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DISTRIBUTED ASYNCHRONOUS 
LOCALIZATION AND MAPPING FOR 

AUGMENTED REALITY 

BACKGROUND 

[0001] Augmented reality (AR) relates to providing an aug 
mented real-world environment where the perception of a 
real-world environment (or data representing a real-world 
environment) is augmented or modi?ed with computer-gen 
erated virtual data. For example, data representing a real 
world environment may be captured in real-time using sen 
sory input devices such as a camera or microphone and 
augmented with computer-generated virtual data including 
virtual images and virtual sounds. The virtual data may also 
include information related to the real-world environment 
such as a text description associated with a real-world object 
in the real-world environment. An AR environment may be 
used to enhance numerous applications including video 
game, mapping, navigation, and mobile device applications. 
[0002] Some AR environments enable the perception of 
real-time interaction between real objects (i.e., objects exist 
ing in a particular real-world environment) and virtual objects 
(i.e., objects that do not exist in the particular real-world 
environment). In order to realistically integrate the virtual 
objects into an AR environment, an AR system typically 
performs several steps including mapping and localiZation. 
Mapping relates to the process of generating a map of the 
real-world environment. Localization relates to the process of 
locating a particular point of view or pose relative to the map. 
A fundamental requirement of many AR systems is the ability 
to localiZe the pose of a mobile device moving within a 
real-world environment in order to determine the particular 
view associated with the mobile device that needs to be aug 
mented. 
[0003] In robotics, traditional methods employing simulta 
neous localiZation and mapping (SLAM) techniques have 
been used by robots and autonomous vehicles in order to 
build a map of an unknown environment (or to update a map 
within a known environment) while simultaneously tracking 
their current location for navigation purposes. Most SLAM 
approaches are incremental, meaning that they iteratively 
update the map and then update the estimated camera pose in 
the same process. An extension of SLAM is parallel tracking 
and mapping (PTAM), which separates the mapping and 
localiZation steps into parallel computation threads. Both 
SLAM and PTAM techniques produce sparse point clouds as 
maps. Sparse point clouds may be su?icient for enabling 
camera localiZation, but may not be su?icient for enabling 
complex augmented reality applications such as those that 
must handle collisions and occlusions due to the interaction 
of real objects and virtual objects. Both SLAM and PTAM 
techniques utiliZe a common sensing source for both the 
mapping and localiZation steps. 

SUMMARY 

[0004] Technology is described for providing an aug 
mented reality environment in which the environmental map 
ping process is decoupled from the localiZation processes 
performed by one or more mobile devices. In some embodi 
ments, an augmented reality system includes a mapping sys 
tem with independent sensing devices for mapping a particu 
lar real-world environment and one or more mobile devices. 
Each of the one or more mobile devices utiliZes a separate 
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asynchronous computing pipeline for localiZing the mobile 
device and rendering virtual objects from a point of view of 
the mobile device. This distributed approach provides an 
e?icient way for supporting mapping and localiZation pro 
cesses for a large number of mobile devices, which are typi 
cally constrained by form factor and battery life limitations. 
[0005] One embodiment includes determining whether a 
?rst map is required, acquiring the ?rst map, storing the ?rst 
map on a mobile device, determining a ?rst pose associated 
with the mobile device, determining whether a second map is 
required including determining whether a virtual object is 
located within a ?eld of view associated with the ?rst pose, 
acquiring the second map, storing the second map on the 
mobile device, registering a virtual object in relation to the 
second map, rendering the virtual object, and displaying on 
the mobile device a virtual image associated with the virtual 
object corresponding with a view of the virtual object such 
that the virtual object is perceived to exist within the ?eld of 
view associated with the ?rst pose. 
[0006] This Summary is provided to introduce a selection 
of concepts in a simpli?ed form that are further described 
below in the Detailed Description. This Summary is not 
intended to identify key features or essential features of the 
claimed subject matter, nor is it intended to be used as an aid 
in determining the scope of the claimed subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 is a block diagram of one embodiment ofa 
networked computing environment in which the disclosed 
technology may be practiced. 
[0008] FIG. 2 depicts one embodiment of a portion of an 
HMD. 
[0009] FIG. 3A depicts one embodiment of a ?eld of view 
as seen by a user wearing a HMD. 

[0010] FIG. 3B depicts one embodiment of anAR environ 
ment. 

[0011] FIG. 3C depicts one embodiment of anAR environ 
ment. 

