w0 2022/010673 A1 |0 00000 KO0 O 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
13 January 2022 (13.01.2022)

(10) International Publication Number

WO 2022/010673 Al

WIPO I PCT

(51) International Patent Classification:
GO6F 13/28 (2006.01)

(21) International Application Number:
PCT/US2021/039190

(22) International Filing Date:
25 June 2021 (25.06.2021)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

16/922,623 07 July 2020 (07.07.2020) UsS

(71) Applicant: APPLE INC. [US/US]; One Apple Park Way,
Cupertino, California 95014 (US).

(72) Inventors: SCHAUB, Marc A.; One Apple Park Way, Cu-
pertino, California 95014 (US). MOSS, Roy G.; One Apple
Park Way, Cupertino, California 95014 (US).

Agent: RANKIN, Rory D.; Kowert, Hood, Munyon,
Rankin & Goetzel, P.C., 1120 S. Capital of Texas Hwy,
Building 2, Suite 300, Austin, Texas 78746-6464 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(54) Title: SCATTER AND GATHER STREAMING DATA THROUGH A CIRCULAR FIFO

{ Companion
Wrapper 315

Circlar
Buffer
g

H
H [
Wiite DMA ) Address White Req—fw’i
310 | Wiapper 320 Write Rspt—-i
: !

7 |
Pointer

J
i
Vi
i
A
i
/

Fabyic/
Memory
330

Active

Pir updates

300
______________ -
/ Consumer DMA Engine 340 N
N g { Compapion
} 1 Wrapper 350
]

3

|

! i

! {

Read Reg~ Address i ResoDMA !

Read Rsp Wrapper 355§ | 245 {
;

|

|

|

i

|

H

BufierRaPtr
Adtive

Fir upoates

e FiwControf Msg R e

(i IS GIO] SG mrmeommmsmmsms e

e RouterPirlipdate msg——r— RouterPirtipdate Msg —)

Framedone Msg Framedone Msg
£

Companion
Router
365

Companion
Router
378

Route Manager
38

a0

Raule FIFQ
3804

Route FIFO
380N

FIG. 3

(57) Abstract: Systems, apparatuses, and methods for performing scatter and gather direct memory access (DMA) streaming through

a circular buffer are described. A system includes a circular buffer, producer DMA engine, and consumer DMA engine. After the
producer DMA engine writes or skips over a given data chunk of a first frame to the buffer, the producer DMA engine sends an updated
write pointer to the consumer DMA engine indicating that a data credit has been committed to the buffer and that the data credit is
ready to be consumed. After the consumer DMA engine reads or skips over the given data chunk of the first frame from the buffer, the
consumer DMA engine sends an updated read pointer to the producer DMA engine indicating that the data credit has been consumed
and that space has been freed up in the buffer to be reused by the producer DMA engine.
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SCATTER AND GATHER STREAMING DATA THROUGH A CIRCULAR FIFO

BACKGROUND

TECHNICAL FIELD

[0001] Embodiments described herein relate to the field of computing systems and, more

particularly, to efficiently streaming data between multiple agents.

DESCRIPTION OF THE RELATED ART

[0002] Direct memory access (DMA) is a feature of computer systems that allows hardware
subsystems to access system memory independently of the main processor (e.g., central
processing unit (CPU)). The type of data being transferred in a DMA access can vary from
embodiment to embodiment. One common type of data that is transferred in a computer system
is image data, although the techniques described herein are not limited to the transfer of image
data. The transferring of other types of data may also benefit from the improved methods and
mechanisms disclosed in this specification. However, for the purposes of illustration, the
transfer of image data will be used for many examples. These examples are merely illustrative
and do not preclude the use of the described techniques with other types of data.

[0003] Computer systems (e.g., phones, tablets, laptops, desktops) often include or are connected
to cameras or other image sensors for capturing image data such as video images or still pictures.
Such image sensors may generate a stream of image data (commonly referred to as an “image
data stream”) that includes a series of individual pictures or frames. Each frame may include
multiple lines of pixel data that specify a brightness and color of a given pixel. As used herein,
the term “stream” is defined as a sequence of frames that will be undergoing any of a variety of
types and amounts of processing.

[0004] Prior to displaying the image data stream on a monitor or other suitable display device,
the data included in the image data stream may be processed in order to adjust color values,
rotate or scale the image, and the like. To facilitate such processing, the image data stream may
be stored in memory so that dedicated circuit blocks, such as a display processor, can operate on
portions of a particular frame of the image data stream. In some cases, the display processor may

also store the processed image data stream back into memory for future use.
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[0005] In some computer systems, the display processor, or other circuit block used to process
image data, may wait until a complete frame of the image data stream has been stored in memory
before starting reading the stored data and commencing image processing operations. Waiting in
such a manner may result in additional latency in the processing of the image data stream, or

inefficient utilization of the memory.

SUMMARY

[0006] Systems, apparatuses, and methods for performing scatter and gather direct memory
access (DMA) streaming through a circular first-in, first-out (FIFO) buffer are contemplated. In
one embodiment, a system includes a FIFO buffer, a producer DMA engine, and a consumer
DMA engine. After the producer DMA engine writes a given data chunk of a dataset (e.g., an
image or video frame) to the buffer, the producer DMA engine sends an updated write pointer to
the consumer DMA engine indicating that a data credit has been committed to the buffer and that
the data credit is ready to be consumed. In some cases, multiple producer DMA engines are
concurrently transferring separate sections of the dataset to the buffer. After the consumer DMA
engine reads or skips over the given data chunk of the dataset from the buffer, the consumer
DMA engine sends an updated read pointer to the producer DMA engine indicating that the data
credit has been consumed and that space has been freed up in the buffer to be reused by the
producer DMA engine. In some cases, multiple consumer DMA engines are concurrently
consuming various regions of the dataset from the buffer.

[0007] These and other embodiments will be further appreciated upon reference to the following

description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The above and further advantages of the methods and mechanisms may be better
understood by referring to the following description in conjunction with the accompanying
drawings, in which:

[0009] FIG. 1is a generalized block diagram of one embodiment of a SOC.

[0010] FIG. 2 is a generalized block diagram illustrating one embodiment of a data manager.
[0011]  FIG. 3 is a block diagram of one embodiment of a remote companion DMA system.
[0012] FIG. 4 is a block diagram of one embodiment of the logical connectivity between

producer and consumer router table entries.
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[0013] FIG. 5is a block diagram of another embodiment of a remote companion DMA
system.

[0014] FIG. 6is a table with route descriptor fields that may be used in accordance with one
embodiment.

[0015] FIG. 7is a diagram of one embodiment of a superframe being produced by multiple
producers and consumed by multiple consumers.

[0016] FIG. 8 is a timing diagram of one embodiment of a companion DMA system.

[0017] FIG. 9is a timing diagram of one embodiment of the operation of a companion DMA
system.

[0018] FIG. 10 is a timing diagram of one embodiment of a companion DMA system with
multiple producers and multiple consumers.

[0019] FIG. 11 is a timing diagram of one embodiment of a companion DMA system with
multiple producers and multiple consumers.

[0020] FIG. 12 is a timing diagram of one embodiment of a multi-frame software sequencing
routine for a companion DMA system.

[0021] FIG. 13 is a timing diagram of one embodiment of a multi-frame software sequencing
routine for a companion DMA system.

[0022] FIG. 14 is a table with fields of a producer route table entry in accordance with one
embodiment.

[0023] FIG. 15is a table with fields of a consumer route table entry in accordance with one
embodiment.

[0024] FIG. 16 s a table with fields associated with a companion wrapper for a DMA engine
in accordance with one embodiment.

[0025] FIG. 17 is a flow diagram of one embodiment of a method for the operation of a
producer DMA engine.

[0026] FIG. 18 is a flow diagram of one embodiment of a method for the operation of a
consumer DMA engine.

[0027]  FIG. 19 is a flow diagram of one embodiment of a method for software launching a
companion DMA chain.

[0028] FIG. 20 is a flow diagram of one embodiment of a method for advancing in a buffer
by a programmable skip amount without consuming data credits.

[0029] FIG. 21 is a flow diagram of one embodiment of a method for a producer DMA

engine producing a frame.
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[0030] FIG. 22 is a flow diagram of one embodiment of a method for a consumer DMA
engine consuming a frame.

