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OBJECTIVES AND SCOPE

y Objectives

Introduce the Radeon Open Compute Platform (ROCm)

!a5Ωǎ DǊŀǇƘƛŎǎ /ƻǊŜ bŜȄǘ όD/bύ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ D/bо L{!

Describe the gem5-based APU simulator

y Scope

Emphasis on the GPU side of the simulator

APU (CPU+GPU) model, not discrete GPU

Covers GPU arch, GCN3 ISA, and HW-SW interfaces

y Why are we releasing our code?

Encourage AMD-relevant research

Modeling ISA and real system stack is important [1]

Enhance academic collaborations

Enable intern candidates to get experience before arriving

Enable interns to take their experience back to school

y Acknowledgement

!a5 wŜǎŜŀǊŎƘΩǎ ƎŜƳр ǘŜŀƳ

Modeling 
APU 

systems

[1] Gutierrezet al. Lostin Abstraction: Pitfallsof AnalyzingGPUsat the IntermediateLanguageLevel. HPCA,2018.
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QUICK SURVEY

y Who is in our audience?

Graduate students

Faculty members

Working for government research labs

Working for industry

y Have you written an GPU program?

CUDA, OpenCLTM, HIP, HC, C++ AMP, other languages

y Have you used these simulators?

GPGPU-Sim

Multi2Sim

gem5

Our HSAIL-based APU model

y Are you familiar with our HPCA 2018 paper?

Lost in Abstraction: Pitfalls of Analyzing GPUs at the Intermediate Language Level
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OUTLINE

Topic Presenter Time

Background Tony 8:00 ς8:15

ROCm, GCN3 ISA, and GPU Arch Tony 8:15 ς9:15

HSA Implementationin gem5 Sooraj 9:15ς10:00

Break 10:00ς10:30

Ruby and GPU Protocol Tester Tuan 10:30ς11:15

Demo and Workloads Matt 11:15ς11:50

Summary and Questions All 11:50 ς12:00
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BACKGROUND

y Overview of gem5

Source tree

y GPU terminology and system overview

y HSA standard and building blocks

Coherent shared virtual memory

User-level queues

Signals

etc.
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OVERVIEW OF gem5

y Open-source modular platform for system architecture research

Integration of M5 (Univ. of Michigan) and GEMS (Univ. of Wisconsin)

Actively used in academia and industry

y Discrete-event simulation platform with numerous models

CPU models at various performance/accuracy trade-off points

Multiple ISAs: x86, ARM, Alpha, Power, SPARC, MIPS

¢ǿƻ ƳŜƳƻǊȅ ǎȅǎǘŜƳ ƳƻŘŜƭǎΥ wǳōȅ ŀƴŘ άŎƭŀǎǎƛŎέ όaрύ

Including caches, DRAM controllers, interconnect, coherence protocols, etc.

I/O devices: disk, Ethernet, video, etc.

Full system or app-only (system-call emulation)

y Cycle-ƭŜǾŜƭ ƳƻŘŜƭƛƴƎ όƴƻǘ άŎȅŎƭŜ ŀŎŎǳǊŀǘŜέύ

Accurate enough to capture first-order performance effects

Flexible enough to allow prototyping new ideas reasonably quickly

y See http://www.gem5.org

y More information available from Jason Lowe-tƻǿŜǊΩǎ ǘǳǘƻǊƛŀƭ

http://learning.gem5.org/tutorial/

http://www.gem5.org/
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gem5

src

gpu -
compute

mem/

protocol

mem/

ruby

dev/

hsa

configs

APU SIMULATOR CODE ORGANIZATION

y Gem5 ă top-level directory

src /

gpu - compute/ ăGPU core model

mem/protocol/ ă APU memory model

mem/ruby/ ă APU memory model

dev/hsa/ ăHSA device models

configs/

example/ ă apu_se.py sample script

ruby/ ă APU protocol configs

For more information about the
configuration system, see Jason
Lowe-tƻǿŜǊΩǎtutorial.

