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Conversion to Real Time

One method that connectionist researchers have used to represent latency is number of
iterations (e.g., Plaut, McClelland, Seidenberg, & Patterson, 1996).  Ratcliff, van Zandt, and
McKoon (1999) included “some parameters to scale number of iterations to time” (p. 279), but
did not elaborate on how the parameter values were determined.  An important contribution of
the current project is a formula derived by closed-form solution to enable the model to make
predictions in real time.  This goal was accomplished by borrowing from Busemeyer and
Townsend’s (1993) model the idea of a parameter, h, representing the amount of real time that
passes during each time step (iteration).  Busemeyer and Townsend did not provide a specific
formula.  

To develop a formula, the latency component of the SS formula was selected as a lack-of-
fit index because it is commonly used, conceptually simple, and easy to calculate:

The following formulae (all calculated in MAPLE V.4, Symbolic Computation Group, 1995)

latencydetermine the value of h.  The minimum SS  with respect to h can be represented as

That is, the left-hand side of the equation, the minimum value for the sum-of-squares error
function – assuming an optimum value for h – can be calculated according to the function on the
right-hand side of the equation.  Subsequently ignoring the minimization operator and isolating h
yields the elegantly simple equation,
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Alternately, the function for h can be derived by differentiating the SS function with
respect to h, setting that function to zero, and solving for h.  The minimum value of the SS
function occurs when its slope equals zero.  That is,

Solving this equation for h yields the same function as before.  That SS is minimized (rather than
maximized) is confirmed because the second derivative of SS with respect to h is always
positive, 

CHAPTER FOUR:  SCHEMATIC FACES STUDY

The first study examines extant data concerning the content and latency of similarity
judgments of schematic faces.  In previous work (Carter, 1994; Carter & Neufeld, 1996a, 1996b,
1999), the content of judgments were subjected to a multidimensional-scaling analysis.  The
resulting parameters (specifically, the mean weight assigned to each dimension for each group)
were successfully predicted by mean response latencies for subsequent dimensions.  The current
analysis takes a different tack by modeling each response and corresponding latency.  A
connectionist simulation was created and damaged.  This analysis is qualitatively different from
earlier work in that the previous analysis was primarily computational and the current analysis is
more algorithmic (see Marr, 1982, p. 25).  This small simulation not only paves the way for the
second study, which uses pictures of real faces (with many more potential features), but it also
demonstrates the effectiveness of the formulae for calculating the real time scaling parameter, h,
and the lack-of-fit criterion “÷ .”2

Method

Participants, Procedure, and Stimuli

Characteristics of the participants and research method are described in detail in previous
work (e.g., Carter, 1994; Carter & Neufeld, 1999).  Participants were 20 each of nonpatients,
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patients with paranoid schizophrenia, and patients with other forms of schizophrenia.  Forty-
seven were men, and 13 were women.  The mean ages (and standard deviations) for the three
groups, respectively, were 30.55 (10.13), 37.95 (9.26), and 42.3 (10.74) years.  Groups were
approximately matched in terms of handedness, vocabulary, and social class.  Each participant
was tested individually in two sessions.  The first session consisted of paper and pencil
questionnaires and a diagnostic interview.  The second session was devoted to making complex
(i.e., global) and simple (i.e., on a single dimension) similarity judgments regarding pairs of
words and pairs of schematic faces.  Only the global judgments of schematic faces pertain to the
current study.  Participants were presented with all unique pairs of stimuli within each class. 
Figure 5 depicts the schematic faces (which were taken from Lay, Waters, & Park, 1989) as they
vary on two dimensions:  Arousal and Pleasure.  Participants rated the difference in the meaning
of the expressions for each pair of faces on a nine-point scale ranging from Highly Similar (1) to
Highly Dissimilar (9).  Their responses were timed.  The response latencies were adjusted to
compensate for physical response time (assumed to be 0.16 s), and to eliminate responses
presumed to represent fast guessing (less than 0.1 s), and derailment (greater than 30 s).  No
trials were eliminated for fast guessing, but about one per cent of all judgments were eliminated
for derailment.  

Simulation
Architecture

Several architectures for the backpropagation network were tested.  A 24-unit model,
depicted in Figure 6, was selected on the basis of adequacy of fit to data and simplicity.  The
input units connected to a set of five hidden units.  The hidden units were connected to a single
output unit, which also sent activation to the hidden units.  Thesame architecture was used in two
separate training runs.

Representations

The input units were divided into two sets of nine.  Each “face” was equally likely to be
presented on the “left” (i.e., the first nine input units) or “right” (i.e., the second nine input
units).  Within each set, two active units (i.e., activation values set to one) represented each face. 
One active unit was drawn from a subset of six to represent the shape of the mouth.  The other
active unit was drawn from a subset of three to represent the shape of the eyes.  The remaining
input units’ activations were set to zero.  Model predictions of dissimilarity were represented as
the activation of the output unit.  Low activations signified that the two stimuli were similar, and
high activations signified that they were different.

Learning Rule and Associated Parameters

The network was trained with the backpropagation-through-time algorithm (as described
in Appendix A, and instantiated on Carter, 1997 - 1999).  Weights were updated at the end of
each training epoch.  Each epoch consisted of the entire set of unique pairs of faces, totaling 36
patterns, each presented once.  The learning rate, å, was initially set to one, and momentum
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Processing was also limited to an arbitrary maximum of 250 iterations within a trial.1

values for both weights and changes in weights were initially set to zero.  At 44, 864 epochs, the
second run became unstable because the learning rate was too great.  Therefore, training was
continued with å reduced to .1 and momentum for weights increased to .5.  

Processing of a Pattern

Input activations were held constant throughout each trial.  Randomness can actually
increase the effectiveness of nonlinear, dynamic systems (Rossi, 1996).  During training,
therefore, the hidden and output unit activations were set at the beginning of each trial according
to a random (rectangular) distribution with a mean of .2 and a standard deviation of .025.  
During testing, however, the starting activations were always exactly .2, to ensure that the lack-
of-fit indices were reproducible whenever possible.  Processing continued for each trial until the
network settled.   Specifically, the change in activation (excluding any added noise) for all units1

from one iteration to the next had to be less than an arbitrarily small value, é.  Within each
iteration, all layers were updated sequentially, beginning with input, followed by hidden, and
ending with output.

Training Regime

The initial weights were drawn from a random (rectangular) distribution with a mean of
zero and a standard deviation of 0.15.  Because attempts to estimate the parameters associated
with time before an approximate fit for content was achieved failed, the network was trained to a
total backpropagation error (see Appendix A) of less than 0.3 (an arbitrary value that worked)
before those parameters were introduced.  That is, initially, ô was set to one and each trial
continued for exactly three iterations.  To facilitate an adequate fit, ô and é were set at their
optimum values (as determined by the line-search parameter estimation algorithm) as soon as the
network had achieved some degree of accuracy (i.e., backpropagation error less than 0.3, which
occurred at 3, 785 epochs for the first run and at 3, 778 epochs for the second).  The training data
(see below) was used for all of these calculations, preventing the loss of any degrees of freedom. 
Training continued until the network achieved an adequate fit to the observed data, as defined by
a Maximum Likelihood criterion.  Given the structure of the mathematical model and the data at
hand, the parameter values that lead to the modal value of the error distribution are the most
likely values.  The modal value of the ÷  distribution (and, therefore, theoretically, the “÷ ”2 2

distribution) occurs at df - 2 (in this case, 69).

Basic Analyses

The data were collapsed into four sets of responses.  That is, four “homogeneous
subjects” (Townsend, 1984, pp. 386 - 387) were constructed, two from the nonpatient group, and
one from each of the schizophrenia groups.  Having two homogeneous subjects constructed from
nonpatient data allowed for cross-validation of the model (see Browne, 2000).  One set of
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Recall that the assumptions regarding the “÷ ” distribution are quite restrictive,2 2

potentially limiting the veracity of exact significance tests.

responses was used for determining the parameter values (including weights and biases), and
then the adequacy of the fit was tested against the other.  Each set consisted of 36 content and
latency pairs, one pair for each possible judgment.  Content consisted of the mean ratings on the
nine-point scale (scaled to fall between zero and one by dividing by ten), and latency was
measured in seconds and adjusted as previously described.  A second run of the simulation
reversed the nonpatient training and testing data sets and had a different set of random starting
weights.  

After an adequate fit to the control data was achieved, the model was damaged to
simulate patient data.  All of the types of damage described in Chapter Two were pitted against
each other in direct competition.  In all cases, parameter values were estimated using the test
data, resulting in the loss of one degree of freedom for each parameter estimated.  This procedure
allowed for a quantitative test of any improvement in fit.  Conceptually, the undamaged model is
the special case of (i.e., “is nested in”) the damaged model where the damage parameter is set to
a value such that it has no effect (e.g., multiplying by one or cutting zero units).  Mathematically,

df df - m m“÷ ” - “÷ ” = “÷ ”, where df is the number of degrees of freedom in the undamaged model,2 2 2

and m is the number of parameters estimated.  Similarly, a model is nested in a model with one
or more parameter values determined by some other set of data.  (See Bamber & van Santen,
1985, for a discussion of nested-nesting relations.)

General Principles for Evaluating Models

Many considerations – not one of which is absolute – contribute to the evaluation of
various competing explanations (McCracken, 1988).  Those interventions that not only improve
fit but also reproduce empirical observations are obviously superior to those that do not. 
Improvements that are not “statistically significant”  (i.e., “p” > .1, NS) are not reported.2

Although large improvements are more impressive than small ones, care was taken not to accept
a model with an artificially low lack-of-fit index (as might be indicated by a significantly-
negative “z”).  Further, the model with the closest approximation to the data is not necessarily
the best (Zucchini, 2000).  In the current project, consistency in parameter values was weighted
heavily (Meehl, 1983; Meehl & Golden, 1982).  Interventions that were replicated across cross-
validation runs, with different fit criteria, and across tasks are stronger contenders than those that
were less consistently beneficial.  Another facet of consistency is the identifiability (in the
mathematical sense) of the parameter values.  A less obvious principle is that positive and
negative findings are not equal.  Those cases when a model is rejected should carry more weight
than when it is tentatively accepted (Meehl, 1978).  The cost of incorrectly rejecting a valid
model is far greater than the cost of tentatively accepting an invalid model for future
consideration.  Therefore, each test was treated as an independent hypothesis with no correction
for Type I error.  Other factors are parsimony and specificity.  Another principle is that a good
model directs, or even inspires, future research.  A final consideration is the extent to which
current findings are compatible with extant literature.  
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The results of the first run only are reported when the two runs yielded essentially the 3

same pattern of results.  Carter, 2000, reports on all significant results.

