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ABSTRACT

The open world assumption in model development means that a model may lack sufficient
information to effectively handle data that is completely different or out of distribution
(OOD). When a model encounters OOD data, its performance can significantly decrease.
Improving the model’s performance in dealing with OOD can be achieved through gener-
alization by adding noise, which can be easily done with deep learning. However, many
advanced machine learning models are resource-intensive and designed to work best with
specialized hardware (GPU), which may not always be available for common users with
hardware limitations. To provide a deep understanding and solution on OOD for gen-
eral user, this study explores detection, evaluation, and prediction tasks within the context
of OOD on tabular datasets using common consumer hardware (CPU). It demonstrates
how users can identify OOD data from available datasets and provide guidance on eval-
uating the OOD selection through simple experiments and visualizations. Furthermore,
the study introduces Tabular Contrast Learning (TCL), a technique specifically designed
for tabular prediction tasks. While achieving better results compared to heavier models,
TCL is more efficient even when trained without specialised hardware, making it useful
for general machine-learning users with computational limitations. This study includes
a comprehensive comparison with existing approaches within their best hardware setting
(GPU) compared with TCL on common hardware (CPU), focusing on both accuracy and
efficiency. The results show that TCL exceeds other models, including gradient boosting
decision trees, contrastive learning, and other deep learning models, on the classification
task.

1 INTRODUCTION

The concept of open-world assumption in model development means that a model may not have enough
information to effectively handle data that is completely different or out of distribution (OOD). When a
model meets OOD data, it may suffer a significant decrease in performance (Hsu et al., [2020; Hendrycks
and Gimpel, 2016). To handle this, model generalisation by introducing noise can be used, which can be
achieved easily with deep learning. However, advanced deep learning algorithms such as FT-Transformer
benefit from the advancement of specialised hardware such as GPU or TPU (Hwang| [2018), this type of
hardware is not always available to the general user (Ahmed and Wahed, 2020). These demand the user to
find the best way to deal with these challenges and emphasize the importance of our research.

While out-of-distribution (OOD) detection has been extensively studied (Lee et al., 2020a)), the challenge of
prediction tasks for OOD data, particularly in tabular datasets, remains underexplored. Significant progress
has been made in OOD detection with algorithms like MCCD (Lee et al.| [2020b), OpenMax (Bendale and
Boult, |2016)), Monte Carlo Dropout (Gal and Ghahramani,, 2016)), and ODIN (Liang et al.,|2017). However,
the study of prediction tasks on OOD for tabular data is limited. Tree-based classical models are known to
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Tabular Contrastive Learning

Figure 1: Tabular Contrastive Learning (TCL). The data [X] is duplicated ([X]1;[X]2) and noise is added.
Both duplicates are then encoded and decoded to compute the loss. During inference, TCL only uses the
encoder to produce new data [X]° that enhances supervised learning performance f([x]®) ¥ Y. The decoder
is omitted during inference and used only for training.

be reliable for tabular data (Grinsztajn et al., 2022) , but our experiments show that these models exhibit a
decrease in performance when dealing with OOD data.

In this study, we made several contributions. First, we show step by step how to implement existing meth-
ods for detecting, separating, evaluating, and visualizing out-of-distribution (OOD) data using real-world
datasets. Second, we assess the performance of existing tabular machine learning algorithms in handling
OOD data. Lastly, we introduce a new approach called TCL, which provides efficiency and flexibility while
achieving comparable performance.

Tabular Contrast Learning (TCL), Figure ] is a local adaptation of Contrastive Federated Learning (CFL)
(Ginanjar et al.| 2024) designed for prediction tasks on tabular datasets for a general user. TCL is based
on the principles of contrastive learning (Chen et al., 2020; |Ucar et al., 2021) but is optimized for tabular
data structures. TCL approach offers several advantages, e.g. Efficiency: TCL is designed to be faster and
more compact compared to current state-of-the-art models, Flexibility: TCL can be integrated with various
supervised learning algorithms and Performance: TCL achieves competitive performance.

Our experiment demonstrates that TCL delivers performance and efficiency (Huang et al.| 2017) (defined by
a higher speed/accuracy trade-off score) compared to other models.

2 RELATED WORK

2.1 OOD DETECTION

OpenMax (Bendale and Boult, 2016)) uses the concept of Meta-Recognition to estimate the probability that
an input belongs to an unknown class. OpenMax characterizes the failure of the recognition system and
handles unknown/unseen classes during operation. In deep learning, SoftMax calculates as P (y = jjx) =
eVi ()
PN—() OpenMax recognizes that in out of distribution (OOD), the denominator of the SoftMax layer
L eVi X
=1
doés not require the probabilities to sum to 1.



