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DEBUGGING A GRAPHICS APPLICATION EXECUTING ON A TARGET
DEVICE

Cross Reference To Related Applications

[0001] This application claims priority to U.S. Patent Application Serial No.
13/306,452, entitled, “DEBUGGING A GRAPHICS APPLICATION EXECUTING
ON A TARGET DEVICE”, filed on 29 November 2011 and U.S. Patent Application
Serial No 13/306,530, entitled, “SUSPENDING AND RESUMING A GRAPHICS
APPLICATION EXECUTING ON A TARGET DEVICE FOR DEBUGGING”, filed
on 29 November 2011; both of which claim benefit of priority of U.S. provisional
application Serial No. 61/546,041 titled “DEBUGGING A GRAPHICS
APPLICATION EXECUTING ON A TARGET DEVICE”, filed 11 October 2011; all

of which are hereby expressly incorporated herein by reference in their entireties.

Field
[0002] The present embodiments relate to the field of computer graphics, and more

particularly to debugging graphics applications.

Description of the Related Art

[0003] Many modern devices include high end graphical processing systems for
presenting graphics on a display. Due to their complexity, development of graphical
software applications for such devices is often difficult. For example, it is difficult for
developers to perform debugging on target devices which uses a different graphics
system than the development system. Accordingly, in order to assist developers in
creating graphical software applications, improved tools are desired for debugging

these applications.

Summary

[0004] Various embodiments are presented of a system and method for debugging

graphics applications executing on a target device.
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[0005] The target device and a host device may be paired together. The host device
may execute a development application to perform development and/or debugging of
an application on the target device. The host device may deploy the application to the
target device and begin execution of the application on the target device. The host
device may also deploy other programs on the target device in order to capture
information regarding the execution of the application on the target device and/or
debug the application. For example, the host device may deploy one or more
measurement and/or debugging applications for performing debugging.

[0006] The target device may include a graphics system which includes both a
central processing unit (CPU) and a graphics processing unit (GPU). The CPU and
GPU may together execute the application. For example, the graphics application
may execute CPU instructions which generate graphics commands for provision to the
GPU for providing graphics on a display of the target device. A breakpoint (or
capture event) may be reached during execution of the application (e.g., which was
inserted in the graphics application or invoked response to user input, e.g., during
execution, as desired). In response to the breakpoint, the target device may suspend
execution of the application, e.g., saving the current state of the application for later
resumption. Additionally, the target device may capture information, e.g., for use in
debugging the application. For example, the target device may capture information
related to the current graphics frame (e.g., the first full frame after the breakpoint is
reached), such as the graphics commands executed to generate the current frame. This
information may be provided back to the host device for performing the debugging.
[0007] Graphics commands that were executed proximate to the breakpoint (e.g., the
graphics commands of the first full frame after the breakpoint) may be displayed, e.g.,
on a display of the host device to a developer of the application. Additionally, source
code corresponding to the CPU instructions which generated the one or more graphics
commands may be displayed. Further, graphics data corresponding to the graphics
command may also be displayed. In one embodiment, a user may select one of the
graphics commands, and the corresponding source code which caused the graphics
command may be displayed. Additionally, the corresponding graphics of the graphics

command may also be displayed. Thus, a user may be able to view the inter-related
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source code, graphics command, and/or graphics data. More specifically, the user
may be able to view the source code and/or graphics data associated with a graphics
command executed in the frame after the breakpoint (although other embodiments are
envisioned, e.g., where graphics commands prior to the breakpoint may be displayed).
These debugging actions may be performed in conjunction with a debug application
executing on the target device (e.g., acting to provide saved information interactively
or simply at the beginning of the debugging). In one embodiment, the debug
application may provide the ability to replay graphics (e.g., GPU) commands that
occurred proximate to the breakpoint and provide that information to the host device.

[0008] After debugging is completed, e.g., after a user ends the debugging or
requests that the application resume execution, the target device may resume
execution of the application, e.g., by loading the saved state and continuing execution
of the application. In one embodiment, the process of suspending the application,
performing debugging (e.g., using a debugging application executing on the target
device, e.g., in conjunction with the development environment executing on the host
device), and resuming the application may be performed in a seamless manner, e.g.,

which is transparent to the user.

Brief Description of the Drawings

[0009] A better understanding of the present embodiments can be obtained when the
following detailed description of the preferred embodiment is considered in
conjunction with the following drawings, in which:

[0010] Figures 1A-1E illustrate various systems for implementing various
embodiments;

[0011] Figures 2A and 2B are block diagrams of a system including a CPU and a
GPU, according to some embodiments;

[0012] Figure 3 is a block diagram of software executing on a host device and a target
device, according to one embodiment;

[0013] Figures 4A-B are exemplary block diagrams illustrating embodiments of a

graphics pipeline;
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[0014] Figure 5 is a flowchart diagram illustrating one embodiment of a method for
debugging an application executing on a target device;

[0015] Figure 6 is a flowchart diagram illustrating one embodiment of a method for
suspending and resuming execution of an application to perform debugging; and
[0016] Figures 7A-9C are exemplary GUIs for an corresponding to the methods of

Figures 5 and 6, according to one embodiment.

[0017] While embodiments described herein susceptible to various modifications
and alternative forms, specific embodiments thereof are shown by way of example in
the drawings and are herein described in detail. It should be understood, however,
that the drawings and detailed description thereto are not intended to limit the
embodiments to the particular form disclosed, but on the contrary, the intention is to
cover all modifications, equivalents and alternatives falling within the spirit and scope

of the present embodiments as defined by the appended claims.

Detailed Description of the Embodiments

Terms

[0018] The following is a glossary of terms used in the present application:

[0019] Memory Medium — Any of various types of memory devices or storage
devices. The term “memory medium” is intended to include an installation medium,
e.g., a CD-ROM, floppy disks, or tape device; a computer system memory or random
access memory such as DRAM, DDR RAM, SRAM, EDO RAM, Rambus RAM, etc.;
a non-volatile memory such as a Flash, magnetic media, e.g., a hard drive, or optical
storage; registers, or other similar types of memory elements, etc. The memory
medium may include other types of memory as well or combinations thereof. In
addition, the memory medium may be located in a first computer in which the
programs are executed, or may be located in a second different computer which
connects to the first computer over a network, such as the Internet. In the latter
instance, the second computer may provide program instructions to the first computer

for execution. The term “memory medium” may include two or more memory
4
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mediums which may reside in different locations, e.g., in different computers that are
connected over a network. The memory medium may store program instructions (e.g.,
embodied as computer programs) that may be executed by one or more processors.
[0020] Carrier Medium — a memory medium as described above, as well as a
physical transmission medium, such as a bus, network, and/or other physical
transmission medium that conveys signals such as electrical, electromagnetic, or
digital signals.

[0021] Computer System — any of various types of computing or processing
systems, including a personal computer system (PC), mainframe computer system,
workstation, network appliance, Internet appliance, personal digital assistant (PDA),
personal communication device, smart phone, television system, grid computing
system, or other device or combinations of devices. In general, the term "computer
system" can be broadly defined to encompass any device (or combination of devices)
having at least one processor that executes instructions from a memory medium.
[0022] Automatically — refers to an action or operation performed by a computer
system (e.g., software executed by the computer system) or device (e.g., circuitry,
programmable hardware elements, ASICs, etc.), without user input directly specifying
or performing the action or operation. Thus the term "automatically" is in contrast to
an operation being manually performed or specified by the user, where the user
provides input to directly perform the operation. An automatic procedure may be
initiated by input provided by the user, but the subsequent actions that are performed
“automatically” are not specified by the user, i.e., are not performed “manually”,
where the user specifies each action to perform. For example, a user filling out an
electronic form by selecting each field and providing input specifying information
(e.g., by typing information, selecting check boxes, radio selections, etc.) is filling out
the form manually, even though the computer systtem must update the form in
response to the user actions. The form may be automatically filled out by the
computer system where the computer system (e.g., software executing on the
computer system) analyzes the fields of the form and fills in the form without any user
input specifying the answers to the fields. As indicated above, the user may invoke

the automatic filling of the form, but is not involved in the actual filling of the form
5
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(e.g., the user is not manually specifying answers to fields but rather they are being
automatically completed). The present specification provides various examples of

operations being automatically performed in response to actions the user has taken.