69 71 “z” = -0.003, NS; ÷  = 5.15, NS, z = -1.52, .1 > p > .05; model-mean-÷  = 93.3, p . .5,4 2 2

z > 0, NS. 

Results and Discussion

Unperturbed Networks

The simulation adequately reproduced the data collected from the control group.   The
values of ô and é were fixed at their estimated values of .095 and .014, respectively.   By epoch3

7191, 177, “÷ ” was 70.54 and h was 0.322873.  The simulation is considered valid and an2

adequate fit to the data.   Table 2 presents the human and model values for both similarity and4

latency.  Figure 7 compares the two cross-validation samples and the model in terms of
similarity and latency.  Ideally, the best-fitting regression line would pass through the origin and
have a slope of one, and the data would lie close to the line.  Note that the model and the cross-
validation sample are comparable in terms of similarity judgments.  The model performed less
well with respect to latency than similarity.  It appeared, however, to outperform the cross-
validation sample, which can occur with noisy data because the model contains no element
corresponding to measurement error.

Data Collected from People with Paranoid Schizophrenia

The simulations were tested against the data from patients with paranoid schizophrenia
using the control group’s value for h and no damage.  The fit was  unacceptable.  On the first

72 71run, “÷ ” was 97.58 (“p” . .025).  Recalculating h did not improve the fit (“÷ ” = 96.27, “p” .2 2

1.025; Ä“÷ ” = 1.31, NS).  Therefore, the value for h from the control data was used for further2

72analyses.  For the second run,“÷ ” was 155.81 (“p” < .001), but applying the value for h based2

71 1the paranoid data, 0.314843, improved “÷ ” to 87.66 (“p” . .1; Ä“÷ ” = 68.15, “p” < .001). 2 2

72Therefore, for the paranoid data, the first run is compared to “÷ ” of 97.58, with the control data2

71value for h, and the second run is compared to “÷ ” of 87.66, with a recalculated value for h2

(unless otherwise noted). 
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Table 2

Human and model predictions of dissimilarity ratings (1..9) and latencies (s) for the first run of
the schematic faces network.

Human Model

Stimulus Pair Dissimilarity Latency Dissimilarity Latency

1, 2 4.18 5.23 4.46 6.46

1, 3 6.55 5.18 6.53 7.1

1, 4 3.46 5.42 4.84 4.84

1, 5 6.64 4.94 6.58 6.78

1, 6 8.27 7.81 6.46 4.84

1, 7 3.64 5.5 4.46 8.07

1, 8 6.36 6.1 6.68 7.1

1, 9 8.36 7.87 7.26 6.78

2, 3 3.82 5.34 5.8 5.17

2, 4 6.27 7.61 6.93 7.1

2, 5 3 6.36 4.17 4.2

2, 6 5.82 7.12 7.54 6.78

2, 7 6.09 6.5 5.98 3.23

2, 8 7.91 8.11 7.3 8.39

2, 9 6.36 5.52 6.79 6.13

3, 4 7.64 5.88 6.81 7.43

3, 5 6.36 7.64 6.2 4.52

3, 6 3.73 6.07 5.17 5.49

3, 7 8.46 6.69 6.76 8.07

3, 8 6.82 6.09 6.62 3.55
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3, 9 4.36 6.7 6.54 4.84

4, 5 4.73 5.53 4.46 2.58

4, 6 7.09 6.85 6.06 6.46

4, 7 2.91 6.93 2.73 6.78

4, 8 6.18 7.77 6.71 5.17

4, 9 7.18 7.97 6.74 3.55

5, 6 4.46 6.32 5.03 8.07

5, 7 7.18 7.49 6.54 8.72

5, 8 6.18 9.9 7.21 9.04

5, 9 6.18 8.88 6.77 6.46

6, 7 7.82 5.92 7.41 9.04

6, 8 6.36 8.69 7.79 9.36

6, 9 3.46 8.88 4.78 6.46

7, 8 4.27 6.2 5.03 5.81

7, 9 6.55 7.51 6.58 8.07

8, 9 3.91 6.05 4.45 7.75
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72model-mean-÷  = 50.99, NS, z = -1.86, p < .05.5 2

69 1 71÷  = 54.34, NS; z = -1.19, NS; Ä÷  = 15.99, p < .001; model-mean-÷  = 68.78, NS; z 6 2 2 2

1= -0.06, NS; Ä÷  = 4.68, p < .05.2

70 1 71 1“÷ ” = 83.78, NS; Ä“÷ ” = 3.22, .1 >  “p” > .05; “÷ ” = 79.65, NS; Ä“÷ ” = 57.56, 7 2 2 2 2

“p” < .001. 

69 1 71÷  = 39.46, NS; z = -2.82, p < .01; Ä÷  = 11.68, p < .001; model-mean-÷  = 40.71, 8 2 2 2

1NS; z = -2.85, p < .01; Ä÷  = 51.77, p < .001.2

Data Collected from People with Nonparanoid Schizophrenia

The simulations were tested against the data from the patients with nonparanoid

72schizophrenia using the control group’s value for h and no damage. For the first run, “÷ ” was2

7083.8 (NS; ÷  = 50.8, NS; z = -1.71, p < .05).   Calculating h again did not improve “÷ .” 2 5 2

Therefore, the value for h from the control data was used for further analyses of the nonparanoid

72 70data on the first run.  For the second run, “÷ ” was 137.21 (“p” < .001; ÷  = 51.14, NS; z =2 2

-1.68, p < .05), but applying the value for h calculated from this data, 0.313744, improved this fit

71 1to a “÷ ” of 87 (.1 > “p” > .05 ; Ä“÷ ” = 50.21, “p” < .001).  Applying the value for h2 2

72calculated for the paranoid data on the second run, 0.314843, yielded a similar result (“÷ ” =2

7286.59, .1 > “p” > .05).  For the nonparanoid data, the first run is compared to “÷ ” of 83.8, with2

71the control data value for h, and the second run is compared to “÷ ” of 87, with a recalculated2

value for h (unless otherwise noted). 

Additional Processing Hypothesis

Simply adjusting the settling criterion led to an improvement in fit for both patient data

71sets.  Specifically, for the paranoid data, setting é to .0093 led to “÷ ” of 92.97 (“p” . .05;2

1Ä“÷ ” = 4.61, “p” < .05).  The resulting model is both necessary and sufficient by orthodox2

significance tests.   As predicted by a model in which the people with paranoid schizophrenia6

introject additional steps, the value of é is smaller for the patient group than for the control group.

Adjusting the settling criterion also improved the fit of the model to the nonparanoid

71 1data.  The optimum value for é on the first run was .0136 (“÷ ” = 72.23, NS; Ä“÷ ” = 11.57, “p”2 2

< .05).  Using the value estimated from the paranoid group’s data was significantly detrimental

72 1to the fit (“÷ ” = 88.56,  .1 < “p” < .05; Ä“÷ ” = 16.33, “p” < .001).  On the second run, the best2 2

fit was found with é equal to .0092, regardless of whether h was calculated from the nonparanoid
group data or the control group data.   The model with é and the control group value for h is both7

necessary and sufficient by orthodox significance test.   In both cases, substituting the value for é8

estimated from the paranoid group was as effective as estimating a value from the nonparanoid
group in terms of “÷ .”  In contrast, the paranoid value for é (with the control group h) was2

clearly inappropriate for the nonparanoid group data from the perspective of orthodox

72 1significance testing (model-mean-÷  = 1, 019.1, p < .001; Ä÷  = 978.39, p < .001).2 2
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This finding is consistent with previous research suggesting that deficits among people
with schizophrenia are caused by additional processing steps (Carter & Neufeld, 1999;  Neufeld
et al., 1993).  The results of this study are not clear regarding whether different parameter values
are needed to simulate paranoid and nonparanoid schizophrenia.  At this point, the biological
correlate for this parameter is unknown.  

Neurotransmitter Dysfunction Hypothesis

Changes in gain resulted in reduced “÷ ” for both patient groups.  This parameter is2

associated with the dysfunctional neurotransmitter hypothesis because both neurotranmitters and
gain appear to influence the signal-to-noise ratio.  In spite of the improvement in fit, the
neurotransmitter dysfunction hypothesis was rejected for this task because the gain parameter
lacked specificity and identifiability. As well, the fit may have been somewhat artifactual. 

71For the paranoid group data, the estimated value was 1.57 (“÷ ” = 63.79, NS; “z” = -2

10.58, NS; Ä“÷ ” = 33.79, “p” < .001).  The gain parameter lacked identifiability, however.  The2

best-fitting parameter values based on the alternate parameter estimation criteria (SS and ÷̂ )2

tended to be close to one.  Further, an increased value for gain contrasts with Cohen and Servan-
Schreiber’s (1992) results.  One possibility is that the tasks were sufficiently different that they
rely on different neurological substrates.  As noted in Chapter Two, biologically-based
arguments can be made for either increased or decreased dopamine in schizophrenia. 
Conceivably, different brain areas may have different maladaptive levels of neurotransmitters
and also form the neurological substrate for different tasks.  

Poor specificity also tends to argue against the gain parameter.  When gain was adjusted
for the control group, fit (as measured by “÷ ”) improved significantly.  This finding may suggest2

that the improvements resulting from changes of the gain parameter on this task are a property of
the networks rather than a reflection of a legitimate biological correlate of schizophrenic deficits. 
A model artifact related to gain is a reasonable possibility.  The model response is an
interpretation of the activation of the single output unit.  The activation function is sharpened by
increasing the gain parameter.  A sharper activation function may allow for less precise, but
more variable, output values in that larger changes in afferent activations would be required for
changes in output unit activation.  These changes may affect both actual model accuracy and the
test statistic. 

Another possibility is that the fit is an artifact of the “÷ ” criterion.  Indeed, the alternate2

parameter estimation criteria (SS and ÷̂ ) both became larger when gain was increased from one2

to the value yielding the lowest “÷ .”  Further, the model-predicted variances were inflated.  The2

observed standard deviations were 1.0828 for latency and 0.1934 for accuracy, but the model
values were 2.4394 and 0.2436, respectively.  This increased variability was reflected by certain
model predictions for similarity judgments that exceeded the range of the human data.  The
reduction in “÷ ” was not entirely artificial, however.  As shown in Figure 8, individual trial2

predictions based on increased gain were somewhat better than predictions based on decreased é
with respect to both similarity ratings and latency.  
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Similarly, increasing gain also resulted in reduced “÷ ” for the nonparanoid data.  Similar2

additional analyses were completed.  The same conclusions resulted – improvement related to
gain was not specific to the patient group, and values were not identifiable.  The decrease in
lack-of-fit may to be an artifact of the criterion.  Specifically, the model tends to overestimate the
variances.  Therefore, the neurotransmitter hypothesis was not supported for either patient group
in this study. 

