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ABSTRACT

Generative Adversarial Networks (GAN) are used to gener-
ate synthetic samples while closely following the underlying
distribution of a real data set. While GANs have recently
gained significant popularity, they often suffer from the mode
collapse problem, where the generated samples lack diver-
sity. Moreover, some approaches that attempt to resolve the
model collapse problem do not necessarily yield high quality
synthetic samples. In this paper, we propose two novel per-
formance metrics, namely mode-collapse divergence (MCD)
which quantifies the extent of mode collapse for a GAN ar-
chitecture. Second, we propose the metric Generative Qual-
ity Score (GQS), which measures the quality of generated
samples. We present a comprehensive study of the perfor-
mance of various GAN architectures proposed in the litera-
ture through the lens of MCD and GQS, for three different
data sets, namely MNIST, Fashion MNIST and CIFAR-10.

Index Terms— Generative Adversarial Networks, Mode
Collapse, Performance Metrics.

1. INTRODUCTION

Generative Adversarial Networks (GAN) is a recently pro-
posed framework to generate synthetic samples [1] from a
given data set. GANs have found numerous recent applica-
tions, such as video generation [2], image synthesis [3], and
generation of synthetic medical records without violating pa-
tient privacy [4, 5].

GANs fall in the category of generative models, and com-
prise of two competing learning networks namely a genera-
tor G, and a discriminator D as shown in Figure 1. During
the training phase of GAN, the generator samples from the
latent noise space (z ∼ PZ(z)) and generates a synthetic
sample xg = G(z). The samples from the real data set,
xr ∼ PXr

(x) along with the generated samples, xg are fed
to the discriminator. The discriminator determines whether
the input samples are real or fake, through the discrimination
function D(x). Typically, deep neural networks (and varia-
tions) are used to model the functions G(·), and D(·). The
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<latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="iQ9MDBJpnOysPh+ia37WdzO2/l8=">AAAB2nicbZBLSwMxFIXv1Fcdq9a1m2ApuCozbnQpuHFZwT6gHUomc6cNzWSG5I5QSv+AGxeC+L9c+W9MHwttPRD4OCch9564UNJSEHx7lb39g8Oj6rF/UvNPz87rta7NSyOwI3KVm37MLSqpsUOSFPYLgzyLFfbi6cMy772gsTLXzzQrMMr4WMtUCk7Oao/qjaAVrMR2IdxAAzYa1b+GSS7KDDUJxa0dhEFB0ZwbkkLhwm8OS4sFF1M+xoFDzTO00Xw154I1nZOwNDfuaGIr1//1Ys4za2dZ7G5mnCZ2O1ua/2WDktK7aC51URJqsf4oLRWjnC2XZok0KEjNHHBhpBuWiQk3XJCrxnclhNsr70L3phUGrfApgCpcwhVcQwi3cA+P0IYOCEjgFd496b15H+uyKt6mtQv4I+/zB5sDimI=</latexit><latexit sha1_base64="GeRCjQmBl2iqbUcUIp+2SM5TnkI=">AAAB4HicbZBLSwMxFIXv1Fcdq1a3boKl4KrMuNGl4MZlRfuAdiiZNNOGJpkhuSOWoT/BlaAg/itX/hvTx0JbDwQ+zknIvSfOpLAYBN9eaWt7Z3evvO8fVA6PjqsnlbZNc8N4i6UyNd2YWi6F5i0UKHk3M5yqWPJOPLmd550nbqxI9SNOMx4pOtIiEYyisx6eB2ZQrQWNYCGyCeEKarBSc1D96g9TliuukUlqbS8MMowKalAwyWd+vZ9bnlE2oSPec6ip4jYqFrPOSN05Q5Kkxh2NZOH6v14UVFk7VbG7qSiO7Xo2N//Lejkm11EhdJYj12z5UZJLgimZL06GwnCGcuqAMiPcsISNqaEMXT2+ayFc33kT2peNMGiE9wGU4QzO4QJCuIIbuIMmtIDBCF7gDd495b16H8u+St6quFP4I+/zB7RBjLY=</latexit><latexit sha1_base64="GeRCjQmBl2iqbUcUIp+2SM5TnkI=">AAAB4HicbZBLSwMxFIXv1Fcdq1a3boKl4KrMuNGl4MZlRfuAdiiZNNOGJpkhuSOWoT/BlaAg/itX/hvTx0JbDwQ+zknIvSfOpLAYBN9eaWt7Z3evvO8fVA6PjqsnlbZNc8N4i6UyNd2YWi6F5i0UKHk3M5yqWPJOPLmd550nbqxI9SNOMx4pOtIiEYyisx6eB2ZQrQWNYCGyCeEKarBSc1D96g9TliuukUlqbS8MMowKalAwyWd+vZ9bnlE2oSPec6ip4jYqFrPOSN05Q5Kkxh2NZOH6v14UVFk7VbG7qSiO7Xo2N//Lejkm11EhdJYj12z5UZJLgimZL06GwnCGcuqAMiPcsISNqaEMXT2+ayFc33kT2peNMGiE9wGU4QzO4QJCuIIbuIMmtIDBCF7gDd495b16H8u+St6quFP4I+/zB7RBjLY=</latexit><latexit sha1_base64="DUcbzt49dSe25ZG5Oa8sRi/UW7g=">AAAB63icbVBNSwMxEJ31s65fVY9egqXgqWS96LHoxWNF+wHtUrJptg1NskuSFcvSn+BJUBCv/iJP/hvTdg/a+mDg8d4MM/OiVHBjMf721tY3Nre2Szv+7t7+wWH56LhlkkxT1qSJSHQnIoYJrljTcitYJ9WMyEiwdjS+mfntR6YNT9SDnaQslGSoeMwpsU66f+rrfrmCa3gOtEqCglSgQKNf/uoNEppJpiwVxJhugFMb5kRbTgWb+tVeZlhK6JgMWddRRSQzYT6/dYqqThmgONGulEVz1f81kRNpzERGrlMSOzLL3kz8z+tmNr4Kc67SzDJFF4viTCCboNnjaMA1o1ZMHCFUc3csoiOiCbUuHt+lECz/vEpaF7UA14I7XKlfF3mU4BTO4BwCuIQ63EIDmkBhCM/wCm+e9F68d+9j0brmFTMn8Afe5w/S8Y4I</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit><latexit sha1_base64="ij+jAhmM8sJ/HHKWTVZS+PZl0cQ=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeiF48V7Qe0oWy2m3bp7ibsbsQS+hM8CQri1V/kyX/jps1BWx8MPN6bYWZemHCmjed9O6W19Y3NrfK2u7O7t39QOTxq6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNObnK/80iVZrF8MNOEBgKPJIsYwcZK908DNahUvbo3B1olfkGqUKA5qHz1hzFJBZWGcKx1z/cSE2RYGUY4nbm1fqppgskEj2jPUokF1UE2v3WGalYZoihWtqRBc9X9NZFhofVUhLZTYDPWy14u/uf1UhNdBRmTSWqoJItFUcqRiVH+OBoyRYnhU0swUcwei8gYK0yMjce1KfjLP6+S9nnd9+r+3UW1cV3kUYYTOIUz8OESGnALTWgBgRE8wyu8OcJ5cd6dj0VrySlmjuEPnM8f1DGODA==</latexit>

Compute Metrics
Classifier (C)

p(ŷg|xg)
<latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit><latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit><latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit><latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit>

p(ŷr|xr)
<latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit><latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit><latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit><latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit>

xg = G(z)
<latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit><latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit><latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit><latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit>
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Fig. 1: Generative Adversarial Network (GAN) architecture.

parameters of generator and discriminator networks are up-
dated according to a game-theoretic minimax loss function as

min
G

max
D

V (D,G) = Ex∼PXr (x)
[logD(x)]

+ Ez∼Pz(z) [log(1−D(G(z)))] (1)

The first term in the loss function is the expected logarithm
of D(x), the probability of correctly accepting a real sam-
ple, whereas the second term is the expected logarithm of
(1 − D(G(z)), the probability of correctly rejecting a syn-
thetic sample. This training loss function forces the discrim-
inator to improve its synthetic/real discrimination capability.
The feedback from the discriminator is then used by the gen-
erator to improve the quality of synthetic samples.

