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Background

\ » Unique spectral "fingerprints" for
5000 é/)) identifying chemical compounds and
their compositions
» Concentration of components can be
WMMM determined by analyzing the intensity
ratios of their prominent Raman peaks

WWM > Ratio of these characteristic peaks
W}A exhibits a near-linear relationship with

400 1000 1200 1400 1600 1800 the concentration

Molecular Fingerprint




Motivation

» Instrument makers need on-board hardware for direct
guantitative analysis, avoiding external PCs

» Portable spectrometers gather data fast, requires quick,
real-time parameters for point-of-care applications

» Scientists prefer automated tools, typically avoiding to work

directly with code for ease of use

Develop an FPGA linear regression module for portable Raman spectrometers, enabling

rapid, on-the-fly, user-friendly chemical concentration analysis



4-Bit Integer Quantization for Linear Regression

Quantized 4-bit integers reduce FPGA
resource usage and power

Training with representative dataset ensures
robust quantized model performance
Representative Dataset: reflects statistical
properties and variations of the original full
precision data.

4-bit quantization vyields results closely

matching the original full-precision model
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Fit Metrics
Slope : -0.560855
Intercept : 9.455583
R2 Score : 0.951513
MSE : 0.323244

Fit Metrics
Slope : -0.525380
Intercept : 9.183580
R2 Score : 0.948967
MSE : 0.340218




Simplification for Linear Regression

n obscrvations (z;, y;) Y = wo + unT Si=n (count of observations)
T
S =) =z (sum of x;)
Wo T~ \—1yT =1
1 . i
Yi [ z] [?1)1] W — (X_ X) X Yy "

Sy = Z Yi (sum of y;)

- =1
XTX _ n Z Ti] XT _ [ 2 Yi n
[E T Y@ Y > TiY; | S, = Z T (sum of z7)

1 E T2 _ E .’IJ'- n
T -1 i 7
(XX)™ = ny x; — (> x;)? {— T no S5 = Zﬂfi?y’i (sum of z;y;)

» Use accumulators and multipliers in int4.
[TL’Q] 1 [5483 — SQSE,] umu P

— 2 -
w1 S154 — 32 5155 — 5253 » Convert to float at the end for precision.



» 16 parallel pipelines accumulate data

LR Accelerator Component (Block Diagram)

» Adder sums pipeline outputs

» Processing unit computes products

» Register interface controls data flow
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LR Accelerator Component (Accumulator Block)
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LR Accelerator Component (Weight Computation Block)
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clk ——»

reset ——»

start ——»

Accumulator Pipeline (Block Diagram)
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Accumulator Pipeline (Analysis)

Fitter Summary

Fitter Status

Quartus Prime Version
Revision Name

Top-level Entity Name

Family

Device

Timing Models

Logic utilization (in ALMs)
Total registers

Total pins

Total virtual pins

Total block memory bits
Total RAM Blocks

Total DSP Blocks

Total HSSI RX PCSs

Total HSSI PMA RX Deserializers
Total HSSI TX PCSs

Total HSSI PMA TX Serializers
Total PLLs

Total DLLs

Successful - Tue May 13 02:15:41 2025
21.1.0 Build 842 10/21/2021 SJ Lite Edition
Ir_acc_8b_wrapper

Ir_acc_8b_wrapper

Cyclone V

5CSEMASF31C6

Final

74 /32,070(<1%)

193

76 /457 (17 %)

0

0/4,065,280(0%)

0/397(0%)

2/87(2%)

0

0

0

0

0/6(0%)

0/4{0%)

Timing Diagram

ftb_Ir_acc_8biclk
ftb_Ir_acc_8bireset
ftb_Ir_acc_8bistart
ftb_Ir_acc_8bfx

ftb_Ir_acc_8hly
ftb_Ir_acc_Bb/sum_x
ftb_Ir_acc_8b/sum_y
fth_Ir_acc_8b/sum_x_squared
ftb_Ir_acc_Bb/sum_xy
Jtb_Ir_acc_8b/done

32031
32°d35
18'd239

Timing Analyzer (Fmax)