Cortical Pruning Hypothesis

Three type of interventions were applied to simulate cortical pruning:  Reporting weights
as zero, adding random noise to the activations, and multiplying by random numbers.  The
results were somewhat different depending on the patient group.

Data Collected from People with Paranoid Schizophrenia

Neural Darwinist hypotheses.  Reporting weights as zero did not improve fit on the first
run.  On the second run, however, eliminating 39 per cent of the weights – specifically, those
with the lowest squared values, ME / Mw, and (ME / Mw)  – and substituting the control value for h2

71 1led to a “÷ ” of 142 (“p” < .001; Ä“÷ ” = 13.81, “p” < .001).  This improvement was also found2 2

70 1after applying a recalculated value for h (“÷ ” = 83.77, NS; Ä“÷ ” = 3.89, “p” < .05, as2 2

1compared to the undamaged network; Ä ÷  = 58.23, “p” < .001, as compared to the damaged2

network with the control group’s h value).  This result provides limited support for the
hypothesis that the least important weights are systematically eliminated, possibly because of an
exaggerated developmental pruning process. 

Inhibitory versus excitatory synaptic elimination.  Adding noise to the hidden units
tended to improve fit.  Because the estimated mean was zero, the standard deviation was

71estimated again by itself and found to be 0.167 for a rectangular distribution (“$÷ ” = 73.682

1[S.D. = 5.9501], NS; Ä“÷ ” = 23.9, “p” < .001).  The results for second run and the Gaussian2

distribution on both runs were all similar.  They strongly support a model in  which synaptic
connectivity is disrupted, but the type of synapse (excitatory or inhibitory) is irrelevant.

Underconnectivity versus overconnectivity.  An anomaly related to synaptic density was
also supported because multiplying each weight by a random number also tended to improve fit. 
The nature of the anomaly was unclear, however.  When the distortion occurred every tick and

71the distribution was rectangular, the mean was one and the standard deviation was 0.393 (“$÷ ”2

1= 83.87 [S.D. = 6.5647], NS; Ä“÷ ” = 13.71, “p” < .001).  In contrast, when the distribution was2

70Gaussian, the best fitting mean and standard deviation, respectively, were 2.5 and 0.667 (“$÷ ”2

2= 67.45 [S.D. = 4.0738], NS; “z” = -0.18, NS; Ä“÷ ” = 30.13, “p” < .001).   The results for the2

second run and when the distortion occurred every trial for both runs were all similar.  Because
the average strength of connections remained the same for the rectangular distribution, the
hypothesis that the wrong synapses are eliminated was somewhat supported.  In contrast, the
increased mean with the Gaussian distribution could suggest overconnectivity.
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Data Collected from People with Nonparanoid Schizophrenia

The cortical pruning hypotheses did not fair as well with the data from the nonparanoid
group.  Cutting weights, adding activation noise, and multiplying the weights all yielded
inconsistent results.  

Neural Darwinist hypotheses.  On the first run, eliminating the one per cent of weights

71 1with the highest values seemed effective (“÷ ” = 67.57, NS; “z” = -0.25, NS; Ä“÷ ” = 16.23, “p”2 2

< .001).  In contrast, on the second run, eliminating the 63 per cent of weights with the lowest

70squared,  ME / Mw, and (ME / Mw)  values led to a trend towards improvement (“÷ ” = 84.25, NS;2 2

1Ä“÷ ” = 2.75, .1 > “p” > .05).  These results provide weak evidence for the two conflicting2

hypotheses that the most and least important synapses are eliminated.

Inhibitory versus excitatory synaptic elimination.  On the first run, adding noise to the
hidden units from a rectangular distribution with a standard deviation of 0.138 each tick

71 1improved fit (“$÷ ” = 79.5449 [S.D. = 6.5714], NS; Ä“÷ ” = 4.26, “p” < .05).  The result was2 2

similar when noise was recalculated only once per trial.  These findings were not replicated on
the second run, providing only weak support for the hypothesis that damage occurs and is
independent of the type of synapse (inhibitory or excitatory).

Underconnectivity and overconnectivity.  Multiplying the weights by random numbers
improved fit on the first run, but only trends towards improvement were found for the second. 
Resetting these values each tick drawing from a rectangular distribution with a mean of 2.251

70and a standard deviation of 0.502 improved fit on the first run (“$÷ ” = 66.93 [S.D. = 3.3324],2

2NS; “z” = -0.22, NS; Ä“÷ ” = 16.87, “p” < .001).  Applying the parameter values estimated from2

72 2the paranoid data was detrimental to the fit (“$÷ ” = 81.27 [S.D. = 4.4799], NS; Ä“÷ ” = 14.34,2 2

“p” < .001).  Only a trend towards improvement was found on the second run.  The results for
the Gaussian distribution were similar. 

Applying the distortion each trial sometimes improved the fit.  On the first run, a

70rectangular distribution with a mean of 1.687 and standard deviation of 0.331 led to a “$÷ ” of2

268.58 (S.D. = 8.58; NS; “z” = -0.08, NS; Ä“÷ ” = 16.22, “p” < .001).  This finding was not2

replicated on the second run.  Applying the values estimated on the paranoid data did not

72 2significantly change the fit (“$÷ ” = 72.57 [S.D. = 6.5955], NS; Ä“÷ ” = 3.98, NS).  These2 2

results were replicated for the Gaussian distribution.  These simulations provide weak evidence
for the hypothesis that too few synapses are eliminated.

Comment

The cortical pruning hypothesis seems better suited to account for the data on this task
for the paranoid schizophrenia group than for the nonparanoid schizophrenia group.  In
particular, results were consistently replicated for the paranoid data but not for the nonparanoid
data.  This finding is somewhat surprising because structural damage is more often associated
with nonparanoid symptoms.  At the same time, however, the results may speak to the relative
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subtly of cortical pruning as compared to neural atrophy.  The particular pattern of deficits is
also important.  Random elimination of weights was never effective in improving fit, and
improvement by eliminating the most important weights was not replicated.  Overall, the
hypothesis that too many synapses are eliminated (or fail to develop) in schizophrenia appears
more likely than the alternate hypotheses that too few or the wrong synapses are eliminated (or
fail to develop). 

Neural Atrophy Hypothesis

For the data collected from people with paranoid schizophrenia, fit improved
significantly when a proportion of units with the highest sums of afferent weights were rendered
inactive (i.e., activation always reported as zero).  In all cases, the output unit was protected from

70 1elimination. The estimated value was .14 (“÷ ” = 92.76, NS; Ä“÷ ” = 4.82, “p” < .05). 2 2

Eliminating units by other criteria failed to produce a significant improvement in fit.

For the data collected from people with nonparanoid schizohrenia, eliminating the 12 per

71 1cent of the units with the greatest sum of afferent weights gave a “÷ ” of 80.2 (NS; Ä“÷ ” = 3.6,2 2

.1 > “p” > .05).  This finding was only replicated on the second run when the nonpatient, training
value was applied for h.  In that case, the proportion of units eliminated was estimated at 9 per

71 1cent (“÷ ” = 129.82, “p” < .001; Ä“÷ ” = 7.39, “p” < .01).  Applying the values estimated from2 2

72 1the paranoid data was detrimental to the fit for the first run (“÷ ” = 179.56, “p” < .001; Ä“÷ ” =2 2

99.36, “p” < .001), but made no significant difference for the second.

These results tend to support the idea that the well-documented neural atrophy found in
schizophrenia may play a role in this similarity judgment task.  Of note, however, random
elimination was not effective.  Of the several criteria for operationalizing importance, only the
greatest sum of afferent weights resulted in schizophrenic responding.  This result suggests that
perhaps damage to relatively few – but critical – neurons impairs functioning on this task.  The
exact location of these neurons cannot be determined from this simulation, but two likely
possibilities are the cingulate gyrus and frontal lobes.  These areas are known to be implicated in
both schizophrenia and facial affect perception (Deakin, 1994).  It is unclear from the results of
this study whether the same proportion of damage is responsible for deficits among people with
paranoid and nonparanoid schizophrenia.  

Early Processing Hypothesis

Adding noise to the input units was usually detrimental to the fit.  Estimated values for
the mean and standard deviation were typically both zero.  One exception to this finding was that
adding noise drawn from a rectangular distribution with a mean of 0.127 and a standard

69deviation of 0.219 every tick improved the fit for the second run (“$÷ ” = 79.33 [S.D. = 5.9474],2

2NS; Ä“÷ ” = 8.33, “p” < .025).  Similar results were found with a Gaussian distribution.  This2

finding provides only weak evidence for the possibility that early visual processing accounts for
facial affect perception deficits in schizophrenia.  This conclusion implies at most a weak link
between the perceptual difficulties encountered by people with schizophrenia (e.g., sensory
distortions and hallucinations) and facial affect perception difficulties.   
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Concluding Comments

Overall, fit to the data is good.  The lack-of-fit index, “÷ ,”was validated in that its results2

were consistent with the results of both ÷  and model-mean-÷ .  In most cases, the best-fitting2 2

models appeared to be valid.  The exception was gain, the parameter associated with the
neurotransmitter dysfunction hypothesis.  In that case, the model tended to overestimate the
variances.  

Overall, modeling of latency seemed successful in spite of great variability in the human
data.  The results demonstrate that h, as calculated by the closed-form formula, is a useful
parameter.  The proportion of error accounted for by latency is only somewhat higher than that
accounted for by response content.  For example, for the control group (unperturbed networks),
the proportions of “÷ ” contributed by the latency component were 62.2 per cent for the first run2

and 57.3 per cent for the second.  This finding is not surprising given that latency data tend to be
inherently more variable than content data.  Moreover, the backpropagation algorithm explicitly
trained the network on (cross-validated) content.  The model still provided an adequate fit for the

35 latencylatencies by the estimation parameter (“÷ ” = 42.64 and 38.57, both NS), but rSS  tended to2

accuracybe greater than one (indicating a poor fit), while rSS  tended to be less than one (indicating a
good fit).

