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REAL-TIME FEATURE PRESERVING
RENDERING OF VISUAL EFFECTS ON AN
IMAGE OF A FACE

BACKGROUND
Field

Aspects of the present disclosure relate to augmented
reality systems, and more specifically to using augmented
reality systems to render depth-accurate eflects on an 1image
ol a user’s face 1n real time.

Description of the Related Art

Auvgmented reality systems generally are systems in
which computer-rendered eflects are displayed (e.g., over-
laid on) 1n conjunction with a real-world environment. These
augmented reality systems may include augmented reality
systems deployed on mobile devices (e.g., smartphones,
tablets, etc.), head-mounted displays, digital displays (e.g.,
augmented reality mirrors), and the like). In augmented
reality systems, various eflects can be rendered to augment
a real-world environment or 1mages captured of the real-
world environment 1n which the augmented reality systems
operate. For example, a simple augmented reality system
may render additional objects and display these rendered
objects 1n such a manner that the additional objects appear
to be part of the real-world environment. In another
example, lighting eflects can be rendered 1n an augmented
reality system to add artificial lighting to the real-world
environment.

Rendering augmented reality eflects 1s generally a task
that varies 1n computational complexity. Simple systems in
which objects are overlaid on the real-world environment
may be a computationally inexpensive process. More com-
plex effects, however, may have a degree of complexity that
makes 1t impractical to generate and render these eflfects in
real-time. For example, rendering visual effects over a large
surface area may increase in complexity as the amount of
detail to include 1n the rendered eflect increases. In one
application, rendering photo-realistic facial eflects may be a
computationally complex task that may necessitate the use
of multiple 1mages and significant processing capabilities
(e.g., as provided by clusters of central processing units,
graphics processing units, neural processing umts, or the
like), which may be impractical in many applications (e.g.,
for rendering such effects on mobile devices or other devices
which may have more limited computing capabilities than a
cluster of processors). Further, because of the complexity of
rendering visual effects including large amounts of detail to
render, rendering such eflects 1n real-time may be imprac-
tical and may be performed ofiline.

SUMMARY

One embodiment described herein 1s a method for ren-
dering augmented reality eflects on an image of a user’s face
in real time. The method generally includes receiving an
image of a face of a user. A global facial depth map and a
luminance map are generated based on the captured image.
The captured 1mage 1s segmented mto a plurality of seg-
ments. For each segment in the plurality of segments, a
displacement energy of the respective segment 1s minimized
using a least square minimization of a linear system for the
respective segment. The displacement energy i1s generally
defined by a relationship between a detailed depth map, the
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global facial depth map and the luminance map. The detailed
depth map 1s generated based on the minimized displace-
ment energy for each segment 1n the plurality of segments.
One or more visual eflects are rendered over the captured
image using the generated detailed depth map.

Another embodiment described herein 1s a system for
rendering augmented reality effects on an 1mage of a user’s
face 1n real time. The system generally includes a processor
and a memory. The memory generally stores instructions
that, when executed by the processor, perform an operation.
The operation generally includes receiving an image of a
face of a user. A global facial depth map and a luminance
map are generated based on the captured 1image. The cap-
tured 1mage 1s segmented 1nto a plurality of segments. For
cach segment in the plurality of segments, a displacement
energy ol the respective segment 1s mimmized using a least
square minimization of a linear system for the respective
segment. The displacement energy 1s generally defined by a
relationship between a detailed depth map, the global facial
depth map and the luminance map. The detailed depth map
1s generated based on the minimized displacement energy
for each segment 1n the plurality of segments. One or more
visual eflects are rendered over the captured 1mage using the
generated detailed depth map.

Still another embodiment described herein 1s a computer-
readable medium having 1nstructions stored thereon which,
when executed by a processor, performs an operation for
rendering augmented reality effects on an 1mage of a user’s
face 1n real time. The operation generally includes receiving
an 1mage of a face of a user. A global facial depth map and
a luminance map are generated based on the captured image.
The captured 1image 1s segmented mto a plurality of seg-
ments. For each segment in the plurality of segments, a
displacement energy of the respective segment 1s minimized
using a least square minimization of a linear system for the
respective segment. The displacement energy i1s generally
defined by a relationship between a detailed depth map, the
global tacial depth map and the luminance map. The detailed
depth map 1s generated based on the minimized displace-
ment energy for each segment 1n the plurality of segments.
One or more visual eflects are rendered over the captured
image using the generated detailed depth map.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited aspects are
attained and can be understood in detail, a more particular
description of embodiments described herein, briefly sum-
marized above, may be had by reference to the appended
drawings.

It 1s to be noted, however, that the appended drawings
illustrate typical embodiments and are therefore not to be
considered limiting; other equally eflective embodiments
are contemplated.

FIG. 1 illustrates an image processing pipeline 1n which
visual ellects are rendered over a user’s face 1n a captured
image 1n real time based on segmentation of the captured
image, according to one embodiment described herein.

FIG. 2 illustrates example operations for rendering visual
cllects over a user’s face 1 a captured 1image 1n real time,
according to one embodiment described herein.

FIG. 3 illustrates example operations for generating a
depth map used in rendering visual effects over a user’s face
in a captured 1mage in real time, according to one embodi-
ment described herein.
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FIG. 4 1llustrates example global luminance and depth
maps and rendered visual eflects over a user’s face in a

captured 1mage, according to one embodiment described
herein.

FIG. 5 illustrates example renderings of visual eflects
over a user’s face i a captured image, according to one
embodiment described herein.

FIG. 6 1llustrates an example system for rendering visual
ellects over a user’s face 1n a captured image in real time
based on segmentation of the captured image, according to
one embodiment described herein.

