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Disclaimer
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The EPI FPA Objective

¢ Components (low power microprocessor technologies) ...
 ARM based SoC
e RISCV based accelerator
European

Processor
Initiative

e ...to be combined to target
* HPC
* HPDA
* Emerging
* Automotive
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ARM-ZEUS GPP core
EPAC - EPI Accelerator

MPPA - Multi-Purpose Processing Array
eFPGA or FPGA - embedded FPGA
Cryptographic ASIC (EU Sovereignty)
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Co-what ?

Real vs buzzword ? * Sense of co-st and maintainability/sustainability

* You have to design !! * Co-opetition ?
* Co-design cycle? * Co-nfidence with designer? Not trivial, not many ?
* Interaction timespan? e Co-mmitment?

Co-design vs co-dimension?

Where is the compass heading?
* My great ISA new instruction?
* Changing every 6 months? For every code?
* Looking for medals?

Real insight — abstraction ?
* Evidences? “Sufficient” quantification?
* Models: analytic, ..., cycle “accurate” simulators?
* Granularity of analytics?
* Time evolution/correlation/causality
* Propagate “mistakes” of the past?
* Overfitted ?

Holistic vs limited focus/scope?
* “Best” level to address an issue ? Split ?
* Generality? Uses beyond motivating case ? Co-nfidence
* “Vendor/design” specific vs. fundamentals?
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Holistic co-design

“As above, so below”
Similar concepts/mechanisms/tools at all levels

“Steered by a vision”

“Steered by detailed insight”

Scalability : not about size, about dynamic range!

Co-nfidence
Center -
Centro Nacional de Supercomputacion



The programming revolution

 From the latency age ...

* | need something ... | need it now !!!

* Performance dominated by latency in a broad sense
* At all levels: sequential and parallel

* Memory and communication, control flow, synchronizations

... to the throughput age

e At all levels

 Ability to instantiate “lots” of work and avoid stalling for specific requests
* | need this and this and that ... and as long as it keeps coming | am ok

* Performance dominated by overall availability/balance of resources
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Long vectors
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RISC-V ... an enabler

* Open Source & Standards

* Have others work for you !

* Leverage/build on others contributions * flexible
» affordable

i RISC

* Let others use your contributions

* Flexible standards

* Positioning / Differentiation
* Potential for expansion

Application
domain

ey

Implementation characteristics (vl,...)
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Long vectors

Lo ng vector ISA @' = AVX512 [l —— 512 bits per vector (8 DP elems) 16384 bits per vector

. TO | e rate Iate n Cy arm-=-=Sve (NN +— yp to 2048 bits per vector (16 DP elems) [t EEisms)
e/ £ FT T

3

Decoupled vector processor
e 1linstruction N cycles
e Laxity for saving cost
e Laxity for “intelligence”

The ISA osmotic membrane
* Vector Length Agnostic (VLA)
e Concurrency and access pattern semantics
* Hints: locality, ...

Programming productivity
* As close as possible to standard sequential
* Mindset change

* Relative importance
* overheads, parallelism & locality

* |Incremental and reversible
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Scalability of analysis

* Microscopic “structure” determines macroscopic behavior

Big “black hole” Simulated traces, approximate models, with

“Twilight zone” predefined statistics or ad hoc browsing
Waveforms Trace based Profile
\
| | | | | |
| | | | | |
1 ns 1 us 1 ms 1s 16.6 min 11.57 days
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Scalability of analysis

* Microscopic “structure” determines macroscopic behavior

Big “black hole” Simulated traces, approximate models, with
“Twilight zone” predefined statistics or ad hoc browsing

Trace based Profile

Waveforms

| |
| | |
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@production runs

e Real behavior, and “scales” ...
e ... to distill fundamental insight

JU CoE Projects

‘CEEC
0 0 0 . Centre of Excellence in Exascale CFD

4 European
A\ Processor
Initiative
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Towards emulators for all 11

* Hardware emulators typically used by verification engineers and with “limited”
analysis capability

RVV @ FPGA & ecosystem . — nm

ool I N S

» HPC software stack @ Commercially
available RISC-V platforms

« SLURM, MPI, OpenMP, BSC tools, RVV X
software emulator ! \ e (. T T
Scalar RV cores @1.2GHz by Jas.1ams =
* EPISDV platforms ¥

* Linuxcluster
= Accessibility for application developers '
« Real environment, real codes
*« @ real RTL
« For “many” users
+ > Makinote
* Co-design insight

* Holistic CI/CD framework
« HW&SW
= Functionality & performance

* New infrastructure: Makinote
« 96 FPGA

Barcefona ‘ Contact : filippo.mantovani@bsc.es
Supercomputing

eeeeee

Gentro Nacional ds Supercomputacidn -

* - “widely” available to performance analysts and application developers
« - with powerful analysis capabilities
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VLA programming

* Decouple program concurrency structure from
a specific vector length
* Negotiation demands — allocated resources

* Program adapts its concurrency to available
resource/problem size

* Allocation policies
* Static
* Lots of opportunities for smart allocations

e Portability, performance, code footprint, ...

