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Abstract

Interesting data such as images, videos and speech are often highly
structured - real photos are far from a random set of pixels. Be-
cause of this structure, the pixel representation is inefficient. Per-
formance on tasks like classification, tracking, object recognition etc.
can be improved by first extracting features. A variety of methods
have been developed for feature extraction from adaptive methods
like PCA, k-means, Gaussian mixture models, restricted Boltzmann
machine (RBM), autoencoder to hand-crafted features like wavelets,
oriented Gabor filters, SIFT etc.

Individual components within these adaptive representations are ei-
ther independent from each other or hard to interpret. In PCA, k-
means, and GMM, the representation of a horizontal edge at one lo-
cation has nothing to do with the representation of another horizontal
edge at some other location. On the other hand, codes extracted by
RBM and deep autoencoder are hard to interpret and change unpre-
dictably under simple transformations. To overcome this limitation,
parameterized features with explicit pose parameters are desired. Al-
though pose is already present in hand-crafted features like SIF'T fea-
tures (the pose is in its descriptor), such representations have never
been learned. In this thesis, we train “capsules” to perform sophis-
ticated computation, and encapsulate the result in a small vector of
instantiation parameters representing the pose. The method used
to obtain these capsules and extract these instantiation parameters,
called the transforming autoencoder, is introduced. The transforming
autoencoder is trained on pairs of images related by a transformation

while having direct access to this underlying transformation that we



would like to capture. Under this scheme, the instantiation parame-
ters are forced to take on a desired meaning without their values being

explicitly specified.

In addition to its fundamental appeal, the usefulness of such parame-
terized representations is then demonstrated through classification on
MNIST digits and its ability of generalizing to transformed test digits

that come from a different distribution than the training digits.
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Chapter 1

Introduction

1.1 Introduction

Interesting data such as images, videos and speech are highly structured - real
photos are far from a random set of pixels. Because of this structure, pixel
representation of an image is highly inefficient. For example, real 640 x 480 images
lie on or near a lower dimensional manifold within the full 640 x 480 = 30720
dimensional space. Interesting structures and useful information are all buried in
the pixel representation, so it is difficult to do anything useful with them.

Performance on various tasks like object recognition, tracking, image compres-
sion etc. can be improved by first extracting suitable representations, or features
[3; 4]. Extracting useful features is an important goal in unsupervised learning
and there are many classical methods for this task like PCA, k-means, Gaus-
sian mixtures [5], restricted Boltzmann machine (RBM) [6], etc. On the other
hand, there are many hand-crafted features like wavelets [7], oriented Gabor fil-
ters [8], SIFT [4], etc. All of the adaptive features are specific and do not capture
common relationships - the representation of a horizontal edge at one location
often has nothing to do with the representation of another horizontal edge at a
nearby location. They are usually represented by different feature vectors that
are independent from each other.

This independence, or ignorance of relationships allows these methods to be

more general, but also unsatisfying for tasks like image representation where these



basic spatial relationships are extremely important and highly predictable. It
would be better if a feature for a horizontal edge represents not only its presence,
but also where it is, making its relationship with other similar edges apparent.
In other words, the representation for a visual entity should have instantiation
parameters that explicitly capture some desired properties. SIFT, with its de-
scriptor, is an example of such a parameterized feature.

However, such parameterized representation has never been learned from data.
We show that the transforming autoencoder is an efficient method to learn rep-
resentation with instantiation parameters.

There are many benefits to having parameterized features. One type of pa-
rameterization of particular interest is of geometric information. Any object
recognition system should be robust to simple affine transformations. If all pixels
in an image are translated 2 pixels to the right, or rotated 10 degrees clockwise,
the identity of an object in the image should not change, although the pixel rep-
resentation might have changed considerably. Parameterized features are ideal
for capturing this type of information.

In addition, an object can be defined in terms of the spatial relatinships
between its parts and spatial relationships between these parts and the whole
[9]. Having these parameterized features is a first and concrete step towards
representing objects in this way. In addition to its fundamental appeal, the
usefulness of this representation is demonstrated through classification tasks on
the MNIST dataset and the representation’s ability to generalize to transformed

test images distributed differently than the training images.

1.2 What is the transforming autoencoder

1.2.1 The autoencoder

The autoencoder is a multi-layer neural network ! used to extract compact codes
from structured data like natural images [10]. The basic idea is simple to explain.
If we force the output of a multi-layer neural network to be the same as its input,

and we put a tiny layer in the middle to form a bottleneck, then the value of this

1See A for basic background information on neural network and how to train them



bottleneck layer is forced to be an efficient code of the input. Due to its many
layers and the non-linearities, the codes found by an autoencoder can be compact
and powerful.

For example, the input data might be small images € R¥*28=784_the bot-
tleneck might be 30 real numbers ¢ = f(x) € R*. The output y = g(c) € R™*
can be trained to reconstruct the input, for example, by minimizing the recon-
struction error between output y and target = : ||y — z||* or the cross-entropy

error if logistic units are used.

1.2.2 The transforming autoencoder

A compact code can be extracted using an autoencoder. However, this code
changes in an unpredictable way when the input is transformed. Usually this is
not a problem, but a consequence of having a compact code with high information
content per bit. However, if the input is transformed in a way that does not change
its content, then we would like the code to change in a predictable way that reflects
the underlying transformation. For instance, shifting the whole image by a few
pixels usually does not change the perceived content of the image. However, the
pixel representation can be very different and the autoencoder code might change
unpredictably. In the case of images, transformations that we are most interested
in are affine transformations. Similarly for speech signals, timing translations
and amplitute scalings do not affect the perceived content but they alter the
wave representation significantly. !