Despite numerous applications, the original formulation
of GANs [1] is prone to problems such as mode collapse and
mode missing. Mode collapse is defined as a phenomenon
in which the generator tends to produce more samples corre-
sponding to a particular mode/class. Mode missing problem
is an extension of mode collapse in which some modes are not
present in the generated samples. To combat this problem,
many alternatives have been proposed, which either involve
the modification of the optimization function (e.g. [6, 7]) or
modification of the GAN architectures (e.g. [8, 9]). Salimans
et al. [10] present the mechanism of mini-batch discrimina-
tion as a technique to encourage diversity at the generator’s
output thereby ensuring convergence during the training of
GAN. The mechanism of mini-batch discrimination is also
achieved in PacGAN architectute. In PacGAN, multiple gen-
erated samples or multiple samples from the real distribution
are fed to the discriminator in every iteration of the training
phase [9]. In addition to the above methods, an improvement



in the stability during training was observed by the replace-
ment of the loss function with Wasserstein distance (WGAN)
and Least Squares loss (LSGAN) [6], [7]. The authors of
Conditional GAN (CGAN) propose the generation of samples
conditioned on class labels to achieve more control over the
modes of the samples being generated [8]. Various algorithms
are compared against multiple evaluation metrics like Frechet
Inception Distance and Inception Score in [11]. However, de-
spite the advent of numerous algorithms proposed to solve
the mode collapse, the quantitative evaluation of the perfor-
mance of these algorithms with respect to mode collapse as
well as sample quality still remains a challenging problem.
The inception score [10] attempts to quantify image quality
through KL divergence between the conditional distribution
(labels given images) and the marginal label distribution for
the synthetic samples. Other scores are also proposed in [11],
however, the main drawback of existing metrics is that they
do not explicitly take into account the mode diversity and the
image quality of the underlying data set.

Main Contributions: In this paper, we propose two
novel performance metrics, namely mode-collapse diver-
gence (MCD) which quantifies the extent of mode collapse
for a GAN architecture. Second, we propose the metric Gen-
erative Quality Score (GQS), which measures the quality of
generated samples. In contrast to existing approaches, MCD
and GQS explicitly account for the intrinsic mode diversity
and sample quality of the real data set. Our metrics present
a systematic approach to readily quantify and compare the
performance of various GAN architectures. We present a
comprehensive study of the performance of various GAN
architectures proposed in the literature through the lens of
MCD and GQS, for three different data sets, namely MNIST,
Fashion MNIST and CIFAR-10.

2. PERFORMANCE METRICS FOR GAN

As discussed in the introduction, GAN architectures suffer
from the problem of mode collapse and may not yield high
quality samples. As an example, consider Fig. 3 (a), where
we can observe the generated samples from MNIST data set
using five different GAN architectures. We can observe that
samples from VanillaGAN have high quality, however they
suffer from mode collapse (only the digit 1 appears in all gen-
erated images). On the other hand, PacGAN/CGAN do not
suffer from mode collapse, however, the sample quality of
PacGAN is worse compared to the samples from CGAN. We
next present the two metrics, namely mode collapse diver-
gence (MCD), and generative quality score (GCS) in order to
capture these two fundamental performance aspects of GANs.

2.1. Mode Collapse Divergence (MCD)

In order to define MCD, let us consider PYr
as the probability

distribution of the labels (modes) in the real data set. Simi-
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Compute 
Metrics

Classifier (C)
p(ŷg|xg)

<latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit><latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit><latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit><latexit sha1_base64="Jh45IIB3eD+QYLznJZk+HlFEI8I=">AAAB/HicbVDLSsNAFJ34rPEV69LNYCnUTUlE0GVBFy4r2Ae0IUymk3ToZBJmJtIQ46e4EhTErT/iyr9x2mahrQcuHM65l3vv8RNGpbLtb2NtfWNza7uyY+7u7R8cWkfVroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT8yfXM7z0QIWnM71WWEDdCIacBxUhpybOqSWM4RirPCi8Pi8epF555Vs1u2nPAVeKUpAZKtD3raziKcRoRrjBDUg4cO1FujoSimJHCrA9TSRKEJygkA005ioh08/nxBaxrZQSDWOjiCs5V89dEjiIps8jXnRFSY7nszcT/vEGqgis3pzxJFeF4sShIGVQxnCUBR1QQrFimCcKC6mMhHiOBsNJ5mToFZ/nnVdI9bzp207m7qLVuyjwq4AScggZwwCVogVvQBh2AwRQ8g1fwZjwZL8a78bFoXTPKmWPwB8bnD8kylM8=</latexit>

p(ŷr|xr)
<latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit><latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit><latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit><latexit sha1_base64="r3/IyNjLP70BOg3Oplr4HPAAefc=">AAAB/HicbVDLSsNAFL3xWesr1qWbwVKom5KIoMuCLlxWsA9oQ5hMJ+3QyYOZiTTE+CmuBAVx64+48m+ctllo64ELh3Pu5d57vJgzqSzr21hb39jc2i7tlHf39g8OzaNKR0aJILRNIh6Jnocl5SykbcUUp71YUBx4nHa9yfXM7z5QIVkU3qs0pk6ARyHzGcFKS65ZieuDMVZZmruZyB+nrjhzzarVsOZAq8QuSBUKtFzzazCMSBLQUBGOpezbVqycDAvFCKd5uTZIJI0xmeAR7Wsa4oBKJ5sfn6OaVobIj4SuUKG5Wv41keFAyjTwdGeA1VguezPxP6+fKP/KyVgYJ4qGZLHITzhSEZolgYZMUKJ4qgkmguljERljgYnSeZV1Cvbyz6ukc96wrYZ9d1Ft3hR5lOAETqEONlxCE26hBW0gMIVneIU348l4Md6Nj0XrmlHMHMMfGJ8/6u2U5Q==</latexit>

xg = G(z)
<latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit><latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit><latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit><latexit sha1_base64="M57fUVe0QdPh8C//2T5M6JfEgck=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJZCvZRECnoRCgp6rGA/oA1ls920SzebsLsp1tC/4UlQEK/+GU/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7lt+2d3b39g8LhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh65rfGVCoWiQc9iakX4oFgASNYG6n72EsHU3SFbstPZ71C0ak4c6BV4makCBnqvcJXtx+RJKRCE46V6rhOrL0US80Ip1O71E0UjTEZ4QHtGCpwSJWXzo+eopJR+iiIpCmh0Vy1f02kOFRqEvqmM8R6qJa9mfif10l0cOmlTMSJpoIsFgUJRzpCswRQn0lKNJ8Ygolk5lhEhlhiok1OtknBXf55lTTPK65Tce+rxdpNlkceTuAUyuDCBdTgDurQAAIxPMMrvFlj68V6tz4WrTkrmzmGP7A+fwD+kJDk</latexit>

