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Abstract

We explore different auto-regressive model architectures for in-context learning on
tabular datasets trained in a similar manner to TabPFN [Hollmann et al., 2022].
Namely, we compare transformer based models with a structured state-space model
architecture (Mamba) and a hybrid architecture (Jamba), mixing transformer and
Mamba layers. We find that auto-regressive transformer models perform similarly
to the original TabPFN transformer architectures, albeit at the cost of a doubled
context length. Mamba performs worse than similar sized transformer models,
while hybrid models show promise in harnessing some advantages of state-space
models such as supporting long input context length and fast inference.

1 Introduction

Foundation models for image and language domains have had significant impact in recent years. This
has not been the case for foundation models for the tabular data domain and recently there has been
considerable effort to challenge the status quo [Van Breugel and Van Der Schaar, [2024]. Various
directions of pre-training have been explored in the context of tabular data, either by pre-training
on large real world datasets, hoping to exploit semantic similarity between tables [Kim et al., 2024,
Gardner et al., [2024]], or by pre-training on synthetic datasets combined with in-context learning
(Prior-Data Fitted Networks or PENs) [Hollmann et al., 2022, [Miiller et al.,|2022]]. The focus of this
work is to explore various autoregressive model architectures for in-context learning on tabular data,
using the same training and evaluation pipeline as was used for TabPFN [Hollmann et al.| 2022]
and MotherNet [Miiller et al.}2023||. Recently, architectures based on structured state-space models,
such as Mamba, have been proposed as an alternative to transformer models [[Gu and Dao, 2024|]
and provide competitive performance across several domains involving sequential data (e.g. natural
language, audio or DNA data). It has also been suggested that Mamba has similar in-context learning
capabilities as transformer models [Grazzi et al.|[2024] [Park et al.|[2024].

Real world datasets found in enterprise applications can have many features (of which typically many
are categorical), many target classes and training data sets can be much larger than 2k samples (typi-
cally 10k-100k samples), exceeding some of the limitations of TabPFI\ﬂ The issue of limited context
size, which ultimately traces back to the quadratic complexity of self-attention in transformers [Rabe
and Staats| |[2022], can be addressed to some degree by a retrieval augmented generation (RAG) like
approach, selecting a local context of K nearest neighbors of the sample X ¢,y according to some
distance function [Thomas et al.l [2024] or by selecting an optimized context that summarizes the
training data combined with feature dimensionality reduction [Feuer et al., 2023[]. Our motivation is
to compare the recent structured state-space model (SSM) architecture Mamba [Gu and Dao}, [ 2024]]
with transformer based models [Vaswani et al.,[2017], to explore whether these could be a viable
alternative. The advantage of SSMs is that the context, i.e. the training dataset, can be processed

'In its original version, TabPFN was limited to a few thousand samples, 10 target classes and 100 numerical
features [Hollmann et al., [2022].
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Figure 1: Auto-regressive models for in-context learning. a) For training, we use the same pipeline as
TabPFN and MotherNet with the difference that we do not use a single split into training and test
data, but instead due to the causal nature we can use the entire dataset for training (except for an
initial context that enables the model to observe samples from all target classes). b) For inference, the
training set is fed into the model as context and we predict on a single query item at a time. (Adapted
from Fig. 1 of [Garg et al.l[2023])

in a complexity that scales linearly in the sequence length instead of the quadratic complexity of
transformers. Furthermore, once the context has been processed, inference on a single query item can
be done in constant time and does not require storing a cache of size proportional to the sequence
length as is required for auto-regressive transformer models [[Wang et al.| |2024]. This would pave the
way to scaling Prior-Data Fitted Networks to larger tabular datasets [Grazzi et al., [2024].

2 Approach

In order to explore the feasibility of using auto-regressive models for in-context learning on tabular
data, we start by establishing a baseline using a standard decoder transformer model. Instead of using
the GPT-2 architecture as [Garg et al.,|2023]], we choose GPT-NeoX [Black et al.,2022] as backbone
as this architecture uses rotary positional embeddings [Su et al.| [2023]] which is beneficial over trained
positional embeddings for sequences exceeding the sequence length used for training. While this
approach by itself does not provide many benefits over the original TabPFN architecture, as the
context length is doubled which is particularly disadvantageous for the transformer architecture due to
the quadratic complexity of self-attention, it serves as a prerequisite and benchmark for testing other
auto-regressive model architectures. We compare this baseline with a state-space model architecture
(Mamba [Gu and Daoj [2024]]) and a hybrid architecture (Jamba [Lieber et al., [2024]) that mixes
transformer and Mamba layers using the implementation available from HuggingFace [Wolf et al.|
2020]. For these two models, no positional encodings are required.