DETAILED DESCRIPTION

Embodiments of the present disclosure describe aug-
mented reality systems that render visual effects over a
user’s face 1n a captured 1mage 1n real-time. In one embodi-
ment, a global luminance map and a global depth map are
generated over the user’s face in the captured image. The
captured 1mage 1s segmented mto a plurality of segments
which can be processed in parallel using the global lumi-
nance map and global depth map to minimize a displace-
ment energy in each segment containing at least a portion of
the user’s face (e.g., using a least square minimization
technique). Using the minimized energy for each segment of
the captured 1image, a detailed depth map may be generated.
The detailed depth map may preserve three-dimensional
detail 1n the user’s face (unlike the global depth map, which
1s generally a low-geometry map that preserves major facial
details but does not include fine details of the user’s face)
and may be used by a rendering engine to render one or more
visual eflects over the user’s face in a manner that also
preserves three-dimensional detail in the rendered visual
cllects. For example, the depth map may preserve informa-
tion such as wrinkles, detailed facial expressions (e.g.,
dimples, crow’s feet, etc.), facial hair, and other fine detail
in eflects rendered over the user’s face.

By segmenting a captured image ito a plurality of
segments and generating a detailed depth map for the user’s
tace by processing each segment 1n the plurality of segments
in parallel using a global luminance map and a global depth
map 1n a least square minimization technique, embodiments
presented herein may allow for real-time reconstruction of
tacial detail and rendering of visual eflects using processing
units of varying computational capabilities. Real-time
reconstruction of facial detail and rendering of visual eflects
in a detail preserving manner may be performed, for
example, by mobile devices (e.g., smartphones, tablets, etc.)
or other devices with limited processing capabilities using
inputs obtained from a live stream of images captured by
these devices. Further, unlike techniques that render visual
ellects on a user’s face that sacrifice detail when executed on
mobile devices or other devices with limited computing
capabilities or involve delayed processing due to computa-
tional expense, embodiments presented herein allow for
detail captured 1n an 1mage of a user’s face to be preserved
in visual effects rendered over the user’s face 1n the 1image
in real time. Real-time reconstruction of facial detail and
rendering of visual effects may, thus, allow for visual eflects
to be rendered over a user’s face 1n various interactive
environments with limited or no perceptible delay.

FI1G. 1 1llustrates a block diagram of an 1mage processing,
pipeline 100 1n which visual eflects are rendered over a
user’s face 1 a captured image 1n real time based on
segmentation of the captured image. As 1llustrated, 1image
processing pipeline 100 captures an image 110 and passes
the 1mage through an 1mage segmenter 120, a global facial

10

15

20

25

30

35

40

45

50

55

60

65

4

luminance map generator 130, a global facial depth map
generator 140, a detailed depth map generator 150, and an
augmented reality renderer 160 to generate an augmented
image 170. Image processing pipeline may execute, for
example, on a mobile phone, tablet, or other computing
device capable of receiving an 1mage as mnput, processing
the 1mage using one or more general-purpose processors
(e.g., central processing units) or special-purpose processors
(e.g., graphics processing units (GPUs), neural processing
unmts (NPUs), application specific integrated circuits
(ASICs), efc.).

The captured image 110 may be an image captured by one
or more cameras connected with or integral to a device on
which 1image processing pipeline 100 executes. While one
captured 1mage 1s displaved 1n image processing pipeline
100, 1t should be recognized that the captured image 110
may be a single frame 1n a stream of 1mages captured by a
video capture system. The techniques described herein may
be configured to process 1mages 1n real-time so that visual
cllects can be rendered on the captured image 110 and
successive captured images in a stream of i1mages with
minimal or no perceptible delay from image capture to
display on a display device.

In some embodiments, the captured image 110 may be
captured by the one or more cameras as a color image 1n the
YCbCr color space, 1n which the image 1s represented as a
luminance channel (Y) and two chrominance (color) chan-
nels (Cb and Cr, corresponding to a blue difference channel
and a red difference channel, respectively). In some embodi-
ments, where the captured image 110 1s captured 1n another
color space (e.g., Rec. 709, DCI-P3, sRGB, etc.), a lumi-
nance channel can be generated for the captured image 110
by converting the 1mage to a greyscale image. As discussed
in further detail below, the luminance channel may be used
to generate the global luminance map, global depth map, and
detailed depth map, while the chrominance channels may be
discarded 1n rendering visual effects over the captured image
110 but used to render the captured image 110 on a display
of a computing device. In some embodiments, the captured
image 110 may be captured at a camera native resolution that
1s different from the resolution of a screen on which the
image 1s displayed. For example, an 1mage may be captured
by one or more cameras connected with or integral to a
computing device at a resolution of 720p (e.g., 1280 pixels
wide by 720 pixels tall), while a display of the computing
device may have a higher native resolution (e.g., 1080p,
WQHD, 4K, etc.). Because larger images generally require
more computing resources to process, the computing device
can process the captured 1mage at the resolution at which the
image was captured and upsize the image prior to display so
that the 1mage, including any eflects rendered thereon, 1s
rendered at the native resolution of the display.

In some embodiments, the captured image 110 may be
output from an image device with information from an
augmented library i1mage processing library i1dentifying
positional and rotational information for the user’s face in
the captured image 110. The positional and rotational infor-
mation may include, for example, one or more virtual
anchors defining the boundaries of the user’s face in the
captured image. Using the virtual anchors, an 1image pro-
cessor can use a predefined low-geometry mesh object to
generate a high level topology for the face. The high level
topology for the face may conform a generic face model to
match the dimensions, shape, and current expression of the
user’s face detected in the captured image. As discussed in
turther detail below, the high level topology may be used as
a basis for overlaying content 1n a detail-preserving manner.
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In some embodiments, one or more blend-shape coeflicients
may be used to retrieve a high-level model of the user’s
current facial expression, which may include a series of
coellicients representing the movement of facial features
relative to neural configurations. The blend-shape coetli-
cients can be used, for example, to animate content 1n two
dimensional spaces and three dimensional spaces in manners
that follow the user’s current facial expression.

