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Abstract

Distribution shift is omnipresent in geographic data, where various climatic and
cultural factors lead to different representations across the globe. We aim to adapt
to new data distributions with only a few annotated samples using model-agnostic
meta-learning, where data sampled from each distribution is seen as an individual
task. Transductive batch normalization layers are often employed in meta-learning
models, as they reach the highest numerical accuracy on the class-balanced target
tasks used as meta-learning benchmarks. In this work, we demonstrate empirically
that transductive batch normalization collapses when deployed on a real class-
imbalanced land cover classification problem. We propose a solution to replace
batch normalization with instance normalization. This modification consistently
outperformed all other normalization alternatives across different meta-learning
algorithms in our class-imbalanced land cover classification test tasks.

1 Introduction

Distribution shifts are abundant in Earth observation [13]]. Local climates shape different regions
with varying yearly temperatures and precipitation, leading to specific flora and fauna. Similarly,
different societies and cultures shape the appearance of our cities and infrastructure. Categorizing
this diversity into a set of distinct classes is the objective of land cover classification, which quantifies
the extent of urban areas, forests, and wetlands at a global scale to inform, for instance, climate
models. We illustrate this problem in fig. [I| that summarizes this work’s main application, problem,
and approach. For example, we show the distribution shift in Tanzania and South Africa in fig. [Tb:
the frequency and presence of some land cover classes and the appearance of samples of the same
class substantially differ between these countries, leading to label and covariate shifts, respectively.

Land cover classification models are usually trained on a single combined dataset from different
geographic areas. This strategy effectively accounts for the regional diversity by incorporating these
possible representations of the Earth surface in a single dataset. However, this big-data approach has
several limitations. First, sampling the world uniformly and capturing all variation is not possible,
as obtaining accurately annotated land cover images is easier in some geographic areas, e.g., in
Europe or US, where these statistics are collected on a governmental level. This introduces systematic
biases and disadvantages areas that are underrepresented in the combined training dataset. Second,
incorporating accurate representations of all possible appearances of one class in a single model
also requires immense model capacity. While building these large foundation models with a large
number of parameters is definitely feasible, they are often impractical. They are also inefficient
and unnecessarily complex, when we are interested in predicting one geographic area only. Further,
using a single global model is also inefficient in label space, as some classes (e.g., savanna and
snow) will never co-appear in one geographic area. Instead, we argue that representing globally
distributed data as a dataset of tasks reflects more closely the regional variability in global land
cover classification problems. Each task contains data samples from one joint distribution of labels
and data divided into training and testing partitions of a few examples each. Crucially, the data
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Figure 1: Illustration of the application, problem and approach in this paper.

distribution can vary between tasks that capture each geographic region’s regional variability. In this
meta-learning framework, a meta-model captures the commonality between different tasks across the
globe and is fine-tuned to the specific characteristics of each area, as shown in fig.[T. Learning from
different-but-related problems is the objective of meta-learning: the model-agnostic meta-learning
algorithm [2] that we use in this paper trains a model explicitly to learn the characteristics of new
unseen data distributions represented by with few data samples.

Most few-shot models trained with model-agnostic meta-learning [2] use batch normalization
layers to achieve remarkable numerical results on established benchmark datasets, such as Omniglot
[6] or TieredImagenet [9]. The highest numerical accuracy is achieved in a transductive setting
when the batch statistics are calculated from the task-dataset at test-time. However, this use of
batch normalization makes meta-learning models sensitive to the distribution over the target set,
as first identified and discussed by Bronskill and colleagues [1]. They proposed to use specific
task normalization layers (tasknorm-I) to address this issue and demonstrated their effectiveness
on various benchmark datasets in the MetaDataset [12]]. In this work, we propose to replace batch
normalization with instance normalization, which yielded more robust results in class-imbalanced
and realistic scenarios that we present in the experimental section.

2 Method

We train a ResNet-12 [3] following the implementation of [8] with the model-agnostic meta-learning
(MAML) [2] algorithm that optimizes the following objective

minE, () [LE (¢rx (0))] s:t. drps1 + drp — VL and ¢, = 0. ()
0 ———

inner loop/fine-tuning initialization

outer loop/meta-learning

A task-model ¢ is initialized with the parameters of the meta-model 6. In the inner loop, it is
fine-tuned with k£ < K steps based on gradients from a loss of training samples V L"™", The constant
« denotes the inner learning rate.