[0012] FIG. 4 illustrates one embodiment of a mapping 
system. 
[0013] FIG. 5 depicts one embodiment of anAR system. 
[0014] FIG. 6A is a ?owchart describing one embodiment 
of a process for generating a 3-D map of a real-world envi 
ronment and locating virtual objects within the 3-D map. 
[0015] FIG. 6B is a ?owchart describing one embodiment 
of a process for updating a 3-D map of a real-world environ 
ment. 

[0016] FIG. 7 is a ?owchart describing one embodiment of 
a process for rendering and displaying virtual objects. 
[0017] FIG. 8 is a block diagram of an embodiment of a 
gaming and media system. 
[0018] FIG. 9 is a block diagram of one embodiment of a 
mobile device. 
[0019] FIG. 10 is a block diagram of an embodiment of a 
computing system environment. 

DETAILED DESCRIPTION 

[0020] Technology is described for providing an aug 
mented reality environment in which the environmental map 
ping process is decoupled from the localiZation processes 
performed by one or more mobile devices. In some embodi 
ments, an augmented reality system includes a mapping sys 
tem with independent sensing devices for mapping a particu 
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lar real-World environment and one or more mobile devices. 
Each of the one or more mobile devices utilizes a separate 
asynchronous computing pipeline for localizing the mobile 
device and rendering virtual objects from a point of vieW of 
the mobile device. This distributed approach provides an 
e?icient Way for supporting mapping and localization pro 
cesses for a large number of mobile devices, Which are typi 
cally constrained by form factor and battery life limitations. 
[0021] An AR system may alloW a user of a mobile device 
to vieW augmented images in real-time as the user moves 
about Within a particular real -World environment. In order for 
the AR system to enable the perceived interaction betWeen the 
particular real-World environment and virtual objects Within 
the particular real-World environment, several problems must 
be solved. First, the AR system must generate a map of the 
particular real -World environment in Which the virtual objects 
are to appear and interact (i.e., perform a mapping step). 
Second, the AR system must determine a particular pose 
associated With the mobile device (i.e., perform a localization 
step). Finally, the virtual objects that are to appear Within the 
?eld of vieW of the particular pose must be registered or 
aligned With a coordinate system associated With the particu 
lar real-World environment. Solving these problems takes 
considerable processing poWer and providing the computer 
hardWare necessary to accomplish real-time AR is especially 
dif?cult because of form factor and poWer limitations 
imposed on mobile devices. 

[0022] In general, solving the mapping problem is compu 
tationally much more dif?cult than the localization problem 
and may require more computational poWer as Well as more 
sophisticated sensors for increased robustness and accuracy. 
HoWever, the mapping problem need not be solved in real 
time if landmarks or other real objects Within the real-World 
environment are static (i.e., do not move) or semi-static (i.e., 
do not move often). On the other hand, mobile device local 
ization does need to be performed in real-time in order enable 
the perception of real-time interaction betWeen real objects 
and virtual objects. 
[0023] FIG. 1 is a block diagram of one embodiment ofa 
netWorked computing environment 100 in Which the dis 
closed technology may be practiced. Networked computing 
environment 100 includes a plurality of computing devices 
interconnected through one or more netWorks 180. The one or 

more netWorks 180 alloW a particular computing device to 
connect to and communicate With another computing device. 
The depicted computing devices include mobile device 140, 
mobile devices 110 and 120, desktop computer 130, and 
mapping server 150. In some embodiments, the plurality of 
computing devices may include other computing devices not 
shoWn. In some embodiments, the plurality of computing 
devices may include more than or less than the number of 
computing devices shoWn in FIG. 1. The one or more net 
Works 180 may include a secure netWork such as an enterprise 
private netWork, an unsecure netWork such as a Wireless open 
netWork, a local area netWork (LAN), a Wide area netWork 
(WAN), and the Internet. Each netWork of the one or more 
netWorks 180 may include hubs, bridges, routers, sWitches, 
and Wired transmission media such as a Wired netWork or 
direct-Wired connection. 

[0024] A server, such as mapping server 150, may alloW a 
client to doWnload information (e.g., text, audio, image, and 
video ?les) from the server or to perform a search query 
related to particular information stored on the server. In gen 
eral, a “server” may include a hardWare device that acts as the 
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host in a client-server relationship or a softWare process that 
shares a resource With or performs Work for one or more 

clients. Communication betWeen computing devices in a cli 
ent-server relationship may be initiated by a client sending a 
request to the server asking for access to a particular resource 
or for particular Work to be performed. The server may sub 
sequently perform the actions requested and send a response 
back to the client. 

