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WO 2020/117388 PCT/US2019/057796 

ACCELERATING DATAFLOW SIGNAL PROCESSING APPLICATIONS 

ACROSS HETEROGENEOUS CPU/GPU SYSTEMS 

BACKGROUND 

[0001] GPU devices are optimized for computational throughput as opposed to 

response time (i.e., latency). Conventional design choices in the architecture and 

associated software of GPUs are oriented towards high sustained throughput of 

arithmetic operations. In particular, GPUs have relatively small and simple caches and 

software-managed scratchpad memories which maximize chip real-estate for large 

numbers of arithmetic logic units (ALUs) for the parallel processing of massive data sets.  

However, the current bulk-synchronous programming model of GPUs limits their 

applicability to host a flexible application that requires a certain level of task scheduling.  

Known GPU scheduling policies are defined in hardware and do not allow manual 

algorithm placement on GPU multi-processors. For example, running an application that 

requires multi-processor synchronization, such as producer-consumer pattern, on the 

same multi-processors may lead to a deadlock. In conventional systems it is also 

difficult to provide an environment for processing tasks where similar tasks could be co

scheduled on the same multi-processor to get benefit from the locality, such as utilizing 

the local GPU cache better.  

[0002] The Compute Unified Device Architecture (CUDA) framework from NVIDIA 

CORP provides an ability to launch cooperative thread grids on a GPU which can be 

synchronized through a global barrier on the GPU itself (without having to synchronize 

with a barrier on the CPU). This feature allows the user to schedule a pipeline of kernels 

(i.e., GPU programs) to the GPU. However, the off-the-shelf GPU scheduler still 

schedules thread blocks in an undefined way across the entire GPU device which 
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prevents manual placement of thread blocks on GPU multi-processors. This limitation 

may underutilize the GPU resources.  

SUMMARY 

[0003] In accordance with the concepts, techniques and systems described herein is an 

efficient method for accelerating dataflow signal processing over a heterogeneous 

CPU/GPU system. The techniques and systems described herein may provide a software 

middleware that presents a GPU device as a virtual compute cluster.  

[0004] According to one illustrative embodiment, a method may include: forming a 

virtual tile cluster, wherein the virtual tile cluster comprises a plurality of tiles, wherein 

each of the tiles comprises a main processor and memory from a Central Processing Unit 

(CPU) device or a Graphics Processing Unit (GPU) device, and wherein a tile in the 

GPU device further comprises one or more subprocessors; forming a virtual unified 

memory, wherein the virtual unified memory is accessible by the CPU device and GPU 

device and the virtual unified memory comprises one or more ingress rings and one or 

more egress rings; generating a task; assigning the task to at least one tile of the virtual 

tile cluster according to a pre-defined rule; and inserting the task into a slot in an ingress 

ring in the virtual unified memory. Herein, when the task is assigned to the at least one 

tile in the GPU device, the method may perform: broadcasting the task to the one or 

more subprocessors of the at least one tile using a GPU shuffle instruction; and dividing 

data associated with the task and assigning each of divided data to each of the one or 

more subprocessors, wherein the each of the one or more subprocessors runs a codelet 

corresponding to the task using the each of divided data. Furthermore, the task may be 

executed by the at least one tile of the virtual tile cluster.  
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[0005] In one aspect, the method may further include: generating a thread 

corresponding to the task, wherein the thread is suspended when the task is assigned to 

the at least one tile; inserting a completion token for the task into an egress ring in the 

virtual unified memory upon completion of execution of the task; and in response to 

pulling the completion token from the egress ring, waking up the thread. Herein, the 

completion token may comprise a reference to a barrier to the CPU device that is 

associated with the thread and the barrier is unblocked upon the pulling the completion 

token.  

[0006] In one aspect, the main processor of the at least one tile in the GPU device may 

comprise a vector processor and the one or more subprocessors comprises one or more 

scalar processors.  

[0007] In one aspect, numbers of the one or more ingress ring and one or more egress 

ring may be configurable.  

[0008] In one aspect, the at least one tile of the virtual tile cluster may sustain a same 

resource.  

[0009] In one aspect, the task may be dispatched based upon an opcode of the task.  

[0010] In one aspect, the task maybe broadcasted by a hardware instruction of the 

GPU device.  

[0011] In one aspect, the codelet corresponding to the task may be selected from a 

codelets package.  

[0012] In one aspect, a lane of each of the tiles may be delegated to interact with the 

ingress ring and the lane dispatches the task from the ingress ring.  
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[0013] In one aspect, a subrange of the divided data assigned to a subprocessor maybe 

different from another subrange of the divided data assigned to another subprocessor.  

[0014] In one aspect, an ingress ring and an egress ring maybe dedicated to each tile 

of the virtual tile cluster.  

[0015] In one aspect, the pre-defined rule may comprise mapping a tile of the virtual 

tile cluster to one or more codelets.  

[0016] According to another illustrative embodiment, a system may include: a Central 

Processing Unit (CPU) runtime; a Graphics Processing Unit (GPU) runtime; a virtual tile 

cluster comprising a plurality of tiles, wherein each of the tiles comprises a main 

processor and memory from the CPU runtime and GPU runtime, and wherein a tile in the 

GPU runtime further comprises one or more subprocessors; and a virtual unified memory 

comprising one or more ingress rings and one or more egress ring, wherein the virtual 

unified memory is accessible by the CPU runtime and GPU runtime. Herein, the CPU 

runtime may be configured to: generate a task; assign the task to at least one tile of the 

virtual tile cluster according to a pre-defined rule; and execute the task by the at least one 

tile of the virtual tile cluster. In addition, the GPU runtime may be configured to: in 

response to the task being assigned to the at least one tile in the GPU runtime, insert the 

task into an ingress ring in virtual unified memory; broadcast the task to the one or more 

subprocessors of the at least one tile using a GPU shuffle instruction; and divide data 

associated with the task and assigning each of divided data to each of the one or more 

subprocessors, wherein the each of the one or more subprocessors runs a codelet 

corresponding to the task using the each of divided data.  
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[0017] In one aspect, the CPU runtime maybe further configured to: generate a thread 

corresponding to the task, wherein the thread is suspended when the task is assigned to 

the at least one tile; and in response to pulling a completion token from an egress ring in 

the virtual unified memory, wake up the thread, wherein the GPU runtime inserts a 

completion token for the task into a slot into the egress ring in the virtual unified 

memory upon completion of execution of the task. Herein, the completion token may 

comprise a reference to a barrier to the CPU runtime that is associated with the thread 

and the barrier is unblocked upon the pulling the completion token.  

[0018] In one aspect, the main processor of the at least one tile in the GPU runtime 

may comprise a vector processor and the one or more subprocessors, wherein each 

subprocessor comprises a scalar processor.  