The mmage segmenter 120 1s generally configured to
partition the captured image 110 into a plurality of segments
which may be processed 1n parallel by one or more process-
ing units to generate a detailed depth map which may 1n turn
be used to render one or more visual eflects on a user’s face
in the captured 1image 1n such a manner that retains details
in the captured image 110. In some embodiments, the 1mage
segmenter 120 may be configured to partition the image
using a fixed partition size (e.g. mto a plurality of segments,
cach having a size of n pixels square). In some embodi-
ments, the 1mage segmenter 120 may partition the image
based on the computing capabilities of the computing device
on which mmaging pipeline 100 executes. For example,
based on an assumed or tested processing time for generat-
ing a depth map for various segment sizes, the image
segmenter 120 can select a segment size that results in the
generation of a detailed depth map and rendering of visual
ellects over a portion of the captured image in less than the
duration of a frame captured in a live feed by a camera
connected with or integral to the computing device. The
visual eflects may be set to be rendered, for example, within
a threshold amount of time from receiving the captured
image 110 from an imaging device. The threshold amount of
time may be based on a frame rate at which the imaging
device captures 1images 1n a stream of 1mages and, 1n any
event, may be set such that images displayed to a user appear
to be a continuous stream of images (e.g., 24 frames per
second as used in various high definition recording codecs
and the ATSC standard, 29.97 frames per second as defined
in the NTSC standard, etc.). Generally, smaller segment
s1zes, resulting 1n generation of a larger number of segments
from the captured 1image, may result in higher image quality
at the expense ol processing speed. Conversely, larger
segment sizes may result in the generation of a smaller
number of segments from the captured image, which may in
turn allow for faster generation of the detailed depth map
and visual eflects therefrom at the expense of rendered
image quality or an amount of detail included in the rendered
visual eflects.

The global facial luminance map generator 130 generally
uses the luminance channel of a captured image to aid in
reconstructing fine geometry details as texture elements are
rendered by a graphics processor. The facial luminance map
generator 130, for example, can generate the global facial
luminance map based on the identified anchors for the user’s
face 1n the captured image. A luminance map for content
outside of the boundaries of the user’s face, as indicated by
the 1dentified anchors, may include data indicating that such
portions of the captured 1image are not included in the 1image
map. Generally, 1n the luminance map, wrinkles, facial hair,
or other fine detail may be represented by darker areas, while
smooth skin or other areas lacking fine detaill may be
represented by lighter areas.

The global facial depth map generator 140 generally uses
the captured image to generate a global depth map that
preserves some detail about contours or other information on
the user’s face for use in generating the detailed depth map.
The global depth map may use the low geometry mesh
object to create a depth map for the user’s face. The global

10

15

20

25

30

35

40

45

50

55

60

65

6

depth map may be a high-level depth map that includes
information about the general contours of a user’s face in the
captured 1mage (e.g., locations of eyes, nose, mouth, etc.),
but may not include finer detail. As discussed in further
detail below, finer detail can be included 1n a detailed depth
map generated based on the global facial luminance map
generated by the global facial luminance map generator 130
and the global facial depth map generated by the global
tacial depth map generator 140 on a per-segment basis, and
the detailed depth map can be used to render visual eflects
on the captured image.

The detailed depth map generator 150 generally uses the
image segments generated by the image segmenter 120, the
global facial luminance map generated by the global facial
luminance map generator 130, and the global facial depth
map generated by the global facial depth map generator 140
to generate a detailed depth map corresponding to the user’s
face. Generally, the detailed depth map may preserve three-
dimensional details on the user’s face in the captured image
110 such that visual effects rendered using the detailed depth
map includes the preserved three-dimensional details. To
generate the detailed depth map for a user’s face 1n captured
image 110, the detailed depth map generator 150 can process
segments of the captured 1image 1n parallel to solve a least
square problem for each segment in the captured image, as
discussed in further detail below.

To preserve facial detail, a displacement energy E over the
captured image may be represented by the equation E=||D* -
D|+|[VD*~VL|[*+||AD||>. In this equation, D represents the
global facial depth map generated by global facial depth
map generator 140, L represents the global facial luminance
map generated by global facial luminance map generator
130, and D* represents a detailed depth map which may be
used to render visual effects on a user’s face in captured
image 110. Generally, the displacement energy may thus be
a summation of (1) a diflerence between a detailed depth
map and the global facial depth map, (2) a difference
between a gradient calculated for the detailed depth map and
a gradient calculated for the luminance map, and (3) a
smoothing term for each segment of an image.

To allow for real-time generation of a detailed depth map,
a least square solution for the displacement energy E may be
generated by solving, for each segment of the captured
image 110 generated by the 1image segmenter 120, a linear
system Ax=B for each pixel of each segment 1n the captured
image 110. To solve the linear system, a coeflicient matrix A
and inverse coeflicient matrix A~' may be generated for each
segment. Coetlicient matrix A may be constant, and inverse
coeflicient matrix A~' may be precomputed. A dimension of
the coellicient matrix A for an 1mage segment size of p may
be p*p*dim by p*p. Generally, there may be more equations
than unknown values in the linear system for the segments
of the captured 1mages; thus, the left pseudo-inverse A* of
coellicient matrix A may be calculated according to the
equation A*=(A’A)"A’, where A’ represents a transposi-
tion of the coeflicient matrix A.

To generate a detailed depth map for a segment, the
detailed depth map generator 150 also generates a local
vector b. Local vector b may be built for each pixel
rasterized by a graphics processing unit and may have a
dimension of p*p by dim. Local vector b may be built by
looping through neighboring pixels.

The pseudo-inverse matrix A* and local vector b dis-
cussed above may be used by a fragment shader to generate
a vector x that contains the solved depth value for the p by
p pixels in each segment of the image. Vector x may be
calculated according to the equation x=A**b and may be
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generated, for example, by a fragment shader of a graphics
processing unit. Vector X may have a size of p*p by 1 and
may include the solved depth value for p by p pixels in each
segment of captured image. A value X, for each pixel p, may

be retrieved from vector x as a graphics processing umt 3
computes a pixel in a thread associated with a specific
segment of the captured 1mage. Because vector x contains
solved depth values for a segment of an 1mage, 1t should be
recognized that the level of detail contained 1n a depth map
generated from the vectors x may difler based on the size of 10
the segments used to generate the depth map. Smaller
segments may allow for the generation of a vector X over a
smaller area, which may preserve more detail than larger
segments for which a vector x 1s generated over a larger area;
however, smaller segments may involve additional process- 15
ing expense that may increase an amount of time needed to
generate a detailed depth map.