Figures 1A-1E —Exemplary Systems

[0023] Figure 1A illustrates a computer system 100 (host) that is coupled to a target
device 150. The host computer system 100 may be any of various computer systems.
The target device 150 may also be any of various computer systems. In some
embodiments, the target device 150 may be a portable or mobile device, such as a
mobile phone, PDA, audio/video player, etc. In embodiments described herein, the
computer system 100 may be configured to act as a host device, which may manage
execution of an application (e.g., a graphics application) on the target device 150, e.g.,
for application development, as described herein.

[0024] As shown in Figure 1A, the computer system 100 may include a display device
configured to display a graphical user interface (GUI), e.g., of a control or development
application executing on the computer system 100. The graphical user interface may
include any type of graphical user interface, e.g., depending on the computing platform.
The computer system 100 may include at least one memory medium on which one or
more computer programs or software components may be stored. For example, the
memory medium may store the control application, e.g., which may be executable to
perform at least a portion of the methods described herein. Additionally, the memory
medium may store a programming development environment application (or
developer’s tools application) used to create applications, e.g., for execution by the
target device 150. The memory medium may also store operating system software, as
well as other software for operation of the computer system. Various embodiments
further include receiving or storing instructions and/or data implemented in
accordance with the foregoing description upon a carrier medium.

[0025] As also shown in Figure 1A, the target device 150 may include a display,
which may be operable to display graphics provided by an application executing on
the target device 150. The application may be any of various applications, such as, for

example, games, internet browsing applications, email applications, phone
6
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applications, productivity applications, etc. The application may be stored in a
memory medium of the target device 150. The target device 150 may include a
central processing unit (CPU) and a graphics processing unit (GPU) which may
collectively execute the application. For example, the CPU may generally execute the
application as well as a graphics framework (e.g., OpenGL, DirectX, etc.) and
graphics driver which may handle any graphics calls or commands that are provided
by the application during execution. The graphics driver may in turn provide GPU
commands to the GPU, which may execute these commands to provide display
capabilities for the application. As used herein, a “graphics application” refers to an
application which provides graphics commands for displaying graphics of the
application on a display. In other words, the term “graphics application” refers to a
software application that, when executed, causes the display of various graphics on a
display, e.g., via graphics commands.

[0026] The memory medium of the target device 150 may also store one or more
programs for implementing embodiments described herein. For example, the memory
medium of the target device 150 may store a program for capturing information
regarding graphics commands received from the application. The memory medium of
the target device 150 may also store a program for debugging the application, e.g.,
which may be provided from the computer system 100. In further embodiments, the
programs may be stored on the computer system 100 and may be read onto the target
device 150 for execution.

[0027] Figure 1B illustrates a system including the computer system 100 that is
coupled to the target device 150 over a network 125. The network 125 can be any of
various types, including a LAN (local area network), WAN (wide area network), the
Internet, or an Intranet, among others. In general, the computer system 100 and the
target device 150 may be coupled in any of various manners, such as wired (e.g., over
a serial bus, such as USB, Ethernet, Internet, etc.) or wireless (e.g., WLAN, Bluetooth,
IR, etc.).

[0028] Figure 1C illustrates a system where the host computer system 100 is coupled
to the target device 150 as well as another target device 175. As shown, the target

device 175 may be a different type of target device than the target device 150. In one
7
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embodiment, the application may be executed on both of the target device 150 and
175. For example, the application may be debugged on either or both of the target
devices 150 and 175. Accordingly, debugging results may be provided that are
generic and/or specific to a particular target device. Thus, the results and/or testing
may vary among different types of target devices.

[0029] Figures 1D and 1E illustrate systems where a computer system may be the
target device. In Figure 1D, the computer system 100 may be the target device as well
as the host device. In this embodiment, the computer system 100 may execute both
the target application and the control program, thus effectively operating as both the
host and target device. However, embodiments described herein usually involve two
separate devices, a host and a target. For example, in Figure 1E, a different computer
system 190 may be the target device. The two computer systems 100 and 190 may be

coupled over the network 125 as shown, or may be coupled directly, as desired.

Figures 2A-2B — Exemplary Block Diagrams of Graphics System Hardware

[0030] Figures 2A and 2B are block diagrams of embodiments of target device
hardware implementing a graphics system. It is noted that Figures 2A and 2B are
simplified block diagrams, where various components that would normally be present,
but which are not necessary for an understanding of the present embodiments, are
omitted for simplicity and clarity.

[0031] More specifically, Figure 2A illustrates one embodiment of a hardware
architecture of a target device and/or computer system, such as 150, 175, 100 or 190. As
shown, the CPU 202 and CPU memory 208 may be coupled together (e.g., over a
system bus) and GPU 204 and GPU memory 210 may also be coupled together. The
CPU 202 and GPU 204 (and their corresponding memories) may be coupled via bus
interface 206. For example, in one embodiment, the GPU 204 and GPU memory 210
may be implemented as a video system having a different system interface than the CPU
202 and CPU memory 208. For example, the GPU 204 and GPU memory 210 may be
implemented as a video card that is plugged in to a slot of the computer system 100 or
190. The video card may be implemented as a PCI, PCle, AGP, etc. card. Accordingly,

bus interface 206 may interface with the system bus of the CPU 202 and the bus of the
8
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video card. The target device, 150, 175, 100 or 190 may also include display logic (not
shown) as well as various other logic.

[0032] Figure 2B illustrates an alternative embodiment of a hardware architecture that
may be implemented by target device 150 or 175. In this architecture, the CPU 202 and
GPU 204 may be coupled over a system bus and may share a common or unified
memory 258 (although separate memories are envisioned). Additionally, a display
block 260 may be coupled to memory 258 and GPU 204 for displaying various images
on the display of the target device 150 and 175. This implementation may apply to
devices whose internal hardware are all or mostly provided within a single integrated
chip, e.g., as a system on a chip (SOC).

[0033] It should be noted that the above hardware architectures of the graphics system
are exemplary and are provided for illustration purposes only. Thus, various
modifications (e.g., of blocks or connectivity) resulting in different hardware

architectures are envisioned.

Figure 3 — Exemplary Block Diagram of Software Architecture

[0034] Figure 3 is a block diagram of one embodiment of a software architecture that
may implement various embodiments described herein.

[0035] As shown in Figure 3, the host 100 may execute a development environment or
control application 410. The development environment 410 may be used to develop
applications for execution on the target device 150. The development environment 410
may also control execution of a developed application 450, a playback application 455, a
debug application 460, etc. that may be executing on the target device 150.

[0036] As also shown in Figure 3, the target device 150 may execute a variety of
programs, including application 450, debug application 460, playback application 455,
graphics framework 470, and graphics driver 480. While this diagram largely shows
programs that are executed by the CPU of the target device 150, note that the GPU of
the target device 150 may also execute programs, €.g., shaders, that may be provided by
the application 450.