[0025] One embodiment of mobile device 140 includes a 
camera 148, microphone 149, netWork interface 145, proces 
sor 146, and memory 147, all in communication With each 
other. Camera 148 may capture digital images and/or videos. 
Microphone 149 may capture sounds. NetWork interface 145 
alloWs mobile device 140 to connect to one or more netWorks 

180. NetWork interface 145 may include a Wireless netWork 
interface, a modem, and/or a Wired netWork interface. Pro 
cessor 146 alloWs mobile device 140 to execute computer 
readable instructions stored in memory 147 in order to per 
form processes discussed herein. 

[0026] NetWorked computing environment 100 may pro 
vide a cloud computing environment for one or more com 
puting devices. Cloud computing refers to Internet-based 
computing, Wherein shared resources, softWare, and/ or infor 
mation are provided to one or more computing devices on 

demand via the Internet (or other global netWork). The term 
“cloud” is used as a metaphor for the Internet, based on the 
cloud draWings used in computer netWork diagrams to depict 
the Internet as an abstraction of the underlying infrastructure 
it represents. 
[0027] In one example of anAR environment, one or more 
users may move around a real-World environment (e.g., a 
living room) each Wearing special glasses, such as mobile 
device 140, that alloW the one or more users to observe vieWs 
of the real-World overlaid With virtual images of virtual 
objects that maintain coherent spatial relationship With the 
real-World environment (i.e., as a particular user turns their 
head or moves Within the real-World environment, the virtual 
images displayed to the particular user Will change such that 
the virtual objects appear to exist Within the real-World envi 
ronment as perceived by the particular user). In one embodi 
ment, environmental mapping of the real-World environment 
is performed by mapping server 150 (i.e., on the server side) 
While camera localization is performed on mobile device 140 
(i.e., on the client side). The one or more users may also 
perceive 3-D localized virtual surround sounds that match the 
general acoustics of the real-World environment and that 
seem ?xed in space With respect to the real-World environ 
ment. 

[0028] In another example, live video images captured 
using a video camera on a mobile device, such as mobile 
device 120, may be augmented With computer-generated 
images of a virtual monster. The resulting augmented video 
images may then be displayed on a display of the mobile 
device in real-time such that an end user of the mobile device 
sees the virtual monster interacting With the real-World envi 
ronment captured by the mobile device. In another example, 
the perception of a real-World environment may be aug 
mented via a head-mounted display device (HMD), Which 
may comprise a video see-through and/or an optical see 
through system. Mobile device 140 is one example of an 
optical see-through HMD. An optical see-through HMD 
Worn by an end user may alloW actual direct vieWing of a 
real-World environment (e.g., via transparent lenses) and 
may, at the same time, project images of a virtual object into 
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the visual ?eld of the end user thereby augmenting the real 
World environment perceived by the end user With the virtual 
object. 
[0029] FIG. 2 depicts one embodiment of a portion of an 
HMD, such as mobile device 140 in FIG. 1. Only the right 
side of a head-mounted device is depicted. HMD 200 
includes right temple 202, nose bridge 204, eye glass 216, and 
eye glass frame 214. Built into nose bridge 204 is a micro 
phone 210 for recording sounds and transmitting the audio 
recording to processing unit 236.A front facing camera 213 is 
embedded inside right temple 202 for recording digital 
images and/ or videos and transmitting the visual recordings 
to processing unit 236. Front facing camera 213 may capture 
color information, IR information, and/or depth information. 
Microphone 210 and front facing camera 213 are in commu 
nication With processing unit 236. 
[0030] Also embedded inside right temple 202 are ear 
phones 230, motion and orientation sensor 238, GPS receiver 
232, poWer supply 239, and Wireless interface 237, all in 
communication With processing unit 236. Motion and orien 
tation sensor 238 may include a three axis magnetometer, a 
three axis gyro, and/ or a three axis accelerometer. In one 
embodiment, the motion and orientation sensor 238 may 
comprise an inertial measurement unit (IMU). The GPS 
receiver may determine a GPS location associated With HMD 
200. Processing unit 236 may include one or more processors 
and a memory for storing computer readable instructions to 
be executed on the one or more processors. The memory may 
also store other types of data to be executed on the one or more 