The augmented reality renderer 160 generally uses the
detailed depth map generated by the detailed depth map
generator 150 and the captured image 110 to generate an 20
augmented image 170. The depth map, as discussed,
includes information that the augmented reality renderer 160
can use to shade areas of the captured image 110 1n a manner
that preserves detail on a user’s face 1n the captured image
110. In some embodiments, the augmented reality renderer 25
160 can overlay one or more visual eflects in an opaque or
semi-transparent layer on top of the captured image 110 such
that the overlaid visual eflects are displayed i1n the aug-
mented 1mage 170 rather than the captured image of the
user’s face; however, other elements 1n the captured 1mage 30
that do not correspond to the user’s face may appear as
captured by an imaging device.

In some embodiments, the augmented reality renderer 160
can use the detailed depth map generated by the detailed
depth map generator 150 and the user’s face in the captured 35
image 110 to generate one or more 1mages with different
tacial expressions. These different facial expressions may be
based, for example, on various facial transformation models
that include 1information 1dentitying how different parts of a
user’s face may move for any given expression. These 40
models may allow for a direction and amount of displace-
ment for each of a plurality of facial features to be modeled
for a given expression, and the modeled direction and
amount ol displacement may be used to modity portions of
a captured image and the detailed depth map corresponding 45
to a user’s face 1n the captured image. Using the modeled
direction and displacement, the system can adjust the depth
map so that the appropriate eflects are rendered and detail 1s
retained while rendering these eflects. For example, a smile
may accentuate various contours (e.g., wrinkles) on a user’s 50
tace, while a glare or squint may accentuate other contours
on the user’s face. The modeled direction and displacement
may allow for the appropriate contours to be moved 1n the
depth map so that a realistic simulation of a user’s facial
expression may be rendered on screen. 55

In some embodiments, the augmented reality renderer 160
can render visual eflects on a captured image based on
aggregating depth information from a plurality of previously
captured 1mages. Segments 1n the plurality of previously
captured 1mages may be aggregated to project segments 60
from the previously captured images to the segment con-
figuration of the current captured image. For example, based
on anchors and facial perimeter information, segments cor-
responding to the same portion of the user’s face can be
matched 1n the captured image and the plurality of previ- 65
ously captured images, and the detailed depth maps from
cach of these segments can be aggregated with the depth

8

map generated for the respective segment in the captured
image to increase the accuracy of visual effects rendered on
a user’s face 1n the captured image.

FIG. 2 illustrates example operations 200 that may be
performed to render visual eflects over a user’s face 1n a
captured 1mage 1n real time, according to embodiments
described herein. Operations 200 may be performed on
various computing devices, such as smartphones, tablets,
desktop computers, laptop computers, or other computing
devices that can recerve an 1image mput and perform various
processing operations in respect of the received image input.
In some embodiments, the computing devices on which
operations 200 may be performed may be capable of parallel
computing such that depth maps for diflerent segments of a
captured 1mage may be processed in parallel.

As 1llustrated, operations 200 begin at block 210, where
a system receives a captured image from an 1mage capture
device. For example, on a mobile device, the captured image
may be received from a front-facing camera such that the
captured 1mage can be used, 1n real time, in one or more
multimedia applications (e.g., games, simulators, etc.). The
captured 1mage may be recerved from the image capture
device 1n various color spaces including luminance and, 1n
some embodiments, chrominance data. Luminance data may
be received 1n an independent channel (e.g., the Y channel
in a YCbCr color space) or in multiple channels associated
with different colors (e.g., the R, G, and B channels 1n
typical RGB color spaces). Where a single luminance chan-
nel 1s not included for the captured 1mage, the system can
generate a luminance channel by converting the captured
image to greyscale. In this greyscale image, luminance may
be represented by the shade of grey associated with each
pixel.

At block 220, the system detects facial perimeters 1n the
captured 1mage. Generally, the detected facial perimeters
may 1include portions of the user’s face on which visual
cllects may be rendered and may exclude portions of the
user’s face and other areas of the image for which visual
cllects are not to be rendered. In one example, the facial
perimeters may be set to encompass an area from a user’s
hairline to the user’s chin, vertically, and may generally
follow the contours of the user’s face, excepting the user’s
ears. In some embodiments, where visual eflects are to be
rendered over the entirety of a user’s head and not solely on
the user’s face, the perimeters may change to include the
user’s hair, ears, and other areas excluded from the perim-
cter. In some embodiments, the facial perimeters may
include one or more apertures over which visual effects may
not be rendered. For example, the user’s eyes and mouth
may be represented 1n the detected perimeters as apertures
for which eflects are not to be rendered.

At block 230, the system generates a global luminance
map and a global depth map based on the detected facial
perimeter and the captured image. As discussed, the global
luminance map may preserve luminance information corre-
sponding to fine details on the user’s face (e.g., wrinkles,
facial hair, etc.) and may be generated from the luminance
channel of the captured image within the boundaries of the
detected facial perimeters. The global depth map may be a
low-geometry mesh object that represents a high-level topol-
ogy of the user’s face. This high-level topology may 1dentity
a general contour of the user’s face (e.g., the depth or height
of major facial features, such as the user’s nose, mouth, eyes,
etc.) but may not include depth information for finer fea-
tures, such as wrinkles or facial hazir.

At block 240, the system segments the captured image
into a plurality of segments. In some embodiments, the
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segments may be sized according to an a prior1 defined set
of dimensions (e.g., 10 pixels wide by 10 pixel tall). In some
embodiments, the system can select a segment size based on
the processing capabilities of the system and timing infor-
mation. The selected segment size may allow higher per-
formance devices to generate depth maps and render visual
cllects with greater fidelity to fine detail on a user’s face,
while the selected segment size may allow lower perfor-
mance devices to do so with less fidelity to fine detail on the

user’s face but with the use of fewer computing resources.

