3 Significant Complexity Factors

As shown in the previous chapter, we have to develop a novel framework to eva-
luate the complexity of proceduralized tasks. To this end, it is natural to start by
identifying what factors make the performance of proceduralized tasks compli-
cated. In other words, instead of many complexity factors pertaining to CR, WR,
and CMP, it is necessary to consider different factors that could annoy people by
demanding additional cognitive resources for TP. For this reason, many works
dealing with causal factors regarding the complexity of a proceduralized task have
been reviewed. As a result, a total of nine categories of complexity factors were
ddistinguished. In this chapter, I would like to explain the meaning as well as the
characteristics of each category.

It is to be noted that, in the course of this literature survey, two basic prin-
ciples have been applied to the selection of complexity factors. Therefore, before
explaining task complexity factors, it is helpful to clarify the basic principles that I
have adopted.

3.1 Complexity Factors of a Process Control Task

The first principle was that, although this may sound natural, we must focus on
complexity factors pertaining to the nature of the tasks being considered. Jonassen
(2000) stated that “These cognitive demands are situationally specific. Arguing a
case in court, for instance, would demand a different set of cognitive skills from
those needed for air traffic controlling (p. 79).”

This means that, before identifying significant factors that make the perfor-
mance of proceuralized tasks complicated, we should make explicit the task type
we are concerned with. In this regard, our interest is in managing the complexity
of proceduralized tasks used in a large and safety-critical process control system.
Therefore, we have to concentrate on complexity factors related to a process con-
trol task.

At the same time, we need to concentrate on complexity factors pertaining to a
supervisory control task. For example, Stassen et al. (1990) and Johannsen et al.
(1994) specified that a supervisory control generally consists of several subtasks,
such as monitoring, interpreting, planning, fault management, and intervention, etc.
Here, it is very interesting to consider the definition of Leitch and Gallanti (1992),
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who articulated that a process control task must deal with a dynamic physical sys-
tem evolving over time, which consists of five primitive behaviors as listed in Ta-
ble 3.1.

Table 3.1 Five primitive behaviors related to a process control task

Behavior Meaning

Decision An action generating hypotheses or conclusions that satisfy given constraints
or specifications

Prediction An action generating future states from the present state using an implicit or
explicit model of a system

Identification An action related to determining unknown or unmeasurable states from
known or assumed states

Interpretation  An action generating a situational description from observable data

Execution An action related to the actuation of a target system

It is to be emphasized that process control tasks and supervisory control tasks
resemble each other, because primitive behaviors related to process control tasks
seem to be directly comparable to those of supervisory control tasks. For example,
an intervention behavior is congruent with an execution behavior shown in Table
3.1, and a fault management behavior seems to be comparable with an identifica-
tion behavior, etc. Accordingly, we need to search the complexity factors that
would be related to either process control or supervisory control tasks.

3.2 Complexity Factors of a Novice

The second principle was that all kinds of complexity factors should be applicable
not to a user’s manual but to a procedure that provides practical contents for per-
forming a process control task. This principle is closely connected to the definition
of a good procedure — the procedure should be developed so that even a novice
can properly follow it. Here, it should be noted that the novice in this book implies
a human operator who already has a certain level of domain knowledge. Let us
consider the following examples.

o Starts a computer using the power button.

o Starts a computer using the power button. It is located on the front panel
of the computer. It is round and about the size of a quarter. You can boot
the computer by pushing this button.

Here, it is presumed that the first instruction may be unclear for a person see-
ing a computer for the first time. This is because he or she may have felt frustra-
tion in starting the computer due to a lack of basic knowledge regarding, for ex-
ample, the power button, its location and so on. In contrast, since the second
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instruction contains very detailed information, it is expected that even someone
seeing a computer for the first time would easily boot it up.