[0037] In more detail, the application (or graphics application) 450 may be an

application that is under development or testing, e.g., within the development
9
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environment 410. For example, a developer may be developing the application on the
host 100 for ultimate deployment and execution on the target device, and may
periodically need to test or debug the application while it is executing on the target
device 150. Correspondingly, the development environment 410 may be used to deploy
the application to the target device 150 for execution and testing.

[0038] The development environment 410 may also deploy other software to the target
device 150 to assist in developing the application 450, e.g., once the developer has
designated that the target device 150 is used for development of the application 450.
For example, the development environment 410 may deploy the debug application 460
which may be used to debug the application 450 on the target device 150, e.g., as
described herein. In some embodiments, the playback functionality implemented by the
playback application 455 may be incorporated in the debug application 460, as desired.
[0039] The graphics framework 470 may be any of various types of graphics
frameworks, e.g., various versions of openGL (including openGL for embedded systems
(ES)), DirectX, etc. The graphics framework 470 may receive API calls from the
application 450 for performing graphics framework functions. In turn, the graphics
framework 470 may provide commands to the graphics driver 480, which may also be
executing on the target device 150. Finally, the graphics driver 480 may provide GPU
commands to the GPU. The CPU executing the graphics framework 470 and the
graphics driver 480, along with the GPU may form a graphics pipeline, such as those
embodiments described in Figures 4A and 4B below.

[0040] Note that the above software architecture is exemplary only and other variations
and modifications are envisioned. For example, in some embodiments, the graphics
framework 470 may not be necessary and/or may be implemented as part of the

application 450 rather than being a separate executable.

Figures 4A and 4B — Exemplary Graphics Pipeline

[0041] Figures 4A and 4B illustrate exemplary graphics pipelines. More particularly,
Figure 4A illustrates an OpenGL embedded system (ES) 2.0 pipeline and Figure 4B
illustrates an OpenGL embedded systems (ES) 1.1 pipeline, e.g., which may be suitable

for a target device 150, such as a mobile device. However, the pipelines of Figures 4A
10



WO 2013/055969 PCT/US2012/059826

and 4B may also be implemented on a computer system such as computer system 100,
e.g., with further modifications. For example, a typical OpenGL pipeline may be used
for the computer system 100 (rather than an ES pipeline). The pipelines of Figures 4A
and 4B may be implemented using the graphics system of Figures 2A or 2B and may
also interact with the software architecture of Figure 3. For example, the pipeline of
Figures 4A and 4B may be implemented as software executing on the CPU and/or GPU
processes. Note that the GPU may execute various software on the GPU to perform
portions of the graphics pipeline and/or may include dedicated hardware for performing
those portions, as desired.

[0042] In the graphics pipeline of Figure 4A, the pipeline may begin with vertex data
in 402. The vertex data may specify the vertices of the graphics data to be rendered. In
one embodiment, the vertex data may include data about polygons with vertices, edges
and faces that constitute an entire scene.

[0043] In 404, the vertex data of 402 may be processed by a vertex shader. More
particularly, the vertex shader may be run for each vertex, e.g., by the GPU. This
process may transform each vertex’s 3D position in virtual space to the 2D coordinate at
which it will appear on the display. The vertex shader may manipulate various
properties, including position, color, texture coordinate, etc. As shown, the vertex
shader 404 may be informed by texture data 416 and/or shader uniform data 418.

[0044] In 406, primitives may be assembled from the vertices output from 404. For
example, in this stage vertices may be collected and converted into geometric shapes,
e.g., triangles.

[0045] In 408, the primitives may be used in rasterization. More particularly, the
primitives from 406 may be filled with pixels or fragments.

[0046] In 410, the fragment shader (e.g., executed by the GPU) may add textures and
final colors to the fragments. Fragment shaders may typically take into account scene
lighting and related effects, such as bump mapping and color toning. As shown, the
fragment shader may be informed by texture data 416 and shader uniform data 418.
[0047] In 412, various per-fragment operations may be performed. For example, the

operations may combine the final fragment color, its coverage, and/or degree of
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transparency with the existing data stored at the associated 2D location in the frame
buffer to produce the final color for the pixel to be stored at that location.

[0048] In 414, the data may be stored in physical memory which holds the actual pixel
values displayed on the screen. The frame buffer memory may also store graphics
commands, textures, and/or other attributes associated with each pixel. This data may
be used to output the final image to the display.

[0049] Figure 4B illustrates an abbreviated pipeline that may be more appropriate for
embedded systems. As shown, is the pipeline includes vertex data 402, per-vertex
operations 454 (similar to vertex shader 404), primitive assembly 406, rasterization 408,
per-fragment operation 412, and frame buffer 414. This pipeline does not utilize the
fragment shader 410 or the shader uniform data 418. Additionally, the texture data is
only utilized by rasterization 408 rather than by shaders, as in Figure 4A.

[0050] Thus, Figures 4A and 4B illustrate exemplary graphics pipelines that may be
utilized in embodiments described herein. However, other, different graphics pipelines

are envisioned.

Figure 5 — Debugging Execution of an Application on a Target Device

[0051] Figure 5 illustrates a method for debugging an application executing on a
target device. The method shown in Figure 5 may be used in conjunction with any of
the computer systems or devices shown in the above Figures, among other devices. In
various embodiments, some of the method elements shown may be performed
concurrently, in a different order than shown, or may be omitted. Additional method
elements may also be performed as desired. As shown, this method may operate as
follows.

[0052] In 502, a target device may be coupled (or paired) to a host device. As
indicated above, the target device and host device may be coupled together in a variety
of ways, e.g., directly via a wired or wireless connection, or indirectly, over a network
(e.g., an Intranet or the Internet).

[0053] In 504, an application may be executed on the target device. For example, the
application may be developed using a development environment program executed by

the host device. The user (e.g., the developer) may compile the application for
12
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execution and/or deploy the application to the target device using the development
environment. For example, in response to a command to run the application on the
target device, the development environment may automatically perform those actions.
As indicated above, the development environment program may also deploy other
programs to the target device, e.g., debugging programs or other programs as desired.
[0054] Once the application is deployed on the target device, the development
environment program may initiate execution of the application (and/or any other
programs, such as those described above) on the target device, e.g., by sending an
execution command to the target device. In one embodiment, the user may select a
“play” button, which may cause the application to be compiled (if necessary),
deployed (if necessary), and executed by the target device. Thus, in 504, execution of
the application by the target device may be initiated.

[0055] In 506, a breakpoint may be reached or detected at a first time. For example,
the breakpoint may be identified in the source code of the application (and
correspondingly in CPU instructions resulting from compilation or interpretation of
the application). For example, the developer of the application may have manually
inserted a breakpoint into the code using the development environment, e.g.,
indicating that the application should cease execution upon reaching a particular point
in the application. Accordingly, the breakpoint may have been compiled into the
application, and upon execution, one or more CPU instructions may be used to
implement the breakpoint to cease execution at the specified location of the
application. Alternatively, or additionally, a user may provide input to initiate a
breakpoint during execution of the application. For example, while monitoring
execution of the application, e.g., visually, the user may provide input to cause the
application to cease executing. In one embodiment, the user may provide the input to
the host device, e.g., using a keyboard or mouse, or may provide the input to the target
device, as desired. Thus, the breakpoint may be initiated in a variety of manners.
Note that the breakpoint may also be considered a ‘“capture event” or a “capture
trigger event” which results in the actions described herein. In some embodiments,

such an event may be implemented via a CPU breakpoint. Thus, the term
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“breakpoint”, as used herein, includes embodiments where it is implemented as a
“capture event”.

