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Abstract

The capacity to achieve out-of-distribution (OOD) generalization is a hallmark of
human intelligence and yet remains out of reach for machines. This remarkable
capability has been attributed to our abilities to make conceptual abstraction and
analogy, and to a mechanism known as indirection, which binds two representations
and uses one representation to refer to the other. Inspired by these mechanisms,
we hypothesize that OOD generalization may be achieved by performing analogy-
making and indirection in the functional space instead of the data space as in
current methods. To realize this, we design FINE (Functional Indirection Neural
Estimator), a neural framework that learns to compose functions that map data
input to output on-the-fly. FINE consists of a backbone network and a trainable
semantic memory of basis weight matrices. Upon seeing a new input-output
data pair, FINE dynamically constructs the backbone weights by mixing the basis
weights. The mixing coefficients are indirectly computed through querying a
separate corresponding semantic memory using the data pair. We demonstrate
empirically that FINE can strongly improve out-of-distribution generalization on
1Q tasks that involve geometric transformations. In particular, we train FINE
and competing models on IQ tasks using images from the MNIST, Omniglot
and CIFAR100 datasets and test on tasks with unseen image classes from one or
different datasets and unseen transformation rules. FINE not only achieves the best
performance on all tasks but also is able to adapt to small-scale data scenarios.

1 Introduction

Every computer science problem can be solved with a higher level of indirection.
—Andrew Koenig, Butler Lampson, David J. Wheeler

Generalizing to new circumstances is a hallmark of intelligence [16, 4, 11]. In some Intelligence
Quotient (IQ) tests—a popular benchmark for human intelligence—one must leverage their prior
experience to identify the hidden abstract rules out of a concrete example (e.g., a transformation
of an image) and then apply the rules to the next (e.g., a new set of images of totally different
appearance). These tasks necessitate several key capabilities, including conceptual abstraction and
analogy-making [22]. Abstraction allows us to extend a concept to novel situations. It is also driven
by analogy-making, which maps the current situation to the previous experience stored in the memory.
Indeed, analogy-making has been argued to be one of the most important abilities of human cognition,
or even further, “a concept is a package of analogies” [12]. The ability for humans to traverse
seamlessly across concrete and abstraction levels suggests another mechanism known as indirection
to bind two representations and use one representation to refer to the other [16, 20].
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Figure 1: FINE architecture. Above: FINE uses a pre-defined deep backbone architecture to
approximate a function mapping a given input embedding x to a given output embedding y. Below:
given the input z; and pseudo-output ; of the ™ backbone layer, FINE first computes the query W}
which represents the relation between x; and y;. Then FINE performs analogy-making to compare the
query with past experiences in the form of value memories. Finally, FINE binds the value memories
with associated key memories via indirection and computes the weight W for the ™ backbone layer.

Several deep learning models have successfully utilized analogy and indirection. The Transformer
[30] and RelationNet [28] learn analogies between data, through self-attention or pairwise functions.
The ESBN [33] goes further by incorporating the indirection mechanism to bind an entity to a symbol
and then reason on the symbols; and this has proved to be efficient on tasks involving abstract rules,
similar to those aforementioned IQ tests. However, a common drawback of these approaches is that
they operate on the data space, and thus are susceptible to out-of-distribution samples.

In this paper, we propose to perform analogy-making and indirection in functional spaces instead. We
aim to learn to compose a functional mapping from a given input to an output on-the-fly. By doing
so, we achieve two clear advantages. First, since the class of possible mappings is often restricted,
it may not require a large amount of training data to learn the distribution of functions. Second,
more importantly, since this approach performs indirection in functional spaces, it avoids bindings
between numerous entities and symbols in data spaces, thus may help improve the out-of-distribution
generalization capability.

To this end, we introduce a new class of problems that requires functional analogy-making and
indirection, which are deemed to be challenging for current data-oriented approaches. The tasks are
similar to popular IQ tasks in which the model is given hints about the hidden rules, then it has to
predict the missing answer following the rules. One reasonable approach is that models should be
able to compare the current task to what they saw previously to identify the rules between appearing
entities, and thus has to search on functional spaces instead of data spaces. More concretely, we
construct the 1Q tasks by applying geometric transformations to images from MNIST dataset, hand-
written Omniglot dataset and real-image CIFAR100 dataset, where the training set and test set contain
disjoint image classes from the same or different datasets, and possibly disjoint transformation rules .