Unfortunately, the second instruction is closer to what you would find in a us-
er’s manual rather than a procedure. This is because it simultaneously provides
two kinds of descriptions that have a different purpose, such as (1) the description
of an action to be done (i.e., starts a computer using a power button) and (2) addi-
tional descriptions about the physical form of the power button. In other words,
since we are looking for complexity factors making the performance of procedura-
lized tasks complicated, we have to pick out those that are meaningful for a novice
who has a minimum level of domain knowledge. A person with general know-
ledge of cooking as well as how to deal with kitchenware is a good example of a
novice who is ready to use recipes (i.e., procedures). Similarly, operating person-
nel of NPPs who have just passed a basic training course are novices who can fol-
low a procedure. Therefore, several factors pertaining to a lack of domain-specific
knowledge, such as experience (Thelwell 1994; Maynard and Hakel 1997; Van
Eekhout and Rouse 1981; Morris and Rouse 1985) or job training/skill (Li and
Wieringa 2000; Leplat 1998), have been excluded from the consideration of task
complexity factors. For the sake of convenience, henceforth, a qualified operator
will be referred to as a person who is ready to follow a procedure, while an unqua-
lified operator will refer to an ordinary person without a minimum level of do-
main knowledge.

3.3 Identifying Complexity Factors

With the aforementioned principles in mind, existing works that deal with many
kinds of complexity factors have been reviewed. As a result, in total nine catego-
ries of complexity factors were identified as epitomized in Table 3.2. Appendix A
summarizes all the complexity factors belonging to each category. It is to be noted
that the meanings of four categories (i.e., time pressure, temporal characteristics,
system characteristics, and personal characteristics) are self-explanatory from the
summary in Appendix A. Therefore, more detailed explanations will be provided
for the remaining categories.

3.3.1 Amount of Information and Number of Actions

The first category is the amount of information to be processed by a qualified op-
erator. For example, it seems to be clear that a proceduralized task pertaining to
operating a huge chemical plant is more complicated than that of a small domestic
factory, since qualified operators have to manage more information including
process alarms or process parameters, etc. Therefore, it is strongly expected that
qualified operators working in the former need to spend more cognitive resources
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compared to those working in the latter.

Table 3.2 Categories of complexity factors

No. Categories Description
1 Amount of information Amount of information to be processed by a qualified opera-
tor
2 Number of actions Number of actions to be conducted by a qualified operator
3 Logical entanglement Logical complexity due to the sequence of actions to be fol-
lowed by a qualified operator
4 Amount of domain know- Amount of domain knowledge to be considered by a qualified
ledge operator
5 Level of engineering deci- Amount of cognitive resources to be used by a qualified op-
sion erator, which is needed to establish an appropriate decision
criterion
6 Time pressure Time allowed for the performance of a task
7 Temporal characteristics Degree of a task arrival, task frequency, task overlap, etc.
8 System characteristics Dynamic characteristics of a task due to the nature of the sys-
tem
9 Personal characteristics Aptitude, intelligence, ability, and cognitive style of a quali-

fied operator

Similarly, the number of actions to be conducted by qualified operators is an
obvious factor making the performance of proceduralized tasks complicated, be-
cause they need to use cognitive resources to properly conduct each and every ac-
tion. However, this factor seems to be somewhat superficial, because the complex-
ity of the cookie recipe, which includes eight actions (Fig. 1.6), is definitely
different from that of an arbitrary proceduralized task that consists of two proce-
dural steps with the same number of actions (Fig. 3.1). It is to be noted that Fig.
3.2 depicts a target system to be managed by the proceduralized task shown in Fig.
3.1