[0031] FIG. 23 is a block diagram of one embodiment of a system.

[0032] While the embodiments described in this disclosure may be susceptible to various
modifications and alternative forms, specific embodiments thereof are shown by way of example
in the drawings and will herein be 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 appended claims. As used
throughout this application, the word “may” is used in a permissive sense (i.e., meaning having
the potential to), rather than the mandatory sense (i.e., meaning must). Similarly, the words
“include,” “including,” and “includes” mean including, but not limited to.

[0033] Various units, circuits, or other components may be described as “configured to” perform
a task or tasks. In such contexts, “configured to” is a broad recitation of structure generally
meaning “having circuitry that” performs the task or tasks during operation. As such, the
unit/circuit/component can be configured to perform the task even when the
unit/circuit/component is not currently on. In general, the circuitry that forms the structure
corresponding to “configured to” may include hardware circuits.  Similarly, various
units/circuits/components may be described as performing a task or tasks, for convenience in the
description. Such descriptions should be interpreted as including the phrase “configured to.”
Reciting a unit/circuit/component that is configured to perform one or more tasks is expressly

intended not to invoke 35 U.S.C. § 112(f) for that unit/circuit/component.

DETAILED DESCRIPTION OF EMBODIMENTS

[0034] In the following description, numerous specific details are set forth to provide a
thorough understanding of the embodiments described in this disclosure. However, one having
ordinary skill in the art should recognize that the embodiments might be practiced without these
specific details. In some instances, well-known circuits, structures, and techniques have not been
shown in detail for ease of illustration and to avoid obscuring the description of the
embodiments.

[0035] Referring now to FIG. 1, a block diagram of one embodiment of a system-on-a-chip
(SOC) 100 is shown. SOC 100 is shown coupled to a memory 135. As implied by the name, the

components of the SOC 100 may be integrated onto a single semiconductor substrate as an
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integrated circuit "chip". In some embodiments, the components may be implemented on two or
more discrete chips in a system. However, the SOC 100 will be used as an example herein. In
the illustrated embodiment, the components of the SOC 100 include a central processing unit
(CPU) complex 120, on-chip peripheral components 140A-140B (more briefly, "peripherals"), a
memory controller (MC) 130, a video encoder 150 (which may itself be considered a peripheral
component), and a communication fabric 110. The components 120, 130, 140A-140B, and 150
may all be coupled to the communication fabric 110. The memory controller 130 may be
coupled to the memory 135 during use, and the peripheral 140B may be coupled to an external
interface 160 during use. In the illustrated embodiment, the CPU complex 120 includes one or
more processors (P) 124 and a level two (L2) cache 122.

[0036] The peripherals 140A-140B may be any set of additional hardware functionality
included in the SOC 100. For example, the peripherals 140A-140B may include video
peripherals such as an image signal processor configured to process image capture data from a
camera or other image sensor, display controllers configured to display video data on one or
more display devices, graphics processing units (GPUs), video encoder/decoders, scalers,
rotators, blenders, etc. The peripherals may include audio peripherals such as microphones,
speakers, interfaces to microphones and speakers, audio processors, digital signal processors,
mixers, etc. The peripherals may include peripheral interface controllers for various interfaces
160 external to the SOC 100 (e.g. the peripheral 140B) including interfaces such as Universal
Serial Bus (USB), peripheral component interconnect (PCI) including PCI Express (PCle), serial
and parallel ports, etc. The peripherals may include networking peripherals such as media access
controllers (MACs). Any set of hardware may be included.

[0037] In one embodiment, SOC 100 may include at least one instance of a video encoder
150 component. Video encoder 150 may be an H.264 video encoder apparatus that may be
configured to convert input video frames from an input format into H.264 / Advanced Video
Coding (AVC) format as described in the H 264/AVC standard. In one embodiment, SOC 100
includes CPU complex 120. The CPU complex 120 may include one or more CPU processors
124 that serve as the CPU of the SOC 100. The CPU of the system includes the processor(s) that
execute the main control software of the system, such as an operating system. Generally,
software executed by the CPU during use may control the other components of the system to
realize the desired functionality of the system. The processors 124 may also execute other

software, such as application programs. The application programs may provide user
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functionality, and may rely on the operating system for lower level device control. Accordingly,
the processors 124 may also be referred to as application processors.

[0038] The CPU complex 120 may further include other hardware such as the L2 cache 122
and/or an interface to the other components of the system (e.g, an interface to the
communication fabric 110). Generally, a processor may include any circuitry and/or microcode
configured to execute instructions defined in an instruction set architecture implemented by the
processor. The instructions and data operated on by the processors in response to executing the
instructions may generally be stored in the memory 135, although certain instructions may be
defined for direct processor access to peripherals as well. Processors may encompass processor
cores implemented on an integrated circuit with other components as a system on a chip or other
levels of integration. Processors may further encompass discrete microprocessors, processor
cores, and/or microprocessors integrated into multichip module implementations, processors
implemented as multiple integrated circuits, and so on.

[0039] The memory controller 130 may generally include the circuitry for receiving memory
operations from the other components of the SOC 100 and for accessing the memory 135 to
complete the memory operations. The memory controller 130 may be configured to access any
type of memory 135. For example, the memory 135 may be static random access memory
(SRAM), dynamic RAM (DRAM) such as synchronous DRAM (SDRAM) including double
data rate (DDR, DDR2, DDR3, etc.) DRAM. Low power/mobile versions of the DDR DRAM
may be supported (e.g. LPDDR, mDDR, etc.). The memory controller 130 may include queues
for memory operations, for ordering (and potentially reordering) the operations and presenting
the operations to the memory 135. The memory controller 130 may further include data buffers
to store write data awaiting write to memory and read data awaiting return to the source of the
memory operation.

[0040] The communication fabric 110 may be any communication interconnect and protocol
for communicating among the components of the SOC 100. The communication fabric 110 may
be bus-based, including shared bus configurations, cross bar configurations, and hierarchical
buses with bridges. The communication fabric 110 may also be packet-based, and may be
hierarchical with bridges, cross bar, point-to-point, or other interconnects. It is noted that the
number of components of the SOC 100 (and the number of subcomponents for those shown in
FIG. 1, such as within the CPU complex 120) may vary from embodiment to embodiment.
There may be more or fewer of each component/subcomponent than the number shown in FIG.

1.
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[0041] Turning to FIG. 2, an embodiment of a block diagram of a data manager 200 is
illustrated. In the illustrated embodiment, data manager 200 includes processor 205, direct
memory access (DMA) engine 206, and memory 207. Processor 205 and DMA engine 206 are
coupled to system bus 202. Processor 205 may correspond to a general purpose processing core,
similar to processors 124 in FIG. 1, which perform computational operations. For example,
processor 205 may be a central processing unit (CPU), an application-specific integrated circuit
(ASIC), a field-programmable gate array (FPGA), or other type of device. Alternatively, in
another embodiment, processor 205 may correspond to video encoder 150 of FIG. 1. In various
embodiments, processor 205 may implement any suitable instruction set architecture (ISA)
[0042] In one embodiment, DMA engine 206 is capable of transferring data from a source
location to a destination location. The source and destination locations may be memory
locations, such as, for example, memory 207 or memory block 135 in FIG. 1. In some
embodiments, DMA engine 206 may be capable of performing scatter-gather or gather-scatter
memory transfers. Scatter-gather refers to a memory transfer in which the source addresses are
varied (e.g., "scattered") and the destination is a single address (e.g., "gathered"). Gather-scatter,
accordingly, is the opposite. Processor 205 may program DMA engine 206 for one or more data
transfers at a time.

[0043] In one embodiment, memory 207 includes a media command queue from which
processor 205 retrieves media commands. In some embodiments, memory 207 may be
implemented as Random Access Memory (RAM) and may also include program instructions for
the operation of processor 205. In other embodiments, memory 207 may be a first-in, first-out
(FIFO) buffer and may be reserved for use as the media command queue.