[0056] In 508, in response to the breakpoint, the target device may suspend or cease
execution of the application, e.g., automatically. Depending on how the breakpoint
was specified, this suspension may be initiated in a variety of manners. For example,
if the breakpoint was compiled into the application, the breakpoint may be caused by a
CPU instruction executed by a processor of the device. Accordingly, in this
embodiment, the breakpoint may be detected locally. Similarly, if the breakpoint is
specified via user input to the target device, the breakpoint may be detected locally.
However, where the input is received to the host device, the breakpoint may be
detected by the target device via a command sent from the host device. For example,
in one embodiment, the user may provide input to stop execution of the application to
the host device, e.g., using a keystroke to initiate the breakpoint, and, in response, the
host device may provide a command to the target device to cease execution of the
application. As discussed below, regarding Figure 6, the target device may save
various information (e.g., state information) regarding the application to suspend the
application, e.g., so that the application may be resumed at a later point.

[0057] Additionally, in 510, information may be received from the target device, e.g.,
for use in debugging the information. More specifically, the target device may
automatically capture this information and provide the information to the host device.
For example, the target device may capture information related to the current graphics
frame, such as the graphics commands executed in the current frame, e.g., of the
graphics framework. For example, the target device may capture information of a
graphics frame immediately following the breakpoint. However, note that this
embodiment is exemplary only, and the target device may capture information for
frames prior to the breakpoint (e.g., using a measurement application executing
concurrently with the application, as discussed herein).

[0058] The information may include data related to any step of the graphics pipeline,
e.g., from the application, the graphics framework, the graphics driver, and/or the
GPU, among other possibilities. Thus, the information may be any of various data

that may be gathered from the target device to assist in performing debugging. As
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discussed below, the information may be used to display various graphics commands
and graphics data to the user, e.g., in the development environment on the host device.
[0059] In one embodiment, the information may be captured by a measurement
application executing on the target device, e.g., concurrently with the application. For
example, the measurement application may gather CPU load information, GPU load
information, and/or other information. In further embodiments, the measurement
application may intercept and record graphics commands provided by the application.
Thus, the information may include those graphics commands (e.g., encoded in a
bitstream) and may be provided back to the host device for performing the debugging,
as discussed below.

[0060] Note that the gathering of information and suspension of the application in
508 and 510 may be performed in a different order or may be performed concurrently,
e.g., as a single step.

[0061] In 512, graphics commands that were executed proximate to the breakpoint
may be displayed, e.g., on a display of the host device to a developer of the
application. In one embodiment, the displayed graphics commands may correspond to
those called in the frame immediately following the breakpoint. In one embodiment, a
frame may be considered the list of commands (e.g., graphics commands) that are
executed between one buffer render and the next (e.g., initiated by a frame render
command). In most cases, the render buffer is redrawn in full each frame, although
this need not be the case—for example, if the application does not clear the render
buffers, then the results of a previous frame can remain in the buffers, e.g., for further
modification in the next frame render.

[0062] Alternatively, or additionally, the displayed graphics commands may
correspond to those called prior to the breakpoint (e.g., for one or more frames prior to
the breakpoint). However, the graphics commands may span over any desired length
of time, depending on how they were captured. For example, as discussed above, a
measurement application may have captured graphics commands for any desired
length of time during execution of the application up to the point in time of the

breakpoint.
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[0063] In one embodiment, the graphics commands may be displayed in a pane of
the development environment executing on the host device. Additionally, individual
ones of the graphics commands may be selectable by a user, e.g., to view other code
or graphics data associated with the selected graphics commands, as discussed below.
In one embodiment, a user may select a first graphics command that interests the user,
e.g., to view more information about the state of the application or graphics
framework at that point in time.

[0064] The graphics commands discussed above may be graphics commands along
any portion of the graphics pipeline. For example, as discussed above regarding
Figure 3, the graphics application may include source code which uses certain
graphics API calls. This source code may be compiled into CPU instructions which
call functions of the graphics API. Accordingly, during execution of the application,
certain graphics framework commands may be initiated or triggered in response to the
CPU. The graphics framework may in turn use the graphics driver to initiate graphics
instructions executed by the GPU of the target device. As used herein, “graphics
commands” may refer to any of the graphics functions or instructions that are outside
of the application, e.g., those of the graphics framework, graphics driver, GPU, etc. In
one specific embodiment, the graphics commands may refer to those of the graphics
framework, which are initiated by the application. Note that these graphics
commands are triggered by the application.

[0065] Additionally, in 514, source code corresponding to the CPU instructions
which generated or triggered the one or more graphics commands may be displayed.
For example, the source code of the application may be displayed in another pane of
the GUI of the development environment. As discussed above, the user may select an
individual graphics command. In response, the portion of the source code that
initiated the graphics command may be visually indicated, e.g., in the development
environment. For example, the graphics command may have been initiated (e.g.,
directly or indirectly) by a particular portion of the source code. Accordingly, the
method may automatically determine the originating source code and highlight that
portion of the source code, e.g., in response to user selection of the graphics

command. Thus, a user may easily determine the originator of a particular graphics
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command, which may make the process of debugging the application substantially
easier when a graphics glitch or issue is noticed by the user. Thus, instead of the user
manually figuring out the initiating source code of the bug, the method may
automatically identify the source code from the specified graphics command.

[0066] Note that the process may also operate in the reverse fashion. For example,
the user may be able to select a portion of source code and the corresponding graphics
commands may indicated, e.g., visually, in the development environment.

[0067] Further, in 516, graphics data corresponding to the graphics commands may
also be displayed. For example, as discussed above, a first graphics command may be
selected, e.g., by the user. Accordingly, graphics data that was displayed in response
to the first graphics command or at the time of the first graphics command may be
automatically displayed, e.g., within a portion of the development environment. For
example, the displayed graphics data may correspond to what was shown on the target
device’s display. In some embodiments, the particular portion of the graphics data
that was affected or modified by the graphics command may be visually highlighted
within the graphics data.

[0068] Similar to embodiments discussed above, the process may operate in the
reverse fashion for the graphics data. For example, a user may select a portion or
object of the graphics data and the graphics command(s) and/or source code which
resulted in that portion may be visually indicated, e.g., highlighted. In one
embodiment, the user may be able to view a sequence of graphics data corresponding
to the changes implemented by each graphics command performed during the period
of time (e.g., the last data frame or the portion of time where the information was
gathered), e.g., “scrubbing” through the sequence of modifications to the graphic
based on the graphics commands. Accordingly, the user may stop the graphics data at
a particular point in time and view the graphics commands and/or source code
associated with that graphics data/point in time.

[0069] Thus, in one embodiment, a user may select one of the graphics commands,
and the corresponding source code which caused the graphics command may be
displayed. Additionally, the corresponding graphics of the graphics command may

also be displayed. Thus, a user may be able to view the inter-related source code,
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graphics command, and/or graphics data. More specifically, the user may be able to
view the source code and/or graphics data associated with a graphics command
executed proximate to (e.g., within a frame) the breakpoint. These debugging actions
may be performed in conjunction with a debug application executing on the target
device (e.g., acting to provide saved information interactively or simply at the
beginning of the debugging).