As depicted in Fig. 3.2, there are four valves contributing to the change of the
water level of a reservoir (i.e., Tank 1). First, an influx into Tank 1 is governed by
IV 1, which has only two operable states — open and close. Meanwhile, CV 1 re-
gulates the rate of an outflow from Tank 1 by continuously adjusting its open posi-
tion from 0% to 100%. In addition, in order to prevent the overfill of Tank 1, there
are two bypass vales (BV 1 and BV 2), which are normally in a closed state. That
is, when the water level is too high, these valves can be used to provide another
flow path draining the water from Tank 1. In this regard, three more categories —
logical entanglement, the amount of domain knowledge, and the level of an engi-
neering decision — are needed to reflect the hidden aspect of the complexity of
proceduralized tasks.
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RESPONSE TO THE HIGH WATER LEVEL OF TANK 1
1 IF the water level of Tank 1 is within 50~70%,
THEN
11 Close IV
1.2 Increase the opening position of CV 1" to 10% higher than the current position.
2 IF the water level of Tank 1 is over 70%,
THEN perform one of the following:
2.1 Increase outflow.
211 C(CloseIV1.
2.1.2 Increase the opening position of CV 2 to 30% higher than the current
position.

OR
2.2 Provide bypass line.
221 OpenBVT.
222 OpenBV2.
* 1V, CV, and BV stand for isolation valve, control valve, and bypass valve, respectively.

Fig. 3.1 Arbitrary proceduralized task pertaining to controlling the water level of a reservoir

BV1
BV 2
Tank 1 & vy
V1 cv1

Fig. 3.2 An arbitrary system including four valves and a reservoir

v

3.3.2 Logical Entanglement

First, we need to consider the logical entanglement caused by the relationship of
the required actions. For example, Kieras and Polson (1985) regarded the number
of execution sequences needed to achieve a goal as one of the dominant complexi-
ty factors. In addition, similar comments were made by many researchers such as
Leplat (1998), Li and Wieringa (2000), Sundstrom (1993), Thelwell (1994), Wood
(1986), and Wood and Locke (1990). These comments can be conceptualized as
path-goal multiplicity (Jacko and Salvendy 1996) or multiple path-goal connec-
tions (Campbell 1988), which indicates the number of different ways to perform a
task. To explain this concept, let us consider Fig. 3.3, which illustrates the se-
quence of actions in the recipe shown in Fig. 1.6.

As shown in Fig. 3.3, the recipe just provides a single way to bake a cookie. If
qualified operators conduct a proceduralized task like this, then they perhaps do
not need to use additional cognitive resources to clarify if they are correctly fol-
lowing the sequence of actions, if they are doing what they need to be done, etc. In
contrast, let us assume that qualified operators have to follow the sequence of ac-
tions depicted in Fig. 3.4, which is related to coping with the high water level of
Tank 1.
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End

Fig. 3.3 Sequence of actions to bake chocolate chip cookies

In Fig. 3.4, there are four paths to accomplish this task. First, if the water level
of Tank 1 is maintained between 50 and 70%, then qualified operators need to per-
form two actions (/./ and /.2 in Fig. 3.4). Meanwhile, if the water level of Tank 1
is greater than 70%, then qualified operators have to select either the second or the
third path to decrease the water level of Tank 1. The second path consists of two
actions designed to increase the rate of an outflow from Tank 1 by opening CV 1.
The third path also consists of two actions but seems to be more aggressive, be-
cause its intention is to provide additional drain channels by opening two bypass
valves, BV 1 and BV 2. The last path is somewhat trivial because it says there is
nothing to do if the water level is less than 50%.

o
(level < 50%)

Increasing | Establishing

bypass line

Action description

1 Determine the water level of Tank 1is 50~70%
11 Close IV 1
12 Increase the opening position of CV 1 1o 10% higher than the current position
2 Determine the water level of Tank 1 is over 70%
211 Close IV 1
212 Increase the opening position of CV 2 to 30% higher than the current position
221 Open BV 1
222 Open BV 2

Fig. 3.4 Sequence of required actions related to the proceduralized task shown in Fig. 3.1
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Consequently, compared to baking a cookie, it seems that qualified operators may
use additional cognitive resources to complete this task because they need to pay
attention to following the correct sequence of actions with respect to the situation
at hand. In general, therefore, it is expected that the greater the number of possible
paths to accomplish a proceduralized task, the more cognitive resources will have
to be used by qualified operators.