Our training pipeline is the same as the one used for TabPFN and MotherNet with the model
architecture replaced with the respective auto-regressive model, with the mapping of inputs and
outputs similar to what was done by the authors of [Garg et al.,[2023]].

The training data is sampled from the same prior distribution as [Hollmann et al., 2022] [Miiller
et al., 2023] and consists of N samples feature-target pairs (z;,t;);', with D features and 7 target
classes. Asin [Hollmann et al.,2022], we limit ourselves to a maximum of 7" = 10 target classes and
D = 100 features, and use N = 1152 feature-target pairs for each training set sample. While this
synthetic training dataset is explicitly split into training and test data as a consequence of the TabPFN
architecture [Hollmann et al.} [2022]], we can use almost all feature-target pairs of each dataset for
training as in the causal nature of the auto-regressive models each output is conditioned only on the
previous inputs.

As shown in Fig. (1} the auto-regressive model maps a sequence of feature-target pairs (z;, ti)f:_f
and a query item xj to a probability distribution over predicted target classes yr € {1,...,T}

a0 (yr|(zi, t;) =kt xy,) parametrized by the model weights 6.



Each feature vector z; is embedded into the input space of the auto-regressive backbone architecture
using a linear layer and the target class ¢; is encoded using a one-hot linear layer (as in [Miller et al.,
2023]]). The output embeddings of the backbone model are then passed into a classification head
to produce ¢y if the input was an embedded feature. If the input was an embedded target value, the
output is ignored.

We train the model using cross-entropy loss £ summed over all samples in the training dataset,
excluding the first ky = 50 samples to have high probability that all 10 possible target classes have
appeared at least once in the initial context
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where ?;, . is the one-hot encoded target class vector.
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Figure 2: Training loss curves for the different auto-regressive models (each with parameter count
around 5M). Each "epoch" corresponds to 8192 steps with a batch size of 8, corresponding to ~ 65.5k
synthetic datasets (~ 19.7M datasets for 300 "Epochs").

2.1 Training

We trained all different models (TabPFN, GPT-NeoX, Mamba and Jamba) with the same optimizer
and learning rate schedule and the same training data pipeline similar to [Hollmann et al., 2022]
[Miiller et al., 2023 ﬂ We use the AdamW optimizer with a maximum learning rate of 3 x 107°, a
warmup period of 20 epochs and cosine decay of the learning rate to zero over 300 epochs (where each
epoch corresponds to 8192 steps with batch size 8, which is later doubled via gradient accumulation
after 20, 50 and 200 epochs [Miiller et al., 2023]]). The loss curves (showing training loss, but as the
dataset is continuously sampled from the prior, this can be viewed as an evaluation on unseen data)
for the different models are shown in Fig.[2] While the loss declines smoothly for the Mamba and
Jamba models (also for TabPFN; not shown) we always observed a step-like descend behavior for
the GPT-NeoX model, which could potentially be mitigated by curriculum learning as discussed in

>We build our pipeline on the coding released by A. Miiller on https://github.com/microsoft/
mothernet which in turn builds upon the coding released by the authors of [Hollmann et al. 2022]
https://github.com/automl/TabPFN.
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Figure 3: Comparison of different model architectures on the test set of 30 datasets from the OpenML
CC-18 dataset (also evaluated on in [Hollmann et al., |2022] [Miiller et al., |2023]]). Note: We
evaluated several TabPFN models with 25.8M parameters (trained by us, and versions released by the
authors of [Hollmann et al., 2022]] and [Miiller et al., 2023]. All achieved similar scores.)

[Garg et al., [2023]]. We trained all auto-regressive models with the same learning rate schedule for
300 epochs on a single GPU (on either a A10G or A100 GPU with 24GB/80G of memory).

2.2 Inference

Inference in the autoregressive setting is performed as shown in Fig.[Ip. We feed the entire training
dataset as context into the model and then we predict for the query (test) items x, the distribution
of confidences over target classes go(yx). To avoid reprocessing the context for each query (test)
item we want to predict on, we have used the caching functionality of the HuggingFace transformers
library [Wolf et al., 2020].