[0070] In one embodiment, the debug application may provide the ability to replay
the graphics commands, e.g., that occurred proximate to the breakpoint, and provide
that information to the host device. For example, render data or information stored in
a buffer may be necessary to display graphics data corresponding to a graphics
command. Accordingly, the host device may request the render data and the target
device may execute one or more graphics commands to generate or retrieve the render
data and supply it back to the host. For example, the target device may replay the
frame (e.g., the set of graphics commands) up to and including the point of the
requested data to calculate the state at that point. Other types of data and queries and
responses between the host and target devices are envisioned. Thus, in some
embodiments, rather than providing all of the necessary debugging information upon
reaching the breakpoint and/or suspending the application, the host device and target
device may iteratively request and provide information (respectively) during the
debugging process.

[0071] After debugging is completed, e.g., after a user ends the debugging or
requests that the application resume execution, the target device may resume
execution of the application, e.g., by loading the saved state and continuing execution
of the application, as discussed in more detail below regarding Figure 6. However, in
further embodiments, execution of the application may be stopped or closed upon
reaching the breakpoint rather than suspended. Additionally, the application may be
re-executed rather than resumed. Thus, the suspension of the application and
resumption of the application may not be necessary—other embodiments are

envisioned.

18



WO 2013/055969 PCT/US2012/059826

Figure 6 — Suspending and Resuming Execution of an Application

[0072] Figure 6 illustrates a method for suspending and resuming execution of an
application on a target device, e.g., for performing testing, such as debugging. The
method shown in Figure 6 may be used in conjunction with any of the computer
systems or devices shown in the above Figures, among other devices. More
specifically, Figure 6 provides further details regarding suspension and provision of
information, indicated regarding Figure 5 above. In various embodiments, some of
the method elements shown may be performed concurrently, in a different order than
shown, or may be omitted. Additional method elements may also be performed as
desired. As shown, this method may operate as follows.

[0073] In 602, an application may be executed on the target device, e.g., similar to
504 described above.

[0074] In 604, a breakpoint may be detected, e.g., as discussed above in 506.

[0075] In 606, information related to the application may be captured automatically,
and in 608, execution of the application may be suspended automatically. For
example, the current state of the application may be saved for later resumption. In
some embodiments, the state information and/or other information that may be used
for later resumption may be stored in non-volatile memory (e.g., the target device’s
long term storage device) and/or volatile memory (e.g., RAM), as desired. Note that
the capturing of state information may be related to any portion of the target device,
e.g., within the graphics pipeline, such as the application, the graphics framework, the
graphics driver, the GPU, the CPU, etc.

[0076] In one embodiment, in addition to capturing state information, various
portions of the target device may be locked in order to suspend execution of the
application. For example, the graphics framework may be locked using a framework
command to suspend the current state of the graphics framework. This locking may
apply to various subsystems within the target application, e.g., without affecting other
processor or applications executing on the target device. For example, in this
particular example, access to the graphics framework may be locked for the target
application only, not for every process or application of the target device. In one

embodiment, the locking may be performed to allow for orderly suspension and/or
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resumption of the target application. More precisely, debugging commands or
operations may or may not be executed before or after suspension on one or more
subsystems (e.g., the graphics framework). These commands or operations may or
may not require exclusive access, within the target application, to the subsystem they
affect. In one embodiment, locking may be necessary because execution of these
commands or operations need to occur within the execution context of the application.
Similar embodiments apply to other portions of the target device, either in software or
hardware.

[0077] In 610, a debugging application may be executed by the target device. The
debugging application may be configured to provide information to the host device to
perform debugging. Similar to embodiments discussed above, this debugging
information may be provided initially, e.g., upon suspension of the application, or in
an iterative manner, e.g., numerous times, in response to requests from the host
device. For example, as discussed above, the initial information may indicate the set
of graphics commands executed in the graphics frame proximate to the breakpoint,
although other periods of times are envisioned (e.g., prior to the breakpoint). The
additional information could include requested data from a render buffer, which may
require re-execution of some of the graphics commands by the target device to
determine the current state of the render buffer. Said another way, the re-execution of
the graphics commands may restore the state of the requested render buffer to a point
in time (e.g., location in the captured sequence of graphics commands) specified in the
requests, such that the resulting state of the render buffer may be obtained from the
target device and provided to the host device. Accordingly, that data may be
automatically determined and provided to the host device in response to the request.
[0078] In some embodiments, the debugging application may be distributed among
multiple applications or software components. For example, functionality of the
debugging application may be split among a measurement or capture application that
may be executed concurrently with or even within the application of 602 and/or a
playback application executed after suspension of the application of 602. For
example, the initial debugging information may be captured in addition to the state

data at the point in time of 606 above. In one embodiment, a measurement
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application (or even the application itself) may gather the initial debugging
information provided to the host device, such as the set of graphics commands
executed prior to or after the breakpoint (e.g., corresponding to the graphics frame
immediately after to the breakpoint). For example, this measurement application may
intercept graphics commands resulting from execution of the application, which may
be used for later playback, e.g., in a bitstream format. In some embodiments, this
measurement application may be executed to capture this information for as long or as
short a period as desired (e.g., the measurement application could capture the
information throughout execution of the application, such as when a debugging option
has been invoked). The measurement application could even be compiled into the
application when requested.

[0079] Accordingly, this initial debugging information may also allow a playback
application to re-execute the graphics commands in order to reproduce the data within
the captured time period. More specifically, the debugging application in 610 may be
used to re-execute graphics commands (or generally re-enact execution of the graphics
framework) during the captured period of time, such as the graphics frame immediate
after the breakpoint. This re-execution may be necessary in order to provide necessary
debugging information to the host device during the debugging process.

[0080] Accordingly, in 612, debugging information related to the application may be
provided to the host device, e.g., at a single time, such as initially, or multiple times in
an iterative fashion.

[0081] Note that the specific order of 606, 608, 610, and 612 may be performed in a
different order, as desired. For example, the initial debugging information may be
gathered before the application is suspended. In another embodiment, the state data
may be gathered after the application is suspended. Thus, any of a variety of feasible
orders may be used for 606-612. Similar remarks generally apply to any of the
method elements described herein.

[0082] In 614, execution of the application may be resumed, e.g., after debugging has
been performed. For example, a user may request that the target device resume
execution of the application by providing input to the host device. Accordingly, the

host device may provide a command to the target device to resume execution of the
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application. Resumption of execution may be performed by reloading the state data
saved in 606, unlocking portions of the target device with respect to the application
(e.g., as discussed above such as regarding the graphics framework), ceasing
execution of the debugging application, etc. Accordingly, the application may resume
execution at the point of suspension, proximate to the point that the breakpoint was
reached (e.g., the frame after the breakpoint was reached) thereby providing a
smoother debugging experience for the developer.

[0083] In one embodiment, the process of suspending the application, performing
debugging (e.g., using a debugging application executing on the target device, e.g., in
conjunction with the development environment executing on the host device), and
resuming the application may be performed in a seamless manner, e.g., which is
transparent to the user. For example, the user may not be aware that the application is
suspended, that a new debugging application was launched, that the debugging
application was ended, and the application was resumed in the debugging process.
[0084] Note that the methods described above may be used for purposes other than
or in addition to debugging, as desired. For example, various other testing that may
require or benefit from suspension of execution of an application may be performed
using the above-described methods. Thus, the methods described herein are not

limited to only performing debugging.

Specific Embodiment Related to the Method of Figure 6

[0085] The following describes one specific embodiment related to the method of
Figure 6. This embodiment is provided as an example only, and is not intended to
limit the scope of the systems and methods described herein.