[0019] The details of one or more embodiments of the disclosure are outlined in the 

accompanying drawings and the description below. Other features, objects, and 

advantages of the disclosure will be apparent from the description and drawings, and 

from the claims.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The foregoing features may be more fully understood from the following 

description of the drawings in which: 

[0021] FIG. 1 is an illustrative block diagram of a heterogeneous CPU/GPU system for 

accelerating dataflow signal processing according to the concepts described herein; 

[0022] FIG. 2 is an illustrative block diagram showing an architecture of the 

heterogeneous CPU/GPU system in FIG. 1 according to the concepts described herein; 
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[0023] FIG. 3 is a block diagram showing the sequence of an offload request to the 

GPU runtime according to the concepts described herein; 

[0024] FIG. 4 is a block diagram showing different GPU tile layouts according to the 

concepts described herein; 

[0025] FIG. 5 is a flowchart of an accelerated dataflow signal processing according to 

the concepts described herein; 

[0026] FIG. 6 is a flowchart for offloading a task to a GPU runtime according to the 

concepts described herein; 

[0027] FIG. 7 is a diagram showing a configuration that emulates an actor network 

according to the concepts described herein; 

[0028] FIG. 8 is a diagram showing a simple virtual interconnect and tile layout 

according to the concepts described herein; 

[0029] FIG. 9 is a diagram showing an alternative interconnect and tile topology 

according to the concepts described herein; and 

[0030] FIG. 10 is an illustrative implementation of a system described in FIG. 2 

according to the concepts described. herein.  

DETAILED DESCRIPTION 

[0031] Relative descriptions used herein, such as left, right, up, and down, are with 

reference to the figures, are merely relative and not meant in a limiting sense.  

Additionally, for clarity, common items and circuitry, such as integrated circuits, 
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resistors, capacitors, transistors, and the like, have not been included in the figures, as 

can be appreciated by those of ordinary skill in the pertinent art. Unless otherwise 

specified, the illustrated embodiments may be understood as providing illustrative 

features of varying detail of certain embodiments, and therefore, unless otherwise 

specified, features, components, modules, elements, and/or aspects of the illustrations 

can be otherwise combined, interconnected, sequenced, separated, interchanged, 

positioned, and/or rearranged without materially departing from the disclosed concepts, 

systems, or methods. Additionally, the shapes and sizes of components are intended to 

be only illustrative and unless otherwise specified, can be altered without materially 

affecting or limiting the scope of the concepts sought to be protected herein.  

[0032] For convenience, certain introductory concepts and terms used in the 

specification are collected here.  

[0033] As used herein, the term "scalar processor" is used to describe a processor that 

performs computations on one number or set of data at a time, where the data is an 

integer or a floating number. That is, the scalar processor executes instructions 

sequentially one at a time without parallelism. Each instruction operates one on atomic 

data item at a time. A scalar processor is known as a "single instruction stream single 

data stream" (SISD) processor. In a GPU device, a scalar processor is equivalent to a 

lane belonging to a vector processor.  

[0034] As used herein, the term "vector processor" is used to describe a processor that 

performs computations on one or multi-dimensional arrays of data called vectors 

simultaneously. A vector processor is known as a "single instruction stream multiple 

data stream" (SID) processor. Vector processors can improve performance on certain 
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type of works, for example numerical simulation or similar tasks. Modern graphic 

processing units (GPUs) operate multi-threaded, which can be considered as vector 

processors.  

[0035] As used herein, the term "scratchpad memory" is used to describe an internal 

memory that is used for temporary storage of calculations, data, and other work in 

progress. Conventionally, the scratchpad memory comprises high-speed memory to hold 

small items of data for rapid retrieval. Modem GPU devices are provided a certain 

amount of scratchpad memory (e.g., 16 KB) per multi-processor of a GPU processor. A 

GPU may have any number of multi-processors and each of the multi-processors has a 

dedicated scratchpad memory to be shared by the subprocessors (i.e., lanes). This type 

of scratchpad memory is sometimes called a shared memory, which has a different 

meaning from when the term "shared memory" is used for a CPU device.  

[0036] Referring now to FIG. 1, a system 100 may comprise a CPU device 110 and a 

GPU device 130. The CPU device 110 may comprise one or more processors 120 and 

memory 116. Each of the processors 120 comprises a core 112 and private cache 114.  

The GPU device 130 also may comprise one or more vector processors 166 and memory 

132, 164. The vector processors 166 may use a scratchpad memory 164 and shared 

cache 132. According to the concepts described herein, the system 100 may present the 

CPU device 110 and the GPU device 130 as a virtual compute cluster 160 of 

homogeneous processors which allow passing information between its processors. That 

is, the system 100 may interact with the resources in the CPU device 110 and the GPU 

device 130 for certain functionalities through the same interface. The processors (and 

their cores) and memory elements of the CPU device 110 and the GPU device 130 may 

be grouped as tiles 162 in a virtual tile cluster 160. A tile comprises at least one 
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processor 112, 164 and a memory element 164. In the CPU device 110, the memory 

element may comprise private cache 114 for each core 112. In the GPU device 130, the 

memory element may comprise a portion of scratchpad memory 164 divided and 

distributed to each tile 162. The tiles according to concepts described herein may 

function like CPU cores at the algorithmic level as well as the communication 

infrastructure level. In addition, the tiles may be considered as independently 

addressable vector processors with their own local memories. In embodiments, a tile in a 

GPU may comprise a vector processor as its main processor. The GPU tile may further 

comprise one or more subprocessors, which are scalar processors 166 in the GPU.  

[0037] In embodiments, GPU hardware comprises multiple processing cores called 

streaming multiprocessors (SMs). Each SM may contain dedicated on-chip resources, 

such as register file, scratchpad memory, and LI cache. Some GPUs may contain 2 or 

more SMs which is how GPU models scale for different markets, form factors, and 

power conditions. Each SM may contain a collection of scalar cores which have more in 

common with CPU vector lanes than full CPU cores. The scalar cores of GPU are 

partitioned into groups of 32, for example, called warps (or sometimes referred to as 

"wavefronts"). Warps are the lowest independently schedulable level entity on the GPU, 

and therefore are analogous to CPU threads. Each of the 32 threads of a warp shares an 

instruction pointer and therefore may operate in lockstep in a similar way to the single 

instruction multiple data (SIND) vector units of a CPU.  

[0038] In embodiments, each of the warp-sized tiles may forma tile engine 162 in the 

virtual tile cluster 160. Each tile engine 162 may be viewed as a vector processor with 

32-lanes of scalar processing elements, where the scalar processing elements 166 are 

considered as subprocessors. In some embodiments, a tile may have more or less than 
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32-lanes of scalar processing elements. These lanes have more autonomy than 

traditional vector lanes on a CPU since their control flow can diverge and the tile engines 

can access disjoint memory (i.e., distributed scratchpad memory 164 or the GPU global 

memory) on the GPU. The tile engine 162 can also communicate using efficient on-chip 

register shuffle instructions. In contrast to traditional CUDA thread blocks which are 

ephemeral (i.e., does not maintain resources persistently), the tile engine is persistent and 

does not relinquish underlying GPU resources.  

[0039] A virtual unified memory 150 may be formed, for directing work to individual 

tiles, out of combined memory elements of the CPU device 110 and the GPU device 130.  