e Cooperation program — architecture
e Supported by architecture: RVV, ARM SVE
* Followed by programming practice

* Malleability: a good practice at all levels !!
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RVV VLA programming

void axpy_intrinsics (double a, double *dx, double *dy, int n) {

int i;
int gvl = _ builtin_epi_vsetvl(n, __epi_e64, __epi_ml);
__epi_1xf64 v_a = __builtin_epi_vbroadcast_1xf64(a, gvl);

for (i=@; i<n; ) {

gvl = _ builtin_epi_vsetvl(n - i, __epi_e64, __epi_ml);

__epi_1xf64 v_dx = __builtin_epi_vload_1xf64(&dx[i], gvl);
__epi_1xf64 v_dy = _ builtin_epi_vload_1xf64(&dy[i], gvl);
__epi_1xf64 v_res = __builtin_epi_vfmacc_1xf64(v_dy, v_a, v_dx, gvl);
__builtin_epi_vstore_1xf64(&dy[i], v_res, gvl);

i += gvl;

}
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RVV VLA programming

III

Execution on "ideal” machine

Infinite vector length
“One” cycle execution

OQQ‘Q“QQ‘OQ

Execution on
practical machine
(finite MAXVL)

void axpy_intrinsics (double a, double *dx, double *dy, int n) {

int i;
int gvl = _ builtin_epi_vsetvl(n, _ _epi_e64, _ epi_ml);
__epi_1xf64 v_a = _ builtin_epi_vbroadcast_1xf64(a, gvl);

for (i=0; i<n; ) {

_ builtin_epi_vstore_1xf64(&dy[i], v_res, gvl);
i += gvl;
}
}

gvl = _ builtin_epi_vsetvl(n - i, _ epi_e64, _ epi_ml);

__epi_1xf64 v_dx = __builtin_epi_vload_1xf64(&dx[i], gvl);
__epi_1xf64 v_dy = _ builtin_epi_vload_1xf64(&dy[i], gvl);
__epi_1xf64 v_res = __builtin_epi_vfmacc_1xf64(v_dy, v_a, v_dx, gvl);
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Decoupled vector architecture

Transparent “offloading”
Minimal cost

Single control flow

Low pressure on front end
Opportunity for intelligence

>vrn| I
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VPU: A processor in itself

* Hierarchical “accelerator” integration
* Program & data served by scalar core (Coherence; ~punch tape program ©)
* Fine grain “offloading” of “vector tasks” (directly hardware supported)

* Homogenized heterogeneity under single “standard” ISA interface defining
program order

____________________

* Implementation
e #FUs<<VL (lanes=8, VL=256)
* Some 000
* Resources to overlap?
* L/S, FU, shuffling
* Renaming
* 40 physical registers
» Single ported register file
* Large state
* 5 banks/lane providing sufficient bandwidth for 1 op/cycle (latency/BW trading)

e Data shuffling: directional ring

“Vitruvius: An Area-Efficient Decoupled Vector Accelerator for High Performance Computing”

Barcelona .
@ Supercomputing F. Minervini, O. Palomar. RISC-V Summit 2021
Centro Nacional de Supercormputacion
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A bit on state hierarchy & locality

Memory

A more efficient way to use “comparable” amount of resources with less control flows ?
( So crazy?

L2

64 B/c / core

L1 L1
RI VR RI VR
OP (R1, R2,...) 320 B/c
NO indirection ® 8 FU/core
Renaming ©
Locality @ very close to FUs
Utilization ? - Unroll

Locality
Management?

Vector
Latency
tolerance ?

~256 KB/core

~32 KB/core

~80 KB/core

22



Vector register file (8 lanes)

EPAC silicon

e EPAC1.0 = o s
e GF22nm !

Avispado Avispado
VPU
L2 HN

* Back from Fab & packaging: ~Sept 2021
* Bring up: : Autum 2021

* Bare metal runs RS BT

Running AXPY Scalar with 1024 array elements
init time: 45060 cycles

axpy scalar reference ttm
~25x ©

done

Result ok !!! .

happy@epac$ vaxpy 1024 while onIy 8x FPUs
Running AXPY Vector with 1024 array elements

init time: 45043 cycles - Long vectors !!

axpy vector ttn 9 Memory BandWIdth
Barcelona done
Supercomputing Result ok !!!
Center happy@epacs i
Centro Nacional de Supercomputacion




RISC-

V is extensible ...

* Live standard and “private” instructions

e To scratchpad or not ...

 New separated address space
* Every new address/name space is an issue !!!

Create, destroy

Explicit transfer to/from
Address translation?
Capacity limitation
Context switch?