[0044] In one embodiment, processor 205 performs operations to manage a flow of data
related to media, such as, for example, frames to be displayed, as the data is sent to various
media agents before being sent to a display. In other embodiments, processor 205 manages the
flow of other types of data. In one embodiment, processor 205 retrieves a first command from a
media queue in memory 207 and determines, from the first command, a target media agent to
execute the command. Based on the first command, processor 205 may setup DMA engine 206
to retrieve a first data set for a frame from another media agent or from a memory, such as
memory 207. DMA engine 206 copies the first data set to the target media agent. Processor 205
sends the first command to the target media agent for execution. While the target media agent
executes the first media command, processor 205 retrieves a second command from the media

command queue in memory 207. The second command may correspond to a second data set for
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a second media agent, in which case, processor 205 sets DMA engine 206 to copy the second
data set to the second media agent while the first command continues to be executed. This
process may continue for any number of additional data sets and commands.

[0045] In one embodiment, DMA engine 206 is capable of operating in frame companion
mode with one or more other DMA engines (not shown). As used herein, “frame companion
mode” is defined as an operating mode in which the producer and consumer communicate the
state of a shared circular buffer between each other so as to implement flow control. The state of
the shared circular buffer may be captured by the values of a write pointer and a read pointer,
and by the locations of the write pointer and the read pointer in relation to each other. In one
embodiment, the shared circular buffer is smaller than a full frame being transferred between the
producer and the consumer. Frame companion mode supports the ability of the consumer to
know when a credits worth of data has been produced, and frame companion mode supports the
ability for the producer to be back-pressured when there is not enough space available in the
buffer. Additionally, frame companion mode supports the ability of the consumer to read a
region of data in random order and then increment the read pointer if the data associated with
skipped over write credits is no longer needed. This feature enables the support of a warper read
DMA engine that reads tiles according to a configurable mesh.

[0046] It is noted that the embodiment of data manager 200 as illustrated in FIG. 2 is merely
an example. The illustration of FIG. 2 has been simplified to highlight features relevant to this
disclosure. Various embodiments may include different configurations of the functional blocks,
including additional blocks.

[0047]  Referring now to FIG. 3, a block diagram of one embodiment of a remote companion
DMA system 300 is shown. The remote companion DMA system 300 illustrates the connections
and components of a system where the producer DMA engine 305 and the consumer DMA
engine 340 communicate remotely. This companion DMA system 300 may be referred to as a
“remote” system since the producer DMA engine 305 does not have a direct connection with the
consumer DMA engine 340. It is noted that companion DMA system 300 is one example of a
remote companion DMA system in accordance with one embodiment. In other embodiments,
other types of remote companion DMA systems with other types of components, other
connections, and other suitable structures may be employed.

[0048] In one embodiment, pointers are exchanged between the DMA engines 305 and 340
using fabric write requests that are routed between the DMA engines. These pointer exchanges

result in virtualizing the wires between the producer and consumer engines. Companion routers
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365 and 370 are responsible for routing of flow control information to the DMA engines 305 and
340. In one embodiment, companion routers 365 and 370 route the flow control pointers
between the producer and consumer DMA engines using information stored in a router table
entry. Companion routers 365 and 370 are also responsible for handling the multi-producer
merge and multi-consumer broadcast functionality in systems with multiple producers and/or
multiple consumers. For example, in one embodiment, a companion router merges updates from
a plurality of producer DMA engines together into a single, updated write pointer. In another
embodiment, a companion router merges updates from a plurality of consumer DMA engines
together into a single, updated read pointer.

[0049] In one implementation, companion router 365 includes control logic and a routing
table of entries for producer DMA engine 305. Similarly, companion router 370 includes control
logic and a routing table of entries for consumer DMA engine 340. The routing table in each
router is used by the router to exchange pointer updates with remote routers.

[0050] In one implementation, route manager 375 manages the initialization and updating of
the routing tables in the local routers 365 and 370. As used herein, the term “route manager” is
defined as a control unit (implemented using any suitable combination of software and/or
hardware) which manages the route FIFOs 380A-N and the initialization of the routes in the
routers. There can be more than one route manager in the system, and these route managers can
manage the routes for any companion routers in the system. Route FIFOs 380A-N are
representative of any number of route FIFOs managed by route manager 375. As used herein,
the term “route FIFO” is defined as a FIFO queue of route descriptors that specify a serial
sequence of frames in a stream. In some embodiments, route manager 375 is over-provisioned
with route FIFOs 380A-N in case one of the other subsystems with a route FIFO is powered
down. It is noted that the terms “route FIFO” and “route descriptor queue” may be used
interchangeably herein.

[0051]  Software executing on a processor (e.g., processors 124 of FIG. 1) schedules frames
by pushing route descriptors into the appropriate route FIFOs of the route manager 375. As used
herein, the term “route descriptor” is defined as a field that specifies how to route flow control
information between the producer and the consumer. Each companion DMA subsystem has a
producer route descriptor in each producer DMA and a consumer route descriptor in each
consumer DMA. At a minimum, there is one producer route descriptor and one consumer route
descriptor per companion DMA subsystem, but in general there can be any number of producer

route descriptors and consumer route descriptors. Also, while there is a 1:1 mapping from
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companion wrapper to DMA unit, there can be multiple companion wrappers for each
companion router.

[0052] In one embodiment, the route manager 375 pops the route descriptors off the route
FIFOs and initializes the route entries in the corresponding routers 365 and 370. As used herein,
the term “route entry” is defined as the active state of the flow control information in flight as
well as a copy of the route descriptor. It is noted that the terms “route entry” and “route table
entry” may be used interchangeably herein. The route manager 375 also receives frame done
messages from the routers 365 and 370. The frame done messages are used for scheduling the
descriptors of the next frame as well as for initializing the pointers in the route entries to handle
frame overlap when the producer(s) have moved onto the next frame while consumer(s) are
finishing up the current frame.

[0053] Producer DMA engine 305 includes at least write DMA unit 310 and companion
wrapper 315. As used herein, a “producer DMA engine” is defined as a write DMA channel that
is writing data to a buffer in memory. A “producer DMA engine” may also be referred to herein
as a “producer” for short. Companion wrapper 315 includes address wrapper 320 and pointer
manager 325. Address wrapper 320 manages the data writes to circular buffer 330 as well as the
address wrap around case for circular buffer 332. Address wrapper 320 generates write requests
(i.e., data writes) which are sent to circular buffer 332 within fabric and memory subsystem 330,
and address wrapper 320 receives responses to the write requests from circular buffer 332.
Pointer manager 325 manages the flow control between producer DMA engine 305 and
consumer DMA engine 320 via the local and remote pointers.

[0054] Consumer DMA engine 340 includes at least read DMA unit 345 and companion
wrapper 350 which includes address wrapper 355 and pointer manager 360. As used herein, a
“consumer DMA engine” is defined as a read DMA channel that is reading data from a buffer in
memory. A “consumer DMA engine” may also be referred to herein as a “consumer” for short.
Companion wrapper 350 manages the flow control for the DMA channel. When write DMA
engine 310 finishes writing a data chunk to buffer 332, pointer manager 325 sends a buffer write
pointer update to companion router 365. This update flows through companion router 370 to
pointer manager 360. The buffer write pointer update indicates that a data credit has been
committed to buffer 332 and is ready to be consumed. The size of the data chunk which
corresponds to a data credit may vary according to the embodiment. In one embodiment, the size

of the data chunk is measured in terms of bytes of data. In another embodiment, the size of the
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data chunk is measured in terms of lines of a frame. In a further embodiment, the size of the data
chunk is measured in terms of tiles or blocks of a frame.

[0055] When read DMA unit 345 consumes the data credit, pointer manager 360 sends a
buffer read pointer update to companion router 370 indicating that the data credit has been
consumed and space has been freed up in buffer 332 to be reused by DMA producer engine 30S5.
The buffer read pointer update continues on through companion router 365 to pointer manager
325.

