models in an experiment in 

which he again manipulated the cost structure and the threshold limits and 

found that subjects tended to differ significantly from norms provided by the 

model. These deviations were dependent upon both the cost structure and the 

threshold limit. 

The strong point in the work of Kvälseth is that he tried to solve the' 
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sampling problem and to analyze the experimental results in terms of the 

expected value of the outcome for the subject rather than in terms of the 

statistics of the signals to be sampled, but he found that subjects did not act 

according to his normative models. 

2.5 Sheridan's model. 
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Sheridan (1970) also stressed the importance of the expected value of the 

outcome of a process. He presented a procedure for specifying how long an 

observer should wait between two samples to maximize a given value or 

pay-off function. He gives the observer the opportunity to exert control on a 

signa!. He argued that not the outcome of a process in terms of the signal 

state is important, but in terms of a value function V which is the sum of the 

signal state VP and the value v. associated with the taking of a sample. So, 

V=Vp+v •. Both VP and v. are dependent on time. VP is at maximum when 

there is perfect knowledge about the process state, and thus of the control 

action y needed to optimize the value. This is the case at the moment of 

sampling. VP is at minimum when there is just distributional knowledge 

about the process state, and the control action y would be taken on the basis 

of this distributional knowledge. This is the case when no samples are taken. 

If the costs of sampling v. would be zero, the optima! sampling interval 

would be zero too, because one then has perfect knowledge of the state of the 

process. On the other hand, if the costs of sampling would be infinite, the 

optima! sampling interval would be infinite too, because the cost of sampling 

v. then overrules the fact that the process value VP is at minimum. But in 

reality finite costs are connected with the act of sampling and this will lead to 

an optimal sampling interval. 

In some way this model looks like the conditional sampling (CSM) models 

of Senders, in that it wants to optimize the sampling interval. In the CSM 

models however, the optima! interval is defined as the interval for which the 
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probability of exceeding a certain limit was at maximum, while in Sheridan's 

model the optimal interval is defined as the interval for which the expected 

value V is at maximum. 

In fact Senders' (CSM), Carbonell's and Sheridan's models assume that 

sampling is controlled by a dynamic intemal representation of the process to 

be sampled. Tuis dynamic intemal representation consists of a process model 

and of the actual state of its variables. The actual state of these variables 

change from moment to moment, meaning that the correctness of th,e subject's 

intemal representation is dependent on the last observation of the state 

variables and on the dynamics of the process. This leads to an uncertainty of 

the real process state. The human monitor wants to reduce this uncertainty, 

either by sampling or by reasoning about the process dynamics. Moray (1984) 

called this source of uncertainty "exogenous uncertainty". The above 

mentioned authors are well aware of another source of uncertainty1 namely 

uncertainty arising from the limitations in human information processing, the 

so-called "endogenous uncertainty", but they do not really incorporate these 

sources into their models. For example Senders uses the endogenous 

uncertainty to explain differences between predictions of his normative 

models and experimental results. 

2.6 Maule's experiments. 

More recent work in the field of monitoring behaviour has been carried 

out by Maule (1985) and van Delft (1986, 1987). Maule stated that theories of 

visual sampling are founded on the assumption that human monitors use an 

internal representation of the environment which changes over time. He also 

claims that the experimental evidence supporting this view is equivocal 

because it just looks at sampling performance averaged over long periods of a 

test session. So, the results of these experiments do not make it possible to 

distinguish between a fixed internal representation based on global signal 
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features and a dynamic intemal representation based on actual signa! states. 

To make this distinction possible he developed an experimental method in 

which monitoring behaviour was analysed in relation to the momentary 

changes in the process state, This experimental method, which was used also 

by Holland (1958}, and Hamilton (1969), is the observing response method. 

Besides, he argued that researchers of sampling behaviour have adopted 

two different approaches, one mainly starting from the dynamic properties 

of the environment (see Sections 2.2 to 2.5) and one mainly starting from the 

cognitive processes that underlie human monitoring behaviour. In this last 

approach, sampling is assumed to be determined by comparing the contents 

of an updatable memory with actually observed information of the process. 

He claims that the first approach possibly may give an accurate prediction of 

human sampling behaviour, but that it may not accurately represent the 

'ilnderlying cognitive processes. 

Although his experiments were designed to distinguish between a fixed 

and a dynamic intemal representation, it was not possible to make a clear 

distinction between them. 

Besides, one of the independent variables in his experiments was the 

number of events, that is the number of times a signal exceeded a certain 

limit L, and in one of his experiments he found a significant effect of event 

rate, whereas in another no significant effect was found. 

The updating of the intemal representation is very important in the control 

of visual sampling. Maule distinguishes between two different procedures, 

intemally and extemally driven updating. In internally driven updating, 

subjects use their knowledge of the dynamics of a signal to alter their intemal 

representation of the process state. In externally driven updating subjects just 

monitor a signal. Intemally driven updating leads to an amount of 

uncertainty about the signal state which under certain conditions is 

intolerable. If possible, extemally driven updating can then reduce this 

uncertainty. 



22 Chapter 2 

Finally, he thinks it to be premature to develop more comprehensive 

theories of visual sampling without more experimental evidence. 

We believe that the source of the uncertainty has to be investigated in 

more detail. If this source is mainly exogenous, the approach of Senders e.a is 

more promising, if on the contrary the source is mainly endogenous, then a 

cognitive approach is recommended. This could be dependent on the signals 

that have to be monitored, but also for this problem more experimental 

evidence is needed. 

2.7 Van Delft's experiments. 

Van Delft (1986, 1987) also used the observing response method. He recalls 

that the human monitoring models are hardly tested by means of 

experimental research. So, he performed a number of experiments in which 

he used binary random signals that were digitally displayed. The most 

important purpose was to examine in a multiple-signa! monitoring task, 

whether sampling behaviour was not only dependent on the characteristics of 

individual signals but also on the characteristics of these signals in relation to 

the other signals to be monitored. He placed the same signal in two different 

experimental settings and found different sampling frequencies for the same 

signal. His results were in agreement with the predictions inferred from a 

sequentional sampling model in which subjects developed highly comparable 

sequences with fixed sample intervals. He claims that the experimental results 

clearly indicated that no fixed relation exists between signal dynamics and 

sample frequency, but that a subject chooses a time base to sample the 

signals, such that he can spread his attention over the individual signals in 

accordance with their dynamic properties. 

Van Delft (1986) used in one of his experiments entropy and information 

generation rate of the signals as independent variables and he found that 

sampling frequencies were influenced by this information generation rate, 
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and that differences in sampling frequencies became smaller by matching the 

signals on this rate. 

2.8 Other monitoring models. 

In addition to the above mentioned authors some others should be 

mentioned; Smallwood (1967), Gai and Curry (1976), Wewerinke (1983, 1989), 

Stein (1983) and Donk (1991). It is beyond the scope of this thesis to discuss 

their work extensively. Smallwood analysed the data of Senders e.a. (1965) in 

the context of an intemal model. Gai and Curry (1976) worked out the idea of 

considering the human monitor as a sequéntional decision maker. Wewerinke 

and Stein (1983, 1989) used the optimal control theory to predict monitoring 

behaviour during a control task, leading to a complex predictive model. 

2.9 Discussion and research questions. 

Moray (1986) provided an extensive review of the research developments 

in human monitoring behaviour. He carne to the following conclusions: 

1. All models are able to predict reasonably well within their chosen 

paradigm. However, the degree with which the models successfully 

predict monitoring behaviour seems to be influenced by the amount 

of practice of the subjects. 

2. A number of factors seems to influence monitoring behaviour (see the 

genera} model below). Moray believes that there are two basic 

clusters of factors: the experienced observer is sensitive to the 

dynamics and statistics of the observed signals; the experienced 

observer's subjective appreciation of the values and pay-offs involved 

in the task influences his monitoring behaviour. 

3. The concept of an internal representation is important in modelling 
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monitoring behaviour. This model develops during practice. In the 

early stages of practice individual differences are striking but, as 

practice continues one increasingly 'sees' the properties of the process 

through the limitations of the operator, rather than seeing the 

properties of the observer. 

4. Humans operate in the domain of constrained optimality, i.e. 

behaviour will be as optimal as it is possible, given the limitations of 

perceptual memory, cognitive and motor systems. 

5. In real systems the number of signals is high and the dynamics of 

these signals are different from those used in the models which have 

been described in the previous sections. These systems can only be 

monitored if there is a considerable cross-correlation between signals. 

This permits an operator to observe only a subset of the signals and 

to estimate the other signals on the basis of these observations. 

Regarding condusion 1, we agree with the assertion that practice is an 

important topic while studying monitoring behaviour. Both Senders and 

Moray suggest that practice duration should be in the order of 20-30 hours. 

We believe that this practice duration must be cautiously considered but will 

strongly depend on the task complexity, i.e. the number and the dynamics of 

the signals to be observed. With regard to conclusion 2, the problem seems to 

be more difficult. Firstly, interactions between the different factors, make the 

description of the monitoring problem in one model more complex. For 

example, bandwidth may affect monitoring behaviour differently when 

different pay-off systems are used. Secondly, contextual effects seem to be 

important (Van Delft, 1987). The effect of, for example, bandwidth on 

monitoring behaviour may be dependent on the subset of signals to be 

observed. This means that it is extremely difficult to incorporate all the 

aspects which influence monitoring behaviour into one model. We totally 

agree with condusion 3, but the question then is "How does this intemal 

model look like?". Conclusion 4 may have important consequences. If human 
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cognitive limitations are that important, is it not better then, to describe the 

monitoring problem in terms of these limitations? This conclusion seems to be 

strengthened by Moray's last conclusion 5 which corresponds with the 

question of generalisibility (and of validity) of the described models. It is 

doubtful whether these models can be extrapolated, because other cognitive 

limitations will then play an important role. 

The points made here do not make the study of monitoring behaviour an 

easy undertaking. However, despite their limitations the models discussed 

provide insight in human monitoring behaviour and they contribute to a 

further understanding of attention mechanisms. The importance of this will 

only grow in the coming years when supervisory control will become more 

and more important, in line with the current developments of larger and 

more complex processes. 

Based on the literature the following qualitative description of supervisory 

control can be derived: 

1. When supervising a process, the operator needs to: 

a. Monitor the data about the process state. 

b. Interpret these data. 

c. Tune the process (set-point control). 

d. Intervene into the process during abnormal conditions. 

e. Carry out fault management during malfunctioning of the process . 

. f. Plan action such as starting up and shutting down the process. 

2. The operator has an intemal representation of the task to be 

performed and the process to be monitored. In order to make correct 

decisions he has to update this intemal representation. This can be 

done by reasoning based on the intemal model (intemally driven 

updating) or by gathering information of the process (extemally 

driven updating or monitoring) 

3. Uncertainty or attentional demand is the driving force behind 

monitoring behaviour. The decision which process variable has to be 

monitored depends on this uncertainty about the process state. The 
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operator monitors that variable that diminishes this uncertainty the 

most. In other words, monitoring is the guiding of attention. 

4. In the literature, the following factors are supposed to influence 

monitoring behaviour, either separately or in interaction: 

4.1 Factors related to the task to be performed, for example: 

- tolerance band monitor task; 

- control task. 

4.2 Factors related to individual signal properties: 

- bandwidth; 

- number ofevents; 

- actual signal state: 

- actual signal valuê; 

- rate of change indication. 

4.3 Factors related to the multiple signal properties: 

- process dynamics; 

- causal relations; 

- relative importance of different signals; 

- contextual effects. 

4.4 Factors related to properties of the observer: 

- cognitive limitations, such as: 

- memory; 

- psychological biases; 

- information overload; 

- sensitivity to different sources of information presentation. 

Although the factors mentioned in 4 are not surprising, hardly any 

experimental evidence exists. Besides, different methods are used in the 

experiments, so it is difficult to compare the results of different studies. In 

this study one experimental method will be used; the observing response 

method. 

The purpose of this study is not to define a general model of monitoring 
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behaviour hut to gather experimental evidence on the different determinants 

of monitoring behaviour and on their interactions, in order to test some 

hypotheses which arise from existing models. These experimental results can 

also be used to decide whether the mathematica! normative approach in 

modelling human monitoring behaviour, is that promising as suggested in 

literature. 

Tuis laboratory study confines itself to the tolerance band monitoring task. 

This means that subjects just have to look whether a signal value stays within 

a predefined signal region or deviates from this region (events). No control 

action are required. 

Especially for experienced subjects, the signal properties seem to be more 

important than the properties of the observer. So, in this study signal 

properties are emphasized. 

Within these restrictions a number of questions remains open to be 

answered: 

1. How valid is the observing response method? Is it possible to 

compare observing response data, with data gathered from eye 

movement recordings? 

2. In literature (for example Senders (1964, 1965, 1983) and Carbonell 

(1966,1968)), bandwidth is considered as an important factor, but how 

important is bandwidth? 

3. Maule (1985) and Van Delft (1986, 1987) stress the importance of 

events. Maule, however, uses a very questionable experimental 

method whereas Van Delft uses binary signals (with indefinite 

bandwidth) What is the importance of events when using signals 

with the same dynamics as Senders? 

4. Is causality an important factor? Senders (1983) examined this but did 

not find any experimental evidence. 

5. What is the influence of changes of the relative importance between 

signals (pay-off structures)? Kvälseth (1978, 1979) examined this in a 

1-signal situation. Sheridan (1970) used pay-off structures in his 
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theoretica! considerations. 

6. What is the importance of the conditional sampling (CSM) models? In 

other words, what is the importance of actual observed signal states 

in the subjects' intemal representation of the processes to be 

controlled? 

7. Isa N-signal monitor task the sum of N 1-signal monitor tasks (van 

Delft, 1986, 1987)? 

8. If so many determinants are important and if the N-signal monitoring 

task is NOT the sum of N 1-signal monitoring tasks, is it then 

possible to formulate a quantitative model of human monitoring 

behaviour which is applicable in industrial settings, especially when 

one keeps in mind that in these settings the processes to be monitored 

are even more complex than in a laboratory situation? 

The experiments in the Chapters 4 to 7 are meant to contribute to the 

answering of the above mentioned questions. The experiment described in 

Chapter 4 will mainly deal with a discussion of the observing response 

method (Question 1) and with the influence of bandwidth (Question 2). The 

experiment in Chapter 5 is designed to gather more evidence on the influence 

of bandwidth (Question 2) and on number of events (Question 3). The effect 

of causality (Question 4) is examined in Chapter 6 and that of pay-off 

structures (Question 5) in Chapter 7. Evidence to answer Question 6 ( the 

importance of conditional sampling models) can be found in all chapters, hut 

data analyses in Chapter 5 are especially designed for this purpose. Questions 

7 and 8 will be discussed in Chapter 8, the general discussion and conclusion. 
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Chapter 3. 

Method. 

> 3.1 Introduction. 
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The purpose of this study is not to define a general model of monitoring 

behaviour hut to gather experimental evidence on the different determinants 

of monitoring behaviour and on their interactions in order to test some 

hypotheses which arise from existing models (see Section 2.9). This has some 

methodological consequences: 

- The signals to be monitored must be exactly known beforehand to the 

researcher. Besides, he must be able to change the characteristics of these 

signals at will, so he can determine what kind of signals he wants to 

present to the subjects. The problem of signal generation is discussed in 

Section 3.2 

- One of the effects to be examined is the effect of the observed signal state 

on monitoring behaviour. This means that one must have exact knowledge 

of this state at the moment a subject observes that signal. For example 

Senders formulated this in 1983 in the following way: 

""Clearly if we are to understand WHY people do what they do, we must learn 

WHAT they in fact do. It is necessary to record not only the positions of the 

eyes (the monitoring behaviour), but also the values of the signals which are 

observed. It is only the relation between these two sets of data that will tell us 
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whether there is anything at all in the idea that observers make use of 

information that they see, in deciding when to look again."" 

With the observing response method (a subject explicitly has to ask fora 

certain signal state by pressing a mouse key), it is possible to link signal 

state and monitoring behaviour. This method will be discussed in the 

procedure Section 3.3. 

In Section 3.4 some issues concerning the data analyses are discussed. 

Especially the study of the influence of actual signal values on monitoring 

behaviour requires a special kind of data analysis to overcome the problem of 

unbalanced design. 

This chapter ends with a discussion on the method (Section 3.5). Among 

other things, the relation with eye movement recordings and the difference 

between analogue and digital signal presentation will be discussed. 

3.2 Signals. 

The task to perform by the subjects was a Tolerance Band Monitoring task 

(IBM task); subjects had to check whether a certain signal stayed within a 

known signal region. Any deviation outside this region (event) had to be 

detected. lt was not possible for subjects to perform control actions, so they 

could not change a signal. Therefore it was possible to define beforehand the 

characteristics of a signal; the bandwidth, the event rate (the number of 

events per unit of time), and the cross correlation cpx/t) of two signals ( in 

fact cpxy(O) is varied). 

By analogy of Senders' experiments we have chosen for signals which 

values were Gaussian distributed with a mean µ (µ = 0) and a standard 

deviation cr (N(O,cr2
)). Each value represented the signal state during one 

second. So, a signal containing 1800 values represented a signal with a 

duration of 30 minutes (1800 s). These time-varying signals were filtered with 
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an ideal low pass filter with cut-off frequency fc . 

Signal values varied between about -75.0 and +75.0. Two parts of this 

range were defined as event regions: the region ::;;; -25.0 and the region ;;:: 

+25.0. An event started when a signal entered such a region and ended when 

the signa! left that region. So, dependent upon the signal characteristics 

events have different time durations, with a minimum of 1 second. This 

means that e.g. a signal with N events was N periods of time (of different 

time duration) within an event region. Both bandwidth and number of events 

acted as independent variables (Chapters 4, 5, 7) or were to be held constant 

(Chapter 6). 

Figure 3.1. 
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Example of a Gaussian distributed series of numbers with mean µ = 0 and standard 
deviation o = 25. On the abcis the time is given and on the ordinate the signa! value. 

To create normal distributed signals with predefined bandwidth (filtered 

with an ideal low pass filter) and a certain event rate the following steps had 

to be taken: 

1. A Gaussian distributed series of numbers (or signa! values x) had to be 

created with a mean value µ = 0. This means that the probability density 
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f(x) was equal to: 

f(x) = exp{-x2 /2a2} / { 0"/(21t)}, 

where cr is the standard deviation that can be freely chosen. These kind of 

signals are also known as "white noise" signals. Figure 3.1 gives an 

example of a Gaussian distributed series of numbers with a mean µ 0 

and cr = 25. In Leermakers (1995) the software, developed to create such 

signals is described. 

2. In order to exdude frequency components higher than fc , the Gaussian 

distributed series of numbers was filtered with an ideal low pass filter 

with cut-off frequency fe. (we used cut-off frequencies of 0.03, 0.06 and 0.09 

Hz). In the frequency domain such a filter is defined as: 

H(ro) = 1, 

H(ro) = 0, 

for lro! ::S roe, 

for lro 1 > roe, 

In the time domain this leads to the impulse response: 

h(t) = sin (21tV)/1tt. 

The filtering took place in this time domain (see Leermakers (1995) for 

the filtering software). In Appendix A, the used impulse responses are 

presented (the impulse responses of the ideal low pass filter with fc = 0.03 

Hz, 0.06 Hz and 0.09 Hz). Signals filtered with a low pass filter from 0.03 

Hz contained only frequencies in the range from 0 to 0.03 Hz This range 

was defined as the bandwidth of the signal. 

Figure 3.2 gives an example of a series of numbers with cr = 15, which is 

filtered with a low-pass filter with a cut-off frequency of 0.06 Hz. 

3. To get a signal with the predefined bandwidth and number of events, the 

standard deviation of the original series of numbers had to be adjusted 
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and steps 1 and 2 had to be executed a number of times until the desired 

signal was obtained. 

In experiment 3 (see Chapter 6), the cross correlation <pxy{t) of two signals 

was the independent variable. In fact cpxy(O) is varied, which is the same as 

the covariance Cixy· For example Van der Grinten e.a. {1973) define a 

correlation coëfficiënt Pxy as: 

Pxy can vary between -1.0 and 1.0, 0 meaning that x and y are not correlated 

and -1 or 1 meaning that there is a perfect linear relationship between x and 

y. 

Correlated signals were made by mixing two not correlated signals with a 

certain bandwidth and number of events. For example, if: 

z = ax +by and 

crx = Ciy and 

cpxy(O) = crxy = 0 then 

cr2 = . a2cr2 +b2cr2 z x y 

cpxz{O) = crxz = acr2x + bcrxy = acr2x 

Pxz = <Jxzf crxcr, = acr2JcrxBqrt(a20
2
• +b2cr2y). 

Pxz = ax/ sqrt(a2 +b2cr2 yf cr2 x>· 

When the values of series x are multiplied with 0.90 and each value is added 

to a value of a series y which is multiplied with 0.44, then the mixed series z 

is correlated with a coefficient of 0.90 with series x and a coefficient of 0.44 

with series y. See Leermakers (1995) for the related software. 

Each experiment consisted of a practice and an experimental session. For 

each practice session signals were made with the same characteristics as those 

used in the experimental sessions. 
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Figure 3.2. 
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Example of a gaussian distributed series of numbers which is filtered with an ideal 
low pass filter with a cut-off frequency (bandwidth) of 0.06 Hz. On the abcis the 
time is given and on the ordinate the signa! value. 

3.3 Procedure. 

This paragraph deals with those parts of the experimental procedures that 

were the same for the four experiments. Specific experimental procedures 

conceming the four different experiments will be discussed in Appendices b 

toe. 

Subjects were seated in front of a table in a dimly-lit, sound-attenuating 

room, facing a video screen from a distance of about 95 cm. They had to 

monitor four signals with predefined characteristics and had to detect 

whether one of those signals was in the event region. Each signal was 

presented in a separate window (Figure 3.3). 

Before each experimental session subjects received a practice session of 15 

minutes, in which the signals were present an· the time, whereas in the 

experimental session the observing response method was used. The purpose 

of the practice sessions was to give subjects the opportunity to leam the 

dynamics of the signals in a more easy way (Figure 3.4 for the presentation of 
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the signals during the practice or training sessions). 

Figure 3.3. 
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Presentation of the signals during the experimental sessions. On the left the normal 
situation, and on the right the display after the subject asked for signal 3. After 
request the signal state of signal 3 is displayed during one second. 

To take a sample of one of the four signals, subjects had to ask for it by 

pushing a mouse or keyboard button. Such a request led to a one second 

presentation (so, a fixed time) of the signal state into one of the windows 

(Figure 3.3). To force serial sampling, sampling was possible for only one 

signal at the time. In order to observe a sequence of signal states of a distinct 

signal, subjects had to sample that signal a number of times in succession. 

When subjects detected an event (a signal value v ?:: 25.0 or v ~ -25.0) they 

had to react as soon as possible by pushing a button. A reaction was correct 

ifit was given within five seconds after an event ended (-25.0 < v < 25.0), 

otherwise it was defined as incorrect. 

When a sample of one of the four signals was asked for, the value of the 

particular signal was numerically displayed on the screen (Figure 3.3) and 

below the signal value the rate of change of the signal was presented. This 

rate of change gave an indication of the difference (A) between the actual 

value of a signal and the signal value one second before the presentation and 
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could consist of a number of plus or minus signs. A plus sign indicated an 

increase, a minus sign indicated a decrease. Six rate of change indications 

were possible: +++ (A > 2.0), ++ (1.0 < A ~ 2.0), + (0.0 ~ A ~ 1.0), - (-1.0 ~ A < 

0.0), -- (-2.0 ~ A <-1.0), --- (A < -2.0). For example, if on the 94th second a 

signal value is +26.3 and on the 95th second +30.0, then A is 3.7 and the rate 

of change indication on the 95th second would be+++. 

1 2 

Ë] + 1-~5.2 1 

1 =-~1.0 1 LJ 
3 4 

Figure 3.4. Presentation of the signals during a practice or training session. 

A score system was used to prevent continuous sampling with no or only 

little reasoning about future signal values. Therefore, subjects had to 'pay' for 

a sample, were given a 'reward' fora detected event and a 'penalty' fora not 

detected event and for a false detection. Subjects were paid according to this 

score system. After each experimental session they were given feedback of 

this score, and of the percentage of missed events. The score was adjusted in 

such a way that the actual experiments delivered scores between about 0 and 

10. This was considered as an acceptable range because it was in consonance 

with the school grading system used in the Netherlands. 

After each practice session subjects only obtained knowledge of results 

about the percentage of missed events. 
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To run the experiments, a computer program.me was written. In 

Leermakers (1995), the software of the program.me (VM) used in the 

experiment 4 (Chapter 7) is given. The input of this programme is a data file 

which contains a time indication (from 1 to 900 or 1800 s. depending on the 

length of the practice or experimental session) and for each of the four signals 

one value per second between about -75.0 and +75.0. 

