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knowledge and "functional™ knowledge has also been found for simulations on
business (Anderson & Lawton, 1992), Newtonian motion (with children; Flick,
1990), kinematics (McDermott, 1990), collisions (De Jong et al, in press; Whitelock
et al., 1993), agriculture (Leutner, 1993), a subdomain of economics (Mandl,
Gruber, & Renkl, 1994), acceleration and velocity (Rieber, 1996; Rieber et al.,
1996), and harmonic oscillations (Swaak et al., 1998).

In the studies that we cited in this overview we find support for the importance
of "intuitive" or "deep” knowledge for discovery learning. In studies that com-
pared simulation with expository teaching, Grimes and Willey (1990), for ex-
ample, used a test containing items that asked for "recognition and understand-
ing," "explicit application,” or "implicit application." In this study the simulation
group, which showed an overall advantage over the control group, was specifi-
cally successful in items measuring implicit application. In Carlsen and Andre
(1992), simulation groups performed no better on a posttest than did a no-
simulation group; however, when the items were analyzed (by looking at the
alternatives chosen) on the mental models that students had acquired, students
from the simulation groups showed more advanced models. Rieber et al. (1990)
used a test to measure the ability to apply rules from the domain. The simulation
group took significantly less time in answering the posttest questions than did a
group who had received a tutorial enhanced with questions. According to Rieber
et al., this points to more deeply processed knowledge.

In studies where different versions of simulation environments were compared,
we again see an effect of the type of knowledge test used. De Jong et al. (in press)
and Swaak et al. (1998) used a test of definitional knowledge and also a test
measuring "intuitive" knowledge. In the latter test, subjects had to predict what
would happen after a change was introduced in a situation, and they had to make
this prediction as quickly as possible (see also Swaak & De Jong, 1996). Though
learners improved in definitional knowledge when learning with the simulation
environments (which also contained expository information), the gain in intuitive
knowledge was larger. Also, differential effects of simulation environments came
out only on the test of intuitive knowledge.

Finally, the type of knowledge test used also seems to play arole in the studies
that compared structured simulation environments with unstructured ones or with
the normal curriculum. In Linn and Songer (1991) and Lewis et al. (1993) a test
was used that measured qualitative distinctions between central concepts. Njoo
and De Jong (1993a, 1993b) used items that measured qualitative insight, and
Gruber et al. (1995) and White (1993) used tests in which predictions had to be
given (as in De Jong et al., in press, and Swaak et al., 1998). All these studies
showed an advantage for the structured simulation environments. In Veenman
and Elshout (1995), where learners were tested on a combination of qualitative
and definitional knowledge, no overall effect of structuring the environment was
found, with an exception for specific group of learners. Finally, in an evaluation
of Smithtown (Shute & Glaser, 1990), no difference in effectiveness could be
found between a structured simulation environment and a traditional lesson, but
here a test measuring recall of concepts was applied. Advantages of simulations
seem clear when the instructional goal is the mastery of discovery skills. In Rivers
and Vockell (1987), not only was domain knowledge assessed, but also discovery
abilities were measured by a number of general tests (e.g., the Watson-Glaser
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Critical Thinking Appraisal) and by analyzing the trend in scores on a domain
pretest. Rivers and Vockell concluded that students from the simulation curricula
outperformed the control subjects, especially if the simulations contained guid-
ance in the form of hints that pointed to good discovery behavior (see also
Faryniarz & Lockwood, 1992; Woodward, Carnine, & Gersten, 1988).

The development of environments that invite learners to engage in self-directed
(discovery) learning and that provide support tools for the learning process
continues (see, e.g., Suthers, Weiner, Connelly, & Paolucci, 1995). In our view,
therefore, a further and deeper analysis of problems that learners encounter in
discovery learning and a further evaluation of specific ways to support learners
should be the principal items on the current research agenda in this area. Studies
should aim to find out when and how to provide learners with means to overcome
their deficiencies in discovery learning—in other words, when and how to provide
scaffolding for the discovery learning process.

For these evaluation studies there are three additional points of interest. The
first one is that introducing additional support tools is not only meant to enable the
learner to perform certain actions, but can also be used to prevent cognitive
overload (Glaser et al., 1988, p. 63). However, some instructional measures may
also raise cognitive load, by introducing more complexity into the environment.
Gruber et al. (1995), for example, suggest that an increase in cognitive load occurs
when multiple perspectives are introduced into a simulation environment. Further
research on support measures should take into consideration the effects of addi-
tional support measures on cognitive load (see, e.g., De Jong et al., in press;
Swaak et al., 1998). A second aspect of support tools is that in learning environ-
ments these tools can be used as unobtrusive measures, as was recognized by
Glaser et al. (1988) in the design of Voltaville. For example, in SHERLOCK
(Lesgold et al., 1992) the student goes through the diagnostic problem solving
process by choosing from menus of actions. On the one hand, this helps the
student in the planning process; on the other hand, this helps the researcher (the
system) to assess the student’s intentions. In the SHERLOCK environment,
information from this measure, which otherwise serves as a planning tool for the
learner, is utilized for generating adequate hints. Van Joolingen (1995) describes
some principles of how information gathered through a hypothesis scratchpad can
be used for assessing the learner’s actual state of knowledge. The third point of
interest is that the place of simulations in the curriculum should be investigated.
Lavoie and Good (1988) suggest that a “Piagetian” approach be used, which
implies that simulations are introduced in a first phase of learning, where explo-
ration is allowed, and that concepts are formally introduced later, followed finally
by concept application (see also Brant et al., 1991; White, 1993). This suggests a
potential use of computer simulation that differs from the classical, hypothesis-
driven approach.

Only after sufficient research along the lines sketched in this section has been
conducted might an appropriate design theory for instructional simulations arise.
Current attempts at such a theory, though interesting, are necessarily fragmentary
and incomplete (see, e.g., Thurman, 1993). But when such a theory does indeed
arise, discovery learning with simulations can take its place in learning and
instruction as a new line of learning environments, based on technology, in which
more emphasis is given to the learner’s own initiative.
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