The virtual unified memory 150 may comprise a set of fixed capacity rings 152, 154 that 

are shared across the CPU and GPU devices 110, 130. The rings 152, 154 may be 

partitioned into two sets: multiple-producer single-producer (MPSC) ingress rings 

(CPU/GPU to GPU) 152 and MPSC egress rings (from GPU to CPU) 154. Each tile 

engine 162 may be associated with one ingress ring and one egress ring when the system 

starts up. In some embodiments, the virtual unified memory 150 may comprise more 

than one ingress ring and more than one egress ring. In another embodiment, each of tile 

engines 162 may have a dedicated ingress ring and/or egress ring.  

[0040] The virtual unified memory 150 maybe accessible from the device 110 and the 

GPU device 130. That is, the CPU device 110 and the GPU device 130 both may access 

the ingress ring 152 and egress ring 154 through a set of operations 172, 174, 176, 178.  

Herein, the CPU device 110 may insert (172) information (e.g., a task or token) in a slot 

of the ingress ring 152. The CPU device 110 may also dispatch (174) information from a 

slot of the egress ring 154. Similarly, the GPU device 130 may insert (178) information 

in a slot of the egress ring 154. The GPU device 130 may also pull (176) information 
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from a slot of the ingress ring 152. In embodiments, the virtual unified memory 150 may 

create a virtual interconnect, such as message channels, task pools, mailboxes, and other 

communication structures shared by the CPU and GPU devices 110, 130. The virtual 

unified memory 150, as a virtual interconnect, may form a logical communication layer 

on top of a physical interconnect between the CPU device 110 and the GPU device 130 

and corresponding system elements, such as the GPU memory management unit (MMU), 

page migration engine, and Direct Memory Access (DMA) engine.  

[0041] A "compute kernel" (hereinafter simply a "kernel") is a software routine that is 

compiled particularly for high throughput accelerating hardware, such as a GPU or a 

Digital Signal Processor (DSP). The kernel is not an application that is typically running 

on a CPU but may be used by the application. In embodiments, the kernels (i.e., GPU 

programs herein) may be launched by sending requests to a GPU scheduler in the GPU 

device 130 through the virtual interconnects. By doing so, traversing the stacks of the 

GPU runtime framework (e.g., CUDA) and GPU drivers may be avoided. In particular, 

entering and exiting the GPU driver may be avoided, since the entering and exiting the 

GPU driver causes switching between user space and kernel space. Thus, there is a 

reduced (preferably 'minimum') latency cost with requesting execution of the kernels.  

In embodiments, a kernel is implemented as a 'codelet' which refers a small and simple 

procedure, program or application compiled and executed on the GPU.  

[0042] Referring now to FIG. 2, a system 200 may comprise a CPU runtime 210 and a 

GPU runtime 230. The CPU runtime 210 refers software elements running on a CPU 

device (e.g., 110 in FIG. 1). The GPU runtime 230 also refers software elements running 

on a GPU device (e.g., 130 in FIG. 1). The CPU runtime 210 may comprise a core 

component 212, a graph component 214, and an accelerator component 216. The core 
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component 212 may provide functions that are needed internally by the other 

components 214, 216. In embodiments, the core component 212 may provide lock-free 

data structures, thread synchronization primitives, and buffer management classes. The 

core component 212 may not be used directly by the users of the system 200. The graph 

component 214 may provide functions related to the task management. In embodiments, 

the graph component 214 may provide dataflow graphs, specializing nodes, and 

registering data buffer pools. The accelerator component 216 may serve as a bridge 

between the CPU runtime 210 and GPU runtime 230. In embodiments, the accelerator 

component 216 may provide interfaces to the graph component 214 for offloading task 

executions to tiles in the GPU runtime 230. The CPU device may also comprise one or 

more input channels 220 and a CPU task pool 222 that will be described in detail below.  

[0043] In embodiments, the system 200 may use a dataflow mechanism and a 

producer-consumer pattern for implementing the task management of the system 200.  

The dataflow architecture may construct a static graph representing the sequenced 

computations of an application that manipulates data contained in buffers. The buffers in 

an application flow through the graph nodes in a predefined order. The dataflow of the 

buffers starts in a source node and go through transformation in processing nodes, and 

end their lifecycle in a sink node, where resources such as buffers are recycled. The 

nodes are linked together by unidirectional buffer channels called ports or channels. The 

order of processing implies producer-consumer relationships and therefore data 

dependencies between nodes in the graph. For example, the system may have two nodes 

each containing one input and one output port. The output port of one node may be 

linked to the input port of the other node in which case there is an implied data 

dependency between the two nodes with the first node playing the role of producer and 
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the other node playing the role of consumer. During execution, the runtime will execute 

the computation on a buffer in the first node and pass it to the output port. Since this 

output port is connected to the input port of the second node, that node will become 

active and the runtime will execute its computation. The buffers are modified in a series 

of computational stages embedded in the nodes which are connected via their ports to 

form a dataflow graph. In the dataflow architecture, at least one source node to inject 

new buffers into the system and at least one sink node to recycle buffers that reach the 

end of their lifecycle should be provided. In embodiments, source and sink nodes in 

production systems are often implemented as network endpoints that form the external 

interfaces of the dataflow graph. Herein, an input channel 220 of a node works as a 

starting point of the processes described in FIGs. 5-6. The processes start when a buffer 

(e.g., a task) arrives at the input channel 220.  

[0044] The system 200 may present the CPU runtime 210 and the GPU runtime 230 as 

a virtual compute cluster of homogeneous processors. The processors and memory 

elements of the CPU runtime 210 and the GPU runtime 230 may be grouped in a virtual 

tile cluster 260. A tile in the virtual tile cluster 260 may comprise at least one main 

processor and memory. The tiles may be considered as independently addressable vector 

processors with their own local memories.  

[0045] In embodiments, the GPU runtime 210 may present the GPU device (e.g., 130 

in FIG. 1) not as a massively wide vector processor operating on bulk data, but rather as 

a collection of independent tiles (i.e., virtual tile cluster 260) each mapped to a physical 

warp in hardware. For example, for a GPU having 5,120 cores (80 SMs x 2 warps x 32 

scalar cores), the GPU runtime 230 does not behave as a device with 5,120 cores 

operating in SIMD (single-instruction single-data) over a dataset, but behave as a virtual 
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cluster of 160 independent 32-lane vector processors in a shared memory system 

operating in MIMD (many-instructions many-data). That is, the 5,120 cores GPU may 

be viewed as 160 tile engines, where each tile engine comprises a vector processor and 

32 subprocessors (lane or scalar processors). Accordingly, parallel algorithms 

implemented with shared-memory or message-passing programming models such as 

OpenMP (Open Multi-Processing) or MPI are more easily ported to the GPU. To be 

consistent with this architecture, any existing CUDA kernels are required to be converted 

to a set of tasks implemented as warp-level codelets. In embodiments, private scratchpad 

memory (sometimes referred as shared memory by NVIDIA) in each SM of the GPU 

runtime 230 are partitioned across the tiles so that each tile has an equal portion of the 

memory. For example, if each SM has 64KiB of dedicated on-chip scratchpad memory 

and consists of 4 warps, the runtime will reserve 16KiB of exclusive on-chip scratchpad 

memory per tile.  

