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Individual pattern representations are 
context independent, but their collective

representation is context 
dependent

Thomas Lachmann
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RIKEN, Wako-shi, Japan

Cees van Leeuwen
Brain Science Institute, RIKEN, Wako-shi, 

Japan and University of Sunderland, Sunderland, UK

We studied context dependency of the representations underlying perceptual “goodness”. Three
experiments used a same–different task with classical Garner 5-dot patterns presented with an
interstimulus interval (ISI) of 500 ms. Same patterns were allowed to be rotated or reflected ver-
sions of each other. Pattern goodness was varied according to rotation and reflection equivalence,
using Garner’s equivalence set size (ESS) measure. The ESS of both first and second patterns
affected reaction time and accuracy. A model based on assumptions that Garner’s equivalence
sets constitute the generic representation of these patterns and that items within these sets are
accessed serially was fitted to the data. Excellent fits were obtained, which were robust against
frequency-induced bias at the level of the individual pattern, but sensitive to such bias at the level
of the equivalence set. It was concluded that individual pattern representations are context inde-
pendent, whereas their collective representations are context dependent. Simplicity and likeli-
hood principles, therefore, seem to apply to different levels of a representation hierarchy.

Visual perception presents our environment as structured and extended in space and time.
For practical purposes, we may agree that this is the case because certain relational pro-
perties in our environment, such as proximity and symmetry, specify it to be that way.
Experimental psychology has made important progress in identifying laws in which such
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relational properties predict perceivers’ observations (Kubovy & Wagemans, 1995; Palmer,
1985; van Lier & Wagemans, 1997; Wagemans, 1993).

From a theoretical point of view, the notion that environmental structure determines per-
ceptual content cannot be the last word. Laws may describe why certain environmental
properties produce certain perceptual content; they do not explain why these properties are
selected by the visual system to begin with. It is clear that an explanation cannot be phrased
in terms of environmental properties themselves, on penalty of infinite regress. As a result,
explanations in terms of the informational properties of the physical stimulus (Attneave,
1954; Hochberg & McAlister, 1953) failed. The problem of why these preferences exist is, in
a sense, far more difficult and fundamental than the actual laws themselves.

The Gestalt psychologists, who emphasized from early on that environmental regularities
alone will not do, addressed the perceptual preferences with the notion of “goodness” (e.g.,
Gottschaldt, 1926; Wertheimer, 1923). Goodness, thus, is whatever is used with preference by
a perceptual system to determine the structure of our environment. Such a definition is
empty without further specification. What constitutes a perceptual system as well as the type
of structure it prefers may, in principle, be essentially context dependent (as Gibson, 1966,
emphasized). Goodness was long believed to be immune to context-independent lawful spec-
ification, and with this the whole notion that environmental regularities or, as they are often
called somewhat oddly, physical stimulus properties cannot explain perceptual preferences
had fallen into oblivion.

The work of Garner (1962, 1966) returned to the original idea of Gestalt psychology by
saying that a “. . . pattern, has qualities over and above those which can be specified by des-
ignating the physical properties of each element of the pattern” (Garner & Clement, 1963,
p. 446). Garner specifies goodness in relation to a set of alternative items, called the inferred
set (cf. Garner, 1962). This set consists of items considered by the perceiver to be also pos-
sible in the given situation. Consequently, goodness is not predicated of physical stimuli
judged by themselves, but compared against a set of possible alternatives to that particular
stimulus represented in the perceptual system.

Evidence from at least one domain of observation suggests that a law of descriptive sim-
plicity could be predicated on the preferred representations: A stimulus is good, when its
inferred set is small. A related concept underlies structural information theory and has been
applied to a variety of domains (see Leeuwenberg, 1969; van der Helm & Leeuwenberg,
1991, 1996, 2004). For Garner, the problem thus became how to measure inferred set size.
Garner and Clement (1963) introduced a measure in terms of group theory for a set of five-
dot patterns that can be constructed on an imaginary 3 � 3 grid, leaving neither row nor
column empty. These patterns, 90 in number, form 17 disjunctive sets, members of which are
related by a group action “R&R”, which is the union of reflection and rotation by 90° (R&R
sets, or equivalence sets; see Figures 1 and 2). These sets differ in number of their members
as a direct consequence of the fact that the group action, or iterates thereof, project some
items onto themselves. Seven sets consist of eight equivalent patterns (equivalence set size,
ESS � 8), eight sets consist of four patterns (ESS � 4), and two sets, the “five of dice” and
the “cross” have only one member (ESS � 1; cf. Figure 2). Equivalence set size was shown to
be a reliable predictor variable for direct goodness judgements (Garner & Clement, 1963).

Garner’s notion of goodness has some characteristic features that are still relevant for the
study of perception today. The items in the inferred set are fixed and not weighted with

2 LACHMANN AND VAN LEEUWEN



respect to their frequency of occurrence in the world (Shannon, 1948), nor by Bayesian prior
odds. This is not just a simplifying assumption, but embodies the notion that perceiver’s
observations are, in a fundamental sense, independent of their context.

Certainly, changes in context may affect perceivers’ observations to some extent. One way
to accommodate this general observation is to distinguish goodness as it operates in an early
stage of perception (say, encoding), which is supposed to be context independent, and in later
stages of the information process. Studies trying to localize the stage of the goodness effect
led to contradictory results. Checkosky and Whitlock (1973) found that goodness (defined as
ESS) interacted with serial memory retrieval and concluded that goodness “. . . influences
the time to generate a visual representation for each of the memory set items” (p. 343). In
addition, they varied the intensity of the probe and found a 100-ms additive effect of the
probe intensity (cf. Lachmann, 2000, and Schmidt & Ackermann, 1990, for reanalyses of
Checkosky and Whitlock’s data) and no interaction between intensity and goodness. These
results led to the conclusion that goodness selectively influences the later stages of informa-
tion processing. Pomerantz (1977) criticized the method in Checkosky and Whitlock (1973);
his own results, however, led to the same conclusion. Contrasting evidence, however, was
found also, that goodness selectively affects stimulus encoding (Bell & Handel, 1976; Clement,
Guenther & Sistruk, 1972; Clement & Varnadoe, 1967; Garner & Sutliff 1974; Howe, 1980;
Howe & Brandau, 1980; Millspaugh, 1979) or both encoding and memory retrieval stages of
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Figure 1. Examples of patterns representing the 17 pattern sets introduced as stimuli in goodness ratings by
Garner and Clement (1963).

Figure 2. Pattern samples for the set of stimuli first used by Garner and Clement (1963). The upper line shows
patterns from one set of ESS � 8 in different possible orientations according to R&R operations—that is, clockwise
rotation of 90°, 180°, and 270°, and reflection, H � horizontal axis, V � vertical axis, R � positive diagonal axis
(median line from the right), L � negative diagonal axis (median line from the left). The middle line consists of ori-
entational alternatives of a pattern from one set of ESS � 4. As can be seen, only four different orientations can be
implemented, e.g., by rotation; further operations produce redundant information, e.g., reflection. Finally, the
pattern in the last line turns up as identical after all of the R&R transformations, and thus, according to Garner
(1962; Garner & Clement, 1963), there is a maximum amount of redundancy.



information processing (Enns, 1987; Sebrechts & Garner, 1981). These contradictory results
seem to flout efforts to localize the effect of goodness.

The failure to allocate goodness effects to a particular stage suggests that we should con-
sider an alternative approach. According to Pomerantz (1977), we are dealing with a generic
process resource, or what we shall call a representational mechanism. That this mechanism is
generic implies that it is invariant within the relevant time frame; it constitutes an abiding,
context-independent core, which is understood as phylogenetically or ontogenetically
evolved. Thus, it is essential that in the model, the elements of a representation are not
weighted according to frequencies or prior odds.

This framework amounts to an ideal observer theory for the perception of structure.
Context effects can occasionally disrupt (or even reverse) goodness effects. However, this
should not invalidate their lawful explanation. A possible explanation for such contextual
biases could be found, for instance, in terms of local attractors in the dynamics of percep-
tion. In van Leeuwen, Buffart, and van der Vegt (1988), the proximity of items within pat-
terns, the order between trials, and other pattern features generate such local minima.
However, they are overcome in the long run, resulting in integral pattern representations
that are in accordance with goodness criteria. An intrinsic tendency towards integral pattern
representation (Pomerantz & Pristach, 1989) was confirmed in subsequent studies of per-
ceptual dynamics (Goldstone & Medin, 1994). In sum, a perceptual dynamics account offers
itself as a natural alternative to stage-wise processing.

Our present aim is to test Garner’s assumption of underlying representation invariance.
Geissler and his coworkers proposed the same–different task as a useful instrument for
testing this assumption (Berti, Geissler, Lachmann & Mecklinger, 2000; Lachmann & Geissler,
2002; see also Geissler, 2001, 2004). In the same–different task, one item is compared to a
single probe that is presented simultaneously or successively, in order to decide whether it is
the same or different. In our version of the task, items are presented in succession. That is,
one item in memory is compared with one presented visually. For this task, it was observed
(Lachmann & Geissler, 2002) that both encoding and memory processes involve goodness.
Successive presentation of the stimuli is proposed as a useful tool to investigate the role of
goodness in both memory and encoding.