TemperatureScaling(Platt et al.; 1999) is a single-parameter variant of the Platt scaling. In a study by Guo

et al. (Guo et al.| 2017), despite its simplicity, temperature scaling is effective in calibrating a model for
deep learning. This also suggests that temperature scaling can be used to detect OOD. Our study uses these
two approaches to separate OOD from the dataset and use it as validation data.

Multi-class classi cation, deep neural networks, Gaussian discriminant analysis (MCCD]JLee et al.,
2020b) is OOD detection algorithm based deep neural network that claim to have better classi cation infer-
ence performance. It is focuses on nding sperical-decission across classes.

Our work mainly uses OpenMax and TemperatureScaling. While the original algorithms are not new, both
algorithm have latest update and better support under pytorch-ood (Kirchheim et al., 2022) compared to
MCCD (Lee et al., 2020c).

2.2 TABULAR DATA PREDICTION

Neural Network-based Methods:Multilayer Perceptron (MLP) (Ruck et al., 1990; Gorishniy et al., 2023):
A straightforward deep learning approach for tabular data. Self-Normalizing Neural Networks (SNN).
(Klambauer et al., 2017): Uses SELU activation to train deeper networks more effectively.

Advanced Architectures: Feature Tokenizer Transformer / FT-Transformer (Vaswani et al., 2017): Adapts
the transformer architecture for tabular data, consistently achieving high performance. Residual Network
/ ResNet (Li et al., 2018): Utilizes parallel hidden layers to capture complex feature interactions. Deep &
Cross Network / DCN V2 (Wang et al., 2020): Incorporates a feature-crossing module with linear layers and
multiplications. Automatic Feature Interaction / Autolnt (Song et al., 2018): Employs attention mechanisms
on feature embeddings. Neural Oblivious Decision Ensembles / NODE (Popov et al., 2019): A differentiable
ensemble of oblivious decision trees. Tabular Network / TabNet (Ar k and P ster, 2019): Uses a recurrent
architecture with periodic feature weight adjustments. Focuses on attention framework.

Ensemble Methods: GrowNet (Badirli et al., 2020): Applies gradient boosting to less robust MLPs, pri-
marily for classi cation and regression tasks.

Gradient Boosting Decision Tree (GBDT) (Grinsztajn et al., 2022) : XGBoost :A tree-based ensemble
method that uses second-order gradients and regularization to prevent over tting while maximizing compu-
tational ef ciency. LightGBM :A fast and memory-ef cient boosting framework that uses histogram-based
algorithms and leaf-wise tree growth strategy for faster training. CatBoost :A gradient boosting implementa-
tion speci cally optimized for categorical features with built-in ordered boosting to reduce prediction shift.

These models have shown varying degrees of success in tabular data prediction. However, their performance
on OOD data remains a critical area for investigation. We include mentioned model as our base models.

2.3 TABULAR CONTRASTIVE LEARNING

SubTab (Ucar et al., 2021) an&CARF (Bahri et al., 2022) are a contrastive learning model tailored for
tabular datasets. Similar to the fundamental concept of contrastive learning for the image of SImCLR (Chen
et al., 2020). SubTab and SCARF calculate contrastive loss using cosine or euclidean diSEn¢&i-

nanjar et al., 2024) is a federated learning algorithm proposed to tackle vertical partition within data silos.
CFL explores the possibility of implementing contrastive learning within vertically partitioned data without
the need for data sharing. CFL merge the weight by understanding that the data came from global imaginary
dataset which is vertically partitioned. CFL uses contrastive learning as a medium for black box learning.
CFL focuses on collaborative learning across silos. In this study, we study learning from local data with
OOD, a problem that is yet to be explored by CFL CFL focuses on a Federated learning network, while ours
is common tabular data. CFL, while exhibiting a similar name, uses partial data augmentation as part of



the federated learning concept and is similar to image contrastive learning. TCL, in the other hand use full
matrix augmentation to support tabular data.

3 PROBLEM FORMULATION

3.1 DEFINITION

De nition 1: Tabular Data. LetD 2 R™™ be a tabular dataset withsamples and features, an® 2 R"
be the corresponding labels. Tabular data is characterized by its structured format, where each row represents
a sample and each column represents a feature.

De nition 2: Out-of-Distribution Prediction. Given a model trained on in-distribution dafa, =
f(Xi;¥)iXi 2 Xin; Vi 2 Yin g, whereX, follows a distributionp;, , the task is to make accurate predictions
on OOD dataX ,0q that follows a different distributiopeog, Wherepood 6 pin -

De nition 3: Ef ciency-Accuracy Trade-off. We use a speed/accuracy trade off (Huang et al., 2017) from

the total performance matrix. L&t be the total performance , th&n= % for classi cation orT = ? for
regression.