[0046] A virtual unified memory 250 may be formed, for directing work to individual 

tiles, out of combined memory elements of the CPU runtime 210 and the GPU runtime 

230. The GPU runtime 230 may work in concert with the CPU runtime 210 to 

implement shared fixed-capacity ring buffers in the virtual unified memory 250, such as 

ingress ring 252 and egress ring 254. In some embodiments, the virtual unified memory 

150 may comprise more than one ingress ring and more than one egress ring. These 

rings are designed for very high throughput and internally make use of system-wide 

atomic operations and memory fences on both the CPU and GPU for low latency and 

scalability. All ring slots are aligned on cache-line boundaries which means that the size 

of ring slots is determined based upon cache-line size for performance reasons. The 

rings may impose a FIFO (first-in first-out) ordering, and each end of a ring may be 
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optimized depending on whether it expects multiple or single clients. The dataflow 

framework is capable of constructing an arbitrary network of directional rings to 

simulate various kinds of virtual interconnects, such as peer-to-peer channels, single

consumer mailboxes, or a fully-connected mesh. In embodiments, any number of rings, 

of any size, and with any slot capacity can be created to be customized and tuned for a 

specific application. Since the ingress ring 252 and egress ring 254 are allocated in the 

virtual unified memory 250 that is accessible by the CPU runtime 210 and the GPU 

runtime 230, pointers of ring slots passed between the CPU and GPU are valid and may 

be accessed without explicit memory transfers. In some embodiments, some GPUs may 

have hardware page-migration engines that move data at page-granularity across the 

physical interconnect (i.e., PCIe, NVLink) in response to page faults.  

[0047] The input channels 220 may receive a task from an external element (e.g., a 

server or a user interface). In embodiments, developers of the system 200 may register 

the types and quantity of data buffers that will be used in applications using a graph 

interface provided by the graph component 214. The buffer type may incorporate both 

the sized scalar type as well as the dimension of the vector. All buffers are pre-allocated 

to avoid system heap allocations at runtime. Heap allocations in the data path of an 

embedded application may introduce substantial latency. Instead, the runtime manages 

requests for buffers and recycles the requests when they are no longer needed. The 

buffers are allocated from the unified virtual memory 250 which is visible to both the 

CPU and GPU devices. This enables buffer pointers to be passed and accessed 

transparently by the CPU and GPU without the need for explicit DMA commands to 

copy data to and from the data buffers. In embodiments, all buffers are aligned on cache

line boundaries for performance reasons.  
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[0048] The system 200 may spawn one 1/0-bound thread called an actor (e.g., 310 in 

FIG. 3) within each graph node generated by the graph component 214. The actor may 

be tasked with blocking on the input channel 220. When a task is received at the input 

channels 220, the actor thread offloads the computation on the buffers to either a CPU 

task pool 222 managed by the CPU device or to a GPU device via the accelerator 

component 216. The actor then may be suspended, consuming no CPU cycles until the 

CPU task pool or GPU finishes execution of the offload request and notifies the actor 

completion of the task.  

[0049] In embodiments, the CPU task pool 222 is used to avoid oversubscription of the 

CPU runtime 210. The number of threads executing in the CPU task pool 222 does not 

exceed the available hardware concurrency (i.e., the number of concurrent threads) on 

the CPU runtime 210. In some embodiments, the task pool 222 can be configured so that 

threads actively spin when idle or park until any resource becomes available. For 

example, the CPU task pool 222 may be configured such that threads spin to minimize 

latency at the expense of power consumption. A task offloaded to the CPU task pool 222 

runs to completion on an available task pool thread. In embodiments, since the task in 

the CPU task pool 222 is not preempted (i.e., interrupted), the task should not include 

blocking operations as that would tie up a valuable CPU resource. The CPU task pool 

222 is designed to accelerate compute-bound computations only.  

[0050] In embodiments, developers of the system 200 may create tasks for processing 

nodes in a data-parallel style similar to OpenMP interface. If there is no inherent 

parallelism within a computation, the task may be implemented as a serial function.  

Accordingly, an application focusing on testing system behavior may be easily 

implemented using this architecture. When one of the nodes generated by the graph 
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component 214 is found to be compute-bound, the node can be optimized by 

implementing the logic as fine-grained tasks and offloaded to the CPU task pool to 

reduce latency. When a node is compute-bound, the time for the node to complete a task 

is determined mainly by the speed of the central processor, thus processor utilization is 

high and interrupts generated by peripherals (e.g., hard disk) may be processed slowly, or 

substantially delayed. In embodiments, parallelism in computing may exist on two 

levels in the dataflow graph. Distinct graph nodes may execute concurrently once all 

input channels 220 become active. The only constraint on parallel execution may come 

from data dependencies between nodes. On another level, the internal logic of each 

processing node may expose data parallelism and when converted to appropriate tasks 

can be accelerated with the CPU task pool.  

[0051] The GPUruntime 230 may comprise a GPU scheduler232 and a codelets 

package 234. The GPU scheduler 232 may perform functions for executing tasks in the 

GPU runtime 230, which will be explained in detail below. The codelets package 234 is 

a static library of GPU programs developed for an application to be executed by the 

system 200. The codelets in the codelets package 234 are implemented as GPU device 

functions each sharing a common function signature. In embodiments, implementation 

of the GPU runtime 230 may depend on an application framework, such as CUDA and 

Khronos OpenCL, provided by GPU vendors. Particularly, the GPU runtime 230 is 

linked to the runtime library in the application framework of the GPU vendor which 

exposes an abstract accelerator interface capable of supporting non-GPU devices. In 

embodiments, the GPU runtime 230 may provide an API to enable the user to register 

their codelets with the scheduler and also package up these codelets into codelets 

package 234 which are separately compiled.  
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[0052] In embodiments, any thread on the CPU runtime 210 and any tile engine in the 

virtual tile cluster 260 may push work requests (i.e., tasks) on any ingress ring 252 

enabling full point-point communications across the heterogeneous system (CPU/GPU).  

Accordingly, a task is produced to be performed by tile engines in the virtual tile cluster 

260. In some embodiments, the first 8 bytes of each task may contain an opcode which 

the GPU scheduler 232 uses to dispatch the task to the appropriate GPU tile at runtime.  

In other embodiments, the size of the opcode may be different from 8 bytes and the 

opcode may be located at other places than the first part of the task. The remaining bytes 

of the task may contain the arguments and data needed by the task. In some 

embodiments, because the ingress ring 252 exists in shared virtual managed memory, the 

CPU runtime 210 can pass pointers as task arguments and the GPU runtime 230 may 

page fault to bring the pages into GPU memory upon pointer access. Accordingly, it is 

not necessary to explicitly manage memory transfers in this programming model, though 

nothing prevents a user from pre-allocating non-pageable memory and using the GPU 

DMA functions to fetch task arguments as part of task execution. Upon dispatch, a task

specific codelet is executed on the tile engine. The task always receives the allocation of 

the on-chip scratchpad memory of the tile for their use. When a task is executed on a 

tile, the tile may use the private scratchpad memory assigned to the tile.  

