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Lenet-5 based CNN architecture
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LeNet-5 is one of the earliest convolutional
neural networks. It leverages convolution,
weight sharing, and pooling to reduce
computation, making it highly suitable for
image recognition and hardware acceleration.

output mode:

Embedded Lab

2
SCEEEECTED
EEHEAEOEGON
HERDEGGAHEE
HEEEOBOBED
HENAEORBER
ZRDAEEHANE D
MNIST is a benchmark dataset of 28x28

grayscale handwritten digits, widely used for
training and evaluating image classification

models. 32%32
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This figure shows the

overall CNN accelerator
architecture. There will be
some minor refinements
such as adding a
quantization module later to
prevent data width explosion.
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Parameter Preparation

Training and quantization Validation Hardware simulated Software—Hardware Comparison
python script
* CNN trained entirely in * FP32 software accuracy: 98.40%
full FP32 precision in PyTorch * Find the best shifts for each layer « Hardware simulation
* Final trained weights and biases * Accuracy: 98.2% accuracy: 98.20%
quantized only at export stage * Confusion Matrix: e Prediction mismatch rate: 1.60%
* Exported as signed 8-bit .hex files
for FPGA BRAM initialization
Confusion Matrix layer dimension
Digit 0 Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 Digit 6 Digit 7 Digit 8 Digit 9 Layer Name Input Dim Operation Output Dim Weights (Stored as int8)
Digit0 85 0 0 0 0 0 0 0 0 0 Input 32x32x1 Raw Pixel Data 32x32x1 0
Digit 1 0 121 1 1 0 0 0 1 2 0 Conv1 32x32x1 5x5 Kernel, 6 Filters 28x28x6 150 weights + 6 biases
Digi¢ 2 0 0 112 1 0 0 0 2 1 0 Pool1 28%28x6 2x2 Max Pooling 14x14%6 0
glglti g 8 (1) 103 92 g 8 (1) (3) (7) Conv2 14x%14x6 5x5 Kernel, 16 Filters 10x10%16 2,400 weights + 16 biases
igi .
Digit 5 0 0 0 1 0 85 0 0 1 0 Pool2 10x10x16 2x2 Max Pooling 5x5x16 0
Digit 6 ) 0 0 0 0 1 34 0 0 0 Flatten 5x5x16 Unspool to 1D Vector 400x1 0
Digit 7 0 0 0 o) 0 0 0 97 0 0 FC1 400x%1 Matrix Mult (120 nodes) 120x1 48,000 weights + 120 biases
Digit 8 0 0 1 0 0 0 0 0 88 0 FC2 120x1 Matrix Mult (84 nodes)  84x1 10,080 weights + 84 biases
Digit 9 0 0 0 0 0 0 0 0 3 91 FC3 (Out) 84x1 Matrix Mult (10 nodes)  10x1 840 weights + 10 biases
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Web demo & FPGA

INPUT OUTPUT
Drawing Pad Inference Results

FPGA RESULT FROM HPS FPGA PIPELINE
Top-1 probability: 99.98%

Top scores: 5 (score 29399030, 99.98%%) | 8 (score 12469122, 0.02%) | 9 (score 5215385,
035)

SOFTWARE QUANTIZED RESULT FROM FPGA QUANTIZED REFERENCE
Top-1 probability: 99.98%

Top scores: 5 (score 29399030, 99.98%) | 8 {score 12469122, 0.02%) | 9 (score 5215385, 0%)

SOFTWARE RESULT FROM WEIGHTS BIAS 422
Top-1 probability: 99.983%

5 Top scores: 5 (score 15783814001780486, 99.98%) | 8 (score 6696598281227069, 0.023%) | 9
(score 2798222330520441, 0%)

Choose

Mot saved

PROCESSED INPUT FPGA DEBUG PERFORMANCE
32x32 Preview Final Logits Speed Compare

Showing final FPGA dlassification logits returned by the HPS/FPGA pipeline. FPGA core timing: 454966 cycles @ 50.00 ¢ 3368ms The ﬁI'St dlgltal tUbe diSplays the IlumbeI'S from O to 9

MHz — 90002 me
34.89 ms

FINAL LOGITS
12.65 ms

e T - LEDO represents the digit 0, while LED1, LED2, LED3,

digit 1: -20003572 9.10 ms

pred ey w268 and LED4 represent the bits of the 8421 BCD code

digit 4: -21822892

e o e from the least significant bit to the most significant bit,

pra 4 o respectively.

