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ABSTRACT

We present HyperCGAN: a conceptually simple and general approach for text-
to-image synthesis that uses hypernetworks to condition a GAN model on text.
In our setting, the generator and the discriminator weights are controlled by their
corresponding hypernetworks, which modulate weight parameters based on the
provided text query. We explore different mechanisms to modulate the layers de-
pending on the underlying architecture of a target network and the structure of the
conditioning variable. Our method enjoys high flexibility, and we test it in two sce-
narios: traditional image generation (on top of StyleGAN?2) and continuous image
generation (on top of INR-GAN). To the best of our knowledge, our work is the
first one which explores text-controllable continuous image generation. In both
cases, hypernetwork-based conditioning achieves state-of-the-art performance in
terms of modern text-to-image evaluation measures and human studies on COCO
2562 and ArtEmis 256 datasets.

1 INTRODUCTION

Discrete Continuous Discrete Continuous

his white hair and beard is a stark contrast against the
background

the background is so dark and the scene is kinda
gloomy but art is still good

a public transit bus on a city street
Figure 1: Generated samples from COCO (Left) and ArtEmis (Right) using HyperNet con-
ditioned convolution-based (discrete) and INR-based generators (continuous). For continuous
images, the regions outside the bounding boxes are extrapolations beyond the training image dimen-
sions.

Humans have the innate ability to connect what they visualize with language or textual descriptions.
Text-to-image (T2I) synthesis, an Al task inspired by this ability, aims to correctly generate an image
conditioned on a textual input description. Compared to other possible inputs in the conditional
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generation literature, sentences are an intuitive and flexible way to express visual content that we
may want to generate. The main challenge in traditional T2I synthesis lies in learning from the
unstructured description and in encoding and learning the different statistical properties of vision and
language 1nputs This field has seen significant progress in recent years in the quality of generated
images, the size and complex1ty of datasets used and in image-text alignment ( , ;

Existing methods for T2I can be broadly categorized based on the architecture innovations developed
to condition on text. Models that condition on a single caption input include stacked architectures

( , ), attention mechanisms ( s )], Siamese architectures ( s
), cycle consistency approaches ( , ), and dynamic memory networks ( ,
). A parallel line of work ( , ) looks

at adapting unconditional models for T2I synthe51s In this Work we propose the HyperCGAN —
a single-stage pipeline and general framework for T2I generation, which can efficiently generate
both standard and continuous images from text. We show the generality of our method using the
INR-GAN ( , ) backbone for generating continuous images and the Style-
GAN?2 ( , ) backbone for generating discrete pixel-based images. StyleGAN2 is a
state-of-the-art model for discrete image generation and automatically learns and separates the high-
level attributes of and stochastic variations in the generated images, while INR-GAN is a recently
introduced unconditional continuous image generator that significantly reduces the gap between
continuous image GANs and pixel-based ones. Figure 10 shows generated discrete and continuous
images on two datasets using the HyperCGAN framework.

What is HyperCGAN? Contrary to the prevailing T2I methods that condition their model on text
embeddings ¢ by updating a hidden representation h, we follow a different paradigm in HyperC-
GAN, and explore hypernetworks ( , ) that condition the model on textual information
¢ by modulating the model weights. Such a procedure can be seen as creating a different instance
of the model for each conditioning vector ¢ and was recently shown ( , ) to
be a significantly more expressive mechanism than the embedding-based conditioning approaches
prevalent in existing T2I literature. A traditional hypernetwork ( , ) generates the
entire parameter vector 6 from the conditioning signal ¢ ie. 8 = F'(c), but this quickly becomes
infeasible as the number of parameters scale. In modern neural networks, |6| easily spans millions
of parameters. Thus we develop a general approach of altering a convolutional weight tensor W
with a modulating hypernetwork F'(c). Our hypernetwork produces a modulation F'(¢) = M of
the same size as the weight tensor W in a tensor-decomposed form. This tensor is then used to
alter W via an elementwise multiplication operation W, = W ® M (c¢). The proposed approach is
universal: we use exactly the same mechanism for both the generator and the discriminator, for con-
tinuous and discrete image generators and for conditioning on sentence-level or word-level signals.
Typically, T2I models like AttnGAN ( s ), ControlGAN ( , ), XMC-GAN
( , ), use vastly different architecture-specific ways to provide text information de-
pending on whether it is the generator or the discriminator that is being conditioned, often along
with additional text-matching losses. By comparison, the hyperconditioning mechanism in our ap-
proach is architecture agnostic. Our idea can be seen as a generalization of the mechanism used by
StyleGAN?2 to input noise information: in their work, the authors multiply the generator convolu-
tion weights W along the input channel dimension with scales ~y corresponding to the input feature
maps. In our model, 1) we use rich textual conditioning to modulate both G and D and 2) we develop
a universal conditioning mechanism and demonstrate that sentence and attention based word level
modulation, as well as continuous and discrete pixel-based generators can be effectively conditioned
using our approach.3) HyperCGAN leverages word-level information with a novel language-guided
tensor self-attention operator that modulates convolutional filters at the word level.