[0053] The GPU scheduler 232 may bypass the hardware scheduler provided by the 

manufacturer of the GPU (e.g., NVIDIA GPU scheduler). In embodiments, the GPU 

scheduler 232 may launch as many threads as necessary to implement the number of tiles 

in a chosen tile configuration. Those threads may be further partitioned into warp-sized 

tiles. In some embodiments, the GPU scheduler 232 may place the first thread of each 

tile, called the leader, in charge of interacting with an ingress ring 252. The leader may 
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consume tasks from the ingress ring 252 and then dispatch on the task opcode to the 

appropriate task codelet. Each tile engine lane (including the leader) may then process 

the task and will be given identifying information that the tile can use to determine what 

action to take based on its identity within the engine. In general, each lane will assign 

itself a subrange of data that is divided by the GPU scheduler 232 to process in parallel 

to avoid having to synchronize with other lanes. When there is no request on the ingress 

ring, the leader blocks operation of its corresponding tile. In embodiments, only the 

leader lane of each tile engine may consume tasks from the ingress ring 252, but any 

engine lane can produce tasks (e.g., completion token) on the egress ring 254. In some 

embodiments, the leader lane may produce tasks on any ingress ring in the system. This 

production of tasks may include the self-scheduling of tasks on the same tile engine. In 

other embodiments, any lane, when the GPU supports the feature, may produce tasks on 

any ingress ring in the system.  

[0054] When a task arrives on the ingress ring 252, the leader may broadcast the task 

to subprocessors (i.e., scalar processors) that belong to the tile by broadcasting a ring slot 

pointer to each peer thread in the tile. Then, each subprocessor including the leader of 

the tile may execute the requested codelet in parallel. The subprocessors are identified 

within a tile by a unique identifier called a rank. If a request received from the ingress 

ring 252 is a special command to halt the GPU scheduler 232, the leader broadcasts 

(using a GPU shuffle instruction) the halt status to each peer and the tile terminates 

operation. Once the codelet associated with the task is executed, all peer threads in the 

tile may synchronize and the leader may send a completion token to an egress ring 254 

such that an actor that is a suspended CPU thread responsible for the task request can be 
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woken up. The GPU scheduler loop may repeat until the CPU runtime sends a halt 

command which occurs as part of the termination protocol (e.g., a poison pill).  

[0055] In embodiments, the GPU runtime 230 uses the warp shuffle instruction to 

broadcast the task to the subprocessors. Accordingly, using valuable scratchpad memory 

to share scheduler state may be avoided. By making use of warp-level instructions, the 

resources of the GPU may be preserved for use exclusively by codelets. Since warp 

instructions operate at the register level, the warp instructions consume no memory 

bandwidth and so are much more efficient than using the scratchpad memory.  

[0056] In embodiments, offloading a task through the CPU task pool 222 and the 

accelerator component 216 may provide distinct interfaces. Thus, developers may be 

required to choose which offload engine they will use. In some embodiments, the two 

mechanisms may be merged to offer the same tile and local memory abstraction. Herein, 

the CPU runtime 310 may present CPU cores as tiles with 1-lane vector processors 

(effectively scalar processors). Additionally, a shared memory in the CPU runtime 210 

may emulate the concept of a scratchpad memory in the GPU runtime 230. For example, 

cache-line locking may be used if the CPU supports it. Accordingly, the same codelet 

may work on both CPU and GPU tiles and would present a common programming 

model across all compute elements in a heterogeneous system. This would also enable 

CPU and GPU tiles to work cooperatively at the level of tasks to accelerate computation 

on large datasets.  

[0057] When the tile engines in the virtual tile cluster 260 are busy processing 

incoming tasks, the system 200 may need a mechanism to halt the tile engines without 

dropping pending tasks or interrupting tasks that are currently being executed. In some 
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embodiments, a reference implementation of distributed termination detection 

algorithms, such as a simple poison-pill protocol may be used. Herein, a user may place 

a halt task (the poison pill) into each tile engine ingress ring 252. Upon receiving the 

halt task, the GPU runtime 230 engine may exit the GPU scheduler 232. The CPU 

runtime 210 then may enter a system-wide barrier to wait for the thread blocks (hosting 

the tile engines) to terminate at which point the CPU thread is unblocked.  

[0058] Referring now to FIG. 3, the sequence of an offload request to the GPU runtime 

330 is presented. When a task is received at an input channel 314 of a node 312, a thread 

316 corresponding to the task is assigned to the task. In embodiments, thread creation is 

done at start-up of the GPU runtime, and an available thread is assigned to an incoming 

task. According to pre-defined rules, the task may be determined to be offloaded to the 

GPUruntime330. Ina GPU offload request 322, the CPU runtime 310 may transfer 

information related to the offload request to a slot 342 of an ingress ring 340 in the 

unified virtual memory (e.g., 250 in FIG. 2). In embodiments, the CPU runtime 310 may 

marshal a codelet descriptor, pointers to data buffers, and any scalar parameters the 

codelet requires, into the slot 342 of the ingress ring 340. A codelet (not shown) 

corresponding to the task has been compiled into the codelet package 356 which has 

been loaded into the GPU runtime 330 as part of application start-up.  

[0059] In embodiments, the thread 316 may suspend itself as the task is offloaded to 

the GPU runtime 330. The thread 316 may wait until the GPU runtime 330 has finished 

execution of the requested codelet. When a tile 352, 354 assigned to the task completes 

execution of the task, the tile may deposit a completion event or a completion token 364 

on an egress ring 360. The completion token 364 is used to inform the thread that the 

offload request is completed, and the node thread can wake up. In embodiments, the 
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GPU runtime 330 does not directly communicate to a thread running in the CPU runtime 

310. That is the GPU runtime 330 cannot send a signal or interrupt to the thread 316 that 

the task is done. Accordingly, the CPU runtime 310 needs a mechanism to check the 

status of the GPU runtime 330 to determine completion of the offload requests. A 

completion handler thread 320 in the CPU runtime 310 may perform this function. The 

completion handler 320 may check the egress ring 360 for a completion token on behalf 

of all nodes running in the CPU runtime 310. The completion handler 320 may handle 

each completion token on the egress ring 360 to wake up 324 the corresponding node 

thread. 316. Accordingly, one polling thread (i.e., completion handler 320) in the CPU 

runtime 310 may handle completion of tasks instead of one per offload request. In some 

embodiments, if the GPU runtime supports a suitable CPU signaling mechanism, the 

CPU signaling mechanism may be used instead of the completion handler 320. In some 

embodiments, each completion token may include a reference to a barrier to the CPU 

runtime 210 associated with the requesting CPU thread. When the completion token is 

dispatched, the associated barrier may be also unblocked upon receipt of the token, 

allowing the CPU thread to continue processing.  