Entity:Instance
A Cyclone V: 5CSEMASF31C6
» * Ir_acc_Bb_wrapper &

Fmax
1 335.23 MHz

Table of Contents I Slow 1100mV 85C Model Fmax Summary

E5 Flow Summary
FE Flow Settings
EE Flow Non-Default Global Settings
FE Flow Elapsed Time
BF Flow OS Summary
[E| Flow Log
3 Analysis & Synthesis

~|| @, <<Filter>

Fmax Restricted Fmax  Clock Name ~ Note
1 33523MHz | 310.08 MHz clk lim...in)

Restricted Fmax Clock Name Note

310.08 MHz cl

& Pin-OutFile
> Resource Section
» 1/O Rules Section
B Device Options
EF Operating Settings and Condil

b 3 Estimated Delay Added for He

Tasks Compilation vzlE® © Messages
Si d M
Task T © Ssuppressed Messages
> I . © Flow Messages
Compile Design 00:00:45 © Flow Suppressed Messages

* P Analysis & Synthesis 00:00:11 N Asserrbler

» B Fitter (Place & Route) 00:00:20 ~ I~ Timing Analyzer

» P Assembler (Generate programming files) 00:00:07 EB Summary

Timing Analysis 00:00:07 B Parallel Compilation
» P EDA Netlist Writer &8 sDC File List
ER Clocks

I Edit Settings

4 Program Device (Open Programmer)

v Slow 1100mV 85C Model
[E| Timing Closure Recommer
EH Setup Summary
EH Hold Summary
[E) Recovery Summary
[E] removal Summary
EH Minimum Pulse Width Surm
[E] Metastability summary
3 Slow 1100mV 0C Model
3 Fast 1100mV 85C Model
» B Fast 1100m\ 0C Mardel

k lim...in)

This panel reports FMAX for every clock in the design, regardless of th
that the duty cycle (in terms of a percentage) is maintained. Altera recc
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18 Bit Adder Block (Analysis) e S Mo Yo =