Forthe remainderof this talk, fileswithout a directory
prefixare locatedin src / gpu - compute/
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GPU TERMINOLOGY

GPU
Core

L1D

GPU
Core

L1D

GPU
Core

L1D

GPU
Core

L1D

GPU I-Cache

L2

CU

TCP

CU

TCP

CU

TCP

CU

TCP

SQC

TCC

SQC: SequencerCache(sharedL1 instruction)

AMD terminology

CU: ComputeUnit (SMin NVIDIAterminology)

TCP: TextureCacheper Pipe
(privateL1 data)

TCC: TextureCacheper Channel
(sharedL2)

Scalar Cache Scalar Cache

Not shown(per GPUcore):

LDS: Local Data Share (Sharedmemory in NVIDIA
terminology,sometimescalledάǎŎǊŀǘŎƘǇŀŘέύ
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EXAMPLE APU SYSTEM
GPU + CPU CORE-PAIR WITH A SHARED DIRECTORY

CU

TCP

CU

TCP

CU

TCP

CU

TCP

SQC

TCC

CPU0 CPU1

CPU I-Cache

L1D L1D

L2

Directory
Memory

Controller
Memory

GPU

CPU

Scalar Cache
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AMD TERMINOLOGY IN A NUTSHELL

y Heterogeneous Systems Architecture (HSA) programming abstraction

Standard for heterogeneous compute ςsupported by AMD hardware

Light abstractions of parallel physical hardware

Captures basic HSA and OpenCL constructs, plus much more

y Grid: N-Dimensional (N = 1, 2, or 3) index space

Partitioned into workgroups, wavefronts, and work-items

GPU Core GPU Core

GPU

GPU Architecture

Workgroup Workgroup

Grid

HSA Model

Wavefront (WF)Work-item (WI)
Thread in 

CUDA

Grid in CUDA
Thread block 

in CUDA

Warp in CUDA

Grid Workgroup

Work-item
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SPECIFICATION BUILDING BLOCKS

HSA Hardware Building Blocks

y Shared Virtual Memory

Single address space

Coherent

Pageable

Fast access from all components

Can share pointers

y Architected User-Level Queues

y Signals

y Platform Atomics

y Defined Memory Model

y Context Switching

HSA Software Building Blocks

y HSA Runtime

Implemented by the ROCmruntime

Create queues

Allocate memory

Device discovery

y Multiple high-level compilers

CLANG/LLVM

C++, HIP, OpenMP, OpenACC, Python

y GCN3 Instruction Set Architecture

Kernel state

ISA encodings

Program flow control

Industry specifications to enable
existingprogramminglanguagesto
target the GPU

HSA Platform System Arch 
Specification

Industrystandard,architectedrequirementsfor
how devicessharememoryand communicate
with eachother

HSA System Runtime 
Specification

Open-
Source

http://hsafoundation.com

http://github.com/HSAFoundation

Open-
Source

GCN3 ISA

Specification

Open-
Source
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APU SIMULATION SUPPORT

HSA Hardware Building Blocks
y Shared virtual memory

Single address space

Coherent

Fast access from all components

Can share pointers

Pageable

y Architected user-level queues

Via architected queuing language (AQL)

y Signals

y Platform atomics

y Defined memory model

Basic acquire and release operations

Merging functional and timing models

y Context switching

HSA Software Building Blocks

y Radeon Open Compute platform (ROCm)

!a5Ωǎ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ I{! ǇǊƛƴŎƛǇƭŜǎ

Create queues

Device discovery

AQL support

Allocate memory

y Machine ISA

GCN3

y Heterogeneous Compute Compiler (HCC)

CLANG/LLVM ςdirect to GCN3 ISA

C++, C++ AMP, HIP, OpenMP, OpenACC, Python

Legend

Included in this release

Work-in-progress / may be released

Longer term work

Acquire and release semantics as implemented by the compiler
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OUTLINE

Topic Presenter Time

Background Tony 8:00 ς8:15

ROCm, GCN3 ISA, and GPU Arch Tony 8:15 ς9:15

HSA Implementationin gem5 Sooraj 9:15ς10:00

Break 10:00ς10:30

Ruby and GPU Protocol Tester Tuan 10:30ς11:15

Demo and Workloads Matt 11:15ς11:50

Summary and Questions All 11:50 ς12:00
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HW-SWINTERFACES

y ROCmςhigh-level SW stack

y HW-SW interfaces

y Kernel launch flow

y GCN3 ISA overview
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ARE YOU READY TO ROCm?

y HCC

Clang front end and LLVM-based backend

Direct to ISA

Multi-ISA binary (x86 + GCN3)

y ROCmStack

HCC libraries

Runtime layer ςROCr

Thunk(user space driver) ςROCt

Kernel fusion driver (KFD) ςROCk

y GPU is a HW-SW co-designed machine

Command processor (CP) HW aids in implementing 
HSA standard

Rich application binary interface (ABI)

y GPU directly executes GCN3 ISA

Runtime ELF loaders for GCN3 binary

SWSTACK AND HIGH-LEVEL SIMULATION FLOW

HCC

MEM

CU

Application 
source

x86 ELF

GCN3 ELF +
Code metadata

ROCr

HCC
Libraries

ROCk

Command 
Processor

Hardware

GPU

ROCt

See https://rocm.github.io for documentation, source, and more.