[0056] In one embodiment, buffer 332 is a circular buffer. In other embodiments, buffer 330
is other types of buffers. It is noted that buffer 332 supports random access by the producer and
consumer to the chunks of data stored in buffer 332. This allows the order of data production
and consumption to be random. On the other hand, pointer updates are sequential but can often
skip ahead by multiple increments. In one embodiment, buffer 330 is treated as FIFO where a
producer pushes credits worth of data into the buffer with an incrementing write pointer. The
consumer consumes a credits worth of data from the buffer with an incrementing read pointer.
The pointer addresses wrap with the size of the circular buffer. The pointer can increment by
either an actual data access (read/write) or the pointer can increment when a credit is skipped
over. As used herein, the term “credit” is defined as a unit of flow control between the producer
and the consumer. Depending on the embodiment, a credit can be measured in terms of a
number of bytes of data, number of lines of uncompressed frame data, a strip of frame data, a tile
row for tile data such as compressed data, or otherwise. The circular buffer read and write
pointers used for flow control are adjusted in units of credits. The parameter “SA-credits”
measures the space available in the circular buffer in units of credits, and the parameter “DA-
credits” measures the data available in the circular buffer in units of credits.

[0057] In one embodiment, the buffer write pointer points to the next location in the circular
buffer where the producer will produce a credits worth of data. Production of data is either
writing the data or not writing the data in the case of skipping a credit. In one embodiment, the
buffer read pointer is the next location in the circular buffer where the consumer will consume a
credits worth of data. Consumption of data signifies that the consumer is done with the data
regardless of whether the consumer actually read the data or merely skipped over the data.

[0058]  Turning now to FIG 4, a block diagram of one embodiment of the logical connectivity
between producer and consumer router table entries (RTE) is shown. In some embodiments,
there may be multiple producers supplying data to a single or multiple consumers. In the

embodiment illustrated in FIG. 4, there are three producers feeding a single consumer. The three
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producer DMA engines 405, 410, and 415 are shown on the left side of FIG. 4. Each producer
DMA engine 405, 410, and 415 has a corresponding RTE entry 420, 425, and 430, respectively.
Each producer RTE 420, 425, and 430 has a logical connection with a corresponding consumer
RTE 435, 440, and 445, respectively. The consumer RTE’s 435, 440, and 445 allow data to be
transferred from corresponding producers back to consumer DMA engine 450. It should be
understood that other embodiments may have other numbers of logical connections between
RTE’s for other numbers of producers and/or consumers.

[0059] Turning now to FIG. S5, a block diagram of another embodiment of a remote
companion DMA system 500 is shown. DMA system 500 includes producer DMA engine 505,
companion wrapper 507, fabric and memory subsystem 510, consumer DMA engine 515,
companion wrapper 517, companion routers 520 and 525, and route managers S30A-N. Each
route manager 530A-N includes one or more corresponding route descriptor queues (Desc. Q)
535A-N. It is noted that route managers 530A-N may be referred to collectively as a route
manager. Depending on the embodiment, a single route manager or multiple route managers
may manage multiple route descriptor queues 535A-N. An example of a route descriptor queue
is shown in expanded form from the dashed lines connected to route descriptor queue 535A.
Route descriptors are labeled with a producer identifier (ID) (e.g., P1, P2), a frame ID (e.g., FO,
F1), and an indication if the descriptor is the last descriptor for the frame. It should be
understood that this example of route descriptor queue 535A is merely one example of a route
descriptor queue and descriptors stored therein. Other types of descriptors may be used in other
embodiments.

[0060] In one embodiment, route managers 530A-N support multiple streams of frames
concurrently via the multiple route descriptor queues 5S35A-N, with one route descriptor queue
for each stream. The frames of a stream are scheduled by software pushing a route descriptor
into the corresponding route descriptor queue. When a single frame involves multiple DMAs,
the software pushes a separate route descriptor for each DMA participating in the frame. In one
embodiment, if there is space in a route descriptor queue as indicated by an occupancy register
(not shown), the software pushes route descriptors associated with a frame into the desired route
descriptor queue by writing to the appropriate register. In one embodiment, a low watermark
threshold register stores a threshold value. When the number of entries in the corresponding
route descriptor queue drops below the threshold value, an interrupt is generated for software

indicating that there is space in the route descriptor queue.

12



10

15

20

25

30

WO 2022/010673 PCT/US2021/039190

[0061] In one embodiment, the descriptors for a frame are grouped together with the last
descriptor in the group having a last bit set indicating to the route manager that there is a full
frames worth of descriptors in the route descriptor queue. When the previous frame is finished,
the route manager pops the next frames worth of route descriptors off of the head of the route
descriptor queue and sends corresponding update messages to the appropriate router. When the
route table entries in the routers are initialized by the route manager, the routers get updates from
the local DMAs and then route flow control messages to other routers. When a DMA engine
finishes a frame, the DMA engine notifies the companion wrapper which in turn notifies the
router. In response to receiving the notification that the DMA engine has finished the frame, the
router sends a corresponding frame completion message to the route manager. The route
manager then continues on to the next frame.

[0062] In one embodiment, DMA system 500 is able to accommodate the transfer of multi-
plane frames. In this embodiment, each plane of a multi-plane frame is treated as a separate
companion DMA with its own credits and peers. Also, in one embodiment, frame overlap is
supported by DMA system 500. Frame overlap allows producer DMA engine 505 to start
processing the next (N+1) frame while consumer DMA engine 515 is still reading the current (N)
frame. In one embodiment, the overlapping frames have the same bytes per credit. However,
the overlapping frames may have different numbers of credits per frame. In other words, the
overlapping frames may have different frame sizes. In one embodiment, overlapping frames are
associated with the same route descriptor queue.

[0063] In another embodiment, DMA system 500 supports a single producer supplying
multiple consumers in a broadcast fashion. In a further embodiment, DMA system 500 supports
multiple producers supplying one consumer for superframes or for a multiplex scenario. In one
embodiment, multiple frame producers are concatenated both horizontally and vertically. Also,
the super frame content may vary from frame to frame. Also, in a still further embodiment,
DMA system 500 supports many producers supplying many consumers through a single super
frame. A producer may write a region of any size and alignment within a consumed frame.
Similarly, a consumer may read a region of any size and alignment within a produced frame.
[0064] Turning now to FIG. 6, a table 600 with route descriptor fields that may be used in
accordance with one embodiment is shown. Table 600 includes examples of route descriptor
fields that may be included within route descriptors that are pushed into a route descriptor queue
(e.g., route descriptor queue 535A of FIG. 5). For example, field 605 indicates whether the route

descriptor entry is associated with a producer. In one embodiment, field 605 is a single bit with
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a 1 indicating that the entry is associated with a producer and a 0 indicating that the entry is
associated with a consumer. Last field descriptor field 610 indicates whether this descriptor is
the last routing descriptor for a given frame. Router ID field 615 identifies the producer router
and DMA ID field 620 identifies the producer DMA engine. Same buffer indicator 625 indicates
if this frame uses the same buffer as the previous frame. It should be understood that table 600 is
representative of the route descriptor fields that may be used in one particular embodiment. In
other embodiments, other route descriptor fields may be defined for the route descriptor queue
entries.

[0065] Referring now to FIG. 7, a diagram of one embodiment of a superframe 700 being
produced by multiple producers and consumed by multiple consumers is shown. In one
embodiment, superframe 700 is generated and transferred by multiple DMA producers P1-P9
and consumed by multiple DMA consumers C1-C3. The relationships between regions and
producers and consumers are indicated via the arrows in between the producer and consumer
blocks and the respective regions. For example, DMA producers P1 and P2 transfer regions 705
and 710, respectively, to DMA consumers C1-C3. Also, DMA producers P3 and P4 transfer
regions 715 and 720, respectively, to DMA consumer C1. Additionally, DMA producers P35, P6,
P7, and P8 transfer regions 725, 730, 735, and 740, respectively, to DMA consumer C1.

[0066] It should be understood that superframe 700 and the arrangement of producers and
consumers shown in FIG. 7 is merely indicative of one particular embodiment. In other
embodiments, superframe 700 may have other configurations of regions, other numbers of
producers may generate the different regions, and/or other numbers of consumers may consume
the different regions. For example, the size and shape of regions within a superframe may differ
from what is shown in FIG. 7, with the size, shape, and number of regions varying according to
the embodiment.

