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Abstract

We study a novel method for the regularization of deep neural networks. From
the observation that maximizing margin improves generalization performance, we
hypothesize that learning features that are separated by large margin in the interme-
diate layers of neural networks improves generalization performance. Specifically,
we propose to use triplet loss on intermediate layers of neural networks. Our
theoretical analysis relates triplet loss to multi-class hinge loss and to mixture
of Gaussians in feature space. We also explain how this effect improves the per-
formance of a neural network model. We empirically verify that our proposed
triplet loss regularization achieves better generalization performance compared
to commonly used dropout and batch normalization especially when the size of
training data is small. In addition, our proposed regularization shows robustness
against adversarially perturbed inputs.

1 Introduction

Deep neural networks are shown both theoretically and empirically to be capable of representing
highly complex functions. The universal approximation theorem [19, 9] theoretically guarantees
that neural networks approximate any reasonable continuous function. Empirically, deep neural
networks have shown unprecedented performance on computer vision [25, [14], natural language
processing [8,[22]] and speech recognition [15] tasks. In addition, it is possible to achieve zero training
error on a high-dimensional image classification task with deep neural networks [54]], even when the
labels are randomly shuffled.

Due to the highly expressive function class that is represented by deep neural network models,
regularization has been considered essential in the training of deep neural networks. Although
recent work [54} 35 127, [12] [2]] hints at the innate regularization property of deep neural networks
trained by stochastic gradient descent, the gain on generalization performance from additional
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regularization is non-negligible [54} 49]. Consequently, the common practice when training deep
neural networks is to apply regularization methods such as weight decay [16} 26| 134], dropout [46]
and data augmentation [25].

We propose a novel triplet loss regularization that strengthens the generalization performance of deep
neural networks. Triplet loss penalizes the network when features from the same class are not closer
in distance than features from different classes by some margin. When applied to the feature space
of intermediate hidden layers in deep neural networks, triplet loss enforces features to have large
margin between classes and small variance within classes. We further formalize this analysis by
providing a novel probabilistic interpretation of triplet loss as maximizing KL divergence between
each component in Gaussian Mixture Models (GMMs).

Our idea draws motivation from the max-margin classifier 33} 28]]: the generalization performance,
which is measured by the difference between training and test error, is bounded above by the quantity
that depends inversely on the margin. Triplet loss approximately maximizes the margin between
different classes without computing any batch statistics in the stochastic optimization setting. Finally,
we describe how triplet loss leads to better classification performance of deep neural networks by
studying information theoretic measures and learning theoretic bounds.

We verify the generalization performance of our method with experimental results. Specifically, our
method shows superior generalization performance compared to other commonly used regularization
methods. The performance gap increases in the small training data setting where regularization is
especially important. In addition, our method also shows high robustness against adversarial attacks
even though it is not explicitly designed for adversarial robustness. Figure [I|shows the visualization
of feature space under each regularization method. Triplet regularization results in the feature space
that separates each class most significantly.

This paper makes the following contributions:

e We propose to use triplet loss for the regularization of deep neural networks. Our usage of triplet
loss as a regularization method is novel in contrast to previous works which use triplet loss for
ranking or metric learning purposes.

e We provide a theoretical interpretation of triplet loss as maximizing KL divergence between each
component in Gaussian Mixture Models. This interpretation provides a theoretical framework
for analyzing the generalization of a heuristically designed triplet loss. Using this interpretation,
we explain the effect of triplet loss on classification performance.

e We perform comprehensive experiments to verify the regularization effects and adversarial
robustness of our proposed method. Our method shows superior regularization performance
especially in the setting where the size of training data is small.

2 Proposed Method

We consider a feed-forward neural network that is represented as hy = f,(Wsh,_1 + by) for
{=1,---,L where W, and by define the linear transformation and f, is the activation function
for the ¢-th hidden layer. We use the ReLU activation function f(z) = max(z,0) in this paper. We
define hy and hy, as the input and output of the feedforward neural network, respectively. We focus
our attention on the classification task where the model predicts which of K classes the input data
point belongs to. In this case, we have the final feature hy, in RX and use identity function for f .
The prediction is made as arg max;, (hy, ).