In many cases, parameter values seemed to be identifiable (in the mathematical sense,
within this study and as estimated with the “÷ ” lack-of-fit criterion).  For estimated parameters,2

the algorithm typically found the same, specific values across different runs.  Similarly, the value
for h was remarkably consistent.  The exception was for the control group on the second run. 
Note, however, that the recalculated values for h for the patient groups on the second run were
around 0.32, similar to the control group on the first run.  
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CHAPTER FIVE: STUDIES WITH PICTURES OF HUMAN FACES

Results from the previous study are consistent with previous research that suggested that
damage to a connectionist network can account for schizophrenic responding.  Further, a model
accounting for both response latency and response content was found to be acceptable for both
patient and nonpatient data by an orthodox sufficiency test.  The major change in the next phase
of the project was that the stimuli were pictures of realistic human faces instead of line-drawn
schematic faces. Two tasks had to be completed before modeling could begin.  The first was to
describe each stimulus in terms of the probabilities that participants perceived specific features. 
The next task was to collect data regarding actual judgments – in terms of both latency and
accuracy – from patient and nonpatient populations.  Moreover, the results from these studies are
relevant to schizophrenic facial affect perception in their own right.

Two complications arise from the decision to use pictures of human faces as stimuli. 
First, the pictures to be studied need to be selected.  Much previous research used posed
photographs or slides.   The current project focuses on four prototypical expressions that tend not9

to be confused:  happy, surprised, sad, and disgusted. 

The second difficulty is harder to resolve.  The selected stimuli had to be transformed
into a format that the computer simulation could access while maintaining psychological
validity.  (See Vickers & M.D. Lee, 2000, for a discussion of the representation problem in
connectionist networks.)  This goal was accomplished by identifying the features present in each
image.  The process involved a qualitative analysis of the range of possible features, and a
quantitative calculation of the likelihood of participants perceiving each feature in each image.

Identifying Features
Method

The first task of identifying features proceeded in two phases.  First, participants
generated a list of possible features.  Second, another group of participants marked which of
these features were present in each image.  An additional study (see Appendix B) resulted in a
description of each image in terms of a short list of unambiguous features. Appendix C contains
samples of all testing materials.
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My thanks to John Cesarini, who converted the photographs to slides.10

Participants

All participants were drawn from the Introductory Psychology Subject Pool at the
University of Western Ontario, and each received one “research credit” for participation. 
Twenty-three students (9 male, 14 female) with a mean age of 20.0 years (standard deviation of
1.61 years) completed phase one.  Twenty-five students (10 male, 15 female) with a mean age of
20.5 years (standard deviation of 3.45 years) completed phase two.  Students participated in
groups, ranging in size from one to five people.  All participants had normal visual acuity or
lenses that corrected to normal acuity.

Procedure

After signing an informed consent form, participants were given specific instructions,
dependent on the phase.  Phase one participants were given examples of features drawn from the
literature (such as, eyelids closing, mouth open, nose wrinkled, eyebrows curved and high, and
eyebrows raised and flattened) and then asked to list as many features as possible for each
image.  Phase two participants were given time to examine the list of features and then asked to
check off as many features as were present for each image.  Stimuli from Ekman and Friesen
(1976; see Table C1) were presented as black-and-white slides.   Each slide was left until all10

participants were apparently finished (on average, about one and a half minutes for phase one
and three minutes for phase two).  All participants were shown the full set of twenty images in
the same random order, except the starting point varied systematically. 

Results

Phase one participants generated a substantial list of features.  Features taken from the
literature were considered as well.  For example, five features are known to stimulate specific
cells among macaque monkeys:  head lowering and eyelids closing (Rolls, 1992), mouth open
and grimacing (Perrett et al., 1988), and raised eyebrows (Perrett & Mistlin, 1990).  In addition,
Ekman and Friesen (1975) cited wide-open eyes, dropped jaw, eyebrows curved and high,
eyebrows raised and flattened, corners of lips drawn back and up, lips parted, Crow’s-feet
wrinkling around the eyes, upper lip raised, wrinkled nose, lower lip raised and slightly forward,
lower lip lowered and slightly forward, and eyebrows together as relevant features.  Qualitative
analysis of phase one data resulted in a list of 125 features.  Appendix D provides the data,
which consist of the list of features (Table D1), and the proportion of participants who indicated
that a given feature was present in a given image (Table D2). 
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CHAPTER SEVEN: STUDIES OF OTHER TASKS

A critical questions remains: Are the schizophrenic deficits specific to facial affect
perception, or are they merely one aspect of a general deficit?  Two tasks that are common in
schizophrenia research were examined to address this question.  The WCST is often used as a
test of frontal lobe dysfunction, including that found in schizophrenia.  Brain damage has been
modeled in connectionist networks by eliminating units (e.g., Hinton & Shallice, 1991).  The
WCST has been previously modeled with ART networks (see Parks & Levine, 1998).  As well,
Dehaene and Changeux (1991, cited in Parks & Levine, 1998) developed a neural network
model of the WCST based on neuropsychological considerations.  CPT is a test of attention, and
certain variants seem to be able to identify people with schizophrenia.  It has been simulated in a
backpropagation network by adjusting gain (Cohen & Servan-Schreiber, 1992).  In the final two
studies, simulations of the WCST and CPT were created and damaged.

These simulations should be considered exploratory.  On the one hand, they provide
further insight into the effects of the types of damage that had been applied to models of facial
affect perception tasks.  They also demonstrate the potential for applying formal mathematical
modeling criteria to a variety of connectionist models.  On the other hand, pragmatic
considerations weighed heavily in determining the configuration of the networks and training
procedures.  In contrast, the application of damage was theoretically driven.  Therefore,
conclusions will be drawn regarding the effects of damage, but not with respect to these
particular instantiations of the tasks themselves.  The use of published data precluded cross-
validation techniques.

Wisconsin Card Sorting Task

This analysis is based on Kimura’s (1986) instructions for the administration of the
WCST.  The patient is instructed to put a deck of 128 cards into four piles, corresponding to each
of four stimulus cards.  Every card has one of four symbols (triangle, star, cross, or circle)
printed in one of four colors (red, green, yellow, or blue), repeated one to four times.  All
possible combinations are repeated twice.  The stimulus cards are one red triangle, two green
stars, three yellow crosses, and four blue circles.  After the patient has placed each card, the
tester responds Right or Wrong.  No other feedback or instruction is provided.  The first sorting
category is color.  After ten consecutive cards have been correctly sorted by color, the sorting
category shifts to form.  The patient is not informed of the shift, except by listening to the
tester’s responses.  After ten consecutive cards have been sorted by form, the sorting category
shifts to number, followed by color, and then form,  number, and color again.  The test continues
until the patient correctly sorts through all six sorting categories or until the patient attempts all
128 cards.

The tester records all responses, indicating the nature of the sort (color, form, number,
some combination, or unique) and whether it was correct.  Responses are scored as one of six
types.  The first error in a new category is an information error.  For example, after someone
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correctly sorts ten cards by color and then categorizes the next card the same way, that eleventh
trial is an information error.  The card should be sorted by form, but the person has no way of
knowing that the sorting dimension has changed until after placing the eleventh card.  Only the
ten consecutive correct responses are scored as correct responses. Other correct responses are
called inadvertent or surplus correct responses.  Errors can be classified as perseverative or
nonperseverative.  Incorrect responses that would have been correct in the immediately
preceding category are perseverative errors, except for the first, which is an information error. 
Responses which are not correct and not perseverative, including unique responses, are
nonperseverative errors.

Sullivan et al. (1993) examined the structure of the WCST.  They found that the
responses of people with schizophrenia (n = 22) and people with frontal lobe damage (from a
previous study) tended to load on a Perseveration factor.  The responses of people who
experienced chronic alcoholism (n = 20) tended to load on an Ineffective Sorting factor. 
Members of the control group (n = 16) made significantly fewer perseverative errors than the
schizophrenia group, made significantly fewer inadvertent/surplus correct responses than the
alcoholism group, and achieved significantly more categories than both the schizophrenia and
alcoholism groups.  Table 10 shows the results of their study that are relevant to the current
simulation.  Note that Sullivan et al. administered the WCST atypically in that their subjects
sorted all 128 cards.

Intuitively, instantiating the WCST in a backpropagation network would seem to require
some “memory” of previous trials and some feedback regarding the previous response.  Elman
(1990) solved the problem of memory in backpropagation networks by adding context units.  In
an Elman network, the number of context units equals the number of hidden units.  The
activation of each context unit is set at the previous activation of the corresponding hidden unit. 
Similarly, information regarding the previous response can be provided simply by connections
leading from the output units to the hidden units (see Jordan, 1992; Jordan & Rumelhart, 1992). 
Jordan networks have been particularly successful in simulating motor tasks.
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Table 10

Wisconsin Card Sorting Task dataa

Nonpatient Schizophrenic
Controls Patients

Number of Categories Achieved 8.3 4.6b

Correct Responses 83 46c d

Inadvertent / Surplus Correct 18 30
Perseverative Errors   8 29
Nonperseverative Errors 19 23

Notes.  Data based on Sullivan et al., 1993.a

 Number of Categories Achieved is provided for information only, and does notb

participate in the model fit.
 Correct Responses excludes Inadvertent / Surplus Correct responses.c

 Values are rounded off to integer values and adjusted to sum to exactly 128.d
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In the current project, the first attempts to simulate the WCST were networks based on
the architectures developed by Elman and by Jordan.  A wide range of variations of these
architectures were tried, but each failed.  As with the unsuccessful model discussed at the end of
Chapter Six, these failures do not necessarily imply that there is no Elman- or Jordan- based
architecture that could simulate the WCST, or that the architectures attempted would not succeed
with further or different training.  Empirically, however, these architectures did not seem well
suited to the WCST.  The difficulty seemed to be related to the problem of catastrophic
interference (see, e.g., Long, Parks, & Levine, 1998, pp. 23 - 25).  Learning later dimensions
may have interfered with previously learned dimensions.  Additional pretraining in which the
sorting dimension was changed every few epochs (instead of within each epoch) did not alleviate
this situation.

To facilitate the model, context was provided somewhat artificially (see below). 
Obviously, this solution is less than ideal.  It is, however, acceptable for the task at hand for the
following reasons.  Most important, the purpose of the current investigation is to examine what
modifications to a network that simulates nonpatient data lead to patient-like responding. 
Further, the mechanism for providing context is equally artificial for both groups.  As previously
discussed, the backpropagation algorithm is rather artificial anyway.  Most notable in this case is
the need for multiple training epochs: Human data is based on the first attempt of the task.  (See
Vickers & M.D. Lee, 2000, for a discussion of this learning problem.)

Method
Architecture

The model consisted of four layers, as depicted in Figure 15.  The 12 units in the input
layer represented the stimulus card.  They sent activations to the ten units in the hidden layer and
to the four context units.  The four context units also sent activations to the hidden layer.  The
hidden layer sent activations to the four output units. 

Representation

Each stimulus card was represented by a unique pattern of activations in the input layer. 
The twelve units were divided into three groups of four.  The three groups represented the three
dimensions (i.e., color, form, and number), and each unit represented one element within that
dimension (e.g., red).  Each output unit represented one of the four possible discard piles.  

