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Abstract

This paper describes a metric called “performance efficiency,” and its use in cognitive task analysis. This
metric provides a means of determining the learning efficiency of instructional conditions. Performance efficiency
will be described in the context of recording technologies that are often used in software usability studies. While
usability is often considered in the programming of software environments, the “learnability” of these environments
is more the concern of instructional designers. The advantages and disadvantages of these types of metrics and
methodologies will be discussed in detail. Thus the purpose of this paper is to consider the applications of the
“performance efficiency” metric to the design of instructional materials.

Introduction

Educational researchers have used a medical model to develop instructional materials; that is we hope to
design instruction, which is both efficient and effective (Lewis & Barron, 2009). Gagné (1964) was one of the
earliest educators to describe these two general categories of dependent variables. He proposed most educators are
concerned with (1) “the rate of attainment of some criterion performance” (efficiency) and (2) “the degree of
correctness of this performance” (effectiveness) (Gagné, 1964, p.295). It is an underlying theme of this paper that
when these variables are applied to the design of instructional materials, we are considering the “learnability” of the
instruction.

Nielsen (1993) defined usability by developing several subcomponents (learnability, efficiency,
memorability, errors, and satisfaction). Soloway, Guzdial, and Hay (1994) called for Norman’s “user-centered”
design philosophy to be more “learner-centered.” Nielsen’s (1993) definition of learnability “How easy is it for users
to accomplish basic tasks” is a subjective measure of “perceived usability,” rather than a more objective measure.
However, Nielsen (2001) proposed we should consider the user’s opinions and suggestions, but only after actually
watching them work with the software. That is we must start by observing learners before considering their
perceptions. It’s interesting that if we were to look to the international standards organization (ISO) for a definition

of usability, we would find that they also chose to use Gagné’s variables (ISO 9241-11, 1998).

While cognitive load may not seem related to usability, similarities reveal themselves if you consider the
measures underlying this theoretical framework. Cognitive load theory is an instructional theory that is concerned
with the learnability of instructional materials. This theoretical framework has become quite influential within the
field of instructional design (Ozcinar, 2009; Paas, van Gog, & Sweller, 2010). Cognitive load theory is primarily
concerned with procedural knowledge, task performances and problem-solving. Cognitive load measures are a
combination of subjective data (mental-effort ratings) and performance scores (Tuovinen & Paas, 2004). These
measures have been found to be reliable and correlated with error rates (Ayres, 2006) but not all cognitive load
theorists agree with the use of subjective measures, and have proposed we consider more direct or objective
measures (Briinken, Plass, & Leutner, 2003; Whelan, 2007). This concern has led to the impetus for this paper and
the “performance efficiency” metric described in the next couple of sections. This type of research (task analysis)
has a rich history and is certainly a metric to be used in cognitive task analysis.

Task Analysis

Task analysis researchers have used observation or photography/videography as a means of data collection
for decades (Clark & Estes, 1996; Gilbreth & Gilbreth, 1917). Some of the earliest task analysis studies were made
with stopwatches and the newly developed technology of chronocyclegraphy (Gilbreth & Gilbreth, 1917). This was
the use of long exposure photography, which allowed for the detection of movements over time. While the Gilbreths
were early pioneers of time motion studies, even they were aware of the underlying rationale for this type of
research. They state it when they say “that the learner shall be taught the best way immediately, that is, from the
beginning of his practice” (Gilbreth & Gilbreth, 1917, p.82). So they were amongst the first to promote efficient
instruction, for it allows a learner to be more efficient with their time, and simply learn more.
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In the 1970s and 80s, researchers began to realize cognitive processes controlled the behavior of those
performing tasks (Clark & Estes, 1996). So it was then, when Psychology took a major step forward to develop
cognitive task analysis. The Cognitivists analyzed task performance, but were aware of the decision making
processes that occur during problem solving (van Merriénboer, 1997). Therefore cognitive task analysis takes in to
account these cognitive processes, to subdivide complex tasks into their component parts in order to support a
learner’s performance (van Merriénboer, 1997).