We define the training dataset as D = {(x(,5(*)) : 4 =1,--- , N} and the parameters of our neural
network as @ = {(W,,b,) : ¢ = 1,---, L}. In addition, hy) denotes the ¢-th layer’s hidden features
computed from x().

Motivated by the generalization guarantee of max margin training [33} 28], our proposed regulariza-
tion term aims to learn a feature space that distinguish features for different classes. Specifically, we
propose to apply triplet loss in the feature space of intermediate hidden layers. Triplet loss penalizes
when features from the same class are not closer than features from different classes by some margin.
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Figure 1: Layer Visualizations. We visualize the feature space of hidden layers in AlexNet. Hidden
features are computed for 250 test examples and projected into two dimensions using PCA. Max 1,
Max 2, and Max 3 correspond to each max pooling layer. FC 1 and FC 2 correspond to the final fully
connected layers. Triplet regularization gives better separation in the final layers.

Formally, our triplet regularization term is defined as

1 anc 0S anc ne
RO) = >0 3 max(0, by — b = b B ) (1)
(x@no) x(Pos) x(nee)) €T L€ H
where H C {1,---, L} is the subset of hidden layers that we choose to apply triplet loss to and
T is the set of all valid triplets in the data. A valid triplet is defined as (x(39 xP%9 x(®°®)) where
x@) and x(P°%) belongs to the same class k while x("® corresponds to the different class, other than
k. That is, 3(7¢) = y(Pos) £ y(n€9) We refer to x®), xP% and x2 as an anchor example, a

positive example and a negative example, respectively. « is a hyperparameter that represents the
desired margin.

Our regularization term is introduced into the objective function as
J(©) = L(®) + AR(®) 2)

where L(®) is any valid multi-class classification loss function (e.g. cross entropy loss, hinge loss).
The L(®) term will enforce that the network makes accurate predictions and the R(®) term will
enforce that selected hidden layers will have large inter-class margins and low intra-class variance.

In this paper, we specifically use multi-class hinge loss that is defined as

Z Z max (0 h(Z (h(Li))yu) + A) 3)

1=1 jqy (i)
which is interpreted as a triplet loss as shown in section [3]

To train our model, we apply mini-batch stochastic gradient descent on the regularized objective
function in Equation |2} For each example in the mini-batch, a stochastic estimator of L(®) is
naturally constructed. For the construction of a stochastic estimator of R(@®), we consider two online



triplet selection methods: all and hard [44]. The all method selects every valid triplet within a
mini-batch. In the hard method, each example acts once as an anchor example while a single positive
example and a single negative example is chosen within the mini-batch. Specifically, we choose
the closest negative example to and the furthest positive example form the anchor example within
the same mini-batch to construct a triplet with the largest triplet loss. Since the triplets are built
within each mini-batch, we require large enough mini-batch size so that there are both positive and
negative examples for each anchor example. Note that when we are using the hard method, using
larger mini-batch size induce more bias on our choice of positive and negative examples.

3 Theoretical Analysis

In this section, we describe a theoretical analysis of triplet loss. We provide a novel interpretation of
triplet loss by drawing connections to multi-class hinge loss and mixture of Gaussians. Then, we
associate these interpretations to the classification performance of the corresponding neural network
through mutual information and generalization bound. Proofs of all theorems and lemmas are in the

Appendix [A]

3.1 Multi-Class Hinge Loss as Triplet Loss

The interpretation of multi-class hinge loss as triplet loss is given in Theorem T}

Theorem 1. The multi-class hinge loss in Equation |3| corresponds to triplet loss where each data
point acts as an anchor example and the positive and negative examples are virtual data points whose
features are c times a one-hot vector for some positive constant ¢ and the margin is o = 2cA.

