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Abstract

In this paper, we aim to address the large domain gap
between high-resolution face images, e.g., from profes-
sional portrait photography, and low-quality surveillance
images, e.g., from security cameras. Establishing an iden-
tity match between disparate sources like this is a classical
surveillance face identification scenario, which continues
to be a challenging problem for modern face recognition
techniques. To that end, we propose a method that com-
bines face super-resolution, resolution matching, and multi-
scale template accumulation to reliably recognize faces
from long-range surveillance footage, including from low
quality sources. The proposed approach does not require
training or fine-tuning on the target dataset of real surveil-
lance images. Extensive experiments show that our pro-
posed method is able to outperform even existing methods
fine-tuned to the SCFace dataset.

1. Introduction

Recent advances in deep learning methods, including
model architectures, loss functions, datasets, and training
procedures have enabled considerable improvements in the
performance of face recognition systems. However, real-
life face identification in challenging conditions, such as
surveillance scenarios, remain an open challenge.

Despite common claims that super-resolution and face
hallucination can aid in face recognition performance in
this regime, systematic bias studies have found them to
be poorly applicable to real-life scenarios due to the do-
main gap between real and synthetically downsampled low-
resolution images [14, 38].

In this paper, we present a framework for addressing this
issue, and we make the following novel contributions:

* We develop a face hallucination method that reliably
upsamples low-resolution probe images at multiple
scales.

* We develop a multi-scale face recognition model that
improves recognition performance by matching the
resolution of the probe and gallery images being com-
pared.

* We develop a face template derivation method that re-
duces the effects of image quality by accumulating the
features of a given image over multiple scales.

* The proposed approach is independent of employed
deep face recognition model. That is, it can be com-
bined with any deep face model. Moreover, it does not
require any fine-tuning on the target dataset.

The combination of our contributions results in a
strongly performing face recognition method that achieves
state-of-the-art rank-1 identification rates (IR) on the
challenging Surveillance Cameras Face Database (SC-
Face, [13]).

2. Related work

Super-resolution. Recently, a significant amount of re-
search has gone into applying modern deep learning tech-
niques to the problem of super-resolution. Supervised learn-
ing approaches typically work by generating a dataset of
low-resolution and high-resolution image pairs, for exam-
ple, by using a dataset of high-resolution images as the
ground-truth (target), and subjecting each image to a pre-
defined degradation process to derive the training inputs.
A model, e.g., a Convolutional Neural Network (CNN) or
similar deep neural network, is then trained to upsample the
input image, using gradient descent over a pixel reconstruc-
tion error metric, such as mean square error or mean abso-
lute error [11, 22, 28].

More recent approaches to general super-resolution in-
clude more complex loss functions, such as perceptual
loss [19]. In this case, a secondary loss network is used
as the criterion instead of directly measuring pixel er-
rors. Alternatively, in adversarial approaches, the high-
resolution output is rated by a discriminator, a model trained
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3. Methodology

To solve the cross-resolution face recognition problem,
we propose a method that will make the quality of low-
resolution and high-resolution images converge in the im-
age domain. Specifically, we increase the quality of the
probe images using face hallucination networks and de-
grade the gallery images by applying combinations of
degradation functions. We propose a multi-hypothesis ap-
proach for face hallucination that is robust to artefacts
caused by image degradations. We also make use of multi-
scale representations of faces by applying different magni-
fication factors. On the other hand, multiple degraded hy-
potheses are generated from each gallery and resolution-
matched to the multi-scale probe hypotheses. Finally, we
use multi-scale template accumulation in order to measure
the similarity between a pair of probe and gallery image.
The overall method is depicted in Figure 1.

3.1. Face template extraction

We use state-of-the-art pretrained face recognition mod-
els to extract templates from degraded gallery images and
super-resolved probe images. We compare different tem-
plate networks, namely, the ResNet [17] family of mod-
els (ResNet-50, ResNet101) trained using the ArcFace [10]
loss function. The networks are trained on the MS1M [16]
and Glint360k [4] datasets, which contain 8M and 17M face
images, respectively.

3.2. Gallery degradations

In order to decrease the domain gap between low-
resolution probe face images and high-resolution gallery
face images, we reduce the quality of the gallery images
by applying multiple types of degradation functions at dif-
ferent scales. Multiple hypotheses for each gallery image
are obtained by applying every possible combination of the
degradations. The length of the combination determines the
number of downsampling that occur between each degrada-
tion of that combination. We set the maximum length of the
combinations to three for this process.