Early researchers developed stepwise processes for analyzing learner behavior as they interacted with
computers (Clark, Feldon, van Merriénboer, Yates, Early, 2008). Card, Moran, and Newell (1983) produced a
seminal work in this arena as they developed a form of cognitive task analysis called GOMS. A GOMS analysis
produces a step-by-step text-based description of the procedural knowledge required to accomplish a task (Card,
Moran, & Newell, 1983; John & Kieras, 1996a). GOMS is an acronym which divides the components of computer-
based problems and learner actions into goals, operators, methods, and selection rules. The GOMS model analyzes
computer-based problems by reducing them to solution steps, known as problem solving operators (Dix, Finalay,
Abowd, & Beale, 2003).

Even before GOMS existed, Merrill (1971) had proposed instructional designers use an “information
processing” perspective toward task analysis as they design instructional materials. Later, researchers found that a
GOMS analysis resulted in positive modifications to instructional materials (Elkerton & Palmiter, 1991; Steinberg &
Gitomer, 1992; Sullivan, Ortega, Wasserberg, Kaufman, Nyquist, Clark, 2008). Therefore there is certainly
precedence for the use of GOMS analyses in the design of instructional materials. One reason for this is because
experts often have difficulty articulating exactly how they perform procedures (Villachica & Stone, 2010). This type
analysis allows for the instructional designer to work with a series of subject matter experts and synthesize their
input to develop a more comprehensive product (Sullivan, et al., 2008). Indeed several studies have found empirical
evidence that support the efficacy of CTA-based instruction (Clark et al., 2008). It is with this thought in mind that
researchers are beginning to consider cognitive task analysis within the context of cognitive load theory (e.g.
Shachak, Hadas-Dayagi, Ziv, & Reis, 2009) for they can be used together within a GOMS-like analysis (Lewis,
2008). It is in this way that a cognitive task analysis may provide the means to test the predictions of cognitive load
theory.

Efficiency and Effectiveness

So what is needed is a way of producing instructional design guidelines that are based on empirically
driven studies. Researchers need an objective method of assessing and evaluating instructional materials which
1) is based upon Soloway’s learner-centered design philosophy (Soloway et al., 1994), and 2) allows researchers to
analyze instructional strategies, to find those which are the most efficient and effective. Cognitive load theory has
provided us with several constructs that compare instructional conditions (Briinken, Seufert, & Paas, 2009;
Tuovinen & Paas, 2004). Paas and van Merriénboer initially developed the primary cognitive load construct,
“relative condition efficiency” (Paas & van Merriénboer, 1993; Sweller, van Merri€nboer, & Paas, 1998). Relative
condition efficiency combines learner performance scores and mental effort ratings to compare instructional
conditions (See Equation 1).

. .. . _ Z Performance Z MentalEffort
Relative condition efficiency = \/E 1)

The resulting data is graphed on a biplot (See Figure 1) to allow researchers to compare the relative
efficiency of instructional conditions. Since its development, relative condition efficiency has become an important
basis for much of cognitive load research (Paas, Tuovinen, Tabbers, & Van Gerven, 2003). However, this
measurement relies on indirect or subjective mental effort ratings (Briinken, R., Plass, J. L., & Leutner, D., 2003).
Paas and van Merriénboer (1993) were aware of this limitation and even state in their original article that this
construct should be qualified with performance data. While “relative condition efficiency” is a measure of the
cognitive efficiency of an instructional condition, because it uses mental effort ratings, it does not include time in the
equation. Therefore it is difficult to truly analyze the efficiency of the learner’s performance given an instructional
condition.

While learners are able to reliable report their perceptions of the instructional conditions (Ayers, 2008), it
would be helpful to truly be able to gauge learner performance over time. Learners become more efficient each time
they solve similar problem solving scenarios, as they acquire the underlying problem schema. Lewis (2008)
synthesized each of these ideas to develop another construct, called “performance efficiency.” Performance
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efficiency is similar to relative condition efficiency, but uses performance time rather than a mental effort rating
(compare Equations 2 and 3).