[0060] The GPU runtime 330 may provide abstract concepts such as tiles 352, 354 

with local memories instead of physical GPU device features such as warps, SMs, 

scratchpad memories, or scalar cores. In some embodiments, a subset of the total 

number of tiles available called a'slice' may be used. The slice may be composed of 

from one to the maximum number of tiles available on the GPU runtime 330 according 

to a configuration. Herein, the GPU runtime 330 executes codelets on the slice, not on a 

tile beyond the slice. Using a smaller subset of tiles could be used to reduce power 
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consumption on the GPU or enable multi-tenant scenarios where a vendor library or 

other runtime could make use of the GPU resources outside of the reserved slice.  

[0061] Referring now to FIG. 4, different GPU tile layouts are presented. The GPU 

runtime (e.g., 230 in FIG. 2) is highly configurable and supports various tile 

configurations depending on the scratchpad memory or throughput requirements of the 

codelets. FIG. 4 presents exemplary tile configurations assuming a hypothetical GPU 

with 3 SMs. The first configuration 410 may maximize the scratch-pad memory per tile 

at the cost of reduced throughput capacity. Herein, one tile is enabled per SM while this 

configuration could leave several warps worth of scalar cores unused in the SM. The 

second configuration 420 may create as many tiles as possible to exactly cover the 

number of scalar cores on each SM. Herein, the scratchpad memory is partitioned across 

those tiles accordingly. This configuration may expose all the SM resources to the GPU 

runtime (e.g., 230 in FIG. 2) but scratchpad memory will be more limited as compared to 

the maximum memory configuration 410. The overdrive configuration 430 may 

oversubscribe the underlying scalar cores by doubling the number of tiles visible to the 

GPU runtime. This configuration generally achieves the highest throughput since the 

GPU hardware (unlike CPU threads) can switch between warps with zero cost when the 

warps stall on GPU DRAM accesses. Herein, the scratchpad memory allocations per tile 

are half the size per tile as compared to the default configuration 420.  

[0062] FIGs. 5 and 6 are flow diagrams illustrating the processing performed by the 

CPU runtime and GPU runtime (e.g., 210 and 230 in FIG. 2). Rectangular elements 

(typified by element 510 in FIG. 3), herein denoted "processing blocks," represent 

computer software instructions or groups of instructions and diamond shaped elements 

(not shown), herein denoted decision blocks represent computer software instructions or 
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groups of instructions which affect the flow of the processing blocks. The processing 

blocks may represent steps performed by functionally equivalent circuits such as a digital 

signal processor (DSP) circuit or an application specific integrated circuit (ASIC). The 

flow diagrams do not depict the syntax of any particular programming language but 

rather illustrate the functional information one of ordinary skill in the art requires to 

fabricate circuits or to generate computer software to perform the processing required of 

the particular apparatus. It should be noted that many routine program elements, such as 

initialization of loops and variables and the use of temporary variables may be omitted 

for clarity. The particular sequence of blocks described is illustrative only and can be 

varied without departing from the spirit of the concepts, structures, and techniques 

sought to be protected herein. Thus, unless otherwise stated, the blocks described below 

are unordered meaning that, when possible, the functions represented by the blocks can 

be performed in any convenient or desirable order.  

[0063] Referring now to FIG. 5, a process 500 for accelerated dataflow signal 

processing may be carried out by a system (e.g., 200 in FIG. 2) comprising a CPU 

runtime (e.g., 210 in FIG. 2) and GPU runtime (e.g., 230 in FIG. 2). In processing step 

510, the system 200 may form a virtual tile cluster (e.g., 260 in FIG. 2) out of cores and 

memories of a CPU device (e.g., 110 in FIG. 1) and a GPU device (e.g., 130 in FIG. 1).  

The tiles in the virtual tile cluster may function like CPU cores both at the algorithmic 

level as well as the communications infrastructure level. The tiles may be considered as 

independently addressable vector processors with their own local memories. In 

processing step 520, the system may form a virtual unified memory (e.g., 250 in FIG. 2) 

that is accessible from both the CPU runtime and GPU runtime. In processing step 530, 

the CPU runtime may wait for a task at an input channel or an input port (e.g., 220 in 
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FIG. 2). There may be one or more input channels at one or more nodes created in the 

CPU runtime. When a task arrives at an input channel (processing step 540), the CPU 

runtime may assign the task to at least one tile in the virtual tile cluster. The tile may be 

located in the CPU device or the GPU device. If the task is assigned to a tile in the CPU 

device, the task is inserted into a CPU task pool (e.g., 222 in FIG. 2). If the task is 

assigned to a tile in the GPU device, the task is offloaded to the GPU runtime via an 

accelerator component (e.g., 216 in FIG. 2). The process of offloading a task is 

described in detail in process 600 in FIG. 6. In processing step 560, the task is executed 

by the assigned tile. Then, the CPU runtime may continue to wait for more task 

(processing step 530) until the system is instructed to stop by a termination protocol, 

such as a poison pill.  

[0064] Referring now to FIG. 6, a process 600 for offloading a task to a GPU runtime 

(e.g., 230 in FIG. 2) may be carried out by a system (e.g., 200 in FIG. 2) comprising a 

CPU runtime (e.g., 210 in FIG. 2) and GPU runtime. In processing step 610, the CPU 

runtime, via the accelerator component (e.g., 216 in FIG. 2) may insert the task into a 

slot in an ingress ring (e.g., 252 in FIG. 2). The CPU runtime may also transfer 

information including data for the task to execute the task to the ingress ring. In some 

embodiments, an object corresponding to the task may contain the related information.  

The CPU runtime may create or assign a thread (e.g., 316) corresponding to the task. In 

processing step 630, the CPU runtime may put the thread on hold. In processing step 

632, the actor is waiting for a wake-up signal. The task inserted into a slot of the ingress 

ring is dispatched by the GPU runtime in processing step 640. In processing step 642, 

the GPU runtime, particularly the GPU scheduler (e.g., 232 in FIG. 2), broadcasts the 

task to subprocessors in the assigned tile using a GPU warp shuffle instruction. In 

25



WO 2020/117388 PCT/US2019/057796 

embodiments, one shuffle instruction may broadcast the task to subprocessors. In 

embodiments, the subprocessors may be scalar processors. In processing step 644, the 

GPU scheduler may divide the data for the task for each of the subprocessors and assign 

the divided data to each subprocessor. In processing step 646, each of the subprocessors 

may execute a codelet corresponding to the task using the assigned divided data. That is, 

each subprocessor executes the same codelet with a different partition of the divided 

data. In processing step 648, when execution of the task is done, the GPU runtime 

inserts a completion token in a slot in an egress ring (e.g., 254 in FIG. 2). In processing 

step 634, the CPU runtime may notice the completion token and pull the completion 

token from the egress ring. In embodiments, a completion handler (e.g., 320 in FIG. 3) 

may check the egress ring and pull the completion token. In processing step 636, the 

CPU runtime may wake-up the actor. In some embodiments, a barrier to the CPU 

runtime may be released when the actor is woken up.  