At block 250, the system generates a detailed facial depth
map based on the segmented 1image, the global luminance
map, and the global depth map. As discussed, the detailed
tacial depth map may be generated by processing each
segment in the segmented individually. In some embodi-
ments, to allow for real-time rendering of visual eflects on
the user’s face 1n a captured image, segments of the image
may be processed 1n parallel. To generate the detailed facial
depth map, the system can solve a least square minimization
problem locally for each segment. The resulting detailed
depth map for each segment may be a vector including
solved depth data for the pixels in the respective segment of
the 1mage, and the vector may be used in a rendering
pipeline to render one or more visual eflects on the user’s
face 1n a manner that preserves details of the user’s face.
Various techniques for generating the detailed facial depth
map are described in greater detail in FIG. 3 below.

At block 260, the system renders visual eflects within a
region bounded by the detected facial perimeter using the
detailed facial depth map. Generally, by rendering visual
cllects within the region bounded by the detected facial
perimeter, visual eflects may be rendered on the user’s face,
while leaving other elements in the captured image unai-
tected by the rendering. This may allow for an augmentation
of the captured image with rendered visual effects. In some
embodiments, to create a virtual reality environment, other
visual eflects may be rendered outside of the detected facial
perimeter so that the user appears to be 1n an environment
different from the real-world environment in which the
captured 1mage was taken.

FI1G. 3 illustrates further details of block 250 in FIG. 2 in
which a detailed facial map 1s generated for a user’s face in
a captured 1mage. As discussed, the detailed facial map may
be generated by minimizing a displacement energy E for the
user’s face 1n the captured image. The displacement energy
E 1s generally defined by relationships between a detailed
depth map D*, a global depth map D, and a global lumi-

[

nance map L (e.g., where the displacement energy E 1s
represented by the equation E=||[D*-DI|[*+|[VD*-VL|[*+
|IAD||?). To minimize the displacement energy E and gener-
ate a detailed depth map D* that minimizes the displacement
energy E, a linear system Ax=b may be solved for each
segment of the captured 1image to generate a detailed depth
map vector X for each segment that a rendering pipeline can
use to apply a visual eflect to the particular segment of the
captured 1image.

As 1llustrated, operations 250 may begin at block 310,
where the system generates a pseudo-inverse matrix of a
coellicient matrix for each segment 1n the segmented 1image.
The coeflicient matrix may be constant for each segment,
and an inverse matrix may be precomputed. The pseudo-
inverse matrix may, m some embodiments, be the left
pseudo-inverse matrix of the coeflicient matrix A and may be
computed based on a transpose matrix of the coethicient
matrix and the coeflicient matrix according to the equation

A*=(ATA) AT
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At block 320, the system builds a local vector for each
pixel 1n a segment. The local vector b may have dimensions
of p*p by dim pixels, where p represents a segment pixel
s1ze (e.g., n pixels square) and dim represents a dimension
of each segment. As discussed, to buld to local vector, a
system can loop through the p by p neighboring pixels.

At block 330, the system generates a vector correspond-
ing to a detailed depth map for a segment 1n the 1mage based
on the pseudo-inverse matrix and the local vector. As
discussed, the detailed depth map vector x may be calculated
according to the equation x=A**b to solve the linear system
Ax=b, which results 1n a vector X having a size of p™p by 1.
As discussed, vector X may be generated such that the
displacement energy E represented by the equation E=|[D*-
D|+|[VD*~VL|[*+||AD||* is minimized. By solving for the
detailed depth map vector x using a pseudo-inverse matrix
A* and a vector b, a least square minimization may be
performed for each pixel in a segment. Correspondingly,
performing a least square minimization over each segment
in the captured image may result 1in the performance of a
least square minimization over the entirety of the captured
image (or a relevant portion of the captured image, such as
the area bounded by the boundaries of a user’s face).

At block 340, the system outputs the vector for use in a
rendering pipeline to render depth eflects on a per-pixel
basis. As discussed, a rendering pipeline can use the vectors
for each segment of the captured 1mage, in conjunction with
shading, texturing, and other graphical properties, to apply
a visual eflect to each segment of the captured image. In one
example, suppose that an augmented reality application 1s
configured to change the user’s face from a natural color to
a color associated with a character 1n a virtual universe. The
rendering pipeline can use the color information and the
detailed depth map on a per-segment basis to render visual
cllects on the user’s face while maintaining facial detail
identified 1n the detailed map. For example, where wrinkles
are represented as darker areas 1n a luminance and detailed
depth map, adjustments can be made to pixels associated
with wrinkles i the captured 1image so that these pixels are
darker than pixels associated with smoother skin in the
captured 1mage. In some embodiments, additional visual
cllects may be rendered over the user’s face. For example,
if an application 1s configured to apply a metallic effect to
the surface of a user’s face, lighting information can be used
to 1lluminate various regions of the user’s face 1n a manner
similar to that of a metallic real-life surface. Further, reflec-
tion and refraction eflects can be rendered on other surfaces
in the captured 1image based on light retlection and refraction
ellects and a matenal rendered on a user’s face.

FIG. 4 1llustrates examples of depth maps, luminance
maps, and detailed depth maps generated from a captured
image for rendering detail-accurate eflects on a user’s face
in a captured 1image, according to an embodiment described
herein.

Depth map 402 1s illustrative of a global facial depth map
that includes high-level detail about the contours of a user’s
face but does not include information about fine detail on the
user’s face. Generally, the global facial depth map may be
generated from a predefined mesh object representing a high
level topology for a face. As 1llustrated, depth map 402 does
not include information such as facial hair, wrinkles, and
other lines on a face, but does include information corre-
sponding to a height or depth of major features on the user’s
face. For example, the user’s eyes can be seen as areas that
are deeper than a planar surface of the user’s face, while the
user’s nose can be seen as an area that 1s raised relative to
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a planar surface of the user’s face. Skin detail, however, 1s
illustrated as a smooth surface.

Luminance map 404 includes luminance data for the
user’s face that may be generated from a luminance channel
in a captured image. Luminance map 404, when combined 5
with depth map 402 as discussed above, preserves detailed
features when generating the detailed depth map 406 dis-
cussed below and performing three-dimensional facial detail
reconstruction. The combination of depth map 402 and
luminance map 404 to generate detailed depth map 406 may 10
be performed 1n real-time.

