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A system and process for generating a high dynamic range (HDR) image from a bracketed image sequence, even In the presence
of scene or camera motion, Is presented. This Is accomplished by first selecting one of the Images as a reference image. Then,
each non-reference image Is registered with another one of the images, including the reference image, which exhibits an exposure
that Is both closer to that of the reference image than the image under consideration and closest among the other images to the
exposure of the image under consideration, to generate a flow field. The flow fields generated for the non-reference images not
already registered with the reference image are concatenated to register each of them with the reference image. Each non-

reference image Is then warped using its associated flow field. The reference image and the warped images are combined to
create a radiance map representing the HDR image.
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A SYSTEM AND PROCESS FOR GENERATING HIGH DYNAMIC RANGE
IMAGES FROM MULTIPLE EXPOSURES OF A MOVING SCENE

ABSTRACT OF THE DISCLOSURE

A system and process for generating a high dynamic range (HDR) image
from a bracketed image sequence, even in the presence of scene or camera
motion, is presented. This is accomplished by first selecting one of the images
as a reference image. Then, each non-reference image is registered with
another one of the images, including the reference image, which exhibits an
exposure that is both closer to that of the reference image than the image under
consideration and closest among the other images to the exposure of the image
under consideration, to generate a flow field. The flow fields generated for the
non-reference images not already registered with the reference image are
concatenated to register each of them with the reference image. Each non-
reference image is then warped using its associated flow field. The reference

image and the warped images are combined to create a radiance map
representing the HDR image.
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PATENT
Microsoft Docket No. 304640.01

L&H No. MCS-052-03

A SYSTEM AND PROCESS FOR GENERATING HIGH DYNAMIC RANGE
IMAGES FROM MULTIPLE EXPOSURES OF A MOVING SCENE

BACKGROUND

Technical Field:

The invention is related to producing a High Dynamic Range (HDR) image
from a series of bracketed images, and more particularly to a system and

process for generating such HDR images, even in the presence of scene or

‘camera motion between the images.

Background Art.

The real world has a lot more brightness vanation than can be captured
by the sensors available in most cameras today. The radiance of a single scene
may contain four orders of magnitude in brightness - from shadows to fully lit

regions. Typical CCD or CMOS sensors only capture about 256-1024 brightness
levels.

This limited dynamic range problem has inspired many solutions in recent
years. One method of capturing the full radiance of a static scene is to take
multiple exposures of the scene and then to combine them to create a High
Dynamic Range (HDR) map [3, 7, 8, 9, 12]. Because these technologies require
multiple input images, there is a potential for motion between the inputs due to
either dynamic elements in the scene or a moving (e.g., handheld) camera.
Mitsunaga et al. [9] adddress this problem to a limited extent by fitting a global

motion model to the inputs. Mann et al. [8] register differently exposed frames
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using homographies, which can compensate for larger camera rotations. Bogoni

[2] uses affine motion followed by per-pixel flow to register different exposures,

but details of the frame registration are not given.

The need to fuse images taken at different times can be eliminated (and
thus eliminate the motion problem) using multiple image detectors, novel sensors

or spatially varying pixel exposures [10]. However, the focus of the present
invention is on what can be achieved using widely available conventional (i.e.,

low dynamic range) image sensors and cameras.

Once an HDR image is computed, it can then be rendered to a display.
Since typical displays are only able to yield about two orders of magnitude in
brightness values, a contrast reduction must be performed on the HDR image.

This so-called tone mapping problem has recently been explored by a number of
researchers [4, 5, 11].

It is noted that In the preceding paragraphs, as well as in the remainder of
this specification, the description refers to various individual publications
identified by a numeric designator contained within a pair of brackets. For
example, such a reference may be identified by reciting, "reference [1]" or
simply "[1]". Multiple references will be identified by a pair of brackets containing
more than one designator, for example, [2, 3]. A listing of references including

the publications corresponding to each designator can be found at the end of the
Detailed Description section.

SUMMARY

The present invention is directed toward a system and process for

generating high dynamic range (HDR) images from a bracketed image sequence

of a scene, even In the presence of scene or camera motion between the

images. This system and process invoives first designating the image of the
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sequence having the greatest number of “valid” pixels as a reference image. A
pixel is considered valid if it is not saturated and it exhibits an acceptable degree
of contrast. In tested embodiments, the intensity of a pixel was measured in
terms of 8-bit RGB color space values, and a pixel was deemed to be
unsaturated and exhibiting the acceptable degree of contrast if each of its RGB
values was within an interval. In tested versions of the present invention, the

minimum and maximum of the interval were set at 17 and 254, respectively.

Once the reference image has been selected, each of the “non-reference”
images in the sequence Is registered with the reference image. in one
embodiment of the present system and process, this is accomplished for each
non-reference image by registering the image under consideration with the
image of the bracketed sequence (including the reference image), which exhibits
an exposure that is both closer to that of the reference image than the image
under consideration and closest among the other images to the exposure of the
image under consideration. This registration procedure generates a flow field for
each of the non-reference images. In tested embodiments of the present

invention, the registration involved computing a per-pixel optical flow field.

The flow fields generated for the non-reference images that are not
already registered with the reference image, are concatenated to register each of
them with the reference image. The concatenated flow fields, or the unmodified
flow field in the case of the images originally registered directly with the
reference image, are then used to warp each non-reference image. These
warped images are then combined with the reference image to create a radiance
map representing the HDR image. In cases where the HDR image is to be
rendered and displayed using an 8-bit display, the radiance map undergoes a

tone mapping procedure to convert it into an image suitable for the display by the

system.
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It is noted that, while not required, ideally the number of images in the
bracketed sequence and the variation in the exposure among the images is such

that the images collectively capture substantially all the brightness variation of

the scene depicted therein.