[0065] Referring now to FIGs. 7-9, the GPU runtime (e.g., 230 in FIG. 2) maybe 

customized to implement a variety of virtual interconnect topologies and tile layouts 

depending on the requirements of an application. Choosing a virtual interconnect and 

tile layout may imply a particular execution model and may affect the implementation of 

GPU codelets as well as the organization of the dataflow application. FIGs. 7-9 describe 

exemplary runtime configurations with corresponding application use cases. In some 

embodiments, a combination of the use cases may be the most appropriate. The 

configurations may be determined based upon the processing needs of the GPU codelets 

used and the communication patterns employed among tiles.  

[0066] Referring now to FIG. 7, a configuration that emulates an actor-network is 

presented. An actor in this context is a processing node with an associated mailbox.  
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Each tile 712, 714, 732, 734 (as an actor) may accept codelet requests (i.e., tasks) on its 

mailbox and executes the requests sequentially. Herein, the sequence of execution of the 

incoming requests is maintained based upon the order of originating from the same 

source. In embodiments, a mailbox associated to each time may be implemented as a 

multiple-producer single-consumer ring 722, 724 in the unified virtual memory 720. The 

rings 722, 724 are unidirectional and may work similarly with an ingress ring (e.g., 252 

in FIG .2) that accepts codelet requests. The numbering of the tiles and rings in FIG. 7 

illustrate that each tile is associated with a unique ring. Herein, tiles exist on both the 

CPU device 710 and the GPU device 730. Each tile 712,714 in the CPU device 710 

may have own cache 716. The tiles in the GPU device 730 may share cache 736 and 

also may have own scratchpad memory 738. Furthermore, any tile may send codelet 

requests to any other tile. For example, tile 3 on the CPU device may send a codelet 

request to the GPU tile labeled tile 4. After executing the codelet, tile 4 may send a 

codelet request back to tile 3. In some embodiments, dataflow applications may employ 

a programming model where each actor is a stage (i.e., a processing element in a pipeline 

that can execute concurrently) in a dataflow graph and each mailbox represents the 

associated input ports. In this model, the dataflow graph may be mapped directly onto 

this actor network. The dataflow graph may be executed by mapping all processing 

nodes in the graph to GPU tiles. This model is beneficial because doing so could 

substantially reduce end-to-end latency since the entire critical path of the dataflow graph 

executes on the GPU without CPU involvement.  

[0067] Referring now to FIG. 8, a simple virtual interconnect and tile layout is 

presented. Herein, tiles exist on both the CPU device 810 and the GPU device 830.  

Each tile 812, 814 in the CPU device 810 may have own cache 816. Thetilesinthe 
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GPU device 830 may share cache 836 and also may have own scratchpad memory 838.  

The virtual unified memory 820 consists of a single pair of ingress ring 822 and egress 

ring 824. Herein, a tile 812 in the CPU device 810 may initiate codelet requests on the 

ingress ring 822. All GPU tiles 832, 834, . . . may take and execute the codelet requests 

as the requests arrive via the ingress ring 822. After a GPU tile 834 executes a codelet, 

the tile 834 may place a completion token on the egress ring 824 where a completion 

handler (e.g., 320 in FIG. 3) in the CPU device 810 gets a notice. In contrast to the 

actor-network configuration in FIG. 7, the GPU tiles are anonymous. That is, a sender of 

codelet requests is not concerned with which specific GPU tile executes the request.  

This pattern of configuration may be called a 'task pool' or 'work crew' and is 

commonly found in server software. This configuration may be easily scaled out by 

upgrading to a more powerful GPU (or adding more GPUs) to host additional tiles.  

[0068] Referring now to FIG. 9, an alternative interconnect and tile topology sharing 

qualities with both actor-network in FIG. 7 and task pool configuration in FIG. 8 is 

presented. Herein, tiles exist on both the CPU device 910 and the GPU device 930.  

Each tile 912, 914 in the CPU device 910 may have own cache 916. The tiles 932, 934 

in the GPU device 930 may share cache 942 and also may have own scratchpad memory 

946. The GPU tiles 932, 934, . . . are divided into partitions 936, 938, 940. Each of the 

partitions is assigned one or more codelets unique to that partition. Herein, each tile 

partition 936, 938, 940 is associated with a unique ingress ring 922, 924, 926 and all 

partitions share a single egress ring 928 in the unified virtual memory 920. This 

configuration may improve locality of the resources particularly when the partitions are 

aligned on meaningful hardware boundaries (such as a GPU multi-processor). In 

particular, the configuration can improve cache utilization. In addition, algorithms 
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execute on a tile in complete isolation from other tiles which can be exploited to fill a 

GPU with many algorithms that when scheduled in isolation would not have enough 

exposed parallelism to run efficiently on a GPU. For example, in the case of NVIDIA 

GPUs, the partitions 936, 938, 940 may be aligned on SM boundaries so that all tiles in a 

partition share the same LI cache of that SM. In this case, when one or a small set of 

codelets execute in a partition, the LI cache maintains substantially the same information 

which improves overall performance. This configuration also may reduce contention 

relative to the task pool configuration in FIG. 8 since codelet requests are spread across 

multiple ingress rings 922, 924, 926. Herein, GPU tiles are anonymous only within a 

partition. A single egress ring 928 is shared across all partitions to accept codelet 

completion tokens. In some embodiments, more than one egress rings may be employed.  

In another embodiment for a dataflow application, one partition consisting of a single tile 

for a relatively small DSP computation may be reserved. Another partition of several 

tiles could host all forward and inverse FFT codelets since functions and data are shared 

(i.e., coefficient table, bit-reversal function) across those algorithms. A third partition 

may serve as a general-purpose task pool for any remaining codelets where locality is not 

beneficial.  

[0069] Referring now to FIG. 10, an illustrative implementation of a processing device 

1000 which may be suitable to implement the processing techniques described herein 

includes a CPU 1002, a GPU 1004, a volatile memory 1004, a non-volatile memory 1008 

(e.g., hard disk) and the interface module 1008 (e.g., a user interface, USB interface and 

so forth). The non-volatile memory 1008 may store computer instructions 1010, an 

operating system 1012 and data 1014. In one example, the computer instructions 1010 
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are executed by the CPU 1002 out of volatile memory 1004 to perform all or part of the 

processes described herein (e.g., processes 500, 600).  

[0070] The processes described herein (e.g., processes 500, 600) are not limited to use 

with hardware and software of FIGs. 2 or 10; they may find applicability in any 

computing or processing environment and with any type of machine or set of machines 

that is capable of running a computer program. The processes described herein may be 

implemented in hardware, software, or a combination of the two. The processes 

described herein may be implemented in computer programs executed on programmable 

computers/machines that each includes a processor, a non-transitory machine-readable 

medium or another article of manufacture that is readable by the processor (including 

volatile and non-volatile memory and/or storage elements), at least one input device, and 

one or more output devices. Program code may be applied to data entered using an input 

device to perform any of the processes described herein and to generate output 

information.  