3 Results

3.1 Evaluation on OpenML CC-18

We used the same datasets and evaluation protocol as in [Miiller et al., [2023]]. We have evaluated the
models on the validation set of 149 OpenML datasets and the test set of 30 datasets of the OpenML
CC-18 dataset [Bischl et al., [2021]] as selected by [Hollmann et al., [2022]] and [Miiller et al.| 2023]].
The metric used is ROC AUC (one-vs-one for multiclass) averaged over 5 random splits (50/50 split
between training and evaluation samples for each OpenML dataset). The datasets were originally
selected to match the constraints of TabPFN in terms of dataset size, number of features and targets.
For each model we used ensembling (with 32 realizations as in [Hollmann et al.l2022]]) and report
the mean ROC AUC score over the validation and test datasets in Table[Il and for the test datasets
only in Fig.[3] In addition to the permutations used for ensembling in [Hollmann et al., 2022]], we
have also permuted the ordering of training set (in-context) samples for the auto-regressive models.
Overall, we observe that the transformer based models (GPT-NeoX and TabPFN) perform similarly,
while the Mamba model performs worse than the transformer based models. The hybrid model Jamba
shows improved performance over Mamba, but still performs slightly worse than the transformer
based models of similar model size.

3.2 Top 10 datasets with largest performance difference

We evaluated each model on the test and validation splits of each dataset and ordered the datasets
from left to right in descending order based on the difference in model performance. This difference



Model Validation | Test | Parameters (M) | N, | E

TabPFN (ours) 0.833 0.890 33 6 | 256
TabPFN (ours) 0.834 0.891 13.2 6 | 512
TabPFN (ours) 0.836 0.894 25.8 12 | 512
TabPEN [Hollmann et al., 2022] 0.834 0.894 25.8 12 | 512
TabPFN [Miiller et al., 2023] 0.838 0.895 25.8 12 | 512
GPT-NeoX 0.828 0.887 5.0 6 | 256
GPT-NeoX 0.833 0.892 18.9 6 | 512
GPT-NeoX 0.838 0.896 39.0 12 | 512
Mamba 0.814 0.870 5.6 12 | 256
Mamba 0.827 0.880 41.8 24 | 512
Jamba (1 transf. layer) 0.822 0.880 4.9 4 | 256
Jamba (2 transf. layers) 0.838 0.894 36.4 10 | 512
MotherNet 0.835 0.891 - - -

CatBoost - 0.884 - - -

Random Forest - 0.877 - - -

Table 1: Table of results on the validation and test datasets for various models and backbone
architectures. The reported scores are mean ROC AUC scores averaged over the validation/test
datasets. IV, stands for the number of transformer or Mamba layers and E for the embedding size.
All multi-head self-attention layers had 4 heads, we set the state size to 16 for the Mamba layers and
we disabled dropout in all cases. For comparison we have also evaluated the tree-based CatBoost
[Prokhorenkova et al.l 2018]] and Random Forest models on the test set.

Model
e gptneox mem jamba  wes tabpfn W mamba .
Validation

Figure 4: Comparison of model performance across datasets (for each architecture we used the largest
evaluated model size). The datasets are ranked in descending order based on the difference in ROC
AUC scores between the best and worst-performing models(with ensemble 32). The left plot shows
results on the test datasets, while the right plot shows results on the validation datasets. The difference
in performance highlights datasets where models exhibit the most variability in effectiveness.

is calculated by subtracting the mean ROC AUC score of the worst-performing model from that of
the best-performing model on a given dataset. The result is shown in Fig. 4]

3.3 Analysis of failure cases of Mamba
In order to obtain a better understanding of the failure cases of the Mamba model, we will now focus
on two datasets that have a simple structure from the validation and test sets.

From the validation set, we see quite a significant difference in the datasets MONKS Problem 1 and
2, but not 3E|which might give an indication on what patterns Mamba fails to learn as opposed to the

3In the third MONKS problem the dataset has 6 integer features a; . . . as and is the binary outcome of the
logical formula (a5 = 3 and a4 = 1) or (as # 4 and az # 3). In this problem, which all models considered
here perform well on, the models do not have to learn the equality of two features, but rather the equality of a
feature to a specific value and the inequality of a feature to a specific value.



models with transformer layers. The MONKS problem datasets [[Thrun, |1991]] are synthetic datasets
and thus offers insight on what kind of patterns the models are able to learn.

For the first MONKS problem, the Mamba models achieve a ROC AUC score (without ensembling)
of ~ 0.78 — 0.85, while the transformer based models achieve scores close to 1 (see Fig. @ of the
Appendix). The first MONKS problem is a simple classification problem with 6 integer valued features
ai, ..., ag and 2 target classes, where the target class is determined by the condition a; = ag or as = 1.

We performed a random split (500 samples in train and 56 samples in test) on the MONKS Problem 1
dataset from OpenML and performed in-context inference using the Mamba model (5.6M parameters,
12 layers, 256 embedding size) on the test set. The results are shown in Table [3.3]and we see that
the Mamba model fails to detect the condition a; == a» (equality of two categorical or numerical
features), while it learns the condition a5 = 1 (feature matching a specific value) quite well. This is
in contrast to the transformer based models which learn both conditions.