We would like slightly rotated, or slightly translated images to have similarly
related representations that have predictable relationships to each other. The
transforming autoencoder is a method to learn such representations. The trans-
forming autoencoder consists of many capsules. Each capsule is an independent
sub-network used to extract a single parameterized feature representing a single
visual entity. Each parameterized feature consists of a single gating unit, which
indicates if a visual entity is present and some instantiation parameters, which

represent the pose. The transforming autoencoder can be trained by asking it to

n the sense that the iy, pixel and the amplitude A(t = tg) can be very different after the
transformation is applied. The rest of this work will be focused on images, in particular, on
MNIST digits.



predict a transformed version of its input image, given the original input image
and what transformation is performed. During training, the transforming autoen-
coder does not have to be told of the instantiation parameter values - it is how
these instantiation parameters should change that is specified. After training,
the transforming autoencoder codes its input in terms of a small set of compact
(say, 2-9 dimensions) instantiation parameters of visual entities, one per capsule.
Each capsule learns its own visual entity. Then the transforming autoencoder is
able to reconstruct its output from these compact and meaningful instantiation
parameters. Within the transforming autoencoder, independent capsules perform
sophisticated computation, and encapsulate (thus the name capsule) their results
in some instantiation parameters. !

Particular meanings are forced onto these instantiation parameters by specify-
ing how they change. For example, the instantiation parameters can be position
coordinates of visual entities or coordinate transformation matrices. If we train a
transforming autoencoder to use position coordinates, the following should hap-
pen. When an image is slightly translated, the same capsules are activated (gating
units are on), but the instantiation parameters should be different by exactly the
same amount of translation. Thus, we can obtain information about spatial re-
lationships in a compact, and usable form. This idea applies not only to images,
but also to temporal shift in speech signals and other structured transformations
we would like to explicitly deal with. Not only do we get compact codes like in
the autoencoder, we also enforce what these codes, or instantiation parameters,

ought to represent by specifying how these parameters should change.

1.3 Relationship to other works

The core problem that transforming autoencoder addresses is extracting features

that deals with important transformations of known types explicitly. There are

'We use visual entity to mean things in the image; parameterized feature to mean gat-
ing units and instantiation parameters; instantiation parameters to mean the compact pose
representation obtained by the transforming autoencoder; capsule to mean the hardware (or
sub-network) used to compute these instantiation parameters. We avoid the general word fea-
ture from now on because it could mean either the representation (parameterized feature, and
instantiation parameters are examples of representation) or things in the image (visual entity)



many previous approaches to this problem from architectural level solutions such
as convolutional neural networks [11], to engineered features such as SIFT [4], and
to model level solutions that try to separate content from the pose and model
pose explicitly [12; 13]. Convolutional neural networks deal with translation at
an architectural level by applying replicated feature detectors all over the image
and subsample or pool these features to achieve invariance to translations in its
upper level features [14]. However, in achieving this invariance, detailed location
information is lost. Trying to deal with other invariances this way by convolving
with different orientations, different scales, etc. causes the number of operations
to grow multiplicatively. For example, if there are 7' = 10 x 10 translations, R =
360/10 = 36 rotations, and S = 5 scales, then we have to replicate TRS = 18000
copies of each feature detector. More generally, if each of the K invariances
needs M replicated detectors, then we need MX replications in total. This is
exponential in K. We show that the transforming autoencoder can address this
problem by extending it from simple translations to rotation, and then to full
affine transformations.

Engineered features such as SIFT keep precise location information. The idea
behind many engineered features is that an image should be represented by a
set of characteristic points such as corners, or even edges. These characteristic
points should be consistently extracted from images of the same object in dif-
ferent viewpoints. Then a feature descriptor would concisely summarize each
particular feature in a way that has good retrieval properties (low false positive
rate, high true positive rate). However, neither the feature descriptor nor the
extraction method is learned from data. The transforming autoencoder achieves
these desired properties of engineered features through learning. The advantage
here is that features obtained by a transforming autoencoder do not have to be
designed for each specific application, thus making this task much more routine.
Transforming autoencoders also make it easy to scale with the computational
power and the number of parameters.

Models that attempt to separately represent content from pose inspired this
work. But these models are often unsuitable for spatial transformations in images,
although they are more general and can achieve reasonable results. For example,

bilinear models [13] can be applied to distinct objects like letters and faces where



the respective poses, font and viewpoint, are very different things. A recent work
on a transformation model using 3-way factored RBM [12] is another example.
Like the transforming autoencoder, this model is also trained on pairs of images
differing by a transformation. It does not need to be told of the transforma-
tion but can infer it from the training data. However, the 3-way factored RBM
has trouble generalizing to spatial transformations with more than 2 degrees of
freedom. One reason is that the 3-way factored RBM does not have the right
representation for spatial transformations, but it instead deals with the many
possible transformations using its distributed internal representations, which is
actually inefficient. Its hidden units cannot code quantity in a convincing way,
even if real valued units like rectified linear units (ReLU) [15] are used. In the
case of translations, it would code “shift 3 pixels to the left” very differently from
“shift 5 pixels to the left”. This thesis would have been on 3-way factored RBM
if it worked efficiently. Based on my experience using ReLLU, the 3-way factored
RBM seems to prefer 1-in-N encoding as it becomes highly trained on transla-
tions, when there are enough units. In comparison, the transforming autoencoder
takes its input data into a compact domain where the transformations of interest
are naturally represented in terms of matrices or position vectors.

In summary, the aim of this research is to obtain parameterized features sim-
ilar in spirit to SIFT in a way that adapts to the task at hand. However, we
would like to do so by specifying how the instantiation parameters should vary
under transformations of interest without hand engineering the features for each
particular application. Compared to convolutional neural networks, instantiation
parameters obtained by transforming autoencoder should vary in a specified way

under transformations of interest, instead of losing information by being invariant.