A performance evaluatioR used is F1 or RMSE for the prediction task and the tinie seconds for the
duration of training. Thé is used to obtain the standard performance of a modelt Thased to evaluate

the time it takes to train a model. A smaltemeans a smaller resource to nd the best model by tuning the
hyperparameters. The adjustméwfor regression is necessary because in regression tasks, RMSE is used
as the performance metric, and smaller values are better.

3.2 PROBLEM STATEMENT

In machine learning, the goal is to build a modlel x ! y that generalizes unseen data. However, if the
model is exposed to samples outside the distribution during inference, it may make unreliable predictions or
exhibit unexpected behaviour.

Formally, a prediction task can be de ned as nding a mofdel(:) that minimizes the expected error over
a dataseDj, with distributionp;, . This can be de ned amin Erron(x;y)p = [L(f (X);y)], whereL is a
loss function that measures the discrepancy between the prediction of thefrfvodehd the true labet. A
biggerE means poor model performanBeor can be denoted & "= P #. When a different distribution
Pood IS introduced to a model, the performance decreas@D{(X)p,, )) > P (f (X)p oy )) -

The timet to nd the best model should also be considered. A time-consuming model takes more resources
to train and tune. When dealing with a large dataset, the time used to train and tune a model is a big concern.
A larger and longer model does not always equal better perfornfancéis can be written as"& P ".

We evaluated the total/overall performance of the models when dealing with tabular dataset with OOD. The

At ; — maxPgqy — 1=MInE(Xy)o
overall objection can be writen 8s= 7ot = e

ood

4 PROPOSEDMETHOD

We introduce Tabular Contrastive Learning (TCL), an improved approach designed to enhance prediction
tasks on tabular data, particularly with hardware limitations.



4.1 TCL MAIN ARCHITECTURE

Augmented Data

As a contrastive learning based algorithm, TCL works based on augmented data. TCL creates two data
augmentations. Denotatedfas’; x>g = Aug(x). Noise was added to these augmented data.

Matrix Augmentation

In TCL, all original data (without slicing or splitting) is utilized as a representation. Unlike previous ap-
proaches such as simCLR (Chen et al., 2020) and SubTab (Ucar et al., 2021) that use slice, TCL utilizes
the entire original data matrix for representation. This allows for capturing more comprehensive feature
interactions in tabular data.

Encoder-Decoder Structure

The contrastive learning architecture includes two main components: an encoder and a decoder. The encoder
transforms input data into a compressed representation called the latent space, Henoted® ! x*©

where! is parameter and is encoder notation, while the decoder reconstructs the original data from this
representation denotdd: x&;! P I xP wherep is notation for decoder. During training, both components

are used, but only the encoder is employed during inference, allowing ef cient compression of new data into
its learned latent representation without reconstruction.

Modi ed Contrastive Loss

Loss is calculated based on augmented data, not original data. TCL simpli es contrastive loss calculation
to enhance both performance and training speed. In contrastive learning, the loss is computed based on the
similarity or dissimilarity of the augmented noisy data. Since TCL deals with row-based tabular data and

it is a unsupervised learning, the method used is similarity. TCL aims to pull the noisy data points that
originated from the same data. This is achieved by minimizing the totallpdm®tween representations.

During training, the total loss is calculated as follows:

Li(x) = (L (x)+ Le(x) + La(X)) 1)

WhereL, is the reconstruction losk, is the contrastive loss, ardj is the distance loss. The objective of
contrastive learning is to minimize the total Ildss WhenD is dataset, and sliced daéBa2 D , then:

minL(:;! &1P) = minJE L Lu(P(EG! ®)1P) @)

with w is weight, P(:) is decoder function, an# (:) is encoder function. WheM SE (:) is the mean

. . . 1
square error function, angk] is noisy data ofB, then: L, (x) = N E MSE (%;x) and L4(x) =

1P . . - .
— E MSE (x®;x®?). While L, is calculated from decoded data and original data,is calculated

from encoded data only. We simpli ed the contrastive lhssby using only the result of a dot product
compared with other contrastive learning that used euclidean distance.

X . el ye2
Lc(X)=N£ ( logp exp(MSE ([0]; dot(x®! x®2))/T) @)

| K_, exp(MSE ([0]; dot(xe x2))/T)

5 TCL ALGORITHM

The TCL process involves several steps. First, a minibatch of N samples is sampled from the dataset. Then,
for each sample in the batch, two augmented views are created and added with noise. Although they came



from the same data, both augmented data are different due to previous treatments. These augmented views
are passed through an encoder network to obtain encoded representations. A decoder is then applied to
the encoded representations. The loss function then calculates the difference between two augmented data.
By minimizing this loss, noisy data is pulled together. Because TCL applies full matrix representation, the
process pulls noisy data row by row together. This results in generalized data for better inference. The
complete steps are presented on Algorithm 2 in the Appendix section.