User space

OS kernel space

Runtime loader loads 
GCN3 ELF into memory

shader .[ hh|cc ]

compute_unit .[ hh|cc ]

gpu_command_processor .[ hh|cc ]
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DETAILED VIEW OF KERNEL LAUNCH

y User space SW talks to GPU via ioctl()

HCC/ROCr/ROCtare off-the-shelf ROCm

ROCkis emulated in gem5

Handles ioctl commands

y CP frontend

Two primary components:

HSA packet processor (HSAPP)

Workgroup dispatcher

y Runtime creates soft HSA queues

HSAPP maps them to hardware queues

HSAPP schedules active queues

y Runtime creates and enqueues AQL packets

Packets include:

Kernel resource requirements

Kernel size

Kernel code object pointer

aƻǊŜΧ

GPUFRONTEND AND HW-SWINTERFACE

MEM

CU

GPU
HSAPP

Dispatcher

HW Model Components

ROCk

User Space SW

ioctl ()gpu_compute_driver .[ hh|cc ]

dev/ hsa / hsa_packet_processor .[ hh|cc ]

dev/ hsa / hw_scheduler .[ hh|cc ]

CP

Head ptr

Tail ptr

HSA software queue

HW queue

HW Queue 
Scheduler

hsa_packet.hh

hsa_queue.hh

kernels work-
groups
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DETAILED VIEW OF KERNEL LAUNCH

y Kernel dispatch is resource limited

WGs are scheduled to CUs

y Dispatcher tracks status of in-flight/pending 
kernels

If a WG from a kernel cannot be scheduled, it is 
enqueued until resources become available

When all WGs from a task have completed, the 
dispatcher frees CU resources and notifies the host

DISPATCHER WORKGROUP ASSIGNMENT

1) Tryto dispatchWGson everycycle

2) Pick oldest AQL pkt in queue; if it has
unexecutedWGs,try to schedulethem on a CU

3) DispatchWG to CU if there are enough WF
slots,enoughGPRs,andenoughLDSspace

Shader

CU CU CU

GPU Dispatcher

AQL Pkt

AQL Pkt

-

HSA Queue Entry
(AQL kernel)

0

1

2

3

ID

AQL Pkt

Grid
wg(0, 0, 0) wg(1, 0, 0)

wg(0, 1, 0)wg(1, 1, 0)

dispatcher.[ hh|cc ]

hsa_queue_entry.hh
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DETAILED VIEW OF KERNEL LAUNCH

y ABI

Interface between the application binary (ELF) and 
other components (e.g., OS, ISA, and HW)

Function call convention, location of special values, 
etc.

y ABI state primarily maintained in register file

Some state maintained in the WF context for 
simplicity

y CP responsible for initializing register file state

Extracts metadata from code object (GPU ELF binary)

Initializes both scalar and vector registers

Kernel argument base address, vector condition codes 
(VCC), etc.

GPUABIINITIALIZATION

ABI
Binary

System software

HW/ISA

лȄтŦŦŦΧ

Χ
CP

Register File

AMD 
Kernel 
Code

Kernelarguments
baseaddress

VCC HI

VCC LO

kernel_code.hh

# Load 2 nd 64b kernel arg into s[2:3]
s_load_dwordx2 s[2:3], s[0:1], 0x08

GCN3 ISA application loading a kernel argument
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GPUMICROARCHITECTURE

y High-level gem5 and Ruby core models

y gem5 ISA/HW separation

Object oriented design

aƻŘǳƭŀǊΣ ŜȄǘŜƴǎƛōƭŜΧ

Possible to support multiple-ISAs

y GCN microarchitecture

y ƎŜƳрΩǎ ŎƻƴŎŜǇǘǳŀƭ ǇƛǇŜƭƛƴŜ ŀƴŘ ǘƛƳƛƴƎ Ŧƭƻǿ

y GCN3 ISA description

y gem5 compute unit implementation

Pipeline breakdown
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GPU CORE MODULES