The same–different task is to be contrasted with the Sternberg (1966) memory search
task. In the memory search task, comparison between the probe and the items in the
memory set are usually made within a single dimension. In the same–different task, how-
ever, stimuli may differ in multiple dimensions (such as colour, form, and position; e.g.,
Egeth, 1966). Whereas in the former, homogeneity of the items in the memory set is
important to control the procedure, in a same–different task the dimensional structure of
the items is a central experimental variable (Nickerson, 1969). Whereas in the Sternberg
task, decision reaction times (RTs) vary as a function of the memory set size, in the
same–different task with successive presentation, the “memory set” (to use Sternberg ter-
minology) is restricted to one item, and RT is expected to vary as a function of the criti-
cal dimensions (but see Miller, 1978, for evidence against independent comparisons of
dimensions) or features of the same/different pair. Nevertheless, systematic, linear
increases of RTs were obtained as a function of the goodness of the patterns compared,
measured by their ESS (Berti et al., 2000; Lachmann & Geissler, 2002, Schmidt &
Ackermann, 1990).

4 LACHMANN AND VAN LEEUWEN



The preliminary results enable us to make some choices regarding a process model.
A process model based on Garner’s notion of inferred sets can take, in principle, two different
forms: transformational (e.g., Palmer; 1994; Palmer & Hemenway, 1978) and nontransforma-
tional (e.g., van der Helm & Leeuwenberg, 1996). The transformational account will give
central importance to the group action that transforms a set item into another. Translated into
a process, this implies online production, by applying the transformation rule, of set items for
same–different comparison. A special case is when two identical items are compared. Then
the transformation takes the form of a null operation. This may give privileged status to iden-
tical items, giving rise to a fast–same effect (Krueger, 1973; Proctor, 1981). These effects are
characteristic of same–different tasks and were observed for Garner patterns in Lachmann
and Geissler (2002). Items that are same in form but different in orientation correspond to a
transformation like mental rotation (Shepard & Metzler, 1971) or reflection. Mental rotation
effects, however, such as the dependency of RT on rotation angle, were not obtained
(Lachmann & Geissler, 2002) and, moreover, cannot explain the linear function of ESS in RT.
Finally, they cannot explain why there is a linear function of ESS also for the different
responses. We may conclude that the evidence from the earlier studies for a transformational
account is, at best, mixed. We consider transformational explanations of our data throughout
our experiments; however, we focus on a nontransformational approach. The nontransforma-
tional account gives central importance to the set, which, as the nontransformational
approach assumes, is kept in some declarative storage (that is, not as a production rule).

This invariant set constitutes a memory set in the sense of Sternberg (1966). Presumably,
set activation is rapid and spontaneous, but access of the items within it is serial and slow,
and it will dominate RT in the same–different task. The slope in the RT function can then
be predicted from ESS. Evidence was obtained in Lachmann and Geissler (2002) that the
sets were searched serially according to strict criteria of seriality that apply to the Sternberg
task. Serial (cf. Van Zandt & Townsend, 1993) is used here merely in a descriptive sense, as
linearity depending on the number of items in the set.

EXPERIMENTS

All experiments reported used Garner stimuli in a same–different task. This task is sensitive to
bias (Irwin, Hautus, & Francis, 2001). Bias can be studied by varying the relative frequency of
certain stimulus or response categories (e.g., Van Zandt, Colonius, & Proctor, 2000). Familiarity
can have an effect on the rate of processing in the same–different task (Lamberts, Brockdorff, &
Heit, 2002). It is unknown how such frequency bias and goodness interact in this task. Our
efforts must therefore be aimed first at testing for effects of goodness with optimally balanced
stimuli. In our case this means that both the frequency of the equivalence sets and that of indi-
vidual patterns are to be balanced. To illustrate this problem, consider the following: Among
Garner’s stimuli, there are only two sets of ESS � 1, against eight of ESS � 4 and seven of
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1This does not imply that perceivers use a transformation operation to detect structure (e.g., van der Helm &
Leeuwenberg, 1996).

2This interpretation was challenged when RT effects consistent with serial search were shown to be explicable
in terms of alternative processes. Serial processing, therefore, cannot simply be inferred from linear increases in RT
with the number of items in memory. Additional features must be present in the data (Van Zandt & Townsend, 1993).
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ESS � 8. Using three ESS levels would mean that, because there are only two sets of ESS � 1,
the choice from ESS � 4 and ESS � 8 must also be restricted to two sets. This leaves only 6 out
of 17 candidate sets. Moreover, since each ESS � 1 set by definition contains only one unique
pattern, balancing patterns would require that also from the remaining two ESS � 4 and two
ESS � 8 sets only two items respectively could be drawn, so that in the end, a mere 6 individ-
ual patterns out of the total 90 could be used: the 2 ESS � 1, complemented by 2 out of the 32
ESS � 4 and 2 out of the 56 ESS � 8 patterns.

In principle, an experiment could be performed with such a restricted set, but there is
still one more possible source of bias. Consider that items are shown in pairs. Patterns of
ESS � 4 and ESS � 8 can be identical to another pattern in shape and orientation (identity
match, IM), or identical in shape but not in orientation (categorical match, CM), or neither
of these (nonmatches, NM). For ESS � 1 patterns, however, only IM and NM, but not CM,
are possible. All these potential sources of biases need to be controlled when performing a
same–different experiment using Garner stimuli.

In Lachmann and Geissler (2002) the option was taken to balance sets, ignoring that
while balancing the frequency of a set of ESS � 1 and one of ESS � 4, for instance, individ-
ual items from the first set have a fourfold higher probability of occurrence. In principle, this
alone may explain their observations of shorter RTs for patterns of smaller set sizes (e.g.,
Krueger, 1973; Krueger & Shapiro, 1981).3

For this reason, alternative balancing strategies need to be performed, and their results need
to be compared, relying on convergent validation strategies for testing the model. These strate-
gies are pursued in our experiments. In Experiment 1, we restricted the stimulus set, omitting
the ESS � 1 patterns. For the remaining patterns, a full balance can be obtained without too
great a difficulty. In Experiment 2, we include the ESS � 1 patterns. Different groups of par-
ticipants receive conditions in which, alternatively, set and individual pattern frequency were
balanced. With ESS � 1 patterns included, however, it is impossible to balance both set and
pattern frequency at the same time. On the other hand, this offers us an opportunity to
compare frequency bias effects for sets and patterns. Sets are balanced in one condition, giv-
ing rise to frequency biases in the patterns; in the other condition patterns are balanced, giv-
ing rise to frequency biases in the sets. According to the representational mechanism
assumption that items in the set are fixed and not weighted by frequency, likelihood, or prior
odds, we expect that goodness effects will be robust against biases in patterns. The assumption
that frequency biases operate predominantly at the level of set is put to a test in Experiment 3.

General Method

Stimuli

The 90 Garner patterns from the 17 sets shown in Figure 1 were used in all experiments. These pat-
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3It could, for instance, be argued that the frequency of individual stimuli affects their encoding (Blackman,
1980; Miller & Pachella, 1973; Smothergill & Kraut, 1981; but see also Pachella & Miller, 1976, who found effects of
stimulus probability in a same–different task only for name matches but not for physical matches, and De Jong &
Sanders, 1986, who failed to find effect of probability on eye-fixations in a same–different task).



terns were combined into pairs. In these pairs, we distinguish those that are identical in shape and ori-
entation (IM), identical in shape only (CM), or different (NM). Out of all 8,100 possible combinations,
90 are IM, 488 are CM yielding 578 matches, and 7,522 are NM. These numerical inequalities between
stimulus categories necessitate a selection of the pairs to balance the design. The strategy for selecting
the pattern pairs will be the only difference between the experiments.

Apparatus

The stimuli were presented on a display of red light-emitting diodes (LEDs). Nonactive LEDs
were invisible. The display was controlled by a PC through a parallel port. The experiment was per-
formed in a room without windows with indirect lighting. The LEDs had a diameter of 5 mm. The
distance between two LEDs was 13 mm. Consequently, the total expanse of the matrix to display one
stimulus was 4 1 � 41 mm. The display was presented at individual eye level, but the participant’s head
was not fixed. The distance to the display was about 65 cm; consequently, the visual angle subtended
about 3.5°. Same and different responses were given with the thumbs of each hand through a separate
response unit, with responses counterbalanced across participants. The display and the response unit
guaranteed an accuracy of latency measurement of 0.1 ms.

Procedure

Participants were given a written instruction, which emphasized both speed and accuracy of the
response. Before the first session, participants performed 20 practice trials with immediate speed and
accuracy feedback, and 20 trials without feedback. Prior to later sessions, 10 warm-up trials with and
10 warm-up trials without feedback were performed.