[0067] Turning now to FIG. 8, one embodiment of a timing diagram 800 of a companion
DMA system is shown. Timing diagram 800 illustrates one example of a sequence of events for
a companion DMA system having two producers and one consumer. The rectangular blocks
805, 810, 815, and 820 at the top of timing diagram 800 represent producer 0, producer 1, a route
manager, and consumer 0. For the transfer of frame 0 (or FO), producer 0 is transferring frame 0
to consumer 0. The transfer process begins with the route manager sending route pointer updates
to producer 0 and consumer O at the start of the frame. Then a flow control initialization
message is sent from producer O to consumer O with the write pointer value, and a flow control

initialization message is sent from consumer O to producer O with the read pointer value. Dashed
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line 825 indicates when producer 0 finishes transferring frame 0, which is confirmed by producer
0 sending frame done messages to consumer 0 and the route manager.

[0068] It is assumed for the purposes of this discussion that producer 1 transfers frame 1 to
consumer 0. Consumer 0 may still be consuming frame O when the transfer of frame 1
commences. The route manager sends a route pointer update to producer 1, and the route
manager sends a route update for frame 1 to consumer 0. Producer 1 sends an initialization
message to consumer O and then transfers frame 1 to the buffer. When transfer of frame 1 is
complete, producer 1 sends a frame done message to consumer 0. The dashed line labeled 830
indicates when consumer O finishes consuming frame O and moves on to frame 1. Consumer 0O
sends a frame done message to producer 1 and to the route manager. Then, consumer O receives
a router pointer update for frame 1 from the route manager. Consumer O sends an initialization
message to producer 1 and then consumer O starts consuming frame 1. When consumption of
frame 1 is completed, consumer O sends frame done messages to producer 1 and to the route
manager.

[0069] Referring now to FIG. 9, a timing diagram 900 of one embodiment of the operation of
a companion DMA system is shown. Timing diagram 900 illustrates the sequence of events for
a companion DMA system with two producers 905 and 910, route manager 915, and consumer
920. Producers 905 and 910 are also referred to as producers 0 and 1, respectively, or as PO and
P1. Consumer 920 is also referred to as consumer 0 or CO in diagram 900. Frame O (or FO) is
sent from producer O to consumer 0. At the beginning of frame 0, route manager 915 sends a
route pointer update to producer 0 and consumer 0. Then, flow control messages are exchanged
between producer 0 and consumer O to provide updated write pointer and read pointer values.
When producer 0 has finished writing frame O to the buffer, frame done messages are sent to
consumer 0 and route manager 915 with write pointer updates. The dashed line 925 indicates
when the buffer is full.

[0070]  Itis assumed for the purposes of this discussion that producer 1 will be sending frame
1 to consumer 0. Accordingly, after route manager 915 receives the frame done message from
producer 0 for frame 0, route manager 915 sends a route pointer update for frame 1 to producer
1. Then, producer 1 sends a flow control update for frame 1 to consumer 0. At this point in
time, consumer O is still consuming the data of frame O from the buffer, and producer 1 has not
received updated read pointer values from consumer O because consumer O is sending these
updates to producer 0. When consumer O has finished consuming frame O from the buffer,

consumer O sends frame done messages to producer 0 and route manager 915. Then, consumer 0
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sends a flow control message for frame 1 to producer 1 with an updated read pointer value. This
flow control message allows consumer O to communicate its starting state to producer 1.

[0071] Dashed line 930 represents the point in time when producer 1 receives the updated
read pointer value indicating that there is more space available in the buffer for writing the data
of frame 1. When producer 1 finishes writing the entirety of frame 1 to the buffer, producer 1
sends frame done messages to consumer O and route manager 915. When consumer O finishes
consuming the entirety of frame 1 from the buffer, consumer O sends frame done messages to
producer 1 and route manager 915.

[0072]  Turning now to FIG. 10, a timing diagram 1000 of one embodiment of a companion
DMA system with multiple producers and multiple consumers is shown. Timing diagram 1000
illustrates the sequence of events for a companion DMA system with three producers 1005,
1010, and 1015, route manager 1020, and three consumers 1025, 1030, and 1035. Producers
1005, 1010, and 1015 are also referred to as producers 0, 1, and 2, respectively, or as PO, P1, or
P2. Consumers 1025, 1030, and 1035 are also referred to as consumers 0, 1, and 2, respectively,
or as CO, C1, and C2 in diagram 1000. Frame O (or FO) is sent from producers O and 1 to
consumers 0 and 1. The initiation of the transfer of frame 0 is indicated by dashed line 1040. At
the beginning of frame 0, route manager 1015 sends route pointer and read and write pointer
updates to producers 0 and 1 and to consumers O and 1. Then, flow control messages are
exchanged between producers 0 and 1 and consumers 0 and 1 to provide updated write pointer
and read pointer values. When producers 0 and 1 have finished writing frame O to the buffer,
frame done messages are sent to consumers 0 and 1 and route manager 1015 with write pointer
updates. The dashed line 1045 indicates when the producers can move onto the next frame (i.e.,
frame 1) after all producers have finished transferring their respective portions of frame 0. After
dashed line 1045, an intermediate route is created between producers 0 and 2 to consumers 0 and
1 since producers O and 2 are on frame 1 and consumers O and 1 are still on frame 0. This allows
producers 0 and 2 and consumers O and 1 to continue to exchange credits. The intermediate
route has flow control messages being exchanged between producers and consumers even
though they are on different frames. When consumers O and 1 finish consuming frame 0 from
the buffer, consumers 0 and 1 send frame done messages with read pointer updates to producers
0 and 2. Itis noted that the discussion of FIG. 10 will continue on to the discussion of FIG. 11.
[0073] Referring now to FIG. 11, a timing diagram 1100 of one embodiment of a companion
DMA system with multiple producers and multiple consumers is shown. The companion DMA

system with three producers 1005, 1010, and 1015, route manager 1020, and three consumers
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1025, 1030, and 1035 shown in FIG. 11 is intended to represent the same companion DMA
system shown in FIG. 10. Accordingly, timing diagram 1100 is a continuation of the sequence
of events that are shown in timing diagram 1000 (of FIG. 10). At the top of timing diagram
1100, consumers O and 1 send frame done messages with read pointer updates to route manager
1020 after consumers 0 and 1 have finished consuming the frame 0 data from the buffer.

[0074] Dashed line 1105 represents the start of the consumption of frame 1. It is assumed for
the purposes of this discussion that producers 0 and 2 are transferring frame 1 to consumers O
and 2. Accordingly, at the start of frame 1, route manager 1020 sends route pointer updates for
frame 1 to producers 0 and 2 and route manager 1020 sends route updates for frame 1 to
consumers 0 and 1. Then, route manager 1020 sends route pointer updates for frame 1 to to
consumers O and 2. The route pointer updates sent by route manager 1020 also include
indications of the write pointer and read pointer values. Also, route manager 1020 sends route
updates for frame 1 to producers 0 and 2. During transfer of frame 1, flow control messages are
exchanged between producers 0 and 2 and consumers O and 2. These flow control messages
include write pointer updates or read pointer updates. Then, when the entirety of frame 1 has
been transferred to the buffer, producers 0 and 2 send frame done messages to consumers 0 and 2
and to route manager 1020. It is noted that additional messages can be sent when consumers O
and 2 finish consuming the data of frame 1 although these messages are not shown in timing
diagram 1100. Also, subsequent frames can involve a similar exchange of messages as is shown
for frames 0 and 1 in timing diagrams 1000 and 1100.

[0075] Timing diagrams 1000 and 1100 illustrate the exchange of pointers between producers
and consumers in accordance with one embodiment. One benefit of using pointers is that
producer pointers can be sent to consumers that have not yet started. These consumers can drop
the flow control messages, and the dropped flow control messages are handled as future write
pointer updates from the producer that arrive at the consumer whenever the consumer is
configured, including at a point in time after the producer has completely finished the frame.
[0076] Turning now to FIG. 12, a diagram 1200 of one embodiment of a multi-frame
software sequencing routine for a companion DMA system is shown. At the start of the routine,
producers 1205 and 1210, consumer 1215, and route manager 1220 are brought out of reset. It is
noted that producers 1205 and 1210 are also referred to as PO and P1 and consumer 1215 is also
referred to as CO. After producers 1205 and 1210, consumer 1215, and route manager 1220 are
brought out of reset, the software executing on the system pushes route descriptors associated

with frame O into the appropriate route descriptor queue. In one embodiment, the software
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pushes route descriptors to the route manager 1220 by writing to a corresponding route
descriptor queue register. Also, after producers 1205 and 1210 and consumer 1215 are brought
out of reset, the software pushes DMA configuration data for frame O into the shadow DMA
registers. The software sequencing routine for frame 0 is repeated for frame 1.