y GPU core is the compute unit

Resources inside GPU Core

Instruction buffering, Registers, Vector ALUs

Resources outside GPU Core

TCP, TCC, SQC (Ruby based)

y Shader: object containing all GPU core 
models

The top-level view of the GPU in gem5

Contains multiple CUs

With other miscellaneous components

GPU CORE MODULES VS. RUBY MODULES

CU

TCP

CU

TCP

CU

TCP

CU

TCP

SQC

TCC

Hardware building blocks

GPU Core 

Modules
APU

Simulator

Ruby 

Modules

Simulator software modules

Scalar 
Cache
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ISA DESCRIPTION/MICROARCHITECTURE SEPARATION

y GPUStaticInst& GPUDynInst

Architecture-specific code src/arch/

Base instruction classes

ISA decoder

ISA state, etc.

Define API for instruction execution

e.g., execute() ςperform instruction execution

Implemented by ISA-specific instruction classes

y GPUExecContext& GPUISA

Define API for accessing ISA state

y Object-oriented design

Base classes define the API

Model uses base class pointers

Configuration system instantiates ISA-specific 
objects

GPU core 
model 
components

ISA specific 
instruction 
classes and 
methods

Wavefrontrelated interfaces

Static instruction objects

HW Blocks

Instruction and ISA specific classes

Dynamic instruction information 
and interfaces

Shader
Compute Units

WF Context

GCN3 Static Inst
GCN3 Decoder

Operands
ISA State

ISA Registers

GPUStaticInst
GPUDynInst

GPUExecContex
t

GPUcorestate

ISA-specificstate

GPUCore/ISAAPIdefinition

gpu_exec_context .[ hh|cc ]

gpu_dyn_inst .[ hh|cc ]

src /arch/gcn3/ gpu_static_inst.hh|cc ]

src /arch/gcn3/ gpu_isa.hh , 
src/arch/gcn3/isa.cc

src /arch/gcn3/ operand.hh

src /arch/gcn3/registers.[ hh|cc ]

Relevant source:
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GPU CORE BASED ON GCN ARCHITECTURE 

More details available here: GCN Architecture Whitepaper www.amd.com/Documents/GCN_Architecture_whitepaper.pdf

wavefront .[ hh|cc ]

lds_state .[ hh|cc ]arch/gcn3/ gpu_decoder.hh

arch/gcn3/decoder.cc

In
st

ru
c
ti
o

n
 F

e
tc

h

SIMD 2
PC & IB
10 WFs

In
st

ru
ct

io
n

 A
rb

it
ra

ti
o

n

Execute

Compute Unit

VALU VALU VALU VALU

SIMDs

Scalar 
Unit

Scalar 
RF

Vector 
RF

Local Data 
Share Mem

Message & 
Branch Unit

SIMD 3
PC & IB
10 WFs

SIMD 0
PC & IB
10 WFs

SIMD 1
PC & IB
10 WFs

Export/GDS 
Decode

Vector Mem 
Decode

Scalar 
Decode

LDS Decode

Vector 
Decode

TCP

SQC
TCC

Scalar
Cache

src/mem/protocol/GPU_VIPER - TCP.sm

src/mem/protocol/GPU_VIPER - TCC.sm

src/mem/protocol/GPU_VIPER - SQC.sm

scalar_register_file .[ hh|cc ]

vector_register_file .[ hh|cc ]

http://www.amd.com/Documents/GCN_Architecture_whitepaper.pdf
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GPU CORE TIMING

y Execute-in-execute philosophy

y Pipeline stages

Fetch: fetch for dispatched WFs - fetch_stage .[ hh|cc ] and fetch_unit .[ hh|cc ]

Scoreboard: Check which WFs are ready - scoreboard_check_stage .[ hh|cc ]

Schedule: Select a WF from the ready pool - schedule_stage .[ hh|cc ]

Execute: Run WF on execution resource - exec_stage .[ hh|cc ]

Memory pipeline: Execute LDS/global memory operation

local_memory_pipeline .[ hh|cc ]

global_memory_pipeline .[ hh|cc ]

scalar_memory_pipeline .[ hh|cc ]

CONCEPTUAL TIMING STAGES

Fetch Scoreboard Schedule Execute
Memory 
pipeline

Fetched WFsReady WFs Executing WFs

Localmemory (LDS)