Detailed depth map 406 generally represents a depth map
including fine geometry details from a user’s face that
embodiments of the present disclosure are configured to
preserve for use in an 1mage rendering pipeline that recon- 15
structs facial detail and renders eflects over a user’s face 1n
a captured 1mage including the reconstructed facial detail.
As discussed, detailed depth map 406 may be generated on
a per-segment basis, where a depth map for each segment 1s
created independently by solving a least square minimiza- 20
tion problem for each segment. Generally, a displacement
energy may be minimized based on relationship between
detailed depth map 406, depth map 402, luminance map 404,
gradients for the detailed depth map 406 and luminance map
404, and a smoothing factor. 25

To generate the detailed depth map 406, a linear system
Ax=b for each segment in the captured image may be
solved, where A represents a coeflicient matrix for each
segment and b represents a local vector computed over the
pixels 1n each segment. As discussed, to solve the linear 30
system, a pseudo-inverse matrix A* may be generated from
coefficient matrix A and a transpose matrix A’, which
generally represents a transposition of matrix A over a
diagonal of the matrix. For example, the pseudo-inverse
matrix A* may be represented by the equation A*=(A’A)~ 35
1A”. Given the pseudo-inverse matrix A* and local vector b,

a vector X may be generated to include values corresponding

to fine detail captured on a user’s face. Vector X may be
represented by the equation x=A**b and may include map-
pings of the solved depth value for each pixel in a segment 40
of the captured 1mage.

Detailed depth map 406, which 1s defined by a plurality of
vectors X over a plurality of segments 1n the captured 1image,
may be used by a graphics processing unit or other graphical
renderer to render visual eflects over the user’s face 1n the 45
captured i1mage. Generally, these visual eflects may be
rendered such that fine detail 1s preserved 1n the rendered
visual eflects. For example, given a layer in which a visual
ellect 1s rendered and added to a captured image with an
alpha (transparency) value of O, rendering visual eflects 50
using detailed depth map 406 may result in visual eflects
retaiming the fine detail (e.g., wrinkles, laugh lines, facial
hair, etc.) on the user’s face. In some embodiments, some
amount of transparency may be allowed to blend the ren-
dered visual eflects with the details of a user’s face i a 55
captured 1mage. In such a case, dithering or other rendering
techniques can be used to combine the captured 1image with
the rendered visual effects to minimize ghosting, double
image 1ssues, or other artifacts that may result from com-
bining the captured image with a semi-transparent layer on 60
which the visual effects are rendered.

FI1G. 5 illustrates examples of visual eflects rendered over
a user’s face 1n a captured image, according to an embodi-
ment described herein.

Renderings 500, as discussed, may be generated based on 65
a detailed depth map generated on a per-segment basis using
a global facial depth map including high-level detail about

12

the contours of a user’s face and a luminance map. Visual
cllects illustrated in renderings 500 may, for example,
include various texture and lighting eflects based on a
simulated material overlaid on the user’s face using the
detailed depth map. For example, lighting effects may use
luminance information from the luminance map and the

properties of the simulated matenial overlaid on the user’s
face to render various etlects on the user’s face.

As 1llustrated, a metallic surface may be overlaid on the
user’s face, following the details of the user’s face captured
in the detailed depth map. Based on reflectivity properties
defined for the metallic surface and relative luminance
information for different portions of the user’s face, different
portions of the user’s face may be rendered with more or less
brightness. For example, to identily brighter and darker
portions of the user’s face, a neutral luminance value may be
defined as a midpoint between a highest luminance value on
the user’s face and a lowest luminance value on the user’s
face. Lighting eflects may be rendered with progressively
higher reflectivity as the luminance value increases (e.g., as
areas on a user’s face increase 1n brightness) and with lower
reflectivity as the luminance value decreases. Generally, the
visual effects may be rendered on a per-pixel basis based on
the detailed depth map so that visual eflects overlaid on a
user’s face in an i1mage reflect, in real-time, luminance
differences between different portions of the user’s face and
the details captured in the detailed depth map.

FIG. 6 1illustrates an example augmented reality system
600 that renders visual effects on captured images of a user’s
face using a detailed depth map built on a per-segment basis.
System 600 may be representative, for example, of a com-
puting device that can host the imaging pipeline 100 illus-
trated 1n FIG. 1.

As 1llustrated, system 600 includes a central processing
unmit (CPU) 602, one or more 1I/0O device interfaces 604 that
may allow for the connection of various I/O devices 614
(e.g., keyboards, displays, mouse devices, pen mput, imag-
ing devices, etc.) to the server 600, network interface 606
through which server 600 i1s connected to network 690
(which may be a local network, an intranet, the internet, or
any other group of computing devices communicatively
connected to each other), a memory 608, storage 610, and an
interconnect 612.

CPU 602 may retrieve and execute programming instruc-
tions stored 1n the memory 608. Similarly, the CPU 602 may
retrieve and store application data residing in the memory
608. The interconnect 612 transmits programming instruc-
tions and application data, among the CPU 602, I/O device
interface 604, network interface 606, memory 608, and
storage 610.

CPU 602 1s included to be representative of a single CPU,
multiple CPUs, a single CPU having multiple processing
cores, and the like. In some embodiments, CPU 602 may
include or outsource work to one or more specialized
processing units, such as a graphics processing unit (GPU),
tensor processing unit (I PU), neural processing unit (NPU),
or other processing units that are capable of performing
operations 1n parallel.

Memory 608 1s representative of a volatile memory, such
as a random access memory, or a nonvolatile memory, such
as nonvolatile random access memory, phase change ran-
dom access memory, or the like. As illustrated, memory 608
includes an image segmenter 620, global facial depth map
generator 630, global facial luminance map generator 640,
detailed depth map generator 660, and augmented reality
renderer 660.
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Image segmenter 620 generally receives a captured image
from an imaging device connected with or integral to
augmented reality system 600 and segments the captured
image into a plurality of segments which can be indepen-
dently processed (e.g., by detailed depth map generator
660). In some embodiments, 1image segmenter 620 can
segment the captured image into a plurality of segments
based on an a prior1 defined segment size. In some embodi-
ments, 1mage segmenter 620 can determine a size of the
segment based on performance characteristics of the aug-
mented reality system 600 such that smaller segments can be
used by higher performance systems and larger segments
can be used for systems with more limited computing
resources.