[0086] Upon reaching a breakpoint, debugging information may be captured from the
executing application. When the capture session finishes, and a "suspend after
capture" option has been enabled (e.g., at the time the capture session was initiated),
code injected in the inferior, i.e., the application being debugged, may engage a global
graphics framework (e.g., OpenGL) lock to prevent any progress in the graphics
subsystem, and may then suspend the inferior using kernel functionality, such as APIs.

This process may ensure that the application is suspended as soon as the graphics
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framework capture finishes, thus minimizing the latency (and any change in the state
of the program) between the end of the capture and suspension of the application.
[0087] Accordingly, a debugging application (e.g., a playback application) may be
launched, and the inferior may be placed in the background. This operation may only
be a visual operation at that point since the inferior has already been suspended. The
debugging application may provide debugging information to the host device initially
and/or multiple times to assist in performing debugging, as discussed herein.

[0088] When the developer is done debugging the frame and desires resumption of
execution of the application (e.g., by selecting "continue"), the frame debugger may
notify a monitoring process running on the target device. The notification may request
to resume the inferior process (e.g., using kernel functionality) and bring the inferior
process back to the foreground (e.g., using OS SPIs). When the process resumes
execution, the code injected in the inferior may unlock the global graphics framework
lock to allow forward progress in the graphics subsystem. Under memory pressure,
the target device may be free to page out read-only code and data pages. They may be

reloaded from memory when next accessed.

Figures 7A-9C — Exemplary GUIs Corresponding to the Method of Figure 5

[0089] Figures 7A-9C are exemplary screen shots of a development environment for
debugging execution of an application on a target device, e.g., according to one
embodiment of the methods of Figures 5 and 6.

[0090] As shown in Figure 7A, multiple graphics commands within a frame are
shown in the tree structure on the left hand side of the GUIL This portion of the GUI
is shown in larger form in Figure 7B. In this particular case, the graphics command
“1341 glDrawElement(GL_TRIANGLES, 21006, GL_...” is selected.
Correspondingly, on the right hand side, shown in more detail in Figure 7D, the
source code which called the graphics command is shown. Additionally, in the
middle portion, shown in more detail in Figure 7C, the present graphic corresponding
to the graphics command is displayed. Further, the object being modified by the
graphics command is highlighted within the graphic. Said another way, the center

panel shows the state of the frame buffer at that point in the frame with the geometry
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for the current draw call highlighted by a wire frame. Other panels show other
diagnostic information related to the application.

[0091] Figure 8A is largely the same as Figure 7A, except the current graphics call
has been expanded in the tree structure of the left hand panel. More specifically, the
CPU stack for the GL call is now displayed. This is shown in more detail in Figure
&B

[0092] Finally, in Figure 9A, a specific point in the CPU call stack is selected (“0-
[Renderer renderStructureWithGroupSetup:]”), shown in more detail in Figure 9B. In
response, the center panel of the GUI has changed to the source code corresponding to
that element, which is shown in more detail in Figure 9C. In this particular example,
it is the same command highlighted in Figures 7A and 8A in the right hand panels,
shown in more detail in Figure 7D.

[0093] In one embodiment, the GUI shown in Figures 7A-9C may be used in the
following manner, which is described in relation to the GUI shown in Figure 7A. The
user may step throughout the graphics commands in the frame, e.g., by selecting them
in the navigator window on the left, the hierarchy control on the top, or the frame-
scrubber control in the debug bar (above the bottom windows). At the current
command, the user may be shown the state of the graphics framework (e.g., the
OpenGL in this case) at that point with the current contents of the current render-
target front and center. In the window to the right, current objects (e.g., resources) that
are currently bound may be shown, and below that, the line of source code
corresponding to the graphics command. In the windows at the bottom, the full list of

all the graphics framework (e.g., OpenGL) state may be shown in detail.

[0094] Although the embodiments above have been described in considerable detail,
numerous variations and modifications will become apparent to those skilled in the art
once the above disclosure is fully appreciated. It is intended that the following claims

be interpreted to embrace all such variations and modifications.
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Claims

We Claim:

1. A system for performing debugging of a graphics application executing on a
target device, comprising:

at least one device port for coupling to the target device;

at least one display port for coupling to at least one display;

one or more processors coupled to the at least one port; one or more memory
mediums coupled to the one or more processors, wherein the

one or more memory mediums store program instructions executable by the
one or more processors to implement a development environment, wherein the
development environment is configured to:

display source code of the graphics application;

compile the source code to generate a CPU instructions corresponding to the
graphics application;

deploy the CPU instructions to the target device via the at least one device
port, wherein the CPU instructions are executable by the target device to generate
graphics commands, wherein the graphics commands are executable by graphics
hardware of the target device to generate graphics on a display of the target device;

monitor execution of the graphics application on the target device;

after the graphics application ceases execution in response to a breakpoint,
receive information regarding the graphics application during a first period of time
that is proximate to the breakpoint;

display one or more graphics commands on the at least one display based on
the received information, wherein the one or more graphics commands were executed
by the graphics hardware during the first period of time; and

visually indicate a portion of the source code corresponding to the one or more

graphics commands on the at least one display.
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2. The system of claim 1, wherein the development environment is further
configured to:

display graphics corresponding to the one or more graphics commands.

3. The system of claim 1, wherein the development environment is further
configured to:

after the breakpoint, receive graphics data corresponding to the one or more
graphics commands from the target device; and

display at least a portion of the graphics data on the display.

4. The system of claim 1, wherein the development environment is further
configured to:

receive user input specifying the breakpoint at a first point of the graphics
application;

wherein the CPU instructions include instructions to cease execution at the

first point.

5. A method for debugging a graphics application executing on a target device,
the method comprising:

initiating execution of the graphics application on the target device, wherein
the graphics application comprises processor instructions which are executable to
generate graphics commands to a graphics processing unit (GPU) for generation of
graphics on a display of the target device;

detecting a breakpoint for the graphics application at a first time, wherein said
detecting is performed during execution of the graphics application on the target
device;

in response to detecting the breakpoint:

displaying one or more graphics commands which were executed by the
graphics system proximate to the first time;

displaying source code corresponding to processing instructions which

generated the one or more graphics commands.
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6. The method of claim 5, further comprising:
in response to detecting the breakpoint, displaying graphics corresponding to

the one or more graphics commands.

7. The method of claim 6, wherein said displaying graphics corresponding to the
one or more graphics commands comprises receiving graphics information from the

target device.

8. The method of claim 5, further comprising:

receiving user input selecting a first graphics command of the one or more
graphics commands;

wherein said displaying the source code comprises visually indicating source
code corresponding to the first graphics command in response to said receiving the

user input.

0. The method of claim 8, further comprising:
displaying graphics corresponding to the first graphics command, wherein the
graphics correspond to graphics displayed on the target device in response to the first

graphics command.

10. The method of claim 5, further comprising:
providing a command to resume execution of the graphics application to the

target device.

11. The method of claim 5, further comprising:
in response to detecting the breakpoint, receiving information regarding the
graphics application at the first time, wherein said displaying the one or more graphics

commands and said displaying the source code is based on the information.
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12. The method of claim 5, wherein said detecting the breakpoint comprises
receiving user input to trigger the breakpoint during execution of the graphics

application on the target device.

13. A non-transitory, computer accessible memory medium storing program
instructions for debugging a graphics application executing on a target device,
wherein the program instructions are executable by a processor to:

initiate execution of the graphics application on the target device, wherein the
graphics application comprises CPU instructions which are executable to generate
graphics commands to graphics hardware for generation of graphics on a display of
the target device;

receive information from the target device regarding the graphics application,
wherein the information corresponds to a first period of time after a breakpoint of the
graphics application;

display one or more graphics commands which were executed by the graphics
hardware during the first period of time, wherein said displaying the one or more
graphics commands is based on the information; and

display source code corresponding to CPU instructions which generated the

one or more graphics commands.