xg
<latexit sha1_base64="8P+q167WMU3P9lcovDItXU9iZE0=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeCHjxWtB/QhrLZbtKlu5uwuxFL6E/wJCiIV3+RJ/+N2zYHbX0w8Hhvhpl5YcqZNp737ZTW1jc2t8rb7s7u3v5B5fCorZNMEdoiCU9UN8SaciZpyzDDaTdVFIuQ0044vp75nUeqNEvkg5mkNBA4lixiBBsr3T8N4kGl6tW9OdAq8QtShQLNQeWrP0xIJqg0hGOte76XmiDHyjDC6dSt9TNNU0zGOKY9SyUWVAf5/NYpqllliKJE2ZIGzVX310SOhdYTEdpOgc1IL3sz8T+vl5noKsiZTDNDJVksijKOTIJmj6MhU5QYPrEEE8XssYiMsMLE2Hhcm4K//PMqaZ/Xfa/u311UGzdFHmU4gVM4Ax8uoQG30IQWEIjhGV7hzRHOi/PufCxaS04xcwx/4Hz+AMQUjgM=</latexit><latexit sha1_base64="8P+q167WMU3P9lcovDItXU9iZE0=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeCHjxWtB/QhrLZbtKlu5uwuxFL6E/wJCiIV3+RJ/+N2zYHbX0w8Hhvhpl5YcqZNp737ZTW1jc2t8rb7s7u3v5B5fCorZNMEdoiCU9UN8SaciZpyzDDaTdVFIuQ0044vp75nUeqNEvkg5mkNBA4lixiBBsr3T8N4kGl6tW9OdAq8QtShQLNQeWrP0xIJqg0hGOte76XmiDHyjDC6dSt9TNNU0zGOKY9SyUWVAf5/NYpqllliKJE2ZIGzVX310SOhdYTEdpOgc1IL3sz8T+vl5noKsiZTDNDJVksijKOTIJmj6MhU5QYPrEEE8XssYiMsMLE2Hhcm4K//PMqaZ/Xfa/u311UGzdFHmU4gVM4Ax8uoQG30IQWEIjhGV7hzRHOi/PufCxaS04xcwx/4Hz+AMQUjgM=</latexit><latexit sha1_base64="8P+q167WMU3P9lcovDItXU9iZE0=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeCHjxWtB/QhrLZbtKlu5uwuxFL6E/wJCiIV3+RJ/+N2zYHbX0w8Hhvhpl5YcqZNp737ZTW1jc2t8rb7s7u3v5B5fCorZNMEdoiCU9UN8SaciZpyzDDaTdVFIuQ0044vp75nUeqNEvkg5mkNBA4lixiBBsr3T8N4kGl6tW9OdAq8QtShQLNQeWrP0xIJqg0hGOte76XmiDHyjDC6dSt9TNNU0zGOKY9SyUWVAf5/NYpqllliKJE2ZIGzVX310SOhdYTEdpOgc1IL3sz8T+vl5noKsiZTDNDJVksijKOTIJmj6MhU5QYPrEEE8XssYiMsMLE2Hhcm4K//PMqaZ/Xfa/u311UGzdFHmU4gVM4Ax8uoQG30IQWEIjhGV7hzRHOi/PufCxaS04xcwx/4Hz+AMQUjgM=</latexit><latexit sha1_base64="8P+q167WMU3P9lcovDItXU9iZE0=">AAAB63icbVBNS8NAEJ3Urxq/qh69LJaCp5KIoMeCHjxWtB/QhrLZbtKlu5uwuxFL6E/wJCiIV3+RJ/+N2zYHbX0w8Hhvhpl5YcqZNp737ZTW1jc2t8rb7s7u3v5B5fCorZNMEdoiCU9UN8SaciZpyzDDaTdVFIuQ0044vp75nUeqNEvkg5mkNBA4lixiBBsr3T8N4kGl6tW9OdAq8QtShQLNQeWrP0xIJqg0hGOte76XmiDHyjDC6dSt9TNNU0zGOKY9SyUWVAf5/NYpqllliKJE2ZIGzVX310SOhdYTEdpOgc1IL3sz8T+vl5noKsiZTDNDJVksijKOTIJmj6MhU5QYPrEEE8XssYiMsMLE2Hhcm4K//PMqaZ/Xfa/u311UGzdFHmU4gVM4Ax8uoQG30IQWEIjhGV7hzRHOi/PufCxaS04xcwx/4Hz+AMQUjgM=</latexit>

Latent 
space

Real samples

Synthetic 
samples

GQS
<latexit sha1_base64="PpFqh7EPZYfQ5BqncAQqOmmihSs=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BjwoOAlQfPAZAmzk9lkyOzsMtMrhiXgR3jxoIhX/8abf+PkcdDEgoaiqpvuriCRwqDrfjsrq2vrG5u5rfz2zu7efuHgsGHiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5O/OYD10bE6g5HCfcj2lciFIyile47yB8xu6rdjruFoltypyDLxJuTIsxR7Ra+Or2YpRFXyCQ1pu25CfoZ1SiY5ON8JzU8oWxI+7xtqaIRN342vXhMTq3SI2GsbSkkU/X3REYjY0ZRYDsjigOz6E3E/7x2iuGFnwmVpMgVmy0KU0kwJpP3SU9ozlCOLKFMC3srYQOqKUMbUt6G4C2+vEwa5ZLnlrxauVi5eZrFkYNjOIEz8OAcKnANVagDAwXP8ApvjnFenHfnY9a64swjPII/cD5/AM2ckWk=</latexit><latexit sha1_base64="PpFqh7EPZYfQ5BqncAQqOmmihSs=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BjwoOAlQfPAZAmzk9lkyOzsMtMrhiXgR3jxoIhX/8abf+PkcdDEgoaiqpvuriCRwqDrfjsrq2vrG5u5rfz2zu7efuHgsGHiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5O/OYD10bE6g5HCfcj2lciFIyile47yB8xu6rdjruFoltypyDLxJuTIsxR7Ra+Or2YpRFXyCQ1pu25CfoZ1SiY5ON8JzU8oWxI+7xtqaIRN342vXhMTq3SI2GsbSkkU/X3REYjY0ZRYDsjigOz6E3E/7x2iuGFnwmVpMgVmy0KU0kwJpP3SU9ozlCOLKFMC3srYQOqKUMbUt6G4C2+vEwa5ZLnlrxauVi5eZrFkYNjOIEz8OAcKnANVagDAwXP8ApvjnFenHfnY9a64swjPII/cD5/AM2ckWk=</latexit><latexit sha1_base64="PpFqh7EPZYfQ5BqncAQqOmmihSs=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BjwoOAlQfPAZAmzk9lkyOzsMtMrhiXgR3jxoIhX/8abf+PkcdDEgoaiqpvuriCRwqDrfjsrq2vrG5u5rfz2zu7efuHgsGHiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5O/OYD10bE6g5HCfcj2lciFIyile47yB8xu6rdjruFoltypyDLxJuTIsxR7Ra+Or2YpRFXyCQ1pu25CfoZ1SiY5ON8JzU8oWxI+7xtqaIRN342vXhMTq3SI2GsbSkkU/X3REYjY0ZRYDsjigOz6E3E/7x2iuGFnwmVpMgVmy0KU0kwJpP3SU9ozlCOLKFMC3srYQOqKUMbUt6G4C2+vEwa5ZLnlrxauVi5eZrFkYNjOIEz8OAcKnANVagDAwXP8ApvjnFenHfnY9a64swjPII/cD5/AM2ckWk=</latexit><latexit sha1_base64="PpFqh7EPZYfQ5BqncAQqOmmihSs=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd1c9BjwoOAlQfPAZAmzk9lkyOzsMtMrhiXgR3jxoIhX/8abf+PkcdDEgoaiqpvuriCRwqDrfjsrq2vrG5u5rfz2zu7efuHgsGHiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGF5O/OYD10bE6g5HCfcj2lciFIyile47yB8xu6rdjruFoltypyDLxJuTIsxR7Ra+Or2YpRFXyCQ1pu25CfoZ1SiY5ON8JzU8oWxI+7xtqaIRN342vXhMTq3SI2GsbSkkU/X3REYjY0ZRYDsjigOz6E3E/7x2iuGFnwmVpMgVmy0KU0kwJpP3SU9ozlCOLKFMC3srYQOqKUMbUt6G4C2+vEwa5ZLnlrxauVi5eZrFkYNjOIEz8OAcKnANVagDAwXP8ApvjnFenHfnY9a64swjPII/cD5/AM2ckWk=</latexit>
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Fig. 2: Computation of the evaluation metrics using a pre-
trained classifier.