During the experiment participants’ speed and accuracy were monitored online. When more than
three errors were made over the last 10 trials or if the time to respond exceeded 2,000 ms a warning to
respond more accurately or faster, respectively, was displayed, and a button press was required to con-
tinue the program. Participants were encouraged to press a stop button when they felt concentration
slipping or when they wanted to rest. In anticipation that some participants would not use this option,
the program was interrupted halfway through a session and produced a text encouraging the partici-
pant to rest for a couple of minutes.

The two patterns were presented successively on each trial. The first one appeared on the left side
of the display for 500 ms. After an interstimulus interval (ISI) of 500 ms, with a distance of 15 mm, the
second pattern appeared on the right side of the display, remaining on until the response was given.
There was no need for moving the head. After an intertrial interval (ITI) of 2,500 �/� 30 ms the next
trial started automatically.

EXPERIMENT 1

Experiment 1 provides a full balance of all sets and patterns by excluding the ESS � 1 sets
from the stimuli, selecting equal numbers from amongst the available ESS � 4 and
ESS � 8 sets, and choosing a restricted number of patterns from within the latter sets.

Method

Participants

There were 22 student volunteers (16 female) from the University of Leipzig, between 22 and
32 years old. These students did not participate in any of the other reported experiments. They either

GOODNESS AND FREQUENCY 7



were paid or received course credit for participation.

Stimuli

A selection of the available pattern pairs was made. Out of the total of 17 sets, 3 sets of ESS � 4
and 3 sets of ESS � 8 were used (see Figure 3). The selection of the sets was based upon goodness
ratings in Garner and Clement (1963) and in Lachmann and Geissler (2002) in order to obtain sets of
which the average goodness rating matched that of the other sets of the same ESS. From each ESS � 8
set, four patterns were chosen randomly in such a way that both rotation and reflection occurred
amongst their equivalence relations. The patterns were varied according to a schedule, such that—
across the participants—all eight patterns in the full set were used approximately equally as often.

The selection reduced the number of patterns to 24 and thus 24 possible IM, 72 CM, and 480 NM
combinations. A further selection has to be made to balance these categories in the design (see Table
1). Each IM combination was chosen twice, yielding 48 pairs, half of ESS � 4 and half of ESS � 8 pat-
terns. These were matched against 48 CM pairs, half of ESS � 4 and half of ESS � 8 patterns. The
96 pairs so far qualify as same. An equal number of different pairs was added, chosen such that each
pattern appeared equally often first or second, and equally often in combination with a same ESS as
with a different ESS pattern. The experiment consisted of three sessions of 192 trials, performed on
one day, each taking about 20 minutes, including practice trials.

Results

8 LACHMANN AND VAN LEEUWEN

TABLE 1
Pattern combinations included in Experiment 1

Pattern Number Total number Frequency of Number of
combination ESS of sets of pairs pair inclusion pairs included

Same IM 4 3 12 2 24
8 3 12 2 24

CM 4 3 36 2/3 24
8 3 36 2/3 24

Different NM 4 3 � 3 96 1/4 24
8 3 � 3 96 1/4 24

4&8 3 � 3 144 1/6 24
8&4 3 � 3 144 1/6 24

Note: Same combinations consist of patterns from one set; IM (identity match) are pairs of identical patterns,
CM (categorical match) are the remaining combinations. Different pairs (NM � nonmatch) consist of patterns from
two sets of either the same or different ESS (equivalent set size). The total number of pairs (i.e., the total number
of combinations in a given condition) is the product of ESS and the number of sets. The number of pairs included
is the product of the total number of pairs and the frequency of pair inclusion (i.e., the multiplication factor that
was applied in order to adjust the pair frequency in accordance with the particular balancing strategy).

Figure 3. Examples of patterns representing the three pattern sets of ESS � 4 (left) and the three pattern sets of
ESS � 8 (right) used as stimuli in Experiment 1 and Experiment 3.



Data were analysed for RT and error rates. For removing outliers, only those responses were
entered into computation of which the RT met the following criterion: RT � (�is � 3�is | 145 ms
� RT � 3,000 ms) or RT � (� � 1.5� | 145 ms � RT � 3,000 ms), with �is � mean and
�is � standard deviation of RT for the ith participant on the sth session, and � � mean and
� � standard deviation of RT. According to this criterion, 1.1% of the cases were excluded
from analysis, which were equally distributed over the experimental condition, and for all
individuals the rate was below 2%. Only correct responses were included for RT analyses.
The selected RTs were uniformly distributed across conditions. The overall mean RT was
476 ms (SD � 157), and the mean error rate was 5.6 %. RT means, standard deviations, and
error rates for the set sizes are displayed in Table 2 for identity (IM), category (CM), and
nonmatches (NM). No speed–accuracy trade-off effects were observed, and, therefore,
analyses of variance (ANOVAs) are reported here for RT only. Generally, the Green-
house–Geisser correction was used to calculate the level of significance, while the F-values
report the uncorrected degrees of freedom.

Same (IM and CM) responses were given with M � 452 ms. This is significantly less than
the time needed for different (NM) responses, which took M � 500 ms, F(1, 21) � 29.9,
p � .01. Within the same responses, significantly less time was needed, F(1, 21) � 266,
p � .01, for IM (418 ms) than for CM conditions (589 ms).

A two-way 2 � 2 ANOVA of RT of same responses was carried out with the factors type
of matching (IM, CM) and ESS (ESS � 4, ESS � 8). Participants made same decisions faster
when patterns came from ESS � 4 than when they came from ESS � 8 sets, F(1, 21) � 123.6,
p � .01. This effect was also significant for separate analyses of IM, F(1, 21) � 96.7, p � .01,
and CM, F(1, 21) � 111.1, p � .01. However, the ESS effect is larger in CM than in IM, as
indicated by a two-way ANOVA of same responses, which revealed main effects on RT for
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TABLE 2
Reaction time and error rate resulting from Experiment 1

RTa

Pattern 
combination ESS M SD Error rateb

Same IM 4 385 114 1.2
8 452 147 3.5

CM 4 434 126 3.9
8 553 183 16.5

Different NM 4 450 135 2
8 548 175 8.1

4&8 497 154 5.4
8&4 507 146 4.4

Note: RT � reaction time. IM � identity match. CM � categor-
ical match. NM � nonmatch. ESS � equivalent set size.

aIn ms. bIn percentages.
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type of matching, F(1, 21) � 251.9, p � .01, for ESS, F(1, 21) � 120.7, p � .01, and their
interaction, F(1, 21) � 44, p � .01.

A specific analysis of type of matching and ESS was performed, including those NM
cases where the first and the second patterns come from different sets of equal ESS—that
is, both patterns come from an ESS � 4 or both come from an ESS � 8 set. This is the case
for half of the different trials (see Table 1). We can include their averages with those of the
same trials in a 2 (ESS � 4 vs. ESS � 8) � 3 (IM vs. CM vs. NM) ANOVA. This analysis,
with pooled response types, again revealed significant main effects for type of matching, F(2,
42) � 60.4, p � .001, ESS, F(1, 21) � 146.6, p � .001, and their interaction F(2, 42) � 18.4,
p � .001. Post hoc pairwise analyses showed that the IM condition is faster than the CM and
NM conditions, but that CM and NM do not differ. There is no difference in ESS effect
between CM and NM. Thus, it can be concluded that the interaction in the 2 � 3 analysis
is solely based on a smaller ESS effect in IM than in CM and NM.

A further ANOVA was performed on the NM conditions. Here, ESS measures of the
first and the second patterns vary independently, allowing for a test of the contribution of
the first and the second patterns’ ESS. This analysis is essential in order to test principle
assumptions of the model that will be used in order to explain the results (cf. Lachmann &
Geissler, 2002). The 2 (ESS � 4 vs. 8 first pattern) � 2 (ESS � 4 vs. 8 second pattern)
ANOVA revealed that both the first patterns’ ESS, F(1, 21) � 100.6, p � .001, and the
second patterns’ ESS, F(1, 21) � 80.8, p � .001, influence RT significantly. No interaction
was found. When patterns differ in ESS, there is an advantage of 10 ms when the ESS � 4
pattern comes first. This difference, however, does not reach significance.

The results of analyses for error rates are similar to those for RT, except no difference was
found between same and different response accuracy.

Discussion

Robust effects of ESS were demonstrated in the experiments. The results obtained are con-
sistent with and extend those of Lachmann and Geissler (2002) to a balanced stimulus set.
One candidate explanation might be mental rotation (Shepard & Metzler, 1971). Mental rota-
tion could predict some ESS effects—for instance, patterns with a larger ESS on average
need to be rotated over larger angles in order to be aligned. However, an ESS effect was also
obtained in the case of IM, precluding such an explanation. Moreover, generally in mental
rotation, the RT delay is proportional to the difference in orientation between the objects
(Shepard & Metzler, 1971). However, in this experiment no difference in RT was obtained
between patterns that differed by 90° and those that differed by 180°. We may therefore dis-
miss mental rotation as a candidate explanation. Mental rotation explanations would imply
a transformational view of mental representations. The finding that our results cannot be
explained by mental rotation indirectly casts doubts on transformational accounts of mental
representations.