Table 3.1. Example of the first 10 seconds of an input file for the experiments, containing the four 
signals. 

0 2150 -1251 -1310 2262 
l 2502 -1492 -1467 2342 
2 2829 -1461 -1459 2403 
3 3123 -1154 -1301 2441 
4 3375 -631 -1022 2456 
5 3566 -681 2450 
6 3700 -334 2419 
7 3763 973 -21 2362 
8 3766 1071 221 2277 
9 3703 828 380 2167 

10 3572 280 456 2029 

Table 3.1 gives a example of a part of such an input file (on the 6th 

second, the values of the signals were 37.00, 5.78, -3.34 and 24.19). The 

different signals could be deliberately divided over the four windows. The 

output of the programme VM contained a time indication and per second the 

signal state of the four signals (a signal value and a rate of change 

indication). For each signal per second a alphanumeric code was added 

which could consist of either a 'S', meaning that the subject had taken a 

sample of the particular signal at the specified time, a 'O', meaning that the 

signal was in the event region, and a 'D' meaning that the subject had pushed 

the detection button. Table 3.2 gives an example of such an output file (on the 

6th second, the values of the signals were 37.00, 5.78, -3.34 and 24.19; signal 

1 was in the event region, hut already detected on the 2nd second, and signal 

3 was sampled). 
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Table 3.2. Example of the first 10 seconds of an output file, containing the time indication and for 
each signa/ the signal value, an event indication (0) and, if requested, a sample (S) or a 
detection (D) indication. 

naam parameter file : p09e2042.par type experiment : meting 

interval 100 naam input file : e2maoi.tab 
interval 100 naam output file : p09e2042.exp 

detectie vertraging : 5 

Sec/100 2 3 4 

0 2150 3 -1251-3 -1310-3 2262 3 
100 2502 3 0 s -1492-3 -1467-2 2342 1 
200 2629 3 0 D -1461 1 -1459 l 2403 l 
300 3123 3 0 -1154 3 s -1301 2 2441 1 
400 3 0 -631 3 -1022 3 2456 l 
500 2 0 -9 3 -681 3 2450-1 s 
600 2 0 578 3 3 s 2419-1 
700 3763 l 0 973 3 3 2362-1 s 
800 3766 1 0 1071 1 s 221 3 2277-1 
900 3703-1 0 828-3 380 2 2167-2 

1000 3572-2 0 280-3 456 l 2029-2 

3.4 Data analyses. 

The sampling behaviour was measured by: 

1. The total number of samples (in analogy to Senders' number of eye 

fixations), fora general description over the experimental sessions. 

2. The number of samples per signal per session. 

3. The inter-sample-interval (ISI) that is, the duration in seconds 

between a sample fora certain signal and the first following sample 

for the same signal. !Si's could only be calculated if a distinct signal 

was sampled two times. ISI's were analysed according to previous 

sampling values because it was assumed that a subjects' timing of the 

next sample for the same signal was related to the last sampled value 

of that signal. For example, when a signal had a value of -17.6 at the 

moment of sampling that signal and suppose that the next sample of 

the same signal occurred 26 seconds afterwards, an ISI of 26 s was 

associated with the signal value of -17.6. Within the 26 s between the 

two samples for that signal, a sample for another signals could be 
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asked for too. 

4. The transition probability P;,J' i.e. the probability that signal j will be 

sampled under the condition that signal i has been sampled. For a 

four-signal monitoring task this leads to a 4x4 transition probability 

matrix. 

The performance was measured by: 

1. The percentage of events for each signal that was detected correctly 

(PCD). 

2. The number of incorrect detections NID. 

3. The final score. 
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Because subjects were free to sample, it was not possible to make a 

balanced design. The problem of the unbalanced design arose when 

conditional sampling was studied and therefore the effect of event region had 

to be considered, the reason being that the distribution of the signal values 

was not the same for the different signals. For example, one of the used 

signals (x) was about twice as long in a certain signal 1 region as another 

signal (y). So, when the number of samples in that signal region 1 is about 

two times higher for signal x than for signal y, this does not mean that 

subjects were more uncertain about the possible occurrence of an event for 

signal x than for signal y, for one of the reasons for the higher number of 

samples for signa! x is the fact that this signal simply stayed longer in region 

1. To compensate for that fact the Inter-Sample-Intervals (that is the periods 

of time between to samples of the same signal) were measured instead of the 

number of samples. This variable is not dependent on the time, spent in a 

certain signa! region. 

The signals were symmetrical around zero and sampling behaviour 

seemed to be identical for negative and positive signal values. That is why for 

the data analyses on the ISI's, negative and positive regions were combined, 

for example, the ISI's in the region :S -25.0 were combined to those in the 

region ?! +25.0 etc. The range of the signa! was then divided into a number of 
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signa! regions (Figure 3.5 for the signa! regions in the correlation experiment 

described in Chapter 6). 

Combining positive and negative regions in the data analyses had some 

consequences for the rate of change indication. For a signal with a value of 

+23.4, for example, a rate of change indication of'+++' means that it was 

(rapidly) moving towards the boundary of the nearest event region, whereas 

fOr a signal with a value of -24.1, this indication means that it was (rapidly) 

moving away from the nearest boundary. Therefore, the rate of change 

Figure 3.5. 
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Example of the signal range divided into a number of signa! regions. the dashed 
parts of the figure are the event regions. 

indication was divided into two factors: 1. a trend, for the direction of the 

changes, with two levels (1>, indicating a change in the direction of the nearest 

boundary of an event region, and ", indicating a change away from this 

boundary), and 2. a trend magnitude, for the size of the changes, with three 

levels (ö for the'-' and '+' symbols, öö for the'--' and '++' symbols, and ööö 

for the'---' and'+++' symbols), indicating small, intermediate and large 

absolute rate of changes. 
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3.5 Discussion. 

There are substantial differences between our method and that of for 

example Senders. These differences are: 

1. Senders (1984) used an analogue presentation mode (the way in which 

43 

the signals are presented to the subjects) while in this study a digital 

presentation with an additional rate of change indication is used (see 

Figures 3.3 and 3.4), Senders' subjects could, together with the signal value, 

perceive the rate of change of a specific signal directly by the movement of 

a pointer, whereas in this study the rate of change could only be inferred, 

by means of the rate of change indication (indirect perception). Without a 

number of carefully managed experiments relating to the effects of indirect 

perception as opposed to direct perception, direct comparison of our 

experiments with Senders' experiments is questionable. However, the 

purpose of this study is not to validate Senders' experiments, hut to find 

experimental evidence for monitoring behaviour models and to do 

suggestions for further theoretica! developments. These models do not 

distinguish between direct and indirect perception. Senders wrote about 

this topic in 1983 

" .. that it is the nature of the signals which drives the (monitoring) behaviour, 

rather than the method of display itself. ". 

This means that, although presentation mode is important and has some 

effect on the monitoring behaviour, this effect is most probably smaller 

than the effect of for example bandwidth or signal state. 

Another plea for the numeric presentation of the signals is the fact that 

in for example the process industry it is common to display data 

numerically and operators often have to switch from one screen to another 

because not all variables can be displayed on one screen. So, during 

monitoring, they also have to request for other screens and their task is 

more or less the same as our subject's task. 

2. Senders used eye movement recordings, while in this study the 
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observing response method is used. By using the observing response 

method it is not a visual monitoring task any more, hut it is really 

possible to study monitoring behaviour, that is the division of the attention 

over different signals, with this method. Attentional shift reflects itself in 

the eye movements but also in requests for signal states. So the attention is 

as well the driving force to guide the eye movements as it is for the 

requests for signal information, and not the other way around. One could 

argue that measuring eye movements is a better way to study monitoring 

behaviour, hut there is a methodological objection to this method · too. It is 

not known for sure whether a subject's attention is where he is looking at. 

Other researchers Kválseth(1978,1979) and Van Delft (1986) also used an 

observing response method to study monitoring behaviour. This task is as 

much a monitoring task as for example Kválseth's task. 

3. In this study the observing time was fixed at 1 second for each sample 

or observation. This is quite different from measuring eye movements, 

where subjects are free to look at a signal as long as they want. Leaving 

the sampling time free to the subjects, would have led to complex requests. 

Although an experiment in which the sampling time is free is more elegant 

and could possibly give slightly different results, a fixed observing time is 

chosen to overcome the problem of these complex requests . 
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Chapter 4. 

Effects of bandwidth on 

monitoring behaviour1
• 

4.1 lntroduction. 

In the experimental study which is described in this chapter data were 

collected with respect to three of the research questions which are formulated 

in Section 2.9. 

Firstly, the question of the influence of bandwidth per se is examined. 

Previous research by Senders {1983) on human monitoring behaviour showed 

a positive correlation between sampling frequency and signal bandwidth. 

However, in his experiments bandwidth was confounded with event rate, i.e. 

the number of excursions into an event region. In our study four signals are 

presented to the subjects. These signals have different bandwidth's, i.e. 0.03 

Hz, 0.06 Hz and twice 0.09 Hz, but the same event rate of 32 events per hour. 

The reason to present two signals with. the same bandwidth {0.09 Hz) was to 

create the possibility to test the consistency of the experimental method. 

1The content of this chapter was published as a paper: Bohnen, H.G.M. and Leennakers, 
MA.M., Sampling Behaviour in a Four-instrument monitoring task. IEEE Transactüms on 
Systems, Man and Cybernetics,Vol 21, no 4, July /August 1991. 
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Secondly, the influence of both global and local parameters O!J; monitoring 

behaviour is examined, i.e. bandwidth versus actual observed signal state. 

This specific research question is examined in more detail in Chapter 5. 

Thirdly, this experiment, together with those described in Chapters 5 to 7, 

also provides information about the question whether an N-signal monitoring 

task is the sum of N 1-signal monitoring tasks. Tuis topic will be discussed in 

Chapter 8. 

In the following section relevant literature for this experiment is discussed 

and the research questions are formulated, in Section 4.3 the method and 

procedure is described, in Section 4.4 the results are presented followed by a 

discussion in Section 4.5. 

4.2 Purpose of Experiment 1. 

Related experiments. 

As mentioned in Chapter 2, the pioneering approach in the development 

of quantitative, analytic models of monitoring behaviour was made by 

Senders (1955, 1965, 1966a). He based his Periodic Sampling Model (PSM 

model) on the sampling theorem of Shannon and Weaver (1949) which 

claims that, for a complete reconstruction of a signal, it is necessary and 

sufficient to sample it 2W times per second + 1, in which W is the signal 

bandwidth. The PSM model assumes that the observer is an ideal Shannon 

sampler, i.e. the sampling frequency is directly related with the bandwidth. 

The successive samples of a signal need to be taken at or just before the 

moment at which the next sample is statistically independent of the earlier 

sample, the so-called Nyquist interval. 

Senders studied monitoring behaviour in four- and six-instrument tasks. 

The signals used in the tolerance band monitoring task with four instruments 

were defined by Senders (1966a) as: "time-varying, band-limited white noise, with 

bandwidth W Hz, random phase frequency components, and Gaussian distributed 
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amplitude probability". The signals in the six-instrument tasks (1965) were a 

mixture of sinusoid's rather than white noise, filtered with a rectangular low

pass filter. In both sets of experiments the signals were independent and 

varied in bandwidth from 0.1 to 0.6 Hz. The results were in agreement with 

the predictions based on the PSM model. In the four-instrument experiment, 

sampling frequencies increased linearly with signal bandwidth, although it 

was slightly higher than the predicted value of twice the bandwidth. The 

data on the six-instrument experiments showed an oversampling of lower 

and an undersampling of higher bandwidths. Moray (1984) explained this 

oversampling by memory loss. The undersampling might have been caused 

by information overload. The introduction of two other signals could have 

created such a situation (Senders, 1983). But, the characteristics of the signals 

were different and there were methodological differences as well between the 

four- and six signal experiments. 

Research questions. 

In the experiments of Senders, the number of times a signal entered the 

event region (event) wa5 positively related with bandwidth caused by the 

Gaussian N(O,cr2) probability distribution of the white noise (before filtering). 

Filtering the white noise diminishes the standard deviation of the signal and 

thus the event rate. The specific purpose of the experiment described in this chapter 

was to investigate the effects of the relation between bandwidth and event rate. The 

higher sampling frequencies for signals with a high bandwidth as found by Senders 

could have been partly caused by the higher event rate and not only by the 

differences in bandwidth. 

In our experiment four independent, numerically displayed signals with 

bandwidths of 0.03, 0.06 and twice 0.09 Hz were used. The event rate of all 

signals was 32 events per hour, so no relation between bandwidth and event 

rate existed. After a pilot study it was expected that this combination of 

signals could keep the subjects rather active. Two signals with a bandwidth of 

0.09 Hz were chosen to contra! for the consistency of the observing response method. 
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According to Senders' Conditional Sampling Model (CSM model), the 

timing of a sample is a function of what was read on the preceding sample. 

However, Senders did not provide experimental evidence for his model. Our 

experiment does provide evidence for conditional sampling. 

Predictions. 

Although the event rate in our experiment is the same for all signals it was 

expected that sampling frequency is a linear function of bandwidth and 

therefore will not differ for the two signals of 0.09 Hz. 

Furthermore it was expected that the timing of a sample is a function of 

what was read on its preceding sample. This is in accordance with Senders' 

CSM model (Section 2.2) and it implies that sampling frequency will increase 

if the value of a signal reaches an event region. 

With the numeric displays used, having only one value during each 

presentation, there is no direct information available to infer the dynamics of 

a process. So, it could be expected that the rate of change of information 

which was presented in combination with the signal value influences 

monitoring behaviour. 

Senders (1965,1966a) had his subjects monitoring during ten hours. Moray 

(1983) postulated that it already takes about ten hours of practice to reach a 

fairly stable level of replicating sampling frequency results. Certainly, because 

of the equal event rate per signal, it was expected that subjects need several 

hours in order to obtain a sufficiently stable level 

4.3 Method and procedure. 

The "method and procedure" of the four experiments (Chapters 4 to 7), 

have a great deal in common. To enlarge the readability of this manuscript, 

we have chosen to describe the common parts of the "Method and Procedure" 

in Chapter 3, and to present in this section just a short description. A precise 
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description is given in Appendix b. 

Subjects. 

Eight male university students ranging in age from 21 to 27 years 

participated in the experiment. Subjects were paid and those with an average 

or higher score also received a bonus. 

Signals. 

Four signals were used varying in bandwidth; 0.03, 0.06 and twice 0.09 Hz. 

In order to overcome a high predictability of the signa!, six different series of 

signal values were generated per signal, with a 15 minutes duration. 

Table 4.1 shows the percentage of time that the four signals spent in the 

different signal regions. 

Table 4.1. The percentage of the time that a signal spent in a signa! region (SV = signal value). 

Signal 0.03 Hz 0.06 Hz 0.09 Hz A 0.09 Hz B 

Region Signal Signa! Signal Signal 

O<= lsvl<rn 11 44.1% 54.8% 59.1% 62.7% 

10<= 1 sv 1 <20 35.2% 33.3% 32.3% 30.1% 

20<= 1 sv 1 <25 10.7% 7.2% 5.6% 5.3% 

lsv 1>=25 10.0% 4.7% 3.0% 1.9% 

Task. 

1 

1 

Subjects had to detect during 15 minutes whether one of the four signals 

was in the event region, i.e. in the region ::;; -25.0, or in the region ~ +25.0. 

During each 15 minute presentation the total number of events was 32, i.e. 

4(signals) . S(events), but the number and the distribution of events was 

unknown to the subjects. The task was presented in two conditions, a practice 

and an experimental condition, the difference being the continuous presence 
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of the signal during practice, instead of the necessity to push a button 

(sample) fora one second appearance of the signal during the experimental 

condition. 

To force serial sampling, subjects could only obtain information for one 

signal at a time by using the observing response method (Chapter 3). 

Procedure. 

A within-subject design was used. The order of presentation of the 

different series of signal values and the position of the individual signals on 

the screen was determined by a Latin-square design. For each individual 

subject, a signal appeared always in the same position on the screen. 

Subjects participated on two consecutive days. Each measurement day, 

performance was investigated in five sessions of three trials. Each trial lasted 

15 minutes. The first trial of each session was the practice trial and the two 

following ones were the experimental trials. This resulted in ten experimental 

trials per day for each subject. 

After each practice and experimental trial subjects were given knowledge 

of results about the percentage of correct detected events (PCD). After each 

experimental trial this percentage was given together with the total number 

of samples combined for the four signals. 

Data analysis. 

In Section 3.4 a complete description of the experimental variables is given. 

The dependent variables were: 

1. The inter-sample-interval (ISI). 

2. The number of samples. 

3. The percentage of correct detections PCD. 

4. The number of incorrect detections NID (detection responses at an 

arbitrary moment). 

5. The final score. 
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At the start of each trial the score was 1500 points. With each sample five 

points were subtracted; for each correct detection subjects received 100 points 

and the cost for each missed event was 50 points. 

4.4 Results. 

The ANOV As on the ISI were conducted on 69910 observations. Hence, 

the relevance of the significance values is debatable; even small differences in 

151 between factor levels may be highly significant. 

Figure 4.1. 
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Figure 4.1 shows that a higher bandwidth led toa shorter ISI; the ISI 

showed a linear trend with an increase in bandwidth. The ISI for both signals 

of 0.09 Hz was about the same. The ANOV A on the ISI showed a significant 

effect of bandwidth (p < 0.001, standard error (se)= 0.05 s, and standard 

deviation (sd)= 6.2 s}. The ANOV A for both 0.09 Hz signals demonstrated 

that they did not differ significantly (F < 1.0). 
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The same kind of analyses were conducted on the number of samples per 

signal (N.). Because of the strong relation between that variable and the ISI 

(N. ""900/ISI), almost the same effects were found. 

The mean number of samples per trial was 446. The percentage of correct 

detections PCD (Figure 4.2) decreased as a function of bandwidth (F(3,21) = 

19.7, p < 0.001). Despite the identical bandwidth, the PCD for signals 3 and 4 

was not equal (F(1,7) = 5.64, p < 0.05). 

Per trial the number of incorrect detections was 2.25. The average score per 

trial was 709 points; the ANOV A on the scores showed no effects. 

Figure 4.2. 
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Figure 4.3 shows that for each signal the rate of change indications showed 

a more or less identical effect on the course of the ISI. Symbols indicating a 

large change led to a shorter ISI than those indicating a small change. The ISI 

was smaller for the "....,. than for the "'.,... symbols. It again shows that the ISI 
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Figure 4.3. The inter-sample-interval as a function of bandwidth and rate of change indication. 

is shorter for the signals with a higher bandwidth; the """ symbol showed 

an equal ISI for the signals of 0.06 and 0.09 Hz, however, the ......... symbol did 

not. The ISI's for both signals of 0.09 Hz were almost the same. An ANOV A, 

conducted on the factors day, trial, block, bandwidth, signa! region, and rate 

of change indication (ANOV A A) showed a significant effect of the rate of 

change indication (p < 0.001, se= 0.06 s, sd= 6.1 s). An ANOVA on the factors 

bandwidth, signal region, rate of change indication and their first order 

interactions (ANOV A B) showed a significant effect of the interaction 

between bandwidth and rate of change indication (p < 0.001, se= 0.12 s, sd= 

5.5 s). 

Figure 4.4 shows that the ISI became shorter when the distance to the 

event region became smaller {The ISI was higher in regions further away 

from the event region). The decrease was less dear for signals with a higher 

bandwidth. The course of the ISI for the identical signals of 0.09 Hz was 

almost the same. Most apparent was the difference in slope immediately 

before the event region for the signals of 0.03 and 0.06 Hz, compared with 

those of 0.09 Hz. ANOV A A showed a significant effect for signal region (p < 
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0.001, ·se= 0.06 s, sd= 6.7 s). ANOV A B showed a significant effect of the 

interaction between bandwidth and signal region (p < 0.001, se= 0.12 s, sd= 

5.5 s). 
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Figure 4.4. The sample-interval as a functû:m of bandwidth and signal region. 

Por the number of samples, correct and incorrect detections and the score, 

no effects of day, session and trial were found. Por the ISI some systematic 

changes in behaviour occurred. However, the effects were much smaller than 

those of the other variables, i.e. bandwidth or rate of change indication. 

4.5 Discussion. 

This study confirms the prediction based on Senders PSM model that 

monitoring behaviour is strongly influenced by bandwidth. The ISI showed a 

linear decrease with an increase in bandwidth (Figure 4.1), i.e. signals 

generating the most information were sampled more frequently. This seems 

to support the theorem of Moray (1984) that subjects try to minimize the 

uncertainty generated by dynamic processes. 
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The pattem for the two signals of 0.09 Hz was similar, which suggests that 

the observing response method leads to consistent results. 

In Senders' experiments (1965, 1966a) the event rate of a signal was 

proportionally related with bandwidth. Apart from bandwidth, event rate 

could also be used to discriminate between signals. Tuis study demonstrates 

that signal bandwidth, notwithstanding the absence of event rate as a 

discriminating factor, offers enough information to distinguish between 

different signals. 

The observed slope (Figure 4.1) does not equal to the coefficient of 2.0. In 

this study the coefficient was 1.17 whereas in Senders' study the coefficient 

was 1.34. According to the theorem of Shannon & Wèaver, the 0.03 Hz. signal 

was sampled too frequently, the 0.06 Hz signa! somewhat too infrequently 

and the 0.09 Hz sigrral too infrequently. The oversampling of the 0.03 Hz 

signal could be explained with a memory decay (Moray 1978, Senders 1984). 

An explanation for the undersampling of the 0.09 Hz signals could be an 

incorrect 'intemal' representation of the probability of the events with these 

signals. The duration that these signals were in the event region was shorter 

than that for the other signals (see table 4.1). Because of this it was probably 

more difficult to obtain a correct image of the number of events to detect. 

In our opinion, the discussion in recent literature (van Delft, 1986; Moray, 

1984, 1986; Senders, 1983) on under- and oversampling with respect to the 

theorem of Shannon & Weaver (1949) is debatable. This theorem holds only 

when the task of the subjects is to reconstruct signals. However, in tolerance 

band monitoring tasks, subjects only have to detect events. 

This study confirms common notions of for example Smallwood (1967), 

and Senders (1983), conceming analogue displays, that monitoring behaviour 

is affected by the proximity of the event region limit value (Figure 4.4). 

Kvälseth (1979) demonstrated this fora single numerically displayed signal. 

The ISI decreases when the signal value reaches an event region. This is 

consistent with empirical findings of Maule & Sanford (1985) that monitoring 

behaviour is affected by actual signal positions. In Chapter 5 this subject will 
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be discussed in more detail. The interaction between bandwidth and signal 

region shows that the ISI is affected by the proximity of the event region in a 

different way for all four signals. For the 0.03 Hz signal the decrease is most 

clear. The smaller uncertainty for the 0.03 Hz signa! possibly led toa higher 

tolerance limit. The predictability of the signal was high enough to wait with 

a more frequent sampling until a signal value of about 12.0. 

This study also demonstrates that monitoring behaviour is affected by the 

rate of change indication (Figure 4.3). This supports the theorem of Senders 

(1983) that sampling frequency in situations where events have to be detected 

is also determined by the actual rate of change. According to Moray (1986), 

rate of change information is necessary for a basic understanding of the 

dynamics of the process; memory for numerically displayed information is 

extremely bad, so, the rate of change information was most essential for the 

subjects. The interaction between bandwidth and rate of change indication 

could be explained through the fact that the ISI was shorter for high 

bandwidth signals. This subject too, will be discussed in more detail in 

Chapter 5. 

The study does not support the idea of Moray (1983) that it takes about 

ten hours to obtain a rather stable behaviour in experiments with signals like 

Senders used: the behaviour was already reasonably stable after the two 

hours of practice on the aftemoon preceding the measurements. The factors 

day, session and trial showed no effects on the various dependent variables. 

The prediction that the dynamics of the signals are more difficult to leam 

because of the same event rate per signal could not be confirmed. One of the 

possible explanations is the (c.f. Senders) low bandwidth. The task was 

possibly easier through the rate of change indication and the smaller event 

rate. Besides this, it can also be due to the use of the observing response 

method instead of the registration of eye movements. 

The significance of the factor signa! at the ANOV A for the correct number 

of detections per signal could be explained through the lesser predictability at 

higher bandwidths. Another explanation could be the smaller percentage of 
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time that these signals were in the region::;; -25.0, or;:::: +25.0. The difference 

between the number of correct detections between signal 3 and signal 4 could 

be elucidated with the help of this statement: for signal 4, the number of 

correct detections was smaller but this signal was a smàller time in an event 

region. The score was almost the same for all the measurements, indicating a 

relatively short learning phase. 