3.3.3 Amount of Domain Knowledge

The next category is the amount of domain knowledge, because it is natural to as-
sume that the amount of domain knowledge for carrying out each action is not
equal. Actually, the results of existing studies support this assumption, because
they have revealed that qualified operators need to use their knowledge of a sys-
tem in order to carry out a procedure (Boy and Brito 2000; Spangler and Peters
2001; Wright et al. 1998). In this light, it is very interesting to compare the origi-
nal proceduralized task shown in Fig. 3.1 with a slightly modified proceduralized
task as illustrated in Fig. 3.5.

Original

RESPONSE TO THE HIGH WATER LEVEL OF TANK 1
1 IF the water level of Tank 1is 50~70%,
THEN
11 Close IV 1.
1.2 Increase the opening position of CV 1 to 10% higher than the current position.
2 IF the water level of Tank 1 is over 70%,
THEN perform one of the following:
2.1 Increase outflow.
211 Close IV 1.
2.1.2 Increase the opening position of CV 2 to 30% higher than the current position.
OR
22 Provide bypass ine.
221 OpenBV 1.}
2.2.2 Open BV 2.}

Modified (requiring domain knowledge)
RESPONSE TO THE HIGH WATER LEVEL OF TANK 1
1 IF the water level of Tank 1 is within 50~70%,
THEN
11 Close IV 1.
1.2 Increase the opening position of CV 1 to 10% higher than the current position.
2 IF the water level of Tank 1 is over 70%,
THEN perform one of the following:
2.1 Increase outflow.
211 Close IV 1.

2.1.2 Increase the opening position of CV 2 to 30% higher than the current position.
OR
ide bypass line.

Fig. 3.5 Actions requiring different levels of domain knowledge
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First, as mentioned earlier, the purpose of the required actions that are enclosed
by dotted lines in the original task is to reduce the water level of Tank 1 by open-
ing bypass valves. To this end, each action showed a dedicated component (i.e.,
BV 1 and BV 2) as a target to be manipulated by qualified operators. This means
that qualified operators probably do not need to use additional cognitive resources
to recall (or extract) appropriate domain knowledge, such as a component’s confi-
guration because each action is limited to component itself.

In contrast, the required action enclosed by dotted lines in the modified task
may demand a higher level of domain knowledge because it is related not to a
dedicated component but to a set of components grouped to accomplish a desired
function. In other words, although the intention of this action is identical to that of
two previous actions (i.e., open BV I and open BV 2), it probably forces qualified
operators to recall a kind of domain knowledge about the configuration of bypass
valves, such as how many bypass valves are there? In addition, since a compli-
cated process control system will include many components with many different
functions, it is generally expected that the greater the number of components, the
more domain knowledge will have to possess qualified operators. This strongly
implies that the amount of cognitive resources needed to recall the proper domain
knowledge will increase in proportion to the number of components included in
the process control system being considered.

It should be noted that many researchers have reported a similar concern. For
example, Rouse (1978) and Rouse and Rouse (1979) pointed to the number of
components as one of the major contributors to task complexity. In addition, Allen
et al. (1996), Morris and Rouse (1985), Leplat (1998), and Liao and Palvia (2000)
commonly distinguished two kinds of task complexity factors, such as the number
of functional relations among components as well as equipment. Moreover, al-
though experimental data have been collected from unqualified operators, Park et
al. (2008) observed that their performance seemed to be significantly affected by
the amount of domain knowledge they possessed. Consequently, it is reasonable to
regard the amount of domain knowledge as one of the dominant factors on the
complexity of proceduralized tasks. A more detailed explanation can be found in
Sect. 6.3.2.