A second alternative explanation assumes that goodness as measured by ESS influences the
speed of encoding. As mentioned in the Introduction, evidence is mixed on this issue. Anyhow,
an encoding account would have to make additional assumptions as to why stimuli identical in
shape and orientation are responded to faster than those identical in shape but different in ori-
entation. One possibility is to assume that encoding is facilitated when identical stimuli are pre-
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sented, which would then account for the fast–same effect (Krueger, 1973, 1978; Proctor, 1981,
1986)—for instance, because from the first item to the second, a null-transformation is made.
However, again, the evidence regarding this assumption is mixed (Farell, 1985; Lachmann,
2000; Nickerson, 1969; Pachella & Miller, 1976; also see De Jong and Sanders, 1986, for results
indicating that encoding cannot be influenced by expectancy).

An argument against encoding can be found in the effects of ESS that were obtained for
different responses. This effect does not systematically depend on the order in which two pat-
terns that differ in ESS were presented in a trial. The encoding hypothesis would predict a
larger effect of the ESS of the second stimulus. However, the effect depends on the ESSs of
both stimuli approximately equally, even though stimuli were presented successively with a
stimulus-onset asynchrony (SOA) of 1,000 ms. We may conclude that neither mental rotation
nor encoding, nor a combination of these assumptions, can satisfactorily explain the results.

Lachmann and Geissler (2002) explained the ESS effects by a nontransformational
approach, which involved serial search of the equivalence sets. This mechanism is manda-
tory, hence the sets are searched even when two items are identical in shape and orientation,
and a direct comparison based on physical features would have sufficed. When a pattern is
presented, the set to which it belongs is activated rapidly. A much slower mechanism
searches for the pattern presented in the activated set. The more items contained in the set,
the longer on average this will take.

It seems that, in accordance with the model ESS effects are equal in size for the first and
the second pattern, although this claim will still need independent confirmation in later
experiments. We might consider the possibility that the ESS effect for the first pattern
depends on the way it is coded in memory, and that of the second pattern on its perceptual
representation. But such a distinction is not a meaningful notion for inferred sets, which are
generic representational resources. It is more parsimonious to assume that both items have
activated an inferred set representation; the set of both items has to be searched serially in
order to determine the identity of the patterns, even though the second pattern is still avail-
able on the visual display.

The ESS effect occurs both for same and for different responses. Same responses are faster
than different responses. This effect, however, is restricted to identity matching (IM).
Category matches (CM) take as long as nonmatches (NM). This may be explained by
models of the fast–same effect (Eriksen, O’Hara, & Eriksen, 1982; Krueger, 1973, 1978;
Nickerson, 1969; Proctor, 1981, 1986), which, however, would require extension in order to
explain the dependency on ESS. In contrast, the proposed model will explain the fast–same
effect as a consequence of how representations are accessed.

Note that the ESS effect for the CM condition is about twice that for the IM condition. In
Sternberg terms this could mean that in IM conditions the equivalence set is searched in a self-
terminating fashion, whereas it is exhaustive in CM conditions. However, in Lachmann and
Geissler (2002) no evidence for this assumption could be obtained. Instead, a model was fitted
to their data that assumed that, in order to compare a pair of items in IM conditions, the equiv-
alence set is searched only once, whereas in CM conditions, the set is searched twice, once for
each item. This makes sense, as the identification of the first item of the pair in the set auto-
matically implies the identification of the second one in the IM condition, whereas in the CM
condition the second one still has to be searched after the first one has been identified. This
assumption will become an important component in the specification of the proposed model.
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The model proposed in Lachmann and Geissler (2002) as best fitting their data was one
in which the sets activated by both stimuli are searched through one after the other. This
model assumes that the search for each item is serial and self-terminating. The search starts
from a random item within one of the sets. A first match will be obtained after an average of
(ESS1 � 1)/2 steps (ESS1 indicating the ESS of one of the items). When the other pattern is
in the same set, search continues from the position in the set where it originally terminated.
This means that in case of identity matches (IM), the second item is found in one more step.
Thus, for these patterns the total number of search steps is, on average (ESS1 � 1)/2 � 1. In
the case of categorical matches (CM), the second search again takes (ESS1 � 1)/2 steps
within the same set, resulting in a total of (ESS1 � 1) steps. In the case of nonmatches (NM)
the second pattern has to be found in a different set, which takes another (ESS2 � 1) / 2 steps
(ESS2 indicating the ESS of the other item), resulting in a total of (ESS1 � ESS2) / 2 � 1
steps.

Same and different responses were fitted by linear regressions with same slopes. Their
intercepts, however, may differ because of the decision process. It is possible, for instance,
that IM decisions are faster than CM and NM because the former can be decided on the
basis of one set member, while the others are decided on the basis of two set members. To
accommodate this possibility, a parameter c was added to the intercept for CM and NM. It
is used to align two interdependent linear fits, which are made under the condition that they
should be equal in slope. Importantly, c does not enter into the multiple regression equation
and, therefore, cannot inflate the fit.

This model was fitted to the data of the present experiment, which resulted in an almost
perfect model fit of the seven RT means (see Figure 4), R2 / R2

adj. � .99, p � .001, c � 0 (with
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Figure 4. Model fit for mean RT of Experiment 1, IM � identity matches, CM � categorical matches (both
requiring a same response), NM � nonmatches (requiring a different response). The theoretical search steps result
from the model explained in the text.

4R2
adj.� adjusted R2 for low degree of freedom � R2 � [(1 � R2) a] / (b � a*), with a � number of independent

variables; b � sum of case weights; a* � number of coefficients (including intercept).



R2
adj. � adjusted R2).4 Note that parameter c � 0 for this case, indicating that the optimal fit

is reached with the same intercept for same and different responses.

EXPERIMENT 2

In Experiment 1, an almost perfect model fit was obtained. It could be argued that this is due
to optimal conditions for an approach that does not weight items of the inferred set according
to frequency, likelihood, or prior odds—that is, a restricted pattern set was used to secure a full
balance of both set and pattern frequency. For larger sets of stimuli, balancing sets and individ-
ual patterns become mutually exclusive goals. This circumstance, however, allows us to system-
atically study at what level of representation, if any, goodness effects are sensitive to frequency
bias. The present experiment compares biases introduced as a result of imbalances in the fre-
quencies either at the level of individual patterns or at the level of sets. For the set-balanced
group, balancing set frequency leaves unbalanced the frequency of individual patterns (although
less than in Lachmann & Geissler, 2002). The pattern-balanced group, by contrast, equalizes the
frequency of individual patterns, thereby creating an imbalance at the level of sets.

Method

Participants

There were 22 participants (16 female) between 22 and 33 years old in the set-balanced group. In
the pattern-balanced group there were 21 participants (15 female), between 21 and 33 years old. Both
groups consisted of student volunteers from the University of Leipzig, who either were paid or
received course credit for their participation. The participation in one of the two groups was mutually
exclusive, and none of the students took part in any of the other reported experiments.

Stimuli

Set-balanced group. For the set-balanced group, 540 pairs were selected during runtime. The
selection was such that half consisted of patterns to be judged as same (IM or CM). These included 15
times all the IM pairs of the two ESS � 1 sets (30), twice all the IM pairs of the eight ESS � 4 sets
(64), and once all IM pairs from the seven ESS � 8 sets (56), yielding 150 IM pairs. Because CM pairs
do not exist for ESS � 1 patterns, 30 IM pairs of ESS � 1 were included in order to balance them with
ESS � 4 and 8 for same responses. This means that for IM ESS � 1 conditions each individual pattern
combination was repeated 15 times within a session. By consequence, within same responses there is
no balance of the conditional probability of IM versus CM given set size. This is principally impossi-
ble as long as ESS � 1 patterns are included, as there are no CM conditions with ESS � 1.

The CM patterns in the ESS � 4 and ESS � 8 sets were matched in number to those of ESS � 4
and ESS � 8 in the IM conditions. This yields 120 CM pairs, which were selected with the aid of a
Latin-square. In sum, there were 270 same patterns. These were matched by 270 different patterns
(NM). They were selected, taking into account the balancing of conditional probability that the
second pattern comes from a certain set, given that the first item comes from a certain other set. The
probability of a same or a different response, given a pattern of a certain set size as the first or second
pattern of a pair, was exactly the same, for ESS � 1 (30–30), ESS � 4 (128–128), and ESS � 8
(112–112). Furthermore, the selection was made in such a way that one of the patterns from each set
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occurred in combination with at least one pattern from each of the other sets (see Table 3). The result-
ing 540 same and different pairs constitute the stimuli presented in each experimental session.

