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Abstract

Deep metric learning (ML) uses a carefully designed loss function to learn dis-
tance metrics for improving the discriminatory ability for tasks like clustering and
retrieval. Most loss functions are designed by considering the distance between
the embeddings to induce certain properties without exploring how such losses
would impact the movement of the said embeddings via their gradients during opti-
mization. In this work, we analyze the gradients of various ML loss functions and
propose a gradient-based loss for ML (GradML). Instead of directly formulating
the loss, we first formulate the gradients of the loss and use them to derive the loss
to be optimized. It has a simple formulation and lowers the computational cost as
compared to other methods. We evaluate our approach on three datasets and find
that the performance is data-dependent on properties like inter-class variance.

1 Introduction

Deep metric learning (ML) involves moving samples from similar classes close and dissimilar classes
farther apart in the embedding space. This is done by training a deep network to learn the mapping
from the sample space to the embedding space, using some criterion in the form of a loss function to
be optimized. This has proven to be useful in a variety of applications like face recognition (1; 2),
re-identification (3; 4; 5; 6), image retrieval (7; 8), etc.

Contrastive (1; 9) and triplet loss (2; 10) are two common criteria that consider a pair or a triplet of
samples to learn the embeddings. Other loss functions such as lifted structure (LS) (1 1) and N-pair
(12) serve as generalizations of triplet loss as they use higher-order relations among the data points.
Angular loss (13) aims to leverage the angular constraints in the loss criterion and multi-similarity
(MS) (14) loss assigns different weights to each pair indicative of their usefulness. Proxy-based
loss functions (15; 16; 17; 18) rely on proxies to overcome some of the issues associated with
sampling-based pair-wise losses, like the tendency to overfit, by introducing proxies.

All the aforementioned works try to improve the learned embeddings by designing loss functions that
use similarity metrics to force the data points to follow a particular criterion. However, the direction
in which the embeddings move during optimization is a critical aspect, determined by the gradients
of the loss function. Simply forcing the negative points away and attracting the positive points close
to each other (under some criterion) may not be sufficient to obtain discriminative regions. To study
this, we formulate a loss function that takes into account the direction of movement of samples. We
start with the expression for the gradient of the loss function with respect to each sample which is
subsequently integrated to obtain the desired loss. The proposed loss function turns out as the k"
power of the 5-norm of the differences between the sample pairs.

The proposed approach is simple as it relies on pair-wise distances, avoids computational complexity
of some of other approaches, and uses fewer samples to achieve competitive performance, when
evaluated on CUB-200-2011 (19), a benchmark dataset. We analyze the gradients of other losses
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and compare them with our method to show how it benefits the learning process. Surprisingly, when
evaluated on two other benchmark datasets, it does not perform so well. This might be because the
inter-class variations are not uniform across the entire dataset.

1.1 Related Work

To accelerate the training process, mining-based strategies are used to search for the most informative
samples. Methods like semi-hard mining (2), distance-weighted (Dis-wtd) sampling (20), smart
mining (2 1), hard-aware cascaded embeddings (HDC) (22), structured clustering (StructClust) (23),
discriminative sampling policy (DE-DSP) (24) have been proposed. Their drawback of is that they
rely on a subset of samples and may induce overfitting and bias in the learned embeddings.

In addition, some methods try to generate new samples which are harder to classify. This can be done
either in the sample space, as in adversarial ML (DAML) (25), hardness-aware ML (HDML) (26),
which requires an additional generative network or directly in the embedding space, as in embedding
expansion (EE) (27), symmetrical synthesis (SymmSyn) (28), looking for optimal hard negatives
(LoOp) (29), which may not always ensure the class belongingness of the generated samples.

Recently, a direction regularizer (DR)-based method (30) has been proposed, to induce orthogonality
between an anchor-positive pair and a negative sample, used in conjuction with other losses.

2 Methodology

Let x1,x2 and y1, y2 denote embedding vectors belonging to class A and class B, respectively, and
L denote the loss function. x; — y1,X;1 — Y2, X2 — X1 denote the direction vectors that would be
used in the gradient updates of x1. 2% can be formulated as a weighted sum of these vectors:

ox1
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where f/s are scalar functions of X3 2, y1,2. Writing f; (x1,X2,¥1,y2) as f; for conciseness gives:

=2(f1(x1,%X2,¥1,¥2)(X1—X2)— fa(X1,X2,¥1,¥2) (X1 —y1) — f3(X1, X2, ¥1,¥2) (X1—y2)),
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Integrating (1), we get:

L= fillx1 — %23 — fallx1 = y1ll5 — fsllx1 — y2l3 + ¢1(x2,¥1,¥2), (2)
where || - ||2 denotes the l3-norm. Proceeding in the same manner, we write the expression for aaTLz
and integrate it to get:

L = gil|x2 — x1|[3 — golIx2 — y1l3 — gsllx2 — y2|l5 + d2(x1,¥1, y2). 3)

One of the ways to establish the equivalence of (2) and (3) is discussed hereon. Since ¢ is independent
of x; and ¢, is independent of x5, we get f1 = g1, fo, f3 are independent of x5 and go, g3 are
independent of x;. Using these, we get:

L= fillxa = xall5 = fa(x1,y1,y2)lIx1 = ya|l3 = fa(xa,y1,¥2)|[x1 — yall3
— fa(x2,y1,y2)|[x2 = y1ll5 = f5(x2,y1,y2)l[X2 — ¥all3 + ¢y (y1,¥2). )
Proceeding in the same manner for yq, y2, we get:
L =hilly: — Y2||§ — ha(y1,X1,X2)|ly1 — X1H§ — h3(y1,x1,%2)||ly1 — X2||§
— ha(yz, x1,%2)|ly2 = x1][3 = hs(y2, %1, %2)|[y2 — X2|[3 + ¢u(x1,%2). )

Comparing (4) and (5), we get hy = fo = y3(x1,y1), hs = f1 = 75(X2,}’1), hy = f3 =
Y4(X1,¥2), hs = f5 = 76(x2,y2). Also, fi = 71(X1,X2), h1 = 72(y1,yz2). Using these, we get:

L = y1(x1,%2)||x1 — X2|3 + 12(y1, ¥2)|ly1 — y2lI3 — 3 (x1,¥1)||%1 — y1l[3

— ya(x1, y2)l[x1 — y2|[3 — 75 (x2, y1)l1x2 — y1ll5 — Y6(x2, y2)|[x2 — y2l[3. (6)
Differentiating (6) w.r.t. xj:
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The expressions for v’s can be obtained by solving:

O0y1(x1,x
2791 (x1,%x2)(x1 — x2) + %HPQ - XZH% = kv1(x1,%2)(x1 — X2), )

where k£ > 0 is a hyperparameter. Simplifying (7), we get:

o (X17 Xz)

oy (k = 2)71(x1,%2)||x1 — X2[|5 7 (x1 — x2). (®)

Let 71 (x1,X2) = ajef*1%2)_ Substituting in (8), we get:

af(XLXZ)

o, (k —2)|Jx1 — x2|57(x1 — x2). €)

Integrating (9), we get f(x1,%x2) = (k — 2)log(||x1 — x2]|2). Using this, we get:

(%1, %2) = agelsa—xzl™) — g |13, — x |52,

Similarly, we can obtain the expressions for the other v;’s. Substituting in (6), we get:
L = ar||x1 — Xa|l5 + az[[y1 — yall5 — as|lx1 — yal5 — aa||x1 — ya2ll5

— as|[x2 — y15 — ael|x2 — y2|[5, (10

which is the proposed gradient-based loss. The ‘weights’ (a;’s) are hyperparameters. In this work,
weseta; = as = 1and ag = a4 = a5 = ag = w, to get:

L = [Jx1 = 2[5 +|ly1 —yll3 —w(llx1 —y|l3 + %1 —yall5 +[x2 = yall3 +[x2— y2[[5). (1)

3 Experiments and Results

We perform various experiments to evaluate GradML. We report the F} score, normalized mutual
information (NMI), and Recall @K values for K = 1, 2, 4 for the standardized tasks of image clustering
(31) and retrieval, respectively. We use the Caltech-UCSD Birds-200-2011 (CUB-200-2011) (19),
Cars196 (32), Stanford Online Products (SOP) (1 1) datasets to evaluate GradML. More details about
the datasets, implementation settings and results for different values of hyperparameters w and k are
in the appendix.

3.1 Analysis of Gradients of Other Losses

Here, we analyze the gradients of existing ML-based losses, namely triplet loss, DR-triplet loss, LS
loss. Considering only 2 samples from 2 classes, the expressions for each loss are given as follows:
Triplet: [||x1 — x2||3 — ||x1 — y1||3 + m], where || denotes hinge loss, and m is the margin.

DR-Triplet: ||x; —x2||3 —||[x1 —y1l3+m—g HX17>'11_H);\1\::1{X2H2 , where g is the DR parameter.

LS: [|[x1 = xal[5 = D+ ml+ + [[lyr = y2ll3 — D + m], where D = min(Di1, D1z, D21, Do),
Dij = ||xi — yjllz-
GradML: (11), with k = 2.

