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Abstract—Common approaches to explainable AI (XAI) for
deep learning focus on analyzing the importance of input features
on the classification task in a given model: saliency methods
like SHAP and GradCAM are used to measure the impact of
spatial regions of the input image on the classification result.
Combined with ground truth information about the location
of the object in the input image (e.g., a binary mask), it is
determined whether object pixels had a high impact on the
classification result, or whether the classification focused on
background pixels. The former is considered to be a sign of
a healthy classifier, whereas the latter is assumed to suggest
overfitting on spurious correlations.

A major challenge, however, is that these intuitive inter-
pretations are difficult to test quantitatively, and hence the
output of such explanations lacks an explanation itself. One
particular reason is that correlations in real-world data are
difficult to avoid, and whether they are spurious or legitimate is
debatable. Synthetic data in turn can facilitate to actively enable
or disable correlations where desired but often lack a sufficient
quantification of realism and stochastic properties.

To shed light on this issue and test whether feature importance-
based XAI reliably distinguishes between true learning and prob-
lematic overfitting, we utilize the task of traffic sign recognition.
Based on the synthesis pipeline of the Synset Signset Germany
dataset, which demonstrated comparability to real-world data,
we show how systematically generated synthetic data can test
assumptions about feature importance-based XAI and isolate
factors between classification quality and XAI values.

Therefore, we systematically generate six synthetic datasets
for the task of traffic sign recognition, which differ only in
their degree of camera variation and background correlation.
The generated datasets, which we provide for download under
a CC-BY license, enable us to quantify the isolated influence of
background correlation, different levels of camera variation, and
considered traffic sign shapes on the classification performance,
as well as background feature importance. A study of this kind
is nearly impossible to conduct with real-world data, as real-
world data can only be collected with difficulty at this level of
comparability and without additional influencing factors. Results
include a quantification of when and how much background
features gain importance to support the classification task based
on changes in the training domain, and show that such metrics
can be indicative of complex properties of the training data and
task, not purely of learning quality.

Download: synset.de/datasets/synset-signset-ger/background-effect
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I. INTRODUCTION

HE principal strength of machine learning (ML) models

and especially deep neural networks (DNNs) is their
ability to accurately approximate given data distributions.
This leads to impressive results, as complex relationships in
training data can be learned and mapped [1]; however, in turn,
these complex relationships cannot be trivially understood
by humans, making DNN decisions incomprehensible; at the
same time, the growing scope of AI/ML applications has
given rise to a growing number of regulations and standards
aiming at transparency and trustworthiness [2]. To overcome
this issue, explainable artificial intelligence (XAI) methods
were introduced to improve transparency, interpretability, and
thus error analysis and trustworthiness of ML applications.
For computer vision tasks, saliency methods such as, e.g.,
Kernel SHAP [3] and GradCAM [4] are predominantly used,
providing users with so-called feature attribution (FA) maps
per input image, which quantify the contribution of each
(super-)pixel to the model’s prediction.

In case of classification tasks, these methods are used to
gauge the validity of a classifier’s learned features, such that a
healthy classifier is expected to base its decisions primarily
on features located on the object to be classified, rather
than the background (cf. [5], [6]). Whether, however, low
feature attribution on the background does indeed distinguish
a healthy classifier from an unhealthy one (namely one that
overfitted on spurious background correlations), as intuition
may suggest, has thus far not been evaluated systematically.
However, the validity of explanations in XAl depends critically
on aligning AI/ML properties adequately with human under-
standing; merely transforming abstract output into a form that
invites intuitive but error-prone interpretation will clearly serve
no favorable purpose. Therefore, it is pivotal to improve the
understanding of XAl metrics to ensure that these, in turn, can
contribute to improving the understanding of AI/ML methods.

Such a systematic study of an XAI method is commonly
difficult to achieve, as ML tasks and data are usually complex
and difficult to control, rendering it difficult to establish a
reliable baseline against which the performance of an XAl
method could reliably be quantified. To address this challenge,
we utilize the traffic sign recognition use case, since it is a
well-understood classification task offering classes with and



without human-modeled background correlation. We base the
investigations of this work on synthetic / simulative data, since
it allows one to use highly accurate labels and selectively intro-
duce specific biases while maintaining, most importantly, that
training and testing data can be independent and identically
distributed (i.i.d.) in a strict sense, thus enabling systematic
evaluations at a level that is usually impossible for real-world
data. For data synthetization, we utilize the generation pipeline
presented in [5], by which a synthetic twin of the well-known
German Tra c Sign Recognition Benchmark (GTSRB) [7]
was created, named Synset Signset Germany. The cross-dataset
evaluations in [5], which indicate a good degree of realism
for the synthetic data and a relatively narrow domain gap
between the provided Synset Signset dataset and GTSRB [7],
ensure that the conclusions achieved herein are closely linked
to reality rather than merely hypothetical results on simplified
toy examples.