Pattern-balanced group. For the pattern-balanced group, each pattern should be presented
equally often in each condition, regardless of the set it belongs to. The simplest way to do so would be
to use all the individual patterns from each set and randomly combine them into pairs. This strategy
was rejected on the grounds that it would result in massive imbalances between IM, CM, and NM
cases, as well as conditional probabilities of these, given a pattern of a certain type. For instance,
ESS � 1 patterns being rare, this strategy would make CM and NM patterns more likely than IM,
given that the first is an ESS � 1 pattern. The same holds when an ESS � 1 pattern is presented as
second. For such reasons, an important secondary goal of the design is to balance these probabilities
as well.

The following strategy was taken to ensure equal presentation frequencies for each pattern chosen.
For IM patterns, each session contained each identical pair twice. For ESS � 1 sets, this resulted in 1
(number of patterns in the set) � 2 (number of sets) � 2 (repetitions) � 4 presentations. For ESS � 4
sets, there are likewise 4 � 8 � 2 � 64 presentations. Only four patterns from each ESS � 8 set were
included, yielding 4 � 7 � 2 � 56 presentations. The CM combinations were the same as those in the
set-balanced group, except that only four of eight patterns of ESS � 8 were used. Thus, there were 244
pairs of same patterns: 124 IM and 120 CM patterns. For different patterns, NM pairs were chosen as
in the set-balanced group, except the combinations involving patterns of ESS � 1. In order to balance
the probability of same or different responses when a pattern of ESS � 1 was shown as the first or
second, only four of the NM pairs chosen involved patterns of ESS � 1 as a first pattern and only four
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TABLE 3
Pattern combinations included in Experiment 2

Frequency of Number of
pair inclusion pairs included

Pattern Number Total number Set- Pattern- Set- Pattern-
combination ESS of sets of pairs balanced balanced balanced balanced

Same IM 1 2 2 15 2 30 4
4 8 32 2 2 64 64
8 7 56 1 2 56 56

CM 4 8 96 2/3 2/3 64 64
8 7 392 1/7 2/3 56 56

Different NM 4 8 � 8 896 1/16 1/16 56 56
8 7 � 7 2,688 1/64 1/64 42 42

1&4 2 � 8 64 1/4 1/32 16 2
4&1 8 � 2 64 1/4 1/32 16 2
1&8 2 � 7 112 1/8 1/56 14 2
8&1 7 � 2 112 1/8 1/56 14 2
4&8 8 � 7 1,792 1/32 1/16 56 56
8&4 7 � 8 1,792 1/32 1/16 56 56

Note: IM � identity match. CM � categorical match. NM � nonmatch. ESS � equivalent set size.
The two NM pairs involving patterns of ESS � 1 were not included in the experiment; thus the total number

of possible combinations of the 90 patterns is 8,098.



as a second pattern, to match these numbers with those of the same responses. Half of the ESS � 1 pat-
terns were combined with patterns of ESS � 4 and half with ESS � 8. This design resulted in 218 dif-
ferent pairs, together with the 244 same pairs, resulting in 462 pairs in total (see Table 3). The difference
between the numbers of same and different pairs was considered small enough to be irrelevant on the
total number of pairs.

Procedure

Each participant took part in three sessions, performed on different days with the maximum
distance of one week in between. Each session consists of 540 or 462 trials, respectively, in the set-
and pattern-balanced groups. Each session took between 50 and 60 min, including warming-up
trials.

Results

Set-balanced group. Response data were analysed following the same procedure as that
in the previous experiment. From all cases, 1.4% of the data were rejected as outliers. The
overall mean RT was 456 ms (SD � 142), and the mean error rate was 4.2%. Table 4 pres-
ents mean RTs, standard deviations, and error rates for the set sizes separately displayed for
identity, category, and nonmatches. No speed–accuracy trade-off effects were observed, and,
therefore, detailed analyses are reported for RT data only.

Same responses (434 ms) required significantly less time than different responses
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TABLE 4
Reaction time and error rate resulting from the 

set-balanced group in Experiment 2

RT a

ESS M SD Error rate b

Same IM 1 334 111 1.1
4 393 115 3.2
8 434 130 4.1

CM 4 454 132 6.8
8 527 153 13.9

Different NM 4 465 126 3.8
8 528 168 10.5

1&4 441 113 1.5
4&1 452 130 1.3
1&8 440 105 1.0
8&1 450 124 2.7
4&8 475 134 2.6
8&4 497 142 3.3

Note: RT � reaction time. IM � identity match. CM � categori-
cal match. NM � nonmatch. ESS � equivalent set size.

aIn ms. bIn percentages.



(479 ms), F(1, 21) � 35.3, p � .01. Within same responses and disregarding ESS � 1, for
comparability, participants needed significantly less time for IM (412 ms) than for CM
(486 ms), F(1, 21) � 257, p � .01.

Mean RT of same responses increased as ESS increased. Because there is no ESS � 1 for
CM, the effect was tested by separate analyses of IM, F(2, 42) � 363.9, p � .01, and CM
cases, F(1, 21) � 181.4, p � .01, respectively.

A 2 � 2 analysis of variance of RT of same responses was carried out with the factors type
of matching (IM, CM) and ESS (ESS � 4, ESS � 8; no ESS � 1 since there is no such for
CM). Significant RT main effects were obtained for ESS, F(1, 21) � 220.8, p � .01 and on
type of matching, F(1, 21) � 271.4, p � .01, as well as for the interaction of these factors, F(1,
21) � 38.4, p � .01, which implies that the RT effect of ESS is larger for CM than for IM.

As in the previous experiment, a further analysis of type of matching and ESS was per-
formed including those NM cases where the first and the second pattern came from differ-
ent sets of equal ESS. This is the case for 36% of the NM trials. ESS � 1 pairs had to be
omitted from this analysis, because they occur neither in CM conditions nor in the selected
NM cases. This 2 (ESS � 4 vs. ESS � 8) � 3 (IM vs. CM vs. NM) ANOVA revealed main
effects of ESS, F(1, 21) � 184.5, p � .001, type of matching, F(2, 42) � 74.3, p � .001, and
an interaction of these factors, F(2, 42) � 14.3, p � .001. Pairwise analyses showed that the
IM condition is faster than the CM and NM conditions, but CM and NM do not differ.
There is no difference in ESS effect on RT between CM and NM, and thus the interaction
in the 2 � 3 analysis is primarily based on a smaller ESS effect in IM than in CM and NM.

In order to test whether the ESS of both the first and the second pattern influences RT, an
ANOVA was performed on the NM conditions, excluding the ESS � 1 patterns that would
result in empty cells. This 2 (ESS � 4 vs. 8 first pattern) � 2 (ESS � 4 vs. 8 second pattern)
resulted in a significant ESS effect for the first, F(1, 21) � 98, p � .001, and the second pattern,
F(1, 21) � 29.4, p � .001. In contrast to Experiment 1, an interaction was found that points to
the stronger influence of the first than of the second pattern ESS, F(1, 21) � 46, p � .001.

More detailed analyses, in which ESS � 1 patterns can be included, considered effects of
the order of appearance for those NM trials in which patterns differ in ESS. For pairs con-
sisting of an ESS � 1 and an ESS � 4 pattern, the order of presentation has no effect on RT
(11 ms). The order of presentation does not influence the time to compare patterns of
ESS � 1 and ESS � 8 (10 ms) either. For pairs consisting of an ESS � 4 and a ESS � 8
pattern, however, the difference of 22 ms reaches significance, but the advantage occurs
when the first pattern is the one with the smaller ESS, F(1, 21) � 34.8, p � .01.

The combined effects of both patterns’ ESS in NM, including those of ESS � 1, were
assessed by using their sum values ESS	 � ESS(first pattern) � ESS(second pattern) as
a factor. This analysis yielded significant effects on RT, F(4, 84) � 87.3, p � .001, which
follow a linear trend.

Analyses of error rates, which are not reported here, revealed effects similar to the RTs,
except that no difference in accuracy was found between same and different trials.

Pattern-balanced group. The outlier exclusion rate was 1.3%. The overall mean RT was
520 ms (SD � 164), which is higher than the mean RT in the set-balanced group,
t(41) � �2.3, p � .03. The mean error rate, which did not differ significantly from that in
the set-balanced group, was 4.5%.
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Table 5 presents mean RTs, standard deviations, and error rates for the set sizes, dis-
played separately for IM, CM, and NM. No speed–accuracy trade-off effects were observed.
As in the set-balanced group, same responses with M � 506 ms required less time than dif-
ferent responses with M � 538 ms, F(1, 20) � 14.5, p � .01. Within same responses and dis-
regarding comparisons involving patterns of ESS � 1 for comparability, participants needed
significantly less time, F(1, 20) � 72.8, p � .01, for IM (469 ms) than for CM (537 ms).