Contributions. (1) We propose a general framework, named, HyperCGAN, for synthesizing photo-
realistic discrete and continuous images from text descriptions. The model is augmented with a novel
language-guided mechanism that modulates convolutional filters at the word level. (2) We perform
extensive qualitative and quantitative experiments validating our design choices and show the in-
fluence of the different components of our hypernetwork based language-guided modulation. (3)
We show that our method has the ability to meaningfully extrapolate outside the image boundaries,
and can outperform existing methods on COCO and ArtEmis datasets, including stacked generators
and single generator methods. (4) We establish a strong baseline on a new affective T2I bench-
mark based on the recently proposed ArtEmis dataset ( , ), which has 455,000
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affective utterances collected on more than 80K artworks. ArtEmis contains captions that explain
emotions elicited by a visual stimulus, learning leverages learning that can lead to more human
cognition-aware T2I synthesis generation models.

2 RELATED WORK

Text-to-Image Generation. T2I synthesis has been an active area of research since at least

( ) and ( ) proposed a DRAW-based ( R ) model
to generate images from captions. ( ) first demonstrated improved fidelity of the
generated images from text using Generative Adversarial Networks (GAN) ( ,

). Several GAN-based approaches for T2I synthesis have emerged since. StackGAN (

, ) proposed decomposing the T2I generation into two stages - a coarse to fine approach
generating a 64 x 64 image first and then the 256 x 256 image. They also proposed using condi-
tional augmentation of the conditioning text. Later, AttnGAN ( , ) extended StackGAN
to three stages and adopted cross-modal attention mechanisms for improved visual-semantic align-
ment and grounding. ControlGAN ( , ) improved on AttnGAN by using a channel-wise
attention-driven generator to disentangle different visual attributes, allowing the model to better fo-
cus on manipulating subregions corresponding to the most relevant words. ( ) pro-
posed DM-GAN, using a memory module on the AttnGAN stacked architecture. The memory
module dynamically modulates fuzzy image contents when the initial images are not well gener-
ated. AttnGAN, ControlGAN, and DM-GAN are stacked architectures augmented with the Deep
Attentional Multimodal Similarity Model (DAMSM). The DAMSM loss aligns the text-image se-
mantic based on word-region pairs. ( ) introduced DF-GAN that incorporates a Deep
text-image Fusion block and Matching-Aware Gradient Penalty loss to encourage the visual se-
mantic alignment. In this work we show that our hypernetwork based conditioning can beat the
AttnGAN, ControlGAN, DM-GAN and DF-GAN baselines on image quality and image-text align-
ment. DALL-E ( , ) is 12-billion parameter version of GPT-3 ( , )
trained for T2I synthesis on large scale data. Their focus is on zero-shot generation with scale and
cannot be directly compared with our work. XMC-GAN ( , ) recently used multiple
contrastive losses to maximize the mutual information between image and text. They report signif-
icantly better FID scores, but we were unable to reproduce these scores using their repository. As
a result, we do not include it as a baseline. There are non-GAN based works in T2I, e.g. (

, ; ) which try to synthesize images condition on text information in autoregressive
fashion, and ( , ) which uses an invertible-neural network for solving tasks like
image captioning and T2I synthesis.

Art generation. Synthetically generating realistic artwork with conditional GAN is challenging due
to the multiplicity of objects and unstructured-shapes in art as well as its abstract and metaphoric
nature. It is less understood how capable neural representations are to learn these concepts about

artistic evolution. ( ), showed that high-level internal representations of a CNN
( , ) trained for art style classification can learn the Wo]lfflin principles of artwork.
Art style is often recognized ( ; , ) as the most challenging class
to grasp and several works have explored learmng artistic style representations. ArtGAN ( ,

; )] trained a conditional GAN on artist, genre, and style labels. ( )]
proposed an emotion to art ( , ) generative model by training an AC-
GAN on ten classes of emotions. Another line of work includes CAN ( )
and later H-CAN ( , ), which are modified versions of GAN capable of generatlng

creative art by learning about styles and deviating from style norms. Compared to these GANs, the
hypernetwork-based conditioning we introduce in this paper can be applied to any GAN. We extend
prior work in art generation by applying our conditioning to the novel text-to-continuous-image
generation task. In this work, we also benchmark our model on the challenging ArtEmis (

, ) dataset that contains captions explaining the emotions elicited by the corresponding art
images. By using HyperCGAN to generate artistic images in our while being conditioned on the
corresponding verbal explanations, we hope to better learn the relationship between symbolic and
abstract components in human cognition aware T2I synthesis.

Connection to HyperNetworks. Hypernetworks are models that generate parameters for other
models. Generative Hypernetworks, also called implicit generators(
, ) were recently shown to rival StyleGAN2 ( , ). Hypernet-
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works have also been applied to several tasks in architecture search ( s ), few-shot
learning ( , ), and continual learning ( , ). Our HyperCGAN
can generate continuous images conditioned on text using two types of Hypernetworks: (1) Image
generator Hypernetworks, which produces an image represented by its implicit neural representa-
tion(INR), a neural network Fy(x,y) that predicts an RGB pixel value given its (x,y) coordinate. (2)
Text controlling Hypernetworks guides the learning mechanism of the image generator Hypernet-
work with the input text. Despite the progress on unconditional INR-based decoders (e.g.,

(2019); ( ); (2021); ( ), genera-
tion high-quality continuous images conditioned on text is less studied compared to discrete image
generators. Our Hypernetworks augmented modulation approach facilitates conditioning the contin-
uous image generator on text while preserving the desired INR properties (e.g., out-of-the-box-super
resolution, extrapolation outside image boundaries).