For example, given the gallery image G and given the
combination ¢; = < p't, pi2, p® > consisting of degrada-
tion functions p% € {p1, p2,...,p1}, where j € {1,2,3},
the i-th degraded hypothesis Gy, is obtained using the fol-
lowing equation:

Gro=p" (b (0" (s (0" (@), ()

where | s denotes the downsampling operation with a scale
factor of two and performed by the bicubic function. The
degradation function types {p1, p2, ..., p1 } are given in Ta-
ble 1.

After obtaining the degraded gallery face hypotheses, we
also match the resolution of each hypothesis to the resolu-

Degradation Description
Function
Additive Additive Gaussian noise with mean

Gaussian noise 0 and variance 0.02

Speckle noise Multiplicative Gaussian noise is
added to the image with mean 0

and variance 0.02

Color jitter Randomly change hue and
saturation

Brightness jitter Randomly change brightness and
contrast

Motion blur Horizontal motion blur is applied

with a window size 20

Gaussian blur Gaussian blur with sigma 1.1 and

window size 5

Disk blur Disk blur with radius 5
Perspective Random perspective transform
transform

Shear mapping Random shear transformation
Upscale First downscale the image, then
following upscale back to the original
downscale resolution

Patch shuffle Random patch shuffle [20]

Table 1: List of degradation functions

tion of the probe image of interest. Note that, for the exper-
iments with multi-scale probe images, we obtain multiple
resolution-matched images from each degraded gallery im-
age for each probe scale factor.

3.3. Face hallucination

In order to add high-resolution details to real life low-
resolution surveillance images, we train a variant of the
EDSR [28] super-resolution convolutional neural network
exclusively on face images. By limiting the training set to
face images, as opposed to general computer vision datasets
such as, ImageNet [9] or DIV2K [2] typically used for
super-resolution training, the network is able to learn to up-
sample human faces in more detail, which enables a higher
magnification factor (8x) than is typically used for general
super-resolution methods (up to 4x). Our super-resolution
network is trained on the VGGFace2 [7] dataset with 3M
images. The reference images represent the ground-truth,
and the training inputs are derived by applying a degrada-
tion (downsampling) pipeline to the full-resolution images.

Given a super-resolution model fsp capable of upsam-
pling an input low-resolution image z, i.e., such that y =
fsr(x) where z € Rhxwx3 ) e RFhxEwX3 and k is
the upsampling factor, we adapt a multi-hypothesis upsam-
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Figure 2: Gallery degradation process overview. In the graph above, there are [ different degradation options to be applied at
each step. All the possible paths in the graph generate a degraded gallery image and all of them are used in the recognition
pipeline. Note that, downsampling operation is applied between each degradation. We also match the resolution of the
degraded gallery images with the resolution of the probe images, which is done at the block denoted with RM (resolution-
matching). For example, the combination highlighted with yellow lines has three degradations to be applied sequentially. On
the other hand, blue and purple dashed lines show the particular combinations of length 1 and 2, respectively.
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Figure 3: Multi-hypothesis face hallucination results

pling approach. We notice that many low-resolution im-
ages are corrupted beyond their limited spatial resolution,
e.g., by noise and sampling artefacts. In order to alleviate
these artefacts, we blur the input image to different extents.
Specifically, we generate 16 versions of the input images by
blurring them using a Gaussian kernel with o = 0 through
o = 1. Each of the images is then upsampled separately us-
ing our super-resolution model. We present examples of the
multi-hypothesis super-resolution in Figure 3. We note that
the unblurred low-resolution image results in a suboptimal
reconstruction, since the super-resolution model amplifies
its noise and artefacts to an extent. Similarly, if the input
image is blurred too much, this results in a blurry recon-
struction.

To determine the best hypothesis to use out of the gen-
erated super-resolved images, we extract a face recognition

template from each of the hypothesis images, and pick the
one with the best similarity score to any of the images in the
gallery set.

In the rest of the sections, we discuss the means to use the
outputs of this multi-hypothesis model in order to improve
face recognition from these images.

3.4. Multi-scale template accumulation

Next, we consider how to optimally combine our ca-
pability to degrade the gallery images to arbitrary resolu-
tions, and our family of face super-resolution models that
can magnify input images by factors of 2x, 4x and 8x. In
this step, we measure the similarity between each probe and
gallery image pair. Then, the identification is performed by
nearest-neighbor classifier.