digit 9: 5215385

2%
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Software Interface

Software-Hardware Calling Flow

Web Browser

Memory-Mapped Register Layout

O | ooy | owmi—oxoal | px)0d0— OX[o20
Flask Web Server °TZA Reswit | [DGIT [0:9] | PrxeL-NpuT Co:1o%)
TCP request: sl o ookl
1 1024 uint8 pixels S . ; , . .
HPS C Inference Server ] INPUT_LOADED DONE BUSY REGS_VALID STATUS
" CLEAR_INPUT_LOADED CLEAR_DONE START CONTROL
/dev/mem
31 8 7 . . . . . | 0
mmap() Icycleicount‘ plredictledfdiglit RESI
0xFF200000 LW Bridge
I User space
FPGA Register Space 0x102C - 0x0000 = 0x102C bytes
write PIXEL_INPUT[0:1023] 0x102C = 0x1000 + 0x2C
write CONTROL .start = 4096 + 44
Poll STATUS.done = 4140 bytes

read RESULT + LOGIT[0:9]

A 4

JSON Response to Web App
Embedded Lab

4140/ 1024 =4.04296875 KB
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Register Map

===

0x0004

RESULT

Offset Name Access Current Function
0x0000 CONTROL/ RW Write: bitO=start, bitl=clear done, bit2=clear input loaded.
STATUS Read: bitO=regs valid, bit1=busy, bit2=done, bit3=input loaded

bit[3:0]=predicted digit

0x0008 LOGIT 0 RO Final logit score for digit 0, signed int32
0x000C LOGIT 1 RO Final logit score for digit 1, signed int32
0x0010 LOGIT 2 RO Final logit score for digit 2, signed int32
0x0014 LOGIT 3 RO Final logit score for digit 3, signed int32
0x0018 LOGIT 4 RO Final logit score for digit 4, signed int32
0x001C LOGIT 5 RO Final logit score for digit 5, signed int32
0x0020 LOGIT 6 RO Final logit score for digit 6, signed int32
0x0024 LOGIT 7 RO Final logit score for digit 7, signed int32
0x0028 LOGIT 8 RO Final logit score for digit 8, signed int32
0x002C LOGIT 9 RO Final logit score for digit 9, signed int32
0x0030 - 0x102C | PIXEL INPUT RW Runtime input image window. One 32-bit word per pixel, only bits[7:0] used.

Reads return the stored pixel value in bits[7:0]

Embedded Lab

RESULT stores the final digit
predicted by the FPGA. Only

bits [3:0] are used, representing a
value from 0 to 9; the upper bits are

PIXEL INPUT[0:1023] is a memory- i
mapped input window used to send i
a 32x32 grayscale image from the HPS to |
the FPGA. Each pixel uses one 32-bit word, |
with only bits [7:0] storing the uint8 pixel |
value. After all 1024 pixels are written, the i
FPGA sets input_loaded, indicating that i
inference can start. i
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Top-Level System Block Diagram

_________
-

D HPS Subsystem
D FPGA / LeNet Accelerator
D FSM (Finite State Machine)

mapped using mmap

Embedded Lab

LeNet Accelerator (FPGA)

base = mmap(NL
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olatile uint32_t *)base;
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its
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SS
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LL, MAP SIZE, PROT READ | PROT WRITE, MAP_ SHARED

* LW HPS-to-FPGA AXI Bridge : Lightweight

32-bit memory-mapped interface from HPS to
FPGA

* hps_lenet regs: Custom register slave exposing

status and pooled outputs to the HPS

* HPS: Runs Linux user programs and reads

FPGA debug registers

BRAMs: Store input image, kernels,

intermediate feature maps, and pooled outputs

The custom FPGA register interface is accessed
from the HPS through the lightweight HPS-to-
FPGA bridge at base address 0xFF200000. In
software, this address is mapped through /dev/mem,
and the registers are read as memory-mapped words.

_BASE ©xFF288800u
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FSM

Overall CNN FSM Conv / FC Micro-FSM
Current State Transition Condition Next State Group State Action Transition Condition Next State
Group INIT Clear acc_reg, fixed 1 cycle READ
ST IDLE start == Convl states set term_idx =
Convl states out ch==35, out y==27, out x==27,term_idx + 3 >= |Pooll states 0, term_word_idx = 0

25 READ Send BRAM/ROM read  |fixed 1 cycle ACCUM

dd

Pooll states pool ch==15, pool y==13, pool x== Conv2 states acres - -

13, pool_read idx == 3 ACCUM Save mac _partlal_sum int |fixed 1 cycle ADD

— — - o mac_partial sum r

Conv2 states out ch==15,out y==9, out x==9, term _idx +3>= [Pool2 states -

150 ADD acc_reg += term_idx + MAC_LANES < READ

- mac_partial_sum r TERM_LIMIT

Pool2 states [_)(iol_ch == 15, pool y==4, pool x==4, pool read idx [FCI states term,_idx + MAC_LANES — | WRITE