Global memory (TCP)
Scalarmemory
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GCN3 GPUISA

y Vector and scalar instructions

Single instruction stream

bƻǘ ǊŜŀƭƭȅ ά{La¢έ

Divergence handled by scalar unit

Can directly modify execution mask

Jump over basic blocks when EXEC = 0

y Instructions broken down by OP type

Op types map to different functional units in 
CU

The CU can issue one instruction to each 
unit in the same cycle

Export/GDS not supported in gem5

Op Type Functional Unit Usage

SOPP Branch/Message 
Unit

Branching, NOPs, Barriers, waitcnts, 
messaging

SOPC/SOPK/SOP1/SOP2 Scalar ALU General scalar computation/divergence 
handling

SMEM Scalar Memory Scalar memory access, cache maintenance

VOPC/VOP1/VOP2/VOP3 SIMD Unit General SIMD computation

DS LDS Private scratch pad memory

MUBUF Vector Memory Accessing vector memory, cache 
maintenance

FLAT LDS/Vector Memory Accessing vector memory, may resolve to 
LDS or system memory

VINTRP/MTBUF/MIMG/EXPVaries Primarily used by graphics. Not currently 
modeled in gem5; however, the 
infrastructure to do so is present.

Full GCN3 spec available at: https://gpuopen.com/compute-product/amd-gcn3-isa-architecture-manual/

arch/gcn3/ insts / op_encodings .[ hh|cc ]

arch/gcn3/ insts /instructions.[ hh|cc ]
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GPU CORE MODULE INTERNALS 

y Compute unit

Four 16-wide SIMD units

SIMD hosts WFs

Privateresources to each SIMD
Instruction buffering

Registers

Vector ALUs

Sharedresources
Fetch and decode

TCP

LDS

SHARED VS. PRIVATE STRUCTURES  

CU

TCP

CU

TCP

CU

TCP

CU

TCP

SQC

TCC

Scalar 
Cache

Instruction Fetch

WF 0-9 
Contexts

WF 10-19 
Contexts

WF 20-29 
Contexts

WF 30-39 
Contexts

Instruction Decode/Arbitration

SIMD 0

VGPRs

Vector 
ALU

SIMD 1

VGPRs

Vector 
ALU

SIMD 2

VGPRs

Vector 
ALU

SIMD 3

VGPRs

Vector 
ALU

TCP

LDS

Scalar Unit

SGPRs

Integer 
ALU

Branch 
Unit

4-CU-shared SQC
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FETCH AND WAVEFRONTCONTEXTS

y SQC shared by 4 CUs

Number of SQCs and CUs are configurable

y Fetch

Shared and arbitrated between SIMDs in a CU

Fetch to each SIMD unit

Buffers fetched cache lines per WF

y WF Contexts

10 WFs per SIMD, 40 per CU

PC and decoded instruction buffers (IB)

Register file and LDS allocation

¼ of WF executes each cycle

4 cycles needed to fully execute single SIMD 
instruction

PC

IB

WF 0

PC

IB

WF 1

PC

IB

WF 9

Fetch buffer
(per WF)

4-CU-shared SQC

Instruction Fetch

WF 0-9 
Contexts

WF 10-19 
Contexts

WF 20-29 
Contexts

WF 30-39 
Contexts

Instruction Decode/Arbitration

SIMD 0

VGPRs

Vector 
ALU

SIMD 1

VGPRs

Vector 
ALU

SIMD 2

VGPRs

Vector 
ALU

SIMD 3

VGPRs

Vector 
ALU

TCP

LDS

Scalar Unit

SGPRs

Integer 
ALU

Branch
Unit

wavefront .[ hh|cc ]

PC0 Instruction Data

PC1 Instruction Data

fetch_stage .[ hh|cc ]

fetch_unit .[ hh|cc ]
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DECODE AND ISSUE

y Instructions are decoded out of fetch buffers

y Instruction arbitration

Can issue to each functional unit each cycle

Finds ready WFs

Scheduling policy dictates which WFs have priority

Oldest first, easy to add others

Fetch buffer
(per WF)

4-CU-shared SQC

Instruction Fetch

WF 0-9 
Contexts

WF 10-19 
Contexts

WF 20-29 
Contexts

WF 30-39 
Contexts

Instruction Decode/Arbitration

SIMD 0

VGPRs

Vector 
ALU

SIMD 1

VGPRs

Vector 
ALU

SIMD 2

VGPRs

Vector 
ALU

SIMD 3

VGPRs

Vector 
ALU

TCP

LDS

Scalar Unit

SGPRs

Integer 
ALU

Branch
Unit

scoreboard_check_stage .[ hh|cc ]

