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ABSTRACT
Typically, the quality of a solution in Genetic Programming (GP)
is represented by a score on a given training sample. However, in
Machine Learning, we are most interested in estimating the quality
of the evolving individuals on unseen data. In this paper, we pro-
pose to simulate the effect of unseen data to direct training with-
out actually using additional data, by employing a technique called
bootstrapping that repeatedly re-samples with replacement from
the training data and helps estimate sensitivity of the individual in
question to small variations across these re-sampled data sets. We
minimise this sensitivity, as measured by the Bootstrap Standard
Error, alongside the training error, in a bid to evolve models that
generalise better to the unseen data.

We evaluate the proposed technique on four binary classifica-
tion problems and compare with a standard GP approach. The re-
sults show that for the problems undertaken, the proposed method
not only generalises significantly better than standard GP while the
training performance improves, but also demonstrates a strong side
effect of containing the tree sizes.

Categories and Subject Descriptors
1.2.2 [Artificial Intelligence]: Automatic Programming - Program
Modification
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In statistics, bootstrapping [2] or the bootstrap is a non parametric
technique which can provide a confidence interval for some statis-
tic. Bootstrapping also estimates the sensitivity of a statistic of
interest to the given data. This measure of sensitivity is called the
Bootstrap Standard Error (BSE). For example, to estimate BSE of
the mean of a data set of size m, we randomly re-sample from the
data set with replacement to create n samples, each sample being
of size m. Each of the n re-sampled data sets is called a bootstrap
replicate. Then, for each bootstrap replicate we compute its mean.
The BSE, then, is the standard deviation of the means obtained thus
from these n bootstrap replicates. Much like standard deviation de-
picts the variability in any statistic of interest, the lower the BSE,
the lower is the variability in the mean of the original data set and
hence the higher is the confidence in that mean.

For some time, the accepted wisdom in the GP community was
that smaller programs may generalise better. This appeared consis-
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tent with the general principle of Occam’s razor, and its formalisa-
tion in the minimum description length (MDL) principle proposed
by Grünwald [3]. However, in recent years, the link between bloat
and over-fitting has become controversial. Recent work by Van-
neschi et al.[5] suggests that somewhat contrary to popular belief,
these phenomena may be independent to some degree. Azad and
Ryan [1] explained that a small GP tree is not necessarily simple:
for example, sin(x) is more complex than a larger GP tree encoding
x+x+x+x.

While this background suggests that the relationship between
controlling growth and improving generalisation is not straightfor-
ward, both are desirable for GP. This paper reports on a use of boot-
strapping with GP which, given the problems undertaken, delivers
on both these objectives.

We propose to use bootstrapping to estimate the sensitivity of
the evolved models to the training data set. We use this sensitiv-
ity as a measure of predictive ability of the evolving solutions on
the unseen test data. This treatment is different from previous ap-
proaches which formed ensembles from the GP individuals trained
over different bootstrap replicates derived out of a given training
set. In contrast, we use the entire training set for every individual
in each run. However, after we score an individual on the training
set, we also score the individual under consideration on n bootstrap
replicates, each derived from the original training set by random
resampling with replacement. The Bootstrap Standard Error (BSE)
then is the standard deviation of these n scores which gives an es-
timate of the confidence in the original score on the entire training
data set. The lower the BSE, the less sensitive is the evolved model
to slight variations in the training set; such a model is more likely
to generalise to unseen data.

We minimise BSE along with the percentage error rate on the
training data for each individual in the population: we compute the
fitness of an individual as a product of the corresponding percent-
age error rate and BSE. The percentage error rate is the percent-
age classification error of the individual on the overall training set,
whereas the BSE is the standard deviation of percentage classifica-
tion errors on n bootstrap replicates.

Table 1: Fitness Configurations

Acronym Description Fitness Function

GP Standard GP Error %
BS BootStrap Error % * BSE
BSR BootRandom Error % * random value: range 0.01-0.061
BSRT BootTight Error % * random value: range 0.01-BSE

For this investigation, we have experimented with three different
bootstrap configurations in addition to a standard GP set-up. De-
tails of the fitness function for each are outlined in table 1. For
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Table 2: Best of Run Individuals: All values are averaged over 200 Best-of-run
trained Individuals for each task, for each configuration.