Second, we present a novel framework named Functional Indirection Neural Estimator (FINE) to
solve this class of problems (see Fig. 1 for the overall architecture of FINE). FINE consists of (a) a
neural backbone to approximate the functions and (b) a trainable key-value memory module that
stores the basis of the network weights that spans the space of possible functions defined by the
backbone. The weight basis memories allow FINE to perform analogy-making and indirection in the
function space. More concretely, when a new IQ task arrives, FINE first (1) takes the hint images to
make analogies with value memories, then (2) performs indirection to bind value memories with key
memories and finally (3) computes the approximated functions based on key memories. Throughout
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Figure 2: Examples of two IQ tasks involving geometric transformations. Choices with green circles

are the correct solutions. Left. 90-degree rotation. Right. syntactic black-white transformation: a part
of the image is transformed to the opposite colors.

a comprehensive suite of experiments, we demonstrate that FINE outperforms the competing methods
and adapts more effectively in small data scenarios.

2 Tasks

For concreteness, we will focus on Intelligence Quotient (IQ) tests, which have been widely accepted
as one of the reliable benchmarks to measure human intelligence [26]. We will study a popular class
of IQ tasks that provides hints following some hidden rules and requires the player to choose among
given choices to fill in a placeholder so that the filled-in entity obeys the rules of the current task. In
order to succeed in these tasks, the player must be able to figure out the hidden rules and perform
analogy-making to select the correct choice. Moreover, once figuring out the rules for the current
task, a human player can almost always solve tasks with similar rules regardless of the appearing
entities given in the tasks. This remarkable ability of out-of-distribution generalization indicates that
humans treat objects and relations abstractly instead of relying on the raw sensory data.

We aim to solve IQ tasks that involve geometric transformations (e.g., see Fig. 2 for an example),
which include affine transformations (translation, rotation, shear, scale, and reflection), non-linear
transformations (fisheye, horizontal wave) and syntactic transformations (black-white, swap). Details
of transformations are given in Supplementary. In a task, the models are given 3 images x, y and
2, where y is the result of z after applying a geometric transformation. The models are then
asked to select y’ among 4 choices y1, Y2, Y3, ¥4 so that (2, y’) follows the same rule as (z, y) (i.e.
ify = f(x) then ¢y = f(a') for transformation f). The 4 choices include (i) one with correct
object/image and correct transformation (which is the solution), (ii) one with correct object/image
and incorrect transformation, (iii) one with incorrect object/image and correct transformation, and
(iv) one with both incorrect object/image and transformation.

Inspired by human capability, a reasonable approach to solve these tasks is that models should be able
to figure out the transformation (or relation) between objects/images and apply the transformation to
novel objects/images. The datasets can be classified into two main categories: single-transformation
datasets and multi-transformation datasets. Single-transformation datasets are ones that only include
a particular transformation, e.g. rotation. Note that the individual transformations of the same type
vary, e.g., rotations by different angles. Multi-transformation datasets, on the other hand, consist of
several transformation types. To test the generalization capability of the models, we build testing sets
including classes of images that have never been seen during training (see Section 4.1 and Section 4.2),
or even more challenging tasks including unseen rules and unseen datasets (see Section 4.3). Models
must be able to leverage knowledge and memory gained from the training dataset to solve a new task.

3 Method

3.1 Functional Hypothesis

Let X and ) be the data input and output spaces, respectively. Denote by (Xiain, Viain) C (X, )
the training set, and (X, Viest) C (X, )) the non-overlapping test set. Classical ML assumes that
Nirain and Xiege are drawn from the same distribution. Under this hypothesis, it is reasonable (for
frequentists) to find a function f: X — ) in the functional space F that fits both the train and the test
sets (i.e., the discrepancy between f(z) and corresponding y is small for all (z, y) in (Xyains Virain)
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and (Xiest, Viest))- However, when Xiey is drawn from a different data distribution from that of Xiin,
it has been widely reported that current deep learning models fail drastically [2, 8, 13, 32, 33]. This
is because the models are inferred exclusively from the observed data distribution. Moreover, it could
be the case that relations between x and y in testing samples are unseen during training, which raises
questions on the feasibility of learning a single function when dealing with out-of-distribution tasks.
A natural solution for this problem would be to train the model to learn the functions adaptively.
Formally speaking, the model will learn a function composer ¢: X x ) — F that maps each pair
of (z,y) € X x Y (where y is the associated output of x) to a function ¢, , in F so that ¢,
approximates the true relation between x and y. As discussed, training models this way leads to two
clear advantages: (1) it can help to handle the cases when there are multiple (and possibly disjoint)
relations between inputs and outputs within the training and testing datasets; and (2) models are less
dependent on data and thus can achieve more stable results on different training and testing sets.
Empirical evidence for these points will be given in Section 4.