processors. 
[0031] In one embodiment, eye glass 216 may comprise a 
see-through display, Whereby virtual images generated by 
processing unit 236 may be projected and/ or displayed on the 
see-through display. The front facing camera 213 may be 
calibrated such that the ?eld of vieW captured by the front 
facing camera 213 corresponds With the ?eld of vieW as seen 
by a user of HMD 200. The ear phones 230 may be used to 
output virtual sounds associated With the virtual images. In 
some embodiments, HMD 200 may include tWo or more front 
facing cameras (e.g., one on each temple) in order to obtain 
depth from stereo information associated With the ?eld of 
vieW captured by the front facing cameras. The tWo or more 
front facing cameras may also comprise 3-D, IR, and/or RGB 
cameras. Depth information may also be acquired from a 
single camera utiliZing depth from motion techniques. For 
example, tWo images may be acquired from the single camera 
associated With tWo different points in space at different 
points in time. Parallax calculations may then be performed 
given position information regarding the tWo different points 
in space. 
[0032] FIG. 3A depicts one embodiment ofa ?eld ofvieW 
as seen by a user Wearing a HMD such as mobile device 140 
in FIG. 1. The user may see Within the ?eld of vieW both real 
objects and virtual objects. The real objects may include a 
chair 16 and a mapping system 10 (e. g., comprising a portion 
of an entertainment system). The virtual objects may include 
a virtual monster 17. As the virtual monster 17 is displayed or 
overlaid over the real-World environment as perceived 
through the see-through lenses of the HMD, the user may 
perceive that the virtual monster 17 exists Within the real 
World environment. 
[0033] FIG. 3B depicts one embodiment of an AR environ 
ment. The AR environment includes a mapping system 10 and 
mobile devices 18 and 19. The mobile devices 18 and 19, 
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depicted as special glasses in FIG. 3B, may include a HMD 
such as HMD 200 in FIG. 2. The mapping system 10 may 
include a computing environment 12, a capture device 20, and 
a display 14, all in communication With each other. Comput 
ing environment 12 may include one or more processors. 
Capture device 20 may include a color or depth sensing 
camera that may be used to visually monitor one or more 
targets including humans and one or more other objects 
Within a particular environment. In one example, capture 
device 20 may comprise an RGB or depth camera and com 
puting environment 12 may comprise a set-top box or gaming 
console. Mapping system 10 may support multiple mobile 
devices or clients. 

[0034] The mobile devices 18 and 19 may include HMDs. 
As shoWn in FIG. 3B, user 28 Wears mobile device 18 and 
user 29 Wears mobile device 19. The mobile devices 18 and 19 
may receive virtual data from mapping system 10 such that a 
virtual object is perceived to exist Within a ?eld of vieW as 
displayed through the respective mobile device. For example, 
as seen by user 28 through mobile device 18, the virtual object 
is displayed as the back of virtual monster 17. As seen by user 
29 through mobile device 19, the virtual object is displayed as 
the front of virtual monster 17 appearing above the back of 
chair 16. The rendering of virtual monster 17 may be per 
formed by mapping system 10 or by mobile devices 18 and 
19. In one embodiment, mapping system 10 renders images 
of virtual monster 17 associated With a ?eld of vieW of a 
particular mobile device and transmits the rendered images to 
the particular mobile device. 
[0035] FIG. 3C depicts one embodiment of anAR environ 
ment utiliZing the mapping system 10 and mobile devices 18 
and 19 depicted in FIG. 3B. The mapping system 10 may 
track and analyZe virtual objects Within a particular environ 
ment such as virtual ball 27. The mapping system 10 may also 
track and analyZe real objects Within the particular environ 
ment such as user 28, user 29, and chair 16. The rendering of 
images associated With virtual ball 27 may be performed by 
mapping system 10 or by mobile devices 18 and 19. 

[0036] In one embodiment, mapping system 10 tracks the 
position of virtual objects by taking into consideration the 
interaction betWeen real and virtual objects. For example, 
user 18 may move their arm such that user 18 perceives hitting 
virtual ball 27. The mapping system 10 may subsequently 
apply a virtual force to virtual ball 27 such that both users 28 
and 29 perceive that the virtual ball has been hit by user 28. In 
one example, mapping system 10 may register the placement 
of virtual ball 27 Within a 3-D map of the particular environ 
ment and provide virtual data information to mobile devices 
18 and 19 such that users 28 and 29 perceive the virtual ball 27 
as existing Within the particular environment from their 
respective points of vieW. In another embodiment, a particular 
mobile device may render virtual objects that are speci?c to 
the particular mobile device. For example, if the virtual ball 
27 is only rendered on mobile device 18 then the virtual ball 
27 Would only be perceived as existing Within the particular 
environment by user 28. In some embodiments, the dynamics 
of virtual objects may be performed on the particular mobile 
device and not on the mapping system. 

[0037] FIG. 4 illustrates one embodiment of a mapping 
system 50 including a capture device 58 and computing envi 
ronment 54. Mapping system 50 is one example of an imple 
mentation for mapping system 10 in FIGS. 3B-3C. For 
example, computing environment 54 may correspond With 
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computing environment 12 in FIGS. 3B-3C and capture 
device 58 may correspond With capture device 20 in FIGS. 
3B-3C. 