In regard to computing per-pixel optical flow fields for the non-reference
images, this can be accomplished in accordance with one embodiment of the
present HDR image generation system and process as follows. For the case
where the image under consideration has a shorter exposure than the other input
image it is being registered with, the intensity of the image under consideration is
boosted to substantially match the intensity range of the other image. Whereas,
in the case where the image under consideration has a longer exposure than the
other image it Iis being registered with, the intensity of that other image is
boosted to substantially match the intensity range of the image under
consideration. In either case, after the boosting procedure is complete, a flow
field is computed that globally registers the image under consideration with the
other input image by estimating a global transform that maps the image under
consideration onto that other image. Then, a dense motion field is computed
using a gradient based optical flow procedure. This produces a local correction
to the flow field computed with the global transform. The corrected flow field is
made up of a composite vector for each pixel location that is the sum of the
global component derived from the global transform, and a local component
taken from the dense motion field that forms the local correction for the global
component. Any appropriate conventional global transform can be employed. In

tested versions of the present invention, the global transform used was an affine

transform.

The aforementioned procedure for computing the dense motion field that
forms a local correction to the global transform involves employing a variant of
the Lucas and Kanade technique used in a Laplacian pyramid framework. More

particularly, the image under consideration is warped towards the other image of
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the sequence it is being registered with and the residual flow vectors are
estimated at each level of the pyramid. These residual flow vectors are

accumulated for each pixel at each level of the pyramid to establish the final

local component of the dense motion field.

In regard to combining the reference image and warped images to create
a radiance map, this can be accomplished in accordance with one embodiment
of the present HDR image generation system and process as follows. First, the
reference image and each warped image are converted to individual radiance
images. A radiance value is then assigned to each pixel location in the radiance
map. These radiance values can be either the radiance value associated with
the reference image alone or a weighted combination of two or more radiance
values taken from the corresponding pixel locations in the radiance images
associated with the reference image and the warped images. In general, the

decision will depend on which values are deemed to be trustworthy based on the

iIntensity of the pixels.

More particularly, for each of pixel location of the reference image, itis
first determined if the radiance values assigned to the corresponding location in
the warped images are within a maximum allowable noise variance of the
radiance value assigned to the pixel location of the reference image under
consideration. if it is found that at least one of the radiance values assigned to
the aforementioned corresponding location in the warped images is within the
maximum allowable noise variance, then a weighted average of these radiance
value(s) and that of the reference image is assigned as the radiance value for
pixel location under consideration in the radiance map. |f, however, it is found
that none of the radiance values assigned to the corresponding location in the
warped images are within the aforementioned maximum allowable noise
variance, then the radiance value associated with the reference image alone is

assigned as the radiance value for pixel location under consideration in the

radiance map.
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In addition to the just described benefits, other advantages of the present
invention will become apparent from the detailed description which follows

hereinafter when taken in conjunction with the drawing figures which accompany
it.

DESCRIPTION OF THE DRAWINGS

The specific features, aspects, and advantages of the present invention

will become better understood with regard to the following description, appended

claims, and accompanying drawings where:

FIG. 1 is a diagram depicting a general purpose computing device

constituting an exemplary system for implementing the present invention.

FIG. 2 is a flow chart diagramming an overall process for generating HDR
iImages in accordance with the present invention.

FIGS. 3(a)-(d) depict a series of five bracketed images of a sunrise scene,
which have annotations showing how the images are manipulated by each part
of the HDR image generation process of Fig. 2.

FIGS. 4(a)-(b) are graphs associated with the radiance map computation
procedure of Fig. 2, where the graph of Fig. 4(a) plots global weight vs. intensity,

and the graph of Fig. 4(b) plots the plausibility map based on radiance
consistency of matched pixels.

FIG. 5 is a flow chart diagramming one embodiment of the radiance map
computation procedure of Fig. 2.

ELVEY PV TN PRy SO TS 0 L R R R L L el NN BN EERERTSRRELTY W [V 7T WES S E= T VATE.TRT 1 P o S e T e T R e ) B R S B PR FERE N T Tt N L T P e T O L T TS BTSS! Y H H PR (7N T TPS wom | [RR Y TT P DITREN v ' ' ’



10

15

20

20

30

CA 02471671 2004-06-18

FIGS. 6(a)-(e) depict the results of using the registration procedure
according to the present invention in comparison to using a global registration
technique, where Fig. 6(a) shows a series of five bracketed images of a sunrise
scene, Figs. 6(b) and (c¢) show the results of a global registration only of the
images of Fig. 6(a), where Fig. 6(c) is a close-up view of the right side of Fig.
6(b), and Figs. 6(d) and (e) show the results of a registration in accordance with
the present invention, where Fig. 6(e) is a close-up view of the right side of Fig.
6(d).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In the following description of the preferred embodiments of the present
invention, reference i1s made to the accompanying drawings which form a part
hereof, and in which is shown by way of illustration specific embodiments in
which the invention may be practiced. It is understood that other embodiments
may be utilized and structural changes may be made without departing from the

scope of the present invention.

1.0 The HDR Image Generation Computing Environment

Before providing a description of the preferred embodiments of the
present invention, a brief, general description of a suitable computing
environment in which the invention may be implemented will be described. Fig.
1 illustrates an example of a suitable computing system environment 100. The
computing system environment 100 is only one example of a suitable computing
environment and is not intended to suggest any limitation as to the scope of use
or functionality of the invention. Neither shouid the computing environment 100
be interpreted as having any dependency or requirement relating to any one or
combination of components illustrated in the exemplary operating environment
100.
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The invention is operational with numerous other general purpose or
special purpose computing system environments or configurations. Examples of
well known computing systems, environments, and/or configurations that may be
suitable for use with the invention include, but are not limited to, personal
computers, server computers, hand-held or laptop devices, multiprocessor
systems, microprocessor-based systems, set top boxes, programmable
consumer electronics, network PCs, minicomputers, mainframe computers,

distributed computing environments that include any of the above systems or

devices, and the like.