Table 1: Expressions for gradients of the loss functions w.r.t each sample.

IL IL L IL

Loss

%1 Ox2 Iy1 dy2

Triplet 2(y1 — x2) 2(x2 — x1) 2(y1 — x2) 0

DR- 2(y1 — x2) — g(c(x1 — x2) 2(x2 —x1) 2(x1 —y1) 0
Triplet +dk(y1 — x1)) —ge(x2 —x1) —gc(x1 —y1)

Ls 20 —=x2)—1p_p,(x1 —y1) 2(x2—x1)=1lp-p, (X2 —y1) 2(y1—y2) —Llp=p,,(y1—x1) 2(y2—y1)—1p=p,(y2—x1)
—1p=p,,(x1 — y2) —1p=p,,(x2 — y2) —1p-p,, (y1 —%2) —1p-p,,(y2 — %2)

GradML 2w(y1 +y2 — X2) 2w(y1 +y2 —x1) 2w(x1 + X2 — y2) 2w (X1 + X2 — y1)

The derivatives of these expressions w.r.t each sample, when the output of the hinge function is
positive, are listed in Table 1. 1 denotes the indicator function, ¢ = (||y1 — X1||2||x1 — X2||2) "1,
d = |lys — x1[3% and k = ||x1 — Xa||2|ly1 — x1||3". Fig. 1 illustrates an example with four
samples and their updated positions obtained by using the gradients obtained by these loss functions.
We see that for the first three loss functions, a larger learning rate may cause x; and X2 to move away
from each other. Further, in the first two cases, involving triplets, y2 remains unused and unchanged.

3.2 Complexity Analysis

Table 2 lists the orders of computations per iteration for computing various loss functions. Bg denotes
the batch size, IV is the number of samples per class, and n controls the number of generated points.

It can be seen that GradML is one of the losses with the lowest complexity.
3
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Figure 1: An example showing four samples and the gradients obtained by (a) triplet, (b) DR-triplet,
(c) LS, and (d) GradML losses, used to obtain the updated positions of the samples.

Table 2: Comparison of computations per iteration for various ML-based loss functions.

Methods Computations per Iteration
GradML, Proxy NCA, Triplet O(Bs)
HPHNTriplet, LS O((Bs — N)Bg)
Binomial O(B2%)
EE O(n?B%)
MS O(N(Bs — N)Bg)

3.3 Comparison with Other Methods

We compare GradML with several other approaches - the ones discussed in Section 1, and losses
like histogram (33), binomial deviance (BinomDev) (33). For methods presented in Section 1.1,
triplet loss is used. The results (with £ = 2 and w = 1) are shown in Table 3. We see that GradML
outperforms all other methods on the CUB dataset but shows weak performance on Cars196 and SOP.

Table 3: Clustering and retrieval performance of various methods for the three benchmark datasets.
Bold numbers indicate the best values

CUB-200-2011 Cars196 SOp
Method NMI F; R@l R@2 R@4 NMI F; R@l R@2 R@4 NMI F; R@l R@I0 R@100
Triplet 498 150 359 477 591 529 179 451 574 697 863 202 539 72.1 85.7
DAML 513 176 376 493 613 565 229 606 725 825 87.1 223 58.1 75.0 88.0

Semi-hard 534 179 406 523 642 557 224 532 654 743 867 221 578 753 88.1
DE-DSP 537 198 410 532 648 550 223 593 713 813 874 227 582 758 88.4

HDML 55.1 219 436 558 677 594 272 610 726 807 872 225 585 75.5 88.3
Dis-wtd 563 254 441 575 701 583 254 594 723 81.6 879 234 589 772 89.6
EE 557 224 443 570 681 603 251 572 705 813 874 248 624 790 91.0
SmartMin 58.1 - 459 577 69.6 582 - 56.1 683 78.0 -

StructClust ~ 59.2 - 482 614 718 59.0 - 58.1 706 803 89.5 - 67.0  83.7 93.2
SymmSyn 59.6 262 514 630 744 624 318 697 787 86.1 889 30.6 657 81.4 91.7

HDC - - 536 657 710 - - 737 832 895 - - 695 844 9238
DR - - 542 661 725 - - - - - - - - - -
LS 564 226 469 598 712 578 251 599 704 796 872 253 626 809 912

HPHNtri 58.1 242 483 619 730 574 226 603 734 835 914 433 755 888 95.4
DAML (LS) 595 266 490 622 737 631 319 725 821 885 891 317 663 82.8 92.5
Proxy NCA  59.5 - 492 619 679 649 - 732 824 864 - - - - -
65.5 82.3 92.3

BinomDev - - 503 619 726 - - - - - - -

MS 593 260 509 630 741 633 31.7 710 80.8 875 893 337 750 887 95.7
Histogram - - 528 644 747 - - - - - - - 63.9 81.7 922
Ours 604 268 547 67.0 775 409 108 453 569 684 848 149 524 685 82.1

This can be attributed to data dependent properties. It appears that a global hyperparameter w (11) is
not sufficient to capture all the inter-class variances in SOP, Cars196 datasets, i.e. in these datasets the
inter-class variance between all classes might not be the same. A small inter-class variance between a
pair of classes would require a large w in the loss and vice-versa. We believe that in order to calculate
w in such instances, we need to use information of the pair of classes involved.