3 APPROACH

The T2I generation task can be formulated as modeling the data distribution of images P, given a
conditional signal c. We use a standard GAN training setup where we model the image distribution
using a generator G. In our case, c¢ is text information, sentence, or word embeddings. During
training, we alternate between optimizing the generator and discriminator objectives:

LD(C) = _EIN]PT [—1 —|— D(.’I?7 C)] — EG(z,c)N]P’g [—1 — l)(C:(Z7 C), C)}

La(c) = —Eg(z,c)~p, D(G(2,¢), ¢) + ALpamsm &
where PP, is the generated image distribution , and IP,. is its real distribution. We also explore the
role of the Deep Attentional Multimodal Similarity Model (DAMSM) based image-text matching
loss Lpamsw, first proposed in ( ); also detailed in Appendix 6.5. Using an attention
mechanism, the DAMSM is able to compute the similarity between the generated image and the
sentence using both the global sentence level information and the fine-grained word level informa-
tion. The DAMSM loss provides an additional fine-grained image-text matching loss for training
the generator.

To facilitate both Discrete and Continuous image generation, HyperCGAN augments StyleGAN2
and INR-GAN, introduced as unconditional models, with an effective modulation mechanism that
encourages better sentence-level and word-level alignment. It improves upon the image-text align-
ment guided by DAMSM loss while preserving high image-fidelity. In the following section, we first
describe the StyleGAN2 and INR-GAN generator backbones before introducing our HyperCGAN
modulation, which facilitates conditional generation based on text.

3.1 DISCRETE AND CONTINUOUS GENERATOR BACKBONES

Discrete Generator: StyleGAN2 ( , ). StyleGAN2 is a generative model for
images that achieves state-of-the-art in several distributional quality metrics. The distinguishing
feature of StyleGAN?2 is its unconventional generator architecture, which comprises a mapping net-
work and a synthesis network. Instead of feeding the input latent code z € Z to only the beginning
of the network, the mapping network first transforms it to an intermediate latent code L. Affine
transform operation on L then produces styles that control the layers of the synthesis network (syn-
thesis layers) via explicit normalization and modulation. The modulation introduced in StyleGAN2
essentially scales each input convolutional feature map based on the incoming style, which can
alternatively be implemented by scaling the convolution weights as,

Wiy = Si-Wijki )

Here, w and w’ are the original and modulated weights, s; is the scale corresponding to ¢—th input
feature map ¢;,, j enumerates the output feature maps coy, and k and [, the spatial footprint of the
convolution respectively.

Continuous Generator: INR-GAN ( , ) Implicit Neural Representation
( , ) is an unconditional approach to represent a 2D
image where MLPs are used to produce RGB pixel values given 1mage coordinate locations (z, ).
Similar to StyleGAN2 architecture, INR-based generator uses a mapping network and a synthesis
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Figure 2: The architecture of the proposed HyperCGAN comprising of a Text encoder; hyper-
networks Tgs body, T and T, and heads for conditioning the generator; and Ths and Tp,
for conditioning the discriminator. HyperCGAN is a one-stage pipeline for image synthesis using
continuous or discrete generators. Sentence-level conditioning hypernetworks use the s subscript
while the attention-based word-level conditioning heads use the w subscript. The discrete Style-
GAN?2 generator takes a constant input, while the continuous INR-GAN generator takes an (z,y)
coordinate.

network. Unlike StyleGAN2, its mapping network acts as a Hypernetwork that takes a noise vector
z ~ N(0,1) and generates parameters for an MLP model Fy(.)(x,y). The MLP model becomes
the synthesis network evaluated at each location of a predefined coordinate grid to synthesize an
image. The weights of the MLP model are modulated through a Factorized Multiplicative Mod-
ulation (FMM) mechanism. In this mechanism, two matrices A and B, produced by the mapping
network, are multiplied together, and their product is passed through an activation function to obtain
a modulating tensor. Later, this modulating tensor is multiplied with the shared parameters matrix
of the synthesis network. We used a multi-scale version of INR-GAN ( , ),
which splits Fy.(x,y) into K blocks, where earlier blocks compute low-res features that are then
replicated and passed to the next level.

3.2 HYPER-CONDITIONAL GANS (HYPERCGANS)

Figure 2 shows an overview of over proposed HyperCGAN approach. We apply the HyperCGAN
conditional modulation framework to the discrete StyleGAN2 generator and the continuous INR-
GAN generator. The StyleGAN2 blocks are Convnet based and the weights are generally four
dimensional ie. M*¢ € ReuwXcnxknxkw while the INR-GAN blocks are two dimensional MLPs. ie.
M* € Reuxenx1x1 Both GAN models use the StyleGAN2 discriminator with four dimensional
Convnet blocks. We condition both generator and discriminator on text embeddings ¢ which are
transformed by the hypernetwork to produce modulating tensors for weight matrices. Existing GAN
models for T2I generation usually exploit two kind of encodings as an input to their model: sentence
encodings ( , ), word level encodings, or a combination of both of them (

; , ). Depending on the type of embeddings, we choose a dlfferent
type of archltectures for our hypernets as detailed below.