Chapter 2

The transforming autoencoder

2.1 The architecture of transforming autoencoder

2.1.1 A high level overview

The transforming autoencoder consists of many capsules. Each capsule is an
independent sub-network used to extract a single set of instantiation parameters.
Each parameterized feature consists of a single gating unit, indicating if a visual
entity is present and some instantiation parameters, representing the pose. !

We introduce the idea in terms of 2d translations of images. Instantiation pa-
rameters (2 dimensional) should represent the position of the visual entity that
its capsule is responsible for. Since we know the position differences between
our input and output vectors, we can add to the predicted position this known
difference, and ask the network to reconstruct the correct output. Adding this
difference forces a meaning onto the code extracted so the network has to extract
positions of visual entities in the image. Although each capsule processes infor-
mation independently, it cannot cheat by extracting a trivial position since the
code extracted has to contain all the information needed to reconstruct the out-
put. Therefore, each capsule tends to learn to represent a different visual entity
from other capsules.

It would be more satisfying (and theoretically possible) if the network did

not need to be told of this known transformation such as in [12; 13]. But this

1See A.4 for terminology information.



transformation is readily available and can serve to force the autoencoder to find
an appropriate representation. This information is available to us. When we
saccade our eye around this page, we can incorporate information from this new
view to what we obtained before because we know how much we saccade. Similar
information would be available in robotics application as well through the control,
and sensor systems. So we explore what happens when we have direct access to
such transformations, and introduce an architecture that takes advantage of this

information.

2.1.2 Detalils of the transforming autoencoder

We first demonstrate the concept by dealing with image translations and then
generalize to full affine transformations later. Suppose the raw data w; € R™* are
28 x 28 images of MNIST digits. We may apply simple geometric transformations
(in this case just translation) to w’ to generate our training data set, here I use

the superscript to denote training case 1.

{ZEi = T(S;, wi)a th = T(Si7 wi)> s' ?il

For each training case (dropping the superscript for cleaner notation), 7'(s, x) €
R™4 takes © € R™* to the image of z shifted by s € R%. s = s5,—s, is the difference
between the underlying translations of ¢+ and x. For example, s;, s, € R? might
be distributed according to a spherical Gaussian with zero mean and variance o2.

The transforming autoencoder is now easy to define. Let the transforming
autoencoder have N capsules. Each capsule has recognition hidden units H, €
RN" instantiation parameter units ¢ € R? gating unit p € (0,1), and generative
hidden units H, € R"s. The input to each capsule is the whole input image, and
capsules are independent from each other. ' Each capsule produces an output
y € R™, these outputs are added up linearly Y = 37, y; € R™" and the final
output is O = (Y +b,) € R™®. Where o(x) = H%
function, and b, € R™* is the output bias. The output of the network O should
be like the target ¢.

is component-wise sigmoid

Isome evidence suggests that capsules with local recognition fields may work better, at least

when the computing performance gain is taken into account. See 4.4.
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Figure 2.1: Simplest transforming autoencoder architecture for translations. N
is the number of capsules. Each of the N capsules is gated by unit p at the final
output of that capsule.

Let x,y be the input and output of an individual capsule. Then, we have,

y = p(WyyH,) € R™
Hy = 0(Weye + by) € (0,1)e

p=0cWyH,+b,) € (0,1)

d =c+seR? (2.1)
¢ =WyH, + b, € R?

H, = o(Wyz +b,) € (0,1)"

Where ¢ = ¢(z), p = p(x) are values of the instantiation parameters and
gating units of the current capsule. And Wy, Whe, We,, Weg, Wy, are, respec-
tively, weight matrix from input to recognition hidden units, from recognition

hidden units to instantiation parameters, from recognition hidden units to gating



units, from instantiation parameter units to generative hidden units, and from
generative hidden units to output. See figure 2.1 for the schematic of this trans-
forming autoencoder with labels. Training is done by fixing this architecture and
minimizing the cross-entropy error between O and t. Basically, we want the final
network function F' where O = F'(s, x) to be like the translation function 7" where
t = T(s,x). However, F' has to do so by using a small number of capsules and
extracting a set of compact instantiation parameters ¢ € R?, one for each capsule.

Note how ¢’ = ¢+ s. In a way, the instantiation parameters extracted by each
capsule are “corrupted” by the translation vector s. ¢ and p are just a function of
the input, while the output is predicted only from ¢’ and p. So ¢ has to represent
the content of the input while passing on the amount of translation to reconstruct
the output. It is thus almost impossible for ¢ to represent anything other than
the position coordinates of visual entities in the input. However, the transforming
autoencoder did not have supervision signals for the exact instantiation param-
eters of each visual entity, it only had information about how these parameters
should change under a global transformation. This is based on the assumption
that instantiation parameters that represent pose information should change in
a consistent way under global transformations. Providing explicit supervision is
an alternative method, but impossible unless we know exactly what the instanti-
ation parameters should be (then there is little point). Although we have no idea
which capsule should deal with which visual entity, nor what the instantiation
parameters are, as long as we know how they should change, then we can train
the transforming autoencoder. Luckily for this method, most transformations we
would like to represent and be invariant for object recognition are global trans-
formations such as translation, rotation, scaling, affine, homography, brightness,

contrast, etc.

2.2 Training the transforming autoencoder

2.2.1 How to train

We can then train this autoencoder using back-propagation [5] (See also A). For

training data {x,t, s}, we minimize the cross-entropy objective function,

10



784

CE(t,0) == t;1og(0;) + (1 — t;)log(1 — O;)

In reality, we use mini-batches of size 100. See more details in A.1.