The invention may be described in the general context of computer-
executable instructions, such as program modules, being executed by a
computer. Generally, program modules include routines, programs, objects,
components, data structures, etc. that perform particular tasks or implement
particular abstract data types. The invention may also be practiced in distributed
computing environments where tasks are performed by remote processing
devices that are linked through a communications network. In a distributed
computing environment, program modules may be located in both local and

remote computer storage media including memory storage devices.

With reference to Fig. 1, an exemplary system for implementing the
invention includes a general purpose computing device in the form of a computer
110. Components of computer 110 may include, but are not limited to, a
processing unit 120, a system memory 130, and a system bus 121 that couples
various system components including the system memory to the processing untt
120. The system bus 121 may be any of several types of bus structures
including a memory bus or memory controller, a peripheral bus, and a local bus
using any of a variety of bus architectures. By way of example, and not
limitation, such architectures include Industry Standard Architecture (ISA) bus,
Micro Channel Architecture (MCA) bus, Enhanced ISA (EISA) bus, Video
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Electronics Standards Association (VESA) local bus, and Peripheral Component

Interconnect (PCI) bus also known as Mezzanine bus.

Computer 110 typically includes a variety of computer readable media.
Computer readable media can be any available media that can be accessed by
computer 110 and includes both volatile and nonvolatile media, removable and
non-removable media. By way of example, and not limitation, computer
readable media may comprise computer storage media and communication
media. Computer storage media includes both volatile and nonvolatile,
removable and non-removable media implemented in any method or technology
for storage of information such as computer readable instructions, data
structures, program modules or other data. Computer storage media includes,
but is not limited to, RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other optical disk storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic
storage devices, or any other medium which can be used to store the desired
information and which can be accessed by computer 110. Communication
media typically embodies computer readable instructions, data structures,
program modules or other data in a modulated data signal such as a carrier
wave or other transport mechanism and includes any information delivery media.
The term “modulated data signal” means a signal that has one or more of its
characteristics set or changed in such a manner as to encode information in the
signal. By way of example, and not limitation, communication media includes
wired media such as a wired network or direct-wired connection, and wireless
media such as acoustic, RF, infrared and other wireless media. Combinations of
the any of the above should also be included within the scope of computer

readable media.

The system memory 130 includes computer storage media in the form of
volatile and/or nonvolatile memory such as read only memory (ROM) 131 and

random access memory (RAM) 132. A basic input/output system 133 (BIOS),
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containing the basic routines that help to transfer information between elements
within computer 110, such as during start-up, is typically stored in ROM 131.
RAM 132 typically contains data and/or program modules that are immediately
accessible to and/or presently being operated on by processing unit 120. By way
of example, and not limitation, Fig. 1 illustrates operating system 134, application

programs 135, other program modules 136, and program data 137.

The computer 110 may also include other removable/non-removable,
volatile/nonvolatile computer storage media. By way of example only, Fig. 1
illustrates a hard disk drive 141 that reads from or writes to non-removable,
nonvolatile magnetic media, a magnetic disk drive 151 that reads from or writes
to a removable, nonvolatile magnetic disk 152, and an optical disk drive 155 that
reads from or writes to a removable, nonvolatile optical disk 156 such as a CD
ROM or other optical media. Other removable/non-removable,
volatile/nonvolatile computer storage media that can be used in the exemplary
operating environment include, but are not limited to, magnetic tape cassettes,
flash memory cards, digital versatile disks, digital video tape, solid state RAM,
solid state ROM, and the like. The hard disk drive 141 i1s typically connected to
the system bus 121 through an non-removable memory interface such as
interface 140, and magnetic disk drive 151 and optical disk drive 155 are
typically connected to the system bus 121 by a removable memory interface,
such as interface 150.

The drives and their associated computer storage media discussed above
and illustrated in Fig. 1, provide storage of computer readable instructions, data
structures, program modules and other data for the computer 110. In Fig. 1, for
example, hard disk drive 141 is illustrated as storing operating system 144,
application programs 145, other program modules 146, and program data 147.
Note that these components can either be the same as or different from
operating system 134, application programs 135, other program modules 136,

and program data 137. Operating system 144, application programs 145, other

10
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program modules 146, and program data 147 are given different numbers here
to illustrate that, at a minimum, they are different copies. A user may enter
commands and information into the computer 110 through input devices such as
a keyboard 162 and pointing device 161, commonly referred to as a mouse,
trackball or touch pad. Other input devices (not shown) may include a
microphone, joystick, game pad, satellite dish, scanner, or the like. These and
other input devices are often connected to the processing unit 120 through a
user input interface 160 that is coupled to the system bus 121, but may be
connected by other interface and bus structures, such as a parallel port, game
port or a universal serial bus (USB). A monitor 191 or other type of display
device is also connected to the system bus 121 via an interface, such as a video
interface 190. In addition to the monitor, computers may aiso inciude other
peripheral output devices such as speakers 197 and printer 196, which may be
connected through an output peripheral interface 195. Of particular significance
to the present invention, a camera 163 (such as a digital/electronic still or video
camera, or film/photographic scanner) capable of capturing a sequence of
images 164 can also be included as an input device to the personal computer
110. Further, while just one camera is depicted, multiple cameras could be
included as input devices to the personal computer 110. The images 164 from
the one or more cameras are input into the computer 110 via an appropriate
camera interface 165. This interface 165 is connected to the system bus 121,
thereby allowing the images to be routed to and stored in the RAM 132, or one of
the other data storage devices associated with the computer 110. However, it is
noted that image data can be input into the computer 110 from any of the
aforementioned computer-readable media as well, without requiring the use of

the camera 163.

The computer 110 may operate in a networked environment using logical
connections to one or more remote computers, such as a remote computer 180.
The remote computer 180 may be a personal computer, a server, a router, a

network PC, a peer device or other common network node, and typically includes

11
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many or all of the elements described above relative to the computer 110,
although only a memory storage device 181 has been illustrated in Fig. 1. The
logical connections depicted in Fig. 1 include a local area network (LAN) 171 and
a wide area network (WAN) 173, but may also include other networks. Such

networking environments are commonplace in offices, enterprise-wide computer
networks, intranets and the Internet.