We use face recognition (template extraction) models
frr, which take a face image as an input and generate a
face template vector as an output. We assume that the tem-
plates extracted from each of the scales, frr(zs,)Vs; €
{48px, 96px, 192px}, include useful information about the
identity of the subjects, as well as noise related to the reso-
lution and quality of the image, i.e.,

fFR(xsi) :Iw"'es/” (2)

where x5, is an input image at scale s;, I, is the use-
ful information about the subject of the image x, and e,
is the template noise arising from the unwanted effects of
image resolution and quality. Under the assumption that
€5, 1s normally distributed for all scales, i.e., that €5, ~
N (0,X)Vs; € {48px, 96pz, 192px}, we try to reduce the
impact of the noise term by accumulating the three scale
representations to derive the final templates. Under the
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Figure 4: Different combinations of fusion methods while comparing a pair of probe image and gallery image. We start
with obtaining hypotheses for the probe image P and the gallery image G. Then, a face template is obtained from each
hypothesis image using face recognition model frpr. Finally, template and/or score fusion methods are applied to obtain a

single similarity score.

above assumption, we expect this to suppress the resolution-
related noise while preserving the identity information.
Given the probe image P and the gallery image G,
we obtain the multi-hypothesis super resolved images
{Pu,, Pu,, ..., Pu,,,, } and the degraded and resolution-
matched gallery images {G o, G,y .., G Hy ol } where
m is the number of super-resolution hypotheses for each
scale, n is the number of degraded images, and |s| is the
number of scales. Using a face recognition model fr g, we
then extract a face template from each of the images, such

that {tpHi = frr (PHL)} and {tGHj = frr (GHJ) }
To compare two given face templates, we calculate their
similarity scores using the correlation distance metric:

(tPHi - tPHi) ’ (tGH] - tGHj )T

2

3)
where tp, is the template of the i-th probe hypothesis
and tg ", is the template of the j-th gallery hypothesis be-

’f’(tp ,.7tG ): — —
R e T s N [ =

ing compared, and p,, and E are the mean probe and
gallery templates, respectively.

We use different strategies to compare the templates of
a probe image and the templates of a gallery image. These
strategies include template fusion and similarity score fu-
sion. We also use a hybrid approach in which both the tem-
plate fusion and the similarity score fusion are applied.

Template fusion. The first fusion strategy is to obtain
a single template for the probe image and a single template
for the gallery image, before calculating the similarity score
between them. By doing so, we reduce the number of hy-
potheses to be compared to a single hypothesis. In order to
do that, we use two types of fusion methods, namely, tem-
plate addition and template concatenation. The template ad-

dition is element-wise summation of the templates. Given
multi-scale probe templates {t py € RP } and multi-scale

gallery templates {tG u, € RP }, where D is the dimen-

sionality of the template vector, the template addition is per-
formed as:

acc __ §
tP - tPHL )
i

where t%¢ € RP and t%° € RP are the accumulated face
templates for the probe image and the gallery image, re-
spectively.

The template concatenation requires some care before
applying because the dimensions should match after the
concatenation operation for similarity calculation. We first
accumulate the templates of each scale separately using the
template addition to obtain {t P, } and {L‘GSm }, where s,
refers to the = x magnification scale with regards to the low
resolution image. Then, we concatenate the feature vectors
obtained at each scale:

= (tr.)

tEC = tay, )
J

g =+(ta.,), O

where - is the concatenation operator and joins the face
templates derived from individual scale images into a single
vector. Here, t%¢ € RPlsl and 3¢ € RPI*| are the accu-
mulated face templates for the probe image and the gallery
image, where |s| is the number of scales.

Similarity score fusion. In this strategy, we do not fuse
the face templates, instead, we calculate every possible sim-
ilarity score between the face templates of a probe image
and the face templates of a gallery image. Then, we fuse
these similarity scores by either adding them up as proposed
in [24] or by defining the similarity between the given un-
derlying gallery and probe image as the maximal similarity
between any pair of hypotheses generated.
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Next, we add the components of our proposed method
one by one. First, we obtain single hypothesis super-
resolved probe faces using the face hallucination network
with the magnification factors of 2x, 4x, 8x. There is a
slight improvement when the magnification factor is 2x.
However, the performance reduces when the scale factor
is increased, as can be seen from the results of the exper-
iments with 4x and 8x scale factors. This may be due to
high-frequency artefacts caused by real-world image degra-
dations being amplified at high magnification factors.