6 EXPERIMENT

6.1 DATASETS

We utilized 10 diverse tabular datasets. The datasets are Adult (Becker and Kohavi, 1996), Helena (Guyon
et al., 2019), Jannis (Guyon et al., 2019), Higgs Small (Baldi et al., 2014), Aloi (Geusebroek et al., 2005),
Epsilon (PASCAL Challenge on Large Scale Learning, 2008), Cover Type (Blackard and Dean, 2000),
California Housing (Pace and Barry, 1997), Year (Bertin-Mahieux et al., 2011), Yahoo (Chapelle and Chang,
2011), and Microsoft (Qin and Liu, 2013).

6.2 OOD CETECTION

We have implemented two Out-of-Distribution (OOD) detection methods, namely OpenMax (Bendale and
Boult, 2016) and TemperatureScaling (Platt et al., 1999). We applied OOD detection methods to each
dataset to transform the data and establish thresholds. The thresholds were manually assigned by observing
the graphs produced with the OOD detection algorithm. The manual assignment was done by selecting a
single point on a tail of the observation. We then separated the OOD data based on the thresholds to generate
two sets,Di'}ﬁ' andDoNod, whereM andN are total sample in each séDi, + Doog = D). We expect to

nd M > N . The OOD separation is validated using linear regression. Finally, we compared the model
performance with and without OOD separation, expecting to nd that the performance decreased in this step

f Dm >f :Dood.

The results of the experiment is two set of datd3gt; Dooq. While Dj, is used for train datasel ooq iS
used for test dataset. The Algorithm 1 in the Appendix section explains step by step the OOD detection is
done.

6.3 PREDICTIONON OOD DATASET

We experimented with 12 based models. For deep learning tabular models we use FT-T, DCN2, GrowNet,
ResNet, MLP, Autolnt and TabR-MLP (Gorishniy et al., 2023). In addition, we experimented with the recent
implementation of contrastive learning for tabular data SubTab (Ucar et al., 2021) and SCARF (Bahri et al.,
2022), which comes from a similar domain to our TCL. We also did not apply FT-Transformer to some
datasets. The FT-Transformer is heavy and has reached our hardware limitation. Finally, we compared our
TCL with GDBT models.

Our experiment used an NVIDIA H100 GPU for all models except TCL and the GBDT-based model. TCL
and GBDT were trained on a CPU (Apple / AMD) to emphasize our advancement within limited hardware.



Figure 2: Histogram representing the OOD scores across various datasets. The red line is the threshold line
that indicates whether the data is Out of Distribution or not.

7 RESULT AND EVALUATION

7.1 OOD CETECTION

Table 1: The OOD detection settings. Performances are results of model trained with linear regression
(r?) and logistic regression (accuracy). When OOD dataset is separated and used as test q&}abet in
performance of the model is decreased. OOD case in the efjs)laiataset cannot be identi ed.

00D Accuracy without Accuracy with
Dataset Detectors Norms th OoD? ooDP
reshold )
Train Test Train Test
non-OOD OoOoD
Adult OpenMax 12 0.162800 0.782561 0.783089 0.797838  0.267408
Helena OpenMax 11 0.045000 0.194532 0.196626 0.146428  0.047553
Jannis TemperatureScaling 11 -0.0200000.561953 0.563982 0.577274  0.474213
Higgs small OpenMax 11 0.042000 0.622216 0.616879 0.622667  0.568493
Aloi OpenMax 11 0.016000 0.260648 0.232546 0.328289 0.071186
Epsilon TemperatureScaling 12 -0.0005230.898635 0.897230Q 0.898700  0.893338
Covtype TemperatureScaling 11 -0.0350000.604674 0.604373 0.603514  0.435439
California Housing| OpenMax 11 0.110000 0.333448 0.180680 0.477136 -6.033595
Year OpenMax 12 0.045000 0.168659 0.167098 0.169745 -0.714197
Yahoo TemperatureScaling 11 -0.0014600.325685 0.326275 0.325577 -0.297845
Microsoft TemperatureScaling 11 -0.0083000.045648 0.044109 0.047334 -0.841856

Table 1 shows signi cant differences between the two settings. Without OOD (Table 1, Section a), the
training and test results are comparable. However, when used as test data, the OOD reduces the performance
of the models. OOD leads to a 20% decrease (Table 1, Section b) in performance between training and test
results for the classi cation task, and a negative r2 for the regression task. The OOD separation process is
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