[0038] In one embodiment, the capture device 58 may 
include one or more image sensors for capturing images and 
videos. An image sensor may comprise a CCD image sensor 
or a CMOS sensor. In some embodiments, capture device 58 
may include an IR CMOS image sensor. The capture device 
58 may also include a depth camera (or depth sensing camera) 
con?gured to capture video With depth information including 
a depth image that may include depth values via any suitable 
technique including, for example, time-of-?ight, structured 
light, stereo image, or the like. 
[0039] The capture device 58 may include an image camera 
component 32. In one embodiment, the image camera com 
ponent 32 may include a depth camera that may capture a 
depth image of a scene. The depth image may include a 
tWo-dimensional (2-D) pixel area of the captured scene Where 
each pixel in the 2-D pixel area may represent a depth value 
such as a distance in, for example, centimeters, millimeters, 
or the like of an object in the captured scene from the camera. 

[0040] The image camera component 32 may include an IR 
light component 34, a three-dimensional (3-D) camera 36, 
and an RGB camera 38 that may be used to capture the depth 
image of a capture area. For example, in time-of-?ight analy 
sis, the IR light component 34 of the capture device 58 may 
emit an infrared light onto the capture area and may then use 
sensors to detect the backscattered light from the surface of 
one or more objects in the capture area using, for example, the 
3-D camera 36 and/or the RGB camera 38. In some embodi 
ments, pulsed infrared light may be used such that the time 
betWeen an outgoing light pulse and a corresponding incom 
ing light pulse may be measured and used to determine a 
physical distance from the capture device 58 to a particular 
location on the one or more objects in the capture area. Addi 
tionally, the phase of the outgoing light Wave may be com 
pared to the phase of the incoming light Wave to determine a 
phase shift. The phase shift may then be used to determine a 
physical distance from the capture device to a particular loca 
tion associated With the one or more objects. 

[0041] In another example, the capture device 58 may use 
structured light to capture depth information. In such an 
analysis, patterned light (i.e., light displayed as a knoWn 
pattern such as grid pattern or a stripe pattern) may be pro 
jected onto the capture area via, for example, the IR light 
component 34. Upon striking the surface of one or more 
objects (or targets) in the capture area, the pattern may 
become deformed in response. Such a deformation of the 
pattern may be captured by, for example, the 3-D camera 36 
and/ or the RGB camera 38 and analyZed to determine a physi 
cal distance from the capture device to a particular location on 
the one or more objects. 

[0042] In some embodiments, tWo or more different cam 
eras may be incorporated into an integrated capture device. 
For example, a depth camera and a video camera (e.g., an 
RGB video camera) may be incorporated into a common 
capture device. In some embodiments, tWo or more separate 
capture devices of the same or differing types may be coop 
eratively used. For example, a depth camera and a separate 
video camera may be used, tWo video cameras may be used, 
tWo depth cameras may be used, tWo RGB cameras may be 
used or any combination and number of cameras may be used. 
In one embodiment, the capture device 58 may include tWo or 
more physically separated cameras that may vieW a capture 
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area from different angles to obtain visual stereo data that 
may be resolved to generate depth information. Depth may 
also be determined by capturing images using a plurality of 
detectors that may be monochromatic, infrared, RGB, or any 
other type of detector and performing a parallax calculation. 
Other types of depth image sensors can also be used to create 
a depth image. 
[0043] As shoWn in FIG. 4, capture device 58 may include 
a microphone 40. The microphone 40 may include a trans 
ducer or sensor that may receive and convert sound into an 
electrical signal. 
[0044] The capture device 58 may include a processor 42 
that may be in operative communication With the image cam 
era component 32. The processor may include a standardized 
processor, a specialiZed processor, a microprocessor, or the 
like. The processor 42 may execute instructions that may 
include instructions for storing ?lters or pro?les, receiving 
and analyZing images, determining Whether a particular situ 
ation has occurred, or any other suitable instructions. It is to 
be understood that at least some image analysis and/or target 
analysis and tracking operations may be executed by proces 
sors contained Within one or more capture devices such as 

capture device 58. 

[0045] The capture device 58 may include a memory 44 
that may store the instructions that may be executed by the 
processor 42, images or frames of images captured by the 3-D 
camera or RGB camera, ?lters or pro?les, or any other suit 
able information, images, or the like. In one example, the 
memory 44 may include random access memory (RAM), 
read only memory (ROM), cache, Flash memory, a hard disk, 
or any other suitable storage component. As shoWn in FIG. 4, 
the memory 44 may be a separate component in communica 
tion With the image capture component 32 and the processor 
42. In another embodiment, the memory 44 may be integrated 
into the processor 42 and/ or the image capture component 32. 
In other embodiments, some or all of the components 32, 34, 
36, 38, 40, 42 and 44 of the capture device 58 illustrated in 
FIG. 4 are housed in a single housing. 