4 Conclusion

We propose a novel loss for deep metric learning (ML) that focuses on the direction of movement of
the data points in the embedding space. This is done by formulating the loss function using gradients
of the loss. We observe that the performance of our loss is influenced by data-dependent properties.
For datasets where inter-class variances are similar across all pairs of classes our we see multiple
benefits of our approach: considerable boost in performance and a lower computational complexity.
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Appendix

4.1 Implementation Details

We use PyTorch to implement our proposed approach. The experiments were carried out using one
NVIDIA GeForce RTX 2080 Ti GPU with 11 GB memory. We use an ImageNet ILSVRC (34)
pre-trained ResNet50 [check this one out] with frozen Batch-Normalization layers as the feature
extracting network. We use 512-dimensional feature embedding vectors. For pre-processing, we
randomly resize and crop images to 224 x224 and horizontally flip them left or right for training, and
center crop to the same size for testing. We use the Adam optimizer (35) for training with a learning
rate of 10~7 and a constant weight decay of 4x10~%. We use a batch size of 32.

4.2 Dataset details

Table 4: Summary of the three benchmark datasets used for evalution.

Training Testing Total
Dataset No. of classes No. of images No. of classes No. of images No. of classes No. of images
CUB-200-2011 100 5864 100 5924 200 11,788
Cars 196 98 8054 98 8131 196 16,185
SOpP 11,318 59,551 11,316 60,502 22,634 120,053

4.3 Effect of Hyperparameters

In this section, we carry out two experiments to observe the effect of k and w on the performance of
our approach.

Effect of k: To check the effect of k, we set w as 0.5 (this value is obtained by equating the sum of
the weights of the positives to that the of the negatives). We vary k from 1 to 4 and the values are
listed in Table 5. It can be seen that higher values are centered around k=2.5. To further illustrate
this, we plot the variation in NMI and R@1 in Figs. 2(a) and (b), respectively. It can be seen that a
higher range of values occurs when k lies between 2 and 3.

Table 5: Variation in clustering and retrieval performance for different values of k. Bold and
underlined numbers indicate the best and second-best values, respectively.

k I 15 2 225 25 275 3 4

NMI 5871 5863 5920 5921 59.21 59.40 5929 59.08

FI 2485 2380 2447 2473 24.88 24.98 2487 24.76

R@I 5339 5363 5412 5410 5414 5388 5392 5334

R@2 66.17 6572 66.10 66.12 66.15 66.04 66.12 65.68
R@4 76.82 7676 7650 76.60 76.54 76.86 76.99 7681

60.0 () NMI vs Kk s b)R@1vs k
50.5 540
59.0 ﬁ 535 /_—\'\
58.5 53.0
1 2 3 PR 2 3 4

Figure 2: Variation in (a) NMI, (b) R@1 for different values of k.

Table 6: Variation in clustering and retrieval performance for different values of k£ and w. Bold and
underlined numbers indicate the best values for each k and the overall best values, respectively.

k 2 25 3

w05 1 205 1 205 1 2

NMI  59.20 60.35 5948 59.21 59.89 5938 59.29 59.83 59.36

F1 2447 2680 2582 24.88 26.00 2591 2487 2601 2642
R@1 5412 5473 5415 54.14 5490 5425 5392 5430 53.65
R@2 66.10 66.95 66.53 66.15 66.73 6651 66.12 66.10 65.87
R@4 7650 7748 7723 7654 7740 77.07 7699 77.01 76.79
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Figure 3: Variation in (a) NMI, (b) R@1 for different values of w for k = 2, 2.5, 3.

Effect of w: To check the effect of w, we set it as 0.5, 1, and 2. We also vary k between 2 and 3, in
keeping with the observations of the previous experiments. The values are reported in Table 6. It can
be seen that for a fixed &, the best values occur for w=1, and k=2 results in overall best performance,
other than R@1. This can also be seen from the plots of NMI and R@1, shown in Figs. 3(a) and (b),

respectively.
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