Global facial depth map generator 630 generally gener-
ates a low-geometry map of the user’s face 1 a captured
image for use by detailed depth map generator 660 1n
generating the detailed depth map. To do so, global facial
depth map generator 630 can use the perimeter of the user’s
face, which may be identified by an augmented reality
toolkit through which the captured 1image was obtained, to
set the area for which the global facial depth map 1s
generated. The global facial depth map can use a low
geometry model to generate a depth map that includes depth
and height information for major features on a user’s face
but uses a smooth texture that omits fine detail from the
global facial depth map.

Global facial luminance map generator 640 generates a
global luminance map for use by detailed depth map gen-
crator 650 1n generating the detailed depth map. The global
luminance map may be generated using the perimeter of the
user’s face and the luminance channel for the captured
image to extract detail information from the captured image
that can be used 1n generating the detailed depth map.

Detailed depth map generator 650 uses the global depth
map, global luminance map, and segments of a captured
image to generate a detailed depth map of the user’s face on
a per-segment basis. Generally, detailed depth map genera-
tor 650 performs a least square minimization to generate a
depth vector for each segment of the captured image. The
detailled depth map may be used by augmented reality
renderer 660 to render one or more visual eflects over a
user’s face. The rendered one or more visual eflects gener-
ally include fine detail, such as wrinkles, facial hair, and the
like, that 1s 1dentified 1n the detailed depth map so that the
rendered visual eflects appear to retain details of the user’s
tace recorded 1n the captured image.

Storage 610 1s representative of a non-volatile memory,
such as a disk drive, solid state drive, or a collection of
storage devices distributed across multiple storage systems.
Although shown as a single unit, the storage 610 may be a
combination of fixed and/or removable storage devices, such
as fixed disc drives, removable memory cards or optical
storage, network attached storage (NAS), or a storage area-
network (SAN).

In the current disclosure, reference 1s made to various
embodiments. However, 1t should be understood that the
present disclosure 1s not limited to specific described
embodiments. Instead, any combination of the following
features and elements, whether related to diflerent embodi-
ments or not, 1s contemplated to implement and practice the

teachings provided herein. Additionally, when elements of
the embodiments are described 1n the form of *“at least one
of A and B,” it will be understood that embodiments
including element A exclusively, including element B exclu-
sively, and including element A and B are each contem-
plated. Furthermore, although some embodiments may
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achieve advantages over other possible solutions or over the
prior art, whether or not a particular advantage 1s achieved
by a given embodiment 1s not limiting of the present
disclosure. Thus, the aspects, features, embodiments and
advantages disclosed herein are merely illustrative and are
not considered eclements or limitations of the appended
claims except where explicitly recited 1n a claim(s). Like-
wise, reference to “the invention” shall not be construed as
a generalization of any inventive subject matter disclosed
herein and shall not be considered to be an element or
limitation of the appended claims except where explicitly
recited 1n a claim(s).

As will be appreciated by one skilled 1n the art, embodi-
ments described herein may be embodied as a system,
method or computer program product. Accordingly, embodi-
ments may take the form of an entirely hardware embodi-
ment, an entirely software embodiment (including firmware,
resident software, micro-code, etc.) or an embodiment com-
bining software and hardware aspects that may all generally
be referred to herein as a “circuit,” “module” or “system.”
Furthermore, embodiments described herein may take the
form of a computer program product embodied 1n one or
more computer readable medium(s) having computer read-
able program code embodied thereon.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wireline, optical fiber cable,
RF, etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
embodiments of the present disclosure may be written in any
combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages. The program
code may execute entirely on the user’s computer, partly on
the user’s computer, as a stand-alone soitware package,
partly on the user’s computer and partly on a remote
computer or entirely on the remote computer or server. In the
latter scenario, the remote computer may be connected to the
user’s computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
the connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

Aspects of the present disclosure are described herein
with reference to tlowchart illustrations or block diagrams of
methods, apparatuses (systems), and computer program
products according to embodiments of the present disclo-
sure. It will be understood that each block of the tflowchart
illustrations or block diagrams, and combinations of blocks
in the flowchart illustrations or block diagrams, can be
implemented by computer program instructions. These com-
puter program instructions may be provided to a processor
ol a general purpose computer, special purpose computer, or
other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor ol the computer or other programmable data
processing apparatus, create means for implementing the
functions/acts specified in the block(s) of the flowchart
illustrations or block diagrams.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
device to function i1n a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including mstructions which
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implement the function/act specified 1n the block(s) of the
flowchart 1llustrations or block diagrams.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other device to cause a series of operational steps
to be performed on the computer, other programmable
apparatus or other device to produce a computer imple-
mented process such that the mnstructions which execute on
the computer, other programmable data processing appara-
tus, or other device provide processes for implementing the
functions/acts specified in the block(s) of the flowchart
illustrations or block diagrams.

The flowchart illustrations and block diagrams in the
Figures illustrate the architecture, functionality, and opera-
tion of possible implementations of systems, methods, and
computer program products according to various embodi-
ments of the present disclosure. In this regard, each block in
the tlowchart 1llustrations or block diagrams may represent
a module, segment, or portion of code, which comprises one
or more executable istructions for implementing the speci-
fied logical function(s). It should also be noted that, 1n some
alternative implementations, the functions noted 1n the block
may occur out of the order noted in the Figures. For
example, two blocks shown in succession may, in fact, be
executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order or out of order,
depending upon the functionality mvolved. It will also be
noted that each block of the block diagrams or flowchart
illustrations, and combinations of blocks in the block dia-
grams or flowchart illustrations, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts, or combinations of special pur-
pose hardware and computer instructions.

While the foregoing 1s directed to embodiments of the
present disclosure, other and further embodiments of the
disclosure may be devised without departing from the basic
scope thereof, and the scope thereof 1s determined by the
claims that follow.