* To overlay or not ...
 Two name spaces for same (set of) object(s)
* At register level

¢ ®
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RISC-V Matrix extension proposals

* Integrated Matrix Extension (IME)
* Leveraging vector register file
* Options
* 1 vector register contains 1 matrix

* 1 vector register several matrices of
fixed size

* Several vector registers collectively
interpreted as 1 matrix

e Attached Matrix Extension (AME)

* Dedicated register file

* Data movement and computation
instructions

 Extend OS

Barcelona

Supercomputing
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Matrix Tile Extension

* An IME proposal by BSC (Marc Casas) and NEC (Erich Focht)
e Tile
* Any of the 32 vector registers contains data that will be interpreted as a matrix by three
operand matrix instructions
* VL extended to tile descriptor describing how to interpret data in register.
typedef struct {
unsigned int rows : 12;
unsigned int cols : 12;
unsigned int dtype : 7;
unsigned int flags : 1;
} TileShape_32b;
* Implicit VL register = 2 register source operands and 1 register for destination operands
* (may be fused)
* Instructions
« Settile - Form Factor Agnostic (FFA) Matrix operations
* 3register ops - Ease 000, no Special OS, ...
* Load/store 2 strides = Also useful for General HPC.
On the fly layout changes M > R

* Leverage
* Vector arithmetic instructions for element level operations
* Vector L/S instructions for some address patterns

@:

Matrix Tile Extension

* How GEMM might look like

Matrix GEMM C ¢ aAB+fC
Input: A, B, C, M, N, K, LDA, LDB, LDC, af
Output: C

01: for (int m=0; m<M; ) {
02: for (int n = 8; n < N; {
03: tc = tile_get_shape_c_fp32(M - m, N - n);
04: vc = vbroadcast_mask(0.6f, gvl)
05: for (int k = 8; k < K;) {
06: ta = tile_get_shape_a_fp32(tc.rows, K - k)
07: tb = tile_get_shape_b_fp32(K - k, tc.cols)
08: va = tile_load_fp32(&A[m * LDA + k], LDA, 1, ta);
09: vb = tile_load_fp32(&B[k * LDB + n], LDB, 1, tb);
10: ve = tile_mulacc_fp32(vc, va, vb, tc, ta, tb);
11: k += ta.cols;
12: }
13: vt = tile_load_fp32(&C[m * LDC + n], LDC, 1, tc);
14: ve = vfmul_fp32(vc, alpha, gvl);
15: ve = vfadd_fp32(vt, beta, gvl);
16: tile_store_fp32(vc, &[m * LDC + n], LDC, 1, tc);
17: n += tc.rows;
18: }
19: m += tc.cols
20: }

25
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Programming model

void axpy_omp_nest (dou
° MPI + OpenMP int i, chunk;
. #pragma omp taskloop
* Offloading for (i=0; i<n; i+=TS) {
chunk= n>i+TS? TS :

¢ 1}35|(S #pragma omp target map(to:dx[i:i+chunk], tofrom:dy[i:i+chunk])
axpy_XXXX (a, &dx[i], &dy[i], chunk);

e SIMD }

ble a, double *dx, double *dy, int n) {

n-i;

* [ntrinsics int 1, chunk;
#pragma omp taskloop

* Pthreads, Python For (1=0; icn; 14=TS) {

chunk= n>i+TS? TS : n-i;

void axpy_omp (double a, double *dx, double *dy, int n) {

axpy_SIMD (a, &dx[i], &dy[i], chunk);

* Frameworks, ... }

} void axpy_SIMD
int i;
#pragma omp simd

(double a, double *dx, double *dy, int n) {

for (i=0; i<n; i++) dy[i] += a*dx[i];

for (i=@; i<n; ) {

i += gvl;

}
void axpy_intrinsics (double a, double *dx, double *dy, int n) {
int i;
int gvl = _ builtin_epi_vsetvl(n, _ epi_e64, _ epi_ml);
__epi_1xf64 v_a = __builtin_epi_vbroadcast_1xf64(a, gvl);

gvl = builtin_epi_vsetvl(n - i, __epi_e64, __epi_ml);

__epi_1xfe4 v_dx = _ builtin_epi_vload_ 1xfe4(&dx[i], gvl);
__epi_ixfe4 v_dy = _ builtin_epi_vload_1xf64(&dy[i], gvl);
__epi_1xf64 v_res = _ builtin_epi_vfmacc_ixfe4(v_dy, v_a, v_dx, gvl);

__builtin_epi_vstore_1xf64(&dy[i], v_res, gvl);

Barcelona }
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Compiler

* |ssues
* Maintaining 0.7 and 1.0 versions
* Mixing Types in RVV 0.7

* VLA

* Elegance vs possible issues?

* Not knowing VL at compile time = some analyses not supported
* Approaches for code generation

* No prologs and epilogs | Vectorized epilogs
* Impact on footprint, scheduling choices and performance, ...

* Optimizations
* Instruction scheduling
* Cost models !=scalar or SIMD
« efficiency(vector length), overlapable resources, ...
* E.g:
e -fno-vectorize
* -fno-slp-vectorize
* -mllvm —disable-loop-idiom-memset
* -mllvm —combiner-store-merging=0
* Loop transformations
* Fusion, unroll and jam, ...