& tb_comb_adder_18b/adder_start 1'd0
+ < /tb_comb_adder_18b/result 22'd240
+ 9 f[b_ccinﬁE;é\dder‘iéblexpected_sum 22'd240
e e +/ < /tb_comb_adder_18b/captured_result 22'd240
Timing Analyzer (Fmax) TIm—aarr
=9 /tb_comb_adder_18b/dut/clk 1'do
> /‘tb_comD_adder_léb/duu‘rese( 1'do
& Compilation Report - comb_adder 18b_wrapper 3 | 4% comb adder 18b.sv 3 =¥ /th_comb_adder_18b/dutadder_start 1'do
= = + z Ntb_comb_adder_18b/dutiop0 18'd0
Table of Contents L) + 3 fto_comb_adder_18bidutiop1 182
B3 Flow Summary =] | @, <<Filte + 3% /tb_comb_adder_18b/dutiop2 18'd4
EH Flow Settings Fmax Restricted Fmax  Clock Name — Mote i i s SGoumity, sidier_ 3 SHRWopS 18:d6
+ 39 /tb_comb_adder_18b/dutiop4 18'd8
B2 Flow Non-Default Global Settings 1 |377.5 MHz 377.5 MHz clk + = b_comb_adder_18b/dutiops 18'd10
EF Flow Elapsed Time + 2% /tb_comb_adder_18b/dutiop6 18'd12
EH Flow 05 Summary + 39 Ntb_comb_adder_18b/dutiop7 18'd14
=] + 3 /b_comb_adder_18b/dutiop8 18'd16
, — ;:):;;g& synthesis + x9 /tb_comb_adder_18b/dut/op9 18'd18
) + 39 /tb_comb_adder_18b/dut/opA 18'd20
r Fitter + = Nb_comb_adder_18b/dutiopB 18'd22
@ Flow Messages + 9 /tb_comb_adder_18b/dut/opC 18'd24
© Flow Suppressed Messages + D /tb_comb_adder_18b/dut/opD 18'd26
» Assembler + 3 /tb_comb_adder_18b/dutiopE 18'd28
. Timing Analyzer + 3 tb_comb_adder_18b/dut/opF 18'd30
+ <% tb_comb_adder_18b/dutiresult 18'd240
B8 summary + < Ntb_comb_adder_18b/dutiop01 18'd2
EH Parallel Compilation + w) /tb_comb_adder_18b/dutiop23 18'd10
FH sDC File List + <« /tb_comb_adder_18b/dutiop45 18'dl8
R Clocks + < /tb_comb_adder_18b/dutiop67 18'd26
+ < /tb_comb_adder_18b/dutiop89 18'd34
~ F= Slow 1100mV 85C Model + < tb_comb_adder_18b/dut/opAB 18'd42
+ & b_comb_adder_18bidutiopCD 18450
=| Timing Closure Recommer + ¢ /tb_comb_adder_18b/dut/opEF 18'd58
= setup Summary +/ < /tb_comb_adder_18b/dutilocal_op01 19'd2
R Hold Summary + @ /tb_comb_adder_18b/dutlocal_op23 18'd10
— +/ < /tb_comb_adder_18b/dutilocal_op45 18'd18
=| Recovery Summary + < tb_comb_adder_18b/dutiocal_op67 18'd26
=| Removal Summary +/ < /tb_comb_adder_18b/dutiocal_op89 18'd34
EE Minimum Pulse Width Sun +, < /tb_comb_adder_18b/dutilocal_opAB 18'd42
) Metastability Summary + < /tb_comb_adder_18b/dutllocal_opCD | 18'd50
N Slow 1100mV 0C Model + < /tb_comb_adder_18b/dutlocal_opEF 18'd58
+ @ /tb_comb_adder_18b/dutiop0123 18'd12
» [1 Fast 1100mV 85C Model + < /tb_comb_adder_18b/dutiop4567 18'd44
] Fast 1100mV OC Model + < /tb_comb_adder_18b/dut/op89AB 18'd76
B Multicorner Timing Analysis S i i ) + < /tb_comb_adder_18b/dut’/opCDEF 18'd108
I Advanced /O Timing it cuty gl 01 B of S parcan gl ol i, Aers - R_com, Siine TN GREDPITES i
' Clock Transfers - : + < /tb_comb_adder_18b/dutilocal_op4567 | 18'd44
3 > + < /tb_comb_adder_18b/dutilocal_op89AB | 18'd76
+ < /tb_comb_adder_18b/dutilocal_opCDEF | 18'd108
+ < /tb_comb_adder_18b/dutiop01234567 | 18'd56
+ < /tb_comb_adder_18b/dut/op89ABCDEF 18'd184
+ < tb_comb_adder_18b/dutiocal_op012... | 18'd56
+ P /tb_comb_adder_18b/dutilocal_op89A...  18'd184
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LR Accelerator Component with Avalon MM Agent Interface

ADDRESS 10/ o o .
7
32,

WRITEDATA VA ¢ *®

CHIPSELECT —>»
WRITE —>»

\ 4 \ 4 \ 4 ) 4 \ 4

A9 WRITE  A8:0 W3:0 W74 GO/RESET  A8:0

GO/RESET Store X Y Count/Reset
Address

MASTER_DONE

LINEAR REGRESSION ACCELERATOR PIPELINE

NO N1 D S1 S2 83 S4 86

YVYY

32/

YYYYY

A3:0

7
READDATA



Address Encoding for Read Instructions

ag ag 4ar ag as a4 a3z Az dAp Ag
o o0 o0 o0 o0 0 0 0 0 O
o o0 o0 o0 o0 0 0 0 0 1
o o0 o0 o0 o0 o0 0 0 1 0
o o0 o0 o0 o0 0 0 0 1 1
o o0 o o0 o0 0 0 1 0 O
o o0 o o0 o0 0 0 1 0 1
o o0 o o0 o0 o0 o0 1 1 0
o o0 o o0 o0 o0 0 1 1 1
o o0 o0 o0 o0 o0 1 0 0 O

Master Done (inform completion of operation)
Ny (Used for wy computation)