What 1s claimed 1s:
1. A method for rendering augmented reality eflects on an
image ol a user’s face 1n real time, comprising:
capturing an 1mage ol a face of a user;
generating a global facial depth map and a luminance map
based on the captured image;
segmenting the captured image into a plurality of seg-
ments;
for each segment 1n the plurality of segments, minimizing,
a displacement energy of the respective segment using
a least square minimization of a linear system for the
respective segment, the displacement energy being
defined by a relationship between a detailed depth map,
the global facial depth map and the luminance map;
generating the detailed depth map based on the minimized
displacement energy for each segment in the plurality
ol segments, wherein the detailed depth map captures
three-dimensional facial details of the user in the cap-
tured 1mage; and
rendering one or more visual effects over the face of the
user within the captured image using the generated
detailed depth map, wherein a position of the face of
the user and the captured three-dimensional facial
details of the user 1n the 1mage are preserved in the
rendered one or more visual eflects.
2. The method of claim 1, wherein the global facial depth
map comprises a low-geometry mesh object representing a
high level topology of the face of the user.
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3. The method of claim 2, wherein coordinates of the
global facial depth map are defined by one or more anchors
defining location coordinates of the face of the user within
the captured 1mage.
4. The method of claim 1, wherein minimizing the dis-
placement energy for each segment of the plurality of
segments comprises solving the linear system for each pixel
in each segment 1n the captured image.
5. The method of claim 1, wherein minimizing the dis-
placement energy for each segment in the plurality of
segments comprises minimizing the displacement energy for
cach of the plurality of segments 1n parallel.
6. The method of claim 1, wherein:
the captured 1image 1s defined by a luminance channel and
a plurality of chrominance channels, and

the luminance map 1s generated based on the luminance
channel of the captured image with coordinates 1n the
captured 1mage that are coextensive with coordinates
defining a boundary of the global facial depth map.

7. The method of claim 1, wherein rendering one or more
visual effects over the captured image using the generated
detailed depth map comprises:

rendering the one or more visual effects over the captured

image at a capture resolution; and

upscaling the captured image and the rendered one or

more visual effects from the capture resolution to a
screen resolution.

8. The method of claim 1, wherein the captured image
comprises an 1mage from a stream of 1mages captured by a
video capture device.

9. The method of claim 1, wherein a size of each segment
in the plurality of segments 1s defined such that the one or
more visual eflects can be rendered over the captured image
using the detailed depth map prior to a subsequent 1image in
a live stream of 1mages being captured.

10. The method of claim 1, wherein rendering one or more
visual effects over the captured image using the generated
detailed depth map comprises aggregating renderings from
a plurality of previous captured images based on a segment
configuration of the captured image on which the one or
more visual eflects are rendered.

11. A system, comprising;:

a processor; and

a memory having instructions stored thereon which, when

executed by the processor, performs an operation for

rendering augmented reality effects on an 1mage of a

user’s face in real time, the operation comprising:

capturing an image of a face of a user,

generating a global facial depth map and a luminance
map based on the captured image,

segmenting the captured image nto a plurality of
segments,

for each segment 1n the plurality of segments, mini-
mizing a displacement energy of the respective seg-
ment using a least square minimization of a linear
system for the respective segment, the displacement
energy being defined by a relationship between a
detailed depth map, the global facial depth map and
the luminance map,

generating the detailed depth map based on the mini-
mized displacement energy for each segment 1n the
plurality of segments, wherein the detailed depth
map captures three-dimensional facial details of the
user 1n the captured image; and

rendering one or more visual effects over the face of the
user within the captured image using the generated
detailed depth map, wherein a position of the face of
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the user and the captured three-dimensional facial
details of the user 1n the 1image are preserved 1n the
rendered one or more visual eflects.

12. The system of claim 11, wherein the global facial
depth map comprises a low-geometry mesh object repre-
senting a high level topology of the face of the user.

13. The system of claim 12, wherein coordinates of the
global facial depth map are defined by one or more anchors
defining location coordinates of the face of the user within
the captured 1mage.

14. The system of claim 11, wherein minimizing the

displacement energy for each segment of the plurality of

segments comprises solving the linear system for each pixel
in each segment 1n the captured image.
15. The system of claim 11, wherein minimizing the

10

displacement energy for each segment in the plurality of 1°

segments comprises minimizing the displacement energy for
cach of the plurality of segments 1n parallel.
16. The system of claim 11, wherein:
the captured 1image 1s defined by a luminance channel and
a plurality of chrominance channels, and
the luminance map 1s generated based on the luminance
channel of the captured image with coordinates 1n the
captured 1image that are coextensive with coordinates
defining a boundary of the global facial depth map.
17. The system of claim 11, wherein rendering one or
more visual eflects over the captured image using the
generated detailed depth map comprises:
rendering the one or more visual etlfects over the captured
image at a capture resolution; and
upscaling the captured image and the rendered one or
more visual eflects from the capture resolution to a
screen resolution.
18. The system of claim 11, wherein the captured image
comprises an 1mage from a stream of 1mages captured by a

video capture device.
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19. The system of claim 11, wherein a size of each
segment 1n the plurality of segments 1s defined such that the
one or more visual eflects can be rendered over the captured
image using the detailed depth map prior to a subsequent
image 1n a live stream of 1images being captured.

20. A non-transitory computer-readable medium having
instructions stored thereon which, when executed by a
processor, performs an operation for rendering augmented
reality eflects on an 1image of a user’s face 1n real time, the
operation comprising:

capturing an 1mage of a face of a user;

generating a global facial depth map and a luminance map

based on the captured image;

segmenting the captured image into a plurality of seg-

ments;
for each segment 1n the plurality of segments, minimizing,
a displacement energy of the respective segment using
a least square minimization of a linear system for the
respective segment, the displacement energy being
defined by a relationship between a detailed depth map,
the global facial depth map and the luminance map;

generating the detailed depth map based on the minimized
displacement energy for each segment in the plurality
of segments, wherein the detailed depth map captures
three-dimensional facial details of the user 1n the cap-
tured 1mage; and

rendering one or more visual effects over the face of the

user within the captured image using the generated
detailed depth map, wherein a position of the face of
the user and the captured three-dimensional facial

details of the user 1in the 1image are preserved 1n the
rendered one or more visual eflects.
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