3.3.4 Level of an Engineering Decision

Another complexity category is the level of an engineering decision, which is re-
lated to the amount of cognitive resources used to establish appropriate decision
criteria for performing required actions. In order to understand the nature of an
engineering decision, it may be necessary to answer two crucial questions: (1)
what is the engineering decision? and (2) why do qualified operators need to de-
cide something while they are performing a proceduralized task?

First, let us consider the following explanations given by Turk (2001) and Dit-
levsen (2003), who identified an important feature of engineering decisions, re-
spectively.
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Engineering is based on sound principles of mathematics and physics, however, not every
engineering decision is based on calculations and models. Engineers also use intuition,
common sense and insight when they design. The origin of such ‘feelings’ (i.e. intuition,
common sense, etc.) could be numerous, perhaps from experiences” (see p. 247 of Turk
2001).

In engineering decisions the usual situation is that it is generally not possible to choose
the safe lottery, i.e. the lottery that for sure gives the benefit and never the loss. This can
be expressed by saying that among all the possible lotteries of relevance in the considered
technical problem only some of the lotteries are realizable. To be able to choose among
the realizable lotteries in a rational way the decision maker must, at least partly, put the
lotteries in some priority order of preference that points at a most preferred realizable
lottery (see p. 167 of Ditlevsen 2003).

The above excerpts state that engineers will use not only domain-specific
knowledge but also all kinds of available knowledge (such as feeling, intuition, or
common sense, etc.) in order to find a practical solution to an actual problem. In a
similar vein, in order to correctly perform what they have to do, qualified opera-
tors will do their best to establish proper decision criteria by using all kinds of
available knowledge. It is to be noted that, for this reason, the term the level of an
engineering decision was adopted in this book instead of the level of a decision.

Second, in order to explain why qualified operators need to make an engineer-
ing decision, let us recall the cookie baking episode in Chap. 1. In this episode, al-
though I followed all the required actions very well, I made several mistakes in the
course of baking cookies. This is because I failed to establish correct decision cri-
teria, such as the nature of a smooth batter, what a nicely browned edge and so on.
As aresult, I got hard and bitter tasting cookies. This clearly shows that establish-
ing proper decision criteria is crucial for accomplishing required actions.

Actually, Sundstrom (1993) pointed out that qualified operators who are work-
ing in a dynamic task environment should constantly update their perception in
order to make two kinds of decisions regarding (1) what control tasks need to be
accomplished and (2) how they need to be prioritized. Subsequently, Sundstrom
identified several task complexity factors including (1) interrelatedness of assess-
ment, choice, and evaluation rules, (2) interconnectedness of operational states, (3)
relation between indicators and operational states, (4) the number of assessments,
choices and evaluation rules, and (5) the number and relationship between condi-
tions for assessments, choices and evaluation rules. In addition, Kieras and Polson
(1985), Schmuck and Gundlach (1989), Svensson et al. (1997), and Thelwell
(1994) identified similar complexity factors.

For example, let us consider the sequence of actions illustrated in Fig. 3.4,
which has an unusual decision point. That is, qualified operators have to select one
of the action sequences, either increasing outflow or establishing a bypass line,
which is more appropriate for decreasing the water level of Tank 1. To this end,
qualified operators need a decision criterion by which the proper action sequence
can be determined. Unfortunately, settling on a decision criterion is harder than it
seems, because qualified operators need to integrate at least two kinds of informa-
tion (i.e., the trend of the water level of Tank 1 and the open position of CV 1) to
assess an ongoing situation. Figure 3.6 will be helpful to illustrate this intricacy.
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BV1
BV 2
Tank 1 & vy

Iv1 cv1
Water level (%) Openposition
A ¢ 10%
00 f---=-=--=---- d: 90%
a

b
70 A

P Time

Fig. 3.6 Hypothetical situations with which qualified operators may be faced

The first situation with which qualified operators may be faced is the combina-
tion of {a, d}. This situation represents the water level is drastically increasing
and the open position of CV 1 is 90%. In this situation, most qualified operators
might select the action sequence related to establishing a bypass line. That is,
since CV 1 is already opened to 90%, it is anticipated that this valve will not be
able to reduce the water level that will apparently soon reach 100%. In contrast, in
the situation of {b, ¢}, most qualified operators would probably select the action
sequence pertaining to increasing outflow, because the gradual increment of the
water level seems to be successfully compensated by increasing the open position
of CV 1.