Barcelona
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LOD for “co-design”

App development & Data acquisition Analysis
MUSA
Vehave emulator
@ scalar RV | Py

RAVE (QEMU plugin)

C v C . = Fra gz
code - [ Linux, PAPI... timing (| -

compiler

T =

RVV @ FPGA s
(50 MHz) .prv I
Extrae -——
ILA ——

Parametrized
Latency sampling | -P™V | |,| Clustering

Bandwidth 'ula folding R ;_: "

— 14 |LA2prV

More info: e —
https://repo.hca.bsc.es/gitlab/epi-public/risc-v-vector-simulation-environment
https://repo.hca.bsc.es/gitlab/epi-public/risc-v-vector-simulation-environment/-/wikis/SDV-Vector-Analysis-Tutorial

Center
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Granularities

Run: 10Rinstructions

Capture: 10%instructions

Data: 10P bytes

Insight: 10'instructions

R= 7+
C= 3.7
D= 8

I 0.01..7
R= O+
C= 9
D=

I

— OO >
I
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Supercomputing

Center

Centro Nacional de Supercomputacion

R= 9++




RVV @ FPGA & ecosystem

* HPC software stack @ Commercially
available RISC-V platforms

. EP

*  SLURM, MPI, OpenMP, BSC tools, RVV
software emulator

| SDV platforms

* Linux cluster

* Accessibility for application developers
* Real environment, real codes
* @ real RTL

*  For “many” users
* > Makinote

* Co-design insight

* Holistic CI/CD framework

e HW &SW
* Functionality & performance

 New infrastructure: Makinote

®

* 96 FPGA

Barcelona
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VCU 128 dev kit

[ | VCU 128 devkit

VCU 128 dev kit

Self hosted RVV node @50MHz

Contact : filippo.mantovani@bsc.es

RTL Repo

Operations NFS

Network
Filesystem

32
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Extrae @ SDV

* The standard BSC tools instrumentation package ( Extrae ) is installed
on the SDV

* Instrumentation + sampling
 Hardware counters

* Generates paraver traces that can be analyzed with the standard
Paraver and analytics tools.

Barcelona
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Linpack

* User events
* APl to flag region events

 Additional ser events
* M,N,K

* From where Paraver can
derive MFLOPS, form
factors, ...

 HW counters
« Typical: |, cyc, L1, TLB

e Other: VEC stalls &
utilization

Barcelona
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HPL: N=4096

X

THREAD 1.1.1 i (T T (it
I [

X

| [ [ [ [ [ [ [ T[]
»s224e . asu

X

E D 38 L& M H I X I % khpDefauk v 2

[276.00..280.00)

(] end
B HPL_dtrsm

O HPL_dlaswpoeeN
O L_intr_dgemm

750 Mk (93.7%)
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Instrumentation and sampling

No sampling With sampling

X X
Y Y e r r | - -~ - - [ -
e [T T o~ | [ —
161,268,776 us 183,960,887 us 167,808,350 us D HPL_dlaswp 118,500,461 us
THREAD 1.1.1 THREAD 1.1.1
i va-FLJhﬂﬂf-" Jarar_dar s S, Tan —— [
181,268,776 us 183,968,887 us 167,808,350 us 118,569,461 us
B Y ¥ PO ¥4 Y il e Y 3 1 N g W 1Y 1Y _— A
161,268,776 us ,960,887 us 187,808,358 us 118,500,461 us

1.1.1 HAJLHJ—]“QMH r ", rl'l <:"""’—————__—-_i;::::::::::::::::::::ji::pﬂ-‘
187,808,358 us 118,586,461 us
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DRTSM: Not all vectorized
intermix scalar and vector instructions
copies to temporary storage
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GROMACS

* Vectorized a single (large) loop with pragma

* Instrumentation and sampling (HWC multiplexing)

®

Instrumented Function

IPC

Vec Mix

Arith Mix

VPU util.

Sampled Function

Sampled Line

Barcelona
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211,442,744 us Imoger.mn 329,911,699 us
THREAD 1.1.1

N (s o v | R S o | | ) R e e

211,442,744 us 329,911,699 us
THREAD 1.1.1

1

211,442,744 us 329,911,699 us
THREAD 1.1.1 ["""1

211,442,744 us 329,911,699 us
THREAD 1.1.1

[T1

211,442,744 us 329,911,699 us

sampled function (>3%) @ gmx_d.orig.prv

THREAD 1.1.1
211,442,744 us 329,911,699 us
e M e U

211,442,744 us I136 (pairlist.h, libgromacs_d.s0.9.0.8) 329,911,699 us

B manager.run
B updateMDLeapfrogSimple

0O end
M value 10

O clusters.
M Jcluster.
O __gnu_cx.
B nbnxn_ma.
O nbnxn_ke.
M nbnxn_ke.