N7 (Used for wy computation)

D (Used for both wy and w; )

S1 (Provided for users who want all outputs)
Sy (Provided for users who want all outputs)

S

S4 (Provided for users who want all outputs)

(Provided for users who want all outputs)

Ll

S5 (Provided for users who want all outputs)



Address Encoding for Write Instructions

o O O
o O O
o O O
o O O

,:,
e
e
e

0 0 Write to Address 0 in Memory (ag.o = 1)
Write to Address 1 in Memory (agg = 1)
1 0 Write to Address 2 in Memory (ag.g = 2)

o O O
o o o
o o o
o o o
o
—

Write to Address 511 in Memory (ag.g = 511)
Write Reset
Ys Ys Y3 Yo Y1 Yo Write Go with Count of Data y

o =
o =
S =t
S = e
o =
-



Memory Map for Read Instructions

Memory Map for Write Instructions

Offset (Hex) | Bit | Description
31:8 Unused
0—1FF 7:4 Y
3:0 T
200 — 2FF | 31:0 Unused

Offset (Hex) | Bit | Description
0 31:1 Unused
0 | Master Done
1 31:0 | Signed N,
2 31:0 | Signed N,
3 31:0 Signed D
4 31:0 | Unsigned 5
5 31:0 | Unsigned S
6 31:0 | Unsigned Sj
7 31:0 | Unsigned S,
8 31:0 | Unsigned S;




Signals and Interfaces

avalon_slave 0

v About Signals

Component Type & | Block Symbol &£ | Files | Parameters %[Signals&lnter‘faces 23

avalon_slave 0

MName

#=avalon slave 0A4valon Memory Ma

== address [10] address

- chipselect [1] chipselect

= read [1] read

=0 readdata [32] readdata

=~ write [1] write

C= writedata [32] writedata

<=add si =
= clock Clo !

== clk [1] clk
=reset Aeset nput

-+ '

Name: [avalon_slave 0

| Documentation

|
Type: |Ava|on Memory Mapped Slave |v|

Associated Clock: |c|ock

|v|

Associated Reset: |reset

|v|

ritedata[31..0]

Fite

hipselect

ddress[9..0]

ead

[~ Block Diagram

[ Parameters

addata[31..0]

avalon_slave_0

avalon_slave_0

writedata
Write
chipselect
address
read

readdata

Address units:

Associated clock:
Associated reset:
Bits per symbal:

Burstcount units:

Explicit address span:

WORDS | w

[clock

writedata
wirite
chipselect
address
read

readdata

rull

[reset
8 |
woros [<]

|DDDDDDDUUUUDDDDDDDDD

:| [~ Timing
i} setup:

null

Read wait:

Write wait:
Hold:
Timing units:

[* Pipelined Transfers

Read latency:

[] Burst on burst boundaries only

[] Linewrap bursts

Maximum pending read transactions:
Maximum pending write transactions:

[4]

[}]

Messages 2%

-0

|® Info: Mo errors or warnings,




Platform Designer System

1= system Contents % | Address Map | Interconnect Requirements 3 - :
|:| I:H:' System: soc_system Path: clk 0
|E| Use Connections MName Description Export Clock Base End IRQ Tags
IEI B ck 0 Clock Source
C clk_in Clock Input clk exported
E C clk_in_reset Reset Input reset
——————— clk Clock Output clie_0
—— T clk_reset Reset Output
B hps_0 Arria W/Cyclone W Hard Proce..,
h2f userl clock |Clock Output hps_0_hZ...
|E| = memory Conduit hps_ddr3
A= hps_io Conduit hps
IEI h2f reset Reset Output
hzf axi clock Clock Input clk_0
h2f_axi_master AX| Master [h2f_axi_...
f2h_axi_clock Clock Input clk_0
f2h_axi_slave A¥ Slave [f2h_axi_...
h2f lw_axi clock  |Clock Input clk_0
— hZ2f_lw_axi_master [AX] Master [hZf lw_a...
B Ir_acc 0 Ir_acc
clock Clock Input clk 0
reset Reset Input [clock]
*~—— avalon_slave_0 Avalon Memory Mapped Slave [clock] 0x0000_0000 Ox0000_offf
1 i [ »
|i| Current filter:
n!!E Messages g - |
Type Path Message
T @ 2 Info Messages
@ soc system.hps_0[|HFS Main PLL counter settings:n=0m =73
@ |soc system.hps_0|HPS peripherial PLL counter settings: n=0m = 39