60 Chapter 5 



Bandwidth & events 

Chapter 5. 

Effects of bandwidth and 

event rate on monitoring 

behaviour1
• 

5.1 Introduction. 

61 

This chapter tries to put forward evidence conceming three of the research 

questions which are given in Section 2.9. 

Firstly, the effects of both global variables bandwidth and event rate is 

examined. In Experiment 1 (Chapter 4), only the global variable bandwidth is 

examined. But studies of Van Delft (1986, 1987) suggest that event rate is also 

an important variable. Van Delft, however, used a different method as well as 

binary signals which makes hls results difficult to compare with for example 

Senders' results. In Senders' experiments bandwidth and event rate were 

confounded due to the chosen signals. In the present study (Experiment 2) a 

2x2 experimental design was used, with two levels of ban.dwidth and two 

levels of event rate. 

1The material of this chapter has been accepted for publication as a regular paper in IEEE 
Transactions on Man, Systems, and Cybernetics and will be published in June 1996. 



62 Chapter 5 

Secondly, the influence of both global and local parameters on monitoring 

behaviour is examined. The global parameters are bandwidth and event rate, 

and the local parameters are signal value and rate of change. In this respect, 

the main question is whether global signa! characteristics determine 

monitoring behaviour less prominently when local information of more 

importance is presented. In fact, when local information is of importance, this 

is evidence for the Conditional Sampling Models (CSM models) of Senders 

(1983). 

Thirdly, this experiment, together with those described in the Chapters 4, 6 

and 7, also provides some information about the question whether an N

signal monitoring task is the sum of N 1-signal monitoring tasks. This 

question will be discussed in Chapter 8. 

In Section 5.2 the literature which is relevant for this experiment is 

discussed and the . experimental research questions are given, in Section 5.3 

the experimental method and procedure is described, in Section 5.4 the 

results are presented and in Section 5.5 these results are discussed. 

5.2 Purpose of Experiment 2. 

Related experiments. 

In Senders' experiments (1964, 1983) event rate of signals was positively 

related with bandwidth, meaning that the higher sampling frequencies for 

signals with a high bandwidth could have been caused by the higher event 

rate and not only by the differences in bandwidth. In Experiment 1 (Chapter 

4), four signals with bandwidths of 0.03, 0.06 and twice 0.09 Hz were used, 

each with the same event rate of 32 events per hour. The results of 

Experiment 1 demonstrated that bandwidth alone provides ample 

information to discriminate among signals. Notwithstanding the absence of 

the event rate as a discriminating factor, the sampling frequency revealed a 

tendency to increase linearly with an increase in bandwidth. 
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The next question is what the effects are of event rate. In an experiment by 

Van Delft (1986) the event rate was varied while bandwidth was held 

constant. He, in fact, used bînary signals, which means that the bandwidth of 

the signals was înfînite. He found that sampling frequency increased with an 

increase in event rate. 

Research questions. 

One of the purposes of the present study is to investigate the combined effect of 

global signal characteristics, bandwidth and event ratè, on monitoring behaviour. 

According to Senders' Conditional Sampling Model (CSM model), the 

timing of a sample is a function of what was read on the preceding sample. 

The present experiment is especially designed to determine whether the influence of 

global signal characteristics on monitoring behaviour becomes different when local 

information of more importance is presented. 

Predictions. 

Considering the results of Chapter 4, it is expected that sampling 

frequency will be affected by the local (actually observed) signal features, i.e. 

by the degree with which a signal value approaches an event region and by 

the value of the rate of change. Besides it is expected that the influence of 

global signa! characteristics on monitoring behaviour becomes less prominent 

when local information of more importance is presented. 

5.3 Method and procedure. 

The "method and procedure" of the four experiments (Chapters 4 to 7), 

have a great deal in common. To enlarge the readability of this manuscript, 

we have chosen to describe the common parts of the "Method and Procedure" 

in Chapter 3 and to present in this section just a short description. A precise 

description is given in Appendix c. 
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Subjects. 

Twelve male university students, varying from 19 to 24 years of age, 

participated in the experiment. Subjects had no prior experience in 

monitoring tasks. In order to motivate the subjects, they were told that the 

subject scoring lowest would receive DFL. 115 and the one scoring highest 

DFL. 165, and that the remuneration of the remaining subjects was to be 

based on a linear relation between these two rewards. 

Signals. 

Signals, with bandwidths of 0.03 and 0.09 Hz and a duration of 30 

minutes were used. As a function of time, there were less fluctuations for the 

0.03 Hz (2low) than for the 0.09 Hz (fast) signals. Four types of signals were 

chosen: a signal of 0.03 Hz with 12 events (512), a signal of 0.03 Hz with 36 

events (S36), a signal of 0.09 Hz with 12 events (F12), and a signal of 0.09 Hz 

with 36 events (F36). Pilot results showed that these signals could keep the 

subjects reasonably active in a task situation as such. For each signal type 

(Sl2, S36, F12 and F36) six series of signal values were made. 

Table 5.1. The average percentage of time a signal type was in a certain signa! region. 

Signal Signal 512 S36 F12 F36 

region Value (SV) 

I os lsvl 17.4% 36.4% 27.9% 

s.o s lsv 1 < 1 17.5% 29.5% 25.0 

lsvl < 15.0 19.8% 14.8% 18.1°/o 18.3% 

lsvl < 20.0 12.4% 13.0% 9.9% 13.0% 

.Os lsvl < 25.0 7.6% 11.7% 4.0% 8.0% 

lsvl;;:: 25.7% 2.1% 7.8% 

The observing response method was used, so subjects had to ask for 

signals by pressing a mouse (Chapter 3). 
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The average percentage of time that each signa! type was in a certain 

signa! region was calculated (Table 5.1). The average duration of an event 

was 10.7 s for the S12, 12.8 s for the S36, 3.1 s for the Fl2, and 3.9 s for the 

F36 signa!. 

The average percentage of time that each signal type had a certain 

magnitude of the rate of change was calculated (Table 5.2). 

For the practice trials, extra signal series were made with features similar 

to those of the experimental trials. 

Table 5.2. The average percentage of time that each signa! type had a certain magnitude of the rate 
of change. 

of change indication 

-,+ 53.6% 31.1% 23.5% 18.0% 

-,++ 28.3% 28.6% 20.8% 17.3% 

--,+++ 8.1% 40.4% 55.7% 64.7% 

Task. 

Subjects had to detect whether one of the four independent numeric 

signals was in an event region. In a trial of 30 min, 96 events occurred for the 

four signals together. Before each experimental trial subjects received a 

practice trial in which the signals were continuously present, whereas in the 

experimental trial the observing response method was used. The purpose of 

the practice trials was to give subjects the opportunity to more easily leam 

the dynamics of the signals. 

Procedure. 

A within-subjects design was used with signal bandwidth (0.03 and 0.09 

Hz) and event rate (12 and 36) as the main independent variables, affecting 

the sampling strategy of the subjects. Due to practical considerations only six 

combinations of signa! series were chosen. One subject never received the 
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same combination in consecutive sessions and two simultaneously tested 

subjects always received different combinations. 

For the 12 subjects, the distribution of the different signal types (S12, 536, 

F12 and F36) over the windows on the screen (Figure 3.3) was determined 

with the help of a 'quasi' random selection from the 24 possible combinations 

of distributions. However, for each individual subject a particular signal type 

appeared during all trials in the same window. 

Subjects partidpated on three consecutive days. On the first day 

performance was recorded in four sessions (the first was used to familiarize 

subjects with the task), whereas on the following two days three sessions 

were executed. This resulted in a total of ten sessions for each subject. The 

first 15 minutes of each session induded the practice trial and the following 

30 minutes the experimental trial. 

Before the preliminary session of the first day subjects were instructed, 

during which it was pointed out that the signals could differ in predictability 

and event rate. Information concerning the event rate was not given. They 

were told that after each practice and experimental trial, they would obtain 

knowledge of results about the percentage missed events. After each 

experimental trial this percentage was given together with the number of 

samples for all signals and the score that could be seen as an indication for 

the level of performance. 

Data analysis. 

The variables used to measure monitoring behaviour were (see Section 3.4 

for a complete description of these variables): 

1. The total number of samples. 

2. The inter-sample-interval (ISI). 

The variables used to measure the accuracy of performance were: 

1. The percentage of events for each signal that was correctly detected 

(PCD). 

2. The number of incorrect detections (NID). 
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3. The final score. 

At the beginning of an experimental trial the score was set to 1400 points. 

For each sample asked for it was diminished by 1 point, for each correct 

detection subjects received 15 points, the cost of a missed event was 15 points 

and of an incorrect detection 5 points. The ultimate number of points was 

divided by 200. So, the score= [1400 - NS+ 15(CE) - 15(ME) - S(ID)]/200, 

(NS = number of samples; CE correct detected events; ME = missed events; 

ID= incorrect detections). Suppose in one trial, a subject asked for 650 

samples, correctly detected 70 events, missed 26 events and made one 

incorrect detection. The resultant score would be: [1400 - 650 + 70(15) - 26(15) 

-1(5))/200 = 7.0. Experience derived from pilot experiments was used to 

establish the structure of this score. It was adjusted to the subjects monitoring 

behaviour so that the score used at the actual experiment delivered scores 

between about 0 and 10. This was considered as an acceptable range because 

it is in consonance with the school grading system used in the Netherlands. 

Methodological considerations. 

The ISI was necessary to determine whether monitoring behaviour was 

contingent on the observed local signal features (i.e., to examine the relation 

between sampling and actually observed signa! values). No fully balanced 

design was possible because subjects were more or less free to determine the 

moments of sampling. To correct for these unbalanced nature (Maxwell and 

Delaney, 1990), unweighed marginal ISI means are presented in the figures. 

Therefore, it is not possible to directly deduce from the ISI the number of 

samples as asked for by the subjects. 

For the ISI, two analyses of variance (ANOV As) for unbalanced designs 

were conducted with the help of the SAS version 6.03 GLM procedure (SAS, 

1988). An ANOVA considering the complete model could not be conducted 

(SAS, 1988, pp. 611-612). In genera!, only lower-order interactions were 

considered, meaning that effects of higher-order interactions were included in 

the mean square error. 
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For the analysis the range of a signal was divided into six signal regions 

(see Table 5.1). 

For a signal with a value of +23.4, for example, a rate of change indication 

of'+++' means that it was rapidly moving towards the nearest event region, 

whereas fora signal with a value of -24.1, this indication means that it was 

rapidly moving away from the nearest event region. For ISI analyses, 

therefore, the rate of change indication was divided into two factors: 

1. a trend, for the direction of the changes, with two levels (•, indicating a 

change in the direction of the nèarest event region limit, and <11, indicating a 

change away from this limit), and 2. a trend magnitude, for the size of the 

changes, with three levels (o for the'-' and'+' symbols, oo for the'-' and'++' 

symbols, and ooo for the'--' and'+++' symbols), indicating small, 

intermediate and large absolute rate of changes. For example, the signal value 

of +23.4 with the rate of change indication of'+++' was divided into a •trend 

and a 888 trend magnitude and the value of -24.1 with the same rate of 

change indication was divided into a '"' trend and a 888 trend magnitude. 

5.4 Results. 

Quantitative analyses. 

Data analysis is restricted to the third day, because practice effects were 

not of primary interest and the discrimination made by the subjects among 

signal types was at maximum on that day. 

The data of two subjects were deleted because the mean ISI for the F12-

signal was more than 2.5 SD above the mean ISI of the other subjects and 

because the SD itself was about four times higher than that of the other 

subjects. Another, related, plea for the suggestion of a deviant strategy was 

the relatively low percentage correct detections for that signal (17.1% for the 

deleted, compared to 55.7% for the other subjects). The means for all 

dependent variables are therefore based on 10 out of 12 subjects. 
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On the third day in total 26881 samples were recorded. Therefore, the 

relevance of the significance values is debatable, while even small differences 

in ISI between factor levels may be highly significant. However, if an 

ANOV A does not reveal significant values it is plausible to presume the 

absence of effects. Therefore, for the ANOV As concerning !Si's a significance 

level of P < 0.005 was set. Por ANOV As concerning other dependent 

variables the commonly used significance level of P < 0.05 was chosen. 

Sampling selectivity 

Por the ISI an ANOVA [A]was conducted with session(3 levels), 

bandwidth(2), event rate(2), signal region(6), trend(2), and trend 

magnitude(3). First-order interactions were derived without session, second

order interactions were calculated only for bandwidth and event rate with 

signal region, trend, and trend magnitude. 

Figure 5.1 gives the effects on monitoring behaviour due to the 

simultaneous variation of bandwidth and event rate. As it is clear from the 

figure, the ISI was longer for the 0.03 Hz than for the 0.09 Hz signals 

E(l,26817) = 828.4, 12 < 0.0001 [ANOVA A] and longer for the 12 than for the 

36 events signals E(l,26817) = 887.2, 12 < 0.0001 [ANOVA A]. These data 

suggest that bandwidth and event rate equally affected the distribution of 

samples over the signal types. The interaction between bandwidth and event 

rate was significant E(l,26817) = 9.1, l2 < 0.005 [ANOV AA], hut very small. 

Another ANOV A [B] was conducted on all independent variables, 

including all first-order interactions. The interactions between session and 

bandwidth E(2,26805) = 3.0, 12 NS [ANOV A B] and session and event rate 

E{2,26805) = 4.8, 12 = NS [ANOV A B] were not significant. Tuis indicates that 

on the third day signal discrimination was not significantly different for all 

three sessions. 
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Figure 5.1. 
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The ISI as a function of bandwidth for the two event conditions separately (Slow = 
0.03 Hz; Past = 0.09 Hz). 

For the average total number of samples a one factor mixed model 

ANOV A was conducted with session as factor. Due to practical 

considerations it was conducted with the help of the BMDP program SV 

(BMDP, 1988). The average total number of samples for the first session was 

864.8, for the second 890.3 and for the third 945.0: subjects tended to sample 

more frequently as a function of session .E(2,18) = 6.9, ;e. < 0.01. 

Local monitoring behaviour. 

As is clear from Figure 5.2, for all signals, the ISI became smaller if the 

signal value approached the event region E(S,26817) = 415.8, 12 < 0.0001 

[ANOVA A]. Conspicuous is the difference in slope between the 12 and the 

36 events signals. The ISI differences among the four signal types became 

smaller near the event region. The ANOV A revealed significant interactions 

between bandwidth and signal region E(S,26817) =32.6, 12 < 0.0001 [ANOVA 

A], event rate and signal region I'.(5,26817) = 30.7, 12 < 0.0001 [ANOV A A] and 

among bandwidth, event rate and signal region .E(S,26817) = 5.4, 12 < 0.0001 

[ANOVA A]. 



Bandwidth & events 71 

16 -+- $12 

14 
- - S36 

....... F12 

-<>· F36 

II III IV V VI 
Signal region 

Figure 5.2. The ISI as a function of signa! region for the Jour signa! types separately. 

Figure 5.3 reveals that for the .,. trend, indicating a change away from the 

nearest event region, the ISI was larger than for the .- trend, indicating a 

change in the direction of this region E(l,26817) = 1923.8,11 < 0.0001 [ANOVA 

A]. The decrease was larger for the 12 than for the 36 event signals 
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Figure 5.3. The ISI as a function of trend for the Jour signal types separately. 
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E(l,26817)=77.7,12 < 0.0001 [ANOVA A]. The decrease was equal for both 

bandwidths E(l,26817) = 1.1,12 =NS [ANOVA A]. The decrease was the same 

for signals with an equal event rate, suggesting that no interaction occurred 

due to the simultaneous use of bandwidth and event rate E(l,26817) = 5.8, 12 

=NS [ANOVA A]. The trend magnitude revealed for all signal types amore 

or less identical effect for the course of the ISI (Figure 5.4). Trend magnitudes 

indicating a large change led to a shorter ISI than those indicating a small 

change E(2,26817) = 994.4, 12 < 0.0001 [ANOV A A]. The decrease was larger 

for the 12 than for the 36 events signals E(2,26817) = 47.3, 12. < 0.0001 

[ANOV A A] and larger for the 0.03 than for the 0.09 Hz signals E(2,26817) = 

11.4 112 < 0.0001 [ANOVA A]. However, the interaction among bandwidth, 

event rate, and trend magnitude was not significant E < 1.0 [ANOV A A]. 

Figure 5.4. 
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The ISI as a Junction of trend magnitude for the Jour signal types separately. 

The size of the ISI difference between the 12 events signals decreased as a 

function of trend magnitude, indicating that the overall influence of the 



Bandwidth & events 73 

global characteristic event rate was less prominent at larger trend 

magnitudes. A trade-off between the importance of global signal 

characteristics and local features was expected. Titis suggests that there could 

be signal values where monitoring behaviour was dominated by signal 

bandwidth and event rate per signal, and that there could be values where 

local signal features were more important. Figures 5.2, 5.3 and 5.4 gave an 

. indication of global and local effects. However, in these figures effects of 

signal region, trend and trend magnitude were interwoven, which makes it 

difficult to clearly understand the trade-off for each of the local features 

separately. Therefore, the most extreme trend magnitudes that is, the o and 

the ooo magnitudes, are presented as function of bandwidth, event rate and 

signal region, for the ~ trend. 

A comparison between the ISI for the () (Figure 5.5) and ooo (Figure 5.6) 

magn~tude clearly demonstrates a difference in the general pattern of both 

trend magnitudes. 

Figure 5.5. 
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The ISI as a function of signa! region for the Jour signa! types separately (jor the " 
trend and the 8 magnitude). 
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For the o magnitude, the distinction among the different signal types was 

larger far away from the event region than near that region. For the ooo 
magnitude a similar pattern is found. But there is a clear difference in the 

degree of discrimination between both trend magnitudes; for the () 

magnitude, offering information about relatively small changes, the 

distinction among ISI's for the different signal types was larger, probably 

indicating that in this situation global signal information was more important 

for subjects. 

Figure 5.6. 
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The ISI as a function of signal region for the four signa! types separately ( for the • 
trend and for the 888 magnitude). 

Although the Figures 5.5 and 5.6 may speak for themselves, sums of 

squares of the differences among the ISI for the four separate signal types 

and the mean ISI of those signal types that is,!: (ISI - M)2, were calculated 

separately for the ö and the ooo magnitude, as a function of signal region. For 

both trend magnitudes this table reveals decreasing values as a function of 

the degree with which the signal value falls short of the event region (Table 

5.3). Apparent is the difference between the total value for the o magnitude 

(90.09) compared to the total value for the ooo magnitude (36.93). Evidence 
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too for the dominance of global signal characteristics if local information of 

less importance is presented. 

Table. 5.3. The sums of squares of the differences among the ISI for the Jour separate signal 
types and the mean ISI of those signal types that is, lXISI - M)2 as a function of 
signal region, separately for the 8 and the 888 magnitude. 

1 II m IV v VI TOTAL 

16.0 24.8 13.5 8.2 1.0 26.7 90.2 

6.3 4.9 3.0 1.0 1.3 20.5 37.0 

Detections and score. 

For the percentage correct detections and the number of incorrect 

detections, separate three factor mixed models ANOV As were conducted 

with session, bandwidth and event rate as factors. 

Figure 5.7. 
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The percentage correct detections (PCD) as a function of bandwidth for the two 
event conditions separately. 

As is clear from Figure 5.7, the percentage correct detections (PCD) was 

higher for the 0.03 Hz signals, the signal types with the relatively high 

75 
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predictability, than for the 0.09 Hz signals E{l,9) = 30.9,p. < 0.01. The PCD 

was smaller for the 12 than for the 36 events signals E(l,9) = 13.3,p. < 0.01. For 

the 0.03 Hz signals, the difference in PCD between 12 and 36 events signals 

was smaller than for the 0.09 Hz signals. But the interaction between 

bandwidth and event rate was not significant. Session effects were absent. 

The average number of incorrect detections per session (6.0) was low in 

comparison with the average number of correct detections. No effect of 

session, bandwidth or event rate was found. 

For the score a one factor mixed model ANOV A was conducted with 

session as factor. The average score per experimental trial varied from 7.4 in 

the first to 7.6 in the second and to 6.5 in the third session E(2,18) = 4.0,p. < 

0.05. The low score for the third session was caused by the high number of 

samples. 

5.5. Discussion. 

Global monitoring behaviour. 

In contrast to what was expected, both global signal characteristics, 

bandwidth and event rate, equally affected the way in which subjects 

distribute samples over signals (Figure 5.1). Hence, this experiment confirms 

common notions that monitoring behaviour is influenced by dynamic and 

stochastic properties of signals. 

The ISI decreased with an increase in bandwidth and event rate. In 

Experiment 1 (Chapter 4) only bandwidth differences could be used to 

discriminate among different signals. The observed slope had a coeffident of 

1.17 whereas in this study it was 0.37. Although this comparison concerns 

two different task situations, this can possibly be seen as support for results 

of Van Delft (1986, 1987), concerning binary presented, but highly comparable 

signals, which showed that no fixed relation exists between signal bandwidth 

and the frequency with which signals are sampled. This means that the 
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normative indications derived from the theorem of Shannon (Shannon and 

Weaver, 1949) are only of limited use. The theorem gives a rather inaccurate 

picture of the relation between signal bandwidth and sampling frequency in 

this kind of experiments. 

Although the results are not in accordance with what would be expected 

from Shannon and Weavers' theorem they seem quite rational. Bandwidth is 

related with signal predictability which is relevant for an efficient distribution 

of samples. This confirms experimental results of Crossman, Cooke, and 

Beishon (1974) and of Kvälseth (1978), showing that people are sensitive to 

the rate with which uncertainty is generated by monitored processes. Event 

rate can be seen as a kind of reward or as a reinforcer (Holland, 1958) and as 

an important factor which can determine monitoring behaviour, especially in 

this task situation, where subjects were rewarded for correct detected events. 

This is supported by the results presented in Figure 5.7 showing that the 

percentage correct detected events was higher for the 36 than for the 12 event 

signals. 

The average number of samples asked for by the subjects increased as a 

function of session. Admittedly, for a post-hoc explanation fatigue can be 

seen as a function of session, whereby the level of activation decreased. An 

updating of the internal representation with the help of samples (Maule, 

1985) may require less cognitive effort than some kind of reasoning with the 

help of this representation (Bohnen and Gaillard, 1990), which puts a heavy 

load on working memory. The latter is a controlled process, whereas 

sampling can be quite automatic and thus requires less cognitive effort. 

Local monitoring behaviour. 

The present study confirms ideas of Senders, Elkind, Grignetti, and 

Smallwood (1966) for analogue displays that monitoring behaviour is affected 

by the degree with which a signa! value approaches an event region. Kvälseth 

(1979) showed this for numerically displayed signals. The ISI decreased for all 

signals if signa! values approached the event region (Figure 5.2). Near the 
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event region (region V) local information dominated monitoring behaviour 

and the influence of both global characteristics (bandwidth and event rate) 

was small. 

The present experiment also demonstrates that monitoring behaviour was 

influenced by the value of the rate of change indication, divided in a trend 

and a trend magnitude (Section 5.3, methodological considerations concerning 

data analyses). For all signals the ISI was smaller for the "" trend {Figure 5.3), 

indicating a higher probability that an event will occur in the near future. The 

decrease was equal for both bandwidths. This is understandable; bandwidth 

by itself is statistically not related to the direction of the changes. The event 

rate revealed an interaction with the trend (Figure 5.3). The ISI decrease was 

larger for 12 than for 36 events signals, indicating that the influence of local 

features was greater for signals with a small event rate. 

The same can be remarked on the value of the trend magnitude (Figure 

5.4.) The ISI is smaller for trend magnitudes, indicating a higher probability 

that an event will occur in the near future and the influence of trend 

magnitude was greater for signals with a small event rate. 

The trend and trend magnitude results are consistent with the results of 

Chapter 4. Rate of change of information is necessary for a basic 

understanding of the dynamics of the process. Memory for numeric displayed 

information is bad. Therefore the value of the rate of change indication is 

essential for subjects. 

The results concerning local features (Figures 5.2, 5.3, 5.4) revealed that the 

distinction in ISI among signals became smaller when local information of 

more importance was presented. Thus, the influence of global signal 

characteristics diminished in these situations. This is confirmed by results 

conceming pure local features (Figures 5.5, 5.6 and Table 5.3). The distinction 

among signals is larger in region I than in region V and larger for the o than 

for the 833 magnitude. Where the • trend indicates changes in the direction of 

the event region, the probability that an event will occur in the near future is 

higher for the ooo magnitude than for the o magnitude. This is an important 
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issue; subjects likely have some kind of intern.al representation that indicates 

how to distribute samples over signals. However, they change their strategy 

when important local features appear, the so-called conditional monitoring 

behaviour (Senders e.a., 1966). This suggests that subjects do not sample with 

fixed sampling sequences, but that they change strategy to make it possible to 

focus on more relevant information. 