— TERM_LIMIT
FCI states neuron_idx == 119, term_idx + 3 >= 400 FC2 states WRITE Write one output value output counter not at layer limit |[INIT
FC2 states neuron idx == 83, term idx + 3 >=120 FC3 states

= = output counter reaches layer next layer
FC3 states neuron_idx == 9, term_idx + 3 >= 84 ST _ARGMAX limit
ST ARGMAX fixed 1 cycle ST _DONE
ST DONE fixed 1 cycle ST IDLE Pooling Micro-FSM
State Action Transition Condition Next State
POOL_INIT Set pool read idx =0, fixed 1 cycle POOL_READ
The FSM does not wait for a separate read-done signal. Since the clear pool_max_reg
BRAM and parameter ROM are synchronous memories with a POOL_READ Selzid fggmre'map BRAM |fixed 1 cycle POOL_ACCUM
Ce . read address
detempms‘uc one-cycle read latency, the FSM uses ﬁ.x.ed one-cy(fl'e POOL_ACCUM CE—— ool rond i3 POOL READ
transitions from READ to ACCUM. The actual conditional transitions value: pool max_reg =
. 1 dat;
happen in the ADD or WRITE states, where counters such max(pool_max_teg, data)
. . . POOL_ACCUM Update max value pool read_idx == POOL_WRITE
as term_idx, out x, out y, out ch, and neuron idx determine whether :
- - o - - POOL_WRITE Write one max-pooled output counter not at layer |POOL_INIT
to continue the current layer or move to the next layer. output limit
POOL_WRITE Write one max-pooled output counter reaches layer |next layer
output limit

Embedded Lab
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Verilog Module Organization

Current Hardware Architecture: HPS + FPGA LeNet Int8 Accelerator

>
soc_system_top
@ 2 2
lenet_int8_top
LeNet-5 Style Int8 Inference Core
f s
Image BRAM Parameter BRAMs
soc_system_hps_0 hps_lenet_regs 32x32 int8 conv1 / conv2 /fc1 /fc2 / fc3 FSM
HPS Subsystem Memory-Mapped input pixels weights and bias
Register Interface
Lightweight — \ :
ARM Cortex-A9 HPS-to-FPGA CONTROL / STATUS p— lenet_addr_calc lenet_mac_array Iengt_quantnze
AXI Bridge ‘ - I't address generation for reusable multiply- bias add +
> PN » conv / pooling / FC accumulate datapath quantization/+
( il » RelU clamp
DDR Controller RESULT A A
E E Y
( lenet_argmax Pooling Logic
. LOGIT[0:9] FC Layers ; Feature Map BRAM A/B
Ethernet / Linux Server ( select Iarg.est el f Sha max ppo!mg Intermodidte acrvations
k¢ final logit controlled inside FSM
( - T
x | PIXEL_INPUT[0:1023] | | __
' J ]
e i \ 4 = ) :
Readback: i 2‘::2‘3;"3::‘*:‘ ‘ Main FSM in lenet_int8_top
pr::-:tg it:;glt e aat] -l finallogits | IDLE -> CONV1 -> POOL1 -> CONV2 -> POOL2 ->
> FC1 -> FC2 -> FC3 -> ARGMAX -> DONE
N J
. J/
HEXO0 = hex digit to 7seg(predicted digit)
Embedded Lab 3 & COLUMBIA ENGINEERING



Module Interface Summary

Module

Key Inputs

Key Outputs

Function

soc_system_top

CLOCK 50, KEY, HPS
AXI-LW signals

LEDR, HPS bridge connections

Top-level integration of HPS subsystem, register interface, and
FPGA LeNet accelerator

soc_system hps 0

HPS clocks/resets, AXI-LW
master interface

HPS-to-FPGA lightweight bridge
signals

HPS subsystem running Linux and the C inference server

hps_lenet regs

AXI-LW read/write

signals, accel busy, accel d
one, predicted digit, regs fl
at, pixel rd data

start_pulse, clear _done pulse, pix
el wr_en, pixel wr addr, pixel w
r_data, AXI readback signals

Memory-mapped register interface
exposing CONTROL/STATUS, RESULT, LOGIT[0:9],
and PIXEL INPUT[0:1023] to HPS

lenet_int8 top

clk, rst_n, start, pixel wr e

n, pixel wr_addr, pixel wr

_data, pixel dbg rd en, pix
el dbg rd addr

busy, done, predicted digit, logits
flat, pixel dbg rd data

Main LeNet-5 style int8 inference core with FSM control,
convolution, pooling, FC layers, and output generation