Software Code

start =

start =

clock(); clock();

start = clock();

vla.go = 1;
double wo

double wl

(double)obj.no / (double)obj.d;
(double)obj.nl / (double)obj.d;

vla.go = vla.address =

vla.address = ©; set_1lr_data(&vla);

end = clock();

set_1r_data(&vla); while (1)

{

fprintf(stderr,
fprintf(stderr,
fprintf(stderr,
fprintf(stderr, "no:
fprintf(stderr, "ni:
fprintf(stderr, "s1:
fprintf(stderr, "s2:
fprintf(stderr, "s3:
fprintf(stderr, "s4:

"Device finished processing\n");
"Results:\n");

"d: %d\n", obj.d);

%d\n", obj.n@);

%d\n",
%d\n", obj.sl);
%d\n", obj.s2);
%d\n", obj.s3);
%d\n", obj.s4);

for (int i = @; i < n; i++) {
d->data = data[i];

vla.address = 1i;

read_1lr_data(&obj);

vla.data = : :
if (obj.master_done == 1) obj.nl1);

break;

vla.go = ©;

usleep(1);

_1r_data(&vla);

end = clock();

end = clock();

fprintf(stderr,
fprintf(stderr,
fprintf(stderr,
fprintf(stderr,

"s5: %d\n", obj.s5);
"Weights:\n");

"wo: %f\n",

"wl: %f\n",




static void read data(lr_acc_read data t *data)

{

Software Code

ioread32(dev.virtbase + 0);
void set_1r data(const 1lr_acc_arg t *d) : ioread32(dev.virtbase + 4);
( i ioread32(dev.virtbase + 8);
ioread32(dev.virtbase + 12);
ioread32(dev.virtbase + 16);
ioread32(dev.virtbase + 20);
ioread32(dev.virtbase + 24);
ioread32(dev.virtbase + 28);

if (ioctl(lr_acc_fd, LR_ACC WRITE_DATA, d))

{
fprintf(stderr, "ioctl(LR_ACC_SET_DATA) failed");

return; . .
? ioread32(dev.virtbase + 32);

data->master_done = a;

data->d = b;
void read 1lr data(lr_acc_read data_t *d) PN
ata->n C;

{ data->nl = d;
if (ioctl(lr_acc_fd, LR_ACC_READ DATA, d)) data->s1
{ data->s2
fprintf(stderr, "ioctl(LR_ACC_GET_DATA) failed"); data->s3
return; data->s4

data->s5




Software Code

static void write data(lr_acc_arg t *data)

{
if (data->go) {
iowrite32((u32)1, dev.virtbase + 4 * ((1 << 9) + data->address));
} else {
iowrite32((u32)data->data.data, dev.virtbase + 4 * data->address);

typedef struct {

typedef struct {

typedef struct { lr _acc_data_t data;
_ int master _done;
char data; int address;
int d, n@e, nl, sl1, s2, s3, s4,

} 1r_acc _data _t; char go;

} 1r _acc_read data t;

} 1Ir _acc _arg t;




Validation of Accelerator

Label
[ N w =Y [5,] ()] ~ [e2] [(a]
. . ) L 1 ! . . .

Label
w

Scatter plot of original data

—— Linear Regression

0 2 4 6 8 10 12 14
Ratio

Scatter plot of processed data

=] ~ @ e]
L L f L

= %] w £
L L L L

e o —— Linear Regression

Fit Metrics
Slope : -0.560855
Intercept : 9.455583
R2 Score : 0.951513
MSE : 0.323244

Fit Metrics
Slope : -0.525380
Intercept : 9.183580
R2 Score : 0.948967
MSE : 0.340218

Param.