.Jistance2
+OpyEntry
.g, long>
Jlistcpu>
+J_VF_ref
LI_F_ref
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Sampling & folding
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MxMs

Cluster Analysis Results of trace 'MxM.hp.396.396.396.mvI256.noDB.prv’
DBSCAN (Eps=0.01, MinPoints=8)

a
1x10 - T T T T ) T B T L 3 MNoise  +
Clustar 1
Cluster 2
+ O Cluster3 O
g
1x107 |- 1 Cluster4 W
Clusters ©
Cluster6 @
; Cluster7 &
5 1x107 | q Clusters &
2 Cluster9 =
= Cluster 10
3
o Ix10% |
=
=]
B
B
E
= 100000 |-
10000 =
1000
1]

Harald Servat et al. “Detailed performance analysis using
coarse grain sampling” PROPER@EUROPAR, 2009

Harald Servat et al. “Unveiling Internal Evolution of
Parallel Application Computation Phases” ICPP 2011
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H Rref. mxn

B auto vec. columns

[0 vectorized intrinsics
M openeLas

B ikj

O Compare Results

code region (event 1888) @ MiM.hp.396.296.396.mv1256.n0DE . prv

o - s i

296,417,479 us 329,458,733 us

Cluster ID @ MxM.hp.396.396.396.mv1256.noDBE.clustered.prv #1

THREAD 1.1.1 IIIIIII"

296,417,479 us 329,458,733 us

Appl * Task * Thread * - Groupy - Clusters
Duration = 187.21 ms3Counter = 1.30 Mevents

au||apog

Mormalized PARITOT,NS

1

00 1 1 1 1 0
0.00 37.44 74.88 11233 149.77 187.21
Time (ms)
Mean PAPITOT|NS rate » Fitting [Kriger (nuget=5.0e-05)] —
Excluded samples (685) ~ Counter rate =

Used samples (1700) =

39



MxMs

* Impact of MAXVL

MVL 256

MVL 240

MVL 160

MVL 120

MVL 80
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Instructions per cycle @ MxM.hp.396.396.396.mv1256.noDB. clustered. codeblocks. fused. folded. prv

—1__,1__,—_____,___JH_H’__hF_____—_"F__H“’W

& 136,598 665 us 136,879,326 us

THREAD 1.1.1 l

Instructions per cycle @ MxM.hp.396.396.396.mv1248.noDB.clustered. codeblocks. fused. folded. prv

THREAD 1.1.1

. ~

& 46,361,558 us 46,642,219 us

Instructions per cycle @ MxM.hp.396.396.396.mv1168.n0DB.clustered. codeblocks. fused. folded. prv

N M

THREAD 1.1.1

47,358,473 us 47,631,136 us

Instructions per cycle @ MxM.hp.396.396.396.mv1120.noDB.clustered. codeblocks. fused. folded. prv

- — ™

,& 47,256,819 us 47,537,471 us

THREAD 1.1.1

Instructions per cycle @ MxM.hp.396.396.396.mv180.noDB.clustered. codeblocks. fused. folded. prv

- - - @ = = 0 ]

47,584,114 us 47 ,BE4, TTE us

THREAD 1.1.1
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Waveforms

R

| | | | | |
\ [ \ \ \ [

1ns lus 1ms 1s 16.6 min 11.57 days
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DGEMM



DGEMM ILA traces
e 32K cycles X

Instruction at top of ROB =

Execution of memory instr.

Instructions in flight \ X

Data to VPU
High memory BW 209 of peak) | S v s
X

o | INNAARE NAANNE NUANAE NN AR

Vector loads: always miss -
W'W"H"HLI‘U

0 ns

X
Periodic scalar misses —
@ Barcelona 8 ns
Supercomputing
Center
Centro Nacional de Supercomputacion 43




DGEMM ILA traces

e 32K cycles

Instruction at top of ROB

Execution of memory instr.

Instructions in flight

Vector loads: always miss

Periodic scalar misses

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

!ffIHIIH\[Hf”f[ﬂf”ﬂ””[}!}fﬁ[&

~ [T fIHH[Hf"fI['Hf"ﬂ"H[l![ﬂ[i

- 98% of peak !

All good?

(] value o

O vie
B vfmacc

44




Detail

e /JOOM

Load not issued till very late ...
... still in time to overlap, but ..

Vector loads: always miss

Periodic scalar misses

X
Sl 1T O MMARTEITA NI
X

20,428 ns

Barcelona

Supercomputing

Center
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|““

men_0 - L " =
men_1
men_2
17,653 ns 20,428 ns
o | | (10T ADEE |
17,653 ns 9,428
X
= ||| | W T ITIT (7T
ila |
17,653 ns 428 n
17,653 ns 28 n
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Parametric sweeps

* Understand impact of x
» architectural parameters m

e “environment” X
ila NWUM‘WMWMW\{WWWW
- : —

* Impact of memory latency
* +0cycles
* +100 cycles
e +200 cycles
e +300 cycles

That bad?

Barcelona 8 ns 32,767 ns
Supercomputing

Center

Centro Nacional de Supercomputacion 46




Overlap memory - arithmetic

* +300 cycles

o (LIL L] L [T 1
N — =

-----------

That good?

e

2 20,158 ns \
Fundamental reason of late issue ? X \

“ \

\ :

1]

1]

Barcelona
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Parametric sweeps

* Understand impact of x
e architectural parameters
* “environment”

* Impact of memory latency
* +0cycles
* +100 cycles
e +200 cycles
e +300 cycles

Why bad?

ila
Barcelona 8 ns 32,767 ns
Supercomputing
Center
Centro Nacional de Supercomputacion 48




Vector scalar interactions

* +300 cycles

Ordering between scalar and
vector accesses ?