N =56
l a =ax a1 F as
as =1 5(0) 22 (2)
as #1 3(14) 10 (0)

Table 2: We count the number of correct (incorrect) predictions of the Mamba model on a test set of
56 samples from the MONKS Problem 1 dataset, depending on which condition is satisfied.

On the test set, we focus on the Tic-Tac-Toe dataset, where the Mamba model performs significantly
worse than the transformer-based models.

The Tic-Tac-Toe dataset is a simple classification problem with 9 categorical features ag, ..., ag,
representing the state ("o", "x", "b"=blank) of each field on the 3x3 square. The target class is
determined by the condition that the player with the symbol ’x’ wins the game.

For this problem we have computed the mean ROC AUC metric over 5 random 50/50 training/test
splits on the Tic-Tac-Toe dataset from OpenML and performed in-context inference using the Mamba,
GPT-NeoX and the best TabPFN model.

As shown in Table [3] the model performance depends on ordering of how the categorical input
features are mapped to numerical values.

In particular, all models perform much better (for Mamba the mean ROC AUC score improves from
about 0.78 to close to 1) when the blank field is mapped to the middle ordinal (1), before further
preprocessing of numerical values occurs in the TabPFN inference pipeline we are using here.

Overall this suggests, that some of the shortcomings of the Mamba model observed here might be
related to the preprocessing of the input data for categorical input features and this offers a potential
direction for future work.

Encoding | Mamba (5.6M) | GPT-NeoX (5M) | TabPEN (25.8M)
x=0,0=1,b=2 | 0.78 £0.02 0.02 £ 0.00 0.95 £ 0.02
x=1,0=2,b=0 | 0.82 £0.01 0.04 £ 0.01 0.96 £ 0.01
x=2,0=0,b=1 | 1.00 £0.00 1.00 £ 0.00 1.00 £0.00
x=1,0=0,b=2 | 0.82 £0.01 0.94 £ 0.01 0.97 £0.00
x=2,0=1,b=0 | 0.78 £0.01 0.92 £0.00 0.95 £ 0.02
x=0, 0=2,b=1 | 1.00 £0.00 1.00 £ 0.00 1.00 £0.00

Table 3: Mean (averaged over 5 random splits) ROC AUC scores and standard deviations on the
Tic-Tac-Toe dataset for all permutations of mappings of the categorical input features to integer
ordinals 0,1,2.

4 Conclusion

Motivated by the recent success of state-space models (SSMs) in various domains, we explored the
feasibility of using Mamba for in-context learning on tabular data.



Our results show that, while replacing the TabPFN transformer architecture by a decoder transformer
model (GPT-NeoX) results similar prediction performance using Mamba results in a significant drop
in performance (when used as a drop-in replacement). Additionally, we studied a hybrid architecture
(Jamba) that mixes Mamba layers with transformer layers, showing that the addition of transformer
layers already improves metrics significantly. This suggests that Mamba has limitations compared to
transformer models in this context to learn certain patterns (already observed in [Jelassi et al., 2024]]
for selective copying).

There are several directions for future work. As the training loss (on the prior sampled data) of Mamba
models is comparable to that the transformer-based models (see Fig. [5|of the Appendix), it could
mean that the pre-processing used for inference by TabPFN [Hollmann et al., 2022]] that was also
used in this work is not optimal for this architecture. One obvious extension would be to investigate
the impact of different input encodings for categorical features on the performance of Mamba and
other auto-regressive models. Alternatively, one could investigate the impact of using bi-directional
SSMs similar to the encoder in TabPFN for the training/in-context examples combined with a custom
decoder for the prediction on unseen query examples. We also did not explore alternative SSM based
architectures [Gu et al., 2022] [Dao and Gul, |[2024]], so this could be another direction for future
experiments. Yet another direction might be to investigate whether other prior datasets distributions
might be more suitable for SSM based models.
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5 Appendix

5.1 Training loss compared to validation score

Here we summarize the training loss (each data point averaged over one epoch) and validation set
mean ROC AUC scores (without ensembling, logged every 10 epochs) as a function of the number of
training epochs. Note that while the largest evaluated model with Mamba backbone attains a similar
loss as the medium sized model with GPT-NeoX backbone, it underperforms in validation score.
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Figure 5: Training loss and validation scores (mean ROC AUC one-vs-one without ensembling).

5.2 Comparison of model performance across datasets without ensembling

Here we plot the same ranking plot as in[4] but this time without ensembling.
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5.3 Comparison of the validation scores for the MONKS problems 1 and 3
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Figure 6: Validation scores for OpenML datasets monks-problem-1 and monks-problem-3 for
different model backbones and model sizes (shown here without ensembling).
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