LDS SIMD Scalar Global Mem

WF Contexts
Scoreboard

Ready List Per Execution Unit

schedule_stage .[ hh|cc ]

Read Operands WF Arbitration

LDS SIMD Scalar Global Mem

Execution Units

IB

Instructiondata decoded
into instructionbuffer

scheduler.[ hh|cc ]

scheduling_policy.hh



28 |  THE AMDgem5 APU SIMULATOR   |   JUNE2, 2018   |   ISCA2018 TUTORIAL   |

4-CU-shared SQC

Instruction Fetch

WF 0-9 
Contexts

WF 10-19 
Contexts

WF 20-29 
Contexts

WF 30-39 
Contexts

Instruction Decode/Arbitration

SIMD 0

VGPRs

Vector 
ALU

SIMD 1

VGPRs

Vector 
ALU

SIMD 2

VGPRs

Vector 
ALU

SIMD 3

VGPRs

Vector 
ALU

TCP

LDS

Scalar Unit

SGPRs

Integer 
ALU

Branch
Unit

REGISTER FILES

y General Purpose Registers (GPRs)

Vector registers (VGPR) partitioned per SIMD

Configurable size

Because each SIMD executes independent WF

32-bit wide

Combine adjacent VGPRs for 64-bit or 128-bit data

Each WF also has scalar general purpose registers 
(SGPRs)

y Register Allocation Done by a Simple Pool Manager

Only allows one WG at a time

Statically mapped virtual Ą physical register index

<base, limit> pair of registers specify GPR allocation

Modular design ςmore advanced pool managers can be 
swapped into the VRF seamlessly

Simple timing model with constant delay

V0

VN-1

VN

VN+1

VN+2

WF0 ς<V0, N>

SIMD0

This is an area where gem5 user contributions would be extremely valuable.

vector_register_file .[ hh|cc ]

scalar_register_file .[ hh|cc ]

simple_pool_manager .[ hh|cc ]

static_register_manager_policy .[ hh|cc ]
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4-CU-shared SQC

Instruction Fetch

WF 0-9 
Contexts

WF 10-19 
Contexts

WF 20-29 
Contexts

WF 30-39 
Contexts

Instruction Decode/Arbitration

SIMD 0

VGPRs

Vector 
ALU

SIMD 1

VGPRs

Vector 
ALU

SIMD 2

VGPRs

Vector 
ALU

SIMD 3

VGPRs

Vector 
ALU

TCP

LDS

Scalar Unit

SGPRs

Integer 
ALU

Branch
Unit

VECTOR ALUs

y 16-lane vector pipeline per SIMD

Each lane has a set of functional units

One work-item per lane

y 4 cycles to execute a WF for all 64 work-items

In gem5, 64 work-items are executed in one tick and ticks are 
multiplied by 4

y SIMD execution may take longer if work-items in WF have 
dissimilar behaviors

Example 1: Branch (or spatial) divergence

Branches executed through predication

When control flow diverges, all lanes take all paths

Example 2: Memory (or temporal) divergence

Longer access latency by one work-item stalls entire WF

Vector ALU in SIMD
Lane 0 Lane 1 Lane 15

compute_unit .[ hh|cc ]
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GPU CORE TIMING

y Memory instructions generate memory requests

Part of GPU instruction definition (ISA-specific)

y Three phases
execute()

Read operands, calculate address, increment wait count, 
and issue to appropriate memory pipe

initiateAcc ()

Issue request to memory system

completeAcc ()

For loads write back data. Stores do nothing.

y New machine ISAs can use this capability to 
support their own memory instructions

y Individual stages contribute to the memory 
instruction timing

Additionally memory end timing handled by Ruby and 
memory technology parameters

y Memory dependencies are preserved using 
waitcnts

HANDLING MEMORY INSTRUCTIONS

GPU dynamic memory instruction

Create 
packet

Increment 
waitcnt

Global/LDS 
operation

Writeback

flat_load_dword v4 , v[4:5]

flat_load_dword v16, v[8:9]

flat_load_dword v23, v[14:15]

flat_load_dword v10, v[10:11]

s_waitcnt cnt (3)

v_ashrrev v5, 31, v4

Example GCN3 code:

