European
Processor
Initiative

epl

Software Development Vehicles

to enable extended and early co-design:
a RISC-V and HPC case of study

Filippo Mantovani*, Pablo Vizcaino, Fabio Banchelli, Marta Garcia-Gasulla, Roger Ferrer, Jesus Labarta
Barcelona Supercomputing Center (BSC)

Giorgos leronymakis, Nikos Dimou, Vassilis Papaefstathiou
FORTH-ICS (Greece)

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg 1



European
Processor
Initiative

Context

[General Purpose Processor (RHEA — Arm based)]

(- )
Out of the scope of this talk

EPAC accelerator PLRISC

[L2 [ [ L2 | L2 [N

INEeTWOIkK O/N ale INO
elel=rE
https://www.european-processor-initiative.eu/
- J

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg FOCUS Of thiS talk’ 2

Contact points:
SiPearl, Atos, CEA,
Univ. of Bologna, E4,
Univ. of Pisa, et al.



https://www.european-processor-initiative.eu/

——-__

EPAC-VEC: RISC-V core “Avispado”
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= 16 kB instruction cache ,,
3 m

= 32 kB data cache

= Decodes v0.7, v1.0 vector extension

3rd PARTY VPU

= Full hardware support for unaligned accesses
= Cache coherent (CHI)

= Vector memory accesses (vle, vise, vixe, vse, ...)
processed by a dedicated queue (MIQ/LSU) Courtesy: eemtd namu:s

silicon design and verificat
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EPAC-VEC: Vector processing unit “Vitruvius”

Architecture Vector register size (1 cell = 1 double element)
Intel AVX312 D1 D2 D3 D4 D3 D6 DF DB
ArmMNeon D1 D2
ArMSVE @A64FX| DI D2 D3 D4 D5 D6 D7 D8 |
NECAurcraSX D1 D2 D3 D4 D3 D6 DFf DB D8 D10 D11 D12 D13 D14 D15 D16 ... D256
RISCVMEPACVec D1 D2 D3 D4 D5 DE DFfF DB D9 D10 D11 D12 D13 D14 D15 D16 ... D236

Implementation

Long vectors: 256 DP elements =
#Functional Units (FUs) << Vector Length (VL)

1 vector instruction can take several (32) cycles

8 Lanes per core
FMA/lane: 2 DP Flop/cycle
40 physical registers, some out of order

Vector length agnostic (VLA) programming and architecture

& F Minervini, et al.“Vitruvius+: An Area-Efficient RISC-V Decoupled Vector
RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg Coprocessor for High Performance Computing Applications” [TACO-2022-50]




How wide is “your” vector?

Intel AVX 512 DI D2 D3 D4 D5 Dé D7 D8

RISC-V EPACVEC

\

256 DP elements
| 6 kbits
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What’s special?

The scalar in-order RISC-V core can release several requests of cache lines to the main memory

The core is connected to a Vector Processing Unit (VPU)

Scalar Vector

o + >
o + >

@]
@]

VL=4 VL=4 VL=2

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg



European
Processor
Initiative

epl

What’s special? - part 2

Preserve a linear, scalar, portable program

No need to think about “kernels to offload to the accelerator”
Vector instructions D EI_I

Less instructions (including scalar instructions for controlling a loop)
Several cycles for a single vector instruction
. . . ‘ - vinstr_in_flight @ spmv_sellcslib.twotone.mbx.0L.ila_ext.prv + o
Enables overlap: other functional units can do useful work meanwhile

Makes easier to keep all functional units busy Lﬂ”‘—ﬂﬁ—_\{fﬁ—“ﬁ—k

8,207 ns 12,871 ns

VeCtor accelerator | Top of ROB @ spmv_sellcslib.twotone.mtx.0L.ila_ext.prv & 6
Launch a vec. Instruction ~= Launch a kernel (in GPU terms) T S
l.e., a few cycle for decoding vs. several cycles for firing up a thread - ,_ Dy amti ekt arotet 8 oyt o o

Coalescing on load instructions T

) ) - Load or store strobe @ spmv_sellcslib.twotone.mtx.0L.ila_ext.prv + 0
Compared to scalar flow, pay overhead of load instruction start-up only once = —— iy e
Saturate the memory bandWIdth Wlth IeSS cores - s miss_any_hn @ spmv_sellcslib.twotone. mtx.0L.ila_ext.prv .o

+ 0
o [ NN (0 T[T 0T W W m[ T

8,207 ns 12,871 ns

We have tools to measure each of these effects

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg 7
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How do | program it?

Like a standard HPC system! Applications

Compile your code Programming Model
(OpenMP, MPI)

We give you a compiler
Link libraries Libraries (FFTW, SpMV, ...)

Write/Submit a job script
Scheduler (Slurm)

SLURM
Wait for the results Compiler (LLVM)
Analyse execution traces and study
how well your code is vectorized OS (Linux)

Hardware

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg
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How to take advantage of the V-extension?

Assembler
d ot e
Always a valid option but not the most pleasant ~
C/C++ builtins (intrinsics)
Low-level mapping to the instructions
Allows embedding it into an existing C/C++ codebase
Allows relatively quick experimentation
#pragma omp simd (aka “Guided vectorization”)

Relies on vectorization capabilities of the compiler

Usually works but gets complicated if the code calls functions

Also usable in Fortran

Autovectorization

Leave it to the compiler

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg



What do we do while hardware becomes ready?

Co-design!!!

What do you mean
by co-design!?