The importance of the local features was dependent on both global 

characteristics. When important local information is presented, bandwidth 

seems to dominate event rate. This is not the case when local information is 

of less importance. This means that not predictability as governed by the 

global signal characteristics alone, but predictability given certain local 

features is a crucial factor which can determine monitoring behaviour. Pure 

global monitoring behaviour indications, in which the influence of local 

features are omitted (Figure 5.1), give a rather limited image of the influence 

of global charactepstics. Indications in which the influence of local features 

are taken into consideration (Figure 5.4), will contribute toa more accurate 

image of the structure and state of the intemal representation. In fact, it is 

necessary to be able to make a clear distinction between samples associated 

with actually observed local features and samples made to update the 

intemal representation (Maule, 1985). Such a distinction could reveal amore 

accurate image of mechanisms goveming monitoring behaviour. However, 

we did not have a method to make definitely a distinction between these two 

kind of samples. 

Detections and score. 

The significance of bandwidth for the percentage correct detections per 

signal (Figure 5.7) could be explained through the lower predictability for 

0.09 Hz signals. Another explanation could be the smaller duration of events 

for these signals (average of 3.5 s compared to 11.8 s for 0.03 Hz signals). 

Therefore, it was probably more difficult to obtain a correct image of the 

number of events to detect. The difference between the percentage correct 
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detections for 12 and 36 events signals could be partially explained with the 

help of this statement too; the average duration of events for 12 events signals 

was 6.9 s compared to 8.4 s for 36 events signals. Another explanation can be 

an incorrect estimation of the event rate, probably the same as incorrect 

estimations of proportions in statie environments (Peterson and Beach, 1967). 

Possibly this was facilitated by the higher percentage of time that 36 events 

signals were in the region ~ 25.0 (see Table 1, region VI). An additional 

explanation can be that 36 events signals received more attention just because 

of the higher event rate and with that the highet possibility for the subjects of 

receiving rewards. 

Concerning the relatively low percentage correct detections for the 0.09 Hz 

signals (Figure 5.7), it is conspicuous that these signals were not sampled 

more frequently. Yet, it is too easy to condude that this is an indication fora 

non-optimal sample distribution. Considered in the light of the average score 

of 7.2 it is even a reasonable effective sampling distribution. 

Conclusion. 

The importance of local features on monitoring behaviour was dependent 

on both signal bandwidth and event rate per signal. It is remarkable that local 

features had greater effects for 12 than for 36 events signals. In monitor 

situations in process industries, where commonly only a few disturbances 

occur, local features can probably be of an even greater importance, 

suggesting that the way in which the information is presented can be most 

important. 

Intuitively, it seems desirable to give subjects the chance to handle the 

uncertainty assodated with the sampling process in the way they prefer. This 

can be done by offering them the opportunity to determine themselves the 

moment or the condition under which they like to get a sample of the signal 

which they want to examine. This also can give a more accurate view of the 

processes that govem monitoring behaviour and possibly puts a lower 

demand on working memory. 
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In this experiment both global signal characteristics equally affected the 

way in which subjects distribute samples over signals. In real-life situations, 

however, the influence of event rate will depend on the value of the outcome 

for the operator. This means that pay-off structures wilLbe an important 

factor in the control of monitoring behaviour. 

The present data form too small a basis for a thorough discussion. The 

same holds for applying the several quantitative models known from 

literature (e.g., Carbonell, 1966; Sheridan, 1970; Kvälseth, 1978, 1979). In our 

opinion these models are too complex for a behavioural validation because 

the strategy of subjects may depend on minor changes in condition so that 

exact defined models cannot be applied on the data of this experiment. 

The bandwidths used in this experiment are high compared to those in the 

slow responding monitor situations in the process industries. It is assumed 

that bandwidth will be a less important determinant of monitoring behaviour 

in that kind of situations. This can be explained by the fact that endogenous 

sources of uncertainty (Moray, 1984), as memory loss, will play a more 

important role in the control of sampling in that kind of situations instead of 

the uncertainty arising from the dynamics of the system (exogenous sources). 

Suggesting that, psychological instead of quantitative models need to be 

further explored. This seems to be supported by the fact that the 

consequences of event rate in process monitor situations are even larger than 

in this experiment. 
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Chapter 6. 

Eff ects of signal correlation 

on monitoring behaviour1
• 

6.1 Introduction. 

83 

In this chapter a study is described into the effects of correlated signals on 

monitoring behaviour. Four signals, correlated two by two with coefficients of 

0.95 an 0.85. were used. 

The reason for this experiment (nr 3) is twofold. Firstly, it is commonly 

accepted that signal correlation will have an effect on monitoring behaviour, 

but empirical evidence is lacking (Section 2.9). Secondly, as discussed in 

Section 5.5, in real-life situations, e.g. the process-industry, signal correlation 

seems to be of great importance. 

In Section 6.2 the literature relevant for this experiment is discussed and 

translated into research questions. Method and procedure are described in 

Section 6.3. Section 6.4 gives the results that are discussed in Section 6.5. 

1The material of this chapter was published as a paper ( Leermakers, M.A.M. (1991), "The Effect 
of Correlations between Signals on Sampling Behaviour in a Four Instrument Monitoring Task.", 
Proceedings of the 10th European Annual Conference on Human Decision Making and Manual Contra!. 
page 97-108, Liege, Belgium). 
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6.2 Purpose of Experiment 3; 

Related experiments. 

In Chapter 2 models on human monitoring behaviour were presented. 

Although the authors of these models recognize that causal relations 

between signals are important for monitoring behaviour, none of them 

incorporated this in their respective models; in fact almost all the models are 

"single-channel" models. Besides, few experiments have been carried out on 

this subject. 

In recent literature, Gay and Curry (1978) demonstrated that correlation in 

sequentia! signals induced perseveration of the observer response and a 

strong tendency to repeat previous decisions, even when these are wrong. 

Senders (1984) reported an experiment in which subjects had to monitor six 

signals, two of which were correlated. In a pilot study the correlation 

coefficient was 0.50 whereas in the real experiment it was 0.81. Eye 

movements were recorded in describing monitoring behaviour. He concluded 

that the effect of signal correlation on fixation duration, fixation frequency 

and the proportion of time a signal was allocated was small, if indeed there 

was any. 

Research questions. 

The purposes of the present experiment was to investigate the effect of correlated 

signals on mónitoring behaviour. 

Therefore subjects had to monitor four signals which were correlated two by 

two. Because Senders did hardly found any effects when signals were 

correlated with a coefficient of 0.81, we used coefficients of 0.85 an 0.95. The 

dependent variable measured was the transition probability P1,i, i.e. the 

probability that signal j will be sampled under the condition that signal i has 

been sampled. For a four-signal monitoring task this leads to a 4x4 transition 

probability matrix. Figure 6.1 demonstrates such matrices for uncorrelated 

signals (lA) and for a situation where signal 1 and 2 and signal 3 and 4 are 
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correlated two by two (lB), under the assumption that observers are sensitive 

to correlations between signals. In situation lA, the probabilities that signal 2, 

3 or 4 will be sampled after sampling signal 1 are equal. The probability that 

signal 1 is sampled again is of course different (note that a+3b = 1). In 

situation lB, the probability that the correlated signal 2 will be sampled after 

sampling signal 1 is different from the probability that signals 3 or 4 will be 

sampled (note that c+d+2e=l). 

Figure 6.1. 

1 2 3 4 1 2 3 4 

1 a b b b 1 c d e e 
2 b a b b 2 d c e e 

3 b b a b 3 e e c d 

4 b b b a 4 e e d c 

1A 18 
Two examples of transition probability matrices. In 1A the signals are not correlated, 
in 18, signals 1 and 2 are correlated and signals 3 and 4. The dynarnic properties of 
the signals are the sarne. a-e are transition probabilities. 

Now it can be hypothesized that observers are sensitive to correlations 

between signals and that they will adapt their monitoring behaviour 

according to this knowledge, such that: 

1. When the value of a sampled signa} is near the event region, the 

probability of the next signal being sampled is higher for the correlated 

than for the uncorrelated signals. 

2. When the value of a sampled signal is not near the event region, the 

probability the next signa! being sampled is lower for the correlated signal 
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than for the uncorrelated signals. 

Tuis means that c, d and e in Figure 6.1 are dependent on the value of the 

signal that has been sampled. 

6.3 Method and procedure. 

The "method and procedure" sections of the four experiments (Chapters 4 

to 7), have a great deal in common. To enlarge the readability of this 

manuscript, we have chosen to describe the common parts of the "Method 

and Procedure" sections in Chapter 3 and to present in this section just a 

short description. A precise description is given in Appendix d. 

Subjects. 

Twelve male university students, between 19 and 24 years of age, 

participated in the experiment. Subjects had no prior experience in 

monitoring experiments. To achieve an appropriate level of motivation, 

subjects were told that the one scoring lowest would receive DFL. 115,- and 

the one scoring highest DFL. 165,-. The remuneration of the remaining 

subjects was to be based on a linear relation between these two rewards. 

Signals. 

Four signals with a bandwidth of 0.06 Hz and a event rate of 48 

events/hour were generated. The signals were uncorrelated. To introduce a 

correlation two signals were mixed so that a correlation coefficient from -1.0 

to 1.0 could be obtained. In this way correlated signals with correlation 

coefficients of 0.95 and 0.85 were made. 

Task. 

Subjects had to sample four signals which were presented on a screen. The 

signals were not continuously displayed. The observer response method was 
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used (Chapter 3). The dynamic properties of all signals were identical. They 

were correlated two by two with Pearson correlation coefficients of 0.95 and 

0.85. Subjects were not informed whether signals were correlated. When 

performing the task they had to find this out by themselves. Their task was 

to detect whether one of the four signals was in an event region. In each 

experimental trial a total number of 96 events occurred. Pilot results showed 

that this kept the subjects rather active. Before each experimental trial subjects 

received a practice trial in which the signals were continuously presented, 

whereas in the experimental trial the observing response method was used 

(Section 3.3). The purpose of the practice trials was to give subjects the 

opportunity to more easily leam the dynamics of the signals. 

Subjects were "rewarded" with points for correct detections hut had to 

"pay" for samples, missed events and incorrect detections. 

Procedure. 

Each subject had to observe four signals at the time . Two signals (Sa and 

Si,) correlated 0.95, while the other two (Se and Sd) correlated 0.85. Por a 

particular subject, a signa! appeared during all trials in the same window on 

the screen. 

Subjects participated on two consecutive days. On each day performance 

was recorded in five sessions. This resulted in a total of ten sessions for each 

subject. The 15 minutes of each session included the practice trial and the 

following 30 minutes the experimental trial. Before the preliminary session of 

the first day subjects received an instruction. They were told that after each 

practice and experimental trial, they would obtain knowledge of results about 

the percentage missed events. After each experimental trial this percentage 

was given together with the number of samples for all signals and the score 

that could be seen as an indication for the level of performance. 

Data analysis. 

The dependent variables were (Section 3.3): 
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1. The inter-sample-interval (ISI), i.e. the time in seconds between a 

sample for a certain signal and the first following sample for the same 

signal. 

2. The transition probability P;,r P;,i is the probability that signal j will be 

sampled under the condition that i has been sampled. 

To test the hypothesis that the influence of correlations depends on the 

proximity of the event region, the signal value range was divided into five 

regions (Figure 3.5). 

The accuracy of performance was measured by means of the percentage of 

events for each signal that was correctly detected (PCO). 

6.4. Results. 

A total of about 120400 samples and transitions were recorded which 

means that, again, the relevance of significance values is debatable. Even 

small differences will lead to significant tests. So, no statistica! tests have been 

carried out. Where necessary, the Standard Deviation (SO) and Standard 

Error (SE) are given. 

The Inter Sample Interval (ISI). 

The ISI for the four signals amounted 7.1 s fors., 7.3 s for Si,, 7.2 s for Se 

and 6.8 s for Sd. The standard deviation (SO) was about 4.5 s and the 

standard error (SE) 0.03 s. Thus, the signals were sampled in the same way. 

The effect of signal region and rate of change on ISI are outside the scope of 

this chapter (Chapter 4 and 5). 

The Transition Probability Matrix (P). 

Figures 6.2, 6.3 and 6.4 reveal the effects of the proximity of the event 
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region on the probability matrix P. 

In Figure 6.2, Paai Pbb1 P cc and P dd are presented as a function of signal 

region (SD=0.10, SE=0.01). These P's, which show the probability of sampling 

the same signal again, increased from signal region 1 to 3 and were alm.ast 

zero in the event region (regions 4 and 5). This seems to be rational 

behaviour. 

t 
c 
.9 
'!á c 

"' i= 

Figure 6.2. 

1.00 

0.80 

0.60 

0.40 

0.20 

0.00 
2 3 

Signal region 
4 5 

~ Paa 
-t; Pbb 

Pee 
--s- Pdd 

The transition probabilities P.., Pw P cc and P dd as a function of signa! region. 

The data of Figure 6.2 were used to calculate the probabilities of 

successively sampling two different signals successively, under the 

assumption that correlation does not affect monitoring behaviour. They give 

an estimation of the value of "a" in Figure 6.lA, so that "b" can be calculated. 

The outcome of these calculations is called P uc and is presented in Figures 6.3 

and 6.4 by a heavy line. The distance of the experimental data to this 

"calculated" line is a measure of the effect of correlation on monitoring 

behaviour. 

Figure 6.3 gives P.b, Pw Pcd and Pdc as a function of signal region 

(SD=0.15, SE=0.015). These.P's show the probability of sampling correlated 

signals in succession. All experimental data are higher than the "cakulated" 

P uc' which means that monitoring behaviour was affected by signal 
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correlations. The difference between the experimental data (P abt P bat P cc1 and 

P de) and P uc increased as a function of signal region. Remarkable is the big 

difference in region 4 and the small difference in Region 1. The differences 

between the experimental data in a certain signal region were small, 

indicating that subjects made no distinction between transitions from Sa to Si. 
and from se to sd and vice versa. 

~ 
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Figure 6.3. 

1,00 -- Pab 
--1!>. Pba 
--€>-- Pcd 

0.80 -s- Pdc -- Puc 

0.60 

0.40 

0.20 

0.00 
2 3 4 5 

Signa! region 

The transition probabilities P.,,, P,,., P"' and P « between correlated signals as a 
function of signa! region. The heavy line is P"" (see text). 

Figure 6.4 gives Pact Pw Pad and Pda as a function of signal region (SD=0.12, 

SE=0.01). These P's show the probability of sampling uncorrelated signals. 

Remarkable again is the small difference in signal region 1. The differences 

between the experimental data in a certain signal region were small, 

indicating that subjects made no distinction between transitions from s. to se 

and sd and from Si. to se and sd and vice versa. The values of pbct p ebt pbd and 

P db which are not presented in a figure, are similar to the probabilities given 

in Figure 6.4. 
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Figure 6.4. The transition probabilities Pac, P.,,, P" and P da between uncorrelated signals as a 
function of signal region. The heavy line is P"" (see text). 

Percentage correctly detected events. 

The percentage correct detected events was 84.5% for Sa, 84.5% for Si,, 

83.1%for Se and 86.9% for Sd (SD = 10%, SE= 1%), which indicates that the 

subjects performed equally for the four signals. 

6.5. Discussion. 
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Correlated signals affect transition probabilities, i.e; monitoring behaviour 

(Figures 6.3 and 6.4). This is not in accordance with the findings of Senders 

(1984), who reported that the effect on monitoring behaviour was very small. 

There may be two explanations for this inconsistency. Firstly, Senders only 

measured the frequency of fixation and the proportion of time a signal was 

allocated, which are equivalent with the inter sample interval (ISI). In this 

study too, the ISI was hardly affected by the presence of correlations. 

Secondly, the correlations, used in this experiment are higher.than those used 

by Senders. 
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The results support the hypothesis that, when a sampled signal is near the 

event region, the probability of the next signal being sampled is higher for 

the correlated than for the uncorrelated !)ignals. Close to the event region 

(Region 3), subjects first sample the same signal again (Figure 6.2) to be sure 

of the presence of an event on this signa!. When an event has occurred 

(Region 4) they îm.mediately jump to the correlated signal. So, subjects seem 

to repeat previous decisions. until they are sure of the outcome of these 

decisions. Tuis seems to be in accordance with the experimental findings of 

Gai and Curry (1978) who performed their experiments with a totally 

different task. 

The results do not support the hypothesis that, when the value of a 

sampled signal is NOT near the event region, the probability of a signal being 

sampled is LOWER for the correlated than for the uncorrelated signals. In 

Region 1 both probabilities are equal. So, subjects only partially use their 

knowledge {only in "dangerous" situations and not in "safe" situations). It 

seems that subjects do not use their limited attentional capacity effectively. It 

is reasonable to assume that this is also the case in practical situations. 

The results show that the influence of correlations on monitoring 

behaviour is dependent on signal region. The nearer the event region, the 

higher the effect. 

The correlations in the present study were 0.85 and 0.95. Subjects made no 

distinction between these values. Bath the performance (percentage correct 

detected events), the ISI and the transition probabilities were the same. 

Conclusion. 

The study demonstrates that subjects are able to identify correlations 

between signals and that they adapt their monitoring behaviour accordingly. 

However, they only use this knowledge partially. 

Only two correlation coefficients were used. Further research on this 

subject has to be accomplished before it is possible to incorporate the effect of 

correlation in a monitoring behaviour model. This research has to answer 
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among others the following questions: 

1. What is the effect of smaller correlations on monitoring behaviour? 

2. What is the interaction between correlation and bandwidth and/ or event 

rate? 

3. What is the effect of causal relations on monitoring behaviour? 

93 

A basic understanding of monitoring behaviour and the development of a 

model is necessary to sim.plify the monitoring task, which makes great 

demands on the operator's attentional capacity. 
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Pay-off structures 

Chapter 7. 

The effect of pay-off 

structures on monitoring 

behaviour. 

7.1 Introduction. 
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This chapter deals with the effect of pay-off structures on monitoring 

behaviour. The effects of two pay-off structures on monitoring behaviour are 

examined, both varying in cognitive demands. Four independent, numerically 

displayed signals were used, varying in bandwidth (0.03 and 0.09 Hz) and 

event rate (24 and 72 events per hour). 

In Section 7.2 the relevant literature is discussed and the research questions 

are formulated, followed by a description of the method and the procedure in 

Section 7.3 and the results in Section 7.4. The chapter ends with a discussion 

(Section 7.5). 
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7.2 Purpose of Experiment 4. 

Related experiments. 

In supervisory control situations, it is essential to switch attention 

efficiently from one information source to another or to one source at 

different moments. Based on an internal representation (Stassen 1990), 

subjects should be able to predict signal values. Besides, they adopt a strategy 

to monitor the several sources in order to check for the risk of events. It 

depends upon the predictive model they use, which strategy will be chosen. 

Such a model must, among others, incorporate the influence of a pay-off 

structure, that is the costs of sampling and the costs to be imposed by 

missing events. Until now, little experimental research has been done on this 

topic. Kvälseth (1978, 1979) made an attempt, by examining the influence of 

different pay-off structures through manipulation of the ratio of the costs of 

sampling and the costs of exceeding a threshold L (Chapter 2). The analyses 

were based on information theory; information gain, entropy and redundancy 

measures were used. He found that subjects appear to tolerate a relative high 

degree of uncertainty (large entropy) and that this tolerance depends on the 

variance of the monitored signals but not on the pay-off structure. 

Furthermore, he developed two decision theoretic models on monitoring 

behaviour, one model for passive, and one for active monitoring (with control 

actions). He tried to validate these models in an experiment in which he 

manipulated again the pay-off structure and the threshold limits and found 

that subjects tended to differ significantly from an optimal model. These 

deviations depended on both the pay-off structure and the threshold limit. 

His studies concemed a single variable situation and showed some 

methodological shortcomings (e.g., Moray, 1984). Nevertheless, the results 

illustrated that pay-off structures are a determining factor in the control of 

monitoring behaviour in a single variable situation. 
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Mental load. 

According to Stassen e.a. (1990), it is important to consider both the human 

performance and the demands a task imposes on the operate's limited 

resources, when designing systems In this respect they make a distinction 

between mental load and task demand load. task demand load (TOL) is 

assessment of mental workload imposed by the task or by the system to be 

supervised. Mental load is the assessment of mental workload experienced by the 

human supervisor. Task demand load has a strong influence on mental load, 

which can affect sampling strategies. That is why it is important to investigate 

mental load associated with sampling processes. In Chapter 5 it is suggested 

that; updating the internal representation of a process by frequently sampling 

is more likely to be an automatic process, whereas updating this 

representation by means of some kind of internal reasoning is more likely to 

be a controlled information processing activity. Controlled information 

processing is seen as attention demanding and therefore as an important 

determinant of mental load. Thus, less frequent sampling can require the use 

of more controlled, attention demanding resources and, therefore, it can lead 

to a higher mental load. 

Research questions. 

The objectives of experiment 4 are: 

- to determine the effects of two different pay-off structures on performance and 

monitoring behaviour in a task in which subjects have to detect events in 

gaussian distributed signals; 

- to explore the uncertainty concept as a mediating variable in the framework of 

mental load; it is suggested that experienced uncertainty is related to mental 

load; 

- to explore the effects of two pay-off structures, varying in cognitive demands, 

on mental load; these effects are investigated by measuring peiformance on a 

time interval production task which is embedded as a secondary task. 
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The two pay-off structures used different costs associated with sampling 

versus costs associated with missing events. 

If the task demand load is low, it is not possible to directly deduce the 

level of mental load from a performance decrease in the primary task (O' 

Donnell and Eggemeier, 1986). Intuitively this is the case in the monitoring 

task. Therefore, the secondary task paradigm is followed with a time interval 

productiontask as secondary task. Michon (1966) assumed that the 

production of intervals of about 0.5 second, the so called tapping, requires 

information processing as any other kind of task. In the present experiment 

time-intervals of 15 seconds were chosen. The timing of this intervals requires 

cognitive processing too, and probably even more. Sampling requires the 

prediction of future signal values (Wickens, 1989), so, attention must be paid 

to the time course. Situations involving an increased tempora! awareness, 

often seem to produce an apparent lengthening of external time. This 

suggests that the difference in task demand load caused by the pay-off 

manipulation, should be reflected in an increasing variability in the 

production of the intervals or in a different mean time interval, provided of 

course that subjects try to perform the monitoring task on an equal 

performance level under both pay-off conditions. 

In cases where subjects have to predict future signal values, subjects will 

try to reduce the experienced uncertainty (Moray, 1986), so, among others the 

experienced uncertainty will determine monitoring behaviour. An exploratory 

study was done to investigate the uncertainty concept as a mediating variable 

in the framework of mental load. Subjects were requested to give an 

indication of the experienced uncertainty with each sample. 

Predictions. 

The following effects are predicted: 

1. Different pay-off structures will invoke different cognitive demands 

and therefore will affect monitoring behaviour. 

2. Task demand load depends on pay-off structure. Therefore 
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performance on the monitoring and a time interval production task 

will interfere. 
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3. Mental load depends on experienced uncertainty. Therefore 

performance on the time interval production task and the experienced 

uncertainty indication will interfere. 

7.3 Method and procedure. 

The "method and procedure" of the four experiments (Chapters 4 to 7), 

have a great deal in common. To enlarge the readability of this manuscript, 

we have chosen to describe the common parts of the "Method and Procedure" 

in Chapter 3 and to present in this section just a short description. A precise 

description is given in Appendix e. 

Subjects. 

Twèlve male students, between 19 and 25 years of age, participated in the 

experiment. Subjects had no prior experience in monitoring experiments. The 

subjects were told that the one scoring lowest would receive DFL. 170,-, the 

one scoring highest DFL. 225,- and that the renumeration of the remaining 

subjects was to be based on a linear relation between these two rewards. 

Signals. 

The signals were exaktly the same as those, described in Chapter 5, that is, 
! 

they were gaussian distributed with a bandwidth of 0.03 and 0.09 Hz and an 

event rate of 24 and 72 events/hour. 

Task 

Monitoring task. 

Subjects had to detect whether one of the four signals was in an event 

region. In a trial of 30 minutes these events occurred 96 times (Chapter 5). 
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Before an experimental trial, subjects practised during 15 minutes. During 

practice, signals were continuously presented, whereas in the experimental 

trial the observer response method was used. In order to monitor a signal, 

subjects had to use a mouse to move the cursor into the particular window, 

and had to press one of the three "arrow" keys on the keyboard (Figure 7.1). 