1. flat_loadwritesv4

2. Waitcntspecifieswait countvaluemustbeҖ3

3. Arithmeticshift later readsfrom v4

4. Waitcntwaitsuntil at least#1 is finished

1

2
3

gpu_dyn_inst . [ hh|cc ]

arch/gcn 3/instructions . [ hh|cc ]

arch/gcn 3/ insts / op_encodings [ hh|cc ]

local_memory_pipeline . [ hh|cc ]

global_memory_pipeline . [ hh|cc ]

scalar_memory_pipeline . [ hh|cc ]
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4-CU-shared SQC

Instruction Fetch

WF 0-9 
Contexts

WF 10-19 
Contexts

WF 20-29 
Contexts

WF 30-39 
Contexts

Instruction Decode/Arbitration

SIMD 0

VGPRs

Vector 
ALU

SIMD 1

VGPRs

Vector 
ALU

SIMD 2

VGPRs

Vector 
ALU

SIMD 3

Vector 
Registers

Vector 
ALU

TCP

LDS

Scalar Unit

Scalar 
Registers

Integer 
ALU

Branch
Unit

VECTOR MEMORY EXECUTION

y In gem5:

Address calculation: arch/gcn3/ insts / op_encodings.hh

Address coalescing

mem/ruby/system/ GPUCoalescer .[ hh|cc ]

mem/ruby/system/ VIPERCoalescer .[ hh|cc ]

mem/protocol/GPU_VIPER - TCP.sm

mem/protocol/GPU_VIPER - TCC.sm

y LDS

User-managed address space

Scratchpad for WFs in workgroup

Used for data sharing and synchronization within workgroup

Cleared when workgroup completes

In gem5, functional model with a pointer per workgroup

Coalescer
Tag

Data

TCP
Address

Write data

Read data

T
o

 sh
a

re
d
 T

C
C

TCC



32 |  THE AMDgem5 APU SIMULATOR   |   JUNE2, 2018   |   ISCA2018 TUTORIAL   |

CONTROL FLOW DIVERGENCE
SIMTVS. VECTOR EXECUTION MODEL

cmp_lt$c0, $s0, 32

cbr$c0, @BB2

ret

cmp_gt$c0, $s0, 15

cbr$c0, @BB4

st 84, [$d0]

br @BB4

st 90, $[d0]

BB0

BB1

BB3

BB2

BB4

Source code:

if ( i > 31) {

*x = 84;

} else if ( i < 16) {

*x = 90;

}

Execute taken path 
first & flush IB

Fall through to BB3

Instruction buffer
cmp

st
cbr

br

cmp

st
cbr

ret

st

br

ret

ret

Reconvergencepoint reached, HW 
initiated jump to divergent path

Branch over 
BB2 & BB3, 
flush IB

HSAIL
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CONTROL FLOW DIVERGENCE
SIMTVS. VECTOR EXECUTION MODEL

cmp_lt$c0, $s0, 32

cbr$c0, @BB2

ret

cmp_gt$c0, $s0, 15

cbr$c0, @BB4

st 84, [$d0]

br @BB4

st 90, $[d0]

BB0

BB1

BB3

BB2

BB4

Instruction buffer

cmp_levcc, 32, v0

s_loads[0:1], s[6:7], 0x0

s_and_saveexecs[2:3], vcc

v_movv0, 0x00000054

s_cbranch_execz@BB2

s_endpgm

s_waitcntlgkmcnt(0)

v_movv[1:2], s[0:1]

flat_storev[1:2], v0

s_waitcntlgkmcnt(0)

v_movv[1:2], s[0:1]

flat_storev[1:2], v0

s_andn2 exec, s[2:3], exec

s_cbranch_execz@BB5

v_cmp_gevcc, 15, v0

s_and_saveexecs[4:5], vcc

v_movv0, 0x0000005a

s_cbranch_execz@BB5

BB0

BB1

BB2

BB3

BB4

BB5

Branchesare optimizations for
casewhenEXEC= 0 for a BB

cmp
s_load

s_and_saveexec
v_mov

HSAIL

GCN3
Source code:

if ( i > 31) {

*x = 84;

} else if ( i < 16) {

*x = 90;

}
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OUTLINE

Topic Presenter Time

Background Tony 8:00 ς8:15

ROCm, GCN3 ISA, and GPU Arch Tony 8:15 ς9:15

HSA Implementationin gem5 Sooraj 9:15ς10:00

Break 10:00ς10:30

Ruby and GPU Protocol Tester Tuan 10:30ς11:15

Demo and Workloads Matt 11:15ς11:50

Summary and Questions All 11:50 ς12:00
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WHAT IS HSA?