The outer loop updates the meta-model parameters § to minimize the test loss test loss L= over a
batch of training tasks £, .,(-). This yields a meta-model that is explicitly learned to learn to adapt
to new data distributions with few training samples from the target distribution. We aim to deploy the
meta-learning model on downstream target tasks with a different number of classes. We allow this
flexibility by training the meta-model as a binary classifier in a one-versus-all setting. To do so, we



first sample k-shot n-way tasks and randomly select one of the four classes as the target class. At
test-time, we fine-tune one one-versus-all classifier for each class present in the downstream task and
ensemble these binary classifiers for multi-class classification on a variable number of classes.

Normalization layers are required in deep convolutional networks to obtain meaningful solutions.
Without normalization, changes in the weights of an early layer cause feature-distribution shifts that
cascade and amplify through deeper layers, which inhibits learning. Normalization layers counteract
this behavior by normalizing features by their the first two moments that reduce this internal covariate
shift [5] within the network. The central difference between normalization layers are the calculation
of these moments: in conventional batch normalization [5], these moments are calculated dynamically
during training from the entire training batch, learned internally as weights, and then retrieved at
test-time. This strategy assumes that data distributions (and their moments) are identical at training
and testing time, which not always true in a few-shot meta-learning setting with where data of
individual source and target tasks can originate from different distributions. This motivated the use of
transductive batch normalization in [2] where the normalization moments are always calculated from
the current batch. This, however, makes the model sensitive to the distribution over the target set
[L] which does not become apparent class-balanced meta-learning benchmark datasets. In contrary,
the dynamic calculation of statistics over all samples within one task (i.e., one complete batch)
improves the apparent model accuracy by exploiting knowledge between samples across the task
(transductive setting) [[1]]. In instance normalization [4], the moments are calculated for each instance
independently. This non-transductive normalization ensures that the model is independent of the
composition of samples in the batch but still reduces the internal covariance shift within the network
to train a residual network to a meaningful solution.

3 Datasets

We use two land cover classification datasets that contain annotated satellite images from different
globally distributed locations, as shown in fig. [Th.

The Sentinel-12 Multi-Spectral (Sen12MS) [[11]] dataset covers 125 globally distributed geographic
regions from different seasons. We use 75 regions for training and 25 for validation and testing. The
128 x 128px multi-spectral images with 12 spectral bands are classified into 10 simplified International
Geosphere Biosphere Program (IGBP) [7] land cover classes. We sample class-balanced few-shot
tasks from this dataset where we select four land cover classes within one region and two examples
per class from one region resulting in 2-shot 4-way tasks for train and test partitions of 8 images each.
One of the four classes is selected randomly as the target class to construct a one-versus-all task.
Data Fusion Contest 2020 (DFC2020) dataset [10] contains seven regions, follows the same IGBP
label scheme, but made use of higher-resolution (segmentation) labels. When modified for image
classification, this leads to lower label noise than Sen12MS and makes this dataset best suited for
evaluation. We aim to classify all images within DFC2020 regions to create continuous land cover
maps. To do so, we split all images of one region into a class-balanced few-shot training set and
assigned all remaining images to the class-imbalanced test set. Note that the Sen12MS test tasks are
class-balanced and have an identical composition to the training tasks (with images from different
regions). These tasks reflect how well the meta-learning model can generalize to images of different
regions. However, sampling these tasks requires knowledge of the labels at test time, which we do not
have in practice. This is why we will focus our discussion on the performance in the seven DFC2020
tasks, which are heavily class-imbalanced and reflect a more realistic setting.