BRAM

clk, w en,w_addr, r en,r_
addr, w_data

r_data

Generic synchronous memory used for input image, feature
maps, and parameter storage

lenet_addr calc

out_ch, out y, out x, pool
ch, pool vy, pool x, term id
X, pool read idx

convl src addr, convl dst addr,
pooll src addr, pooll dst addr, ¢
onv2 src_addr, conv2 dst addr, p
0ol2 src_addr, pool2 dst addr

Generates addresses for convolution and pooling memory
accesses

activations_flat, weights fl

Reusable multiply-accumulate datapath for convolution and fully

lenet_mac_array at, valid_mask partial_sum connected layers

lenet_quantize value in, shift right value out Apph.es ﬁxed-pomt right shift, saturation, and ReLU-style clamp
. — — - to activation values

lenet argmax logits_flat digit Selects the largest final logit and outputs the predicted digit

Embedded Lab

& COLUMBIA ENGINEERING




BlOCk diagram Of COHVI top The "read address selection signal" used when

reading the pooling result from HPS/registers

|
clk rst n start dump addr dump rd en dump ch [$clog2(CH)-1:0]

Ll

[ madrocHsg]
—Clk—
—mul_ef——————————————————
_clk_y| 15tny|
conv_fsm clr pooling fsm pool_en
rst_n_y| = g
start_y|
fm2_wr_en
mul_done—>|
—fm_wr_en
buff_en
d fm_rd_en fm2_addr [9:0]
(_en—»
w_addr,|
r_en>
r_addr{FM_ADDR_W-1:0 o ; 5
b L f —acc_in——s bias_relu(*6) pooling(*6) pool_mem
—Clk—sp| M pool_in signed [W-1:0] pool_out signed [W-1:0
acc i _bias_in—» L |
W_en—| ’_I: M
> 1
W_addry, BRAM . —data—»— : i
T_catapata_wioth-rof|  Pix_buf clk !
r_en>| - — t
T_addr | It N acc ~
i mac — c—»
- BRAM
W_qata[DATA_WIDTH-1:0}-»| L

l l l l

conv_done dump data debug regs valid debug pool regs
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RTL Simulation and Testbench Verification

o

Signal Meaning What to Observe

start Starts one inference run  |One-clock pulse after input pixels
are loaded
busy CNN core is running Stays high during convolution,
:):J:):J:ﬁ@:ﬁ:ﬁ:ﬁ:ﬁ:-::z:@@@:m@— pooling, and FC layers
o 7 o : . ~ g
‘ - T done Inference is finished Goes high when prediction and
- 2 logits are valid

cycle count [Number of cycles used by |Final value is 454,966 cycles
one inference

|e* pixel_wr_data

]—cmmqm

N Lycle count
+) 4 cyde_count 28'd454965 EEDZDEDZDEEEEEDID 45

B4 logits_flat 1567477511596027741637281705217717
|— Internal FSM

[ R 4 state 000 0 T 0 P A A P AR G
Cursor 1 | 9272193167ps -4 out ch 32d0 0| _
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Block RAM usage

RAM Block Local BRAM |HPS /LW Bridge Address [Data |Used Depth |Allocated |Allocated Bits Function
Address Range [Range Width Depth
Image BRAM 0x000 - 0x3FF |[LW offset 0x0030 - 8-bit | 1024 each 1024 each |8,192 each /24,576 |32x32 input pixels, replicated for
0x102C; HPS total 3-lane parallel reads
physical 0xFF200030 -
0xFF20102C
Feature Map BRAM A |0x0000 - FPGA internal only 16-bit |up to 4704 8192 each |131,072 each/ Intermediate activation buffer A
0x1FFF each 393,216 total
Feature Map BRAM B |0x0000 - FPGA internal only 16-bit |up to 4704 8192 each |131,072 each/ Intermediate activation buffer B
0x1FFF each 393,216 total
Convl Param ROM 0x00 - 0x3B FPGA internal only, 24-bit 60 packed 60 1,440 Convl weights + bias, 156
initialized from hex file words logical 8-bit params packed by 3
Conv2 Param ROM 0x000 - 0x32F [FPGA internal only, 24-bit [816 packed |[816 19,584 Conv2 weights + bias, 2416
initialized from hex file words logical 8-bit params packed by 3
FC1 Param ROM 0x0000 - FPGA internal only, 24-bit [16200 packed [ 16200 388,800 FC1 weights + bias, 48120
0x3F47 initialized from hex file words logical 8-bit params packed by 3
FC2 Param ROM 0x000 - 0xD73 [FPGA internal only, 24-bit 3444 packed |[3444 82,656 FC2 weights + bias, 10164
initialized from hex file words logical 8-bit params packed by 3
FC3 / Output Param  |0x000 - 0x121 |FPGA internal only, 24-bit |290 packed |290 6,960 Output layer weights + bias, 850
ROM initialized from hex file words logical 8-bit params packed by 3
Embedded Lab 2 & COLUMBIA ENGINEERING