Generator conditioning: When conditioning the generator, the HyperNet backbone receives as
input the concatenation of noise vector z ~ N(0,I) of size 512 and sentence embedding vectors
c of size d.. The output of the backbone is consumed by 7s head layers, which then condition
the generator via tensor modulation. When using sentence-level conditioning, we use an two-layer
MLP for the shared backbone that we call T body and a single-layer MLP as the output layer (T
head), which is different for each generator block. For word-level conditioning, we use Conv 1x1
layers for each block in the generator (7., block); see the Figure 2 generator part.
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Discriminator conditioning: When conditioning the discriminator, the HyperNet backbone only
receives as input either the sentence or word embedding vectors of the input sentence of size d..
Note that sentence level information is also captured by our word-level modulation using a self-
attention mechanism as we show later. We call the word level modulating hyper-blocks as Tphw(c)
and the sentence level modulating hyper-blocks as Tps(c). In case of sentence embeddings, T s(c)
blocks are single-layer fully connected neural network, but Tpw(c) blocks are convlxl for the
word-level input. Output of these blocks are used to condition the body of the discriminator: it
receives the output from the backbone, and conditions the body by modulating the convolutional
layers in the discriminator. To condition the final projection head in the discriminator on ¢, we
use s = h' F(c), where h is the output of the last discriminator hyper-block, s is the output of the
discriminator, and F'(c), the tensor produced by our hyper-block. This form resembles the traditional
Projection Discriminator ( s ) that uses output s = KTk, (k one-hot), which
we generalize to condition on beyond one-hot class labels; see the Figure 2 discriminator part..

3.2.1 EXTREME MODULATING TENSOR FACTORIZATION.

Producing a full-rank modulating tensor M* for each block I is memory-intensive and infeasible
even for modestly sized architectures. For example, if the hidden layer size of our hypernetwork is
of size d;, = 512 and the convolutional weight tensor at layer £ is of dimensionality d, = coy X Cin X
kp X ky = 512 x 512 x 3 x 3 ~ 2.4 million, then the output weight matrix in the hypernetwork
will be of size d, x d;, = 1.2 billion. To overcome this issue, we propose factorizing the modulating
tensor with an extreme low-rank tensor decomposition. The canonical polyadic (CP) decomposition

( , ) lets us express a rank-R tensor 7 € R% % *dn a5 a sum of R rank-1 tensors:
R
T=) the.et, 3)
r=1

where ® is the tensor product and t¥ is a vector of length dj. As an example in our model,

. . - R .
our modulating tensor M¢ € Rewxcnxknxkw — N7 AfE where M is of rank R, and
Mf € Rewxcnxknxku — ¢r @t ® t7 @ t7, where each M/ is composed from the tensor

product of 4 vectors along the cyyut, Cin, kp, and k,, dimensions.

Sentence level conditioning. Conditioning on sentence embeddings using the HyperCGAN is rel-
atively straight-forward. The input text sentence is encoded into a finite dimensional vector using
the text encoder, and then transformed into the modulating tensor M per block [ via the HyperNet
backbone and output layer. The modulation mechanism is simply an elementwise dot product.

3.2.2 WORD-LEVEL MODULATION

Since the word embeddings consists of sequence of individual word encodings, it may contain fine-
grained and more grounded information. First, word encodings are passed through a hypernetwork
that consists of a single convlx1 layer (i.e., Tz, for the generator or Tp,, for the discriminator).
This step generates a tensor W¢ € R?*(entkntkuw) where () denotes sequence length of the word
embeddings (i.e., the number of words). From the word tensor WY, we derive a two dimensional
matrix Q¢ € R (enxknxkw) ysing tensor factorization via an outer product operation.

. , . .
Qi, = Viln ® V;L ® pr (4)
where QY is the i-th row in Q, v € Rétkn+kw jg the modulating hypernetwork output for the

i-th word, viin is its first ¢;, dimensions, v}L is its second k;, dimensions, v, are is its third k,,

dimensions. We apply scaled dot product attention mechanism ( , ) to attend to
the relevant words in the resulting tensor M* € RSX¢inxknxkuw .
WZ T
Mt = softmax((iQ))Qz7 )

v/ Cout

where W' is the weight matrix at layer [, M* is the final modulating tensor, W* and M*¢ ¢
Reouxenxknxkw The proposed hypernet-based conditioning can easily be integrated to both Style-
GAN?2 and INR-GAN architectures. We call the resultant model architectures Hyper-conditional
GANs (HyperCGAN). In INR-GAN generators, convolutional layers are replaced with linear ones
whose weights are of dimension ¢, X ¢;y,. In this case, kp, k,, dimensions are set to 1.
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What does Word-Level modulation mean for Discrete and Continuous Generation? In discrete
generators, our modulation operation encourages unpaired grounding between the modulating tensor
of the words Qf ,4 € 1---Q and the ¢,,; convolutions filters in the weight matrix of the target layer;
each filter is of size c¢;,, X kj, X k. However, in the case of continuous generations with INR-
based decoders, the modulation aims at grounding words to independent pixels at an input (z,y)
coordinate, represented as low-res features at earlier layers and the final RGB value in the last layer.

4 EXPERIMENTS AND RESULTS

We perform a comprehensive evaluation of HyperCGAN on two challenging datasets and compare
our HyperCGAN to state-of-the-art models including (AttnGAN, ControlGAN, DM-GAN and DF-
GAN) on MS-COCO and ArtEmis datasets. MS-COCO ( R ) is a commonly used
benchmark for T2I generation, and contains over 80K images for training and more than 40K images
for testing. Each image has 5 associated captions that describe the visual content of the image.
We use the splits proposed in ( ) to train and test our models. ArtEmis (

, ) is a recently introduced visual art dataset built on top of WikiArt. It contains over
450K emotion attributes and explanations from humans on more than 81K artworks. Each image
is associated with at least 5 captions, but unlike COCO, they are more affective and subjective than
descriptive. Since most WikiArt paintings do not depict real objects, the corresponding utterances
also do not reflect the visual content directly but rather through emotional statements, metaphors,
and similes. These aspects of the dataset impose additional challenges on our T2I generation task.
We split the dataset into 80%, 5%, 10% images for train, val, and test, respectively.

