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Background & Motivation

How to create high performance
accelerators?

« Systems with CPUs+accelerators ')
« Fast mapping from high level descrlptlon to HDL
« Of course, good QOR?

."
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Isn’t this what high level synthesis is
1(0) Wy
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Background & Motivation

You need to be a good HW engineer
to use HLS properly

How to ensure the generated hardware is good?
« All the stuff surrounding your accelerators
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Background & Motivation

You need to be a good HW engineer
to use HLS properly

« How to ensure the generated hardware is good?
« All the stuff surrounding your accelerators

Software Kernel Hardware Accelerator

written for CPUs ‘ on FPGA

More than just a
language change
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Overview of the Proposed Methodology
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Overview of the Proposed Methodology | An Example Kernel

cpu  HLS/VLIW

float foo (float™ x, float* product, int* ind) lterati . Iteration 2 lteration 3
{
float curProd = 1.0; .
Iter .
for(int i=0; i<N; i++) PP Multiply  tdcurind. Add.
{  Stourprod_
curProd = curProd * curNum;
product(i] = curProd; iter2 FP Multipl
} iter2 FP Multiply uitiply
return curProd; | StcurProd ~ StcurProd
} e
ter37 ep Multiply

Berkeley

UNIVERSITY OF CALIFORNIA



Overview of the Proposed Methodology | An Example Kernel

HLS/VLIW
lteration 1 Ilteration 2  Iteration 3

PILEEY L
" steuprod
R i A

~ StcurProd
FP Multiply
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Overview of the Proposed Methodology | An Example Kernel

HLS/VLIW
I[teration 1 Ilteration 2  Iteration 3 lteration 1 lteration 2 lteration 3

ﬂ

Ry o
FP Multiply
~ StcurProd
e
- StcurProd

Add

FP Multiply
~ StcurProd

FP Multiply

FP Multiply
- StcurProd

A single statically generated schedule:
Cache misses stall the entire pipeline

time
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What is a good architectural paradigm for FPGA Accelerators?

Pipeline Parallelism

« Break the nested loop into
pipeline of processing
stages

« Each stage runs
independently
Can be generated using HLS
« Amenable for FPGA
acceleration

address data memory
stream stream access

FIFOs
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Overview of the Proposed Methodology | An Example Kernel

float foo (float* x, float* product, int* ind)
{
float curProd = 1.0;
for(int i=0; i<N; i++)
{
int curlnd = ind[i];
float curNum = x[curInd];
curProd = curProd * curNum;
product[i] = curProd;

}

return curProd;

}

Berkeley

UNIVERSITY OF CALIFORNIA

Index addition

Index fetch

Data fetch

FP Multiply

Store prod <+
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Overview of the Proposed Methodology | An Example Kernel

lteration 1 Ilteration 2 lteration 3

e i

FP Multiply
- StcurProd

FP Multiply

A single statically generated schedule:

Cache misses stall the entire pipeline
time
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Overview of the Proposed Methodology | An Example Kernel

lteration 1 lteration 2 lteration 3

FP Multiply

FP Multiply
- StcurProd

A single statically generated schedule:
Cache misses stall the entire pipeline

Performance
improvement

A

Independently running stages:
Pipeline stall localized

time
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Generating Decoupled Processing
Pipelines
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Generating Decoupled Processing Pipelines

Control Data Flow
Graph (CDFG)

A4

" To memory subsystem

curProd2 = phi [1.00, entry],[curProd1, bb address memory
rrrrrrrrrrr
stream stream access

FIFOs

Acyclic between stages - all cycles contained in individual stages

Decouple memory operations from dependency cycle with long
latency computation

Min. number of memory operation in each stage
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Generating Decoupled Processing Pipelines | Algorithm

From one CDFG to multiple
subgraphs

« Collapse strongly connected components in CDFG
— Obtain a directed acyclic graph (DAG)
« Perform topological sort on DAG

« Add a subgraph “boundary” when appropriate

— After long latency SCCs. E.g. SCCs with multiply/floating point
arith.