Proof. See Appendix [A] Theorem I] O

We regard the hidden features ce, ) of positive examples as ideal hidden features for the correct class
and the hidden features ce; of negative examples as ideal hidden features for incorrect classes. Note

that the above theorem is valid for any positive constant c. The derived triplet loss is weighted by 2%
and the margin for triplet loss is proportional to c.

3.2 Effects of Triplet Loss on Feature Space

We study the effect of triplet loss on features space. Specifically, we show that triplet loss imposes
penalty on the distance to the centroid of the corresponding class while rewards the distance to the
centroids of other classes. We relate this property to the mixture of Gaussian and analyze triplet loss
in terms of the probability distribution over feature space.

Since our derivation is the same for each layer £ € H, we only consider the following regularization
term corresponding to the ¢-th layer.

1 anc 0S anc ne
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Lemma I shows how triplet loss induces feature clusters for each class.

Lemma 1. Suppose that the training dataset D = {(x,y() : i = 1,--. | N} is given and the
triplets in T’ are chosen with uniform probability over all valid triplets. Then, the following inequality
holds:

RY@®) > SY(©) “4)
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Moreover, the inequality gets tighter as o increases and becomes equality in the limit o« — 0.
Proof. See Appendix [A] LemmalT] O

LemmalI]states that, for large enough «, triplet loss minimizes the distance to correct centroid and
maximizes the distance to incorrect centroids. Note that if there are the same number n of examples

2n _ n+1 _ n _ _1
for each class, weight terms become wy, = ZJ 1 ok = mrand o = s =

We further develop the probabilistic interpretation of Lemmaﬂ} From the clustering induced by mini-
mizing S*(®), we model feature space as a mixture of Gaussians where each Gaussian component
corresponds to a single class. We define the probability density function of the Gaussian mixture as

K
= " wN(h; py, 1)

k=1
Theorem provides S¢(®) under this probability model.

Theorem 2. We have the following probabilistic interpretation of S¢(©).
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Under the assumption of the same number of examples for each class, it is further simplified as

40?
4 _
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Proof. See Appendix [A] Theorem 2] O

Theorem [2states that, for large enough c, triplet loss maximizes the likelihood of feature given the
class it belongs to and the KL divergence between Gaussians for different classes. Note that learning
is applied on feature space and not on labels. Therefore, triplet loss induces feature space where
clusters for each class are more separated.

3.3 Effects of Triplet Loss on Classification Performance

We study the effect of feature space separation on the performance of classification. From Theorem [2]
we show that minimizing triplet loss decreases the conditional entropy H (h¢|y) of hidden feature
h, given the label y. In addition, the Gaussians for different classes are separated by maximizing
the KL divergence which decreases the uncertainty on the label given a hidden feature. That is, the
conditional entropy H (y|hy) of the label y given hidden feature h, also decreases. This leads to the
increase in the mutual information I (hy; y) between hidden feature hy and label y. These analyses of
information measures are consistent with the previously proposed information theoretic regularization
approaches [435] 16 42]] and consequently explain the improvement in classification performance.

The separation of different classes in feature space also leads to larger margins between different
classes. If the learned classifier shows larger margin between different classes, then the generalization
bound is smaller [23]]. That is, the difference in the expected errors for the learned classifier and the
optimal classifier is small. This analysis shows the regularization effect of triplet loss.



4 Experimental Results

Experimental Setups. We refer to triplet regularization using the all and hard method as all
triplet regularization and hard triplet regularization respectively. We evaluate all and hard triplet
regularization on two benchmark datasets: MNIST [10] and CIFAR-10 [24]. MNIST consists of a
60,000 image training set and 10,000 image test set consisting of 28 x 28 grey scale images that
represent hand-written digits. CIFAR-10 consists of a 50,000 image training set and 10,000 image
test set consisting of 32 x 32 RGB images in 10 classes. All of our performance is measured on
the designated test sets. For the experiments on MNIST and CIFAR-10, we use AlexNet [25] and
ResNet-18 [14], respectively. In both neural network architectures, we decrease the size of kernels
in convolutional layers to compensate for the small image sizes present in MNIST and CIFAR-10.
Additionlly, we add a second fully connected layer to the end of ResNet-18. All our experiments are
done in code implemented with the PyTorch library [36].