When used in a LAN networking environment, the computer 110 is
connected to the LAN 171 through a network interface or adapter 170. When
used in a WAN networking environment, the computer 110 typically includes a
modem 172 or other means for establishing communications over the WAN 173,
such as the Internet. The modem 172, which may be internal or external, may
be connected to the system bus 121 via the user input interface 160, or other
appropriate mechanism. In a networked environment, program modules
depicted relative to the computer 110, or portions thereof, may be stored in the
remote memory storage device. By way of example, and not limitation, Fig. 1
illustrates remote application programs 185 as residing on memory device 181.
It will be appreciated that the network connections shown are exemplary and

other means of establishing a communications link between the computers may
be used.

2.0 The HDR Image Generation

The exemplary operating environment having now been discussed, the
remaining part of this description section will be devoted to a description of the
program modules embodying the invention. Generally, the system and process
according to the present invention involves generating HDR images using a

sequence of bracketed images, even if those images capture scene and camera

movement.

2.1 The Input Image Segquence
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As Indicated above, the present HDR image generation system and
process creates HDR images using bracketed exposures. Bracketing is term
originally used in photography which referred to taking photographs of the same
scene at multiple exposure settings in hopes of obtaining one with the optimum
exposure level. In the context of the present invention, the term "bracketed”
images generally means a set of images that were captured by a camera while
varying the exposure level. One way to accomplish this is by using an auto-
bracketing feature found in many still picture cameras today. When auto-
bracketing a scene, the camera determines the correct exposure using the
current metering mode and captures an image at that level. It then additionally
captures more exposures at fixed multiples of the original exposure. For
example, many of these cameras capture one image at a shorter exposure (e.g.,
at one or two f-stops up) and one image at a longer exposure (e.g., at one or two
f-stops down), in comparison to the “correct exposure” image. It is noted that
ideally the number of images in the bracketed sequence and the variation in the
exposure among the images is such that the images collectively capture
substantially all the brightness variation of the scene depicted therein. In this

way the resulting HDR image will represent the full dynamic range of the scene.

Regardless of how the bracketed images are obtained, once input into the
present system they are sorted according to exposure. The image with the most
number of “valid” pixels is then chosen as the reference image. A pixel is
considered “valid” if it is not saturated or of low contrast. One way of
implementing this is to require that each “valid” pixel have RGB values within a
prescribed interval. For example, in tested versions of the present invention, the

minimum and maximum of the interval were set at 17 and 254, respectively.
Thus, referring to Figs. 2A and B, the HDR image generation process

begins by inputting a sequence of bracketed images (process action 200).

These images are then sorted by their exposure level (process action 202). For

13
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example, Fig. 3(a) shows a set of five bracketed images of a sunrise scene that
have been sorted by exposure and displayed in a row. In this example, the
image exhibiting the shortest exposure 304 is shown on the far left, with the
images increasing in exposure in a left to right sequence. Thus the exposure
exhibiting the longest exposure 308 is depicted in Fig. 3(a) on the far right. The
HDR image generation process continues with the selection of the input image
having the most valid pixels (process action 204) and its designation as the
reference image (process action 206). In the example shown In Fig. 3(a), the

middle image 300 of the row was found to have the most valid pixels and is

marked by the arrow.

2.2 HDR Image Stitching

Since the bracketed input images exhibit varying exposures, generating
an HDR image requires the transfer of pixel color information from the input
images. This, in turn, requires that the pixel correspondences across the
different input images be highly accurate. The process of computing the pixel
correspondences, transferring color information and extracting the HDR image is

referred to as HDR image stitching.

To accomplish this HDR stitching operation, each neighboring pair of the
exposure-ordered input images is registered in the direction of the selected
reference image. This is shown in Fig. 3(b), where the above-described
bracketed image sequence of a sunrise is shown once again in the
aforementioned exposure order. As is shown, the shortest exposure image 304
on the far left is registered with the image having the next shortest exposure
level 302. In turn, that latter image 302 is registered with the reference image
300. Likewise, the image exhibiting the longest exposure 308 is registered with
the image 306 having the next longest exposure level, which is in turn registered
with the reference image 300. Neighboring pairs are chosen because they

exhibit less visual change, which results in more robust registration. This series

14
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of pairwise registrations among the input images iIs accomplished using a
warping process that will be described next.

2.2.1 Image Warping

The aforementioned pairwise registration procedure generally involves
first boosting the shorter exposure image of the pair under consideration to
match the longer exposure neighbor. Then, the image having the more outlying
exposure (in relation to the selected reference image) is registered with the

“closer” image via a warping process involving, in one embodiment, a global

motion estimation followed by a local per-pixel flow computation.

More particularly, the HDR stitching process generates warped images.
The images (S) having exposures shorter than the selected reference image (R)
are registered with the immediately adjacent neighboring image having a longer

exposure, which could be the reference image R itself, to produce a registered

shorter exposure image (S, ), where the “U" subscript refers to it being a warped

image. For convenience of notation the shorter exposure images will be given a
subscript number i, where i = 1, 2, 3, and so on, which indicates their exposure

order. Specifically, the greater the subscript number i, the shorter the exposure

is in relation to the reference image R. The resulting registered images S, will

have corresponding subscript numbers.