larly, if we consider the set of generated samples, we can esti-
mate PYg as the probability distribution of the labels (modes)
in the synthetic data set. Mode Collapse divergence (MCD) is
defined as the symmetric Kullback-Leibler (KL) divergence1

between PYr
and PYg

:

MCD =
1

2

(
KL(PYr

||PYg
) + KL(PYg

||PYr
)
)
, (2)

where the KL divergence between two pmfs P1(·), and P2(·)
is defined as KL(P1||P2) =

∑
y P1(y) log(P1(y)/P2(y)).

The value of MCD is expected to be high with the onset of
mode collapse and mode missing, and is expected to be close
to zero when the mode distributions of the generated samples
and the underlying data set are close to each other.

2.2. Generative Quality Score (GQS)

In order to define GQS, let us consider the real data set, and
focus on the joint distribution of the data samples, and la-
bels, i.e., PXr,Yr (x, y). The conditional entropy H(Yr|Xr)
then captures the uncertainty in the underlying labels given
the data samples. Similarly, if PXg,Yg

(x, y) is the joint dis-
tribution of the generated samples and labels, then H(Yg|Xg)
is the corresponding uncertainty for labels given the synthetic
data samples. We define GQS as the following:

GQS = eH(Yr|Xr)−H(Yg|Xg), (3)

The justification for defining GQS as above follows from
the observation that for a high quality synthetic sample, we
should expect H(Yg|Xg) to be as close to zero as possible,
and must also be compared to the real data samples as a base-
line. A GQS score in the range [0, 1] implies that synthetic
images are of lower quality than the real data set. GQS score
of greater than 1 implies that the synthetic images are of
even higher quality on average than the real data samples, a
phenomenon we observe during severe mode collapse.

2.3. Computing MCD and GQS

In order to compute the metrics MCD and GQS, we propose
the framework in Fig. 2. First, we input both the real samples
Xr and generated samples Xg to a pre-trained classifier (C)
and obtain the conditional distributions PŶr|Xr

and PŶg|Xg
.

1We remark here that instead of using symmetric KL divergence, any
other measure of divergence (or distance) between probability distributions
can be used to define the MCD.
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Fig. 3: MNIST, Fashion-MNIST, and CIFAR-10 samples generated by various GAN architechtures after 500,000 iterations of
training. By visual assessment of the generated samples, Vanilla GAN suffers from significant mode collapse in the MNIST
dataset. We can also assess that the LSGAN and CGAN produces high-quality samples across all the datasets.

From these conditional distributions, we estimate the labels
Ŷr and Ŷg , as well as marginal distributions PŶr

and PŶg
.

These distributions are used to compute the MCD using (2),
and GQS using (3) (see Algorithm 1). We note here that if the
real data set is not labeled, we can then use a classifier, trained
in an unsupervised manner (e.g., clustering) for evaluation of
the metrics.

Algorithm 1 Computation of MCD and GQS

Input: xr (real data samples),
xg (synthetic data samples from the trained GAN)

Output: MCD, GQS
1. Input xr to classifier to get PŶr|Xr

; Estimate ŷr and PŶr

2. Input xg to classifier to get PŶg|Xg
; Estimate ŷg and PŶg

3. Calculate MCD and GQS using (2) and (3)
return MCD, GQS

3. EXPERIMENTS AND DISCUSSION

In this section, we present our experimental results and com-
pare the following GAN architectures: Vanilla GAN [1],
PacGAN [9], Least Squares GAN [7] , WGAN [6], and
CGAN [8] through the lens of mode collapse (MCD) and

sample quality (GQS) for three data sets, MNIST, Fashion
MNIST and CIFAR-10. In particular, for MNIST and Fash-
ion MNIST, we use multi-layer perceptron (MLP) as the
learning network for both generator and discriminator. For
the CIFAR-10 data set, we use deep convolutional (DC) net-
works for both generator and discriminator [12]. Fig. 3 shows
the samples generated by the various GAN architectures for
the three data sets. By visual assessment of the generated
samples, Vanilla GAN suffers from significant mode collapse
in the MNIST dataset. We can also assess that LS-GAN and
Conditional GAN produce high-quality samples across all the
data sets.

It is clear that the proposed metrics, MCD and GQS, are
dependent on the quality of the underlying classifier used. For
the scope of this work, we trained separate RNN classifiers
for MNIST and Fashion MNIST data sets (with 97.97% and
97.94% accuracy respectively), and a CNN classifier (83.83%
accuracy) for the CIFAR-10 dataset. However, it will be in-
teresting to see how the performance trends change if a better
classifier is used to compute the divergence and quality score.
This is part of our planned future work.

In Figure 4, we plot MCD and GQS as the number of
training iterations increase for the three data sets using the
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<latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit>

⇥103
<latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit>

⇥103
<latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit><latexit sha1_base64="3orfvXRRGXeRGE6YkXzmxi017HY=">AAAB8nicbVBNT8JAEJ36ifiFevTSCCaeSIsH9Ub04hETKyS0ku2yhQ3bbbM7NSENf8OLBzVe/TXe/Dcu0IOCL5nk5b2ZzMwLU8E1Os63tbK6tr6xWdoqb+/s7u1XDg4fdJIpyjyaiER1QqKZ4JJ5yFGwTqoYiUPB2uHoZuq3n5jSPJH3OE5ZEJOB5BGnBI3k13zkMdOu83he61WqTt2ZwV4mbkGqUKDVq3z5/YRmMZNIBdG66zopBjlRyKlgk7KfaZYSOiID1jVUErMpyGc3T+xTo/TtKFGmJNoz9fdETmKtx3FoOmOCQ73oTcX/vG6G0WWQc5lmyCSdL4oyYWNiTwOw+1wximJsCKGKm1ttOiSKUDQxlU0I7uLLy8Rr1K/q7l2j2rwu0ijBMZzAGbhwAU24hRZ4QCGFZ3iFNyuzXqx362PeumIVM0fwB9bnD+qjkHw=</latexit>