Image Quality. We adopt widely used automated metrics to measure the image quality of our

generations: the Inception score (IS) ( R ) and Frechet Inception Distance (FID)
( R ). Due to the limitations of IS ( s ; , ) to capture
diversity and quality of the generation, we rely on FID as a more robust measure for T2I model
evaluation like other recent related works ( ; , ). We quantify

the performance of our model on 30,000 images conditioned on text descrlptlons from the test set.

Text-Image Alignment. Image quality scores alone cannot reflect whether the generated image
is well conditioned on the given text description. Instead, we use R-precision ( s )
for this purpose. Given a generated image, a positive caption and negatives, R-precision measures
the retrieval rate for the positive caption using a surrogate multi-modal network. We follow the

methodology in ( ); ( ); ( ); ( ), which relies
on a pretrained DAMSM network for R precision computation. However, as reported in recent work
( , ; . ), the R-precision on real COCO
images is only 22. 22% ( ); ( ); ( ); ( )

models are trained to optlmlze for the DAMSM loss metric, they report DAMSM-based R-precision
scores significantly higher than real images (see Table 1). Motivated by these findings, we decided to
use the recently proposed benchmark ( , ) based on CLIP model ( , )
for calculating the text-image alignment, that we term CLIP-R. Similar to ( ), we
fine-tune CLIP on both datasets. During evaluation, candidate text descriptions for each query image
consists of one ground truth and 99 randomly selected mismatching descriptions. Table 1 shows
that the CLIP-R on real data is significantly higher in both datasets than its counterpart DAMSM-
R, suggesting that CLIP-R is more reliable metric for computing Text-Image Alignment than its
DAMSM-based counterpart.

Human evaluation. While automated metrics are indicative, the gold standard for evaluating syn-
thesized images is human evaluation. We conducted two evaluations on both datasets. For all human
studies, 250 generations were selected at random. For each image, we assigned 5 participants in
Amazon Mechanical Turk and collected 1250 responses in total.

Visual Semantic Matching: We compared our HyperCGAN against the DM-GAN and DF-GAN
baselines. In this study, given a text description and generations in random order, subjects were
asked which of the images are more consistent with the text description. If there are multiple choices,
we requested them to pick the one with the most perceptually appealing visual content. Based on
the collected votes, for COCO, the percentage of votes we obtained for DF-GAN, DM-GAN and
HyperCGAN models were 22.88%, 32.53% and 44.59%, respectively, while on ArtEmis they were
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Model COCO 2562 ArtEmis 2562
ISt FID| DAMSM-R 1 CLIP-R 1 IS+ FID | DAMSM-R 1 CLIP-R 1

AttnGAN 25.89 34.2% 81.52% 29.31% 9.01 45.64 78.68% 7.11%
ControlGAN 24.06 34.52* 82.43% 24.96% 8.63 42.01 78.75% 7.38%
DM-GAN 30.49 32.64 88.56% 4031% 9.51 31.4 93.54% 12.92%
DF-GAN 17.45% 28.92 55.85%* 26.13% 7.33 254 52.38% 9.81%
HyperCGANGsyiean2 (ours) 21.05 20.81 67.92% 61.49% 746 21.7 27.20% 19.86%
HyperCGANnr (ours) 1829 30.44 56.98% 52.64% 7.37 22.75 21.70% 16.00%
Real Images 34.88" - 22.22%* 89.43% 9.93 - 23.87% 45.12%

Table 1: Automated metrics for various models on COCO and ArtEmis 2562, “*” denotes scores
that were not reported in the original paper, but computed using either official checkpoints (when

available) or by training the model using the official code. { and I denote ( ) and
( ), respectively.
Model Conditioning DAMSM Loss DAMSM-R1 CLIP-R1 FID|
StyleGAN2 sentence X 47.16% 44.13%  17.18
HyperCGANGyleGaN2 sentence X 50.11% 49.85% 23.59
HyperCGANGyleGaN2 sentence v 64.04% 54.45% 31.47
HyperCGANsyieGAN2 word X 48.49% 4741%  20.64
HyperCGANgsyieGAN2 word v 67.92% 61.49%  20.81
INR-GAN sentence X 38.61% 3491%  27.73
HyperCGANinr sentence X 40.36% 40.81% 28.29
HyperCGANing sentence v 39.92% 52.30% 38.66
HyperCGANngr word X 35.67% 37.23%  25.39
HyperCGANnr word v 56.98% 52.64% 30.44

Table 2: Ablating different HyperCGAN modulation mechanisms on COCO 2562 for Style-
GAN2 and INR-GAN. Our hypernetwork-based conditioning makes it possible to use word-level
conditioning, which is crucial in achieving good results. Note that adding DAMSM loss decreases
FID (i.e., overall image quality) dramatically for sentence-conditioned models.

25.6%, 29.6%, 44.8%. The results show that HyperCGAN received significantly more votes than
the baselines. Results are summarized in Table 3.

Extrapolation meaningfulness. Since our INR-based HyperCGAN has the property of being able to
extrapolate outside of the image dimensions, we were interested whether the extended regions made
sense beyond the training data coordinates. In this study, we asked subjects to indicate a) whether
the extended area in the generations are meaningful, and b) whether the extended area makes the
image more aligned with the text description. In Table 4, for (a), the results shows that 68.8% of
responses indicate that the out-of-the-region extrapolation is meaningful while 20.8% of them say it
is not. For (b), 66.4% of them suggested that the alignment between the image and text description
improved or remained the same (see Table 5).