Overall, this publication aims to...

(D) ... systematically examine the XAl assumption of healthy
classifiers to predominantly focus on the foreground object,
by analyzing which data properties increase the amount of
background feature importance and measure their impact on
the classification performance,

(II) ... highlight the usefulness of synthetic data for investi-
gating and measuring DNN properties and thus quantitatively
evaluating XAI metrics,

(II) ... provide state-of-the-art synthetic datasets for the
task of traffic sign recognition and suitable for further XAI
metric investigations, containing accurate labels, segmentation
images, masks, and specifically modeled biases,

(IV) ... and quantify the influence of environment cor-
relations on the task of traffic sign recognition and thus
sensitize DL researchers and developers to the importance and
consequences of data selection.

II. STATE OF THE ART

A. Synthetic Data (Generation) for AV Perception

The use of synthetic data in computer vision tasks has seen
wide application in recent years, where wide overviews of
the topic for heterogeneous applications can be found in [8]-
[10] for example. In the domain of automated vehicle (AV)
perception, synthetic datasets have been used successfully for
training, including datasets based directly on computer games
[11]-[13] and computer game engines, such as Unity' or Un-
real Engine2 [14]-[19], including data simulated in the Carla
Simulator®. Other approaches to synthetic data include real-
world data modified through augmentation and recombination
(e.g., [20]-[23]), or the use of generative Al to create sensor
data, such as [24], [25] for the specific task of traffic sign
recognition.
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B. Evaluation of XAI Methods

Evaluation of XAI methods is a challenging task: Qualita-
tive evaluations are subject to human cognitive biases [26] and
are therefore not considered sufficiently objective [27]. Hence,
the XAl community is anxious to find quantitative and thus
more objective evaluation metrics/methods for assessing DNN
explanations: [28]-[31] give deeper insights and systematic
reviews on this topic. Based on extensive literature research,
Nauta et al. [28] identified twelve properties that optimal ex-
planations are desired to fulfill, the so-called Co-12 properties,
of which six evaluate XAI methods in terms of content. The
authors highlight synthetic data as useful for assessing the
correctness property by a ‘“controlled synthetic data check”.
However, other works make use of synthetic data to evaluate
additional properties, such as, e.g., the completeness (“preser-
vation check” [32], “deletion check™ [32]) or contrastivity
(“target sensitivity” [32]).

A general challenge of quantitative evaluation of XAl
metrics is the lack of available ground truth [26], as, for
example, semantic masks are usually not included in the
metadata of classification datasets. To overcome this issue,
several synthetic datasets especially designed for the task of
evaluating XAI metrics were introduced in recent years: The
Toy Color Dataset [33] (contains 5 X 5 pixel images with
four possible pixel colors, where DNNs can learn simple
color conditions), the an8Flower dataset [34] (a dataset of
different colored flower parts), or the FunnyBirds dataset [32]
(includes bird images from which individual object parts can
be removed).

III. INFLUENCING FACTORS OF BACKGROUND ATTENTION

To determine the effect of background on the task of
traffic sign recognition, we want to measure (I) the extent
to which DNNs trained on datasets with different modeled
properties take background into account for their classifi-
cation decision and (II) how this background consideration
affects the classification performance. This enables us to draw
conclusions about which data properties encourage DNNs to
focus on backgrounds and whether this background attention
is spurious or justifiable regarding the achieved classification
performance.

We assume three dataset properties to likely influence the
amount of background attention:

(D) Correlation of background: In a correlated traffic sign
recognition dataset, traffic signs appear mainly in their most
probable environment, which turns the background into a
source that can provide clues to the traffic sign’s class. This
offers an incentive to DNNs to also include background
features in their classification decisions, resulting in a greater
importance of background features.

(II) Degree of camera variation: A higher range of camera
variation might encourage DNNs to focus on traffic sign border
areas to perceive their optical distortion.

(II) Traffic sign shapes: Depending on the respective task
definition, identifying the traffic sign shape (by actively dis-
tinguishing foreground and background) can be advantageous



as it is a discriminative feature and allows one to exclude a
subset of traffic signs during the classification.