By pressing one of the "arrow" keys, subjects indicated, how badly the 

information asked for was needed; this could be seen as an indication for the 

uncertainty. There were three possible uncertainty indications: 

1. The signal information is not badly needed (a delay of the sample is 

possible (A)). 

2. The signal information is badly needed (B). 

3. The signa! information is immediately needed (C). 

Figure. 7.1. 

2 2 

D D D D 
ï - ~ ' 

D 1~1.01 D 
3 4 3 4 

Upper part, the display in the experimental situation; left the display when a subject 
had not asked /or a signa!, right the display when the subject had asked Jor signa! 3. 
Lower part, the keyboard and the buttons (a, b, and c) by which the subject could 
give an indication af how badly the signa! asked Jor was needed. 

Subjects had to use the left key (coloured green) for the first, the middle key 

(yellow) for the second, and the right key (red) for the third kind of 

indication. An actual score was presented in a small window in the middle of 
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the screen. 

The dependent variables were: 

1. The inter sample interval (ISI). 

2. The percentage correct detections (PCD). 

4. The Score, varying between 0 and 10. 

5. The uncertainty indication, with the three levels a, b and c as previously 

indicated. 

Time interval production task. 

The task of the subjects was to generate a continuous series of time 

intervals by pressing the left mouse key at a constant rate of one response per 

15 seconds. 

The dependent variables were: 

1. The mean interval duration. 

2. The mean of the absolute values of the differences ( /àt 1) between 

successive time intervals. According to Michon (1966) this is, in contrast 

to the variance of the tapping sequence an accurate indication for the 

average irregularity of the performance. 

Procedure. 

Gene ral. 

Subjects were tested on three consecutive days. On the first day they were 

trained in five sessions. On the following two days four sessions were given. 

Each session took 45 minutes. The first 15 minutes of each session included 

the practice trial, the remaining 30 minutes the experimental trial. 

Schedule for first day. 

Earlier monitoring experiments indicated that subjects needed several 

hours to more or less stabilise their monitoring behaviour. Besides, a pilot 

experiment indicated that the combination of the monitoring and the time 
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interval production task was rather complex to perform together at once 

without any training. So practice took place on the first day to familiarize the 

subjects with the tasks to be performed on the experimental days. Table 7.1 

gives a schedule for the first (practice) day. 

Before the preliminary session of the practice day, subjects received an 

instruction in which it was pointed out that the signals could differ in 

predictability and event rate. Information concerning the number and the 

distribution of the events was not given. They were told that after each 

practice and experimental trial, they would be given knowledge of results 

about the percentage missed events. 

Table. 7.1. The schedule for the first (practice) day. Explanation: A=continuous presentation of all 
four signals; 0 presentation of one signal when aslced /or (ObsetVing response 
method); Y= Yes. For junher explanation, see text. 

Schedule for the first day 
Session 1 2 3 4 5 

Signa! presentation A 0 A 0 A 0 A 0 

duration (min) 15 30 15 30 15 30 15 30 

y y y 

y y 

The monitoring task was given in steps of increasing complexity. In the 

first three sessions subjects only had to perform the monitoring task. Before 

the fourth session, subjects were instructed how to give an indication of their 

experienced uncertainty. Before the fifth session, an instruction was given that 

the monitoring task had to be performed in combination with a time interval 

production task. Subjects received feedback about their performance in this 

task, i.e. the mean interval duration and the standard deviation. 
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Schedule for second and third day. 

A complete three factor (pay-off structure, signal bandwidth, and event 

rate) within-subject design was used. The two pay-off structures were: 
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1. "A physical demanding pay-off structure" (P-structure); low sample costs 

compared to costs of missed events. The algorithm to cakulate the score 

was: 

At the start of each trial, subjects received 2800 points. For each sample 

they paid 2 and for each detected event they received 30 points. They 

had to pay 30 points for a missed event and 10 points for an incorrect 

detection. The total number of points was divided by 400 (to get a score 

between 0 and 10, which is in consonance with the Dutch school grading 

system). 

2. "A cognitive demanding pay-off structure" (C-structure): a reward for not 

taking samples and low costs for missing events. The algorithm used to 

calculate the score was:. 

At the start of each trial, subjects received 2800 points. For each second 

they did not sample any signal at all, they received 1, and for each 

detected event they received 30 points. For each sample they paid 4 

points. Per missed event, they had to pay 30 points for the first 10, 35 

points for the following 10, and 40 for additional events. For an incorrect 

detection 10 points had to be paid. The total number of points was 

divided by 400 (to get a score between 0 and 10, which is in consonance 

with the Dutch school grading system). 

On the second day, six subjects started with the P- and six with the C

structure, on the third day the remaining structure was given. They were 

told that a score was given on the performance in the monitoring task. They 

did not receive information conceming the pay-off structure on the following 

day, hut they were aware that it would differ. See Table 7.2 for a schedule of 

the second and third day. 
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Table 7.2. The schedule of the second and third day. Explanation: A=continuous presentation; 0 = 
presentation when askedfor (Observing response method); Y= Yes.; PO= Pay-off 
structure; P=physical demanding; C=cognitive demanding. For further explanation see 
text. 

Schedule for the second and thlrd day 
Day 1 2 

1 
Session 1 2 3 4 1 2 3 4 

Signal presentation A 0 A 0 A 0 A 

~j~ 
0 A 0 A 0 A 0 

Duration (min) 15 30 15 30 15 30 15 30 15 30 15 30 

:~I 1 Monitoring task y y y y y y y y y y y y y y 

Time int. prod. task y y y y y y y y y y y 
yfvty 

y y 

Uncertaint. indicat. y y y y y y y ~0y y y y y y 

POsyst. subj. 1-6 p p p p p p p p c c crrr c c 
POsyst. subj. 7-12 ][I c c c c c c c p p p p p p 

Data analysis. 

In the analyses, the data of the first day and the first sessions of the second 

and third day were omitted. The purpose of these sessions was to familiarize 

subjects with the task situation and the pay-off structures, respectively. 

The effects of the order of presentation of the pay-off structures, i.e. the 

so-called transfer effects, on the dependent variables were considerable. That 

is why the results are presented separately for both the groups of subjects 

(subjects 1-6 and subjects 7-12). The groups are labelled as the PC- and the 

CP-group, respectively; PC meaning that this group of subjects started with 

the P- and ended with the C-structure, CP meaning that this group received 

these structures in reversed order. 

For each of the groups (PC and CP-group), the SAS (General Linear 

Model) GLM procedure was separately conducted on the ISI, the PCD, the 

score and the uncertainty indication as cells, with session (3), pay-off 

structure(2), signal bandwidth(2), and event rate(2) as factors. Besides, this 
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procedure was conducted on the performance score in the monitoring task, 

the mean interval duration, and the mean difference between successive 

intervals ( IAt 1) in the time interval production task, with pay-off structure(2) 

and session(3) as factors. 

7.4. Results. 

Firstly, the results on the monitoring task will be presertted; secondly, the 

variables which give an indication of the experienced uncertainty, and finally 

the results on the secondary task (the time interval production task) . 

Because of the transfer effects, almost all data will be presented separately 

for the PC-group and the CP-group. 

Monitoring task 

Figure 7.2 shows the mean ISI, separately for the PC and the CP-group. 

Both groups sampled differently under the P and under the C-structure. This 

difference shows that pay-off structure seems to be an important determinant 

of monitoring behaviour. The PC group sampled more frequently under the 

P- than under the C-structure, .E(l,21515)=432, .!:<0.0001. The mean ISI in the 

P-structure was 8.8 s and in the C-structure 11.1 s. The effects of bandwidth 

and event rate were also significant; .E(l,21515)=174, f <0.0001, for bandwidth 

and E(l,21515)=2021, .f.<0.0001, for event rate. The pay-off structure had no 

effect on the distribution of the samples between the two low bandwidth 

(0.03 Hz) and two high bandwidth (0.09 Hz) signals (the interaction between 

bandwidth and pay-off structure was not significant), but had a significant 

effect on the distribution of the samples between the two 12-event and the 

two 36-event signals; F(l,21515)=156, P<0.0001. 

The difference in mean ISI between the 12 and 36 events signals was 

smaller in the P- (5.4 s) than in the C-structure (9.7 s). 



106 Cha:pter 7 

:s: 

j 
1 
J 

~ 

] 
.El 

t 
<n 

j 

Figure 7.2. 

21) PC-group 21) CP-group 
18 P-slrudure 18 P-slrudUre 

_,_ 12 
:g 16 

..... 11 
16 .. " 1 .. " 
14 14 

12 ~ J 12 

10 j 10 ---8 8 

om 0.00 0.()3 0.00 

Bandwidth Bandwidlh 

20' PC-group 20 CP-group 
18 ~ 18 C.sttucture 

16 '2- _" 
] 16 _" -·" 

14 .El 14 .. " 
1 12 12 ---IO .1 10 

6 6 

·~~~~~~~-
0.03 0.00 0.03 0.09 

Bandwidtll Bandwidth 

The inter sample interval (ISI) as a Junction of pay-off structure, bandwidth and 
number of events (straight lines for the 12 event and dashed lines for the 36 event 
signals) for the PC- group and the CP-group separately. 

For the CP-group the effect of the pay-off structure on the ISI was also 

significant; E{l,23092)=649, f<0.0001. Subjects sampled more frequently in the 

P-structure (ISI = 8.8 s) than in the C-structure (ISI = 10.4 s). Again 

bandwidth E(l,23092)=152, f<0.0001 and event rate E(l,23093)=2145, f <0.0001 

had significant effects. The interaction between pay-off structure and event 

rate was significant, but the F-value was smaller than in the PC-group; 

E(l,23092)=68, I:<0.001. The difference in mean ISI between the 12 and 36 

events signals was 2.6 sin the P-structure and 3.8 s in the C-structure. 

Figure 7.3 shows the Percentage of correct detections (PCD) for the signals 

separately. lt reveals that the overall PCD for the PC-group was lower than 

the overall PCD for the CP-group (67,1% for the PC-group and 73,9% for the 
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CP-group). Por both the groups, however, the PCD was higher in the P- than 

in the C-structure (E(l,143)=7.5, f<0.007 for the PC-group, and E(l,143)=22, 

f<0.0001 for the CP-group). 
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The Percentage of Correct Detections (PCD) as a function Of pay-off structure, 
bandwidth and number of events (straight lines for the 12 event and dashed lines 
for the 36 event signals) Jor the PC- group and the CP-group separately. 

For the PC-group the mean PCD was 71.4% in the P- and 62.8% in the C

structure. For the CP-groµp this was 78.7% in the P- and 69.1% in the C

structure. The GLM-procedure revealed significant effects for bandwidth 

(PC_group E(l,143)=123, r<0.0001; CP-group E(l,143)=354, l:<0.0001), event 

rate (PC-group _E(l,143)=94, !:<0.0001; CP-group .E(l,143)=28, r<0.0001) and 
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for the interaction between bandwidth and event rate (PC-group 

E(l,143)=8.4, f<0.005; CP-group E(l,143)=7.0, f<0.01). 

In Figure 7.4, the score for each signa! is shown. Subjects did not receive 

this score but the sum of the scores of the individual signals. Both the groups 

scored almost the same (6.7 for the PC-group and 6.6 for the CP-group). The 
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The score as a function of pay-off structure, bandwidth and number of events 
(straight lines for the 12 event and dashed lines for the 36 event signals) for the 
PC- group and the CP-group separately. 

CP-group, however, scored significantly better in the P-structure (E(l,143)=22, 

1:<0.0001). For the PC-group the mean score was 6.67 in the P-structure and 

6.72 in the C-structure. For the CP-group this was 7.35 in the P-structure and 

5.75 in the C-structure. In both groups the GLM-procedure revealed 

significant effects for bandwidth (PC_group E(l,143)=546, f <0.0001; CP-group 
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f(l,143)=675, 1:<0.0001), event rate (PC-group _f(l,143)=176, f<0.0001; CP

group f(l,143)=248, f<0.0001) and the interaction between bandwidth and 

event rate (PC-group _f(l,143)=90, f<0.0001; CP-group E(l,143)=97, 1:<0.0001). 

Besides, a significant interaction between score and bandwidth and between 

score and events existed for both the groups. 

The uncertainty indication. 

The uncertainty indication is expressed in the relative number of samples 

that were "immediately" needed (DC= C-(A+B+C)/3), "badly" needed (DB=B

(A+B+C)/3) or "not badly" needed (DA=A-(A+B+C)/3). Figure 7.5 shows the 

overall figures for these uncertainty indication. Although not significant, one 

can see that for bath groups DA diminished from the P- to the C-structure, 

Figure 7.5. 
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The uncertainty indications as a function of pay-off structure for the PC-group and 
the CP-group separately. The uncertainty indication is expressed in the relative 
number of samples that was needed immediately (DC), needed badly (DB) or not 
needed badly (DA). · 

and DB and DC increased from the P-to the C-structure (Ina GLM procedure 

in which the effect of subject was taken into the model and out of the error 

term the effect of the pay-off structure on DA, DB or DC really was 
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significant). Thus, although not a strong effect, it seemed that in the cognitive 

demanding C-structure subjects needed the information which was asked for 

more frèquently than in the physically demanding P-structure. 

Time interval produdion task. 

For the PC and the CP-group, the mean interval duration (Table 7.3) was 

equal under both pay-off structures; the ANOV A revealed no effects: PC 

group, E <LO and CP group, !;! >0.05. The variability (mean (!At!) for the 

PC-group was higher for the P- than for C-structure, F (1, 5) = 31.8, p < 0.01 

and for the CP group the mean IAt 1 was slightly lower for the P-structure, F 

(1, 5) = 6.21,P = 0.05. 

Table 7.3. The mean interval duration and the mean /!J.tf. separately for the PC and the CP group 
and for each pay-off structure. 

Group 

PC CP 

Pay-off structure 

Measure 

Mean interval duration (SD) 

Mean !At 1 (SD) 

7.5. Discussion. 

Monitoring task. 

The subjects who started with the physically demanding P-structure and 

ended with the cognitive demanding C-structure (the PC-group) scored better 

(6.70 versus 6.55) than the group of subjects who first started with the C

structure (the CP-group). The PC-group sampled less frequently (151=9.75 s 

versus 9.5 s) hut detected lesser events (69% versus 73%). The PC-group also 

discriminated more between signals (Figure 7.2). So, despite the fact that the 
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PC-group started with a structure in which sampling was not much 

penalized, they sampled more selectively and less frequently. A possible 

explanation for the small differences is that, starting a set of tasks with a less 

demanding version of the task (P-structure), may lead toa better 

unéierstanding of the task and thus to a better overall performance. Besides, 

the perceived difficulty of a task might alter the human operator's attitude to 

it (Moray, 1982). 

Subjects starting under the "physically demanding" P-structure altered their 

sampling selectivity in a crucial way when performing the task under the 

"cognitive demanding" C-'structure; They increased their time between 

samples and thus sampled less frequently under the C-structure. Tuis counts 

especially for the 12 events signals. Subjects starting under the "C-structure 

altered their sampling selectivity in the same way but the difference was 

smaller although it was still significant. This increase in time between two 

samples of about 20% led, however, to a smaller number of correctly detected 

events under the C-structure of about 10%. So, although the number of 

correctly detected events was not the same for the two pay-off structures, one 

may conclude that subjects sampled more efficiently under the C-structure. 

The reason may be that, in order to get a reasonable score in this structure, 

subjects had to sample more selectively. 

In genera!, these results can be seen as supporting the findings of K välseth 

(1979) who investigated the effects of pay-offs on the pattem of information 

selection in a slowly responding monitoring situation. The main result was 

also that performance is clearly determined by costs and pay-offs, which is 

also the case in this experiment. 

The interaction between pay-off structure and bandwidth is smaller than 

the interaction between pay-off structure and event rate. Probably the reason 

for this difference is that the two pay-off structures mainly differed on the 

rewards of detecting events. 

FOT both the groups of subjects, both signa! bandwidth and event rate per 

signal provide enough information to distinguish between different signals 
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{Figure 7.2), suggesting that this study confirms the results of the experiment 

1 and 2 {Chapters 4 and 5). 

The uncertainty indication. 

The study was exploratory with regard to the uncertainty indication. 

Subjects had to give an indication of the experienced uncertainty by 

expressing their need for the signal on a three-interval ordinal scale. The 

distribution of the samples over this scale was different for the four signals. 

Subjects were more in need for the information for the fast signals. This can 

be seen as an indication that the method was sensitive. 

lt is assumed that subjects sample signals to decrease their uncertainty 

about the signal state, in other words they sample when their uncertainty 

about this state is above a certain level. Furthermore, it is assumed that this 

level is lower in the physically demanding P-structure. Although the 

experienced uncertainty in the C-structure was slightly higher than in the P

structure, this effect was not significant. It appears as if the difference 

between the two pay-off structures was not as big as expected. 

The results of the time interval production task seem to lead to the same 

conclusion. Nevertheless, the subjects' monitoring behaviour was significantly 

different for both pay-off structures. This reinforces the statement that the 

pay-off structure is an important determinant in monitoring behaviour. 

The time interval production task. 

The amount of effort invested is one of the factors that determines mental 

load (Moray, 1988). In this experiment the secondary task approach is used to 

measure this amount of effort. No difference was found between the P- and 

the C-structure. 

The PC-group seemed to be more regular in producing the time intervals 

than the CP-group, which means that the amount of effort they invested was 

lower. This might be an indication that the PC-group had a better 

understanding of the task than the CP-group, which is in accordance with 
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common notions that, when learning a certain task it is better to start with 

the easier version of this task, and next present the more difficult version of it 

than vice versa. 

On the first day subjects were more irregular in the secondary task than on 

the second day. Assuming that this is an indication for the amount of effort 

invested in the task and thus for the mental load, one could say that this 

load decreased as a function from time-on-task. 

The results do not indicate that mental load depends on the experienced 

uncertainty. No positive correlation exists between the uncertainty indicators 

and the load indicators. The reason for this lack of correlation might be that 

the task cannot be described as a cognitive high demanding task. 

There area few unresolved problems in measuring the mental load by 

means of the secondary task method: 

- It is not dear whether problems of structural interference were avoided 

(Kahneman, 1973)i the mouse was used for the monitoring and the time 

interval production task and this could have led to some disturbances in 

the execution of both tasks. 

- An important question is whether the time interval production task is 

sensitive to the mental load associated with the monitoring task The 

present task situation cannot be indicated as a cognitive high demanding 

situation and in these situations secondary measurements are sensitive 

(Wickens, 1984). 

- It is incorrect to presume that a task difficulty manipulation will lead to 

a different mental load (O' Donnell and Eggemeier, 1986): in fact it is not 

dear what "task difficulty" exactly is. Besides this, it is undear what the 

influence of task difficulty on mental load is. 

- There is the possibility of task integration, in respect to synchronising 

tapping to the number of samples taken by the subjects, so the 

regularity of tapping could heavily depend on the regularity of 

sampling. This would violate the invariance assumption of the 

secondary task approach. 
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Conclusion. 

This study clearly indicates that the pay-off structure is an important 

determinant of monitoring behaviour. Besides, it indicates that the pay-off 

structure also strongly intervenes with other detenninants of monitoring 

behaviour, such as event rate. Thus, it is not easy to propose an analytical 

model to describe monitoring behaviour in detail in which all detenninants 

are included. It is even the question whether it is possible to propose such a 

model. In Chapter 8 this topic will be discussed. 

The exploratory studies to both the experienced uncertainty and the mental 

load indicate that the method seems to be promising but that both pay-off 

structures can be described as 'low load - low uncertainty'. Besides, positive 

correlation exists between the uncertainty indicators and the load indicators. 

The reason for this lack of correlation might be the low task demanding load. 
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Chapter 8. 

General discussion and 

conclusion. 

8.1 Introduction. 

In Section 8.2 of this chapter the experimental results will be discussed in 

general terms from a theoretical point of view. In Section 8.3 practical . 

implications of the study will be discussed. The work presented in this thesis 

is experimentally oriented. So it is debatable to what extent the results can be 

transferred to industrial settings, in particular to implications for the process 

industry. This chapter ends with suggestions for further research (Section 8.4). 

8.2 Theoretica! implkations. 

Uncertainty as the driving force behind monitoring behaviour 

This study supports the theorem of Moray (1984) that subjects try to 

minimize the uncertainty generated by dynamic processes. They monitor 

signals to lower their uncertainty about the state of a process variable. In 

tolerance band monitoring tasks this uncertainty seems to be related to the 

probability of a process variable entering an event region. The higher this 
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probability, the higher the uncertainty. When asking subjects about the 

perceived uncertainty (Chapter 7), it tums out that for process variables 

which are sampled more often, the perceived uncertainty is higher. It seems 

not to be true that subjects monitor a process variable only when a éertain 

level of uncertainty is reached, because this would mean that the perceived 

uncertainty is the same for all process variables. The results seem to be more 

in favour of the hypothesis that subjects monitor the variable that induces the 

highest uncertainty. 

Modelling monitoring behaviour. 

lt is assumed that an operator has an internal representation of the task to 

be performed and the process to be monitored (Chapter 3). In order to make 

correct decisions he continually has to update this intemal representation, 

either by reasoning based on his internal model (intemally driven updating), 

or by gathering information of the process (extemally driven updating or 

monitoring). This study clearly demonstrates that external factors affect 

monitoring behaviour, e.g. bandwidth, event rate, signal correlation, and 

payoff structure, and thus have to be incorporated in such a model. For a 

number of reasons, however, it is difficult to define a quantitative model. 

Firstly, even in a four instrument monitoring task (as used in the 

experiments), interactions between the various factors make the description of 

the monitoring problem in one model extremely complex. Bandwidth, for 

example, affects monitoring behaviour differently when different payoff 

structures are used (Chapter 7). Secondly, contextual effects are important 

(Chapter 4 and 5), meaning that a certain process variable will be differently 

monitored depending on the specific set of variables that is to be monitored. 

Thirdly, uncertainty about a process state not only is generated by extemal 

factors (for example the dynamics of a variable}, but also by factors related 

with the cognitive limitations of the observer. Carbonell's queuing approach 

(Chapter 2), with a rule based algorithm to determ.ine the position of a 

process variable in the queue probably is the best point of departure for 
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future developments of the intemal representation. This seems to be in 

accordance with the theory of Ra.smussen who states that experienced 

operators perform routine tasks on a rule based or even a skill based level, 

and not on a knowledge based level (Rasmussen, 1986). 

Practice 
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Moray suggested that the intemal representation develops during practice 

(Moray, 1986). He wrote " .. as practice cóntinues one increasingly 'sees' the 

properties of the process through the cognitive limitations of the operator, rather than 

seeing the properties of the observer" ". This however is not confirmed by the 

present study. Indeed, practice is essential for acquiring knowledge about the 

properties of the process, but cognitive limitations of the observer will always 

play a role, even after hours of practice. An example of this is the result of 

Experiment 3 (Chapter 6), showing that observers do not use all their 

available knowledge of the process variables to be observed. They know that 

the signals are correlated two by two, but they only partially use this 

knowledge. 

Conditional sampling 

All experiments in this study strongly support the conditional sampling 

theorem, first proposed by Senders. Monitoring behaviour is strongly 

dependent on the actually observed signal state. Especially near the event 

region, monitoring behaviour is more govemed by the actually observed state 

of the process variables than by the global characteristics of these variables 

(Chapter 5). It looks as if subjects choose some monitoring strategy, based on 

the global characteristics of the variables to be monitored, but this strategy 

will be overruled each time one of the process variables is near the event 

region, making it likely that an event will occur. At that moment one sees 

hardly any difference in the monitoring of process variables with different 

global characteristics. Subjects do not monitor with fixed sequences, hut they 

change their strategy in order to be able to focus on more relevant 
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information. Not predictability as only govemed by global characteristics, but 

predictability govemed by the actual process state appears to be a crucial 

factor in determining monitoring behaviour. Pure global monitoring 

behaviour indications, in which the influence of the actual state is omitted, 

give a rather limited image of the influence of global characteristics. 

The observing response method. 

The observing response method is a valid method to study monitoring 

behaviour in experimental situations as described·in this thesis, where the 

task load can be described as low or medium, and observers don't have to 

observe the variables too often. By using the observing response method it is 

not a visual monitoring task any longer, hut it makes it really possible to 

study monitoring behaviour, i.e. is the division of attention over different 

variables. Attentional shifts are reflected in the eye movements hut also in the 

requests for the state information of variables. So, attention seems to be as 

well the driving force to guide the eye movements as it is for the requests for 

information in the observing response method. 