COCO Results. Table 1 highlights results of baselines and our proposed model on automated met-
rics. On COCO dataset, HyperCGANgyegan2 achieves the best FID score while HyperCGANr
being comparable to the baselines, 20.81 and 30.44, respectively. In terms of retrieval scores, all the
baselines except DF-GAN gives DAMSM-R scores higher than 80%. However, they underperform
in terms of the CLIP-R metric. This can be explained by the fact that these models are optimized
for DAMSM-R metric using DAMSM-loss during training. Our models, however, achieve higher
CLIP-R precision or perform at par with DM-GAN, meaning that generations from HyperCGANs
are more aligned with textual information. This is supported by our human studies, where 44.59%

Table 3: Visual Semantic Table 4: Extrapolation mean- Table 5: Extrapolation align-
Matching Results. ingfulness. ment with text.
Dataset DM-GAN DF-GAN HyperCGAN Dataset meaningful not sure not meaningful Dataset more aligned same less aligned
COCO 32.53% 22.88% 44.59% COCO  68.8% 10.4% 20.8% COoCco 14.4% 52% 33.6%
ArEmis  29.60%  25.60% 44.80% ArEmis  75.6% 8% 16.4% ArEmis 12.8%  56.4% 30.8%
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of responses from participants indicate that HyperCGAN generations are more consistent with the
text description.

Affective Text-to-Image Synthesis. Since ArtEmis contains affective text descriptions, it intro-
duces additional challenges to the T2I generation task. We see in Table 1, that HyperCGAN achieves
21.70 FID score and outperforms all baselines. The trend in R-prec scores is similar to the COCO
dataset, where HyperCGAN underperforms the other baselines on R-prec, but overperforms them
on CLIP-R. On visual inspection of the generated images in Figure 3, we see that the HyperCGAN
generated artwork abounds in vivid, high-quality details. It precisely captures major scenes when
it comes to depicting water surfaces, open space landscapes, cities and architecture, human figures
and their postures, also shows the diversity of paintings.

Ablations on hyper-modulation mechanisms. Table 2 shows that simply conditioning genera-
tors with our hyper-modulation method achieves comparable results both in terms of image-quality
and text-image alignment metrics. Although our models perform well without using DAMSM loss,
we also investigate HyperCGAN performance with DAMSM loss. Results indicate that DAMSM-
Rprec not only increases while training with this type of loss but CLIP-R score also improves sig-
nificantly with our proposed word-level modulation mechanism. On COCO dataset, we can observe
that HyperCGANsyiegan2 using DAMSM loss improved with word-level modulation from 54.41%
to 61.49% on CLIP-R and from 31.47 to 20.81 on FID score. Similarly, HyperCGANr using
DAMSM loss improved with word-level modulation from 52.3% to 52.64% on CLIP-R and from
38.66 to 30.44 on FID score.

Ablations on Modulating Tensors. We further investigate the effect of rank and modulation di-
mension of the modulating tensors in the architecture of HyperCGANgyecan2. Specifically, we
generate the modulating tensors using different combinations of rank-1 tensors (Cout, Cin, kn, kw)
through tensor factorization to modulate the weight matrices of convolution layers of both generator
and discriminator. In Table 6 in the appendix, we observe that the model achieves the highest FID
score when modulating the tensor along dimension c¢;,. However, in terms of CLIP-R score tensor
of 8ize Cout X Cin, kn X ky, holds the best score. We also experimented with generating modulating
tensors of higher ranks. However, using higher rank modulating tensors did not improve the results,
and only contributed to the complexity of the model.

DM-GAN DF-GAN HyperCGAN

o

TR ; £
An Italian city is showcased beautifully with pastel colorings from
the vantage point of a garden park on a hillside.

N R

ArtEmis

the use of dark colors makes it seem as if the ships are going to
an ominous place

coco

a man kite boarding in the ocean next to a sandy beach a herd of sheep grazing on a lush green filed'

Figure 3: Qualitative comparison of the proposed HyperCGAN model with state-of-the-art models
(DM-GAN, DF-GAN) for T2I synthesis.
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5 CONCLUSION

In this paper, we propose HyperCGAN, a novel HyperNet-based conditional GAN. HyperCGAN
is a model backbone-agnostic text-to-image generative model with a single generator that oper-
ates with a novel language-guided tensor modulation operator for sentence-level and word-level
conditioning. HyperCGAN-based conditioning is a flexible framework and can be applied to both
discrete pixel-based generators like StyleGAN2 and continuous image generators like INR-GAN as
we demonstrated. Using several automated metrics for image quality, visual-semantic consistency,
and human evaluation scores, we show that HyperCGAN achieves high performance in generation
quality and diversity compared to existing text-to-image synthesis baselines. To our knowledge, Hy-
perCGAN is also the first approach that facilitates text to continuous image generation, and we show
its ability to meaningfully extrapolate images beyond training image dimension while maintaining
the alignment with the input language description. We hope that our method may encourage future
work on hyper networks for controllable conditional generation.
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6 APPENDIX

Dimension FID CLIP-R

Cin 18.74 45.13%
Cout 54.6  30.76%
Cout; Cin 21.11  47.86%

Cins ki kw2032 49.42%
Couts ko kw2349 43.95%
Couts Cins kny kw2359 49.85%

Table 6: Effect of different choices of modulating tensors.