Learning Rule and Associated Parameters

The WCST was simulated with a backpropagation network (using Carter, 1997 - 1999). 
For pretraining, å was set to .1, and the momentum for changes in weights was set to .4.  For
subsequent training, å was reduced to .01, and momentum for changes in weights was set to zero
for one trial, but then returned to .4.  
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  My thanks to David Vollick for suggesting this interpretation.  See also Elman (1990,11

pp. 197 - 198).

Processing of a Pattern

The activations of input units were set for each trial.  Hidden and output unit activations
were set to zero at the beginning of each epoch.  The activations of the four context units were
determined by the simulation, as follows.  One context unit was active if and only if the previous
response had been correct.  The other three each represented a dimension, and they indicated the
sorting criterion that had apparently been used on the previous trial.  When only one dimension
from the input had the same active element as the output layer, then the context unit representing
that dimension was active for the next trial.  For each iteration, all layers were updated
sequentially, beginning with input, followed by context and hidden, and ending with output.

If more than one dimension had the same active element as the output layer then the
following rules applied.  If there had been an information error and the correct sorting dimension
was eligible, then the correct dimension unit was active for the next trial.  (For example, if the
simulation had incorrectly sorted the previous card on form, having previously made ten correct
responses on form, and on the current trial the third units of both the number and form input unit
sets were active and the third output unit had the highest activation, then the response would be
scored as Correct and the Number context unit would be active for the next trial.)  If there had
not been an information error and the perseverative dimension was eligible, then the
perseverative dimension unit was active for the next trial.  (Continuing the example, if the
simulation went on to correctly sort nine more cards on number, and on the current trial the third
units of the number and color input unit sets were both active and the third output unit had the
highest activation, then the response would be scored as Incorrect, and the Number context unit
would still be active for the next trial.)  In all other cases, no dimension unit was active for the
next trial. 

The interpretation of the network’s output involved a comparison of the output units’
relative activations.  Each output unit’s activation was viewed as an independent probability
estimate that the category represented by that unit is correct  (instead of the more common11

interpretation of the activation of all the output units as a pattern).  Selection of a category by the
network was inferred by a simple decision rule:  The output unit that accrues the highest
activation was declared the network’s choice.

Training Regime

McRae and Hetherington (1993) demonstrated that pretraining a network can have a
profound effect on subsequent learning.  A pilot test of the WCST simulation suggested that
pretraining would be advantageous because the network required a very large number of training
epochs to learn the first criterion.  One potential reason for this difficulty is that the naïve
network does not know, for example, to associate a red stimulus with the category Red.  Human
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subjects, of course, readily make such associations.  Therefore, the network was trained to
associate one input unit from each of the three sets of input units with each of the output units. 
This task was accomplished by setting the activation of one input unit at a time to one, with the
activations for the remaining input units and all context units set to zero.  The target activations
of the output units were one for the unit corresponding to the correct category and zero for the
other units.  The network was trained until it made no errors on this preliminary task.  Weights
were updated at the end of each epoch.  

Unidimensional data, with only one input unit active for each trial, were presented in
random order.  By epoch 1, 599, the backpropagation error was 6.235 and the simulation
consistently made no errors.  At that point, training continued with multidimensional input. 
Trials were still in random order, and weights were still updated at the end of each epoch.  After
each sequence of ten correct responses, the sorting dimension was switched to a different

3dimension at random.  At epoch 282, 076, backpropation error was 28.6212, and ÷  was 1.082

(NS).  Training continued, but after each sequence of ten correct responses, the training
dimension switched to the next dimension in order (color, form, number, etc.).  

The feedback patterns were atypical.  The template was different for correct and incorrect
trials.  Human subjects are told if their responses are Correct or Wrong, but not the correct
discard pile.  To simulate this feedback, on correct trials the network was given feedback with
the correct output unit as one and the other three as zero.  On incorrect trials, however, the
network was given merely the information that the chosen output unit was incorrect (zero), and
one of the other output units was correct, but not which one (all the same value, one).  Taken
literally, this feedback would imply that the network should select all three of the other
categories.  Over a number of trials, however, the activation of the output units converged on the
mean feedback. 

Basic Analyses

Error was calculated according to the following legitimate ÷  formula:2

i, modelwhere N  is the number of trials categorized as type i (i.e., correct responses, surplus correct
responses, perseverative errors, and nonperseverative errors) made by the model, with the second
subscript changed for the human participants.  Human data were based on Sullivan et al. (1993). 
The estimation procedure for damage parameters was the same as for previous simulations. 
Unlike previous simulations, there is only one set of data, making cross-validation procedures
impossible.  No degrees of freedom were lost in estimating the backpropagation parameters,
however, because the network was trained on ideal responding rather than the actual human data. 
Because this formula does not depend upon the model variance, testing z for artificially fitting
the data is not necessary.  Further, this study avoids the complexities of interpretation imposed
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by alternate lack-of-fit measures.  This ÷  formula corrects for scale, making it superior to SS. 2

Unlike ÷̂ , the model values in the denominator are constrained:  They must sum to the total2

number of trials.  Therefore, any advantage gained by overestimates in one category are
penalized by underestimates in all of the others.  Lack-of-fit and change-in-fit probabilities can
be calculated and interpreted with the usual level of confidence because this ÷  is legitimate.  Of2

course, other lack-of-fit criteria, such as squared correlations or rSS could have been applied, but
were expected to yield little new information relative to the effort required to implement them at
this time. 

Results

The simulation was able adequately to replicate the data collected from the control group. 

3The best fit was achieved at epoch 712, 216, when backpropagation error was 32.6 and ÷  was2

31.92 (NS).  This value is less than the median value for the ÷  distribution (2.37, i.e.,  p > .5). 2

The model achieved 80 correct responses, 21 surplus correct responses, 11 perseverative errors,
and 16 nonperseverative errors.  

The unperturbed model was not suitable for the data collected from people with

3schizophrenia (÷  = 41.96, p < .001).  Cutting 19 per cent of the weights, specifically the2

putatively least important (lowest squared value, the lowest ME / Mw, or the lowest [ME / Mw] ),2

provided the most improvement in fit and led to model results that were not statistically-

2 1significantly different from the observed data (÷  = 3.19, NS; Ä÷  = 38.77, p < .001).  Similarly,2 2

cutting 9 per cent of the “least important” units, specifically those with the lowest sum of
squared efferent weights, the lowest ME / Ma, or the lowest (ME / Ma)  also improved the fit and2

2 1yielded results similar to the observed data (÷  = 4.52, NS; Ä÷  = 37.44, p < .001; in all cases,2 2

the output units were protected from being eliminated).  

Several other types of damage also improved the fit, but the resulting models remained
statistically-significantly different from the observed data.  Adjusting gain to 0.81 and

2multiplying all weights by 0.82 both led to the same level of improvement (÷  = 7.62, p < .025;2

1Ä÷  = 34.34, p < .001).  Adding noise to the hidden units at each tick was also partially2

2effective, particularly from a rectangular distribution with a standard deviation of 0.091 ($÷  =2

111.8 [S.D. = 8.4844], p < .005; Ä÷  = 30.16, p < .001).  This finding was replicated with a2

Gaussian distribution and with a rectangular distribution applied to the output units. 

Continuous Performance Task

The Continuous Performance Test (CPT; Rosvold et al., 1956) was developed to identify
brain damage (broadly defined).  Although physiological evidence suggested that patients with
brain damage should have an inferior ability to sustain attention, their performance was
inconsistent on relevant intelligence subtests (such as Digit Span and Digit Symbol).  In the
CPT, the participant is shown each member of a series of symbols for a set time interval.  The
original two variants are CPT-X and CPT-AX.  For CPT-X, the participant presses the response
key if and only if the letter X was presented.  CPT-AX is inherently more difficult: The
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participant presses the response key if and only if the letter X follows a letter A.  A more recent
variant, CPT-IP (Identical Pairs; Cornblatt, et al., 1988, also known as CPT-sequential target
version, Friedman, Vaughan, & Erlenmeyer-Kimling, 1981), requires that the participant
“respond to any digit 0 through 9 that repeated on successive trials” (Strandburg et al., 1994, p.
527).  The proportion of target trials for CPT-IP is usually .2.  CPT-IP yields several different
descriptive statistics.  For the present purposes, the most informative are hits (i.e., the proportion
of target trials to which the participant responded) and false alarms (i.e., the proportion of
nontarget trials to which the participant responded).

Rosvold et al., (1956) alluded to unpublished data that indicated that people with
schizophrenia performed about as well as people without the disorder on CPT-X and CPT-AX. 
CPT-IP, however, does identify people who have schizophrenia, whether they are adults
(Cornblatt, Lazenweger, & Erlenmeyer-Kimling, 1989) or children (Strandburg et al., 1994). 
Indeed, children with schizophrenia apparently respond similarly to their adult counterparts on
CPT tasks (Strandburg et al.).  Strandburg et al. found that children with schizophrenia had a
smaller proportion of hits than did nonpatients (.73 versus .89), and a greater proportion of false
alarms (.0285 versus .00575) over an epoch of 400 trials. 

Method
Architecture

Several network configurations and training procedures were attempted.  The successful
CPT-IP network, depicted in Figure 16, had seven input units, two layers of hidden units, and a
single output unit.  The first hidden layer consisted of six units.  It received activation from input
units and from the second hidden layer.  The first hidden layer sent activation to the output unit. 
The second hidden layer consisted of four units.  It received activation from the input unit and
sent activation to the first hidden layer.  

Representations

Stimuli analogous to those used by Strandburg et al. (1994) were generated by
considering the seven positions common to simple digital displays.  Digits from 0 to 9
(excluding 8) were generated by activating the units corresponding to the display, as shown in
Figure 17.  Each of these simple and distinct patterns consists of seven bits, each representing a
bar from the visual display.  In this way, the visual similarity of the digits is retained.  The digit 8
is excluded:  Strandburg et al. excluded 8 because it had served as the target stimulus in a CPT-X
task with the same participants.  Activation of the output unit represented a response by the
network.

Learning Rule and Associated Parameters

CPT-IP was simulated with a backpropagation network (using Carter, 1997 - 1999).  The
learning rate, å, was .1 throughout training.  Backpropagation error fell from 51.5 at epoch 1 to

226.34 at epoch 52, 000.  At that point, ÷  was 89.1, and training seemed to have stalled.   The2

momentum for changes in weights was .4 up to epoch 52, 000 and zero thereafter. 
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Processing of a Pattern

The activations of input units were set for each trial.  Hidden and output unit activations
were set to zero at the beginning of each epoch.  The simulation was interpreted to have made a
response when the output unit’s activation was greater than a cutting score, Õ, that was initially
set, arbitrarily, to .5.  The cutting score was estimated periodically after epoch 52, 000.  At some
points in training, adjusting Õ improved fit, but not enough for an adequate fit overall.  In the
end, the default value for Õ was sufficient, and other values did not lead to any improvement in
fit. For each iteration, all layers were updated sequentially, beginning with the input layer,
followed by the first and then second hidden layers, and ending with the output layer.