Baseline Methods. We compare the performance of our proposed method against the following
regularization methods which are most commonly used in the context of deep neural network training.

1. Dropout [46] randomly sets a portion of hidden units to zero during training. Dropout
prevents over-fitting by preventing the network from relying on specific hidden units and
from developing co-dependency between hidden units. One interpretation of dropout is it
learns an ensemble of multiple neural networks that each use a subset of the full neural
network architecture.

2. Batch Normalization [20] normalizes the activations of each layer by mean and variance
computed from the current mini-batch. It was originally proposed as a remedy for the internal
covariate shift of the activation distribution which complicates the learning of subsequent
layers due to the consistent adaptation to new input distributions. Batch normalization not
only facilitates the learning dynamics but also implicitly regularizes the neural network as
shown empirically [41}15] and theoretically [31].

3. Weight Decay [26] decreases the parameter value in every iteration. It is equivalent to an
{5 norm penalty that constrains the complexity of the network.

Hyperparameter Selection. We train AlexNet on MNIST for 70 epochs and ResNet-18 on CIFAR-
10 for 150 epochs. We use the plain stochastic gradient descent algorithm with a batch size of 128.
This batch size is chosen to enable reasonable construction of triplets. Learning rate is decayed
from 0.1 to 0.001 when training AlexNet and from 0.05 to 0.001 when training ResNet-18. For
ResNet-18, we apply batch normalization and data augmentation by default and refer to this as "No
Regularization." In this case, two data augmentation methods are used: cropping and flipping.

Triplet loss is applied to the final fully connected layers of both AlexNet and ResNet-18. We fix the
margin A for multi-class hinge loss to 1 and the margin « for triplet loss to 0.5. We conduct 3-fold
cross validation with all triplet regularization to select the regularization parameter A. The results of
cross-validation are shown in Appendix [C| Figure[5] The selected regularization parameters are 0.15
and 0.05 for AlexNet and ResNet-18, respectively. For more details, links to our code are available in

Appendix

Additional computational cost for triplet selection and regularization gradient computation is minor.
We observe that training time only increase by a few seconds per epoch on a single 12GB Tesla K80
GPU in a Google Cloud environment.

4.1 Accuracy

We compare the test accuracy of triplet loss regularization and other baseline methods. We measure
the test accuracy at the end of each epoch and report the highest. The result is summarized in Table|[T]
For MNIST, triplet regularization outperforms dropout and no regularization. The highest accuracy
is achieved for batch normalization but hard triplet regularization achieves comparable accuracy.
For CIFAR-10, triplet regularization alone is outperformed by weight decay but still out performs
dropout and no regularization. However, triplet regularization improves the performance when used
with weight decay. Triplet regularization combined with weight decay gives the best result.



Table 1: Test Accuracy. The tables compare the accuracy result of each regularization method. The
best result is highlighted in bold text. In MNIST, triplet regularization achieves comparable result to
the best performing batch normalization. In CIFAR-10, triplet regularization achieves the highest
accuracy when combined with weight decay.

(b) CIFAR-10

(2) MNIST
Method Accuracy (%)
Method Accuracy (%) No Regularization ~ 90.08
No Regularization  99.35 Weight decay (£2)  91.93
Dropout 99.41 Dropout 86.37
Batchnorm 99.63 Triplet (Hard) 90.75
Triplet (Hard) 99.62 Triplet (Hard) + ¢ 92.76
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Triplet (All) + £ 92.47

—— No Regularization —— No Regularization
Triplet (Hard) Triplet (Hard)

0.6 —— Triplet (All) 05 —— Triplet (All)

— L2 — 12

—— Dropout —— Dropout 80

Multi-Class Hinge Loss
Multi-Class Hinge Loss
°
o
Accuracy (%)

P
3

—— No Regularization
Triplet (Hard)

0.1 —— Triplet (All)

— L2

—— Dropout

0.0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Iteration Iteration Iteration

(a) Training Loss (b) Test Loss (c) Test Accuracy

Figure 2: Learning Curve. The figures show the learning curve for each regularization method when
trained on CIFAR-10. Each model is trained for 100 epochs on 25% of the training data. We show
training loss, test loss and test accuracy. Triplet regularization achieves the best performance in terms
of both loss and accuracy.