14. The non-transitory, computer accessible memory medium of claim 13, wherein
the program instructions are executable by a host device, wherein the program
instructions are further executable to:

receive user input to the host device to initiate the breakpoint in the graphics
application for performing debugging;

in response to the user input, provide a command to the target device to cease

execution of the graphics application.
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15. The non-transitory, computer accessible memory medium of claim 13, wherein
the program instructions are further executable to:

receive user input selecting a first graphics command of the one or more
graphics commands:

display source code corresponding to the first graphics command; and

display graphics corresponding to the first graphics command.
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o
VCaptured OpenGL ES Frame

> Qog 0 gIBindFramebuffer(GL_FRAMEBUFFER, 1)
qup 1 glViewport(0, 0, 1024, 768)
V Rendering
> uoa 2 glPushGroupMarkerEXT(0, "Rendering")
V[¥]draw
>3 uop 3 glPushGroupMarkerEXT(0, "draw")
b [¥] resizeRTTBuffers
> fn 8 glEnable(GL_DEPTH_TEST)
> ﬁ>n 9 glEnable(GL_CULL_FACE)
Duoa 10 gIBlendFunc(GL_ONE, GL_ONE)
B [¥] shadow
B> [¥] gbuffer
> (¥] lights
g u<|>j 1293 glBindFramebuffer(GL_FRAMEBUFFER, 1)
> fa 1294 glViewport(0 0, 1024, 768)
Dhoa 1295 glClearColor(0.1304330, 0.1304330, 0.1673883, 1.. ..
> O 1296 glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT)
Dskybox

V<s>tructure
B Qo 1311 glPushGroupMarkerEXT(O, "structure")

Dﬁﬁ 1312 gIBindTexture(GL_TEXTURE_2D, 15)
> ﬁﬁ 1313 glActiveTexture(GL_TEXTURE1)
pﬁ’g 1314 gIBindTexture(GL_TEXTURE_2D, 14)
> ﬁﬁ 1315 glActiveTexture(GL_ TEXTUREZ2)
Dﬁﬁ 1316 gIBindTexture(GL_TEXTURE_2D, 1)
ng 1317 glTexParameteri(GL_ TEXTURE_2D, GL_ TEXTURE_M ...
>n°a 1318 glTexParameteri(GL_TEXTURE_2D, GL_ TEXTURE_M ...
> ﬁ’g 1319 glTexParameteri(GL_TEXTURE_2D, GL_ TEXTURE_ C...
> §7 1320 glUseProgram(3)
>ﬁ>a1321 glUniformMatrix4fv(8, 1, 0, {0.0067109, 0.00245 .. .
>ﬁ>g1322 glUniformMatrix4fv(2, 1, 0, 1{-0.0002018, - 0.000 .. .
>ﬁ>g1323 glUniform3fv(13, 1, {0.4653697, 0.3837556, -0.7 .. .
>Q°g1324 glUniform3fv(12, 1, {0.0739107, 0.0739107, 0.12 .. .
V[¥] structure
Dﬁﬁ 1325 glPushGroupMarkerEXT(O, "structure")
>Q°g 1326 gIBindVertexArray(1)
> material<0>
V material<1>
S qog 1335 glPushGroupMarkerEXT(0, "material<1>")
> ﬁ’g 1336 glActiveTexture(GL_ TEXTURES3)
> n°g 1337 gIBindTexture(GL_TEXTURE_2D, 5)
> ﬁj 1338 glActiveTexture(GL_ TEXTURE4)
> u<|>j 1339 gIBindTexture(GL_TEXTURE_2D, 6)
> uoa 1340 glActiveTexture(GL_TEXTUREQ)
>O 1341 glDrawElements(GL_TRIANGLES, 210086, GL_...
B> uoﬂ 1342 glPopGroupMarkerEXT()
> material<2>
D uoﬂ 1351 glPopGroupMarkerEXT()
> ﬁﬁ 1352 glPopGroupMarkerEXT()
B[¥] light visualization
> Q°g 1371 GL_ NO_ERROR <- glGetError()
>3 n°g 1372 glPopGroupMarkerEXT()
>3 Qog 1373 glPopGroupMarkerEXT()
D Resolve and Discard
>ﬁ>01377 gIBindRenderbuffer(GL RENDERBUFFER. 1)
® =c 0
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mli< b )0-[Renderer...)-rendererStructureWithGroupSetup: 43p>p(HE

1019| | {

1020 AutoDebugMarker marker("structure");

1021

1022 NSIntegeri = O;

1023

1024 glBindVertexArrayOES (structureVertexArray);

1025

1026 for (ObjMaterialUsage *materialUsage in [structureModelGroup

materialUsages])

1027 {

1028 AutoDebugMarker :: format marker("material<%d>" , i);

1029

1030 setup (i++);

1031 glDrawElements(GL_TRIANGLES, [materialUsage indexRangel].
length, structureModelGrouplndexDataType, (void *)
([materialUsage indexRange). location «
[structureModelGroup bytesPerindex]));

1032 }

1033

1034( | 3

1035 - (GLKVector3)sunDirectionForTime: (CFTimelnterval) time

o] | ¢ -

double sunTime = (time / 22.5f);

1038 , .

1039 sunTime -= floor (sunTime);

1040 sunTime = MIN (sunTime = 1. 5, 1. 0);

1041

1042 float offAngle = GLKMathDegreesToRadians (105 . 0f);

1043 float pathAngle = GLKMathDegreesToRadians (sunTime * 180.0f);

FIG. 7D
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bR ® A|l=[o 0

> I skybox

V|w] structure

By Thread ) By Queue

pﬁﬁ 1311 gIPushGroupMarkerEXT(0, "structure")
DDOU 1312 gIBindTexture(GL_TEXTURE_2D, 15)
B §3 1313 glActiveTexture(GL_TEXTURE1
up
b $3 1314 glBindTexture(GL_TEXTURE 2D, 14
up
B §3 1315 glActiveTexture(GL_TEXTURE2
up
b §3 1316 gIBindTexture(GL_TEXTURE_2D, 1
up
>u°g 1317 glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_M...
Duog 1318 glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_M...
Dﬁﬁ 1319 glTexParameteri(GL_ TEXTURE_2D, GL_ TEXTURE_ C...
> §p 1320 glUseProgram(3)
>Q°a 1321 glUniformMatrix4fv(8, 1, 0, {0.0067109, 0.00245...
Du°a 1322 glUniformMatrix4fv(2, 1, 0, {- 0.0002018, - 0.000...
>u°a 1323 glUniform3fv(13, 1, {0.4653697, 0.3837556, -0.7... ~
>u°a 1324 glUniform3fv(12, 1, {0.0739107, 0.0739107, 0. 12...

V[¥] structure
>3 ﬁﬁ 1325 glPushGroupMarkerEXT(O, "structure")

D ﬁ’a 1326 gIBindVertexArray(1)
>r‘§| material <0>
V[¥] material <1>
B> fg 1335 glPushGroupMarkerEXT(0, "material< 1> ")
> ﬁﬁ 1336 glActiveTexture(GL_TEXTURES3)
> u°|j 1337 glBindTexture(GL_TEXTURE_2D, 5)
B> ﬁ>a 1338 glActiveTexture(GL_TEXTURE4)
> noa 1339 gIBindTexture(GL_TEXTURE_2D, 6)
> fa 1340 glActiveTexture(GL_TEXTUREQ)

v ) 1341 glDrawElements(GL_TRIANGLES, 21006, GL_...

