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Motivation

Code development

» Current version
> took years

Maintenance
» CMS upgrades
> complexity rapidly increasing
ssLack of flexibility, lengthy development time

Verification
>
ssImportant for scientists to verify code in C++ (not Verilog)
>
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Goals and Challenges

Goal :

Explore use of high-level synthesis languages
and tools for next-generation CMS code for

0 Parallel development of firmware and C++ model
= Single source code

o CMSSW compatibility (g++ compatibility)

0 Increase flexibility in code development
= Decrease in development time

o Consistent high-level (C++) verification
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HLS Tool Exploration

Tool Requirements

0 latency control resource usage
Q g++ compatibility
0 C++ code performance

Tool exploration and selection

0 Vivado HLS,
Rationale for Vivado HLS
0 , architecture-aware QoR
o Mature support for Xilinx
0
o Easy integration
0 g++
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Vivado HLS Design Flow
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Productivity: Parallel Execution for

Latency Control

Challenge: Parallel execution of “for” loop
Optimization: Loop Unrolling

prim_convl label@:for (i = 8; i < seg ch; 1 = i+l1)

Bpragma HLS UNROLL |
7T LiLh = = ) T T r O -y 4
— i I _ i, |

&
o
|
[
[ s
[l
L

/@ -5 +5 -5 +5

switch(a clctpat[i])

1

case ® : aclct pat corr = 8x@; clct pat 5ig7;77

Multiple iterations executing in parallel instead of
sequential execution

o Latency improvement
o HLS automatically synchronizes multiple iterations
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Productivity: Solving Memory

Contention

Challenge: Memory contention (parallel access to LUTS)
Optimization: Array Partitioning

DS )

Memory contention resolved
0 Numerous accesses to LUT at the same instant
0 Latency minimized significantly

“N” parallel access done in 1 clock cycle instead of N
clock cycles
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Productivity: Flexibility- Instantiation

of Multiple Identical modules

Challenge: Parallel execution and persistence
o Multiple instances of function executing in parallel
a Each instance has to have an array which is persistent

Optimization: Object-oriented Approach

Declare “Array of objects as Partition array of objects

Static” completely

//7 static test inst[5];
#pragma HLS ARRAY_PARTITION variable=inst complete dim=1

Unroll loop for parallel

multiple_inst_labell:for(int i=0;i<5:4 :
execution

#pragma HLS UNROLL
inst[i].test_func(a[i],b[i],index[i],&c[i]);
\___}
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Control: Emulation of “always”

Block

Challenge: Emulate “always” block

a
o HLS infers no fanin/fanout

Optimization
0 While(en==1)
o HLS ignorant of value of “en” signal

Manipulate HLS into synthesizing an
“always” block

o Demonstrates the amount of control user has on
synthesized design
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Control: Latency Control

Challenge: Undesired FSM extracted for purely
combinational design

Q false dependencies;
Optimization: Array Reshaping
a

#pragma HLS ARRAY_RESHAPE variable=ph_zone complete dim=0

ph zone[U][Z] = O;

if (phzvl[Z][0] & ) ph zone[0][2](1, I+ph hit w20-1) = ph zone[0][2] (1, l+ph hit w20-1) | ph hit[2][0];
if (phzvl[Z][1] & ) ph zone[0][2]( ; 3%+ph hit w20-1) =ph zone[0][2]1(3%, 3%+ph hit w20-1) | ph hit[2][1];
if (phzvl[Z][Z] & ) ph zone[0][2]( 76, 76+ph_hit w20-1) =ph zone[0][2]1(7¢, 7&+ph hit w20-1) | ph hit[2][2];
array3[N] Array_reshape MSB Skt
h&u“.—h_ complete
LSB

Control how HLS treats a set of operations
o Control RTL level constructs from HLS level
o Latency minimized from 3 clock cycles to O clock cycles
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Control: Scheduling of Functions

Challenge: Save 1 clock cycle from Sorter module
Optimization: Inline &Latency Directive, Code structure manipulation

o HLS tries to fit everything into 1 clock cycle
Challenge: Critical path delay > Clock period

Optimization: Explicit Pipelining
[sort( a,winnero,&winid[@],ret _a);

sort( ret_a,winnerl,&winid[1],ret al);
sort( ret al,winner2,&winid[2],ret a2);

SOLUTION: DON’T
ALLOW HLS to
optimize first sorter

EXTRA register HLS optimizes code

inserted for first as it pleases when
sorter function is INLINED

sort( a,winnero,&winid[0@],ret_a); // INLINE OFF
sort_1( ret_a,winneril,&winid[1],ret_al); // INE
1( ret_al,winner2,&winid[2],ret_a2); // INRINE

N\

Create new version of sorter ] { INLINE DO NOT INLINE ]
function -“SORT_1” “SORT_1” “SORT”
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Control: Synthesizing a Shift Register

Challenge: HLS optimizes shift register
Optimization: Code Structure

—>| DFF }— DFF DFF DFF DFF

OUTPUT [0]
OUTPUT [1]

> OUTPUT [2]

/Void test (" ap_uint <4> in, ap_uint<a> out[3]) {

~

volatile ap_uint<4> temp[5];
Define as VOLATILE to avoid

(temp[4]=in; optimizations

test_label8: for(i=4;i»>0;i--){
#pragma HLS unroll

\temp[i-1] = temp[i]; Explicitly create shift register

1
(but[2]=temp[0];

out[1]=temp[1];
eut[@]:temp[Z]; ]\ Assign outputs

N

J
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Resource Usage Statistics

Module Name HLS (% of LUTS) Verilog (% of LUTS)

Primitive Converter 12% 6%
Zone Image Formation 1% 1%
Zone hit Extender 1% 1%
Phi-Pattern Detector 11% 16%
Sorter 3% 3%
Co-ordinate Delay 0 2%
(uses 1%FFs)
Patterns to primitive 10% 16%
matching
Delta phi and theta 2% 2%
calculation
HLS resource Usage <= Verilog Resource Usage
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Compatibility in CMSSW Environment

Goal: Automation
Compile HLS code in C++ using ‘g++’ compiler

uintls hstrip,
uintd clctpat,

uint24 *ph,
A ,
uintle *th,
. .. ( C
Arbitrary precision data-types a challenge wp_y| et 5
d Synthesis
e i
AL
Des
D esgn/V
0 ap ccC Verifcation
¢ [ Ahitectul J
Wispper 7 | Verfation
Solution: C++ based design i
f
Q L Vivado P Packager { :L;::n:;gga::;aw’
Vivado P Packer il
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Performance Benchmarking

Primitive Converter module benchmarked on CMSSW

Q (for functional simulation) factor of 2
C++

0 Tolerable factor,

Manually-written C++ HLS code

) *CMSSW - (CMS-Software)
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Summary and Conclusions

Trigger primitive conversion into
peolar Efurd'ln ates

Progress:

Translated and verified all modules of the
EMUTF using HLS

Zone image formation

Zone hit extenders

l

delay line

Phi pattern detectors

}

Best Phi pattern selectors

|

Patterns to primitives matching

Successfully tested “Primitive Converter”

and “Zone image formation module” on

Virtex-7 FPGA for 1000 track stubs
Hardware output of HLS generated code
matches output of baseline Verilog impl.

Polar coordinates

Delta phi and delta theta calculation
+

Best tracks selector

Pt assignment

CO n C I u S I O n S Best tracks coordinates and Pt

Performance and latency constraints met for all modules
re-worked to save 1 clock cycle

Resource usage comparable

better than Verilog impl
Compatibility in CMSSW environment for verification in C++
Lessons learned
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THANK YOU

Questions?
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