The aforementioned image warping process is accomplished as follows.
First. assume that the current input image under consideration was captured at a
shorter exposure than the reference image, i.e., S;. In an initial phase of the
HDR stitching process, the Shorter exposure image under consideration is
boosted in intensity to substantially match the intensity range of the input image
having the next shortest exposure, which could be the reference image itself. It

is noted that shorter exposure images are boosted in intensity to match the

15
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longer exposure image to facilitate the registration process. It is preferable to
boost the short exposure images rather than downscale the longer exposure
image to prevent mismatch in pixel intensities in the saturated regions of the
longer exposure frame. The short exposure images are boosted to match the
loss of detail in the saturated regions in the long exposure images. Itis also
noted that boosted images are only used to compute a flow field, as will be
explained. They are not used to compute the radiance map due to the noise and
saturation introduced in the boosting process. To find the amount of intensity
boosting required, the camera response function is used to convert the shorter
exposed image {o a radiance map, followed by a conversion to a virtual image
having a longer exposure using the inverse response. This virtual image should
match the pixel values (modulo discretization and noise) of the longer exposed

image with which it is being registered.

A flow field fy; is computed next using a gradient based technique. In
essence, this involves computing a dense motion match between the pair of
images under consideration, and this Is used to warp pixel information. More
particularly, the procedure consists of two stages. First, the two images (i.e., the
boosted shorter exposure image under consideration and its “less shorter
exposure” neighbor) are globally registered by estimating a giobal transform that
maps one onto the other. Any appropriate conventional global transform can be
employed. In tested versions of the present invention, the global transform used
was an affine transform. A gradient based optical flow is then used to compute a
dense motion field that forms a local correction to the global transform. Thus, for
each pixel, composite vectors are obtained that are the sum of global and local
components. The global component is derived from the global warping

parameters, and the local component is generated by an optical flow procedure
that will be described next.

For the aforementioned local motion estimation, a variant of the Lucas

and Kanade [6] technique is used in a Laplacian pyramid framework [1].
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Techniques to handle degenerate flow cases can also be added by computing
the eigenvalues of the matrix of summed partial derivatives and determining if it
s ill-conditioned. Essentially, the image under consideration is progressively
warped towards its neighboring image at each iteration and the residual flow
vectors are estimated and accumulated down the pyramid. This technique is
augmented by including the global affine flow during the warping so the
accumulated residuals are ailways represented in terms of a local correction to

the global flow. The result is the aforementioned flow field f;.

Similarly, the images (L) having exposures longer than the selected
reference image (R) are registered with the immediately adjacent neighboring

image having a “less long” exposure, which could be the reference image (&)

itself, to produce a registered longer exposure image (L, ). For convenience of

notation, the longer exposure images will also be given a subscript number |,
where i = 1, 2, 3, and so on, which indicates their exposure order. Specifically,

the greater the subscript number i, the longer the exposure is in relation to the

reference image. The resulting registered images L, will have corresponding

subscript numbers.

In the case where the current input image under consideration was
captured at a longer exposure, i.e., L; than the reference image, the
aforementioned flow field calculation procedure is accomplished as follows. In
the initial phase of the stitching procedure, the image having the next “less long”
exposure to the longer exposure image under consideration (which could be the
reference image itself) is boosted in intensity to substantially match the intensity
range of the image under consideration. Next, a flow field f;; is computed using
the aforementioned gradieht based technique. In this case, a dense motion
match is computed between the longer exposure images, and this is used to
warp pixel information. More particularly, for each pixel, composite vectors are

obtained that are each the sum of global and local components. Here again, the

17
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global component is derived from the global warping parameters, and the iocal

component is generated by an optical flow procedure described previously. The

result is the aforementioned flow field f; .

5 Once the flow fields (fs; or f;;) for each "non-reference” image have been
computed, they are concatenated to permit each image to be registered directly
with the reference image, with the exception of the shorter exposure and longer
exposure image that have exposures closest to the reference image, i.e., S| and
L,. The flow fields for §; and L, remain as initially computed and the

10 concatenated flows computed for the other non-reference images replace the
previously computed flow fields. More particularly, given the flow fields, f5; and
f., wherei=1, 2,...,n, and where n is the number of shorter or longer exposure
images as the case may be, a concatenated flow f'; is computed for each image

shorter exposure image other than S, as f5;= fg;+...« f5;, and a concatenated flow

15 f;; Is computed for each longer exposure image other than L, as f ;= f;;»...» f;;,

where j = 2,...,n.

Each non-reference image Is next warped using the flow fieid or

concatenated flow field associated with it, as the case may be, to produce a set

20 of registered or “stabilized” images S| and L’ . The foregoing procedure is

shown graphically in Fig. 3(c) where it can be seen that the each non-reference

image 302, 304, 306, 308 is registered directly with the reference image 300.

Thus, referring once again to Figs. 2A and B, the pairwise registration
25 procedure generally involves first selecting a previously unregistered input
image, excluding the reference image (process action 208). it is then
determined in process action 210 whether the selected image has an exposure
that is shorter or longer than that of the reference image. If the selected image
has a shorter exposure, then the input image having the next shortest exposure,

30 which is still longer than that of the selected image, is identified (process action

18
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212). ltis noted that the identified image could be the reference image itself.
The selected image is then boosted to match the exposure level of the identified
image (process action 214). Once boosted, the selected image is registered with
the identified image (process action 216) involving, In one embodiment, a global
motion estimation followed by a local per-pixel flow computation. |f, however, the
selected image is found to have a longer exposure than the reference image,
then the input image having the next longest exposure, which is still shorter than
that of the selected image, is identified (process action 218). Here again, the
identified image could be the reference image itself. In this case, the identified
image is boosted to match the exposure level of the selected image (process
action 220). Then, the selected image is registered with the identified image
(process action 222). It is next determined whether there are any unregistereq,
non-reference images remaining (process action 224). If so, process actions
208 through 224 are repeated. If not, the flow fields generated for the non-
reference input images that are not already registered with the reference image,
are concatenated to register each of them with the reference image (process
action 226). A radiance map is then recovered from the registered and
reference images (process action 228). This radiance map Is used to generate
the desired HDR image (process action 230), which may involve a tonemapping

procedure. The radiance map recovery and tonemapping procedures are
described in the sections to follow.