Since there are an infinite number of functions that can map an input to an output with any given
degree of precision, the key is to design ¢ so that it can map a given input-output pair to a “good
enough” function. We humans may draw analogies between the current situation and our experiences
and then work out the most suitable options [12]. For example, we can recognize a math problem in
exam to be similar to a previous exercise in class with different variable names. We may find the
presented idea in a paper related to that in another paper we read before, as someone even says “new
ideas are just re-distribution of old ideas”. All these examples illustrate that analogy-making is a
powerful strategy in human thinking process. Inspired by this mechanism, we equip the function
composer ¢ with a semantic memory to store past knowledge, on which analogy-making is performed.
The memory also plays the role of constraining the searching region for ¢, so that ¢ only looks for
functions in the subspaces spanned by the memories instead of the whole functional space F. Further
analysis is given in Supplementary.

A remaining question is how to design the memory. Let us be inspired again by human thinking
process: When we see an animal, we compare its face, legs or tail with things we know and finally
conclude it’s a “dog”. Here “dog” is an abstract concept bound with primary characteristics (e.g. face,
legs, tail, etc.); once a new entity arrives, we compare its properties with these characteristics, and if
they are similar, we utilize the indirection mechanism to infer it is indeed the concept we are consid-
ering. In our case, the concepts are functions, or more specifically, the geometric transformations.
We thus maintain a key-value memory structure, in which the keys represent abstract concepts and
values the associated characteristics of the concepts. A new input-output pair matches with some
values, and the indirection enables us to compute the functions based on corresponding keys.

Note that we have swapped the role of keys and values of the traditional memory (where the query is
matched against the key, not value). This is to emphasize that we perform indirection to map concrete
functional values to abstract functional keys.

3.2 Functional Indirection Neural Estimator

In this section, we present the Functional Indirection Neural Estimator (FINE), an neural architecture
to realize the general idea laid out in Section 3.1. FINE learns to compose a function mapping an
input embedding z to an output embedding y on-the-fly. The function is drawn from a parametric
family specified by a backbone neural network. Coupled with the backbone is a function composer
¢, which is trained to compute the parameters of the backbone. More specifically, ¢ maps a data
input-output pair to the weights of the neural networks.

FINE solves the proposed IQ tasks as follows: (1) Given two images z, y from the hint, FINE uses ¢
to produce the function transforming x to y; denoted by ¢ ,,.. (2) Then, we feed the third image z’
to ¢, , and get output y* = ¢, ,(x’). (3) We define a similarity metric to compare y* with given
choices. The choice with the closest distance from y* is model’s answer. The function composer and
the similarity metric are specified as follows.

Encoder: Images are encoded by a trainable encoder (see Fig. 1). To effectively solve 1Q tasks
introduced in Section 2, we use the p4-CNN [7] encoder to serve as an inductive bias for geometric
transformations. Throughout this paper, we refer to the images by their embeddings.
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The functional memory

Let us focus a weight matrix W, € R %" at the t-th layer of the backbone network. In practice,
W, belongs to the huge d}* x d"'-dimensional real matrix space Mditn’ aon- TO reduce the complexity

of Wy, we assume that IW; only belongs to a s-dimensional subspace of M din o where s < difd9“t.

This subspace has a basis of s matrices which are trainable and stored in FINE’s memory, and W}
will be written as a linear combination of these matrices.

Denote by M, the memory for the ¢-th backbone layer. M, includes two sub-memories: the key mem-
ory M} = {Miﬁy, . Mtkiy} and the corresponding value memory M = { My, . Myave},
Elements of M;< and M are trainable matrices of size di" x do". We further let z, € R%" and

Yt € R" be the associated input and output, respectively, where x; is output of the (¢ — 1)-th layer
and y; is the pseudo-output computed by a trainable 1-layer neural network y; = v;(y).

With this design, we control the complexity of functional hypothesis space by either constraining the
form of the backbone or the capacity of the functional memory.