The mean RT depends on ESS, both for IM, F(2, 40) � 16.2, p � .01, and CM, F(1,
20) � 95.7. Physical identity (IM) takes longest for ESS � 1 patterns. The long RTs for such
simple patterns are quite remarkable and contrast with those of the set-balanced group. For
CM, the pattern of results is similar of that of the set-balanced group. Note again, however,
that there are no ESS � 1 patterns in CM conditions, and furthermore that only four of the
eight patterns from ESS � 8 sets were used.

The two-way ANOVA of RT of same responses was again carried out using a 2 � 2 pro-
cedure since there is no ESS � 1 for CM. Therefore, the effects are directly comparable to
those of the set-balanced group. Main effects were obtained for both ESS, F(1, 20) � 76.7,
p 
 .01, and type of matching, F(1, 20) � 67.1, p � .01, as well as for the interaction of these
factors, F(1, 20) � 47.3, p � .01, attesting that the ESS effect on RT is significantly larger
for CM than for IM, as it was in the set-balanced group.

In those different responses where the ESS of the first and the second patterns differs, the
ESS of both the first, F(2, 40) � 15.5, p � .001, and the second pattern, F(2, 40) � 2.8,
p � .044, contribute to RT, the first more than the second, F(2, 40) � 12, p � .001. However,
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TABLE 5
Reaction time and error rate resulting from pattern-

balanced group of Experiment 2

RT a

Pattern 
combination ESS M SD Error rateb

Same IM 1 524 179 8.9
4 450 147 1.9
8 490 155 2.6

CM 4 495 151 3.2
8 580 179 10.2

Different NM 4 511 150 2.5
8 592 186 10.4

1&4 555 167 2.0
4&1 526 139 12.3
1&8 590 158 4.9
8&1 553 159 7.6
4&8 521 154 1.3
8&4 539 145 2.5

Note: RT � reaction time. IM � identity match. CM � categori-
cal match. NM � nonmatch. ESS � equivalent set size.

aIn ms. bIn percentages.



the size of the effect is smaller than that in the first experiment. In line with the remarkable
effect in the IM conditions, the longest RTs were obtained when the first pattern was
ESS � 1. When an ESS � 1 pattern is presented second, it is faster than for ESS � 8, but
not faster than for ESS � 4 (see Table 5).

In order to test whether the ESS of both the first and second pattern influences RT, an
ANOVA was performed on the NM conditions, excluding conditions with ESS � 1
patterns. This 2 (ESS � 4 vs. 8 first pattern) � 2 (ESS � 4 vs. 8 second pattern) revealed sig-
nificance for the first pattern, F(1, 20) � 119, p � .001, as well as for the second pattern, F(1,
20) � 50.5, p � .001. An interaction confirms a higher effect of the first than of the second
pattern on RT, F(1, 20) � 30.5, p � .001.

The sum ESS	 of the first and the second pattern ESS was used as a factor to analyse
the effect of ESS on different responses. In this analysis the ESS � 1 pattern can
be included and compared between both conditions of the present experiment. The analy-
sis yielded a significant effect on RT, F(4, 80) � 111.4. However, whereas in the set-
balanced group a linear trend with ESS	 was obtained, in the pattern-balanced group this
trend was violated. Reaction times are longest for those pairs which contain ESS � 1 pat-
terns either as first or second patterns. For error rates, all analyses showed results similar
to those of RT analyses, except that no difference was found between same and different
responses.

Discussion

For the set-balanced group, the model fit without the ESS � 1 patterns was almost perfect,
R2 � .99 (R2

adj. � .99; c � 2) and still quite good when they were included, R2 � .95 (R2
adj. � .94,

c � 2.4), see Figure 5. The imbalance in individual pattern frequencies does not seem to dis-
turb the fit, although it may have caused the ESS � 1 patterns to be slightly below the
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Figure 5. Model fit for mean RT of the set-balanced group in Experiment 2, IM � identity matches, CM � cat-
egorical matches (both requiring a same response), NM � nonmatches (requiring a different response). The theo-
retical search steps result from the model explained in the text.



regression line. The assumption initially made by Garner that individual items in the set are
not biased by individual item frequency may be concluded to be quite reasonable.

For the pattern-balanced group, leaving out the ESS � 1 patterns, a good model fit was
obtained also, R2 � .98, p � .001 (see Figure 6). However, here the fit cannot be extended
to the ESS � 1 patterns. Mean RT increased dramatically whenever a comparison involved
an ESS � 1 pattern. This occurred in both IM and NM cases, where ESS � 1 patterns are
compared to ESS � 4 or ESS � 8 patterns. These biases disrupt the goodness effect; the
pattern that is predicted to be the best is most nonpreferential in terms of set size. This
result is the only anomaly observed in this experiment, but a very strong and meaningful
one.

Participants reported that in this experiment, patterns of the ESS � 1 category struck
them as exceptional, despite the fact that their frequency matched that of the other patterns.
Because balancing the frequency of individual patterns automatically renders sets consisting
of few patterns infrequent, the effect indicates that goodness is sensitive to frequency biases
that occur at the level of sets.

EXPERIMENT 3

Experiment 2 illustrated that goodness effects were robust against biasing of individual pat-
tern probabilities but sensitive to bias at the level of the sets. The robustness at the pattern
level is in accordance with Garner’s notion that individual items in the set representations
are not weighted for probability. The disruption of goodness predictions through biases at
the set level suggested that biases operate at a higher level in the representational hierarchy:
that of the collective pattern code.

In order to test this hypothesis, in the present experiment we chose one particular IM
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Figure 6. Model fit for mean RT of the pattern-balanced group in Experiment 2, disregarding combinations
involving patterns of ESS � 1, IM � identity matches, CM � categorical matches (both requiring a same response),
NM � nonmatches (requiring a different response). The theoretical search steps result from the model explained in
the text.



pair (a different one for each participant). This pair is presented with balanced frequency
in a first session, but with increased frequency in all subsequent sessions. This may result
in a frequency bias for that pair. Note that by raising the frequency of the pair we auto-
matically raise also the frequency of the set to which it belongs. Therefore, if frequency
bias operates on the level of the sets, other items from the same set should also show the
effect of bias.

Method

Participants

There were 24 student volunteers (19 female) from the University of Leipzig, between 21 and
40 years old, who were paid the equivalent of about $50US for their participation. None of them took
part in any of the previous experiments.

Procedure

The task was performed in 11 successive sessions with a minimum delay of one day and a maxi-
mum delay of three days between them. Session 1 constitutes the baseline. For this session, 192 pairs
were chosen in the same manner as they were chosen for a session in Experiment 1. Sessions 2–11
were frequency-biasing sessions. For these sessions, one of the 24 patterns was presented with an
increased frequency relative to the other pairs in the IM condition only. The biased pattern remained
the same across the sessions for each participant, but varied between participants in such a manner
that each individual pattern was biased exactly once. The frequency of this pattern was increased
by a factor of 10 relative to the baseline session, instead of twice the pair was shown 20 times in IM
trials. In order to balance the frequency of same and different responses, the same number of NM
trials was added to the session. These NM trials were chosen equally from amongst the different pat-
terns and sets.

Results

Following the same procedures as those in the previous experiments, 0.9% of the cases were
excluded from the analysis as outliers.

Baseline session. For the baseline session, the overall mean RT was 509 ms (SD � 180),
and the mean error rate was 6%. Table 6 displays RT means, standard deviations, and
error rates for the ESS for identity (IM), category (CM), and nonmatches (NM). No
speed–accuracy trade-off effects were observed, and, therefore, analyses are reported in
detail only for RT.

With M � 482 ms same (IM and CM) responses were given significantly faster than dif-
ferent (NM) responses, which took M � 540 ms, F(1, 23) � 60.5, p � .01. Within the same
responses significantly less time was needed for IM (446 ms) than for CM conditions
(519 ms), F(1, 23) � 98.4, p � .01. When patterns came from ESS � 4 sets participants
gave same responses faster than when they came from ESS � 8 sets, F(1, 23) � 31.4,
p � .01.

A 2 � 2 ANOVA of same responses involving the factors ESS and type of matching
revealed significant main effects on RT for ESS, F(1, 23) � 37.2, p � .01, and type of match-
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ing, F(1, 23) � 85.3, p � .01. An interaction between these factors indicates that the ESS
effect is larger in CM than in IM, F(1, 23) � 19.2, p � .01.

Including those NM cases for which the first and the second patterns come from differ-
ent sets of equal ESS again revealed significant main effects on RT for ESS, F(1, 23) � 42.3,
p � .001, type of matching, F(2, 46) � 37.2, p � .001, and an interaction F(2, 46) � 11.0,
p � .001. Pairwise analyses showed that the IM condition is faster than the CM and NM
conditions, but CM and NM do not differ, and that, furthermore, there is no difference in
ESS effect between CM and NM. Thus, it can be concluded that the interaction in the 2 � 3
analysis is mainly based on a smaller ESS effect in IM than in CM and NM.