Processor design that makes it easy to harnessthe entire computing 
power of GPUs for faster and more power-efficient devices, including 
personal computers, tablets, smartphones, and servers

Bringing GPU performance to a wide variety of applications

Heterogeneous System Architecture
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KEY FEATURES OF HSA

hComm Heterogeneous Communication via Signals and Atomics

hQ Heterogeneous Queuing

hUMA Heterogeneous Unified Memory Architecture
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TRADITIONAL DISCRETE GPU

y Separate memory

y Separate addr space

No pointer-based
data structures

y Explicit data copying

High latency

Low bandwidth

y Need lots of 
compute on GPU to 
amortize copy 
overhead

y Very limited GPU 
memory capacity

GPU Memory

CU

1 é
CU

2

CU

3

CU

M

Coherent System 

Memory

CPU

1

CPU

Né
CPU

2

t/LŜϰ
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hUMA UNIFIED MEMORY

y Unified address space

GPU uses user virtual addresses

Fully coherent

y No explicit copying

Data movement on demand

y Pointer-based data structures 
shared across CPU & GPU

y Pageable virtual addresses

No GPU capacity constraints

Unified Coherent Memory

CPU

1

CPU

Né
CPU

2

CU

1 é
CU

2

CU

3

CU

M
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y Atomic memory updates fundamental to efficient thread synchronization

Implement primitives like mutexesΣ ǎŜƳŀǇƘƻǊŜǎΣ ƘƛǎǘƻƎǊŀƳǎΣ ΧΣ ǇǊŜǾƛƻǳǎƭȅ ƻƴƭȅ ƛƳǇƭŜƳŜƴǘŜŘ ƻƴ /t¦

y HSA supports 32bit or 64bit values for atomic ops

/!{Σ {²!tΣ ŀŘŘΣ ƛƴŎǊŜƳŜƴǘΣ ǎǳōΣ ŘŜŎǊŜƳŜƴǘΣ Χ  

and other common arithmetic and logic atomic ops 

y On PCI-Express system, atomics map to PCI-E atomics

y HSA specifies a well-ŘŜŦƛƴŜŘ ά{/ ŦƻǊ IwCέ ƳŜƳƻǊȅ ƳƻŘŜƭ

! ǾŀǊƛŀƴǘ ƻŦ άwŜƭŜŀǎŜ /ƻƴǎƛǎǘŜƴŎȅέ ƳƻŘŜƭ

Acquire: pull latest data (to me)

Release: push latest data (to others)

Compatible with C++11, Java, OpenCL, and .NET memory models

5ŜǘŀƛƭǎΥ άI{! tƭŀǘŦƻǊƳ {ȅǎǘŜƳ !ǊŎƘ {ǇŜŎƛŦƛŎŀǘƛƻƴέΣ ƘǘǘǇΥκκƘǎŀŦƻǳƴŘŀǘƛƻƴΦŎƻƳ

HSA ATOMICS
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y Hardware-assisted signaling and synchronization primitives

Memory semantics, equivalent to atomics

e.g., 32bit or 64bit value, content updated atomically

Threads can wait on a value

Power-efficient synchronization between CPU and GPU threads

y Allows one-to-one, many-to-one, and one-to-many signaling

Used by system software, runtime, and application SW

Infrastructure to build higher-level synchronization primitives like mutexes, semaphores, etc.

y Updating the value of a signal is equivalent to sending the signal

Release semantics: push data to others

y Waiting on a signal is also permitted

Via a wait instruction or via a runtime API 

Acquire semantics: pull data from others

THE HSA SIGNALS INFRASTRUCTURE
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Soft 
Queue

Kernel 
Mode 
Driver

App A
User 
Mode 
Driver

Direct3D

Soft 
Queue

Kernel 
Mode 
Driver

App C
User 
Mode 
Driver

Direct3D

Soft 
Queue

Kernel 
Mode 
Driver

App B
User 
Mode 
Driver

Direct3D

TRADITIONAL COMMAND AND DISPATCH FLOW

Task
Queue

A GPU

C

B
A B