Figure 2] shows the learning curve of each regularization method on CIFAR-10 dataset. For this
result, we train for 100 epochs on 25% of the training data. Every regularization method shows
a gap between training and test loss because of the small training data size. Triplet regularization
achieves the best performance in both test loss and test accuracy. This is due to the better optimization
performance of triplet loss as shown in the trainig loss curve. Even though triplet regularization
achieves lower training loss, the gap between training and test loss does not change much across
regularization methods except for dropout. Note that dropout cannot achieves good training loss
because of the innate noise in the training process.

We visualize the resulting feature space in Figure|[T]to highlight the effect of triplet regularization.
We use AlexNet architecture trained on MNIST for the visualization. We sample 250 random test
examples and map features to two dimensions using PCA. Activations for each class are clustered
more tightly in the fully connected layer for triplet regularization compared to other baseline method.
This visualization is consistent with our theoretical result that entropy for each cluster is minimized
and divergence between clusters is maximized.

4.2 Effect of Data Size

The regularization affects the performance more significantly when the training data size is small.
Especially, deep neural networks with a large number of parameters are prone to overfitting in the
small training data regime. We use a subset of our training data to simulate this regime and study
the performance change when the size of training data changes. We use 5%, 10%, 25% and 50% of
training data. The result is shown in Figure[3] In MNIST, hard triplet regularization performs the
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Figure 3: Limited Training Data. We measure the test accuracy of each regularization method as
training data size decreases. In both dataset, the best performing method is triplet regularization
consistently across different portions of training data. In MNIST dataset, the performance gap
increases as we use smaller portion of the training dataset.

best consistently across different size of training data. In addition, the performance gap increases as
we further decreases the percentage of data. In CIFAR-10, weight decay and all triplet regularization
performs the best. We conclude that our triplet regularization outperforms baseline regularization
methods consistently when the training data size is small. Especially, as shown in MNIST result, the
regularization effect increases when training data size decreases.

4.3 Robustness to Adversarial Examples

In this section, we compare the adversarial robustness of each regularization method. The ideal
regularization in the context of deep neural network training induces the learning of features that
only catch predictive properties of input on output prediction and that is invariant to small irrelevant
perturbations. Adversarial perturbations are such small irrelevant perturbations that affects the
performance in the worst possible way. Especially, we use the Fast Gradient Sign Method (FGSM)
to generate adversarial perturbations. FGSM searches for adversarial examples by perturbing an
input z in the direction of the gradient V L, (x) of the multi-class cross-entropy loss L(z) [13]. This
perturbation increases the loss and can cause the model to make incorrect predictions.

We perturb each input in the test set using the FGSM algorithm and evaluate the performance of
each method on the perturbed inputs as we change the size € of perturbations. The results are shown
in Figure[d] In MNIST dataset, all triplet regularization shows superior performance consistently
across different size of perturbations. In addition, the performance gap increases as the size of
perturbation increases. In CIFAR-10 dataset, weight decay is performing the best. However, triplet
regularization still outperforms other regularization methods by large margin across all values of e.

We relate the adversarial robustness of our method to the theoretical analysis. Theorem [2| states that
triplet loss decreases the entropy of features for each class and increases the KL divergence between
feature distributions of different classes. By decreasing the entropy, features that fall in the same class
are clustered more closely. Therefore, the effect of adversarial perturbations on feature is constrained.
On the other hand, increased KL divergence leads to better separation of features from the different
classes. This leads to easier classification even when features are perturbed adversarially.