(a1) MCD vs. iterations (MNIST)
<latexit sha1_base64="OD+5SpEpISm96Kbn2BLTmpHgRBU=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RcaELDEYqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHdVmfmtMuKBh0JSTiDg+GgTUoxhJJfX04xKyyrBeu4JjYUAqCU8NAUv125v7ZrmnF03DTAGXiZWRIsjQ6Olf3X6IY58EEjMkRMcyI+kkiEuKGZkWurEgEcIjNCAdRQPkE+Ek6SNTeKqUPvRCriqQMFV/TyTIF2Liu6rTR3IoFr2Z+J/XiaV37iQ0iGJJAjxf5MUMyhDOUoF9ygmWbKIIwpyqWyEeIo6wCkQUVAjW4svLxK4YF4Z1VylWL7M08uAInIASsMAZqIJr0AA2wOARPINX8KY9aS/au/Yxb81p2cwh+APt8wc0gZcf</latexit><latexit sha1_base64="OD+5SpEpISm96Kbn2BLTmpHgRBU=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RcaELDEYqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHdVmfmtMuKBh0JSTiDg+GgTUoxhJJfX04xKyyrBeu4JjYUAqCU8NAUv125v7ZrmnF03DTAGXiZWRIsjQ6Olf3X6IY58EEjMkRMcyI+kkiEuKGZkWurEgEcIjNCAdRQPkE+Ek6SNTeKqUPvRCriqQMFV/TyTIF2Liu6rTR3IoFr2Z+J/XiaV37iQ0iGJJAjxf5MUMyhDOUoF9ygmWbKIIwpyqWyEeIo6wCkQUVAjW4svLxK4YF4Z1VylWL7M08uAInIASsMAZqIJr0AA2wOARPINX8KY9aS/au/Yxb81p2cwh+APt8wc0gZcf</latexit><latexit sha1_base64="OD+5SpEpISm96Kbn2BLTmpHgRBU=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RcaELDEYqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHdVmfmtMuKBh0JSTiDg+GgTUoxhJJfX04xKyyrBeu4JjYUAqCU8NAUv125v7ZrmnF03DTAGXiZWRIsjQ6Olf3X6IY58EEjMkRMcyI+kkiEuKGZkWurEgEcIjNCAdRQPkE+Ek6SNTeKqUPvRCriqQMFV/TyTIF2Liu6rTR3IoFr2Z+J/XiaV37iQ0iGJJAjxf5MUMyhDOUoF9ygmWbKIIwpyqWyEeIo6wCkQUVAjW4svLxK4YF4Z1VylWL7M08uAInIASsMAZqIJr0AA2wOARPINX8KY9aS/au/Yxb81p2cwh+APt8wc0gZcf</latexit><latexit sha1_base64="OD+5SpEpISm96Kbn2BLTmpHgRBU=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RcaELDEYqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHdVmfmtMuKBh0JSTiDg+GgTUoxhJJfX04xKyyrBeu4JjYUAqCU8NAUv125v7ZrmnF03DTAGXiZWRIsjQ6Olf3X6IY58EEjMkRMcyI+kkiEuKGZkWurEgEcIjNCAdRQPkE+Ek6SNTeKqUPvRCriqQMFV/TyTIF2Liu6rTR3IoFr2Z+J/XiaV37iQ0iGJJAjxf5MUMyhDOUoF9ygmWbKIIwpyqWyEeIo6wCkQUVAjW4svLxK4YF4Z1VylWL7M08uAInIASsMAZqIJr0AA2wOARPINX8KY9aS/au/Yxb81p2cwh+APt8wc0gZcf</latexit>

(b1) MCD vs. iterations (Fashion-MNIST)
<latexit sha1_base64="ng+lO8kEEpf8J5tQgxzL5RohnLM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7IsZogcHICglsyOwwwITZS2ZmSciGR7DxVWws1Nja2vk2DssWCp5kki//f07OnN8NGRXSNL+1zNLyyupadj23sbm1vaPv7j2IIOKY2DhgAW+6SBBGfWJLKhlphpwgz2Wk4Q4rU78xIlzQwK/LcUgcD/V92qMYSSV19OOCaxVhtXIJR8KAVBKeGAIWrpAYKDqp3t7c14sdPW8aZlJwEawU8iCtWkf/ancDHHnEl5ghIVqWGUonRlxSzMgk144ECREeoj5pKfSRR4QTJwdN4JFSurAXcPV8CRP190SMPCHGnqs6PSQHYt6biv95rUj2zpyY+mEkiY9ni3oRgzKA03Rgl3KCJRsrQJhT9VeIB4gjrIIRORWCNX/yItgl49yw7kr58kWaRhYcgENQABY4BWVwDWrABhg8gmfwCt60J+1Fe9c+Zq0ZLZ3ZB39K+/wBMx6aZQ==</latexit><latexit sha1_base64="ng+lO8kEEpf8J5tQgxzL5RohnLM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7IsZogcHICglsyOwwwITZS2ZmSciGR7DxVWws1Nja2vk2DssWCp5kki//f07OnN8NGRXSNL+1zNLyyupadj23sbm1vaPv7j2IIOKY2DhgAW+6SBBGfWJLKhlphpwgz2Wk4Q4rU78xIlzQwK/LcUgcD/V92qMYSSV19OOCaxVhtXIJR8KAVBKeGAIWrpAYKDqp3t7c14sdPW8aZlJwEawU8iCtWkf/ancDHHnEl5ghIVqWGUonRlxSzMgk144ECREeoj5pKfSRR4QTJwdN4JFSurAXcPV8CRP190SMPCHGnqs6PSQHYt6biv95rUj2zpyY+mEkiY9ni3oRgzKA03Rgl3KCJRsrQJhT9VeIB4gjrIIRORWCNX/yItgl49yw7kr58kWaRhYcgENQABY4BWVwDWrABhg8gmfwCt60J+1Fe9c+Zq0ZLZ3ZB39K+/wBMx6aZQ==</latexit><latexit sha1_base64="ng+lO8kEEpf8J5tQgxzL5RohnLM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7IsZogcHICglsyOwwwITZS2ZmSciGR7DxVWws1Nja2vk2DssWCp5kki//f07OnN8NGRXSNL+1zNLyyupadj23sbm1vaPv7j2IIOKY2DhgAW+6SBBGfWJLKhlphpwgz2Wk4Q4rU78xIlzQwK/LcUgcD/V92qMYSSV19OOCaxVhtXIJR8KAVBKeGAIWrpAYKDqp3t7c14sdPW8aZlJwEawU8iCtWkf/ancDHHnEl5ghIVqWGUonRlxSzMgk144ECREeoj5pKfSRR4QTJwdN4JFSurAXcPV8CRP190SMPCHGnqs6PSQHYt6biv95rUj2zpyY+mEkiY9ni3oRgzKA03Rgl3KCJRsrQJhT9VeIB4gjrIIRORWCNX/yItgl49yw7kr58kWaRhYcgENQABY4BWVwDWrABhg8gmfwCt60J+1Fe9c+Zq0ZLZ3ZB39K+/wBMx6aZQ==</latexit><latexit sha1_base64="ng+lO8kEEpf8J5tQgxzL5RohnLM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7IsZogcHICglsyOwwwITZS2ZmSciGR7DxVWws1Nja2vk2DssWCp5kki//f07OnN8NGRXSNL+1zNLyyupadj23sbm1vaPv7j2IIOKY2DhgAW+6SBBGfWJLKhlphpwgz2Wk4Q4rU78xIlzQwK/LcUgcD/V92qMYSSV19OOCaxVhtXIJR8KAVBKeGAIWrpAYKDqp3t7c14sdPW8aZlJwEawU8iCtWkf/ancDHHnEl5ghIVqWGUonRlxSzMgk144ECREeoj5pKfSRR4QTJwdN4JFSurAXcPV8CRP190SMPCHGnqs6PSQHYt6biv95rUj2zpyY+mEkiY9ni3oRgzKA03Rgl3KCJRsrQJhT9VeIB4gjrIIRORWCNX/yItgl49yw7kr58kWaRhYcgENQABY4BWVwDWrABhg8gmfwCt60J+1Fe9c+Zq0ZLZ3ZB39K+/wBMx6aZQ==</latexit>