6.1 IMPLEMENTATION DETAILS

Our models are trained with learning rate [ = 0.0025 with multi-gpu support on 4 NVIDIA TESLA
V100 GPUs. For all experiments, we kept the batch size equal to 16 and run for 25k iterations. For
COCO datasets, we followed standard splits, but we split the ArtEmis dataset into train/val/test splits
in a ratio of 0.85, 0.10, 0.05. At inference, we used only test split to generate art images.

6.2 SENTENCE-LEVEL INFORMATION

Similar to Xu et al. (2018); Liet al. (2019a); Zhu et al. (2019); Tao et al. (2020), first we extract 256-
dimensional sentence embeddings denoted as ¢ from LSTM-based pretrained text encoder. Then,
we concatenate extracted embeddings and noise vector z of dimension 512, and pass it through a
hypernetwork T (z, ¢) of the generator.

6.3 WORD-LEVEL INFORMATION

In order to leverage word-level information, we extract the word embeddings from the same text
encoder mentioned above. However, word embeddings have different sequence lengths and not
suitable for batch processing. Therefore, the words embeddings are padded with Os matching the
max word length. Then, the padded embeddings go through hypernetworks with a single conv1x1
layers to generate style vectors of dimension 7 X (¢, + kyw + kn) (See Figure 9).

6.4 TEXT ENCODER

For text encoder, we adopt pretrained text encoder from AttnGAN. This text encoder is used in all
the baselines reported in the paper. Therefore, for consistency, we also used AttnGAN text encoder

DM-GAN AttnGAN

DF-GAN

HyperCGAN

Ccoco ArtEmis

Figure 4: Qualitative Results on ArtEmis dataset (Attn-GAN, DM-GAN, DF-GAN, HyperCGAN )
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a group of boys playing soccer on a
field

i like the setting of the snow and it is the green leaves on the trees look
a calm and peaceful painting very luscious

Figure 5: Out-of-the-Box generation

which is based on a bi-directional Long Short-Term Memory (LSTM). In the bi-directional LSTM,
each word corresponds to two hidden states, one for each direction. To represent the semantic
meaning of a word, they concatenate its two hidden states. The last hidden states of the bi-directional
LSTM are concatenated to be the global sentence vector. The hidden size of both embeddings is
equal to 256.

15



Under review as a conference paper at ICLR 2022

The blackened boats looked
burnt and torn aport with no
survivors

A gorgeous burst of abstroct Nice mix of colors and the 1 feel bright and alive when |
Jloweers in bright colors. whole thing looks reloxing. view this.

The colors and figures seem The colors ond design The colors used suggesta Reminds me of being in the
very run down and fifeless. feels beautiful, calm scene. woods.
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Figure 6: HyperCGAN Head and Body Ablation Qualitative Results on ArtEmis dataset

The use of many colors with The dark colors and blunt The clouds are so cool and This a picture of colors of  This looks very creepy it looks ike  The primary colors are bold and ~Lost in a ity and finding myself  The woman has a pleading look
this painting makes me feel lines feel chaotic and brash. very attracting, flowers that look like that will  the feet of  dead person in the  playful as are the larger shapes.  in a bad area of abandoned in her eyes
ke having fun. pull you in. morgue superimposed in mid air buildings

—

amusement anger contentment disgust excitement fear sadness

Figure 7: Example of affective captions and corresponding emotion from ArtEmis dataset.

def tensor_modulation(weight, styles):
Performs a low-rank tensor modulation
weight: [c_out, c_in, kw, kh] - weights of conv layer
styles: [b, rank * (c_out + c_in + kw + kh)] - output of a hypernetwork

c_out, c_in, kw, kh = weight.shape
b = styles.shape[0]
rank = styles.shape[l] // (c_out + c_in + kh + kw)

styles = styles.reshape(b, rank , c_out + c_in + kh + kw)

# extract factors for tensor modulation

factorl = np.expand dims(styles[:, :, : c_out].reshape(b, rank, c_out), [-3, -2, -1])

factor2 = np.expand_dims(styles[:, :, c_out : c_out + c_in].reshape(b, rank, c_in), [2 ,-2, -1])
factor3 = np.expand dims(styles[:, :, c_out + c_in:c_out + c_in + kh].reshape(b, rank, kw), [2 ,-3, -1])
factor4 = np.expand dims(styles[:, :, c_out + c_in + kh:].reshape(b, rank, kh), [2 ,-3, -2])

# obtain modulating tensor by low-rank tensor factorization
modulating tensor = factorl * factor2 * factor3 * factor4 # [b, rank, c_out, c_in, kh, kw]

modulating_ tensor = modulating_tensor.sum(axis=1) / np.sqrt(rank) # [b, c_out, c_in, kh, kw]

# Normalize the variance of 4 factors product with mean=std=1 each (assuming independence)
modulating_tensor = modulating_tensor / np.sqrt(15)

return modulating_tensor

Figure 8: Numpy-like pseudocode for core tensor modulation implementation.
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def tensor_modulation_word(weight, styles)
Performs a low-rank tensor modulation based
on word level information
weight: [c_out, c_in, kh, kw]
styles: [b, c_in + kh + kw, num words]
c_out, c_in, kw, kh = weight.shape
b = styles.shape[0]

styles = np.transpose(styles, (2, 1)) # [b, num words, c_in + kh + kw]
n_words = styles.shape[1]

factorl = np.expand _dims(styles[:, :, :c_in].reshape(b, n_words, c_in), [2, -2, -1])
factor2 = np.expand_dims(styles[:, :, c_in:c_in + kw].reshape(b, n_words, kw), [2, -3,
factor3 = np.expand dims(styles[:, :, c_in + kw:].reshape(b, n_words, kh), [2, -3, -2])
M = factorl * factor2 * factor3 # [b, num words, c_in, kh, kw]