2.2.2 The transforming autoencoder on translations of MNIST

I train the transforming autoencoder described above on the MNIST dataset.
The data is translated by an amount distributed according to a 2d isotropic
Gaussian with ¢ = 3 and then ¢ = 10. I use a weight decay of 0.0001, mini-
batches of size 100 and my implementation runs on an Nvidia GPU board. For
conceptual details please see A and for implementation details please see C. The
tables and figures to follow show squared reconstruction errors, reconstructions,
and generative fields grouped by capsules. The reconstructions shown are on test
data the transforming autoencoder has not seen before. However, these test data
are easier than the training data, since the inputs are also transformed in the

training data, whereas the inputs shown in the figures are centered.

case training sqr. error | testing sqr. error
100 capsules ¢ = 10 | 5.31 5.61
100 capsules 0 =3 | 3.58 3.75

7|2//104]114|4|s|?|0]b| 9|0

7120/10/4] 14 ]a| 5201590
7.2./104 /4 al520 9]0

Figure 2.2: Reconstructions of translated digits using a transforming autoencoder
with 100 capsules, each with 10 recognition units and 10 generative units. top
row: input, middle row: reconstruction, bottom row: target output
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Figure 2.3: All 10 generative units of the first 10 (out of 100) capsules which
produced the above reconstructions

7|2/ /104]1|4|4|5|?|0]b| 7|0
2 L' Al dolaS| 1 Y0al0
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Figure 2.4: Reconstructions of translated digits using a transforming autoencoder
with 100 capsules, each with 10 recognition units and 10 generative units. top
row: input, middle row: reconstruction, bottom row: target output

=---==-I'ﬂﬂﬂ'fn'ﬂ

N AN ! (44
!."!"l....ﬁ..id.l.
Figure 2.5: All 10 generative units of the first 10 (out of 100) capsules which
produced the above reconstructions

2.2.3 The transforming autoencoder on more complex trans-

formations
Convolutional neural network deals with translations just fine. In fact, the fields
learned by the transforming autoencoder trained on translations do look like

replicated features. However, convolutional neural network would have trouble

with more complicated transformations as discussed in 1.3. The transforming

12



autoencoder can be more easily applied to more complex transformations.

O

X p Yy
(=) Hyg

} C

‘ T

CI
N of Hr
r

Figure 2.6: Transforming autoencoder that extract a full matrix. Similar to figure
2.1

There are two obvious approaches to more complex image transformations.
One is to simply introduce explicit parameters for orientation, scaling, or shear
in addition to = and y. For example, to deal with rotation and translation,
we introduce capsule parameters x,y, 6 that are to be predicted and we provide
Ax, Ay and Af that are known where 6 is the orientation parameter. Equation
(2.1) still applies in this case, with one additional parameter (now ¢’ = c+s € R3
instead of R?).

But perhaps a more coherent approach to spatial transformations is to deal
with all 2d affine transformations (translation, rotation, scaling and shearing) at
once. Each capsule outputs 9 instantiation parameters which is treated as a 3 x 3
homography or affine transformation matrix A. A known transformation matrix
T € 2R3 is then applied to A to get matrix TA which is used to predict the
output image. This type of change is conceptually simple under the transforming

autoencoder framework, equation (2.1) is the only thing that changes, where

13



¢ = c+ s now becomes ¢ = Tc. See A for more details and A.2 for how training
data was generated in this case.

The transforming autoencoder shown in figures 2.7 and 2.8 has 50 capsules of
20 hidden units each. Each capsule outputs parameters x,y, 6. The transforming
autoencoder shown in figures 2.9 and 2.10 has 25 capsules of 40 hidden units each.

Each capsule outputs 9 instantiation parameters treated as a 3 x 3 matrix A.

Case training error | testing error
50 capsules on translation and rotation | 13 13
25 capsules on full affine 5.9 6.2

7|2/ /104]1]4|4|5|?|0]b| 7|0

71014 N1 »G[719/0ja [0
7 1014 1070 0bal0

Figure 2.7: Reconstructions of translations and rotations of digits using a trans-
forming autoencoder with 50 capsules, each having 20 recognition units and 20
generative units. Each capsule outputs z,y, 0 as instantiation parameters. top
row: input, middle row: reconstruction, bottom row: target output

Figure 2.8: all 20 generative fields of the first 5 capsules of the transforming
autoencoder that produced reconstructions in figure 2.7

14



7|Z]/|6/4]1]|7]|4]s]?|0]b|9|0

FIZERIR SR Z KR
212/ 04/ LN A61 70

Figure 2.9: Full affine reconstructions using a transforming autoencoder with 25
capsules, each having 40 recognition units and 40 generative units. Each capsule
outputs a full affine matrix A €3 R? as instantiation parameters. top row: input,
middle row: reconstruction, bottom row: target output

Figure 2.10: The first 20 (out of 40) generative units of the first 7 (out of 25)
capsules which produced reconstruction in figure 2.9.

2.3 How does the transforming autoencoder work

The reconstructions are decent, and the filters are interesting looking, but how
do the capsules really work?

Here we investigate how instantiation parameters change as we translate the
input image. Figures 2.11 and 2.12 are plots of instantiation parameters as the
input image is translated.

When transforming autoencoder is trained on small range of transformations,
the capsules indeed output coordinates of the visual entities that they are re-
sponsible for. The situation is a little complicated for transforming autoencoder
trained on larger transformations. The input images can only be shifted so much,

whereas it is acceptable for the target image to shift to outside of the box. In

15



this case, the generative units get most of the training signals and the recognition
units are not nearly as good. On the other hand, it might just be that recogni-
tion fields need to be messier compared to the generative fields. See 4.2 for more
discussions of this point. See figure 2.13 for a comparison between the generative

and recognition fields.