Then, we examined the effect of using multi hypothe-
sis face hallucination method instead of single-hypothesis
method. In this method, we try to minimize the artefacts by
super-resolving probe images at different blur levels and ob-
tain multiple hypotheses for each probe image. We then find
the maximum similarity between the templates obtained
from a given probe image’s hypotheses and the template of
a given gallery image. After that, the recognition is done
by assigning the subject whose gallery image has the high-
est similarity score. In all of the scale factors, the perfor-
mance improves against both the baseline and the single-
hypothesis face hallucination method.

So far, we have only worked on the probe face images.
With resolution matching, we match the size of the gallery
face images to the size of the probe faces. Then, they are
resized to the input size of the face recognition model. The
results of the experiments with 2x and 4x scale factors
show that the resolution matching helps to cross-resolution
matching process. However, since the probe face sizes at
scale factor 8x (192px) are larger than the network input
size (112pz), we do not see any improvement in experi-
ments with this scale factor. The best results were obtained
when the scale factor is taken 2 <, where the gallery images
have been degraded most compared to other scales.

By applying different types of degradation combina-
tions, we aim to model real-world image degradations. This
will reduce the image quality difference between probe and
gallery images. Using the method described in section 3.2,
we generate multiple hypotheses for each gallery face im-
age. Then, we compare the multi-hypothesis probe tem-
plates and multi-hypothesis gallery templates as illustrated
in Figure 4(c) using the maximum score fusion. The recog-
nition performance is increased at all scales when gallery
degradations are used.

Finally, by adding multi-scale template accumulation,
we obtain the entire proposed face recognition pipeline.
Here, we try to benefit from multi-scale representations of
the probe images and gallery images. In order to do that, we
use different types of fusion methods to accumulate the in-
formation at different scales (2x, 4 x, and 8 ). As a general
trend, performance has improved in all fusion methods. We
also examined the combinations of different fusion methods
in Table 3. In the first part of the table, we fix the template

model Taga  Sadd Smax

Fix Tyqq on the probe templates

MS1IMV3-R50 70.61 7030 78.15
MSIMV3-R101 79.38 78.61 85.53
Glint360k-R50 88.61 88.15 9246
Glint360k-R101 90.15 91.07 92.00
Fix T,44 on the gallery templates

MS1IMV3-R50 70.61 71.23 78.46
MSIMV3-R101 79.38 77.07 78.92
Glint360k-R50 88.61 89.07 86.76
Glint360k-R101 90.15 90.76  90.15

Table 3: Ablation study on different fusion methods on the
dl1 distance of the SCFace dataset. Rank-1 IR (%) results
are given. In the first part of the table, templates of the
probe hypotheses are fused with template addition T,gq and
followed by different types of fusion methods as shown in
the columns. In the second part of the table, the templates of
the gallery hypotheses are first fused with template addition
Taad, unlike the first part.

addition T,q4g on probe images and afterwards combine it
with different fusion methods. There is no significant differ-
ence between the fusion methods Taqq (on gallery images)
and score addition S,qq, which were later combined. How-
ever, using the max rule (Sy.x) improves the performance.
In this case, we have a single accumulated template for the
probe image and the score fusion is performed with respect
to multiple gallery hypotheses. We see that selecting the
most similar gallery hypotheses is better than accumulating
them. In the second part of the Table 3, this time, we fix the
template addition T,qq on gallery images. In this case, there
is no significant difference between any of the combined
fusion methods.

We can apply Syuq. and S,qq sequentially as described
in section 3.4. Following the findings from the ablation
studies, we first apply S,4. On the similarity matrix in or-
der to obtain the most similar gallery hypotheses, then S 44
is performed to obtain a single similarity score. By applying
Smaz and S, qq respectively with a ResNet-101 based face
recognition model trained on Glint360k dataset, we achieve
93.53% Rank-1 IR on the d1 distance of the SCFace dataset.

4.3. Face template comparison

We use four different face template models (frg) in
the above experiments, namely, ResNet-50 and ResNet-101
networks trained on either MS1MV3 or Glint360k datasets.

From the results in Table 2, we notice that as a gen-
eral trend, face templates derived using ResNet-101 based
models tend to perform better than the ones derived using
the ResNet-50 based models. This implies that the model
capacity is not yet saturated on either of these large-scale
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