[0046] The capture device 58 may be in communication 
With the computing environment 54 via a communication link 
46. The communication link 46 may be a Wired connection 
including, for example, a USB connection, a FireWire con 
nection, an Ethernet cable connection, or the like and/or a 
Wireless connection such as a Wireless 802.1lb, g, a, or n 
connection. The computing environment 54 may provide a 
clock to the capture device 58 that may be used to determine 
When to capture, for example, a scene via the communication 
link 46. In one embodiment, the capture device 58 may pro 
vide the images captured by, for example, the 3D camera 36 
and/or the RGB camera 38 to the computing environment 54 
via the communication link 46. 

[0047] As shoWn in FIG. 4, computing environment 54 
includes image and audio processing engine 194 in commu 
nication With operating system 196. Image and audio process 
ing engine 194 includes virtual data engine 197, gesture rec 
ogniZer engine 190, structure data 198, processing unit 191, 
and memory unit 192, all in communication With each other. 
Image and audio processing engine 194 processes video, 
image, and audio data received from capture device 58. To 
assist in the detection and/or tracking of objects, image and 
audio processing engine 194 may utiliZe structure data 198 
and gesture recognition engine 190. Virtual data engine 197 
processes virtual objects and registers the position and orien 
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tation of virtual objects in relation to various maps of a real 
World environment stored in memory unit 192. 
[0048] Processing unit 191 may include one or more pro 
cessors for executing object, facial, and voice recognition 
algorithms. In one embodiment, image and audio processing 
engine 194 may apply object recognition and facial recogni 
tion techniques to image or video data. For example, object 
recognition may be used to detect particular objects (e.g., 
soccer balls, cars, or landmarks) and facial recognition may 
be used to detect the face of a particular person. Image and 
audio processing engine 194 may apply audio and voice 
recognition techniques to audio data. For example, audio 
recognition may be used to detect a particular sound. The 
particular faces, voices, sounds, and objects to be detected 
may be stored in one or more memories contained in memory 
unit 192. 

[0049] In some embodiments, one or more objects being 
tracked may be augmented With one or more markers such as 
an IR retrore?ective marker to improve object detection and/ 
or tracking. Planar reference images, coded AR markers, QR 
codes, and/or bar codes may also be used to improve object 
detection and/or tracking. Upon detection of one or more 
objects, image and audio processing engine 194 may report to 
operating system 196 an identi?cation of each object detected 
and a corresponding position and/or orientation. 
[0050] The image and audio processing engine 194 may 
utiliZe structural data 198 While performing object recogni 
tion. Structure data 198 may include structural information 
about targets and/or objects to be tracked. For example, a 
skeletal model of a human may be stored to help recogniZe 
body parts. In another example, structure data 198 may 
include structural information regarding one or more inani 
mate objects in order to help recogniZe the one or more 
inanimate objects. 
[0051] The image and audio processing engine 194 may 
also utiliZe gesture recogniZer engine 190 While performing 
object recognition. In one example, gestures recogniZer 
engine 190 may include a collection of gesture ?lters, each 
comprising information concerning a gesture that may be 
performed by a skeletal model. The gesture recognition 
engine 190 may compare the data captured by capture device 
58 in the form of the skeletal model and movements associ 
ated With it to the gesture ?lters in a gesture library to identify 
When a user (as represented by the skeletal model) has per 
formed one or more gestures. In one example, image and 
audio processing engine 194 may use the gesture recognition 
engine 190 to help interpret movements of a skeletal model 
and to detect the performance of a particular gesture. 
[0052] More information about the detection and tracking 
of objects can be found in US. patent application Ser. No. 
12/641,788, “Motion Detection Using Depth Images,” ?led 
on Dec. 18, 2009; and US. patent application Ser. No. 
12/475,308, “Device for Identifying and Tracking Multiple 
Humans over Time,” both of Which are incorporated herein by 
reference in their entirety. More information about gesture 
recogniZer engine 190 can be found in US. patent application 
Ser. No. 12/422,661, “Gesture RecogniZer System Architec 
ture,” ?led onApr. 13, 2009, incorporated herein by reference 
in its entirety. More information about recognizing gestures 
can be found in US. patent application Pat. No. 12/391,150, 
“Standard Gestures,” ?led on Feb. 23, 2009; and US. patent 
application Ser. No. 12/474,655, “Gesture Tool,” ?led on May 
29, 2009, both of Which are incorporated by reference herein 
in their entirety. 
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[0053] FIG. 5 depicts one embodiment of an AR system 
600. AR system 600 includes mapping server 620 and mobile 
device 630. Mapping server 620 may comprise a mapping 
system such as mapping system 50 in FIG. 4. Mapping server 
620 may Work asynchronously to build one or more maps 
associated With one or more real-World environments. The 