Training Regime

Each epoch had 400 trials.  Initially, and for most of the training phase, the probability
that a given trial was a target (i.e., the stimulus was the same as in the previous trial) was .5 to
ensure that there were approximately equal numbers of target and nontarget trials.  Up to epoch
52, 000, the same series of stimuli was used.  Thereafter, a new series of stimuli was generated
periodically.  At 105, 620 epochs, backpropagation error was 9.34, and the probability of a trial
being a target was set to .2.  Weights were updated at the end of each epoch.  The training value
for the output unit was one if the current trial was a target and zero otherwise.

Basic Analyses

Error was calculated as a legitimate ÷  according to the following formula:2

i correct, model, iwhere N  is the number of trials in category i = 1 (target) or i = 2 (not target), and p  is
the probability of the model making a correct response on trials of that category (with subscripts
changed for human and error trials).  Human data was taken from Strandburg et al. (1994).  As
with the WCST simulation, no degrees of freedom were lost when estimating the
backpropagation parameters because the network was trained on ideal, rather than human,
responding.  This ÷  is legitimate, allowing for inferences regarding lack-of-fit and change-in-fit2

to be drawn with the usual level of confidence.

Results

The simulation was able adequately to replicate the nonpatient data.  The best fit was

2achieved at epoch 106, 938, when backpropagation error was 7.99, and ÷  was 1.19 (NS).  This2

2value is less than the median value for the ÷  distribution (which is 1.39; therefore,  p > .5).  At2

that point, the simulation responded to .8875 of the target trials and .0125 of the nontarget trials,
as compared to .8875 and .00575, respectively, for the children in the control group. 
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The unperturbed model was not appropriate for the data collected from people with

2schizophrenia (÷  = 26.51, p < .001).  Because of the limited degrees of freedom, each damage2

parameter was estimated individually (in contrast to previous simulations where, for example,
means and standard deviations of noise distributions were estimated concurrently).   

The best fit was achieved by setting gain to 0.7308.  The model responded to .775 of the
target trials and .0219 of the nontarget trials, whereas the patients responded to .73 of the target

1trials and .0285 of the nontarget trials.  The difference is not statistically significant (÷  = 1.59,2

1NS), and it represents a statistically significant improvement over the undamaged model (Ä÷  =2

24.92, p < .001).

Several other types of damage resulted in smaller improvements in fit.  Not one  was as
effective as adjusting gain, and not one resulted in an adequate fit to the data obtained from the
patients with schizophrenia.  Deleting the least important weights, either the .009 with the lowest
squared value or the .091 with either the smallest ME / Mw or the smallest (ME / Mw) , improved2

1 1the fit (in all three cases, overall fit ÷  = 7.57, p < .01, and improvement Ä÷  = 18.94, p < .001). 2 2

Adding a constant, 0.001, to the input or hidden layer activations yielded the same improvement. 
Distorting the weights by multiplying them by a number drawn from a rectangular distribution

1with a mean of one and standard deviation of 0.004 gave $÷  = 17.67 (S.D. = 8.9112; p < .005;2

1Ä÷  = 8.84, p < .005).  The result with a Gaussian distribution was similar.  A somewhat better2

1fit was found by distorting the weights by multiplying them by .667, yielding ÷  = 5.7 (p < .025;2

1Ä÷  = 20.81, p < .001). Adding noise from a rectangular distribution and a standard deviation of2

1 10.0624 to the hidden units also improved the fit ($÷  = 12.29 [S.D. = 4.9892], p < .001; Ä÷  =2 2

14.22, p < .001), but a Gaussian distribution was slightly better.  An even better fit was achieved
by adding noise from a rectangular distribution with a standard deviation of 0.0625 to the output

1 1unit ($÷  = 3.7 [S.D. = 1.9851], .1 > p > .05; Ä÷  = 22.81, p < .001).  A Gaussian distribution did2 2

almost as well.  Neither cutting units nor adding noise to the input units improved the fit.  

Discussion

These simulations of the WCST and the CPT-IP illustrate that apparently similar deficits
may derive from different processes.  These results highlight the importance of attempting
different interventions within each simulation and of testing different tasks with the same set of
interventions. 

One strength of these simulations is their simplicity.  Indeed, the WCST network is
considerably simpler than those described by Parks and Levine (1998; notwithstanding the
atypical algorithm used here to determine the activations of the context units).  Similarly, the
CPT-IP simulation is also quite straightforward.  More complex architectures were attempted in
each case, but they failed to reproduce the observed data adequately.

Adjusting gain improved the fit in both tasks. It was particularly beneficial in replicating
deficits found among people with schizophrenia on the CPT-IP.  Indeed, it was the only type of
damage that led to model responses that were not statistically- significantly different from the
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observed data for the CPT-IP.  The WCST simulation partially replicated the finding by Leven
and Levine (1995, cited in Parks & Levine, 1998) in that reducing gain improved the fit towards
matching the deficits that were found in the clinical group (patients with schizophrenia here and
patients with frontal lobe damage in their study).  The data from the WCST simulation with
reduced gain, however, was still statistically-significantly different from the data observed
among the people with schizophrenia.

In contrast, the most effective damage for the WCST simulation was to eliminate certain
components of the network.  Specifically, removing the least important weights (as measured by
either their squared value or their influence on error) led to an acceptable fit.  Removing the units
with the lowest sum of squared efferent weights or lowest influence on error was almost as
effective.  These similar results are not surprising because removing the least effective units
effectively removes their efferent weights.  In contrast, cutting units was not effective at all for
the CPT-IP simulation.

These findings suggest that the deficits measured by the CPT-IP and WCST – although
appearing to be similar – may derive from different physiological mechanisms.  The most
effective parameter for the CPT-IP was gain, which may correspond to neurochemical
anomalies.  In contrast, the most effective parameters for the WCST were related to cutting
weights and units, which may correspond to structural damage.  The damage to the WCST
simulation was systematic rather than random.  This finding provides support for the neural
Darwinist perspective, and tends to oppose the idea that damage is arbitrarily determined by
some purely physiological disease process. In particular, the weights or units removed were the
least important (by any one of several criteria).  This finding suggests that the normal process of
synaptic pruning simply goes too far in people with schizophrenia.  
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APPENDIX D:  NORMATIVE DATA ON FEATURES

Table D1

List of features

1. Head lowering
2. Head tilted to one side
3. Furrowed brow
4. Forehead wrinkled
5. Eyebrows lowered
6. Eyebrows lowered and straight
7. Eyebrows lowered and pointing down to the outside
8. Eyebrows low and arched
9. Eyebrows low and far apart
10. Eyebrows level and straight
11. Eyebrows raised
12. Eyebrows raised and flattened
13. Eyebrows curved and high
14. Eyebrows together
15. Eyebrows slanted slightly upwards
16. Eyebrows slanted inward
17. Inside of eyebrows slant down slightly
18. One eyebrow crooked
19. Open eyes
20. Wide-open eyes    
21. “Bug-eyed”
22. Eyes very small
23. Eyelids closing
24. Eyes slightly closed
25. Eyes three-quarters open
26. Eyes half open
27. Eyes almost squinted shut
28. Eyes slightly squinting
29. One eye slightly more open
30. Lower eyelid raised
31. Corners of eyes drawn down
32. Eyes happy and vibrant
33. Eyes small and slit-like
34. Sparkle in the eyes
35. Scary-looking eyes
36. Sunken eyes
37. Glaring
38. Eyes droopy
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39. Looking downward
40. Irus low in eye
41. Irus high in eye
42. Staring transfixed
43. Eyes focused straight ahead
44. Mouth open
45. Mouth wide open
46. Mouth slack and open
47. Grimacing
48. Pouting
49. Frowning
50. Snarling
51. Sneering
52. Slight frown
53. Slight smile
54. Wide smile
55. Mouth straight
56. Mouth closed and pulled up at corners
57. Mouth closed and turned down at corners
58. Mouth looks like its growling
59. Lips parted
60. Lips tight together
61. Lips together
62. Lips together and pushed up
63. Lips together pushed down
64. Lips pursed
65. Lips soft
66. Middle part of the upper lip is downward
67. Slight tension at mouth corners
68. Corners of lips drawn back and up
69. Corners of mouth pointing down
70. Corners of mouth pulled up tightly
71. Lower lip protruding slightly
72. Lower lip pulled up
73. Outside corners of the mouth go way up
74. Mouth pulling up & to one side
75. Wrinkled upper lip
76. Upper lip slightly raised
77. Upper lip raised but flat across
78. Upper lip pulled up exposing front teeth entirely
79. Teeth showing
80. Teeth and gums showing
81. Lower teeth showing slightly
82. Lower teeth showing
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83. Upper teeth showing
84. Teeth together
85. Tongue showing
86. Tongue drawn back
87. Tongue sticking behind lips
88. Muscles bulging under bottom lip
89. Bulging chin muscles
90. Nose wrinkled
91. Wrinkles beside nose
92. Nose pinched
93. Nose snarling
94. Nose curled
95. Nose drawn up and wrinkled
96. Lines below the nose on one side
97. Wrinkles around mouth
98. Wrinkle between cheeks and nose
99. Wrinkle in jawline and cheeks
100. Lines on one side of the mouth
101. Lines from nose and chin make a diamond shape
102. Deep line around nose going down to the chin area
103. Skin under eyes wrinkled
104. Wrinkles showing on the inside corner of the eyes
105. Crow's-feet wrinkling around the eyes
106. Wrinkle between eyes and above nose
107. Muscles around eyes contracted
108. Bags under the eyes
109. Wrinkled temples
110. Cheeks raised
111. Cheeks pulled back
112. Cheeks sunken in
113. Cheeks bulging out
114. Dimple showing
115. Nostrils flared
116. Nose tip pointed down
117. Double chin showing
118. Chin bunched up
119. Chin protruding
120. Chin drawn in
121. Dropped jaw
122. Clenched jaw
123. All features directed towards middle of face
124. Tension in the face
125. Bottom quarter of face flattened and stretched horizontally
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Table D2

Probability that a given feature (columns) was endorsed for a given face (rows),
collapsed across subjects.