M

M.reshape(b, n_words, -1) # [b, num words, c_in x kh x kw]

weight = np.tile(weight, (b, 1, 1, 1, 1)) # [b, c_out, c_in, kh, kw]

weight = weight.view(b, c_out, -1) # [b, c_out, c_in x kh x kw]

score = (weight * np.transpose(M, (2, 1))) / np.sqgrt(c_out) # [b, c_out, num words]
attn = softmax(score, -1)

modulation = attn * M # [b, c_out, c_in x kh x kw]

modulation = modulation.reshape(b, c_out, c_in, kw, kh)
weight = weight.reshape(b, c_out, c_in, kw, kh)

return weight * modulation

Figure 9: Numpy-like pseudocode for attention-based word-level tensor modulation.
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6.5 DAMSM LOSS

DAMSM loss Xu et al. (2018) is defined on top of Inception-v3 image model Szegedy et al. (2016),
which is used to extract image features f € R78*289 (reshaped from 768x17x17). 768 is the
dimension of the local feature vector, and 289 is the number of sub-regions in the image. These
features are then converted to a common semantic space of text features by adding an FC layer
v=WFf, =W f, where v; is the visual feature vector for the i*" sub-region of the image;
and 7 € RP is the global vector for the whole image. We then calculate the similarity matrix for all
possible pairs of words in the sentence and sub-regions in the image by

s=el v, (6)
where s is a similarity matrix between all word-region paris, s; ; is the dot-product similarity be-
tween the 7" word of the sentence and the ;%" sub-region of the image. We find that it is beneficial
to normalize the similarity matrix as follows

Sij = —Te_le(SW) : (7)
2 k=0 €XP(Sk,;)
Then, region-context vector ¢; is defined as a representation of the image’s sub-regions related to the
h word of the sentence. It is computed as the weighted sum over all regional visual vectors, i.e.,
288 _
ci =Y ajv;, wherea; = eXp(%Sl i)
j=0 Zk 0 eXp('Ylsz k)

Then, the relevance between the i*"* word and the image using the cosine similarity between ¢; and
e, i.e., R(ci,e;) = (cFei)/(||cillllei]]). The attention-driven image-text matching score between
the entire image (q) and the whole text description (d) is defined as

T-1 1

R(q,d) = log ( Z exp(y2R(c;, ei))) %, 9

(®)

; we used the default parameters in Xu et al. (2018).

The DAMSM loss is finally defined as
L:DAMSMZACEU-‘FﬁEU-F;Ci-l—,C;. (10)
where

ZlogP (dilqi), LY = ZlogP ailds), (11)

CXP(’YSR(Qud )
S0, exp(vaR(gs,ds))
bility that sentence d; is matched with its corresponding image ¢;. If we redefine Eq. 9 by
R(g,d) = (v"%)/(||v]|||e]|) and substitute it to Eq. 12 and 11, we can obtain loss functions £3
and £3 (where ‘s’ stands for “sentence”) using the sentence vector € and the global image vector
v. The DAMSM loss is designed to learn the attention model in a semi-supervised manner, in
which the only supervision is the matching between entire images and whole sentences (a sequence
of words). Similar to Fang et al. (2015); Huang et al. (2013), for a batch of image-sentence pairs
{(qi,d;)} M, the posterior probability of sentence d; being matching with image a; is computed as

exp(y3R(Q:, D;))
> =1 exp(v3R(Qs, Dy))
where 73 is a smoothing factor determined by experiments. In this batch of sentences, only d;
matches the image ¢;, and treat all other M — 1 sentences as mismatching descriptions. The loss

function is defined as as the negative log posterior probability that the images are matched with their
corresponding text descriptions (ground truth), as shown in Eq. 11.

where ‘w’ stands for “word”, where P(g¢;|d;) =

is the posterior proba-

; 12)

6.6 ADDITIONAL RESULTS ON CUB DATASET
We performed additional experiments where we trained our models on CUB dataset and compared

to recent baselines (DF-GAN, DM-GAN). In Table 7, the results indicate that our models achieve
high CLIP-R precision and comparable FID score.
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Model Conditioning DAMSM Loss DAMSM-R1 CLIP-R1 FID|
DM-GAN v 75.89% 11.98% 16.09
DF-GAN v 39.05% 10.29% 14.81
HyperCGANGsy1egaN2 sentence X 25.51% 15.82% 13.28
HyperCGANsyleGaN2 sentence v 28.53% 19.07% 11.72
HyperCGANStyleGANz word X 25.55% 19.94% 11.81
HyperCGANGyleGaN2 word v 68.53% 21.45% 15.02
HyperCGANng sentence X 18.43% 17.85% 20.82
HyperCGANng sentence v 44.15% 26.94% 38.66
HyperCGANnr word X 17.46% 17.95% 18.73
HyperCGANnRr word v 46.39% 31.90% 15.72
Real 18.24% 25.47%

Table 7: Results on CUB dataset.

6.7 GENERATING HIGH RESOLUTION IMAGES (COCO)

a laptop computer sits on a
computer desk next to a mouse
k. e

a house being built with lots of wood a batter backs up as the ball is thrown

a man holding a fully topped soccer players are running after the a plane is flying high in the very cloudy sky
pizza in front of the camera ball together

Figure 10: High-resolution generations (1024x1024) from our HyperCGANjsgyegan2 model
trained on COCO.
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