Frequency-biasing sessions. We distinguish between (a) frequency-biased patterns (pre-
sented either as first or as second), (b) patterns that belong to the same equivalence set as the
frequency-biased pattern (presented either as first or as second, excluding the biased
pattern), and (c) unbiased patterns. Note that these distinctions refer to different patterns
for each individual participant. A comparison between means is possible on account of the
fully balanced design, in which each pattern was frequency-biased in exactly one participant.
Table 7 displays the mean RT, standard deviation, and error rates for all these conditions for
each ESS and type of matching separately.

An ANOVA for same responses RT with the factor ESS (ESS � 4 vs. ESS � 8) � type of
matching (IM vs. CM) � biasing (biased pattern, biased equivalence set, none biased) was
performed. The ESS was used as a between-subject factor, since for half of the participants
an ESS � 4 and for the other half an ESS � 8 pattern was frequency-biased. A main effect
of ESS was found, F(1, 23) � 691, p � .001. Furthermore, the analysis revealed a main effect
of biasing, F(2, 46) � 5.1, p � .05, and its interaction with ESS, F(2, 46) � 13.2, p � .001, a

GOODNESS AND FREQUENCY 21

TABLE 6
Reaction time and error rate resulting from Experiment 3

(baseline condition)

RT a

Pattern 
combination ESS M SD Error rateb

Same IM 4 427 154 2.8
8 467 177 5.1

CM 4 476 157 4.4
8 569 211 10.5

Different NM 4 506 152 4.4
8 566 192 7.8

4&8 528 169 5.8
8&4 558 174 7.7

Note: RT � reaction time. IM � identity match. CM � categorical
match. NM � nonmatch. ESS � equivalent set size.

aIn ms. bIn percentages.



significant main effect for the type of matching, F(1, 23) � 105.5, p � .001, and its interac-
tion with ESS, F(1, 23) � 7.3, p � .01, as well as significant interactions between the factors
biasing and type of matching, F(2, 46) � 44, p � .001, and between these two factors and
ESS, F(2, 46) � 38.8, p � .001.

Detailed post hoc analyses were performed in order to explain the pattern of results of
the general ANOVA. Pairwise analyses revealed that the biasing effect in same trials is due
to faster responses to the biased patterns than to nonbiased patterns, F(1, 23) � 56.2,
p � .001, whereas all other pairwise comparisons slightly failed to reach significance. The
interaction between biasing and type of matching in the main analyses was found to be due
to the fact that there is no biasing effect in CM at all. In IM, there is a strong biasing
effect, F(2, 46) � 12.8, p � .001; pairwise comparisons revealed that all conditions differ
significantly from each other. Pairs consisting of at least one biased pattern (biased pattern
condition) were responded to faster than patterns that were not biased themselves but
came from the same equivalence set as that of the biased pattern (in the following called
biased set), F(1, 23) � 8.4, p � .01, as well as nonbiased sets, F(1, 23) � 26, p 
 .001. The
biased set was were responded to faster than the nonbiased set, F(1, 23) � 5.8, p � .02.

The interaction between ESS and biasing and the interaction between ESS, biasing, and
type of matching were investigated by pairwise analyses of the ESS effect in all three bias-
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TABLE 7
Reaction time and error rate resulting from Experiment 3 (frequency- biased condition)

Rest of the Biased Biased 
Unbiased biased set pattern as S1 pattern as S2

RT a RT a RT a RT a

Pattern 
combination ESS M SD Errorb M SD Errorb M SD Errorb M SD Errorb

Same IM 4 309 99 1.6 318 97 1.5 315 95 0.9 � S1 � S2
8 354 113 3.1 315 110 1.5 294 104 0.9 � S1 � S2

CM 4 353 107 4.4 354 105 3 355 92 5.4 340 104 2.3
8 427 137 11.9 416 147 15 425 150 15 388 132 10.9

Different NM 4 377 97 3.1 392 93 2.6 388 97 2.8 396 92 2.9
8 428 123 4.5 408 118 8.2 399 119 6.5 401 117 8
4&8 400 101 5.6 394 105 4.7 396 83 6.9 386 100 6.2
8&4 406 106 4.4 402 106 4.8 388 101 4.3 408 109 4.4

Note: RT � reaction time. IM � identity match. CM � categorical match. NM � nonmatch. ESS � equiva-
lent set size.

Unbiased: includes all pairs except those of which at least one pattern was frequency biased or belonged to the
same equivalence set as a frequency-biased pattern. Rest of the biased set (biased set): includes all pairs that contain
at least one pattern that belongs to the equivalence set of a frequency-biased pattern, except that pattern itself.
Biased pattern: includes all pairs that contain at least one pattern that was frequency-biased.

aIn ms. bIn percentages.



ing conditions and for IM and CM, respectively. For the nonbiased set, the ESS effect is
highly significant, F(1, 23) � 90.3, p � .001. The 2 (ESS � 4 vs. ESS � 8) � 2 (IM vs. CM)
ANOVA revealed very similar results to those for the baseline session and the sessions in
Experiment 1. The main effect of ESS, F(1, 23) � 143, p � .001, and type of matching, F(1,
23) � 91.4, p � .001, as well as their interaction, F(1, 23) � 42.9, p � .001, are significant.
Separate analyses of IM and CM confirmed the ESS effect for both types of matching; the
interaction is due to a greater effect in CM than in IM. For both other biasing conditions,
ESS had no significant effect on same responses RT. This null finding was confirmed for
separate analyses of IM and CM.

Discussion

The analyses showed that the ESS effect was replicated in the baseline session. The model
fit for the baseline session RT is R2 � .96 (c � 2), p � .01 (see Figure 7). In the frequency-
biasing sessions, for the unbiased sets the ESS effect remains, and the model fit is invariably
good, R2 � .97; R2

adj. � .96, (c � 1.8), p � .01 (see Figure 8). In contrast, biased patterns and
patterns that belong to the same set as the biased patterns show a reduced or absent ESS
effect, especially in the IM condition—the one subjected to the biasing treatment. It seems
clear, therefore, that, as in Experiment 2, frequency biasing disrupts the ESS effect.
Sensitivity to bias extends to patterns that belong to the same equivalence set as the biased
one, even though these patterns themselves were not increased in frequency.

Frequency biasing decreases RT in the IM condition and in the CM condition when the
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Figure 7. Model fit for mean RT of the baseline session (Session 1) of Experiment 3, IM � identity matches,
CM � categorical matches (both requiring a same response), NM � nonmatches (requiring a different response).
The theoretical search steps result from the model explained in the text.



biased pattern is presented second. When a biased item appears first in a CM condition,
this might evoke an expectation of an identical second pattern. The second pattern, even
though it belongs to the biased set, violates this expectation. This may explain the failure
of RT to decrease in this case. NM conditions are not facilitated by frequency biasing,
although the ESS effect is disrupted here, too. In sum, the results suggest that frequency
biasing may be a combination of automatic facilitation and expectancy effects operating at
the level of sets.

GENERAL DISCUSSION

Effects of goodness are ubiquitous and generously distributed across different processing
stages. This observation limits the validity of models that allocate these effects to certain
processing stages. We interpret the distribution of these effects across processing stages as
an indication that goodness involves representational mechanisms. These are generic process
resources that can be used by various processes—early as well as late processes. In our exper-
iments, the crucial resource is the capacity to rapidly build and maintain a mental represen-
tation of a stimulus pattern that goes beyond the physical stimulus itself. Such
representations were described as equivalence sets (Garner & Clement, 1963).

With this assumption, we set out to understand that this generic resource is used in a
same–different task for visual patterns that differed in their ESS. To predict response times
in this task, we tested further assumptions on how equivalence set items are processed.
Equivalence sets can be based either on the group action that transforms a set item into
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Figure 8. Model fit for mean RT of the unbiased trials of the frequency-biasing sessions 2–11 of Experiment 3,
IM � identity matches, CM � categorical matches (both requiring a same response), NM � nonmatches (requiring
a different response). The theoretical search steps result from the model explained in the text.



another (transformational approach) or on a declarative representation of the items in the set
(nontransformational approach). Although formally equivalent they lead to different pro-
cessing assumptions. Those of the transformational account can only partially explain the
results. They could, in principle, explain that ESS effects were obtained both for first and for
second patterns subsequently presented, both for same and for different responses, and within
the same responses both for identical (IM) and for categorical matches (CM). They can
explain fast–same effects for IM conditions as the result of a special null-operator and some
effects in CM conditions based on mental rotation or related transformations. However, in
CM conditions, no relation was found between RT and difference in orientation as would
have been expected by mental transformation. Finally, mental transformation fails to
account for ESS effects in IM conditions.