2.2.2 Radiance Map Recovery

The stabilized images and the reference image are used to recover the
radiance map, as mentioned above. In essence, these images are combined to
produce a radiance map, as shown in Fig. 3(d). Several techniques have been
proposed to do this [3, 7, 9, 12]. In each of these techniques, the input images
are converted to radiance images using the known exposure value and a
computed camera response function. The final radiance value at a pixel is then

computed as the weighted sum of the corresponding pixels in these radiance

19
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images. As indicated earlier, the response function of the camera Fsonse iS
preferably computed using the technique of [3]. An example weighting function
fw, derived from this technique is shown in Fig. 4 (a) by a graph plotting global
weight versus pixel intensity. |t is noted, however, that existing approaches
5 assume perfectly registered input images. Due to the possibility of mis-

registrations in the first part of the HDR stitching process, perfect registration is
not assumed in this part of the present process. Instead the procedure is made
more tolerant to errors in pixel registration by using radiance values derived from
the pixels of not only the reference image, but also the stabilized images as well.

10 A logic protocol is employed which determines whether a pixel in the final
radiance map is derived from the radiance value of one or a combination of two
or more values taken from the corresponding pixels in the foregoing images.
Generally, this decision is made based on the intensity of the pixel in the input
Image.

15
More particularly, referring to Fig. 5, the radiance map recovery employed in the

HDR stitching is accomplished as follows. First, the reference image R, as well

as each stabilized image S and L’ , are converted into radiance images

(process action 500) with the response function Fj.s;onse and the respective

20 exposure values of the images using conventional methods, where In general,

F2 . . - : . . .
ki _(f -)- with Rad being the radiance of a pixel, p being the pixel intensity
exp

Rad =

and exp being the exposure level. These radiance images are denoted by R,

S’ and L’ respectively. It is noted that in order to compute the aforementioned

exposure it is necessary to know certain camera parameter settings employed
25 when the bracketed images were captured. For example, it is typically
necessary to know the shutter speed and aperture settings. To this end, it is
possible to store this and any other desired camera parameter data as standard
metadata information (e.g., EXIF tags) in the data associated with each of the

images. This allows the radiance map computation to be automated.

20
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Next, a previously unselected pixel of the reference imagé R Is selected

(process action 502). The corresponding radiance values from each of the

S! and L’ images are then compared with the selected pixel of R to determine

how many are below a prescribed maximum allowed noise variance in
comparison to the radiance value of R (process action 504). If it is found that all

the radiance values from the S/ and L' images are below the prescribed

maximum allowed noise variance, a weighted average of these and the value of
the selected location in the reference image is computed and used as the
radiance value for that pixel location in the final radiance map (process action

506). The weighted average radiance R, iS computed as follows:

S e T e E—— . ———— —— A——_ s e —— i e L A— P PP e Pr—

Rwavg -
h |

where pg, ps; and p;; are corresponding pixels in the radiance images R, S and

~

L' . The weighting function £, (g.p)= f, (|p - 4]) /v (p)is the intensity-based

weight function £ [9] modulated by a plausibility map fu, where fu() is a Hermite
Cubic defined by

sY (Y ..
po-ld] ] e g

0 otherwise

which downplays warped radiance values that are too different than the
corresponding reference radiance value. Jn. i a user specified parameter that
represents the aforementioned maximum allowed noise variance. In tested

versions of the present radiance map recovery procedure, the maximum aliowed
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noise variance was set to 16 intensity ievels. An example of the modulation

function is plotted in the graph shown in Fig. 4(b).

If however, a radiance value from the §,’ and L images is found to be

above the maximum noise variance, it is thrown out and the radiance value used

in the final radiance map for that pixel location is computed as the weighted

average the value from R and the remaining values from the S’ and L' Images

(process action 508). This falls out of Eq. (2) because the terms involving the

radiance value from the S’ and L" images which are found to be outside the

maximum allowed noise variance are zeroed. Thus, the weighted average is

computed using Eq. (1) with the remaining radiance values.

Finally, if it is found that all the radiance values from the S’ and

o

L' images are outside the maximum allowed noise variance, then they are all

thrown out in accordance with Eq. (2) and the radiance value used in the final

radiance map for the selected pixel location is taken from R directly (process
action 510).

It is next determined in process action 512 if there are any pixels of the

reference image that have not yet been selected and processed. |f there are,

process actions 502 through 512 are repeated. Otherwise the process ends.

2.3  Tone Mapping

Tone mapping is used to convert floating point radiance maps into an 8-bit
representation suitable for rendering in typical electronic display systems or on
paper. If such a system is going to be used to display the HDR image, tone

mapping should be used to reduce the dynamic range of each HDR image while

22
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also maintaining a good contrast level for both brightly and darkly illuminated
regions.

While any existing tone mapping procedure could be employed for this
purpose, the present HDR image generation system makes use of the tone
mapper presented by [11], which 1s based on the photographic technique of
dodging and burning. In general, this tone mapping process begins by
converting the radiance image to ClE space via conventional methods and
recovering the chromaticity coordinates. The luminance image is then
processed to compress the dynamic range. Finally, the chrominance is re-
iInserted and the CIE space image converted to produce the final byte-range
RGB image. As part of this tone mapping process, certain global parameters

have to be set to contro! the overall brightness balance. Essentially, a statistical

analysis of the input image being tone mapped is performed to decide how to set
these global parameters.