Face Features 001 to 015

01  .00 .00 .60 .40 .48 .20 .04 .04 .08 .12 .00 .00 .00 .08 .20
02  .00 .04 .12 .00 .08 .00 .08 .16 .12 .36 .00 .04 .00 .04 .12
03  .00 .28 .12 .08 .08 .00 .08 .28 .08 .00 .16 .04 .08 .00 .12
04  .04 .12 .04 .00 .32 .04 .00 .36 .08 .08 .04 .00 .00 .00 .00
05  .00 .04 .08 .72 .00 .00 .00 .00 .00 .00 .68 .16 .52 .00 .08
06  .04 .76 .28 .16 .24 .04 .32 .08 .08 .00 .04 .00 .00 .04 .52
07  .00 .04 .08 .76 .00 .00 .00 .00 .08 .00 .60 .08 .64 .00 .04
08  .04 .00 .20 .08 .48 .00 .12 .32 .04 .00 .00 .00 .00 .04 .00
09  .04 .00 .12 .44 .52 .48 .12 .04 .04 .24 .00 .00 .00 .04 .00
10  .00 .00 .16 .08 .64 .08 .12 .20 .16 .04 .00 .00 .00 .04 .04
11  .00 .00 .04 .84 .00 .08 .04 .04 .00 .00 .60 .32 .20 .00 .04
12  .00 .00 .08 .00 .12 .00 .04 .24 .08 .00 .20 .00 .24 .00 .28
13  .24 .00 .32 .04 .52 .04 .24 .32 .08 .04 .00 .00 .00 .00 .12
14  .00 .32 .04 .00 .40 .48 .16 .16 .00 .08 .00 .00 .00 .00 .00
15  .00 .12 .04 .00 .00 .00 .00 .00 .00 .00 .48 .00 .72 .00 .00
16  .12 .00 .16 .12 .48 .60 .04 .00 .08 .04 .00 .00 .00 .00 .00
17  .00 .08 .16 .04 .36 .40 .04 .04 .00 .36 .00 .00 .00 .00 .00
18  .00 .00 .08 .56 .00 .00 .00 .00 .00 .00 .52 .04 .72 .00 .04
19  .00 .04 .12 .72 .00 .00 .00 .00 .00 .00 .56 .00 .48 .00 .16
20  .00 .04 .04 .00 .28 .44 .16 .08 .12 .16 .00 .04 .00 .00 .00
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Face Features 016 to 030

01  .12 .16 .08 .20 .00 .00 .00 .20 .20 .28 .24 .00 .16 .00 .08
02  .00 .08 .00 .76 .04 .00 .04 .04 .04 .20 .00 .00 .12 .12 .00
03  .00 .00 .08 .40 .08 .00 .08 .00 .08 .04 .20 .12 .32 .04 .04
04  .32 .20 .00 .60 .00 .00 .04 .16 .12 .16 .16 .00 .04 .00 .00
05  .00 .04 .08 .40 .68 .64 .00 .00 .00 .00 .00 .00 .00 .08 .04
06  .04 .00 .00 .80 .00 .04 .00 .04 .00 .16 .12 .00 .04 .00 .00
07  .04 .08 .00 .48 .76 .44 .00 .00 .00 .00 .00 .00 .00 .00 .08
08  .52 .32 .00 .24 .00 .04 .00 .00 .16 .32 .12 .00 .28 .04 .08
09  .08 .12 .04 .28 .00 .04 .16 .08 .08 .24 .20 .00 .16 .20 .00
10  .24 .28 .08 .44 .00 .00 .00 .04 .08 .16 .24 .00 .24 .00 .04
11  .00 .04 .04 .36 .72 .48 .00 .00 .00 .00 .00 .00 .00 .00 .00
12  .08 .16 .20 .40 .00 .00 .20 .04 .12 .16 .16 .00 .24 .40 .04
13  .00 .12 .24 .84 .04 .08 .00 .00 .08 .20 .00 .00 .00 .00 .00
14  .04 .04 .08 .08 .00 .04 .28 .12 .16 .08 .00 .64 .08 .28 .00
15  .00 .08 .04 .84 .40 .08 .00 .00 .00 .08 .04 .00 .04 .00 .00
16  .04 .08 .00 .36 .00 .04 .04 .00 .16 .20 .12 .04 .20 .08 .00
17  .04 .04 .24 .36 .00 .00 .08 .00 .20 .36 .04 .00 .16 .24 .00
18  .00 .08 .12 .40 .84 .20 .00 .00 .00 .00 .00 .00 .00 .00 .04
19  .00 .00 .16 .60 .56 .12 .00 .00 .00 .00 .00 .00 .00 .00 .00
20  .04 .04 .08 .12 .00 .00 .16 .16 .20 .04 .08 .36 .20 .08 .12
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Face Features 031 to 045

01  .36 .00 .08 .00 .04 .48 .08 .40 .20 .12 .20 .20 .40 .00 .00
02  .08 .44 .08 .36 .00 .04 .12 .04 .04 .04 .04 .16 .80 .00 .00
03  .12 .96 .04 .48 .00 .00 .00 .00 .00 .00 .04 .12 .68 .52 .28
04  .12 .00 .08 .00 .20 .52 .32 .36 .20 .04 .04 .20 .40 .00 .00
05  .00 .00 .00 .12 .20 .00 .16 .00 .04 .12 .04 .36 .44 .72 .08
06  .24 .00 .04 .04 .04 .68 .12 .44 .00 .04 .12 .28 .40 .00 .00
07  .00 .28 .00 .28 .00 .00 .08 .00 .00 .00 .04 .28 .44 .88 .16
08  .08 .00 .00 .00 .60 .04 .36 .00 .08 .04 .04 .12 .44 .88 .04
09  .08 .00 .08 .00 .08 .44 .08 .16 .28 .16 .00 .20 .44 .60 .00
10  .20 .00 .00 .00 .24 .08 .28 .04 .04 .04 .00 .12 .60 .00 .00
11  .04 .00 .00 .20 .12 .00 .24 .04 .00 .12 .04 .32 .48 .00 .00
12  .32 .88 .00 .20 .00 .04 .04 .04 .00 .00 .04 .08 .52 .88 .16
13  .12 .00 .00 .00 .00 .52 .00 .44 .56 .16 .00 .24 .24 .00 .00
14  .16 .00 .40 .04 .16 .00 .40 .00 .04 .04 .00 .12 .56 .00 .00
15  .00 .88 .00 .24 .00 .00 .00 .00 .00 .00 .04 .08 .72 .64 .60
16  .04 .00 .00 .04 .52 .12 .52 .00 .04 .00 .16 .28 .48 .00 .00
17  .16 .00 .00 .04 .12 .24 .16 .08 .04 .08 .12 .20 .52 .00 .00
18  .00 .16 .00 .08 .00 .04 .08 .00 .04 .00 .12 .32 .52 .60 .08
19  .04 .00 .00 .24 .08 .08 .24 .00 .00 .00 .12 .52 .48 .80 .04
20  .04 .72 .24 .20 .00 .00 .00 .04 .04 .04 .04 .04 .56 .72 .20
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Face Features 046 to 060

01  .00 .00 .08 .28 .00 .04 .40 .00 .00 .36 .08 .48 .04 .00 .12
02  .00 .04 .00 .00 .00 .00 .00 .80 .00 .52 .52 .00 .00 .00 .28
03  .00 .00 .00 .00 .00 .00 .00 .00 .92 .00 .04 .00 .00 .72 .00
04  .00 .16 .24 .36 .08 .24 .36 .00 .00 .16 .08 .68 .12 .00 .16
05  .36 .08 .00 .00 .00 .00 .04 .00 .00 .20 .00 .00 .00 .76 .00
06  .04 .04 .20 .24 .00 .00 .36 .00 .00 .56 .00 .20 .00 .08 .20
07  .16 .00 .00 .00 .00 .00 .00 .36 .00 .24 .00 .00 .00 .84 .00
08  .00 .12 .00 .04 .68 .12 .08 .00 .00 .00 .04 .00 .52 .80 .00
09  .00 .12 .00 .04 .68 .12 .08 .00 .00 .00 .04 .00 .52 .80 .00
10  .00 .28 .12 .32 .28 .20 .12 .00 .00 .36 .12 .24 .16 .00 .60
11  .00 .04 .04 .00 .00 .04 .00 .24 .00 .80 .20 .00 .00 .00 .24
12  .04 .00 .00 .00 .00 .00 .00 .12 .84 .04 .04 .00 .00 .88 .00
13  .00 .08 .40 .36 .00 .00 .36 .00 .00 .04 .04 .68 .00 .00 .16
14  .00 .32 .04 .12 .48 .40 .04 .00 .00 .00 .08 .28 .48 .00 .40
15  .00 .04 .00 .00 .00 .00 .00 .08 .56 .04 .00 .00 .00 .64 .00
16  .00 .28 .04 .28 .52 .20 .12 .00 .00 .08 .00 .60 .36 .00 .76
17  .00 .36 .20 .24 .04 .16 .12 .04 .00 .28 .20 .28 .04 .00 .28
18  .52 .00 .04 .00 .04 .00 .00 .16 .00 .04 .00 .00 .00 .88 .00
19  .36 .04 .00 .00 .00 .00 .08 .00 .00 .36 .00 .00 .04 .92 .00
20  .00 .00 .00 .00 .00 .00 .00 .04 .92 .08 .12 .00 .00 .88 .00
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Face Features 061 to 075

01  .80 .00 .20 .00 .12 .12 .04 .00 .36 .00 .04 .00 .00 .00 .04
02  .64 .12 .00 .04 .20 .12 .00 .08 .00 .12 .00 .00 .00 .08 .00
03  .00 .00 .00 .00 .00 .40 .08 .24 .00 .28 .08 .04 .32 .00 .00
04  .72 .04 .32 .08 .00 .24 .12 .00 .40 .00 .16 .00 .00 .04 .00
05  .00 .00 .00 .00 .12 .32 .08 .08 .08 .00 .00 .04 .00 .00 .00
06  .72 .00 .08 .00 .12 .20 .20 .00 .00 .00 .00 .00 .00 .00 .04
07  .00 .00 .00 .00 .20 .20 .00 .12 .00 .00 .16 .04 .00 .00 .00
08  .00 .00 .00 .04 .08 .16 .16 .04 .12 .00 .12 .08 .04 .00 .24
09  .08 .00 .04 .00 .08 .32 .24 .08 .04 .00 .00 .00 .00 .08 .04
10  .20 .24 .08 .04 .00 .12 .20 .00 .32 .04 .04 .00 .00 .00 .36
11  .80 .04 .04 .00 .08 .16 .00 .00 .00 .04 .00 .00 .00 .00 .00
12  .00 .00 .00 .00 .04 .24 .00 .32 .08 .00 .04 .04 .16 .00 .00
13  .68 .04 .32 .00 .08 .16 .08 .00 .68 .00 .08 .00 .00 .00 .00
14  .52 .08 .04 .04 .08 .64 .28 .04 .24 .00 .12 .04 .00 .28 .16
15  .00 .00 .00 .00 .08 .08 .12 .20 .12 .00 .00 .04 .12 .00 .00
16  .24 .08 .08 .08 .00 .64 .24 .00 .48 .00 .12 .08 .00 .00 .28
17  .52 .28 .04 .00 .04 .40 .32 .12 .20 .04 .12 .08 .04 .16 .04
18  .00 .00 .00 .00 .08 .28 .04 .00 .12 .00 .20 .00 .04 .00 .00
19  .00 .00 .00 .00 .08 .44 .12 .08 .12 .00 .16 .04 .00 .00 .00
20  .00 .04 .00 .00 .04 .44 .16 .56 .00 .20 .00 .12 .40 .00 .00
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Face Features 076 to 090