10 T T T T

T T=15 -10 10

Figure 2.11: Red scatter: the instantiation parameter zs of capsule 0 on a set of
input images shifted by 3 pixels to the right vs. the instantiation parameter xs
of capsule 0 on the original set of input images; blue line: y = x + 3; green line:
y = x. The red scatter should fall on blue line if the x instantiation parameter do
what they are supposed to. The scatter would fall on the green line if instantiation
parameters do not change as the input shifts. x and y has nothing to do with
input x and linear output y, here they are just coordinates.

16
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Figure 2.12: Plotted is the capsule outputs as a particular input image shifts in
direction (1,1). red line: gating units, blue line: x outputs, green line: y outputs.
Each subplot is for a different capsule.
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Figure 2.13: Messier recognition fields (top) vs. generative fields (bottom). See
4.2 for more discussions on why this might be so.
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Chapter 3

Using the transforming

autoencoder for classification

3.1 Classification for MNIST digits

To demonstrate the usefulness of instantiation parameters extracted by capsules,
we first apply them to the classical MNIST classification task. The best result so
far is obtained using a 6-layer neural networks. The number of units, from visible
(784 units) to final output (10 classes) is the following: 784-2500-2000-1500-1000-
500-10. That net obtained a result of 35 errors out of 10000 and it was trained
on elastically deformed data [16]. !

Training raw MNIST digits on logistic regression get 12% errors. This can be
compared with applying logistic regression to instantiation parameters obtained
by the transforming autoencoder, which got 2.9% errors.

In addition to the dataset, a collection of classification results can be found

at http://yann.lecun.com/exdb/mnist/.

LAll errors quoted in this chapter are test errors on the test set of 10000 cases. The number
of errors divided by 10000 gives the percent error rate, which is most often quoted from now
on.
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3.2 Applying the transforming autoencoder to
MNIST classification

3.2.1 Baseline results

I first train a transforming autoencoder with 100 capsules on MNIST digits. The
original 784 dimensional data vector is transformed into a code that has 200
dimensions for position and 100 dimensions for gating units. To obtain some
baseline results, I simply apply logistic regression to the 200 dimensional position
units (100 sets of instantiation parameters, 2 in each set) and 100 dimensional
gating units. Logistic regression on the 200 position units gets 292 errors (2.9%
errors rate) on the test set of 10000 digits. Logistic regression on the 100 dimen-
sional gating units gets 7% errors. Neither results are exceptional, but logistic
regression on instantiation parameters (2.9%) performed much better than logis-
tic regression on raw pixels (12%) despite being more compact, better than the
8.4% errors obtained by logistic regression with deskewing, and better than some
nearest neighbors results (5% errors). This is also comparable to the 1998 result
which used a neural network with one hidden layer of 1000 units (4.5% errors)
and even some deeper neural networks results [14]. However, logistic regression
on instantiation parameters is not as good the 1.6% error obtained by neural net-
works that are carefully trained [14]. Better performance on lower dimensional
data suggests that the representation of a digit by a small set of instantiation
parameters is sensible. Logistic regression is known to benefit from higher input
dimensions and applying logistic regression to instantiation parameters does not
take advantage of the nature of these instantiation parameters at all. Neverthe-

less, performance is better.

3.2.2 Classification using pairwise differences

Using pairwise differences between instantiation parameters obtained from a 100
capsules transforming autoencoder, it got 107 errors out of the 10000 digits test
set. It got 115 errors on the validation set, which suggests no overfitting and

perhaps that the test set is easier. This classifier was trained using deformed
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Figure 3.1: 72 samples from 292 miss-classified digits using logistic regression on
instantiation parameters.

training set and details to reproduce this result are provided in C.

3.2.3 An overview of how pairwise differences work

One appealing way of describing an object is in terms of the relationship between
its parts [9]. Instantiation parameters extracted by transforming autoencoder fit
this approach nicely. I would like to use a few English letters to demonstrate
this idea. A dot on top of a vertical stroke defines the letter i. Two vertical
strokes slightly apart with a horizontal stroke roughly in the middle describes the
letter H. The transforming autoencoder extracts instantiation parameters, and
has a gating unit indicating whether the visual entity represented is there. We
may now look for coincidences of co-occurring visual entities that are especially
discriminative. Having two vertical strokes slightly apart strongly indicates the
presence of an upper case H, U, or N, it is less likely to be an M, or a W,
since the distance required is a little bigger. However, M, or W are still more
likely than T given the two vertical strokes. If there is also a horizontal stroke
somewhere in between the vertical strokes, then the letter in question is almost
certainly an H. Within a small range, the instantiation parameters extracted by

each capsule vary by roughly the same amount when the input is translated.
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So the differences between instantiation parameters from pairs of capsules are
roughly invariant to translations. Thus, if two capsules both dealing with vertical
strokes are active, and their positions differ by an amount just right for H, U or
N, then this coincidence is strongly indicative that the object present is, in fact,
H, U or N. By looking at all pairs, a rather computational expensive task, we
can find all these indicative coincidences. This is still a suboptimal way of taking
advantage of such information, since these first level capsules really only work

over a limited range, but it is simple enough to be tried out quickly.