[0077] Referring now to FIG. 13, a diagram 1300 of one embodiment of a multi-frame
software sequencing routine for a companion DMA system is shown. Diagram 1300 is intended
to be a continuation of the routine illustrated in diagram 1200 (of FIG. 12). At the top of
diagram 1300, frame 2 has different producers PO and P2 as compared to frame 1 which had
producers PO and P1. Producers PO and P2 are also referred to as producers 1305 and 1310.
Consumer 1315, also referred to as CO, is the only consumer in this example, while route
manager 1320 is intended to represent route manager 1220. As shown in diagram 1300, there is
an overlap between frame 1 being produced and configuration of the frame 2 producers. For
both producers PO and P2, the software pushes the route descriptor for frame 2 to the route
manager 1320 and the software pushes the DMA configuration data into the shadow DMA
registers. It is noted that this software sequencing routine can continue for any number of
subsequent frames.

[0078]  Turning now to FIG. 14, a table 1400 with fields of a producer route table entry in
accordance with one embodiment is shown. Entry 1405 of table 1400 corresponds to the active
field of a producer route table entry. The active field indicates whether the entry is actively
routing credits. Entry 1410 represents the “Is Producer?” field which indicates whether this
route table entry is associated with a producer. In one embodiment, the “Is Producer?” field will
be 1 if the route table entry is associated with a producer or the “Is Producer?” field will be 0 if
the route table entry is associated with a consumer. Entry 1415 corresponds to a local DMA 1D
field which identifies the local credit wire associated with the route table entry. Entry 1420
shows the destination router ID field which includes an ID of the remote peer router table that
the credits are sent to via a fabric write. In one embodiment, the address of the remote router
mailbox is stored in a remote router address register.

[0079]  Entry 1425 corresponds to a destination DMA ID field which stores an identifier of
the DMA engine in the destination router. Entry 1430 shows the route manager ID field which
identifies the route manager that initiated and manages this route. In one embodiment, the lower
bits of the route manager ID field identify the corresponding route descriptor queue within the
route manager. Entry 1435 corresponds to a buffer write pointer field which includes the

producer write pointer to the location of the next credit to be written to the circular buffer. Entry
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1440 shows the buffer read pointer field which stores the pointer to the next credit to be
consumed by the consumer.

[0080] Referring now to FIG. 15, a table 1500 with fields of a consumer route table entry in
accordance with one embodiment is shown. Entries 1505, 1510, 1515, 1520, 1525, and 1530 are
the same as entries 1405, 1410, 1415, 1420, 1425, and 1430, respectively, of table 1400 (of FIG.
14). Entry 1535 shows the buffer read pointer field which stores the pointer to the next credit to
be consumed by the consumer. Entry 1540 corresponds to a buffer write pointer field which
includes the producer write pointer to the location of the next credit to be written to the circular
buffer. Entry 1535 is the same as entry 1440 of table 1400, and entry 1540 is the same as entry
1435 of table 1400, but the order is reversed for the consumer route table entry.

[0081] Turning now to FIG. 16, a table 1600 with fields of a companion wrapper for a DMA
engine in accordance with one embodiment is shown. Entry 1605 corresponds to a buffer write
pointer field which includes the producer write pointer to the location of the next credit to be
written to the circular buffer. Entry 1610 shows the buffer read pointer field which stores the
pointer to the next credit to be consumed by the consumer. Buffer size field 1615 specifies the
size of the circular buffer in terms of a number of credits. In another embodiment, buffer size
field 1615 specifies the size of the circular buffer in terms of a number of bytes. In this
embodiment, a conversion could be performed to convert the value in buffer size field 1615 into
a number of credits.

[0082]  For a producer DMA engine, frame pointer field 1620 points to the next credit in the
frame where the producer DMA engine will write to in the buffer. For a consumer DMA engine,
frame pointer field 1620 points to the next credit in the frame where the consumer DMA engine
will read from out of the buffer. Frame size field 1625 specifies the total frame size in credits
including the start, middle, and done increments. The DMA engine is considered done after
processing a number of credits equal to the value specified in frame size field 1625. Frame start
increment field 1630 specifies the number of credits to increment by at the start of the frame.
Frame start increment field 1630 enables the producer to skip over credits which the producer
does not produce. Frame middle increment field 1635 specifies the number of credits to
increment by within the interior of the frame. Frame midpoint increment field 1635 enables sub-
sampling or skipping of credits written to the buffer. Frame done increment field 1640 specifies
the number of credits to send to the consumer when the producer frame is done. Frame done
increment field 1640 enables the producer to skip over credits that the producer does not

produce. Start offset field 1645 specifies the value the space-available credits needs to reach at
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the beginning of a frame before data is produced. Disable remote field 1650 specifies whether to
disable remote flow control messages so as to support the NULL connection feature. The NULL
connection feature allows a link to be disabled while still processing the rest of the frame as if all
remote credits were received.

[0083] Turning now to FIG. 17, a generalized flow diagram of one embodiment of a method
1700 for the operation of a producer DMA engine is shown. For purposes of discussion, the
steps in this embodiment (as well as for Figures 18-22) are shown in sequential order. However,
in other embodiments some steps may occur in a different order than shown, some steps may be
performed concurrently, some steps may be combined with other steps, and some steps may be
absent.

[0084] A producer DMA engine determines whether there is space in a buffer in memory
prior to initiating the transfer of at least a portion of a frame to the buffer (block 1705). While
method 1700 is described in the context of a frame being transferred, it should be understood that
this is merely one possible implementation of method 1700. In other embodiments, the producer
DMA engine may transfer other types of datasets besides image or video frames. If there is no
space in the buffer (conditional block 1710, “no” leg), then the producer DMA engine waits to
receive a pointer update (i.e., indicating a data credit has been consumed and space is available
in the buffer) from a consumer DMA engine (block 1715). If there is space in the buffer
(conditional block 1710, “yes” leg), then the producer DMA engine writes a given portion of the
frame to the buffer (block 1720). When the producer DMA engine finishes writing a given
portion of the frame to the buffer in memory, the producer sends a status of its updated producer
write pointer to a consumer DMA engine indicating a credit of data has been committed to
memory and is ready to be consumed (block 1725). It is assumed for the purposes of this
discussion that a size of the portion of data referred to in blocks 1720 and 1725 corresponds to a
single credit worth of data.

[0085]  If the producer DMA engine has finished writing all portions of the frame to the buffer
(conditional block 1730, “yes” leg), then the producer DMA engine generates a producer frame
done message (block 1735). After block 1735, method 1700 ends. Alternatively, after block
1735, another instance of method 1700 is launched for each producer DMA engine that is
producing the next frame in the video sequence. It is noted that a new instance of method 1700
may be initiated for the producer DMA engine to produce a new frame while the consumer DMA

engine is still consuming the previous frame. If the producer DMA engine has not finished

20



10

15

20

25

30

WO 2022/010673 PCT/US2021/039190

writing all portions of the frame to the buffer (conditional block 1730, “no” leg), then method
1700 returns to conditional block 1710.

[0086] Turning now to FIG. 18, a generalized flow diagram of one embodiment of a method
1800 for the operation of a consumer DMA engine is shown. A consumer DMA engine
determines whether a data credit has been committed to a buffer in memory prior to initiates the
consumption of at least a portion of a frame from the buffer (block 1805). While method 1800 is
described in the context of a frame being consumed, it should be understood that this is merely
one possible implementation of method 1800. In other embodiments, the consumer DMA engine
may consume other types of datasets besides image or video frames. If a data credit has not been
committed to the buffer (conditional block 1810, “no” leg), then the consumer DMA engine
waits to receive a pointer update (i.e., indicating a data credit has been committed to the buffer
and is ready to be consumed) from a producer DMA engine (block 1815). If a data credit has
been committed to the buffer (conditional block 1810, “yes” leg), then the consumer DMA
engine consumes or skips over a portion of the frame from the buffer (block 1820). When the
consumer DMA engine finishes consuming or skipping over a given portion of the frame from
the buffer in memory, the consumer sends a status of its updated consumer read pointer to a
producer DMA engine indicating that a credit of data has been consumed and space has been
freed up in the buffer (block 1825). It is assumed for the purposes of this discussion that a size
of the portion of data referred to in blocks 1820 and 1825 corresponds to a single credit worth of
data.