one or more maps may include sparse 3-D maps and/ or dense 
3-D maps based on images captured from a variety of sources 
including sensors dedicated to mapping server 620. Mobile 
device 630 may comprise an HMD such as mobile device 140 
in FIG. 1. Although a single mobile device 630 is depicted, 
mapping server 620 may support numerous mobile devices. 
[0054] The process steps 621-624 associated With mapping 
server 620 are decoupled from and are performed indepen 
dently of the process steps 631-635 associated With the 
mobile device 630. In step 621, images are received from one 
or more server sensors. One example of the one or more 

server sensors includes the 3-D and/or RGB cameras Within 
the image camera component 32 in FIG. 4. The one or more 
server sensors may be associated With one or more stationary 
cameras and/ or one or more mobile cameras Which may move 

about a particular environment over time. The one or more 
mobile cameras may move in a predetermined or predictable 
manner about the particular environment (e.g., a dedicated 
mapping server camera that runs on tracks above a room or 

hangs from the ceiling of a room and rotates in a deterministic 
manner). In one embodiment, the one or more server sensors 
providing images to the mapping server 620 may move about 
an environment attached to a mobile robot or autonomous 

vehicle. 
[0055] In step 622, images received from the one or more 
server sensors are registered. During image registration, the 
mapping server 620 may register different images taken 
Within a particular environment (e.g., images from different 
points of vieW, taken at different points in time, and/ or images 
associated With different types of information such as color or 
depth information) into a single real-World coordinate system 
associated With the particular environment. In one example, 
image registration into a common coordinate system may be 
performed using an extrinsic calibration process. The regis 
tration and/or alignment of images (or objects Within the 
images) onto a common coordinate system alloWs the map 
ping server 620 to be able to compare and integrate real-World 
objects, landmarks, or other features extracted from the dif 
ferent images into one or more maps associated With the 
particular environment. The one or more maps associated 
With a particular environment may comprise 3-D maps. 
[0056] More information about generating 3-D maps can 
be found in US. patent application Ser. No. 13/017,690, 
“Three-Dimensional Environment Reconstruction,” incorpo 
rated herein by reference in its entirety. 
[0057] In one embodiment, one or more additional images 
derived from sources decoupled from mapping server 620 
may be used to extend or update the one or more maps 
associated With the particular environment. For example, cli 
ent images 640 derived from sensors associated With mobile 
device 630 may be used by mapping server 620 to re?ne the 
one or more maps. 

[0058] In some embodiments, the registration of one or 
more images may require knoWledge of one or more poses 
associated With the one or more images. For example, for 
each image being registered, a six degree of freedom (6DOF) 
pose may be provided including information associated With 
the position and orientation of the particular sensor from 
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Which the image Was captured. Mapping and pose estimation 
(or localization) associated With a particular sensor may be 
determined using traditional SLAM or PTAM techniques. 
[0059] In step 623, a sparse map representing a portion of a 
particular environment is generated. The sparse map may 
comprise a 3-D point cloud and may include one or more 
image descriptors. The mapping server 620 may identify one 
or more image descriptors associated With a particular map of 
the one or more maps by applying various image processing 
methods such as object recognition, feature detection, corner 
detection, blob detection, and edge detection methods. The 
one or more image descriptors may be used as landmarks in 
determining a particular pose, position, and/or orientation in 
relation to the particular map. An image descriptor may 
include color and/or depth information associated With a par 
ticular object (e.g., a red apple) or a portion of a particular 
object Within the particular environment (e.g., the top of a red 
apple). In some embodiments, an initial sparse map is gener 
ated ?rst and then subsequently re?ned and updated over 
time. The initial sparse map may be limited to only covering 
static objects Within the particular environment. 
[0060] In step 624, a dense map representing a portion of 
the particular environment is generated. The dense map may 
comprise a dense 3-D surface mesh, Which may be created 
using the 3-D point cloud generated in step 623. The dense 
map may provide suf?cient detail of the particular environ 
ment so as to enable complex augmented reality applications 
such as those that must handle collisions and occlusions due 
to the interaction of real objects and virtual objects Within the 
particular environment. In one embodiment, a particular 
dense map is not generated by mapping server 620 until a 
request for the particular dense map is received from mobile 
device 630. In another embodiment, a mobile device 630 may 
request a particular dense map ?rst Without requesting a 
related sparse map. In some embodiments, the process steps 
621-624 associated With mapping server 620 may be per 
formed in the cloud. 