3.2.4 Mathematical details

Each capsule 7 extracts instantiation parameters representing position coordinates

x;,y; € R and gating unit p; € (0,1). Define differences matrix D as,

dij = ooy — j + U5)* + oy (yi — yj + bY))?
And define the input matrix F' to logistic regression as,
o PP
Where 07

75
indicating how acurate a particular coincidence should be. Then f;;s are simply

b;’j are bias terms to be learned, o2, O'; are learned scale parameters

put into a neural network with softmax outputs. The derivatives of the log
probability of the correct class are then back-propagated to learn b, bY;, 02, o;
but without back-propagating to the transforming autoencoder. This method
works fairly well and gets 165 test errors trained only on the original 50000
training data. If it is trained on deformed images as well (see A.2 for how data

is generated), then test errors get down to 107 (out of 10000).
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3.3 (Generalizing to translated test data

3.3.1 Description of this task

What happens if we train a classifier only on centered digits, and then test on
translated digits? Now the test set and training set really come from different dis-
tributions, which violates a fundamental assumption in machine learning. Thus,
this task is almost hopeless for generic systems without prior knowledge on how
to generalize a particular task. But because pairwise differences between cap-
sule parameters should be invariant to small translations, the pairwise differences
classifier described above might generalize to shifted digits that are not in the
training set.

I translate each test input image by a small and random amount v € R? where
vle ~ N(0, 0?). T train the classifier on the original MNIST training set only

and test on translations of the MNIST test set. The transforming autoencoder,

however, is trained on the translated training set as well.

7|2 /04| 14]a|s 2|0/

7|Z]/10|4]1]%|A|<|?|0|b
7 &/ 0419\ 700

Figure 3.2: Sample of input digits used for this task. top row: original digits,
middle: shifted with ¢ = 1, bottom row: shifted with o = 3

3.3.2 Results on this task

3 types of classifiers are trained for comparisons: Logistic regression on raw digits
(simple LR), logistic regression on instantiation parameters without gating units
(capsule LR), and finally the pairwise differences classifiers (PDC). Then these 3
classifiers are tested on translated test sets with different amounts of translation

specified by o. The results are as expected.
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Case Training error | Testing error rate
simple LR 8.4% 8.06%
simple LR o =1 |- 23%
simple LR 0 =3 | — 68%
simple LR o =6 |- 84%
capsule LR 3.53% 3.41%
capsule LR o =1 | - 7.2%
capsule LR 0 =3 | - 40%
capsule LR 0 =6 | — 69%
PDC 1.45% 1.65%
PDCo =1 — 2.4%
PDCo =3 — 14.5%
PDCo =6 - 47%

Looking at figure 3.3, we see that logistic regression on instantiation param-
eters does much better than logistic regression on raw digits. This is probably
because capsules are trained using translations, so it somewhat “understands”
translation and represents translated digits with more invariance than in the
pixel space. The pairwise differences classifier generalizes much better to trans-
lated testing data as expected. See B for even more detailed table of numbers,
and what error cases look like. Note these results are a little worse than reported
in 3.2.2 because they are only trained on the original training set.

Training the transforming autoencoder also takes a fair amount of compu-
tational effort, but it does not require labels. So if we just have a small set of
labeled data, and a large amount of unlabeled data, we can extract instantiation
parameters using transforming autoencoder first, in an unsupervised way, and
then train a classifier on these instantiation parameters. Of course, we could
have transformed the labeled training set in training the classifier, but that does
not diminish the transforming autoencoder’s ability of extracting structures with-
out labels. In conclusion, this experiment suggests that the resulting classifier can
achieve a better generalization just by using these instantiation parameters. And
even better generalization can be achieved by using a specially designed classifier

like the pairwise differences classifier.
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90 T T T T T

Figure 3.3: Percent error vs. translation size o on test set. Red line at the bottom
is for the pairwise differences classifier; green line in the middle is for capsules
LR; blue line at the top is for simple LR. The pairwise differences classifier does
much better at generalizing.
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Chapter 4

Tricks and future works

4.1 Improving performance by adding layers

The kind of computation demanded by the transforming autoencoder is rather
complex. It was unable to achieve state of the art performance using just 4 layers
of weights. In particular, the back-propagation algorithm is not very good at
deep networks. The gradient at the recognition layers is of lower quality than
fresh gradient in the generative layer (see 4.2 for more discussions of this point).
An obvious thing to do is adding one or more pre-trained layers below the trans-
forming autoencoder. So the transforming autoencoder would start with more
reasonable features than raw pixels. Alternatively, one may try a more powerful
optimizer such as the Hessian-free optimizer [17]. Since this is a situation where
the training data are essentially unlimited, using a deep net and applying a pow-
erful optimizer is a natural thing to do. However, some preliminary comparisons

suggest this did not make too much difference.

4.2 Regularized transforming autoencoder

The most exciting aspect about this work is that once we represent images in the
domain of instantiation parameters, we can then proceed to build a hierarchy on
top of that. However, to do this, we would need high quality recognition layers.

We typically get messier recognition weights than generative weights partially
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because not enough gradient information is passed back through the bottleneck
see figure 2.13 for comparisons. It might therefore be worthwhile to add regular-
ization in the middle layer that provides additional information consistent with
the goal of transforming autoencoder.

Using the notation introduced in 2.1.2: if 2/ = T'(s,z) we would like ¢(z') =

c(x) + s. To do so, we may add the term
le(@’) = (c(z) + 5)II”

to our objective function to be minimized in addition to reconstructing the output.
This is an idea due to Navdeep Jaitly.

[ am not certain if the messier recognition units are due to lower quality gradi-
ents or a more fundamental problem. We can also argue that the recognition task
is inherently more difficult and requires messier fields. The cost of communicating
N data points under some generative model is T'= C(G) + N - C(P)+ N - C(R).
Where C(G) is the one-time information cost of communicating the generative
model. P represents the parameters used to generate each data point and R
is the residual error (the generative model is not perfect), C(P) and C(R) are
their respective information costs. We note that this cost has nothing to do with
the recognition process - only the generative part of the model needs to be com-
municated. It might be difficult to obtain P. In other words, communicating
the recognition model, R, might have a high cost. However, this cost C'(R) is

completely ignored in communicating data points. This idea is introduced in [18].