4 Experiments

In Experiment 1 (table[Ta), we first followed standard practices in meta-learning benchmarks and
trained the binary ResNet-12 model with batch normalization layers in the transductive batch normal-
ization setting (transd. BN hereafter). This model achieved excellent accuracy (85%) when tested
on Senl12MS test tasks (see table E] first row, left column). However, the performance collapsed to
26% (indicated in red) on the realistic DFC2020 tasks (see table[Ta] right column). This discrepancy
between best performance in a class-balanced setting and failure in realistically imbalanced target
tasks is remarkable given that using transductive batch normalization is commonly used in meta-
learning benchmarks [1]]. Following [1]], who first discussed this issue, we find that training MAML
in a non-transductive setting with conventional batch normalization (convent. BN hereafter) leads to
better results on DFC2020 of 60%, but still leads to a slight drop in performance of 1% when applied



task-datasets task-datasets

metric: accuracy Senl2MS  DFC2020 metric: accuracy Sen12MS  DFC2020

number of tasks 1000 7 number of tasks 1000 7

task design idealized realistic task design idealized realistic

label distribution balanced  imbalanced label distribution balanced  imbalanced

transd. BN [2] 0.85 0.26 MAML +IN [4] 0.78 0.80

convent. BN [3] 0.84 0.60 FoMAML + IN [2] 0.66 0.77

tasknorm-I [T] 0.83 0.59 SpMAML + IN [15] 0.74 0.79
SpFoMAML + IN [[15]] 0.63 0.74

instancen. (IN) [4] 0.78 0.80

groupnorm [16] 0.72 0.54

(a) Experiment 1: testing original MAML [2] on mod-  (b) Experiment 2: varying the meta-learning algorithm
els with different normalization layers. with a model with instance normalization (IN) layers.

Table 1: In experiment 1, we find that the commonly used transductive batch normalization fails on
realistically class-imbalanced DFC2020 tasks (indicated in red). The proposed instance normalization
achieves best results in these tasks also when we vary the training algorithm in experiment 2.

to Sen12MS tasks. Also, replacing batch normalization with the proposed tasknorm-I [1]] layers leads
to similar results of 83% on Sen12MS and 59% on DFC2020. Crucially, we found that completely
replacing batch normalization with instance normalization (instancen. (IN) hereafter) lead to best
results on the DFC2020 dataset of 80% by a large margin of 20% while being noticeably worse
on class-balanced Sen12MS dataset with 78%. Overall, we select instance normalization as best
normalization strategy as we are interested in the more realistic DFC2020 setting. For completeness,
we also tested models without normalization which did not converge to a meaningful solution with a
ResNet model (not shown in the table) and group normalization (groupnorm, last row) which was
worse to instance normalization in both Sen12MS and DFC2020 tasks.

In the second Experiment 2, we test how well instance normalization translates to other model-
agnostic meta-learning variants. To do so, we train a model instance normalization layers with the
first-order approximation of MAML (Fo-MAML) and also a recently proposed SparseMAML [15]
implementation. In SparseMAML, the model learns during meta-training to selectively fine-tune
only a subset of its weights (defined by a sparse mask) to the respective target tasks. We find that the
original second-order MAML [2] algorithm still worked best in this setting further supporting the
applicability of instance normalization layers on class-imbalanced datasets.

5 Conclusions

In this work, we empirically demonstrated that replacing all batch normalization layers with instance
norm [[14]] significantly outperforms all other (including tasknorm [1]] and the recently proposed
SparseMAML [15]]) meta-learning algorithms in a realistic class-imbalanced setting for land cover
classification. In parallel, instance normalization performs sub-optimally in a class-balanced setting,
as shown in the Sen12MS column where instance norm (78%) falls behind batch normalization (85%
and 84%) and task norm (83%). We believe, these results are roughly consistent with common bench-
mark datasets [0, 9] where instance normalization is not considered competitive in a class-balanced
setting. This may also explain why, to our knowledge, no work has discussed and investigated the
role of instance normalization in meta-learning for class-imbalanced test tasks thorougly so far. The
limitations of transductive batch normalization have been pointed out by Bronskill et al., (2020) [1]
who suggested comparing meta-learning algorithms separately in a transductive and non-transductive
setting. However, transductive batch normalizaton still achieves the best numerical results on these
benchmarks, which we find misleading given its sensitivity to the distribution over the target set.

Model-agnostic meta-learning is conceptually attractive for many downstream applications where a
model can benefit from knowledge of different-but-related sources tasks with few annotated samples
per task. Still, we find that the adoption of meta-learning is relatively slow in many fields of
application. We believe that this discrepancy between (apparent) good performance on class-balanced
benchmark datasets and then collapse in realistic application is a major factor in the perceived
brittleness of model-agnostic meta-learning. We hope that the robustness showed in these result will
foster new research in meta-learning for real life applications in several fields of science.
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