5 Related Works

Penalty Based Regularization. One class of regularization methods explicitly states desirable
properties of the final models as a penalty function. The training process optimizes the summation of
the original objective function and the penalty function. In the Lagrangian interpretation, this process
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Figure 4: FGSM Adversarial Attacks. We show the adversarial robustness by measuring test
accuracy as we inject larger perturbation magnitude e. The triplet loss shows superior performance on
the MNIST dataset and outperforms dropout and no regularization case in CIFAR-10 dataset. Note
that the performance gap increases as we inject larger adversarial perturbations.

is equivalent to imposing an upper bound constraint on the penalty function. Our method also induces
a regularization effect by introducing a penalty term.

Some penalty terms directly apply to the parameter norm: /5 norm penalty as in weight decay, £; norm
penalty [50]] or group sparsity penalty [S2] to learn sparse parameter, spectral norm penalty [53] 48]
to restrict the perturbation invariance. Other penalty terms apply on the derivatives to constrain the
complexity of the model: Jacobian penalty [38]], Hessian penalty [37] and Tikhonov regularization [4]]
penalizes the first or higher order derivatives of the model with respect to the input variable; MDL
penalty [[17] penalizes the derivative of the model with respect to the parameter; Gradient regulariza-
tion [32]] penalizes the derivative of the loss function with respect to the parameter. These methods
constrain the model function to be invariant to input variable or parameter values. Furthermore,
there are penalty terms that directly apply on the feature space: Variance Constancy Loss [30]
stabilizes the variance of activations across mini-batches to replace normalization; Orthogonality
penalty [51113] stabilizes the distribution of activations across layers by preserving energy; Mutual
exclusivity penalty [40,139] penalizes the decision boundary being in the high-density region in the
feature space. Our proposed triplet loss regularization method applies penalty in the feature space
of intermediate layers. Consequently, our proposed method distinguishes the features of different
classes as much as possible

Triplet loss [[7,/44] is originally devised to perform ranking tasks. Although it was exploited in the
context of metric learning [[18] and adversarial training [29], we are the first to apply triplet loss for
the regularization of deep neural network training.

Generalization of Neural Networks. Margin based analysis of generalization provides rich theo-
retical framework [23},133] 28]. In the context of deep neural network, generalization bound decreases
as the output layer margin increases [47]. Some prior works [[11}21] explicitly maximizes the margin
at intermediate layers to achieve regularization performance. Our work is different from the above
works by proposing a novel application of triplet loss for regularization and by analyzing the effect
on predictive performance.

There are a thread of works [45] 1, 143]] that analyze generalization of neural network in information
theoretic framework. Based on this analysis, some works [0, 42] regularize directly on information
theoretic measures such as conditional entropy and mutual information. On the other hand, our
proposed triplet loss implicitly achieve the regularization effect on conditional entropy and mutual
information.



6 Conclusion

We propose a novel triplet loss regularization for deep neural networks. Our triplet loss regularization
is applied in the feature space of intermediate layers of a neural network. We analyze the triplet loss
theoretically and explain the effect on classification performance. Our experimental results show that
our method improves both generalization performance and adversarial robustness.

In the future, it would be interesting to compare our method against more recent state-of-the-art
regularization methods and possibly substitute our regularization term with the theoretical lower
bound in Equation @] We would also like to explore the effects of hyperparameters in more detail by
conducting a more rigorous and extensive search. Additionally, we would like to test the performance
of our model on larger datasets such as ImageNet with larger models.

Self Evaluation. Overall, we were able to achieve our goals set-out in the project proposal and are
happy with our final project. Additional evaluation of our project can be found in Appendix
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A Proofs of Theoretical Analysis

In this section, we provide the proofs of theorems and lemmas in Section 3]

Theorem 1. The multi-class hinge loss in Equation[3|corresponds to triplet loss for multiple triplets
where each data point acts as an anchor example and the positive and negative examples are virtual
data points whose features are c times a one-hot vector for some positive constant c. The margin is
a = 2cA.