When mental transformations are reported in the literature, it is possible that what actu-
ally happens is a serial search operation that may be confused with it (Gregson, 1998). Here,
that mechanism would be serial access of the Garner-type inferred sets. Items of the set
representation are accessed in discrete, serial steps. In the present context, this was meant in
a descriptive sense; the strong criteria for serial processing of Van Zandt and Townsend
(1993) have not been tested for the present RT. Independent confirmation that the main cri-
teria are met can be obtained in Lachmann and Geissler (2002), in which this issue is dis-
cussed in detail. The access hypothesis implies that alternative members are stored explicitly
rather than implicitly in the form of transformations. This view is consistent with a non-
transformational account of goodness (van der Helm & Leeuwenberg, 1996).

The serial access mechanism introduced by Lachmann and Geissler (2002) attributes a
central role to declarative storage of equivalent set items. Individual item representations are
not accessed directly. When an item is presented, this leads to fast activation of its whole ES.
Thus, ESS may, in principle, have an effect on this part of the process, but because it is fast,
it will not be measurable in RT. The RT is determined by the slow and serial access of the
activated representations for comparison purposes.

Because search determines RT, the best model will be a search model. The model given
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TABLE 8
Model fits for mean RT of Experiment 1, the set-balanced and pattern-balanced groups

of Experiment 2, and the baseline and the unbiased conditions of Experiment 3

RT a

Experiment M SD R2 R2
adj. Slopea Intercepta c

1 476 157 .99 .99 29 252 0
2, set-balanced group 456.5 142 .95 .94 18 320 2.4
2, pattern-balanced group 520 164 .98 .97 20 377 1
3, baseline session 509 180 .96 .96 19 361 2
3, unbiased patterns sessions 2–11 379 118 .97 .96 16 259 1.8

Note: RT � reaction time. The fit for pattern-balanced group of Experiment 2 disregards ESS � 1
patterns; c � free constant (used to align two interdependent linear fits, which are made under the condi-
tion that they should be equal in slope, see text for details); R2

adj. � adjusted R2.
aIn ms. bIn percentages.



by Lachmann and Geissler (2002) predicts RT, based on the number of steps it takes to com-
plete the search of the inferred sets. Because of the assumption that search for the second
item starts just where it stopped on the first one, the model accounts for the fast–same effect
as a special consequence of its general assumptions on how memory is being accessed. The
model has been used repeatedly to fit the data of our experiments. Table 8 displays the
regression parameters for the model fit for the data of the unbiased conditions of all exper-
iments presented here. There is considerable variation in intercepts and to some extent in
slopes, which will have to be explained from procedural differences between the experi-
ments. The model fits obtained for the unbiased items in all the experiments are invariably
good. This provides support for the assumptions of this model in its emphasis on a search
for a declarative representation.

Based on the confirmation of the serial access model, we were able to address the impor-
tant and unresolved issue of the relatin between goodness and context. If, as often believed,
perceptual representations are essentially context dependent, then there is little value in the
search for intrinsic lawfulness in perceptual organization. Perceptual systems may have
certain intrinsic biases, but these could always, in principle, be overruled by experience.
Preferences for proximity, symmetry, and other Gestalt laws, then, would be the incidental
adaptations to the regularities that happen to occur in our environment (or “physical stim-
ulus properties”), rather than an invariant basis for their discovery.

In order to study context dependence or independence of the mechanisms underlying
goodness, we focused on the effect of stimulus frequency. The general sensitivity of the
same–difference task to bias (Irwin et al., 2001) enabled the study of the extent to which
representations are encapsulated from frequency effects. In Experiment 2, in the set-
balanced group, individual pattern frequency biasing was shown to have little effect on
model fit. By contrast when, in the pattern-balanced group, equivalence sets were biased,
this resulted in a dramatic increase in RT for ESS � 1. In one condition patterns from these
sets even have the longest RTs, even though they are predicted to be the simplest (Garner &
Clement, 1963). This effect is particularly hard to explain by any view that assumes that
goodness is a direct consequence of physical stimulus properties. It is, however, a strong
demonstration of the assumption underlying the model that patterns are coded by their
inferred sets. Whereas the items are encapsulated from frequency bias, the set as a whole is
extremely sensitive to it.

This consequence was tested in Experiment 3. Frequency of IM trials containing one spe-
cific item—a different one for each participant—was raised. This automatically raised the fre-
quency of the set to which it belongs. The ESS effects were disrupted, and an overall
facilitation occurred for that item in the IM condition. But, most importantly, the same also
occurred in this condition (albeit to a lesser degree) for the other items of the set to which
the biased pattern belonged. These were not themselves increased in presentation frequency
but, according to Garner (1962), shared the same representation.

The results of the last two experiments show that perception can still be context sensi-
tive, even though the elements of the underlying representations are encapsulated from bias.
We usually obey Gestalt laws such as symmetry when organizing perceptual information. In
particular, it is well investigated that symmetry, especially vertical symmetry, is particularly
hard to ignore (Chipman & Mendelson, 1979; Masame, 1983; Palmer & Hemenway, 1978;
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Pashler, 1990; Rock & Leaman, 1997). The seemingly mandatory character of symmetry
perception may suggest that it is a phylogenetically determined bias (Brendler & Lachmann,
2001; Corballis & Beale, 1970; Herbert & Humphrey, 1996; Lachmann, 2002). Yet, in some
contexts we do (learn to) ignore them—for instance, not to confuse b and d while reading
(Friederici & Lachmann, 2002; Lachmann & Geyer, 2003) or to concentrate our attention on
a small part of the display in cases where the task is difficult (Hogeboom & van Leeuwen,
1997). We believe, however, that what is ignored is always not just the symmetry of an indi-
vidual pattern, but symmetry for an entire class of related patterns all at once (e.g., letters as
opposed to geometrical shapes; see van Leeuwen & Lachmann, in press).

Even though items within a set cannot be biased, the present view is not committed to a
fixed feature vocabulary (Schyns, Goldstone, & Thibaut, 1998). It is possible, in principle,
to invent or learn new perceptual features. We predict, however, that these features will not
be acquired in isolation, but as components of sets. Experiments on classification suggest
that structural representations emerge as a result of dynamically integrating stimulus
dimensions (Goldstone & Medin, 1994). This would allow the introduction of novel struc-
tural features dependent on experience (Goldstone, 2000).

The representational mechanism view promotes an understanding of goodness in a
dynamically evolving system; this contradicts two views in which it has been portrayed as a
static property. The first view to be contradicted is found in approaches, in which goodness
is a static property of the stimulus (Attneave, 1954; Hochberg & McAlister, 1953): redun-
dancy within the elements (e.g., repetition of identical components), directly reflected in the
stimulus representation. The second is one in which goodness is understood as a static prop-
erty of an internal representation not directly reflecting the physical stimulus: for instance,
structural information theory, in which a measure of descriptive simplicity was proposed as
a criterion of preference amongst alternative encodings of the same physical pattern (e.g.,
Leeuwenberg, 1969). In order to remain consistent with the present data, such an approach
will have to adopt a distinction between static properties (such as ESS and structural infor-
mation theory’s complexity), which are relevant during the initial encoding of patterns and
the activation of inferred sets, and subsequent stages that have a more dynamic character.
However, we have observed in the Introduction that this distinction in stages is met with
contradictory evidence. For this reason, we prefer an interpretation of the present results in
terms of a representational mechanisms view.

Bias, context, task, and experience disrupt goodness predictions and, therefore, could be
taken as evidence against the validity of a model. This may be true for the static approach;
we believe, however, that disruptions may sometimes provide useful information about the
underlying mechanisms that normally produce them in the same way as, for instance, visual
illusions tell us something about the mechanisms of vision. This is not the same as explain-
ing exceptions away by ad hoc assumptions. The current experiments show that goodness
effects are relatively easy to disrupt by frequency manipulations, as long as these affect the
representations at the level of sets. That is, the current results show the working of
goodness-disrupting biases such as the categorical frequency bias, as well as their restric-
tions to higher level representations. It seems that the categorical frequency bias could be
interpreted as a learning effect within the experiment. Learning, thus, affects higher order
collective codes, but not the individual pattern representations to which the simplicity prin-
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ciple applies. Such an effect may be interpreted in terms of two discrete stages or, prefer-
ably, in terms of a single, generic, representational mechanism.

Goodness effects have widely been attributed to either of the rival principles of simplicity
or likelihood. Our approach aims at a synthesis based on empirical results; theoretically moti-
vated attempts at synthesis have applied Kolmogorov complexity theory to perceptual good-
ness. Chater (1996) has shown that under certain assumptions, it is possible to reconcile
simplicity and likelihood principles. An important consequence of this view is that “objects
that are easy to generate should be those that are expected, a priori” (p. 575). The oddball
effect for the simplest pattern in the pattern-balanced group of Experiment 2 constitutes
a clear violation of this prediction. A pattern should not be treated in isolation, but in reference
to the set to which it belongs. As an admonition against overly sweeping claims in the theory
of perception (Chater, 1996), the present results could be considered particularly timely.
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1 Please check to make sure stats correct here.
2 van Leeuwen & Lachmann: still in press?
3 “apriori” changed to “a priori”—ok, or was it (incorrectly) closed up in original?
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5 Kimchi, 2000: text reference?
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