FPGA Resource Utilization

Resource Type Available Resources |Used Resources Utilization
Logic Elements (LE) 85,000 ~6,300 equivalent  |[~7%
Adaptive Logic Modules (ALM) (32,070 2,390 7%
Registers 128,300 1,429 1.1%
Embedded Memory (M10K) 3,970 Kb 946 Kb 24%
M10K Blocks ~397 119 30%
MLAB 480 0 0%
Variable-Precision DSP Blocks |87 3 3%
18x18 Multipliers 174 6 equivalent 3%
FPGA PLLs 6 0 0%
HPS PLLs 3 HPS subsystem only |N/A
Embedded Lab 13

FPGA Resource Utilization

ALM

Registers

Embedded Memory (M10K)
MI0K Blocks

DSP Blocks

PLLs | 0%

0% 5% 10%

15%

20% 25% 30% 35%

Utilization

So, we can use more resources to make a tradeoff
between speed and hardware consumption

Tg?ﬁ nAm finction
Iwcge BAM | 3 | lad pie) X5 (MACLANES=3)
Ratule Mop A | X5 | [oadl fm w . ik Sl
fotue Mop B | X3 load fn 4
e 1S | ol biag 4 w2 P23
weszkt/ bias.
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Speed - Cycle

Stage Output Count Each output need/cycle | Cycles PERFORMANCE
Start 1 1 1 Speed Compare
Convl |6*28*28=4704 |1+ceil(25/3)*3+1=29 |[136,416 20.68ms
Pooll [6*14%*14=1176 |1+4*2+1=10 11,760 e
22.06 ms
Conv2 |16 *10* 10=1600 |1 + ceil(150/3)*3 +1 =152 (243,200 2 30x
Pool2 |16 *5*5=400 10 4,000
FC1 120 1 + ceil(400/3)*3 + 1 =404 |48,480
FC2 84 1 +ceil(120/3)*3 + 1 =122 |10,248
FC3 10 1 +ceil(84/3)*3 +1=86 |860
Optimization Idea Effect Cost
Add parallel MAC units Compute multiple multiply- Fewer cycles per More DSP / ALM
accumulate terms per cycle output
Parallelize output Compute rpul‘uple feature maps at |Faster More BRAM read ports / DSP
channels the same time Conv1/Conv2
Unroll FC layers partially Compute several FC products in Faster FC1/FC2 More DSP
parallel
Pipeline layer execution |Overlap read, MAC, write stages | Better throughput [More control complexity

Batch multiple pixels per
write

Pack 4 uint8 pixels into one 32-bit |Faster HPS input

word

transfer

More unpacking logic

Embedded Lab
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Speedup

= CPU exact time / FPGA path time
=50.68 ms / 22.06 ms

=2.30x
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Speed - Max Frequency

.. Corner Clock Reported Fmax ...
Old critical path | [ Toomvssc etock 50 1 2724 Mtz New critical path
Slow 1100mV 0C clock 50 1 |26.84 MHz
Worst slow-corner Fmax |clock 50 1 (26.84 MHz
FSM loop counters :
logits mem
: !

soc_system.sta.rpt

Kernel index decoding

v

2D/3D address calculation

___________+______

BRAM address input

term_idx / 5;

term_idx % 5;

; Restricted Fmax ;

; Slow 11@8mV 85C Model Fmax Summary

__+_______________

Clock MName

Logic optimize

v

= term_idx / 25;

v2 tap = term_idx ¥ 25;

(y + ky)

addr = channel_offset + * width + (x + kx);

* (NN FSM must generate BRAM addresses every cycle.
* Direct division/modulo for kernel decoding can create

long combinational logic.
*  This path can limit Fmax because BRAM address must

be ready before the next clock edge.
Embedded Lab
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lenet argmax

\4

predicted digit

f {idx <« 1@8) begin
3'd1;
f {idx <« 15) begin

3'd2;

endcase

* Implemented with range comparisons instead of division

* Reduces combinational complexity
* Helps optimize the BRAM address-generation path
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End-to-End Data Flow
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