When the task load increases and subjects have to monitor the variables 

more frequently, it is possible that limitations in motor skills become more 

important and will dominate the process of intemal reasoning. In that case 

differences between data gathered with eye movement recordings, and 

gathered with the observing response method are likely to occur. Interesting 

in this respect is a rehearsal of Experiment 2 (Chapter 5), with measuring eye 

movements instead of using the observing response method. 
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8.3 Practical implications 

In the present study all experiments were conducted in the laboratory 

under well defined conditions. The task to be performed by the subjects was 

rather simple; subjects only had to monitor four signals. The reason for such 

a simplified task was to remain as close as possible to the studies of, for 

example, Senders, Carbonell and Kvälseth who used tasks in which subjects 

had to monitor one to six variables. So, it becomes possible to contribute to 

the theoretica! foundations of monitoring behaviour. However, what about 

extrapolating the results to industrial settings, given that the respective 

situations are quite different? 

In industrial settings: 

- tasks are not so much monitoring hut rather supervisory in nature, asking 

for active operator control; 

- operators have to observe hundreds of variables instead of four; 

- the dynamics of the variables are quite different from those used in our 

study; 

- the variables are not independent. Complex physical and/ or chemica! 

processes make the variables closely coupled to each other. This coupling 

is even strengthened by the use of distributed control systems. These 

processes can only be monitored by an ergonomically designed human 

interface and by using the knowledge about the underlying dynamics of 

the supervised process~ including the physical and/or chemica! processes, 

that permits an operator to observe only a subset of the signals and to 

estimate other signals on the basis of these observations. 

Nevertheless, in our view it is possible to signal some implications of this 

laboratory study for practical situations. 

1. The bandwidths used in this study are high compared to those in the slow 

responding monitor situations in the process industries. Bandwidth will 

then probably be a less important determinant of monitoring behaviour. 
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This can be explained by the fact that factors, related to the operator, for 

example memory loss, will play a more important role than factors related 

to the dynamics of the process. Besides, in normal situations, commonly 

only a few disturbances (events) occur in process industry, making the 

observation of the actual process state of even greater importance. The 

human interface should help the operator to overcome his cognitive 

shortcomings and to help him in observing and controlling the process in 

an easy way. This makes for example the overview even more important 

than it already was. Much effort has to be put in adjusting overview 

displays (of the process but also of the alarm.s) to the operator's wishes. 

2. An alarm system also helps the operator to overcome his cognitive 

shortcomings. Most alarm systems are triggered when a variable passes 

some alarm boundary. In process industry more rate of change information 

should be used to determine whether an alarm should be given or not. 

Because of the importance of rate of change, it is recommended to use it 

together with the value in determining whether an alarm should be given. 

3. Operators use different monitoring strategies. Intuitively, it seem.s desirable 

to help the operators in their preferred way to monitor a process. This can 

be done by offering them the opportunity to determine themselves the 

moment or the condition under which they like to get a sample of the 

signal which they want to examine. This also can give a more accurate 

view of the processes that govem monitoring behaviour and possibly puts 

a lower demand on working memory. 

3. Rate of change of information is necessary for a basic understanding of the 

dynamics of the process. In the graphical presentations of the processes to 

be supervised many variables are numerically displayed. The rate of 

change must be deduced from the changing values of the variables. 

However operators fail in interpreting numeric information. Therefore, it is 

recommended to present both the value of a variable as well as a rate of 

change indication of that variable explicitly in the same display. 

5. An updating of the intemal representation by monitoring may require less 



Discussion 123 

cognitive effort ilian some kind of reasoning wiili ilie help of iliis 

representation, which puts a heavy load on working memory. The latter is 

a controlled process, whereas monitoring can be quite automatic and ilius 

requires less cognitive effort. This may be a reason to endorse to ilie 

operators ilie importance of regularly monitoring the state of ilie whole 

process by scanning all displays. 

8.4 Suggestions for further research 

The ultimate purpose of research in ilie field monitoring behaviour is to 

optimise ilie systems which help operators in supervising complex systems. 

As already mentioned in Chapter 8.3 the present study on monitoring 

behaviour contributes to this. Monitoring a system, however, is an important 

but not sufficient factor in supervising complex systems. Suggestions for 

furilier research will iliereby be divided in research on monitoring behaviour 

and research on supervisory control. 

Monitoring behaviour. 

It is necessary to study ilie basics of monitoring behaviour more 

systematically. Currently, all studies into ilie effects of process oriented (such 

as bandwidili, events, causal effects) and subject oriented factors on ilie 

monitoring of complex systems are railier exploratory. It is our belief that 

more iliorough studies into these effects will contribute to the understanding 

of monitoring behaviour, which is crucial in supervising complex systems. 

Factors, number of variables to be monitored, pay-off structures and causa! 

relationships between variables need to be studied in more detail in order to 

make it possible to extrapolate the results to practical settings. 

Little is known about individual differences in monitoring behaviour and 

the use of particular strategies. Even in simple laboratory tasks wiili students 

as subjects, different monitoring strategies have been used. We believe that, 
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when monitoring real systems, it is not possible to have exact knowledge of 

all process variables. Therefore monitoring strategies will become more 

important. These strategies may differ in for example the amount of 

uncertainty one is willing to accept. User interfaces can invoke or suppress 

certain strategies. So, we strongly advocate the study of monitoring behaviour 

strategies in practical settings. One can think of the process industry, hut also 

of intensive care units and banking environments. 

Supervisory control. 

In the present study subjects had to monitor a system. They did not have 

to control it, as is the case when systems have to be supervised. In that case, 

fault diagnosis and planning future actions are important. Current 

computational and technica! aids, such as simulation, expert systems can help 

the operator in performing these tasks. Studies into the use of these aids in 

practical situations are recommended. 

Current systems are so complex that, when something goes wrong, it is 

questionable whether only one operator can diagnose the problems and solve 

them. More and more, (small) teams will be needed. Research on team 

diagnosis is recommended 

As mentioned, the state of the art in.the field of automatic measurement & 

control is such that a thorough reconsideration of which tasks to allocate to 

man and which tasks to machine is necessary. That does not mean that we 

believe in completely automated processes; man always will play a role in 

supervising systems. But this raises the question how far we can go on with 

automation, without loosing the expertise of man, necessary to handle 

unexpected situations. Creating systems which, when going wrong, cannot be 

handled any more is a unwanted situation. Research on this topic is 

necessary. 
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Summary. 

In recent years, due to the increase, improvement and refinement of control 

systems, the processes to be controlled have become more extensive and 

complex. Computers have taken over the normal, routine based control 

processes from the operator. So, his task changed from a physically 

demanding direct control task toa physically, less demanding supervisory 

control task. However, due to the increase in complexity, higher demands 

were set on the diagnostic abilities of the operator in order to prevent faults 

or to reduce their effects. The supervisory task is predominantly cognitive 

and contains at least the following subtasks; 

1. monitoring of the data presented to the human supervisor; 

2. learning and interpretation of the data presented; 

3. process tuning or set-point control (learning the process in normal 

operating conditions); 

4. intervention into the process during abnormal process conditions; 

5. fault management during malfunctioning (of a plant); 

6. planning, such as starting up and shutting down (a plant). 

So, the first step in supervisory control is monitoring implying it to be a 

necessary although not sufficient activity. 

To monitor a system is to examine the displayed status information, and to 

decide whether a system is in a normal state and under control. In fact, 

monitoring is a shift of attention from one information source to another or to 

one source at different moments. Existing analytica! models on monitoring 

behaviour have a number of aspects in common. These can be formulated as 

follows: 
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1. all models are concemed with the strategie and tactical direction of 

attention and not so much with the underlying cogn.itive mechanisms; 

2. all models concentrate on dynamic real world tasks or analogues; 

3. subjects have to train to build up some kind of intemal representation 

of the tasks, the processes, their disturbances and their control 

abilities; 

4. most models assume that monitoring behaviour is dependent on 

dynamic and stochastic properties of the information sources, on 

causal relationships between information sources and on pay-off 

structures; 

The analytical approach seems to be very promising. However, very few 

results from experimental research are available with regard to the 

determinants of monitoring behaviour. If so, very often different experimental 

methods have been used, making comparisons difficult or even impossible. 

The purpose of the study was to gather experimental evidence on the 

various determinants of monitoring behaviour and on their interactions in 

order to test some hypotheses which can be drawn from existing models. The 

thesis discusses a number of laboratory experiments. This means that 

simplified tasks are used; subjects only had to monitor four information 

sources in one graphical display. The Observing Response Method was used 

to describe the monitoring behaviour. 

The outcome of the study is that: 

- the experiments strongly support Senders' conditional sampling approach; 

- it is hardly possible to describe the monitoring behaviour in one generic 

quantitative model. The reason being that even in a four instrument 

situation, a number of factors influence monitoring behaviour, they interact 

strongly, and subject dependent cogn.itive factors too determine monitoring 

behaviour. 
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Samenvatting. 

De toegenomen automatiseringsgraad van produktieprocessen heeft tot 

gevolg gehad dat deze meestal een grotere complexiteit hebben aangenomen. 

Aan de besturing van dergelijke processen, waarvoor de mens de 

uiteindelijke verantwoordelijkheid heeft, worden hoge eisen gesteld. Deze 

grotere mate van complexiteit betekent dat de taak die moet worden 

uitgevoerd om dergelijke processen te besturen, is veranderd van een directe, 

fysieke inspanning vereisende regeltaak naar een meer 'passieve', weinig 

fysieke inspanning vereisende supervisie taak. Ogenschijnlijk lijkt het erop 

dat de taakuitvoering daardoor minder zwaar is geworden. De verminderde 

fysieke activiteit leidt echter niet zonder meer tot een taakverlichting. De 

beschreven ontwikkeling betekent dat er hoge eisen worden gesteld aan de 

diagnose-vaardigheden van de operator. Een onmisbaar onderdeel van de 

supervisietaak is het observeren of monitoren van procesvariabelen. Onder 

monitorgedrag wordt hier verstaan: het herhaald bekijken van 

procesinformatie, zonder het ondernemen van enigerlei actie, met het doel te 

beslissen of een proces zich wel of niet in een kritieke toestand bevindt. In 

het kader van eerder genoemde accentverschuiving is het ook in de praktijk 

al heel duidelijk geworden dat het monitoren van processen een belangrijk 

deel van de taak van de operator is geworden en dat dit in de toekomst nog 

zal toenemen. 

De in het verleden ontwikkelde modellen voor monitorgedrag 

beschrijven vooral de invloed van dynamische en stochastische 

proceskenmerken. De invloed van causale verbanden en verschillen in het 

relatieve belang van proces-informatie zijn slechts marginaal in deze 
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modellen verwerkt. De belangrijkste kenmerken van deze modellen zijn: 

1 De modellen beschrijven de strategische en tactische verdeling van de 

aandacht over de te observeren informatiebronnen en niet zozeer de 

onderliggende cognitieve mechanismen. 

2. De modellen richten zich op dynamische taken. 

3. Aan het monitorgedrag ligt een mentale representatie van het te 

observeren proces ten grondslag. Slechts door veel training kan een 

dergelijke representatie worden opgebouwd. 

4 Het monitorgedrag is afhankelijk van c.q. wordt beïnvloedt door de 

dynamische eigenschappen van het te observeren proces, causale 

·verbanden en correlaties tussen de procesvariabelen en door verschillen 

in relevantie van de signalen en in de aan het observeren gekoppelde 

kosten en baten. 

Problematisch is echter dat er door het geringe aantal experimentele validatie 

studies, zo goed als geen empirische evidentie kan worden aangedragen voor 

de wijze waarop bovengenoemde determinanten het monitorgedrag 

beïnvloeden. Deze studie had tot doel om experimenteel te onderzoeken in 

welke mate de verschillende determinanten van invloed kunnen zijn op het 

monitorgedrag en in welke mate zij met elkaar interacteren. Voor dit doel zijn 

een viertal laboratorium-experimenten uitgevoerd waarbij proefpersonen vier 

processen tegelijkertijd moesten monitoren. De "Observing Response" 

methode werd gebruikt om het monitorgedrag in kaart te brengen. 

Het resultaat van de studie is dat: 

De experimentele resultaten een .onderbouwing vormen voor de door 

Senders geïntroduceerde Conditional Sampling (CSM) aanpak. 

Het vrijwel onmogelijk is om het monitorgedrag in een generiek 

kwantitatief model te beschrijven. De reden hiervan is dat, zelfs bij het 

monitoren van vier processen, een groot aantal factoren van invloed zijn 

op dit gedrag, dat deze factoren sterk interacteren en dat bovendien nog 

persoonsgebonden cognitieve factoren een rol spelen bij het monitoren 

van informatie. 
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Appendix A al 

Appendix a: The files FC30.FIL, FC90.FIL and FC90.FIL 

The filter file FC30.FIL (rectangular low pass filter with a cut-off 
frequency of 0.03 Hz) 

H(w) of H(t) functie van rechthoekig filter 
Fs = 4.00000E+OO. Hz. Fc = 3.00000E-02 Hz. Aantal stappen is 8192 
Periode van uitlezing = 4. Aantal regels = 1024. 
t 
299 

1.00 0.130 2.00 0.280 3.00 0.422 4.00 0.551 
5.00 0.662 6.00 o. 751 7.00 0.814 a.oo 0.849 
9.00 0.854 10.00 0.828 11.00 0. 773 12.00 0.689 

13.00 0.580 14.00 0.448 15.00 0.298 16.00 0.135 
17.00 -0.035 18.00 -0.206 19.00 -0.373 20.00 -0.528 
21.00 -0.667 22.00 -0.785 23.00 -0.876 24.00 -0.937 
25.00 -0.966 26.00 -0.961 27.00 -o. 921 28.00 -0.847 
29.00 -0.742 30.00 -0.609 31.00 -0.452 32.00 -0.276 
33.00 -0.087 34.00 0.108 35.00 0.303 36.00 0.490 
37.00 0.663 38.00 0.816 39.00 0.941 40.00 l.036 
41.00 1.095 42.00 1.116 43.00 1.097 44.00 1.038 
45.00 0.942 46.00 0.810 47.00 0.646 48.00 0.456 
49.00 0.245 50.00 0.022 51.00 -0.206 52.00 -0.432 
53.00 -0.647 54.00 -0.843 55.00 -1.013 56.00 -1.150 
57.00 -1.249 58.00 -1. 305 59.00 -1.316 60.00 -1. 279 
61.00 -1.196 62.00 -1. 068 63.00 -0.899 64.00 -0.694 
65.00 -0.459 66.00 -0.202 67.00 0.069 68.00 0.344 
69.00 0.613 '70. 00 0.866 ?1.00 1.095 72.00 1.291 
73.00 1.445 74.00 l.551 75.00 1.604 76.00 1.601 
77 .oo 1.540 78.00 1.422 79.00 1.250 80.00 1.028 
81.00 0.762 82.00 0.461 83.00 0.135 84.00 -0.206 
85.00 -0.551 86.00 -0.886 87.00 -1.199 88.00 480 
89.00 -l.716 90.00 -1. 899 91.00 -2.018 92.00 .070 
93.00 -2.048 94.00 -1. 951 95.00 -1.781 96.00 -1.540 
97 .00 -1. 234 98.00 -0.871 99.00 -0.463 100.00 -0.022 

101.00 0.438 102.00 0.901 103.00 1.351 104.00 1. 772 
105.00 2.147 106.00 2.461 107.00 2.700 108.00 2.853 
109.00 2.909 110.00 2.863 111. 00 2.709 112.00 2.449 
113 .oo 2.086 114. 00 1.627 115.00 1.081 116.00 0.465 
117.00 -0.206 118 .00 -0. 912 119.00 -1. 629 120.00 -2.335 
121.00 -3.003 122.00 -3.609 123.00 -4.127 124.00 -4.532 
125.00 -4.803 126.00 -4.918 127.00 -4.862 128.00 -4.620 
129. 00 -4.183 130.00 -3.546 131. 00 -2. 710 132 .00 -1.680 
133.00 -0.465 134.00 0.918 135.00 2.452 136.00 4.112 
137.00 5.869 138.00 7.694 139. 00 9.553 140.00 11.410 
141. 00 13.231 142.00 14.977 143.00 16.616 144.00 18.113 
145.00 19.436 146.00 20.560 147.00 21.459 148.00 22.116 
149.00 22.515 150.00 22.650 151.00 22.515 152.00 22 .116 
153.00 21.459 154.00 20.560 155.00 19.436 156.00 18 .113 
157.00 16.616 158.00 14.977 159.00 13.231 160.00 11.410 
161. 00 9.553 162.00 7.694 163.00 5.869 164.00 4.112 
165.00 2.452 166.00 0.918 167.00 -0.465 168.00 -1.680 
169.00 -2. 710 170.00 -3.546 171.00 -4.183 172.00 -4.620 
173. 00 -4.862 174.00 -4.918 175.00 -4.803 176.00 -4.532 
177. 00 -4.127 178.00 -3.609 179.00 -3.003 180.00 -2.335 
181.00 -1. 629 182.00 -0.912 183.00 -0.206 184.00 0.465 
185.00 1.081 186.00 l.627 187.00 2.086 188.00 2.449 
189.00 2.709 190.00 2.863 191. 00 2.909 192.00 2.853 
193.00 2.700 194.00 2.461 195.00 2.147 196.00 1. 772 
197.00 1.351 198.00 0.901 199.00 0.438 200.00 -0.022 
201.00 -0.463 202.00 -0.871 203.00 -1. 234 204. 00 -l.540 
205.00 -1.781 206.00 -1. 951 207. 00 -2.048 208.00 -2.070 
209.00 -2.018 210.00 -1.899 211.00 -1.716 212.00 -1.480 
213.00 -1.199 214. 00 -0.886 215.00 -0.551 216.00 -0.206 
217.00 0.135 218.00 0.461 219.00 0.762 220.00 1. 028 
221.00 1. 250 222. 00 1. 422 223. 00 1. 540 224. 00 l. 601 
225.00 1. 604 226. 00 1. 551 227. 00 l. 445 228. 00 1.291 
229.00 1.095 230.00 0.866 231.00 0.613 232.00 0.344 
233.00 0.069 234.00 -0.202 235.00 -0.459 236.00 -0.694 
237.00 -0.899 238.00 -1.068 239.00 -1.196 240.00 -1.279 
241.00 -1.316 242.00 -1.305 243.00 -l.249 244.00 -1.150 
245.00 -1.013 246.00 -0.843 247.00 -0.647 248.00 -0.432 
249.00 -0.206 250.00 0. 022 251. 00 0.245 252.00 0.456 
253.00 0.646 254.00 0.810 .00 0.942 256.00 1.038 
257.00 1.097 258.00 l.116 00 1.095 260.00 1. 036 
261.00 0.941 262.00 0.816 263.00 0.663 264.00 0.490 
265.00 0.303 266.00 0.108 267.00 -0.087 268.00 -0.276 
269.00 -0.452 270.00 -o. 609 271. 00 -0.742 272.00 -0.847 
273.00 -0.921 274.00 -0.961 275.00 -0.966 216.00 -0.937 
277.00 -0.876 278.00 -0.785 279.00 -0.667 280.00 -0.528 
281.00 -0.373 282.00 -0.206 283.00 -0.035 284.00 0.135 
285.00 0.298 286.00 0.448 287.00 0.580 288.00 0.689 
289.00 0.773 290.00 0. 828 291. 00 0.854 292.00 0.849 
293.00 0.814 294.00 0.751 295.00 0.662 296.00 0.551 
297.00 0.422 298.00 0.280 299.00 0.130 
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The filter file FC60.FIL (rectangular low pass filter with a cut-off 
frequency of 0.06 Hz) 

H(w) of H(t) functie van rechthoekig filter 
Fs = 4.00000E+OO. Hz. Fc 6.00000E-02 Hz. Aantal stappen is 

1024. Periode van uitlezing = 4. Aantal regels = 
t 
299 

1.00 
5.00 
9.00 

13.00 
17.00 
21.00 
25.00 
29.00 
33.00 
37.00 
41.00 
45.00 
49.00 
53.00 
57.00 
61.00 
65.00 
69.00 
'13. 00 
77.00 
81.00 
85.00 
89.00 
93.00 
97.00 

101. 00 
105.00 
109.00 
113 .oo 
ll 7 .00 
121. 00 
125.00 
129.00 
133. 00 
137.00 
141.00 
145.00 

.00 

.00 
157.00 
161. 00 
165.00 
169.00 
173.00 
177. 00 
181.00 
185.00 
189.00 
193.00 
197.00 
201.00 
205.00 
209.00 
213. 00 
217.00 
221. 00 
225.00 
229.00 
233.00 
237.00 
241.00 
245.00 
249.00 

.00 

.00 
261.00 
265.00 
269. 00 
273.00 
277 .00 
281.00 
285.00 
289.00 
293.00 
297.00 

-0. 213 
-0.370 
0.173 
0.415 

-0.126 
-0.458 

0.070 
0.497 

-0.006 
-0.533 
-0.069 

0.564 
0.153 

-0.588 
-0.249 
0.606 
0.358 

-0.615 
-0.482 

0.613 
0.625 

-0.599 
-0.792 
0.568 
0.994 

-0.516 
-1.246 
0.432 
1.580 

-0.297 
-2.061 

0.070 
2.857 
0.373 

-4.548 
-1.591 
ll. 438 
22.030 
18.073 

4.192 
-4.569 
-2.408 
2.389 
1.837 

-l.470 
-1. 

0. 
1.336 

-o. 611 
-1.185 

0.368 
059 
185 

-0.948 
0.043 
0.847 
0.070 

-0.752 
-0.160 
0.663 
0.232 

-0.578 
-0.288 

0.496 
0.331 

-0.417 
-0. 362 
0.342 
0.384 

-0. 271 
-0.396 
0.203 
0.400 

-0. 

2.00 
6.00 

10.00 
14.00 
18.00 
22.00 
26.QO 
30.00 
34.00 
38.00 
42.00 
46.00 
50.00 
54.00 
58.00 
62.00 
66.00 
70.00 
74.00 
78.00 
82.00 
86.00 
90.00 
94.00 
98.00 

102.00 
106.00 
110. 00 
114 .oo 
118. 00 
122.00 
126.00 
130.00 
134.00 
138.00 
142.00 
146.00 
150.00 
154.00 
158.00 
162.00 
166.00 
170.00 
174.00 
178.00 
182.00 
186.00 
190.00 
194.00 
198.00 
202.00 
206.00 
210.00 
214.00 
218.00 
222.00 
226.00 
230.00 
234.00 
238.00 
242.00 
246.00 
250.00 
254.00 
258.00 
262.00 
266.00 
270.00 
274.00 
278.00 
282.00 
286.00 
290.00 
294.00 
298.00 

-0. 327 
-0.274 

0.307 
0.333 

-0.279 
-0.392 
0.243 
0.452 

-0.196 
-0.511 
0,139 
0.570 

-0.070 
-0.627 
-0.012 

0.682 
0.109 

-0.734 
-0.225 
0.783 
0.363 

-0.828 
-0.531 
0.870 
0.738 

-0.906 
-1.006 
0.938 
1. 370 

-0.965 
-l. 909 
0.986 
2.832 

-1.001 
-4.900 
1.010 

14.971 
22. 557 
14. 971 
1.010 

-4.900 
-l. 001 

2.832 
0.986 

-1. 909 
-0.965 
1.370 
0.938 

-1. 006 
-0.906 

0.738 
0.870 

-0.531 
-0.828 
0.363 
0.783 

-0.225 
-0. 734 

0.109 
0.682 

-0.012 
-0.627 
-0.070 
0.570 
0.139 

-0.511 
-0. 