2.4 Results

The eftectiveness of the foregoing HDR image generation system and
process can be shown using the previously described bracketed image
sequence of the sunrise (depicted here In Fig. 6(a)). Here there is both camera
motion and cloud motion relative to the ground. Thus, the images capture scene
motion. If a conventional global registration procedure (e.g., 2D perspective or
homography) wére employed to generate a composite HDR image, the resuit
shown In Figs. 6(b) and (c) are obtained (where (c) is a magnified version of the
right side of (b)). However, if the present HDR image generation process is
employed, a significantly better result is obtained as shown in Figs. 6(d) and (e).
Here, Fig. 6(e) is a magnified version of the right side of Fig. 6(d). Notice the

crisper appearance of the tree branches in images 6(d) and (e).
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Wherefore, what Is claimed is:

1. A system for generating a high dynamic range (HDR) image from
an image sequence of a scene captured while varying the exposure of each
image, comprising:.

a general purpose computing device;
a computer program comprising program modules executable by

the computing device, wherein the computing device is directed by the program
modules of the computer program to,

designate the image having the greatest number of valid
pixels as a reference image, wherein a pixel is valid if it is not saturated and it
exhibits an acceptable degree of contrast,

for each image except the reference image, register the
image under consideration with the image, including the reference image, which
exhibits an exposure that is both closer to that of the reference imagé than the
iImage under consideration and closest among the images to the exposure of the
image under consideration, to generate a flow field,

concatenate the flow fields generated for the non-reference
images not already registered with the reference image, to register each of them

with the reference image,

warp each non-reference image using the flow field
associated therewith, and

combine the reference image and the warped images to

create a radiance map representing the HDR image.

2. The system of Claim 1, further comprising a program module for

tone mapping the radiance map to convert it into an 8-bit representation suitable

for rendering.

3. The system of Claim 2, wherein the program module for tone

mapping the radiance map, comprises sub-modules for:
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converting the radiance map to CIE space and recovering the

chromaticity coordinates to produce a luminance image;

compressing the dynamic range of the luminance image and re-
inserting the chrominance; and

converting the CIE space image to produce the final 8-bit RGB
image.

4. The system of Claim 1, wherein the number of images in said
sequence of images and the variation in the exposure among the images is such

that the images collectively capture substantially all the brightness variation of

the scene depicted in the images.

5. The system of Claim 1, wherein the intensity of a pixel is measured
in terms of 8-bit RGB color space values, and wherein a pixel is considered as

being unsaturated and exhibiting the acceptable degree of contrast if each of its

RGB values is within a prescribed interval.

6. The system of Claim 5, wherein the prescribed interval is between,
and including, 17 and 254..

7. The system of Claim 1, wherein the sub-module for registering the
image under consideration with the image exhibiting the exposure that is both
closer to that of the reference image than the image under consideration and
closest among the images to the exposure of the image under consideration, to
generate a flow field, comprises sub-modules for:

whenever the image under consideration has a shorter exposure
than the other input image it is being registered with,
boosting the intensity of the image under consideration to

substantially match the intensity range of said other input image,
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computing a flow field that globally registers the image under
consideration with said other input image by estimating a global transform that
maps the image under consideration onto that other image; and

computing a dense motion field, which forms a local
correction to the flow field computed with the global transform, using a gradient
based optical flow; wherein

the corrected flow field comprises a composite vector for
each pixel location of the flow field which is the sum of (i) the global component
derived from said global transform, and (ii) a local component taken from said

dense motion field that forms the local correction for the global component.

8. The system of Claim 7, wherein the sub-module for computing a
dense motion field that forms a local correction to the global transform using a
gradient based optical flow, comprises sub-modules for:

employing a variant of the Lucas and Kanade technique used in a
Laplacian pyramid framework wherein the image under consideration is warped
towards said other input image and the residual flow vectors are estimated at
each level of the pyramid; and

accumulating the residual flow vectors computed for each pixel at

each level of the pyramid to establish said local component of the dense motion
field.

0. The system of Claim 1, wherein the sub-module for registering the
iImage under consideration with the image exhibiting the exposure that is both
closer to that of the reference image than the image under consideration and

closest among the images to the exposure of the image under consideration, to

generate a flow field, comprises sub-modules for:

whenever the image under consideration has a longer exposure

than the other input image it is being registered with,

boosting the intensity of said other image to substantially

match the intensity range of the image under consideration,
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computing a flow field that globally registers the image under
consideration with said other input image by estimating a global transform that
maps the image under consideration onto that other image; and

computing a dense motion field, which forms a local
correction to the flow field computed with the global transform, using a gradient
based optical flow; wherein

the corrected flow field comprises a composite vector for
each pixel location of the flow field which is the sum of (i) a global component
derived from said global transform, and (ii) a local component taken from saia

dense motion field that forms the local correction for the global component.

10. The system of Claim 9, wherein the sub-module for computing a

dense motion field that forms a local correction to the global transform using a
gradient based optical flow, comprises sub-modules for: .

employing a variant of the Lucas and Kanade technique used in a
Laplacian pyramid framework wherein the image under consideration Is warped
towards said other input image and the residual flow vectors are estimated at
each level of the pyramid; and

accumulating the residual flow vectors computed for each pixel at

each level of the pyramid to establish said local component of the dense motion
field.

11.  The system of Claim 1, wherein the program module for combining
the reference image and warped images to create the radiance map, comprises
sub-modules for:

converting the reference image and each warped image,
respectively, to radiance images; and

assigning a radiance value to each pixel location in the radiance
map, wherein said radiance map radiance value is the radiance value assigned
to the same pixel location in the radiance image associated with the reference

image or a weighted combination of two or more radiance values taken from the
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- corresponding pixel locations in the radiance images associated with the

reference image and the warped images, depending on which values are

deemed to be trustworthy based on the intensity of the pixel at that pixel location
in the reference iImage.

12. A computer-implemented process for generating a high dynamic
range (HDR) image from an image sequence of a scene captured while varying

the exposure of each image, said process comprising using a computer to
perform the following process actions:

inputting said images;

designating the input image having the greatest number of valid
pixels as a reference image, wherein a pixel is considered valid if it is not
saturated and it exhibits a prescribed degree of contrast;

for each input image except the reference image, identifying
corresponding pixels between the image under consideration and another input
image, including the reference image, which exhibits an exposure that is both
closer to that of the reference image than the input image under consideration

and closest among the input images to the exposure of the input image under
consideration;

using the pixel correspondences identified between pairs of input
images to establish a set of corresponding pixels among the input images for
each pixel of the reference image; and

for each set of corresponding pixels, identifying at least one pixel in
the set that represents a trustworthy pixel and employing the pixel color
Information associated with the one or more identified trustworthy pixels to
compute a radiance value for that set of pixels to form a radiance map

representing the HDR image.