[0087]  If the consumer DMA engine has finished consuming all portions of the frame from
the buffer (conditional block 1830, “yes” leg), then the consumer DMA engine generates a
consumer frame done message (block 1835). After block 1835, method 1800 ends.
Alternatively, after block 1835, another instance of method 1800 is launched for each consumer
DMA engine that is consuming the next frame in the video sequence. If the consumer DMA
engine has not finished consuming all portions of the frame from the buffer (conditional block
1830, “no” leg), then method 1800 returns to conditional block 1810. It is noted that method
1800 can be performed in conjunction with method 1700 (of FIG. 17). For example, a separate
instance of method 1700 may be performed by each producer DMA engine which is transferring
data to the buffer in parallel with a separate instance of method 1800 being performed by each
consumer DMA engine which is consuming data from the buffer.

[0088] Referring now to FIG. 19, one embodiment of a method 1900 for software launching a

companion DMA chain is shown. Software executing on one of more processor(s) brings all
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subsystems and companion routers of a companion DMA chain out of reset (block 1905). Once
all subsystems and companion routers of a companion DMA chain have been brought out of
reset and when software is ready to schedule the next frame, software pushes route descriptors
for the next frame into a single route descriptor queue in the route manager (block 1910). Also,
software pushes DMA configurations into configuration FIFOs and/or shadow registers (block
1915). It is noted that block 1915 may be performed before block 1910 in some embodiments.
In other words, there is no required ordering for blocks 1910 and 1915, and they can be
performed in any order or simultaneously. For subsequent frames, software pushes the route
descriptors into a single route descriptor queue per frame and pushes each DMA configuration
into the configuration FIFO and/or shadow register (block 1920). By performing block 1920,
this ensures that the route manager and DMA engines are ready to process a subsequent frame
once the subsequent frame starts flowing through the chain. After block 1920, method 1900
ends. It is noted that software can push the route descriptors and the DMA configurations
anytime before the associated frame starts, including several frames ahead of time.

[0089] Turning now to FIG. 20, one embodiment of a method 2000 for advancing in a buffer
by a programmable skip amount without consuming data credits is shown. An programmable
credit skip amount is specified during transfer of a given frame from a producer DMA engine to
a consumer DMA engine (block 2005). The programmable credit skip amount indicates how far
within a buffer the consumer DMA engine is to jump ahead during consumption of credits from
the buffer. Multiple different programmable credit skip amounts can be specified per frame. In
one embodiment, the programmable credit skip amount is specified in response to detecting a
time-warp condition. For example, a time-warp condition involves updating an image presented
to a user if the user’s head moves after frame rendering was initiated. In one embodiment, an
application includes gaze tracking where the consumer may read a subset or subframe of a
rendered frame based on the user’s gaze point within that frame. In other embodiments, the
programmable credit skip amount is specified for other scenarios, such as during the generation
of a superframe or otherwise.

[0090] Next, the consumer DMA engine consumes data from a buffer location one or more
credits in front of a current location of a read pointer (block 2010). In one embodiment, the
consumer DMA engine selects the buffer location to read from in block 2010 based on the
programmable credit skip amount. Next, the consumer DMA engine increments the read pointer
by multiple credits in response to consuming data from the buffer location one or more credits in

front of the current location of the read pointer (block 2015). Then, the consumer DMA engine
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sends an updated read pointer to the producer DMA engine (block 2020). After block 2020,
method 2000 ends. By performing method 2000, the consumer DMA engine allows the
producer DMA engine to keep making forward progress on the transfer of the frame, relieving
any potential back pressure on the producer DMA engine.

[0091] Referring now to FIG. 21, one embodiment of a method 2100 for a producer DMA
engine producing a frame is shown. At the start of a frame, a producer DMA engine receives or
retrieves an indication of the total frame size in credits for the frame, where the total frame size
potentially includes start, middle, and/or done increments (block 2105). The producer DMA
engine skips over a number of credits specified by a frame start increment field (block 2110).
Block 2110 enables a producer to skip over credits which the producer does not produce. It is
noted that the frame start increment field could be equal to zero, which would mean the producer
DMA engine does not skip over any credits. If the space-available credits are greater than or
equal to a start offset field (conditional block 2115, “yes” leg), then the producer starts producing
data of the frame (block 2120). It is noted that “producing data” is defined as writing or skipping
over data. Otherwise, if the space-available credits are less than the start offset field (conditional
block 2115, “no” leg), then method 2100 remains at conditional block 2115 until the
consumer(s) consume enough data for the space-available credits to reach the value specified by
the start offset field.

[0092]  After block 2120, the producer continues producing data until reaching a specified
interior point in the frame (block 2125). Then, the producer increments the number of credits by
an amount specified by a frame middle increment field (block 2130). Block 2130 enables sub-
sampling or skipping of credits written to the buffer. It is noted that blocks 2125 and 2130 are
optional and may be skipped over in some embodiments. Alternatively, in other embodiments,
blocks 2125 and 2130 may be repeated multiple times for multiple different interior points
within the frame. Next, the producer continues producing the remaining data of the frame (block
2135). If the producer has processed a number of credits equal to the total frame size minus the
frame done increment (conditional block 2140, “yes” leg), the producer sends, to the consumer, a
number of credits specified by a frame done increment field (block 2145). Then, the producer
generates a producer frame done message (block 2150). After block 2150, method 2100 ends.
Otherwise, if the producer has not processed a number of credits equal to the total frame size
minus the frame done increment (conditional block 2140, “no” leg), then method 2100 returns to

block 2135.
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[0093] Referring now to FIG. 22, one embodiment of a method 2200 for a consumer DMA
engine consuming a frame is shown. At the start of a frame, a consumer DMA engine receives
or retrieves an indication of the total frame size in credits for the frame, where the total frame
size potentially includes start, middle, and/or done increments (block 2205). The consumer
DMA engine skips over a number of credits specified by a frame start increment field (block
2210). Block 2210 enables a consumer to skip over credits which the consumer does not
consume. It is noted that the frame start increment field could be equal to zero, which would
mean the consumer DMA engine does not skip over any credits. If the data-available credits are
greater than or equal to a start offset field (conditional block 2215, “yes” leg), then the consumer
starts consuming data of the frame (block 2220). It is noted that “consuming data” is defined as
reading or skipping over data. Otherwise, if the data-available credits are less than the start
offset field (conditional block 2215, “no” leg), then method 2200 remains at conditional block
2215 until the producer(s) produce enough data for the data-available credits to reach the value
specified by the start offset field.

[0094]  After block 2220, the consumer continues consuming data until reaching a specified
interior point in the frame (block 2225). Then, the consumer increments the number of credits
by an amount specified by a frame middle increment field (block 2230). Block 2230 enables
sub-sampling or skipping of credits consumed from the buffer. It is noted that blocks 2225 and
2230 are optional and may be skipped over in some embodiments. Alternatively, in other
embodiments, blocks 2225 and 2230 may be repeated multiple times for multiple different
interior points within the frame. Next, the consumer continues consuming the remaining data of
the frame (block 2235). If the consumer has consumed a number of credits equal to the total
frame size minus the frame done increment (conditional block 2240, “yes” leg), the consumer
sends, to the producer, a number of credits specified by a frame done increment field (block
2245). Then, the consumer generates a consumer frame done message (block 2250). After block
2250, method 2200 ends. Otherwise, if the consumer has not consumed a number of credits
equal to the total frame size minus the frame done increment (conditional block 2240, “no” leg),
then method 2200 returns to block 2235.