(c1) MCD vs. iterations (CIFAR-10)
<latexit sha1_base64="APQDqPFsUjJqdRpbVF8ZQ0nb8Y0=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vQLgxJN+quWhFdCFWMLbShTKaTdujkwcykUEL3bvwVNy5U3PoF7vwbp2kW2nrgwuGce7n3HjdiVEjT/NZyS8srq2v59cLG5tb2jr679yDCmGNi45CFvOUiQRgNiC2pZKQVcYJ8l5GmO6xP/eaIcEHD4F6OI+L4qB9Qj2IkldTVi2VsVeBN/QKOhAGpJDw1BCzXry/P7o4ss9LVS6ZhpoCLxMpICWRodPWvTi/EsU8CiRkSom2ZkXQSxCXFjEwKnViQCOEh6pO2ogHyiXCS9JcJPFRKD3ohVxVImKq/JxLkCzH2XdXpIzkQ895U/M9rx9I7cRIaRLEkAZ4t8mIGZQinwcAe5QRLNlYEYU7VrRAPEEdYZSIKKgRr/uVFYleNU8O6rZZq51kaeXAAiqAMLHAMauAKNIANMHgEz+AVvGlP2ov2rn3MWnNaNrMP/kD7/AFgyZen</latexit><latexit sha1_base64="APQDqPFsUjJqdRpbVF8ZQ0nb8Y0=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vQLgxJN+quWhFdCFWMLbShTKaTdujkwcykUEL3bvwVNy5U3PoF7vwbp2kW2nrgwuGce7n3HjdiVEjT/NZyS8srq2v59cLG5tb2jr679yDCmGNi45CFvOUiQRgNiC2pZKQVcYJ8l5GmO6xP/eaIcEHD4F6OI+L4qB9Qj2IkldTVi2VsVeBN/QKOhAGpJDw1BCzXry/P7o4ss9LVS6ZhpoCLxMpICWRodPWvTi/EsU8CiRkSom2ZkXQSxCXFjEwKnViQCOEh6pO2ogHyiXCS9JcJPFRKD3ohVxVImKq/JxLkCzH2XdXpIzkQ895U/M9rx9I7cRIaRLEkAZ4t8mIGZQinwcAe5QRLNlYEYU7VrRAPEEdYZSIKKgRr/uVFYleNU8O6rZZq51kaeXAAiqAMLHAMauAKNIANMHgEz+AVvGlP2ov2rn3MWnNaNrMP/kD7/AFgyZen</latexit><latexit sha1_base64="APQDqPFsUjJqdRpbVF8ZQ0nb8Y0=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vQLgxJN+quWhFdCFWMLbShTKaTdujkwcykUEL3bvwVNy5U3PoF7vwbp2kW2nrgwuGce7n3HjdiVEjT/NZyS8srq2v59cLG5tb2jr679yDCmGNi45CFvOUiQRgNiC2pZKQVcYJ8l5GmO6xP/eaIcEHD4F6OI+L4qB9Qj2IkldTVi2VsVeBN/QKOhAGpJDw1BCzXry/P7o4ss9LVS6ZhpoCLxMpICWRodPWvTi/EsU8CiRkSom2ZkXQSxCXFjEwKnViQCOEh6pO2ogHyiXCS9JcJPFRKD3ohVxVImKq/JxLkCzH2XdXpIzkQ895U/M9rx9I7cRIaRLEkAZ4t8mIGZQinwcAe5QRLNlYEYU7VrRAPEEdYZSIKKgRr/uVFYleNU8O6rZZq51kaeXAAiqAMLHAMauAKNIANMHgEz+AVvGlP2ov2rn3MWnNaNrMP/kD7/AFgyZen</latexit><latexit sha1_base64="APQDqPFsUjJqdRpbVF8ZQ0nb8Y0=">AAACCnicbVDLSsNAFJ3UV62vqEs3Q4vQLgxJN+quWhFdCFWMLbShTKaTdujkwcykUEL3bvwVNy5U3PoF7vwbp2kW2nrgwuGce7n3HjdiVEjT/NZyS8srq2v59cLG5tb2jr679yDCmGNi45CFvOUiQRgNiC2pZKQVcYJ8l5GmO6xP/eaIcEHD4F6OI+L4qB9Qj2IkldTVi2VsVeBN/QKOhAGpJDw1BCzXry/P7o4ss9LVS6ZhpoCLxMpICWRodPWvTi/EsU8CiRkSom2ZkXQSxCXFjEwKnViQCOEh6pO2ogHyiXCS9JcJPFRKD3ohVxVImKq/JxLkCzH2XdXpIzkQ895U/M9rx9I7cRIaRLEkAZ4t8mIGZQinwcAe5QRLNlYEYU7VrRAPEEdYZSIKKgRr/uVFYleNU8O6rZZq51kaeXAAiqAMLHAMauAKNIANMHgEz+AVvGlP2ov2rn3MWnNaNrMP/kD7/AFgyZen</latexit>