0.243 
-0.392 
-0.279 
0.333 
0.307 

-0.274 
-0.327 

3.00 
7.00 

11. 00 
15.00 
19.00 
23.00 
27.00 
31.00 
35.00 
39.00 
43.00 
47.00 
51.00 
55.00 
59.00 
63.00 
67.00 
71.00 
75.00 
79.00 
83.00 
87.00 
91.00 
95.00 
99.00 

103.00 
107.00 
111. 00 
115.00 
119. 00 
123. 00 
127.00 
131.00 
135. 00 
139.00 
143.00 
147.00 
151.00 
155.00 
159.00 
163.00 
167.00 
171. 00 
175.00 
179.00 
183.00 
187.00 

00 
00 
00 

203.00 
207.00 
211. 00 
215.00 
219.00 
223.00 
227.00 
231.00 
235.00 
239.00 
243.00 
247.00 

.00 
259.00 
263.00 
267. 00 
271.00 
275.00 
279.00 
283.00 
287.00 
291. 00 
295.00 
299.00 

-0.397 
-0.139 

0.400 
0.203 

-0. 396 
-0. 271 
0.384 
0.342 

-0.362 
-0.417 
0.331 
0.496 

-0.288 
-0.578 
0.232 
0.653 

-0.160 
-0.752 
0.070 
0.847 
0.043 

-0.948 
-0.185 
1.059 
0.368 

-1.185 
-o. 611 
1. 336 
0.951 

-1.536 
-1.470 
1.837 
2.389 

-2.408 
-4.569 
4.192 

18.073 
22.030 
ll.43B 
-1. 591 
-4.548 

0.373 
2.857 
0.070 

-2.061 
-0.297 
1.580 
0.432 

-1.246 
-0.516 
0.994 
0.568 

-0.792 
-0.599 
0.625 
0.613 

-0.482 
-0.615 
0.358 
0.606 

-0.249 
-0.588 

0.153 
0.564 

-0.069 
-0.533 
-0.006 
0.497 
0.070 

-0.458 
-0.126 

0.415 
0.173 

-0.370 
-0.213 

4.00 
8.00 

12.00 
16.00 
20.00 
24.00 
28.00 
32.00 
36.00 
40.00 
44.00 
48.00 
52.00 
56.00 
60.00 
64.00 
68.00 
72.00 
76.00 
80.00 
84.00 
88.00 
92.00 
96.00 

100.00 
104.00 
108.00 
112. 00 
116. 00 
120. 00 
124.00 
128.00 
132.00 
136.00 
140.00 
144.00 
148.00 
152.00 
156.00 
160.00 
164.00 
168.00 
172. 00 
176.00 
180.00 
184.00 
188.00 
192.00 
196.00 
200.00 
204.00 
208.00 
212 .00 
216.00 
220.00 
224 
228 
232. 00 
236.00 
240.00 
244.00 
248.00 
252.00 
256.00 
260.00 
264.00 
268.00 
272.00 
276.00 
280.00 
284.00 
288.00 
292. 00 
296.00 

8192 

-0.412 
0.017 
0.438 
0.043 

-0.459 
-0.109 

0.473 
0.183 

-0.480 
-0.263 

0.480 
0.351 

-0.469 
-0.446 

0.448 
0.550 

-0.413 
-0.665 
0.363 
0. 793 

-0.294 
-0.937 
0.199 
1.104 

-0.070 
-1.306 
-0.110 
1.564 
0.371 

-l. 924 
-0.785 

2.498 
1.545 

-3.657 
-3.471 
7.752 

20.493 
20.493 
7.752 

-3 .471 
-3.657 
1.545 
2.498 

-0.785 
-1.924 
0.371 
1. 564 

-0 .110 
-1.306 
-0.070 
1.104 
0.199 

-0.937 
-0.294 
0.793 
0. 

-o. 
-0. 413 
0.550 
0.448 

-0.446 
-0.469 
0.351 
0.480 

-0.263 
-0.480 
0.183 
0.473 

-0.109 
-0.459 
0.043 
0.438 
0.017 

-0.412 
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The filter file FC90.FIL. (rectangular low pass filter with a cut-off 
frequency of 0.09 Hz) 

H(w) of H(t) functie van rechthoekig filter 
Fs = 4.00000E+OO. Hz. Fc 9.00000E-02 Hz. Aantal stappen is 

1024. Periode van uitlezing= 4. Aantal regels = 
t 
299 

1.00 
5.00 

00 
.00 

17 .00 
21.00 
25.00 
29.00 
33.00 
37.00 
41.00 
45.00 
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77 .00 
81.00 
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89.00 
93.00 
97.00 
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105.00 
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113.00 
117.00 
121. 00 
125.00 
129.00 
133. 00 
137.00 
141.00 
145.00 
149.00 
153.00 
157.00 
161. 00 
165.00 
169.00 
173.00 
177.00 
181.00 
185.00 
189.00 
193.00 
197.00 
201.00 
205.00 
209.00 
213.00 
217.00 
221.00 
225.00 
229.00 
233. 00 
237.00 
241. 00 
245.00 
249.00 
253.00 
257.00 
261.00 
265.00 
269.00 
273.00 
277. 00 
281. 00 
285.00 
289.00 
293.00 
297.00 

0.126 2.00 
0.107 6.00 

-0.273 10.00 
0.246 14.00 

-0.035 18.00 
-0.216 22.00 

0.321 26.00 
-0.194 30.00 
-0.086 34.00 
0.322 38.00 

-0.334 42.00 
0.097 46.00 
0.232 50.00 

-0.413 54.00 
0.299 58.00 
0.050 62.00 

-0.395 66.00 
0.474 70.00 

-0.202 74.00 
-0.254 78.00 

0.568 82.00 
-0.486 86. 00 
0.019 90.00 
0.527 94.00 

-0.747 98.00 
0.419 102.00 
0.296 106.00 

-0.916 110.00 
0.937 114.00 

-0.206 118.00 
-0.897 122.00 

1.601 126.00 
-1.198 130.00 
-0.463 134.00 
2.708 138.00 

-4.126 142.00 
2.452 146.00 

21. 459 150. 00 
13.230 154.00 
-4.182 158.00 
-0.206 162.00 

2.145 166.00 
-2.046 170.00 
0.761 174.00 
0.611 178.00 

-1.245 182.00 
0.938 186.00 

-0.087 190.00 
-0.664 194.00 
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-0.439 202.00 
-0.204 206.00 

0.623 210.00 
-0.568 214.00 

0.134 218.00 
0.343 222.00 

-0.534 226.00 
0.340 230.00 
0.069 234.00 
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0.418 242.00 
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-0.198 250.00 
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-0.001 262.00 
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-0.292 282.00 
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-0.048 
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-0.192 
-0.061 
0.285 

-0.311 
0.107 
0.192 

-0.369 
0.283 
0.022 

-0.336 
0.424 

-0.200 
-0.196 

0.483 
-0.433 

0.048 
0.419 

-0.623 
0.374 
0.199 

-0.706 
0.745 

-0.205 
-0.606 
1.111 

-0.840 
-0.201 
1.420 
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0.900 
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-4.917 
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1.626 
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-0.840 
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-0.606 
-0.205 
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-0.706 
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-0.623 
0.419 
0.048 
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-0.336 
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0.285 
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15.00 
19.00 
23.00 
27.00 
31.00 
35.00 
39.00 
43.00 
47 .00 
51.00 
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67.00 
71.00 
75.00 
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83.00 
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115.00 
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211.00 
215.00 
219.00 
223.00 
227.00 
231. 00 
235.00 
239.00 
243.00 
247.00 
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-0.190 
-0.040 
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-0.292 

0.115 
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-0.332 
0.269 

-0.001 
-0.289 

0.384 
-0.198 
-0.152 
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0.069 
0.340 

-0.534 
0.343 
0.134 

-0.568 
0.623 

-0.204 
-0.439 
0.848 

-0.664 
-0.087 

0.938 
-1.245 
0.611 
0.761 

-2.046 
2.145 

-0.206 
-4.182 
13.230 
21.459 
2.452 

-4.126 
2.708 

-0.463 
-1.198 
1. 601 

-0.897 
-0.206 

0.937 
-0.916 

0.296 
0.419 

-0.747 
0.527 
0.019 

-0.486 
0.568 

-0.254 
-0.202 

0.474 
-0.395 
0.050 
0.299 

-0.413 
0.232 
0.097 

-0.334 
0.322 

-0.086 
-0.194 
0.321 

-0.216 
-0.035 
0.246 

-0.273 
0.107 
0.126 

4.00 
8.00 

12.00 
16.00 
20.00 
24.00 
28.00 
32.00 
36.00 
40.00 
44.00 
48.00 
52.00 
56.00 
60.00 
64.00 
68.00 
72.00 
76.00 
80.00 
84.00 
88.00 
92.00 
96.00 

100.00 
104.00 
108.00 
112.00 
116.00 
120.00 
124.00 
128.00 
132.00 
136.00 
140.00 
144.00 
148.00 
152 .oo 
156.00 
160.00 
164.00 
168.00 
172.00 
176.00 
180.00 
184.00 
188.00 
192.00 
196.00 
200.00 
204.00 
208.00 
212.00 
216.00 
220.00 
224.00 
228.00 
232.00 
236.00 
240.00 
244.00 
248.00 
252.00 
256.00 
260.00 
264.00 
268.00 
272. 00 
276.00 
280.00 
284.00 
288.00 
292. 00 
296.00 

8192 

0.226 
-0.274 
0.121 
0.131 

-0.301 
0.257 

-0.019 
-0.249 
0.350 

-0.196 
-0.116 

0.365 
-o. 361 

0.085 
0.280 

-0.467 
0.318 
0.086 

-0.469 
0.537 

-0.203 
-0.331 

0.682 
-0.557 
-0.022 
0.685 

-0.932 
0.488 
0.454 

-1.276 
1.288 

-0.206 
-1.538 

2.851 
-2.334 
-l.680 
18 .112 
18 .112 
-1.680 
-2.334 
2.851 

-1.538 
-0.206 

0.454 
0.488 

-0.932 
0.685 

-0.022 
-0.557 
0.682 

-0.331 
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0.537 

-0.469 
0.086 
0.318 

-0.467 
0.280 
0.085 

-0.361 
0.365 

-o .116 
-0.196 
0.350 

-0.249 
-0.019 

0.257 
-0.301 
0.131 
0.121 

-0.274 
0.226 
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Appendix b: Method and procedure of Experiment 1. 

Subjects. 
Eight male university students ranging in age from 21 to 27 years 

participated in the experiment. Subjects were paid and those with an average 
or higher score also received a bonus. 

Signals. 
Four signals were used varying in bandwidth; 0.03, 0.06 and twice 0.09 Hz. 

In order to overcome a high predictability of the signal, six different series of 
signal values were generated per signal, with a 15 minutes duration (for the 
generation of these signals see Section 3.2). Momentaneous signal values 
varied between -50.0 and +50.0 and could be presented once per second. For 
a 15 minutes presentation of each signal, the number of signal values 
therefore was 900. When a signal value either was s; -25.0 or ;;::: +25.0 it was 
defined as the start of an event that, of course, could last for several seconds; 
an event meaning a situation where the subject was instructed to take action. 
For the first signal value > -25.0 or < +25.0 it was regarded that the event had 
ended. For each signal there were eight events per 15 minutes (an event rate 
of 32 events per hour). Before filtering, the average standard deviation of the 
0.03 Hz signals was 37.2, of the 0.06 Hz signals 18.8, of the 0.09 Hz(A) 
signal 14.5, and of the 0.09 Hz(B) signal 13.7. 

The duration that each signal was in a certain signal region was recorded. 
Because the signals were symmetrical around zero, the durations of the 
positive and the negative regions were added; the samples in the region 
from 0 to -10.0 were added to those in the region from 0 to +10.0 etc. (see 
Table B.1). 

Table B.1. The percentage of the time that a signa! was in a certain signa! region (SV =signa! 
value). 

Signal 0.03 Hz 0.06 Hz 0.09 Hz. A 0.09 Hz. B 
Region Signal Signal Signal Signal 

O<= lsvl<10 44,1% 54.8% 59.1% 62.7% 

10<= 1 SV 1 <20 35.2% 33.3% 32.3% 30.1% 

20<= 1 sv 1 <25 10.7% 7.2% 5.6% 5.3% 

lsv 1>=25 10.0% 4.7% 3.0% 1.9% 

Experimental situation. . 
The subject was seated in front of a table in a dimly-lit, sound-attenuating 

room, facing a video screen from a distance of about 95 cm. The screen, a 
Barco GD 33 monitor with a 240 x 786 resolution, was used for the 
presentation of the four signal states (Figure B.1). Each signal was presented 
in a separate window. 
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1 2 

DO 
DO 

3 4 

~I 
Figure B.1. Diagram of the equipment used: the screen and computer keyboard. 

From a viewing distance of 95 cm, the four windows (4.5 by 9.0 arcdeg) were 
located at a visual angle of 4.5 arcdeg from each other. The numeric values in 
the windows had a visual angle of about 0.32 arcdeg. Below the signal values 
the rate of change of the information was presented (0.32 arcdeg). When a 
signal was sampled when it was in a event region and this event had already 
been detected before, an asterisk (*) was presented to the right of the signal 
value. Subjects had the disposal of a Digital Gigi Terminal computer 
keyboard with a modified keyboard (Figure B.1). The experiment was carried 
out with the aid of a Digital Micro PDP 11/73 computer. 

Task. 
Subjects had to detect during 15 minutes whether one of the four signals 

was in the event region, i.e. in the region ~ -25;0, or in the region ;;::: +25.0. 
During each 15 minutes presentation the total number of events was 32, i.e. 
4{signals) x 8(events), but the number and the distribution of events was 
unknown to the subjects. The task was presented in two conditions, a practice 
and an experimental condition, the difference being the continuous presence 
of the signal during practice, instead of the necessity to push a button 
(sample) for a one second appearance of the signal during the experimental 
condition. 

To force serial sampling, subjects could only obtain information for one 
signal at a time by using the observing response method. In the case of a 
sample, the signal state was presented for one second in the particular 
window (Figure B.2). In order to sample, subjects had to use the computer 
keyboard. This keyboard was modified and contained only four buttons. The 
positions of the buttons on the keyboard and of the windows on the screen 
were spatially compatible. A signal state consisted of a numeric indication 
(e.g. +19.0) and a rate of change indication. This indication gave the 
difference between the actual signal value and the value one second before 
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the presentation (!'.\) and contained a number of plus or minus signs. A plus 
sign indicated an increase, a minus sign indicated a decrease. Six rate of 
change indications were possible: +++ (À > 2.0), ++ (1.0 < À :s; 2.0), + (0.0 < A 
:s; 1.0), - (-1.0 s A < 0.0), - - (-2.0 :s; A < -1.0), and - - - ( L\ < -2.0). 

When a signal was in the region s -25.0, or 2! +25.0, subjects had to react as 
quickly as possible by pressing the space bar of the keyboard. The pressing of 
the space bar was always followed by an auditory signal, notwithstanding the 
accuracy of the detection responses. Before pressing the space bar, subjects 
had to press the sample key of the particular signal. When a signal was in the 
event region at the moment of a sample and the event in question was 
already detected, an asterisk (*) was presented together with the presentation 
of the signal position. 

Figure B.2. 

Procedure. 

2 1 2 

DO DO 
DO D 

3 4 4 

Left: the screen lJefore the subject asked Jor a signal. Right: the screen after the 
subject asked for the presentation of the third signal. 

A within-subject design was used. The order of presentation of the 
different series of signal values and the position of the individual signals on 
the screen was determined by a latin-square design. For each individual 
subject, a signal appeared always in the same position on the screen. 

Subjects participated on two consecutive days. On the aftemoon preceding 
these days each subject followed four practice sessions of half an hour. In the 
first three sessions subjects took practice, in the last session subjects were 
tested as would be normal on the two measurement days. Preceding the first 
session subjects were instructed that the signals could differ in predictability. 
No information was given concerning the number of events. 

Each measurement day, performance was investigated in five sessions of 
three trials. Each trial lasted 15 minutes. The first trial of each session was the 
practice trial and the two following ones were the experimental trials. This 
resulted in ten experimental trials per day for each subject. The experiments 
were conducted between 8.15 a.m. and 5.30 p.m. On each day two subjects 
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participated; the first subject started at 8.15 a.m. and during this period the 
other subject rested. This schedule was continued with periods of 55 minutes 
until both subjects had completed the five sessions. 

After each practice and experimental trial subjects were given knowledge 
of results about the percentage of correct detected events (PCD). After each 
experimental trial this percentage was given together with the total number 
of samples combined for the four signals. 

Data analysis. 
In Section 3.4 a complete description of the experimental variables is given. 

The dependent variables were: 
1. The inter-sample-interval (ISI) 
2. The number of samples 
3. The percentage of correct detections PCD 
4. The number of incorrect detections NID (detection responses at an 

arbitrary moment) 
5. The final score. 

At the start of each trial the score was 1500 points. With each sample five 
points were subtracted; for each correct detection subjects received 100 points 
and the cost for each missed event was 50 points. 

For the analysis the range of signal values was divided into several signal 
regions. No difference was made between positive and negative signa! 
regions, i.e. the samples in the region from -25.0 to -20.0 were added to those 
in the region from +25.0 to +20.0 etc. In that way the following regions were 
sufficient: 0 -10, 10.0 - 20.0, 20.0 - 25.0 and ~ 25.0. 

ANOV As were conducted on the number of samples and correct 
detections with day, session, trial and bandwidth as factors. These ANOV As 
were conducted by the ANOV A-programme BMDP 8V (BMDP, 1985). For the 
ISI two ANOV As for unbalanced designs were conducted with the help of 
the SAS version 6.03 GLM procedure (SAS 1988) using the type m estimable 
function. The first (ANOVA A) included the factors day, session, trial, 
bandwidth, signa! value region and rate of change indication. The second 
(ANOV A B) included the factors bandwidth, signal value region and rate of 
change indication and their first order interactions. 
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Appendix c: Method and procedure of Experiment 2. 

Subjects. 
Twelve male university students, varying from 19 to 24 years of age, 

participated in the experiment. Subjects had no prior experience in 
monitoring tasks. In order to motivate the subjects, they were told that the 
subject scoring lowest would receive DFL. 115 and the one scoring highest 
DFL. 165, and that the remuneration of the remaining subjects was to be 
based on a linear relation between these two rewards. 

Signals. 

cl 

Signals, with bandwidths of 0.03 and 0.09 Hz and a duration of 30 
minutes were used. For the generation of these signals see Section 3.2. As a 
function of time, there were less fluctuations for the 0.03 Hz ~low) than for 
the 0.09 Hz (East) signals (Figure C.1). Four types of signals were chosen: a 
signal of 0.03 Hz with 12 events (S12), a signal of 0.03 Hz with 36 events 
(536), a signal of 0.09 Hz with 12 events (F12), and a signal of 0.09 Hz with 36 
events (F36). The event rate of the 12-event signals was 24 events per hour 
and of the 36-event signals 72 events per hour. Pilot results showed that these 
signals could keep the subjects reasonably active in a task situation as such. 
For each signal type (512, 536, F12 and F36) six series of signal values were 
made. 

Signal values varied between about -50.0 and +50.0 for the 12 events 
signals and between about -75.0 and +75.0 for the 36 events signals. Two 
parts of this range were defined as event regions: the region ::;; -25.0 and the 
region ~ +25.0. An event started when a signal entered one of these regions 
and ended if the signal left it. Thus, an event is the duration one of the four 
signals actually spends in the event region (Figure C.l, el is an event with a 
duration of 11 s, and e2 is an event with a duration of 4 seconds). This means 
that a 12-events signal spends 12 times a certain time within an event region, 
and a 36-events signal 36 times. 

When a sample of one of the four signals was asked for, the value of the 
particular signal was numerically displayed on the screen (Figure C.2), e.g., 
+19.0; -0.5; -9.4. Below the signal value (height: 0.25 arcdeg) the rate of change 
of the signa! was presented (0.14 arcdeg). This rate of change gave an 
indication of the difference (à) between the actual value of a signal 
and the signa! value one second before the presentation and could consist of 
a number of plus or minus signs. A plus sign indicated an increase, a minus 
sign indicated a decrease. Six rate of change indications were possible: +++ (à 
> 2.0), ++ (1.0 <à::;; 2.0), + (0.0::;; à::;; 1.0), - (-1.0::;; à< 0.0), - (-2.0::;; à <-1.0), 
- (à < -2.0}. For example, if on the 95th second a signal value is +30.0 and 
on the 94th second +26.3, then à is 3.7 and the rate of change indication on 
the 95th second would be+++. 
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Figure C.1. Parts of the time sequences (300 out of 1800 s) of signal series for only two of the 
Jour signals. Above, an 512 signa/; Below, an F12 signa! (sl, s2, s3, s4 are fictitious 
samples; el and e2 are examples of events). 

The average percentage of time that each signal type was in a certain signal 
region was cakulated (Table C.1). The average duration of an event was 10.7 
second for the 512, 12.8 second for the 536, 3.1 second for the Fl2, and 3.9 
second for the F36 signal. 

Table C.l. The average percentage of time a signal type was in a certain signal region. 

5ignal 5ignal 512 536 F12 F36 
region Value (5V) 

I os; l5vl < s.o 28.48% 17.41% 36.39% 27.89% 

II 5.0 s; 1 5V 1 < 10.0 24.61% 17.52% 29.52% 25.00% 

m 10.0 s; lsvl < 15.0 l9.81% 14.79% 18.11% 18.34% 

IV 15.0 s; l5vl < 20.0 12.37% 12.96% 9.93% 12.98% 

~ro.o s; 1sv1 < 25.o 7.57% 11.66% 3.98% 7.98% 

1sv1 2: 25.0 7.16% 25.66% 2.07% 7.81% 

The average percentage of time for a certain magnitude of the rate of 
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change was calculated for each signal type and summarized over separate 
minus and plus signs {Table C.2). For the practice trials, extra signal series 
were made with features similar to those of the experimental trials. 

Table C.2. The average percentage of time for a certain magnitude of the rate of change fer each 
signal type, summed over separate minus and plus signs. 

Rate of change indication 512 536 F36 

-,+ 53.57% 31.06% 23.4%8 17.96% 

-,++ 28.31% 28.59% 20.79% 17.32% 

--,+++ 8.12% 40.35% 55.73% 64.72% 

Method. 

c3 

Subjects were seated in front of a table in a dimly-lit, sound-attenuating 
room, facing a video screen trom a distance of about 95 cm. The experiment 
was carried out with the aid of an IBM PS2 Model 50 Z computer and 
monitor for the presentation of the signal samples, asked for by subjects. Each 
signal type was presented in a separate window (Figure C.2). The four signal 
windows (3.20 by 2.60 arcdeg) were situated at a visual angle of 3.50 arcdeg 
trom each other. 

Figure C.2. 

Task. 

1 2 2 

DO DO 
D D 

4 4 

Left, the screen before the subject asked fora signal; right, the screen after the subject 
had asked for the value of the third signal. 

Subjects had to detect whether one of the tour independent numeric 
signals was in an event region. In a trial of 30 min, 96 events occurred for the 
four signals together. Before each experimental trial subjects received a 
practice trial in which the signals were continuously present, whereas in the 
experimental trial the observing response method was used. The purpose of 
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the practice trials was to give subjects the opportunity to more easily leam 
the dynamics of the signals. 

To take a sample of one of the four signals, subjects had to ask for it by 
using a mouse (IBM PS2: model 6450350) to move a cursor into the window 
of that particular signal, followed by pressing the left mouse key. Pressing the 
left mouse key led to a one s presentation (fixed duration) of the signal value 
and rate of change. To force serial sampling, sampling was possible for only 
one signal at a time. For each new sample, subjects first had to move the 
cursor into a rectangle in the middle of the screen (3.20 by 2.60 arcdeg), to 
hamper the development of fixed sampling sequences based on the ease in 
making mouse movements. This rectangle disappeared when it was touched 
with the cursor and reappeared when subjects pressed the left mouse key at 
the moment that the cursor was in one of the four windows. In order to see 
sequences of values (and rate of changes) of one of the four sîgnals, subjects 
had to sample the particular signal a number of times in succession. 

When subjects observed an event, they had to detect it as soon as possible 
by pressing the right mouse key. A detectiori was correct if it was given from 
the moment an event started until 5 seconds after the event ended, otherwise 
it was defined as incorrect (a false alarm). A correct detection was followed 
by a pitch of 880 Hz and an incorrect detection by a pitch of 440 Hz. If a 
signal was sampled during an event and this event had already been 
detected, an asterisk (*) was presented to the right of the signal value, to 
reduce the probability of detecting the same event more than once. 

A scoring system was used to prevent continuous sampling with no or 
only little reasoning about future signal values. Subjects were paid according 
to this system. 

Procedure. 
A within-subjects design was used with signal bandwidth (0.03 and 0.09 

Hz) and event rate (12 and 36) as the main independent variables, affecting 
the sampling strategy of the subjects. Due to practical considerations only six 
combinations of signal series were chosen. One subject never received the 
same combination in consecutive sessions and two simultaneously tested 
subjects always received different combinations. 

For the 12 subjects, the distribution of the different signal types (512, 536, 
F12 and F36) over the windows on the screen (Figure C.2) was determined 
with the help of a 'quasi' random selection from the 24 possible combinations 
of distributions. However, for each individual subject a particular signal type 
appeared during all trials in the. same window. 