4.3 Deeper transforming autoencoder

One strange characteristics of this transforming autoencoder architecture is that
capsules are independent from each other. This is reasonable for small transfor-
mations, but must be extremely inefficient for larger transformations. To achieve
big transformations under the current architecture, the generative fields of each
unit must cover the entire range. It can do so by cheating a little.

By comparing figures 4.1, 4.2, and 4.3, we see that the generative fields become

progressively more global as the range of translation trained gets larger. A more
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Figure 4.1: Generative fields obtained when trained on small transformations (-3
to 3). They are localized and generally do the right thing - output coordinates
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Figure 4.2: Generative fields obtained when trained on slightly larger transfor-
mations. 0 =3

Figure 4.3: Generative fields obtained when trained on large translations. ¢ = 10

sensible way of doing this is perhaps by training the transforming autoencoder
using small transformations and then build layers on top of the parameter units
and introduce dependence to deal with large transformations. A higher level
that can redirect one capsule to another when the original capsule goes out of
range is desired. This is different from adding more layers to make our simple

transforming autoencoder more powerful as discussed in 4.1.
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4.4 Transforming autoencoder with local fields

Alex Krizhevsky was able to achieve better classification results using the full

matrix version of transforming autoencoder with localized recognition fields.
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Chapter 5

Conclusions

This work showed how to learn features similar in spirit to SIF'T that have explic-
itly parameterized poses (section 1.1). We demonstrated that the transforming
autoencoder is an efficient way of extracting such parameterized features (sec-
tion 1.2.2). Each parameterized feature has explicit instantiation parameters for
the visual entity that it represents in an image, and a gating unit indicating the
presence of such a visual entity. We show that these parameterized features can
be learned just by specifying how their instantiation parameters should change
under global transformations, instead of having supervision signals for their ex-
act values (subsections 2.1.1. 2.1.2). This specified change forces a meaning onto
the instantiation parameters, so they will learn to represent position coordinates,
orientations, or even coordinate transformation matrices (subsection 2.2.3).

We then demonstrated the utility of such parameterized features through clas-
sification for MNIST digits (chapter 3). Logistic regression on the instantiation
parameters got better results than logistic regression on raw pixels. Logistic re-
gression on the instantiation parameters also got better generalization abilities,
showing that these parameterized features are more “invariant”. Furthermore,
we obtained low classification errors (104 errors / 10000 test cases) (subsection
3.2.2) and much better generalization to transformed test digits using the pairwise
differences classifier (section 3.3). The generalization task here refers to testing
on translated test digits while only training on centered training digits.

We also briefly explored potential methods of improving the current trans-

forming autoencoder, such as adding more layers, adding regularization, making
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it deeper, and using local recognition fields (chapter 4).
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Appendix A

Neural network and training

details

For the purpose of being more self-contained. I include a small appendix on
neural networks relating to techniques used in this thesis and give references to

more details where applicable.

A.1 Neural network

An artificial neural network is an adaptive learning method with a bunch of units
(like neurons) that are connected with other units. In particular, a feed-forward
neural network consists of several layers of units, from the input to the output.
Units in each layer are only and fully connected to other units in adjacent layers.
In a feed-forward neural network, we may sort layers from input to output. Then
latter layers do not influence earlier layers. These connections are weighted, and
the weights reflect how strongly an earlier unit should influence a latter unit. All
neural networks discussed in this thesis are feed-forward neural networks.

As neural network is a well-established topic, I immediately refer readers to
better introductions such as chapter 5 of David MacKay’s textbook [19] on neural

network, which is freely available online at http://www.inference.phy.cam.
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output units
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hidden
units

VVvh
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Figure A.1: Neural network with 4 input units, 2 hidden units, and 4 output
units.

ac.uk/mackay/itprnn/book.html. Neural network is also introduced in Chris
Bishop’s book [5], also in chapter 5.

A neural network can be trained by back-propagation which is also explained
in [5]. Basically, we find the gradient of some objective function and move our
parameters (weights) in the opposite direction to the gradient. Some possible
objective functions: O = ||t — y||? is the squared distance between the output of

a neural network and the target;
N

CE(t,0) = =) t;log(0;) + (1 — t;)log(1 - O;)
j=1

is the cross-entropy function, which is most natural for logistic output units. Here

N is the dimension of the output.

A.1.1 Back-propagation using stochastic gradient descent

In practice, evaluating the exact gradient requires all training data, which con-
tains 60000 cases for MNIST. This is wasteful, we instead use mini-batches of 100
cases for each batch. The gradient is evaluated for each batch and the parameters

are updated.
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A.2 Generating translated /deformed data

I used the SciPy package to generate translated, rotated, deformed data. Each
image is first blurred before being transformed for non-discrete transformations.
This step can be skipped when images are only translated by integer pixels, or
rotated by 90, 180, or 270.

To get deformed images from an affine transformation, I used the following

10 X X
T — g 11 A12
0 1 Xo1 Xoo

Where X;; ~ N(0, 1). I typically use o = 0.05,0.1.

transformation matrix.

A.3 Miscellaneous techniques used in this thesis

A.3.1 Weight decay

A small weight decay is typically used ranging from le-4 to 2e-5. The exactly

magnitude within this range is not found to matter.

A.3.2 Curriculum learning

Learning on small transformations before going to large transformations help the

learning speed. I am not as sure about the final convergence value.