01  .04 .04 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .04 .04
02  .00 .08 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .04 .00 .04
03  .00 .00 .44 .76 .76 .32 .40 .48 .52 .00 .04 .00 .08 .16 .24
04  .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .24 .04 .00
05  .16 .04 .00 .44 .00 .60 .40 .00 .00 .56 .20 .04 .00 .00 .04
06  .00 .04 .00 .00 .00 .00 .00 .00 .00 .00 .04 .00 .00 .00 .04
07  .28 .04 .00 .60 .00 .00 .00 .92 .00 .04 .16 .00 .12 .00 .00
08  .20 .12 .44 .68 .04 .08 .00 .68 .08 .00 .00 .04 .20 .04 .52
09  .08 .12 .00 .32 .00 .28 .12 .20 .04 .00 .00 .00 .00 .00 .24
10  .12 .04 .00 .04 .00 .00 .00 .04 .00 .00 .00 .00 .48 .24 .84
11  .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .04
12  .24 .12 .24 .92 .16 .48 .32 .64 .00 .00 .12 .04 .00 .04 .12
13  .04 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
14  .32 .00 .00 .08 .00 .00 .00 .04 .00 .00 .00 .00 .32 .20 .72
15  .12 .16 .44 .88 .08 .44 .12 .76 .00 .60 .44 .00 .00 .24 .04
16  .08 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .28 .24 .68
17  .28 .04 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .20 .44 .60
18  .20 .00 .04 .92 .00 .16 .68 .72 .00 .44 .36 .00 .00 .12 .00
19  .12 .12 .00 .52 .00 .20 .80 .00 .00 .00 .04 .00 .08 .04 .00
20  .24 .00 .36 .72 .52 .00 .08 .92 .04 .00 .08 .00 .08 .16 .08
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Face Features 091 to 105

01  .12 .04 .00 .08 .00 .08 .04 .04 .04 .12 .00 .04 .04 .40 .20
02  .08 .04 .04 .12 .00 .00 .04 .00 .04 .00 .00 .04 .00 .08 .08
03  .28 .12 .00 .04 .08 .04 .72 .40 .56 .12 .76 .36 .76 .36 .76
04  .08 .08 .08 .00 .00 .28 .00 .08 .00 .24 .04 .00 .04 .00 .04
05  .00 .00 .00 .08 .04 .12 .20 .00 .12 .24 .04 .00 .08 .00 .04
06  .20 .04 .00 .00 .04 .16 .20 .36 .04 .08 .04 .04 .64 .16 .20
07  .00 .04 .00 .00 .00 .00 .04 .00 .00 .00 .04 .00 .08 .04 .04
08  .28 .20 .40 .04 .32 .04 .04 .32 .00 .00 .12 .16 .44 .20 .00
09  .28 .04 .08 .00 .04 .08 .44 .12 .48 .08 .04 .24 .60 .16 .28
10  .36 .24 .28 .12 .52 .04 .20 .04 .00 .04 .08 .08 .48 .16 .04
11  .00 .00 .00 .00 .00 .00 .04 .04 .00 .04 .04 .00 .16 .00 .00
12  .24 .04 .00 .04 .04 .08 .36 .36 .40 .12 .44 .28 .60 .20 .44
13  .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .04 .08 .00 .04
14  .28 .32 .44 .04 .24 .00 .16 .04 .00 .00 .00 .04 .28 .36 .00
15  .32 .04 .00 .04 .00 .04 .16 .24 .32 .12 .56 .28 .44 .12 .04
16  .40 .24 .40 .08 .32 .16 .52 .44 .32 .04 .12 .28 .72 .40 .20
17  .56 .32 .12 .20 .04 .12 .20 .44 .12 .04 .32 .16 .48 .32 .28
18  .12 .04 .00 .04 .04 .00 .00 .04 .00 .00 .00 .04 .00 .04 .00
19  .12 .00 .00 .00 .00 .08 .00 .00 .00 .00 .00 .00 .04 .08 .04
20  .16 .04 .00 .04 .04 .20 .32 .28 .24 .04 .64 .12 .72 .44 .76
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Face Features 106 to 120

01  .52 .16 .08 .00 .04 .00 .20 .00 .00 .32 .04 .64 .00 .00 .04
02  .04 .00 .04 .00 .12 .08 .00 .00 .16 .28 .08 .04 .00 .08 .08
03  .24 .20 .48 .20 .48 .04 .00 .04 .12 .04 .40 .08 .04 .08 .04
04  .00 .00 .04 .00 .00 .00 .20 .00 .00 .00 .12 .04 .08 .04 .08
05  .00 .00 .12 .04 .08 .08 .04 .00 .04 .20 .08 .00 .00 .00 .00
06  .28 .20 .60 .00 .00 .08 .20 .00 .00 .00 .12 .00 .00 .04 .04
07  .00 .00 .12 .00 .16 .08 .00 .00 .04 .00 .00 .00 .00 .04 .00
08  .12 .16 .12 .00 .20 .12 .08 .00 .00 .24 .28 .00 .00 .12 .04
09  .12 .28 .24 .08 .08 .12 .20 .00 .12 .04 .08 .00 .00 .04 .04
10  .24 .20 .08 .00 .24 .08 .00 .00 .00 .28 .04 .00 .16 .08 .04
11  .00 .08 .12 .00 .12 .04 .04 .00 .04 .16 .20 .00 .00 .04 .08
12  .08 .04 .28 .08 .36 .04 .08 .08 .12 .16 .24 .00 .00 .04 .00
13  .04 .00 .08 .00 .00 .04 .16 .00 .00 .16 .00 .00 .00 .04 .04
14  .20 .12 .08 .00 .16 .00 .00 .08 .00 .60 .16 .56 .16 .04 .00
15  .08 .00 .16 .00 .40 .12 .00 .00 .00 .04 .20 .84 .08 .04 .08
16  .32 .24 .12 .16 .16 .12 .08 .00 .00 .60 .24 .08 .16 .08 .12
17  .32 .04 .24 .16 .12 .12 .20 .00 .08 .24 .24 .64 .44 .04 .08
18  .00 .00 .08 .04 .36 .24 .08 .00 .00 .12 .04 .88 .08 .00 .00
19  .08 .08 .00 .00 .12 .12 .12 .00 .00 .32 .12 .12 .00 .00 .04
20  .16 .24 .36 .48 .44 .08 .04 .08 .12 .16 .20 .60 .04 .12 .04
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Face Features 121 to 125

01  .00 .12 .24 .28 .04
02  .04 .00 .20 .04 .00
03  .04 .12 .16 .04 .04
04  .00 .20 .04 .20 .00
05  .48 .00 .12 .08 .00
06  .04 .08 .08 .28 .04
07  .52 .00 .16 .00 .00
08  .04 .24 .32 .44 .00
09  .12 .12 .08 .28 .16
10  .00 .28 .32 .36 .00
11  .04 .04 .20 .20 .12
12  .20 .04 .24 .00 .04
13  .16 .04 .28 .12 .08
14  .00 .20 .16 .32 .00
15  .32 .00 .16 .08 .08
16  .08 .36 .20 .64 .00
17  .00 .16 .12 .36 .12
18  .56 .00 .12 .08 .04
19  .60 .00 .16 .08 .04
20  .04 .12 .24 .08 .12
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Figure 6: Backpropagation network for schematic faces







Figure 15: Backpropagation network for the Wisconsin Card Sorting Task



Figure 16: Backpropagation network for the Continuous Performance Task



Figure 17: Input for the Continuous Performance Task: Serial positions are indicated at the top,
                 and digits with their binary codes are presented at the bottom.
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Table 3
Parameter estimates and empirical fit for alternate cost functions and representative model parameters [second-run results are in square
brackets].

G R O U P

Modeled

Hypotheses

Paranoid Schizophrenia Nonparanoid Schizophrenia

Reduced

processing

stage

(sub-

process)

completion

rate;

increased

h

Cost Function Unmodified

Parameter

valuea

Empirical

Fit

Parameter

Estimate

Empirical

Fitb

Unmodified

Parameter

Value

Empirical

Fit

Parameter

Estimate

Empirical

Fit

Provisional ÷2

("÷ )2"

 .01373

[.04429]

 952.19

[863.43]

 .02051c

[.06222]

 354.07d

[327.56]

 .01373

[.04429]

 491.38

[414.1]

 .01636

[.04933]

 348.25

[333.24]

Sum of

Squares

(SS)

---  505.14

[349.06]

 .02051

[.06222]

 350.41

[220.55]

 229.68—

[145.04]

 .01636

[.04933]

 206.39

[135.75]

Pseudo ÷2 --- 1763.2

[364.5]

 .02051

[.06222]

1,069.96

[188.81]

1094.72---

[188.45]

 .01636

[.04933]

 887.013

[156.99]

Additional

sub-

processes;

decreased

"÷  "  .0012

[.0018]

 952.19

[863.43]

 .0002

[.0003]

 432.64

[348.92]

 .001

[.0018]

 491.38

[414.1]

 .00045

[.00091]

 321.25

[318.52]

SS ---  505.14

[349.06]

.00006

[.0003]

 120.12

[144.24]

 229.68---

[145.09]

 .00045

[.00091]

 137.43

[111.38]

— 1763.2

[364.5]

.00003

[.0003]

 42.09

[63.04]

1094.72---

[188.45]

 .00010

[.00045]

  64.03

 [60.65]

dfFrom network trained on control data to a criterion of "÷ " » df-2.a 2

Empirical fit improves as values decrease.b

Based on a closed-form function of observed values (see text).c

Artefactual deflation of "÷  " (see text).d 2
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