Memory reading

By the virtue of simplicity, we aim to find a simple query that can demonstrate the relation between
x, and y,. Although the exact relation may be non-linear, we found that a query induced from linear
relation is enough to efficiently read from memory. Formally, we want to find a query W, such that
Wiz, = y;. The best-approximated solution is W,/ = y;x;", where .I‘:_ is the pseudo-inverse of
and can be efficiently approximated by the iterative Ben-Israel and Cohen algorithm [3]. This way of
query computing requires no parameter as opposed to other methods, where the input is often fed
into a trainable neural network to compute the query.

With the query in hand, the next step is to perform analogy-making. In FINE, the query W,! represents
for the current situation and the value memory M, consists of past experiences. The concrete
query interacts with value memories to measure how close the current situation is to each of the
experiences. The similarities are computed as dot products between the query and value memories

and normalized by a factor of \/d}"d9":

_ feoncat(My™) " - flatten(W;")

ay = = ’
/ Jin jout
dt dt

where the flatten operator flattens the matrix W,/ of size di* x d$™ into a vector of size di*d3",
while the fconcat operator first flattens all matrices in M,*", then concatenates them together to
form the value matrix of size (di*d?") x s. The resulting a; is a s-dimensional vector measuring
the similarities between the query and the entries in the value memory. Here we omit the softmax
operator as in usual attention to allow the similarities with more freedom. The same idea is shared in
the ESBN [33], where the softmax similarities are scaled by a sigmoidal factor.

(D

Finally, the value memories are bound with their associated key memories via indirection. This can
be understood as moving forward from the concrete space of data and value memories to the abstract
space of functions and key memories. With the key memories and the similarity vector a;, the weight
W of current backbone layer can be computed as the linear combination of key memories:

W, = reshape (fconcat(Mz(ey) . at) , (2

where the reshape operator reshapes the vector of size di*d?" to a matrix of size di" x d9“t. Since the
softmax is omitted when calculating the similarities, W} is not constrained to be in the convex hull of
the key memories and indeed can lie anywhere in the subspace spanned by those key memories.

Memory update
The key and value memories are updated using gradient descent:

rev/val Kev/val oL .
teiy/va ue Mteiy/va ue )\ki Vi=1.2.....s (3)
M , , ey/value ’ r »
OM,;

where A > 0 is the learning rate and L is the loss of the training step.
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The similarity metric

After determining ¢, ,, the model is given a new input 2’ and being asked to select the correct
associated output ¢’ among 4 choices y1, y4, y5, y4 so that (z/,y’) follows the same transformation
rule as (z,y). This problem can be cast as finding the choice that is the most similar with y* =
¢,y (2"). We consider the weighted Euclidean metric that measures the distance between two vectors
u,v € R%:

d
n(u,v) = Zai(ui - 'Ui)27
i=1

where {ai}le > 0 are trainable scalars, i.e., each component of v and v contributes with different
importance. Finally, the probability to pick a choice is computed as:

exp(—n(y;, y*))

4
ZeXP( — (Y}, y*))

p(y; o) = , for i=1,234.

4 Experiments

We conduct experiments to show the out-of-distribution generalization capability of FINE when
performing tasks introduced in Section 2. For non-invertible transformations (e.g. reflection), we use
a simple 2-layer MLP as the backbone. For invertible transformations, we use the NICE architecture
[9] as backbone to serve as an inductive bias for invertibility. Since in each NICE layer, only half of
the input is transformed, we use the same memory for two consecutive layers, i.e., Moy = Moyy.
To balance between the backbone complexity and computational cost, we use 4 NICE layers in all
experiments.

We compare FINE with three major classes of models: (a) models that make analogies in the data
space, including Transformer [30], PrediNet [29] and RelationNet [28]; (b) models that leverage
indirection to bind feature vectors with associated symbols and reason on the symbols, including the
ESBN [33]; and (c) models that aim to learn a mapping from data to the functional space, including
the HyperNetworks [14]. For HyperNetworks, we still use the NICE backbone and just apply their
fast-weight generation method for fair comparisons. Except for FINE and HyperNetworks, all models
are trained with context normalization [32], which has been proved to be effective in improving the
generalization ability.

Datasets & implementation: We generate data for IQ tasks described in Section 2 using images from
Omniglot dataset [5], which includes 1,623 handwritten characters, and real-image CIFAR100 dataset
[17]. If not specified, models are trained with p4-CNN encoder [7]. Experiments are conducted using
PyTorch on a single GPU with Adam optimizer. Reported results are averages of 10 runs.