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

g 11 1T 1 T 11

19,466 ns

Holes ??

ns

19,486 ns 23,578 ns |
mem_ -
mem_
mem_
ns ns

19,486 ns —— 23,578 ns

19,486 ns 23,578 ns

19,486 ns 23,578 ns
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Dynamic range

where ILA @ gmx_d.orig.prv

THREAD 1.1.1

[

ddddd d.. HEE - rr

Instr @ ToRO

IPC an

X

Vec Mix |:

] (T | .
- r Mem op execution

32,767 ns

Arith Mix

T 1 LS miss

@ ns 32,767 ns

]
1
-
1
1
1
]
——1%
—
—

X

X
MLl I W W S N Y W MO N VR [y L "™
= N 32,767 ns

Freq. Dl-l-*b_‘““lr”“‘““l““‘“““_“‘““““““““““‘_‘“““‘“““ i1a |J_‘—\J—“_“\_1J_HJ—LLJ_‘-\J—"’_“'LLH_ Instr in flight

32,767 ns

& oo 574,697,816 us

N

‘ X
TLBMPKIlMM L L T 1 wof | Graduated PC

@ ns 32,767 ns

LS MPKI

51



Address patterns

* Gather/Scatter offsets Same offset across gathers/scatters?

X [ value o
M vadd ila

il SEISEEEENEE IR | 0 vrada
B vmul
=3 32,767 o= W vand 9,428 ns 11,257 ns
N O vsul
O vfmadd

R ==

B vimul

nen
- O vie . E - r
® ns 32,767 ns M vimerge la

[ vmerge 9,411 ns 11,571 ns

X B vixe

T
Rt

l M’ X
ey m wL T " , uuy y T L .
offsets i e A ¥ B i

ila

I - - - ~ M vfmacc
O vfsqrt
M vid

X B vsxe 9,411 ns \ 11,571 n
B vfdiv

. . FFPFPFPFPFFFFFFR EPPPEF PEFFFPFEEEE PR TR PP E . X
S hit/miss -
B vmor
Wh||e|n 32,767 n3 {F""‘ P EFT OMTT TR TR T ORI T FMT TR FTE MTS OMTORMT O TOMYT MT M
ila = = m
ms nn

@ ns 32,767 ns

- am
= ==

" mm = =s
e

gather/scatter L

1la| ! _r". “I. ".. l- e s
i:

Stride?
Spatial locality?

— cd————— . ] A i " P — M
A 9,428 s 11,257 ns
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Gathers

e Very frequent

9,146 ns

9,146 ns

Very few different offsets

Bursts of “consecutive” accesses

\

Microarchitectural
optimizations
e Detected
implementation issues
fixed for VEC

Barcelona
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Center
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&

Actually stride 3 !!

AoS - SoA
Already implemented

53



vidiv & vsqgrt

* Long latency ... even if still doing many ops

Top of ROE @ pmy_d.orig.ila_ext.prv.gz

[ value o
| Wﬁ' I N . o
32, 76T ns B vixe

Memory operation (extended data model) @ gmi_d.orig.ila_ext.prv.gz

reno | [ I —

mem

B vfredsum
a vfsqrt

e W B vsxe

W vfdiv

B ns

No overlap between
arithmetic and memory ops

—

Instruction scheduling potential?
Manual core refactoring to achieve effect in RVV 0.7
Already implemented in compiler for RVV 1.0

Top of ROB @ pmy_d.improved.2.ila_ext.prv.gz

32,767 ns

1/x and 1/sqrt(x) functional units
Already implemented for VEC

—

Already supported
in source code

| T I

32.T6T ns

Memory upern'tmn {extended data model) @ gmi_d.improved.2.ila_ext.prv.gz

ila

garcelona " mem_g
upercomputing
Center mem_1
Centro Nacional de Supercomputacion 8 ns

32,767 ns 54
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SpMV

* pdb1HYS: Protein
* 2008

* nr=36417

* hnz = 4344765

Within vixe
L2 hit ratio: 3109/3413 = 0.91
# elems/req. line 10587/3413 = 3.10

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

ila

ila

# instructions of each type in traced interval

LN N T Y T Y Y .