Subjects participated on three consecutive days. On the first day 
performance was recorded in four sessions (the first was used to familiarize 
subjects with the task), whereas on the following two days three sessions 
were executed. This resulted in a total of ten sessions for each subject. The 
first 15 minutes of each session included the practice trial and the following 
30 minutes the experimental trial. On the first day, sessions were run from 
8.30 am until 5.30 pm, the following days sessions ended at 2.30 pm. Each 
day two subjects participated; the first subject started at 8.30 am and during 
this period the other subject rested. This schedule was continued with periods 
of one hour (the session time plus 15 min for saving data etc.) till both 
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subjects had completed all sessions. 
Before the preliminary session of the first day subjects were instructed, 

during which it was pointed out that the signals could differ in predictability 
and event rate. Information concerning the event rate was not given. They 
were told that after each practice and experimental trial, they would obtain 
knowledge of results about the percentage missed events. After each 
experimental trial this percentage was given together with the number of 
samples for all signals and the score that could be seen as an indication for 
the level of performance. 

Data analysis. 
The variables used to measure monitoring behaviour were (see Section 3.4 

for a complete description of these variables): 
1. The total number of samples, for a general description over the 

sessions 
2. The inter-sample-interval (ISI). 

The variables used to measure the accuracy of performance were: 
1. The percentage of events for each signa! that was correctly detected 

(PCD) 
2. The number of incorrect detections; 
3. The final score. 

At the beginning of an experimental trial the score was set to 1400 points. 
For each sample asked for it was diminished by 1 point, for each correct 
detection subjects received 15 points, the cost of a missed event was 15 points 
and of an incorrect detection 5 points. The ultimate number of points was 
divided by 200. So, the score = [1400 - NS + 15(CE) - 15(ME) - 5(ID)]/200, 
(NS = number of samples; CE = correct detected events; ME = missed events; 
ID= incorrect detections). Suppose in one trial, a subject asked for 650 
samples, correctly detected 70 events, missed 26 events and made one 
incorrect detection. The resultant score would be: [1400 - 650 + 70(15) - 26(15) 
- 1(5)]/200 = 7.0. Experience derived from pilot experiments was used to 
establish the structure of this score. lt was adjusted to the subjects monitoring 
behaviour so that the score used at the actual_ experiment delivered scores 
between about 0 and 10. This was considered as. an acceptable range because 
it is in consonance with the school grading system used in the Netherlands. 

Methodological considerations. 
The ISI was necessary to determine whether monitoring behaviour was 

contingent on the observed local signa! features (i.e., to examine the relation 
between sampling and actually observed signal values). No fully balanced 
design was possible because subjects were more or less free to determine the 
moments of sampling. To correct for these unbalanced nature (Maxwell and 
Delaney, 1990), unweighed marginal ISI means are presented in the figures. 
Therefore, it is not possible to directly deduce from the ISI the number of 
samples as asked for by the subjects. 

For the ISI, two analyses of variance (ANOVAs) for unbalanced designs 
were conducted with the help of the SAS version 6.03 GLM procedure. The 
reason for two ANOV As was the lack of computational resources. An 
ANOV A considering the complete model could not be conducted (SAS, 1988, 
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pp. 611-612). In general, only lower-order interactions were considered, 
meaning that effects of higher-order interactions were induded in the mean 
square error. 

For the analysis the range of a signal was divided into six signal regions 
(see Table C.1). 

For a signal with a value of +23.4, for example, a rate of change indication 
of '+++' means that it was rapidly moving towards the nearest event region, 
whereas fora signal with a value of -24.1, this indication means that it was 
rapidly moving away from the nearest event region. For ISI analyses, 
therefore, the rate of change indication was divided into two factors: 
1. a trend, for the direction of the changes, with two levels (", indicating a 
change in the direction of the nearest event region limit, and ... , indicating a 
change away from this limit), and 2. a trend magnitude, for the size of the 
changes, with three levels (S for the'-' and'+' symbols, SS for the'-' and'++' 
symbols, and SM for the'---' and'+++' symbols), indicating small, 
intermediate and large absolute rate of changes. For example, the signal value 
of +23.4 with the rate of change indication of'+++' was divided into a ... trend 
and a ÖÖÖ trend magnitude and the value of -24.1 with the Same rate 
indication was divided into a ... trend and a sas trend magnitude. 
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Appendix d: Method and procedure of Experiment 3. 

Subjects. 
Twelve male university students, between 19 and 24 years of age, 

partidpated in the experiment. Subjects had no prior experience in 
monitoring experiments. To achieve an appropriate level of motivation, 
subjects were told that the one scoring lowest would receive DFL. 115,- and 
the one scoring highest DFL. 165,-. The remuneration of the remaining 
subjects was to be based on a linear relation between these two rewards. 

Signals. 

dl 

Four signals with a bandwidth of 0.06 Hz. and a event rate of 48 
events/hour were generated as described in Section 3.2. The signals were 
uncorrelated. To introduce a correlation two signals were mixed so that a 
correlation coeffident from -1.0 to 1.0 could be obtained. For example if 0.90 
of signa! x is mixed with 0.44 of signal y, then the mixed signal correlates 
0.90 with signal x. In this way correlated signals with correlation coeffidents 
of 0.95 and 0.85 were made. 

Figure D.1. 
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Parts of the time sequences (300 out af 1800 s) of two signals. The signals are 
correlated with a correlation coefficient of 0.85. s1-4 are fictitious samples; e is an 
example of an event (the signal above contains three events an:d the one below two 
events). The dynamic properties af the signals are the same. 

Signal values varied between about -50.0 and +50.0. Two parts of this 
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range were defined as event regions: the area::;; -25.0 and the area~ +25.0. An 
event started when a signal entered an event region and ended when the 
signal left the region (Figure D.1, eis an event; sl-s4 are fictious samples). 
The total number of events 96. Pilot results show;ed that this kept the 
subjects rather active. 

When one of the four signals was sampled, the signal value was 
numerically displayed on the screen (Figure D.2, experimental situation); 
below the signal value the rate of change was presented. This rate of change 
gave an indication of the difference (A) between the actual value of the signal 
and the value one second before the presentation and could consist of a 
number of plus or minus signs (Section 3.3). A plus sign indicated an 
increase, a minus sign a decrease. Six indications were possible: +++ (A > 2.0), 
++ (1.0 < A::;; 2.0), + (0.0 s; A::;; 1.0), - (-1.0::;; A < 0.0), - (-:-2.0::;; A <-1.0), -- (A 
<-2.0). For example, if on the 95th sa signa! value is -11.0 and on the 94th 
second -5.3, then A is -5.7 and the rate of change indication on the 95th 
second would be--. Per signal, six series of 30 minutes for the experimental 
trials were made and for the practice trials six series of 15 minutes. 

Experim.ental situation. 
Subjects were seated in front of a table in a dimly-lit, sound-attenuating 

room, facing a video screen from a distance of about 95 cm. The experiment 
was carried out with the aid of an IBM PS2 Model 50 Z computer and screen 
for the signa! presentation. Each signal was presented in a separate window 
(Figure D.2). The four windows (3.20 by 2.60 arcdeg) were situated at a visual 
angle of 3.50 arcdeg from each other. The height of the signal value 0.25 
arcdeg; the height of the rate of change 0.14 arcdeg. 

2 2 

CD DO 

DO D 
3 4 4 

Figure D.2. Left: The screen before the subject asked for a signa!. Right: The screen after the . 
subject asked Jor the value of the third signa!. 

Task. 
Subjects had to sample four signals which were presented on a screen. The 

signals were not continuously displayed, but subjects could ask for the actual 
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information by pointing to a specific source with the help of a mouse, The 
dynamic properties of all signals were identical. They were correlated two by 
two with Pearson correlation coefficients of 0.95 and 0.85. Subjects were not 
informed whether signals were correlated. When performing th task they had 
to find this out by themselves. Their task was to detect whether one of the 
four signals was in an event region. In each experimental trial a total number 
of 96 events occurred. Before each experimental trial subjects received a 
practice trial in which the signals were continuously presented, whereas in 
the experimental trial the observing response method was used (Section 3.3). 
The purpose of the practice trials was to give subjects the opportunity to 
more easily learn the dynamics of the signals. 

To take a sample of one of the four signals, subjects had to ask for it by 
using a mouse (IBM PS2: model 6450350) to move a cursor into the window 
of that particular signal, followed by pressing the left mouse key. This led to 
the one second presentation of the signa! value and rate of change. To force 
serial sampling, sampling was possible for only one signal at a time. For each 
new sample, subjects first had to move the cursor into a rectangle in the 
middle of the screen (3.20 by 2.60 arcdeg), to prevent fixed sampling 
sequences. This rectangle disappeared when it was touched with the cursor 
and appeared again when subjects completed a sample. 

When subjects detected an event, they had to react as soon as possible by 
pressing the right mouse key. A detection was correct when responded 
whithin the interval from the start of an event until 5 seconds after the end of 
the event, otherwise it was defined as incorrect. A correct detection was 
followed by a pitch of 880 Hz and an incorrect detection by a pitch of 440 Hz. 
When a signal was sampled during an event and this event had already been 
detected, an asterisk {*) was presented to the right of the signal value, to 
reduce the probability of detecting the same event more than once. A scoring 
system was used to prevent continuous sampling with no or only little 
reasoning about future signal values. Subjects were paid according to this 
system. Subjects were "rewarded" with points for correct detections but had 
to "pay" for samples, missed events and incorrect detections. In this way, the 
score given to the subjects could vary between about 0 and 10. This was 
considered as an acceptable range, because it was in consonance with the 
school grading system used in the Netherlands. 

Procedure. 
Each subject had to monitor four signals at the time (Pigure D.2). Two 

signals (Sa and Si,) were correlated 0.95, whereas the other two (Se and SJ 
correlated 0.85. Por a particular subject, a signal appeared during all trials in 
the same window on the screen. Por the 12 subjects, six distributions of the 
signals over the windows were chosen (two simultaneously tested subjects 
obtained different distributions). Two subjects received Sa, Si,, Se and Sd in 
windows 1, 2, 3 and 4, two other subjects in windows 3, 2, 1 and 4, the next 
two in window 1, 4, 3 and 2, the next in 2, 4, 1 and 3, the next in 3, 4, 1 and 
2, and the last two in 1, 3, 2 and 4, respectively. 

Subjects participated on two consecutive days. On each day performance 
was recorded in five sessions. This resulted in a total of ten sessions for each 
subject. The 15 minutes of each session included the practice trial and the 
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following 30 minutes the experimental trial. Sessions were run from about 
8.30 am until 5.30pm. 

Each day two subjects participated; the first subject started at 8.30 am and 
during this period the other subject rested. This schedule was continued with 
periods of one hour (the session time plus 15 min for saving data etc.) until 
both subjects had completed all sessions. Before the preliminary session of the. 
first day subjects received an instruction. They were told that after each 
practice and experimental trial, they would obtain knowledge of results about 
the percentage missed events. After each experimental trial this percentage 
was given together with the number of samples for all signals and the score 
that could be seen as an indication for the level of performance. 

Data analysis. 
In Section 3.4 the dependent variables were already defined. In short they 

were: 
1. The inter-sample-interval {ISI), i.e. the time in seconds between a 

sample for a certain signal and the first following sample for the same. 
signal. 

2. The transition probability P1,r P1.i is the probability that signal j will be 
sampled under the condition that i has been sampled. 

To test the hypothesis that the influence of correlations depends on the 
proximity of the event region, the signa! value range was divided into five 
regions. See Figure 3.7 for these five regions. 

The accuracy of performance was measured by means of the percentage of 
events for each signa! that was correctly detected (PCD). 
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Appendix e Method and procedure of Experiment 4. 

Subjects. 
Twelve male students, between 19 and 25 years of age, participated in the 

experiment. Subjects had no prior experience in monitoring experiments. To 
achieve an appropriate level of motivation, subjects were told that the subject 
scoring lowest would receive DFL. 170,- the subject scoring highest DFL. 225,
and that the remuneration of the remaining subjects was to be based on a 
linear relation between these two rewards. 

Signals. 
The signals which were used during the experiments were exactly the 

same as those, described in appendix C. 

Experimental situation. 
During a session, subjects were seated in front of a table in a dimly-lit, 

sound attenuating room, facing a video screen from a distance of about 95 
cm. The experiment was carried out with the aid of an IBM PS2 Model 50 Z 
computer and screen, for the presentation of the four signa! positions (figure 
E.1). Each signal was presented in a separate window. The four windows 
(2.60 by 3.20 arcdeg) were positioned with a visual angle of 3.50 arcdeg in 
between. 

Task 
Monitorin~ task. 

Subjects had to detect whether one of the four signals was in an event 
region, that is in the region S -25.0, or in the region ~ +25.0. In a trial of 30 
min these events occurred 96 times (Appendix C). Before an experimental 
trial, subjects practiced during 15 minutes, using signals with the same 
features. During practice, signals were contimuously presented, whereas iI) 
the experimental trial subjects had to ask for (to sample) the signals. To force 
serial sampling, subjects could only obtain information of one signa! at a 
time, consisting of the signal value and a rate of change indication. Tuis 

information was presented for one second in the particular window. In order 
to monitor a signal, subjects had to use a mouse (IBM PS2; model 6450350) to 
move the cursor into the particular window, and had to press one of the 
three "arrow" keys on the keyboard (Figure E.1). 
They had to use different hands for the mouse and the keyboard. By pressing 
one of the "arrow" keys, subjects indicated, how badly the information asked 
for was needed; this could be seen as an indication for the subjectively felt 
uncertainty. There were three possible uncertainty indications: 

1. The signal information is not badly needed (i.e. a delay of the sample 
is possible (A). 

2. The signal information is badly needed (B). 
3. The signa! information is immediately needed (C). 
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Figure. E.1. 
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DO DO 
DD D 

3 4 4 

Upper part, the display in the experimental situation; left the display when a subject 
had not asked for a signal, right the display when the subject had asked for signal 3. 
Lower part, the keyboard and the buttons (a, b,and c) by which the subject could give 
an indication of how badly the signa/, asked for was needed. 

Subjects had to use the left key (coloured green) for the first, the middle key 
(yellow) for the second, and the right key (red) for the third kind of 
indication. Pressing a key led to a one second colouring of the particular 
signal window, from black into a colour compatible with the colour of the 
key. Pressing a key also led to the appearance of a rectangle (2.60 x 3.20 
arcdeg) in the middle of the screen. In order to prevent the development of 
fixed sampling sequences based on the ease in making mouse movements, 
subjects first had to move the cursor into this window, before they could take 
a new sample. The window disappeared when it was touched with the cursor 
and appeared again when a subject pressed a key. 

When a signa! was in the event region 5; -25.0 or ;;:: +25.0, subjects had to 
react immediately by pressing the right mouse key. Before pressing that key 
they had to sample the particular signa!. lt was possible to react to an event 
until 5 seconds after the signal had left the event region. A correct detection 
was followed by a pitch of 880 Hz and an incorrect response by a pitch of 
440 Hz. To reduce the probability of detecting the same event more than once 
an asterisk (*) was presented to the right of the signal value when a signal 
was sampled during an already detected event. 

An actual score was presented in a small window in the middle of the 
screen. The offset of the score was 7.0. This score was continuously adapted, 
in accordance with the used pay-off structure (see procedure). 

The dependent variables were: 
1. The intersample interval (ISI) 
2. The percentage correct detections (PCD) 
4. The score, varying between 0 and 10 
5. The uncertainty indication, with the three uncertainty levels as indicated 

previously. 
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Time interval production task. 
The task of the subjects was to generate a continuous series of time 

intervals by pressing the left mouse key at a constant rate of one response per 
15 s. Pressing that key was followed by a pitch of 1760 Hz. The dependent 
variables were: 
1. The mean interval duration 
2. The mean of the absolute values of the differences ( lät i) between 

successive time intervals. In contrast to the variance of the tapping 
sequence this is an accurate indication for the average irregularity of the 
performance (Michon, 1966). 

Procedure. 
Gener al. 

Subjects were tested on three consecutive days. On the first day they were 
trained in five sessions lasting from 8.30 a.m until 5.30 p.m. On the following 
two days four sessions were given and the sessions ended at 3.30 pm. Each 
session took 45 min. The first 15 min. of each session included the practice 
trial, the remaining 30 min. the experimental trial. Each day two subjects 
participated, who were tested in altemation; the first subject started at 8.30 
a.m. while the other rested. This schedule was continued with periods of one 
hour until both subjects had completed all sessions. 
Schedule for first day. 

Earlier monitoring experiments indicated that subjects needed several 
hours to more or less stabilise their monitoring behaviour. Besides, a pilot 
experiment indicated that the combination of the monitoring and the time 
interval production task was rather complex to perform together at once. So 
practice took place on the first day to familiarize the subjects with the tasks to 
be perform.ed on the experimental days. Table E.1 gives a schedule for the 
first (practice) day. 

Before the preliminary session of the practice day, subjects read a written 
instruction (verbally checked for the level of understanding), in which it was 
pointed out that the signals could differ in predictability and event rate. 
Information concerning the number and the distribution of the events was not 
given. They were told that after each practice and experimental trial, they 
would obtain knowledge of results about the percentage missed events. After 
each experimental trial this percentage was given together with the total 
number of samples. In addition, the instruction gave information about how 
to perform the monitoring task. The monitoring task was given in steps of 
increasing complexity. In the first three sessions subjects were not required to 
indicate the experienced uncertainty. In order to sample they had to use the 
right mouse key and in order to detect events the spacebar of the keyboard. 
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Table. E.I. A schedule /or the first (practice) day. Explanation: A=continuous presentation of all 
four signals: 0 = presentation ef one signal when askedfor (Observing response 
method): Y= Yes. For further explanation, see text. 

Schedule for the first day 
Session 4 5 

Signal presentation 0 A 0 A 0 

duration (min) 30 15 30 15 30 

Monitoring Task y y y y y y 

y y y y 

ime interval y y 

The aim of the first three sessions was to let the subjects learn the features of 
the signals (the windows coloured from black into white when the cursor was 
moved into it). Before the fourth session, subjects were instructed how to give 
an indication of the experienced uncertainty. Just before the fifth session, an 
instruction was given that the monitoring task had to be performed in 
combination with a time interval production task. Subjects received feedback 
about their performance in this task, i.e. the mean interval duration and the 
standard deviation. · 

Schedule for second and third day. 
A complete three factor (pay-off structure, signal bandwidth, and event 

rate) within-subject design was used. The two pay-off structures were: 
1. "A physical demanding pay-off structure" (P-structure): low sample costs 

compared with costs of missed events. The algoritm used to calculate the 
score was: 
At the start of each trial, subjects received 2800 points. For each sample 
they paid 2 points. For each detected event they received 30 points. 
They had to pay 30 points for a missed event and 10 points for an 
incorrect detection. The total number of points was divided by 400. 

2. "A cognitive demanding pay-off structure" (C-structure): a reward for not 
taking samples and low costs for missing events. The algoritm used to 
calculate the score was:. 
At the start of each trial, subjects received 2800 points. For each second 
they did not sample· any signal they received 1 point. For each sample 
they paid 4 points. For each detected event they received 30 points. Per 
missed event, they had to pay 30 points for the first 10, 35 points for the 
following 10 and 40 points for additional events. For an incorrect 
detection 10 points had to be paid. The total number of points was 
divided by 400. 

On the second day, six subjects started with the P- and six with the C
structure, on the third day the remaining structure was given. They were 
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told that a score was given on the performance in the monitoring task. They 
did not receive information concerning the pay-off structure on the following 
day, but they knew that it would differ. Besides, it was emphasised that it 
was not permitted to talk about the pay-off structures with other subjects. 
Table E.2 gives a schedule for the second and third day. 

For each of the four signals six series of numbers were generated (Section 
3.2). Due to practical considerations only six combinations of signal series 
were chosen. One subject never received the same combination in consecutive 
sessions and two simultaneously measured subjects always received different 
combinations. 

Table E.2. A schedule of the second and third day. Explanation: A=continuous presentation; 0 = 
presentation when asked for (Observing response method}; Y= Yes.; PO = Pay-off 
structure; P=physical demanding; C=cognitive demanding. For funher explanation see 
text. 

Schedule for the second and third day 
Day ! 1 2 

Session 
i 

1 2 3 4 1 2 3 4 

Signa! presentation 'A 0 A 0 A 0 A 0 A 0 A 0 A 0 A 0 

Duration (min) 15 30 15 30 15 30 15 30 15 30 15 JO 15 30 15 30 

Monitoring task y y y y y y y y y y y y y y y y 

Time int. prod. task y y y y y y y y y y y y y y y y: 

Uncertaint. indicat. y y y y y y y y y y y y y y y y 

POsyst. subj. 1-6 p p p p p p p p c c c c c c c ç 

POsyst. subj. 7-12 c c c c c c c c p p p p p p p p 

The position of a particular signal on the screen was determined with the 
help of a "quasi random" selection from the 24 possible combinations. For 
each individual subject, a signal appeared at the same place on the screen 
during all practice and experimental trials. 

Data analysis. 
In the analyses, the data of the first day and the first sessions of the second 

and third day were omitted. The purpose of these sessions was to 
respectively familiarize subjects with the task situation and the pay-off 
structures respectively. 

The effects of the order of presentation of the pay-off structures, i.e. the 
so-called transfer effects, on the dependent variables were considerable. That 
is why the results are separately presented for bath groups of subjects 
(subjects 1-6 and subjects 7-12). The groups are respectively labelled as the 
PC- and the CP-group; PC meaning that this group of subjects started with 
the P- and ended with the C-structure, CP meaning that this group received 
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these structures in reversed order. 
For each of the groups (the PC and CP-group), the SAS GLM procedure 

was separately conducted on the ISI, the PCD, the score and the uncertainty 
indication as cells, with session (3) pay-off structure(2), signal bandwidth(2) 
and event rate(2) as factors. Besides, the SAS GLM procedure was conducted 
on the performance score in the monitoring task, the mean interval duration, 
and the mean difference between successive intervals ( l.6.t 1) in the time 
interval production task, with pay-off structure(2) and session(3) as factors. 
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Stellingen 
behorende bij het proefschrift 

Determinants of Monitoring Behaviour in a Foor-Instrument 
Monitoring Task 

van M.AM. Leermakers 

1. Het nut van kwantitatieve modellen van monitorgedrag is 
omgekeerd evenredig aan de complexiteit van de te monitoren 
processen (hoofdstuk 8, dit proefschrift). 

2. Senders gaat er in zijn modellen van monitorgedrag ten onrechte 
van uit dat bandbreedte en events aan elkaar gekoppeld zijn 
(hoofdstuk 4, dit proefschrift). 

3. De kritiek in de literatuur over de validiteit van de "observing 
response" methode voor de toetsing van modellen van 
monitorgedrag is onterecht (hoofdstuk 3, dit proefschrift). 

4. Monitorgedrag wordt meer bepaald door de actuele 
procestoestand dan door "globale" procesparameters (hoofdstuk 
5, dit proefschrift). 

5. Alhoewel promoveren een voornamelijk verstandelijke bezigheid 
heet te zijn, zal bij de keuze van een promotie-:onderwerp niet 
alleen het verstand, maar ook het gevoel mee dienen te beslissen. 

6. Voor het verbeteren van de informatie-presentatie van zinvolle 
informatie is het aanbieden van zinloze informatie een uitstekend 
hulpmiddel. 

- Boschman, M., Leermakers, M.AM., and Roufs, J.AJ. 
(1985). The effect of video bandwidth on the judgement of 
comfort, visual performance and eye movements using 
VDU's. Annua/ Progress Report /PO, 20, 73-79. 



7. Ter voorkoming van instabiliteiten in het onderwijssysteem 
zouden politieke besluitvonners in ieder geval een elementaire 
meet- en regel cursus behoren te volgen. 

8. Als de aangeboden informatie over een te besturen proces niet 
voldoende geselecteerd en gestructureerd is, lijkt het 11monitoren11 

van dit proces op "zappen"; een zinloos tijdverdrijf. 

9. Het fonnuleren van meervoudige vragen bij een promotiezitting 
kan voor de kandidaat een 11infonnatie-overload11 betekenen en zijn 
"prestatie" schaden; dergelijke vragen behoren daarom achterwege 
te blijven. 

10. Het verschijnsel 11global village" demonstreert dat toename van de 
ruimtelijke mobiliteit geen gelijke tred houdt met toename van de 
mentale mobiliteit. 

11. Gegeven de positieve correlatie tussen het gebruik van 
elektronische communicatie-middelen (World Wide Web, E-mail, 
video conferencing) en het aantal gereisde kilometers, is er geen 
enkele reden om aan te nemen dat een verdere toename van het 
gebruik van elektronische media een drastische verlaging van het 
aantal gereisde kilometers tot gevolg zal hebben. 