. . . _ ZPerformance - ZMentalEﬂ”ort 2
Relative condition efficiency = \/5 (2)
Performance - PerformanceTime

Performance efficiency = 3
V2

Performance efficiency was developed to complement rather than compete with relative condition
efficiency. Therefore it is hoped that this separate efficiency metric may be used to strengthen cognitive load
research and to analyze instructional conditions in a similar way. Performance efficiency contrasts instructional
conditions in much the same manner as relative condition efficiency, to combine Gagné’s dependent variables in a
biplot (see Figure 2) with group performance times and performance scores.

A generalizable research methodology

Generalizablity is perhaps the most valued aspect of any task analysis methodology (Crandall, Klein, &
Hoffman, 2006). The methodologies employed by the Gilbreths were generalizable and still useful today. Software
task analysis studies are a modification of those early time motion studies, but now aimed at computer-based
environments. Software packages like Techsmith Morae (Techsmith, 2011) are used to record user interactions with
software. These software solutions can be used to compare the learnability of instructional conditions (Lewis, 2008).
These computer-based solutions are a generalizable methodology for conducting a cognitive task analysis. Like the
time motion studies of the early 20™ century, today’s computer based task analysis studies use time as a dependent
variable. Certainly recordings have been used for years, but recordings of a learner’s onscreen actions, during
computer-based training is relatively new. Recordings free the researcher from the constraints of time, allow
researchers to review, categorize and analyze the learner’s performance. If necessary, they can watch a learner as
they perform some behavior repeatedly, in order to document multiple aspects of that behavior (Lewis, 2008; Martin
& Bateson, 2007). This is because a researcher can easily rewind the recordings to document multiple outcome
variables, which may have occurred simultaneously. Thus researchers do not have to document learner behaviors as
they occur, because this methodology allows these researchers to review learner actions weeks or months after the
actual behavior.

Gagné’s variables may be measured with recording software like TechSmith Morae (Techsmith, 2011).
Learners are given credit for completing a problem solving operator (Lewis& Barron, 2009). To tally completion of
a problem solving operator, researchers may use a rubric or checklist based upon the problem being solved (See
Tablel). In this table the problem solving operators are listed in the table to the left and then the operator is checked
in the table cells (usually with a point value). This is made easier by using a spreadsheet application to tabulate
scores automatically. Finally, performance time may be measured in seconds with the recording software. This
software allows a researcher to mark the timeline of a learner’s onscreen recording and to designate the beginning of
a performance, in this case with the first initial mouse movement. Once data points are found per learner then a large
spreadsheet of data points may be made. For more information on calculating the metric values consider other more
detailed sources (Clark, Nuguygen, Sweller, 2006; Lewis, 2008).

Conclusions

The most important implication of this research is that it produced a new generalizable metric for
contrasting instructional conditions. This metric considers performance outcomes as they relate to the design of
instructional materials. This is as opposed to the cognitive efficiency of the materials which is the role of relative
condition efficiency. It is hoped that these metrics can be used together to promote cognitive load research. This
performance efficiency metric was an outcome of a cognitive task analysis, and a development of a dissertation
study (Lewis, 2008; Lewis & Barron, 2009). An important implication of this study was that it demonstrated a new
methodology for analyzing both learner tasks, and on-screen behaviors of the learner. This analysis provided
instructional design researchers a generalizable methodology of evaluating learner responses (documenting learner
errors & problem solving operators) within a computer based learning environment.
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Recording learner onscreen actions is generalizable to any e-learning environment. It uses “off-the-shelf”
software (Techsmith Morae) to document and analyze learner behavior. Along with the performance efficiency
metric this methodology allowed for a comparison of instructional conditions. Each of these can be used together
with cognitive load measures as a research methodology to compare and contrast instructional materials. Task
analysis researchers have used observation (via photography/videography) for decades, this is yet another
methodology. It is hoped that others make uses of these methods and find them useful as a means of improving
instructional materials.
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Figure 1. A biplot of Relative Condition Efficiency
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Table 1

Picnic problem accuracy rubric
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