4.1 Results on Omniglot Dataset

Single-transformation Mulii
Affine Non-linear Syntactic affine
Trans.| Rot. | Refl. | Shear| Scale | Fish. | H.-Wave | B&W| Swap
RelationNet | 27.1 | 26.2 | 25.5 27 27.5 | 26.1 30.2 49.7 | 26.0 25.3
PrediNet 68.5 | 439 | 329 | 624 | 65.7 | 36.2 46.1 60.5 | 57.5 349
HyperNet 889 | 62.0 | 94.0 | 745 | 81.8 | 63.2 80.4 88.6 | 90.1 54.0
Transformer | 89.5 | 64.8 | 443 | 863 | 84.0 | 414 91.0 97.6 | 49.9 59.4
ESBN 79.8 | 58.6 | 50.1 | 845 | 834 | 67.1 86.4 90.5 | 71.6 63.1
FINE-MLP 96.1 | 739 | 951 | 845 | 86.0 | 70.4 84.8 949 | 875 72.0
FINE-NICE | 943 | 77.6 | 57.7 | 87.2 | 86.6 | 78.5 95.9 98.4 | 96.2 69.1
Table 1: Test accuracy (%) on Omniglot dataset.

We use 100 characters for training and other 800 characters for testing. The train and test set size is
10,000 and 20,000, respectively. For FINE, we use 4 NICE layers with 48 memories for each pair
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of NICE layers. Experimental results for single-transformation tasks are shown in Table 1. Overall,
FINE dominates others with large margins. For example, the gap to the runner-up on the Rotation
task is nearly 13%. With test accuracy over 75% on all tasks, FINE shows a strong capability of
out-of-distribution generalization.

We further conduct multi-affine-transformation experiments. In this case, the training set includes
multiple types of affine transformations, while other settings are similar to the single-transformation
case. Results are also reported in Table 1. FINE continues to outperform other models. This is
because only FINE explicitly assumes the existence of multiple good functions that represent the
transformation from input to output data. We note that although HyperNet also makes a similar
assumption by generating data-specific weights, it does not utilize analogy-making and indirection
and thus, fails to generalize to unseen images.

4.2 Results on CIFAR100 Dataset

Affine Non-linear Syntactic
Trans. | Rot. Refl. | Shear | Scale | Fish. | H.-Wave] B&W | Swap
RelationNet | 59.9 49.6 29.9 453 66.2 28.7 39.5 26.2 29.7
PrediNet 72.4 65.6 40.6 74.3 76.1 37.1 53.9 32.7 39.6
HyperNet 94.8 86.8 46.6 91.3 85.2 46.8 80.5 47.8 46.0
Transformer | 98.4 86.3 47.5 95.4 84.9 47.2 95.1 51.6 47.6
ESBN 96.6 81.9 50.6 90.1 81.5 57.7 95.7 68.8 50.5
FINE-MLP 98.9 89.7 80.6 95.7 86.8 59.6 95.2 83.1 50.8
FINE-NICE 99.2 91.3 51.1 95.6 87.0 76.8 98.3 89.1 51.6
Table 2: Test accuracy (%) on CIFAR100 dataset of single-transformation tasks. For readability we
report only the mean values here. Full table is reported in Supplementary.

RelationNet PrediNet  Transformer ESBN FINE FINE

-MLP -NICE
Group CNN 325+1.1 46+1.0 67.84+445 71.1+0.5| 79.6+0.5 81.6+0.5
3-layer ResNet 31.1+£2.7 559+1.7 285+05 668+9.7 | 77.8+05 73.5+1.6
MLP 472+26 59.3+08 61.5+14 54.7+26 | 729+1.1 70.0+1.3

Table 3: Test accuracy (%) on CIFAR100 dataset of multi-affine-transformation tasks.

For CIFAR100 dataset, we follow similar settings as in experiments on the Omniglot dataset, except
that we use 50 classes for training and 50 remaining classes for testing. We also conduct experiments
on single-transformation and multi-affine-transformation tasks. Results for single-transformation
tasks are reported in Table 2. Again, FINE outperforms all other models on all tasks, especially on
Reflection where the gap is nearly 30%. Although FINE does not show good performance on Swap
task as in Omniglot experiments, it is still slightly better than other models. On the remaining tasks,
FINE achieves test accuracy of more than 80%.