13. The process of Claim 12, further comprising a process action of

tone mapping the radiance map to convert it into an 8-bit representation suitable

for rendering.
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14.  The process of Claim 12, wherein the process action of identifying
corresponding pixels between the image under consideration and said other

input image, comprises an action of computing a flow field that registers that

image with said other input image.

15. The process of Claim 14, wherein the process action of using the
pixel correspondences identified between pairs of input images to establish a set
of corresponding pixels among the input images for each pixel of the reference
image, comprises an action of concatenating the flow fields generated for the

non-reference images not already registered with the reference image to register

each of them with the reference image.

16.  The process of Claim 14, wherein the process action of, for each
set of corresponding pixels, identifying at least one pixel in the set that
represents a trustworthy pixel and employing the pixel color information
associated with the one or more identified trustworthy pixels to compute a
radiance value for that set of pixels to form a radiance map representing the

HDR image, comprises the actions of:

converting the reference image and each warped image,
respectively, to radiance images; and
for each of pixel location of the reference image,
determining if the radiance values assigned to the
corresponding location in the warped images are within a maximum allowable
noise variance of the radiance value assigned to pixel location of the reference
iImage under consideration,
whenever it is found that at least one of the radiance values
assigned to said corresponding location in a warped image is within the
maximum allowable noise variance of the radiance value assigned to the pixel
location in the reference image under consideration, computing a weighted

average of radiance values assigned to the pixel location of the reference frame

31
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under consideration and said corresponding pixel location in the warped images
whose radiance values fell within the maximum allowable noise variance, and
assigning the weighted average as the radiance value for the pixel location under
consideration in the radiance map, and

5 whenever it is found that none of the radiance values
assigned to said corresponding locations in the warped images are with the
maximum allowable noise variance of the radiance value assigned to the pixel
location In the reference image, assigning the radiance value assigned to the

pixel location under consideration in the reference image as the radiance value

10 for the pixel location under consideration in the radiance map.

17.  The process of Claim 16, wherein the process action of computing
a weighted average of radiance values assigned to the pixel location of the
reference frame under consideration and said corresponding pixel location in the
15 warped images whose radiance values fell within the maximum allowable noise

variance, comprises an action of computing the weighted average radiance as

_ Jwa (PRsPSl)Ps,°-+"fW (PR’pS,,)PS,, + i (PRapq)pL,""'"fWM (pR’pL,,)pL,, + fu (Pr) Pe

R
S (P:eapsl ) + . S (Pnaps'n)+fw (pR’pL, )"’fw (pnapz.n)"' Jw (PR)

Wavg

wherein pg, Ps; and p;;are corresponding pixels in the radiance images with
subscript R referring to the radiance image associated with the reference image,
20 subscript S; referring to the radiance images associated with each of the warped
Images having an exposure shorter than the reference image and subscript L,
referring to the radiance images associated with each of the warped images

having an exposure longer than the reference image, and wherein the weighting

function f,,, (¢.p)= £, (P —4|) /w (p)is an intensity-based weight function fi

25 modulated by a plausibility map fu, where fu() is a Hermite Cubic defined by

(sY (&Y
[, (0) =+ 2\5 _3\5 +1 0 <Oy and 9,,,; IS a prescribed parameter,

max / max /

\ 0 otherwise

such that the modulated weight of a radiance value associated with a warped
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image that is outside said maximum allowable noise variance is set to zero when

calculating the weighted average radiance.

18. A computer-readable medium having computer-executable
instructions for generating a high dynamic range (HDR) image from a sequence
of bracketed images, said computer-executable instructions comprising:

(a)  inputting said bracketed images;

(b)  sorting the input images in the order of their exposures;

(C) designating the input image having the greatest number of
valid pixels as a reference image, wherein a pixel is valid if it is not saturated and
it exhibits a prescribed degree of contrast;

(d)  selecting a previously unregistered non-reference input
image; |

(e) determining whether the selected input image has an
exposure that is shorter or longer than the reference image,;

(f) whenever the selected input image has an exposure that is
shorter than the reference image,

identifying the input image having the next shortest exposure
that is still longer than the selected input image, which could be the registered
image,

boosting the selected image to match the exposure of the
identified image,

registering the boosted selected image with the identified
image, to generate a flow field for the selected image;

(@)  whenever the selected input image has an exposure that is
longer than the reference image,

identifying the input image having the next longest exposure
that is still shorter than the selected input image, which could be the registered
image,

boosting the identified image to match the exposure of the

selected image,

33
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registering the selected image with the boosted identified
image, to generate a flow field for the selected image;

(n)  determining if there are any remaining unregistered non-
reference input images, and if so repeating instructions (d) through (h) until all
the non-reference images have been registered,;

(1) concatenating the flow fields generated for the non-

reference input images not already registered with the reference image to

register each of them with the reference image;

(J) warping each non-reference input image using the flow field,
or concatenated flow field if one, associated therewith; and

(K) combining the reference image and the warped images to

create a radiance map representing the HDR image.

19. The computer-readable medium of Claim 18, further comprising an
instruction for tone mapping the radiance map to convert it into an 8-bit

representation suitable for rendering.

20. The computer-readable medium of Claim 18, wherein the intensity
of a pixel is measured in terms of 8-bit RGB color space values, and wherein a
pixel is considered as being unsaturated and exhibiting the acceptable degree of

contrast if each of its RGB values is between, and including, 17 and 254.

Smart & Blggar

Ottawa, Canada
Patent Agents
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