A.3.3 Learning schedule

I typically use a large learning rate to start like 0.1 and gradually move to 0.001

at the end of training.
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A.4 Terminologies

We use visual entity to mean things in the image; parameterized feature to mean
gating units and instantiation parameters; instantiation parameters to mean the
compact pose representation obtained by the transforming autoencoder; capsule
to mean the hardware (or sub-network) used to compute these instantiation pa-
rameters. We avoid the general word feature because it could mean either the
representation (parameterized feature, and instantiation parameters are examples

of representation) or things in the image (visual entity)
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Appendix B

Detailed classification results

B.1 Table of results

Simple logistic regression, logistic regression on capsules, pairwise differences clas-
sifier and finally the pairwise differences classifier trained on translated image
with 0irain = 1. o specified in the table is the standard deviation of normally

distributed translation vector applied to test images.
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Case

Training error

Testing error rate

simple LR 8.4% 8.06%
simple LRo=1 |- 23%
simple LR o =2 |- 51%
simple LR o =3 |- 68%
simple LR o =4 |- 7%
simple LR o =5 |- 82%
simple LR o =6 | — 84%
capsules LR 3.53% 3.41%
capsules LR o =1 | — 7.2%
capsules LR o =2 | — 22%
capsules LR 0 =3 | — 40%
capsules LR 0 =4 | — 54%
capsules LR 0 =5 | — 61%
capsules LR 0 =6 | — 69%
PDC 1.1% 1.4%
PDCo =1 - 2.4%
PDC o =2 — 6.3%
PDC o =3 - 14.5%
PDC o =14 — 26%
PDCo =5 - 3%
PDC o =6 — 47%
PDCt 1.1% 1.4%
PDCt o =1 — 1.7%
PDCt 0 =2 — 2.5%
PDCt o =3 - 6.5%
PDCt 0 =4 - 15%
PDCt o =5 - 25%
PDCt o =6 - 35%
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Figure B.1: errors made by the pairwise difference classifier
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(8, 8, 8, 0, 9, 2, 7,8, 1, 3, 9, 9],
(0, 9, 5, 9,5, 2,4, 9,5 1, 7, 3],
3, 3, 3,9, 3,8, 7,3, 7,4,9, 5],
(7, 9,8, 9, 9,0, 9,9, 1, 2, 8, 1],
5, 1, 4, 8, 4, 0, 1, 4, 4, 9, 3, 0],
9, 5, 5, 8, 0, 7, 2,9, 0, 1, 7, 0],
3, 3, 2, 8,3,3,9, 7, 7, 3,1, 8],
8, 7, 5,9, 3,5, 8, 0, 5, 6, 9, 8],
4, 9, 6, 9, 8, 8, 9, 3, 8, 8, 3, 3],
9, 9, 3, 5, 5,5, 5,5, 2,9, 5, 7],
(8, 3, 6, 5, 5,9, 2,2, 2 2, 4, 3],
(7, 7, 5, 6, 5,9, 8,8, 7, 3,9, X]

Figure B.2: Labels of the 143 errors made by this classifier. These labels corre-
spond to the figure B.1 and are all wrong.
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B.2 Error cases

B.3 Error cases when generalizing to translated

test data
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Figure B.3: errors made by the pairwise differences classifier when inputs are
shifted by 3. Roughly 1450 errors were made, this is only a sample of them.
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6, 7, 7, 8, 1, 1,9, 3, 8, 2, 2, 9],
5, 5, 1, 5, 7,4, 1, 7, 2, 5, 5, 5],
8, 1, 1, 6, 9, 2, 3, 7, 3, 7, 1, 5],
(1, 6, 1, 4, 4, 3, 7, 1, 2, 2, 7, 4],
(1, 9, 3, 7, 7,4, 2,1, 4, 6, 8, 6],
(1, 3,4, 7, 8,9, 4,4, 9, 6, 9, 3],
5, 9, 5, 8, 4, 1, 7,4, 7, 1, 4, 5],
9, 7, 3, 4,3, 7,1, 1,9, 8, 3, 5],
(7, 9, 1, 3, 9, 1, 4, 8, 7, 7, 5, 7],
(1, 5, 9,9, 1,9, 7, 7,6, 5,7, 2],
9, 1, 9, 5, 4,5, 7,6, 7, 7,1, 9],
5, 5, 7,9, 7, 2,1, 4, 2, 1, 1, 5]

Figure B.4: Selected wrong labels corresponding to figure B.3.
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Figure B.5: 121 errors made by the pairwise difference classifier trained on trans-
lations as well. These 121 errors can be compared to the 143 errors in figure B.1.
The same net is trained slightly more here than in figure B.1.
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Figure B.6: Selected wrong labels and correct labels corresponding to figure B.5.
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Appendix C

Reproducing results in this thesis

C.1 Prerequisites

To run my code, one needs to obtain cudamat [1] and gnumpy [2].

cudamat: http://code.google.com/p/cudamat/

gnumpy: http://www.cs.toronto.edu/~tijmen/gnumpy.html

which in turn requires npmat (see documentation on the gnumpy page). Some
more general prerequisites are numpy, scipy, matplotlib which can be found in
apt on Ubuntu.

CUDA is a general requirement if one wants to take advantage of GPU com-
puting. My code is only tested on CUDA 3.0 and CUDA 3.2

C.2 Obtaining the code and weights

One can find links to python code, weights and documentations at http://www.
cs.toronto.edu/~sidaw/thesis. This site is subject to change. In case this site
goes down, contact the author. The author should welcome other communications
about this research as well.

Few most important points.
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e tnetg.py implements the transforming autoencoder. Use trainer.py to in-

teract with tnetg.

o ff.py implements the classification stuff. Use classmnist.py to interact with

ff.py.
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