Proof. We define the one-hot vector notation e; € R¥ as a vector with a 1 in position i and 0’s in
other positions. Using this notation, multi-class hinge loss term corresponding to example x() is
represented as

Li(©) = Y max(0, (b{); - (b)) + A)

J#y®
1 i i
=5 max(0, QC(h(L))Tej - QC(h(L))Teym + 2cA)
J#y®
1 (i) 2 (i) 2
=5 Z max (0, [[hy’ — cey o ||7 — [[hy’ — cej]|” + 2¢A)
J#y®

where ¢ is any positive constant and we use the fact that ||e;|| = 1. Therefore, the multi-class hinge
loss is the summation of triplet losses for every j # 3(*) with the margin a = 2¢A. The anchor
features are hgf) which corresponds to x(*). The positive features ce, () and the negative features ce;
are one-hot vectors multiplied by the constant factor ¢ > 0 and do not correspond to any real data
points. O

Lemma 1. Suppose that the training dataset D = {(x),y) : i = 1,--- | N} is given and the
triplets in T’ are chosen with uniform probability over all valid triplets. Then, the following inequality
holds:

RY(@®) > SY(©) (7
where
| XN K
:NZ h{’ —m, Z ||h” m;|?2| +a  (8)
: J:
jy¢
and
N 2ny, K n 1 N )
(z)_k — _ J d _ WDy =
= A =R S = 3 0 <
J#k

Moreover, the inequality gets tighter as o increases and becomes equality in the limit o — o0.
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Proof. We first decompose uniform random sampling of a valid triplet (x(¢"¢), x(Pos) x(ne9)) ¢ T
into multiple stages as

1. choose a class k with probability &
2. pick anchor example x(*°) with uniform random probability among examples with label k

3. sample a positive example x(P°*) with uniform probability over examples with label k except
for the anchor example

nj
N—nk

4. choose another class j # k with probability

5. sample a negative example x("¢9) with uniform probability over examples with label j

We denote the set of indices for examples in class k as Cj, = {i : 4"} = k}. Then, the expected
triplet loss is computed as

]- anc S nc ne,
RO = 3 max(O b - b= B - B +a)
(x(anC) ,x(Pos) ’x(neg)) eT
]- anc 0S anc ne,
D N L At Y el s Ml L

(x(anc) R x(Pos) ’x(neg) ) eT

K K
=N 2 | 2 g RS s D I - a
k=1"" icCyp F |ipecy F j=1 kinec;
i J#k
1 E 1 , , K 1 , .
_ NZ —— Z Hhéz) _hElp)HQ_ZN_n Z th) _hyn)HQ +a
=1 |k i,ip€Cl j=1 k iec,
ik in€C;

The distances between anchor and positive examples are simplified as
3 b — b2 = 2mp 37 [ — my)?
i,ip cCy 1€C

and the distances between anchor and negative examples are simplified as

D g =2 = 37 (g~ my )+ g — b 4 20— mj,m; — B

.ieCk

i€Cl,

inel; ineC;

=y by —my e 37 g — by

1€C

+2(3" ("

i€Cy,

| 2

in€C;

~my), 3 (m; —h{"™)

inGCj

= 3 I —my|* g 3y — b

1€Cl

Therefore, we have

K
1 2n ;

Y k (2) 2
R(©) > 5 37 |5 D I —m|
k=1 1€Cl,

K

Jj=1
7k

1€Cl,

=Yy g -

in€C;
K

Nk (in))|2
S S g | e
j=1 in€C;
J#k
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K K
2ny, n; (i) 2 (i) 2
ZZ _1—Zm [, — my|| ZN Hh -—m;|°| +a
eCy, j=1
J#k

n
Hﬁk

NZ

Z — N Iyl | o= 51@)

J#y(”

The inequality comes from
R i L R e e e e

where the left hand side equals the right hand side for large enough .. As « increases, this equality is
satisfied by more triplets and eventually by all triplets. O

Theorem 2. We have the following probabilistic interpretation of S*(©).