All three possible factors should be considered in the
evaluation to review and measure their influence and are thus
taken into account during the dataset generation.

IV. DATASET GENERATION

To generate the needed datasets, we utilized our parameteri-
zable rendering pipeline from our previous work on the Synset
Signset Germany dataset [5]. With the pipeline, our goal
was to combine the advantages of data-driven and analytical
modeling. Therefore, we added a GAN-based texture genera-
tion to our self-developed simulation platform OCTAS®* (for
details, see [5]). For the rendering process, OCTAS® currently
supports the usage of the rasterization-based engine OGRE3D?
as well as the path tracing engine Cycles® developed by the
Blender project. Since our evaluation results in [5] have shown
that there was nearly no difference between the generated
data from both approaches, we decided to solely use the less
computationally expensive OGRE3D engine for this work.

A. Correlated vs. Uncorrelated Environment

To compare datasets with correlated environment to those
with uncorrelated environment, we need to define both terms:

1) Correlated environment: Each traffic sign is depicted
in its most probable environment according to the German
traffic code / regulation StVO’ (StraBenverkehrs-Ordnung)
categorized into “urban”, “nature”, and “urban and nature”.
For example, a sign warning of wildlife crossing is likely
to be set up on a rural road (natural background), while a
sign warning of children is probable to be placed in an urban
context.

2) Uncorrelated environment: The traffic sign environment
is uniformly distributed randomly chosen from the combined
set of urban and nature maps, and therefore does not have a
semantic connection to the depicted sign.

The rendering pipeline utilizes image-based lighting (IBL).
To realize the un-/correlation, we collected all available urban
environment maps from Polyhaven® and manually restricted
the set to only those with a predominantly urban background.
Consequently, maps are filtered out that were, e.g., captured
in city parks and are therefore predominantly surrounded by
nature. A subset of 70 remaining maps results. Polyhaven
offers a larger selection of environment maps labeled as nature.
However, for a fair comparison we selected 70 environment
maps of type nature as well, where we tried to achieve a
comparable distribution of day times, although fewer night
maps were available. In Tab. I, the property distributions of
the urban and nature environment maps are compared.
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TABLE I
COMPARISON OF THE BACKGROUND PROPERTY DISTRIBUTIONS FOR THE SETS OF URBAN
AND NATURE ENVIRONMENT MAPS. BOTH SETS INCLUDE 70 MAPS EACH.

nature urban
morning / aftern. 28  40.0% 26 37.1%
sunrise /sunset 22  314% 18 257 %
DAY TIME midday 16 229% 10 143 %
night 4 5.7 % 13 18.6%
not specified 0 0.0% 3 4.3 %
clear 21 300% 20 28.6%
WEATHER partly cloudy 35 500% 28 40.0%
overcast 11  157% 18 257%
not specified 3 4.3 % 4 5.7 %
low 28 400% 32 457%
CONTRAST medium 10 143% 16 229%
high 32 457% 22 314%
natural 69 98.6% 56 80.0%
LIGHT artificial 1 1.4 % 13 16.6%
not specified 0 0.0 % 1 1.4 %
TOTAL 70 100% 70 100 %

B. Tra c Sign Selection

We selected the included traffic sign classes with great care,
as we wanted some properties to be evenly distributed across
the datasets. This comprises:

1) Tra c sign shapes: The generated datasets include 25
circular, triangular, and rectangular traffic signs each. In addi-
tion, seven signs of various shapes were added. An overview
of the traffic signs included by shape is given in Tab. II (top).

2) The most probable tra c sign environment: We consid-
ered including almost the same number of traffic signs to be
most probable in an urban and natural environment. Thereby,
we regarded the traffic sign shapes round, triangular, and
rectangular to also be almost equally distributed in urban and
natural environments. There is also a set of traffic signs that
are likely to appear in urban as well as natural environments.
Tab. II (bottom) shows the included traffic sign classes sorted
by the most likely environment of occurrence.

3) Tra c sign colors: For all classes of traffic sign shapes
as well as probable environments, our objective was to dis-
tribute the appearing colors evenly when possible, to prevent
trained networks from overfitting color details. The triangular
German warning signs are exclusively red and black with
one exception, which explains why the triangular signs are
predominantly red. However, the classes round, rectangular,
urban, and nature all contain red, gray, and blue traffic signs
(cf. Tab. II).