— After long memory operation.

Berkeley

UNIVERSITY OF CALIFORNIA

16



Generating Decoupled Processing Pipelines | Algorithm

float foo (float™ x, float* product, int* ind)

{
float curProd = 1.0;

{ intcurind =indlil;

curProd = curProd * curNum;
} E%?
return curProd; J|t‘|p|y

}

<—
graph
boundaries
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Generating Decoupled Processing Pipelines | optimizations

How to use memory BW efficiently

« Memory BW improves faster than memory latency

* Pipelined memory accesses

— Each stage can send in more mem. req without waiting for
previous ones to come back

 Burst memory accesses
— Each memory request can carry multiple words
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Summary of Flow

App. Kernels (C/C++)
v

Clang
(lvm front end)

CDFG (llvm IR)
CDFG
Decoupling
|
Subgraphs (llvm IR)
2
Memory
Optimization
v
LLVM to C
L2
Vivado HLS
|
HDL
\ 4
FIFO Gen
A2
Pipeline
Integration
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Technology used

C++
(LLVM Infrastructure)

Verilog
(Vivado Design Suite)

TCL
(Vivado Design Suite)
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Experimental Evaluation
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Experimental Evaluation

Experiment Platform

Xilinx Zynq
— Software running on ARM, generated accelerators on FPGA
— Not using separate DMA engines etc.
Different memory subsystem configuration
— ACP & HP bus to memory
— With & without on FPGA cache

Berkeley

UNIVERSITY OF CALIFORNIA

21



Experimental Evaluation

Benchmarks

« Kernels with irregular mem. access pattern

— SpMV Multiply, Knapsack Problem, Floyd-Warshall and Depth first
search

— Memory locations accessed depend on computation results
* Large input data set
— Does not fit on chip
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Experimental Evaluation | Performance Comparison

SpMV Multiply Knapsack Floyd-Warshall Depth-First Search
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« Conventional Accelerators (Con. ACC) are actually slower than
the baseline (superscalar ARM core)

« Decoupled processing pipelines (DPP) performs much better
in 3 out of 4 case studies - 3.3x to 9.1 x over Con.ACC
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Experimental Evaluation | Performance Comparison

SpMV Multiply Knapsack | Floyd-Warshall Depth-First Search
5.00 1
4.50 T
400 - M Con. ACC
3.50 § | WDPP
3.00 T
2.50 1
2.00 T
1.50 -
100 N . - - -ccnsmsssannssannnsss SO B, , B, . N, . B . ancccmmnnnannnssnnnss [, . S . . S e e B« cmsannannannsssnnsss 0 R RRRRRE - - - --ccrcssnsnsannnnns
0.50 1
0.00 -mE o
o o O o o o O O o o O o T
r> O £ < r O £ <. Tr O < <C 5 L5
<28 <23 <83 g 3
O O O O O O O O
+ F + + + F F ¥
o Ao a o a o a o
I < I < I < I <

\ With optimé‘ations /7/)

« Optimization in DPP provides significant improvement
— Burst access makes good use of memory BW

« Limitation: no improvement when the critical cycle of
dependence go through memory
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Experimental Evaluation | Area Comparison

hmark
-

vy | DPe | 877 esy 10 ens ey

change| 13 21 0d 152 04 00

--a—
Knapsack

 DPP | 8089 8787 8 6970 7256 21
%Change|  +5.4  +17.3 00 +60  +23.3 00
Warshall mn-
%Change| #2075 #1043 0.0 +104.4 4795 00
ConACC| 4810 4929 4 4931 4594 21
DFS | ppp | 8509 7813 4 7436 6298 21
% Change|  +76.9  +58.5 0.0 +50.8 _ +37.1 0.0

« Most benchmarks have higher area cost when DPPs are
generated

« Design space exploration or formalized optimization may
help
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Conclusion

« A simple transformation technique creating a better
architectural paradigm for accelerators

« Use current HLS tool as “backend” for hardware
implementation

« Average performance improvement of 5.6x over conventional
HLS flow
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Q&A
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