(c2) GQS vs. iterations (CIFAR-10)
<latexit sha1_base64="4mGX4nYtxuIdRr5ycd8S4n3SHq0=">AAACCnicbVDLTsJAFJ3iC/FVdelmAjGBhU3LRt2hJD52oFZIoCHTYQoTpo/MTElIw96Nv+LGhRq3foE7/8ahdKHoSW5ycs69ufceN2JUSNP80nJLyyura/n1wsbm1vaOvrt3L8KYY2LjkIW87SJBGA2ILalkpB1xgnyXkZY7qs/81phwQcPgTk4i4vhoEFCPYiSV1NOLZVytwMvmLRwLA1JJeGoIWK5fX5zdHFlmpaeXTMNMAf8SKyMlkKHR0z+7/RDHPgkkZkiIjmVG0kkQlxQzMi10Y0EihEdoQDqKBsgnwknSX6bwUCl96IVcVSBhqv6cSJAvxMR3VaeP5FAsejPxP68TS+/ESWgQxZIEeL7IixmUIZwFA/uUEyzZRBGEOVW3QjxEHGGViSioEKzFl/8Su2qcGlazWqqdZ2nkwQEogjKwwDGogSvQADbA4AE8gRfwqj1qz9qb9j5vzWnZzD74Be3jG4eIl78=</latexit><latexit sha1_base64="4mGX4nYtxuIdRr5ycd8S4n3SHq0=">AAACCnicbVDLTsJAFJ3iC/FVdelmAjGBhU3LRt2hJD52oFZIoCHTYQoTpo/MTElIw96Nv+LGhRq3foE7/8ahdKHoSW5ycs69ufceN2JUSNP80nJLyyura/n1wsbm1vaOvrt3L8KYY2LjkIW87SJBGA2ILalkpB1xgnyXkZY7qs/81phwQcPgTk4i4vhoEFCPYiSV1NOLZVytwMvmLRwLA1JJeGoIWK5fX5zdHFlmpaeXTMNMAf8SKyMlkKHR0z+7/RDHPgkkZkiIjmVG0kkQlxQzMi10Y0EihEdoQDqKBsgnwknSX6bwUCl96IVcVSBhqv6cSJAvxMR3VaeP5FAsejPxP68TS+/ESWgQxZIEeL7IixmUIZwFA/uUEyzZRBGEOVW3QjxEHGGViSioEKzFl/8Su2qcGlazWqqdZ2nkwQEogjKwwDGogSvQADbA4AE8gRfwqj1qz9qb9j5vzWnZzD74Be3jG4eIl78=</latexit><latexit sha1_base64="4mGX4nYtxuIdRr5ycd8S4n3SHq0=">AAACCnicbVDLTsJAFJ3iC/FVdelmAjGBhU3LRt2hJD52oFZIoCHTYQoTpo/MTElIw96Nv+LGhRq3foE7/8ahdKHoSW5ycs69ufceN2JUSNP80nJLyyura/n1wsbm1vaOvrt3L8KYY2LjkIW87SJBGA2ILalkpB1xgnyXkZY7qs/81phwQcPgTk4i4vhoEFCPYiSV1NOLZVytwMvmLRwLA1JJeGoIWK5fX5zdHFlmpaeXTMNMAf8SKyMlkKHR0z+7/RDHPgkkZkiIjmVG0kkQlxQzMi10Y0EihEdoQDqKBsgnwknSX6bwUCl96IVcVSBhqv6cSJAvxMR3VaeP5FAsejPxP68TS+/ESWgQxZIEeL7IixmUIZwFA/uUEyzZRBGEOVW3QjxEHGGViSioEKzFl/8Su2qcGlazWqqdZ2nkwQEogjKwwDGogSvQADbA4AE8gRfwqj1qz9qb9j5vzWnZzD74Be3jG4eIl78=</latexit><latexit sha1_base64="4mGX4nYtxuIdRr5ycd8S4n3SHq0=">AAACCnicbVDLTsJAFJ3iC/FVdelmAjGBhU3LRt2hJD52oFZIoCHTYQoTpo/MTElIw96Nv+LGhRq3foE7/8ahdKHoSW5ycs69ufceN2JUSNP80nJLyyura/n1wsbm1vaOvrt3L8KYY2LjkIW87SJBGA2ILalkpB1xgnyXkZY7qs/81phwQcPgTk4i4vhoEFCPYiSV1NOLZVytwMvmLRwLA1JJeGoIWK5fX5zdHFlmpaeXTMNMAf8SKyMlkKHR0z+7/RDHPgkkZkiIjmVG0kkQlxQzMi10Y0EihEdoQDqKBsgnwknSX6bwUCl96IVcVSBhqv6cSJAvxMR3VaeP5FAsejPxP68TS+/ESWgQxZIEeL7IixmUIZwFA/uUEyzZRBGEOVW3QjxEHGGViSioEKzFl/8Su2qcGlazWqqdZ2nkwQEogjKwwDGogSvQADbA4AE8gRfwqj1qz9qb9j5vzWnZzD74Be3jG4eIl78=</latexit>

(b2) GQS vs. iterations (Fashion-MNIST)
<latexit sha1_base64="uy8kTDMd49vVVXluVVEW4iiGnVM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7oomXQgOBFRLYkNlhgAmzl8zMkpANj2Djq9hYqLG1tfNtHJYtFDzJJF/+/5ycOb8bMiqkaX5rmaXlldW17HpuY3Nre0ff3XsQQcQxsXHAAt50kSCM+sSWVDLSDDlBnstIwx1eTv3GiHBBA78uxyFxPNT3aY9iJJXU0Y8LbqkIr6s1OBIGpJLwxBCwcIXEQNHJ3f1trV7s6HnTMJOCi2ClkAdpVTr6V7sb4MgjvsQMCdGyzFA6MeKSYkYmuXYkSIjwEPVJS6GPPCKcODloAo+U0oW9gKvnS5iovydi5Akx9lzV6SE5EPPeVPzPa0Wyd+bE1A8jSXw8W9SLGJQBnKYDu5QTLNlYAcKcqr9CPEAcYRWMyKkQrPmTF8EuGeeGVS3lyxdpGllwAA5BAVjgFJTBDagAG2DwCJ7BK3jTnrQX7V37mLVmtHRmH/wp7fMHWlWafQ==</latexit><latexit sha1_base64="uy8kTDMd49vVVXluVVEW4iiGnVM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7oomXQgOBFRLYkNlhgAmzl8zMkpANj2Djq9hYqLG1tfNtHJYtFDzJJF/+/5ycOb8bMiqkaX5rmaXlldW17HpuY3Nre0ff3XsQQcQxsXHAAt50kSCM+sSWVDLSDDlBnstIwx1eTv3GiHBBA78uxyFxPNT3aY9iJJXU0Y8LbqkIr6s1OBIGpJLwxBCwcIXEQNHJ3f1trV7s6HnTMJOCi2ClkAdpVTr6V7sb4MgjvsQMCdGyzFA6MeKSYkYmuXYkSIjwEPVJS6GPPCKcODloAo+U0oW9gKvnS5iovydi5Akx9lzV6SE5EPPeVPzPa0Wyd+bE1A8jSXw8W9SLGJQBnKYDu5QTLNlYAcKcqr9CPEAcYRWMyKkQrPmTF8EuGeeGVS3lyxdpGllwAA5BAVjgFJTBDagAG2DwCJ7BK3jTnrQX7V37mLVmtHRmH/wp7fMHWlWafQ==</latexit><latexit sha1_base64="uy8kTDMd49vVVXluVVEW4iiGnVM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7oomXQgOBFRLYkNlhgAmzl8zMkpANj2Djq9hYqLG1tfNtHJYtFDzJJF/+/5ycOb8bMiqkaX5rmaXlldW17HpuY3Nre0ff3XsQQcQxsXHAAt50kSCM+sSWVDLSDDlBnstIwx1eTv3GiHBBA78uxyFxPNT3aY9iJJXU0Y8LbqkIr6s1OBIGpJLwxBCwcIXEQNHJ3f1trV7s6HnTMJOCi2ClkAdpVTr6V7sb4MgjvsQMCdGyzFA6MeKSYkYmuXYkSIjwEPVJS6GPPCKcODloAo+U0oW9gKvnS5iovydi5Akx9lzV6SE5EPPeVPzPa0Wyd+bE1A8jSXw8W9SLGJQBnKYDu5QTLNlYAcKcqr9CPEAcYRWMyKkQrPmTF8EuGeeGVS3lyxdpGllwAA5BAVjgFJTBDagAG2DwCJ7BK3jTnrQX7V37mLVmtHRmH/wp7fMHWlWafQ==</latexit><latexit sha1_base64="uy8kTDMd49vVVXluVVEW4iiGnVM=">AAACD3icbZC7TgJBFIZn8YZ4W7W0mUiMULjZpVE7oomXQgOBFRLYkNlhgAmzl8zMkpANj2Djq9hYqLG1tfNtHJYtFDzJJF/+/5ycOb8bMiqkaX5rmaXlldW17HpuY3Nre0ff3XsQQcQxsXHAAt50kSCM+sSWVDLSDDlBnstIwx1eTv3GiHBBA78uxyFxPNT3aY9iJJXU0Y8LbqkIr6s1OBIGpJLwxBCwcIXEQNHJ3f1trV7s6HnTMJOCi2ClkAdpVTr6V7sb4MgjvsQMCdGyzFA6MeKSYkYmuXYkSIjwEPVJS6GPPCKcODloAo+U0oW9gKvnS5iovydi5Akx9lzV6SE5EPPeVPzPa0Wyd+bE1A8jSXw8W9SLGJQBnKYDu5QTLNlYAcKcqr9CPEAcYRWMyKkQrPmTF8EuGeeGVS3lyxdpGllwAA5BAVjgFJTBDagAG2DwCJ7BK3jTnrQX7V37mLVmtHRmH/wp7fMHWlWafQ==</latexit>