For the multi-affine-transformation task, we report the performances of the models when trained
with different encoder architectures, including the p4-CNN, 3-layer ResNet and 2-layer MLP, in
Table 3. The results show two superior characteristics of FINE: first, FINE is consistently better than
other models across different encoders; second, FINE is more stable with small standard deviations.
This empirical result supports the functional hypothesis stated in Section 3.1, where we suggest
that focusing on functions distribution instead of data distribution can boost model’s generalization
capability and stability.

4.3 More Extreme OOD Tasks

Previous tasks only include unseen classes of objects during testing. In this section, we further test
FINE and related models on more challenging OOD tasks: tasks with unseen rules during training
and even ones with images from unseen datasets. The training and testing sets are either images
from CIFAR100, Omniglot or MNIST datasets, while the hidden rules are either translation, rotation
or shear. For translation, training problems consist of translation vectors (a, b) with |a|, |b] < 3,
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Train set CIFAR 100 CIFAR100 Omniglot
Test set CIFAR 100 Omniglot MNIST

Trans. Rot. Shear Trans. Rot. Shear Trans. Rot. Shear
RelationNet 254 26.5 26.4 25 24.9 25 24.8 25 25.2
PrediNet 25.5 394 36.2 26.2 26.1 26.3 23.8 26.4 25.8
HyperNet 31.6 67.2 58.6 22.2 26.4 22.9 22.7 29 28.2
Transformer 30.9 64.2 55 30 31.7 33.8 28.4 27 25.1
ESBN 16.4 81.3 42.8 154 39.2 333 17.7 41.3 36.6
FINE 62 85.6 77.8 22.1 43.2 39.2 394 44.7 37.9

Table 4: Test accuracy (%) on more extreme OOD tasks with unseen objects, unseen rules and
(possibly) unseen datasets. Translation: train with translation vectors (a, b) with |a|, |b] < 3, test
with either |a| > 3 or |b| > 3. Rotation: train with rotation angles o < 180°, test with o > 180°.
Shear: train with shear angles («, 3) with |af, |8| < 30°, test with either |a| > 30° or |3] > 30°.

and models are tested with either |a| > 3 or |b| > 3; for rotation, model are trained with angles
a < 180° and tested with > 180°; for shear, training angles («, ) are ones with |«|, |8] < 30°,
while testing ones are either |«| > 30° or | 3] > 30°. All tasks have 5,000 data points for training
and 10,000 for testing. We report results of FINE with NICE backbone and related models in Table 4.
As expected, FINE continues to outperform other models on most of the tasks, even on extreme OOD
tasks with unseen datasets and unseen rules where performances of all models drop significantly.
This demonstrates FINE is capable of effectively learning the basis weights, which are stored in the
memory, to represent novel rules.

4.4 Model Analysis and Ablation Study

Clustering on functional spaces
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Figure 3: Clusters on functional space. We project weights produced by the function composer ¢ to
see whether ¢, ,, locates closely to ¢, , on the functional space if the relation between x; and 3
is similar to that between x5 and 5. Except for Reflection, the weights are nicely clustered.

We study how the transformations are distributed in the functional space. We use the FINE model
trained on multi-affine transformation tasks. For an input-output pair (x, y), we flatten and concatenate
all weights of NICE layers to form a vector representing ¢, ,,. We then use the UMAP [21] to project
@4,y s vectors onto the 2D plane. Results are shown in Fig. 3. It is interesting to see that shears with
the same horizontal or vertical angles are positioned closely; and scales are separated into 2 “big”
clusters, one for smaller scale and one for bigger scale. In contrast, reflection representations seem
not to be clustered properly, which is worth further investigation in future work.

Number of memories and backbone layers

We do an ablation study to see the effect of number of memories and backbone layers in FINE. For
the limit case with O memory, we assign the query matrices to be the weights for NICE layers without
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the analogy-making and indirection process. For the limit case with O NICE layer, we replace the
NICE backbone by a 2-layer MLP.

Results are shown in Fig. 4(a). Overall, we can observe clear improvements when we increase the
number of memories or number of NICE layers. More interestingly, the more number of memories is,
the more stable the results will be. Increasing the number of memories is equivalent to enlarging the
range of ¢, and increasing the number of NICE layers is equivalent to enlarging the hypothesis space
F. Enlarging F may help FINE approach the true functions while still being sufficiently constrained
by the number of memories, thus still being able to maintain its generalization capability.

mmm Transformer
mmm ESBN
= FINE

©
o

8 s K70
z 50
70
c g 50
§ 65 g 40
® 6o —— 0 NICE layers © 30
- u
4 —— 2 NICE layers D 20
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Figure 4: (a) Performance of FINE with different number of memories and backbone layers. Overall,
the test accuracy increases with more memories and backbone layers. (b) Performance with different
number of training points. FINE works fairly well on small datasets while others may fail significantly.