8 ns 32,767 ns

L2
accesses

CHI utilization

OV!I utilization

Core % of peak

I
' [0.00,
ila

B co

| # OVlstrobes

€ B

# FP ops

[0.0,

C. Gomez et al. “Efficiently running SpMV on long vector architectures” PPoPP21

HY B§ v
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Offsets (line)

.4
X
cagelz P i S - N
, e CurlCurl_0 A i ST N AN
¢
GAI9AsIOHA2 .- CurlCurl 1 = [T =
_: ) -
Web-Berkstan ™ ez e ##.ﬂ ,_,, H,;;Lm M._ engine
& ns Ia 32,766 ns
X
twotone . (717 1 Lo 4 R HE ] cage13
X
pab1HYS * sadkam2 I

W T P ol S
ns

= 7 =
Soc-sign-epinions
. e
Kron_g500-logn17 | o caus 2155 508 J1O) i) g ) B vlrw ;'f'ﬂ rirlflﬁl #H
Barcelona
Supercomputing

Center
Centro Nacional de Supercomputacion
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Software emulators




Vehave traces

e EsiWace climate code dwarfs

e \/iews:
e Dynamic Instructions traces (sequence)

* And parameters (regs, @, VL, data type, ...

% Instructions
236,116,049 ns 253,]16,1;1 ns
X Program Counter
verove | = e v ——— e
L e . ot v e T
236,116,049 ns 250,316,181 ns
X
Vector length
vehave N o . ‘
236,116,049 ns 250,316,181 ns

4 Element length @ automatic_vec.so.prv Element length

vehave

236,116,649 ns 256,316,181 ns

Barcelona

Supercomputing

Center
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4 Offsets @ automatic_ve jpasths -

Offsets within gather

472,126,987 ns 472,127,276 ns

Actual memory address.cé @ automatic_vec.so.prv

LRU Stack distance
| ") I !ngl OV I TET [T i_ " !J?k. -
X
Memory address
vehave f J [
! ‘
( 1
| ,|‘
.I | ||‘
| ? /
469,762,822 ns 469,768,417 ns
X
vehave
469,762,822 ns 469,768,417 ns
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Architectural simulation

* Impact of ...

* |nstruction latencies, ROB, Cache
sizes, Memory latency, MAXVL, ...

 Global metrics & detail

 When are instructions issued,
completed, graduated

* |Individual hits & misses

F. Martinez et al. “Exploiting Vector Code Semantics for Efficient Data Cache
Prefetching”, ICS 2024

V. Le Févre & M. Casas. “Efficient Execution of SpGEMM
on Long Vector Architectures”, HPDC 2023

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

RVV Software emulation

« Detailed analysis & insight

.......

Barcalons . -
Supercsmputing
Eantar

RVV Software emulation

« Geophysics

256K cache
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RAVE

* QEMU plugin

* Emits information such as
* Profile

* Paraver trace
* Instructions sequence (vector and summarized scalar) and
* And parameters (regs, @, VL, data type, ...)

* Link to source
e Manual instrumentation
e (Call stack

P. Vizcaino et al. “RAVE: RISC-V Analyzer of Vector Executions, a QEMU tracing plugin”, PPAM 2024 workshop on RISC-V
P. Vizcaino. “SDYV tutorial”, https://repo.hca.bsc.es/gitlab/epi-public/risc-v-vector-simulation-environment/-/wikis/SDV-Vector-Analysis-Tutorial

P. Vizcaino. “RAVE tutorial”, https://repo.hca.bsc.es/gitlab/epi-public/risc-v-vector-simulation-environment/-/wikis/Vector-emulation-with-RAVE
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Gromacs ——

556,863,618 ns 662,755,511 ns

Instruction @ all_gmxprv.prv

gemu_scalar
- i
. L I I I 556,863,618 ns 662,755,511 n=
a rge r u n S [ I ) ME instructions burst @ all_gmxprv.prv

* 10s millions of instructions R S— e

T T T e e —
* 100s millions operations R

< 1 3,589,769.571429 6,853,081 >

556,863,618 ns 682,755,511 ns
= =
< 12 138,488,724.285714 264,372,298 >

e VL variation
e Number of scalar instructions btw vector

2DH - VL @ all_gmxprv.prv

1 256

Instruction @ all_gmxprv.prv

583,364,155 ns 583,365,459 ns

gemu_vector

NB instructions burst @ all_gmxprv.prv

g g . g q gemu_scatar | [EENEINI DONNNNNNN| NONNNNNNN| NONNNRNNN| NONNNRENA| 1O
Microarchitectural optimizations I e e e

- 583,364,155 ns saz,zsls,__nsls ns
Compiler optimizations e -

583,364,155 ns 583,365,459 ns

Application optimizations O

Barcelona
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RVV in HPC and beyond

® I I I I pa Ct Of Iate n Cy O n scalar = vl 8 vil6 = vi32 = vli64 = vl128 = v]256 = scalar = vl 8 vil6 = w132 = vI64 = vI128 = v] 256 =