(a2) GQS vs. iterations (MNIST)
<latexit sha1_base64="rIPjtwYa0B6XoiSzaVctY0B36CI=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RXagLDQQqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHV3N/NaYcEHDoCknEXF8NAioRzGSSurpxyVUKcPregOOhQGpJDw1BCzd3d82muWeXjQNMwVcJlZGiiBDrad/dfshjn0SSMyQEB3LjKSTIC4pZmRa6MaCRAiP0IB0FA2QT4STpI9M4alS+tALuapAwlT9PZEgX4iJ76pOH8mhWPRm4n9eJ5beuZPQIIolCfB8kRczKEM4SwX2KSdYsokiCHOqboV4iDjCKhBRUCFYiy8vE7tiXBhWvVKsXmZp5MEROAElYIEzUAU3oAZsgMEjeAav4E170l60d+1j3prTsplD8Afa5w9a+Jc3</latexit><latexit sha1_base64="rIPjtwYa0B6XoiSzaVctY0B36CI=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RXagLDQQqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHV3N/NaYcEHDoCknEXF8NAioRzGSSurpxyVUKcPregOOhQGpJDw1BCzd3d82muWeXjQNMwVcJlZGiiBDrad/dfshjn0SSMyQEB3LjKSTIC4pZmRa6MaCRAiP0IB0FA2QT4STpI9M4alS+tALuapAwlT9PZEgX4iJ76pOH8mhWPRm4n9eJ5beuZPQIIolCfB8kRczKEM4SwX2KSdYsokiCHOqboV4iDjCKhBRUCFYiy8vE7tiXBhWvVKsXmZp5MEROAElYIEzUAU3oAZsgMEjeAav4E170l60d+1j3prTsplD8Afa5w9a+Jc3</latexit><latexit sha1_base64="rIPjtwYa0B6XoiSzaVctY0B36CI=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RXagLDQQqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHV3N/NaYcEHDoCknEXF8NAioRzGSSurpxyVUKcPregOOhQGpJDw1BCzd3d82muWeXjQNMwVcJlZGiiBDrad/dfshjn0SSMyQEB3LjKSTIC4pZmRa6MaCRAiP0IB0FA2QT4STpI9M4alS+tALuapAwlT9PZEgX4iJ76pOH8mhWPRm4n9eJ5beuZPQIIolCfB8kRczKEM4SwX2KSdYsokiCHOqboV4iDjCKhBRUCFYiy8vE7tiXBhWvVKsXmZp5MEROAElYIEzUAU3oAZsgMEjeAav4E170l60d+1j3prTsplD8Afa5w9a+Jc3</latexit><latexit sha1_base64="rIPjtwYa0B6XoiSzaVctY0B36CI=">AAACB3icbVDLTsJAFJ3iC/FVdenCicQENk3LRt0RXagLDQQqJNCQ6TCFCdNHZqYkpGHpxl9x40KNW3/BnX/jULpQ8CQ3OTnn3tx7jxsxKqRpfmu5ldW19Y38ZmFre2d3T98/eBBhzDGxcchC3naRIIwGxJZUMtKOOEG+y0jLHV3N/NaYcEHDoCknEXF8NAioRzGSSurpxyVUKcPregOOhQGpJDw1BCzd3d82muWeXjQNMwVcJlZGiiBDrad/dfshjn0SSMyQEB3LjKSTIC4pZmRa6MaCRAiP0IB0FA2QT4STpI9M4alS+tALuapAwlT9PZEgX4iJ76pOH8mhWPRm4n9eJ5beuZPQIIolCfB8kRczKEM4SwX2KSdYsokiCHOqboV4iDjCKhBRUCFYiy8vE7tiXBhWvVKsXmZp5MEROAElYIEzUAU3oAZsgMEjeAav4E170l60d+1j3prTsplD8Afa5w9a+Jc3</latexit>

Fig. 4: Mode Collapse Divergence (MCD) and Generative Quality Score (GQS) are plotted versus the number of training
iterations for different data-sets and different GAN architectures. Lower MCD and higher GQS values indicate more diverse
and higher quality generated samples and vice versa.

five GAN architectures. As seen in Figure 4(a1), Vanilla
GAN undergoes severe mode collapse as reflected by the in-
creasing value of MCD. However, the quality of samples gen-
erated by Vanilla GAN is the best compared to other archi-
tectures attributing to the highest value of GQS as shown in
Figure 4(a2). Among the remaining architectures, the perfor-
mance of CGAN for MNIST dataset is found to be the best in
terms of both sample quality and mode collapse as the value
of MCD is low, and the value of GQS is close to 1.

Similarly from Fig. 4(b1), we observe the performance of
WGAN to be the best for Fashion MNIST dataset in terms
of mode collapse as it has a relatively lower value of MCD.
However, the performance of LSGAN is found to be better
compared to the other algorithms as it undergoes minimal
mode collapse and has a higher value of GQS as seen in Figs.
4(b1) and 4(b2).

In the experiments with CIFAR-10 data set, we observe
that CDCGAN, and LSDCGAN perform better in terms of
mode collapse and most of the algorithms perform relatively
similar when compared against the quality of samples gener-
ated. The performance of the WDCGAN is low for both the
mode collapse as well as the quality of samples due to the
high value of the MCD and a low value for the GQS score.

4. CONCLUSION

In this paper, we propose two new evaluation metrics to quan-
titatively measure the performance of Generative Adversarial

Networks. In particular, we presented mode collapse diver-
gence (MCD) and generative quality score (GQS) as two prin-
cipled metrics to capture mode collapse and sample quality.
Several GAN architectures, namely, vanilla GAN, WGAN,
LSGAN, PacGAN, and CGAN were compared over multi-
ple datasets using the proposed evaluation metrics. We ob-
serve that the performance of different algorithms varies sig-
nificantly with the underlying data set. The metrics to mea-
sure the mode collapse and the sample quality agree with
the human visual assessment of the generated images. The
metrics proposed can thus be useful in selecting an appro-
priate GAN framework to strike a tradeoff between sample
quality and mode collapse. As part of our future work, we
plan to do a comprehensive comparison of the proposed met-
rics with other existing approaches (e.g., Inception Score (IS)
[11], Maximum Mean Discrepancies (MMD) [13]).
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