Number of training data points

We train models on multi-affine-transformation task with training sets of different sizes. Results
are reported in Fig. 4(b). FINE can adapt with small datasets of sizes 100 or 1000 and achieve fair
accuracy (47.8% and 64.4%, respectively). Moreover, FINE achieves average test accuracy of 81.1%
on training set of size 10,000, which is quite close to the 85.3% accuracy on 100,000 data points
training sets. This shows FINE may obtain a near-optimal solution even with small number of training
data points. In contrast, ESBN and Transformer need 100,000 training data points to achieve 80% or
higher test accuracy, while only achieving roughly 70% test accuracy on smaller datasets.

5 Related work

In recent years, there has been a strong interest in designing models that are capable of generalizing
systematically. The Module Networks [1], which dynamically compose neural networks out of train-
able modules, have been shown to possess some degree of systematic generalization [2]. Parascandolo
et al. [24] proposed a method to train multiple competing experts to explain image transformations
on MNIST and Omniglot datasets, yet the transformations are simpler than ones in our FINE dataset
and it is not clear whether the proposed method can deal with unseen transformations. The Neural
Interpreter [25] uses attention mechanism to recompose functional modules for each input-output pair
and test their method on abstract reasoning tasks, yet tends to require a large amount of data to learn.
Switch Transformer [10] mitigates the communication and computational cost in mixture of experts
models. Recently, ESBN [33], which utilizes the indirection mechanism, shows a great promise on
OOD tasks. Both methods achieve their degree of systematic generalization by injecting symbolic
biases into the models. Our model FINE follows the same strategy, but it performs analogy-making
and indirection in functional spaces instead of data spaces, and this has proved to boost both the
performance and stability.

1Q tests are powerful testbeds for visual and abstract reasoning. Inspired by Raven’s Progressive
Matrices (RPM), the RAVEN dataset [34] was proposed as a testbed for visual reasoning models.
However, this dataset does not focus on testing the ability of OOD generalization. Webb et al. [33]
propose a series of 1Q tasks with Unicode characters to show the effectiveness of indirection in tasks
involving abstract rules, however these tasks are relatively simple since they only require the models
to understand the same-different relation. The ARC dataset [6] aims to serve as a benchmark for
general intelligence and includes various psychometric IQ tasks in the form of grid structures. In this
paper, we propose IQ tasks involving geometric transformations as introduced in Section 2. These
tasks are not only flexible so that we can include images from different datasets or create/combine
numerous transformations, but also challenging to test OOD generalization abilities of models.
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The weight composition feature of FINE links back to the concept of fast weights [19], the idea
of computing data-specific network weights on-the-fly. HyperNetworks [14] stylizes this idea by
computing the fast weights using a separate trainable (slow weight) network. The Meta-learned Neural
Memory [23] uses the pseudo-target technique (which we also leverage in FINE) and appropriately
updates the short-term memory once new input arrives. The Neural Stored-Program Memory (NSM)
[18] proposes a hybrid approach between slow-weight and fast-weight to compute network weights
on-the-fly based on slow-weight key and value memories. However, NSM only performs on sequential
learning tasks, while FINE aims to solve OOD IQ tasks requiring abstract cognition. Moreover, FINE
computes the query based on the input and the (pseudo-) output, while NSM’s query is computed
based on the input only. Memories have been to be versatile in meta-learning and few-shot learning
[15, 27, 31] due to the ability to rapidly store past examples and adapt to new situations. In our case,
an IQ task can be thought of as a one-shot learning scenario in which FINE has to make use of the
long-term key-value memory to adapt to the current task.

6 Limitations

Operating in functional spaces requires FINE’S memory to store several trainable weight matrices
to infer the data-specific weights for the backbone. Moreover, each layer of the backbone requires
its own memory, thus FINE may need a large number of parameters for very deep backbones. This
could be addressed by parameter-sharing across layers and limiting the rank of the weight matrices.