[0095]  Referring now to FIG. 23, a block diagram of one embodiment of a system 2300 is
shown. As shown, system 2300 may represent chip, circuitry, components, etc., of a desktop
computer 2310, laptop computer 2320, tablet computer 2330, cell or mobile phone 2340,
television 2350 (or set top box configured to be coupled to a television), wrist watch or other

wearable item 2360, or otherwise. Other devices are possible and are contemplated. In the
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illustrated embodiment, the system 2300 includes at least a portion of SOC 100 (of FIG. 1)
coupled to one or more peripherals 2304 and the external memory 2302. A power supply 2306
is also provided which supplies the supply voltages to SOC 100 as well as one or more supply
voltages to the memory 2302 and/or the peripherals 2304. In various embodiments, power
supply 2306 may represent a battery (e.g., a rechargeable battery in a smart phone, laptop or
tablet computer). In some embodiments, more than one instance of apparatus 100 may be
included (and more than one external memory 2302 may be included as well).

[0096] The memory 2302 may be any type of memory, such as dynamic random access
memory (DRAM), synchronous DRAM (SDRAM), double data rate (DDR, DDR2, DDR3, etc.)
SDRAM (including mobile versions of the SDRAMs such as mDDR3, etc., and/or low power
versions of the SDRAMSs such as LPDDR2, etc.), RAMBUS DRAM (RDRAM), static RAM
(SRAM), etc. One or more memory devices may be coupled onto a circuit board to form
memory modules such as single inline memory modules (SIMMs), dual inline memory modules
(DIMMs), etc. Alternatively, the devices may be mounted with SOC 100 in a chip-on-chip
configuration, a package-on-package configuration, or a multi-chip module configuration.

[0097] The peripherals 2304 may include any desired circuitry, depending on the type of system
2300. For example, in one embodiment, peripherals 2304 may include devices for various types
of wireless communication, such as wifi, Bluetooth, cellular, global positioning system, etc. The
peripherals 2304 may also include additional storage, including RAM storage, solid state storage,
or disk storage. The peripherals 2304 may include user interface devices such as a display
screen, including touch display screens or multitouch display screens, keyboard or other input
devices, microphones, speakers, etc.

[0098] In various embodiments, program instructions of a software application may be used
to implement the methods and/or mechanisms previously described. The program instructions
may describe the behavior of hardware in a high-level programming language, such as C.
Alternatively, a hardware design language (HDL) may be used, such as Verilog. The program
instructions may be stored on a non-transitory computer readable storage medium. Numerous
types of storage media are available. The storage medium may be accessible by a computer
during use to provide the program instructions and accompanying data to the computer for
program execution. In some embodiments, a synthesis tool reads the program instructions in
order to produce a netlist comprising a list of gates from a synthesis library.

[0099] It should be emphasized that the above-described embodiments are only non-limiting

examples of implementations. Numerous variations and modifications will become apparent to
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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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WHAT IS CLAIMED IS

1. An apparatus comprising;

a buffer;

a producer direct memory access (DMA) engine; and

a consumer DMA engine;

wherein responsive to producing a given data chunk of a dataset, the producer DMA
engine is configured to send an updated write pointer to the consumer DMA
engine indicating that a data credit has been committed to the buffer and that the
data credit is ready to be consumed; and

wherein responsive to consuming the given data chunk of the dataset from the bufter, the
consumer DMA engine is configured to send an updated read pointer to the
producer DMA engine indicating that the data credit has been consumed and that

space has been freed up in the buffer to be reused by the producer DMA engine.

2. The apparatus as recited in claim 1, wherein the dataset is a first frame of a video sequence,
wherein a size of the buffer is smaller than a size of the first frame, and wherein the producer
DMA engine is configured to:

write data to a first buffer location one or more data credits in advance of a current
location of the updated write pointer; and
after writing data to the first buffer location, increment the write pointer by multiple data

credits.

3. The apparatus as recited in claim 2, wherein the consumer DMA engine 1s configured to:
read data from a second buffer location one or more data credits in advance of a current
location of the updated read pointer, wherein the second buffer location is
specified by a programmable skip amount; and
after reading data from the second buffer location, increment the read pointer by

multiple data credits.

4. The apparatus as recited in claim 3, further comprising a route manager configured to:

manage initialization and updating of routing tables in a plurality of local routers; and
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pop route descriptors for the first frame off of a corresponding route descriptor queue

and initialize route entries in the plurality of local routers.

5. The apparatus as recited in claim 3, further comprising:
a plurality of producer DMA engines configured to transfer separate portions of the first
frame to the buffer; and
a companion router configured to merge updates from the plurality of producer DMA

engines to the updated write pointer.

6. The apparatus as recited in claim 3, further comprising a plurality of consumer DMA engines

configured to consume separate portions of the first frame from the buffer.

7. The apparatus as recited in claim 3, wherein the producer DMA engine is configured to
produce portions of a second frame prior to the consumer DMA engine completing

consumption of all portions of the first frame.

8. A method comprising:

producing, by a producer direct memory access (DMA) engine, a given data chunk of a
dataset;

sending an updated write pointer to a consumer DMA engine indicating that a data
credit has been committed to a buffer and that the data credit is ready to be
consumed, responsive to producing the given data chunk of the dataset;

consuming, by the consumer DMA engine, the data credit corresponding to the given
data chunk of the dataset; and

sending an updated read pointer to the producer DMA engine indicating that the data
credit has been consumed and that space has been freed up in the buffer to be
reused by the producer DMA engine, responsive to consuming the given data

chunk of the dataset from the buffer.

9. The method as recited in claim 8, wherein the dataset is a first frame of a video sequence and
a size of the buffer is smaller than a size of the first frame, the method further comprising:
writing, by the producer DMA engine, data to a first buffer location one or more data

credits in advance of a current location of the updated write pointer; and
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after writing data to the first buffer location, incrementing the write pointer by multiple

data credits.

10. The method as recited in claim 9, further comprising:
reading, by the consumer DMA engine, data from a second buffer location one or more
data credits in advance of a current location of the updated read pointer, wherein
the second buffer location is specified by a programmable skip amount; and
after reading data from the second buffer location, incrementing the read pointer by

multiple data credits.

11. The method as recited in claim 10, further comprising:
managing, by a route manager, initialization and updating of routing tables in a plurality
of local routers; and
popping route descriptors for the first frame off of a corresponding route descriptor

queue and initializing route entries in the plurality of local routers.

12. The method as recited in claim 10, further comprising:
transferring, by a plurality of producer DMA engines, separate corresponding portions
of the first frame to the buffer; and
merging, by a companion router, updates from the plurality of producer DMA engines

to the updated write pointer.

13. The method as recited in claim 10, further comprising consuming, by a plurality of consumer

DMA engines, separate portions of the first frame from the buffer.

14. The method as recited in claim 10, further comprising writing, by the producer DMA engine,
portions of a second frame to the buffer prior to the consumer DMA engine completing

consumption of all portions of the first frame.
15. A system comprising:

a buffer; and

a producer direct memory access (DMA) engine;
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wherein responsive to producing a given data chunk of a dataset, the producer DMA
engine is configured to generate an updated write pointer indicating that a data
credit has been committed to the buffer and that the data credit is ready to be

consumed.

16. The system as recited in claim 15, further comprising a consumer DMA engine, wherein
responsive to consuming the given data chunk of the dataset from the buffer, the consumer
DMA engine is configured to send an updated read pointer to the producer DMA engine
indicating that the data credit has been consumed and that space has been freed up in the

buffer to be reused by the producer DMA engine.

17. The system as recited in claim 16, wherein the dataset is a first frame of a video sequence,

and wherein a size of the buffer is smaller than a size of the first frame.

18. The system as recited in claim 17, wherein the producer DMA engine is configured to:

write data to a first buffer location one or more data credits in advance of a current
location of the updated write pointer; and

after writing data to the first buffer location, increment the write pointer by multiple data

credits.

19. The system as recited in claim 18, wherein responsive to receiving an indication of a given
condition, the consumer DMA engine is configured to:
read data from a second buffer location one or more data credits in advance of a current
location of the updated read pointer, wherein the second bufter location is
specified by a programmable skip amount; and
after reading data from the second buffer location, increment the read pointer by

multiple data credits.

20. The system as recited in claim 17, further comprising a route manager configured to:
manage initialization and updating of routing tables in a plurality of local routers; and
pop route descriptors for the first frame off of a corresponding route descriptor queue

and initialize route entries in the plurality of local routers.
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