[0071] The system maybe implemented, at least in part, via a computer program 

product, (e.g., in a non-transitory machine-readable storage medium such as, for 

example, a non-transitory computer-readable medium), for execution by, or to control the 

operation of, data processing apparatus (e.g., a programmable processor, a computer, or 

multiple computers). Each such program may be implemented in a high-level procedural 

or object-oriented programming language to work with the rest of the computer-based 

system. However, the programs may be implemented in assembly, machine language, or 

Hardware Description Language. The language may be a compiled or an interpreted 

language, and it may be deployed in any form, including as a stand-alone program or as a 

module, component, subroutine, or another unit suitable for use in a computing 
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environment. A computer program may be deployed to be executed on one computer or 

multiple computers at one site or distributed across multiple sites and interconnected by a 

communication network. A computer program may be stored on a non-transitory 

machine-readable medium that is readable by a general or special purpose programmable 

computer for configuring and operating the computer when the non-transitory machine

readable medium is read by the computer to perform the processes described herein. For 

example, the processes described herein may also be implemented as a non-transitory 

machine-readable storage medium, configured with a computer program, where upon 

execution, instructions in the computer program cause the computer to operate in 

accordance with the processes. A non-transitory machine-readable medium may include 

but is not limited to a hard drive, compact disc, flash memory, non-volatile memory, 

volatile memory, magnetic diskette and so forth but does not include a transitory signal 

per se.  

[0072] The inventive concepts described herein provides a software middleware that 

presents a GPU device not as a wide but restrictive vector processor but as a flexible 

compute cluster or a manycore CPU. Accordingly, the "virtual" compute cluster or 

manycore CPU may be programmed using task-based or message-based programming 

models familiar to CPU programmers. The architecture described herein implements a 

scalable user space software runtime (including a GPU scheduler) and a lightweight 

application framework for constructing and accelerating dataflow graphs on both 

multicore CPU and GPU devices.  

[0073] Having described preferred embodiments, which serve to illustrate various 

concepts, structures and techniques, which are the subject of this patent, it will now 

become apparent that other embodiments incorporating these concepts, structures and 
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techniques may be used. Accordingly, it is submitted that the scope of the patent should 

not be limited to the described embodiments but rather should be limited only by the 

spirit and scope of the following claims.  

[0074] Accordingly, other embodiments are within the scope of the following claims.  
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CLAIMS 

1. A method comprising: 

forming a virtual tile cluster, wherein the virtual tile cluster comprises a plurality of 

independently addressable tiles, wherein each of the tiles comprises a main processor and 

memory from a Central Processing Unit (CPU) device or a Graphics Processing Unit (GPU) 

device, and wherein a tile in the GPU device further comprises one or more subprocessors; 

forming a virtual unified memory, wherein the virtual unified memory is accessible by 

the CPU device and GPU device and the virtual unified memory comprises one or more ingress 

rings and one or more egress rings; 

generating a task; 

assigning the task to at least one tile of the virtual tile cluster according to a pre-defined 

rule; 

inserting the task into an ingress ring in the virtual unified memory; 

in response to the task being assigned to the at least one tile in the GPU device: 

broadcasting the task to the one or more subprocessors of the at least one tile 

using a GPU shuffle instruction; and 

dividing data associated with the task and assigning each of divided data to each 

of the one or more subprocessors, wherein the each of the one or more subprocessors 

runs a codelet corresponding to the task using the each of divided data; and 

executing the task by the at least one tile of the virtual tile cluster.  

2. The method of claim 1, further comprising: 

generating or assigning a thread corresponding to the task, wherein the thread is 

suspended when the task is assigned to the at least one tile; 

inserting a completion token for the task into an egress ring in the virtual unified 

memory upon completion of execution of the task; and 

in response to pulling the completion token from the egress ring, waking up the thread.  

3. The method of claim 2, wherein the completion token comprises a reference to a barrier 

to the CPU device that is associated with the thread and the barrier is unblocked upon the 

pulling the completion token.  
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4. The method of claim 1, wherein the main processor of the at least one tile in the GPU 

device comprises a vector processor and the one or more subprocessors comprises one or more 

scalar processors.  

5. The method of claim 1, wherein numbers of the one or more ingress ring and one or 

more egress ring are configurable.  

6. The method of claim 1, wherein the task is dispatched based upon an opcode of the 

task.  

7. The method of claim 1, wherein the task is broadcasted by a hardware instruction of the 

GPU device comprising the GPU shuffle instruction.  

8. The method of claim 1, wherein the codelet corresponding to the task is selected from 

a codelets package.  

9. The method of claim 1, wherein a lane of each of the tiles is delegated to interact with 

the ingress ring and the lane dispatches the task from the ingress ring.  

10. The method of claim 1, wherein a subrange of the divided data assigned to a 

subprocessor is different from another subrange of the divided data assigned to another 

subprocessor.  

11. The method of claim 1, wherein at least one ingress ring and at least one egress ring are 

dedicated to each tile of the virtual tile cluster.  

12. The method of claim 1, wherein the pre-defined rule comprises mapping a tile of the 

virtual tile cluster to one or more codelets.  

13. A system comprising: 

a Central Processing Unit (CPU) runtime; 

a Graphics Processing Unit (GPU) runtime; 
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a virtual tile cluster comprising a plurality of independently addressable tiles, wherein 

each of the tiles comprises a main processor and memory from the CPU runtime and GPU 

runtime, and wherein a tile in the GPU runtime further comprises one or more subprocessors; 

a virtual unified memory comprising one or more ingress rings and one or more egress 

rings, wherein the virtual unified memory is accessible by the CPU runtime and GPU runtime, 

wherein the CPU runtime is configured to: 

generate a task; 

assign the task to at least one tile of the virtual tile cluster according to a pre

defined rule; and 

execute the task by the at least one tile of the virtual tile cluster, 

wherein the GPU runtime is configured to: 

in response to the task being assigned to the at least one tile in the GPU runtime, 

insert the task into an ingress ring in virtual unified memory; 

broadcast the task to the one or more subprocessors of the at least one tile using 

a GPU shuffle instruction; and 

divide data associated with the task and assigning each of divided data to each 

of the one or more subprocessors, wherein the each of the one or more subprocessors 

runs a codelet corresponding to the task using the each of divided data.  

14. The system of claim 13, wherein the CPU runtime is further configured to: 

generate or assign a thread corresponding to the task, wherein the thread is suspended 

when the task is assigned to the at least one tile; and 

in response to pulling a completion token from an egress ring in the virtual unified 

memory, waking up the thread, wherein the GPU runtime inserts a completion token for the 

task into the egress ring in the virtual unified memory upon completion of execution of the 

task.  

15. The system of claim 14, wherein the completion token comprises a reference to a barrier 

to the CPU runtime that is associated with the thread and the barrier is unblocked upon the 

pulling the completion token.  

16. The system of claim 13, wherein the main processor of the at least one tile in the GPU 

runtime comprises a vector processor and the one or more subprocessors, wherein each 

subprocessor comprise a scalar processor.  
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17. The system of claim 13, wherein numbers of the one or more ingress rings and one or 

more egress rings are configurable.  

18. The system of claim 13, wherein the task is broadcasted by a hardware instruction of 

the GPU runtime comprising the GPU shuffle instruction.  

19. The system of claim 13, wherein the pre-defined rule comprises mapping a tile of the 

virtual tile cluster to a codelet.  
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