B [¥] light visulaization
> u°g1371 GL_NO_ERROR <- glGetError()
D> q°g1372 glPopGroupMarkerEXT()
> uoa 1373 glPopGroupMarkerEXT() -/
> [¥] Resolve and Discard

@ 0 - [Renderer renderStructureWithGroupSetup:]

@ 1 - [Renderer glkView:drawinRect:]

Bl 2 - [GLKView _display:]

E 3 - [GLKViewController _updateAndDraw]

4 - [NSObject performSelector:]

5 CA:: Display::Displaylink::dispatch(unsigned lo...
6 CA:: Display::IOMFBDisplayLink::callback(_IOM...
E 7 |IOMobileFramebufferVsyncNotifyFunc

E 8 10DispatchCalloutFromCFMessage

9 _CFMachPortPerform

10 _CFRUNLOOP_IS_CALLING_OUT_TO_A SOUR...
11_CFRunLoopDoSource1

12 _CFRunLoopRun

13 CFRunLoopRunSpecific

14 CFRunloopRuninMode

B 15 GSEventRunModal

16 UlApplicationMain

[ 17 main

[A] 18 start
> fﬂ 1342 glPopGroupMarkerEXT()
B [¥] material<2>
> ﬁﬁ 1351 glPopGroupMarkerEXT()
> qop 1352 glPopGroupMarkerEXT()

=C

D=
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By Queue
skybox
V|w] structure
pﬁﬁ 1311 gIPushGroupMarkerEXT(0, "structure")
DDOU 1312 gIBindTexture(GL_TEXTURE_2D, 15)
>D°U 1313 glActiveTexture(GL_TEXTURE1)
[>Q°g 1314 gIBindTexture(GL_TEXTURE_2D, 14)
>ﬁﬁ 1315 glActiveTexture(GL_TEXTUREZ2)
>Q<|>g 1316 glBindTexture(GL_TEXTURE_2D, 1)
>u°g 1317 glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_M...
Duog 1318 glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_M...
Dﬁﬁ 1319 glTexParameteri(GL_ TEXTURE_2D, GL_ TEXTURE_ C...
> §p 1320 glUseProgram(3)
Duoa 1321 glUniformMatrix4fv(8, 1, 0, {0.0067109, 0.00245...
Dnoa 1322 glUniformMatrix4fv(2, 1, 0, {- 0.0002018, - 0.000...
Dnoa 1323 glUniform3fv( 13, 1, {0.4653697, 0.3837556, -0.7.... ~
Dnoa 1324 glUniform3fv(12, 1, {0.0739107,0.0739107, 0. 12...

V[¥] structure
>3 ﬁﬁ 1325 glPushGroupMarkerEXT(O, "structure")

D ﬁ’a 1326 gIBindVertexArray(1)
>r‘§| material <0>
V[¥] material <1>
B> fg 1335 glPushGroupMarkerEXT(0, "material<1>")
> ﬁ’g 1336 glActiveTexture(GL_TEXTURES3)
> u°|j 1337 glBindTexture(GL_TEXTURE_2D, 5)
B> ﬁ>a 1338 glActiveTexture(GL_TEXTURE4)
> noa 1339 gIBindTexture(GL_TEXTURE_2D, 6)
> ﬁﬁ 1340 gIBindTexture(GL_TEXTUREOQ)
\4 O 1341 glDrawElements(GL_TRIANGLES, 210086, GL_...
@ 0 - [Renderer renderStructureWithGroupSetup:]
@ 1 - [Renderer glkView:drawinRect:]
Bl 2 - [GLKView _display:]
E 3 - [GLKViewController _updateAndDraw]
4 - [NSObject performSelector:]
5 CA:: Display::Displaylink::dispatch(unsigned lo...
6 CA:: Display::IOMFBDisplayLink::callback(_IOM...
E 7 |IOMobileframebufferVsyncNotifyFunc
E 8 10DispatchCalloutFromCFMessage
9 _CFMachPortPerform
10 _CFRUNLOOP_IS_CALLING_OUT_TO_A SOUR...
11 CFRunLoopDoSource1
12 _CFRunLoopRun
13 CFRunLoopRunSpecific
14 CFRunloopRuninMode
B 15 GSEventRunModal
16 UlApplicationMain
[ 17 main
[A] 18 start
> fﬂ 1342 glPopGroupMarkerEXT()
B [¥] material<2>
> ﬁﬁ 1351 glPopGroupMarkerEXT()
> qop 1352 glPopGroupMarkerEXT()
B [¥] light visulaization
> u°g1371 GL_NO_ERROR <- glGetError()
D> q°g1372 glPopGroupMarkerEXT()
> uoa 1373 glPopGroupMarkerEXT() -/
> [¥] Resolve and Discard

= o=| FIG. 9B
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< D [[AlLight Prepass dLight Prepass[Renderer.mm (M]-renderStructureWithGroupSetup:

}

{
floatr=2.0 +0.85 * cos (time / (4 .0 * fairySpeeds| i ])) ;
roat t = time * copysignf(fabsf(fairyPhases[ i ]) + 0.25f, falryPhases[ i]1-0.5)/4.0f
lightPositions| i | = GLKVector3Make(cosf(t) * r, 1.5f, sinf(t ) * r);
lightColors[ i | = fairyColors[ i ];
light Radii [i] = 0.5f;
}
light Positions [ 1] = GLKVector3Make (0 .0f , 2.0f , 2.0f);
lightColors[ i ] = GLKVector3Make(1.0f, 0.875f , 0.75f);

light Radii [ 1] = 5.0f;

- (void) renderStructureWithGroupSetup: (void (*) (NSInteger grouplndex))setup
{

AutoDebugMarker marker("structure");

NSintegeri = 0;

glBindVertexArrayOES (structureVertexArray);

for (ObjMaterialUsage *materialUsage in [structureModelGroup materialUsages]))
AutoDebugMarker:: format marker ("material<%d>", i);

set up (i++);

glDrawElements (GL_TRIANGLES, [materialUsage indexRange] . length,
structureModel GroupIndexDataType, (void *%([materiaIUsage indexRange]. location *
[structureModelGroup bytesPerindex])) ;

}

- (GLKVector3) sunDirectionForTime: (CFTimelnterval) time

double sunTime = (time / 22 .5f) ;
sunTime -= floor (sunTime);
sunTime = MIN (sunTime * 1.5, 1. 0);

float offAngle = GLKMathDegreesToRadians(105.0f) ;
float pathAngle = GLKMathDegreesToRadians(sunTime * 180.0f) ;
float pathScale = sinf(offAngle);

return GLKVector3Make(pathScale * cosf(pathAngle), pathScale * sinf (pathAngle), cosf
(offAngle)) ;

- (GLKMatrix4 )shadowMatrixForTime: (CFTimelnterval)time
{

GLKVector3 sunLocation = GLKVector3MultiplyScalar([self sunDirectionForTime:time), 12 .0) ;

GLKMatrix4 cameraMatrix = GLKMatrix4MakelookAt(sunLocation. x, sunLocation.y, sunLocation.z
, 0.0f, 0.0, 0.0f, 0.0f, 1.0f, 0.0f) ;

GLKMatrix4 projectionMatrix = GLKMatrix4MakeOrtho(-6.5, 6.5, -6.5, 6.5, 5.5, 18.5);

return GLKMatrix4Multiply(projectionMatrix, cameraMatrix) ;

FIG. 9C
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