If qualified operators have to establish an appropriate decision criterion by in-
tegrating several kinds of information, it is evident that they may use a considera-
ble amount of cognitive resources. In other words, although there is a difference in
the level of depth, determining an appropriate decision criterion can be accom-
plished by performing a set of high-level cognitive activities (such as identifica-
tion, interpretation, decision, etc.) that belong to the primitive behaviors of a
process control task (Table 3.1). In addition, it is assumed that the amount of cog-
nitive resources demanded from these cognitive activities can be explained by a
series of well-defined units of thought (Campbell and Gingrich 1986; Jiang and
Klein 2000; Johnson and Payne 1985; Shugan 1980; Sintchenko and Coiera 2002).
This assumption seems to be empirically supported, although experimental data
have been collected from unqualified operators, because Park et al. (2008) ob-
served that their performance seems to vary with respect to the level of engineer-
ing decision. Consequently, we can say that the level of an engineering decision is
one of the significant factors complicating the performance of proceduralized
tasks. A more detailed explanation about the level of an engineering decision is
given in Sect. 6.3.3.
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3.4 Where Is the Starting Point?

Till now, the nine categories of complexity factors have been discussed from the
point of view of a process control task. Roughly speaking, these categories can be
regrouped as depicted in Fig. 3.7.

Amount of information

Number of actions

Task
feature Logical entanglement

Amount of domain knowledge

Level of engineering decision

Time pressure

Task
environment

Temporal characteristics

System characteristics

Personality Personal characteristics

Fig. 3.7 Three groups of task complexity factors

The first group contains several categories pertaining to task features that can
be characterized from a proceduralized task itself. For example, the amount of in-
formation as well as the number of actions can be easily obtained after a procedu-
ralized task has been determined. In addition, it is expected that three categories of
complexity factors, such as logical entanglement, the amount of domain know-
ledge, and the level of an engineering decision, can be extracted from the given
proceduralized task. This strongly suggests that there will be a deterministic
framework by which the effect of complexity factors on the performance of pro-
ceduralized tasks can be dealt with.

In contrast, the second group seems to defy easy measurement in a determinis-
tic framework because of the dynamic features of a task environment. That is, it is
very difficult to measure the effect of a task arrival rate, which belongs to the cat-
egory of temporal characteristics, on the performance of proceduralized tasks be-
cause it would vary in the form of a continuous as well as a cumulative pattern
over time. In addition, this effect would likely vary with respect to time con-
straints (e.g., time pressure). Accordingly, a stochastic framework would be neces-
sary to reflect the varied effects of complexity factors belonging to these catego-
ries. Similarly, due to the diversity of personalities, a stochastic framework should
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be used to ponder the effect of a personality on the performance of proceduralized
tasks.

Consequently, in measuring the effect of complexity factors on the perfor-
mance of proceduralized tasks, it is reasonable to start from easy and tangible fea-
tures first. Therefore, five categories of complexity factors that are closely related
to task features are worth considering first. This implies that the systematic
framework we are trying to develop can be regarded as a kind of static (as well as
objective) complexity measure. That is, if it is possible to characterize all five
complexity factors without reference to any dynamic (e.g., temporal characteris-
tics) or subjective (e.g., personal characteristics) constituents, the result of the de-
veloped framework would represent the verbatim complexity of a proceduralized
task to be given to every qualified operator who has to accomplish it.
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