It remains to design the backbone architecture optimally. We have used the NICE architecture as
backbone for invertible transformations and a 2-layer MLP backbone for non-invertible cases. We
further investigated our model’s performances with larger number of training points (up to 1M) and
observed that FINE with the NICE backbone peaks at 100,000 training points with around 85%
test accuracy, while FINE with MLP backbone continues to improve and achieves around 95% test
accuracy at 1M training points. This calls for further theoretical analysis to guide the architectural
design of the backbone network.

Finally, testing FINE on IQ tasks in the visual space may limit its potential on IQ tasks involving other
modalities. For example, one may consider a textual IQ problem: “if abc — abd, then mmnnpp —7”.
It is worth to emphasize that the concepts of analogy-making and indirection in functional spaces are
indeed general and thus the idea of FINE should be applicable to various scenarios.

7  Conclusion

To study the out-of-distribution (OOD) generalization capability of models, we have proposed IQ
tasks that require models to rapidly recognize the hidden rules of geometric transformations between
a pair of images and transfer the rules to a new pair of different image classes. Such tasks would
necessitate human-like abilities for conceptual abstraction, analogy-making, and utilizing indirection.
We put forward a hypothesis that these mechanisms should be performed in the functional space
instead of data space as in current deep learning models. To realize the hypothesis, we then proposed
FINE, a memory-augmented neural architecture that learns to compose functions mapping an input
to an output on-the-fly. The memory has two trainable components: the value sub-memory and the
binding key sub-memory, where the keys are basis weight matrices that span the space of functions.
For an IQ task, when given a hint in the form of an input-output pair, and FINE estimates the analogy
between the pair and the values as mixing coefficients. These coefficients are then used to mix the
binding keys via indirection to generate the weights of the backbone neural net which computes
the intended function. For a test input of different class, the function is used to estimate the most
compatible output, thus solving the IO task. Through an extensive suite of experiments using images
from the Omniglot and CIFAR100 datasets to construct the 1Q tasks, FINE is found to be reliable in
figuring out the hidden relational pattern in each IQ task and thus is able to solve new tasks, even
with unseen image classes. Importantly, FINE outperforms other models in all experiments, and can
generalize well in small data regimes.

Future works will include making FINE robust against OOD in transformations without catastrophic
forgetting when new transformations are continually introduced.
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Checklist

1. For all authors...

(a) Do the main claims made in the abstract and introduction accurately reflect the paper’s
contributions and scope? [Yes] Our main contribution is to perform analogy-making
and indirection on functional spaces for better OOD generalization.

(b) Did you describe the limitations of your work? [Yes] see Section 6
(c) Did you discuss any potential negative societal impacts of your work? [No|
(d) Have you read the ethics review guidelines and ensured that your paper conforms to
them? [Yes]
2. If you are including theoretical results...

(a) Did you state the full set of assumptions of all theoretical results? [N/A]
(b) Did you include complete proofs of all theoretical results? [IN/A]
3. If you ran experiments...
(a) Did you include the code, data, and instructions needed to reproduce the main experi-

mental results (either in the supplemental material or as a URL)? [Yes] see Supplemen-
tary

(b) Did you specify all the training details (e.g., data splits, hyperparameters, how they
were chosen)? [Yes] see Section 4

(c) Did you report error bars (e.g., with respect to the random seed after running experi-
ments multiple times)? [Yes] see Section 4 and Appendix C

(d) Did you include the total amount of compute and the type of resources used (e.g., type
of GPUgs, internal cluster, or cloud provider)? [Yes] see Section 4
4. If you are using existing assets (e.g., code, data, models) or curating/releasing new assets...
(a) If your work uses existing assets, did you cite the creators? [Yes] We use codes of [33]
to run our experiments for the RelationNet, PrediNet, Transformer and ESBN.
(b) Did you mention the license of the assets? [Yes] see Supplementary

(c) Did you include any new assets either in the supplemental material or as a URL? [Yes]
We include codes for our tasks and models.

(d) Did you discuss whether and how consent was obtained from people whose data you’re
using/curating? [Yes] see Supplementary

(e) Did you discuss whether the data you are using/curating contains personally identifiable

information or offensive content? [Yes] see Supplementary
5. If you used crowdsourcing or conducted research with human subjects...

(a) Did you include the full text of instructions given to participants and screenshots, if
applicable? [N/A]

(b) Did you describe any potential participant risks, with links to Institutional Review
Board (IRB) approvals, if applicable? [IN/A]

(c) Did you include the estimated hourly wage paid to participants and the total amount
spent on participant compensation? [N/A]
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