[0061] As mobile device 630 moves around a particular 
environment it may request mapping data 641 and/or map 
ping data 642 associated With a particular environment. The 
decision to request either mapping data 641 or mapping data 
642 depends on the requirements of a particular AR applica 
tion running on mobile device 630. In step 631, one or more 
client images are received from one or more client sensors. 

One example of the one or more client sensors includes the 
3-D and/ or RGB cameras associated With HMD 200 in FIG. 
2. In one embodiment, the one or more client sensors detect 
light from a patterned or structured light source associated 
With and projected by mapping server 620. This alloWs sev 
eral mobile devices to each independently utiliZe the same 
structured light source for localiZation purposes. 

[0062] In step 632, one or more client image descriptors are 
extracted from the one or more client images. The mobile 
device 630 may identify one or more client image descriptors 
Within the one or more client images by applying various 
image processing methods such as object recognition, feature 
detection, corner detection, blob detection, and edge detec 
tion methods. In step 633, a particular map is acquired from 
mapping server 620. The particular map may be included 
Within mapping data 641. The map may be a 3-D map and 
may include one or more image descriptors associated With 
one or more objects located Within the particular environment 
described by the 3-D map. An updated map may be requested 
by mobile device 630 every time the mobile device enters a 
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neW portion of the particular environment or at a prede?ned 
frequency (e.g., every 10 minutes). 
[0063] In order to augment a real-World environment as 
observed from the point of vieW of mobile device 630, the 
pose associated With a particular ?eld of vieW of mobile 
device 630 in relation to the real-World environment must be 
determined. In step 634, a pose (e. g., a 6DOF pose) associated 
With a ?eld of vieW of mobile device 630 is determined via 
localiZation and/or pose estimation. Pose estimation may 
include the matching and aligning of detected image descrip 
tors. For example, matching may be performed betWeen the 
one or more client image descriptors and the image descrip 
tors received from mapping server 620 included Within map 
ping data 641. In some embodiments, matching may take into 
consideration depth and color information associated With the 
one or more image descriptors. In other embodiments, the one 
or more client images comprise color images (e.g., RGB 
images) and matching is performed for only image descrip 
tors including color information, thereby enabling image 
based localiZation for mobile devices With only RGB sensor 
input. Alignment of matched image descriptors may be per 
formed using image or frame alignment techniques, Which 
may include determining point to point correspondences 
betWeen the ?eld of vieW of mobile device 630 and vieWs 
derived from the particular map. 
[0064] In some embodiments, mobile device 630 may 
include a GPS receiver, such as GPS receiver 232 in FIG. 2, 
and a motion and orientation sensor, such as motion and 
orientation sensor 238 in FIG. 2. Prior to image processing, a 
?rst-pass estimate for the pose associated With mobile device 
630 may be obtained by utiliZing GPS location information 
and orientation information generated on mobile device 630. 
Mobile device 630 may also obtain location and orientation 
information by detecting, tracking, and triangulating the posi 
tion of physical tags (e.g., re?ective markers) or emitters 
(e.g., LEDs) attached to one or more other mobile devices 
using marker-based motion capture technologies. The loca 
tion and/or orientation information associated With mobile 
device 630 may be used to improve the accuracy of the local 
iZation step. 
[0065] In one embodiment, localiZation of mobile device 
630 includes searching for image descriptors associated With 
landmarks or other objects Within a ?eld of vieW of mobile 
device 630. The extracted image descriptors may subse 
quently be matched With image descriptors associated With 
the most recent map of the particular environment acquired 
from mapping server 620 in step 623. Landmarks may be 
associated With image features that are easily observed and 
distinguished from other features Within the ?eld of vieW. 
Stationary landmarks may act as anchor points or reference 
points in a 3-D map of a real-World environment. Other points 
of interest Within a real-World environment (e. g., geographi 
cal elements such as land features) may also be used for both 
mapping and localiZation purposes. Landmarks and other 
points of interest Within the real-World environment may be 
detected using various image processing methods such as 
object recognition, frame alignment, feature detection, comer 
detection, blob detection, and edge detection methods. As 
mobile device 630 moves around Within an environment, 
mobile device 630 may continuously search for and extract 
landmarks and associate neWly discovered landmarks to 
those found previously. 
[0066] For each object Within an environment, there may be 
one or more image descriptors associated With the object that 
