S1
S2
S3
S4
S5
NO
N1
D
WO
W1

C Code
(Local)

: 432

: 3440

: 2160

: 37294

: 11998

: 39281920
1 -2247264
: 4277408
: 9.183580
: -0.525380

FGPA
Accelerator

432

3440
2160
37294
11998
39281920
-2247264
4277408
9.183580
-0.525380

The various intermediate as well as final
output generated by the accelerator match
the ones generated by the baseline C code.




Runtime Analysis of Accelerator

# Rb_Ir_acc 512 8blclk
4 Hb_Ir_acc_512_8bireset
acc_512_BbAwritedata
acc_512_8bhwrite
acc_512_Bhiread
acc_512 8blchipselect
acc_512_8hladdress 10°dx
acc_512_8hlreaddata 32'd2480
acc_512_8bhwrite_mem/addr
acc_512_8bhwrite_memix_val
acc_512 8bhwrite_memly_val
acc_512_8hiread_resultaddr 10d7
_Ir_acc_512_8blread_resultiresult_data 32d224
. . . . . _Ir_acc_512_8b/#ublk#17216274#101/read_val
» Runtime in Local Machine [Intel i9] (in Python): 154 us
° acc 512 8bldutireset
ace_512_shiduthritedata
_Ir_acc 512 8b/duthwrite
acc_512_8b/dutiread
_Ir_acc_512_8bidutichipselect
> H H G A H C . 28 9 4 Mb_If_acc 512_8biduladdress
Runtime in FP in C): 28.9us ST
acc_512 8b/dut/master_done
acc_512_8b/dutmem_bank
acc_512_Bbldut/pc_status_bank
acc_512_8b/dutigo
. . acc_512_8hidutipc
» Runtime with Accelerator:
acc_512_8b/dut/done_trigger
acc_512_8bldutlocal_s_1
acc_512_8b/dut/global_s_1
acc_512_Bhidutiglobal_s_2
- _Ir_acc 512 8b/dut/global_s_3
> Send 1 ng Data . 340“5 acc_512_ebldutiglobal_s_4
* _Ir_acc_512_8bldutigiobal_s_5 18'02016
_Ir_acc_512_8b/dut/sls4_minus_s2s2 32'd21760
fto_Ir_acc_512_8bldutis3s4_minus_s2s5 32'071680
Ab_Ir_acc_512_ 8b/dut/sls5_minus_s2s3 32'd10752
acc_512_shidutistart
> P H d R d' D . 9 Ir_acc_512_8bidutiocal_done
rocesslng a n ea Ing ata . MS 5 acc_512_8b/dut/dut_num
_Ir_acc_512_8b/dut/master_start
acc_512 8b/dut’addr
acc_512_8hidutiglobal_start_adders
acc_512 8bMdutflocal_global s 1 18'd32
. . . . acc_512_Eb/dutflocal_global_s_2
» Calculating Weights (Floating Operation): 2us o522 sioca gorat 5
_Ir_acc 512 8b/dutflocal_global s 4
fb_Ir_ace_512_shidutlocal_global_s_5 182016
Ab_Ir_acc_512 8b/dutlocal sl times s4 36'd79360
fb_Ir_ace_512_8hidutlocal_s2_squared 36057600
Mb_Ir_acc_512_8b/dut/iocal_s3_times_s4 360555520
ftb_Ir_acc_512_8b/dutllocal_s2_times_s5 36'd483840
Mb_Ir_ace_512_shidutlocal_s1_times_s5 3664512
Ab_Ir_acc_512_ 8b/dutllocal_s2_times_s3 36'd53760
Mb_Ir_ace_512_8hidutisl_times_s4 361079360
fto_Ir_acc_512_8bidutis?_squared 36'057600
Mb_lr_acc_512_8hidutis3_times_s4 36555520
Mb_Ir_acc_512_8hidutis2_times_s5 3670483840
_Ir_acc 512 8b/dut/sl times_s5 36'd64512
Mb_Ir_ace_512_8hidutis2_times_s3 36053760




THANKS
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