Data Method Size Train Err% Test Err% Best Test Gen.

BT
GP 941.82 14.38 23.21 19.50 173.18
BS 342.05 18.42 22.18 19.21 98.20
BSRT 136.32 18.63 22.00 19.31 73.47
BSR 132.46 19.72 22.02 19.31 65.46

BUPA
GP 917.42 9.97 37.63 27.33 176.76
BS 435.38 19.35 33.95 24.42 119.90
BSRT 49.56 25.60 33.86 25.00 101.94
BSR 99.83 24.91 35.49 26.75 129.84

HS
GP 1083.53 11.02 28.48 21.06 156.78
BS 462.91 17.47 25.16 20.39 115.42
BSRT 164.45 20.32 25.88 19.74 81.53
BSR 205.40 20.23 25.35 19.74 97.99

WBC
GP 699.18 0.49 5.28 2.65 103.9
BS 384.66 0.78 3.72 1.47 102.69
BSRT 269.95 2.14 4.03 2.06 83.86
BSR 237.46 2.14 4.26 2.06 120.73

Figure 1: Average Tree Size in Nodes
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the standard GP configuration, the fitness measure used to drive the
evolutionary process was simply the percentage of misclassified in-
stances, whereas for the proposed Bootstrap method the fitness of
each individual was calculated by multiplying the error rate by the
BSE of the bootstrap estimates for that individual.

1. RESULTS AND DISCUSSION
GP out-performed the various BS methods on training data, but on
the more important test data the BS method was more competitive.
In the case of standard GP, the gap between training and test fitness
is larger than with BS, and this gap tends to widen as evolution
progresses, suggesting that there is over-fitting occurring with the
standard approach which is less evident with BS methods.

We also examined the test performance of the best-of-run trained
individuals as shown in table 2. Here, we see that the BS method
consistently outperformed GP on each of the datasets and that the
best trained individual was on average discovered earlier in the evo-
lutionary process using one of the bootstrap configurations.

An interesting (and unexpected) aspect of the results was a dra-
matic difference in average tree size, as illustrated in Fig. 1. Even
though the experiments were constructed without any explicit growth
constraining mechanism, the average tree size obtained when var-
ious bootstrap configurations were used was significantly smaller
than that with standard GP. Without loss of accuracy, the genera-
tion of smaller program trees is a very desirable outcome, offering
substantial savings in run times and significant improvements in
comprehensibility, particularly when a simple function set is used,
as is the case here.

Program growth is seen to taper off at approximately the same
time as classification accuracy, on test data when using BS, so there
may be a possibility that a consistent reduction in the rate of growth

Figure 2

 0

 200

 400

 600

 800

 1000

 1200

 0  50  100  150  200

S
iz

e
 i
n

 N
o

d
e

s

Generation

BT Avg. Size

GP
BootStrap

BootRandom
BootTight

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 0  50  100  150  200

S
iz

e
 i
n

 N
o

d
e

s

Generation

BUPA Avg. Size

GP
BootStrap

BootRandom
BootTight

could be used as an effective early stopping measure, leading to
significant time savings, potentially reducing over-fitting, and mit-
igating the need to guess an appropriate terminating generation.

Given our earlier stated goal of developing classifiers whose train-
ing performance could provide a more accurate indication of be-
haviour on unseen data: training scores achieved using the BS
method provided a better indication of the generalisation ability
of the programs, as the difference between these outcomes was
smaller than when standard GP was used. For the latter experi-
ments, there was over-training on the BUPA and HS datasets, which
produced test scores significantly worse than the average training
scores, whereas for the BS experiments the average best test scores
are at least as good as the average training scores for three of the
datasets.

If we accept the definition of bloat in [4] as program growth
without (significant) return in terms of fitness, we would argue
the harmonious tapering off of growth and fitness, strong negative
size/fitness correlation and dramatically smaller trees, is evidence
that the BS method produces less bloated solutions than GP, with-
out any compromise on test accuracy, and that these solutions may
also be less likely to over-fit to the same degree.
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