4) Risk of confusion: For all traffic sign shapes, we included
traffic sign classes that are likely to be confused with each
other. This applies, e.g., to classes that only differ in vertical
mirroring (e.g., left curve and right curve) or local details (e.g.,
pedestrian zone and bike zone).

Note that the 43 GTSRB traffic sign classes [7] are included.



TABLE 11
INCLUDED TRAFFIC SIGNS BY SHAPE (TOP) AND MOST PROBABLE ENVIRONMENT (BOTTOM).

TABLE III
OVERVIEW OF THE SIX GENERATED SYNTHETIC DATASET’S PROPERTIES.

dataset correlation viewport variation  train  test
UF uncorrelated frontal 500 600
UM uncorrelated medium 500 600
UH uncorrelated high 500 600
CF correlated frontal 500 600
CM correlated medium 500 600
CH correlated high 500 600

C. Stages of Camera Variation

We assume that the degree of camera variation in the train-
ing data affects the environmental attention of the resulting
DNN. Therefore, we provide each dataset at three levels of
camera variation, using normal distributions N( ; ):

1) Frontal (F): No camera variation, roll ~ N(0:0°;0:0°),
pitch ~ N(0:0°;0:0°), and yaw ~ N(0:0°;0:0°).

2) Medium (M): roll ~ N(0:0°; 1:5°), pitch ~ N'(0:0°;5:0°),
and yaw ~ N(0:0°13:3).

3) High (H): roll ~ N(0:0° 3:0°), pitch ~ N(0:0°; 10:0°),
and yaw ~ N(0:0°26:6 ).

D. Other Dataset Configurations

In contrast to Synset Signset Germany [5], we have ab-
stained from using horizontally oriented traffic sign poles and
from adding additional signs to poles in this work. Multiple
signs or a change in pole orientation might additionally draw
the DNN’s attention to areas outside the traffic sign surface in
focus, and therefore distort the results. We did not change the
generation of template images from sign shapes, the GAN-
based texture and defect synthesis from template images, the
traffic sign material, traffic sign pole diameter, and pole mate-
rial variation, as they all proved to be reasonable. In addition,
the positioning and orientation of the 3D tree geometry, which
is used for occlusions and to cast shadows, remains unchanged.
We reused the simulated effects and artifact configuration,
but internally improved the white balancing and AEC error
calculation to reduce the number of extremely overexposed
images. For details on the pipeline, cf. [5].
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E. Resulting Datasets

We used the described data generation process and config-
uration to create a total of six synthetic traffic sign image
datasets. Tab. III gives an overview of their abbreviations,
high-level configurations, and number of images per class.
Each dataset contains 82 classes of traffic signs resulting in
41000 train and 49 200 test images per dataset, summing up
to a total of 541200 images. Exemplary images are depicted
in Fig. 1. We offer all of the six datasets publicly available
under the CC-BY license (download link on the first page).

Note that a two-letter abbreviation denotes the whole
dataset, e.g., UFq, refers to the complete uncorrelated train-
ing dataset captured in frontal view, consisting of 82 classes
with 500 images each. In a three-letter abbreviation, the third
letter C (circular), T (triangular), or R (rectangular) refers to
a dataset’s subset containing all signs of a specific shape (cf.
Tab. II (top)). So, e.g., the abbreviation CMT, denotes the
correlated test dataset’s subset of triangular-shaped traffic signs
captured with medium camera variation.

V. EvALuUATION
A. Training Setup and Network Instances

For our experiments, we employ a ConvNeXt-Small
(CNs) [35], ConvNeXt-Tiny (CNt) [35], and ResNet50
(RN50) [36] classification network from OpenMMLab’s pre-
training toolbox MMPreTrain [37]. On the one hand, we
expect from this selection to gain insight on the influence of
network size (CNs vs. CNt) and, on the other hand, to compare
the behavior of a state-of-the-art architecture (ConvNeXt) to
an older one (RNS50). The fundamental training set-up is
adopted from Sielemann et al. [38], whereby we refrain from
applying random flip augmentation because some traffic signs
only differ in vertical mirroring. Our previous experiments on
Synset Signset Germany [5] showed that the network trained
with a learning rate of 1073 achieved the best in-domain result
and therefore is also applied for this work.

Overall, we trained nine different network instances per
architecture: one on each of the six generated datasets training
sets (82 classes), and, for later conclusions on the influence of
the included traffic sign shapes, one on the circular, triangular,
and rectangular subset of the CMy.,;, dataset. Each of these
subsets comprises 25 classes. For each training, we saved the