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg
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Co-design with EPAC-VEC

Influence design decisions
Architecture definition / implementation
System software (e.g., compiler, libraries)

Scientific applications

=R

~y SDV: Software Development Vehicles

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg

Software Hardware
Development Design
M!cro—arph. (_E RTL .
Simulation €— Implementation
Performance CAD / Post-design
Analysis Validation
Software 3 Hardv?rare
Development Design
<«
SDVs RTL
Implementation
Performance — CAD / Post-design
Analysis Validation
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Software Development Vehicles (SDV)
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Software emulator: Vehave

Compile using the RISC-V Vector extension (RVV) Compiler
Obtain a binary with vector instructions

Run in a commercial RISC-V platform (scalar CPU)

Obtain a trace with detailed information about the vectorization {
. H|F|ve
Unmatched
lllegal lllegal il
instruction instruction
Scalar Scalar
code Vector code
instr.
emulation Commercial RISC-V platform (scalar CPU)

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg 13
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Software emulator: Vehave

PROS:
Useful to understand the potential vectorization
of the code
llegal llegal Easy to use and accessible with no need of
instruction instruction hardware infrastructure

Scalar Scalar It supports RVV-0.7 and RVV-1.0

code \{90:0" code Output compatible with Paraver
instr.
emulation
CONS:
Slow

No information about performance (no timing)

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg
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1st step: study with Vehave
Code phase
- - =~ @ phasel
. . . o @ phase 2
Compile an application I (e
. . . PC
Relying on autovectorization,
with intrinsics, pragmas or assembly Tz L/VI/I/VVM/I/VM/I/I/WVI/VI/I/VI/I/\/IA/I/I/\/I/M/MA/F
Study the output of the compiler ° Vec Instr -----> A6zt vecinst
_ _ VL [256 256
Run with emulation enabled 256 H ’
Collect execution traces ’ L8]
o e Vec Instr ----- > 4821 vec instr I
Visualize and study traces
Is the code vectorized?
Which kind/how many vector instructions? Code phase i i : -
vehave _ O p:z:;
Which vector length is used? e B phese 3
. “ . »” 13,316 B phase 4
Is there a way to write a “vector friendly” code? . . S T
Can the compiler “do better”? L ,
it
wo  esse=s Vec Instr----- > i 505 vec instr I

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg 15
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1st step: study with Vehave

Initial version (low VL)

Code phase
vehave f ] i i

0 4821 vec instr‘
Vec instr - h

d""'" h"‘-h‘-.‘ -
o
L J

Unit-strided loads

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg

.
Arithmetic LSIaiESiglele B le] (=5

Improved version (high VL)

Code phase
0 505 vec instr

Vec instr l i

Unlt-strlded loads

vehave

Arlthmetlc ndexed stores

16



Same RTL of EPAC mapped into FPGA
One tile (i.e., single core) NP ———

Running at 50 MHz

Full HPC software stack and

execution environment

Binary compatibility
Shared storage (NFS)
Multi-user / Multi-node (via MPI)

Standard debug and performance analysis tools for HPC

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg

DDR4-2666 DIMM

I Config. I

Registers

[]eracip

|:| FPGA specific interfaces
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2"d STEP: Study on FPGA-SDV

= Paraver — X
. . . ile ints el
Complle an appllcatlon F le - > pw e THREAD 1.1.1 _ -
Re|y|ng on autovectorization, “UserHPAP[counters+Flu5h / 246,141,544 nlmputel'nints 279,537,633 ns
with intrinsics, pragmas or assembly |mndowbmwser |
) vecfuse-instrument-extraeprv =~ 2 e B 0 ‘% Q‘ T 1 i
Study the output of the compiler = cove phase 7 ' DICI G :
v, o R permee ]
Run natively on real hardware e VcpPerhase| i e i
Full support for I/O, syscalls, hw counter, etc & [ Automatic Red: [Force Redraw A\
Collect execution traces \
. . cycles VPU works :
Visualize and study traces 0 fastest vCPI with
#Hvector instructions vI=256 is 35 cycles
Which “vector CPI” do we achieve?
, : computePoints uses slow instructions
What are the most time-consuming phases? (374 cycles per vector instruction, on average!)

How are we accessing the memory?

Can we overlap computation and memory accesses?

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg
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3rd step: signal analysis on FPGA-SDV
Integrated Logic Analyser

Fine grained analysis (at level of instructions)

IS possible
No rescheduling

Graphical representation of timelines WAvectorinstrution e e e e e s
arth N R [

In depth study can help highlighting: memo s o7, R - I I N I
mem1 T Not overlapping

Low usage of the vector unit -
c T Cycles ---> 4523 cycles

Feedback to the code developer

With compiler rescheduling
ILA vector instruction

Suboptimal saturation or resources (FU, mem) ol " R AN T TTTTTTTTTIT
Feedback to the RTL implementation team rer R :'()‘;;ng‘.“'ﬂﬁ< """""" """"""" g
Suboptimal overlap of instructions meme| BRI .
w@ eosms Cycles ---> 31l24 4523 cycles

Feedback to the compiler team
(improve scheduling)

RISC-V for HPC - ISC23 Workshop, May 25th, 2023 - Hamburg 19
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1.- RISC-V Commercial
platform

2.- RISC-V Commercial
platform + Vehave

3.- SDV@FPGA

Co-design with FPGA-SDV

C Scalar
Code

C Scalar

Code + Vector

instrinsics

LLVM-based compiler

~

%

+ auto-vectorization

N

D

LLVM-based compiler

+in
[

strinsics support >

Vehave emulation

PAPI manual

instrumentation >

instrumentation

Extrae automatic

ILA manual
instrumentation

Instruction-
level trace

Hardware
counters trace

D

Signal-level
trace

Feedback to application programmers

Feedback to compiler developers

Feedback to hardware architects
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We can leverage SDVs to:

Influence hardware design

Improve compiler autovectorization

and system-software support

Study and prepare
codes and libraries

for long-vector architectures
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