600.0 SEMV c SPMV
o T T ] 2 100
Y F FT 500.0 —1 o .
= 1 8
% 1000 — 1 5 080
£ 300.0 1 S 060
° S MV —E 200.0 . | £ 040
p = 1000 [ . — 2 020
0.0 . T 2 0.00
° G h I H t h 512 768 1024 =
raph algorithms |
e § <
- ’ ‘ T K 2 100
20 . 7 2 080
P =
Ry 3 1 £ 060
g 101 + 3 Z 040
05 - . - R | 2 020
- B S S—— 1 =
0.0 — — . 2 000
0 128 256 512 768 1024 -
30.0 P >
iy T T T T — 2 100
25.0 [ .| S
% 20.0 = | = 080
q 150k = 1 £ 060
$ 100 | e . 4 £ 040
BOL e e g g 020
00 bb———F ¥ T 2 0.00
0 128 256 512 768 1024 =
16.0 Frr =
140 F ! ] T ] 2 100
=z 120 F = - = 080
Z 100 [ — | ?
£ 8oL = it k| 0.60
J : «“ & 60 — . = 2 040 |-
P. Vizcaino et al., “Short reasons for long B aofss—r | - S — % 020
O 20— o ————— o "3 i -
vectors in HPC CPUs: a study based on 0.0 BEEF— t - 1 2 0.00 L L I I L
RISC V” RV WOl‘kShOp SC23 0 128 256 212 768 1024 = 1 2 4 8 16 32 64
Extra latency cycles Maximum bandwidth (Bytes/Cycle)

P. Vizcaino et al. “Acceleration with long vector architectures: implementation and evaluation
of the FFT kernel on NEC SX-Aurora and RISC-V vector extension”, Heteropar 2021

P. Vizcaino et al. “Graph Computing on Long Vector architectures (Yes, it works!)”, IPDPS24 - PDSEC Workshop

Barcelona M. Blancafort et al. “Exploiting long vectors with a CFD code: a co-design show case”, IPDPS 2024
Supercomputing

Center

Centro Nacional de Supercomputacion




RVV in HPC and beyond

* oneDNN @ RVV 8 == -
&
5 10.01 . -
+ Exploiting | :
Exploiting long vectors 2 s !
£
= 5.0 -
(=8
.% 2.5 .
a 0.0 T - T - T - v - - - - -
v 512 2k B8k 16k 512 2k Bk 16k 512 2k B8k 16k
resnet50 resnetl01 resnetl52
18
Maximum Vector Length (bits)
16 gemm (NCHW) mim2col + gemm (NCHW) W gemm (NHWC) M im2row + gemm (NHWC) m direct
14
12
@
©
[-% |
gw |
©os
o
wv
5 | ‘ |
04 ‘ ‘ i
02 ‘
O CAAY CURNY ot AR |
I . S A A - A L, G . . S A - -
& ‘,a»” & @ff & @12? F & &‘5’ & @-?‘“ & & ‘,;P“ & @é’” ¥ & ‘,;.‘?’
Convolution Layers Algorithm 2 The SIMD convolution on long vector machines
Input: Source Activation Tensor (S), Weights Tensor (W)
Qutput: Destination Activation Tensor (D)
Architectural variables: Nyjen, Nyregs
B ' Top of ROB @ benchdnn.ila.prv a X 1: OC, = mm(OC‘ Nvl“")

Barcelona
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75€ ns

Nvimace

3,500 ms

ila

2 IC, = min(IC, Nyien)

3 RBy = min(Nyregs — 1,OW)

4 RBj, = max((Nuregs — (1 + RBy))/OH, 1)

5. vl = min(OC, Nyen) > Vector Length
6 for n =0,N do
7
8:
9:
0:
1

B ' Memory Operation (extended data model) @ benchdnn.ila.prv ] X for oc = 0,0C/0C;, do
for ic =0,1C/IC, do
zen o [N [ I i for oh = 0,0H/RB;, do
. Jraiee o — for ow = 0,0W/RB,, do
for (h,w) = (0: RB;,0: RB,) do & Unrolled
vop . = vload(D(n][oc|[oh + h][ow + w][0], vl)
B 1 L2 references @ benchdnn.ila.prv ] X

Tor (ko ) = (0: KH.0: KW.0:10p) do
: vw = vioad(W oc][ic|[kh] [kw)][i]] [0], v1)
15: for (h,w) = (0: RB;,0: RB,) do

N | L & Unrolled
75 ms [T 2803 m 16: Vipw = S[nlic][oh + kh + h][ow + kw + w][i]
17: VOh . = U fMa(vop w, Vip,w, v, vl)
18: for (h,w)=(0: RB;,0: RB,) do & Unrolled
19: vstore(vop ., D[n][oc][oh + h][ow + w][0], vl)

A. De Limas et al., “Efficient Direct Convolution Using Long SIMD Instructions” PPoPP23
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To conclude ...
Prof. Jesus Labarta
BSC & UPC
PPAM 2024

Ostrava, September 10t 2024




The importance of a vision

* Holistic throughPUt oriented vision EPAC & Sagrada Familia ?
* Based on long vectors T
* Programming productivity ;ﬂart \ \\

—_h__-\- ‘? '1 +
« There is something “special” ... 1 i t
« ..showing the way ...

* ... sustaining the effort

 Emulators for all !!
e Actual design evaluation
* “In vivo” evaluations
e Reduce “co-design” cycle length

. RISC
* Performance analysis K
e Qualitative and detailed analytics
* Dynamic range !! ——
Processor
Initiative
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