202 0) A0 |y )
= — » — 1) log p(h, L )
N ; Wy, (i) ) ng |y Z N—n log ﬁ(hy)U) -+ const

J#y(‘)
Under the assumption of the same number of examples for each class, it is further simplified as

402 202
4 _ -

Z D (p(helj)||p(helk)) + const. 9)
J;ék

Proof. From the Gaussian mixture model, we have the following log conditional probability.

1 1
logp(hely = k) = —@”he o 3 log(2mo?)

Given the dataset, my, is the empirical estimator of p; so we have the following estimated log
conditional probability

1
lhy, — my|* - 5 log(27m0?)

logp(hely = k) = *@\

Using this estimator, we have
N K
v | Z I —myl? | o
i—1 j:
Gy
N .
NZ wyo — D[S =m0 % - Z N Hh” m; % — b —myo[?) | +a
- J#y“)
20° @ )y o L - n; p(h{’y)
= — Z —(wy@ — 1)(log p(hy Iy + = log(2m0?)) — J og — £ P
N = 2 = Nemyo T pn))
J#y®
20% + (i) )
:72 ( >—1)logph |yz) Z log Azi : -+ const.
N i=1 N — Ny p(hz(z )|])

J#y(”
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If we assume that there are the same number n of examples for each class, it is further simplified as

N K AN O ()
n+ 1 ) p(he y*)
Z —1)logp(h,’ |y Z P + const.
= = p(hy”13)
iy 8
402 . 202 Ko
= H(h - D hy|j hy|k t.
—— H(hely) KK =1 )ng kL(p(helj)|[p(he|k)) + cons
J#k
where H and D, are the empirical estimation of entropy and KL divergence, respectively. O

B Project Code

Our code is implemented on top of the PyTorch library [36] and the custom library which one of our
members maintains. Specifically, our triplet loss penalty is implemented in the deep.lib library.

Our implementations of neural network architectures are based on the baseline implementations
in the PyTorch library. For the implementation of FGSM for adversarial perturbation, we use the
implementation in the official PyTorch tutorial. We submit the anonymized Google Colab Notebooks
that we used for our experiments: MNISTB CIFAR- l(ﬂ MNIST Adversarial Examplesﬂ and CIFAR-
10 Adversarial Exampleg'}

C Cross-Validation

We conduct cross-validation and hyperparameter search in parallel with our primary experiments
due to time-constraints. Due to this, the hyperparameters used in our experiments do not match
the optimal parameters from cross-validation. The results of 3-fold cross validation are shown in

Figure[5
D Project Review

We were able to satisfactorily achieve our goals from our project proposal. There were a few
implementation issues we faced during the course of the project. Google Colab provides GPU
runtimes for limited slots. Due to these constraints we could not materialize some additional
interesting ideas and experiments. For example, in our initial proposal, we had desired to test
our method on ImageNet; however, due to time and resource constraints, we have left training on
ImageNet as future work.

Overall, we are happy with our project and our results.

'https://colab.research.google.com/drive/1ogaCk7Ac3L_KWKDOFRjVAtuXBuDOMPEW
"https://colab.research.google.com/drive/1HACNOQtIi9DABItSZwloN5_PhWXH5J-o
*https://colab.research.google.com/drive/1LscKwP9FsCnAJ1-1xMtBrrUseuD_F3Vx
*https://colab.research.google.com/drive/1Rgmm9IHQU23yXWaenxPKIN7YJkIGVEGKky
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Figure 5: Cross Validation for Parameter Selection. We conduct cross validation to select the
parameter \ in equation 2] for all triplet regularization. For both MNIST and CIFAR-10, the training
set is split into 3 folds. The vertical axis is the average accuracy achieved across each fold. The
margin parameter « in equation [I]is fixed at .5. To reduce the time-cost of cross validation, training
is stopped early at 30 epochs and 80 epochs for MNIST and CIFAR-10 respectively and only 75% of
the CIFAR-10 training data is used.
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